Patron: Her Majesty The Queen Rothamsted Research
\D Harpenden, Herts, AL5 2JQ

ROTHAMSTED  Telephone: +44 (0)1582 763133
RESEARCH Web: http://www.rothamsted.ac.uk/

Rothamsted Repository Download

A - Papers appearing in refereed journals

Muhammed, S. E., Coleman, K., Wu, L., Bell, V. A., Davies, J. A. C.,
Carnell, E. J., Tomlinson, S. J., Dore, A. J., Dragosits, U., Naden, P. S.,
Glendining, M. J., Whitmore, A. P. and Tipping, E. 2018. Impact of two
centuries of intensive agriculture on soil carbon, nitrogen and phosphorus
cycling in the UK. Science of the Total Environment. 634 (1 September),
pp. 1486-1504.

The publisher's version can be accessed at:

» https://dx.doi.org/10.1016/j.scitotenv.2018.03.378

The output can be accessed at: https://repository.rothamsted.ac.uk/item/8460y/impact-

of-two-centuries-of-intensive-agriculture-on-soil-carbon-nitrogen-and-phosphorus-

cycling-in-the-uk.

© 18 April 2018, CC_BY terms apply

05/12/2019 12:27 repository.rothamsted.ac.uk library@rothamsted.ac.uk

Rothamsted Research is a Company Limited by Guarantee
Registered Office: as above. Registered in England No. 2393175.
Registered Charity No. 802038. VAT No. 197 4201 51.

Founded in 1843 by John Bennet Lawes.


https://dx.doi.org/10.1016/j.scitotenv.2018.03.378
https://repository.rothamsted.ac.uk/item/8460y/impact-of-two-centuries-of-intensive-agriculture-on-soil-carbon-nitrogen-and-phosphorus-cycling-in-the-uk
https://repository.rothamsted.ac.uk/item/8460y/impact-of-two-centuries-of-intensive-agriculture-on-soil-carbon-nitrogen-and-phosphorus-cycling-in-the-uk
https://repository.rothamsted.ac.uk/item/8460y/impact-of-two-centuries-of-intensive-agriculture-on-soil-carbon-nitrogen-and-phosphorus-cycling-in-the-uk
repository.rothamsted.ac.uk
mailto:library@rothamsted.ac.uk

10
11
12
13
14
15
16
17
18
19
20
21
22

23

24

25

26

27

28

29

30

31

32

Journal: Science of the Total Environment

Impact of historical to current (1800-2010) intensive
agriculture (arable and grassland) on carbon, nitrogen

and phosphorus cycling in the UK

Shibu E. Muhammed*, Kevin Coleman?, Lianhai Wu?, Victoria A. Bell3, Jessica A. C. Davies?,
Edward J. Carnell®, Samuel J. Tomlinson®, Anthony J. Dore®, Ulrike Dragosits®, Pamela S.
Nadens3, Margaret J. Glendining?, Edward Tipping®, Andrew P. Whitmore!

1 Rothamsted Research, Harpenden, Hertfordshire AL5 2JQ, UK

2 Rothamsted Research, North Wyke, EX20 2SB, UK

3 Centre for Ecology & Hydrology, Wallingford, Oxfordshire, OX10 8BB, UK

4Lancaster Environment Centre, Lancaster University, LA1 4YQ, UK

5 Centre for Ecology & Hydrology, Bush Estate, Penicuik, EH26 0QB, UK

6 Centre for Ecology & Hydrology, Library Avenue, Lancaster LA1 4AP, UK

*Corresponding author at:

Rezatec, Electron Building, Fermi Avenue, Harwell, Didcot, Oxfordshire, UK, OX11 O0QR
Tel.: +44 1865 817500

E-mail address: shibu.muhammed@rezatec.com

Abstract

This paper describes a model that estimates carbon (C), nitrogen (N) and phosphorus (P) pools,
pool changes, their balance and the nutrient fluxes exported from arable and grassland systems in
the UK during 1800-2010 (at different periods: historical (1800-1950), transition (1950-70) and
current (1970-2010)) using an agricultural model (Roth-CNP). The Roth-CNP model was developed
as part of an Integrated Model (IM) to simulate C, N and P cycling for the whole of UK, comprising
atmospheric, terrestrial, hydrological and hydro-chemical models. The model was calibrated and
tested using long term experiment (LTE) data from Broadbalk (1843) and Park Grass (1856) at
Rothamsted. We estimated C, N and P balance and their fluxes exported from arable and grassland

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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2
improved grass land management, crops (winter wheat, potato, oilseed rape, spring barley and
fodder maize) and livestock numbers in each grid. Simulated crop and grass yields and estimated
soil arganic carbon (SOC) stocks and nutrient fluxes in the form of NH4-N, NOs-N and PO,4-P varied
spatially across the whole UK. The simulated trends of crop yields were compared to that reported
by national agricultural statistics for the historical to the current period. Overall, arable lands in the
UK have lost SOC by -0.18, —0.25 and -0.08 Mg C ha y~'whereas under improved grassland SOC
stock has increased by 0.20, 0.47 and 0.24 Mg C ha y* during 1800-1950, 1950-1970 and
1970-2010 simulated in this study. Annual mineral N and P balance is dominated by different
components at different time periods under both arable and grass lands. Simulated N loss (by
leaching, run off, soil erosion and denitrification) increased both under arable (-15, =18 and -53 kg
N hay™") and grass (-18, —22 and -36 kg N ha y~") during different time periods. Simulated P surplus
increased from 2.6, 10.8 and 18.1 kg P ha y~' under arable and 2.8, 11.3 and 3.6 kg P ha y~' under

grass lands 1800-1950, 1950-1970 and 1970-2010.

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

1. Introduction

Agriculture in the United Kingdom (UK) has a long history of human settlement and development
which dates back to 6,000 years ago when humans began domesticating plants and animals in
Neolithic times (Edwards and Hirons, 1984; Woodbridge et al., 2014). By 900-700 BC, settled
agriculture was established in the UK with crop rotations, pasture and coppiced woodlands. By 100-
350 AD, natural forest was largely cleared with large estate-based farming systems with cattle, sheep
and arable production. The UK’s countryside has further changed dramatically since then with
majority of the population living in small farmsteads under subsistence farming. By 1300 AD,
increasing demand for food brought the subsistence farming system under huge pressure because
of increasing population as the land area available for agriculture was already in use. However,
between 1300 and 1800 average crop yields increased in the UK due to improvements in crop
management such as mixed husbandry (by combining crop and livestock), grass and arable rotation,

crop rotation by including fallow and legumes leading to a British agricultural revolution (Allen, 2008).

