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Abstract: The main aim of the new agricultural scheme, Environmental Land Management, in Eng-

land is to reward landowners based on their provision of ‘public goods’ while achieving the goals 

of the 25 Year Environment Plan and commitment to net zero emission by 2050. Earth Observation 

(EO) satellites appear to offer an unprecedented opportunity in the process of monitoring, reporting, 

and verification (MRV) of this scheme. In this study, we worked with ecologists to determine the 

habitat–species relationships for five wildlife species in the Surrey Hills ‘Area of Outstanding Nat-

ural Beauty’ (AONB), and this information was used to examine the extent to which EO satellite 

imagery, particularly very high resolution (VHR) imagery, could be used for habitat assessment, via 

visual interpretation and automated methods. We show that EO satellite products at 10 m resolution 

and other geospatial datasets enabled the identification and location of broadly suitable habitat for 

these species and the use of VHR imagery (at 1–4 m spatial resolution) allowed valuable insights for 

remote assessment of habitat qualities and quantity. Hence, at a fine scale, we obtained additional 

habitats such as scrub, hedges, field margins, woodland and tree characteristics, and agricultural 

practices that offer an effective source of information for sustainable land management. The oppor-

tunities and limitations of this study are discussed, and we conclude that there is considerable scope 

for it to offer valuable information for land management decision-making and as support and evi-

dence for MRV for incentive schemes. 
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1. Introduction 

The sustainability of land-use and -cover systems are determined by the interaction 

between natural resources (including soils, water, plants, and wildlife), climate, and hu-

man activities while ensuring a long-term productivity of these resources and maintain-

ing a balance within the environmental functions [1]. Hence, sustainable land manage-

ment (SLM) has been debated extensively in the literature [2–4] and can be defined as “a 

knowledge-based procedure that helps to integrate land, water, biodiversity, and envi-

ronmental management to meet rising food and fibre demands while sustaining ecosys-

tem services and livelihoods” [5]. At the global level, the United Nations Food and Agri-

culture Organisation (FAO) supports integrated land resource planning strategies 

through a wide range of comprehensive approaches, tools, and measures adapted to dif-

ferent biophysical and socio-economic contexts when aiming for sustainable land resilience 

and avoid degradation [6]. 

Land-use policy impacts land management and therefore affects the extent and state 

of ecosystem services [7]. The importance of decision support for mainstreaming and scal-

ing up of SLM formulated by FAO led to each country shaping its own set of policies, 
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programmes, and schemes that determine the extent to which SLM is taken into account 

in resource-management decisions [8]. Hence, at the national level, the UK Environment 

Bill [9] and Agriculture Bill [10] set the foundations for implementing the 25 Year Envi-

ronment Plan and led to the establishment of the Environmental Land Management 

(ELM) scheme. 

The ELM scheme is a new programme of intensive policy development over the pe-

riod 2019–2024 with implementation post-2025 by the Department for Environment, Food 

and Rural Affairs (DEFRA) replacing the previous EU Common Agricultural Policy. The 

ELMs is based on three schemes, Sustainable Farming Incentive (SFI), Local Nature Re-

covery (LNR), and Landscape Recovery (LR). The overall aim of these is to use public 

money to pay farmers and land managers in England to deliver a set of ‘public goods’ that 

cover clean air, clean and plentiful water, thriving plants and wildlife, protection from 

and mitigation of environmental hazards, beauty, heritage and engagement, and mitiga-

tion of and adaptation to climate change [11]. Nevertheless, land-use management and 

decision making that prioritises only one type of ecosystem service without considering 

those occurring within and between ecosystems results in policy failure [12]. 

While ‘public goods’ and ‘ecosystem services’ have different theoretical backgrounds 

[13,14] from an environmental perspective, DEFRA’s range of public goods are often iden-

tified with some of the typical ecosystem services [15,16]. Therefore, ecosystem services 

are known as the benefits obtained directly or indirectly from ecosystems that support 

human life and enhance social welfare [12]. They are typically categorised as supporting 

services, provisioning services, regulating services, and services that support cultural needs. 

In terms of measuring biodiversity conservation and ecosystem services, there are 

freely available integrated modelling tools such as Integrated Valuation of Ecosystem Ser-

vices and Trade-offs (InVEST) [17], Co$tingNature [18], Multiscale Integrated Model of 

Ecosystem Services [19], Protected Area Benefits Assessment Tool (PA-BAT) [20], Ecosys-

tem Services Toolkit (EST) [21], Toolkit for Ecosystem Services Site-based Assessment 

(TESSA) [22], Multiscale Integrated Model of Ecosystem Services (MIMES) [23], and Arti-

ficial Intelligence for Ecosystem Services (ARIES) [24]. All these can help with measuring, 

modelling, and valuing ecosystem services and thus help support decision-making about 

resources management and planning [25]. 

Land-use management activities have profoundly altered many ecosystems and 

therefore SLM approaches, and nature-based solutions are needed across policies [26,27]. 

Integrating nature-based solutions has been well debated in the literature within a range 

of applications on land-use management [28], land and soil degradation [28], urban plan-

ning [26,29], and polluted land [30]. Likewise, delivering nature-based interventions can 

maximise ecosystem services and lead towards net zero greenhouse gas emissions [28,31]. 

As part of the ELM policy development, DEFRA established 57 Test and Trails with 

stakeholders to understand how ELMs could be shaped in order to work in a real-life 

environment across a wide range of circumstances and to help understand the barriers 

and opportunities of new approaches [32]. The Surrey Hills Area of Outstanding Natural 

Beauty (SH-AONB) Test and Trial, entitled ‘Making Space for Nature’, is one of these 57 

Test and Trails and is one of the 12 AONB-based ones that together make up the largest 

Defra Test and Trial project group for the ELM scheme. The main aim of this test and trial 

is to understand what local nature recovery and enhanced access represent for a ‘desig-

nated landscape’ and how this can be delivered through ELMs [33]. 

Currently, DEFRA [16,32] is exploring a range of ways for monitoring, reporting, and 

verification (MRV) of ELM scheme agreements. They are aware that ground-based sur-

veys and physical inspections can be prohibitively expensive, and they want to consider 

the use of satellite and geospatial data, alongside other technologies that can offer cost-

effective processes for the MRV of ELM and similar activities [16,34,35]. The spectral, spa-

tial, and temporal resolution capabilities of modern Earth Observation (EO) satellites cer-

tainly appear to offer an unparalleled opportunity relevant to such ELM and MRV appli-

cation through their capacities to assess: 
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• biodiversity and habitat type [36–40] 

• habitat quality [41,42] and model habitat suitability [43,44] 

• species identity and diversity [45–50] 

• species behaviour [49,51]. 

Habitat suitability models seek to predict the optimal habitat for a species based on 

the assessment of habitat attributes such as habitat structure, habitat type, and spatial ar-

rangements between habitat features. The models use established correlations between 

the presence of particular species and known ecological niche elements to analyse geo-

graphical space (e.g. from earth observation at various scales) to locate those same niche 

elements. This can then be used to create predictive location maps and other representa-

tions of the distribution and quantities of relevant habitat for a given species or group of 

species [44,52]. 

