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Abstract 12 

The harvest mouse Micromys minutus is Britain’s smallest rodent, and is a species that is 13 

notably under-surveyed. As a result, little is known about its current status across Britain and 14 

population size and change are poorly understood. Harvest mice are thought to be 15 

susceptible to a range of threats including habitat destruction and degradation from 16 

agricultural intensification. This thesis assessed the current status of harvest mice, the 17 

factors that affect their survival, and the conditions required to maintain viable populations in 18 

Lincolnshire, a largely agricultural county where harvest mice are poorly recorded. Chapter 2 19 

aimed to compare current harvest mouse distribution with previous records and investigate 20 

the effects of landscape-scale habitat factors and presence of other small mammal species 21 

on harvest mouse presence. Chapter 3 then aimed to assess the population resilience of the 22 

species in response to demographic and environmental fluctuations, and determine the 23 

minimum viable population size (MVP) and minimum area of suitable habitat (MASH) 24 

required to support demographically and genetically viable harvest mouse populations in 25 

various known habitats. Firstly, the presence of harvest mice throughout the county was 26 

established using owl pellet analysis and Longworth live trapping. A random sample of up to 27 

20 pellets from each location were selected – in total, 944 barn owl Tyto alba pellets from 62 28 

locations around Lincolnshire were dissected. An additional 25 sites across Lincolnshire 29 

were selected for live trapping using opportunistic sampling methods, and a total of 2,715 30 

trap nights (trap count x trap sessions) were carried out. Surrounding landscape features 31 

were then categorised using aerial imagery and the presence and absence data, supported 32 

by additional data from recent records, were then evaluated in relation to these habitat 33 

factors. Using pellet analysis data only, the effect of other small mammal presence on 34 

harvest mouse presence was also assessed. Increased area of surrounding uncultivated 35 

land positively influenced harvest mouse presence, which was supported by other landscape 36 

scale studies, but surrounding cultivated land area had no significant effect. Increased 37 
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hedgerow length negatively influenced harvest mouse presence whereas increased road 38 

length had a positive effect, perhaps indicating the importance of grassy road verges as a 39 

harvest mouse habitat. In addition, the abundance of field voles Microtus agrestis – but not 40 

wood mice Apodemus sylvaticus, bank voles Myodes glareolus and common shrews Sorex 41 

araneus – had a significant negative effect on harvest mouse presence. However, the use of 42 

owl pellets introduces a sampling bias, as barn owls exhibit prey and habitat selection, which 43 

likely influenced the results. Using demographic information from pre-existing literature, a 44 

population viability analysis (PVA) was then carried out to determine the MVPs required for 45 

harvest mouse populations to remain both demographically and genetically viable, in 46 

addition to the MASHs necessary in different habitats to support said populations. 47 

Fluctuations in mortality and reproductive rates and inbreeding depression effects were 48 

modelled to determine the resilience of harvest mouse populations. As harvest mice are 49 

susceptible to extreme weather events, the effects of catastrophe events were also 50 

modelled. Harvest mice were found to be mostly resilient to fluctuations in mortality and 51 

reproductive rates, as well as catastrophic events, only going to extinction in the most 52 

extreme circumstances. Demographic viability was achieved in relatively small populations 53 

of 50-200 individuals, which generally corresponded to realistic spatial requirements for 54 

habitat patches. However, genetic viability was not even achieved in populations of 2000 55 

individuals, which corresponded to unfeasibly large spatial requirements for habitat patches. 56 

Harvest mouse habitats, such as reedbeds and fens, are increasingly small and fragmented 57 

due to agricultural expansion, and so conservation attention should consider the connectivity 58 

of isolated patches in order to facilitate gene flow between populations and maintain genetic 59 

diversity. This thesis demonstrated that harvest mouse populations are highly resilient, but 60 

that habitat connectivity may be critical in preserving the species in British landscapes. 61 

Continued surveying, repeated annually and using a range of survey methods, would help to 62 

build a better picture of the species’ current status in Lincolnshire. Further research into 63 

hedgerows and road verges as harvest mouse habitats and dispersal corridors would help to 64 

develop optimal methods of establishing connectivity between existing habitat patches. As 65 
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harvest mice can be vulnerable to changing conditions, establishing a network of suitable 66 

and connected habitats across Lincolnshire’s fragmented arable landscapes may be key to 67 

ensuring stable populations in the years to come.  68 
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Chapter 1. General Introduction 201 

 202 

1.1 British Landscapes and the Development of Agriculture 203 

1.1.1 Landscape Ecology 204 

Landscape ecology is the study of the pattern and interaction between ecosystems 205 

within a landscape scale region, and the effect these interactions have on ecological 206 

processes (Clark, 2010). There is a particular emphasis on the effects of spatial 207 

heterogeneity: through the conversion of natural land to anthropogenic habitats, the 208 

composition and configuration of landscapes are altered, increasing habitat fragmentation 209 

(Clark, 2010). The subsequent loss of habitat patch size and connectivity within landscapes 210 

can adversely impact biodiversity and impair key ecosystem functions, particularly when 211 

paired with advanced habitat loss (Andrén, 1994; Haddad et al., 2015). 212 

Through the study of interactions between ecological processes and spatial patterns 213 

on a landscape scale, the consequences of land use on the conservation and sustainability 214 

of ecosystems, and the species they support, can be determined (Wu and Hobbs, 2002). 215 

This is of particular importance in agricultural landscapes, and the effects of agricultural 216 

expansion and intensification on biodiversity are well documented (e.g. Fahrig et al., 2011; 217 

Tscharntke et al., 2005). Across the world, conversion to agricultural land is the major past 218 

and current driver of land use change; its consequence on biodiversity has been profound, 219 

and has resulted in both a widespread instability of ecosystem services and an increased 220 

vulnerability of landscapes to environmental and climatic disturbances (Tscharntke et al., 221 

2012).  222 

 223 

 224 
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1.1.2 The Development of British Agriculture 225 

Agricultural ecosystems, as well as their surrounding habitats, are products of both 226 

historical and current land use (e.g. Dallimer et al., 2010; Ding et al., 2013; Gücker et al., 227 

2009; Hendrickx et al., 2007). In Britain, agriculture has long been the dominant land use, 228 

and much of the British landscape mosaic consists of a matrix of agricultural land 229 

interspersed with isolated patches of residual habitats (Robinson and Sutherland, 2002). A 230 

major driver of today’s landscape was the Agriculture Act of 1947 (Agriculture Act 1947), 231 

which triggered a surge in agricultural advancement in the UK by introducing financial 232 

incentives to increase productivity (Robinson and Sutherland, 2002). Machinery usage in the 233 

UK in particular saw a significant increase following the Second World War (Brassley, 2000). 234 

Technological advancements resulted in the production of larger and more efficient 235 

machinery, which prompted an increasing number of small farm holdings to amalgamate and 236 

become specialised in their production (Robinson and Sutherland, 2002). Following 1945, an 237 

estimated 50% of hedgerow stock was removed in order to increase field sizes and provide 238 

large machinery with access to crops (Robinson and Sutherland, 2002). In addition to direct 239 

removal, a reduction in hedgerow management saw the reclassification of 111,500 km of 240 

hedgerows in Great Britain to relict hedgerows or lines of trees and shrubs between 1984 241 

and 1990 (Barr et al., 1992).  242 

Furthermore, the use of herbicides, pesticides and fungicides increased substantially 243 

in the late 20th Century, both in terms of the number and extent of applications, although the 244 

active weight of chemicals used has declined as efficiency has improved (Boatman et al., 245 

2007; Robinson and Sutherland, 2002). The use of fertiliser has also increased considerably 246 

(Brassley, 2000), with an increasing usage of inorganic fertilisers being recorded from the 247 

1940s (Robinson and Sutherland, 2000). The availability of chemicals allowed farmers to 248 

grow cereal crops year-round, resulting in an increase in autumn sowing and eradicating the 249 

need for crop rotations to manage the soil condition (Boatman et al., 2007; Robinson and 250 

Sutherland, 2002). As a result, agricultural landscapes across the country have experienced 251 
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a sharp reduction in structural heterogeneity (Boatman et al., 2007; Robinson and 252 

Sutherland, 2002). 253 

Productivity of agriculture in the UK increased continually from the mid-1950s (Zayed 254 

and Loft, 2019), with levels of over-production fuelled by the European Common Agricultural 255 

Policy (CAP) financial support system (Rounsevell et al., 2002). The MacSharry Reforms of 256 

1992 sought to address this by reducing product subsidies and making the creation of set-257 

aside – land removed from agricultural production (The Set-Aside Regulations 1988) – 258 

compulsory for large arable farmers. Under the Arable Area Payments scheme, area-based 259 

payments were provided to compensate for subsequent loss of earnings (Robinson and 260 

Sutherland, 2002; Rounsevell et al., 2002). Set-aside land could be rotational (left for one 261 

year) or non-rotational, whole fields or strips of land, and left to naturally regenerate or sown 262 

with grass mixtures or crops for non-food uses (Boatman et al., 2007; Gillings et al., 2010; 263 

Rogers and Gorman, 1995; Robinson and Sutherland, 2002; Tattersall et al., 1997). This 264 

scheme continued until 2008, when it was abolished following the CAP Health Check 265 

(Gillings et al., 2010). 266 

Over time, it became apparent that the intensification of agriculture had taken its toll 267 

on the biodiversity of British fauna and flora (Boatman et al., 2007; Robinson and 268 

Sutherland, 2002; Skinner et al., 1997). This led to the development of “agri-environment” 269 

schemes (AES), first introduced in 1987, which encouraged environmentally sensitive 270 

management of agricultural land by providing financial compensation to cover any 271 

consequential loss of earnings (Boatman et al., 2007; Kleijn and Sutherland, 2003; 272 

Macdonald et al., 2007). The first scheme saw the designation of Environmentally Sensitive 273 

Areas across the country, of which there were 22 in England. Between 1996 and 2004, the 274 

Classic Countryside Stewardship scheme was also in place to promote landscape 275 

conservation and environmentally-friendly farmland management. The Environmental 276 

Stewardship scheme, which included an Entry Level Stewardship Tier and a Higher Level 277 

Stewardship Tier (offering different levels of management options), was then brought in, 278 
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replacing the previous schemes. As of 2016, the current AES for England is the New 279 

Countryside Stewardship (CS) scheme, which includes a Mid-Tier (for a range of 280 

management options to deliver broad-scale environmental benefits) and a Higher-Tier (for 281 

more targeted and complex management options), amongst other incentives (Cole, 2019; 282 

Rural Payments Agency (RPA), undated). Under this scheme, farmers are able to choose 283 

from a range of management options, including the creation and maintenance of beetle 284 

banks, buffer strips on cultivated land, in-field grass strips, and hedgerows. The CS scheme 285 

will remain in place until 2024, when it will be replaced by the new Environmental Land 286 

Management scheme (RPA, undated). As of 2019, almost 3.5 million ha of land in the UK 287 

were being managed under higher-level agreements or targeted schemes (Department for 288 

Environment, Food and Rural Affairs (DEFRA), 2020).  289 

The total area of arable land in the UK has declined continually after peaking at 7.8 290 

million ha at the end of World War Two (Zayed and Loft, 2019). In comparison, the area of 291 

pasture in the UK has increased steadily in recent decades after falling from its peak of 7.4 292 

million ha before the start of World War Two (Zayed and Loft, 2019). As of 2018, agricultural 293 

land (of all forms) covered 70.2% of the total land area in England, of which arable land 294 

constituted 31.7%. Between 1990 and 2015, England has seen a net increase of 136,600 ha 295 

of woodland area at the expense of arable land and grassland (UK Centre for Ecology & 296 

Hydrology (CEH), undated), taking the total wooded area in the country to 1,311,000 ha in 297 

2020 (Forest Research data, 2020). Farm woodland, which is becoming increasingly 298 

common through the DEFRA-supported Farm Woodland Premium Service (Moore et al., 299 

2003), made up 28.3% of this figure. England saw its total grassland area decrease by 300 

394,000 ha between 1990 and 2015 (UK CEH, undated), of which calcareous grasslands 301 

have experienced the greatest reduction in area (Countryside Survey, 2009). The quality of 302 

grassland habitats has also been impacted, with a reduction in species richness observed 303 

particularly in areas of previously high botanical interest (Countryside Survey, 2009). 304 

Regarding UK wetlands, it is believed that only 10% of the original habitat area remains, of 305 
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which much is considered poor quality. The remaining habitat continues to be subject to 306 

ongoing pressures, including from agriculture: between 2006 and 2012, 1,000 ha of wetland 307 

was converted to artificial surfaces in the UK (Hayhow et al., 2019; Stratford and Acreman, 308 

2016). Despite the implementation of legislation to protect hedgerows (The Hedgerows 309 

Regulations 1997), these linear features have declined continually with only 402,000 km of 310 

managed hedgerows recorded in England in 2007. Of this, less than half were “in structurally 311 

good condition” (Countryside Survey, 2009). Rural landscapes have seen marginal 312 

increases in roads, buildings, and gardens (Countryside Survey, 2009), but the area of 313 

urbanisation in England has increased by 263,900 ha between 1990 and 2015 (UK CEH, 314 

undated). As of 2019, urban areas covered 1,502,015 ha of the country (Office for National 315 

Statistics (ONS) data, 2019). 316 

 317 

1.2 Small Mammal Habitats in Agricultural Landscapes 318 

The loss, fragmentation, and deterioration of habitats resulting from the expansion 319 

and intensification of agriculture has impacted the biodiversity of a range of taxa (Robinson 320 

and Sutherland, 2002). The habitats of many small mammals in the UK are in decline 321 

(Mathews et al., 2018), and the effects of various agricultural practices on the distribution 322 

and diversity of small mammals are well studied (e.g. Gentili et al., 2014; Love et al., 2000; 323 

Michel et al., 2006).  324 

Historically, agriculture was beneficial to many small mammal species, particularly 325 

grassland specialists, such as the harvest mouse Micromys minutus, which was described 326 

as living abundantly in crop fields (White, 1789 in Perrow and Jowitt, 1995). The clearance of 327 

woodland to make way for agricultural development provided opportunities for range 328 

expansion (Perrow and Jowitt, 1995). In addition, the introduction of crop plants, and 329 

subsequent arable weed and invertebrate populations, provided an abundance of food 330 

sources to exploit (Robinson and Sutherland, 2002). Agricultural landscapes had high levels 331 
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of heterogeneity (Robinson and Sutherland, 2002), which has been found to positively 332 

influence small mammal species composition and overall abundance, particularly on a more 333 

localised scale, through the provision of a wide range of utilisable habitats (Fischer et al., 334 

2011; Gentili et al., 2014; Moro and Gadal, 2006; Rogers and Gorman, 1995). 335 

However, as agricultural practices became more intensive, this vital landscape 336 

heterogeneity was lost, and the suitability of agricultural land for small mammals was 337 

subsequently reduced (Benton et al., 2003; Fischer et al., 2011; Gentili et al., 2014; Michel et 338 

al., 2006). This loss of suitable agricultural habitats can be broadly attributed to three key 339 

areas of agricultural intensification: crop management, cropping patterns, and the loss and 340 

deterioration of refuge habitats.  341 

 342 

1.2.1 Agricultural Intensification and the Impacts to Small Mammals 343 

The specialisation of crop production has resulted in homogenous landscapes 344 

dominated by monocultural fields (Robinson and Sutherland, 2002). Oilseed rape and maize 345 

production in England have seen substantial increases, as more preferable habitats such as 346 

barley crops and temporary grasses have declined (DEFRA data, accessed 2021; Table 347 

1.1). Monocultures of crops such as these can jeopardise the suitability of agricultural 348 

landscapes for small mammal communities (Janova and Heroldova, 2016). For example, 349 

increased maize cover was found to negatively affect the number of insectivores in an 350 

agricultural landscape, as this crop specialisation reduced the availability of invertebrate prey 351 

(Balestrieri et al., 2019). Even in generalist species such as the wood mouse Apodemus 352 

sylvaticus, oilseed rape fields have been found to support smaller populations in comparison 353 

to barley and wheat fields, due perhaps to the density of the crop impacting weed growth 354 

and thus reducing food availability (Macdonald et al., 2000).  355 

The availability of food resources has been further reduced in agricultural landscapes 356 

by the application of chemical pesticides (Robinson and Sutherland, 2002), which are the 357 
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second greatest cause of population decline in mammals in agricultural landscapes (Harris 358 

et al., 1995). The development and tightened controls of modern agricultural chemical 359 

products have reduced the risk of direct toxicity to non-target organisms, resulting in a 360 

decrease in reported poisoning incidents of wild mammals (Boatman et al., 2007). However, 361 

pesticides can still significantly impact small mammals both directly, through toxicological 362 

effects, and indirectly, through the reduction of food availability and vegetative cover (Clarke 363 

Jr. et al., 1996; Tew et al., 1992). The negative effects of pesticide use have been seen in a 364 

range of small mammal species, including mice (Muridae; Shore et al., 1997), voles 365 

(Cricetidae; Clarke Jr. et al., 1996) and shrews (Soricidae; Balestrieri et al., 2019). 366 

Reduction of suitable vegetation in agricultural habitats can also be attributed to 367 

increased grazing intensity which reduces vegetation height, coverage, and biomass (Cao et 368 

al., 2016), thus impacting both food availability and cover from predators. The area of rough 369 

grazing (low intensity/lower quality grazing land) has decreased continuously in recent 370 

decades as the area of permanent grass (which includes pastures and improved grassland) 371 

has increased (DEFRA data, accessed 2021). Low level grazing may benefit small mammal 372 

populations by maintaining plant biodiversity and creating vegetation matrixes (Cao et al., 373 

2016; Schmidt et al., 2005; Yarnell et al., 2007), but high intensity grazing significantly 374 

impacts both small mammal abundance (Schmidt et al., 2005; Yarnell et al., 2007) and 375 

species composition (Cao et al., 2016). Other forms of habitat management, such as regular 376 

mowing or tilling, also significantly reduce small mammal abundance in agricultural 377 

landscapes (Aschwanden et al., 2007). Crop harvesting generates a similar response, and 378 

many studies have observed the abandonment of field habitats post-harvest by small 379 

mammals in favour of surrounding habitats with better cover and food availability (Tattersall 380 

et al., 2001; Tew and Macdonald, 1993). Indeed, nowadays crops are often only preferred as 381 

habitats within agricultural landscapes briefly when food is readily available (i.e. after sowing 382 

and before harvest; Janova and Heroldova, 2016). Once annual crops are harvested, 383 

species richness decreases significantly (Heroldová et al., 2007; Macdonald et al., 2000).  384 
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1.2.2 Refuge Habitats and Environmentally-Sensitive Management 385 

Within agricultural landscapes across Europe, many small mammal species show a 386 

preference for “refuge” habitats, such as hedgerows, grassy field margins, and woodland 387 

patches (Balestrieri et al., 2017; Gelling et al., 2007; Heroldová et al., 2007; Michel et al., 388 

2006; Moore et al., 2003 Shore et al., 2005). These refuge habitats are of particular 389 

importance when crops have been recently sown or harvested, as cover from predation is 390 

lost (Macdonald et al., 2000; Todd et al., 2000). The persistence of small mammal 391 

communities within agricultural landscapes is now thought to rely on the conservation and 392 

restoration of these refuge habitats (Balestrieri et al., 2017; Gelling et al., 2007; Moore et al., 393 

2003), with high-quality and well-connected habitats positively influencing species 394 

composition (Fitzgibbon, 1997; Gelling et al., 2007; Shore et al., 2005; van Apeldoorn et al., 395 

1992). Although woodland cover is on the rise in England, as discussed in the previous 396 

section of this Chapter, other habitats, such as grasslands and wetlands, have seen 397 

significant decreases in both area and quality. Habitat connectivity in England has also 398 

suffered, as hedgerow extent and quality have been reduced. Environmentally-sensitive 399 

management methods throughout Europe, such as organic farming (Fischer et al., 2011) 400 

and agri-environment schemes (Aschwanden et al., 2007; Broughton et al., 2014; Shore et 401 

al., 2005), benefit some small mammal communities, but their effects vary greatly between 402 

species and landscape composition.  403 

Overall, the species diversity of small mammal communities within agricultural 404 

landscapes has seen a sharp decline; specialist species have become increasingly replaced 405 

by generalist and anthropogenic species which are better able to demonstrate resilient 406 

demographic flexibility (Balestrieri et al., 2019; Gentili et al., 2014; Gomez et al., 2015). The 407 

harvest mouse in particular, which has specific habitat requirements and restricted ranges 408 

(e.g. Harris, 1979b), is now at risk of population fragmentation and decline as a result of 409 

agricultural intensification (Perrow and Jowitt, 1995). 410 

 411 
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1.3 The Harvest Mouse (Micromys minutus) 412 

