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Abstract 24 

The Agri-Food and aquaculture industries are vital to the economy of the island of 25 

Ireland with a gross annual output that is expected to double in the future.  26 

Identifying and understanding the potential influences of the anticipated climate 27 

variables on microorganisms that cause foodborne diseases, and their impact on 28 

these local industries, are essential. Investigating and monitoring foodborne 29 

pathogens and factors that influence their growth, transmission, pathogenesis and 30 

survival will facilitate assessment of the stability, security and vulnerability of the 31 

continuously evolving and increasing complex local food supply chain.  32 

Introduction 33 

Climate change in the 21st century is a global phenomenon and although it is a 34 

worldwide recognised issue its effects vary by geographic location making regional 35 

studies of potential impact of high importance. In general, weather conditions have 36 

become more variable with extreme weather events increasing in regularity and 37 

intensity (IPCC5, 2013). The consequences of climate change have been described 38 

as an increase in temperature, unusual regional weather patterns, more severe 39 

storms, heat waves, rising sea levels, thawing permafrost, more frequent droughts, 40 

acidification of oceans, change in nutrient loads, and altered ocean circulation 41 

(Solomon et al., 2007; Miraglia et al., 2009).  42 

The archetypical mild climate and rich soil has contributed to the agri-food industry 43 

becoming the largest indigenous industry on the island of Ireland (IoI), playing a vital 44 

role in the local economy, environment and society. As such it is essential to 45 

understand what impacts changes in physical processes and other climate variables 46 

may have on the stability and security of the local food supply. Local climatic 47 

conditions influence local vegetation and so, as the climate changes, growing 48 

seasons may change and biological consequences will be inevitable with variations 49 

in the crops that are cultivated and animals farmed. This could lead to changes in 50 

plant and animal epidemiology and transformations in entire ecosystems (Lennon, 51 

2014).  Extinctions and invasions into new territories will influence these changes 52 

and the outcomes will be unpredictable and dependent on the resistance and 53 

resilience of organisms and the environment, resulting in numerous factors which will 54 

influence the emergence of new and/or the re-emergence or exacerbation of existing 55 
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foodborne pathogens. A equilibrium must be achieved between minimising food 56 

safety risks to consumers while contributing to the production of enough food to 57 

satisfy a global population that is expected to reach nine billion by the year 2050 58 

(Royal Society, 2009; Godfray et al., 2010). Achieving this balance will be 59 

challenging in a world of increased competition for depleting resources coupled with 60 

the inability of the environment to cope with increasing anthropogenic influences and 61 

climate change (Vermeulen et al., 2012).  62 

Many systems are in place, particularly in Europe, to safeguard food safety along the 63 

production chain, however, numerous influences both inside and outside the chain, 64 

such as human behaviour, trade, climate, regulation and technology, may directly or 65 

indirectly influence the emergence and development of foodborne hazards (Marvin et 66 

al., 2009).  The susceptibility of the complex, modern food production systems to 67 

microbiological agents is evident from the large number of food safety incidents 68 

reported (Westrell et al., 2009; Scallen et al., 2011, EFSA/ECDC 2015) and, in the 69 

future, as demographics shift the number of people at risk from foodborne illness 70 

may increase (Gamble et al., 2013). In the USA the economic burden of foodborne 71 

illness has been estimated to be $14 billion/year (Batz et al., 2012) and when the 72 

etiological agents of foodborne outbreaks have been identified, bacteria have been 73 

found to be responsible for 39%, viruses 59% and parasites 2% of the outbreaks 74 

with the majority of the economic cost associated with five pathogens: Salmonella 75 

sp, Campylobacter sp, Listeria monocytogenes, Toxoplasma gondii and norovirus 76 

(Scallan et al., 2011) with Salmonella being the most commonly reported bacterial 77 

pathogen. In England and Wales the economic burden in 2006 was estimated to be 78 

£1.5 billion (FAO, 2008) with Campylobacter sp. being the most common bacterial 79 

cause of food poisoning (EFSA/ECDC 2015).  80 

In response to global warming the seasonality and geographic range of foodborne 81 

disease pathogens is expected to expand and additional foodborne outbreaks are 82 

expected to occur as a results of extreme weather events. Correlations between 83 

meteorological parameters and the behaviour of foodborne pathogens have been 84 

made (Rose et al., 2001) and these can be used as a basis to speculate on the 85 

potential impact of climate change on future patterns at a more local level. This 86 

review considers the climate change predicted for the IoI and investigates possible 87 

pertinent microbiological food safety issues that are likely to be impacted by these 88 
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changes with the aim of improving our understanding and ability to control the 89 

identified microbiological hazards. The review deliberates the potential impact of 90 

climate change on foodborne pathogens associated with two economically important 91 

sectors in Ireland, poultry and seafood. Campylobacteriosis is associated with the 92 

poultry industry and is the most commonly reported foodborne illness in Ireland and 93 

so the potential impact of climate change on this warrants further investigation. If 94 

climate change predictions manifest then Vibrio vulnificus, could emerge as a 95 

potential threat to the lucrative Irish shellfish industry. Also discussed is the potential 96 

impact on waterborne pathogens and transmission of pathogens along the food 97 

chain. Effective food safety management requires an understanding of the 98 

microbiological hazards and how their presence in foods can be prevented or 99 

maintained within tolerable levels. Areas of concern such as incomplete data on the 100 

pathogen epidemiology, poor understanding of mechanisms of disease and 101 

immunity, and gaps in our knowledge of virulence, survival and transmission 102 

mechanisms of the selected foodborne pathogens are highlighted. Steps are 103 

recommended to ameliorate these impacts and opportunities for future research 104 

highlighted to enable more effective and efficient prevention, detection and control of 105 

local foodborne illnesses. 106 

Local Climate Change Predictions  107 

Changes to the climate on the IoI are in general expected to be similar with those 108 

being experienced in the global context with summers becoming warmer and drier, 109 

heavier rainfalls in winter and more extreme events such as storms and floods. The 110 

impacts of gradual changes such as increasing temperature and precipitation are 111 

more predictable than the impacts of the more damaging extreme events. Regional 112 

climate model predictions published by the Environmental Protection Agency (Dunne 113 

et al., 2008) have indicated that by the year 2050 the annual precipitation will remain 114 

relatively unchanged; however, more rain is predicted for the winter months and less 115 

in the summer months. The temperature is predicted to increase by 1.5˚C during 116 

January and 2.5˚C during July, and summer rainfall is expected to be reduced by 25-117 

40% with winter rainfall anticipated to increase by 10-25%. These changes are not 118 

expected to be uniform across the IoI resulting in regional differences. The greatest 119 

temperature increase is predicted for South-east and East of Ireland whereas the 120 

West of the country is more likely to experience increased flooding. It is expected 121 
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that the more temperate winter conditions currently experienced on the south coast 122 

of Ireland will move northwards, which may influence the availability and quality of 123 

water putting pressure on water supply infrastructures. Water resource management 124 

may become an issue with increased flooding interlinked with periods of drought. 125 

