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Abstract 8 

There is a renewed interest in large-scale production of non-food energy crops in the UK to enable it 9 

to meet its renewable energy targets. There are strong indications that with increasing demand for 10 

biomass feedstocks, energy crops will be grown in arable farms alongside food crops. This raises 11 

environmental, socio-political and economic concerns on the energy-food-environment balance. It 12 

also raises a fundamental question on where and how much bioenergy crop could be cultivated in 13 

farms without adversely affecting food production and ecosystem services. Therefore, this research 14 

sets out to firstly ascertain whether the introduction of bioenergy crops in conventional farms could 15 

have beneficial or adverse effects on food production and the environment, and secondly, to explore 16 

various strategies through which bioenergy crops could be integrated in farms. Spatially explicit 17 

datasets and models were used to investigate the interaction of energy and food crops at the farm 18 

level, and associated effects over a 20-year period. Using appropriate biophysical and biomass 19 

indicators the impacts of were assessed. This study found that careful integration of Miscanthus in 20 

farms is beneficial as it reduces sediment and nutrient loss, and increases biomass yield, without 21 

adversely affecting food production. This research is significant as it demonstrates the potential of 22 

largescale production of bioenergy crops from fragmented sources. It also presented effective 23 

strategies through which bioenergy crops can co-exist with food crops, without leading to the food-24 

energy-environment trilemma. 25 

Keywords: Bioenergy Crops, GIS, APEX, Satellite Image, Miscanthus 26 

1. Introduction 27 

As part of its obligations to the Kyoto Climate Change Protocol, the United Kingdom committed to 28 

reduce greenhouse gas emissions by 12.5% (relative to 1990 levels); curb its CO
2 

levels by 60% by 29 

2050 [1,2]. However, it is feared that the UK, which is legally bound to provide 15% of its energy 30 

needs (30% of its electricity, 12% of its heat, and 10% of its transport fuel) from renewable sources 31 

by 2020 will miss the target [3,4].  To meet (or get closer to) its 2020 renewable energy target, large 32 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

3 

 

scale utilisation of biomass energy will be necessary [1,4–6]. Furthermore, the need to minimise 33 

environmental pollution by non-degradable products is driving increasing interest in the production of 34 

degradable bioplastics. Hence, the UK government is keen to encourage sustainable and responsible 35 

growth of the energy crop market in response to the need for the reduction of CO
2
 emission  [2].  36 

A functional bioenergy sector is dependent upon a sustainable supply of biomass feedstocks from a 37 

wide range of sources[7,8]. Inadequate feedstock supply has been identified by industrial developers 38 

as the main barrier to deployment [9]. Although it has been estimated that the maximum area of land 39 

available in England and Wales for the growing of Miscanthus and Short Rotation Coppice (SRC) 40 

Willow, without impacting on food production is up to 3.63Mha [9], the planted area of energy crops 41 

remains small in the UK, totalling about 17000 ha [10]. Many studies have found good prospects for 42 

the commercial growing of bionenergy crops in the UK and the rest of the Europe [11–14]. It has been 43 

estimated that up to 7.6 million Mg of biomass could be produced from bioenergy energy crops grown 44 

on 0.8 million hecatres of marginal fields in the UK[15]. A farm scale modelling approach with 45 

spatially specific data was used to estimate that over 3.65million Mg (3600 thousand oven dried 46 

tonnes) could be produced from Miscanthus and short-rotation coppice (SRC) willow grown on 47 

260000ha per year [16]. However, the acceptance level for the growing of energy crops was found to 48 

be lowest among livestock farmers in the country due to the following reasons: concerns over land 49 

quality, committing land for a long time period, lack of appropriate machinery, profitability, and time 50 

to financial return[11]. 51 

To incentivise the growing and development of the supply chain of energy crops, the UK government 52 

has established a number of schemes such as the Energy Crops Scheme (ECS1 and 2), and the 53 

Bioenergy Infrastructure Structure Scheme Grant [2]. Previous practice has seen energy crops grown 54 

in marginal fields, to reduce competition on arable land. However, in order to meet the growing 55 

demand for biomass feedstock, there is expected expansion of production of bioenergy crops in the 56 

UK, which could require up to 6.5% (350000ha) of total arable land in the country [2]. Potential 57 

biomass supply scenarios were developed on the broad assumptions that energy crops should only be 58 

planted where they return a profit and do not: conflict with food production; impact on ecosystem 59 
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services; displace alternative land uses that offer greater GHG savings [9,15]. However, in order to 60 

meet the UK Government’s directive on the expansion in the growth of perennial energy crops to 61 

accommodate the rapidly growing renewable energy industry, farmers may have to grow these energy 62 

crops such as Miscanthus in preference to conventional rotations or integrate them simultaneously 63 

with food crops in fields [2,16]. It is expected that as perennial crops encroach onto agricultural land, 64 

bioenergy resource from agricultural residues will decrease [17]. 65 

The incursion of bioenergy crops into conventional farms leads to what is commonly referred to as the 66 

food, energy and environment trilemma’ [18]. [19] recently found that the combination of climate 67 

change and largescale introduction of bioenergy crops such as oil palm, maize and rapeseed could lead to 68 

substantial decline of the populations of hedgehog, red squirrel, and common starling. In order to solve 69 

the trilemma, several possible scenarios have been proposed to efficiently integrate food and 70 

bioenergy cropping systems within farmlands [20–23].  In spite of the apparent competition for land 71 

that may arise between food and energy if energy crops are grown alongside food crops, studies have 72 

found reasonable advantages, which the integration of bioenergy crops in conventional farms could 73 

bring. It has been found that a careful allocation of perennial cropping systems into a cropland could 74 

produce positive impacts on climate, water, and biodiversity (foster multiple ecosystem services and 75 

mitigate ecosystem disservices [24–27]. [28] found that bioenergy buffers are capable of efficiently 76 

removing incoming NO3-N from groundwater and promote soil microbial functioning.  77 