According to Turner et al. [53], there are two general approaches to quantify and 

model biodiversity using satellite and airborne remote sensing: direct mapping of species 

composition (based on tree canopy) and land use and cover [54–56] and indirect sensing 

by using environmental variables proxies such as: primary productivity (chlorophyll and 

ocean colour), climate (rainfall, soil moisture, and phenology), habitat structure (topogra-

phy and vertical canopy structure) [44]. These approaches can be performed using visual 

photo/image interpretation [57] and computing/automated methods [57,58]. Visual inter-

pretation is a ‘manual’ method based on the visual detection, identification, and spatial 

localisation of different objects and terrain shapes [59], whilst the automated methods typ-

ically use supervised and unsupervised image classification approaches (object and pixel 

image analysis) via classification algorithms (e.g. maximum-likelihood, support vector 

machine, random forest, and neural networks) [55,60–62]. 

Spatial resolution is an important attribute for the remote assessment of opportuni-

ties for biodiversity as it describes the level of spatial detail which can be seen in the image. 

Generally, higher spatial detail requires a sensor with a narrower field of view, hence less 

spatial coverage per image scene. Satellite sensors with a smaller field of view (e.g. 

Worldview and Superview have a 16 km swath) are generally constrained by low revisit 

times, unless the satellite is combined with phased orbit of the satellite constellation, 

which can offer a two day revisit for any point on Earth. Coarser spatial resolution sensors 

can image larger areas (e.g. Sentinel-2 can image strips 290 km wide) in one overpass of 

the satellite sensor with more regular repeat cycles [63]. There are also several important 

biodiversity trade-offs when considering the spatial resolution of a satellite sensor. For 

example, low-resolution data are perfectly adequate for monitoring status of broad land 

cover (LC)/use (LU) [64] and land change at regional level [65], while higher-resolution 

data are often desirable for monitoring at a local scale, individual protected areas [66,67] 

and agricultural practices [68], habitat loss, fragmentation and degradation, and ecosys-

tem services [69,70] and for substituting for physical inspection [34,68]. Moreover, Mairota 

et al. [47] demonstrated that VHR satellite data can help mapping biodiversity and mod-

elling habitat across different scales (landscape, plot, and patch) which can be used for 

identifying specific taxonomic groups. One other benefit of using VHR satellite data (0.5–

5 m, depending on the optical sensor) is to discriminate some aspects of the habitat char-

acteristics which normally cannot be seen at the coarser resolution [37]. For instance, case 

studies have been carried out using VHR optical satellite or aerial imagery for the map-

ping and monitoring of moorland to map vegetation patterns, evidence of ditching, and 

degree of peat exposure or burn histories [71,72]. 

The potential for assessing biodiversity and ecosystem status can be obtained 

through EO-derived land-cover and land-use datasets, spatial information, and in situ 

data [37]. In terms of the land-cover classification system at the global scale (refers to scales 

smaller than 1:250,000 and using NOAA Advanced Very High Resolution Radiometer 

(AVHRR) satellites), the most representative examples are USGS product [73], EarthSat 

GeoCover Land Cover Legend [74], the UN/FAO Land Cover Classification System [75], 

Global Observation of Forest Cover [76], and Global Observation of Land Cover Dynamics 
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(GOFC/GOLD) [77]. Furthermore, land-cover classification at a regional scale (between 

1:250,000 and 1:100,000) often use a medium spatial resolution from satellites such as 

Landsat TM, SPOTHRV/XS, IRS-1C/LISS, Landsat ETM+, and MODIS, offering classifica-

tion systems such as CORINE [78] and AFRICOVER [79]. At the national scale, land-cover 

classification systems are available at smaller scales (between 1:5000–1:10,000) and are 

commonly based on remote sensing data and in situ surveys. Some products of land-cover 

classification systems at the national scale are National Land Cover Data Classification 

System [80], National Land Survey Classification System, and Centre for Ecology and Hy-

drology (CEH) Land Cover Map [81]. 

The Centre for Ecology and Hydrology (CEH) has developed its Land Cover Map 

spatial framework, which uses satellite data from 2015–2019 from the European Space 

Agency’s Copernicus Sentinel-1 and Sentinel-2 satellites. These have a high resolution (10 

m) enabling the distinction between 21 land-cover classes on the basis of Sentinel imagery 

and linked to Biodiversity Action Plan (BAP) Broad Habitats [82]. However, it has been 

noted [83] that discrepancies can exist in the habitat terminology, revealing the need for 

additional ecological expert knowledge and potentially VHR data to help resolve such 

ambiguities (e.g. in plant height estimations). VHR data have a wide application across 

many sectors, including assessing biodiversity and habitat quality [47]. While UK CEH 

LC and Crops are products that have a dynamic role for identifying main habitats, land 

cover/use and change and connectivity, and to support land parcel boundary mapping 

and principal crop types, VHR imagery can capture field boundary features (e.g. hedge-

rows and field margins), seasonal aspects related to agricultural management practices, 

vegetation patterns, evidence of ditches, forest canopy, etc. [72,83,84]. 

Insufficient collaboration with biodiversity experts is frequently cited as a limitation 

in using remote sensing for monitoring biodiversity and developing relevant indicators 

[85]. A deep understanding of habitat–species relationships must be available to use re-

motely sensed information effectively. Gaps still exist in our knowledge regarding the 

potential of EO imagery at the higher resolutions for projects such as the SH-AONB ‘Mak-

ing Space for Nature’ Defra Test and Trial: 

1. VHR satellite data use in identifying the availability of suitable and connected habi-

tat, and 

2. how effectively do EO approaches at the highest resolutions add new insights to 

overall habitat assessments for various species of importance for biodiversity conser-

vation and recovery. 

Our aim in the present research was, therefore, to work with ecologists to establish 

habitat criteria for five example species/species groups (henceforth referred to as the ‘spe-

cies’) and then to use this information to examine the potential role of EO in habitat eval-

uation for these species at particular sites and more widely in the SH-AONB. The research 

was conducted in three linked steps (see Figure 1): Step 1, knowledge acquisition of spe-

cies–habitat requirements; Step 2, use of readily-available EO and similar resources to 

evaluate broad habitat suitability and connectivity for the species; and Step 3, exploration 

of the additional contribution of the increasingly available Very High Resolution (VHR) 

EO data (0.7–4 m in this study) for habitat assessment. 
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Figure 1. Workflow, analysis, and outcomes in this study. 

2. Materials and Methods 

Figure 1 summarises the overall research workflow, methods, and outcomes of the 

three steps applied in this study. 

2.1. Study Area and Sites Selected 

The Surrey Hills was one of the first landscapes in the UK to be ‘designated’ as an 

‘Area of Outstanding Natural Beauty’ (AONB) in 1958. It should be noted here that AONB 

is not a subjective term of the authors but a formal one created by the UK Government. In 

June 2000, it was confirmed that AONBs have the same level of landscape quality and 

share the same level of protection as National Parks, and the primary purpose of an AONB 

is stated as ‘to conserve and enhance the natural beauty of the area’. There are 34 AONBs in 

England, and together they cover 15% of the total land area. Notably, AONBs and Na-

tional Parks are found in Category V—landscapes managed mainly for conservation and 

recreation—of the International Union for the Conservation of Nature and Natural Re-

sources’ global network of protected landscapes [86]. 