1.3.1 Species Description 413 

The harvest mouse can be found across the Palearctic, from Britain to Japan (Trout 414 

and Harris, 2008). Although widely distributed and described as ‘Least Concern’ by the IUCN 415 

Red List of Threatened Species (Aplin et al., 2008), it is thought to be under threat in several 416 

regions across its range, such as in Japan (Hata et al., 2010), continental Europe 417 

(Vecsernyés, 2019), and Britain (Perrow and Jowitt, 1995). In Britain, the harvest mouse has 418 

been identified as both a Priority Species by the UK Biodiversity Action Plan (UK BAP, 2007) 419 

and a Species of Principle Importance in England and Wales (Natural Environment and 420 

Rural Communities (NERC) Act 2006, s.41-42). Although susceptible to a range of threats 421 

which will be discussed in detail later in this section, it is unclear whether this species is in 422 

decline: its small size, elusive nature and often inaccessible habitat preferences have 423 

resulted in the harvest mouse being extremely under-surveyed.  424 

The smallest rodent in Britain, the harvest mouse weighs on average just 6 g 425 

(Koskela and Viro, 1976). It can be easily identified by its small hairy ears and blunt muzzle, 426 

russet orange dorsal pelage and prehensile tail (Trout, 1978a; Trout and Harris, 2008). On 427 

average, the head and body length of a harvest mouse measures 59.1 mm (47-71 mm), and 428 

the tail measures a slightly shorter 50 mm (37.5-63 mm; Koskela and Viro, 1976).  429 

Largely solitary, harvest mice have been observed to display territorial behaviour, 430 

particularly by females towards males post-mating and newly weaned offspring (Trout, 431 

1978a). However, they have been observed to share nests for warmth and protection in the 432 

winter (Johnson, 1977), and social tolerance has been demonstrated in large groups 433 

sheltering in unthreshed ricks during non-breeding periods (Trout, 1978a). Harvest mice are 434 

mostly active at night, especially just after dark and close to dawn, but will also forage and 435 

travel during the day; in the winter, diurnal behaviour has been observed (Trout, 1978a). 436 
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 The breeding season of the harvest mouse falls predominantly between May and 437 

December, peaking in August and September (Harris, 1979a), although breeding season 438 

duration can be substantially influenced by weather and habitat conditions (Trout, 1978b). 439 

Following mating, which takes place frequently on the ground (Frank, 1957 and Knight, 1963 440 

in Trout, 1978a), the female builds a breeding nest in the stalk zone of tall vegetation, which 441 

takes between 2 and 10 days (Trout 1978a). The majority of females in the wild will only 442 

produce 1 or 2 litters in their lifetime (Sleptsov, 1947 in Trout, 1978b), giving birth to on 443 

average 5 young following a gestation period of 17 to 19 days (Harris, 1979a; Trout, 1977 in 444 

Trout, 1978b). When first born, juveniles are hairless, blind and weigh up to only 1 g, but 445 

after 15-16 days they are fully weaned and chased from the nest by the female (Trout, 446 

1978a).  447 

 Little is known about the dispersal movements of harvest mice, but juveniles have 448 

been caught up to 90 m from the nest following weaning (Trout, 1978b). In a study 449 

undertaken in the South Downs, England, home ranges have been recorded as 350 m2 for 450 

females and 400 m2 for males, with some evidence of overlapping (Trout, 1978b). From 30 451 

days old, juveniles undergo a moult from their grey-brown pelage to their adult coats (Trout, 452 

1978a; Trout and Harris, 2008). From 40 days old, individuals become sexually mature 453 

(Trout, 1978a). Harvest mice have relatively short lifespans – few individuals survive longer 454 

than 6 months in the wild (Trout, 1976/1977 in Trout, 1978b). 455 

 456 

1.3.2 History in Britain and Current Known Range 457 

It is not definitively known whether the harvest mouse is native to Britain or was later 458 

introduced. There are few fossil records available, but this may be due to a lack of suitable 459 

habitats limiting their range or population density potential (Harris, 1979b; Trout and Harris, 460 

2008), as woodland historically covered the majority of the country (Peterken, 1993). Their 461 

recent history in Britain is similarly ambiguous, and they remained largely undescribed until 462 
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1767 by Gilbert White (White, 1789 in Perrow and Jowitt, 1995). Following this, records were 463 

infrequent, scattered, and often inaccurate, leading many to describe the species as rare or 464 

in decline right up until the 1970s, when a national survey was carried out (Harris, 1979b).  465 

This survey found no evidence to suggest the harvest mouse had undergone a 466 

decline in status or range since its discovery, instead suggesting the species had been 467 

simply overlooked (Harris, 1979b). The distribution of harvest mice was found to be biased 468 

heavily towards the south and east of England, with scattered records in the north and west 469 

of the country (Harris, 1979b). Records in Scotland were isolated, and in Wales were patchy 470 

and predominantly based in the coastal regions of the country (Harris, 1979b). No known 471 

populations inhabit Northern Ireland (Trout and Harris, 2008). The current known range of 472 

harvest mice in Britain had varied little since this survey (Figure 1.1). 473 

 474 

1.3.3 Habitat Selection and Requirements 475 

Harvest mouse distribution varies greatly with habitat availability, and the bias 476 

towards South and East England is likely attributable to the abundance of suitable habitats 477 

available (Harris, 1979b). Although historically thought of as agricultural specialists, arable 478 

fields have been found to support very low densities of harvest mice, perhaps due to the 479 

intensification of agricultural practices and variations in crop types and rotations (Table 1.2; 480 

Perrow and Jordan, 1992 in Bence et al., 2003). In agricultural landscapes, harvest mice are 481 

now more commonly found in boundary habitats which act as refuges (Bence et al., 2003; 482 

Perrow and Jowitt, 1995).  483 

Amongst other habitats, harvest mice show a strong preference for grasslands and 484 

wetlands (Perrow and Jowitt, 1995). Reedbeds are capable of supporting high densities of 485 

harvest mice, and studies conducted across their global range have found harvest mice to 486 

preferentially select this habitat (Haberl and Kryštufek, 2003; Surmacki et al., 2005). Habitat 487 

preferences within reedbeds vary between studies depending on the vegetation matrixes 488 
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available (Kettel et al., 2016; Surmacki et al., 2005) but old and overgrown reedbeds are 489 

generally less suitable as habitats (Perrow and Jowitt, 1995; Piechoki, 1958 in Darinot, 490 

2019). Within grasslands, harvest mice have been found to exhibit preferential habitat 491 

selection for ruderal successional habitats (Churchfield et al., 1997). Harvest mice are able 492 

to utilise newly planted woodlands (Moore et al., 2003) and overgrown clearings (Juškaitis 493 

and Remeisis, 2007), but mid-successional and older woodlands tend to be avoided 494 

(Churchfield et al., 1997).  495 

 Harvest mouse habitat selection depends in part on the availability of suitable nesting 496 

material. These nests can be easily identified by their spherical design comprising of woven 497 

grass leaves, which are suspended in the stalk zone of tall vegetation (Trout and Harris, 498 

2008). Nests are constructed as a series of three or four layers (Trout, 1978a), consisting of 499 

leaves torn along the vein and woven into a globular shape whilst still attached to the living 500 

plant (Shiraishi, 1969 in Ishiwaka et al., 2010). Completed breeding nests are up to 10 cm in 501 

diameter (non-breeding nests are usually less than 5 cm; Trout and Harris, 2008) and made 502 

up of 20-30 grass leaves and leaf sheaths (Ishiwaka et al., 2010). Nests start off green in 503 

colour, before slowly turn brown as the vegetation dies (Figure 1.2). 504 

Harvest mice require slender stemmed grasses to splice and weave into a nest 505 

(Bence et al., 2003). Generally, plant species with high leaf count per unit area and stem 506 

density are selected for, but this selection varies flexibly in response to differing availability 507 

between seasons (Kuroe et al., 2007) and habitats (Hata, 2011). Analysis of nest 508 

composition in Japan has found that most nests are “monomaterial”, i.e. made of a single 509 

plant species, but in more diverse habitats nests may be “polymaterial” (constructed of 510 

multiple plant species; Hata, 2011). Nests are constructed mostly with grasses Gramineae 511 

and sedges Cyperaceae (Harris, 1979b; Hata, 2011), such as orchard grass (also known as 512 

cat grass and cock’s foot) Dactylis glomerata (Bence et al., 2003), common reed and reed 513 

canary grass Phalaris arundinecea (Harris, 1979b). Sturdier plants including brambles 514 
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Rubus fruticosus, hawthorn Crataegus monogyna and blackthorn Prunus spinosa have been 515 

found to provide structural nest support (Bence et al., 2003).  516 

Average nest height reported varies greatly between studies (e.g. Dickman, 1986; 517 

Ishiwaka et al., 2010), due to the variety of habitats surveyed and the height of vegetation in 518 

each. Nest height positively correlates with plant height regardless of the plant species 519 

selected (Hata, 2011), and harvest mice tend to build their nests at approximately four fifths 520 

of the plant height (Kuroe et al., 2007). Harvest mice appear to require a minimum length of 521 

vegetation, refraining from building nests when grasses are too short (Hata et al., 2010). 522 

Higher nests may be beneficial to avoid predation of nestlings, and flooding of nests in wet 523 

habitats (Morozumi and Morozumi, 1996 in Hata, 2011; Shiraishi, 1988 in Hata, 2011). 524 

Although the majority of harvest mouse nests are elevated in tall vegetation, non-breeding 525 

nests have been found on the ground in the winter in Japan (Ishiwaka et al., 2010) and 526 

England (Johnson, 1977). Very occasionally, harvest mice in Britain have been seen to use 527 

plastic tree protectors and tennis balls with entrance holes elevated on canes as nest sites 528 

(Perrow and Jowitt, 1995; Warner and Batt, 1976 in Perrow and Jowitt, 1995). 529 

Outside of the breeding season, harvest mice in France have been found to spend 530 

more time in habitats with better foraging opportunities (Vecsernyés, 2019). Harvest mice 531 

are both omnivorous and opportunistic, and their diet varies with the food sources available 532 

depending on both habitat and season (Dickman, 1986). For example, the diets of harvest 533 

mice living in orchards have been found to contain a substantially higher percentage of fruit 534 

(Dickman, 1986). In the spring, their diet is dominated by insect and green plant matter and 535 

then in the autumn and winter, these are replaced by cereals and grass seeds as the food 536 

availability varies across seasons (Sleptsov, 1947 in Dickman, 1986). Harvest mice have 537 

been seen to catch flying invertebrates and there is evidence to suggest they also feed on 538 

insect pupae from within stems and ground dwelling invertebrates (Trout, 1978a; Yamao et 539 

al., 2016). Harvest mice have high energy requirements due to their rapid metabolism and 540 

high cost of thermoregulation, requiring the equivalent to mice and voles twice their weight 541 



14 
 

(Trout, 1978a). They eat up to 30% of their body weight every day (Hawkins and Jewell, 542 

1962 in Trout, 1978a), and studies in Japan suggest that they select for more highly 543 

nutritious foods when available (Okutsu et al., 2012; Yamao et al., 2016). In addition to 544 

seeds, insects, fruit and leaves, harvest mouse diets may contain fungus, moss, root 545 

material, other invertebrates (e.g. snails), pollen, bird eggs and even other small mammals 546 

(Dickman, 1986; Trout, 1978a; Okutsu et al., 2012; Yamao et al., 2016). 547 

 548 

1.3.4 Population Ecology of Harvest Mouse 549 

Although harvest mice have demonstrated the ability to display some demographic 550 

flexibility, they are thought to be susceptible to a range of threats (e.g. Perrow and Jowitt, 551 

1995). Harvest mouse habitats across their global range have undergone drastic declines, 552 

both spatially and in terms of habitat quality. Natural habitats are being continuously 553 

destroyed due to agricultural intensification (Perrow and Jowitt, 1995); during a national 554 

survey, 12% of known harvest mouse sites in Britain were found to be destroyed each year 555 

(Harris, 1979b). Drainage schemes have resulted in an extreme loss of wetland habitats, 556 

particularly in the East of England, through the conversion of marshes and fens to arable 557 

farmland (Hayhow et al., 2019; Perrow and Jowitt, 1995). Increasing landscape 558 

fragmentation resulting from the development of agriculture heightens the local extinction 559 

risk of harvest mouse populations (Perrow and Jowitt, 1995). In various countries, isolated 560 

habitat patches with poor connectivity have been found contain fewer or even no nests 561 

(Cooper, 2018; Kuroda and Katsuno, 2006). 562 

Due to the intensification of agricultural practices and development of machinery, 563 

arable landscapes have become a much less suitable habitat for harvest mice. When seeds 564 

were sown by hand in a scattered fashion, crops grew in dense clumps which were ideal for 565 

harvest mice to build their nests in; the introduction of machinery resulted in the planting of 566 

crops in uniform, equally spaced apart rows which is much less suitable (Perrow and Jowitt, 567 
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1995). The methods of crop rotation have also changed over time, at detriment to the 568 

harvest mouse, with a substantial increase in winter sown crops observed. These crops are 569 

harvested during peak harvest mouse breeding season, thus impacting the survival of nests 570 

and juveniles (Harris, 1979a; Perrow and Jowitt, 1995): harvest mice have occasionally been 571 

found caught in combine harvesters (Trout, 1978b). Unthreshed cereal ricks, which were the 572 

result of old reaping techniques, were known to be important refuges for harvest mice post-573 

harvest (Perrow and Jowitt, 1995; Rowe and Taylor, 1964 in Harris et al., 1995). However, 574 

due to the introduction of combine harvesters and improvement of farming techniques to 575 

reduce waste, these refuges have been lost (Glue, 1975). Hedgerows, another important 576 

refuge, have also been impacted by agricultural development, being removed to expand 577 

fields or to replace with drainage ditches for irrigation purposes (Perrow and Jowitt, 1995).  578 

Management techniques in other habitats such as cutting and burning may also 579 

make harvest mice vulnerable (Perrow and Jowitt, 1995; Trout, 1978b). Unmanaged 580 

grasslands and meadows have been found to better support harvest mouse populations 581 

(Cooper, 2018; Perrow and Jordan, 1992 in Perrow and Jowitt, 1995), which colonise quickly 582 

when left undisturbed (Harris, 1979b). However, low level disturbances such as light grazing 583 

and staggered vegetation management are tolerated in otherwise suitable habitats across 584 

their global range (Hata et al., 2010; Haberl and Kryštufek, 2003; Harris, 1979b; Perrow and 585 

Jordan, 1992 in Perrow and Jowitt, 1995). Harvest mice have been observed to utilise urban 586 

environments in various countries, albeit in generally low numbers (Dickman, 1986; Hata 587 

and Natuhara, 2006; Harris, 1979b). 588 

Climactic changes may also play a large role in the survival of the harvest mouse, as 589 

it is susceptible to poor weather due to its short fur, poor surface area to volume ratio and 590 

high metabolic rates (Trout, 1978a). Cold and wet conditions in the autumn and winter can 591 

prove fatal, particularly to nestlings (Harris, 1979a), and overwinter mortality rates can 592 

exceed 95% (Koskela and Viro, 1976; Trout, 1978b). After flooding events, harvest mice 593 

recolonise very slowly, recording lower densities than refuge populations 8 months after 594 
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floodplains were submerged (Wijnhoven et al., 2005). Additionally, wet conditions may also 595 

limit the species expanding its range in the summer (Harris et al., 1995). 596 

Direct mortality also occurs through predation; although rarely in large proportions, 597 

harvest mice are prey to a vast range of predators due largely to their small size, variable 598 

activity patterns and range of utilisable habitats (Darinot, 2016). Terrestrial predators include 599 

rats, foxes, weasels, stoats, polecats, pine martins and domestic cats and dogs (Darinot, 600 

2016; Trout, 1978b; Woods et al., 2003). Avian predators include raptors, such as owls, 601 

falcons, harriers, and buzzards, and corvids and pheasants have been reported to take 602 

young harvest mice (Darinot, 2016; Trout, 1978b). Barn owls Tyto alba are one of the main 603 

predators of harvest mice in Britain, and many studies have described the presence of 604 

harvest mice in their pellets (e.g. Buckley, 1977; Glue, 1975). Other predators include 605 

snakes, which have been recorded in Japan to attack nests and consume juveniles 606 

(Shiraishi, 1988 in Hata, 2011). 607 

There is little evidence to suggest that the harvest mouse faces interspecific 608 

competition, perhaps due to the specific niche in which it inhabits within the stalk-zone of tall 609 

vegetation being largely inaccessible to other small mammals. However, bank voles Myodes 610 

glareolus have been seen in Finland to outcompete harvest mice when food was limited, 611 

resulting in poor overwinter survival and slower breeding population recovery: even when 612 

food was readily available, the two species exhibited exclusive spatial distributions (Ylönen, 613 

1990).  614 

The current population estimate of harvest mice in Britain is 566,000 (95%CI = 615 

288,000-934,000; Mathews et al., 2018). However, data regarding harvest mouse density 616 

and distribution is limited and further surveys are required to increase the accuracy of the 617 

overall population estimate (current reliability score = 0; Mathews et al., 2018). Even with 618 

improved accuracy, the population estimate would have to be taken with caution as the 619 

harvest mouse experiences extreme fluctuations in population both seasonally and annually 620 

(Perrow and Jowitt, 1995). Various local surveying projects have been carried out across 621 
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England in recent years, for example in Devon (Cooper, 2018) and Surrey (Williams, 2015), 622 

but for counties in which no recent widescale survey efforts have been made, such as 623 

Lincolnshire, very little is known about the current status of their harvest mouse populations. 624 

 625 

1.4 The Harvest Mouse in Lincolnshire 626 

With the exception of records published in the Preliminary List of Lincolnshire 627 

Mammals (1912), there were no documented records of harvest mice in Lincolnshire up until 628 

the late 1960s. It was then described as a rare mammal in the county, only known to live 629 

around Scunthorpe and Horncastle (Johnson, 1969; Johnson, 1982). Following the 630 

discovery of a harvest mouse skull found in an owl pellet in 1968, an initial survey was 631 

carried out; 31 harvest mouse skulls were discovered in owl pellets, and several breeding 632 

nests were located (Johnson, 1969). Less than 10 years later, harvest mice had been 633 

located in sixty-six 10 km square regions across Lincolnshire (almost every region searched; 634 

Figure 1.3; Johnson, 1977) leading to the conclusion that harvest mice are common enough 635 

to be found in almost any suitable habitat across the county. During the national survey in 636 

the 1970s, one nest was even located on an estate roadside verge in Lincolnshire (Harris, 637 

1979b). However, following Johnson’s surveying efforts, only 143 records have been 638 

reported across the county (between 1977 and 2017; data provided by the Lincolnshire 639 

Environmental Records Centre (LERC)), and so their current status in Lincolnshire is largely 640 

unknown. Whether this is due to reductions in population size or range, or just a lack of 641 

surveying, however, remains unclear. 642 

 643 

 644 

 645 

 646 
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1.5 Project Aims 647 

 This project investigated the current status of harvest mice in Lincolnshire, the factors 648 

that affect their distribution, and the implications these factors may have on the survival of 649 

the species in the county.  650 

In Chapter 2, I surveyed the species at various locations throughout the county using 651 

a combination of owl pellet analysis and live trapping, from which I aimed to:   652 

 Improve on the existing knowledge of the current distribution of harvest mice.  653 

 Compare the current distribution of harvest mice to past records of harvest mouse 654 

presence.  655 

 Investigate the effects of competing small mammal species and landscape features 656 

on the current distribution of harvest mice. 657 

In Chapter 3, I then carried out population viability analysis, from which I aimed to:  658 

 Assess the resilience of harvest mouse populations to fluctuations in demographic, 659 

genetic and environmental variation. 660 

 Determine the minimum viable population sizes required for harvest mouse 661 

populations to remain both demographically and genetically viable. 662 

 Determine the corresponding minimum areas of suitable habitat required to support 663 

harvest mouse populations. 664 

Finally, in Chapter 4, I discussed the applications of these results, and identified the 665 

implications they may have on the survival of the species, both in Lincolnshire and further 666 

afield, in the years to come.667 
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1.6 Tables and Figures 668 

Table 1.1. Summary data published by DEFRA (accessed 2021) detailing the breakdown of a) land 669 
use and b) selected arable crop type by area on commercial agricultural holdings in England over 670 
time. 671 

a)  672 

Land Use 1955 1975 1995 2015 

Arable crops and bare fallow 5,077,724 5,215,397 4,434,520 (1)  4,012,837 (2) 

