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23 Abstract

24 This paper describes a model that estimates carbon (C), nitrogen (N) and phosphorus (P) pools, 

25 pool changes, their balance and the nutrient fluxes exported from arable and grassland systems in 

26 the UK during 1800-2010 (at different periods: historical (1800-1950), transition (1950-70) and 

27 current (1970-2010)) using an agricultural model (Roth-CNP). The Roth-CNP model was developed 

28 as part of an Integrated Model (IM) to simulate C, N and P cycling for the whole of UK, comprising 

29 atmospheric, terrestrial, hydrological and hydro-chemical models. The model was calibrated and 

30 tested using long term experiment (LTE) data from Broadbalk (1843) and Park Grass (1856) at 

31 Rothamsted. We estimated C, N and P balance and their fluxes exported from arable and grassland 

32 systems in the UK on a 5 km x 5 km grid across the whole of UK taking into account arable and 
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33 improved grass land management, crops (winter wheat, potato, oilseed rape, spring barley and 

34 fodder maize) and livestock numbers in each grid. Simulated crop and grass yields and estimated 

35 soil organic carbon (SOC) stocks and nutrient fluxes in the form of NH4-N, NO3-N and PO4-P varied 

36 spatially across the whole UK. The simulated trends of crop yields were compared to that reported 

37 by national agricultural statistics for the historical to the current period. Overall, arable lands in the 

38 UK have lost SOC by −0.18, −0.25 and −0.08 Mg C ha y−1 whereas under improved grassland SOC 

39 stock has increased by 0.20, 0.47 and 0.24 Mg C ha y−1 during 1800−1950, 1950−1970 and 

40 1970−2010 simulated in this study. Annual mineral N and P balance is dominated by different 

41 components at different time periods under both arable and grass lands. Simulated N loss (by 

42 leaching, run off, soil erosion and denitrification) increased both under arable (−15, −18 and −53 kg 

43 N ha y−1) and grass (−18, −22 and −36 kg N ha y−1) during different time periods. Simulated P surplus 

44 increased from 2.6, 10.8 and 18.1 kg P ha y−1 under arable and 2.8, 11.3 and 3.6 kg P ha y−1 under 

45 grass lands 1800−1950, 1950−1970 and 1970−2010.

46

47 Keywords: Roth-CNP, Integrated model, crops, nutrient flux, leaching

48

49 1. Introduction

50 Agriculture in the United Kingdom (UK) has a long history of human settlement and development 

51 which dates back to 6,000 years ago when humans began domesticating plants and animals in 

52 Neolithic times (Edwards and Hirons, 1984; Woodbridge et al., 2014). By 900-700 BC, settled 

53 agriculture was established in the UK with crop rotations, pasture and coppiced woodlands. By 100-

54 350 AD, natural forest was largely cleared with large estate-based farming systems with cattle, sheep 

55 and arable production. The UK’s countryside has further changed dramatically since then with 

56 majority of the population living in small farmsteads under subsistence farming. By 1300 AD, 

57 increasing demand for food brought the subsistence farming system under huge pressure because 

58 of increasing population as the land area available for agriculture was already in use. However, 

59 between 1300 and 1800 average crop yields increased in the UK due to improvements in crop 

60 management such as mixed husbandry (by combining crop and livestock), grass and arable rotation, 

61 crop rotation by including fallow and legumes leading to a British agricultural revolution (Allen, 2008). 
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62 With the industrial revolution in 1850s, technological improvements also happened in agricultural 

63 sector, for example, switching from draught animals to machine. Much of the agricultural growth 

64 during this period came about as a result of increase in the area of crops and grass, which peaked 

65 in mid 1880s. After this, agricultural area underwent a steady decline as farms became more 

66 intensive and the availability of labour diminished. During the second half of the 20th century (Musel, 

67 2009), agricultural intensification driven by new high yielding varieties, mineral fertilizer application, 

68 chemical pest control and improved methods of cultivation (Marks and Britton, 1989) led to increase 

69 in agricultural production many-fold. Per-hectare yields of wheat almost tripled whilst barley, potato 

70 yields and milk yields per cow more than doubled (Marks and Britton, 1989; DEFRA, 2014). The total 

71 cattle population increased sharply after the middle of 20th century although there has been a decline 

72 since 1974. About 170 million tonnes of animal excreta (slurry) are produced annually in the UK. In 

73 terms of farm inputs, mineral nitrogen (N) fertilizer used in the UK increased five times between 1950 

74 and 1978 (Cooke, 1980). Greater use of N and P fertilizers during this period has led to an increased 

75 loss of these nutrients into our rivers and ground water through leaching, runoff (Hood, 1982; Hooda 

76 et al., 2000), and increased atmospheric emissions of ammonia, nitrous oxide and other reactive N 

77 compounds . Agricultural land contributes 70% and 28% of the N and P load to UK waters (Hunt et 

78 al., 2004; White and Hammond, 2007). Losses of these nutrients are associated with excessive or 

79 poorly timed applications of N or P or both (Dungait et al., 2012). Pretty et al. (2000) calculated the 

80 annual external cost of agriculture for the UK in 1996 as £2343 M (£208/ha), with the major costs 

81 associated with contamination of drinking water by pesticides, nitrate and phosphate and increased 

82 greenhouse gas (GHG) emissions, soil erosion and organic carbon losses. 

83

84 Numerous spatially-variable, interacting factors such as land-use, vegetation type, weather, 

85 catchment topography and total nutrient inputs over time determine the nutrient stocks and fluxes at 

86 a farm, landscape or catchment scale. For example, nutrient concentrations in groundwater under 

87 agricultural land have been found to be several times higher than that under semi-natural vegetation 

88 (Nolan and Stoner, 2000). Growing vegetables and crops such as potatoes and oilseed rape 

89 intensively has led to high rates of nitrate leaching (Stuart et al., 2011). Nutrient concentrations in 

90 ground water have been found to be highly variable and related to changes in the weather 
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91 (Rozemeijer et al., 2009) and increased as a result of land-use change (Whitmore et al., 1992). There 

92 is a strong influence of catchment slope on water quality due to slope-dependent seasonal 

93 waterlogging, which determines the fate of dissolved substances produced within and moving 

94 through the catchment (D'Arcy and Carignan, 1997). Temporal dynamics of these nutrients depend 

95 on the relative occurrence of the nutrients in different pools at different points in time. Nutrients are 

96 retained during the dry summer months as a result of bioaccumulation and adsorption in case of P, 

97 and during the wetter autumn to spring periods, these nutrients are released and transported from 

98 the floodplain into the river channel (Bowes et al., 2005).

99

100 Understanding the processes that are leading to the build-up of C, N, and P in soil, ground water 

101 and surface water from the past to the present is essential to understand how to manage the supply 

102 and utilisation of these nutrients into the future. This will contribute to the long-term goal of achieving 

103 a sustainable agricultural system by increasing or maintaining crop yields whilst minimising impacts 

104 on other ecosystem services (Powlson et al., 2011). It is also important to understand how these 

105 nutrient cycles (between atmosphere, terrestrial ecosystems including agriculture and hydrological 

106 systems) operate at large spatial scales across the whole UK in response to climate change and 

107 management options.  A model that can summarise essential processes of soil and plant growth and 

108 their interactions and that can be applied over long timescales with readily-available driving data 

109 (climate, land-use, nutrient inputs) is essential to investigate the temporal and spatial responses in 

110 soil macronutrients at the national scale. This paper estimates C, N and P pools, pool changes, their 

111 balance and the nutrient fluxes exported from arable and grassland systems in the UK during the 

112 historical to current period (1800-2010) using an agricultural model that was developed as part of an 

113 integrated model to analyse and simulate long-term and large-scale (LTLS) interactions of C, N and 

114 P in the UK land, freshwater and atmosphere (http://www.ltls.org.uk/). This integrated model is 

115 referred here as LTLS-IM (Bell et al., in prep), which comprises of atmospheric, terrestrial (semi-

116 natural and agricultural), hydrological and hydro-chemical models (Figure 1).