2
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3
With the industrial revolution in 1850s, technological improvements also happened in agricultural
sector, for example, switching from draught animals to machine. Much of the agricultural growth
during this period came about as a result of increase in the area of crops and grass, which peaked
in mid 1880s. After this, agricultural area underwent a steady decline as farms became more
intensive and the availability of labour diminished. During the second half of the 20th century (Musel,
2009), agricultural intensification driven by new high yielding varieties, mineral fertilizer application,
chemical pest control and improved methods of cultivation (Marks and Britton, 1989) led to increase
in agricultural production many-fold. Per-hectare yields of wheat almost tripled whilst barley, potato
yields and milk yields per cow more than doubled (Marks and Britton, 1989; DEFRA, 2014). The total
cattle population increased sharply after the middle of 20th century although there has been a decline
since 1974. About 170 million tonnes of animal excreta (slurry) are produced annually in the UK. In
terms of farm inputs, mineral nitrogen (N) fertilizer used in the UK increased five times between 1950
and 1978 (Cooke, 1980). Greater use of N and P fertilizers during this period has led to an increased
loss of these nutrients into our rivers and ground water through leaching, runoff (Hood, 1982; Hooda
et al., 2000), and increased atmospheric emissions of ammonia, nitrous oxide and other reactive N
compounds . Agricultural land contributes 70% and 28% of the N and P load to UK waters (Hunt et
al., 2004; White and Hammond, 2007). Losses of these nutrients are associated with excessive or
poorly timed applications of N or P or both (Dungait et al., 2012). Pretty et al. (2000) calculated the
annual external cost of agriculture for the UK in 1996 as £2343 M (£208/ha), with the major costs
associated with contamination of drinking water by pesticides, nitrate and phosphate and increased

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

Numerous spatially-variable, interacting factors such as land-use, vegetation type, weather,
catchment topography and total nutrient inputs over time determine the nutrient stocks and fluxes at
a farm, landscape or catchment scale. For example, nutrient concentrations in groundwater under
agricultural land have been found to be several times higher than that under semi-natural vegetation
(Nolan and Stoner, 2000). Growing vegetables and crops such as potatoes and oilseed rape
intensively has led to high rates of nitrate leaching (Stuart et al., 2011). Nutrient concentrations in
ground water have been found to be highly variable and related to changes in the weather

3
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4
(Rozemeijer et al., 2009) and increased as a result of land-use change (Whitmore et al., 1992). There
is a strong influence of catchment slope on water quality due to slope-dependent seasonal
waterlogging, which determines the fate of dissolved substances produced within and moving
through the catchment (D'Arcy and Carignan, 1997). Temporal dynamics of these nutrients depend
on the relative occurrence of the nutrients in different pools at different points in time. Nutrients are
retained during the dry summer months as a result of bioaccumulation and adsorption in case of P,
and during the wetter autumn to spring periods, these nutrients are released and transported from

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

Understanding the processes that are leading to the build-up of C, N, and P in soil, ground water
and surface water from the past to the present is essential to understand how to manage the supply
and utilisation of these nutrients into the future. This will contribute to the long-term goal of achieving
a sustainable agricultural system by increasing or maintaining crop yields whilst minimising impacts
on other ecosystem services (Powlson et al., 2011). It is also important to understand how these
nutrient cycles (between atmosphere, terrestrial ecosystems including agriculture and hydrological
systems) operate at large spatial scales across the whole UK in response to climate change and
management options. A model that can summarise essential processes of soil and plant growth and
their interactions and that can be applied over long timescales with readily-available driving data
(climate, land-use, nutrient inputs) is essential to investigate the temporal and spatial responses in
soil macronutrients at the national scale. This paper estimates C, N and P pools, pool changes, their
balance and the nutrient fluxes exported from arable and grassland systems in the UK during the
historical to current period (1800-2010) using an agricultural model that was developed as part of an
integrated model to analyse and simulate long-term and large-scale (LTLS) interactions of C, N and
P in the UK land, freshwater and atmosphere (http://www.ltls.org.uk/). This integrated model is
referred here as LTLS-IM (Bell et al., in prep), which comprises of atmospheric, terrestrial (semi-

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

The agricultural model referred to as Roth-CNP model was developed by simplifying the Landscape
Model (LM) (Coleman et al., 2017) to an appropriate level of detail. The LM which works on a daily
time step, simulates the biophysical processes of an agroecosystem at the field/farm scale taking
into account the spatial interactions between the fields or farms across a landscape. The Roth-CNP
model presented here aggregates the essential processes within the LM on a monthly time step
without any spatial interactions between the spatial units. We briefly describe here the main features
of Roth-CNP model together with any major changes from the LM. In Roth-CNP, we use the same
parameters as the LM but adapting for a monthly timestep. We tested the Roth-CNP model using
the data from Broadbalk and Park Grass long-term experiments (LTEs) at Rothamsted
(http://www.era.rothamsted.ac.uk/), South-East England before undertaking the historical simulation
for a continuous period from 1800 to 2010 for the whole of the UK. For these simulations, the whole
land area in the country was divided into 5 km x 5 km square grids with improved grass present in

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

2.1.Model description

The Roth-CNP model (Figure 1) has two major subunits: soil and landuse. In the soil module, the
soil profile (can be of any depth, but in this study, it ranges from 30 cm to 150 cm) is divided into
three layers. Depths of soil layers can be variable, but for this application the first and second layers
were set to 15 cm each to enable a spatial comparison of CNP pools as most of the soil management
activities affect the top 30 cm. Depth of third layer is variable depending on the actual soil profile,
which varies spatially across the UK. The soil unit consists of organic C, N and P, mineral N and P
modules. Variables such as actual evapotranspiration (AET), soil drainage, runoff and soil moisture
are treated as inputs that are calculated by a hydrological model, which is a simplified version of the
G2G model (Bell et al., 2009). However, potential evapotranspiration (PET) for each landuse was
estimated in a crop module (as it varies with crop type and developmental stage of the crop) based
on the Penman'’s method (Penman, 1948). The PET estimated by the crop model was compared to

the PET estimated by the hydrology model (using MORECS PET for grass assuming variable leaf

