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Abstract 

The number of Lyme disease cases in Ontario has increased in the last decade and is projected to continue 

to increase due to climate change.  The northern limit of Lyme disease cases in Ontario has also been 

progressing northward from the United States.  It is unknown whether the increase in Lyme disease cases 

is due to climate change, changes in host abundance, host and vector migration, or a combination of these 

factors.  The objective of this research is to determine if the climate has changed to increase the 

geographic range of areas suitable for sustaining a reproductive tick population.   

 

Monthly air surface temperature values from the National Centers for Environmental Prediction’s North 

American Regional Reanalysis was used to yield positive degree days above 0 degrees Celsius from 1979 

to 2013 and derive warming trends in Ontario.  Next, the average of monthly mean day and monthly mean 

night time land surface temperature from MODIS were fed in to a basic reproductive tick population 

model to determine areas with climate suitable for sustaining tick populations.   Principal components 

analysis was conducted to determine changing suitability patterns.  The model outputs were compared 

against tick surveillance data supplied by Public Health Ontario from 2002 to 2012.   

 

Areas in Ontario were identified where Lyme disease risk has become suitable for sustaining a black-

legged tick population due to climate change, particularly in 2005, and 2010 - 2012.  This study shows 

that climate has allowed black-legged tick populations to sustainably move northward in the past decade.  

However, the vast majority of submitted ticks were collected by health practitioners in geographic 

locations that were already suitable for sustaining a reproductive tick population.  This suggests that most 

Lyme disease cases in the past decade have been due to the tick population stabilizing in areas of 

suitability, or increased human-tick interaction in areas already suitable, rather than progression of ticks 

into new geographic areas due to climate change.   
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This analysis supports climate change models that indicate Lyme disease risk will continue to move 

northward and also provides high resolution Lyme disease risk maps. 



iv 

 

Acknowledgements 

I would like to express my sincere gratitude to my advisor, Dr. DongMei Chen, for her support, guidance, 

and patience during my Master’s thesis.  She added new critical dimensions to my understanding of 

geographic information science. 

 

I would like to thank my thesis examination committee, Dr. Harriet Richardson, Dr. Scott Lamoureux, and 

Dr. Mark Rosenberg.  Dr. Richardson’s questions greatly improved on the quality of my research and 

showed her interests that I become a better researcher.  Dr. Lamoureux identified many details that could 

be improved upon.  Dr. Rosenberg’s tough questions taught me to better defend my research orally. 

 

I would like to express sincere thanks to Dr. Xiaotian Wu for providing the MATLAB code for the tick 

model that became a technological foundation for this study.  I would like to express thanks to Dr. 

Nicholas Ogden, who provided guidance on Lyme disease research in Canada. 

 

I am grateful to David Jackson, Director of the Canadian Ice Service of Environment Canada, for granting 

nine months of education leave to pursue my Masters.  I would also like to thank Paul Pestieau and Leah 

Braithwaite for their advice and support as my managers while I finished my thesis in Ottawa. 

 

I am also grateful to Dr. Roger De Abreu for his encouragement when I originally decided to pursue 

graduate studies.  I would like to thank Matt Arkett for believing in me.  Dr. Masroor Hussain and my 

Queen’s labmate, Andrei Rosu, provided support during many, many tough days. 

 

Finally, I would like to thank my beloved husband, Rodrigo Diaz, for once saying “I’d rather listen to you 

complain about your thesis for two years than spend a lifetime listening to you whine for never having 

tried.” 



v 

 

Table of Contents 

Abstract ......................................................................................................................................................... ii 

Acknowledgements ...................................................................................................................................... iv 

List of Figures .............................................................................................................................................. ix 

List of Tables ................................................................................................................................................ xi 

List of Abbreviations ................................................................................................................................... xii 

Chapter 1 Introduction................................................................................................................................... 1 

1.1 The Debate on What Causes Lyme Disease Risk ............................................................................... 5 

1.1.1 Landscape Fragmentation ............................................................................................................. 5 

1.1.2 Host Abundance ........................................................................................................................... 6 

1.1.3 Climate Change ............................................................................................................................ 7 

1.2 Research Questions, Hypothesis and Objectives ................................................................................. 8 

1.3 Structure of the Thesis ......................................................................................................................... 9 

Chapter 2 Literature Review ....................................................................................................................... 10 

2.1 Lyme Disease .................................................................................................................................... 10 

2.2 Current Lyme Disease Risk in North America .................................................................................. 13 

2.2.1 United States of America............................................................................................................ 13 

2.2.2 Mexico ........................................................................................................................................ 15 

2.3 Transmission of Lyme Disease ......................................................................................................... 16 

2.3.1 Ixodes Scapularis Life Cycle ...................................................................................................... 16 

2.3.2 Transmission Cycle of Lyme Disease ........................................................................................ 18 

2.3.3 Transmission of B. Burgdorferi .................................................................................................. 18 

2.4 Analyzing and Modeling Lyme Disease Risk ................................................................................... 20 

2.4.1 Tick Habitats .............................................................................................................................. 21 

2.4.2 Tick Abundance and Tick Density ............................................................................................. 22 

2.4.3 Host Abundance and Host Density ............................................................................................. 22 

2.4.4 Biodiversity and the “Dilution Effect” ....................................................................................... 24 

2.4.5 Pathogen Transmission Rates ..................................................................................................... 24 

2.4.6 Humidity ..................................................................................................................................... 25 

2.4.7 Air Temperature ......................................................................................................................... 25 

2.4.8 Climate ....................................................................................................................................... 26 

2.4.9 Tick Population Modeling .......................................................................................................... 28 

2.4.10 Basic Reproductive Number of Ticks ...................................................................................... 29 



vi 

 

2.4.11 Increased Likelihood of Human Interaction with Infected Ticks ............................................. 30 

2.4.12 Changing Spatial Distributions:  Climate or Host? .................................................................. 31 

2.4.13 Lyme Disease Risk Summary .................................................................................................. 32 

2.4.14 Towards a Definition of Lyme Disease Risk in this Study ...................................................... 35 

Chapter 3 Methodology ............................................................................................................................... 38 

3.1 Study Area ......................................................................................................................................... 40 

3.2 Data ................................................................................................................................................... 43 

3.2.1 Climate and Climate Data Sources ............................................................................................. 43 

3.2.1.1 Climate Measurements from Weather Stations ................................................................... 43 

3.2.1.2 NCEP NARR:  Modeled Climate with Data Assimilation .................................................. 44 

3.2.1.3 MODIS-Based Climate Measurements ............................................................................... 46 

3.2.2 Tick Data .................................................................................................................................... 48 

3.2.3 Elevation Data ............................................................................................................................ 49 

3.3 Changing Climate .............................................................................................................................. 51 

3.4 Calculating Tick Suitability (R0 Values) ........................................................................................... 53 

3.4.1 Summation of R0 Values ............................................................................................................ 58 

3.4.2 Principal Component Analysis for Change Detection ................................................................ 58 

3.5 Mapping Submitted Ticks ................................................................................................................. 61 

3.5.1 Finding Geographic Location of Submitter’s City in Validation Data....................................... 62 

3.5.2 Conversion from Points to Boundaries ....................................................................................... 63 

3.5.3 R0 Value at Corresponding Submitted Tick Location by Year .................................................. 65 

3.5.4 Mapping Submitted Tick Locations ........................................................................................... 65 

3.6 Mapping Submitted Tick Locations against PCA Results ................................................................ 66 

Chapter 4 Results ........................................................................................................................................ 67 

4.1 Changing Climate .............................................................................................................................. 67 

4.2 Sum of Binary R0 Results .................................................................................................................. 68 

4.3 Box and Whisker Plots for each PCA Grouping ............................................................................... 69 

4.3.1 Group 1 ....................................................................................................................................... 69 

4.3.2 Group 2 ....................................................................................................................................... 70 

4.3.3 Group 3 ....................................................................................................................................... 71 

4.3.4 Group 4 ....................................................................................................................................... 72 

4.3.5 Group 5 ....................................................................................................................................... 73 

4.3.6 Group 6 ....................................................................................................................................... 74 

4.3.7 Group 7 ....................................................................................................................................... 75 



vii 

 

4.3.8 Group 8 ....................................................................................................................................... 76 

4.4 Summary Legend of Changing Tick Suitability Areas due to Climate ............................................. 77 

4.5 Spatial Distribution of Individual PCA Groups ................................................................................ 79 

4.6 Simplified Map of the Spatial-Temporal Change of Tick Suitability (2001 – 2014) ........................ 80 

4.7 R0 Values of Submitted Tick Locations by Year .............................................................................. 84 

4.8 Map of Normalized Tick Submissions .............................................................................................. 85 

4.9 Map of Normalized Tick Submissions against PCA Results ............................................................ 87 

Chapter 5 Discussion and Conclusions ....................................................................................................... 88 

5.1 Key Findings and Results from this Research ................................................................................... 88 

5.2 Limitations of this Methodology ....................................................................................................... 90 

5.3 Further Research................................................................................................................................ 92 

5.4 Summary ........................................................................................................................................... 95 

References ................................................................................................................................................... 97 

Appendix A : R0 Values in 2001 ............................................................................................................... 102 

Appendix B : R0 Values in 2002 ............................................................................................................... 103 

Appendix C : R0 Values in 2003 ............................................................................................................... 104 

Appendix D : R0 Values in 2004 ............................................................................................................... 105 

Appendix E : R0 Values in 2005................................................................................................................ 106 

Appendix F : R0 Values in 2006 ................................................................................................................ 107 

Appendix G : R0 Values in 2007 ............................................................................................................... 108 

Appendix H : R0 Values in 2008 ............................................................................................................... 109 

Appendix I : R0 Values in 2009 ................................................................................................................. 110 

Appendix J : R0 Values in 2010 ................................................................................................................ 111 

Appendix K : R0 Values in 2011 ............................................................................................................... 112 

Appendix L : R0 Values in 2012................................................................................................................ 113 

Appendix M : R0 Values in 2013 .............................................................................................................. 114 

Appendix N : R0 Values in 2014 ............................................................................................................... 115 

Appendix O : Number of Submitted Ticks by City in 2002, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 116 

Appendix P : Number of Submitted Ticks by City in 2003, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 117 

Appendix Q : Number of Submitted Ticks by City in 2004, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 118 



viii 

 

Appendix R : Number of Submitted Ticks by City in 2005, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 119 

Appendix S : Number of Submitted Ticks by City in 2006, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 120 

Appendix T : Number of Submitted Ticks by City in 2007, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 121 

Appendix U : Number of Submitted Ticks by City in 2008, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 122 

Appendix V : Number of Submitted Ticks by City in 2009, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 123 

Appendix W : Number of Submitted Ticks by City in 2010, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 124 

Appendix X : Number of Submitted Ticks by City in 2011, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 125 

Appendix Y : Number of Submitted Ticks by City in 2012, Normalized by Total Road Length (km) of the 

City in 2014 ............................................................................................................................................... 126 

Appendix Z :  MATLAB Code for Calculating R0 Values ....................................................................... 127 

  

  



ix 

 

List of Figures 

Figure 1:  Lyme disease risk in Canada (Public Health Agency of Canada) ................................................ 2 

Figure 2:  Human cases of Lyme disease reported to the Public Health Agency of Canada between 2009 

and 2013 (Public Health Agency of Canada).  Although the figure for 2013 is 500 cases, this was not 

finalized and it was expected that the number of cases was greater than 500. .............................................. 3 

Figure 3:  Cost of Lyme disease in Maryland patients in 2006 (Zhang, Meltzer and Peña 659) .................. 4 

Figure 4:  Clinical phases of Lyme disease and the approximate percentage of infected individuals that 

will develop symptoms when the infection is untreated (Nelson and Williams 867).  The y-axis refers to 

the proportion of infected patients who develop symptoms, and the x-axis refers to time since infection in 

months (1 through 6) and then years (1 and greater than 2). ....................................................................... 11 

Figure 5:  Distribution of the Black-legged tick in the United States (Centers for Disease Control and 

Prevention) .................................................................................................................................................. 14 

Figure 6:  Distribution of infected and uninfected black-legged ticks in the United States (Diuk-Wasser, 

Hoen and Cislo 324) .................................................................................................................................... 15 

Figure 7:  Ecologically suitable habitat areas for black-legged ticks in Mexico (Illoldi-Rangel, Rivaldi and 

Sissel 7).  Three principal Mexican states are labeled. ................................................................................ 16 

Figure 8:  Lifecycle of black-legged ticks (Centers for Disease Control and Prevention) .......................... 17 

Figure 9:  Transmission cycle of Borrelia burgdorferi between white-footed mice and black-legged ticks 

(Rosa, Tilly and Stewart)............................................................................................................................. 19 

Figure 10:  Duration of development for I.scapularis ticks held at different temperatures in the laboratory.  

(a) Preoviposition period of engorged adult females. (b) Preeclosion period for egg masses. (c) Premolt 

period of engorged larvae. (d) Premolt period of engorged nymphs.  Fitted curves and R
2
 values are 

shown.  (N. H. Ogden, L. R. Lindsay and G. Beauchamp 622) .................................................................. 26 

Figure 11: Colonized and uncolonized tick suitability (Brownstein, Holford and Fish 41) ........................ 28 

Figure 12: Temperature-dependent tick population development model .................................................... 29 

Figure 13:  Summary diagram of Lyme disease risk factors ....................................................................... 33 

Figure 14:  Ontario study area ..................................................................................................................... 40 

Figure 15:  Population Centres of Ontario within the Study Area from the 2011 Census .......................... 42 

Figure 16:  Weather stations in Ontario (Environment Canada) ................................................................. 44 

Figure 17:  Domain of the North American Regional Reanalysis (National Oceanic & Atmospheric 

Administration Research, Earth Systems Research Laboratory, Physical Sciences Division) ................... 45 

Figure 18:  Geographic distribution of source datasets used to generate the DEM .................................... 50 



x 

 

Figure 19:  DEM tiles used in this study ..................................................................................................... 51 

Figure 20:  Positive degree days (degrees Celsius) for Ottawa, Ontario (1979 - 2013) .............................. 52 

Figure 21:  Map of PCA results of R0 from 2001 to 2014........................................................................... 60 

Figure 22:  Locations of submitted ticks represented as points using the Canadian Place Names dataset of 

the Atlas of Canada produced by Natural Resources Canada ..................................................................... 62 

Figure 23:  Flowchart of converting points to boundaries .......................................................................... 64 

Figure 24:  Map of the boundaries used to represent locations of submitted ticks ..................................... 65 

Figure 25:  Slope of annual degree day above 0 degrees Celsius from 1979 to 2013 ................................. 68 

Figure 26:  Sum of R0 binary results from 2001 to 2014 ............................................................................ 69 

Figure 27:  R0 values from 2001 to 2014 of Group 1 (0, 0, 0) .................................................................... 70 

Figure 28:  R0 values from 2001 to 2014 of Group 2 (0, 0, 1) .................................................................... 71 

Figure 29:  R0 values from 2001 to 2014 of Group 3 (1, 1, 1) .................................................................... 72 

Figure 30:  R0 values from 2001 to 2014 of Group 4 (1, 1, 0) .................................................................... 73 

Figure 31:  R0 values from 2001 to 2014 of Group 5 (2, 1, 0) .................................................................... 74 

Figure 32:  R0 values from 2001 to 2014 of Group 6 (1, 0, 0) .................................................................... 75 

Figure 33:  R0 values from 2001 to 2014 of Group 7 (2, 0, 0) .................................................................... 76 

Figure 34:  R0 values from 2001 to 2014 of Group 8 (3, 0, 0) .................................................................... 77 

Figure 35:  PCA results of Lyme disease risk (2001 - 2014) ...................................................................... 79 

Figure 36:  Simplified map denoting areas of changing Lyme disease risk (2001 - 2014) ......................... 81 

Figure 37:  Digital Elevation Model and PCA Grouping ............................................................................ 82 

Figure 38:  Tick suitability against elevation .............................................................................................. 83 

Figure 39:  R0 values for submitted tick locations by year .......................................................................... 84 

Figure 40:  Normalized Tick Submissions to Public Health Ontario in 2002 and 2012 ............................. 86 

Figure 41:  Normalized Tick Submissions against PCA Results ................................................................ 87 

 



xi 

 

List of Tables 

Table 1:  Population centre classifications .................................................................................................. 41 

Table 2:  Differential equations used to find the rate of change for each tick stage's population ............... 53 

Table 3:  Model parameter definitions ........................................................................................................ 55 

Table 4:  Reclassification of R0 values ........................................................................................................ 57 

Table 5:  Eigenvalues of PCA ..................................................................................................................... 59 

Table 6:  The first three components of the PCA results for each Group ................................................... 60 

Table 7:  Description of all eight PCA groups ............................................................................................ 78 

Table 8:  Simplified Lyme disease risk groups ........................................................................................... 80 

 



xii 

 

List of Abbreviations 

DEM – Digital elevation model 

MODIS – Moderate Resolution Imaging Spectroradiometer 

NARR – North American Regional Reanalysis 

NCEP – National Center for Atmospheric Prediction 

PCA – Principal components analysis 

PHO – Public Health Ontario 

 

 



 

1 

 

Chapter 1 

Introduction 

Lyme disease is a neurological, vector-borne disease caused by a bacterial infection transmitted via the 

bite of an infected tick carrying the Borrelia burgdorferi bacterium.  It was first recognized in 1975 when 

an unusually high number of children were diagnosed with arthritis in the town of Lyme, Connecticut. 