Temporary grass - - 706,164.1 646,345 

Permanent grass 3,785,885 3,283,144 2,973,383 3,231,230 

Rough grazing 1,394,447 1,226,679 713,528.4 463,773 

Farm woodland - 132,888.7 247,993.9 347,555 

 (1) Includes set aside. (2) Includes GAEC (good agricultural and environmental condition) 12 land – land which is 673 
not in agricultural production, but is maintained in a good agricultural and environmental condition so that it can 674 
be returned to agricultural production when needed (DEFRA, 2011). 675 

b) 676 

 (1) Includes spring and winter varieties. (2) Includes GAEC 12 land.  679 

Arable Crop 1955 1975 1995 2015 

Wheat 759,830 1,001,280 1,730,339 1,692,939 

Barley (1) 843,724 1,869,276 835,950 748,464 

Oats 536,958 143,550 80,005 98,224 

Oilseed rape (1) 33,037 38,851 299,767 610,947 

Maize - 26,359 100,432 173,477 

Bare fallow  135,344 122,520 31,436 178,809 (2) 
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Table 1.2. A summary table detailing the key findings for harvest mouse habitat preferences and population densities reported by available literature, 680 
organised by habitat type. Density data denoted with * indicate nest density/ha (other densities reported as number of individuals/ha). Studies denoted with 681 
superscript letters were found reported in other sources: a (Darinot, 2019), b (Perrow and Jowitt, 1995), c (Harris et al., 1995), d (Kuroe et al., 2007). 682 

683 
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 684 

Figure 1.1. Harvest mouse distribution in Britain. The green map underlayer represents the 685 
distribution of known harvest mouse presence published by Mathews et al. (2018; based on records 686 
from 1995 to 2016). The map overlayer, represented by black and white data points, details the 687 
results of the national survey published by Harris (1979b).  688 

 689 
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        690 

Figure 1.2. A newly woven harvest mouse nest (on the left) in comparison to an older nest (on the 691 
right), both approximately 8-10 cm in diameter. Photo copyright by the author.   692 
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 693 

Figure 1.3. Map of harvest mouse presence in Lincolnshire plotted within 10 km x 10 km grid boxes 694 
(Johnson, 1982), overlaid onto a map of Lincolnshire (Open Street Map). The arrow indicates north. 695 
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Chapter 2. Environmental and competitive factors 696 

affecting harvest mouse Micromys minutus 697 

presence in Lincolnshire 698 

 699 

2.1 Introduction 700 

Agriculture has long dominated land use in England, and within the country, 701 

Lincolnshire is by far one of the most heavily farmed counties (Department of Environment, 702 

Food, and Rural Affairs (DEFRA) 2018 data, accessed 2020). It is the largest single county 703 

producer of horticultural and cereal crops in England, due largely to its size, rural nature, and 704 

abundance of high-quality soils (Research Team Lincolnshire County Council (LCC), 2007). 705 

It contains a diverse range of different geological regions which support different types of 706 

farming, such as nutrient-rich clays in the Fens, which suit vegetable production, and chalky 707 

soils in the Wolds, which are best utilised as pastures for grazing sheep (Hunt, 2013). Over 708 

the course of the 20th Century, the county saw a progressive replacement of permanent 709 

grasslands (over 5 years old, including permanent pasture, meadows, and improved 710 

grasslands) with arable land, which in turn became increasingly dominated by crops such as 711 

wheat (DEFRA 1905-2000 data, accessed 2020). Combined with the increase in farming 712 

machinery usage, the expansion of crop monoculture, and the subsequent loss of 713 

hedgerows, the heterogeneity of Lincolnshire’s landscapes today is vastly different to what it 714 

once was (Hunt, 2013).  715 

As of 2016 (the most recent county level agricultural data available; DEFRA 2016 716 

data, accessed 2020), Lincolnshire contained a total of 3,749 farm holdings spanning 72.8% 717 

of the county’s total area. Of the total farmed area in Lincolnshire, 79.95% was arable crops, 718 

uncropped arable land, or bare fallow. In comparison, just 44.65% of farmed land in England 719 
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fell into the same category (Table 2.1). The proportional land areas covered by each crop 720 

type, however, were relatively consistent between Lincolnshire and England (Table 2.1). 721 

Grasslands covered only 11.94% of Lincolnshire’s total farmed area, which can be broken 722 

down to permanent grasslands (8.88%), temporary grasslands (temporary grass or grass 723 

sown within the past 5 years; 2.77%) and rough grazing (lower quality grazing, including 724 

heathland, moors, hills, and scrub; 0.29%). This is much lower than the area of grasslands 725 

on farmed land in England, which covered a total of 48.11% of the total farmed area. As a 726 

result of Lincolnshire’s optimal conditions for agriculture, the loss and fragmentation of 727 

habitat, and subsequent loss of biodiversity, was proportionally more significant than 728 

elsewhere in the UK (Lincolnshire Biodiversity Partnership, 2011).  729 

Away from agricultural land, non-agricultural grasslands covered 10.9% of 730 

Lincolnshire, of which the vast majority were classified as improved grasslands: calcareous, 731 

acid, and neutral grasslands combined covered just 0.3% of the land area. Lowland 732 

meadows, another grassland habitat of principle importance under the Natural Environment 733 

and Rural Communities (NERC) Act (2006) Section 41, covered just 372.81 ha across the 734 

county (Table 2.2). Consequently, out of 48 counties in England, Lincolnshire ranked 47th for 735 

grassland cover. The county also ranked poorly for woodland area, coming 35th and 45th for 736 

coniferous woodland and broadleaved woodland respectively, which covered a combined 737 

3.7% of the total land area. Lincolnshire ranked 18th for wetlands, which covered 0.95% of 738 

the total county area. However, 0.86% of this figure comprised of saltmarshes, due to 739 

Lincolnshire’s extensive coastline. Reedbeds, for example, covered just 180.29 ha across 740 

the whole county (Table 2.2). Relatively little of the county is considered to be “built-up” 741 

(classified as suburban or urban) – just 5.9% – making it the 40th most built-up county in 742 

England (Land Cover statistics derived from LCM2015 (Rowland et al., 2017); Natural 743 

England Open Data, DEFRA, accessed 2021). 744 

Agricultural ecosystems, such as those in Lincolnshire, are the products of their land 745 

use practices, and as a result many species, including birds, invertebrates, mammals, and 746 
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plants are now well associated with farming landscapes (Robinson and Sutherland, 2002). 747 

Lincolnshire’s arable landscapes are known to support many agricultural specialists, such as 748 

the barn owl Tyto alba (Shawyer, 1998 in Meek et al., 2009) and the corn bunting Miliaria 749 

calandra (Gillings and Watts, 1997), but their suitability for harvest mice Micromys minutus, 750 

another agricultural specialist, is comparatively uncertain (Johnson, 1977).  751 

The smallest rodent in Britain, the harvest mouse was historically known for thriving 752 

in agricultural landscapes following their development, described as being abundant at 753 

harvest (White, 1789 in Perrow and Jowitt, 1995). Arable land used to be an ideal habitat for 754 

harvest mice, but as agricultural practices became more intensive, this habitat suitability was 755 

diminished (Perrow and Jowitt, 1995). As discussed in Chapter 1, this has primarily been 756 

caused by the transition to winter-sown crops and the introduction of mechanised sowing 757 

and harvesting (Perrow and Jowitt, 1995). As a result, crop fields are now known to support 758 

low population densities (Harris et al., 1995; Perrow and Jordan, 1992 in Perrow and Jowitt, 759 

1995).  760 

As outlined in Chapter 1, harvest mice were considered rare in Lincolnshire until the 761 

1970s, when both county- (Johnson, 1977) and country-wide (Harris, 1979b) surveys found 762 

the species to be widespread and simply under-surveyed. In Lincolnshire, the species was 763 

described as common in practically all suitable habitat surveyed (Johnson, 1977). Since 764 

then, however, only 143 records of harvest mice have been reported to the Lincolnshire 765 

Environmental Records Centre (LERC) from across the county, of which only 48 records 766 

have been reported since 2008 (Figure 2.1). The current status of harvest mice in 767 

Lincolnshire is therefore largely unknown, and the reason for the paucity of records, whether 768 

through lack of surveying or reductions in abundance and range, remain unclear. 769 

This chapter aimed to determine the current distribution of harvest mouse presence 770 

across Lincolnshire and compare it to previous records in order to assess the persistence of 771 

the species across the county. Harvest mice are found to be significantly affected by their 772 

surroundings, and the presence of good quality habitats such as grasslands (particularly 773 
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long/perennial) are a positive indicator of the species’ presence (Hata and Natuhara, 2006; 774 

Kuroe et al., 2011; Sawabe and Natuhara, 2016). Additionally, habitat connectivity and 775 

landscape complexity are known to positively influence harvest mouse presence (Cooper, 776 

2018; Kuroda and Katsuno, 2006; Kuroe et al., 2011). Therefore, habitat factors relating to 777 

landscape composition, connectivity, and overall complexity were investigated to determine 778 

their effects on harvest mouse presence and distribution. Although literature regarding 779 

interspecific competition between harvest mice and other small mammal species is limited, 780 

smaller rodent species can display avoidance behaviour towards larger rodent species 781 

(Heske and Repp, 1986), and bank voles Myodes glareolus have been shown to outcompete 782 

harvest mice when food resources are scarce (Ylönen, 1990). Therefore, presence and 783 

abundance of other small mammal species were investigated to determine the effects of 784 

interspecific competition on harvest mouse presence and distribution.  785 

Hypotheses: 786 

 I hypothesise that surrounding habitat features significantly affect harvest mouse 787 

presence in the following ways: 788 

o Greater landscape connectivity and complexity significantly increases harvest 789 

mouse presence. 790 

o Surrounding uncultivated land significantly increases harvest mouse 791 

presence.  792 

o Surrounding cultivated land significantly decreases harvest mouse presence. 793 

 I hypothesise that increased abundance of other small mammals has a significant 794 

negative effect on harvest mouse presence. 795 

 796 

 797 

 798 



28 
 

2.2 Methods 799 

2.2.1 Data Collection – Longworth Live Trapping 800 

 Live trapping in suitable habitat has been found by many studies to be an efficient 801 

method for detecting harvest mice (Darinot, 2019; Kettel et al., 2016; Vogel and Gander, 802 

2015; Williams, 2015). I endeavoured to survey at as many sites as possible to incorporate a 803 

range of potentially suitable habitats across as large an expanse of Lincolnshire as possible, 804 

using opportunistic sampling methods. As this project was affiliated with the Lincolnshire 805 

Wildlife Trust, nature reserves were prioritised over other locations. The site selection 806 

process took three main factors into consideration:  807 

1) Past harvest mouse records: using county records provided by LERC, sites with both 808 

past records and no records of harvest mice were identified. 809 

2) Potentially suitable habitat: habitat information was gathered for suitable nature 810 

reserves using open source data via DEFRA’s Magic Map 811 

(https://magic.defra.gov.uk/home.htm). 812 

3) Geographic location: potential sites identified from the first two steps were then 813 

plotted onto an Open Street Map using QGIS 3.6.0 (QGIS Development Team, 2020) 814 

to visualise their geographic distribution. 815 

From this, a subset of suitable sites was selected, of which all sites contained 816 

suitable habitat and just under half had previously recorded harvest mouse presence. In 817 

total, twenty-two Lincolnshire Wildlife Trust (LWT) reserves, 1 local nature reserve, 1 818 

Woodland Trust site and 1 farmland site were chosen to survey (Table 2.3; Figure 2.2). 819 

Farmland was incorporated to broaden the range of habitats surveyed, but due to 820 

unforeseen delays, unfortunately only one site could be visited. Prior to surveying, each site 821 

was visited (with reserve wardens where possible) to confirm trap locations. 822 
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Each location was trapped at for between 2 to 5 consecutive nights, only revisited 823 

later for a second trap session following evidence of harvest mouse presence (the presence 824 

of nests or camera trap footage) after a sufficient interval (a minimum of two weeks; Gurnell 825 

and Flowerdew, 2006). All trapping took place between April 2019 and September 2019. 826 

Longworth traps are significantly more successful than other small mammal traps in 827 

capturing harvest mice (Kettel et al., 2016). Based on factors including treadle sensitivity and 828 

the large nest box allowing for plenty of bedding and provisions to reduce the mortality risk 829 

(Flowerdew et al., 2004), Longworth traps were considered a suitable choice for this study. 830 

At each location, up to 50 Longworth traps were deployed, depending on the extent of the 831 

suitable habitat, along trap lines at intervals of 5 m (Gurnell and Flowerdew, 2006). Trap 832 

lines are described as sufficient when only presence/absence data is required (Flowerdew et 833 

al., 2004), and one study found trap lines to be more efficient than grids in detecting more 834 

individuals and a greater range of species (Pearson and Ruggeiro, 2003). Due to the wide 835 

range of habitats in which the live trapping took place, this was considered more appropriate 836 

than grid formations for keeping the methodology consistent across trap sites. All trapping 837 

methodology was constructed to ensure compliance with the conditions outlined in the 838 

general licence for shrew capturing (Ref: WML – GL01). Extreme cold temperatures can 839 

negatively impact small mammal survival in traps (e.g. Lemckert et al., 2006; Montgomery, 840 

1980), and so for the purpose of this study, we set the minimum night temperature below 841 

which no trapping took place as 5°C. Wet weather can also increase the risk of mortality in 842 

small mammal trapping (Perrin, 1975), and so no trapping occurred during nights with heavy 843 

rain or possible flooding forecast.  844 

Each trap was set up before dusk, containing bedding (dry hay or straw), mixed bird 845 

seed, overnight water-soaked carrot pieces and 10g of casters (a protein source for shrews; 846 

Gurnell and Flowerdew, 2006). All traps were set with nest chambers angled to prevent 847 

water from running into the bedding, and were covered with surrounding vegetation, both to 848 

hide the trap and to provide additional insulation (to prevent the risk of mortality from chilling; 849 
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Gurnell and Flowerdew, 2006). The location of each trap was made identifiable with 850 

presence of a bamboo pole marked with coloured tape, to ensure that no equipment was 851 

lost, and no traps went unchecked. For each site, a map was used to plot where traps had 852 

been set in the field and detailed notes on trap positions were recorded, so that traps could 853 

be set in consistent positions on subsequent nights. Each trap was set to its standard weight 854 

setting. In suitable vegetation, some traps were set at an elevated level (Darinot, 2019; 855 

Vogel and Gander, 2015) – either placed on stable platforms of vegetation or taped to the 856 

bamboo marker poles (Figure 2.3).  857 

The following morning, between 12 and 16 hours after traps were set (but no later 858 

than 16 hours), all traps were checked. During particularly hot weather, traps were set 859 

slightly later in the evenings and collected earlier in the mornings to avoid captured animals 860 

overheating, in order to reduce the risk of distress and mortality (Perrin, 1975). For each 861 

successful trap, the individual was removed from the trap using the polythene bag method 862 

(Gurnell and Flowerdew, 2006) and identified to species level. Individuals were not marked 863 

to avoid unnecessary distress and were released at the site of capture as soon as possible. 864 

Following inspection, traps were then packed up and removed from the site during the day to 865 

prevent the loss of equipment and returned the following night in the same positions until 866 

trapping had been completed for that location. Any successful traps were cleaned with an 867 

odourless disinfectant and rebaited. 868 

 869 

2.2.2 Data Collection – Owl Pellet Analysis 870 

Barn owl pellet analysis is another established method for monitoring small mammal 871 

populations (e.g. Love et al., 2000), and many studies have used this method in determining 872 

the distribution of harvest mouse presence (Glue, 1975; Johnson, 1977). Although, the 873 

harvest mouse only tends to constitute around 1% of barn owl prey items, in areas where it 874 
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is common, such as the East of England, it can be present in over 50% of barn owl diets 875 

(Glue, 1975). We therefore considered it a useful distribution mapping tool. 876 

Within Lincolnshire, British Trust for Ornithology licensed volunteers collected barn 877 

owl pellet samples and sent them to the University of Lincoln between December 2018 and 878 

July 2019. The vast majority of samples were collected from sheltered barn owl nest boxes 879 

and barn roosts. All pellets selected for analysis were intact and so likely less than 2 years 880 

old, although decomposition rate varies greatly depending on the climate and whether the 881 

pellets are sheltered or in the open, so an accurate age cannot be determined (Lovari et al., 882 

1976). Additional samples that had previously been collected and frozen were also received 883 

– this included one series of tawny owl Strix aluco pellets collected between 2011 and 2015 884 

– but dates of collection were not always provided. For each sample collected, a grid 885 

reference was recorded. All pellets were stored in a standard -20C chest freezer to keep the 886 

samples from decomposing.  887 

Samples were dissected dry using tweezers and a mounted needle, and all skull and 888 

jaw fragments were isolated and identified to species level (Figure 2.4) using a guide 889 

(Yalden, 2009). For each pellet, the minimum number of individuals was calculated for each 890 

species present based on the most common element (Tores et al., 2005). For each location, 891 

up to 20 pellets were dissected. An initial sample of 10 pellets were randomly selected from 892 

each location sample and dissected (some samples contained fewer than 10 pellets, in 893 

which case the whole sample was dissected). If no harvest mouse remains were found, 894 

dissection continued until either one was found or until 20 pellets had been dissected, after 895 

which harvest mice were recorded as absent from the sample. This methodology was 896 

deemed sufficient to locate harvest mice where present in a sample without limiting the 897 

number of samples processed in the available time.  898 

 899 

 900 
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2.2.3 Additional Data  901 

In addition to the two main data collection methods, a small number of ad-hoc reports 902 

of nests, sightings and camera trap footage were also incorporated into the dataset. To 903 

further support the dataset, previous reports of harvest mice (provided by the LERC) 904 

between 2009 and 2019 were included to gain a better understanding of the recent 905 

distribution of harvest mice and how they are affected by the surrounding landscape 906 

composition (Figure 2.2).  907 

 908 

2.2.4 Local Habitat Classification 909 

Harvest mice are known to disperse relatively short distances (up to 100 m), and 910 

inhabit relatively small home ranges (Trout, 1978b). Therefore, where small mammals, such 911 

as the harvest mouse, are concerned, landscape analysis usually takes place at a relatively 912 

small scale (i.e. ≤ 500 m; e.g. Sawabe and Natuhara, 2015; Sawabe and Natuhara, 2016). 913 

However, much of the data collected for this study was through barn owl pellets. Barn owl 914 

hunting radii have been known to reach 5 km (Lovari et al., 1976), but the average hunting 915 

range is around 1 km (Taylor, 1994 in Meek et al., 2009). One study into barn owl hunting 916 

ranges in east Lincolnshire concurred a similar usual hunting range (Shawyer, 1998 in Meek 917 

et al., 2009), and so 1 km was considered sufficient to incorporate the range in which the 918 

harvest mice found were most likely to have been predated in. Using the grid reference for 919 

each datapoint (owl pellet, trapping or other), a circle with a radius of 1 km was drawn using 920 

UK Grid Reference Finder (https://gridreferencefinder.com/). Satellite imagery was used to 921 

categorise the habitats into cultivated land (e.g. arable fields), non-cultivated land (e.g. 922 

grazing fields, meadows, salt marshes), residential areas, woodland, and water. The land 923 

coverage proportion of each non-linear feature was then measured in km2 for each 1 km 924 

radius region. Within each 1 km region, the length (in km) of relevant linear features (roads, 925 

rivers, ditches, and hedgerows/treerows) were also recorded.  926 
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2.2.5 Data Analysis 927 

All statistical analysis was carried out on R 3.6.1 (R Core Team, 2020), using the 928 

packages MuMIn 1.43.17 (Bartoń, 2020), arm 1.11-1 (Gelman et al., 2020), and rsq 2.0 929 

(Zhang, 2020). The data were tested for normality and the data collected for all habitat 930 

variables (4 linear and 5 non-linear) were log(x+1) transformed for analysis, due to the 931 

presence of ‘0’s in the dataset. Shannon Diversity Index (SDI) was also calculated for each 932 

location to determine landscape complexity using the habitat data derived from aerial 933 

imagery. General linear modelling was used to model the relationships of harvest mouse 934 

presence with both surrounding habitat variables and interspecific species variables.  935 

Firstly, a binomial global model for habitat features was generated using the full 936 

dataset, which included all habitat variables: cultivated land area, uncultivated land area, 937 

residential area, woodland area, water area, road length, river length, ditch length, hedgerow 938 

length and SDI. From the global model, the dredge command of the MuMIn package was 939 

used to generate a set of component models (Kelly et al., 2016). The total number of models 940 

dredged was 808. Each model was ranked using Akaike’s Information Criterion (AIC), and 941 

the top model was identified as the minimum adequate model (MAM) using a likelihood ratio 942 

test (Weber et al., 2013). The MAM was then generated separately by retaining the variables 943 

present in the top model and deleting the other variables (Weber et al., 2013).  944 