Longer term projections indicate a rise in sea levels as the rising global temperature 126 

results in ice-cap melting and possible thermal expansion of oceans. The warmer 127 

sea water and effects of coastal erosion may disrupt ecosystems, influence 128 

biodiversity and introduce new potential microbiological threats.  129 

Potential Impacts of Climate Change on foodborne microorganisms 130 

Direct impact on pathogens. The microflora of food comprises microorganisms 131 

associated with raw materials, those acquired during handling and processing and 132 

those surviving preservation and storage. Climatic conditions will determine the 133 

establishment and growth of a microorganism and climate can impact on each of the 134 

three sectors of the classic epidemiologic triangle, the host, the organism, and the 135 

environment. The potential impacts of climate change on foodborne and waterborne 136 

diseases is evidenced by (i) the changing patterns of disease when temperatures 137 

vary, with higher temperatures increasing the risk of bacterial contamination of food 138 

and water (Lake et al. 2009); (ii) the historical links between extreme weather events 139 

and increased occurrence of food and waterborne disease (Hall et al., 2002); and (iii) 140 

the fact that many foodborne and diarrhoeal diseases are seasonal (Rose et al., 141 

2001; Hall et al., 2002; Koelle et al., 2005).  142 

Bacterial pathogens found in food are ubiquitous and can adapt not only to persist 143 

but to proliferate in the environment. Spread of these pathogens is reliant on their 144 

capability to survive (FAO, 2008), and meteorological factors such as temperature 145 

and humidity will influence the growth and survival and therefore the distribution of 146 

foodborne pathogens, as well as the emergence of new pathogens or the number of 147 

outbreaks of known pathogens (D’Souza et al., 2004; Kovats et al., 2004; Ukuku and 148 

Sapers, 2007; Lake et al., 2009; Miraglia et al., 2009; Tirado et al., 2010). Climate 149 

change will have the most impact on pathogens such as Campylobacter sp and 150 

Enterohaemorrhagic E. coli which have low-infective doses, can survive in the 151 

environment, and can adapt well to stress factors such as temperature and pH (FAO, 152 

2008). The survival rates of many enteric pathogens such as Salmonella, 153 
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Campylobacter and E coli O157 have been linked to temperature (Hall et al., 2002; 154 

Lake et al., 2009) with temperature having the most noticeable effect on 155 

salmonellosis, where 30% of reported cases have been attributed to warm 156 

temperatures.  For each degree increase in weekly temperature above 5°C a 5-10% 157 

increase in the number of notifications of salmonellosis has been detected (Bentham 158 

and Langford, 1995; D’Souza et al., 2004; Kovats et al., 2004). Although some of this 159 

increase can be attributed to increased rate of food spoilage and some to changes in 160 

human social behaviours, such as camping, barbeques and picnics, which are 161 

connected with a higher risk of foodborne illness; some of this seasonal increase is 162 

directly associated with the rise in temperature. Studies have indicated that the 163 

incidence of foodborne disease can be linked to temperatures in the month previous 164 

to the onset of illness (Bentham and Langford, 1995) and some diseases have been 165 

found to be distinctly seasonal (Naumova et al., 2007; Koelle et al., 2005). As higher 166 

ambient temperatures and temperature spikes associated with extreme weather 167 

events could increase both the prevalence of specific pathogenic organisms in 168 

animals and the replication cycles of foodborne pathogens leading to a higher 169 

degree of contamination (Kendrovski and Gjorgjev, 2012) it is important to determine 170 

the epidemiology of infectious diseases and to explore what effect climate change 171 

may have on disease patterns and pathogen survival and transmission (McMichael 172 

et al., 2004). 173 

Indirect impacts on pathogens (a) environmental factors. The sources of foodborne 174 

infections can be infected animals, food directly contaminated by human or animal 175 

faceal matter, or food contaminated indirectly by the use of contaminated water for 176 

irrigation or washing purposes (Rose et al., 2001; Wachtel et al., 2002; Hall et al., 177 

2002; Nichols et al., 2009). The impacts of global climate change on food systems 178 

are expected to be extensive and complex and influenced by geography and 179 

socioeconomic conditions (Schmidhuber and Tubiello, 2007). It is anticipated that an 180 

altered climate will result in the production of food under different environmental 181 

conditions and adaptation to and mitigation against climate change leading to the 182 

introduction of alternative crops and livestock species adapted to survive in these 183 

different environments (Nichols and Lake, 2012; Lake et al., 2012). Analyses of 184 

epidemiological data indicate a relationship between certain pathogens and 185 

environmental conditions for example, an increase in the frequency and severity of 186 
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extreme rainfall and flooding influences the distribution and transmission of many 187 

diarrhoeal diseases in humans (Ahern et al., 2005), and changing the topography or 188 

use of land has been found also to influence the emergence or resurgence of 189 

numerous infectious and vector borne diseases (Patz et al., 2008). Historical studies 190 

and climate assessment models suggest that climate change is expected to impact 191 

on agriculture, prices, delivery, quality and safety of food (Vermeulen et al., 2012; 192 

Lake et al., 2012). Globalisation of the world’s food supply has already changed 193 

patterns of food consumption and climate change is expected to lead to shifting food 194 

belts resulting in a broad, worldwide selection of foods for consumers. However, 195 

global sourcing minimises geographic barriers to traditional, emerging and re-196 

emerging pathogens exacerbating their spread and resulting in an increase in 197 

foodborne illnesses as growing conditions and food safety management practises 198 

may be different at source (Adak et al., 2005). In addition, as technologies such as 199 

next generation sequencing, DNA microarray, PCR and mass spectrometry evolve, 200 

and isolation and identification techniques improve, new pathogens will be 201 

recognised and known pathogens will be more efficiently and effectively detected.  202 

(b) Human behaviour. Weather conditions such as temperature and sunshine affect 203 

human behaviour (Agnew and Palutikof, 1999) and the altering climate will change 204 

the conditions under which food is produced and the choice of food consumed (Lake 205 

et al., 2012). It is therefore reasonable to assume that in the future patterns of food 206 

consumption will be influenced by the changes in temperature and precipitation. 207 

Food safety risks may change as foods carry different risks of foodborne illness, for 208 

example, eating poultry or seafood instead of meat might increase foodborne 209 

illnesses (Adak et al., 2005). Climate change will result in emerging pathogens, 210 

alternative crop and livestock species, altered use of pesticides, fertilizers and 211 

veterinary medicines and may possibly influence how contaminants transfer and 212 

interchange from the environment to food impacting on food safety (Lake et al., 213 

2012, Cooper et al., 2014).  Agricultural adaptation to climate change may involve 214 

increased use of irrigation water and, although irrigation on the IoI is currently 215 

minimal, it may become necessary in the future in some areas and using wastewater 216 

for irrigation could increase pathogen risks for consumers (WHO, 2006). 217 

Throughout the food chain continuum continuous refrigeration is required to extend 218 

the shelf life of fresh and processed foods. With increasing temperatures the food 219 
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cooling chain will become harder to manage and heat waves and power cuts related 220 

to either high energy demands or adverse weather conditions could cause cold 221 

storage failure during food processing and storage, compromising food safety 222 

(Vermeulen et al ., 2012). As temperatures increase the perishability and therefore 223 

safety of fresh foods will be compromised. The storage life of food will be halved for 224 

each 2-3°C rise in temperature (Vermeulen et al ., 2012) as bacterial growth rates 225 

approximately double with every 10°C rise in temperature above 10°C (James and 226 

James, 2010). The risks of food handling mistakes occurring will increase in 227 

prolonged periods of warm weather and more outbreaks may occur as a result of 228 

food handling mistakes caused by poor hygiene conditions and or lack of hand-229 

washing (Kendrovski and Gjorgjev, 2012). Incorrect food handling is also a factor 230 

with “temperature misuse”, either by cooled storage or heat processing, considered 231 

to be a contributing factor in 32% of foodborne outbreaks in Europe (Tirado and 232 