 

The clinical stages of Lyme disease are early-localized, early-disseminated, and late stages.  The early-

localized stage is typically marked by a bulls-eye rash.  The early-disseminated stage is marked with 

“dermatologic, rheumatologic, cardiac and neurologic” symptoms (Embers and Narasimham).  Finally, in 

the late stages, patients deal primarily with arthritis and neurologic symptoms.   

 

Lyme disease has become of increasing concern in Canada.  The geographic range of Ixodes scapularis 

has expanded into Canada from the northeastern United States (Leighton, Koffi and Pelcat 457; Koffi, 

Leighton and Pelcat 400). The black-legged tick population is expected to rise in eastern Ontario due to 

climate change (Bueckert).  In 2009, Lyme disease became a nationally reportable disease in Canada and 

recent studies have indicated that the numbers of ticks in Canada are increasing (N. H. Ogden, L. R. 

Lindsay and M. Moshed).  It is anticipated that Lyme disease will affect over 10 000 Canadians per year 

by the 2020s (Canada).   

 

Known endemic areas of Lyme disease cases in Canada exist in the following locations: 

1. Southern Manitoba and Western Ontario 

2. Southern Ontario 

3. Southeastern Ontario and Southern Quebec 

4. Maritime Provinces 



 

2 

 

5. Southern British Columbia 

 

Figure 1 is a map showing known and suspected endemic areas of Lyme disease risk in Canada. 

 

Figure 1:  Lyme disease risk in Canada (Public Health Agency of Canada) 

 

Lyme disease cases have increased from 128 in 2009 to over 500 cases in 2013 (Canada).  Figure 2 shows 

the increase in cases of Lyme disease reported to the Public Health Agency of Canada between 2009 and 

2013.   
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Figure 2:  Human cases of Lyme disease reported to the Public Health Agency of Canada between 

2009 and 2013 (Public Health Agency of Canada).  Although the figure for 2013 is 500 cases, this 

was not finalized and it was expected that the number of cases was greater than 500. 

 

It is believed that these numbers underrepresent true cases of Lyme disease in Canada as many people do 

not seek medical treatment while others are misdiagnosed by doctors ill-informed on Lyme disease. 

 

Lyme disease research is needed in Canada as Lyme disease diagnosis can be difficult.  Difficulty in 

diagnosis is due to a number of reasons.  First, Lyme disease is contracted by tick bites from infected ticks 

but only 50 to 70% of patients recall ever being bitten by a tick as they are very small (Brody Para 7).  

Secondly, lack of awareness of Lyme disease may lead doctors to diagnose Lyme disease as other 

illnesses, especially when symptoms are of a neurological nature and are similar to symptoms of other 

diseases, such as multiple sclerosis and fibromyalgia.  Thirdly, symptoms of Lyme disease do not appear 

immediately after a tick bite but weeks to months later.  The time delay causes a delay in treatment and 

causes many to fail to associate a tick bite to symptoms that only manifest weeks later. 
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Lyme disease research is also needed in Canada due to its financial impact.  A study in 1998 showed that 

testing with enzyme-linked immunosorbent assay and empirical antibiotic therapy cost $880 000 and $34 

000 per quality-adjusted life-year (Nichol, Dennis and Steere 37).  Another study tried to place a cost of 

medical treatments per Lyme disease patient in Maryland (Zhang, Meltzer and Peña 653).   

 

Figure 3:  Cost of Lyme disease in Maryland patients in 2006 (Zhang, Meltzer and Peña 659) 

 

Lyme disease costs are not only medical (such as the cost of treatment), but Lyme disease can also impact 

patients’ productivity (such as the inability to continue to work).  Lyme disease research is needed in 

Ontario as cases continue to rise, which will lead to decreased quality of life for infected individuals and 

economic impacts. 

 

As Lyme disease is difficult to diagnose and can have significant negative impacts for individuals, yet is 

geographically tied specifically to one vector of interest, much of the research has turned to focus on 

Lyme disease risk mapping to aid in identifying potential areas for Lyme disease risk. 
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1.1 The Debate on What Causes Lyme Disease Risk 

There is little uncertainty whether Lyme disease cases are on the rise; however, there is much discussion 

as to what is causing the rise in Lyme disease cases.  Of concern is that firstly, the number of Lyme 

disease cases are increasing, and secondly, the geographic range of black-legged tick vectors is spreading.  

The increase in geographic spread has meant that black-legged ticks are found in new locations, which can 

then further increase the number of Lyme disease cases as more human hosts then come in to contact with 

the bacterium-carrying ticks. 

 

The only vector known to carry the Lyme disease spirochete in eastern Ontario is the black-legged tick, so 

much of the discussion has been related to the tick.  Specifically, the “geographic areas providing a risk 

for Lyme disease can be predicted by understanding the tick vectors, the hosts for the ticks, and the 

reservoir for the spirochaetes (Barbour 650).”   

 

There are three main factors of focus regarding why Lyme disease has been on the rise.  One possible 

reason is landscape fragmentation (mostly due to anthropogenic reasons), resulting in increased tick 

and/or host densities, as well as increased human contact with ticks.  Another is related to host abundance 

and their spatial migration patterns.  The third factor is climate change, where a changing climate may 

have made areas more suitable for sustaining a reproducing tick population. 

 

1.1.1 Landscape Fragmentation 

Studies that support landscape fragmentation as an explanatory variable for the increase in Lyme disease 

focus on the dilution effect in ecology.  That is, decreasing the habitat area for an organism will result in 

increasing its density.  Therefore, if the habitats of the vector or its host decrease, this may lead to a higher 

density of the vector or its host.  For example, in one study, the rise in Lyme disease cases was due to an 

increase in reforestation and a resulting increase in deer populations (Barbour 654).   
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Another possible impact of landscape fragmentation is that as the density of ticks rise, so does the number 

of infected ticks rise.  One study found that higher spatial heterogeneity had the potential to carry higher 

incidences of infected ticks than larger fragments (Allan, Keesing and Ostfeld 270).   

 

1.1.2 Host Abundance 

As black-legged ticks are small, they need to be transported by migrating animals that they feed upon to 

spread to new locations.  Ticks carried by migratory birds or other hosts can travel larger distances, 

causing the geographic spread from southern New York in to Canada, for example (Kubacki Para. 31).   

 

Some research has focused on the white-footed mice population, since they are a common host for larvae 

and nymphal ticks.  These researchers believe the focus should be on white-footed mice as nymphs—

which can carry the Lyme disease spirochete and are quite small for humans to detect while feeding—are 

more likely to be found on mice.  An additional argument behind monitoring white-footed mice numbers 

is that they are more likely to enter people’s homes than white-tailed deer (Barrett Para. 35).  This 

argument is also related to landscape fragmentation, as there is increased risk of encountering white-

footed mice as humans build on green space. 

 

There remains room for discussion whether an increase in host population results in an increase in tick 

populations.  While Barbour found an increase in deer population may explain an increase in Lyme 

disease cases, Levi found that increases in Lyme disease cases do not correlate well with deer abundance 

(10944).  A difficulty with studying host abundance with respect to Lyme disease is the number and 

geographic range of both white-footed mice and white-tailed deer—the two most common hosts for 

questing ticks. 
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1.1.3 Climate Change 

Another possible explanation for the increase in the geographic range of black-legged ticks and the 

resulting increase in Lyme disease cases is due to climate change.  Studies have found that temperature is 

a strong factor in tick development, and other studies have found that climate is a strong indicator of 

suitable tick habitats.  Building upon this knowledge, several studies have been conducted on potential 

changes to the spatial distribution of ticks, and therefore, Lyme disease risk, due to climate change.  In 

these studies, climate models were used to describe the current spatial distribution of ticks.  Climate 

change scenarios were then used to forecast the spatial distribution of ticks.  Feria-Arroyo, Castro-

Arellano and Gordillo-Perez forecasted changes in spatial distribution of ticks in the Texas-Mexico 

transboundary region (10).  Brownstein, Holford and Fish found an increase in suitable habitat by 213% in 

Canada by the 2080s (38).  Ogden, St-Onge and Barker used a relationship between annual degree days 

above 0°C and a tick population model to map projected distributions for the 2020s, 2050s, and 2080s 

using two different climate change models (6).  Simon, Marrotte and Desrosiers studied climate change 

and habitat fragmentation as drivers for tick range expansion, modeling forward to 2050 (758).  Expanded 

spatial distribution of ticks due to climate change, particularly northward in Canada, is the common 

conclusion of these studies.   

 

While many studies have projected tick range expansion northwards in Canada due to climate change 

forward to 2080, few studies have looked in to the past decade to determine whether climate change has 

caused black-legged tick range to expand as a possible cause for the recent trend in increasing Lyme 

disease cases. 
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1.2 Research Questions, Hypothesis and Objectives 

This thesis aims to conduct a spatial-temporal analysis of Lyme disease risk and determine the role of 

climate on the change in spatial distribution of Lyme disease risk in eastern Ontario between 2000 and 

2013.  More specifically, the thesis has the following research objectives: 

1. Determine if and where the climate has changed over eastern Ontario during the study period.  

2. If the climate has changed, use a tick population model to calculate the basic reproductive number 

(R0), to determine if the temperature changes in eastern Ontario found in the previous research 

question have made conditions more conducive for stabilizing or increasing black-legged tick 

populations. 

3. Determine if ticks that have been submitted to Public Health Ontario coincide geographically with 

areas where the climate has changed to become more conducive for sustaining a tick population.   

 

For the first research question, the cumulative annual degree days above 0 degrees Celsius were calculated 

for the study area.  The annual degree day was calculated for each grid cell (pixel) location from 1979 to 

2013 to calculate a 35-year trend.  The slope of the trend was then used to determine the direction of 

climate change, where a positive trend indicates warming, negative trend indicates cooling, and a slope of 

zero indicates no change.   

 

The second research question was studied using a basic reproductive number model approach created by 

Wu, Duvvuri and Lou (52).  This model adapted the population model developed by Ogden, Bigras-Poulin 

and O’Callaghan (377) and converted it to calculate the R0 for a tick population. The basic reproductive 

number, or R0, is used in epidemiology to summarize whether conditions are favourable for the vector 

population to persist.  A value greater or equal to one indicates a sustainable population.  Principal 

component analysis was used to determine which areas were a) consistently above the threshold for the 

entire duration, b) consistently below the threshold, or c) varied above and below the threshold. 
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Finally, ticks that were submitted to Public Health Ontario were mapped to the location of the medical 

practitioner who removed the tick from the host body.  These locations were then compared to the areas 

where the climate had changed to become sustainable for tick populations to determine if collected ticks 

were spreading to new geographic areas or increasing in areas already climatologically suitable for ticks. 

 

1.3 Structure of the Thesis 

The second chapter presents a literature review on spatial epidemiology of vector-borne diseases, the 

vector life cycle, and transmission of the bacterium spirochete, in order to work towards a definition of 

Lyme disease risk.  Chapter three describes the study area, data sources, data verification preprocessing, 

and the methodology used in this study.  Chapter four presents the results of the analysis.   Final 

conclusions and areas of further research are presented in chapter five. 
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Chapter 2 

Literature Review 

Determining Lyme disease risk requires an understanding of how Lyme disease is transmitted.  The first 

section of the literature review explains Lyme disease as a vector-borne disease, where the main vector is 

the black-legged tick.  An overview of the blacklegged tick’s life cycle is then given.  Next, the main 

bacterium spirochete that causes Lyme disease is discussed.  The following section describes how the 

spirochete is passed between ticks and hosts, and eventually, to humans. 

 

Once an understanding of the black-legged tick, the bacterium spirochete, and human hosts are 

understood, a definition of Lyme disease risk can be achieved.  The remaining sections of the literature 

review describes previous research into defining Lyme disease risk before finally describing how Lyme 

disease risk will be defined for this study. 

 

2.1 Lyme Disease  

Lyme disease was first recognized in 1975 when an unusually high number of children were diagnosed 

with arthritis in the town of Lyme, Connecticut, USA, during the summer of 1975. Each child came with 

the same symptoms of unexplained chronic inflammation of joints and muscles.  Like any outbreak that 

begins quietly, the children were misdiagnosed with juvenile rheumatoid arthritis.  Only the sheer number 

of cases in a small amount of time was cause for alarm. 

 

Airborne and waterborne microbes were eliminated as possible sources before deer ticks were finally 

studied.  The clues came together slowly: the sick children either lived or played near wooded areas; their 

symptoms began during the summer; many reported having a skin rash before the arthritis.  It was not 
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until 1981 when Dr. Burgdorfer found a previously unknown bacterium spirochete (later named Borrelia 

burgdorferi in his honour) that the cause for the suspicious arthritis outbreak was found and Lyme disease 

was born. 

 

Lyme disease is a vector-borne disease caused by an infection that is transmitted to humans by vectors 

(such as ticks, mosquitoes, and lice).  The term vector refers to the organisms carrying the disease causing 

agent.  More commonly known vector-borne diseases include malaria, West Nile Virus and Dengue fever.  

With respect to Lyme disease, the main vector is the black-legged tick, or Ixodes scapularis in 

southeastern Ontario and Ixodes pacificus in the western United States (Dennis, Nekomoto and Victor 

629).   

 

The following figure shows the approximate percentage of infected individuals and the types of symptoms 

they will experience when the Lyme disease is left untreated (Nelson and Williams 867). 

 

Figure 4:  Clinical phases of Lyme disease and the approximate percentage of infected individuals 

that will develop symptoms when the infection is untreated (Nelson and Williams 867).  The y-axis 

refers to the proportion of infected patients who develop symptoms, and the x-axis refers to time 

since infection in months (1 through 6) and then years (1 and greater than 2). 

 

Lyme disease often begins as a circular rash at the site of a tick bite in 70-80% of infected people.  Other 

symptoms that first appear include headache, muscle and joint paint, and swollen lymph nodes.  As 
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untreated Lyme disease progresses, migraines, weaknesses, skin rashes, painful joints, abnormal heartbeat 

and extreme fatigue occur.  After several more months, Lyme disease can lead to chronic arthritis, 

neurological symptoms, and paralysis (Health Canada).  

 

Lyme disease alone rarely leads to death (Kugeler, Griffith and Gould 367) but is of particular concern as 

untreated Lyme disease can result in long term damage.  Furthermore, Lyme disease can be treated at all 

stages with antibiotics, but treatment has been found to be most successful at the earliest onset of Lyme 

disease (Stanek and Strle 1639).  Misdiagnosis of Lyme disease is costly as patients are often overtreated 

for symptoms while the underlying illness remains unaddressed (Sigal 1493).  Other financial costs of 

Lyme disease include patients’ loss of productivity and livelihood (Zhang, Meltzer and Peña). 

 

Antibiotic treatment for Lyme disease is effective in the majority of cases (Feng, Wang and Shi).  

Research shows that Borrelia burgdorferi persists in Lyme disease patients following antibiotic treatment 

(Embers and Narasimham 1).  However, successful response to treatment in patients with late stage Lyme 

disease is typically slower (Embers and Narasimham 1).  Some patients suffer from post-treatment Lyme 

disease syndrome (PTLDS); sometimes also referred to as chronic Lyme disease.  Causes of PTLDS are 

unknown, although many medical experts believe the symptoms are due to residual damage to patients’ 

tissues and immune systems during the infection (Centers for Disease Control and Prevention).  Worse 

yet, prolonged antibiotic treatment for PTLDS has led to serious complications (Patel, Grogg and Edwards 

1107). 

 

As treatment becomes less effective the longer it is left untreated, it is imperative that Lyme disease be 

identified as soon as possible.  Adequate diagnosis and treatment of Lyme disease is one area of research.  

However, Lyme disease is underdiagnosed in Canada due to the similarity of its symptoms to other, more 

commonly known diseases and due to lack of awareness by people and medical practitioners.  This has led 
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to the need for research in Lyme disease risk maps in Canada.  It is hoped that identifying areas where 

people may be bitten by infected black-legged ticks that carry Borrelia burgdorferi can assist with 

diagnosis and awareness of Lyme disease. 

 

Lyme disease cannot be transmitted from person to person.  Instead, the disease is transmitted to humans 

via tick bites from infected ticks only.  Lyme disease risk in eastern Ontario is related to black-legged tick 

abundance since the risk of developing Lyme disease occurs only when a person is bitten by an infected 

black-legged tick. 

 

2.2 Current Lyme Disease Risk in North America 

While the first cluster of Lyme disease cases was found in Lyme, Connecticut, USA, there have now been 

cases of Lyme disease found across all of North America in Canada, the United States, and Mexico. 