5
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6
area index (LAI) for summer and winter (Hough and Jones, 1997)) for a few selected sites and were
found to be comparable (not reported here). The hydrology model within the LTLS-IM calculates
components of the water balance (runoff, drainage, AET and soil moisture) for each 5x5 km grid-cell
in the UK. Soil moisture for the entire profile (mm of water/ profile depth) was used to estimate
moisture content in each soil layer within the Roth-CNP model. Soil organic carbon dynamics
inherited from the RothC model has been described elsewhere (Coleman and Jenkinson, 1999;
Smith, 2000; Jenkinson and Coleman, 2008). The model was extended for organic N and P with
similar pool structures as that for carbon (Coleman et al., 2017). Additional temporary pools of
dissolved organic carbon (DOC), nitrogen (DON) and phosphorus (DOP) were created in the model
in order to estimate the loss of dissolved organic C, N and P that enters soil solution. In agricultural
soils, added organic amendments such as farm yard manure (FYM), slurry and other animal
manures are the major sources that contribute to DOC (Bhogal et al., 2010). Because of lack of
information on the export of DOC from soils under agriculture, we assume that soil organic carbon
(SOCQ) itself contributes only a negligibly small amount to DOC and therefore, its loss from
agricultural lands was ignored in this study. In the model, we assume that when organic substrates
are added, a fraction (FYM-4.6%; slurry-51%, and poultry manure- 6.6%) of these goes directly to
the DOC, DON and DOP pools (Bhogal et al., 2010) and is lost by leaching and/or runoff immediately

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

Mineral N and P species exist in single (vertically integrated) stores without partitioning them
between different soil layers to co-exist with the dynamics of soil water which estimates the water
balance for the whole profile. All the N and P mineralised from SOM in the three soil layers is
transferred to these mineral nutrient stores. Mineral N consists of NH4;N and NOs;N pools and mineral
P includes available and fixed pools. Mineral N dynamics comprises N inputs (through atmospheric
deposition, biological N fixation, fertilization), transformations (nitrification and denitrification) and
losses (through plant uptake, denitrification, run off, leaching and erosion) (Coleman et al., 2017).
Similarly, P dynamics comprise of P inputs from fertilizers, chemical P fixation and release, crop
uptake, run off, leaching and erosion. In the model we assume that biological N fixation (BNF) occurs
only in grassland systems and on an average about 30% of grassland is a leguminous clover mix

6
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7
and can fix N biologically (Sanderson et al., 2013; Luscher et al., 2014). In the model, BNF rate is
calculated as a function of potential maximum N fixation rate and the rate modifying factors for

temperature (fr),soil moisture (f,,) and inorganic N (fy) (Liu et al., 2013).

NfixXrate = Nfixmax fr fm fn 1)
where Nfixrate and Nfixmax are the actual and maximum rates of BNF (g N m=2 month™1).
Potential maximum BNF rate depends on the live shoot biomass (g DM m), fixation rate per unit
standing biomass (g N g~ DM month-1) and root growth rate (g DM month-1). See Liu et al. (2013).
Increases in mineral N (NH4N and NOsN) concentration reduces the BNF rate in the model and we

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

Mineral N and P losses occur either through runoff (in water phase) or through soil erosion
(particulate) and leaching. Loss of these nutrients through runoff depends on both the nutrient (NOs3N
, available P) concentration (kg mm~") at the surface and the runoff (mm of water month™'), whereas
leaching depends on the nutrient concentration (kg mm~") in the soil solution and the drainage rate
(mm of water month~'). The rates of runoff and drainage were input from hydrology model (see

section 2.2.5).

A generic plant growth model, which uses the light use efficiency (LUE, g dry matter MJ™") based
approach (Monteith and Moss, 1977; Monteith, 1990) is used to simulate crop and grass growth
within the landuse module. The rate of biomass production depends on the incoming solar radiation
in terms of photosynthetically active radiation (PAR, i.e. 50% of the global radiation), crop/grass
specific LUE and growth affecting factors such as moisture and nutrient stresses (Coleman et al.,
2017). The biomass formed is partitioned between roots, stem, leaves and storage organs based on
the development stage (DVS) as described by Wolf (2012). In principle, crop phenology is
expressed in terms of crop development stage (DVS), which is a function of temperature sum or
growing degree days and includes the effect of vernalisation and/ or photosensitivity of the crop

(deVries, 1989), which are variety specific and may vary across the country. As the model works on
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8
a monthly time step, and the flowering and maturity of the crop falls within a given month for a given
crop across the whole country, we used a simple growth function to represent the DVS for each crop.
We calculated DVS for each crop by applying the Landscape model for Rothamsted site for several
years (1968-2012) and generated a general growth curve for each crop (Figure 2). For grass, we
assume the plant remains in vegetative phase (DVS<1) throughout its growing period because it is

continuously grazed or cut with sufficient frequency.

For older varieties of wheat (developed before 1970), a few parameters were changed by calibration
(see the Supplementary information (Sl 5) for more details). Insufficient water and nutrients (N & P)
lead to stresses that affect crop growth and reduce the biomass production and yield as described
by Coleman et al. (2017). The grass model differs from the crop only in the assumption that that
grass is perennial in growth and is managed differently by allowing livestock grazing or frequent

cutting.

A reasonably good agreement in the model results to the measurements from Broadbalk and Park
Grass (see Sl 5 for model calibration and testing) for plant yield, SOC, total N and NO3N leaching
over the last 160 years (RMSE: 4 — 71%, see SI, Tables S5.2 and S5.3) provides some degree of
confidence in the Roth-CNP to estimate crop/grass yields, SOC and SON for the historical to current

period of 1800-2010.

2.2.Model Inputs

2.2.1. Atmospheric deposition

Atmospheric N (NH;-N and NOs-N) input to arable and grassland systems were estimated for
different time slices: 1800, 1900, 1950, 1970, 1990 and 2010 (see Sl 1) at a 5 km x 5 km grid
resolution across the UK, using land-cover dependent deposition velocities. Nitrogen deposition
values for each land cover type in each grid square were interpolated for the whole period within

these time slices.
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2.2.2. Weather

For weather, data from several sources were combined to derive an observation-based dataset from
1800 to present. For rainfall (mm month-"), daily observations, which are available back to the 19th
century, were used, although network coverage ranges from only 2 rain gauges in 1853 to thousands
in the late 20th century. National daily rainfall estimates for each a 5 km x5 km UK grid square were
derived from any daily observations available for the period 1853 to 1910. From 1910 onwards,
gridded 1 km resolution rainfall observations from CEH-GEAR (do0i:10.5285/5dc179dc-f692-49ba-
9326-a6893a503f6e) were used. No observed daily rainfall values were available prior to 1853, so
daily rainfall for a median year (1904) was assumed to be representative for the period from 1800 to

1853.

For all other weather variables (temperature (°C), shortwave radiation (W m=2), wind speed (m s™")
surface pressure (Pa) and specific humidity (kg kg™'), monthly mean values were used. These were

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

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

1970 to 2010. The Met Office dataset provided observation-based estimates of minimum and
maximum temperature (°C), sunshine hours (h), wind speed (m s™') and vapour pressure (hPa). Prior
to 1901, these data were not available for the whole country, and again, data from a nominal year
(1904) is used.