Despite the benefits of bioenergy crops, largescale production of these crops is still facing challenges, 78 

with only a few thousand hectares of land actively engaged in the production of bioenergy crops 79 

across the country as in the rest of Europe [29]. Some of the factors restricting largescale production 80 

of the crops include planting and harvesting capacity, growers’ acceptance, economics, technology 81 

compatibility, as well as social resistance around energy crops that needs to be addressed sensitively 82 

[9]. To address the concern surrounding acceptance of bioenergy crops, this research set out to assess 83 

the benefits or negative effects of largescale introduction of perennial energy crops in conventional 84 

farms on food production and the environment, by investigating the interactions of Miscanthus (a 85 

common perennial bioenergy crop), with food crops at the farm-level scale. 86 
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1.1 Miscanthus and bioenergy generation 87 

Crops with high lignin and cellulose contents (ligno-cellulose crops) suitable for the production of 88 

bioenergy are commonly referred to as energy crops[30]. These energy crops store carbon, benefit 89 

industrial landscapes, prevent erosion, improve biodiversity in the right location and ensure fuel 90 

security [9]. Energy crops have been grown commercially in the UK since spring of 1996 when 91 

contracts for energy crop cultivation was signed between a number of farmers and Arable Biomass 92 

Renewable Energy (ARBRE), the first proposed biomass power station, which planned to use 100% 93 

energy crops [9]. Other markets for bioenergy crops include equine bedding producers and sustainable 94 

composite materials producers (such as the production of biodegradable plastics and fibres for car 95 

parts [2].  96 

Among the most promising crops offering greatest potential for growth of the bioenergy sector in the 97 

temperate regions of Europe include SRC willow, poplar, as well as perennial grasses such as 98 

Miscanthus and switchgrass [31,32]. Miscanthus and switchgrass are considered the most promising 99 

options among perennial grasses, due to their high-yielding and nutrient-efficient characteristics [33]. 100 

They have been found to be ideal bioenergy crops for the dryland and irrigated systems due to their 101 

higher water use efficiency, better water conservation effects, greater biomass and biofuel production 102 

potential, and minimum crop management requirements [34]. 103 

Miscanthus is a rhizomatous grass, originating from Asia and introduced into Europe in 1935 [33,35]. 104 

It is quite popular among other perennial energy crops, due to its high biomass yielding nature, high 105 

carbohydrate and lignin content, relatively low maintenance cost, reduction of soil erosion, nitrogen 106 

(mineral and organic), and phosphorus [36,37]. The perennial nature of Miscanthus also makes it 107 

beneficial to the environment as it increases soil organic carbon in arable land [38]. In addition, 108 

Miscanthus, positively impacts on biodiversity by providing a habitat that encourages a greater 109 

number and diversity of species than annual crops such as cereal crops [9].  110 

1.2 Understanding the interaction between Miscanthus and food crops in a farm 111 

This study is premised on the assumption that a land use change within a farm occasioned by the 112 

conversion of cropland to Miscanthus will affect among other things the hydrological cycle (surface 113 
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runoff, water yield, evapotranspiration, soil water content and percolation), nutrient balance, yield, 114 

and carbon stock. Agriculture and the associated land use and management accounts for about 70% of 115 

land use in the UK[39]. Agricultural activities impacts on the environment in several ways, but 116 

predominantly through release of surplus nutrients in the form of nitrogen and phosphorus to the 117 

environment.  Hence, farming practices and the use of inputs (fertilisers and pesticides) can influence 118 

environmental pressures such as the quality, composition and availability of habitats and impact on 119 

air, water and soils. For this reason farm gate nutrient balances are used to gauge the the 120 

environmental pressure from farms, by measuring the difference between nutrients applied to soils 121 

and those removed from soils (surplus balance per hectare indicates environmental risk from nutrient 122 

losses and vice versa). Although the farmgate nutrient balance in the UK is still in the surplus 123 

(nitrogen 90kg/ha, phosphorus 0.6kg/ha), there have been some noticeably reduction in nitrogen and 124 

phosphorus balance since 2000[40], This reduction is driven mainly by reduction in the quantity of 125 

mineral fertiliser applied, and reduction in manure production, and increase in overall offtake. Some 126 

practices and land use management could be deployed to reduce environmental pressures from farms. 127 

Previous studies have found that conversion of cropland to switchgrass increased evapotranspiration 128 

by 9% and decreased water yield by 28% [41,42]. [34] found that replacing baseline cotton with 129 

perennial grasses, reduced annual surface runoff from a watershed by 6–8%, increased annual 130 

percolation within a range of 3–22% and maintained higher soil water content from August to April. 131 