 

2.2.1 United States of America 

Lyme disease has now spread northwards from Lyme, Connecticut, and can now be found in the north-

central United States.  Most cases are clustered in the eight northeastern states and two north-central 

states.  New York State accounted for nearly a third of all reported American cases between 1992 and 

1998 (Kubacki para. 26).  Figure 5 shows the distribution of black-legged ticks in the United States.  
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Figure 5:  Distribution of the Black-legged tick in the United States (Centers for Disease Control 

and Prevention) 

 

While Figure 5 shows the distribution of the black-legged tick, not all black-legged ticks carry B. 

burgdorferi.  Therefore, the areas of Lyme disease risk are smaller.  Another study mapped sites where at 

least one of fourteen black-egged ticks captured between 2004 and 2006 were infected (Diuk-Wasser, 

Hoen and Cislo 324).  
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Figure 6:  Distribution of infected and uninfected black-legged ticks in the United States (Diuk-

Wasser, Hoen and Cislo 324) 

The Center for Disease Control estimates that 300 000 people are diagnosed with Lyme disease each year 

in the United States.  Lyme disease risk is significant as a considerable population resides in the areas of 

Lyme disease risk in the United States. 

 

2.2.2 Mexico 

Lyme disease cases have also been found in Mexico, where patients became infected in forested areas 

(Gordillo-Pérez, Torres and Solórzano-Santos 1556).  A study by Illoldi-Rangel, Rivaldi and Sissel tried 

to map ecologically suitable habitats for black-legged ticks within Mexico and three principal Mexican 

states (4). 

http://www.ajtmh.org/content/86/2/320/F3.large.jpg
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Figure 7:  Ecologically suitable habitat areas for black-legged ticks in Mexico (Illoldi-Rangel, 

Rivaldi and Sissel 7).  Three principal Mexican states are labeled. 

 

As Figure 7 shows, a considerable proportion of Mexico is conducive to carrying the black-legged tick.   

 

2.3 Transmission of Lyme Disease 

2.3.1 Ixodes Scapularis Life Cycle 

The black-legged tick progresses from egg, larva, nymph, to adult through an approximately two-year life 

cycle.  During these two years, the tick requires three separate feeding periods.  The first two feeding 

periods are required for ticks to progress from larvae to nymph and from nymph to adult.  The third 
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feeding period is required for females to lay eggs.  Ticks cannot develop from one stage to another without 

feeding.  As they require feeding on three hosts, they are considered three-host vectors. 

 

Figure 8 is a diagram of the typical black-legged tick life cycle. 

 

Figure 8:  Lifecycle of black-legged ticks (Centers for Disease Control and Prevention) 

 

The typical life cycle begins with engorged adult female ticks laying eggs on the ground in the late spring.  

The newly deposited eggs hatch in late spring into larvae.  They begin questing for their first blood meal, 

often white-footed mice in eastern Ontario during the summer.  Larvae that have successfully fed will 

drop from the host after feeding and overwinter and molt on the ground into nymphs.  In the beginning of 

the second year of their life cycle, nymphs will begin questing for their next blood meal.  Typically this 

occurs from May through July.  In the fall, engorged nymphs molt into adult male and female ticks.  Adult 

ticks tend to seek larger hosts—most commonly the white-tailed deer—during the fall, warm winters, and 
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in the spring.  Adult female ticks stay on the host to feed, mate, lay eggs, and die while males tend to stay 

on the host to mate with females.   

 

2.3.2 Transmission Cycle of Lyme Disease  

Borrelia burgdorferi is a bacterium spirochete that can be found in small mammals (Burgdorfer, Barbour 

and Hayes).  These small mammals become reservoirs of B. burgdorferi as the infection does not lead to 

disease in the mammals. Infection of B. burgdorferi in humans, however, can lead to Lyme disease as the 

human immune system responds differently to the spirochete than other hosts. Ticks of the Ixodes genus 

are the only natural agents that have been shown to cause Lyme disease in humans (Steere 115).   

 

2.3.3 Transmission of B. Burgdorferi 

Black-legged ticks have been found to be an incredibly competent vector for transmitting B. burgdorferi.  

A study by Piesman and Happ compared the ability of three different tick species in transmitting B. 

burgdorferi to new hosts, and to sustain the infection through molting (453).  In their study, the black-

legged tick was the only tick that was a competent vector for B. burgdorferi, and maintained the 

spirochete from the larval to nymphal stage. 

 

While the black-legged tick is a competent vector for B. burgdorferi, only a portion of the population 

carries the spirochete.  Bunnell, Price and Das found B. burgdorferi in 9.9% of adult ticks in their 1997 

study and 21.9% in 1998 (572).  Serra, Warden and Fricker found B. burgdorferi in 8.9% of adult ticks in 

their 2013 study in Vermont, USA (201).  A larger study found 20% of 5328 nymphal ticks carried B. 

burgdorferi (Diuk-Wasser, Hoen and Cislo 322). 

 

Black-legged ticks rarely transmit B. burgdorferi vertically; that is, engorged egg-laying adult female ticks 

carrying B. burgdorferi rarely pass the spirochete to the eggs they lay.  Rather, the spirochete is spread 
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through the tick population using host reservoirs.  Infected ticks pass the spirochete to the host, which then 

passes the spirochete to uninfected ticks that feed on the host.  Previous studies have found the white-

footed mouse to be an effective reservoir for transmitted B. burgdorferi (Levine, Wilson and Spielman 

355).  For the cycle to complete, infected ticks must pass the bacterium to hosts, which uninfected ticks 

feed upon next.   

 

Since newly hatched larvae do not carry the B. burgdorferi spirochete, they do not pose a Lyme disease 

risk to humans.  However, any larvae that feed on an infected host will become an infected nymph and 

infect another host during their next meal.  The feeding period for feeding larvae is approximately three to 

five days, after which the tick will fall off the host.  During this period of feeding the larvae will then 

receive B. burgdorferi from the infected mouse.  As the engorged larva moults into an unfed nymph, it 

will begin questing for its next bloodmeal.  If the infected nymph feeds on an uninfected mouse, it will 

then pass B. burgdorferi to the mouse and the cycle will begin again for the next generation of ticks. 

 

Figure 9:  Transmission cycle of Borrelia burgdorferi between white-footed mice and black-legged 

ticks (Rosa, Tilly and Stewart) 

 

It is important to note that nymphs typically quest before larvae each year.  This provides opportunity for 

infected nymphs to transmit B. burgdorferi to mice, which newly hatched larvae can feed on later in the 
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same year.  It is also important to note that newly hatched larvae do not carry B. burgdorferi and become 

infected under the condition that it feeds on an infected host. 

 

As Lyme disease risk is greater in the nymphal tick population than larvae, consideration of each tick 

stage rather than the overall tick population is important for modelling Lyme disease risk (Awerbuch and 

Sandberg 512). Nymphs are more likely to transmit B. burgdorferi to humans than any other stage as their 

small size makes them hard to detect.  Adult black-legged ticks may also carry B. burgdorferi but are 

easier to detect due to their larger size.   

 

While the black-legged tick feeds on rodents and other small mammals for its larval and nymphal feeding 

periods, adult ticks seek larger mammals such as the white-tailed deer.  Unlike the white-footed mouse, 

white-tailed deer have been found to be incompetent reservoir hosts for B. burgdorferi (Ogden, Bigras-

Poulini and O'Callaghan).  Therefore, white-tailed deer play a lesser role of importance compared to 

white-footed mice in maintaining B. burgdorferi. 

 

Another areas of research focuses on the competency of migrating birds to transmit B. burgdorferi.  

Anderson et al. found that migrating birds can also serve as host reservoirs for B. burgdorferi (Anderson, 

Johnson and Magnarelli). 

 

2.4 Analyzing and Modeling Lyme Disease Risk 

As Lyme disease is a vector-borne disease, “risk of human exposure to vector-borne zoonotic pathogens is 

a function of the abundance and infection prevalence of vectors” (Ostfeld, Canham and Oggenfuss).  As 

such, previous studies of Lyme disease risk have focused on tick abundance.  The most direct measure of 

tick abundance is through drag sampling to collect tick populations and by collecting ticks found on hosts, 

followed by the analysis of collected nymphal ticks infected with B. burgdorferi (Diuk-Wasser, Vourc'h 
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and Cislo 505).  However, this method can be costly and time consuming at greater spatial-temporal 

scales.  Thus, studies have focused on factors that affect tick abundance as a proxy to measure Lyme 

disease risk.   

 

Ticks are extremely sensitive to temperature as they are cold-blooded.  Therefore, climate is an important 

factor in tick abundance.  Climate also influences often factors, such as habitat suitability or host survival 

rates.  Thus other studies that seek to define Lyme disease risk using proxy factors that influence tick 

abundance include studies on climate, habitat, soil suitability, population dynamics, ticks, and hosts 

(LoGiudice, Duerr and Newhouse 2841).  In many of these studies, drag sampling for ticks and collection 

of ticks from hosts are often used as a data verification technique to compare the accuracy of other 

measures on calculating or modelling tick populations.   

 

2.4.1 Tick Habitats 

Locations where black-legged ticks can be found are isolated to areas where tick habitats are suitable for 

sustaining a tick population.  Tick habitats are identified using different environmental factors including 

soil suitability, elevation, vegetation cover, and land use type. 

 

Studies that focus on soil suitability for determining Lyme disease risk focus on the soils that provide 

suitable habitats for tick populations.  Drag sampling of ticks in field studies are then correlated against 

soil classes at specific time stamps, where statistically significant relationships indicate suitable soils for 

tick abundance. 

 

Guerra et al. found that soil order and land cover were the dominant contributors to tick presence in the 

north central United States (294) while Lubelczyk found greater amounts of Ixodes scapularis due to 

presence of a shrub layer, deciduous litter, forest grasses, and canopy closure (Lubelczyk, Elias and 
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Rand).  The ability to well correlate tick abundance to soil types can be unclear as there is no distinct, 

single set of classes of soils but rather, each study and author divides and subdivides soils differently.   

 

2.4.2 Tick Abundance and Tick Density 

Tick abundance is a relative measure used to compare the number of ticks found at one time or in one 

location compared to another, while tick density refers to the number of ticks found per unit area.   

A study by Jaenson et al. found a correlation between infected nymphal density and the density of the 

general nymphal population, suggesting that nymphal density can be used as a “general indicator of risk 

for exposure to Lyme borreliosis spirochaetes” (226). 

 

Whether tick abundance or tick density is used, a high value for either measure is associated with higher 

Lyme disease risk as that indicates there are more ticks than other areas that may feed on humans. 

 

2.4.3 Host Abundance and Host Density 

The black-legged tick requires feeding on a host at each stage in order to molt to the next stage.  For 

example, a nymphal tick requires feeding on a host before molting into an adult tick.  Therefore, host 

abundance is important as black-legged tick populations cannot sustain themselves without the presence of 

hosts. 

 

Ticks at the larval stage tend to feed on smaller mammals, while ticks at the adult stage tend to feed on 

larger mammals such as white-tailed deer.  Many studies have focused on the mouse as a reservoir for B. 

burgdorferi, and as a host that larval and nymph ticks seek (J. F. Anderson; Lane, Piesman and 

Burgdorfer).  Chipmunks are also capable of being B. burgdorferi reservoirs, but are not as critical as mice 

due to their lower host density and lower host infection rates (Mather, Wilson and Moore).  These studies 

show that while the white-footed mouse is preferred, it is possible for black-legged ticks to switch to 
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questing and feeding upon other small animals.  This has implications for climate change studies as 

studying changes in spatial distribution of white-footed mice is insufficient for studying changes in the 

black-legged tick distribution due to white-footed mice availability. 

 

Results of studies on the relationship between host abundance or host density and ticks are inconclusive.  

Some studies have found that host abundance correlates well with tick abundance.  Smith et al. found that 

Lyme disease risk could be approximated by studying the number of pet dogs with feeding ticks carrying 

B. burgdorferi (165).  Ostfeld et al. defined Lyme disease risk as the density and B. burgdorferi-infection 

prevalence of nymphal Ixodes scapularis ticks and found the current year’s risk strongly correlated with 

prior year’s mice and chipmunk populations and the abundance of acorns from two years previously 

(1058).   

 

Other studies have not conclusively found that host abundance correlates well with tick abundance.  Rand 

et al. found weak correlation between deer density and tick presence (179).  Lindsay et al. did not find 

significant correlation between tick abundance and mice populations (243).  Ginsberg and Zhioua found 

that tick densities by flagging can be biased by differences in host densities (379).  Daniels et al. found a 

significant reduction in tick populations inside deer exclosures (1043). 

 

Some studies have found a correlation between forest fragmentation and host density (Anderson, Cady 

and Meikle 897).  Ostfeld and Keesing (2063) and LoGuidice et al. (567) found that forest fragmentation 

negatively affects biodiversity in the ecosystem, thereby increasing host density of white-footed mice in 

forest fragment areas that are commonly associated with Lyme disease.  A study by Shulze, Jordan and 

Shulze had findings to the contrary, where residential areas with higher chipmunk numbers than white-

footed mice yielded no difference in the number of larval ticks found on mice (966).   Simon et al. studied 

habitat fragmentation as a driving force in Lyme disease risk distribution (750). 
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A study by Falco and Fish with Ixodes dammini (the former name for Ixodes scapularis) showed that ticks 

are not able to move vast distances on their own (726).  Therefore, changes in spatial distribution of ticks 

to new environments depend on the scale of movement by their hosts (Leger, Vourc'h and Vial 224). 

 

2.4.4 Biodiversity and the “Dilution Effect” 

Within disease ecology is a hypothesis called the “dilution effect.”  This hypothesis states that high 

biodiversity within a community can reduce the risk of disease by either increasing incompetent hosts 

(animals that are unable to carry and/or transmit the disease to feeding vectors), or decreasing competent 

hosts, or both (LoGiudice, Ostfeld and Schmidt 567; Schmidt and Ostfeld 616).  In other words, high host 

diversity can dilute the risk of disease. 

 

As Lyme disease relies on sufficient B. Burgdorferi host reservoirs to pass the spirochete to immature, 

uninfected ticks, it is postulated that high biodiversity will cause ticks to feed upon incompetent hosts 

rather than humans.  A study by Schmidt and Ostfeld that coupled field work with mathematical modeling 

found that increasing species richness reduced the risk of Lyme disease (616).  Another study by Ogden 

and Tsao used a model to study the dilution effect on Lyme disease, which found that either amplification 

or dilution may occur depending on competition, host contact rates with ticks, and acquired host resistance 

to ticks (196). 

 

2.4.5 Pathogen Transmission Rates 

Another area of focus for Lyme disease risk is the transmission rates of Borrelia burgdorferi between 

ticks and hosts.  Borrelia burgdorferi must be transmitted from the tick vector to humans in order for 

humans to develop Lyme disease.  Since vertical transmission of B. burgdorferi from an egg-laying 
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female tick to its eggs is quite rare, at less than 0.1% (Nelson and Williams), survival and transmission of 

B. burgdorferi relies on the host carrying the spirochete for the next generation of ticks to feed upon.   

 

The white-footed mice are the main first host for feeding ticks in the tick development cycle.  White-

footed mice have proven to be competent host reservoirs for B. burgdorferi.  One study found that all 

laboratory controlled mice that were infested with infected ticks later tested positively for B. burgdorferi 

(Wikel, Ramachandra and Bergman). 

 

Some studies focus on the duration of B. burgdorferi infection in white-footed mice (Lindsay, Barker and 

Surgeoner), other studies focus on specific strains that are more easily transmissible than others 

(Derdáková, Dudiòák and Brei).  Some studies focus on successful transmission of B. burgdorferi between 

infected and un-infected ticks co-feeding on uninfected hosts (Gern and Rais). 

 

 

2.4.6 Humidity 

Studies have shown that humidity is important for tick survival.  One study found that black-legged ticks 

exposed to dry air for long periods of time do not survive, but tick survival increases when humidity 

returns within four to eight hours after dry air (Rodgers, Zolnik and Mather 373 - 374).  Vail and Smith 

found that relative humidity and air temperature together explained 51% of the variance in their drag 

sampling to explain nymphal tick activity (Vail and Smith 1027).  Vail and Smith suggested that this 

could explain microclimate variation in tick activity. 

 

2.4.7 Air Temperature 

Of little debate is the relationship between air temperature and the Ixodes scapularis tick survival.  

Previous studies found a relationship between air temperature and tick development rates, but not between 
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temperature and tick survival rates.  Ogden, Lindsay and Beauchamp found temperature relationships that 

predicted molting, oviposition, eclosion of larvae and nymphs, and engorged adult females and egg 

masses (622).   

 

Figure 10:  Duration of development for I.scapularis ticks held at different temperatures in the 

laboratory.  (a) Preoviposition period of engorged adult females. (b) Preeclosion period for egg 

masses. (c) Premolt period of engorged larvae. (d) Premolt period of engorged nymphs.  Fitted 

curves and R
2
 values are shown.  (N. H. Ogden, L. R. Lindsay and G. Beauchamp 622)  

 

Ticks are able to survive through cold winters as well by seeking shelter in the leaf litter under the snow.  

Brunner, Killilea and Osfeld found that greater than 80% of nymphal ticks survived overwintering in the 

field, regardless of winter conditions (981).  Therefore, tick development is temperature dependent but 

tick survival is not temperature dependent. 

 

2.4.8 Climate 

Multiple studies have correlated tick abundance with climate to determine suitable climate conditions for 

black-legged ticks.  Jones and Kitron found that cumulative degree-days were positively correlated with 

the number of ticks in the same year, and negatively correlated with larval tick populations the following 
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year (412).  Khatchikian et al. found that tick density was well correlated with mild temperatures, low 

precipitation, low forest cover, and high urbanization (1).  Leighton et al. found that accumulated degree 

days (> 0 °C) was the main determinant of environmental suitability for tick population (457). 