For the species variables which compromised of count data, a Poisson general linear 945 

model was generated (Kelly et al., 2016). Due to the lack of data collected for some small 946 

mammal species, abundances of the only four most common species recorded – field vole 947 

Microtus agrestis, bank vole abundance, wood mouse Apodemus sylvaticus abundance and 948 

common shrew Sorex araneus – were included in the model. Only the pellet analysis data 949 

was used for this model due to the insufficient amount of interspecific species data in the 950 

live-trapping and pre-existing harvest mouse record data. To assess the effect of the small 951 

mammal presence on harvest mouse presence, a 4 x 2 contingency χ² analysis was 952 

performed (Preacher, 2001). Again, due to the paucity of data collected for some small 953 
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mammal species, only field voles, bank voles, wood mice and common shrews were 954 

included in the analysis. 955 

For both general linear models, partial R-squared coefficients were calculated using 956 

the partial.rsq command of the rsq package in order to determine the proportion of variance 957 

in the dependent variable (harvest mouse presence) that can be explained by each 958 

independent variable. 959 

Significant habitat and species factors within the presented models were presented 960 

as box plots using the ggplot2 3.3.2 package (Wickham, 2016) on R. Due to the extreme 961 

variance of one data point from the rest of the results, this outlier was removed from the box 962 

plot. The ggplot2 package was also used to present the species accumulation curve for the 963 

raw pellet data. QGIS 3.6.0 (QGIS Development Team, 2020) was used to plot the spatial 964 

distribution of data points. 965 

 966 

2.3 Results 967 

2.3.1 Summary Data and Comparison to Previous Records 968 

Over a total of 2,715 trap nights (trap sessions x number of traps) across all 969 

locations, 338 small mammals were captured, although as individuals were not marked 970 

some may have been recaptures. The majority of captures were wood mice (130), bank 971 

voles (100) and common shrews (62), but field voles (38), water shrews Neomys fodiens (6) 972 

and pygmy shrews Sorex minutus (2) were also recorded. Two individuals were found 973 

deceased in traps (1 common shrew and 1 water shrew). Both individuals were found with 974 

remaining food and the weather conditions were within a suitable range. Therefore, the most 975 

likely cause of death would have been unavoidable stress (or an external factor such as old 976 

age/disease). No harvest mice were captured, but at three locations the presence of harvest 977 

mice was observed in the form of nests and trap camera footage.  978 
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944 owl pellets from 62 locations were dissected (average total pellet count per 979 

sample: mean=15.97, SE=0.97, median=15, IQR=10) and 3495 prey items (average total 980 

prey count per sample: mean=56.32, SE=2.87, median=53, IQR=34) were identified. For the 981 

vast majority of samples, all species present within each sample were located before the 10th 982 

pellet (Figure 2.5). The most common prey by far were field voles (1488), wood mice (831), 983 

common shrews (517) and bank voles (356). Also recorded were pygmy shrews (87), rats 984 

Rattus sp. (47), house mice Mus musculus (33), harvest mice (29), water shrews (19) and 985 

water voles Arvicola amphibius (8). 64 prey items were categorised as unknown as they 986 

were unidentifiable due to decomposition, and 16 prey items were categorised as “Other” – 987 

these were predominantly bird remains. The 29 harvest mouse remains identified came from 988 

a total of 28 different locations – only one sample analysed contained more than one 989 

individual (Figure 2.6). 72.4% of all harvest mice remains were located within the first 10 990 

pellets. 991 

In Johnson’s survey, harvest mouse presence was reported in 55 hectads (10 x 10 992 

km grid squares; Johnson, 1982). Of these 55 hectads, 35 were re-surveyed during this 993 

project: 16 were positive for harvest mouse presence and 19 were negative (Figure 2.7.a). 994 

For two hectads, both situated in the south of the county, harvest mouse presence was 995 

confirmed by this project where it was not identified in 1982 (although it is unknown whether 996 

these hectads were surveyed). Since 2000, harvest mouse presence has been reported in 997 

41 out of 90 hectads across Lincolnshire. Of these hectads, this project re-surveyed 31: 12 998 

were positive for harvest mouse presence and the other 16 were negative (Figure 2.7.b). For 999 

six additional hectads, this project confirmed harvest mouse presence where it has not been 1000 

reported since before 2000: three in the south of the county, two in the east, and one in the 1001 

north-west.  1002 

  1003 

 1004 
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2.3.2 Habitat Factors 1005 

The MAM identified by the dredge analysis was a much better fit for data than the 1006 

null model and global model (Table 2.4), and contained five habitat variables: cultivated land 1007 

area, uncultivated land area, road length, hedgerow length and ditch length.  1008 

Of this, three habitat variables significantly influenced harvest mouse presence: 1009 

uncultivated land area, road length, and hedgerow length. The area of uncultivated land in 1010 

the surrounding landscape positively affected harvest mouse presence 1011 

(Estimate±SE=0.54±0.27, Z-value=2.02, P=0.043, R2=4.3%). As demonstrated by Figure 1012 

2.8.a, this positive effect was marginal. The area of surrounding cultivated land did also 1013 

positively affect harvest mouse presence but to a lesser extent (Estimate±SE=1.31±0.68, Z-1014 

value=1.94, P=0.053, R2=4.1%).  1015 

Increasing nearby road length also positively affected harvest mouse presence 1016 

(Estimate±SE=1.14±0.48, Z-value=2.38, P=0.017, R2=5.7%;Figure 2.8.b). On the other 1017 

hand, increasing nearby hedgerow length was associated with reduced harvest mouse 1018 

presence (Estimate±SE=-0.80±0.32, Z-value=-2.46, P=0.014, R2=7.4%;Figure 2.8.c). 1019 

Nearby ditch length had a similarly negative, although weaker, effect on harvest mouse 1020 

presence (Estimate±SE=-0.21±0.11, Z-value=-1.94, P=0.052, R2=4.0%).  1021 

The similarity between the R2 outputs demonstrates that each landscape component 1022 

had a relatively equal weighting in terms of their explanatory value, although of the five 1023 

variables, surrounding hedgerow length was the most influential variable on harvest mouse 1024 

presence. In total, the MAM explained 25.5% of the variance in the data, which indicates that 1025 

harvest mouse presence is influenced mostly by other factors.  1026 

 1027 

 1028 

 1029 
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2.3.3 Interspecific Factors 1030 

Of the four small mammal species analysed (pellet analysis data only), only field vole 1031 

abundance had a significant effect – negatively influencing harvest mouse presence 1032 

(Estimate±SE=-0.05±0.02, Z-value=-2.16, P=0.031, R2=9.2%). However, whilst high field 1033 

vole abundance was indicative of no harvest mouse presence, harvest mice were also more 1034 

likely to be absent where field voles were absent (or in very low numbers; Figure 2.8.d). 1035 

Where harvest mice were present, field voles were also present but at a below-average 1036 

abundance (number of field voles per sample: mean=24, SE=1.58). Bank vole 1037 

(Estimate±SE=-0.02±0.04, Z-value=-0.52, P=0.604, R2=0.0%), wood mouse (Estimate±SE=-1038 

0.03±0.02, Z-value=-1.40, P=0.161, R2=1.4%), and common shrew (Estimate±SE=-1039 

0.01±0.04, Z-value=-0.21, P=0.837, R2=0.0%) abundances had no significant effect on 1040 

harvest mouse presence. Additionally, harvest mouse presence did not vary significantly in 1041 

response to the presence of other small mammal species (χ²(3)=0.151, P=0.985). In total, 1042 

the species model explained 10.6% of the variance in the data, which indicates that harvest 1043 

mouse presence is influenced mostly by other factors.  1044 

 1045 

 1046 

2.4 Discussion 1047 

Harvest mouse persistence between Johnson’s study and the results of this survey 1048 

was confirmed in just 17.78% of the 90 hectads in Lincolnshire. However, Johnson surveyed 1049 

harvest mice across Lincolnshire using nest searches and owl pellet analysis over the 1050 

course of several years (Johnson, 1982), whereas the data collection for this survey involved 1051 

less than a year of owl pellet analysis and just six months of live trapping. Therefore, this 1052 

comparison cannot be taken as evidence of harvest mouse decline, because the difference 1053 

in survey success will be at least partly attributable to differences in timescales and survey 1054 
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methodology. However, rough grazing and permanent grasslands in Lincolnshire have seen 1055 

reductions in total area since the 1970s (DEFRA data, accessed 2021), whilst arable fields 1056 

have become more homozygous and intensive (Hunt, 2013), and so the suitability of 1057 

Lincolnshire’s landscapes for harvest mice is not what it once was. Including the results of 1058 

this survey, harvest mice have been recorded in 47 hectads in Lincolnshire since 2000 – just 1059 

over half of the total county area. However, this survey confirmed harvest mouse persistence 1060 

in just 18 of these hectads, and so the persistence of the species in the rest of the county is 1061 

still uncertain.  1062 

 1063 

2.4.1 Discussion of Methodology Practices 1064 

Of the two main survey methods, pellet analysis was substantially more successful in 1065 

determining harvest mouse presence than live trapping. Barn owl pellet analysis has been 1066 

used to monitor harvest mice in past studies, and although rare in pellets, harvest mouse 1067 

skulls occur frequently enough to plot a broad scale species distribution (Glue, 1975). It is 1068 

impossible, however, to pinpoint the location in which prey is captured within the barn owl 1069 

home range, which limits the conclusions that can be drawn from the results. Another key 1070 

limitation to this method is the potential for sampling bias, both in terms of the proportions of 1071 

small mammals recorded and the area of land sampled. Some studies have found evidence 1072 

of prey selection by barn owls (Askew et al., 2007; Tores et al., 2005) and so diet 1073 

composition may not be reflective of the true species composition in the surrounding area. 1074 

This methodology can also therefore be ineffective when populations are low, as it can lead 1075 

to the presence of rare species being overlooked (Harris, 1979b). In addition, barn owl diets 1076 

are influenced by the composition of the landscapes they hunt in (Bond et al., 2005; 1077 

Veselovský et al., 2017). As well as resulting in variable prey compositions which are not 1078 

necessarily representative of the wider area, this may lead to a bias in the habitats 1079 

“sampled” by barn owls within a landscape. This therefore limits the landscape analysis 1080 
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carried out in this project, as the effects found here may be more strongly attributable to the 1081 

hunting bias of barn owls as opposed to the distribution of harvest mice as a prey species.  1082 

Small population size or density may be attributable to the lack of the success 1083 

capturing harvest mice during live trapping, as opposed to actual absence of populations; 1084 

imperfect detection is a frequent surveying issue when animals are rare or living at low 1085 

abundances or densities (Harkins et al., 2019). Harvest mice typically live at low densities in 1086 

a range of habitats (e.g. Perrow and Jowitt, 1995), and in a comparison of survey techniques 1087 

to monitor harvest mice, at least 75% of all surveys undertaken (live trapping, nest searches 1088 

and bait tubes) resulted in a record of absence (Poulton and Turner, 2009). However, at 1089 

three field sites at which live trapping was not successful in this project, harvest mouse 1090 

presence was confirmed through spontaneous nest discoveries and the submission of 1091 

camera trap footage by the park ranger of Whisby Nature Park. This therefore indicates that 1092 

the method of surveying, as opposed to the population density of harvest mice, may have 1093 

been the cause of the lack of harvest mouse data. Methods to improve detectability in live 1094 

trapping have been discussed in the literature, including pre-baiting and increasing trap 1095 

density (e.g. by pairing traps), with a particular emphasis on elevating traps within the stalk 1096 

zone (Darinot, 2019; Kettel et al., 2016; Vogel and Gander, 2015). Traps were elevated 1097 

where possible during this project, but in many of the permitted locations, the vegetation was 1098 

not suitable for this technique. As a result, this may have further reduced the chances of 1099 

successfully catching harvest mice. Trapping from April may have also reduced the chance 1100 

of success, as population size is around its lowest at this time of year prior to the beginning 1101 

of the breeding season, which would impact trap rate success (Vogel and Gander, 2015).  1102 

Nest searches are a common alternative method for surveying harvest mice, as they 1103 

are cheap, easily accessible, and non-invasive (Lloyd and Kirk, 2021). However, a 1104 

comparison of survey methods found no significant difference between the success rates of 1105 

nest searches, bait tubes, and live trapping (Poulton and Turner, 2009). A survey based in 1106 

Surrey found nest searching to be comparatively more successful than live trapping, but 1107 
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more often when presence was already known (Williams, 2015). Although many sites 1108 

surveyed in this project had previous records of harvest mice, the majority had no records in 1109 

recent years and so there was little information to go on regarding current presence. In 1110 

addition, nest searches are best conducted in the autumn or winter after the breeding 1111 

season (Lloyd and Kirk, 2021) and so they were unfortunately unfeasible within the 1112 

timescales of this project. Nest searches are also best carried out with groups of surveyors 1113 

searching a habitat area systematically, as nests are often difficult to find but particularly 1114 

when vegetation is tall or dense (personal communication). As the availability of volunteers 1115 

during this project was understandably limited, conducting multiple group nest searches was 1116 

not a viable option. A combination of survey methods, to include nest searches and live 1117 

trapping or bait tubes, is recommended to be the most successful for long-term surveying 1118 

(Lloyd and Kirk, 2021; Poulton and Turner, 2009) and so this should be considered by the 1119 

LWT for harvest mouse monitoring on reserves in the future. 1120 

 1121 

2.4.2 Landscape Habitat Factors 1122 

Regarding grassland habitats, the area of uncultivated land (i.e. grassland, fenland, 1123 

marshes) was the only landscape area feature found in this study to significantly benefit 1124 

harvest mouse presence in agricultural landscapes. Grassland habitats have been described 1125 

as a positive indicator of harvest mice in landscape scale studies in Japan (Sawabe and 1126 

Natuhara, 2015; Sawabe and Natuhara, 2016). As highlighted in Chapter 1, grasslands are 1127 

an important habitat for harvest mice both in England (Churchfield et al., 1997; Cooper, 1128 

2018) and across their range (Hata, 2011; Koskela and Viro, 1976). After Greater London, 1129 

Lincolnshire has lowest proportion of grassland coverage of any English county (Land Cover 1130 

statistics derived from LCM2015 (Rowland et al., 2017). Additionally, the vast majority of the 1131 

grassland present in the county is improved, which is generally less suitable for harvest mice 1132 

(Perrow and Jowitt, 1995). More suitable grassland habitats, such as lowland calcareous 1133 

grasslands and lowland meadows, are small and fragmented in Lincolnshire, with mean land 1134 
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parcel areas not exceeding 3.18 ha (Natural England Open Data, accessed 2021; Table 1135 

2.2). The results of this landscape analysis highlight the importance of these habitat 1136 

fragments for harvest mice in Lincolnshire, and the need for both their preservation and 1137 

expansion in order to improve the suitability of the county’s landscapes. However, as land 1138 

use can influence prey composition in barn owls (Bond et al., 2005; Veselovský et al., 2017), 1139 

the results of this analysis may be more indicative of barn owl habitat preference when 1140 

hunting, as opposed to the distribution of harvest mice. Barn owls are known to preferentially 1141 

hunt in open habitats, such as rough grasslands (Bond et al., 2005). In the related American 1142 

barn owl Tyto furcata, GPS tracking revealed the species to select for uncultivated land, 1143 

which included grassland habitats, and avoid wetland habitats when hunting (Castañeda et 1144 

al., 2021). 1145 

Cultivated land, such as paddy fields, are generally also found to be significant 1146 

positive indicators alongside grassland habitats in Japan (Kuroda and Katsuno, 2006; 1147 

Sawabe and Natuhara, 2015; Sawabe and Natuhara, 2016). Cultivated land area did 1148 

positively affect harvest mouse presence in this project, but not significantly. This is likely 1149 

due to the stark difference in habitats provided by dry arable fields in Lincolnshire and 1150 

wetland paddy fields in Japan. However, of these landscape studies, the strongest 1151 

correlation between harvest mouse presence and habitat type was seen in abandoned 1152 

paddy fields (Hata and Natuhara, 2006; Kuroda and Katsuno, 2006). Therefore, these 1153 

differences may also be attributable to land use intensity, as the intensification of agricultural 1154 

practices in England have significantly reduced the suitability of arable fields as harvest 1155 

mouse habitats (Perrow and Jowitt, 1995). In the UK, a form of agriculture known as 1156 

paludiculture (where peatland is rewetted and wetland-tolerant crops are grown) is currently 1157 

being discussed as a method of controlling greenhouse gas emissions from cultivated 1158 

peatland (Mulholland et al., 2020). Whilst there is no blanket bog habitat in Lincolnshire, 1159 

peatland is found elsewhere in the country, and the introduction of cultivated wetlands may 1160 

provide additional habitats for harvest mice in the future.  1161 
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Additionally, the low explanatory values of landscape variables on harvest mouse 1162 

presence in this project may be due to the spatial scale of 1 km on which the landscape 1163 

analysis took place, which is much larger than the 500 m scale used by the studies 1164 

mentioned above. Larger scale analyses have been found to reduce the explanatory values 1165 

of landscape parameters on small mammal compositions (Fischer et al., 2011). This would 1166 

also explain the lack of explanatory power of landscape complexity on harvest mouse 1167 

presence in this study, which was excluded from the MAM. Other studies have found 1168 

landscape heterogeneity to be crucial for maintaining small mammal diversity and 1169 

abundance (e.g. Benton et al., 2003; Fischer et al., 2011), particularly in intensively used 1170 

agricultural landscapes (Michel et al., 2006). A loss of heterogeneity can result in an 1171 

increase in landscape fragmentation. This has been found to result in reduced predicted 1172 

harvest mouse populations (Kuroe et al., 2011), which highlights the importance of dispersal 1173 

corridors for harvest mice in homogenous agricultural landscapes.  1174 

Hedgerows are well known for their connectivity benefits to small mammals, and are 1175 

frequently used as a habitat in agricultural landscapes (Fitzgibbon, 1997; Macdonald et al., 1176 

2000; Todd et al., 2000). It was therefore surprising that hedgerows in this study were found 1177 

to negatively impact harvest mouse presence. Hedgerows have been described as the “best 1178 

field margin refuge” in agricultural landscapes for harvest mice (Perrow and Jowitt, 1995). In 1179 

Harris’ national survey, harvest mouse nests were recorded in hedgerows more than any 1180 

other habitat, although this is likely attributable more to recorder bias than habitat preference 1181 

by harvest mice (Harris, 1979b). Other studies have comparatively found harvest mice to 1182 

inhabit hedgerows in very low numbers, although this may be due to the time of year in 1183 

which the habitat was surveyed (e.g. Tattersall et al., 1997).  1184 

Hedgerows may be unsuitable as a habitat for harvest mice for a number of reasons. 1185 

For example, other small mammal species may be able to utilise hedgerows more efficiently 1186 

than harvest mice and outcompete for territory and resources. Generalist species, such as 1187 

wood mice and bank voles, can reside in hedgerows in abundance (Bellamy et al., 2000; 1188 
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Tattersall et al., 2002; Todd et al., 2000), and are able to exploit the ground level as well as 1189 

climb into the higher levels of hedgerows (Kotzageorgis and Mason, 1997). Hedgerows may 1190 

alternatively provide unsuitable vegetation matrixes for harvest mice to utilise. Harvest mice 1191 

require slender stemmed grasses to construct their nests (Bence et al., 2003), and so would 1192 

not necessarily nest in hedgerows unless suitable vegetation was present (i.e. as a grassy 1193 

underlayer).  1194 

Alternatively, this negative effect may be due to restricted prey accessibility to barn 1195 

owls. Rodent predation by great horned owls Bubo virginianus, for example, increases 1196 

significantly in open habitats, as complex vegetation interferes with predation attacks 1197 

(Longland and Price, 1991). However, it has been suggested that barn owls are becoming 1198 

more reliant on linear habitats, such as hedgerows, as foraging grounds in intensively 1199 

managed landscapes, where preferable habitats are limited (Bond et al., 2005). In addition, 1200 

there has been a shift in the management intensity of hedgerows across England, as 1201 

discussed in Chapter 1, which has resulted in fewer managed hedgerows and a rise in 1202 

gappy or relict hedges and tree lines (Countryside Survey, 2009). As a result, many 1203 

hedgerows likely provide less cover for small mammals, which may in turn increase their 1204 

suitability as a foraging habitat for these aerial predators.  1205 

Road networks, in comparison, have often been described as barriers for animals as 1206 

they increase landscape fragmentation (e.g. Oxley et al., 1974). Small mammals have been 1207 

found to avoid roads, regardless of traffic noise or density (McGregor et al., 2008). The 1208 

positive effect of road length on harvest mouse presence in this study was therefore 1209 

unexpected. However, due to the rural nature of Lincolnshire, many of the roads measured 1210 

were narrow country roads or tracks. Regarding small mammal dispersal, wider roads (i.e. 1211 

greater than 20 m) inhibit small mammal movement due to increased road clearance 1212 