In addition, the study found that about 19Mg/ha, 11Mg/ha, 3Mg/ha of biomass could be produced if 132 

cotton area in the watershed were replaced with Miscanthus, switchgrass and big bluestem 133 

respectively.  134 

To have a complete understanding of the impact of introduction of perennial bioenergy crops on 135 

conventional farms, there is need to deploy a combination of geospatial techniques and agro-136 

hydrologic models to study effects of precise spatial allocation of the energy crops within an arable 137 

farm. Although there have been a number of studies of bioenergy crops introduction in the United 138 

Kingdom with majority focusing on social, environmental and economic impacts 139 

[1,15,16,24,38,43,44], there is a dearth of detailed (spatially disaggregated) assessments of impacts of 140 

bioenergy crop-induced land use change with combined use of agro-hydrological models such as 141 
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Agricultural Policy/Environmental eXtender Model (APEX), Geographic Information System (GIS) 142 

and high resolution remote sensing. A number of studies have investigated and modelled the 143 

biophysical properties of perennial biomass crops, while others assessed optimal spatial locations for 144 

production of bioenergy applying biophysical, environmental and socials constraints [15,45–49]. [48] 145 

used a land suitability classification system for SRC willow and poplar species to estimate potential 146 

contribution of bioenergy to Scotland’s renewable energy needs. [20] found that the incorporation of 147 

relatively small amounts of perennial vegetation in strategic locations within a landscape dominated 148 

by annual crops could enhance water purification, hydrologic regulation, pollination services, control 149 

of pest and pathogen populations, diverse food and fuel products, greater resilience to climate change 150 

and extreme disturbances, and improvement of food production sustainability.  151 

A study, which used a GIS and empirical modelling approach to estimate the supply of Short Rotation 152 

Coppice Poplar and Willow, while taking into account social, economic and environmental 153 

constraints, suggests that 7.6million Mg (7.5million tons) of biomass could be produced from Poplar 154 

and Willow from 0.8 million hectares of poor quality marginal lands in England [15]. Results from 155 

another study using the Denitrification-Decomposition (DNDC) model to simulate crop yield, nitrous 156 

oxide production and nitrate concentrations in leachate for a typical agricultural field in the United 157 

States indicated that bioenergy crops grown in buffer strips mitigated nutrient runoff, reduced nitrate 158 

concentrations and nitrous oxide emissions, compared with traditional cropping systems [21]. In 159 

addition, Miscanthus had the highest biomass yield. [45] used a combination of GIS and empirical 160 

modelling to produce a Miscanthus yield map across England and estimated regional energy 161 

generation potentials. They found that areas with the highest Miscanthus yields co-locate with food 162 

producing areas on high grade land. [16], who attempted estimation of perennial energy crop supply, 163 

used spatially disaggregated yield maps of perennial energy crops in farm-scale decision-making 164 

models. [50] used an integration of empirical model, observation on-farm yields and remote sensing 165 

to improve the predictability of Miscanthus yield. However, none of the previous studies integrated 166 

GIS and farm-level agro-hydrological modelling techniques in their study. Thus, most of the studies 167 

have been conducted at regional or country levels, with reduced farm level details. 168 
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This research is aimed at assessing the implication of largescale integration of energy crops in farms, 169 

by integrating geospatial techniques and agro-hydrological modelling to understand farm-level 170 

interaction and impacts of the integration of Miscanthus into arable farms.  It has the following 171 

specific objectives: 172 

 evaluate impact of land use change occasioned by Miscanthus introduction on various 173 

hydrological indicators, sediment transport, water quality, and nutrient loss 174 

 understand the effect of spatial location of bioenergy crops and land share on the impacts,  175 

 identify any optimal spatial locations and landshare for the growing of Miscanthus on farms,  176 

 ascertain the overall benefit of largescale integration of Miscanthus in farms. 177 

2. Study Area 178 

The study area is a 25km
2
 arable land located near the Humber Estuary in the northeast of England, 179 

United Kingdom (Figure 1). It was chosen based on proximity to biorefinery plants and the fact that it 180 

is within a prominent agrarian part of the UK. The area has a long arable farming history, 181 

predominated by wheat farming. There are strong prospects of the growing of Miscanthus in arable 182 

farms in the Lincolnshire and Yorkshire area of the UK, due to the presence of bioethanol plant such 183 

as the Vivergo bioethanol plant, in Hull [51] and power generation plant such as Drax coal-biomass 184 

power station. Drax had entered into direct contracts with farmers for the supply of Miscanthus used 185 

in co-firing [2], although the contract with local farmers ended in 2016, Drax is currently in contract 186 

with Terravesta for continuous supply of Miscanthus  [52].  Currently, Vivergo is using wheat as 187 

feedstock for biofuel production [53], however, with current push for increased renewable energy 188 

production, there is strong likelihood of increase in demand for biomass feedstock for energy 189 

production, leading to increased cultivation of perennial energy crops cultivation [29,31].  190 
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191 
Figure 1. Map showing the location of study area. The satellite image used to produce the land use land cover 192 

map shows the distribution of fields and other features in the study area. Map of England is inset. 193 