 

The impact of climate change on Lyme disease risk has been studied as well, particularly to forecast the 

range expansion of black-legged ticks due to climate change.  Brownstein, Holford and Fish used a 

climate suitability model for I. scapularis to study the impact of climate change on North America’s Lyme 

disease risk (40).  In this study, climate was coupled with land cover classification to determine suitable 

habitats for black-legged ticks.  This was done at a scale of 0.5 by 0.5 degree grid.  They mapped current 

populations (in red), and uncolonized suitability (in yellow) for tick suitability in 2005 for verification 

before running their climate change model for 2020, 2050, and 2080. 
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Figure 11: Colonized and uncolonized tick suitability (Brownstein, Holford and Fish 41) 

In this map, the blue line in Ontario represents the upper limit of tick habitat suitability predicted by 

Lindsay, Barker and Surgeoner (143 - 152).  In this study they were able to determine that climate 

correlates well with current suitable habitats and vector presence. 

 

2.4.9 Tick Population Modeling 

Ogden et al. introduced a tick population model with temperature as a main driver in driving tick 

populations (377).  Figure 12 is a diagram of the tick-development life cycle model. 
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Figure 12: Temperature-dependent tick population development model 

The tick population model breaks the black-legged tick life cycle down into 12 separate states.  Only two 

types of hosts are included in the model:  rodents and deer.  Both rodent and deer populations are fixed 

values.  Ixodes scapularis development rates are dependent on temperature for molting for all stages 

except for nymphs, which depended on temperature-independent diapause (N. H. Ogden, L. R. Lindsay 

and G. Beauchamp 622). 

 

2.4.10 Basic Reproductive Number of Ticks 

In mathematical biology and population ecology, the basic reproductive number, or R0, is calculated from 

mathematical models to represent the number of offspring produced by an individual under ideal 

conditions.  (This is not to be confused with the definition of R0 as the number of disease cases generated 

on average by an infected case in an uninfected population). 
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Wu. Duuvuri and Lou (50 - 61) converted the population model from Ogden, Bigras-Poulin and 

O’Callaghan (377) from the previous section into a model of 12 differential equations to describe 

proportions of ticks developing from one stage to the next, rather than 12 time-delay equations. 

 

Population change can be broken down into births, deaths, and migration.  Most studies on tick 

populations disregard tick migration when studying tick abundance except in specific cases, such as the 

absence of sustainable host populations where tick populations continue to persist.  Ticks are unable to 

move great distances on their own (726), and therefore, migration of ticks relies predominantly on host 

migration.  More sophisticated population models incorporate host migration as it influences changes in 

tick population, but most population models focus on birth and death rates of ticks in relation to climate. 

 

2.4.11 Increased Likelihood of Human Interaction with Infected Ticks 

Some studies focus on the areas where humans are more likely to encounter (infected) ticks as another 

possible explanation for the rise in Lyme disease cases.  This approach to Lyme disease risk accepts that 

Lyme disease risk does not occur without humans present. This area of research focuses on anthropogenic 

change of landscapes as people encroach upon areas of tick habitat.  A secondary approach studies 
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increased human interaction with black-legged ticks through increased recreational activity in tick-infested 

wilderness areas, such as camping and hiking. 

 

A study by Randolph focused on changing landscapes in Europe and suggests that climate change is a 

primary focus on changes in the northern extent of Lyme disease risk, whereas landscape changes further 

south may be a better indicator of Lyme disease risk (1045).   

 

2.4.12 Changing Spatial Distributions:  Climate or Host? 

When black-legged ticks are not feeding on a host, they remain on the ground and are very vulnerable to 

humidity and temperature (Vail and Smith 1025; Bertrand and Wilson 619).  As such, some studies have 

suggested that climatic differences play a larger role in the spatial distribution of ticks than the presence or 

absence of hosts (Cumming 255). 

 

While both climate and host abundance are important factors in the survival of black-legged tick 

populations, 98% of the black-legged tick’s two-year life cycle exists off the host where environmental 

conditions are more important (Fish 25; Brownstein, Holford and Fish 38).  Climate, rather than host 

abundance, may play a larger role in determining the spatial distribution of tick survival. 

 

Ostfeld et al. found in their study that prior year’s abundance of small rodent hosts and abundance of 

acorns from two years previous were more strongly correlated positively with the current year’s risk 

(1059).  In their study they found weak correlation between prior year’s growing degree days with the 

current year’s density of nymphs.   
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2.4.13 Lyme Disease Risk Summary 

The following diagram illustrates all of the known factors which contribute to human Lyme 

disease risk, with a focus on spatial distribution, which are listed in the previous sections. 
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Figure 13:  Summary diagram of Lyme disease risk factors 

 

Vector 

habitat 

Climate Air temperature 
Vector 

development 

Vector 

abundance 

Human land 

use changes 

Host 

abundance 

Soil 

suitability 

Human 

interaction 

Human 

risk 

B. 

burgdorferi 

transmission 

Host density 

Landscape 

fragmentation 

Biodiversity 



 

34 

 

The orange circle for human Lyme disease risk is the main focus of this study.  The green circles indicate 

important drivers in changes in spatial distribution of Lyme disease risk.  Blue circles are related to the 

green drivers.  The lines indicate relationships between factors, and the arrowheads display the direction 

of influence between factors. 

 

This diagram shows that the main drivers behind changing spatial distribution of Lyme disease risk are 

climate change, host abundance, and changes in land use—in that order.  Climate change is of particular 

concern in eastern Ontario as the northern limit of suitable climates for black-legged ticks is the most 

dynamic factor in changing Lyme disease risk spatially at the regional scale.  Host abundance and 

landscape fragmentation are of more concern at local levels, and may also better explain increased Lyme 

disease cases in areas where the climate was already suitable for the black-legged tick. 

 

In summary, the most accurate Lyme disease risk map would require mapping the locations of all black-

legged ticks carrying B. burgdorferi against areas where humans are likely to encounter them, and mapped 

temporally to feeding periods of infected black-legged ticks requiring a host.  However, this is extremely 

difficult as black-legged ticks have large populations and are extremely small in size.  Therefore, rather 

than mapping the distribution of infected black-legged ticks, Lyme disease risk maps are often created 

using one of two proxies.  The first method maps black-legged tick habitats to find locations that are 

suitable for black-legged ticks based on a variety of factors, including soil suitability, vegetation, 

humidity, land use, and climate.  The second dominant method uses mathematical or mechanistic black-

legged tick population models that incorporate factors that affect the vector development life cycle to map 

areas where black-legged tick populations can be sustained.  Both of these options allow for mapping of 

Lyme disease risk at much greater scales. 
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Mapping changes in spatial distribution of Lyme disease risk, therefore, focus on mapping the changes of 

black-legged tick habitat, or mapping changes in black-legged tick populations. 

 

2.4.14 Towards a Definition of Lyme Disease Risk in this Study 

The previous sections outline the main factors used in studying Lyme disease risk and formed the basis for 

creating a definition of Lyme disease risk in this study.  As the research question of this study focused on 

whether climate change has potentially expanded the areas for Lyme disease risk in eastern Ontario in the 

last decade, the climatic aspects related to Lyme disease risk were focused on in this study.  In this study, 

the definition of Lyme disease risk focused on a location’s ability to sustain a reproductive black-legged 

tick population based on the location’s climate, regardless of actual black-legged tick presence.   

 

The following assumptions were made in defining Lyme disease risk for this study. 

1. White-footed mice and white-tailed deer were present in the entire study area. 

Black-legged ticks require feeding at specific times within their life cycle to progress from 

immature to adult ticks.  This study focused on the ability of a black-legged tick population to 

reproduce due to climatic conditions, not due to changes in host presence or abundance.  As host 

densities can impact the black-legged tick’s success in questing and feeding, the host populations 

were held stable.  This study assumes that there were hosts available at all locations within the 

study area. 

2. Any black-legged tick population will contain carriers of Borrelia burgdorferi. 

Black-legged ticks are not born carriers of Borrelia burgdorferi, but become infected by feeding 

on hosts that carry the spirochete.  Normally, only a proportion of the black-legged tick population 

will carry the spirochete.  In this study, any location that can sustain a reproductive black-legged 

tick population also sustains the ability to carry a reproductive infected tick population. 
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The following factors used in defining Lyme disease risk in other studies were disregarded in this study, 

listed in no particular order. 

1. Black-legged tick migration to other pixels via feeding on migrating hosts. 

As black-legged ticks travel very short distances throughout their life-time, they require feeding 

on a migrating host (such as a bird) to travel vast distances.  Lyme disease risk in this study did 

not focus on the presence or absence of black-legged ticks in an area, but on a location’s ability to 

sustain a reproductive black-legged tick based on its climate.  Since there was no differentiation 

between presence and absence of ticks, the migration of ticks between areas by feeding on 

migrating hosts was disregarded. 

2. Black-legged tick density. 

An area with a higher black-legged tick density corresponds with a higher likelihood for a human 

to be fed and infected with Borrelia burgdorferi.  However, Lyme disease risk in this study was 

equal for all locations that could sustain a reproductive black-legged tick population, regardless of 

tick population density. 

3. Duration of the black-legged tick population in an area. 

The longer a black-legged tick population exists in an area, a larger number of ticks become 

carriers of Borrelia burgdorferi.  For this study, the ability for a location to sustain a reproductive 

black-legged tick population was sufficient for Lyme disease risk. 

4. Humidity and soil composition. 

Previous studies have shown that humidity and soil composition also correlate well with black-

legged tick survival.  However, these factors focus on black-legged tick preferences for certain 

habitat conditions, whereas temperature is the primary factor in development.  Therefore, 

temperature was used while humidity and soil composition were not included. 

5. Increased human exposure to infected black-legged ticks. 
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As cities expand in to areas where ticks and deer reside, people increase their exposure to infected 

black-legged ticks.  Anthropogenic change in habitat was disregarded in this study as risk was not 

defined by the likelihood of a human to interact with an infected tick, but by a location’s 

suitability to sustain a reproductive tick population due to climate. 
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Chapter 3 

Methodology 

The research objective of this study is to determine if climate change has increased the spatial distribution 

of Lyme disease risk in eastern Ontario between 2001 and 2014 as a possible cause for the increased 

number of Lyme disease cases.  That is, there are more areas where Lyme disease risks occur in 2014 than 

there were in 2001. 

 

The first part of the analysis determined whether the climate has changed in Ontario between 1979 and 

2013, and if so, the direction of the change (warming or cooling).  After establishing whether climate has 

changed, it could be determined whether climate change has enabled Lyme disease risk to spread. 

 

In order to delineate areas of Lyme disease risk, a definition of Lyme disease risk was created.  As 

previous mentioned in the literature review, a reproductive tick population is required in an area for Lyme 

disease risk to be considered sustainable.  The tick population model by Wu et. al was used in this study, 

where host seeking and host feeding were held stable and monthly mean temperature was the main driving 

variable (50 - 61).  Therefore, areas where climatic conditions were suitable for carrying a reproductive 

tick population (while host abundance was held stable) was used to characterize Lyme disease risk. 

 

Temperature derived from remote sensing was used in this study due to the advantage of its spatial 

coverage.  The monthly mean temperature for every pixel (or grid cell) location in the study area was 

included in the temperature model to yield a R0 value for every year in every pixel.  The basic 

reproductive number, or R0, is used in epidemiology to summarize whether conditions are favourable for 

the vector population to persist.  A value greater or equal to one indicates a sustainable population.  A R0 
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map was created for the entire study area for each year from 2001 to 2014 inclusively—a total of 14 

rasters (or maps). 

 

Principal component analysis (PCA) was used to find areas of change in R0 values across the 14 years.  

PCA is a linear transformation used for change detection in remote sensing (Fung and Ledrew 1649).  

There are many different change detection techniques used in remote sensing, including image 

differencing, tasseled cap, image ratioing (Lu, Mausel and Brondizio 2371 - 2381).  Principal components 

analysis was chosen for this study due to is its ability to reduce data redundancy between bands and return 

the largest difference between bands (or images) as components (Lu, Mausel and Brondizio 2388).  In 

contrast, many other change detection techniques are better suited for fewer image band combinations 

while PCA can synthesize 14 bands in to three dominant bands.  In this study, PCA yielded three main 

categories of change in R0.  Although PCA can find and quantify the maximum change between bands, it 

cannot explain the PCA groupings.  Further analysis of the R0 values after PCA grouping determined the 

three main groups to be:  always suitable, never suitable, and areas that changed from unsuitable to 

suitable for sustaining a tick population. 

 

Ticks that were submitted to Public Health Ontario were mapped for each year of submission available to 

determine areas with high frequency of tick submission.  This was used as a proxy to determine areas that 

could account for the high increase in Lyme disease cases in Ontario in the last decade. 

 

Finally, the mapped tick submission locations were compared to the results of the PCA to determine if the 

majority of submitted ticks occurred in areas that were newly suitable for sustaining tick populations, or if 

they occurred in areas that were already suitable.  If the submitted ticks occurred in areas that were newly 

suitable, this confirmed that the potential for Lyme disease risk changed geographically due to climate 

change.  If the majority of submitted ticks occurred in areas already suitable for sustaining a tick 
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population, then this would indicate that the increase in Lyme disease cases in the past decade have not 

been due to climate change.  

 

3.1 Study Area  

Southern Ontario was the area of interest for this study, as shown in Figure 14.  The northern limit 

of the study area was row 840 in the MODIS11C3 data, which encompassed all of southern Ontario and 

part of northern Ontario that coincided with ticks collected and submitted to Public Health Ontario. 

 

Figure 14:  Ontario study area 
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Ontario has the largest population of all of the provinces and territories of Canada.  Toronto is the most 

populous city of Canada.  According to Statistics Canada, Ontario’s total population increased from 11.4 

million in 2001 to 12.85 million in 2011 (Statistics Canada).   

 

The rural to urban divide in Ontario remained steady during the 2001, 2006, and 2011 census, with 85-

86% of Ontario’s population residing in urban areas, and 14-15% residing in rural areas (Statistics 

Canada).   

 

The population density of Ontario is not evenly spread across the study area, but focused within specific 

areas within central and eastern Ontario.  Figure 15 shows the geographic distribution of the population 

density of Ontario using the population centres of the 2011 census (Statistics Canada).  The definition of 

the population centre is an area with a population of at least 1000, and no fewer than 400 persons per 

square kilometer.  Population centres are classified into three groups. 

Table 1:  Population centre classifications 

Category Population 

Small Between 1000 and 29 999 

Medium Between 30 000 and 99 999 

Large Urban 100 000 or more 
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Figure 15:  Population Centres of Ontario within the Study Area from the 2011 Census 

The 13 large urban population centres within the study area according to the 2011 census (in no particular 

order) were Kanata, Ottawa-Gatineau, Kingston, Oshawa, Toronto, Hamilton, St. Catharines – Niagara, 

Kitchener, Guelph, London, Windsor, Barrie, and Sudbury.  The 18 medium population centres scattered 

within the study area are Cornwall, Belleville, Peterborough, Bowmanville-Newcastle, Georgetown, 

Milton, Orangeville, Brantford, Woodstock, Stratford, St. Thomas, Chatham, Leamington, Sarnia, Orillia, 

Midland, North Bay, and Sault Ste. Marie.  There are 217 small population centres spread throughout the 

study area. 
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Ontario contains a mixture of flat plains, rolling hills, and escarpments due to its geological history.  More 

than half of Ontario falls within the Canadian Shield and is dominated by various forest land cover. 

 

There are two main climatic regions in Ontario, according to the Köppen climate classification system.  

Southwestern/Southern Ontario, including the city of Toronto and the cities to the west, falls under the 

Dfa classification with a moderate humid continental climate.  It is marked by warm, humid summers, and 

cold, moist winters.  Temperatures are moderated due to the presence and proximity of the Great Lakes.  

Central/eastern Ontario, including Ottawa and Kingston, as well as Sudbury and North Bay to the north, 

falls in the Dfb classification.  Compared to southern Ontario, this region has a more severe humid 

continental climate with warm/hot shorter summers and cold, longer winters. 

 

3.2 Data 

3.2.1 Climate and Climate Data Sources  

Weather is the measure of the atmosphere with respect to humans; most commonly measured as 

temperature, precipitation, cloudiness, brightness, visibility, wind, and atmospheric pressure over a 

particular area during a short period of time.  Climate is the average measure of weather conditions over 

long periods of time.  The World Meteorlogical Organization’s standard for climate normals are measured 

by averaging 30 years of measurement for a climate element (Arguez and Vose). 

3.2.1.1 Climate Measurements from Weather Stations 

The dominant method for producing climatology of temperature and precipitation is by gathering time 

series of data from weather stations and producing daily, monthly, and annual normals.  Environment 

Canada provides weather station data on their website for 170 separate weather stations in Ontario alone.  