Schmidt, 2001). The longer, hotter summers predicted for the future will extend the 233 

time period associated with these higher risk behaviours contributing to an overall 234 

higher occurrence of disease. The result will be that summer foodborne disease 235 

outbreaks will affect more people and last longer. In the UK it has been predicted 236 

that an average air temperature increase of 1°C could increase the burden of 237 

foodborne disease could increase by 4.5% (DOH/HPA, 2008). Bentham and 238 

Langford (1995) calculated that in England and Wales by the year 2050 the annual 239 

food poisoning incidents in England and Wales could increase by almost 200,000 240 

cases. When calculated on a pro rata basis using population numbers for the IoI, and 241 

assuming similar changes in climate and effect of foodborne pathogens, this would 242 

equate to an annual increase of 20,000 food poisoning incidents during the same 243 

period in Ireland.   244 

Effect of climate change on:   245 

(i) Campylobacteriosis – The poultry industry has a long tradition in Northern Ireland 246 

and represents almost 20% of the total gross turnover of food and drink processing. 247 

Poultry is a highly efficient and sustainable protein increasingly chosen by health 248 

conscious consumers. The most important microbiological threat to this industry is 249 

campylobacteriosis, which is the most commonly reported foodborne illness in 250 

Ireland and Europe (Westrell et al., 2009). A recent annual report has indicated that 251 

although outbreak figures across Europe have stabilised, this is not the case in 252 
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Ireland as incidents continue to rise (EFSA/ECDC, 2015). Campylobacteriosis is 253 

caused by Campylobacter sp. bacteria which contaminate and survive on food, 254 

although they are not thought to multiply on it. There is a vast reservoir of 255 

Campylobacter in nature (Kovats et al., 2005), however, the prevalent sources of 256 

infections are broiler and fresh poultry meat (EFSA/EDC 2015).  Relatively little is 257 

known about the survival mechanisms used by Campylobacter as it passes through 258 

the food chain or how and why its pathogenicity changes. Previous studies have 259 

suggested associations between environmental factors such as seasonality and 260 

geography on the carriage of campylobacters by poultry (Jorgensen et al., 2011). As 261 

such, the potential impact of climate factors on the incidence and prevalence of 262 

Campylobacter sp. warrants further investigation. Colonisation of broiler-chicken 263 

flocks is expected to increase as ambient temperatures rise so the incidence of 264 

campylobacter is predicted to increase in the future as a result of climate change 265 

(Allard et al., 2011). Campylobacter sp. have a number of stress response 266 

mechanisms enabling them to adapt quickly to environmental conditions although 267 

they are sensitive to desiccation (Murphy et al., 2006). They are considered to be a 268 

seasonal foodborne pathogen they not as strongly linked to temperature fluctuations 269 

as other pathogens (Kovats et al., 2005; D’Souza et al., 2004). Many vectors and 270 

routes have been suggested as vehicles for spread of Campylobacter (Skelly and 271 

Weinstein, 2003; Kovats et al., 2005). Among these flies have been suggested to be 272 

a source of contamination of broiler flocks (Hald et al., 2004) and have been 273 

proposed as vectors for transmission (Nichols, 2005). Flies emerge in the spring time 274 

around the same time as campylobacteriosis cases begin to increase and fly activity 275 

has been found to be closely related to environmental temperatures (Goulson et al., 276 

2005). So foodborne illnesses caused by Campylobacter could increase as a result 277 

of global warming influencing fly activity.  In addition, modern food processing 278 

stresses may increase the incidence of Campylobacter, for example, the increasing 279 

use of modified atmosphere packaging of food to protect and prolong the shelf life of 280 

food products may influence growth of Campylobacter as the reduced oxygen 281 

conditions within the packaged product may predispose to the more favourable 282 

microaerophilic conditions for Campylobacter growth. Future research on 283 

Campylobacter is needed to; (i) identify new virulence factors and the dynamics that 284 

influence their expression; (ii) determine how Campylobacter survives; (iii) clarify its 285 

stress adaptation mechanisms and triggers and; (iv) expose factors required, or 286 
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which influence, its transmission along the food chain. Understanding these 287 

biological mechanisms will provide a better understanding of the roles of season and 288 

climatic factors and their relative impacts on broiler flock colonization and enable 289 

more accurate predictions of the effects of climate change and could indicate 290 

alternative means of pathogen control. 291 

(ii) Non-cholera vibrios - A potential emerging pathogen. The clean, unpolluted 292 

waters around Ireland’s coastline are rich in aquatic life and form an exceptional 293 

environment for seafood. Global consumption of seafood is on the increase with the 294 

result that Ireland’s seafood sector is worth over €800 million to the economy. The 295 

potential impact of climate change on potential microbiological threats to this local 296 

industry therefore warrants further investigation. By 2050, there is expected to be 297 

between a 2-4°C increase in seawater temperature in the UK and Ireland (Hulme et 298 

al., 2002; Hiscock et al., 2004) depending on the region. This could have implications 299 

for the aquaculture industry in IoI which is currently estimated to be worth €131 300 

million annually and is anticipated to expand in the future leading to more intense 301 

aquaculture practises. Shallow, estuarine environments are more suitable for bivalve 302 

aquaculture but this environment may be more readily influenced by climate change 303 

than oceans. This in turn may favour a group of potentially emerging microbiological 304 

pathogens, the marine vibrios, which are a genus of thermo dependent bacteria 305 

which thrive in naturally in warm, low salinity sea water. Vibrio vulnificus and Vibrio 306 

parahaemolyticus are contaminants that have been associated with seafood 307 

consumption (Oliver, 2006) with V. parahaemolyticus being the most prevalent 308 

bacterial pathogen associated with seafood (Joseph et al., 1982). Climate change 309 

has been linked to foodborne outbreaks caused by non-cholerae vibrios (Paz et al., 310 

2007) with temperature having a stronge influence over the seasonal distribution of 311 

V. vulnificus (Lipp and Rose, 1997). In both Europe and the USA although reported 312 

incidents of both V. vulnificus and V. parahaemolyticus are currently low they are on 313 

the increase and typically follow periods of warm weather (Rangdale and Baker-314 

Austin, 2010). In the US, it is estimated that infections with vibrios increased by 47% 315 

between 1996 and 2005 with a 41% increase globally in the same time period (Bross 316 

et al., 2005). In Europe, V. vulnificus infections have originated mainly in 317 

Scandinavian countries probably because of the lower salt concentrations of their 318 

sea water and to date, in the UK, there are no reported indigenously acquired 319 
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infections of V. vulnificus (Rangdale and Baker-Austin, 2010). Marine temperatures 320 

of 15°C and above and lower water salinity may predispose to V. vulnificus 321 

infections, however, V. parahaemolyticus can tolerate higher salinity levels so the 322 

increase in sea water temperature, rising sea levels and regional reduction in salinity 323 

predicted to occur around IoI under climate change (Lowe et al., 2009) are risk 324 

factors which could influence non-cholerae vibrio infections. In addition, zooplankton, 325 

the vector organism for marine vibrios, is thermo dependant and its geographical 326 

distribution is expected to extend as a result of climate change, thereby influencing 327 

the distribution of marine vibrios. Testing of seafoods for the presence of pathogenic 328 