117  
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118 2. Methodology

119 The agricultural model referred to as Roth-CNP model was developed by simplifying the Landscape 

120 Model (LM) (Coleman et al., 2017)  to an appropriate level of detail. The LM which works on a daily 

121 time step, simulates the biophysical processes of an agroecosystem at the field/farm scale taking 

122 into account the spatial interactions between the fields or farms across a landscape. The Roth-CNP 

123 model presented here aggregates the essential processes within the LM on a monthly time step 

124 without any spatial interactions between the spatial units. We briefly describe here the main features 

125 of Roth-CNP model together with any major changes from the LM. In Roth-CNP, we use the same 

126 parameters as the LM but adapting for a monthly timestep. We tested the Roth-CNP model using 

127 the data from Broadbalk and Park Grass long-term experiments (LTEs) at Rothamsted 

128 (http://www.era.rothamsted.ac.uk/), South-East England before undertaking the historical simulation 

129 for a continuous period from 1800 to 2010 for the whole of the UK. For these simulations, the whole 

130 land area in the country was divided into 5 km x 5 km square grids with improved grass present in 

131 in 91% and arable land in 76% of the grids cells (see SI, Figure S2.1). 

132

133 2.1.Model description

134 The Roth-CNP model (Figure 1) has two major subunits: soil and landuse. In the soil module, the 

135 soil profile (can be of any depth, but in this study, it ranges from 30 cm to 150 cm) is divided into 

136 three layers. Depths of soil layers can be variable, but for this application the first and second layers 

137 were set to 15 cm each to enable a spatial comparison of CNP pools as most of the soil management 

138 activities affect the top 30 cm. Depth of third layer is variable depending on the actual soil profile, 

139 which varies spatially across the UK. The soil unit consists of organic C, N and P, mineral N and P 

140 modules. Variables such as actual evapotranspiration (AET), soil drainage, runoff and soil moisture 

141 are treated as inputs that are calculated by a hydrological model, which is a simplified version of the 

142 G2G model (Bell et al., 2009). However, potential evapotranspiration (PET) for each landuse was 

143 estimated in a crop module (as it varies with crop type and developmental stage of the crop) based 

144 on the Penman's method (Penman, 1948). The PET estimated by the crop model was compared to 

145 the PET estimated by the hydrology model (using MORECS PET for grass assuming variable leaf 
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146 area index (LAI) for summer and winter (Hough and Jones, 1997)) for a few selected sites and were 

147 found to be comparable (not reported here).  The hydrology model within the LTLS-IM calculates 

148 components of the water balance (runoff, drainage, AET and soil moisture) for each 5x5 km grid-cell 

149 in the UK. Soil moisture for the entire profile (mm of water/ profile depth) was used to estimate 

150 moisture content in each soil layer within the Roth-CNP model. Soil organic carbon dynamics 

151 inherited from the RothC model has been described elsewhere (Coleman and Jenkinson, 1999; 

152 Smith, 2000; Jenkinson and Coleman, 2008). The model was extended for organic N and P with 

153 similar pool structures as that for carbon (Coleman et al., 2017). Additional temporary pools of 

154 dissolved organic carbon (DOC), nitrogen (DON) and phosphorus (DOP) were created in the model 

155 in order to estimate the loss of dissolved organic C, N and P that enters soil solution. In agricultural 

156 soils, added organic amendments such as farm yard manure (FYM), slurry and other animal 

157 manures are the major sources that contribute to DOC (Bhogal et al., 2010). Because of lack of 

158 information on the export of DOC from soils under agriculture, we assume that soil organic carbon 

159 (SOC) itself contributes only a negligibly small amount to DOC and therefore, its loss from 

160 agricultural lands was ignored in this study. In the model, we assume that when organic substrates 

161 are added, a fraction (FYM-4.6%; slurry-51%, and poultry manure- 6.6%) of these goes directly to 

162 the DOC, DON and DOP pools (Bhogal et al., 2010) and is lost by leaching and/or runoff immediately 

163 before the reminder enters the SOC, SON and SOP pools.

164

165 Mineral N and P species exist in single (vertically integrated) stores without partitioning them 

166 between different soil layers to co-exist with the dynamics of soil water which estimates the water 

167 balance for the whole profile.  All the N and P mineralised from SOM in the three soil layers is 

168 transferred to these mineral nutrient stores. Mineral N consists of NH4N and NO3N pools and mineral 

169 P includes available and fixed pools. Mineral N dynamics comprises N inputs (through atmospheric 

170 deposition, biological N fixation, fertilization), transformations (nitrification and denitrification) and 

171 losses (through plant uptake, denitrification, run off, leaching and erosion) (Coleman et al., 2017). 

172 Similarly, P dynamics comprise of P inputs from fertilizers, chemical P fixation and release, crop 

173 uptake, run off, leaching and erosion. In the model we assume that biological N fixation (BNF) occurs 

174 only in grassland systems and on an average about 30% of grassland is a leguminous clover mix 



7

7

175 and can fix N biologically (Sanderson et al., 2013; Lüscher et al., 2014). In the model, BNF rate is 

176 calculated as a function of potential maximum N fixation rate and the rate modifying factors for 

177 temperature (fT),soil moisture (fm) and inorganic N (fN) (Liu et al., 2013).

178

179 (1)Nfixrate = Nfixmax  fT  fm  fN

180 where  and  are the actual and maximum rates of BNF (g N m−2 month−1).  Nfixrate Nfixmax

181 Potential maximum BNF rate depends on the live shoot biomass (g DM m–2), fixation rate per unit 

182 standing biomass (g N g–1 DM month–1) and root growth rate (g DM month–1). See Liu et al. (2013). 

183 Increases in mineral N (  and ) concentration reduces the BNF rate in the model and we NH4N NO3N

184 assume N that is fixed is directly transferred to  pool.NH4N

185    

186 Mineral N and P losses occur either through runoff (in water phase) or through soil erosion 

187 (particulate) and leaching. Loss of these nutrients through runoff depends on both the nutrient (NO3N

188 , available P) concentration (kg mm−1) at the surface and the runoff (mm of water month−1), whereas 

189 leaching depends on the nutrient concentration (kg mm−1) in the soil solution and the drainage rate 

190 (mm of water month−1). The rates of runoff and drainage were input from hydrology model (see 

191 section 2.2.5).

192

193 A generic plant growth model, which uses the light use efficiency (LUE, g dry matter MJ−1) based 

194 approach (Monteith and Moss, 1977; Monteith, 1990) is used to simulate crop and grass growth 

195 within the landuse module. The rate of biomass production depends on the incoming solar radiation 

196 in terms of photosynthetically active radiation (PAR, i.e. 50% of the global radiation), crop/grass 

197 specific LUE and growth affecting factors such as moisture and nutrient stresses (Coleman et al., 

198 2017). The biomass formed is partitioned between roots, stem, leaves and storage organs based on 

199 the development stage (DVS) as described by Wolf (2012). In principle, crop phenology is 

200 expressed in terms of crop development stage (DVS), which is a function of temperature sum or 

201 growing degree days and includes the effect of vernalisation and/ or photosensitivity of the crop 

202 (deVries, 1989), which are variety specific and may vary across the country. As the model works on 
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203 a monthly time step, and the flowering and maturity of the crop falls within a given month for a given 

204 crop across the whole country, we used a simple growth function to represent the DVS for each crop. 