The next figure shows the locations of 170 weather stations.  Not all stations are current, as some no 

longer report any temperature data while other stations have incomplete historical datasets. 
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Figure 16:  Weather stations in Ontario (Environment Canada) 

Weather stations provide spatially discrete data for fixed points. The limited number of weather stations, 

particularly in rural areas, means that spatial interpolation is required to create a continuous spatial 

coverage of weather data.  Since temperature varies greatly both spatially and temporally, weather station 

data can be inadequate for epidemiological studies of climate change. 

 

3.2.1.2 NCEP NARR:  Modeled Climate with Data Assimilation 

Climate models can be used to create an entire temperature grid over an area.  Climate models use existing 

knowledge of physical relationships between observed environmental variables and unknown variables.  

Observed values are then fed in to these models, which is called data assimilation. 
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A “reanalysis” is when data assimilation is done with past observations.  The National Center for 

Atmospheric Prediction (NCEP) at the National Oceanic and Atmospheric Administration (NOAA) and 

the National Center for Atmospheric Research (NCAR) produced a Global Reanalysis as a joint project to 

create a historical analysis of the atmosphere from 1948 onwards, and to produce the current atmospheric 

condition.   

 

Towards the end of the Global Reanalysis project, the North American Regional Reanalysis (NARR) 

began.  This reanalysis incorporates the Regional Data Assimilation System to improve the global 

reanalysis at a higher resolution over North America.  Rather than only produce the historical statistics for 

1979 to 2003, the project aim to create near real-time statistics as the Regional Climate Data Assimilation 

System (R-CDAS).  The NARR contains statistics on multiple variables at various temporal resolutions, 

including monthly mean 2m air temperature values at approximately 32 km resolution at the lowest 

latitude.  The following figure shows the domain of the NARR. 

 

Figure 17:  Domain of the North American Regional Reanalysis (National Oceanic & Atmospheric 

Administration Research, Earth Systems Research Laboratory, Physical Sciences Division) 
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One highlight of the NARR product is its improved fits of 2m temperatures to surface station observations 

over the Global Reanalysis.  The North American Regional Reanalysis has been used in various studies. 

 

The NCEP-NARR’s monthly mean temperature at 2m was used in this study.  The monthly mean 

temperature for every month from 1979 to 2013 was taken for all pixel locations in the study area.  The 

NARR is produced at a resolution of 32 km at the lowest latitude.   

 

3.2.1.3 MODIS-Based Climate Measurements 

Remote sensing can more accurately provide the spatial variations in air temperature at a regional and 

global scale than weather stations as stations provide limited spatial coverage, unless interpolated.  

Advancements in remote sensing technologies have made it possible to retrieve large scale climatological 

data at high resolution, and have been used for studying vector-borne diseases (Goetz, Prince and Small 

289). 

 

It is not possible to directly retrieve the air temperature for large geographic areas by satellite directly, so 

models using satellite data have been developed to derive air temperature values.  There are two main 

methods for estimating air temperature through remote sensing (Emamifar, Rahimikhoob and Noroozi 

3174).   

 

MODIS stands for Moderate Resolution Imaging Spectroradiometer, which is an instrument on board the 

Terra and Aqua satellites, operated by NASA.  The Terra satellite was launched in 1999, and Aqua in 

2002.  The MODIS instruments capture data on 36 spectral bands that range in both wavelength and 

spatial resolution.  MODIS is particularly useful because it provides global coverage with accurate 

calibration in thermal infrared bands that were designed to measure land surface temperature (Wan and Li 

981). 
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MODIS provides land surface temperature/emissivity products.  MOD11B1 is made with the results 

produced by a physics-based land surface temperature algorithm by Wan and Li from pairs of daytime and 

nighttime observations in seven MODIS TIR bands (bands 20, 22, 23, 29, and 31-33) from both Terra and 

Aqua MODIS data (980).  A study by Wan, Zhang and Zhang found that the accuracy of the land surface 

temperature product is better than 1°C within the range of -10 to 50°C (261). 

 

The MOD11C1 product is created by taking the daily MODIS land surface temperature/emissivity product 

(MOD11B1), reprojecting and averaging the values to 6km equal area grids in the sinusoidal projection. 

The MOD11C3 land surface temperature product is created by taking the temperature and emissivity 

values of the MOD11C1 product in a calendar month and averaging the values over the month.   

 

3.2.1.3.1 Relationship between Air Temperature and Land Surface Temperature 

Air temperature is typically measured as the temperature of air at a height of two meters above ground, 

whereas land surface temperature is defined as the temperature of the interface between the Earth’s 

surface and its atmosphere (Niclos, Valiente and Barbera 1380). 

 

The land surface energy balance explains the relationship between land surface temperature and air 

temperature (Bastiaanssen, Menenti and Feddes 198).  This relationship shows that it is possible to 

calculate air temperature from land surface temperature.   

 

3.2.1.3.2 Estimating Air Temperature from MODIS Land Surface Temperature 

Land surface temperature can be used to predict daily air temperature for large geographic areas.  Sun, 

Chen and Gong developed a new approach, called the DTVX method, for estimating the near surface air 

temperature using MODIS day-night land surface temperatures, coupled with enhanced vegetation index 
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data (81).  Vancutsem, Ceccato and Dinku studied the relationship between minimum and maximum air 

temperature and land surface temperature for eight different ecosystems across Africa and found night-

time MODIS land surface temperature data provides a good estimation of the minimum air temperature 

across different ecosystems, but that daytime estimates of air temperature based on land surface 

temperature varies strongly with seasonality, ecosystems, solar radiation, and cloud cover (449).  In the 

same study, the normalized difference vegetation index and the solar zenith angle both did not have strong 

relationships for retrieving maximum air temperature values from land surface temperature.  Another 

study by Zhu, Lu and Jia attempted to also estimate minimum and maximum air temperature from MODIS 

land surface temperature also found that Terra’s land surface temperature values provide a good estimate 

of daily minimum air temperature values, and proposed a temperature-vegetation index (TVX) to better 

estimate daily maximum air temperature values from MODIS (62).  Emamifa, Rahimikhoob and Noroozi 

used an M5 model tree method to estimate daily mean air temperature using MODIS land surface 

temperature values (3174). 

 

Some population models use the monthly mean temperature, which is often calculated by adding the daily 

maximum to the daily minimum temperature and dividing by two to get the daily average, then summing 

the daily average for every day of the month and dividing by the number of days in the month to get the 

monthly mean temperature. 

 

3.2.2 Tick Data 

Public Health Ontario provided tick surveillance data for the province of Ontario from 2002 to 2012.  

Ticks were submitted between 2002 and 2008 when they fed on humans or animals.  From 2009 to 2012, 

only Ixodes scapularis ticks attached to a human body and removed by a medical professional were 

catalogued by date and location, and then submitted to Public Health Ontario.  A total of 6362 ticks were 

submitted from 2009 to 2012.  The date is reported as the month and year of tick collection, and the 
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location is reported as the location of the medical practitioner who removed the tick.  There is no standard 

used to define the submitter’s city as the locations are self-reported.  For example, Scarborough, Ontario, 

is a former municipality that amalgamated with the city of Toronto in 1998.  A self-reported location of a 

tick submission in Scarborough could be reported as either Scarborough or Toronto. 

 

Moncton was removed from the data after confirmation that data from Moncton, New Brunswick was 

incorrectly placed with the tick surveillance data in Ontario.  Maple was removed from the dataset as there 

are multiple locations in Ontario with the name Maple, and it could not be determined which Maple the 

tick was collected from.  In total, there were 189 unique submitter cities from the Public Health Ontario 

data where matching locations were found.   

 

3.2.3 Elevation Data 

The Provincial Digital Elevation Model (DEM) was used in this study to compare against the tick 

population model results.  The DEM is based on multiple data sources, including the Ontario Radar DSM, 

Ontario Base Mapping Elevation Data, DTM points and contours, and 2002 GTA Ortho contours. 
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Figure 18:  Geographic distribution of source datasets used to generate the DEM 

Version 3.0 of the DEM, completed in October 2013, was used in this study.  The DEM is split into 

separate tiles.  Each tile within the study area was used in this study.   
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Figure 19:  DEM tiles used in this study 

The resolution of the DEM is 30 meters.  Elevations are expressed as meters above sea level. 

 

3.3 Changing Climate 

The annual degree days above 0°C is defined as the cumulative total of adding the temperature for each 

day of the year when the temperature is above 0°C.  Although this study was focused on finding climate 

changes during the period 2001 to 2014, long-term climatological trends are measured by 30-year trends 

to encompass annual variability.  Therefore, the annual degree day above 0°C was calculated from 1979 to 

2013.  Although this encompasses climate change beyond the study’s target dates (2001 to 2014), a 

minimum of 30 years shows the direction of change over time and meets the World Meteorlogical 

Organization’s standard for calculating climate normals by using 30-year averages (Arguez and Vose). 
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Figure 20 shows an example of a trend generated for the grid cell location at Ottawa, Ontario. 

 

Figure 20:  Positive degree days (degrees Celsius) for Ottawa, Ontario (1979 - 2013) 

The linear trend was calculated using the least squares fit to the data.  The slope was then used to 

determine whether the location was warming (a slope greater than zero), cooling (a slope less than zero), 

or stayed the same (a slope equal to zero). 

 

The slope at each grid location was then mapped to create a raster covering the study area that showed 

areas of warming, cooling, and no change. 
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3.4 Calculating Tick Suitability (R0 Values) 

The mathematical model of Wu (50 - 61) was used to derive a R0 value for each pixel in the study area for 

each year.  The mathematical model is composed of 12 differential equations that calculate the rate of 

change of each tick stage’s population from one tick stage to the next. 

Table 2:  Differential equations used to find the rate of change for each tick stage's population 

Equation Description 

x’1 = d12(t)x12 - μ1(t)x1 The number of egg laying females is equal to the rate of change of 

engorged adult females less the number of egg laying females times 

the mortality rate 

x’2 = ρ(t)f(x11) x1 – (d2(t) + μ2(t)) x2 The number of eggs is equal to the per capita egg production by egg-

laying females times the number of egg-laying females, less the 

number of eggs that became hardening larvae and less the number of 

eggs that died 

x’3 = d2(t) x2 - (d3(t) + μ3(t)) x3 The number of hardening larvae is equal to the number of eggs that 

became hardening larvae, minus the number of hardening larvae that 

became questing larvae and less the number of hardening larvae that 

died 

x’4 = d3(t) x3 - (d4(t) + μ4(t)) x4 The number of questing larvae is equal to the number of hardening 

larvae that became questing larvae, less the number of questing 

larvae that were able to attach to a host rodent and less the number 

of questing larvae that died  

x’5 = d4(t) x4 - (d5(t) + μ5(t, x5)) x5 The number of feeding larvae is equal to the number of questing 

larvae that attached to a host, less the number of feeding larvae that 
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became engorged larvae and less the number of feeding larvae that 

died 

x’6 = d5(t) x5 - (d6(t) + μ6(t)) x6 The number of engorged larvae is equal to the development rate from 

feeding larvae to engorged larvae, less the number of engorged larvae 

that became questing nymphs and less the number of engorged 

larvae that died 

x’7 = d6(t) x6 - (d7(t) + μ7(t)) x7 The number of questing nymphs is equal to the development rate 

from engorged larvae to questing nymphs, less the number of 

questing nymphs that attached to a host and less the number of 

questing nymphs that died 

x’8 = d7(t) x7 - (d8(t) + μ8(t, x8)) x8 The number of feeding nymphs is equal to the host attaching rate for 

questing nymphs, less the number of feeding nymphs that became 

engorged nymphs, and less the number of feeding nymphs that died 

x’9 = d8(t) x8 - (d9(t) + μ9(t)) x9 The number of engorged nymphs is equal to the number of feeding 

nymphs that became engorged nymphs, less the number of engorged 

nymphs that became questing adults, and less the number of 

engorged nymphs that died 

x’10 = d9(t) x9 - (d10(t) + μ10(t)) x10 The number of questing adults is equal to the rate of engorged 

nymphs that became questing adults, less the number of questing 

adults that successfully attached to a host, and less the number of 

questing adults that died 

x’11 =½d10(t) x10 - (d11(t) + μ11(t, x11)) x11 The number of feeding adult females is equal to half the rate of host 

attaching questing adults, less the rate of feeding adult females that 
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became engorged females and less the number of feeding adult 

females that died 

x’12 = d11(t) x11 - (d12(t) + μ12(t)) x12 The number of engorged adult females is equal to the development 

rate of feeding adult females that became engorged, less the number 

of engorged females that became egg-laying females and less the 

number of engorged adult females that died 

 

Each of the twelve equations represents the rate of change in population from one tick development stage 

to the next.  Table 3 describes each parameter. 

 

Table 3:  Model parameter definitions 

Parameter Description 

μ1(t) Per capita mortality rate of egg-laying adult females 

μ2(t) Per capita mortality rate of eggs 

μ3(t) Per capita mortality rate of hardening larvae 

μ4(t) Per capita mortality rate of questing larvae 

μ5(t, x5) Per capita mortality rate of feeding larvae on rodents 

μ6(t) Per capita mortality rate of engorged larvae 

μ7(t) Per capita mortality rate of questing nymphs 

μ8(t, x8) Per capita mortality rate of feeding nymphs on rodents 

μ9(t) Per capita mortality rate of engorged nymphs 

μ10(t) Per capita mortality rate of questing adults 

μ11(t, x11) Per capita mortality rate of feeding adults on deer 
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μ12(t) Per capita mortality rate of engorged adult females 

ρ(t) Per capita egg production by egg-laying adult females 

f(x11) Reduction in fecundity of egg-laying adult females 

d2(t) Development rate from eggs to hardening larvae 

d3(t) Development rate from hardening larvae to questing larvae 

d4(t) Host attaching rate for questing larvae 

d5(t) Development rate from feeding larvae to engorged larvae 

d6(t) Development rate from engorged larvae to questing nymphs 

d7(t) Host attaching rate from questing nymphs 

d8(t) Development rate from feeding nymphs to engorged nymphs 

d9(t) Development rate from engorged nymphs to questing adults 

d10(t) Host attaching rate for questing adults 

d11(t) Development rate from feeding adult females to engorged females 

d12(t) Development rate from engorged females to egg-laying females 

R Number of rodents 

D Number of deer 

  

Further detail about the parameters and the development of the model can be found in the original paper 

(Wu, Duvvuri and Lou).   

 

In this particular model, the number of host mice and host deer were fixed at 200 and 20 respectively.  

They were also held at the same constants for this study for two reasons.  Firstly, there was lack of data on 

the number of white-tailed deer and white-footed mice throughout the study area from 2001 to 2014 

available due to the high numbers and large geographic range.  Secondly, since the focus of this study was 
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on the impact of climate change on the tick population, using fixed numbers allowed for host finding to be 

consistent and only dependent on tick population density. 

 

The main driving variable for this mathematical tick population model was the temperature.  The mean 

temperature for each month from 2001 to 2014 was extracted for each pixel within the study area from the 

MODIS land surface temperature data, then fed in to the tick population model.  The land surface 

temperature, rather than air temperature, was chosen for this study because of the close proximity of ticks 

to the ground for their entire life cycle except when feeding upon hosts.  As air temperature is the measure 

of the temperature at the lowest part of the atmosphere, from the ground up to tree or building height 

(Schwarz, Schlink and Franck 693), air temperature may measure temperature at an elevation that ticks do 

not live.  Therefore, land surface temperature may be better than air temperature when studying any 

processes linked to the ground surface (Williamson, Hik and Gamon 947) .   

 

Inputting the MODIS temperature data for all 14 years into the tick population mathematical model 

yielded 14 independent raster layers containing R0 values; one for each year of the period.  Each raster 

was reclassified in to a binary class as a R0 greater or equal to one indicated the climate could sustain a 

tick population, whereas a R0 value less than one could not.   

 

Table 4:  Reclassification of R0 values 

Original Value New Classification 

R0 >= 1 1 

R0 < 1 0 

 

This reclassification yielded 14 binary raster layers (Appendix A – N).   
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3.4.1 Summation of R0 Values 

The number of years where the R0 value was greater or equal to one was cumulatively added together to 

yield a result between zero and 14.  Areas with a value of 14 indicated areas with climates consistently 

suitable for sustaining tick populations.  Conversely, areas with a value of zero indicated areas with 

climates consistently unsuitable for sustaining tick populations.  Values between zero and 14 indicated 

areas that changed between suitable and unsuitable during the study period. 

 

3.4.2 Principal Component Analysis for Change Detection 

Principal component analysis (PCA) is a method used in remote sensing, most commonly for transforming 

large datasets into smaller, uncorrelated variables.  The first principal component accounts for the 

maximum proportion of variance from the original data, with each subsequent component accounting for 

the maximum remaining variance.  Usually, the first three principal components explain the vast majority 

of the variance in the dataset.  The resulting correlation between bands can be used to determine each 

band’s association with each principal component.   

 

A key advantage of PCA compared to other change detection techniques is its ability to reduce data 

redundancy.  PCA can be used for change detection under the assumption that unchanged areas are highly 

correlated, while areas that have undergone change will exhibit differences in the input remote sensing 

images.   