(Richardson et al., 1997). Therefore, comparatively quiet and narrow country roads may not 1213 

contribute significantly to landscape fragmentation. Alternatively, the distribution of pellet 1214 

samples around the county may have influenced the results. Whilst barns owls are 1215 
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widespread and abundant across Lincolnshire (personal communication), pellet samples 1216 

were not donated in a systematic manner which resulted in a poor spread of data collection 1217 

for some parts of the county. Pellet samples were donated by volunteers, and accessibility of 1218 

barn owl roosts (i.e. by road networks) may have influenced the distribution of samples. In 1219 

addition, roadside verges can support high densities of small mammals (e.g. Bellamy et al., 1220 

2000) and so this could increase barn owl foraging behaviour around roads. However, this 1221 

was found not to be the case in an agricultural landscape in Portugal – despite high small 1222 

mammal abundances on roadside verges, the foraging behaviour of barn owls was not 1223 

affected (Sousa et al., 2010). 1224 

Of the 8,750 km of highway in Lincolnshire, more than 70% are classified as “rural” 1225 

roads (Cheffins, 2015) which are lined predominantly with grassy verges; across the county, 1226 

the LWT manages 80 km of Roadside Nature Reserves (of which many are additionally 1227 

designated as legally protected Sites of Special Scientific Interest (SSSI)) and a further 300 1228 

km of road verges have been recently designated as Local Wildlife Sites (LWT, undated a). 1229 

Grassy road verges have been found previously to support harvest mice, and are described 1230 

by one study to be “as important as hedgerows” in terms of maintaining small mammal 1231 

diversity (Bellamy et al., 2000). Protected strips of grassland habitat have minimal 1232 

management, with many only cut once a year, and often contain unmanaged “sanctuary 1233 

strips” which animals can retreat into (LWT, undated a). All other rural road verges are 1234 

managed by LCC and are cut thrice annually (around early, mid and late summer; LCC, 1235 

2020). In built-up areas, however, verge management falls to the relevant parish, town or 1236 

district council (LCC, 2020) and so verge management frequency and timing can vary 1237 

substantially, even within districts; for example, East Lindsey District Council (ELDC) cutting 1238 

regimes vary from once a year to once a week depending on the use and safety 1239 

considerations of each verge (ELDC, 2020).  1240 

Poor or non-existent habitat management can result in grassland vegetation matrixes 1241 

becoming dominated by woody plant species as the land successively becomes afforested 1242 



45 
 

(Tälle et al., 2016). This would likely be detrimental to harvest mice, which exhibit habitat 1243 

preference for ruderal successional grassland over older and more wooded habitats 1244 

(Churchfield et al., 1997). However, excessive management can be similarly detrimental; 1245 

small mammals avoid intensively-managed grasslands due to the lack of vegetative cover 1246 

(Laidlaw et al., 2013; Mérő et al., 2015). Frequent cutting and mowing can restrict the height 1247 

that grassy vegetation can reach – this can reduce its suitability for harvest mice, which 1248 

refrain from nest building when vegetation is too short (Hata et al., 2010). One study found 1249 

that phased mowing management of an embankment, in which some long vegetation was 1250 

always available, was an effective method of maintaining a habitat suitable for nesting 1251 

harvest mice (Hata et al., 2010). Embankments that were mown in stages in fact supported a 1252 

greater number of nests and a longer breeding period in comparison to years when this 1253 

phased mowing was not performed (Hata et al., 2010). The timing of management may also 1254 

influence the suitability of grassy verges as harvest mouse habitats – summer cutting 1255 

significantly reduces flowering plants and insect pollinators (Phillips et al., 2019), thus 1256 

limiting food resources. Additionally, nest disturbances can result in the desertion or even 1257 

cannibalism of young (Trout, 1978a) and so cutting around the peak breeding season should 1258 

be avoided. Early June and November have been suggested as suitable cutting periods as it 1259 

allows sufficient time for vegetation to recover prior to peak breeding season and limits 1260 

unnecessary disturbance to active nests (Hata et al., 2010). However, as this study took 1261 

place in Japan, the optimal cutting periods may vary in England in relation to seasonal 1262 

changes and vegetation growth.  1263 

 1264 

2.4.3 Interspecific Competition 1265 

Small mammals such as rodents have long been used as a model system for 1266 

investigating interspecific competition (Eccard and Ylönen, 2003), but little research had 1267 

been undertaken into the interspecific competition faced specifically by the harvest mouse 1268 

with other small mammal species. However, smaller small mammal species behave 1269 
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subordinately in the presence of larger small mammal species, which can result in a 1270 

restriction of access to food sources (Dickman, 1991; Heske and Repp, 1986). As mentioned 1271 

in Chapter 1, this response has been documented between harvest mice and larger bank 1272 

voles (Ylönen, 1990). Conversely, bank vole presence and abundance did not affect harvest 1273 

mouse presence in this project. This may be due to the extensive areas of land which barn 1274 

owl hunting ranges cover (e.g. Lovari et al., 1976) which reduces the likelihood of prey 1275 

originating from the same location and having the potential to interact. In addition, barn owls 1276 

exhibit prey selection (Askew et al., 2007; Tores et al., 2005) as mentioned above, which 1277 

introduces a sampling bias when comparing prey counts. 1278 

Field vole abundance, on the other hand, did significantly impact harvest mouse 1279 

presence. This negative effect may be attributed to competition for food sources: field voles 1280 

are granivorous (Couzens et al., 2017) and so their diets overlap with those of the 1281 

opportunistic harvest mouse, which relies heavily on seeds and other plant matter –  1282 

particularly when other food sources are scarce (Dickman, 1986). Alternatively, this negative 1283 

effect may be attributable to the differing habitat requirements of the two species. Field voles 1284 

are grassland specialists (Couzens et al., 2017) and so often live sympatrically with harvest 1285 

mice (Flowerdew et al., 2004). However, they exclusively occupy the ground level of 1286 

grassland habitats, living in underground burrows and travelling along surface runway 1287 

networks (The Wildlife Trusts, undated) whereas harvest mice spend much of their time in 1288 

the stalk-zone (Vogel and Gander, 2015). Therefore, when the three-dimensional element of 1289 

spatial habitat use is taken into consideration, the two species in fact require and occupy 1290 

very different niches. The type of grassland capable of supporting large numbers of field 1291 

voles may therefore be substantially different to the grasslands preferred by harvest mice. 1292 

However, this effect may also be due to the prey selection preferences exhibited by barn 1293 

owls (Askew et al., 2007; Tores et al., 2005). Field voles were by far the most common prey 1294 

found in this project which corroborates with other pellet analysis reports in the UK (e.g. 1295 
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Glue, 1974). Therefore, particularly in areas where field voles were abundant, harvest mice 1296 

were perhaps overlooked by barn owls as a prey source. 1297 

 1298 

2.4.4. Conclusions and Areas for Further Research 1299 

 This study successfully found harvest mice to be persisting in some locations across 1300 

Lincolnshire when compared with pre-existing records from the LERC, influenced by greater 1301 

areas of uncultivated land, fewer hedgerows and, more roads. The negative effect of 1302 

hedgerows on harvest mouse distribution was surprising, and so it would be worthwhile to 1303 

carry out systematic surveys in landscapes with different proportions of hedgerows around 1304 

Lincolnshire to see if this result is repeatable with other survey methods, such as nest 1305 

searches. Investigating the positive influence of roads on harvest mouse presence by 1306 

surveying roadside reserves and other wide grassy road verges would help to establish their 1307 

importance as a harvest mouse habitat within the county. Determining an effective 1308 

management strategy for providing a suitable habitat, specific to harvest mouse 1309 

requirements, in these linear features may be crucial to supporting their persistence in 1310 

Lincolnshire’s agriculturally-dominated landscapes. Much is still unknown about the species 1311 

in Lincolnshire, and further county-wide surveys, repeated annually and utilising a range of 1312 

survey techniques, are essential to build a better picture of their current status.   1313 
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2.5 Tables and Figures 1314 

Table 2.1. Summary data published by DEFRA (accessed 2021) to compare the breakdown of a) 1315 
land use and b) selected arable crop type on commercial agricultural holdings between England and 1316 
Lincolnshire in 2016 (the most recent county level data). Percentage columns refer to the proportion 1317 
of a) land use area in the total farmed land and b) arable crop type area in the total area of “arable 1318 
crops, uncropped arable land, and bare fallow” land use. Note, as some categories were omitted from 1319 
the tables below, percentages do not total 100%. 1320 

a)  1321 

Land use 
Lincolnshire England 

Area (ha) % Area (ha) % 

Arable crops, uncropped arable land, 

and bare fallow 
400,308 78.95 4,072,708 44.65 

Temporary grass 14,037 2.77 627,485 6.88 

Permanent grass 45,044 8.88 3,281,674 35.98 

Rough grazing 1,464 0.29 478,816 5.25 

Farm woodland 10,663 2.10 370,496 4.06 

 1322 

b) 1323 

Arable crop type 
Lincolnshire England 

Area (ha) % Area (ha) % 

Wheat 179,469 44.83 1,683,717 41.34 

Barley (1) 55,559 13.88 791,254 19.43 

Oats 3,279 0.82 102,404 2.51 

Oilseed rape (1) 69,584 17.38 542,807 13.33 

Maize 11,397 2.85 181,787 4.46 

Uncropped arable land/bare fallow 18,147 4.53 216,190 5.31 

(1) Includes spring and winter varieties.  1324 
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Table 2.2. Priority Habitat Inventory data for Lincolnshire (Natural England Open Data, DEFRA, accessed 2021). 1325 

Habitat 
Total Habitat 

Area (Ha) 
Number of 

Land Parcels 

Smallest Land 
Parcel Area 

(Ha) 

Largest Land 
Parcel Area 

(Ha) 

Mean Land 
Parcel Area 

(Ha) 

Standard 
Error 

Coastal and floodplain grazing marsh 6384.03 3009 6.23E-08 100.77 2.12 0.083 

Coastal saltmarsh 6231.45 2446 3.77E-08 176.72 2.55 0.219 

Coastal sand dunes 541.73 359 1.71E-04 36.19 1.51 0.167 

Deciduous woodland 17457.51 15109 3.98E-08 73.46 1.16 0.020 

Good quality semi-improved grassland 1959.54 823 1.35E-05 55.22 2.38 0.156 

Lowland calcareous grassland 509.99 402 3.30E-04 27.49 1.27 0.133 

Lowland dry acid grassland 552.65 174 5.68E-09 43.24 3.18 0.450 

Lowland fens 177.94 200 6.68E-08 15.33 0.89 0.122 

Lowland heathland 979.40 450 2.32E-07 381.34 2.18 0.856 

Lowland meadows 372.81 121 7.14E-05 36.05 3.08 0.443 

Lowland raised bog 327.71 131 6.66E-06 31.94 2.50 0.402 

Mudflats 6353.66 461 2.65E-07 819.81 13.78 2.938 

No main habitat but additional habitats present 15846.93 2364 1.79E-07 1460.25 6.70 1.255 

Purple moor grass and rush pastures 91.50 75 2.12E-06 17.78 1.22 0.287 

Reedbeds 180.29 170 4.66E-04 21.82 1.06 0.227 

Saline lagoons 115.77 57 1.87E-03 23.69 2.03 0.641 

Traditional orchard 167.03 1024 1.00E-08 11.79 0.16 0.019 

1326 
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Table 2.3. Sites selected for field surveys, with details of the site centroid (OS grid reference), habitats surveyed and the year in which harvest mice were 1327 
most recently recorded (if applicable) at each site listed. 1328 

Site Name Category 
Site 
Centroid 

Habitats Surveyed 
Harvest Mouse 

Records? 

Year of Most 
Recent 
Record 

Ancaster Valley LWT Nature Reserve SK984434 Lowland calcareous grassland No - 

Baston Fen LWT Nature Reserve TF145176 Lowland fens, floodplain grazing marsh, reedbed Yes 1970 

Boultham Mere LWT Nature Reserve SK957713 Reedbed (and grassy banks along the drain) No - 

Candlesby Hill Quarry LWT Nature Reserve TF460682 Lowland calcareous grassland Yes 1998 

Far Ings NNR LWT Nature Reserve TA011229 Reedbed, coastal and floodplain grazing marsh No - 

Gibraltar Point NNR LWT Nature Reserve TF556581 Reedbed, coastal saltmarsh Yes 2009 

Gosling's Corner Wood LWT Nature Reserve TF144752 Grassy rides in/adjacent to deciduous woodland No - 

Kingerby Beck Meadows LWT Nature Reserve TF051941 Good quality semi-improved grassland, lowland meadows No - 

Leadenhall Farm Farmland TF360330 Ruderal farmland ditch No - 

Linwood Warren LWT Nature Reserve TF133877 Lowland heathland, reedbed Yes Unknown 

Messingham Sand Quarry LWT Nature Reserve SE908032 Lowland fens, lowland heathland, lowland dry acid grassland, reedbed Yes 2010 

Mill Hill Quarry LWT Nature Reserve TF452716 Lowland calcareous grassland No - 

Moulton Marsh LWT Nature Reserve TF344336 Coastal saltmarsh Yes 2002 

Red Hill Nature Reserve LWT Nature Reserve TF264806 Lowland calcareous grassland No - 

Saltfleetby-Theddlethorpe Dunes LWT Nature Reserve TF467917 Coastal saltmarsh, coastal and floodplain grazing marsh, reedbed Yes 1995 

Scotton Common LWT Nature Reserve SK873985 Lowland heathland, lowland dry acid grassland Yes Unknown 

Sir Joseph Banks Country Park Woodland Trust Country Park TF309420 Parkland, reedbed, wildflower meadow No - 

Sotby Meadows LWT Nature Reserve TF205778 Lowland meadows Yes 2007 

Surfleet Lows LWT Nature Reserve TF251287 Good quality semi-improved grassland, reedbed No - 

Tetney Blow Wells LWT Nature Reserve TA320007 Reedbed No - 

Vernatt's Nature Reserve Local Nature Reserve TF249240 Reedbed, scrub Yes 2008 

Whisby Nature Park LWT Nature Reserve SK911661 Reedbed, lowland heathland, lowland dry acid grassland Yes 2015 

Willow Tree Fen LWT Nature Reserve TF181213 Reedbed No - 

Wolla Bank Pit LWT Nature Reserve TF555747 Reedbed No - 

Woodhall Spa Airfield LWT Nature Reserve TF206608 Good quality semi-improved grassland, reedbed No - 

1329 
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Table 2.4. Minimum adequate model (MAM), global and null models of harvest mouse presence in 1330 
relation to surrounding habitat factors in Lincolnshire. All data (pellet analysis, field surveying, the ad-1331 
hoc sighting, and recent pre-existing records (from 2009 onwards)) were used in this analysis. 1332 

Model df logLik AICc ΔAICc 

MAM 6 -68.08 148.99 0.00 

Null 1 -74.69 151.42 2.44 

Global 11 -67.74 160.22 11.24 

 1333 

  1334 
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a)               b) 1337 

   1338 

c)           d) 1339 

   1340 
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e) 1341 

 1342 

Figure 2.1. Pre-existing harvest mouse records in Lincolnshire (provided by the Lincolnshire 1343 
Environmental Record Centre), categorised by date of reporting: a) 1968 – 1977, b) 1978 – 1987, c) 1344 
1988 – 1997, d) 1998 – 2007 and e) 2008 – 2017. The arrow indicates north.  1345 
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1346 
Figure 2.2. The distribution of survey site locations in Lincolnshire, categorised by data collection 1347 
method. The pre-existing records from the last 10 years (2009 – 2019) were extracted from the full 1348 
dataset of harvest mouse records (provided by the Lincolnshire Environmental Records Centre) to 1349 
incorporate into the analysis. “Other” relates to an ad-hoc harvest mouse sighting reported by Dr. Carl 1350 
Soulsbury. The arrow indicates north.   1351 
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a)  b)   1352 

c)          1353 

Figure 2.3. Longworth traps set up a) on the ground, b) placed on platforms of vegetation, and c) 1354 
suspended on poles in various lengths and densities of available vegetation.  1355 
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  1356 

 1357 

Figure 2.4. Identification of a harvest mouse skull: a complete skull (above), with the removal of the 1358 
lower first molar (m1; indicated by the red arrow) revealing three root holes (Yalden, 2009) and a 1359 
complete upper jaw (below), with the removal of the upper first molar (m1; indicated by the red arrow) 1360 
revealing five root holes (Yalden, 2009). For scale, m1-m3 length, indicated by the red line, is on 1361 
average 2.6-2.8 mm in adult harvest mice (Trout and Harris, 2008).   1362 
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 1363 

Figure 2.5. Species accumulation curve generated from the pellet analysis results of this project 1364 
(excluding three samples in which pellets were pre-dissected; due to their low occurrence, bird 1365 
remains were excluded). Harvest mouse records (species accumulation against pellet occurrence) 1366 
are represented by ●.  1367 
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1368 
Figure 2.6. The distribution of positive (●) and negative (○) harvest mouse presence records from owl 1369 
pellet analysis (represented by circles) and field surveying (represented by squares) in Lincolnshire. 1370 
Note, although no harvest mice were captured at field survey sites, harvest mouse presence was 1371 
detected at three sites via camera trap footage and the discovery of nests. The arrow indicates north. 1372 
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a)            b) 1373 

     1374 

Figure 2.7. Comparative maps of harvest mouse presence. Figure 2.7.a. compares the results of this 1375 
project with Johnson’s survey (Johnson, 1982) and Figure 2.7.b. compares the results of this project 1376 
with recent harvest mouse records (reported from 2000 onwards; Lincolnshire Environmental Records 1377 
Centre data). Only “presence” data is displayed in each due to the lack of “absence” data in both 1378 
Johnson’s survey and county records. The results of this project refer only to pellet and live trapping 1379 
data. Green = hectad positive for harvest mouse presence in a) Johnson’s survey or b) recent 1380 
records, but not in this project; yellow = hectad positive for harvest mouse presence in a) Johnson’s 1381 
survey or b) recent records, and in this project, blue = hectad positive for harvest mouse presence in 1382 
this project, but not in a) Johnson’s survey or b) recent records. On each map, black crosses 1383 
represent trap sites and pellet sites for reference. The arrow indicates north. 1384 
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a) b) 1385 

c) d)  1386 

Figure 2.8. The effect of a) uncultivated land area (m2), b) road length (m), and c) hedgerow length 1387 
(m) within a 1 km radius landscape area and d) field vole abundance from owl pellet analysis on 1388 
harvest mouse presence. The middle line indicates the median conditions for harvest mouse 1389 
presence and absence, the boxes the interquartile range (IQR) and the whiskers extend to no more 1390 
than 1.5 times the IQR. Due to the extreme variance of one data point from the rest of the hedgerow 1391 
data, this outlier was removed from Figure 2.8.c. 1392 

  1393 
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Chapter 3. Population viability analysis of the 1394 

harvest mouse Micromys minutus 1395 

 1396 

3.1 Introduction 1397 

The main aims of conservation biology are to assess and manage biological 1398 

diversity, from the population level to the ecosystem level (Gerber and González-Suárez, 1399 

2010). Biological diversity assessment involves the definition of a population’s current state 1400 

and the prediction of its future persistence, for which many methods have been established. 1401 

One of the most popular methods is population viability analysis (PVA; Gerber and 1402 

González-Suárez, 2010). PVA involves the processes and tools used to predict extinction 1403 

risks for threatened species, as well as to compare alternative options for their conservation 1404 

management (Brook et al., 2000; Gerber and González-Suárez, 2010). In addition to being 1405 

affected by deterministic factors such as aging, the risk of extinction can be affected by a 1406 

number of stochastic factors: these can be categorised into demographic stochasticity, 1407 

genetic drift, environmental variation, and catastrophic events (Lacy, 1993). PVA modelling 1408 

software packages, such as VORTEX version 10.3.8. (Lacy and Pollak, 2020), provide a 1409 

suitable platform through which the interacting effects of these deterministic and stochastic 1410 

processes on the viability of a population can be established (Lacy, 1993).  1411 

Widely used by conservationists, PVA is an established method for evaluating 1412 

species extinction risk; it is frequently used by the IUCN Red List as one of the criteria to 1413 

determine which extinction threat category (i.e. critically endangered, endangered or 1414 

vulnerable) a species should be classified to (IUCN Standards and Petitions Committee, 1415 

2019). VORTEX is commonly used during these analyses, for example in the PVA of the 1416 

vulnerable mala Lagorchestes hirsutus in Australia (Lees and Bennison (Eds), 2016) and the 1417 

critically endangered Sumatran rhinoceros Dicerorhinus bicornis in Indonesia (Miller et al. 1418 