205 We calculated DVS for each crop by applying the Landscape model for Rothamsted site for several 

206 years (1968-2012) and generated a general growth curve for each crop (Figure 2). For grass, we 

207 assume the plant remains in vegetative phase (DVS<1) throughout its growing period because it is 

208 continuously grazed or cut with sufficient frequency.

209

210 For older varieties of wheat (developed before 1970), a few parameters were changed by calibration 

211 (see the Supplementary information (SI 5) for more details). Insufficient water and nutrients (N & P) 

212 lead to stresses that affect crop growth and reduce the biomass production and yield as described 

213 by Coleman et al. (2017). The grass model differs from the crop only in the assumption that that 

214 grass is perennial in growth and is managed differently by allowing livestock grazing or frequent 

215 cutting. 

216

217 A reasonably good agreement in the model results to the measurements from Broadbalk and Park 

218 Grass (see SI 5 for model calibration and testing) for plant yield, SOC, total N and  leaching NO3N

219 over the last 160 years (RMSE: 4 − 71%, see SI, Tables S5.2 and S5.3) provides some degree of 

220 confidence in the Roth-CNP to estimate crop/grass yields, SOC and SON for the historical to current 

221 period of 1800-2010.

222

223 2.2.Model Inputs

224 2.2.1. Atmospheric deposition

225 Atmospheric N (NH4-N and NO3-N) input to arable and grassland systems were estimated for 

226 different time slices: 1800, 1900, 1950, 1970, 1990 and 2010 (see SI 1) at a 5 km x 5 km grid 

227 resolution across the UK, using land-cover dependent deposition velocities. Nitrogen deposition 

228 values for each land cover type in each grid square were interpolated for the whole period within 

229 these time slices. 

230
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231 2.2.2. Weather

232

233 For weather, data from several sources were combined to derive an observation-based dataset from 

234 1800 to present. For rainfall (mm month−1), daily observations, which are available back to the 19th 

235 century, were used, although network coverage ranges from only 2 rain gauges in 1853 to thousands 

236 in the late 20th century. National daily rainfall estimates for each a 5 km x5 km UK grid square were 

237 derived from any daily observations available for the period 1853 to 1910. From 1910 onwards, 

238 gridded 1 km resolution rainfall observations from CEH-GEAR (doi:10.5285/5dc179dc-f692-49ba-

239 9326-a6893a503f6e) were used. No observed daily rainfall values were available prior to 1853, so 

240 daily rainfall for a median year (1904) was assumed to be representative for the period from 1800 to 

241 1853. 

242

243 For all other weather variables (temperature (°C), shortwave radiation (W m−2), wind speed (m s−1) 

244 surface pressure (Pa) and specific humidity (kg kg−1), monthly mean values were used. These were 

245 obtained from the WATCH dataset (http://www.eu-watch.org/) for the period 1800 to 1970, and 

246 similar data from the UK Met Office (http://www.metoffice.gov.uk) were obtained for the later period 

247 1970 to 2010. The Met Office dataset provided observation-based estimates of minimum and 

248 maximum temperature (°C), sunshine hours (h), wind speed (m s−1) and vapour pressure (hPa). Prior 

249 to 1901, these data were not available for the whole country, and again, data from a nominal year 

250 (1904) is used. 

251 Short wave radiation in W m−2 was converted to MJ m−2. Surface pressure and specific 

252 humidity were used to calculate vapour pressure (KPa) (Nievinski, 2009).

253

254 2.2.3. Land cover and land use

255 A land cover history for the UK was constructed using contemporary land use datasets and the few 

256 historical maps available (see SI 2). Livestock populations and agricultural land use data were 

257 estimated for four time slices: 1900, 1950, 1970 and 1990.  Five major crops (winter wheat, spring 

258 barley, oil seed rape, potato and fodder maize) were selected, which represented five major groups 

http://www.eu-watch.org/
http://www.metoffice.gov.uk
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259 of crops (winter cereals, spring cereals, Oil seed crops, tuber crops and fodder crops) in the UK.  

260 The area under each of these crops represented the sum of the total area of all the crops within each 

261 of these groups. For example, the area under winter wheat represented the total area under winter 

262 wheat, winter barley and winter oats. Similarly, spring barley represented the area under both spring 

263 barley and spring wheat. Area under potato represented the area under potato and sugar beet and 

264 all the fodder crops under fodder maize. Estimates were based on historic agricultural census data 

265 and were distributed using the AENEID model (Dragosits et al., 1998; Hellsten et al., 2008) explained 

266 in SI3 with the land cover data summarised in SI2.

267

268 2.2.4. Soil 

269 Soil texture and soil profile depth maps for 5 km × 5 km grid cells required by Roth-CNP were created 

270 from the Harmonised World Soil Database (HWSD). Soil organic C, N, P and mineral P pools were 

271 initialised with the outputs from semi natural model, N14CP (Tipping et al., 2012; Davies et al., 2016) 

272 at the point of their transition to agriculture on 1800 and 1950 (See SI, Figure S2.1). The N14CP 

273 model assumes three soil organic matter (SOM) pools (fast, slow and passive) to describe SOC, N 

274 and P dynamics compared to four active pools within the Roth-CNP. 

275 Total SOC from N14CP was distributed between Roth-CNP’s carbon pools for both surface and 

276 subsurface layers according to the RothC initialisation as follows:

277

278 (2)TSOCN14CP =  SOCfast +  SOCslow +  SOCpassive

279 DPMC = TSOCN14CP × 0.1

280 RPMC = TSOCN14CP × 0.13

281 BIOC = TSOCN14CP × 0.02

282 HUMC = TSOCN14CP × 0.75

283 Here , , ,  refer to the total, fast, slow and passive N14CP TSOCN14CP  SOCfast  SOCslow  SOCpassive

284 SOC pools and , , ,  represent the carbon redistributed to DPM, RPM, BIO DPMC RPMC BIOC  HUMC

285 and HUM Roth-C pools.

286
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287 Total organic N and P were redistributed to Roth-CNP pools based on the C/N or C/P ratios of fast, 

288 slow and passive pools of N14CP model as follows: 

289

290 (3)TSONN14CP =  SONfast +  SONslow +  SONpassive

291 DPMN = DPMC / CNfast

292 RPMN = RPMC / CNslow

293 BION = BIOC /  CNBIO

294 HUMN = TSONN14CP - (DPMN +  RPMN + BION)

295

296 The BIO pool of Roth-CNP is largely microbial in nature and is assumed to have a fixed C/N (8.5) 

297 and C/P (50) ratios. In a similar way, SOP was also allocated to different Roth-C pools. In this way, 

298 fast and slow pools C, N and P from N14CP were allocated to the corresponding pools within the 

299 Roth-CNP model, without creating or losing C, N and P. 

300

301 2.2.5. Hydrology

302 Hydrological inputs such as AET (mm month−1), soil moisture (mm), drainage (mm month−1) and 

303 runoff (mm month−1) on a 5x5 km square grid covering the UK were estimated by the hydrology 

304 component of the LTLS-IM (Bell et al., in prep). The hydrology model is summarised in 

305 Supplementary information (SI 4).

306

307 2.2.6. Fertilizer

308 Manure and fertilizer application rates to arable and grass land were calculated based on the 

309 information available from various sources. During the period 1800 to 1840s, sewage in the form of 

310 “night soil” was applied to crops and grass (Naden et al., 2016). After 1840, imported N fertilizers 

311 (seabird guano, Chilean nitrate) and superphosphate were applied in small amounts. Average N 

312 fertilizer input to agricultural land during this period was calculated based on the total fertilizer use 

313 (Archer, 1985) and the total area under agriculture (see Section 2.2.3). The average per hectare 

314 fertilizer use increased from 7.2 to 13.1 kg ha−1 for N and 4.4 to 16.2 kg ha−1 for P during 1840 to 
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315 1940 (Archer, 1985), with 75% of these nutrients were assumed to be applied to arable and 25% to 

316 the grass. Chemical fertilizers were applied from 1940s and their rates increased over the years 

317 (Archer, 1985; DEFRA, 2011b). For example, N fertilizer application in winter wheat increased from 

318 19 to 195 kg N ha−1 and 4 to 100 kg N ha−1 for grass during 1943 to 2010 (Figure 3). Mineral fertilizer 

319 application N application before 1940 was negligibly small.