 

PCA was conducted in this study because of its ability to reduce data redundancy and maximize 

differences among large quantities of data.  PCA was done on the 14 binary raster layers (one for each 

year) to simplify the variation of the data in to groups with similarities.  The PCA resulted in 14 individual 

bands, placed in decreasing order of the percent of eigenvalues, or how much each band explains the 

variation of the input layers. 
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Table 5:  Eigenvalues of PCA 

 

Layer EigenValue Percent of EigenValues Cumulative of EigenValues 

1 0.050 69.687 69.687 

2 0.007 10.095 79.782 

3 0.004 4.867 84.649 

 

Table 5 shows that approximately 85% of the variation between the years could be explained in the first 

three layers.  These first three layers were then loaded in to GIS software and visualized using red for the 

first layer, green for the second layer, and blue for the third layer to colorize the classes. 

 

Using the first three resulting eigenvectors from PCA yielded a total of eight classes that grouped the R0 

signal pattern developed across all years.  While PCA’s strength is in maximizing differences between 

many rasters to determine groups with similar patterns, PCA does not, however, explain what is occurring 

in each grouping.  Therefore, the pixels for each corresponding group were then plotted on a graph 

temporally to see the change in R0 from 2001 to 2014 to define a classification for each group. 

 

Figure 21 maps the results of the PCA where the first three PCA layers yielded eight separate groups. 
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Figure 21:  Map of PCA results of R0 from 2001 to 2014 

Table 6 lists the eight groupings and the values of the first three PCA bands. 

 

Table 6:  The first three components of the PCA results for each Group 

Group Component 1 Component 2 Component 3 

1 0 0 0 

2 0 0 1 

3 1 1 1 

4 1 1 0 
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5 2 1 0 

6 1 0 0 

7 2 0 0 

8 3 0 0 

 

The results of the PCA only groups areas with similar variability in R0 over the years but do not explain 

the characteristics of each group.  Therefore, for each group, all of the R0 values were grouped for each 

year to create box and whisker plots to visualize each group’s Lyme disease risk profile temporally.  

These graphs were then used to characterize each PCA grouping based on the Lyme disease risk profile 

and identify PCA classes that indicated any changes in Lyme disease risk. 

 The eight groups were then grouped together into three main classes: 

- Consistently unsuitable (R0 value less than one for all years) 

- Changing suitability (R0 value that fluctuated above and below one during the study period) 

- Consistently suitable (R0 value greater than one for all years) 

These groups were used to create a final map showing the spatial distribution of Lyme disease risk change 

in 2001 to 2014. 

 

3.5 Mapping Submitted Ticks 

Tick surveillance data were mapped for each year there were data to determine the geographic distribution 

of submitted ticks.  The mapped tick surveillance data were also used to derive the corresponding R0 

values that correspond with the time and location of the tick submission. 
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3.5.1 Finding Geographic Location of Submitter’s City in Validation Data 

For this study, an assumption was made that the location where the person was bitten by a tick is the same, 

or nearby, the submitter city.  This assumes that a person bitten by a tick will travel to the closest medical 

office to have it removed.   

 

The Canadian Place Names dataset of the Atlas of Canada (NRCAN) was used to locate the submitter 

cities.  Using this dataset, 175 of the 184 unique submitter city entries were found.  Locations that could 

not be found in the place names dataset were found using the Natural Resources Canada query online by 

geographical name, which returned the approximate latitude/longitude coordinates of the submitter city.  

Astra was removed from the dataset because it could not be found in either the place names dataset or the 

Natural Resources website. 

 

Figure 22:  Locations of submitted ticks represented as points using the Canadian Place Names 

dataset of the Atlas of Canada produced by Natural Resources Canada 
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3.5.2 Conversion from Points to Boundaries 

Names were identified as points, which is not representative of the geographic area which is covered by 

that location’s name.  Therefore, all of the point locations and names were used to find the corresponding 

geographic area. 

 

The place names were then used to match with three main data sources that contain boundaries outlining 

areas.  The first was Statistics Canada’s census shapefiles, which delineate the census subdivisions, 

consolidated census subdivisions, designated places, and population centres.  

 

The remaining places were then first matched with the federal polling station dataset.  Any place that 

could not be matched with the federal polling stations were then matched using Canada Post’s forward 

sortation areas and local delivery units. 

 

The following flowchart shows the hierarchy used to find corresponding boundaries to each submitter city. 
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Figure 23:  Flowchart of converting points to boundaries 

Barry’s Bay was removed from the list of submitter’s cities as none of the Statistics Canada, Natural 

Resources Canada, or Canada Post data provided a boundary. 

 

After quality control, a total of 189 areas were delineated.  The following figure shows the political 

boundaries used for the submitter cities. 

2011 Census Boundaries 
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Federal Electoral Districts of Canada 
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Natural Resources Canada 
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Figure 24:  Map of the boundaries used to represent locations of submitted ticks 

The R0 value was pulled for the spatial boundaries where ticks were submitted.   

 

3.5.3 R0 Value at Corresponding Submitted Tick Location by Year 

The R0 values were recorded for each submitted location where ticks were submitted for each year.  These 

R0 values were graphed over time to determine if there were patterns in R0 values over time—such as 

consistently increasing or decreasing. 

 

3.5.4 Mapping Submitted Tick Locations 

Each tick submission was recorded as the centroid of the geographic boundary corresponding to the 

submitter location.  For each location, the absolute number of submitted ticks was aggregated for each 
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year.  The absolute number of submitted ticks was then normalized by dividing by the total road length in 

kilometers in 2014.  This was done to account for variation in population density among the submitter 

cities and differences in potential for humans to come in to contact with ticks. 

 

3.6 Mapping Submitted Tick Locations against PCA Results 

Finally, the normalized tick submissions were then mapped against the PCA results to determine if ticks 

were submitted in areas that were newly suitable for sustaining tick populations due to climate change.  

This was also done to determine if tick submissions were occurring in areas where the climate was already 

suitable for sustaining ticks. 
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Chapter 4 

Results 

The following chapter shows the results from the analysis.  The first part of the results shows where 

climate change is occurring in Ontario.  The next part of the results shows where tick suitability has 

changed or not changed between 2000 and 2014 due to climate.  Tick submissions were mapped according 

to the location of the medical practitioner that removed the tick from the host.  The locations of the tick 

submissions were then compared to the changing tick suitability map. 

 

4.1 Changing Climate 

Figure 25 shows a map of the slope of the annual degree days above 0° Celsius derived from mean 

monthly temperatures from 1979 to 2013. 
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Figure 25:  Slope of annual degree day above 0 degrees Celsius from 1979 to 2013 

 

The vast majority of Ontario within the study area exhibited warming trends in the last 35 years, although 

the very southern-most tip of Ontario has experienced a modest cooling trend.  This shows that the climate 

within most of Ontario has been changing and becoming warmer. 

 

4.2 Sum of Binary R0 Results 

Figure 26 shows the results of summing the binary results derived from R0 values from 2001 to 2014. 
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Figure 26:  Sum of R0 binary results from 2001 to 2014 

A value of zero indicates areas that were never suitable for tick populations, where areas with a value of 

14 indicate areas that were always suitable for ticks due to climate.  Areas with values in between zero and 

14 indicate areas where suitability changed during the study period. 

 

4.3 Box and Whisker Plots for each PCA Grouping 

The following sections show the box and whisker plots for each PCA group over time from Figure 21 in 

section 3.4.1.  A red line was drawn on each chart at R0 equal to one to demarcate the R0 threshold of one 

for black-legged tick climate suitability. 

4.3.1 Group 1 



 

70 

 

Figure 27 shows the R0 values of the first group over time. 

 

Figure 27:  R0 values from 2001 to 2014 of Group 1 (0, 0, 0) 

Results for this group showed that R0 values were consistently below the R0 = 1 threshold, although there 

were some pixels where the maximum R0 crossed the threshold for a few years.  This plot shows that the 

pixels within the group consistently could not sustain a tick population for the entire time period. 

 

4.3.2 Group 2 

Figure 28 shows the R0 values of Group 2 over time. 
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Figure 28:  R0 values from 2001 to 2014 of Group 2 (0, 0, 1) 

 

R0 values for Group 2 were consistently below the threshold of R0 equal to one, indicating that pixels 

within this PCA group had climatic conditions that were unsuitable for sustaining a black-legged tick 

population, and therefore, carried no Lyme disease risk.  However, in 2005, 2010 and 2012, all of the 

pixels within this group had R0 values greater than one.  This shows that this PCA grouping indicates 

climatic conditions became favourable for sustaining a tick population over time. 

 

4.3.3 Group 3 

Figure 29 shows the R0 values of Group 3 over time. 
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Figure 29:  R0 values from 2001 to 2014 of Group 3 (1, 1, 1) 

 

Group 3 mostly had R0 values under the threshold across the entire time period, although some pixels 

crossed the threshold.  However, of particular concern are the years 2005, 2010, 2011, and 2012.  For 

these four years, all pixels crossed the threshold.  For the first time since 2001, every pixel in this 

grouping had climatic conditions that could sustain a tick population. 

 

4.3.4 Group 4 

Figure 30 shows the R0 values of Group 4 over time. 

0.00

0.50

1.00

1.50

2.00

2.50

2
0

0
1

2
0

0
2

2
0

0
3

2
0

0
4

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

R
0 

Year 

Group 3 
(1, 1, 1) 



 

73 

 

 

Figure 30:  R0 values from 2001 to 2014 of Group 4 (1, 1, 0)  

 

Climatic conditions for pixels in this PCA group varied.  R0 values were both above and below the 

threshold during the period from 2001 to 2014. 

 

4.3.5 Group 5 

Figure 31 shows the R0 values of Group 5 over time. 
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Figure 31:  R0 values from 2001 to 2014 of Group 5 (2, 1, 0) 

 

Climatic conditions for pixels in this PCA group varied as well.  R0 values were both above and below the 

threshold during the period from 2001 to 2014. 

 

4.3.6 Group 6 

Figure 32 shows the R0 values of Group 6 over time. 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

2
0

0
1

2
0

0
2

2
0

0
3

2
0

0
4

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

R
0 

Year 

Group 5 
(2, 1, 0) 



 

75 

 

 

Figure 32:  R0 values from 2001 to 2014 of Group 6 (1, 0, 0) 

 

Pixels in this PCA group varied between above and below the reproductive threshold.  Climatic conditions 

were unstable for sustaining a reproductive black-legged tick population consistently throughout the 

duration of the study period. 

 

4.3.7 Group 7 

Figure 33 shows the R0 values of Group 7 over time. 
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Figure 33:  R0 values from 2001 to 2014 of Group 7 (2, 0, 0)  

 

Group 7 had R0 values consistently above the threshold except for a few years (mainly the years 2004, 

2009, and 2014).  Climate conditions in these pixels were mostly suitable for sustaining a reproductive 

black-legged tick population throughout the period 2001 to 2014, broken by a few years where the climate 

was not suitable. 

 

4.3.8 Group 8 

Figure 34 shows the R0 values of Group 8 over time. 
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Figure 34:  R0 values from 2001 to 2014 of Group 8 (3, 0, 0)  

 

Group 8 had mostly R0 values above the threshold throughout the duration of the study period.  This 

indicates that climate conditions in these pixels were suitable for sustaining a black-legged tick population 

from 2001 to 2014.   

 

4.4 Summary Legend of Changing Tick Suitability Areas due to Climate 

The following table summarizes the pattern of each of the PCA groups with respect to climate suitability 

for sustaining a tick population during the study period calculated using R0. 
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Table 7:  Description of all eight PCA groups 

Group Description 

1 Consistently unsuitable climate for sustaining a tick population throughout the 

duration of the study period (2001 to 2014). 

2 Consistently unsuitable climate for sustaining a tick population, except for 

2005, 2010 and 2012. 

3 Consistently unsuitable climate for sustaining a tick population, except for 

2005, and 2010 – 2012. 

4 Varying between sustainable and unsustainable climate throughout the time 

period, although more often unsustainable. 

5 Varying between sustainable and unsustainable climate throughout the time 

period, although more often sustainable. 

6 Varying between sustainable and unsustainable climate throughout the time 

period. 

7 Mostly suitable for sustaining a tick population throughout the duration of the 

study period. 

8 Consistently suitable climate for sustaining a tick population throughout the 

duration of the study period (2001 to 2014). 

 

The study showed that groups 2 and 3 were areas that became suitable for Lyme disease risk in 2005, 

2006, and 2010-2012 when they were previously unsuitable for Lyme disease risk.  Groups 4 and 5 

indicate areas highly fluctuating between sustaining Lyme disease risk and not.  Groups 7 and 8, along the 

southeast portion of Ontario and the United States, including Lyme, Connecticut, were suitable for Lyme 

disease risk.  The climate in Northern Ontario that fell within the study area consistently had climates too 

cold for Lyme disease risk. 
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4.5 Spatial Distribution of Individual PCA Groups 

The following map shows the spatial distribution of each PCA group. 

 

Figure 35:  PCA results of Lyme disease risk (2001 - 2014) 

 

The spatial distribution of Lyme disease risk in Ontario changed in a north/north-west direction from 

southeast Ontario within the latter half of the decade where previously climatic conditions were 

unconducive to Lyme disease risk.  In other words, there has been a northern range expansion for suitable 

climatic conditions for the black-legged tick vector in eastern Ontario in recent history.   
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4.6 Simplified Map of the Spatial-Temporal Change of Tick Suitability (2001 – 2014) 

The eight PCA groups could be further simplified into three new groups. 

 

Table 8:  Simplified Lyme disease risk groups 

Group Description Simplified Group 

1 Consistently unsuitable climate for sustaining a tick population 

throughout the duration of the study period (2001 to 2014). 

Consistently 

Suitable 

2 Consistently unsuitable climate for sustaining a tick population, 

except for 2005, 2010 and 2012. 

Changing from 

Unsuitable to 

Suitable in 2005, 

and 2010 - 2012 

3 Consistently unsuitable climate for sustaining a tick population, 

except for 2005, and 2010 – 2012. 

4 Varying between sustainable and unsustainable climate throughout 

the time period, although more often unsustainable. 

5 Varying between sustainable and unsustainable climate throughout 

the time period, although more often sustainable. 

6 Varying between sustainable and unsustainable climate throughout 

the time period. 

7 Mostly suitable for sustaining a tick population throughout the 

duration of the study period. Consistently 

Suitable 8 Consistently suitable climate for sustaining a tick population 

throughout the duration of the study period (2001 to 2014). 

 

The three groups were then used to create a simplified map to show areas where Lyme disease risk has 

changed between 2001 and 2014 due to climate change. 
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Figure 36:  Simplified map denoting areas of changing Lyme disease risk (2001 - 2014) 

The vast majority of southern and eastern Ontario has been consistently suitable for ticks, while northern 

Ontario has been consistently unsuitable for ticks during the same time period.  However, there is a band 

separating the two regions where tick suitability has changed. 

 

Within the suitable area is a large region that became suitable during the study period.  This area is the 

Blue Mountains of the Niagara Escarpment.  To the northeast is an area that has remained consistently 

unsuitable for ticks but is surrounded by areas where tick suitability has changed from unsuitable to 

suitable.  This area falls within the Madawaska Highlands of Algonquin Provincial Park.   
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Figure 37:  Digital Elevation Model and PCA Grouping 

High: 688.2 

Low: 21.5 
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It is evident that the tick suitability groups correspond to the topography of Ontario.  The areas of suitable 

climate for sustaining ticks correlate with areas of lower elevation.  The area of changing tick suitability 

was the high points of the Niagara Escarpment, and the large region of tick unsuitability corresponded to 

Algonquin Park. 

 

The corresponding average elevation in meters was pulled for each grid cell in the PCA results and 

graphed. 

 

Figure 38:  Tick suitability against elevation 

 

There are other factors that contribute to tick suitability as there is no clear separation between the upper 

and lower extremes of the groups, although the separation between the average elevation of the 
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consistently suitable and consistently unsuitable groups suggest that elevation can be used to give a rough 

measure of tick suitability. 

 

Elevation alone cannot explain the separation in tick suitability, as the tick population model does not take 

elevation as a variable, and because ticks do not determine their habitats due to elevation.  However, 

elevation serves as a proxy for climate as areas of higher elevation have colder climates, while areas with 

lower elevation have warmer climates. 

 

4.7 R0 Values of Submitted Tick Locations by Year 

 

The following chart shows the R0 value at the time and location of the tick bite.   

 

Figure 39:  R0 values for submitted tick locations by year 
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Each individual dot on the graph represents a location where a submitted tick was recorded.  Lines 

connecting dots in subsequent years represent locations that had submitted ticks in consecutive years.  

Dots that were not connected by lines indicated locations where submitted ticks were isolated events for 

the year prior and/or after the year the tick was submitted.  The red line represents the average R0 value for 

all submitted tick locations for each year. 

 

Tick submissions in the early part of the decade were more likely to be isolated events.  During the latter 

part of the decade, locations with submitted ticks were more likely to have recurring events in subsequent 

years. 

 

The majority of R0 values for submitted tick locations were above one, with a few occurring below one.  

However, for the locations reporting R0 values below one, the R0 value was above one during the two 

years previous to the year when the tick was reported.  This indicates that while a tick may have been 

collected in a year with a climate that was not suitable for sustaining a tick population, the two years prior 

were suitable for sustaining a tick population. 