3. Methodology 194 

A brief description of the methods adopted in this study is provided in the following sections. In 195 

summary, ArcApex (APEX integrated in ArcGIS) was used to simulate the hydrological interactions 196 

in the study area, using land use, crop, soil, and meteorological data. Different scenarios of 197 

Miscanthus integration with conventional crops were simulated. Two general modelling approaches 198 

were adopted. The first (Spatial Scenarios) considered the effect of targeted spatial distribution of the 199 

Miscanthus across the farm on the various indicators, selected for the assessment of the impacts, while 200 

the other (Non- Spatial Scenarios) considered the effect of proportion of the land (regardless of spatial 201 

location) allocated to Miscanthus. 202 

3.1 Data 203 

The APEX model requires information on topography, soil, land use and meteorology to run. 204 

Topographic information for the study area was obtained from the Advanced Spaceborne Thermal 205 

Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model freely downloaded 206 
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from the NASA Reverb Echo website (https://reverb.echo.nasa.gov/reverb). Two soil maps were used 207 

for this study: a 30 arc-second (≅ 1km) Harmonized World Soil Database, freely downloaded from 208 

the FAO Soils Portal (http://www.fao.org/soils-portal/soil-survey/soil-maps-and-209 

databases/harmonized-world-soil-database-v12/en/), and National Soil Map of England and Wales 210 

(NATMAP vector map) with detailed information on  300 mapped soil associations at a scale of 211 

1:250,000, purchased from the Cranefield University Soil and Agrifood Institute’s Land Information 212 

System (LandIS). Land use data was derived from high resolution (500mm Panchromatic and 2m 8-213 

Band Multispectral Bands) WorldView-2 satellite image acquired on July 15, 2015, which was 214 

purchased from a Digital Globe agent.  215 

Crop map used in the study was obtained from a 2016 CEH Land Cover
®
 plus: Crops data, purchased 216 

from the Centre for Ecology and Hydrology (CEH). The crop map, which showed main arable crops 217 

were derived from Copernicus Sentinel-1 C-band Synthetic Aperture Radar (SAR) and Sentinel-2 218 

optical and accuracy independently validated, using a record of all land registered for agricultural use 219 

annually submitted by farmers [54].  The daily weather data used containing 36-year period (January 220 

1, 1979 through July 31, 2014) of information on precipitation, wind, relative humidity, and solar 221 

radiation was freely obtained from the National Centers for Environmental Prediction 222 

(NCEP) Climate Forecast System Reanalysis (CFSR) data repository 223 

(https://globalweather.tamu.edu/request/view/59840). 224 

3.2 Data Processing 225 

3.2.1 Land use land cover processing 226 

The high-resolution satellite was used to delineate the land use classes in the study area (Figure 2). 227 

Arable fields as well as other land uses such as grasslands, road, peat, forests, and built environment 228 

were identified and subsequently reclassified. It was not possible to use the satellite image to identify 229 

individual crops grown on the fields; hence, the 2016 crop map was used to provide up-to-date 230 

information on crops grown in each field. 231 

http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
https://globalweather.tamu.edu/request/view/59840
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232 
Figure 2. Land use land cover map of the study area derived from high resolution satellite image and 2016 CEH 233 

Land Cover
®
 plus: Crops data. 234 

 235 

3.2.2 Soil data processing 236 

The Harmonised World Soil Database (HWSD) is made up of a raster dataset showing the spatial 237 

distribution of the various soils categories across the world, with an accompanying attribute 238 

information on soil unit composition for each of the 15773 soil mapping units and standardized soil 239 

parameters for the top- and subsoil layers [55]. The two datasets (spatial and attribute) were linked in 240 

a GIS platform, using the soil mapping unit identifier (MU_Global). Subsequently, the attribute table 241 

was reformatted to match the prescribed APEX soil data format. Certain soil properties required by 242 

APEX, which were not provided for by the HWSD such as saturated hydraulic conductivity, USLE 243 

soil erodibility factor were computed separately and incorporated into the database. Due to the 244 

relatively coarse resolution of the HWSD soil data only two soil categories namely: Mollic Gleysols 245 

(loam) and Fibric Histosols (clay light) were identified for the entire study area. In order to have a 246 

better understanding of the biophysical interactions within the study area, a more detailed soil map, 247 

the NATMAP [56] was subsequently used, with missing attributes computed to match the strict 248 
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requirements of the APEX model. Associated attribute files detailing various properties of the soil 249 

categories in NATMAP were spatially joined to the vector soil data to form a complete spatial soil 250 

dataset. The vector data was subsequently rasterised, reprojected and reclassified in order to use it in 251 

the model.  Seven soil types namely: Foggathorpe (clay), Downholland (humose silty clay), 252 

Blackwood (medium sandy loam), Newport (medium sandy loam), Isleham (sandy clay loam), 253 

Conway (clay loam), and Longmoss (peat) were identified for the study area.  254 

3.2.3 Digital elevation model 255 

The ASTER DEM data was clipped to the study area and reprojected to Cartesian coordinate system 256 

(to conform to the APEX model format). Subsequently, sinks and peaks in the data were filled using 257 

relevant GIS tools to ensure proper delineation of watershed basins and stream network.  258 