The Surrey Hills AONB covers 422 km2 with myriad landowners and community 

nature spaces. These include a wide diversity of broad priority habitats in the UK Biodi-

versity Action Plan (BAP) such as ancient woodland, broadleaved mixed and yew wood-

land, coniferous woodland, arable and horticulture, improved grassland, acid grassland, 

calcareous grassland, heather, freshwater, built-up areas, and traditional orchards. These 

provide habitat for BAP priority species, 85 specially protected species, and at least 300 

species recognised as being a priority for conservation [87]. 

We selected for intensive study three farm sites within the SH-AONB area that com-

prise different habitats and biodiversity opportunities (Figure 2): 

• Hampton Estate, located in the Greensand Plateau: Shackleford (~739 ha), 51.2116° 

N, 0.7034° W (Site 1) Sondes Place Farm, near Dorking, between Greensand Valley 
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(Pippbrook and Tillingbourne) and The North Downs (~78.6 ha), 51.2304° N, 0.3425° 

W, (Site 2) 

• Landbarn Farm also located near Dorking, between Greensand Valley (Pippbrook 

and Tillingbourne) and The North Downs (~100 ha), 51.2309° N, 0.3740° W, (Site 3). 

 

Figure 2. Locations of SH-AONB and the three intensive study sites. 

2.2. Resources for Readily Available EO and Other Data (Research for Step 2) 

The following datasets were used for Step 2 and to complement the use of VHR im-

agery for the habitat suitability assessment carried out in Step 3 of this research: 

2.2.1. UK Centre for Ecology and Hydrology Land Cover Map 2019 (LCM2019) (20m 

classified pixels) and Crop 2019 

The Centre for Ecology and Hydrology (CEH) has recently made available the UK 

Land Cover Map 2019 (LCM2019) [56,88], a product based on satellite images (mainly 

Sentinel-2), digital cartography, and machine-learning techniques (e.g. bootstrap training 

combined with random forest classifier). LCM2019 provides information about physical 

materials on the Earth’s surface; these can be natural such as vegetation, freshwater, in-

land rocks, etc., and non-natural materials such as buildings or urbanised areas. LCM2019 

has 21 classes using similar UK BAP Broad Habitats categories except for a couple of in-

consistencies. Mapping relationships and discrepancies in definitions between the CEH 

LC 2019 and UK BAP Broad Habitats categories are outlined in [56,88]. 

The SH-AONB is covered by 11 of the CEH LC classes illustrated and listed in Figure 

3 for the whole SH-AONB and for our three intensive study sites. Further details of the 

SH-AONB LC and UK BAP Broad Habitats classes are given in Supplementary Materials 

(Table S1) [56,82]. UK CEH Crops 2019 product was obtained using Sentinel-2. The crops 

from 2019 in SH-AONB were identified as winter wheat, winter oats, spring wheat, winter 

barley, spring barley, oilseed rape, field beans, potatoes, maize, peas, and other crops 

(which might include other cereals, root crops, early potatoes, and vegetables) (Figure 4). 
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The UK CEH LCM2019 and Crops2019 products were obtained free of charge in raster 

and vector format from the Digimap Edina platform [89] under University of Surrey’s license. 

 

Figure 3. UK CEH Land Cover classes in the SH-AONB (locations of the three intensive study sites shown in red boxes). 

 

Figure 4. UK CEH Crops 2019 in SH-AONB and the three intensive study sites (red boxes). 
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2.2.2. Priority Habitat Inventory (England) 

This is a spatial dataset that describes the geographic extent and location of 41 habi-

tats, which is a separate classification from BAP Broad Habitats relevant to the Natural 

Environment and Rural Communities Act (2006). Among these 41 classes, we extracted 

only the calcareous grassland (chalk grassland) that helped for modelling the habitat suit-

ability for the Small Blue butterfly. The data are free open access provided by Natural 

England [90]. 

2.2.3. OS Open Rivers and Open Street Map GIS shapefiles 

We extracted the watercourses from OS Open Rivers dataset provided by DigiMap 

Edina [89] and small roads such as footpaths and bridleways from Open Street Map [91], 

which has been used mainly for assessing the habitat suitability for dragonflies and dam-

selflies and the silver-washed fritillary butterfly. 

2.2.4. Digital Elevation Model (DEM) 

The DEM generally refers to a representation of a bare terrain surface or a subset of 

it, excluding features such as vegetation, buildings, or bridges. DEM is often useful for 

flood disaster evaluations or water-flow estimation models, land-use studies, and geolog-

ical applications, aspect, slope, etc. DEM can be obtained from different data types (e.g. 

satellites and Lidar), but in this study, we used Google Earth Engine (GEE) [92], which 

provides free open access to the NASA Shuttle Radar Topography Mission (SRTM) Digital 

Elevation 30 m. SRTM digital elevation data are based on an international research effort 

that obtained digital elevation models on a near-global scale [93]. 

2.2.5. Species Occurrence Records 

We obtained occurrence data for all five species from the past 5–12 years. These da-

tasets were requested from a variety of organisations (Table 1). The original records re-

quested were collected from crowd-sourcing biodiversity data via the NBN Atlas and 

iRecord (dragonflies and damselflies) and conducted surveys (dormouse, skylark, and 

butterflies). For instance, the UK British Monitoring Scheme (UKBMS), which is run by 

CEH, Butterfly Conservation, British Trust for Ornithology, and Joint Nature Conserva-

tion Committee (JNCC), uses a structured methodology to monitor at least 56 butterfly 

species across over 4000 UK sites. 

Table 1. Selected species occurrence records and their providers. 

Species 
Species Scientific 

Name 

Main Habitat 

Requirement 

Provider of the 

Species Occurrence 

Records 

Collection 

Period 

Silver-washed fri-

tillary butterfly 
Argynnis paphia 

Wood-

land/scrub 

Butterfly Conservation 

(BC) 
2015–2019 

Small blue butter-

fly 
Cupido minimus 

Chalk grass-

land 

Butterfly Conservation 

(BC) 
2015–2019 

Skylark Alauda arvensis Pasture/ Arable Surrey Bird Club (SBC) 2010–2019 

Hazel dormouse 
Muscardinus 

avellanarius 
Hedgerow 

National Dormouse 

Database (NDD) 
2008–2019 

Dragonflies 

Damselflies 

Anisoptera spp. 

Zygoptera spp. 
Inland water 

British Dragonfly Soci-

ety (BDS) 
2010–2019 

2.3. Resources for Very High Resolution (VHR) Satellite Imagery (Research for Step 3) 

We used VHR Multispectral (MS) and Panchromatic (PAN) data from 3 different sat-

ellite sources, DMC3, Superview, and Komsat 3/3A, purchased from Earth-i, for perform-

ing the habitat suitability assessments and the associated automated classification maps. 
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The description of the satellites’ camera mode, spectral and spatial resolutions, and the 

acquisition date are given in Table 2. These satellite images were requested to be between 

spring and late summer when most tree crowns were leafy and crops had just been har-

vested; thus, we could discern different patterns, shapes, and textures to understand the 

landscape and habitat requirements of the selected species. As time-series images of the 

same location from 2016 until 2020 were available, we could also analyse for habitat 

change. 

Table 2. VHR satellite data characteristics. 