Short wave radiation in W m2 was converted to MJ m=2. Surface pressure and specific

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

2.2.3. Land cover and land use

A land cover history for the UK was constructed using contemporary land use datasets and the few
historical maps available (see Sl 2). Livestock populations and agricultural land use data were
estimated for four time slices: 1900, 1950, 1970 and 1990. Five major crops (winter wheat, spring

barley, oil seed rape, potato and fodder maize) were selected, which represented five major groups
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10
of crops (winter cereals, spring cereals, Oil seed crops, tuber crops and fodder crops) in the UK.
The area under each of these crops represented the sum of the total area of all the crops within each
of these groups. For example, the area under winter wheat represented the total area under winter
wheat, winter barley and winter oats. Similarly, spring barley represented the area under both spring
barley and spring wheat. Area under potato represented the area under potato and sugar beet and
all the fodder crops under fodder maize. Estimates were based on historic agricultural census data
and were distributed using the AENEID model (Dragosits et al., 1998; Hellsten et al., 2008) explained

in SI3 with the land cover data summarised in SI2.

2.2.4. Soil

Soil texture and soil profile depth maps for 5 km x 5 km grid cells required by Roth-CNP were created
from the Harmonised World Soil Database (HWSD). Soil organic C, N, P and mineral P pools were
initialised with the outputs from semi natural model, N14CP (Tipping et al., 2012; Davies et al., 2016)
at the point of their transition to agriculture on 1800 and 1950 (See SI, Figure S2.1). The N14CP
model assumes three soil organic matter (SOM) pools (fast, slow and passive) to describe SOC, N
and P dynamics compared to four active pools within the Roth-CNP.

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

subsurface layers according to the RothC initialisation as follows:

TSOCn14cp = SOCtast + SOCsiow + SOCpassive ()

DPMc = TSOCn1acr x 0.1

RPMc = TSOCn1acp x 0.13

BIOc = TSOCn1acp X 0.02

HUMc = TSOCn14acp X 0.75
Here TSOCn14cp, SOCtast, SOCsiow, SOCpassive refer to the total, fast, slow and passive N14CP
SOC pools and DPMc, RPMc, BIOc, HUMc represent the carbon redistributed to DPM, RPM, BIO

and HUM Roth-C pools.

10
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11
Total organic N and P were redistributed to Roth-CNP pools based on the C/N or C/P ratios of fast,

slow and passive pools of N14CP model as follows:

TSONN14cP = SONrast + SONsiow + SONpassive (3)
DPMN = DPMc / CNfast
RPMn = RPMc / CNsjow
BIOnN = BIOc / CNsio

HUMnN = TSONn14cp - (DPMn + RPMn + BIOn)

The BIO pool of Roth-CNP is largely microbial in nature and is assumed to have a fixed C/N (8.5)
and C/P (50) ratios. In a similar way, SOP was also allocated to different Roth-C pools. In this way,
fast and slow pools C, N and P from N14CP were allocated to the corresponding pools within the

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

2.2.5. Hydrology

Hydrological inputs such as AET (mm month~"), soil moisture (mm), drainage (mm month-") and
runoff (mm month=") on a 5x5 km square grid covering the UK were estimated by the hydrology
component of the LTLS-IM (Bell et al., in prep). The hydrology model is summarised in

Supplementary information (Sl 4).

2.2.6. Fertilizer

Manure and fertilizer application rates to arable and grass land were calculated based on the
information available from various sources. During the period 1800 to 1840s, sewage in the form of
“night soil” was applied to crops and grass (Naden et al., 2016). After 1840, imported N fertilizers
(seabird guano, Chilean nitrate) and superphosphate were applied in small amounts. Average N
fertilizer input to agricultural land during this period was calculated based on the total fertilizer use
(Archer, 1985) and the total area under agriculture (see Section 2.2.3). The average per hectare

fertilizer use increased from 7.2 to 13.1 kg ha* for N and 4.4 to 16.2 kg ha™* for P during 1840 to

11
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1940 (Archer, 1985), with 75% of these nutrients were assumed to be applied to arable and 25% to
the grass. Chemical fertilizers were applied from 1940s and their rates increased over the years
(Archer, 1985; DEFRA, 2011b). For example, N fertilizer application in winter wheat increased from
19t0 195 kg N ha™" and 4 to 100 kg N ha™* for grass during 1943 to 2010 (Figure 3). Mineral fertilizer

application N application before 1940 was negligibly small.

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

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

Carbon and nutrient contributions from deposition of grazing animals depend on the frequency of
manure deposition, dry matter (DM) content, carbon, organic-N, NH4-N, and P content of the urine
and dung for different livestock species (Table 1). Carbon and nutrient concentrations in dry matter

are estimated by the equations

Cdep,j,k = Fdep,jk €Cdep,jk (4)

Ndep,ijk = Fdep,jk €Ndep,ijk 5)

where Cgep,jk and eCgep,j k, are the carbon content (g) and carbon concentration in the dry matter
(g event™). Fqep,jk is the frequency of occurrence of dung or urine event (month™) for different
animal species. Ngep,ij,k IS the nutrient, i (NH4,-N, NOs-N, organic N, inorganic P and organic P)
deposited (g animal™* month™) in the form of dung or urine (j) of different livestock species (k) and

eNdep,i jk IS the nutrient deposited by urine or dung event (g event™).

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

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

species (beef, dairy and pig) as follows:
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Cslik = Vsik fDMsi,ik Dslik €Cslik (6)

Nsiik = Vsi,k VNsiik (7)

where Cg) i k is the carbon (g C animal™* month™) in the slurry of livestock species k. The variables
Vsik, fDMsiik and Ds k represent the volume (m2month), volume fraction of DM (m3 m3) and
density (g m3) of the slurry collected from each animal for a given livestock species k, and cNsji k

is the nutrient concentration (g nutrient kgt of DM) of the slurry for a given livestock species k.

Poultry manure is collected during the whole year and of rate of C (Cman,k) and nutrients (Nman,i k)
produced (g animal™* month™) is given by
Cman,k = DMman,k CCman, k (8)

Nman,i,k = DMman,i,k CNman,i,k 9)

depends on the manure DM production (DMman,k, 9 DM month™t) and C (cCman,i,k, 9 C g ** DM) and

nutrient concentration ( CNman,i,k, 9 nutrient g~* DM) (Table 1).

A part of NH;-N is lost through volatilization (from manure management practice (housing, manure
storage & application to land) and is found to be 0.09 and 0.60 for NH4N in the urine and dung
deposition by cattle and sheep, respectively (Whitehead, 1995; McGechan and Topp, 2004). For
slurry, volatilization fractions for dairy, beef and sheep are 0.6, 0.31 and 0.6, respectively. For poultry

manure the volatilization loss fraction is 0.3.