320

321 2.2.7. Manure

322 Manure contribution by deposition of grazing animals (beef, dairy and sheep), slurry, and poultry is 

323 calculated based on livestock population and their daily manure (dung and urine) excretion rate. 

324

325 Carbon and nutrient contributions from deposition of grazing animals depend on the frequency of 

326 manure deposition, dry matter (DM) content, carbon, organic-N, NH4-N, and P content of the urine 

327 and dung for different livestock species (Table 1). Carbon and nutrient concentrations in dry matter 

328 are estimated by the equations

329

330 (4)Cdep,j,k = Fdep,j,k  eCdep,j,k

331 (5)Ndep,i,j,k = Fdep,j,k  eNdep,i,j,k 

332

333 where  and , are the carbon content (g) and carbon concentration in the dry matter Cdep,j,k eCdep,j,k

334 (g event−1).   is the frequency of occurrence of dung or urine event (month−1) for different Fdep,j,k

335 animal species. , is the nutrient, i (NH4-N, NO3-N, organic N, inorganic P and organic P) Ndep,i,j,k

336 deposited (g animal−1 month−1) in the form of dung or urine (j) of different livestock species (k) and 

337  is the nutrient deposited by urine or dung event (g event−1). eNdep,i,j,k

338

339 Slurry is collected when cattle are housed during winter (for dairy and beef). Slurry production 

340 depends on the slurry volume, density, DM content, and the nutrient content (Table 1) of livestock 

341 species (beef, dairy and pig) as follows: 

342

343
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344 (6)Csl,i,k =  Vsl,k fDMsl,i,k Dsl,i,k cCsl,i,k

345 (7)Nsl,i,k =  Vsl,k vNsl,i,k 

346

347 where  is the carbon (g C animal−1 month−1) in the slurry of livestock species k. The variables Csl,i,k

348 ,  and  represent the volume (m3 month−1), volume fraction of DM (m3 m−3) and  Vsl,k   fDMsl,i,k  Dsl,k 

349 density (g m−3) of the slurry collected from each animal for a given livestock species k, and   cNsl,i,k

350 is the nutrient concentration (g nutrient kg−1 of DM) of the slurry for a given livestock species k. 

351

352 Poultry manure is collected during the whole year and of rate of C ( ) and nutrients ( ) Cman,k Nman,i,k

353 produced (g animal−1 month−1) is given by

354 (8)Cman,k =  DMman,k cCman,,k 

355 (9)Nman,i,k =  DMman,i,k cNman,i,k 

356

357 depends on the manure DM production ( , g DM month−1) and C ( , g C g −1 DM) and DMman,k cCman,i,k

358 nutrient concentration g nutrient g−1 DM) (Table 1).( cNman,i,k, 

359

360 A part of NH4-N is lost through volatilization (from manure management practice (housing, manure 

361 storage & application to land) and is found to be 0.09 and 0.60 for NH4N in the urine and dung 

362 deposition by cattle and sheep, respectively (Whitehead, 1995; McGechan and Topp, 2004). For 

363 slurry, volatilization fractions for dairy, beef and sheep are 0.6, 0.31 and 0.6, respectively. For poultry 

364 manure the volatilization loss fraction is 0.3.  

365

366 2.3. Historical to current simulation

367 Here we aim to estimate C, N and P pools, pool changes, their balance and the nutrient fluxes 

368 exported from arable and grassland systems in the UK on a 5x5 km grid across the whole of UK 

369 during the historical to current period (1800 to 2010). Crop and grass landuse models were run 

370 separately on the arable and grassland area within each 5 km grid cell. The arable area in each grid 

371 cell was assumed to grow up to a maximum of five major crops:  winter wheat, spring barley, potato, 
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372 oil seed rape, and fodder maize depending on their presence or absence in that grid cell. These five 

373 crops represent the major crop groups such as winter cereals (winter wheat, winter oats, winter 

374 barley and winter triticale), spring cereals (spring barley, spring wheat), tuber crop (potato, sugar 

375 beet), oil seed crop (oil seed rape) and a fodder crop (fodder maize, spring oil seed rape) in the UK. 

376 Based on these five crops, we identified a maximum of five crop rotations with the actual number of 

377 rotations dependent on the number of crops in each grid cell (Figure 4). The number of simulations 

378 in each grid cell depends on the number of these rotations. On finishing the simulation of one crop 

379 rotation, the model runs for the next rotation with the initial values (by reading the soil input file). In 

380 this way, all the crops that are present in each grid cell are simulated in each year. To calculate the 

381 mean yield of a crop we took the weighted average of the yield for each crop for each year by 

382 multiplying the area of the crop in each rotation at the end of all the simulations for all the rotations.

383 Under improved grass, four types of grass land management: dairy, beef, sheep and silage 

384 (ungrazed) were simulated according to the livestock population at that location. 

385

386 To estimate the area under each of these livestock management systems ( , we used the Alv,i)

387 livestock numbers in each grid ( ) and the standard stocking rate ( , animals/ha) for different Nlv,i Dlv,i

388 species of livestock

389

390 (10)Alv,i  =   
Nlv,i
Dlv,i

391

392 Where i  represents livestock species such as dairy, beef and sheep.

393

394 Stocking rates may have been different in the past especially when the livestock population was 

395 much lower than today. Due to lack of any such information for the past, we use the current standard 

396 stocking rates which are 2 (dairy), 3.3 (beef) and 20 (sheep) (Nix, 2003) for the entire study period.  

397 Any grass areas left after allocating to different livestock management were assumed to be ungrazed 

398 (hay or silage). In locations where the grass area was smaller than that estimated based on the 

399 livestock population, the model stocking rate was increased to achieve the observed population. 
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400 Similarly to crop rotations, the model runs for different grazing management systems after re-

401 initialising the model variables for soil and plant growth at each time and the nutrient fluxes are 

402 calculated as weighted averages of the area under each grazing management.

403

404 Under different livestock management systems, animals graze from April to September and the rate 

405 of manure (urine and dung) input and the grass removed depends on the stocking rate and animal 

406 species (Coleman et al., 2017). During winter when animals are in housed, the manure is collected, 

407 stored and applied in March in the form of slurry. Nitrogen and P fertilizers are also applied and their 

408 rate increases over the years, which peak in the late 20th century before started declining in the 

409 recent years (Figure 3). All of the P fertilizer is applied in spring whereas N fertilizer is applied in 

410 splits (up to 6 in 1990 compared to one single application in 1950 (DEFRA, 2010).

411

412 After 1950, further expansion of agriculture occurred with more of the semi-natural land converted 

413 to improved grass and improved grass converted to arable whilst a modest area of arable land 

414 became improved grass. This created more than one landcover history for each landuse (Figure 5). 