vibrios is currently not mandatory and as such there are no internationally 329 

recognised testing methods (Rangdale and Baker-Austin, 2010). In addition, clinical 330 

laboratories do not routinely test faecal samples for marine vibrios unless clinical 331 

history indicates consumption of seafood and, as the symptoms caused are similar 332 

to norovirus, marine vibrios may currently be underreported. Determination of the 333 

prevalence and distribution of marine vibrios currently in both coastal waters and 334 

shellfish, understanding their seasonal dynamics, virulence and transmission 335 

mechanisms as well as the significance of algal blooms in relation to these bacteria 336 

is recommended to predict their future impact within the food industry in relation to 337 

climate change  338 

(iii) Transmission of microbiological pathogens 339 

(a) Waterborne disease. Waterborne disease outbreaks occur when drinking water is 340 

exposed to pathogenic microorganisms and because, on the IoI, most drinking water 341 

is supplied through water mains using surface water as a source, a waterborne 342 

disease outbreak has the potential to affect a large number of people and to contain 343 

a mixture of etiological agents.  Reservoirs for waterborne pathogens include human 344 

and animal waste which can contaminate the water directly, or can be spread as a 345 

consequence of agricultural activity or leached from septic tanks or sewage systems. 346 

Waterborne disease outbreaks have been found to be seasonal and linked to heavy 347 

rainfall (Curriero et al., 2001).  Erratic and extreme precipitation events, as predicted 348 

for the IoI, will increase the risk of waterborne disease and flooding and overflow will 349 

potentially flush contaminants into surface and ground waters and possibly 350 

overwhelm water treatment plants (Kistemann et al., 2002; Semenza and Nichols, 351 

2007; Lake et al., 2005). Pathogens prevalent in the gastrointestinal system such as 352 
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Giardia, Cryptosporidium, Campylobacter, Shigella and verotoxigenic E.coli are the 353 

most common waterborne disease hazards (Mac Kenzie et al., 1994; Charron et al., 354 

2004; Westrell et al., 2009, EFSA/ECDC, 2015) and many outbreaks associated with 355 

these organisms have been as a result of adverse weather conditions (Atherholt et 356 

al., 1998; Hrudey et al., 2003; Lake et al., 2005). Increased ambient temperatures 357 

and lower precipitation levels will lead to drought conditions where there will be an 358 

increased demand for water but at the same time the water supply will be reduced 359 

and vulnerable as any microorganisms present may survive better in the warmer 360 

temperatures and be more concentrated in the reduced volume of water. In addition, 361 

heavy rainfall following drought conditions can lead to increased risk of water 362 

contamination (Charron et al., 2004).  363 

Cryptosporidium is an intracellular parasite which causes gastrointestinal infections 364 

which can be life threatening to immuno-compromised individuals and in Western 365 

Europe they are a major waterborne disease associated with the public water supply. 366 

They are significant because they can survive for several months in water and are 367 

resistant to chemical disinfectants including routinely used water treatment 368 

chemicals. Extreme rainfall is thought to play a role in the animal-to-human 369 

transmission pathway (Kovats et al., 2005; Curriero et al., 2001) and studies have 370 

indicated a positive correlation between maximum river flows and cases of 371 

Cryptosporidium (Lake et al., 2005) and heavy rainfall preceded by low levels of 372 

precipitation (Nichols et al., 2009). Some outbreaks are related to maintenance 373 

failures, with rainfall as an additional causative factor, such as the Cryptosporidium 374 

outbreak in Milwaukee (MacKenzie et al., 1994). Data has shown that of three recent 375 

outbreaks of Cryptosporidium reported two of these were in Ireland (EFSA/ECDC, 376 

2015). Currently on the IoI the presence of Cryptosporidium in potable water is 377 

tested for during routine water quality testing only in certain sites considered to be at 378 

high risk (EHS, 2002; EPA 2011). In the future, with the increased risk of heavy 379 

rainfall, the frequency of testing and the number of sites tested may need to be 380 

reviewed and expanded. In addition, the presence of Cryptosporidium is not routinely 381 

tested for in clinical microbiological laboratories but with the expectancy of more 382 

frequent extreme precipitation events and therefore a greater risk of cryptosporidium 383 

contamination in water this practice may also need reviewed. 384 
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(b) Alternative pathogen transmission routes. Traditionally the main sources and 385 

transmission vehicles of foodborne disease outbreaks were considered to be foods 386 

of animal origin, however, recent investigations of global foodborne outbreaks have 387 

identified fruits and vegetables as important sources, particularly as most are 388 

consumed raw (Berger et al., 2010). Consumption of fruit and vegetables is actively 389 

promoted as part of a balanced diet; however, studies in the USA have indicated 390 

increases in foodborne outbreaks and foodborne outbreak-associated illnesses as a 391 

result of contaminated raw produce (Sivapalasingam et al., 2004). Investigations of 392 

the occurrence of pathogenic bacteria in fruits and vegetables in Europe have 393 

indicated that pathogens are present on foods. Microbiologically compromised water 394 

used for irrigation has been found to be a source of contamination facilitating the 395 

establishment of pathogens on raw produce (Wachtel et al., 2002) and as climate 396 

change is expected to increase the need for irrigation this could be an area for 397 

concern in the future. In addition insects have also been suggested as a potential 398 

transmission route for contamination. Studies have shown that flies; can transfer 399 

bacteria to plant leaves or fruits (Sela et al., 2005); can carry E. coli O157:H7 when 400 

found in fields next to cattle (Iwasa et al., 1999); and have been implicated in the 401 

transmission of E. coli O157:H7 to leaves (Talley et al., 2009). Climate change has 402 

impacted on insect behaviour and survival (Gregory et al., 2009) and the movement 403 

of insect populations (Cannon, 1998) wild birds (Vedder et al., 2013), plant (Walther 404 

et al., 2002) and wild animal populations which may introduce new or different 405 

foodborne pathogens and raise new biosecurity concerns on the IoI. 406 

Although improved detection methods have contributed to the upsurge in fruit and 407 

vegetables as the sources of foodborne disease outbreaks other factors have been 408 

implicated. Pre-cut foods have been found to have higher proportions of 409 

contaminants (Berger et al., 2010) and cutting is thought to transfer pathogens from 410 

the coating of the produce onto the edible part where they can then multiply in the 411 

absence of proper cold storage (Ukuku and Sapers, 2007). In addition, some 412 

bacteria such as Salmonella sp have been found to be particularly attracted towards 413 

cut leaves (Kroupitski et al., 2009) with studies indicating the involvement of type III 414 

secretions system, flagella and the pilus curli of E. coli O157 in the colonisation of 415 

lettuce leaves and additional studies indicating a sero-specific association of 416 

Salmonella with fresh produce (Berger et al., 2010). Information on pathogen 417 
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colonisation and survival on fresh produce as well as where along the food chain 418 

contamination occurs needs to be obtained. A better understanding of the factors 419 

that predispose or facilitate contamination and consumer education in relation to 420 

washing of raw produce before eating will enable development of procedures and 421 

technologies which will decrease the risk of bacterial contamination of produce 422 

consumed raw and the impact climate change could have on this.  423 

As approximately 75% of foodborne diseases are zoonotic the effect of climate 424 

change on livestock must be considered. Heatwaves during the summer may cause 425 

livestock to become stressed (Miraglia et al., 2009), and therefore more likely to 426 

become ill and possibly discharge larger numbers of pathogens (Keen et al., 2003; 427 