3.3 Methods 259 

3.3.1 Brief description of the APEX model 260 

The Agricultural Policy/Environmental Extender (APEX) model [57], developed by the Blackland 261 

Research and Extension Center, is one of several GIS-enabled hydrologic models available for 262 

simulating the hydrological impacts of land use change, alongside the Soil and Water Assessment 263 

Tool (SWAT) [34,58,59], European Hydrological System Model MIKE SHE [51], DRAINMOD [61–264 

63] and the Agricultural Drainage and Pesticide Transport (ADAPT) model [64,65].  265 

The APEX model is a flexible and dynamic tool that is capable of simulating a wide range of 266 

management practices, cropping systems, and other land uses across a broad range of agricultural 267 

landscapes  [66]. It operates on a daily time step and capable of long term simulations (up to 4000 268 

years). The watershed may be divided into many homogeneous (soils, land use, topography, etc.) 269 

subareas not more than 4000 [67–69]. Farms may be subdivided into fields, soil types, landscape 270 

positions, or other desirable configuration. 271 

The APEX was developed to extend the Environmental Policy Integrated Climate (EPIC) model’s 272 

field modelling capabilities to whole farms and small watersheds. Hence, it filled the gap between the 273 

EPIC (field scale model) and the SWAT (watershed scale model) [66], because the two models 274 
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individually cannot be used to solve the problem at the farm or small watershed scale. In addition to 275 

the EPIC functions, APEX has components for routing water, sediment, nutrients, and pesticides 276 

across complex landscapes and channel systems to the watershed outlet as well as groundwater and 277 

reservoir components [70]. It consists of 12 major components: climate, hydrology, crop growth, 278 

pesticide fate, nutrient cycling, erosion‐ sedimentation, carbon cycling, management practices, soil 279 

temperature, plant environment control, economic budgets, and subarea/routing. Its routing 280 

mechanisms can be used to model the interactions involving surface runoff, return flow, sediment 281 

deposition and degradation, nutrient transport, groundwater flow, as well as water quality (soluble and 282 

organic nitrogen, soluble and organic phosphorus, and pesticide losses at the watershed outlet and 283 

between subareas) and its crop models for crop and biomass yield [66–68,71].  284 

The APEX model has been applied globally to evaluate crop production, hydrology and water quality 285 

at various fields [66]. The APEX has also been used in the identification of areas that require special 286 

attention because of high potential for surface runoff and nonpoint source pollutants [72]. Other 287 

applications include simulation of forestry conditions [66,73–76], soil erosion prediction [77], loss of 288 

herbicide [78], evaluation of effect of conservation practice [79] and impact of perennial energy crops 289 

on water quality [36]. 290 

[80] evaluated the performance of three popular GIS-based watershed simulation models MIKE SHE, 291 

APEX and SWAT for their ability to simulate the hydrology and concluded that the models’ 292 

performances are very site specific, and no one model is superior under all conditions.  Among the 293 

models, the SWAT model has been used widely across the world to predict long-term impacts of land 294 

use change on hydrologic processes in complex watersheds [34,58]. However, ArcAPEX, the GIS 295 

extension of APEX model, was used in this study because of the farm-level modelling capabilities of 296 

APEX superior to SWAT. More so, APEX has the advantage of being used in modelling activities in 297 

farms and small-scale watersheds [80]. In addition, it is freely available as against the European 298 

MIKE SHE. Detailed description of the APEX model is provided by[81]  and it was extensively 299 

reviewed by [66]. 300 
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3.3.2 Modelling setup 301 

3.3.2.1 Watershed and subarea delineation 302 

A subarea is the basic building block in the APEX model and represents a field or landscape unit with 303 

homogeneous weather conditions, land cover, vegetation, soils, and agronomic practices [82]. The 304 

APEX model has two modes of delineating the subarea boundaries and hydrologic routing channels in 305 

a watershed: the automatic and pre-defined (manual) modes[83]. In the automatic mode, stream 306 

network and watershed are automatically delineated based on the DEM provided. However, due to the 307 

level of detail sought in this study, the predefined approach was adopted. To do this, a combination of 308 

ArcGIS hydrologic tools (flow accumulation and flow direction), were deployed to delineate the 309 

stream network. Subsequently, the land use dataset was used to generate the subareas, with each 310 

individual field delineated as a subarea. This way, the hydrologic flow from one field to the other 311 

could be accounted for as against the automatic approach where a subarea could consist of more than 312 

one field. The stream network was reformatted such that each subarea/field had a hydrologic channel 313 

connecting it to adjacent subareas in accordance with the APEX requirements. Subsequently, relevant 314 

subarea parameters were computed by the model. A total of 1275 subareas were delineated for the 315 

study area. 316 

3.3.2.2 Sub Area Analysis 317 

Subarea analysis is used by the model to characterise the distribution of the land use, soils, and slope 318 

within each subarea. This is critical in determining the hydrologic and agronomic response within a 319 

watershed. Subarea analysis is undertaken in two steps: definition and overlay of land use, soils and 320 

slope, and the definition of the subarea (classification of the watershed into unique land use, soil and 321 

slope combinations). In defining the land use, soil and slope, the key spatial datasets (land use, soil, 322 

and slope –  from the DEM) were reclassified and subsequently overlaid with each other to generate 323 

areas representing unique hydrology (unique combination of characteristics) within each subarea. 324 