Satellite 

Name 

Camera 

Modes 
Spatial Resolution and Bands 

Date of  

Acquisition 
Sites Covered 

DMC3 MS and PAN 
MS= 4 m (blue, green, red, NIR) 

PAN= 1 m 

06/05/2016 Site 2 and 3 

12/08/2016 Site 1 

06/05/2018 Site 2 and 3 

30/06/2018 Site 1 

20/04/2019 Site 2 and 3 

29/08/2019 Site 1 

25/06/2020 Site 1 

Superview-1  MS and PAN 
MS= 2 m (blue, green, red, NIR) 

PAN= 0.5 m 

05/07/2017 Site 2 and 3 

19/05/2018 Site 1 

15/07/2018 Site 1 

Komsat-3 MS and PAN 
MS= 2.8 m (blue, green, red, NIR) 

PAN= 0.7 m 

20/04/2018 Site 1 

06/05/2020 Site 2 and 3 

2.4. Analysis 

The following presents the analytical methods applied in each of the three research 

Steps summarised in Figure 1. 

2.4.1. Step 1—Expert Knowledge Elicitation on the Habitat and Food Requirements of 

the Species 

Expert knowledge was obtained from ecologists from the Surrey Wildlife Trust and 

Butterfly Conservation and from literature review to understand the relationship between 

the selected species and their habitat and food requirements in the SH-AONB. Likewise, 

the expert consultations guided us also in the selection of the five species, which play a 

role as indicators of an appropriate and healthy habitat both for themselves and in sup-

porting the wider ecosystem and maintaining its balance [94]. In consequence, the pres-

ence of such key species indicates a healthy habitat, its good management providing food 

and shelter for these species and suggesting thriving biodiversity. These represent an in-

direct contribution to other ‘public goods’ such as improvements in carbon storage, im-

proving clean air and water quality, enhancing the landscape, mitigating climate change, 

and promoting heritage engagement with the environment, well-being, and protection 

from environmental hazards. 

The five species and their requirements are presented in Supplementary Materials 

Table S2 [95–103]. 

2.4.2. Step 2—Habitat Suitability and Connectivity Modelling Using Existing EO and 

Other Resources 

The ecological information on the basic needs of these species for food, habitat type, 

dispersal movement, and breeding (Table S3 [98,102,103]) was integrated with variables 

such as land cover, crop type, footpaths, topographical parameters, watercourses, settle-

ments, etc., that could be observed in sufficient detail from the EO. These EO-observable 

variables played an equal role in evaluating the habitat suitability and its connectivity for 
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the studied species. This habitat suitability evaluation process was applied both at the 

level of the three intensive study sites and also at the whole SH-AONB area level. 

The following workflow was performed for the EO-based habitat suitability and con-

nectivity modelling: 

(a) Choose the environmental variables (factors) based on species habitat and food re-

quirement 

We used 6 different environmental variables, which can be placed into 3 categories 

including land cover [104], topography [105], and anthropogenic [106] (Table 3). In our 

modelling, we used land cover (UK CEH LCM2019), crop type (UK CEH Crop Type 

2019—only for Skylark), and chalk grassland (priority habitat inventory—only for mod-

elling the Small Blue butterfly suitable habitat) as a means of habitat type, vegetation 

structure, and food availability. Land cover plays a role as a key variable in this analysis, 

and it was used to model all habitat suitability of the studied species. The anthropogenic 

variables selected in this study are footpaths and settlements (urban and suburban areas). 

These variables (depending on the species–habitat relationship) are likely to affect the 

connectivity within the habitats. For instance, the settlements vector layer was used as a 

pressure factor for Skylark nesting habitat; thus, we created a 100 m buffer around the 

settlement polygons. However, well-managed footpaths and bridleways that cross the 

broadleaved woodland can be a positive aspect in maintaining a Silver-washed fritillary 

butterfly population. Moreover, the topographic variable extracted from DEM was 

needed to ascertain the slope degree, which is an important factor in understanding the 

small blue butterfly’s favoured habitat. 

(b) Georeferenced species occurrence records 

In this study, the occurrence records of the species were combined with (overlaid on) 

the results of habitat suitability analysis. This was considered as a further indicator for the 

presence of healthy and appropriate habitat, thus reinforcing the potential of a location as 

suitable for the species. 

Table 3. Environmental variables used in developing habitat suitability model. 

Species  Environment Variables  Data Source Variable Type  

Silver-washed 

fritillary butterfly  

Habitat type UK CEH LCM2019 Land cover  

Broadleaved woodland edge  UK CEH LCM2019 Land cover 

Footpaths through broadleaved 

woodland 
Open Street Map Anthropogenic 

Small blue but-

terfly 

Habitat type UK CEH LCM2019 Land cover 

Chalk grassland 
Priority habitat in-

ventory (England) 
Land cover 

Slope degree DEM Topographic 

Skylark 

Habitat type UK CEH LCM2019 Land cover 

Crop type  UK CEH Crops2019 Land cover 

Settlements UK CEH LCM2019 Anthropogenic 

Hazel dormouse Habitat type UK CEH LCM2019 Land cover 

Dragonflies and 

Damselflies 

Habitat type  UK CEH LCM2019 Land cover 

Slow-flowing watercourse 

(ditches, brooks, stream, rivu-

lets, and rills) 

OS Open Rivers  Land cover 

(a) ArcMap tools 

The datasets presented in Section 3, UK CEH LCM2019, UK CEH Crop type 2019, species 

occurrence georeferenced records, OS Open Rivers, Open Street map footpaths, and slope de-

rived from DEM, were processed through a wide variety of tools in ArcGIS 10.6.1 (e.g. Extract, 
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Buffer, Reclassify, etc.) to design the habitat suitability and connectivity of the monitored spe-

cies. A detailed workflow is presented in Supplementary Materials Table S4. 

(b) Scoring system (from 1 to 5) based on species habitat and food requirement 

Table 4 explains the rationale behind the scoring system. Scores were assigned from 

1 to 5, where 1 is attributed to the least suitable habitat and 5 represents the most suitable 

habitat of a species. 

Table 4. Habitat scoring system and rationale. 

Score  Habitat Suitability Rationale 

1 Least suitable/unsuitable Species cannot survive due to the lack of food 

2 Low suitability 

Species cannot cross through that area (depend-

ing on species and the area size) due to the lack 

of food. 

3 
Moderately suitable habi-

tat 

Species may travel through to reach other more 

suitable areas, but it is unlikely to find food 

sources. 

4 Suitable habitat 

It may be used occasionally but dependant on 

other factors such as food availability or ideal re-

quirements to sustain a breeding population. 

5 Highly suitable habitat 
Provides the best habitat for nesting, breeding, or 

food (depending on the species). 

2.4.3. Step 3—Habitat Assessment Approach and Contribution of VHR EO Data 

This step explored the use of VHR EO data, via visual interpretation (manual) and 

supervised image classification (automated). This VHR-based habitat assessment was per-

formed at the three intensive study sites by combining: 

- prior expert knowledge about the studied species 

- either or both visual interpretation and automated classification of features of the 

VHR imagery 

- species occurrence georeferenced records and OS Open Rivers (only for Dragonfly 

and Damselfly species). 

The advantage of very high spatial resolution (between 0.7–4 m in this study) was to 

unlock rich information for the species by distinguishing pattern, shape, texture, shadows, 

and colours (see Figure S1) and to reveal observable detail about the habitat(s) such as 

field boundary characteristics (e.g. hedgerows and field margins), agricultural manage-

ment practices, ditches, woodland canopy structure, type of woodlands, continuity of the 

habitat over time, the interconnectedness of different types of habitats, etc. Patterns, 

shapes, texture, shadows, and colours were discriminated in “true colour” bands and 

translated into key features (see Table S5 [107] and Figure S1). 