Humphrey et al., 2007). During the processing stage there may be a greater risk of 428 

contaminating the meat (Elder et al., 2000) or there may be an increase in the use of 429 

antimicrobials to treat these animals (Cooper at al., 2014) which in turn could 430 

contribute to the development of antimicrobial resistance (EFSA, 2006). The 431 

introduction of standardised subtyping techniques for commonly isolated pathogens 432 

across food, veterinary and clinical laboratories with the results deposited in a 433 

central, easy accessible, electronic bank could improve the ability to detect, predict 434 

and prevent outbreaks. 435 

Conclusions and recommendations 436 

The adverse effects of climate change on food safety are now becoming evident. 437 

Globalisation of the food chain continuum has resulted in a diverse, extensive and 438 

easily accessible system which is vulnerable to the introduction of contaminants 439 

which can compromise food safety. In this review we highlighted the potential impact 440 

of climate change on microbiological aspects of two highly lucrative and 441 

economically important industries on the IoI, the poultry and aquaculture sectors. 442 

Campylobacter related illness is on the increase in Ireland and if not brought under 443 

control could, under the influence of climate change, continue to increase. The lack 444 

of knowledge on its transmission, survival and virulence determinants were 445 

highlighted as areas of concern and topics for future research. Vibrio vulnificus was 446 

identified as a pathogen which, under the changes in climate predicted for the IoI 447 

could be a foodborne threat of the future with possible economic influence. The 448 

effect of extreme weather events on pathogen transmission and how this could be 449 
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mitigated was also discussed. The objective is, using the predicted change to the 450 

local climate, to identify possible future microbiological threats in order to prevent, 451 

detect and control foodborne illnesses. This is challenging because of the complex 452 

and continually evolving production and processing developments and the extensive 453 

food distribution network involved. Food traceability and consumer preferences and 454 

activities also compound the challenge. Detection, identification and control of food 455 

problems at an early stage in the food chain will facilitate targeted interventions and 456 

reduce the need for food product recall. To improve food safety we need to 457 

understand the behaviour of foodborne pathogens. Research to better understand 458 

microbial interactions, pathogen survival, colonisation, attachment, stress adaptation 459 

and proliferation of foodborne pathogens in food, crops, livestock and the 460 

environment was recommended. We also need to enhance our knowledge of 461 

pathogen behaviour and activity in food, understand the influence of pathogen 462 

numbers and dose response, and elucidate factors that increase and decrease the 463 

virulence of foodborne pathogens. Assessing the pathogenicity of foodborne 464 

organisms, including differences between serotypes, and characterisation of the 465 

dynamics of microbial populations throughout the food chain and how these will be 466 

impacted or influenced by climate change will be important for employing novel 467 

monitoring and intervention approaches. Research is also required on how the 468 

predicted altered climate will influence the emergence of new pathogens such as 469 

Vibrio vulnificus, and the transmission of known pathogens, such as 470 

Cryptosporidium, in order to decrease potential risks as crop irrigation, heavy 471 

rainfalls, flooding and overflows are expected to be more frequent in parts of Ireland 472 

in the future. The structure and capability of local water treatment plants and the 473 

aging water infrastructure on the IoI will need to be assessed to evaluate their 474 

capability to alleviate the effects of extreme weather events. 475 

The food industry along with other stakeholders on the IoI need to work together to 476 

gather information on the projected climate variability, relate these to food safety and 477 

develop action plans to identify adaption and mitigation measures. There is a need 478 

for continual vigilance and to improve the detection, identification and under-479 

reporting of many pathogens (Nichols and Lake, 2012). Rapid, sensitive and cost 480 

effective technologies are required to detect multiple pathogens, to enable 481 

differentiation of pathogenic from non-pathogenic organisms, and to predict and 482 
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identify emerging or re-emerging pathogens. Many structures and policies are in 483 

place to regulate food production, however, these must be maintained, expanded 484 

and strengthened in order to monitor the quality and safety of food, and to expedite 485 

responses to safety issues that arise. Information sharing of surveillance data 486 

between industry and governmental agencies is essential.  An expanded and co-487 

ordinated surveillance system incorporating animal health, environmental health, 488 

public health and food safety will enable a broader view of pathogens across the 489 

food chain and help with risk assessment analysis and the development of risk 490 

management strategies. Co-operation, interagency collaboration and standardisation 491 

of methods and procedures between public health, veterinary health, crop health and 492 

food safety, international surveillance and scientific research would facilitate rapid 493 

detection of and response to foodborne outbreaks and disease prevention and 494 

control programmes.  495 

Surveillance to appreciate the current extent of foodborne diseases, to monitor 496 

developing trends in foodborne disease outbreaks and to identify the specific foods 497 

involved is also important. An integrated, efficient and interdisciplinary approach 498 

combining microbiology, epidemiology, genomics, proteomics and bioinformatics will 499 

facilitate an understanding of the ability of foodborne pathogens to adapt and evolve. 500 

This information will strengthen the design and development of risk assessments, 501 

evidence-based policies, procedures, and technologies aimed at improving the 502 

safety of food using control and intervention strategies introduced at critical periods 503 

of production and processing (Berger et al., 2010), leading to better control and 504 

validation processes and facilitating the development of new innovative production 505 

processes and products. Foodborne diseases will need monitored and reviewed as 506 

ecosystems, food belts, human behaviours and contact patterns between wild and 507 

domestic animals, especially during extreme weather conditions, change. 508 

Assessment of the costs of foodborne illness and the benefits and effectiveness of 509 

research strategies will help policy makers rank risks, determine prevention 510 

strategies, focus policy and prioritise spending which could ultimately improve 511 

veterinary and public health, and the viability of the food industry. 512 

Acknowledgements 513 

This paper was supported by a grant (06-2013) from Safefood Ireland. 514 



17 
 

References 515 

Adak, G. K., Meakins, S. M., Yip, H., Lopman, B. A., & O’Brien, S. J. (2005). 516 

Disease risks from foods, England and Wales, 1996–2000. Emerging Infectious 517 

Diseases, 11, 365–372. 518 

Agnew, M. D. & Palutikof, J. P. (1999). The impacts of climate on retailing in the 519 

UK with particular reference to the anomalously hot summer of 1995. 520 

International Journal of Climatology, 19, 1493-1507. 521 

Ahern, M., Kovats, R. S., Wilkinson, P., Few, R. & Matthies, F. (2005). Global 522 

health impacts of floods: epidemiologic evidence. Epidemiologic Reviews, 27, 36-523 

46. 524 

Allard, R., Plante, C., Garnier, C., & Kosatsky, T. (2011). The reported incidence 525 

of campylobacteriosis modelled as a function of earlier temperatures and 526 

numbers of cases, Montreal, Canada, 1990-2006. International Journal of 527 

Biometeorology 55(3), 353-60. 528 

Atherholt, T. B., LeChevallier, M. W., Norton, W. D. & Rosen, J. S. (1998). Effect 529 

of rainfall on Giardia and Cryptosporidium. Journal of the American Water Works 530 

Association, 90(9), 66–80. 531 

Batz, M. B., Hoffmann, S., & Morris, J. G. Jr. (2012). Ranking the disease burden 532 

of 14 pathogens in food sources in the Unites States using attribution data from 533 

outbreak investigations and expert elicitation. Journal of Food Protection 75 (7), 534 