415 For computational simplicity, Roth-CNP soil variables were reinitialised in 1950 with the outputs from 

416 the semi-natural model N14CP (Davies et al., 2016) to incorporate new landcover histories applied 

417 from 1950 onwards. 

418

419 Simulated model results were analysed in three different periods: historical (1800-1950), transition 

420 (1950-1970) and current (1970-2010), which are distinct in terms of landuse and agronomic 

421 practices. During the historical period, agriculture was more traditional with local varieties and 

422 manure and/or slurry based fertilizer inputs. During the transition (post war) period, widespread land 

423 cover changes occurred alongside increased use of chemical nitrogen fertilizers in agriculture. The 

424 current period is characterised by the so called ‘green revolution’ effect where improved crop 

425 varieties, mechanisation, increased livestock population with higher inputs of chemical fertilizers and 

426 pesticides were used, supplementing but also disturbing the natural cycle of C, N and P (Galloway 

427 et al., 2004). To calculate the average of a nutrient variable (e.g.: C input, NO3-N leached) in each 

428 grid cell, we calculated the weighted average for each variable for each year by multiplying with the 
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429 area under arable or grass land in the cell. The overall C, N and P balance for the whole of UK was 

430 calculated by averaging the mean values for these different variables for different time periods across 

431 all the grid cells. 

432

433 In summary, the changes of SOC ( , kg N ha−1 y−1), mineral N ( , kg N ha−1 y−1) and P ( , ∆SOC ∆N ∆P

434 kg P ha−1 y−1) averaged for the whole of UK are then calculated as

435

436  (11)∆SOC = Cplant + Canimal - DOCloss - POCloss

437   (12)∆N = Ndep + Nmin + NBNF + Nfert - Nloss - Ndenit - Nuptk

438   (13)∆P = Pmin + Pfert - Ploss - Puptk

439

440 Where   and  are the overall mean average annual carbon input through plant and Cplant Canimal

441 animal sources (Mg C ha−1 y−1),  is the loss of SOC (Mg C ha−1 y−1) in the dissolved form  DOCloss

442 through leaching and runoff, and  is the loss through soil erosion in the particulate form. POCloss Ndep

443  are the overall N inputs through atmospheric deposition, SOM ,  Nmin, NBNF,  Nfert

444 mineralisation/immobilisation, biological N fixation and fertilizer N application (all in kg N ha−1 y−1). 

445 and   are loss of nitrogen through leaching, runoff and soil erosion and N removed Nloss,  Ndenit Nuptk

446 from soil by plant uptake (all in kg N ha−1 y−1).   and  are the overall P inputs through SOM  Pmin Pfert

447 mineralisation and fertilizer P application and  and  are loss the of P through leaching,  Ploss Puptk

448 runoff and soil erosion and P removed from soil by plant uptake (all in kg P ha−1 y−1). 

449

450 3.  Results

451 3.1.Historical to current simulation

452

453 3.1.1. Historical period (1800-1950)

454 Simulated wheat yields ranged from 0.3 to 1.9 Mg DM ha−1 with an overall mean average yield of 

455 1.0 Mg ha−1 (Figure 6; Table 2). Simulated potato yields were similar to those of wheat and ranged 

456 from 0.1 to 2.0 Mg DM ha−1 with an overall mean average yield of 0.9 Mg ha−1 and simulated fodder 
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457 maize yield had an overall mean average yield of 4.9 Mg DM ha−1. For both wheat and potato, 

458 simulated yields ranged between 0.08 to 2.0 Mg ha−1 (Figure 6) lower than that reported for this 

459 period in national statistics (Table 2). Simulated grass yields varied widely across the UK from 1.3 

460 to 16 Mg ha−1 (Figure 6), with the lowest yields occurring mostly in Northern Scotland and Northern 

461 Ireland, where SOC was lower than elsewhere. A lower SOC indicates lower SON and SOP and 

462 lesser availability of N and P for plant uptake through their mineralisation.

463

464 For arable land, simulated average annual SOC change during the historical period is small (−0.08 

465 to 0.12%) (Figure 7) across whole of the UK with an overall mean net carbon change of −0.18 Mg C 

466 ha−1 y−1 (Table 3). During the same period, there was a general build-up of simulated SOC with an 

467 overall mean net carbon change of 0.2 Mg C ha−1 y−1 under grass land with a change in carbon 

468 ranging from -0.2 to 0.17% annually (Figure 8). Simulated plant and animal C input to the grass land 

469 was greater (2.9 Mg C ha−1 y−1) compared to that under arable (1.0 Mg C ha−1 y−1). About 93% of 

470 simulated total (plant plus animal) carbon input under grass was decomposed, resulting in the build-

471 up of C by 0.2 Mg C ha−1 y−1.

472

473 For arable land, the major part of estimated N input during the historical period was from soil organic 

474 matter mineralisation (39 kg N ha−1 y−1) (Table 3). Simulated N was removed from soil mainly by crop 

475 offtake (36 kg N ha−1 y−1) followed by losses through leaching, surface runoff and soil erosion. 

476 Simulated N loss varies across the country with an overall mean average of 15 kg N ha−1 y−1 (Table 

477 3; Figure 7).  However, simulated N loss through denitrification was relatively smaller (0.3 kg N ha−1 

478 y−1). For grassland, overall simulated total N input was about 164 kg N ha−1 y−1 with the major 

479 contribution from N mineralisation (67 kg N ha−1 y−1) and BNF (47 kg N ha−1 y−1). Simulated N loss 

480 ranged across the country with an overall mean loss of 18 kg N ha−1 y−1 (Figure 8; Table 3). The net 

481 rate of change of N under grass was almost double of that under arable land.

482  

483 Phosphorus balance takes account of similar components to the N balance except that for 

484 atmospheric deposition and BNF (Table 3). Simulated total annual P input includes P from 

485 weathering, SOM mineralisation and fertilizer application. Under both arable and grassland, 
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486 simulated P offtake and P loss through leaching, runoff and soil erosion were less than the P input 

487 and resulted in a P build up in the soil at a rate of 2.6 and 2.8 kg P ha−1 y−1 (Figures 7 and 8; Table 

488 3). 

489

490 3.1.2. Transition period (1950-1970)

491 Simulated wheat (0.8 to 4.0 Mg ha−1) and potato (1.2 to 5.2 Mg ha−1) yields during the transition 

492 period were greater than that under historical period with an overall mean average yield of 2.1 Mg 

493 ha−1 and 3.4 Mg ha−1, respectively (Figure 6, Table 3). Nevertheless, these yields were less than the 

494 reported average yield for the whole UK for 1950-1970 (Table 3). Simulated overall mean average 

495 fodder maize yield (7.4 Mg ha−1) increased by half compared to that during the historical period. 

496 Simulated grass yield also increased during this period especially in the western parts of the country 

497 (Figure 6) with overall mean average annual yield increasing by 16% compared to the historical 

498 period (Table 3). 