3. Results 

The outcomes of the Step 2 (habitat suitability and connectivity) and Step 3 (habitat as-

sessment via visual interpretation and supervised classification methods) for the five species 

are presented in this section. The information from Step 1, expert knowledge elicitation (com-

plemented with appropriate records), is not presented because it is embedded as underpin-

ning knowledge for the other two steps (see Table S2 [95–103] and Table S3 [98,102,103]). 

3.1. Step 2—Habitat Suitability and Connectivity Analysis 

We designed our representation and mapping of the habitat suitability and connectivity 

for our chosen species in the SH-AONB and our three intensive study sites using a 1–5 scoring 

system (1 = least suitable, 5 = highly suitable, see Table 4). This representation for each species 
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was derived from the Step 1 expert knowledge elicitation of the habitat requirements (e.g. 

type, structure, and food requirements, see Table S1 [56,82] and Table S3 [98,102,103]) inte-

grated with the readily available datasets and resources (e.g. UK CEH LCM2019, UK CEH 

Crop, DEM, Priority Habitat Inventory, OS Open Rivers, and Open Street Map). 

3.1.1. Silver-Washed Fritillary (SWF) Butterfly 

Figure 5 shows the suitable habitats of SWF butterflies in SH-AONB and the three 

intensive study sites. As the most suitable habitat (score 5) that can sustain an SWF pop-

ulation is placed in mixed deciduous woodland with sunny, flowery rides, and glades, 

and its edges, heather, and scrub, we included a 20 m buffer alongside footpaths that cross 

broadleaved woodlands and a 20 m buffer edge of the broadleaved forests. In addition, a 

score of 5 was assigned to the heather and heather grassland land cover classes. Scores of 

4 and 3 were assigned to broadleaved woodland and grassland respectively, as the SWF 

butterfly is a powerful flier, albeit restricted to areas of Viola flower presence which grows 

at the margins of broadleaved, open, and sunny grassland and heathland. Scores of 2 and 

1 were assigned to Coniferous woodland and Arable, Freshwater, and Inland rock, re-

spectively, as these habitats are poor for this species due to the lack of food or host for 

their eggs. In terms of habitat connectivity, a positive linking of the available favourable 

habitat can be observed at our three intensive study sites. The potential benefits of higher 

resolution at the local scale than what is available in this Step 2 evaluation would be to 

enable improved understanding of the canopy openness and the effects of management 

at woodland edges and in hedgerows (as a key habitat for understanding connectivity). 

This is explored further in Section 3.2.1. In addition, at the SH-AONB scale, we can ob-

serve the availability of many areas of suitable habitats that can support this species. How-

ever, the best areas are somewhat ‘patchy’ in distribution, with some isolation of one area 

from another. 
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Figure 5. Silver-washed fritillary butterfly—Step 2 habitat suitability assessment in the SH-AONB and the three intensive 

study sites (red boxes). 

3.1.2. Small Blue (SB) Butterfly 

Figure 6 presents the suitable habitats for the SB butterfly, based on two environment 

variables: slope degree (Maps 1 and 2) and land-cover classes (Map 3). In addition, it over-

lays the records of SB butterfly from 2015 to 2019 which can indirectly confirm the pres-

ence of the Kidney Vetch plant (as this is only source of food for the caterpillars). It can be 

observed in both approaches (Maps 1 and Map 3) that most of the SB butterfly occurrence 

has been recorded across areas of chalk grassland (with a high slope degree), heather, and 

improved grassland. 

In Map 3, the land-cover classes are classified based on our scoring system and the spe-

cies habitat requirements. Therefore, at this Step 2 level, it is possible to observe several areas 

of potentially highly suitable habitat (score 4 and 5) that may offer the best opportunities for 

additional habitat creation for the SB butterfly, e.g. by seeding of Kidney Vetch in autumn or 

winter. However, further detailed examination of these broad potential habitat locations to 

find fully optimal sites (e.g. scrub or sparse eroding vegetation with bare ground, calcareous 

sites such as old quarries, gravel pits, and disused railways) would be advantageous and 

could be accomplished by site visits or, potentially, via a higher spatial resolution of EO im-

agery. Likewise, Map 3 illustrates the existence of many scattered areas of suitable habitat 

which can lead to the isolation of SB populations. Hence, the map from this Step 2 level can be 

useful for designing the introduction or restoration of connections between colonies (e.g. by 

even quite small habitat creation interventions) as a vital aspect of the long-term conservation 

of this species. Due to its good dispersal movement potential (efficient and light wings), main-

taining the existing and new habitats and continuity among them depends on the farming 
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activities and agricultural practices such as avoiding overgrazing by the livestock and fertilizer 

spray drift (see Table S3 [98,102,103]). 

 

Figure 6. Small Blue butterfly—Step 2 habitat suitability assessment in the SH-AONB and the two intensive study sites. 

3.1.3. Skylark 

Skylarks select nesting sites at ground level with vegetation height about 20–50 cm 

to give easy access to the nest but also near to field margins that can provide food (insects). 

Certain crops such as spring and winter barley, spring wheat, and late-cut hay meadows 

are also ideal for nesting; however, nests are only successful if the field is not cut or grazed 

between early April and the end of May (see Table S3 [98,102,103]). Figure 7 shows suita-

ble habitat for Skylark nesting in the SH-AONB and the three intensive study sites based 

on the CEH LCM2019 and CEH Crops 2019 classification and settlements. In addition, 

species record points between 2010 and 2019 can be observed across most of the suitable 

areas. However, the food requirement for this species cannot be assessed at this Step 2 

resolution, and higher detail maps are required. Moreover, in terms of connectivity, Fig-

ure 7 illustrates that many sites ideal for nesting show quite high degrees of separation. 

Interpretation of the significance of this connectivity feature should include awareness 

that this species has a short-distance dispersal movement, and its home range has been 

noted as 1.08 ha [68]. 
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Figure 7. Skylark nesting—Step 2 habitat suitability assessment in the SH-AONB and the three intensive study sites. 

3.1.4. Hazel/Common Dormouse 

Habitat suitable for the Dormouse requires medium height (5–10 m) broadleaved 

woodland, scrub, heather, and tall hedgerows, which were the main driver for the five 

suitability classes identified based on the LCM2019 classes, as shown in Figure 8. A large 

amount of suitable habitat can be identified in the SH-AONB and the intensive study sites, 

but in some places, these are interrupted or fragmented by unfavourable habitats. It is 

notable that most of the dormouse occurrence records have been registered in those hab-

itats that were assigned a score of 5 and 4; however, there are other suitable habitat areas 

in which dormouse occurrence has not been registered (e.g., across Site1). 
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Figure 8. Dormouse—Step 2 habitat suitability assessment in the SH-AONB and the three intensive study sites. 

3.1.5. Dragonflies and Damselflies 

Figure 9 presents habitat suitability analysis for dragonflies and damselflies in Step 

2. Despite a wide variety of these species (around 40) in the SH-AONB integrated into this 

approach, all rely mainly on clear and shallow waters, which can be part of a lake, pond, 

river, stream, ditch, or canal. Highly suitable habitats occur in Thursley National Reserve 

and its proximities, where most of the dragonflies and damselflies sightings have been 

recorded. As these species have preference for slow-flow watercourses, we created a 20 m 

buffer alongside all ditches, brooks, etc., as highly suitable habitat. Suburban and urban 

areas have not been included in the classification, although nature lovers may well have 

created small ponds in their gardens, and ditches and ponds can be present in municipal 

areas; hence, some occurrences have been recorded in suburban/urban sites. 
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Figure 9. Dragonflies and damselflies—Step 2 habitat suitability assessment in the SH-AONB and the three intensive study sites. 