1278-1291. 535 

Bentham, G. & Langford, I. H. (1995). Climate change and the incidence of food 536 

poisoning in England and Wales. International Journal of Biometeorology, 39(2), 537 

81–6. 538 

Berger, C. N., Sodha S. V., Shaw R. K., Griffin P. M., Pink D., Hand P., & Frankel 539 

G. (2010). Fresh fruit and vegetables as vehicles for the transmission of human 540 

pathogens. Environmental Microbiology 12 (9), 2385-2387. 541 

Bross, M. H., Soch, K., Morales, R., & Mitchell, R. B. (2007). Vibrio vulnificus 542 

infection: diagnosis and treatment. American Family Physician 76, 539–54. 543 



18 
 

Cannon, R.  J. (1998). The implications of predicted climate change for insect 544 

pests in the UK, with emphasis on non-indigenous species. Global Change 545 

Biology 4, 785-796. 546 

Charron, D. F., Thomas, M. K., Waltner-Toews, D., Aramini, J. J., Edge, T., Kent, 547 

R. A., Maarouf, A. R. & Wilson, J. (2004). Vulnerability of waterborne diseases to 548 

climate change in Canada: A review. 2004. Journal of Toxicology and 549 

Environmental Health, Part A, 67, 1667–1677. 550 

Cooper, K. M., McMahon, C, Fairweather, I & Elliott, C. T. (2014). Potentail 551 

impacts of climate change on veterinary medicinal residues in livestock produce: 552 

An island of Ireland perspective. Trends in Food Science & Technology. 553 

http://dx.doi.org/10.1016/j.tifs.2014.03.007 (in press). 554 

Curriero, F.C., Patz, J.A., Rose, J.B. & Lele, S. (2001). The association between 555 

extreme precipitation and waterborne disease outbreaks in the United States, 556 

1948–1994. American Journal of Public Health 91, 1194–1199. 557 

Department of Health/Health Protection Agency (DOH/HPA) (2008). Health 558 

effects of climate change in the UK 2008. An update of the Department of Health 559 

report 2001/2002. Ed. By Kovats, S. 560 

D’Souza, R. M., Becker, N. G., Hall, G. & Moodie, K. B. (2004). Does ambient 561 

temperature affect foodborne disease? Epidemiology 15, 86–92. 562 

Dunne, S., Hanafin, J., Lynch, P., McGrath, R., Nishimura, E., Nolan, P., Ratnam, 563 

V., Semmler, T., Sweeney, C., Varghese, S. & Wang, A. (2008). Ireland in a 564 

warmer world – Scientific predictions of the Irish climate in the twenty-first 565 

century. Strive Report. Environmental Protection Agency. 566 

http://www.epa.ie/pubs/reports/research/climate/strivereport27.html#.Us0a2dJdX567 

9s 568 

Elder, R. O., Keen, J. E., Siragusa, G. R., Barkocy-Gallagher, G. A., Koohmaraie, 569 

M. & Lagreid, W.W. (2000). Correlation of enterohemorrhagic Escherichia coli 570 

O157 prevalence in feces, hides, and carcasses of beef cattle during processing. 571 

Proceedings of the National Academy of Sciences of the United States of 572 

America 97, 2999–3003. 573 



19 
 

Environment and Heritage Service (EHS). Guidance for the monitoring of 574 

Cryptosporidium in treated water supplies in Northern Ireland. May 2002. 575 

http://www.doeni.gov.uk/niea/crypto_guidance_april05.pdf  576 

Environmental Protection Agency, Ireland (EPA). Drinking Water Advice Note No. 577 

9: Cryptosporidium Sampling & Monitoring Version 1 Issued: 26 September 2011. 578 

http://www.epa.ie/pubs/advice/drinkingwater/Advice%20Note%20No9.pdf  579 

European Food Safety Authority (EFSA). 2006. The community summary report 580 

on trends and sources of zoonoses, zoonotic agents, antimicrobial resistance and 581 

foodborne outbreaks in the European Union in 2005. European Food Safety 582 

Authority Journal 94, 1–288. 583 

European Food Safety Authority and European Centre for Disease Prevention 584 

and Control (EFSA/ECDC) 2015. The European Union Summary Report on 585 

Trends and Sources of Zoonoses, Zoonotic Agents and Food-borne Outbreaks in 586 

2013. EFSA Journal 2015;13(1):3991, 162 pp. doi:10.2903/j.efsa.2015.3991 587 

Food and Agriculture Organization of the UN (FAO). (2008). Climate change: 588 

implications for food safety. Rome. 589 

Gamble, J. L., Hurley, B. J., Schultz, P. A., Jaglom, W. S., Krishnan, N. & Harris, 590 

M. (2013). Climate Change and Older Americans: State of the Science. 591 

Environmental Health Perspectives 121 (1), 15-22. 592 

Godfray, H. C. J., Beddington, J. R., Crute I. R., Haddad, L., Lawrence, D., et al. 593 

(2010). Food security: the challenge of feeding 9 billion people. Science 327, 594 

812–18.  595 

Goulson, D., Derwent, L. C., Hanley, M., Dunn, D. & S. Abolins. (2005). 596 

Predicting calyptrate fly populations from the weather, and the likely 597 

consequences of climate change. Journal of Applied Ecology 42, 784-794. 598 

Gregory, P .J., Johnson, S. N., Newton, A. C., Ingram, J. S. (2009). Integrating 599 

pests and pathogens into the climate change/food security debate. Journal of 600 

Experimental Botany 60 (10), 2827-2838. 601 



20 
 

Hald, B., Skovgard, H., Bang, D. D., Pedersen, K., Dybdahl, J., Jespersen, J. B. 602 

& Madsen, M. (2004). Flies and Campylobacter infection in broiler flocks. 603 

Emerging Infectious Diseases 10(8), 1490-1492. 604 

Hall, G. V., D’Souza, R. M. & Kirk, M. D. (2002). Foodborne disease in the new 605 

millennium: out of the frying pan and into the fire? Medical Journal of Australia 606 

177, 614-618. 607 

Hiscock, K., Southward, A., Tittley, I. & Hawkins, S. (2004). Effects of changing 608 

temperature on benthic marine life in Britain and Ireland. Aquatic Conservation: 609 

Marine and Freshwater Ecosystems 14, 333–362. 610 

Hrudey, S. E., Payment, P., Huck, P. M., Gillham, R. W., & Hrudey, E. J. (2003). 611 

A fatal waterborne disease epidemic in Walkerton, Ontario: Comparison with 612 

other waterborne outbreaks in the developed world. Water Science and 613 

Technology 47, 7–14. 614 

Hulme, M., Jenkins, G.,  Lu, X., Turnpenny, J. R., Mitchell, T. D., Jones, R. G.,  615 

Lowe, J.,  Murphy, J. M.,  Hassell, D.,  Boorman, P.,  McDonald R., & Hill, S.  616 