2.3. Historical to current simulation

Here we aim to estimate C, N and P pools, pool changes, their balance and the nutrient fluxes
exported from arable and grassland systems in the UK on a 5x5 km grid across the whole of UK
during the historical to current period (1800 to 2010). Crop and grass landuse models were run
separately on the arable and grassland area within each 5 km grid cell. The arable area in each grid

cell was assumed to grow up to a maximum of five major crops: winter wheat, spring barley, potato,
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oil seed rape, and fodder maize depending on their presence or absence in that grid cell. These five
crops represent the major crop groups such as winter cereals (winter wheat, winter oats, winter
barley and winter triticale), spring cereals (spring barley, spring wheat), tuber crop (potato, sugar
beet), oil seed crop (oil seed rape) and a fodder crop (fodder maize, spring oil seed rape) in the UK.
Based on these five crops, we identified a maximum of five crop rotations with the actual number of
rotations dependent on the number of crops in each grid cell (Figure 4). The number of simulations
in each grid cell depends on the number of these rotations. On finishing the simulation of one crop
rotation, the model runs for the next rotation with the initial values (by reading the soil input file). In
this way, all the crops that are present in each grid cell are simulated in each year. To calculate the
mean yield of a crop we took the weighted average of the yield for each crop for each year by
multiplying the area of the crop in each rotation at the end of all the simulations for all the rotations.
Under improved grass, four types of grass land management: dairy, beef, sheep and silage

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

To estimate the area under each of these livestock management systems (Ayy,i), we used the
livestock numbers in each grid (N ;) and the standard stocking rate (Dyy,i, animals/ha) for different

species of livestock

A Njy,i (10)

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

Stocking rates may have been different in the past especially when the livestock population was
much lower than today. Due to lack of any such information for the past, we use the current standard
stocking rates which are 2 (dairy), 3.3 (beef) and 20 (sheep) (Nix, 2003) for the entire study period.
Any grass areas left after allocating to different livestock management were assumed to be ungrazed
(hay or silage). In locations where the grass area was smaller than that estimated based on the

livestock population, the model stocking rate was increased to achieve the observed population.

14



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

15
Similarly to crop rotations, the model runs for different grazing management systems after re-
initialising the model variables for soil and plant growth at each time and the nutrient fluxes are

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

Under different livestock management systems, animals graze from April to September and the rate
of manure (urine and dung) input and the grass removed depends on the stocking rate and animal
species (Coleman et al., 2017). During winter when animals are in housed, the manure is collected,
stored and applied in March in the form of slurry. Nitrogen and P fertilizers are also applied and their
rate increases over the years, which peak in the late 20" century before started declining in the
recent years (Figure 3). All of the P fertilizer is applied in spring whereas N fertilizer is applied in

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

After 1950, further expansion of agriculture occurred with more of the semi-natural land converted
to improved grass and improved grass converted to arable whilst a modest area of arable land
became improved grass. This created more than one landcover history for each landuse (Figure 5).
For computational simplicity, Roth-CNP soil variables were reinitialised in 1950 with the outputs from
the semi-natural model N14CP (Davies et al., 2016) to incorporate new landcover histories applied

from 1950 onwards.

Simulated model results were analysed in three different periods: historical (1800-1950), transition
(1950-1970) and current (1970-2010), which are distinct in terms of landuse and agronomic
practices. During the historical period, agriculture was more traditional with local varieties and
manure and/or slurry based fertilizer inputs. During the transition (post war) period, widespread land
cover changes occurred alongside increased use of chemical nitrogen fertilizers in agriculture. The
current period is characterised by the so called ‘green revolution’ effect where improved crop
varieties, mechanisation, increased livestock population with higher inputs of chemical fertilizers and
pesticides were used, supplementing but also disturbing the natural cycle of C, N and P (Galloway
et al., 2004). To calculate the average of a nutrient variable (e.g.: C input, NOs-N leached) in each
grid cell, we calculated the weighted average for each variable for each year by multiplying with the
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area under arable or grass land in the cell. The overall C, N and P balance for the whole of UK was
calculated by averaging the mean values for these different variables for different time periods across

all the grid cells.

In summary, the changes of SOC (ASOC, kg N ha™* y1), mineral N (AN, kg N ha™* y*) and P (AP,

kg P ha™t y1) averaged for the whole of UK are then calculated as

ASOC = Cplant + Canimal - DOCloss - POCioss (11)
AN = Ndep + Nmin + NBNF + Nfert - Nioss - Ndenit - Nuptk (12)
AP = Pmin + Pfert - Ploss - Puptk (13)

Where Cplant and Canimal are the overall mean average annual carbon input through plant and
animal sources (Mg C ha! y 1), DOCjoss is the loss of SOC (Mg C hat y1) in the dissolved form
through leaching and runoff, and POCioss is the loss through soil erosion in the particulate form. Ngep
, Nmin, NBnF, Nrert are the overall N inputs through atmospheric deposition, SOM
mineralisation/immobilisation, biological N fixation and fertilizer N application (all in kg N ha™ y2).
Nioss, Ndenit and Nyptk are loss of nitrogen through leaching, runoff and soil erosion and N removed
from soil by plant uptake (all in kg N ha® y ). Pmin and Psert are the overall P inputs through SOM
mineralisation and fertilizer P application and Pjoss and Pyptk are loss the of P through leaching,

runoff and soil erosion and P removed from soil by plant uptake (all in kg P ha™t y™).

3. Results

3.1.Historical to current simulation

3.1.1. Historical period (1800-1950)
Simulated wheat yields ranged from 0.3 to 1.9 Mg DM ha™? with an overall mean average yield of
1.0 Mg ha* (Figure 6; Table 2). Simulated potato yields were similar to those of wheat and ranged

from 0.1 to 2.0 Mg DM ha* with an overall mean average yield of 0.9 Mg ha! and simulated fodder
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maize yield had an overall mean average yield of 4.9 Mg DM ha. For both wheat and potato,
simulated yields ranged between 0.08 to 2.0 Mg ha™ (Figure 6) lower than that reported for this
period in national statistics (Table 2). Simulated grass yields varied widely across the UK from 1.3
to 16 Mg ha* (Figure 6), with the lowest yields occurring mostly in Northern Scotland and Northern
Ireland, where SOC was lower than elsewhere. A lower SOC indicates lower SON and SOP and