3.2. Step 3—Habitat Assessment Analysis with VHR Imagery 

The aim of the Step 3 approach was to investigate any additional value that VHR EO 

data can add to the understanding of available habitat for the five species from the Step 2 

analysis. The analysis below is for the intensive study sites via the visual interpretation 

and the automated supervised image classification approaches. Interpretation of the VHR 

images by either approach applied the direct and indirect associations established be-

tween spectral bands (visible and PAN), textural, structural features, and plant diversity 

and habitat opportunities. The analysis also included examples of assessment over a pe-

riod of time, opportunities to create/improve/extend suitable habitat, pressure factors, and 

dispersal movements for the species (see Table S3 [98,102,103]). 

The VHR imagery-based analysis enabled observation of a larger range of species-

associated habitat land-cover classes than in the LCM2019 set. These additional classes 

were canopy openness, scrub, hedgerows, water plants, trees shade, individual trees, and 

artificial features (tracks, pavement, etc). Visual interpretation of habitat assessment is 

time consuming, and particularly for larger areas, automated supervised image classification 

can play a very useful role in supporting efficient habitat quality and quantity assessment. 

The results of the VHR use are presented below in the same sequence of species as 

the results for Step 2. However, in this case, while noting habitat features relevant to the 

selected species our primary focus was on evaluating any ‘additionality’ that the VHR 

analysis can offer over and above that available from Step 2. 
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3.2.1. Silver-Washed Fritillary Butterfly 

Figure 10 shows a well-vegetated area (Site 3) consisting of broadleaved and conifer-

ous woodland, grazed grassland, maintained scrub patches, arable fields, ditches, hedges, 

etc. The broadleaved woodland exhibits several patches of open areas, glades and open 

rides that allow sunlight to come through, sunny and open woodland edges, and scattered 

scrub. These are all positive habitat features for this species and are revealed in finer detail 

than in the Step 2 results. The records of SWF sightings between 2015 and 2019 emphasise 

the presence of the species in such areas and also that such sightings coincide with walk-

ing pathways. The VHR images shows additional features such as other vegetation 

(providing additional shade) in places along such pathways across open grassland that 

also coincide with recorded sightings. In terms of assessment between July 2017 and May 

2020, the detailed habitat features are mainly consistent between the two, indicating sta-

bility in the provision of appropriate habitat over this time series. Interestingly, there has 

been the removal of a small block of coniferous woodland over this time (see red circled 

area in Figure 10; shown as present in LCM2019 Figure 5 of Step 2) and the now open area 

observable in the 2020 imagery can provide additional habitat for this species. 

Figure 11 (Map 1) provides specific visual detail indicating highly desirable habitat 

for the SWF within the broadleaved woodland (canopy openness, glades and other spaces, 

open rides, etc.) that are absent from the Step 2 representation (Map 3). Similar detail is 

available for the grassland areas in which highly desirable scattered tree cover and asso-

ciated shade is present. Map 2 shows that these highly desirable habitat features are also 

available from the supervised image classification indicating that they are tractable to au-

tomatic recognition and mapping. In this mapping, one conspicuous open ride is readily 

identified in the broadleaved woodland (red linear pattern in north-south orientation in 

Map 2) together with other areas of canopy openness and scattered trees, making location 

and calibration of these habitat features readily assessed. 

 

Figure 10. Silver-washed fritillary butterfly—Step 3 VHR habitat assessment, intensive study Site 3, visual interpretation 

(red circles indicate area of coniferous woodland removed between 2017 and 2020). 
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Figure 11. Silver-washed fritillary butterfly—Step 3 VHR habitat assessment, intensive study Site 1, visual interpretation 

(Map 1), supervised image classification (Map 2). Map 1 contains visual interpretation of 2 m resolution Superview satellite 

image; black box indicates the same area of view in Map 2; yellow box indicates the same area of view in Map 3; Map 3 

shows the yellow box area of Map 1 overlaid with CEH LCM2019 broadleaved woodland and improved grassland land-

cover classes from Step 2 (scored 4 and 5, respectively, as highly suitable habitat for the species). 

3.2.2. Small Blue butterfly 

Figure 12 presents a time series of VHR (ranging from 0.7 to 2 m) DMC3 and Super-

view images in PAN and MS (visible bands) from 2016 to 2020 to assess the consistency 

of the SB butterfly habitat provision over this time period. As the SB butterfly presence is 

strongly linked to the condition of Kidney Vetch flower, even though this cannot be iden-

tified directly by satellite images, patches of scrub, sunny open space, and some areas of 

ungrazed grassland are readily discerned (the quality of grassland can be differentiated—

the light grey (PAN) and light green (MS) are those areas with grazed grassland: the dark 

grey and green is tall grass and scrub), and all these types of areas are positive for the 

Kidney Vetch. In addition, detailed assessment of the habitat observable from the VHR 

imagery over the 2016–2020 period provides evidence that the habitat has been stable and 

well maintained over this 5-year period, thus providing support for the SB population. 
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Figure 12. Small blue butterfly—Step 3 VHR habitat assessment, intensive study Site 3, visual interpretation over time series. 
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Figure 13 illustrates the use of VHR imagery for automated quantification of the hab-

itat relevant for the SB butterfly in a 0.5 km2 area within Site 3. The histogram shows the 

percentage of different land-cover classes using supervised image classification in which 

the VHR imagery has provided much finer detail, thus obtaining the areas of scrub, un-

improved grassland, and footpaths, classes that are not available via LCM2019 data. For 

example, the automated quantification shows that 13% of the selected area is scrub asso-

ciated with 46% of open grassland, which together offer highly favoured habitat for the SB. 

 

Figure 13. Small Blue butterfly—Step 3 VHR habitat assessment, intensive study Site 2, visual interpretation, supervised 

image classification with quantification. 

3.2.3. Skylark 

This bird can nest in silage fields (grazed pasture) if the field is not grazed between early 

April and the end of May. Figure 14 presents an example of monitoring such habitat suitable 

for Skylark nesting in four grass/silage fields at intensive study Site 1, by using VHR satellite 

images in mid-May and again in late-June 2018 and species sighting recorded in the same year. 

The fields are clearly uncut in May 2018, thus maintaining this habitat for Skylark nesting and 

rearing, and they are showing as cut (for silage) at the end of June 2018, after this important 

period for the Skylark. It is clear that the detail available from the VHR imagery is sufficient 

to assess the status of these fields (cut/uncut), and therefore, with appropriate overflies and 

image collection frequencies, VHR can be used readily to monitor the grass management in 

support of Skylark nesting habitat. We believe that the Skylark seen in 2018 was successfully 

maintained by the agricultural practices in place at that time. 
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Figure 14. Skylark Nesting—Step 3 VHR habitat assessment, intensive study Site 1, visual interpretation. 