499

500 In arable land, there was a marginal increase in simulated SOC stock particularly in areas of England 

501 where grass was converted to arable land in 1950 and elsewhere, SOC changes were less apparent 

502 or even decreased (Figure 7).  In grassland, there was a decrease in simulated SOC stock in large 

503 parts of England and a marginal increase in the rest of the UK (Figure 8). Plant derived C was the 

504 major source of C input under arable and grassland (Table 3). Under arable land, simulated SOC 

505 loss by decomposition exceeds the total C input resulting in decrease in SOC stock during this 

506 period. Simulated overall mean average annual changes during this period were −0.25 and 0.47 Mg 

507 C ha−1 y−1 under arable and grasslands, respectively. 

508

509 For arable land, the major contribution of mineral N in the model is from fertilizer application followed 

510 by N input through mineralisation and atmospheric deposition (Table 3). A large part of this nitrogen 

511 is taken up by the crop (about 70%) and 25% is lost through leaching, runoff and erosion. Simulated 

512 N loss varies across the country with greatest losses occurring in the western England and Northern 

513 Ireland (Figure 7). For grassland, simulated overall average total N input was 206 kg N ha−1 y−1 with 

514 the major contribution of N from mineralisation and BNF followed by fertilizer application (Table 3). 
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515 Simulated N removal by grass offtake is about 85% of this total N and about 11% was lost through 

516 leaching, runoff and erosion. Similarly to the arable land, N loss was greater in the western parts of 

517 the country (Figure 8). 

518

519 Simulated overall average P input (33−34 kg P ha−1 y−1) and P offtake (22 kg P ha−1 y−1) under both 

520 arable and grass were very similar resulting in an overall annual P build up at a rate of 11 kg ha−1 

521 y−1 during this period (Table 3). 

522

523 3.1.3. Current period (1970-2010)

524 Simulated crop yields increased substantially during the current period compared to the transition 

525 period (Table 2). Winter wheat yields ranged from 1.4 to 8.7 Mg ha−1 with maximum yields occurring 

526 in the South and South east England (Figure 6). Simulated overall mean average wheat yield more 

527 than doubled in the first half of the current period (1970-1990) and increased further during 1990-

528 2010 by another 30% (Table 2). Potato yields increased in some parts of the country to about 8.8 

529 Mg ha−1 with an overall mean average yield of 6.0 Mg ha−1 during this period. Similarly, overall mean 

530 average yields for spring barley and oilseed rape has also increased whereas fodder maize yields 

531 decreased slightly. However, simulated yields for winter wheat, potato and spring barley were lower 

532 by -6%, -25% and -12% than the reported average yields for these crops for whole of the UK during 

533 these periods. Simulated grass yields increased especially in the western parts of the UK (Figure 6; 

534 Table 2).  

535

536 For arable land, simulated SOC decline during the current period was relatively small suggesting 

537 that SOC was approaching an equilibrium. The carbon inputs from plant and animal sources were 

538 marginally increased and SOC decomposition was slightly less than in the transition period (Figure 

539 7, Table 3). Under grassland, SOC stock continued to build up during this period with increased 

540 carbon input through plant and animal sources with a reduced of loss C through SOC decomposition. 

541 (Figure 8; Table 3). 

542
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543 In both arable and grassland systems, the major contribution of simulated N was from fertilizer (Table 

544 3) during this period with nitrogen offtake by grass more than double of that of crops. Simulated N 

545 loss by leaching, runoff and erosion increased and were greatest during this period both under arable 

546 and grass land especially in the western parts of the UK with overall mean average losses of 52 and 

547 36 kg N ha−1 y−1 (Figures 7 and 8; Table 3). 

548

549 The overall mean average annual P fertilizer application increased under arable land (35 kg P ha−1 

550 y−1) and decreased slightly under grassland (15 kg P ha−1 y−1) during the current period compared to 

551 the transition period. As a result, simulated P continued to build up in the soil at a higher rate 

552 especially under arable land and there was an increase in overall mean average P loss by leaching, 

553 runoff and soil erosion under both arable and grass (Table 3).

554

555

556 4. Discussion

557 The Roth-CNP model developed from Landscape model by simplifying the processes for a monthly 

558 time-step reproduced the observed results with varying, but satisfactory degree of goodness of fit for 

559 different fertilizer treatments in Broadbalk and Park Grass LTE (See SI 5). In general, simulated 

560 wheat yields for Broadbalk and grass yields for Park Grass followed the measured trend although 

561 yields were slightly overestimated with an overall RMSE of 66% and 31%, respectively (Table S5.3). 

562

563 For all the crops, simulated crop yields for the whole UK show a greater yield in the north west of 

564 England for different time slices (Figure 6). This trend is similar to the potential yield of cereals 

565 estimated by Sylvester-Bradley and Wiseman (2005) for whole UK, in which this region is 

566 characterised by  greater summer rainfall and day length compared to the rest of the UK. The terrain 

567 and shallow soils may however, limit the actual production in this region. Simulated wheat and potato 

568 yields for the whole UK when compared to the national yield statistics reported by DEFRA every year 

569 since 1890s show that model underestimated these yields during the historical and transition periods, 

570 but agreed well during the current period (Figure 9; Table 2). Availability of N for crop uptake is the 

571 major yield limiting factor in the model particularly during the historical period.  In grass, N is taken 
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572 up sufficiently and a large fraction (1/3rd) of this is coming through BNF. Some BNF is undoubtedly 

573 occurring in arable land too, either through leguminous crops and/or free living bacteria. However, 

574 in the model we did not include either leguminous crops in the rotation or any other form of BNF, 

575 which could potentially increase the yields more. After 1950, although simulated yield increased with 

576 the increase in fertilizer application as reported by national yield statistics, these were still 

577 underestimated. Biological N fixation could be still a source of N, but would be proportionally smaller 

578 under fertilized systems. Powlson and Jenkinson (1990) reported that BNF could be contributing as 

579 much as 25 kg N ha−1 under fertilized treatments in Broadbalk. 

580

581 An accurate comparison of the simulated and actual grass yield is not possible as the actual grass 

582 yield is removed by the livestock species and depends on grazing and grazing intensity in different 

583 parts of the country. In general, the simulated grass yields increased over the years since 1800 at 

584 an average annual growth rate of 0.6% (Figure 9). The average grass yields (grazed or cut) 

585 estimated by the model (9 Mg ha−1 y−1) for the current period show that they are greater than the 

586 national average yield (6 Mg ha−1 y−1) (Morris et al., 2005). A greater overall mean N uptake, which 

587 is more than double of that under arable system leads to higher yields in the model.

588

589 Simulated SOC for whole of the UK changed in different parts of the country at different rates 

590 (Figures 7 and 8). Overall, arable lands in the UK have lost SOC during the historical to current 

591 period (Table 3). During the current period (1950-2010), average annual loss of SOC was at a rate 

592 of 0.22% for top soil (0-30 cm) (Figure 9). This is similar to the SOC loss (0.38% y−1) reported by 

593 Reynolds et al. (2013) for England and Wales for 15 cm depth during 1978 to 2007 in their 

594 countryside survey. Under grassland, however, there was consistent build-up of SOC during this 

595 period at a rate of 0.49% y−1 (Figure 9), which was higher than that reported by Reynolds et al. (2013) 

596 for improved grasslands (0.03% y−1). However, Bellamy et al (2005) reported a higher loss of SOC 

597 at a rate of 0.6% y−1 for 15 cm depth for most soils under most landuses in England and Wales. 

598 Hopkins et al. (2009) studied the SOC trends under two long-term grassland experiments (that 

599 included Park Grass LTE used in this study to test the model) and found that there were no significant 

600 trends in SOC as these plots were showing declines, no net changes or increases in SOC. Prior to 
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601 1800, a large fraction of the grassland area simulated was under semi natural systems with relatively 

602 smaller SOC contents  (see SI, Figure S2.1) led to a build up with change in landuse from semi-

603 natural to improved grass. Similarly, a large fraction of land area changed from semi natural and 

604 arable to improved grass in 1950 resulting in a dip initially and a build-up of SOC thereafter (Figure 

605 9). It is quite possible that when a soil with little SOM is planted to permanent grass, SOM builds up 

606 and takes about 100 years to reach an equilibrium (Johnston et al., 2009). Difference of in the 

607 structure of SOC pools of N14CP and Roth-CNP may also contribute to apparent carbon build up or 

608 depletion as a result of placing some fraction of carbon from N14CP model in slow or fast 

609 decomposing pools respectively in the Roth-CNP model at the point of landuse transitions in 1800 

610 and 1950.