 

 

4.8 Map of Normalized Tick Submissions   

The number of tick submissions was normalized using the road length in 2014.  The purpose of 

normalizing using the road length was to account for differences in population density.  That is, areas with 

higher population densities may have more tick submissions due to greater chances of tick bites in areas 

with higher populations, while areas with low populations may have lower chances of tick bites.  The road 

length in each area was used as a proxy for population density, and tick submissions were normalized 

using the road length. 
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The following figure shows the maps of individual tick submissions in 2002 and then 2012.  The 

individual maps for all years can be found in the appendices (Appendix O – Appendix Y). 

 

Figure 40:  Normalized Tick Submissions to Public Health Ontario in 2002 and 2012 
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In 2002, there were very few ticks submitted in Ontario.  By 2012, the number of ticks submitted to Public 

Health Ontario had greatly increased.  Furthermore, there was a geographic concentration of submitted 

ticks in eastern Ontario in the areas around Kingston and Ottawa. 

 

4.9 Map of Normalized Tick Submissions against PCA Results 

The following figure shows the normalized tick submissions against the PCA results. 

 

Figure 41:  Normalized Tick Submissions against PCA Results 

 

This figure shows that the majority of submitted ticks by the end of the study period were collected in 

areas that had a climate that was consistently suitable for sustaining tick populations.  
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Chapter 5 

Discussion and Conclusions 

While it is clear that the number of Lyme disease cases in Ontario has risen in the last decade, it has not 

been clear what role climate change has contributed to this increase.  Much of the current research on 

Lyme disease risk mapping is focused on finding factors that correlate well with present tick presence, or 

projecting future tick habitat distribution due to climate change.  This study examined if the geographic 

distribution of Lyme disease risk in eastern Ontario has changed between 2001 and 2014 due to climate 

change, where the capacity to sustain an endemic tick population was used as a proxy for Lyme disease 

risk.  This chapter summarizes the main findings and limitations of the study. 

 

5.1 Key Findings and Results from this Research 

The first part of the thesis aimed to find if, and where, climate in Ontario has been changing.  To answer 

this, the annual degree days above 0° Celsius were calculated for each year from 1979 to 2013.  A least 

squares fit was used to find the trend in annual degree day values for the 35 year period for each pixel 

location in the study area.  It was determined that climate in Ontario has been on a warming trend between 

1979 and 2013, except for a small pocket in southern Ontario that has been gradually cooling.  This 

established that the climate has indeed changed and was a possible factor in the change in spatial 

distribution of Lyme disease. 

 

The second part of this thesis built upon the findings of the first part of the thesis.  After determining the 

climate has changed in Ontario to potentially make more suitable habitats for ticks, the second question 

focused on if climate has changed enough to become suitable to carry a sustainable tick population, and if 

so, where.  A tick population model with air temperature as the main driving variable was used to 

calculate the reproductive number for tick populations in a given location.   
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The tick population model was fed the climatological data across Ontario from 2001 to 2014 to calculate 

the R0 value for each pixel for each year.  The R0 value was then reclassified into a binary scheme, where 

values greater or equal to one were considered to be climatologically conducive to carrying a sustainable 

tick population, while R0 values less than one were not.  PCA was conducted on the binary R0 values.  

This grouped the results in to areas that were consistently suitable for sustaining ticks, consistently 

unsuitable, and areas that became newly suitable for ticks. 

 

Results of the PCA showed that southern Ontario has consistently been suitable for carrying a 

reproductive tick population throughout the study period, even though it has been gradually cooling.  

However, parts of western Ontario have been inconsistent, switching between having a climate that is 

conducive and not conducive to carrying a sustainable tick population.  Of interest is that areas of 

northeastern Ontario have become suitable for carrying a sustainable tick population for the first time in 

recent years.  This demonstrates that climate change has allowed new areas to become sustainable for 

carrying a tick population. 

 

While PCA of the tick population model results showed areas that became newly conducive to carrying a 

sustainable tick population, these results were compared to tick submissions from Public Health Ontario.  

The vast majority of ticks submitted to Public Health Ontario were submitted in areas where the climate 

was sustainable for ticks from 2001 to 2014.  There was a clear increase in submitted ticks in eastern 

Ontario in the last decade in areas already suitable for sustaining a tick population.  The increase in 

submitted ticks suggests that the existing tick populations in these areas were stabilizing, rather than 

spreading to new geographic areas due to climate change. 
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Of particular interest are a small number of ticks that were submitted to Public Health Ontario in the same 

time period for regions that became newly suitable for carrying tick populations.  These submitted ticks 

coincided with the expanded climatological range for sustainable tick populations. 

 

This study shows that climate change has already changed the spatial distribution of Lyme disease risk, 

and when combined with Lyme disease risk mapping studies that project climate change forward, show 

that Lyme disease risk mapping will only become more important in the future to aid in early diagnosis of 

Lyme disease cases. 

 

Previous studies on the impact of climate change on Lyme disease risk in eastern Ontario and northeastern 

United States have used climate models that have coarse resolution.  Brownstein, Holford and Fish used 

the Canadian Global Coupled Model with a resolution of 3.75 x 3.75° (interpolated and resampled to 0.5°) 

while Ogden, Maarouf and Barker used the Coupled Global Climate Model (CGCM2) with a resolution of 

approximately 3.7° (38; 63).  While valuable for identifying areas of concern for potential Lyme disease 

risk monitoring, the coarse resolution can be of limited value to government organizations responsible for 

monitoring and mitigating Lyme disease risk at a more local level.  In another study by Ogden, Bigras-

Poulin and O’Callaghan, weather station data was used to model R0 values (375), which can create 

accurate but geographically sparse results.  Interpolation of these weather stations can introduce error and 

uncertainty in studying Lyme disease risk over large geographic areas.  This study demonstrates that 

MODIS remote sensing data can be used to yield high resolution, continuous geographic coverage of 

Ontario to determine changes in climate and its effects on Lyme disease risk.   

 

5.2 Limitations of this Methodology 

The presence of Lyme disease risk in this study outlines areas where climatic conditions are suitable for 

sustaining a black-legged tick population, but does not delineate areas of actual black-legged tick presence 
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due to the study area’s large geographic area and lack of available data.  Instead, a location’s ability to 

sustain a black-legged tick population due to its climate was used in this study for describing Lyme 

disease risk. 

 

As the focus of this study was on climatic changes driving tick suitability, vector migration was ignored 

for the purposes of this study.  Tick migration alone is insignificant, and normally only ticks feeding on 

migrating hosts is of concern with respect to tick migration over long distances (Hoch, Monnet and 

Agoulon 1798; Vollmer, Bormane and Dinnis 184).  Birds also play a role in Lyme disease expansion 

through range expansion of ticks (Brinkerhoff, Folsom-O'Keefe and Tsao 103).  In other words, black-

legged ticks are introduced to new locations usually via feeding upon hosts and then dropping off. 

 

In this study, host distribution and host migration was not studied.  Instead, the number of host mice was 

fixed to 200 and the number of host deer was fixed to 20.  The number of hosts was left fixed in the 

mathematical model in order to focus on the impact of climate change on tick population suitability with 

temperature as the driving variable.  Therefore, all locations within the study area were presumed to have 

host availability at all stages of the tick life cycle—which is not necessarily reflective of the geographical 

distribution of deer and mice in Ontario.  True host distribution numbers may better reflect host finding 

success, impacting tick population sustainability, and resulting in a more accurate figure of Lyme disease 

risk. 

 

Furthermore, this study did not determine how ticks arrived in areas that became newly sustainable for 

tick populations.  Therefore, the results of this methodology found new areas that became conducive to 

sustaining a tick population due to climate, but ticks would have had to become introduced to these 

locations for there to be true Lyme disease risk. 
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Ticks collected by health practitioners and submitted to Public Health Ontario were used in this study as a 

proxy for locations of Lyme disease incidences.  This methodology relies on the adherence by health 

practitioners to submit all ticks that were collected.  For example, it is possible that health practitioners 

who collect numerous ticks underreported the number of ticks collected due to the high frequency, and it 

is also possible that practitioners who rarely collect ticks were unaware of the need to report.  Possible 

lack of reporting could manifest in differences in spatial distribution of collected ticks than what was 

available and mapped. 

 

Results of this thesis are in line with previous findings that the spatial distribution of Lyme disease risk 

has spread in a northwestern fashion in eastern Ontario over the past decade, progressing northward from 

the United States (N. Ogden, L. R. Lindsay and M. Morshed 1221).  The results of this study have also 

shown that the vast majority of submitted ticks in the last decade have been collected in areas already 

suitable for sustaining ticks.  This suggests that the increase in Lyme disease cases in the past decade have 

been possibly due to the tick population stabilizing in areas already suitable for sustaining ticks, or 

increased human-tick interaction in areas already suitable for sustaining ticks.  The increase in Lyme 

disease cases in the past decade cannot be attributed to climate change. 

 

5.3 Further Research 

This study focused on the role of climate change in the changing spatial distribution of Lyme disease risk 

over southern Ontario in the past decade.  Other factors may have also contributed to the changing 

distribution of Lyme disease as well which were negated in this study in order to focus on climate.  

However, incorporation of these factors would better reflect Lyme disease risk. 

 

1. Host distribution. 
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The tick population model used in this study assumed a consistent host density across the entire 

study area.  However, tick hosts—deer, in particular—exhibit seasonal migration patterns over 

large geographic distances.  In the absence of their preferred hosts, ticks may resort to feeding 

upon other hosts as well.  Alternative hosts, such as birds and dogs, were also excluded from this 

study.  The availability of hosts, and successful feeding upon hosts, is critical for ticks to molt 

from one development stage to the next. 

 

Further studies could use agent-based modeling to study the impact of changes in host 

distribution as a possible factor for increased Lyme disease cases in southeastern Ontario. 

 

2. The tick population model focused on births and deaths but omitted migration. 

This study focused solely on births and deaths while omitting the effect of migration on the tick 

population.  Migration was omitted in the tick population model because studies have shown that 

ticks have little horizontal movement without a migrating host upon which a questing tick can 

feed during the host’s movement/migration.  However, migration is important as it can introduce 

ticks to new areas where an endemic tick population does not exist but climatic conditions are 

conducive for carrying a tick population. 

 

Lyme disease risk can be expanded to new areas via ticks feeding upon migratory hosts.  A better 

reflection of changing Lyme disease risk may be found using data on the current distribution of 

ticks coupled with a model of host migration and distribution. 

 

3. Impact on climate change on potential hosts. 

Climate change can also lead to changes ecologically, which will lead to changes in available 

habitats for hosts.  If climate change were to change the range distribution of white-tailed deer 
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and white-footed mice, it is unknown what impact that would have upon the black-legged tick.  

One possibility is that the tick distribution would also change to reflect the host distribution.  

Another possibility is that ticks would adapt to find new preferred hosts, or a combination of the 

two.  As ticks have demonstrated in the past that they will feed upon a variety of hosts, future 

research could determine the impact of climate change on its host preferences and the impact of 

host distribution on the geographic distribution of ticks. 

 

4. Ecology. 

Previous studies have found correlations between ticks and their preferred habitats (Guerra, 

Walker and Jones 289; Lubelczyk, Elias and Rand 900).  Habitat preferences were excluded in 

this study and it was assumed that all locations in this study had suitable habitats.  Incorporation 

of tick habitats in future studies would better delineate areas of true Lyme disease risk from areas 

that are unsuitable for ticks.  Furthermore, climate change may alter the ecology of Ontario and 

result in the addition of new habitats and removal of other habitats. 

 

5. Land use change. 

Human land use patterns were largely ignored in this study, although it plays a role in Lyme 

disease risk.  Humans are only susceptible to Lyme disease risk when they encounter questing 

ticks, which requires interaction with questing ticks.  Humans become increasingly at risk of 

encountering ticks as rural lands are developed and cities grow.  Future Lyme disease risk maps, 

especially at local scales, should incorporate human development patterns to determine areas 

where people are at greatest risk of encountering ticks. 
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5.4 Summary 

The results of this study show that most of southern Ontario’s climate warmed during the past decade, but 

was not the primary contributor to the increase in Lyme disease cases in southern Ontario from 2001 to 

2014.  By mapping submitted ticks to Public Health Ontario against a mathematical tick population model 

with MODIS land surface temperature as the primary input variable, it was determined that the vast 

majority of ticks were found within areas that had a climate that was already consistently suitable for 

ticks. 

 

The mathematical model also found new areas that became suitable for sustaining a tick population during 

the study period.  This area fell within the range between areas consistently suitable for sustaining ticks in 

the south and areas consistently unsuitable for sustaining ticks to the north.   

 

Large areas in the Niagara Escarpment and in the area of Algonquin Provincial Park also had climates that 

became suitable for sustaining tick populations.  While they were further to the south and surrounded by 

areas that were consistently suitable, their climates had not been suitable for tick populations due to their 

raised elevation (and resulting colder climate).  However, the climate in these areas has gradually warmed 

to become conducive to sustaining tick populations. 

 

The results of this study showed that climate change has allowed for the progression of Lyme disease risk 

northwards in southern Ontario, which is in line with other studies that project the geographic expansion 

of Lyme disease risk northwards due to projected future climate change. 

 

This study has also shown that remotely sensed data can be used to increase the resolution for Lyme 

disease risk mapping.  Higher resolution Lyme disease risk mapping can better identify areas of concern at 

local and regional scales than temperature data using coarser resolution, which may better assist with 
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Lyme disease risk monitoring.  Monitoring of Lyme disease at higher resolution will become of greater 

interest as Lyme disease continues to progress northwards in Ontario. 
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Appendix A: R0 Values in 2001 
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Appendix B: R0 Values in 2002 
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Appendix C: R0 Values in 2003 
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Appendix D: R0 Values in 2004 
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Appendix E: R0 Values in 2005 
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Appendix F: R0 Values in 2006 
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Appendix G: R0 Values in 2007 
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Appendix H: R0 Values in 2008 
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Appendix I: R0 Values in 2009 
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Appendix J: R0 Values in 2010 
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Appendix K: R0 Values in 2011 
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Appendix L: R0 Values in 2012 
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Appendix M: R0 Values in 2013 
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Appendix N: R0 Values in 2014 
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Appendix O: Number of Submitted Ticks by City in 2002, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix P: Number of Submitted Ticks by City in 2003, Normalized by Total 

Road Length (km) of the City in 2014 
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Appendix Q: Number of Submitted Ticks by City in 2004, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix R: Number of Submitted Ticks by City in 2005, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix S: Number of Submitted Ticks by City in 2006, Normalized by Total 

Road Length (km) of the City in 2014 
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Appendix T: Number of Submitted Ticks by City in 2007, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix U: Number of Submitted Ticks by City in 2008, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix V: Number of Submitted Ticks by City in 2009, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix W: Number of Submitted Ticks by City in 2010, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix X: Number of Submitted Ticks by City in 2011, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix Y: Number of Submitted Ticks by City in 2012, Normalized by 

Total Road Length (km) of the City in 2014 
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Appendix Z:  MATLAB Code for Calculating R0 Values 

The MATLAB code was provided by Dr. Xiaotian Wu and Dr. Nicholas Ogden. 

 
close all; 

clear all; 

clc; 

global R D mu_1 mu_2 mu_3 mu_4 mu_6 mu_7 mu_9 mu_10 mu_12 p d_3 d_5 d_8 d_11 

 

R = 200; 

D = 20; 

mu_1 = 1; 

mu_2 = 0.002; 

mu_3 = 0.006; 

mu_4 = 0.006; 

mu_6 = 0.003; 

mu_7 = 0.006; 

mu_9 = 0.002; 

mu_10 = 0.006; 

mu_12 = 0.0001; 

p = 3000; 

d_3 = 1/21; 

d_5 = 1/3; 

d_8 = 1/5; 

d_11 = 1/10; 

 

%% different location temperature data on 1971-2000 periods 

%%Ontario 

 

mT=[-5.7 -5.3 0 6.6 13.2 18.4 20.9 20 15.6 9.4 3.5 -2.5];%Delhi Cda near long Point 

 

Jan=mT(1)*ones(1,31); 

Feb=mT(2)*ones(1,28); 

Mar=mT(3)*ones(1,31); 

Apr=mT(4)*ones(1,30); 

May=mT(5)*ones(1,31); 

Jun=mT(6)*ones(1,30); 

Jul=mT(7)*ones(1,31); 

Aug=mT(8)*ones(1,31); 

Sep=mT(9)*ones(1,30); 

Oct=mT(10)*ones(1,31); 

Nov=mT(11)*ones(1,30); 

Dec=mT(12)*ones(1,31); 

T=[Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec]; 

T=T'; 

size(T) 

 

%% calculate development rates  at each day of each month of the year 

lton=zeros(365,1); 

 

rpop=zeros(365,1); 

rpep=zeros(365,1); 

rlton=zeros(365,1); 

rntoa=zeros(365,1); 

 

rlton_c=zeros(365,1); 

rntoadia=zeros(365,1); 

 

for i=1:365 

    if T(i)>0 
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    rpop(i)=1/(1300*(T(i))^(-1.41)); 

    rpep(i)=1/(28937*(T(i))^(-2.24)); 

    rlton_c(i)=1/(101179*T(i)^(-2.547)); 

    rntoadia(i)=1/(1596*T(i)^(-1.2082)); 

    end 

end 

%calculate the larva-to-nymph development rate using future temperature 

for i=1:365 

        pro=rlton_c(i); 

         j=i; 

    while pro<1 

        j=j+1; 

        if mod(j,365)==0 

            q=rlton_c(365); 

        else q=rlton_c(mod(j,365)); 

%         if j>365 

%             q=rlton_c(j-365); 

%         else q=rlton_c(j); 

        end 

        pro=pro+q; 

    end 

    lton(i)=j-i; 

    if T(i)>0 

    rlton(i)=1/lton(i); 

    end 

end 

%calculate the nymph-to-adult development rate both temperature-dependent and diapause 

for i=1:183  % temperature-dependent development rate before 184th day 

    rntoa(i)=rntoadia(i); 

end 

prop=rntoadia(365); 

j=365; 

while prop<1 

    j=j+1; 

    prop=prop+rntoadia(j-365); 

end 

moltday=j-365; 

% consider diapause from 184th day   

for i=184:365 

    if T(i)>0 

        rntoa(i)=1/(365-i+moltday); 

    end 

end 

 

%% calculate the host attaching rate of immature and adults ticks at each day of each 

month of the year 

hostattach_immature=zeros(365,1); 

hostattach_mature=zeros(365,1); 

lambda_qn=0.0013*R^0.515; 

lambda_qa=0.086*D^0.515; 

%calculate the host finding rate of nymphs 

for i=1:365 

    if T(i)>8 && T(i)<31 

       hostattach_immature(i)=lambda_qn*Npropfun(T(i)); 

    elseif T(i)>7 && T(i)<=8 

        hostattach_immature(i)=lambda_qn*(T(i)-7)*0.035; 

    elseif T(i)<=7||T(i)>=31 

        hostattach_immature(i)=0; 

    end 

end 

% calculate the host attaching rate of adults 

for i=1:365 

    if T(i)>3 && T(i)<16 
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        hostattach_mature(i)=lambda_qa*((-0.0162)*T(i)^2+0.2557*T(i)-0.008673); 

    elseif T(i)<=3||T(i)>=16 

        hostattach_mature(i)=0; 

    end 

end 

 

 

 

%% estimate the periodic development rates and host-attaching rates 

 

%omit the data from 182th to 227th of larvae 

lar1=rlton(1:181,1)'; 

lar2=rlton(228:365,1)'; 

larrate=[lar1 lar2]'; 

size(larrate); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

ft_=fittype({'sin(2*pi*x/365)', 'cos(2*pi*x/365)', 'sin(4*pi*x/365)', 

'cos(4*pi*x/365)',... 