(Eds), 2015). VORTEX is most applicable to k-selected species with low fecundity and long 1419 
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lifespans such as these (Lacy, 1993). However, PVA has been conducted effectively through 1420 

this platform for many r-selected rodent species (e.g. Brito and Figueiredo, 2003; Brito and 1421 

Fonseca, 2006; Oli et al., 2001) in the identification of minimum viable populations and 1422 

subsequent classification of extinction risks. 1423 

One species for which there is yet to be a population viability analysis undertaken is 1424 

the harvest mouse Micromys minutus. Within England, harvest mice live predominantly in 1425 

agriculturally-dominated landscapes, and are facing increasing levels of habitat 1426 

fragmentation due to agricultural intensification (Perrow and Jowitt, 1995). Arable fields were 1427 

known to be ideal habitats for harvest mice, but as discussed earlier in this thesis, these 1428 

habitats are now in fact largely uninhabitable for the species, and crop fields support as little 1429 

as 0.04 individuals/ha (Harris et al., 1995; Perrow and Jowitt, 1995). As a result, harvest 1430 

mice now more likely rely on small residual areas of reedbeds, marshes and rough 1431 

grassland (Perrow and Jowitt, 1995). Connectivity between these patches can be 1432 

discontinuous however, as hedgerows are being increasingly left to become tree-rows 1433 

(Countryside Survey, 2009) and grassy road verges are frequently subject to harsh 1434 

management (Phillips et al., 2021). This may be detrimental to the persistence of harvest 1435 

mice, which are highly susceptible to local extinctions in fragmented landscapes where 1436 

habitat connectivity is poor (Cooper, 2018; Kuroda and Katsuno, 2006; Perrow and Jowitt, 1437 

1995).  1438 

In addition to habitat loss and degradation, harvest mice are vulnerable to a range of 1439 

other threats, including predation by various terrestrial and aerial species (Darinot, 2016; 1440 

Trout, 1978b) and hypothermia from sudden changes in weather conditions (Harris, 1979a; 1441 

Trout, 1978b). Due to their short fur, poor surface area to volume ratio and high metabolic 1442 

rates (Trout, 1978a), harvest mice are susceptible to extreme cold and wet weather 1443 

conditions: overwinter mortality rates can exceed 95% (Koskela and Viro, 1976; Trout, 1444 

1978b). It has been suggested that wet conditions can limit the species from expanding its 1445 

range in the summer months (Harris et al., 1995), and harvest mice recolonise habitats 1446 
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slowly after flooding events (Wijnhoven et al., 2005). Therefore, as climate change results in 1447 

increasing incidences of extreme weather events (e.g. Rajczak et al., 2013), this may also 1448 

increase the risk of local extinctions of harvest mice in the future.  1449 

 As discussed in Chapter 1, the harvest mouse is protected in England as it is 1450 

understood to be in decline. It is believed that this decline is attributable predominantly to 1451 

habitat destruction and degradation as a result of agricultural intensification (Glue, 1975; 1452 

Harris, 1979a; Harris, 1979b; Perrow and Jowitt, 1995; Trout, 1978b), as well as climate 1453 

change, which is resulting in extreme weather conditions such as prolonged frosts and 1454 

floods (Harris, 1979a; Harris et al., 1995; Trout, 1978a; Trout, 1978b). Chapter 1 highlighted 1455 

the extent to which harvest mice are under-surveyed, which heightens the risk of reductions 1456 

in the species’ population size and range being overlooked. PVA modelling may therefore be 1457 

a suitable alternative to direct surveying when monitoring the persistence of the species.  1458 

This chapter aimed to determine the genetic minimum viable population (gMVP) and 1459 

demographic minimum viable population (dMVP) necessary for harvest mice to persist in 1460 

isolated habitat patches, and specify the minimum areas of suitable habitat (MASH) required 1461 

to support these isolated populations in 1) agricultural (crop fields) 2) reedbed and 3) 1462 

grassland habitats. As harvest mice are susceptible to extreme weather events such as 1463 

prolonged frosts and heavy rain, the effects of increasing frequency and severity of 1464 

catastrophic events was also investigated (Note: catastrophe events are defined are periods 1465 

of extreme environmental variation which can strongly impact survival and/or reproduction, 1466 

and can include disease epidemics, sudden habitat destruction, natural disasters etc., in 1467 

addition to extreme wet/cold weather (Lacy et al., 2021)).   1468 

 1469 

 1470 

 1471 
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3.2 Methods 1472 

3.2.1 Life History Variables and Input Parameters 1473 

Harvest mice are described as polygynous and have been found to mate from as 1474 

early as around 35 days old (Frank, 1957 in Trout, 1978a; Table 3.1). Females give birth to 1475 

anywhere between 1 and 13 young per litter (various sources in Trout, 1978a). However, 1476 

there has been a recent downward shift in mean litter sizes recorded (from 6.75 ± 0.4 pre-1477 

1917 to 5.40 ± 0.16 post-1917; Harris, 1979a) and so the likely maximum litter size is now 1478 

estimated to be around 8 young (estimated by averaging data from various sources in Trout, 1479 

1978a). In captivity, female harvest mice have been found to produce up to 9 litters in a 1480 

lifetime (Trout, 1976 in Trout, 1978a), but in the wild they tend to have up to 3 litters 1481 

(Sleptsov, 1947 in Trout, 1978b). Gestation is only around 17-19 days long and young are 1482 

weaned 15-16 days later (Trout, 1978a). This, paired with the potential for post-partum 1483 

oestrus and mating (Trout, 1978a), suggests it to be feasible that multiple litters can be 1484 

produced within a month in the breeding season, although there is no data available 1485 

regarding the extent to which this occurs. There is no evidence to suggest senescence in 1486 

harvest mice (Trout, 1978a), and so it is assumed that they are capable of breeding 1487 

throughout their adult lives. 1488 

Little data have been recorded regarding mortality rates in the wild, as captured 1489 

individuals can be difficult to age (Trout, 1978b). There is no known pattern of individual 1490 

nestling mortality, but the loss of entire litters can occur frequently – particularly towards the 1491 

end of the breeding season where up to 80% of litters succumb to poor weather conditions 1492 

(Harris, 1979a). Few individuals live past 6 months in the wild (Trout, 1976/1977 in Trout, 1493 

1978b), but individuals of up to 18 months have been observed (Kubik, 1952 in Trout, 1494 

1978b) and so this is assumed to be the maximum age harvest mice can reach in the wild. 1495 

Due to the lack of available data, mortality rate was established for the purpose of this 1496 

project through a survival curve based on published recapture rates (Figure 3.1; Trout, 1497 
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1976/1977 in Trout, 1978b). The age of recaptured individuals is not specified, but it is 1498 

assumed that the rate of survival follows a similar pattern to the rate of recapture, as 1499 

juveniles tend to have a higher life expectancy than adults (Trout, 1978b). 1500 

Female harvest mice can be territorial to maturing young, or to males with which they 1501 

have already mated (various sources in Trout, 1978a), but home ranges have been 1502 

suggested to overlap. In a study on the South Downs in England, females were found to 1503 

occupy home ranges of 350 m2 (range: 200-800 m2) whereas males occupied slightly larger 1504 

home ranges of 400 m2 (range: 300-400 m2; Trout, 1976 in Trout, 1978b). Home range sizes 1505 

in other small mammals vary greatly depending on habitat quality and availability (e.g. in 1506 

wood mice Apodemus sylvaticus; Tattersall et al., 2001; Tew et al., 1992; Tew and 1507 

Macdonald, 1993). As harvest mouse population density varies greatly between habitats, it 1508 

was assumed that home range sizes would also differ between habitats. Reedbeds and 1509 

marshlands are generally found to be the most suitable habitats, supporting from 52 (Haberl 1510 

and Kryštufek, 2003) to over 60 (Perrow and Jowitt, 1995) harvest mice/ha (average number 1511 

of individual harvest mice found per hectare of land). Grasslands tend to support a lower 1512 

density range of 2.5 to 5 harvest mice/ha (Perrow and Jordan, 1992 in Harris et al., 1995), 1513 

but one study reported a considerably greater density of 250 harvest mice/ha (Trout, 1978b). 1514 

Harvest mouse populations fluctuate considerably between years, operating around a 1515 

“boom-and-bust” cycle (Trout, 1978b), and so this may suggest the density saturation 1516 

potential when harvest mouse numbers are at their highest. Arable fields comparatively 1517 

support the lowest known densities of harvest mice, varying from just 0.04 harvest mice/ha 1518 

in barley fields (Harris et al., 1995) to 0.5 harvest mice/ha in wheat fields (Perrow and 1519 

Jordan, 1992 in Perrow and Jowitt, 1995), which highlights their unsuitability as a habitat.   1520 

 1521 

 1522 

 1523 
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3.2.2 PVA Package Used and Scenarios Modelled 1524 

All population viability analysis was carried out on the computer simulation package 1525 

VORTEX version 10.3.8. (Lacy and Pollak, 2020). VORTEX is a Monte Carlo simulation of 1526 

the deterministic forces and demographic, genetic and environmental stochastic processes, 1527 

(including catastrophe events) that impact wildlife populations (Lacy, 1993; Lacy 2000). It is 1528 

used extensively for population viability analysis due to both the flexibility of the software and 1529 

the high accuracy of its predictive outputs (Brook et al., 2000; Lacy, 1993).  1530 

The persistence of single isolated harvest mouse populations of 10, 20, 50, 100, 200, 1531 

500, 1000 and 2000 individuals were modelled (Brito and Figueiredo, 2003; Brito and 1532 

Fonseca, 2006; Table 3.2) using the input data summarised in Table 3.1. For each scenario, 1533 

100 iterations were run over the course of 100 years, or 1200 timesteps with each timestep 1534 

lasting 30 days (selected due to the short lifespan of harvest mice; Trout, 1978b). The initial 1535 

population size for each scenario was set to equal half of the relevant carrying capacity 1536 

(±10%; Brito and Figueiredo, 2003; Brito and Fonseca, 2006). As there is no known data 1537 

available to determine the effect of inbreeding depression in harvest mice, scenarios were 1538 

run both with a) no inbreeding depression and b) default inbreeding depression (6.29 lethal 1539 

equivalents – defined as the combined mean effect of inbreeding on fecundity and first year 1540 

survival; O’Grady et al., 2006). Density-independent models were chosen due to the lack of 1541 

evidence available to suggest harvest mouse survival and reproduction to be density-1542 

dependent.   1543 

To determine the effect of catastrophic events, a carrying capacity of 100 was 1544 

selected, and the simulation was run repeatedly with varying catastrophe frequencies and 1545 

severities. Catastrophe frequencies were input as: 0, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 1546 

0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 50, which relate to the chance (as a percent) of a 1547 

catastrophe event occurring per timestep (month). For example, a frequency of 1 indicates 1548 

that there is a 1% chance of a catastrophe occurring within a given month, and so over the 1549 

1200 timestep period modelled, an average of 12 catastrophes will be experienced by the 1550 
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population per iteration. For each catastrophe frequency, the simulations were repeated with 1551 

severity multipliers of 0.00, 0.25, 0.50, 0.75, and 1.00 (Table 3.2), which relate to the impact 1552 

of the catastrophe on “normal” reproductive and survival rates. For example, a severity 1553 

multiplier of 0.25 indicates that a catastrophe would reduce reproductive and survival rates 1554 

by 75%. As there is insufficient data available to compare the effects of catastrophes on 1555 

reproduction and survival in harvest mice, it was assumed that they were equally affected in 1556 

the simulations.   1557 

 1558 

3.2.3 Data Analysis and Output Data 1559 

The data derived from the VORTEX model outputs were as follows: 1) population 1560 

growth (± 1 SD) 2) probability of extinction 3) mean population size (N-all; ± 1 SD) and 4) 1561 

genetic diversity (± 1 SD), expressed as the percentage of expected heterozygosity.  1562 

It was considered that demographic viability was achieved when populations had a 1563 

10% or lower probability of extinction over the course of 100 years, and that genetic viability 1564 

was achieved when there was a 10% or less decrease in expected heterozygosity (Brito and 1565 

Figueiredo, 2003). Regarding catastrophic events, the impact was considered substantial 1566 

when the extinction risk consistently exceeded 10%, and so demographic viability was lost.  1567 

Density data from pre-existing literature (regarding reedbeds, grasslands and crop 1568 

fields) were used to determine the MASHs required to support both demographically and 1569 

genetically viable populations of harvest mice. Density information was used as opposed to 1570 

home range sizes, which are used in other studies (e.g. Brito and Fonseca, 2006), due to the 1571 

data regarding the extent to which home ranges overlap and vary between habitats being 1572 

limited. 1573 

 1574 

 1575 
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3.2.4 Sensitivity Analysis 1576 

Sensitivity tests are an important part of PVA when data are limited, in order to 1577 

assess the effect of uncertain parameters (Brook et al., 2000). The target parameters 1578 

selected for sensitivity analysis were mortality rates across all age categories (age 0-1: 1579 

“juvenile”, age 1-2: “sub-adult”, age 2+: “adult”), percentage of females breeding per 1580 

timestep, and the proportion of females producing no broods in a timestep. Using a standard 1581 

model with the attributes: default inbreeding depression, initial population size=50, carrying 1582 

capacity=100(±10), a single sensitivity test was set up to incorporate all parameters of 1583 

interest with varying degrees of variation (Table 3.3). Mortality rates were varied by ± 20% 1584 

around the estimated values, pre-existing data was used to determine the minimum and 1585 

maximum % females breeding as 0% and 52% respectively (Sleptsov, 1947 in Trout, 1586 

1978b), and % no broods per timestep were varied from 0% to 100% due to the 1587 

unavailability of data. Single-Factor sampling was selected, and the sensitivity test was run 1588 

for 100 samples using population-based models with default increments. 1589 

Analysis of the sensitivity tests was then carried out in R 3.6.1 (R Core Team, 2020), 1590 

using the R package vortexR 1.1.7 (Pacioni and Mayer, 2017). All data files output by the 1591 

VORTEX sensitivity test were collated using the collate_dat function on the vortexR 1592 

package. A pairwise test was then carried out to establish the effect of each target 1593 

parameter on overall population size (Nall), probability of extinction (PExtinct) and genetic 1594 

diversity (Het). Due to the lack of variation in the model outputs, PExtinct and Het were not 1595 

sufficiently affected by the parameter variations and so were excluded from the analysis. 1596 

From the full output, the “SSMD.tables.pvalues” output was used to identify significantly 1597 

different models, and the “ranks.mean.SSMD” output was used to determine which 1598 

parameters had the greatest effect on overall population size.   1599 

 1600 

 1601 
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3.3 Results 1602 

3.3.1 Demographic and Genetic MVPs 1603 

In populations where inbreeding depression was not incorporated, stochasticity 1604 

(represented by SD(r)) was high but relatively consistent between populations of differing 1605 

size (Table 3.4). In populations where default inbreeding depression was incorporated, 1606 

stochasticity increased as population size increased. In both scenarios (none and default), 1607 

growth rate (r) increased with population size. In populations of 20 individuals or less (initial 1608 

population size=10, K=20±10%) in both scenarios, extinction rates were very high, 1609 

highlighting the influence of stochasticity on survival in small populations. When inbreeding 1610 

depression was considered not to be a contributing factor, demographic viability was 1611 

achieved from populations of as little as ≥50 individuals (dMVP1 – demographic minimum 1612 

viable population when inbreeding is not incorporated into the analysis), as at this population 1613 

size, the probability of extinction was below 10% (PE (%); Table 3.4). Incorporating default 1614 

inbreeding depression into the models however increased extinction risks through 1615 

decreasing growth rate, and as a result, demographic viability was not achieved until 1616 

populations reached ≥200 individuals (dMVP2 – demographic minimum viable population 1617 

when inbreeding is incorporated into the analysis), as at this population size, the probability 1618 

of extinction was 10% (Table 3.4). 1619 

In populations sized 500, 1000 and 2000 (for both no inbreeding and default 1620 

inbreeding models), over 50% of expected genetic diversity was conserved (GD; Table 3.4). 1621 

but for population sizes smaller than this, genetic diversity was particularly low. Regarding 1622 

genetic viability however, according to the model outputs, this was not even reached at 1623 

populations of 2000 individuals, as the proportion of genetic diversity maintained did not 1624 

exceed 90% in any modelled population (Table 3.4).  1625 

 1626 
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3.3.2 MASH Outputs 1627 

The application of estimated MVP values to known densities resulted in a range of 1628 

MASHs, varying depending on the quality of the habitat (Table 3.5). Reedbeds support the 1629 

highest reported densities of harvest mice, and therefore only needed to be between 0.83 ha 1630 

(dMVP1) and 3.85 ha (dMVP2) in area to support a demographically viable population. 1631 

Grasslands needed to cover a larger area of between 10 ha (dMVP1) and 80 ha (dMVP2) to 1632 

support the equivalent populations. Crop fields support the lowest known densities, and so 1633 

wheat fields were found to need to cover areas of 100 – 400 ha, and barley fields an even 1634 

greater 1000 – 4000 ha, in order to support equivalent demographically viable populations.  1635 

However, when genetic viability was considered (for which the gMVP was considered 1636 

to be 2000 individuals for the purpose of the calculation), MASH values were even greater, 1637 

with habitats needing to be at least 33.33 – 38.46 ha (reedbeds), 400 – 800 ha (grasslands) 1638 

and 4000 – 40000 ha (crop fields – wheat and barley respectively) in area in order to support 1639 

population heterozygosity.  1640 

 1641 

3.3.3 Catastrophe Effects 1642 

Catastrophe events had a varied effect on harvest mouse population size depending 1643 

on the severity of the event on reproduction and survival rates (Figure 3.2). When the 1644 

severity multiplier was low, catastrophic events did not influence the probability of extinction 1645 

until catastrophes had a 10% chance of occurring in a given timestep (month). In 1646 

comparison, when the severity multiplier was high, the probability of extinction increased 1647 

from the standard probability when the chance of a catastrophe event occurring was as little 1648 

as 0.5% per timestep, which equates on average to once every 200 timesteps, or just under 1649 

17 years. 1650 

 1651 
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3.3.4 Sensitivity Analysis Outputs 1652 

The sensitivity testing output showed that harvest mouse populations demonstrated 1653 

strong resilience in response to variations in mortality and reproductive rates. The rank of the 1654 

target parameters, in terms of the strength of their effect on the overall population size, was: 1655 

percentage of females breeding per timestep, proportion of females producing no broods in 1656 

a timestep, sub-adult mortality, adult mortality, and juvenile mortality. For all age groups, 1657 

variation of mortality rates did not significantly affect population size (Table 3.6). Regarding 1658 

the percentage of females breeding, populations were not significantly affected (P<0.05) 1659 

until ≤1.8% of females were in the breeding pool in a given timestep. The proportion of 1660 

females producing 0 broods per timestep did not significantly affect (P<0.05) population size 1661 

until 89.05% or more of the female breeding pool were producing no offspring per timestep.  1662 

 1663 

3.4 Discussion 1664 

3.4.1 Population Resilience 1665 

Simulated harvest mouse populations demonstrated a high level of resilience when 1666 

faced with variation in reproductive and mortality rates, only going to extinction in the most 1667 

extreme circumstances. Even when faced with catastrophes, only when events were very 1668 

frequent, or were capable of wiping out the vast majority of a population, did they have a 1669 

significant effect on overall population extinction risk. Although often described as vulnerable 1670 

to catastrophes, such as extreme weather events (Harris, 1979a; Trout, 1978b), persistence 1671 

by harvest mice following these events has been recorded in the wild: when faced with 1672 

floods, harvest mice were able to escape to higher grounds before slowly recolonising the 1673 

floodplains once the water had drained (Wijnhoven et al., 2005). Some studies in fact have 1674 

described harvest mice to be relatively unaffected by flooding, due to their affinity for wetland 1675 

habitats and ability to climb high into tall vegetation (e.g. Darinot and Favier, 2014). In the 1676 
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wild, harvest mice experience extreme fluctuations in population size and density both 1677 

seasonally and annually (known as “boom-and-bust” cycles; Trout, 1978b). It is not known 1678 

what causes populations to crash – potentially poor weather conditions or a combination of 1679 

multiple external factors – but various long-term surveys have found populations to recover 1680 

rapidly following “bust” events (Trout, 1978b). This perhaps demonstrates the elevated 1681 

population resilience simulated by this study in real life scenarios. Population resilience in 1682 

harvest mice is likely at least partly due to their high fecundity levels – reaching sexual 1683 

maturity from 2 months old and being able to produce multiple litters of up to 8 or more 1684 

offspring in quick succession (Trout, 1978a). Additionally, although predated on by many 1685 

species, the harvest mouse almost always makes up only a small proportion of predator 1686 

diets (Darinot, 2016). The species would therefore have the opportunity to expand rapidly 1687 

when conditions are suitable.  1688 

 1689 

3.4.2 Inbreeding Depression Effects 1690 

However, inbreeding depression substantially affected demographic viability, 1691 

quadrupling the required MVP. High growth rate species, such as rodents, are only affected 1692 

by strong inbreeding depression (Mills and Smouse, 1994), but the effect of inbreeding 1693 

depression on harvest mice in particular is unknown. However, as inbreeding depression 1694 

has been found to negatively impact litter size, growth, and survival, and adult fitness, in 1695 

other mouse species (Peromyscus leucopus and P. polionotus – Brewer et al., 1990; Mus 1696 

domesticus – Meagher et al., 2000), only MVPs and MASHs relating to the models that 1697 

incorporated default inbreeding depression will be discussed from this point onwards. 1698 