Before the spatial overlay, the land use and soil datasets where appropriately re-coded with a look up 325 

table 326 
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The subarea definition of the model was used to assign a single land use, soil class, and slope class to 327 

each of the subareas, to enable the model to reflect differences in evapotranspiration for various crops 328 

and soils. Three options are provided by the model to assign a land use, soil, and slope class to each 329 

subarea namely: 1.) Dominant Land use, Dominant Soil, Dominant Slope; 2.) Dominant land 330 

use/soils/slope Combination; 3.) User Defined, where the user specifies land use, soil, and slope class 331 

to a particular subarea. In this study, for the baseline scenario, the dominant land use/soils/slope 332 

combination was used while for other scenarios (see Section 3.3.3 for brief description of the 333 

scenarios), the user defined option was used to select appropriate fields to convert to Miscanthus.  334 

3.3.2.3 Weather  335 

 336 
The weather data obtained for the study area was formatted to the model’s standards and imported 337 

into the model. The APEX model requires daily time series of precipitation, temperature, relative 338 

humidity, solar radiation, and wind speed to simulate the meteorological conditions in a watershed. 339 

Historic weather data used in this model contains meteorological information from 1979 to 2014. 340 

However, we simulated the model based on weather information available from January 2000 till 341 

2020. Where the historic data does not extend to the end of the modelling period, as in this, the model 342 

generates the weather information from the point the historical weather data ended to the end of the 343 

simulation period. 344 

3.3.2.4 Operation schedule  345 

 346 
Information on the management of the various crops in the country was obtained from different 347 

sources. Fertilizer application information (dates and quantities) were obtained from fertilizer 348 

guidance [84–88] and from a previous field audit conducted by the team in sample farms across the 349 

UK.  The following crop rotations, which are popular in the country [89], were adopted for the model: 350 

WinterWheat-WinterWheat-OilseedRape; SpringWheat-WinterWheat-FieldPeas; SugarBeat-Potato-351 

WinterWheat; WinterBarley-OilseedRape-WinterWheat; FieldBeans-WinterWheat-WinterWheat; 352 

Maize-WinterWheat-Oilseed Rape. These were used to setup the operations schedule to closely match 353 

with common practice on ground. 354 
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3.3.3 Modelling and scenarios 355 

 356 
In this study, 16 different scenarios were simulated out of which, 15 considered the incorporation of 357 

Miscanthus into arable farms. The approaches adopted in setting up the scenarios could broadly be 358 

classified into two. In the first approach, the size of the land (land share) allocated to Miscanthus 359 

within the study area was progressively increased from one scenario to the other regardless of spatial 360 

location consideration, until approximately 50% of the total cropland were allocated to the growing of 361 

Miscanthus. The idea was to estimate the impacts of Miscanthus as the size of the land it is grown 362 

increases. This way, the optimal size of land required for sustainable production of food and energy 363 

could be determined. Twelve scenarios were simulated for this approach (Supplementary Table 1). In 364 

the second approach (Spatial Scenarios), the effect of precise spatial location of the perennial crop 365 

was tested. The idea behind this approach was to test if a balance in the environmentally sustainable 366 

food and energy production could be achieved with a smaller size of land, by growing the perennial 367 

crop on targeted parts of a watershed such as where there is increased runoff activity (high density 368 

stream drainage activity). Subareas having inflows from more than one adjacent ones were targeted as 369 

good locations to intercept sediment and nutrient transport. In the first spatial scenario (Spatial Set 1), 370 

crop fields that had inflows from between 4 and 6 adjacent upstream subareas were converted to 371 

Miscanthus.  Where a land that meets the criteria was not a cropland, adjacent downstream subareas 372 

were selected for conversion. In the second scenario (Spatial Set 2), subareas with inflows from 3 373 

adjacent scenarios were converted to Miscanthus, while in the third scenario (Spatial Set 3) pasture 374 

(rangelands) were also converted in addition to croplands already converted in Spatial Set 2.  The 375 

proportion of each landcover converted to Miscanthus in each scenario is shown in Supplementary 376 

Table 2. It was not possible to visit the study area to measure actual values of the indicators such as 377 

runoff, yield, and erosion. Hence, the results from the model were not calibrated or validated.  378 

However, model inputs only differed in the size and location of Miscanthus grown and should be 379 

interpreted as relative, rather than absolute values  [90]. 380 

Results from the models are stored by default in Microsoft Access Database. Key indicators produced 381 

from the modelling were extracted from the database for subsequent analysis. In order, to produce 382 
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maps showing the spatial distribution of the indicators across the study area, the results produced were 383 

joined to the subareas/land cover map using the unique ids of the subareas. 384 

4. Results 385 

To simplify the analysis, daily outputs produced from the models were aggregated into annual values 386 