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

For arable land, simulated average annual SOC change during the historical period is small (—0.08
to 0.12%) (Figure 7) across whole of the UK with an overall mean net carbon change of —-0.18 Mg C
hat y1 (Table 3). During the same period, there was a general build-up of simulated SOC with an
overall mean net carbon change of 0.2 Mg C ha! y! under grass land with a change in carbon
ranging from -0.2 to 0.17% annually (Figure 8). Simulated plant and animal C input to the grass land
was greater (2.9 Mg C ha! y 1) compared to that under arable (1.0 Mg C ha* y1). About 93% of
simulated total (plant plus animal) carbon input under grass was decomposed, resulting in the build-

upof Cby0.2MgChatly™

For arable land, the major part of estimated N input during the historical period was from soil organic
matter mineralisation (39 kg N ha™t y1) (Table 3). Simulated N was removed from soil mainly by crop
offtake (36 kg N ha y?) followed by losses through leaching, surface runoff and soil erosion.
Simulated N loss varies across the country with an overall mean average of 15 kg N hat y* (Table
3; Figure 7)- However, simulated N loss through denitrification was relatively smaller (0.3 kg N ha™
y ). For grassland, overall simulated total N input was about 164 kg N ha?! y* with the major
contribution from N mineralisation (67 kg N ha™* y') and BNF (47 kg N ha y1). Simulated N loss
ranged across the country with an overall mean loss of 18 kg N ha* y* (Figure 8; Table 3). The net

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

Phosphorus balance takes account of similar components to the N balance except that for
atmospheric deposition and BNF (Table 3). Simulated total annual P input includes P from

weathering, SOM mineralisation and fertilizer application. Under both arable and grassland,
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simulated P offtake and P loss through leaching, runoff and soil erosion were less than the P input
and resulted in a P build up in the soil at a rate of 2.6 and 2.8 kg P ha™* y! (Figures 7 and 8; Table

3).

3.1.2. Transition period (1950-1970)
Simulated wheat (0.8 to 4.0 Mg ha') and potato (1.2 to 5.2 Mg ha™?) yields during the transition
period were greater than that under historical period with an overall mean average yield of 2.1 Mg
ha* and 3.4 Mg ha%, respectively (Figure 6, Table 3). Nevertheless, these yields were less than the
reported average yield for the whole UK for 1950-1970 (Table 3). Simulated overall mean average
fodder maize yield (7.4 Mg ha') increased by half compared to that during the historical period.
Simulated grass yield also increased during this period especially in the western parts of the country
(Figure 6) with overall mean average annual yield increasing by 16% compared to the historical

period (Table 3).

In arable land, there was a marginal increase in simulated SOC stock particularly in areas of England
where grass was converted to arable land in 1950 and elsewhere, SOC changes were less apparent
or even decreased (Figure 7). In grassland, there was a decrease in simulated SOC stock in large
parts of England and a marginal increase in the rest of the UK (Figure 8). Plant derived C was the
major source of C input under arable and grassland (Table 3). Under arable land, simulated SOC
loss by decomposition exceeds the total C input resulting in decrease in SOC stock during this
period. Simulated overall mean average annual changes during this period were —0.25 and 0.47 Mg

C ha y tunder arable and grasslands, respectively.

For arable land, the major contribution of mineral N in the model is from fertilizer application followed
by N input through mineralisation and atmospheric deposition (Table 3). A large part of this nitrogen
is taken up by the crop (about 70%) and 25% is lost through leaching, runoff and erosion. Simulated
N loss varies across the country with greatest losses occurring in the western England and Northern
Ireland (Figure 7). For grassland, simulated overall average total N input was 206 kg N ha* y with
the major contribution of N from mineralisation and BNF followed by fertilizer application (Table 3).
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Simulated N removal by grass offtake is about 85% of this total N and about 11% was lost through
leaching, runoff and erosion. Similarly to the arable land, N loss was greater in the western parts of

the country (Figure 8).

Simulated overall average P input (33—34 kg P ha™* y1) and P offtake (22 kg P ha™* y*) under both
arable and grass were very similar resulting in an overall annual P build up at a rate of 11 kg ha

y* during this period (Table 3).

3.1.3. Current period (1970-2010)
Simulated crop yields increased substantially during the current period compared to the transition
period (Table 2). Winter wheat yields ranged from 1.4 to 8.7 Mg ha* with maximum yields occurring
in the South and South east England (Figure 6). Simulated overall mean average wheat yield more
than doubled in the first half of the current period (1970-1990) and increased further during 1990-
2010 by another 30% (Table 2). Potato yields increased in some parts of the country to about 8.8
Mg ha* with an overall mean average yield of 6.0 Mg ha* during this period. Similarly, overall mean
average Yyields for spring barley and oilseed rape has also increased whereas fodder maize yields
decreased slightly. However, simulated yields for winter wheat, potato and spring barley were lower
by -6%, -25% and -12% than the reported average yields for these crops for whole of the UK during
these periods. Simulated grass yields increased especially in the western parts of the UK (Figure 6;

Table 2).

For arable land, simulated SOC decline during the current period was relatively small suggesting
that SOC was approaching an equilibrium. The carbon inputs from plant and animal sources were
marginally increased and SOC decomposition was slightly less than in the transition period (Figure
7, Table 3). Under grassland, SOC stock continued to build up during this period with increased
carbon input through plant and animal sources with a reduced of loss C through SOC decomposition.

(Figure 8; Table 3).
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In both arable and grassland systems, the major contribution of simulated N was from fertilizer (Table
3) during this period with nitrogen offtake by grass more than double of that of crops. Simulated N
loss by leaching, runoff and erosion increased and were greatest during this period both under arable
and grass land especially in the western parts of the UK with overall mean average losses of 52 and

36 kg N ha™t y1 (Figures 7 and 8; Table 3).

The overall mean average annual P fertilizer application increased under arable land (35 kg P ha™
y 1) and decreased slightly under grassland (15 kg P ha* y %) during the current period compared to
the transition period. As a result, simulated P continued to build up in the soil at a higher rate
especially under arable land and there was an increase in overall mean average P loss by leaching,

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

4. Discussion

The Roth-CNP model developed from Landscape model by simplifying the processes for a monthly
time-step reproduced the observed results with varying, but satisfactory degree of goodness of fit for
different fertilizer treatments in Broadbalk and Park Grass LTE (See Sl 5). In general, simulated
wheat yields for Broadbalk and grass yields for Park Grass followed the measured trend although

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

For all the crops, simulated crop yields for the whole UK show a greater yield in the north west of
England for different time slices (Figure 6). This trend is similar to the potential yield of cereals
estimated by Sylvester-Bradley and Wiseman (2005) for whole UK, in which this region is
characterised by greater summer rainfall and day length compared to the rest of the UK. The terrain
and shallow soils may however, limit the actual production in this region. Simulated wheat and potato
yields for the whole UK when compared to the national yield statistics reported by DEFRA every year
since 1890s show that model underestimated these yields during the historical and transition periods,
but agreed well during the current period (Figure 9; Table 2). Availability of N for crop uptake is the

major yield limiting factor in the model particularly during the historical period. In grass, N is taken
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up sufficiently and a large fraction (1/3') of this is coming through BNF. Some BNF is undoubtedly
occurring in arable land too, either through leguminous crops and/or free living bacteria. However,
in the model we did not include either leguminous crops in the rotation or any other form of BNF,
which could potentially increase the yields more. After 1950, although simulated yield increased with
the increase in fertilizer application as reported by national yield statistics, these were still
underestimated. Biological N fixation could be still a source of N, but would be proportionally smaller
under fertilized systems. Powlson and Jenkinson (1990) reported that BNF could be contributing as

much as 25 kg N ha* under fertilized treatments in Broadbalk.