Figure 15 shows a grass field at intensive study Site 2 in 2017 and 2020. This location 

is a suitable nesting habitat for Skylark (skylark recorded there in 2017). The VHR imagery 

(Map 1 Figure 15) shows the field with full grass cover in early-July 2017, indicating that 

it had not been cut during the Skylark breeding season. Furthermore, the grass margins 

alongside hedgerows (lighter green (Map 1) and lighter grey (Map 2) Figure 15) are clearly 

present with a width of ~10 m in both 2017 and 2020. These two practices, grass cutting 

time and field margins, plus the presence of hedgerows and neighbouring woodland 

(supporting insect and seed diversity), play a crucial role for the Skylark by providing a 

good physical location, source of food, and materials for nesting. 
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Figure 15. Skylark—Step 3 VHR habitat assessment, intensive study Site 1,  visual interpretation. 

3.2.4. Dormouse 

Favoured habitat for this species is deciduous woodland (preferring yew, rowan, and 

hazel during ranging), hedgerows, and dense scrub. Figure 16 illustrates a well-connected 

network of favourable dormouse habitat. In terms of the habitat quality, the dormouse 

population recorded in 2017 had a suitable habitat in both 2017 and 2020, noted as (+) in 

Figure 16, due to the dense and wider hedges and young woodland (bright green or light 

grey). However, there are some gaps in hedgerows, noted as (−) in Figure 16, which could 

have a negative impact on the species dispersal. Farmers and land managers can restore 

and/or add to hedgerows and fill such gaps to better link existing habitat areas for im-

proved foraging and dispersal for this species. 
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Figure 16. Dormouse– Step 3 VHR habitat assessment, intensive study Sites 2 and 3, visual interpretation. 

Figure 17 shows a comparison of VHR imagery at 2 m resolution from SuperView 

(Maps 1 and 3, Figure 17) with the same area at 10 m resolution from of Sentinel 2 (as per 

LCM2019) (Map 2, Figure 17). As for the other species, the VHR imagery permits recogni-

tion and location of a much more granular classification and range of land-cover types for 

dormouse habitat assessment, e.g., scrub, patchy tree or tall shrub cover and shading as 

strong positive features. This is also tractable to automatic representation by the super-

vised image classification approach (Map 3, Figure 17). 
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Figure 17. Dormouse—Step 3 VHR habitat assessment, intensive study Sites 2 and 3, visual interpretation and supervised 

image classification. 

3.2.5. Dragonflies and Damselflies 

Two of the main pressures on dragonflies and damselflies are (i) poor water quality from 

leaf litter, extensive growths of filamentous algae, water coloured green by planktonic algae, 

and nutrient inputs from agricultural practices, and (ii) livestock access to bankside vegeta-

tion. Therefore, Figure 18 shows that several variations in the habitat qualities for dragonflies 

and damselflies that can be distinguished through the use of VHR imagery for habitat assess-

ment. The imagery from July 2017 and May 2020 permits recognition of positive habitat fea-

tures such as thick bankside vegetation alongside ditches and a buffer zone of at least 10 m 

arounds the ponds that have not been affected by livestock both of which also provides rea-

sonable protection against nutrients inputs from fertilisers, and from herbicides and pesti-

cides. Negative features are also readily observed: for example, in 2017, the pond situated in 

the centre of the image (marked as red hexagon in Figure 18) was mostly covered by vegeta-

tion with extensive growth of aquatic plants. This is less apparent in 2020, which could be due 

to the low rainfall and higher temperature in the 2017 season. 

In Figure 19, the two VHR images from May 2018 and June 2020 present an array of open 

ponds in which habitat assessment features are easily recognised. The tree canopies are not 

overhanging, but in some areas, the light brown colouration of the water indicates the pres-

ence of sediments. This cloudiness could occur due to relatively shallow waters, if the pond is 

located on clay, or it can be caused by fish or ducks stirring up bottom sediments. Overall, it 

indicates a favourable and healthy habitat for dragonflies and damselflies, which concurs with 

the sighting records. 
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Figure 18. Dragonflies and damselflies—Step 3 VHR habitat assessment, intensive study Site 2, visual interpretation. 

 

Figure 19. Dragonflies and damselflies—Step 3 VHR habitat assessment, intensive study Site 1, visual interpretation. 
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Many of the dragonfly and damselfly species in the SH-AONB have habitat prefer-

ences for clear ponds with open water surfaces and slow water flows (e.g., ditches). The 

upper two VHR images in Figure 20 shows a substantial amount of aquatic vegetation 

within the pond boundary with substantial tree cover surrounding. These conditions are 

not ideal habitat for these species. In comparison, the lower pair of images in Figure 20 

show a high degree of openness of the water surface and an absence of aquatic plants or 

extensive shading and overhanging trees, indicating the bulk of the pond area provides 

high quality habitat for the species. The supervised image classification images in Figure 

20 show that these main habitat features are tractable to automated assessment. 

Detailed visual interpretation of the lower VHR imagery in Figure 20 indicates, how-

ever, some limitation in the precision of the automated supervised image classification in 

that the tapered, southwest part of the pond is classified as trees but is actually an over-

grown part of the pond area. Close visual assessment shows that, while the main part of 

the pond, especially its more northern part, is very good habitat for these species, the 

lower southwest part exhibits a mix of freshwater (little open surface), trees, and other 

vegetation. A time series of imagery of his pond would enable interpretation of whether 

this condition of the pond’s southwest part was due to the encroachment of vegetation 

into a previously open area of the pond or, conversely, if the cause was inundation of a 

previously vegetated area. This detail, readily observable in the VHR imagery here, provides 

a good demonstration of the value that VHR EO can bring, for example by indicating where 

management interventions can best be targeted to maintain or enhance available, high-quality 

habitat for particular species such as the dragonflies and damselflies in this case. 

 

Figure 20. Dragonflies and damselflies—Step 3 VHR habitat assessment, intensive study Site 2 and surroundings, visual 

interpretation and supervised image classification. 
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4. Discussion 

This present study has examined the use of EO and geospatial datasets with a partic-

ular focus on the additional insight that VHR imagery (0.7–4 m resolution) can bring to 

the understanding of the availability, connectivity, and assessment at various scales of 

habitat suitable for five key species in the SH-AONB. Efforts to use the capabilities of EO 

for the purposes examined here depend crucially on combining knowledge on the habitat 

needs of the species in question (acquired from expert consultations and published 

sources) with that on EO technology and image interpretation. There are clearly important 

synergies here between these groups and use of the EO-derived data needed to have the 

input of experts who have in-depth knowledge of the ecology of the species. Similar image 

classifications have been accomplished in the literature [37]. The present research has pro-

vided several examples of the ways in which such a combination can be applied to habitat 

assessment. 

EO-derived land-cover and land-use products have been used successfully for map-

ping and monitoring biodiversity and modelling species habitat suitability 

[36,37,43,44,64,108] and for assessing ecosystem services [108,109]. Hence, at the scale of 

the whole SH-AONB, as well as for our three intensive study sites, the readily-available 

EO and geospatial datasets provide valuable resources enabling identification of the areas 

of broadly appropriate habitat for these species, albeit at a fairly ‘coarse’ level of resolu-

tion. In general terms, this provides a semiquantitative snapshot of potential habitat avail-

ability for the various species which may be particularly useful as a broad guide to the 

prevalence and location of the habitats across the whole SH-AONB. At the level of indi-

vidual farms and similar landholdings, the readily available EO and geospatial datasets 

again provide the capability to broadly map suitable habitat at the individual property 

scale, e.g., several hectares. However, as is apparent from the habitat needs of these spe-

cies outlined in Table S3 [98,102,103] and in the detailed analyses, the high-level land clas-

sifications in the very useful LCM2019 data and similar/complementary resources only 

permit a quite general assessment of the availability and distribution of suitable habitat. 