(mostly sums), to investigate the annual variations of the various indicators. Figure 3 shows annual 387 

variation of some key indicators, depicting their temporal trajectory as weather conditions (especially 388 

precipitation) varied.  389 

 390 
Figure 3. Annual variation of key indicators during the simulation period based on outputs from the baseline 391 

scenario. 392 
 393 
 394 
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Temporal variations of the indicators between the various simulations were also investigated. Figure 4 395 

shows the annual (temporal) variations of evapotranspiration across the modelling sets, while Figure 5 396 

shows the spatial variations at subarea levels.  397 

398 
 Figure 4. Temporal variations of evapotranspiration across the various simulations. A: All 12 non-spatial 399 
modelling sets. B: Variations across a selection of non-spatial and spatial modelling scenarios. 400 

 401 
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Due to the fact that the modelling results were not validated, focus was not on the absolute values 402 

produced from the various models, but rather on the relative values (the differences between the 403 

indicators from the different modelling scenarios). 404 

 405 

Figure 5. Maps showing evapotranspiration values modelled from the baseline, Set 12 (54% of cropland 406 
converted to Miscanthus) and Spatial Set 3 (30% of cropland converted to Miscanthus, based on spatial 407 

properties). Maps also showed the fields that were converted to Miscanthus for the Spatial Set 3. 408 
 409 

To assess the effect of land share on the modelling results, the total quantity of the indicators (sum of 410 

annual totals) for the entire modelling period were regressed with the size of land converted to 411 

Miscanthus for each modelling set (see Supplementary Tables 1 and 2). Some of the results 412 

(Supplementary Table 3) obtained from the regression are shown in Figure 6, and Supplementary 413 
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Figures 1, 2, and 3. Whereas some of the indicators correlated negatively with the size of land 414 

converted to Miscanthus, others responded positively. Yet, in some cases such as Soil Water Content, 415 

and Return Subsurface Flow, the correlation was not clearly positive or negative (Figure 6). 416 

 417 
Figure 6. Correlation of key biophysical indicators with proportion of cropland converted to Miscanthus. 418 

 419 

Effects of introduction of Miscanthus on sediment and nutrient transported were also investigated. 420 

The correlations of some of the key indicators with size of land converted to Miscanthus are shown in 421 

Supplementary Figure 1. Supplementary Figures 2 and 3 shows correlation with biomass and nutrient 422 

yield as well as nutrient loss and stress. To understand the variations at field/subarea levels, maps 423 

showing the spatial distribution of the modelled values of the indicators across the study area were 424 

produced. To produce these maps results from the models were aggregated at subarea level, and 425 

subsequently linked to the subareas/land cover map.  426 
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5. Discussion 427 

Generally, the indicators correlated with the volume of precipitation for each year, suggesting that this 428 

was the key driving force of the model. Based on the modelling, the volume of precipitation gradually 429 

increased from 2000 to 2020, thus driving increased hydrological processes. For the baseline scenario, 430 

modelled quantities of indicators that are directly linked to hydrology such as evapotranspiration, 431 

water yield, and surface runoff closely matched the annual trajectory of precipitation (Figure 3). For 432 

the other scenarios similar annual trajectories were also found, with either reduced or increased 433 

quantities due to the changes in land cover as Miscanthus was slowly introduced (Figure 4). 434 

Results also demonstrated that landshare directly affected outputs from the model. Evapotranspiration, 435 

which initially dropped as Miscanthus was introduced, gradually increased as more lands were 436 

converted (Figure 6). This increased evapotranspiration could be linked to the fact that Miscanthus 437 

has deep-reaching roots that enables it to transpire more water than the annual crops it progressively 438 

displaced[91–93]. Expectedly, the increased evapotranspiration resulted in reduced water yield and 439 

surface runoff (Figure 6). This is advantageous because reduced runoff and water yield implies that 440 

nutrient loss through water erosion is reduced[94,95]. This is confirmed by the reduced loss of 441 

phosphorus and nitrogen (through denitrification and sediment transport) as shown in Supplementary 442 

Figure 1. These findings corroborate those of previous studies that found that conversion of cropland 443 

to switchgrass increased evapotranspiration by 9% and decreased water yield by 28% [41,42]; as well 444 

as those that found that replacing cotton with perennial grasses (including Miscanthus) reduced annual 445 

surface runoff from the entire watershed by 6–8%, increased annual percolation within a range of 3–446 

22% and maintained higher soil water content from August to April [34]. 447 

The model indicated an initial decrease (lower than the baseline values) in soil loss as Miscanthus was 448 

introduced. However, the values progressively increased as the proportion of land converted to 449 

Miscanthus increased, until it exceeded the baseline values (when over 400 hectares - 30%) of land 450 

were converted to Miscanthus (Supplementary Figure 1). This suggests a potential optimal threshold 451 

for the integration of Miscanthus in the farms[96,97]. Further investigation of the result indicated that 452 
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the observed variation was mainly driven by precipitation regime within the modelling period 453 

(Supplementary Figures 4).  454 

Whereas the loss of nutrients were reduced by the introduction of Miscanthus, the results showed 455 

increased biomass production as the size of land converted to Miscanthus increased (Supplementary 456 

Figures 2 and 3). This suggests that in addition to the production of food, increased production of 457 

biomass energy could be achieved through this integration. 458 

The spatial scenarios demonstrated that through careful conversion of land, a few targeted hectares of 459 

land could be used to achieve almost the same effect as 50% of non-targeted conversion. Figures 4 460 

and 7 show how result of the modelling scenario (Spatial Set 3) closely matches (especially for 461 

biophysical indicators) that of Set 12, which was based on the conversion of 54% of the cropland to 462 