(2002). Climate Change Scenarios for the United Kingdom: The UKCIP02 617 

Scientific Report. Tyndall Centre for Climate Change Research, University of 618 

East Anglia, Norwich. 619 

Humphrey, T., O'Brien, S. & Madsen, M. (2007). Campylobacters as zoonotic 620 

pathogens: A food production perspective. International Journal of Food 621 

Microbiology; 117, 237–257. 622 

IIPCC5. (2013). Summary for policymakers. In T. F. Stocker, D. Qin, G. K. 623 

Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, & P. M. 624 

Midgley (Eds.), Climate Change 2013: The Physical Science Basis. Contribution 625 

of Working Group I to the Fifth Assessment Report of the Intergovernmental 626 

Panel on Climate Change. Cambridge, United Kingdom and New York, NY, USA: 627 

Cambridge University Press. 628 

Iwasa, M., Makino, S., Asakura, H., Kobori, H., & Morimoto, Y. (1999). Detection 629 

of Escherichia coli O157:H7 from Musca domestica (Diptera: Muscidae) at a 630 

cattle farm in Japan. Journal of Medical Entomology 36, 108–112. 631 



21 
 

James, S. J. & James C. (2010). The food-cold chain and climate change. Food 632 

Research International 43, 1944-1956. 633 

Joseph, S. W., Colwell, R. R. & Kaper, J. B. (1982). Vibrio parahaemolyticus and 634 

related halophilic vibrios. Critical Reviews in Microbiology 10, 77–124. 635 

Jorgensen, F., Ellis-Iversen, J., Rushton,S., Bull, S. A., Harris, S. A., Bryan, S. J., 636 

Gonzalez, A., & Humphrey, T. J. 2011. Influence of season and geography on 637 

Campylobacter jejuni and C. coli subtypes in housed broiler flocks reared in 638 

Great Britain. Applied and Environmental Microbiology 77, (11), 3741–3748. 639 

Keen, J. E., Wittum, T. E., Dunn, J. R., Bono, J. L. & Fontenot, M. E. (2003). 640 

Occurrence of STEC O157, O111, and O26 in livestock at agricultural fairs in the 641 

United States. Page 22 in Proc. 5th Int. Symp. on Shiga Toxin-Producing 642 

Escherichia coli Infections, Edinburgh, U.K. 643 

Kendrovski, V. & Gjorgjev, D. (2012). Climate Change: Implication for Food-644 

Borne Diseases (Salmonella and Food Poisoning Among Humans in R. 645 

Macedonia). In: Prof. Ayman Amer Eissa (Ed.) Structure and Function of Food 646 

Engineering (Chapter 7: pp. 151-170). Published by InTech.   647 

Kistemann, T., Classen, T., Koch, C., Dangendorf, F., Fischeder, R., Gebel, J., 648 

Vacata, V. & Exner, M. (2002). Microbial load of drinking water reservoir 649 

tributaries during extreme rainfall and runoff. Applied and Environmental 650 

Microbiology 68, 2188–2197. 651 

Koelle, K., Pascual, M. & Yunus, M. (2005). Pathogen adaptation to seasonal 652 

forcing and climate change.  Proceedings of the Royal Society B: Biological 653 

Sciences 272 (1566), 971–977.  654 

Kovats, R. S., Edwards, S. J., Charron, D., Cowden, J., D’Souza, R. M., Ebi, K. 655 

L., et al. (2005). Climate variability and Campylobacter infection: an international 656 

study. International Journal of Biometeorology 49, 207–214. 657 

Kovats, R. S., Edwards, S. J., Hajat, S., Armstrong, B. G., Ebi, K. L. & Menne B. 658 

(2004). The effect of temperature on food poisoning: a time-series analysis of 659 

salmonellosis in ten European countries. Epidemiology and Infection 132, 443–660 

453. 661 



22 
 

Kroupitski, Y., Pinto, R., Brandl, M. T., Belausov, E., & Sela, S. (2009). 662 

Interactions of Salmonella enterica with lettuce leaves. Journal of Applied 663 

Microbiology 106, 1876–1885. 664 

Lake, I. R., Bentham, G., Kovats, R. S. & Nichols, G. L. (2005). Effects of weather 665 

and river flow on cryptosporidiosis. Journal of Water and Health 3, 469–474. 666 

Lake, I. R., Gillespie, I. A., Bentham, G., Nichols, G. L., Lane, C., Adak, G. K. et 667 

al. (2009). A re-evaluation of the impact of temperature and climate change on 668 

foodborne illness. Epidemiology and Infection 137, 1538–1547.  669 

Lake, I. R., Hooper,L., Abdelhamid, A., Bentham, G., Boxall, A. B. A., Draper, A., 670 

Fairweather-Tait, S., Hulme, M., Hunter, P. R., Nichols, G. & Waldron, K.W. 671 

(2012). Climate Change and Food Security: Health Impacts in Developed 672 

Countries. Environmental Health Perspectives 120, 1520-1526. 673 

Lennon, J.J. (2014). Potential Impacts of climate change on agriculture and food 674 

safety within the island of Ireland. Trends in Food Science and Technology. 675 

http://dx.doi.org/10.1016/j.tifs.2014.07.003 (in press) 676 

Lipp, E. K. & Rose, J. B. (1997). The role of seafood in foodborne diseases in the 677 

United States of America. Scientific and Technical Review of the Office 678 

International des Epizooties (Paris) 16, 620–640.  679 

Lowe, J. A., Howard, T. P., Pardaens, A., Tinker, J., Holt, J., Wakelin, S., Milne, 680 

G., Leake, J., Wolf, J., Horsburgh, K., Reeder, T., Jenkins, G., Ridley, J., Dye, S. 681 

& Bradley, S. (2009). UK Climate Projections science report: Marine and coastal 682 

projections. Met Office Hadley Centre, Exeter, UK. 683 

http://ukclimateprojections.metoffice.gov.uk/media.jsp?mediaid=87905&filetype=p684 

df 685 

MacKenzie, W., Hoxie, N., Proctor, M., Gradus, M., Blari, K., Peterson, D., 686 

Kazmierczak, J., & Davis, J. (1994). A massive outbreak in Milwaukee of 687 

Cryptosporidium infection transmitted through the public water supply. New 688 

England Journal of Medicine 33 (3), 161-167. 689 



23 
 

Marvin, H. J. P., Kleter, G. A., Prandini, A., Dekkers, S. & Bolton, D. J. (2009). 690 

Early identification systems for emerging foodborne hazards. Food and Chemical 691 

Toxicology, 47: 915–926. 692 

McMichael, A. J, Campbell-Lendrum, D., Kovats, S., Edwards, S., Wilkinson, P., 693 

Wilson, T., Nicholls, R., Hales, S., Tanser, F., LeSueur, D., Schlesinger, M. & 694 

Andronova, N. (2004). Global Climate Change. In: Comparative Quantification of 695 

Health Risks: Global and Regional Burden of Disease due to Selected Major Risk 696 

Factors. Edited by Ezzati M, Lopez A, Rodgers A, Murray C. Geneva: World 697 

Health Organization: 1543-1649. 698 

Miraglia, M., Marvin, H. J. P., Kleter, G. A., Battilani, P., Brera, C., Coni, E., F. 699 

Cubadda, F., Croci, L., De Santis, B., Dekkers, S., Filippi, L., Hutjes, R.W.A., 700 

Noordam, M.Y., Pisante, M., Piva, G., Prandini, A., Toti, L., van den Born, G.J. & 701 

Vespermann, A. (2009). Climate change and food safety: An emerging issue with 702 

special focus on Europe. Food and Chemical Toxicology, 47(5), 1009-1021.  703 

Murphy, C., Carroll, C. & Jordan, K. N. (2006). Environmental survival 704 

mechanisms of the foodborne pathogen Campylobacter jejuni. Journal of Applied 705 

Microbiology 100, 623–632. 706 

Naumova, E. N., Jagai, J. S., Matyas, B., DeMaria, A., Jr., MacNeill, I. B., & 707 