An accurate comparison of the simulated and actual grass yield is not possible as the actual grass
yield is removed by the livestock species and depends on grazing and grazing intensity in different
parts of the country. In general, the simulated grass yields increased over the years since 1800 at
an average annual growth rate of 0.6% (Figure 9). The average grass yields (grazed or cut)
estimated by the model (9 Mg ha y 1) for the current period show that they are greater than the
national average yield (6 Mg ha* y1) (Morris et al., 2005). A greater overall mean N uptake, which

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

Simulated SOC for whole of the UK changed in different parts of the country at different rates
(Figures 7 and 8). Overall, arable lands in the UK have lost SOC during the historical to current
period (Table 3). During the current period (1950-2010), average annual loss of SOC was at a rate
of 0.22% for top soil (0-30 cm) (Figure 9). This is similar to the SOC loss (0.38% y~') reported by
Reynolds et al. (2013) for England and Wales for 15 cm depth during 1978 to 2007 in their
countryside survey. Under grassland, however, there was consistent build-up of SOC during this
period at a rate of 0.49% y~' (Figure 9), which was higher than that reported by Reynolds et al. (2013)
for improved grasslands (0.03% y~'). However, Bellamy et al (2005) reported a higher loss of SOC
at a rate of 0.6% y* for 15 cm depth for most soils under most landuses in England and Wales.
Hopkins et al. (2009) studied the SOC trends under two long-term grassland experiments (that
included Park Grass LTE used in this study to test the model) and found that there were no significant
trends in SOC as these plots were showing declines, no net changes or increases in SOC. Prior to
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1800, a large fraction of the grassland area simulated was under semi natural systems with relatively
smaller SOC contents (see Sl, Figure S2.1) led to a build up with change in landuse from semi-
natural to improved grass. Similarly, a large fraction of land area changed from semi natural and
arable to improved grass in 1950 resulting in a dip initially and a build-up of SOC thereafter (Figure
9). It is quite possible that when a soil with little SOM is planted to permanent grass, SOM builds up
and takes about 100 years to reach an equilibrium (Johnston et al., 2009). Difference of in the
structure of SOC pools of N14CP and Roth-CNP may also contribute to apparent carbon build up or
depletion as a result of placing some fraction of carbon from N14CP model in slow or fast
decomposing pools respectively in the Roth-CNP model at the point of landuse transitions in 1800

and 1950.

Under both arable and grass land, mineral N dynamics was dominated by different components at
different time periods (Table 3). During the historical period, under arable land, the productivity was
mainly determined by soil’'s natural fertility through N mineralisation and then fertilizers during the
transition and current periods. Nitrogen mineralisation depends on SOM content and its rate of
decomposition. As a result, a greater N input through mineralisation occurs under grass (65-81 kg N
ha!) compared to arable (39-41 kg N ha™'). Under grassland, BNF was always a major source of N
input to soil during all periods. Legume-based N fixation can vary depending on the grass
management and proportion of clover (assumed to be 30% all over in this study). The model
estimated overall mean average annual N fixation to vary from 43-53 kg N ha™* for different periods.
The quantity of N fixed by high fertilizer, clover-rye grass mixture was 31-72 kg N ha! and was less
than that of a low fertilizer system (120-160 kg N ha') (Hggh-Jensen and Schjoerring, 1994). There

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

Simulated N loss by leaching, runoff and soil erosion increases through different time periods under
both arable (15-52 kg N ha™?) and grass (18-36 kg N ha™?). These figures for the current period were
comparable to those reported by Lord et al, (2002), who estimated N surpluses (i.e. the amount of
N that could be potentially lost by leaching, runoff and denitrification) for arable and grassland were
51 kg N ha? and 23 kg N ha? (after discounting for N removal by grass) in 1995. Overall mean
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average N loss by denitrification in the model was negligibly small for both arable (0.3-1.5 kg N ha*
y 1) and grassland (0.3-0.6 kg N ha y~1) during different time periods. Annual denitrification is
variable depending on the N-fertilizer application rate and grazing or slurry application (Whitehead,
1995). Global estimate of denitrification for different combinations soil drainage and N fertilizer
application shows 10 and 14 kg N ha* y* for upland crops and grass for a fertilizer application in
the range of 75-150 kg N ha (Hofstra and Bouwman, 2005) . A lower denitrification rate in the
model is because soil is rarely saturated as the soil water is uniformly distributed in the profile as a
result of averaging across the whole soil depth. This is a weakness of our approach where soil water
is not integrated within the soil model and the total soil moisture storage (mm) estimated by the
hydrology model is averaged for the profile depth in the soil model. Although total moisture is same,
its distribution within a profile (in different soil layers) may vary depending the season: relatively more
water stored at the surface layer during the autumn (rainy season) and at the lower layers during the
summer (dry season). Nitrogen offtake estimated by our model for arable (128 kg N ha'1) and grass
(284 kg N ha'l) were higher than that estimated for arable (100 kg N ha') and grass (116 kg N ha?)
land for the whole UK Lord et al, (2002). When an intensively managed grassland, which is harvested
by cutting or grazing may yield between 8 to 15 Mg ha* y* of DM and contain 200-550 kg N ha
(Whitehead, 1995). In that case, with an average yield of simulated yield of 9 Mg ha™* y1 (Table 2),
the grass may well take up more than 250 kg N hat y*. A negligibly small loss through denitrification

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

Phosphorus loss varies across the UK with maximum losses found in the North-west England where
soils are shallow (Figures 7 and 8). Similarly to N, overall mean annual P loss through leaching,
runoff and soil erosion followed the trend of P fertilizer application, which increased over the years
(Figure 9). Simulated P builds-up in soil during different time periods under both arable and
grassland. Withers et al. 2001 estimated the P balance for the whole of UK both under arable and
grassland systems for 1993 showing that there is a surplus of 19 and 12 kg P ha™. Simulated overall
mean average P build up was comparable to that reported by Withers et al., (2001) for arable (18.0
kg P ha'y?) but was underestimated for the grassland (3.61 kg P haty?) (Table 3). Other studies
also found greater P surplus for grasslands in the UK ranging from 14 to 26 kg P ha™* y* from farm
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to region (CAS, 1978; Brouwer et al.1995; Smith et al., 1995). The difference in P balance between
the simulated and that reported by Withers et al., (2001) is mainly due to high simulated P uptake by
grass. However, simulated annual P uptake (30 kg ha™) is similar to that reported elsewhere for

grassland systems (Haygarth et al., 1998).