611

612 Under both arable and grass land, mineral N dynamics was dominated by different components at 

613 different time periods (Table 3). During the historical period, under arable land, the productivity was 

614 mainly determined by soil’s natural fertility through N mineralisation and then fertilizers during the 

615 transition and current periods. Nitrogen mineralisation depends on SOM content and its rate of 

616 decomposition. As a result, a greater N input through mineralisation occurs under grass (65-81 kg N 

617 ha−1) compared to arable (39-41 kg N ha−1). Under grassland, BNF was always a major source of N 

618 input to soil during all periods. Legume-based N fixation can vary depending on the grass 

619 management and proportion of clover (assumed to be 30% all over in this study). The model 

620 estimated overall mean average annual N fixation to vary from 43-53 kg N ha−1 for different periods. 

621 The quantity of N fixed by high fertilizer, clover-rye grass mixture was 31-72 kg N ha-1 and was less  

622 than that of a low fertilizer system (120-160 kg N ha-1) (Høgh-Jensen and Schjoerring, 1994). There 

623 is always some uncertainty in the rates of natural biological nitrogen fixation (Galloway et al 2004). 

624

625 Simulated N loss by leaching, runoff and soil erosion increases through different time periods under 

626 both arable (15-52 kg N ha−1) and grass (18-36 kg N ha−1). These figures for the current period were 

627 comparable to those reported by Lord et al, (2002), who estimated N surpluses (i.e. the amount of 

628 N that could be potentially lost by leaching, runoff and denitrification) for arable and grassland were 

629 51 kg N ha−1 and 23 kg N ha−1 (after discounting for N removal by grass) in 1995. Overall mean 
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630 average N loss by denitrification in the model was negligibly small for both arable (0.3−1.5 kg N ha−1 

631 y−1) and grassland (0.3−0.6 kg N ha−1 y−1) during different time periods. Annual denitrification is 

632 variable depending on the N-fertilizer application rate and grazing or slurry application (Whitehead, 

633 1995). Global estimate of denitrification for different combinations soil drainage and N fertilizer 

634 application shows 10 and 14 kg N ha−1 y−1 for upland crops and grass for a fertilizer application in 

635 the range of 75-150 kg N ha−1  (Hofstra and Bouwman, 2005) . A lower denitrification rate in the 

636 model is because soil is rarely saturated as the soil water is uniformly distributed in the profile as a 

637 result of averaging across the whole soil depth. This is a weakness of our approach where soil water 

638 is not integrated within the soil model and the total soil moisture storage (mm) estimated by the 

639 hydrology model is averaged for the profile depth in the soil model. Although total moisture is same, 

640 its distribution within a profile (in different soil layers) may vary depending the season: relatively more 

641 water stored at the surface layer during the autumn (rainy season) and at the lower layers during the 

642 summer (dry season). Nitrogen offtake estimated by our model for arable (128 kg N ha-1) and grass 

643 (284 kg N ha-1) were higher than that estimated for arable (100 kg N ha-1) and grass (116 kg N ha-1) 

644 land for the whole UK Lord et al, (2002). When an intensively managed grassland, which is harvested 

645 by cutting or grazing may yield between 8 to 15 Mg ha−1 y−1 of DM and contain 200-550 kg N ha−1 

646 (Whitehead, 1995). In that case, with an average yield of simulated yield of 9 Mg ha−1 y−1 (Table 2), 

647 the grass may well take up more than 250 kg N ha−1 y−1. A negligibly small loss through denitrification 

648 may also contribute to an excess N uptake of N especially under grass.  

649

650 Phosphorus loss varies across the UK with maximum losses found in the North-west England where 

651 soils are shallow (Figures 7 and 8). Similarly to N, overall mean annual P loss through leaching, 

652 runoff and soil erosion followed the trend of P fertilizer application, which increased over the years 

653 (Figure 9). Simulated P builds-up in soil during different time periods under both arable and 

654 grassland. Withers et al. 2001 estimated the P balance for the whole of UK both under arable and 

655 grassland systems for 1993 showing that there is a surplus of 19 and 12 kg P ha−1.  Simulated overall 

656 mean average P build up was comparable to that reported by Withers et al., (2001) for arable (18.0 

657 kg P ha−1y−1) but was underestimated for the grassland (3.61 kg P ha−1y−1) (Table 3). Other studies 

658 also found greater P surplus for grasslands in the UK ranging from 14 to 26 kg P ha−1 y−1 from farm 
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659 to region (CAS, 1978; Brouwer et al.1995; Smith et al., 1995). The difference in P balance between 

660 the simulated and that reported by Withers et al., (2001) is mainly due to high simulated P uptake by 

661 grass. However, simulated annual P uptake (30 kg ha−1) is similar to that reported elsewhere for 

662 grassland systems (Haygarth et al., 1998). 

663

664 5. Conclusions

665 This paper describes an agricultural model (Roth-CNP) that was developed as part of an Integrated 

666 Model (LTLS-IM) to simulate the cycles of C, N and P for the whole of UK, comprising atmospheric, 

667 terrestrial, hydrological and hydro-chemical model over the long-term period from 1800 to the 

668 present. The Roth-CNP model summarises the CNP cycling in an agricultural ecosystem by 

669 aggregating soil and crop processes using a daily to monthly timestep. The model simulated crop 

670 and grass yields and estimated SOC stocks, DOC and POC losses, and nutrient fluxes (NH4-N, NO3-

671 N and PO4-P) spatially across the whole UK taking into account the biophysical characteristics at 

672 each location. The simulated trends of crop yield are comparable to those reported by national 

673 agricultural statistics for the same period. Overall, arable land in the UK lost SOC between 1800 and 

674 the present day whereas under grassland, SOC stock increased over the same period. It is quite 

675 possible that SOC builds up when a soil with little SOC is planted to permanent grass and it may 

676 decrease under arable crops Simulated N losses were comparable to losses/surpluses reported in 

677 the literature. Similarly, P dynamics including P loss and P surpluses were comparable to the 

678 literature reports although the P surplus was underestimated for the grass. In summary, a relatively 

679 simple agriculture model described in this paper was able to capture variability in the dynamics of 

680 CNP at the national scale coupled to other large scale models of atmospheric deposition, hydrology 

681 and soil erosion. The model could be potentially applied at subnational or catchment scale to 

682 optimise multiple stakeholder interests and for projecting the plausible outcomes under different 

683 scenarios of climate and management.  