Griffiths, J. K. (2007). Seasonality in six enterically transmitted diseases and 708 

ambient temperature. Epidemiological Infections 135, 281-292. 709 

Nichols G.L. (2005). Fly transmission of Campylobacter. Emerg Infect Dis. 11(3), 710 

361-364. 711 

Nichols, G. & Lake, I. (2012). Water and Food-borne diseases under climate 712 

change. In: Health Effects of Climate change in UK: Current evidence, 713 

recommendations and research gaps. Health Protection Agency: Sotiris 714 

Vardoulakis and Clare Heaviside (Editors) Chapter 9: 200-226.  715 

Nichols, G., Lane, C., Asgari, N., Verlander, N. Q. & Charlett, A. (2009). Rainfall 716 

and outbreaks of drinking water related diseases in England and Wales. Journal 717 

of Water and Health 7, 1–8. 718 



24 
 

Oliver, J.D. (2006).  Vibrio vulnificus. In: Oceans and Health: Pathogens in the 719 

Marine Environment. (pp. 253-276). S. Belkin and R.R. Colwell (eds.). Springer 720 

Science, New York. 721 

Patz, J.A., Olsen, S.H., Uejio, C.K. & Gibbs, H.K. (2008). Disease emergence 722 

from global climate and land use change. Medical Clinics of North America 92, 723 

1473-1491. 724 

Paz, S., Bisharat, N., Paz, E., Kidar, O., & Cohen, D. (2007). Climate change and 725 

the emergence of Vibrio vulnificus disease in Israel. Environmental Research 726 

103, 390–396. 727 

Rangdale, R., & Baker-Austin, C. (2010). Human Health: Marine vibrios in MCCIP 728 

Annual Report Card 2010-11, MCCIP Science Review, 16pp. 729 

www.mccip.org.uk/arc   730 

Rose, J. B., Epstein, P. R., Lipp, E. K., Sherman, B .H., Bernard, S. M. & Patz, 731 

J.A. (2001). Climate variability and change in the United States: potential impacts 732 

on water and foodborne diseases caused by microbiologic agents. Environmental 733 

Health Perspectives 109 (Suppl. 2), 211–221. 734 

Royal Society, London. (2009). Reaping the Benefits: Science and the 735 

Sustainable Intensification of Global Agriculture. October. 736 

Scallen, E., Hoekstra, R. M., Angulo, F.J., Tauxe, R.V., Widdowson, M. A., Roy, 737 

L.S., Jones, J.L., & Griffin, P.M. (2011). Foodborne illness acquired in the United 738 

States – major pathogens. Emerging Infectious Diseases 17, 7-15. 739 

Schmidhuber, J., & Tubiello, N. F. (2007). Global food security under climate 740 

change. Proceedings of the National Academy of Sciences 104 (50), 19703-741 

19708. 742 

Sela, S., Nestel, D., Pinto, R., Nemny-Lavy, E., & Bar-Joseph, M. (2005). 743 

Mediterranean fruit fly as a potential vector of bacterial pathogens. Applied and 744 

Environmental Microbiology 71, 4052–4056. 745 

Semenza, J. C. & Nichols G. (2007). Cryptosporidiosis surveillance and 746 

waterborne outbreaks in Europe. Eurosurveillance 12, 120-123.  747 



25 
 

Sivapalasingam, S., Friedman, C. R., Cohen, L., & Tauxe, R. V. (2004). Fresh 748 

produce: a growing cause of outbreaks of foodborne illness in the United States, 749 

1973 through 1997. Journal of Food Protection 67, 2342-2353. 750 

Skelly, C. & Weinstein, P. (2003). Pathogen survival trajectories: an eco-751 

environmental approach to the modeling of human campylobacteriosis ecology. 752 

Environmental Health Perspectives 111(1),  19-28. 753 

Solomon, S., Qin, D., Manning, M., Alley, R. B., Berntsen, T., Bindoff, N. L., 754 

Chen, Z., Chidthaisong, A., Gregory, J. M., Hegerl, G. C., Heimann, M., 755 

Hewitson, B., Hoskins, B. J., Joos, F., Jouzel, J., Kattsov, V., Lohmann, U., 756 

Matsuno, T., Molina, M., Nicholls, N., Overpeck, J., Raga, G., Ramaswamy, V., 757 

Ren, J., Rusticucci, M., Somerville, R., Stocker, T. F., Whetton, P., Wood, R. A., 758 

Wratt, D. (2007). Technical summary. In: Solomon, S., Qin, D., Manning, M., 759 

Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., Miller, H.L. (Eds), Climate 760 

Change 2007: The Physical Science Basis. Contribution of Working Group I to 761 

the Fourth Assessment Report of the Intergovernmental Panel on Climate 762 

Change. Cambridge University Press, Cambridge and New York. 763 

Talley, J. L., Wayadande, A. C., Wasala, L. P., Gerry, A. C., Fletcher, J., DeSilva, 764 

U., & Gilliland, S. E. (2009). Association of Escherichia coli O157:H7 with filth 765 

flies (Muscidae and Calliphoridae) captured in leafy greens fields and 766 

experimental transmission of E. coli O157:H7 to spinach leaves by house flies 767 

(Diptera: Muscidae). Journal of Food Protection 72, 1547–1552. 768 

Tirado M. C., Clarke R., Jaykus L. A., McQuatters-Gollop,  A. & Franke J. M. 769 

(2010). Climate change and food safety: a review. Food Research International 770 

43, 1745-1765. 771 

Tirado, C. & Schmidt, K. (2001). WHO surveillance programme for control of 772 

foodborne infections and intoxications: preliminary results and trends across 773 

greater Europe. Journal of Infection 43, 80–84. 774 

Ukuku, D. O. & Sapers, G. M. (2007). Effect of time before storage and storage 775 

temperature on survival of Salmonella inoculated on fresh-cut melons. Food 776 

Microbiology 24,  288–295. 777 



26 
 

Vedder, O., Bouwhuis, S. &  Sheldon, B.C. (2013). Quantitative Assessment of 778 

the importance of phenotypic plasticity in adaptation to climate change in wild bird 779 

populations. PLoS Biology 11(7), e1001605. 780 

Vermeulen, S. J., Campbell, B. M. & Ingram, J. S. I. (2012). Climate Change and 781 

Food Systems. Annual Review of Environment and  Resources 37, 195–222.  782 

Wachtel, M. R., Whitehand, L. C., & Mandrell, R. E. (2002). Association of 783 

Escherichia coli O157:H7 with preharvest leaf lettuce upon exposure to 784 

contaminated irrigation water. Journal of Food Protection 65, 18–25. 785 

Walther, G., Post, E., Convey, P., Menzel, A., Parmesank, C.,  Beebee, T. J. C., 786 

Fromentin, J., Hoegh-GuldbergI, O. &  Bairlein, F. (2002). Ecological responses 787 

to recent climate change. Nature 416, 389-395. 788 

Westrell, T., Ciampa, N., Boelaert, F., Helwigh, B., Korsgaard, H., Chríel, M., 789 

Ammon, A. & Mäkeläet, P. (2009). Zoonotic infections in Europe in 2007: a 790 

summary of the EFSA-ECDC annual report. Eurosurveillance 14, (3) Article 8  791 

World Health Organization, Geneva. (2006). WHO Guidelines for the Safe Use of 792 

Wastewater, Excreta and Greywater. Volume II: Wastewater Use in Agriculture. 793 

 794 