Populations of <200 individuals were not considered demographically viable and had much 1699 

higher probabilities of extinction. In small populations, genetic drift can result in a loss of 1700 

genetic variation which in turn may reduce a populations’ ability to adapt to environmental 1701 

and demographic fluctuations. This, in combination with the heightened impact of inbreeding 1702 
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on population fitness, can accelerate population decline considerably (Frankham and Ralls, 1703 

1998; Lacy, 1993; Mills and Smouse, 1994).  1704 

Applying these MVP sizes to harvest mouse reintroduction projects would likely 1705 

improve their chances of success – known releases of harvest mice have been unsuccessful 1706 

even in ideal habitat (Harris 1979b). Releasing 2000 harvest mice (a genetically viable 1707 

population) would clearly be unfeasible, and so to limit the risk of inbreeding depression, 1708 

harvest mice should be released in an area with suitable habitat corridors for dispersal to 1709 

known adjacent harvest mouse populations. 200 harvest mice (a demographically viable 1710 

population) would be a sensible number for a first release, but the population should be 1711 

closely monitored and supported with additional releases, as mortality rate in released 1712 

individuals can be very high (Forder, 2006).  1713 

 1714 

3.4.3 MASH Outputs and Implications 1715 

The area of habitat required to support demographically viable populations varied 1716 

greatly with the quality of the habitat; in high-quality reedbeds, the MASH was just 3.33 ha, 1717 

whereas the MASH for barley fields required least 4000 ha of land to support a 1718 

demographically viable population. As highlighted in Chapter 2, Lincolnshire has a 1719 

disproportionately high coverage of arable fields when compared to the rest of England. 1720 

However, this can no longer be considered a viable harvest mouse habitat: due to the 1721 

intensification of agricultural practices, crop fields now provide less shelter, food sources, 1722 

and nesting material for harvest mice compared to when farmed with more traditional 1723 

methods. As a result they are considered to be particularly poor habitats for harvest mice 1724 

(Harris, 1979a; Perrow and Jordan, 1992 in Bence et al., 2003; Perrow and Jowitt, 1995; 1725 

Rowe and Taylor, 1964 in Harris et al., 1995). This is reflected in the size of the MVPs and 1726 

MASHs calculated here, which are simply unfeasible when considering the harvest mouse’s 1727 

small size and recorded dispersal distances (Trout, 1978b).   1728 
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Heterozygosity is retained in wood mice living in arable landscapes, particularly when 1729 

compared with urban habitats (Wilson et al., 2016). However, wood mice are a generalist 1730 

species capable of exploiting many agricultural habitats (e.g. Macdonald et al., 2000), 1731 

whereas harvest mice are comparatively scarce in equivalent habitats (Harris et al., 1995; 1732 

Perrow and Jowitt, 1995). In landscapes dominated by crop fields and grazed pasture 1733 

(Department of Environment, Food and Rural Affairs (DEFRA) 2018 data, accessed 2020), 1734 

harvest mice likely now have to rely on patches of suitable habitat, such as marshes and 1735 

rough grassland, interspersed between agricultural habitats (Perrow and Jowitt, 1995). In 1736 

England, grasslands (acid, neutral and calcareous) cover 14.2% of the total land area, but 1737 

other habitats such as fens, marshes and swamps only cover a total of 0.9% (Countryside 1738 

Survey, 2009), and so suitable habitats may be limited for harvest mice. 1739 

This is problematic when considering the minimum areas of suitable habitat required 1740 

to support genetically viable populations of more than 2000 individuals, because even in 1741 

high quality habitats like reedbeds, habitat patches of more than 38.46 ha are required for 1742 

genetic diversity to be maintained. Suitable habitats for harvest mice are increasingly 1743 

fragmented as a result of agricultural expansion; reedbeds in the UK are very scattered, with 1744 

only around 50 sites in the UK exceeding 20 ha in size, and lowland fens are described as 1745 

small and isolated, particularly in intensively farmed lowland regions (UK BAP, 2008). In 1746 

Lincolnshire, just one designated reedbed exceeded 20 ha in area (Natural England Open 1747 

Data, accessed 2021; Table 2.2), but even this land parcel would not be sufficiently large to 1748 

solely support a genetically viable population of harvest mice. Lowland fen habitats are 1749 

similarly small in Lincolnshire, with the largest habitat patch covering 15.33 ha. The mean 1750 

land area of these wetland habitats in Lincolnshire were just 1.06 ha and 0.89 ha 1751 

respectively, which indicates that they are highly patchy and fragmented across the county.  1752 

Some grassland habitats in the UK are also considered to be highly localised, fragmented, 1753 

and occurring only in small stands (UK BAP, 2008). In Lincolnshire for example, the mean 1754 

lowland meadow habitat covered 3.08 ha and the mean lowland calcareous grassland 1755 



75 
 

habitat covered an even lower 1.27 ha (Natural England Open Data, accessed 2021; Table 1756 

2.2). Distribution models of harvest mice in Japanese rural landscapes found that harvest 1757 

mice preferred larger patch sizes (Sawabe and Natuhara, 2016). Whilst there are likely to be 1758 

substantial differences in the composition of rural landscapes in Japan and Lincolnshire, the 1759 

MASH outputs here clearly indicate the importance of habitat patch size in fragmented 1760 

landscapes for harvest mouse population persistence. Just 11 reedbed patches and 7 1761 

grassland patches (of all grassland habitat categories) across Lincolnshire are large enough 1762 

to support demographically viable populations of harvest mice, which highlights the need for 1763 

habitat creation. Refuge habitats within agricultural landscapes, such as inaccessible 1764 

reedbeds (Surmacki et al., 2005) and beetle banks (Bence et al., 2003) have been found to 1765 

support harvest mice in abundance. However, given the extent of Lincolnshire’s arable land, 1766 

the creation of habitats capable of supporting isolated genetically viable populations of 1767 

harvest mice is unfeasible. Therefore, in addition to habitat creation, conservation effort 1768 

should also focus on the connectivity of existing refuge patches within agricultural 1769 

landscapes, in order for genetic diversity to be maintained. 1770 

 1771 

3.4.4 The Importance of Connecting Habitats in Fragmented Landscapes 1772 

The negative effects of habitat fragmentation on genetic diversity, as a result of 1773 

anthropogenic habitat destruction and modification, are well documented in literature. A 1774 

multitude of species from a range of habitats have been impacted, from rainforest-dwelling 1775 

toads (Dixo et al., 2009), to freshwater fish (Faulks et al., 2011), to subterranean rodents 1776 

(Mapelli et al., 2012). Even short-term fragmentation can significantly influence genetic 1777 

diversity, as found in populations of large Japanese field mice Apodemus speciosus over the 1778 

course of just a few decades (Sato et al., 2014). However, habitat connectivity can mitigate 1779 

the barrier effects of habitat fragmentation by facilitating the movement of genetic material 1780 

between habitat patches – “dispersal corridors” have been found to benefit various rodent 1781 

populations (e.g. Garrido-Garduño et al., 2016; Mapelli et al., 2012).  1782 
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Although there have been no known studies investigating the impact of habitat 1783 

fragmentation on the genetic diversity of harvest mouse populations, field surveys have 1784 

found habitat connectivity to be an important indicator of harvest mouse presence within a 1785 

landscape (Kuroe et al., 2011); isolated habitats have been found to consistently support few 1786 

or no harvest mouse nests across various studies (Cooper, 2018; Kuroda and Katsuno, 1787 

2006; Kuroe et al., 2011). Other small mammal species, such as the Polish common 1788 

hamster Cricetus cricetus L., are directly endangered by agricultural fragmentation and the 1789 

resulting isolation of suitable habitat patches, experiencing noticeable reductions in genetic 1790 

variation (Banaszek et al., 2011). It has been suggested that the intensification of agriculture 1791 

and resulting habitat fragmentation has had a similar negative impact on harvest mouse 1792 

population numbers, through increased population fragmentation and isolation (Perrow and 1793 

Jowitt, 1995). 1794 

Within small mammal communities, refuge habitat patches support significantly 1795 

higher densities when connected with surrounding habitats by hedgerows (Fitzgibbon, 1796 

1997). Marginal habitats in agricultural landscapes, such as hedgerows and grassy field 1797 

margins, can be vital refuge habitats for small mammals, in addition to acting as dispersal 1798 

corridors, and have been regularly found to support stronger small mammal communities 1799 

than the crop fields they encompass (Broughton et al., 2014; Michel et al., 2006). Road 1800 

verges are well known to be important habitat corridors to small mammals (e.g. Bellamy et 1801 

al., 2000); in a case study of wood mice in southern Portugal, road verges significantly 1802 

enhanced connectivity even in well-preserved landscapes (Galantinho et al., 2020). Road 1803 

verges consist of better habitat quality than crop fields, and subsequently support larger 1804 

small mammal populations (Jumeau et al., 2017). In intensive agricultural landscapes, road 1805 

verges can serve as both a habitat and a corridor for small mammals, although the extent of 1806 

their benefits vary depending on species and verge dimensions (de Redon et al., 2015). 1807 

Harvest mice have been recorded on road verges in England, although often in low numbers 1808 

(Bellamy, 2000; Cooper, 2018; Harris, 1979b). The results of Chapter 2, however, indicate 1809 
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that increasing road verge density significantly benefits harvest mouse presence, suggesting 1810 

that they may in fact be an important corridor habitat in Lincolnshire’s otherwise fragmented 1811 

agricultural landscapes.  1812 

 1813 

3.4.5 Conclusions 1814 

This Chapter found harvest mice to be predominantly highly resilient to stochasticity. 1815 

However, factors including inbreeding depression and particularly frequent catastrophic 1816 

events substantially affected population growth rate and survival, so this must be considered 1817 

when assessing small or at-risk populations or planning reintroduction programmes. 1818 

Lincolnshire‘s habitats for harvest mice are currently small and fragmented, and the need for 1819 

habitat creation and expansion was discussed. The need for connectivity between more 1820 

suitable habitat patches such as reedbeds and grassy field margins was also highlighted, in 1821 

order to maintain genetically diverse populations of harvest mice within these agricultural 1822 

landscapes.  1823 
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3.5 Tables and Figures 1824 

Table 3.1. Harvest mouse attribute data summary used as the VORTEX input data. M: male, F: 1825 
female, SD: standard deviation in % breeding due to environmental variance. * Indicates field in which 1826 
no clear data was available and so a sensible assumption was made.  1827 

Parameter  Value Source 
Breeding system Polygynous Trout, 1978a 
Age of first offspring (M/F; months) 2 Trout, 1978b 
Maximum age of reproduction (M/F; months) 18 Trout, 1978b 
Sex ratio at birth (% M) 53 Trout, 1978b 
Maximum lifespan (M/F; months) 18 Trout, 1978b 
Maximum number of broods per timestep (month) 2 * 
Distribution of brood counts per female per timestep 0: 0% 

1: 80% 
2: 20% 

* 

Maximum number of offspring per brood 8 Trout, 1978a 
Distribution of number of offspring per female per 
brood 

1: 0% 
2: 0% 
3: 3.6% 
4: 16.1% 
5: 32.5% 
6: 25.8% 
7:14.5% 
8:4.8% 

Harris et al. 1995 

% adult females breeding per timestep (SD) 22(30) Trout, 1978b 
% males in breeding pool 100 * 

1828 
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Table 3.2. Population viability analysis input parameters for each scenario modelled in VORTEX. 1829 
Exact set of models tested differences in population size, inbreeding depression or catastrophe 1830 
severity (as a multiplier of standard survival) and frequency (chance of occurrence per timestep 1831 
(month) as a percentage) and its impact on population viability.  1832 

Model Initial 
Population 
Size 

Carrying 
Capacity (K) 

Inbreeding 
Depression (lethal 
equivalents) 

Catastrophe 
Frequency 

Catastrophe 
Severity 

Population 
size 

5 10 0 0.002 0.75 

Population 
size 

10 20 0 0.002 0.75 

Population 
size 

25 50 0 0.002 0.75 

Population 
size 

50 100 0 0.002 0.75 

Population 
size 

100 200 0 0.002 0.75 

Population 
size 

250 500 0 0.002 0.75 

Population 
size 

500 1000 0 0.002 0.75 

Population 
size 

1000 2000 0 0.002 0.75 

Inbreeding 5 10 6.29 0.002 0.75 
Inbreeding 10 20 6.29 0.002 0.75 
Inbreeding 25 50 6.29 0.002 0.75 
Inbreeding 50 100 6.29 0.002 0.75 
Inbreeding 100 200 6.29 0.002 0.75 
Inbreeding 250 500 6.29 0.002 0.75 
Inbreeding 500 1000 6.29 0.002 0.75 
Inbreeding 1000 2000 6.29 0.002 0.75 
Catastrophes 50 100 6.29 0.000 0.00 
Catastrophes 50 100 6.29 0.001 0.00 
Catastrophes 50 100 6.29 0.002 0.00 
Catastrophes 50 100 6.29 0.005 0.00 
Catastrophes 50 100 6.29 0.010 0.00 
Catastrophes 50 100 6.29 0.020 0.00 
Catastrophes 50 100 6.29 0.050 0.00 
Catastrophes 50 100 6.29 0.100 0.00 
Catastrophes 50 100 6.29 0.200 0.00 
Catastrophes 50 100 6.29 0.500 0.00 
Catastrophes 50 100 6.29 1.000 0.00 
Catastrophes 50 100 6.29 2.000 0.00 
Catastrophes 50 100 6.29 5.000 0.00 
Catastrophes 50 100 6.29 10.000 0.00 
Catastrophes 50 100 6.29 20.000 0.00 
Catastrophes 50 100 6.29 50.000 0.00 
Catastrophes 50 100 6.29 0.000 0.25 
Catastrophes 50 100 6.29 0.001 0.25 
Catastrophes 50 100 6.29 0.002 0.25 
Catastrophes 50 100 6.29 0.005 0.25 
Catastrophes 50 100 6.29 0.010 0.25 
Catastrophes 50 100 6.29 0.020 0.25 
Catastrophes 50 100 6.29 0.050 0.25 
Catastrophes 50 100 6.29 0.100 0.25 
Catastrophes 50 100 6.29 0.200 0.25 
Catastrophes 50 100 6.29 0.500 0.25 
Catastrophes 50 100 6.29 1.000 0.25 
Catastrophes 50 100 6.29 2.000 0.25 
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Catastrophes 50 100 6.29 5.000 0.25 
Catastrophes 50 100 6.29 10.000 0.25 
Catastrophes 50 100 6.29 20.000 0.25 
Catastrophes 50 100 6.29 50.000 0.25 
Catastrophes 50 100 6.29 0.000 0.50 
Catastrophes 50 100 6.29 0.001 0.50 
Catastrophes 50 100 6.29 0.002 0.50 
Catastrophes 50 100 6.29 0.005 0.50 
Catastrophes 50 100 6.29 0.010 0.50 
Catastrophes 50 100 6.29 0.020 0.50 
Catastrophes 50 100 6.29 0.050 0.50 
Catastrophes 50 100 6.29 0.100 0.50 
Catastrophes 50 100 6.29 0.200 0.50 
Catastrophes 50 100 6.29 0.500 0.50 
Catastrophes 50 100 6.29 1.000 0.50 
Catastrophes 50 100 6.29 2.000 0.50 
Catastrophes 50 100 6.29 5.000 0.50 
Catastrophes 50 100 6.29 10.000 0.50 
Catastrophes 50 100 6.29 20.000 0.50 
Catastrophes 50 100 6.29 50.000 0.50 
Catastrophes 50 100 6.29 0.000 0.75 
Catastrophes 50 100 6.29 0.001 0.75 
Catastrophes 50 100 6.29 0.002 0.75 
Catastrophes 50 100 6.29 0.005 0.75 
Catastrophes 50 100 6.29 0.010 0.75 
Catastrophes 50 100 6.29 0.020 0.75 
Catastrophes 50 100 6.29 0.050 0.75 
Catastrophes 50 100 6.29 0.100 0.75 
Catastrophes 50 100 6.29 0.200 0.75 
Catastrophes 50 100 6.29 0.500 0.75 
Catastrophes 50 100 6.29 1.000 0.75 
Catastrophes 50 100 6.29 2.000 0.75 
Catastrophes 50 100 6.29 5.000 0.75 
Catastrophes 50 100 6.29 10.000 0.75 
Catastrophes 50 100 6.29 20.000 0.75 
Catastrophes 50 100 6.29 50.000 0.75 
Catastrophes 50 100 6.29 0.000 1.00 
Catastrophes 50 100 6.29 0.001 1.00 
Catastrophes 50 100 6.29 0.002 1.00 
Catastrophes 50 100 6.29 0.005 1.00 
Catastrophes 50 100 6.29 0.010 1.00 
Catastrophes 50 100 6.29 0.020 1.00 
Catastrophes 50 100 6.29 0.050 1.00 
Catastrophes 50 100 6.29 0.100 1.00 
Catastrophes 50 100 6.29 0.200 1.00 
Catastrophes 50 100 6.29 0.500 1.00 
Catastrophes 50 100 6.29 1.000 1.00 
Catastrophes 50 100 6.29 2.000 1.00 
Catastrophes 50 100 6.29 5.000 1.00 
Catastrophes 50 100 6.29 10.000 1.00 
Catastrophes 50 100 6.29 20.000 1.00 
Catastrophes 50 100 6.29 50.000 1.00 

1833 
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Table 3.3. Sensitivity analysis parameter variations, with default iterations (values with equal 1834 
increments between the minimum and maximum given values). All mortality parameters relate to the 1835 
percentage of each age category in the population dying per timestep (month). Reproductive 1836 
parameters relate to the proportion of both females breeding (i.e., actively part of the breeding pool) 1837 
and females producing more than one brood within a timestep (month). 1838 

Parameter Base Value Minimum Maximum 
Juvenile mortality 0.47 0.376 0.564 
Sub-adult mortality 0.75 0.6 0.9 
Adult mortality 0.87 0.696 1 
% females breeding 22 0 52 
% multiple broods 20 0 100 

1839 
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Table 3.4. VORTEX results of the PVA of the harvest mouse Micromys minutus.  1840 

Inbreeding 
model 

K r SD(r) PE (%) N SD(n) GD SD(GD) 

None 10 0.263 0.473 1.00 - - - - 
 20 0.282 0.454 0.28 12.60 8.31 - - 
 50 0.301 0.444 0.07 41.89 12.93 - - 
 100 0.305 0.441 0.07 84.93 25.51 0.049 0.133 
 200 0.306 0.438 0.10 163.05 58.32 0.215 0.229 
 500 0.309 0.439 0.12 397.77 154.9 0.522 0.190 
 1000 0.308 0.438 0.14 776.62 328.59 0.728 0.093 
 2000 0.308 0.438 0.08 1674.87 522.9 0.850 0.040 
         
Default 10 0.114 0.292 1.00 - - - - 
 20 0.103 0.251 1.00 - - - - 
 50 0.113 0.237 0.42 25.25 22.29 0.009 0.066 
 100 0.146 0.261 0.16 71.24 35.43 0.114 0.183 
 200 0.189 0.300 0.10 154.55 59.24 0.306 0.207 
 500 0.240 0.353 0.10 401.33 146.64 0.588 0.128 
 1000 0.267 0.386 0.10 820.03 292.12 0.742 0.110 
 2000 0.287 0.408 0.09 1685.44 544.87 0.862 0.030 

K: carrying capacity; r: mean population growth rate (calculated from the mean (across years and across 1841 
iterations) of N in one year (timestep) over N in the prior year (timestep)); PE: probability of extinction (where 1842 
extinction is defined as only 1 sex remaining); N: mean population size across all populations at year 100 1843 
(timestep 1200); GD: mean genetic diversity, expressed as the percentage of expected heterozygosity remaining 1844 
in the extant populations; SD: standard deviation across iterations (Lacy et al. 2021). 1845 
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Table 3.5. Minimum area of suitable habitat (MASH) outputs for crop fields, reedbeds and grassland 1846 
habitats in relation to the densities of recorded harvest mouse populations (references in text). 1847 
Minimum viable population (MVP) values correspond to the demographic MVP (both calculated with 1848 
inbreeding depression (=50) and without inbreeding depression (=200)) and the genetic MVP (=2000). 1849 
For crop field habitats, densities relate to different crop types: barley supports 0.05 individuals per ha 1850 
and wheat supports 0.5 individuals per ha. 1851 