A key question driving our research was whether information potentially available from 

the VHR satellite imagery could provide the level of detail that would enable a much more 

confident assessment of the quantity and quality of the habitat present for the given spe-

cies. Further questions about such VHR imagery and its interpretation were related to 

whether such information would be relevant for habitat management and, potentially, for 

MRV systems for habitat provision under policies such as ELMs. These aspects form the 

basis of the discussion below. 

VHR satellite data have proven efficient and accurate in assessing habitat quality 

[41,42]. The VHR data (0.7–4 m) used in Step 3 of this research allowed detailed analysis 

of image texture, patterns, colours, meanings, and identification and quantification of ar-

eas of scrub, hedges, field margins, different tree species types, etc. This was a considera-

ble extension to the ‘granularity’ of habitat assessment over that available from the readily 

available resources analysed in Step 2 (which relied upon resolutions of 10 m or more and 

other geospatial datasets). Specifically, the benefits of using the VHR imagery as demon-

strated in our results were a considerably extended capability to: 

• Identify a wider range of landcover types relevant to the habitat preferences of the 

species than the range of classes in LCM2019. Notable amongst these was scrub (an 

aspect of preferred habitat of small blue butterfly, Silver-washed fritillary butterfly, 

and Hazel dormouse), ‘patchiness’ small open spaces in broadleaved woodland (Sil-

ver-washed fritillary butterfly), and recognition of small areas of single trees (Hazel 

dormouse, Silver-washed fritillary butterfly, and small blue butterfly). 

• Assess qualitative differences within a given land class/habitat type—examples in-

clude the ability to resolve uncut and cut grassland as shown in the habitat assess-

ment for the Skylark and, by inference, whether grassland areas are grazed or are 
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tall/scrubby (the Kidney Vetch flower is associated with the latter, and the SB butter-

fly is dependent on this plant). 

• Automate quantitative assessment of the habitat/land cover and automate the repre-

sentation of the extended range of land-cover/habitat types via supervised image 

classification. This raises the potential to efficiently quantify at a finely resolved level 

(e.g. 1 to a few m), the provision and location of suitable habitats for these, and most 

likely, many other species. Given the availability of suitable VHR image coverage, 

even quite large areas (up to 23 km2) are tractable to this finely resolved habitat as-

sessment approach. 

• Evaluate negative aspects of habitat provision such as discontinuities in valuable 

‘corridors’ such as hedgerows (important avenues for migration and movement for 

wildlife and therefore a highly distinctive habitat) and diversity of ‘qualities’ within 

a given habitat type (such as ponds where features such as the quality of adjacent 

vegetation are also important). 

• Evaluate habitat provision and quality efficiently and readily over time, offering val-

uable information for management decision making, e.g. urgency of intervention or 

responses and for efficient MRV for incentive schemes and policies. 

• Assess habitat in ‘non-traditional’ urban and suburban areas by using the more finely 

resolved observation offered by VHR imagery to analyse the distribution and connect-

edness of relevant habitat types in such settings, and to support the nature recovery 

potential of private gardens, municipal and public spaces, and the built environment. 

These benefits from the use of VHR imagery within this research are compelling. 

There are also a number of improvements and limitations that can be recognised. For ex-

ample, species–habitat knowledge is a critical factor in the VHR interpretation as noted at 

the beginning of this discussion. It would have been advantageous to have had more ex-

tensive data, particularly for the occurrence records of the given species (and for those 

that they rely on for food). For instance, the SWF butterfly relies on the presence of Viola 

flowers and SB butterfly on the Kidney Vetch and having the records of the distribution 

and detailed preferences of these two plants would likely have allowed the creation of a 

more accurate habitat suitability analysis from VHR observations. Regarding access to 

VHR imagery, a more comprehensive time sequence for the imagery would have allowed 

unequivocal demonstration of land-use management directly supporting habitat provi-

sion. A good example of this was the full habitat assessment benefit that would have been 

possible if VHR imagery had been available for the precise harvesting time of silage grass 

cutting in relation to the Skylark. It is apparent from the levels of VHR resolution exam-

ined that the results presented here reflect habitat availability and its characteristics. The 

observations do not confirm if the species in question is actually present or not. The debate 

about whether the key metric for biodiversity conservation and enhancement should be 

i) the availability of appropriate habitat (and its ‘connectedness’) or, ii) whether it should 

be based strictly on species occurrence, lies outside the scope of this research. Therefore, 

it should be recognised clearly that the scope of the VHR imagery used here is at the level 

of habitat recognition and availability, rather than as a proof of species presence (although 

occurrence of the species was recorded where available in the image presentations). 

The precision in time and resolution for assessing areas of land, as demonstrated in 

this research, clearly offer huge potential as primary evidence for the MRV of habitat and 

other benefits that are needed for the correct distribution of the incentives associated with 

ELM policy. Capitalising on this potential requires improved coverage in both time and 

area at these levels of resolution and at acceptable cost. EO data are becoming more and 

more widely used in governance and planning at all scales, and the demonstration of its 

cost-effectiveness in similar applications [34,110] provides good reason to be optimistic 

that ongoing R&D and applications development enable the near-term use of VHR im-

agery in MRV for ELM and related policy. 

Finally, we wish to reiterate the usefulness of EO data to inform biodiversity conser-

vation and environmental management as highlighted here and by remote sensing 
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specialists and ecologists in recent years [37,47,64,66]. When EO is used in this field, it 

requires ongoing collaboration between ecologists and EO experts to develop a common, 

shared understanding about the relationship between the species selected and their habi-

tats, terminology (e.g. regarding land-cover classes), guidance for understanding the op-

portunities to create/improve/extend suitable habitat for the species, and recognition of 

ecological and environmental pressures on the species. Such collaboration is essential to real-

ising the outstanding potential for EO data to effectively support i) ecologically informed en-

vironmental management decisions and ii) the provision of habitat as a much-needed ‘public 

good’. 

5. Conclusions 

We have drawn the following main conclusions from this research: 

• Satellite spatial resolution is decisive in terms of assessing biodiversity and habitats. 

VHR data (at approximately 1–4 m) offers great potential for habitat suitability and 

connectivity assessment for the five wildlife species in this research and, most likely, 

for many more. 

• Automated habitat suitability assessment using VHR imagery is feasible and pro-

vides valuable, ecologically meaningful information 

• The expert insights of ecologists on the species–habitat relationships examined here 

provide key underpinning knowledge to enable use to be made of the potential of 

VHR satellite data for habitat assessment. 

• VHR data and imagery offer great potential for use in habitat management at the 

scale of individual properties (farms, etc.) and at a whole-landscape scale. It provides 

an effective source of information of value for land management and environmental 

decision making and as potential evidence for the MRV relevant to ELM and similar 

policies. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1. 

UK CEH Land Cover 2019 classes description; Table S2. Habitat requirements of 5 studied species; 

Table S3. Species habitat requirement and opportunities to create/improve/extend suitable habitat 
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ples of VHR satellite data. 
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