5. Conclusions

This paper describes an agricultural model (Roth-CNP) that was developed as part of an Integrated
Model (LTLS-IM) to simulate the cycles of C, N and P for the whole of UK, comprising atmospheric,
terrestrial, hydrological and hydro-chemical model over the long-term period from 1800 to the
present. The Roth-CNP model summarises the CNP cycling in an agricultural ecosystem by
aggregating soil and crop processes using a daily to monthly timestep. The model simulated crop
and grass yields and estimated SOC stocks, DOC and POC losses, and nutrient fluxes (NH4-N, NOs-
N and PO,-P) spatially across the whole UK taking into account the biophysical characteristics at
each location. The simulated trends of crop yield are comparable to those reported by national
agricultural statistics for the same period. Overall, arable land in the UK lost SOC between 1800 and
the present day whereas under grassland, SOC stock increased over the same period. It is quite
possible that SOC builds up when a soil with little SOC is planted to permanent grass and it may
decrease under arable crops Simulated N losses were comparable to losses/surpluses reported in
the literature. Similarly, P dynamics including P loss and P surpluses were comparable to the
literature reports although the P surplus was underestimated for the grass. In summary, a relatively
simple agriculture model described in this paper was able to capture variability in the dynamics of
CNP at the national scale coupled to other large scale models of atmospheric deposition, hydrology
and soil erosion. The model could be potentially applied at subnational or catchment scale to
optimise multiple stakeholder interests and for projecting the plausible outcomes under different

scenarios of climate and management.
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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, (month1) 360 300 660 - - (Lantinga et al., 1987; Williams
and Haynes, 1995; McGechan
and Topp, 2004; Orr et al.,
2014)

Frequency of deposition of urine, (month1) 360 258 510 - - (Wheeler, 1959; Lantinga et al.,
1987; McGechan and Topp,
2004; Rosen et al., 2004)

Carbon deposited, (g C event?) 90 106 14 - - (Whitehead, 1995; Williams and
Haynes, 1995; Orr et al., 2014)

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

Organic-N deposited, (g N event™) 1.07 3.88 0.55 - - (Lantinga et al, 1987,
Sakadevan et al., 1993)

NH,4-N deposited, (g N event™?) 0.01 0.03 0.003 - - (Sakadevan et al., 1993;
Whitehead, 1995)

NH4-N deposited, (g N event™?) 6.07 11.07 0.05 - - (Lantinga et al, 1987,

Sakadevan et al., 1993;
Whitehead, 1995)

Total-P deposited, (g P event?) 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™?) 0.00 1.20 0.00 - - (Shand et al., 2002; Manston
and Vagg, 2009; Orr et al.,
2014)

Slurry

Volume, (m3month™) 15 0.90 - 0.15 - DEFRA (2011a)

Volume fraction of dry matter, (m3 m3) 0.06 0.06 - 0.04 - DEFRA (2010)

Density, (g m?) 1040000 | 1040000 | - 800000 | —

Carbon concentration, (g C gt DM) 0.20 0.20 - 0.2 - MAFF (1998)

Organic-N concentration, (g N m3) 1900 2300 - 1300 - ADAS (2007)

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

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

Poultry manure

Dry matter, (g DM month™1) - - - - 2.5 DEFRA (2011a)
Carbon concentration, (g C gt DM) - - - - 0.24 MAFF (1998)

Total-N, (g N month™) - - - - 0.048 Nicholson et al. (1996)
Total-P, (g P g DM) - - - - 0.015 Nicholson et al. (1996)
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Table 2. Overall mean average simulated crop/grass yields (Mg dry matter ha') compared to that

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

Crop/ 1800-1950 1951-1970 1971-1990 1991-2010
grass Simulated | Reported | Simulated | Reported | Simulated | Reported | Simulated | Reported
Winter | 1.0 1.9¢ 24 3.1 4.8 4.8 6.1 6.5
wheat

Potato | 0.9 3.2¢ 3.4 4.4 5.9 6.5 6.1 8.2
Spring | - - - - 3.9 4.1 4.2 4.8
barley

Oilseed | - - 1.6 NA 1.9 2.5 3.0 2.8
rape

Fodder | 4.9 NA 7.4 NA 7.6 NA 6.9 NA
maize

Grass | 6.8 NA 7.9 NA 8.8 NA 9.2 NA

TMAFF (1988); Marks and Britton (1989)
71884-1950;
NA: Not available
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Table 3. Overall mean average annual carbon, nitrogen and phosphorus balance? (for the whole

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

for whole of the UK.

Components 1800-1950 1950-1970 1970-2010
Arable | Grass Arable | Grass Arable | Grass
Soil organic carbon (Mg ha 7y 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 | —1.2 -3.33 -1.25 -3.53 -1.16 | -4.30
CO,)
Net carbon change -0.18 0.20 -0.25 0.47 -0.08 | 0.25
Mineral nitrogen (kg ha™t y1)
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 29 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 | -14.9 -17.7 -29.0 -21.47 -52.3 | -36.02
erosion
N loss by denitrification -0.3 -0.28 -0.78 -0.38 -1.49 | -0.61
Plant N uptake -35.9 -1449 |-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 y1)
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 | —0.03 -0.03 -0.14 -0.05 -0.28 |-0.14
erosion
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

1A Positive sign indicates input or gain and negative sign indicates loss from the soil system.
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Figure 2. Developmental stage (DVS) estimated for different crops and grass as a function of their
growing months (for wheat, 1-11 growing months = October—August; for potato, 1-5 growing
months= April-August; for barley, 1-6 growing months= March—August; for Oilseed rape, 1-11
growing months= September-July; for fodder maize, 1-4 growing months= May—August, for grass,

growing months are indefinite. Growing months are based on MAFF (1998)).
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B: Spring barley, M: fodder maize, O: OSR, P: potato, W: winter wheat

Figure 4. An example scheme of crop rotation in a grid cell with five crops. (This results in five crop
rotations with five crops in each individual rotation on a five-year cycle. This scheme will be adapted
when the number of crops in a grid cell is less than five by reducing the number of crop rotations,

number of crops in each rotation and the duration of the crop rotation cycle).
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Figure 5. Land cover changes at 1950 leading to different simulation schemes for arable and

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) 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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Figure 7. Simulated soil organic carbon change, average annual N and P losses (leaching + runoff)
at different time periods (1800-1950, 1950-1970, and 1990-2010) under arable land for the whole
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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Figure 9. Simulated wheat yield (85% DM) compared to DEFRA reported yield statistics, simulated

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

1800-2010 averaged across the whole UK.
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