684  
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Table 1. Parameters used to calculate the carbon and nutrient contribution from manures

Parameters Dairy Beef Sheep Pig Poultry Reference

Manure (dung and urine) deposition

Frequency of deposition of dung,  (month−1) 360 300 660 − − (Lantinga et al., 1987; Williams 

and Haynes, 1995; McGechan 

and Topp, 2004; Orr et al., 

2014)

Frequency of deposition of urine,  (month−1) 360 258 510 − − (Wheeler, 1959; Lantinga et al., 

1987; McGechan and Topp, 

2004; Rosen et al., 2004)

Carbon deposited,  (g C event−1) 90 106 14 − − (Whitehead, 1995; Williams and 

Haynes, 1995; Orr et al., 2014)

Organic-N deposited,  (g C event−1) 0.32 0.83 0.19 − − Whitehead (1995)

Organic-N deposited, (g N event−1) 1.07 3.88 0.55 − − (Lantinga et al., 1987; 

Sakadevan et al., 1993)

NH4-N deposited, (g N event−1) 0.01 0.03 0.003 − − (Sakadevan et al., 1993; 

Whitehead, 1995)

NH4-N deposited,  (g N event−1) 6.07 11.07 0.05 − − (Lantinga et al., 1987; 

Sakadevan et al., 1993; 

Whitehead, 1995)

Total-P deposited,   (g P event−1) 1.40 0.01 0.21 − − (Haynes and Williams, 1993; 

Williams and Haynes, 1995; Orr 

et al., 2014)
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Total-P deposited,  (g P event−1) 0.00 1.20 0.00 − − (Shand et al., 2002; Manston 

and Vagg, 2009; Orr et al., 

2014)

Slurry

Volume,  (m3 month−1) 1.5 0.90 − 0.15 − DEFRA (2011a)

Volume fraction of dry matter,  (m3 m−3) 0.06 0.06 − 0.04 − DEFRA (2010)

Density,  (g m-3) 1040000 1040000 − 800000 −

Carbon concentration,  (g C g−1 DM) 0.20 0.20 − 0.2 − MAFF (1998)

Organic-N concentration,  (g N m−3) 1900 2300 − 1300 − ADAS (2007)

NH4N concentration,  (g N m−3) 1300 2000 − 2300 − ADAS (2007)

Total-P concentration,  (g P m−3) 622 933 − 0.025 − ADAS (2007)

Poultry manure

Dry matter, (g DM month−1) − − − − 2.5 DEFRA (2011a)

Carbon concentration,  (g C g−1 DM) − − − − 0.24 MAFF (1998)

Total-N, (g N month−1) − − − − 0.048 Nicholson et al. (1996)

Total-P,  (g P g−1 DM) − − − − 0.015 Nicholson et al. (1996)



32

32

866 Table 2. Overall mean average simulated crop/grass yields (Mg dry matter ha−1) compared to that 

867 reported by national statistics† for different time periods in the UK.

868

1800-1950 1951-1970 1971-1990 1991-2010Crop/

grass Simulated Reported Simulated Reported Simulated Reported Simulated Reported

Winter 

wheat

1.0 1.9‡ 2.4 3.1 4.8 4.8 6.1 6.5

Potato 0.9 3.2‡ 3.4 4.4 5.9 6.5 6.1 8.2

Spring 

barley

− − − − 3.9 4.1 4.2 4.8

Oilseed 

rape

− − 1.6 NA 1.9 2.5 3.0 2.8

Fodder 

maize

4.9 NA 7.4 NA 7.6 NA 6.9 NA

Grass 6.8 NA 7.9 NA 8.8 NA 9.2 NA

869 †MAFF (1988); Marks and Britton (1989) 

870 †1884-1950; 

871 NA: Not available
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891 Table 3. Overall mean average annual carbon, nitrogen and phosphorus balance1 (for the whole 

892 profile) for arable and grass lands estimated based on simulation results for different time periods 

893 for whole of the UK.

Components 1800-1950 1950-1970 1970-2010

Arable Grass Arable Grass Arable Grass

Soil organic carbon (Mg ha−1 y−1)

Plant C input 1.01 2.88 0.99 3.40 1.05 3.86

Animal C input 0.01 0.70 0.02 0.65 0.03 0.75

Dissolved organic carbon loss 0.00 −0.04 0.00 −0.04 0.00 −0.04

Particulate organic carbon loss 0.00 −0.01 0.00 −0.01 0.00 −0.02

Carbon loss (by decomposition as 

CO2)

−1.2 −3.33 -1.25 -3.53 -1.16 -4.30

Net carbon change −0.18 0.20 -0.25 0.47 -0.08 0.25

Mineral nitrogen (kg ha−1 y−1)

Atmospheric N deposition 3.9 4.03 8.8 9.09 11.5 11.91

Fertilizer N input 8.1 2.03 64.0 35.0 127.9 134.8

N input by mineralisation 38.7 67.3 41.0 65.92 41.4 81.73

Animal N input 0.9 43.2 2.1 41.44 2.9 48.53

N input by biological N fixation 0.0 47.4 0.0 54.30 0 43.4

N loss by leaching, runoff and soil 

erosion

−14.9 −17.7 -29.0 -21.47 -52.3 -36.02

N loss by denitrification −0.3 −0.28 -0.78 -0.38 -1.49 -0.61

Plant N uptake −35.9 −144.9 -79.3 -173.9 -128.9 -283.6

Net N change 0.50 0.98 6.8 10.0 1.0 0.14

Mineral Phosphorus (kg ha−1 y−1)

Fertilizer P input 8.7 2.34 26.4 16.67 34.6 14.54

P input by mineralisation 5.6 10.2 6.6 9.19 5.41 11.62

Animal P input 0.10 8.0 0.2 7.75 0.32 7.93

P loss by leaching, runoff and soil 

erosion

−0.03 −0.03 -0.14 -0.05 -0.28 -0.14

Plant P uptake −11.8 −17.8 -22.3 -22.25 -22.0 -30.34

Net P change 2.57 2.8 10.8 11.3 18.05 3.61

894 1A Positive sign indicates input or gain and negative sign indicates loss from the soil system.
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896 Figure 1. Schematic diagram showing the structure of Roth-CNP model interacting with components (atmospheric, hydrology, soil water  and soil 

897 erosion models) of the Long-term Large Scale Integrated model (LTLS-IM) (Arrows indicate material and information flow; dotted arrow indicate 

898 information flow only).
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902 Figure 2. Developmental stage (DVS) estimated for different crops and grass as a function of their 

903 growing months (for wheat, 1–11 growing months = October–August; for potato, 1–5 growing 

904 months= April–August; for barley, 1–6 growing months= March–August; for Oilseed rape, 1–11 

905 growing months= September–July; for fodder maize, 1–4 growing months= May–August, for grass, 

906 growing months are indefinite. Growing months are based on MAFF (1998)).
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925 Figure 3. Historical to current rates of nitrogen and phosphorus fertilizer application rates under grass 

926 and crops (Archer, 1985; DEFRA, 2011b; Naden et al., 2016).
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934 Figure 4. An example scheme of crop rotation in a grid cell with five crops. (This results in five crop 

935 rotations with five crops in each individual rotation on a five-year cycle. This scheme will be adapted 

936 when the number of crops in a grid cell is less than five by reducing the number of crop rotations, 

937 number of crops in each rotation and the duration of the crop rotation cycle). 

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

B: Spring barley, M: fodder maize, O: OSR, P: potato, W: winter wheat
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990 Figure 5. Land cover changes at 1950 leading to different simulation schemes for arable and 

991 improved grassland (SN: semi-natural; IG: improved grass).
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997 Figure 6. Simulated average wheat, potato and Grass (grazed and/or cut) yields (Mg DM ha-1) at 

998 different time periods (1800-1950, 1950-1970 and 1970-2010) across the whole UK (please note the 

999 change in scales).
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1005 Figure 7. Simulated soil organic carbon change, average annual N and P losses (leaching + runoff) 

1006 at different time periods (1800-1950, 1950-1970, and 1990-2010) under arable land for the whole 

1007 UK.
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1013 Figure 8. Simulated soil organic carbon change (%), average annual N and P losses at different time 

1014 periods (1800-1950, 1950-1970 and 1970-2010) under grass land for the whole UK.
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1023 Figure 9. Simulated wheat yield (85% DM) compared to DEFRA reported yield statistics, simulated 

1024 grass yield, nutrient losses and soil organic carbon (0-30 cm) under arable and grasslands during 

1025 1800-2010 averaged across the whole UK.
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