Miscanthus. This finding corresponds to previous studies that the ability of bioenergy crops to provide 463 

ecosystem services are ‘strictly dependent on the spatial allocation of the crops relative to the adjacent 464 

land uses’  [25,98–100]. This calls for active collaboration between farmers, academic community 465 

and bioenergy companies in implementing this on a largescale basis. For non-biophysical indicators 466 

such as biomass produced, there was a marked difference between the spatial and non-spatial 467 

scenarios. This is not unusual as biomass production largely depends on area of land cultivated.  468 

 469 
Figure 7. Sample results from the spatially-targeted and non-spatial modelling sets. The charts demonstrate that 470 

it could be more advantageous to carefully allocate portions of a farm for conversion to Miscanthus based 471 
on certain spatially-distributed properties. 472 
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 473 

This study also found that optimal location for the growing of Miscanthus is along high density water 474 

stream networks. This ability to investigate the variations at subarea levels (Figure 8) demonstrates 475 

the relevance of the geospatial and agro-hydrological techniques used in this study. In addition to 476 

helping to identify specific locations where bioenergy crops could be cultivated to maximise benefits, 477 

it enables deeper insight into the interactions between the subareas and how land use changes in a 478 

portion of the farm could affect processes at other parts of the farm. This knowledge could be used in 479 

planning farming managements and rotations to cushion any adverse effects that may be triggered by 480 

the introduction of Miscanthus and other bioenergy crops in farms. Although this study was focused 481 

at the farm level, through the geospatial techniques adopted here, it can be replicated and scaled up 482 

across many farms, for largescale production of bioenergy feedstock to enable the country meet its 483 

renewable energy targets. The method also provides a viable means of solving logistic issues 484 

associated with supply of feedstock from fragmented sources, by predicting food and bioenergy 485 

availability at farm-, regional- and countrywide-levels.  486 

 487 

 488 

 489 
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 490 

Figure 8. Water yield values produced from the baseline, Set 12, Spatial Set 1 and Spatial Set 3 scenarios. It 491 
could be seen that reasonable reduction of water yield could be produced from the spatial models (less than 30% 492 

of cropland converted to Miscanthus) compared to Set 12 (50% of cropland converted). 493 
 494 

The findings of this research are expected to encourage UK farmers, to consider growing Miscanthus 495 

in their farms. [101] reported that over 80% of farmers would not consider growing Miscanthus based 496 

on concerns on issues such as impacts on land quality, lack of appropriate machinery, commitment of 497 

land for a long period of time, time to financial return and profitability. However, farmers who have 498 

experimented with the growing of Miscanthus, have found it profitable, as it requires little 499 

maintenance and guarantees returns for 20 years, with average margins of £445 per hectare, after 500 

harvesting costs [102]. It is expected that the outcome of the research will help in changing the 501 

negative perception and social resistance  [9] that is hindering largescale production of bioenergy 502 

crops and increase its acceptance by farmers and other stakeholders.  503 
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Conclusion 504 

This paper presented findings of a preliminary study on the impact of introduction of a prominent 505 

bioenergy crop in conventional farms in the United Kingdom. This research was necessitated by the 506 

negative perception surrounding cultivation of bioenergy crops in farms. Hence, it focused on 507 

ascertaining the benefits and negative impacts of simultaneous cultivation of perennial bioenergy crop 508 

and food crops. Various scenarios for the integration of Miscanthus were modelled, by deploying high 509 

resolution remote sensing images, GIS, and hydro-agricultural modelling system. Spatially explicit 510 

information on indicators, such as evapotranspiration, water yield, soil water content, denitrification, 511 

surface runoff, sediment and nutrient (nitrogen and phosphorus) loss, and biomass were obtained from 512 

the models and used to infer potential the impacts. This research was able to derive valuable 513 

information on potential impacts at farm-level. Findings from the research indicates that introduction 514 

of a bioenergy crop such as Miscanthus could improve soil and water quality, by reducing sediment 515 

and nutrient loss as well as increasing evapotranspiration. Furthermore, there is an indication that the 516 

quantity of biomass produced from such farms will increase, which could be utilised for increased 517 

bioenergy production.  518 

This research answered a fundamental research question of how much and where can perennial 519 

bioenergy crops be cultivated without adversely affecting food production and environmental 520 

services. It also demonstrated the usefulness of integrating earth observation, GIS, agricultural and 521 

biophysical models in identifying specific locations where bioenergy crops could be cultivated to 522 

maximise the benefits. It also helped in deriving deeper understanding of the effects of different 523 

strategies for integration of bioenergy crops in arable farms. This research demonstrates the necessity 524 

for carefully allocation of the portions of the farms to be converted to bioenergy crops, in order to 525 

minimise adverse effects on food production. Hence, calling for collaborative implementation of the 526 

integration, with active participation of farmers, policy makers, academics and bioenergy companies. 527 

It is expected that the findings of this research will change the negative perception of farmers and the 528 

society in general to the acceptance of bioenergy crops in farms, and encourage UK farmers, to 529 

consider the growing of bioenergy crops such as Miscanthus on a largescale basis 530 
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