MVP Crop field density/ha Reedbed density/ha Grassland density/ha 

Min: 0.05 Max: 0.5 Min: 52 Max: 60 Min: 2.5 Max: 5 

50 1000 100 0.96 0.83 20 10 

200 4000 400 3.85 3.33 80 40 

2000  40000 4000 38.46 33.33 800 400 

  1852 
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Table 3.6 Mean sensitivity analysis outputs for the five target parameters tested in relation to their 1853 
effect on harvest mouse population persistence: SV1=juvenile mortality rate, SV2=sub-adult mortality 1854 
rate, SV3=adult mortality rate, SV4= percentage of females producing no broods per timestep, SV5= 1855 
percentage of females in the breeding pool per timestep. The baseline test outputs are also reported 1856 
for comparison. 1857 

Parameter r SD(r) PE (%) N SD(n) GD SD(GD) 
Baseline 0.408 0.008 0.000 2005.79 163.03 0.000 0.000 
SV1 0.408 0.008 0.000 2003.882 200.711 0.000 0.000 
SV2 0.408 0.008 0.000 1999.464 198.706 0.000 0.000 
SV3 0.408 0.008 0.000 1999.677 197.677 0.000 0.000 
SV4 0.227 0.089 0.089 1787.904 167.014 0.000 0.000 
SV5 0.408 0.016 0.053 1876.123 190.050 0.000 0.000 

 r: mean population growth rate (calculated from the mean (across years and across iterations) of N in one year 1858 
(timestep) over N in the prior year (timestep)); PE: probability of extinction (where extinction is defined as only 1 1859 
sex remaining); N: mean population size across all populations at year 100 (timestep 1200); GD: mean genetic 1860 
diversity, expressed as the percentage of expected heterozygosity remaining in the extant populations; SD: 1861 
standard deviation across iterations (Lacy et al. 2021).  1862 
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 1863 

Figure 3.1. Survival curve based on recapture data published by Trout 1978b. 1864 
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 1865 

Figure 3.2. A grouped bar chart to demonstrate the effect of increasing frequency of 1866 
catastrophe events in a given timestep on the probability of extinction, by rate of severity. 1867 
Severity ratings (as a multiplier of existing survival and reproduction rates): None: 1.00, Low: 1868 
0.75, Medium: 0.5, High: 0.25, Full: 0.00.  1869 
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Chapter 4. Thesis Discussion 1870 

 1871 

4.1 Thesis Hypotheses and Aims 1872 

This thesis aimed to assess the current status of harvest mice Micromys minutus in 1873 

Lincolnshire, the factors that affect their survival, and the conditions required to maintain 1874 

viable populations. The presence of harvest mice throughout the county was established 1875 

using various survey methods, which predominantly consisted of owl pellet analysis and 1876 

Longworth live trapping. This data was compared to the distribution of previous harvest 1877 

mouse records in order to identify areas in which harvest mice were persisting in the county. 1878 

The presence and absence data were then evaluated in relation to the presence of other, 1879 

potentially competing, small mammal species and a range of linear and non-linear 1880 

surrounding landscape features. I hypothesised that increasing abundance of other small 1881 

mammals would significantly reduce the chance of harvest mouse presence, and that 1882 

harvest mouse presence would be significantly positively affected by both greater landscape 1883 

connectivity and complexity, as well as the proportion of surrounding uncultivated land, but 1884 

negatively affected by the proportion of surrounding cultivated land.  1885 

Population viability analysis (PVA) was then used to determine the minimum viable 1886 

population sizes (MVPs) required for harvest mouse populations to remain both 1887 

demographically and genetically viable, in addition to the minimum areas of suitable habitat 1888 

(MASHs) necessary in 1) agricultural (crop fields) 2) reedbed and 3) grassland habitats to 1889 

support said populations. Fluctuations in mortality and reproductive rates, inbreeding 1890 

depression and both the severity and frequency of catastrophic rates were assessed to 1891 

determine the resilience of harvest mouse populations.   1892 

 1893 

 1894 
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4.2 Key Findings 1895 

Firstly, in Chapter 2, I demonstrated that harvest mice are persisting in various 1896 

locations around Lincolnshire, when compared to both recent records and the last county-1897 

wide harvest mouse survey (Johnson, 1977). However, as I was only able to confirm harvest 1898 

mouse presence in 18 out of 90 hectads (10 km x 10 km grid squares), the current status of 1899 

harvest mice in the county is still largely unknown. Proportionally fewer positive harvest 1900 

mouse records were made during this project in comparison to Johnson’s survey, in which 1901 

harvest mice were found in “almost every (10 km) square” searched (Johnson, 1977). This 1902 

may partly reflect a genuine reduction of harvest mice in Lincolnshire, but due to the 1903 

differences in survey efforts and timescales, this could not be taken as evidence of species 1904 

decline.  1905 

I went on in this Chapter to show that harvest mouse presence was positively 1906 

affected by a number of surrounding habitat factors – namely greater uncultivated land area, 1907 

fewer hedgerows and more roads. Uncultivated habitats, such as grasslands, are a common 1908 

habitat for harvest mice (Churchfield et al., 1997; Perrow and Jowitt, 1995). However, 1909 

Lincolnshire’s landscapes are heavily dominated by agriculture: less than a quarter of the 1910 

locations studied around the county had more than 25% of their surrounding landscapes left 1911 

uncultivated, of which the majority appeared patchy and fragmented. In Lincolnshire, land 1912 

parcels of grassland habitats cover on average up to just 3.18 ha, and wetland habitats an 1913 

even lower 1.06 ha (maximum mean values, dependent on habitat type; Table 2.2). 1914 

Throughout England, agricultural intensification has resulted in suitable harvest mouse 1915 

habitats, including reedbeds and lowland fens, becoming increasingly small and isolated (UK 1916 

Biodiversity Action Plan (BAP), 2008).  1917 

Habitat connectivity can mitigate the barrier effects of habitat fragmentation by 1918 

facilitating gene flow between habitat patches through “dispersal corridors”, which are 1919 

beneficial to various rodent populations (e.g. Garrido-Garduño et al., 2016; Mapelli et al., 1920 

2012). Hedgerows are an important corridor habitat to many small mammal species living in 1921 
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arable landscapes (Kotzageorgis and Mason, 1997; Macdonald et al., 2000; Tattersall et al., 1922 

2002; Todd et al., 2000), and they were the most common habitat within which harvest 1923 

mouse nests were found in Harris’ national survey (Harris, 1979b). It was therefore 1924 

surprising that landscapes with a greater proportion of hedgerows were associated with 1925 

reduced harvest mouse presence. However, Harris’ survey was likely influenced by recorder 1926 

bias – for example, most surveys took place between September and January (Harris, 1927 

1979b), during which time much of the grassland vegetation would have died back. 1928 

Hedgerows may be less suitable habitats for harvest mice due to potential interspecific 1929 

competition with other small mammal species, such as the wood mouse Apodemus 1930 

sylvaticus, that are able to exploit hedgerow habitats effectively (e.g. Kotzageorgis and 1931 

Mason, 1997), or the vegetation complex being less suited for nest building (Bence et al., 1932 

2003). Alternatively, this result may have been influenced by the use of pellet analysis, as 1933 

barn owls Tyto alba favour open habitats, such as rough grassland, for hunting (Bond et al., 1934 

2005).  1935 

Perhaps an equally surprising result was the positive effect of increased road 1936 

coverage in the surrounding area on harvest mouse presence. The majority of Lincolnshire’s 1937 

highways are rural in nature, and many are bordered with wide, grassy verges (Cheffins, 1938 

2015). Previous studies have located harvest mice in grassy roadside verges in Britain, 1939 

although often in low numbers (Bellamy, 2000; Cooper, 2018; Harris, 1979b). However, this 1940 

may be indicative more of the current harsh management of many road verges in the country 1941 

(Phillips et al., 2021) as opposed to their suitability as a harvest mouse habitat and dispersal 1942 

route. 1943 

Finally, I showed in Chapter 2 that harvest mouse presence was only affected 1944 

significantly by field vole Microtus agrestis abundance. When field voles were absent, 1945 

harvest mice were more likely to also be absent, which can likely be attributed to strong 1946 

similarities in their habitat preferences, as both species thrive in open habitats and avoid 1947 

wooded areas (Couzens et al., 2017; Flowerdew et al., 2004, Perrow and Jowitt, 1995). 1948 
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However, when particularly large quantities of field voles were recorded, harvest mice were 1949 

also more likely to be absent, suggesting there to be interspecific competition between the 1950 

two species. Small rodents act subordinately in the presence of larger rodents (Dickman, 1951 

1991; Heske and Repp, 1986); even when resources are plentiful, harvest mice exhibit 1952 

spatial avoidance behaviour in response to bank voles Myodes glareolus (Ylönen, 1990). 1953 

Alternatively, harvest mice and field voles may inhabit spatially exclusive areas because they 1954 

occupy very different niches within grasslands; field voles are relatively poor climbers and 1955 

tend to inhabit underground burrows (The Wildlife Trusts, undated), whereas harvest mice 1956 

spend most of their time in the stalk zone of vegetation (Vogel and Gander, 2015). This 1957 

effect may also be attributable to the data collection method used. Field voles are by far the 1958 

most common prey in British barn owl diets (e.g. Glue, 1974), and when considering that 1959 

barn owls exhibit prey selection (Askew et al., 2007; Tores et al., 2005), it is plausible that 1960 

harvest mice may have been overlooked in areas where field voles were abundant.  1961 

I then went on in Chapter 3 to demonstrate that modelled harvest mouse populations 1962 

were highly resilient to fluctuations in mortality and reproductive rates. Even when faced with 1963 

catastrophic events, populations only went to extinction when events were particularly 1964 

frequent or severe in their effect. Their resilience may result from the rapid rate at which 1965 

harvest mice can reproduce; individuals can become sexually mature from 2 months old and 1966 

are capable of producing multiple litters of up to 8 or more young in quick succession due in 1967 

part to post-partum oestrus and a polygynous mating system (Trout, 1978a). As a result, 1968 

population sizes can increase rapidly following crashes, and this “boom-and-bust” population 1969 

dynamic has been recorded to occur regularly in wild populations (in Trout, 1978b). 1970 

However, this is not to say that harvest mice are not susceptible to external threats, and the 1971 

results of Chapter 2 demonstrated harvest mouse presence in Lincolnshire to be significantly 1972 

affected by both interspecific and environmental factors. 1973 

Also in this Chapter, I found that demographic viability would be achieved in relatively 1974 

small populations of harvest mice – even when inbreeding depression was considered – and 1975 
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so the subsequent MASH values were relatively achievable. This was particularly the case in 1976 

good quality habitats such as reedbeds, which have been found to support in excess of 60 1977 

harvest mice/ha (Perrow and Jowitt, 1995). There are several reedbeds in Lincolnshire 1978 

which are large enough to support demographically viable harvest mouse populations, 1979 

although many of them – particularly the smaller land parcels – are very isolated (Natural 1980 

England Open Data, accessed 2021). Genetic viability, however, was not even reached in 1981 

populations of 2000 individuals, and this corresponded to MASH requirements of unfeasibly 1982 

large habitat patches in order for heterozygosity to be maintained; even in high quality 1983 

reedbeds, the habitat would need to cover an area in excess of 38.46 ha to support a 1984 

population large enough to be genetically viable. Only 50 reedbed sites measuring 20 ha or 1985 

larger remain throughout the UK (UK BAP, 2008). Priority Habitat Inventory data for 1986 

Lincolnshire show that just one reedbed within the county exceeds 20 ha (Natural England 1987 

open data, accessed 2021; Table 2.2), although this is still not large enough to support a 1988 

lone genetically viable population of harvest mice.  1989 

 1990 

4.3 Applications and Areas for Future Research 1991 

As described in Chapter 1, the harvest mouse is thought to be under threat across its 1992 

range (e.g. Hata et al., 2010; Perrow and Jowitt, 1995; Vecsernyés, 2019), and habitat loss 1993 

and degradation, as a result of agricultural intensification, is thought to have played a large 1994 

role in its decline (Perrow and Jowitt, 1995). However, this was certainly not helped by the 1995 

extent to which harvest mice have been under-surveyed, which has resulted in the species 1996 

being largely overlooked until now. In recent years, surveying effort of harvest mice has 1997 

increased in multiple counties across England (Cooper, 2018; Williams, 2015), and a 1998 

national survey lead by the Mammal Society is now underway (Mammal Society, undated). 1999 

Following on from this project, continued surveying throughout Lincolnshire would be critical 2000 

to further develop our understanding of the species’ status on the local-level. To increase the 2001 

chance of success, a combination of survey methods, including nest searches and live 2002 
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trapping, should be considered (Lloyd and Kirk, 2021; Poulton and Turner, 2009). By 2003 

painting a clearer picture of the distribution of harvest mice in Lincolnshire, conservation 2004 

action can be better targeted to focus on optimal habitats and populations. 2005 

Lincolnshire is by far the most heavily farmed county in England, with more than 70% 2006 

of the county’s total area under agricultural use (DEFRA data, accessed 2021). As a result, 2007 

residual habitat patches across the county are predominately small and fragmented (Natural 2008 

England Open Data, accessed 2021). Chapter 2 highlighted the positive influence of greater 2009 

areas of uncultivated land to harvest mouse distribution, which corroborates with similar 2010 

landscape scale studies in Japan (Sawabe and Natuhara, 2015; Sawabe and Natuhara, 2011 

2016). This indicates that the expansion of existing habitats and creation of new habitats 2012 

would significantly support harvest mouse persistence in agricultural landscapes. Applying 2013 

the MASH values calculated in Chapter 3 would help to identify which habitat patches need 2014 

expanding, and to what extent, in order to be sufficiently large enough to support 2015 

demographically viable populations.  2016 

However, increasing habitat areas alone would likely not be sufficient to preserve the 2017 

species in Lincolnshire’s fragmented landscapes. As climate change accelerates, harvest 2018 

mouse habitats, such as wetlands, could be threatened by the significant fluctuations in 2019 

environmental conditions (Dawson et al., 2003). Many species demonstrate shifts in range in 2020 

response to climate change (Thomas, 2010), and so for a species living in such fragmented 2021 

landscapes, being restricted from migrating to alternative habitat patches could increase 2022 

extinction risks (Hodgson et al., 2011). In Chapter 3, modelled harvest mice were found to 2023 

demonstrate high population resilience, but as environmental conditions become more 2024 

extreme, catastrophe events, such as floods and fires, will likely become more frequent 2025 

(Banholzer et al., 2014). It is therefore critically important that habitats are well connected, to 2026 

enable the species to respond to and escape from changing conditions. Habitat connectivity 2027 

may also be crucial for gene flow between neighbouring populations, as suggested in 2028 

Chapter 3 by the large MVP size required to achieve genetic viability. For most habitats in 2029 
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the UK, the best strategy for enabling range expansion in species is by linking up habitat 2030 

patches, such as with dispersal corridors (Hodgson et al., 2011).  2031 

Habitat connectivity has been emphasized as a key indicator of harvest mouse 2032 

presence in previous studies across the species’ range (e.g. Cooper, 2018; Kuroda and 2033 

Katsuno, 2006; Kuroe et al., 2011; Perrow and Jowitt, 1995). Hedgerows are frequently used 2034 

as wildlife corridors by small mammal species in agricultural landscapes (Fitzgibbon, 1997; 2035 

Macdonald et al., 2000; Todd et al., 2000), and are regularly utilised by harvest mice (Harris, 2036 

1979b). Further research must therefore be carried out into the cause of the results of 2037 

Chapter 2, in which greater hedgerow density was associated with reduced harvest mouse 2038 

presence, as this effect may have been influenced by the use of barn owl pellets as a survey 2039 

methodology. The positive association of roads with harvest mouse presence was 2040 

promising, however, as it suggests that road verges may be a suitable habitat and dispersal 2041 

corridor for harvest mice. Road verges support large abundances of small mammals in 2042 

agriculturally-dominated landscapes (Bellamy et al., 2000; Jumeau et al., 2017; Sousa et al., 2043 

2010), although as mentioned above, previous surveys in the UK have so far found harvest 2044 

mice to reside along road verges in low numbers (Bellamy, 2000; Cooper, 2018; Harris, 2045 

1979b). Road verges were unfortunately not surveyed during this project, and so further 2046 

surveying, focused on wide grassy margins throughout Lincolnshire, would be beneficial. In 2047 

order to assess their suitability as dispersal corridors for harvest mice, species distribution 2048 

along these linear features should first be established. The conditions required to both create 2049 

and maintain a habitat suitable for harvest mice should then be identified, to determine how 2050 

best to optimise this habitat for the species. This may include good connectivity to 2051 

neighbouring suitable habitats (Kuroe et al., 2011; Perrow and Jowitt, 1995) and the 2052 

presence of suitable vegetation from which to weave their nests (such as common reed 2053 

Phragmites australis and reed canary grass Phalaris arundinecea; Harris, 1979b), which is 2054 

sufficiently tall and dense enough to support harvest mice living in the stalk-zone (Hata and 2055 

Natuhara, 2006; Hata et al., 2010; Kuroe et al., 2007).   2056 
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 Establishing an optimal habitat management strategy would help both to preserve 2057 

existing harvest mouse populations and encourage new populations to utilise roadside verge 2058 

habitats. Many of Lincolnshire’s road verges are designated as SSSIs (Sites of Special 2059 

Scientific Interest), Roadside Nature Reserves or Local Wildlife Sites, and so are 2060 

subsequently protected and managed (Lincolnshire Wildlife Trust (LWT), undated a), but 2061 

often with different goals in mind, such as the preservation of plant biodiversity (LWT, 2062 

undated b), which may inadvertently be at detriment to the habitat’s residents. Some 2063 

management is essential in order to prevent ruderal grasses from being replaced with 2064 

successional vegetation, as harvest mice have been found to avoid woodland habitats 2065 

(Churchfield et al., 1997). However, too much management risks increased disturbance, 2066 

inadequate cover from predators, and insufficient time for vegetation to grow tall enough for 2067 

harvest mice to utilise when constructing nests (Hata et al., 2010; Harris, 1979b). The timing 2068 

of habitat management may be equally important, as cutting and harvesting grasses during 2069 

peak breeding season would likely result in the destruction and abandonment of nests 2070 

(Trout, 1978a). One study found phased mowing management of an embankment, in which 2071 

some long vegetation was always available, to be a suitable compromise, and an effective 2072 

method of maintaining a consistently suitable habitat for breeding harvest mice (Hata et al., 2073 

2010). This phased management strategy was proposed to occur twice annually, in early 2074 

June and again in November, with each cut lasting the course of a 50-day period to allow 2075 

sufficient time for surrounding vegetation to regrow (Hata et al., 2010). This study took place 2076 

in Japan, and so factors including suitable cutting time and vegetation growth rates will likely 2077 

differ to corresponding habitats in England, but the phased management approach would 2078 

likely be a suitable option for maintaining sufficient habitat for harvest mice throughout the 2079 

year, and is worth investigating.  2080 

As discussed above, habitat size, quality, and connectivity all influence harvest 2081 

mouse presence in fragmented landscapes (Kuroe et al., 2011; Sawabe and Natuhara, 2082 

2016). Therefore, applying these improvements to existing habitats would in turn likely 2083 
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support other harvest mouse conservation efforts, such as reintroduction projects 2084 

(IUCN/SSC, 2013). Selecting for habitats which are capable of supporting demographically 2085 

viable populations, with sufficient dispersal corridors to enable the released population to 2086 

form a metapopulation with neighbouring populations, would likely improve the chance of the 2087 

reintroduction success. Demographic rates in harvest mice likely vary across their range 2088 

(Harris, 1979b), so applying the MVPs calculated in Chapter 3 would probably not be 2089 

appropriate for populations in other countries without prior investigation. However, for British 2090 

habitats not assessed during this project, applying the MVPs to known population density 2091 

values would be advisable to support conservation initiatives, once sufficient population 2092 

density data is collected. 2093 

The harvest mouse is currently under-surveyed, and under increasing threat from 2094 

habitat loss and climate change. This thesis has improved on the knowledge of harvest mice 2095 

in Lincolnshire, but further surveying is necessary to understand their current status. 2096 

Creating and connecting suitable habitats will likely be key to the survival of the species in 2097 

fragmented agricultural landscapes, both in Lincolnshire and further afield, in the years to 2098 

come.  2099 
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