    'sin(6*pi*x/365)', 'cos(6*pi*x/365)', 'sin(8*pi*x/365)', 'cos(8*pi*x/365)', 

'sin(10*pi*x/365)', 'cos(10*pi*x/365)',... 

    'sin(12*pi*x/365)', 'cos(12*pi*x/365)','sin(14*pi*x/365)', 'cos(14*pi*x/365)', 

'1'},'dependent',{'y'},'independent',{'x'},... 

    'coefficients',{'a', 'b', 'd', 'e', 'f', 'g', 'h', 'k', 'l', 

'm','o','p','r','s','c'}); 

time=1:365; 

time=time'; 

T1=1:181;T2=228:365; 

ttime=[T1 T2]'; 

 

[Rpop,gof1]=fit(time,rpop,ft_); 

[Rpep,gof2]=fit(time,rpep,ft_); 

[Rlar,gof3]=fit(ttime,larrate,ft_); 

[Rnym,gof4]=fit(time,rntoa,ft_); 

[Rnf,gof5]=fit(time,hostattach_immature,ft_); 

[Raf,gof6]=fit(time,hostattach_mature,ft_); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

 

%% define initial times and values of iteration 

t0=0;tend=365;h=0.01; 

tspan=t0:h:tend; 

Np=length(tspan); 

 

a=0.005; % define a_{0} 

b=100; % define b_{0} 

c=(a+b)/2; % R_{0}==c  

k=0; 

 

%% define initinal indentity matrix 

initial1=[1;0;0;0;0;0;0;0;0;0;0;0];%row vector 

initial2=[0;1;0;0;0;0;0;0;0;0;0;0]; 

initial3=[0;0;1;0;0;0;0;0;0;0;0;0]; 

initial4=[0;0;0;1;0;0;0;0;0;0;0;0]; 

initial5=[0;0;0;0;1;0;0;0;0;0;0;0]; 

initial6=[0;0;0;0;0;1;0;0;0;0;0;0]; 

initial7=[0;0;0;0;0;0;1;0;0;0;0;0]; 

initial8=[0;0;0;0;0;0;0;1;0;0;0;0]; 

initial9=[0;0;0;0;0;0;0;0;1;0;0;0]; 

initial10=[0;0;0;0;0;0;0;0;0;1;0;0]; 

initial11=[0;0;0;0;0;0;0;0;0;0;1;0]; 

initial12=[0;0;0;0;0;0;0;0;0;0;0;1]; 
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initial=[initial1 initial2 initial3 initial4 initial5 initial6 initial7 initial8 

initial9 initial10 initial11 initial12]; 

 

dx=zeros(12,1); 

M1=zeros(12,12); 

M2=zeros(12,12); 

M3=zeros(12,12); 

 

Delpop=(Rpop(tspan)+abs(Rpop(tspan)))/2; 

Delpep=(Rpep(tspan)+abs(Rpep(tspan)))/2; 

HostlarNym=(Rnf(tspan)+abs(Rnf(tspan)))/2; 

Dellton=(Rlar(tspan)+abs(Rlar(tspan)))/2; 

Delntoa=(Rnym(tspan)+abs(Rnym(tspan)))/2; 

Hostadu=(Raf(tspan)+abs(Raf(tspan)))/2; 

size(Delpop) 

size(Delpep) 

size(HostlarNym) 

size(Dellton) 

size(Delntoa) 

size(Hostadu) 

for m=1:12  % initial condition loop 

    M1(:,m)=initial(:,m); % given initial condition 

    tic 

    for n=1:Np-1 % Euler method to apply 

        %t=t0+(n-1)*h; 

        dx(1)=Delpop(n)*M1(12,m)-mu_1*M1(1,m); 

        dx(2)=(1/a)*p*(0.99-0.04*log(1.01+0/D))*M1(1,m)-(Delpep(n)+mu_2)*M1(2,m); 

        dx(3)=Delpep(n)*M1(2,m)-(d_3+mu_3)*M1(3,m); 

        dx(4)=d_3*M1(3,m)-(HostlarNym(n)+mu_4)*M1(4,m); 

        dx(5)=HostlarNym(n)*M1(4,m)-(d_5+(0.65+0.049*log((1.01+0)/R)))*M1(5,m); 

        dx(6)=d_5*M1(5,m)-(Dellton(n)+mu_6)*M1(6,m); 

        dx(7)=Dellton(n)*M1(6,m)-(HostlarNym(n)+mu_7)*M1(7,m); 

        dx(8)=HostlarNym(n)*M1(7,m)-(d_8+(0.55+0.049*log((1.01+0)/R)))*M1(8,m); 

        dx(9)=d_8*M1(8,m)-(Delntoa(n)+mu_9)*M1(9,m); 

        dx(10)=Delntoa(n)*M1(9,m)-(Hostadu(n)+mu_10)*M1(10,m); 

        dx(11)=0.5*Hostadu(n)*M1(10,m)-(d_11+(0.5+0.049*log((1.01+0)/D)))*M1(11,m); 

        dx(12)=d_11*M1(11,m)-(Delpop(n)+mu_12)*M1(12,m); 

        M1(:,m)=M1(:,m)+dx*h; 

    end 

    toc 

        TIME=toc 

end 

M1; 

A=max(abs(eig(M1)))-1; 

 

 

for m=1:12  % initial condition loop 

    M2(:,m)=initial(:,m); % given initial condition 

    for n=1:Np-1 % Euler method to apply 

        %t=t0+(n-1)*h; 

        dx(1)=Delpop(n)*M2(12,m)-mu_1*M2(1,m); 

        dx(2)=(1/b)*p*(0.99-0.04*log(1.01+0/D))*M2(1,m)-(Delpep(n)+mu_2)*M2(2,m); 

        dx(3)=Delpep(n)*M2(2,m)-(d_3+mu_3)*M2(3,m); 

        dx(4)=d_3*M2(3,m)-(HostlarNym(n)+mu_4)*M2(4,m); 

        dx(5)=HostlarNym(n)*M2(4,m)-(d_5+(0.65+0.049*log((1.01+0)/R)))*M2(5,m); 

        dx(6)=d_5*M2(5,m)-(Dellton(n)+mu_6)*M2(6,m); 

        dx(7)=Dellton(n)*M2(6,m)-(HostlarNym(n)+mu_7)*M2(7,m); 

        dx(8)=HostlarNym(n)*M2(7,m)-(d_8+(0.55+0.049*log((1.01+0)/R)))*M2(8,m); 

        dx(9)=d_8*M2(8,m)-(Delntoa(n)+mu_9)*M2(9,m); 

        dx(10)=Delntoa(n)*M2(9,m)-(Hostadu(n)+mu_10)*M2(10,m); 

        dx(11)=0.5*Hostadu(n)*M2(10,m)-(d_11+(0.5+0.049*log((1.01+0)/D)))*M2(11,m); 

        dx(12)=d_11*M2(11,m)-(Delpop(n)+mu_12)*M2(12,m); 

        M2(:,m)=M2(:,m)+dx*h; 
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    end 

end 

M2; 

size(M2); 

B=max(abs(eig(M2)))-1; 

 

for m=1:12  % initial condition loop 

    M3(:,m)=initial(:,m); % given initial condition 

    for n=1:Np-1 % Euler method to apply 

        %t=t0+(n-1)*h; 

        dx(1)=Delpop(n)*M3(12,m)-mu_1*M3(1,m); 

        dx(2)=(1/c)*p*(0.99-0.04*log(1.01+0/D))*M3(1,m)-(Delpep(n)+mu_2)*M3(2,m); 

        dx(3)=Delpep(n)*M3(2,m)-(d_3+mu_3)*M3(3,m); 

        dx(4)=d_3*M3(3,m)-(HostlarNym(n)+mu_4)*M3(4,m); 

        dx(5)=HostlarNym(n)*M3(4,m)-(d_5+(0.65+0.049*log((1.01+0)/R)))*M3(5,m); 

        dx(6)=d_5*M3(5,m)-(Dellton(n)+mu_6)*M3(6,m); 

        dx(7)=Dellton(n)*M3(6,m)-(HostlarNym(n)+mu_7)*M3(7,m); 

        dx(8)=HostlarNym(n)*M3(7,m)-(d_8+(0.55+0.049*log((1.01+0)/R)))*M3(8,m); 

        dx(9)=d_8*M3(8,m)-(Delntoa(n)+mu_9)*M3(9,m); 

        dx(10)=Delntoa(n)*M3(9,m)-(Hostadu(n)+mu_10)*M3(10,m); 

        dx(11)=0.5*Hostadu(n)*M3(10,m)-(d_11+(0.5+0.049*log((1.01+0)/D)))*M3(11,m); 

        dx(12)=d_11*M3(11,m)-(Delpop(n)+mu_12)*M3(12,m); 

        M3(:,m)=M3(:,m)+dx*h; 

    end 

end 

M3; 

C=max(abs(eig(M3)))-1; 

 

%define loop 

while abs(C)>1.0e-6 

         if sign(A)==sign(C) 

            a=c;b=b;c=(a+b)/2; 

         else 

            a=a;b=c;c=(a+b)/2; 

         end 

         k=k+1 

 

for m=1:12  % initial condition loop 

    M1(:,m)=initial(:,m); % given initial condition 

    for n=1:Np-1 % Euler method to apply 

        %t=t0+(n-1)*h; 

        dx(1)=Delpop(n)*M1(12,m)-mu_1*M1(1,m); 

        dx(2)=(1/a)*p*(0.99-0.04*log(1.01+0/D))*M1(1,m)-(Delpep(n)+mu_2)*M1(2,m); 

        dx(3)=Delpep(n)*M1(2,m)-(d_3+mu_3)*M1(3,m); 

        dx(4)=d_3*M1(3,m)-(HostlarNym(n)+mu_4)*M1(4,m); 

        dx(5)=HostlarNym(n)*M1(4,m)-(d_5+(0.65+0.049*log((1.01+0)/R)))*M1(5,m); 

        dx(6)=d_5*M1(5,m)-(Dellton(n)+mu_6)*M1(6,m); 

        dx(7)=Dellton(n)*M1(6,m)-(HostlarNym(n)+mu_7)*M1(7,m); 

        dx(8)=HostlarNym(n)*M1(7,m)-(d_8+(0.55+0.049*log((1.01+0)/R)))*M1(8,m); 

        dx(9)=d_8*M1(8,m)-(Delntoa(n)+mu_9)*M1(9,m); 

        dx(10)=Delntoa(n)*M1(9,m)-(Hostadu(n)+mu_10)*M1(10,m); 

        dx(11)=0.5*Hostadu(n)*M1(10,m)-(d_11+(0.5+0.049*log((1.01+0)/D)))*M1(11,m); 

        dx(12)=d_11*M1(11,m)-(Delpop(n)+mu_12)*M1(12,m); 

        M1(:,m)=M1(:,m)+dx*h; 

    end 

end 

M1; 

A=max(abs(eig(M1)))-1; 

 

for m=1:12  % initial condition loop 

    M2(:,m)=initial(:,m); % given initial condition 

    for n=1:Np-1 % Euler method to apply 

        %t=t0+(n-1)*h; 
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        dx(1)=Delpop(n)*M2(12,m)-mu_1*M2(1,m); 

        dx(2)=(1/b)*p*(0.99-0.04*log(1.01+0/D))*M2(1,m)-(Delpep(n)+mu_2)*M2(2,m); 

        dx(3)=Delpep(n)*M2(2,m)-(d_3+mu_3)*M2(3,m); 

        dx(4)=d_3*M2(3,m)-(HostlarNym(n)+mu_4)*M2(4,m); 

        dx(5)=HostlarNym(n)*M2(4,m)-(d_5+(0.65+0.049*log((1.01+0)/R)))*M2(5,m); 

        dx(6)=d_5*M2(5,m)-(Dellton(n)+mu_6)*M2(6,m); 

        dx(7)=Dellton(n)*M2(6,m)-(HostlarNym(n)+mu_7)*M2(7,m); 

        dx(8)=HostlarNym(n)*M2(7,m)-(d_8+(0.55+0.049*log((1.01+0)/R)))*M2(8,m); 

        dx(9)=d_8*M2(8,m)-(Delntoa(n)+mu_9)*M2(9,m); 

        dx(10)=Delntoa(n)*M2(9,m)-(Hostadu(n)+mu_10)*M2(10,m); 

        dx(11)=0.5*Hostadu(n)*M2(10,m)-(d_11+(0.5+0.049*log((1.01+0)/D)))*M2(11,m); 

        dx(12)=d_11*M2(11,m)-(Delpop(n)+mu_12)*M2(12,m); 

        M2(:,m)=M2(:,m)+dx*h; 

    end 

end 

M2; 

B=max(abs(eig(M2)))-1; 

 

for m=1:12  % initial condition loop 

    M3(:,m)=initial(:,m); % given initial condition 

    for n=1:Np-1 % Euler method to apply 

        %t=t0+(n-1)*h; 

        dx(1)=Delpop(n)*M3(12,m)-mu_1*M3(1,m); 

        dx(2)=(1/c)*p*(0.99-0.04*log(1.01+0/D))*M3(1,m)-(Delpep(n)+mu_2)*M3(2,m); 

        dx(3)=Delpep(n)*M3(2,m)-(d_3+mu_3)*M3(3,m); 

        dx(4)=d_3*M3(3,m)-(HostlarNym(n)+mu_4)*M3(4,m); 

        dx(5)=HostlarNym(n)*M3(4,m)-(d_5+(0.65+0.049*log((1.01+0)/R)))*M3(5,m); 

        dx(6)=d_5*M3(5,m)-(Dellton(n)+mu_6)*M3(6,m); 

        dx(7)=Dellton(n)*M3(6,m)-(HostlarNym(n)+mu_7)*M3(7,m); 

        dx(8)=HostlarNym(n)*M3(7,m)-(d_8+(0.55+0.049*log((1.01+0)/R)))*M3(8,m); 

        dx(9)=d_8*M3(8,m)-(Delntoa(n)+mu_9)*M3(9,m); 

        dx(10)=Delntoa(n)*M3(9,m)-(Hostadu(n)+mu_10)*M3(10,m); 

        dx(11)=0.5*Hostadu(n)*M3(10,m)-(d_11+(0.5+0.049*log((1.01+0)/D)))*M3(11,m); 

        dx(12)=d_11*M3(11,m)-(Delpop(n)+mu_12)*M3(12,m); 

        M3(:,m)=M3(:,m)+dx*h; 

    end 

end 

M3; 

C=max(abs(eig(M3)))-1; 

 end 

  

final_R0=c; 

disp(final_R0); 

function N=Npropfun(T) 

       a0=35.71; 

       a1=52.92; 

       b1=-35.43;   

       a2=18.27; 

       b2=-42.87; 

       a3=-5.218; 

       b3=-26.57; 

       a4=-8.462; 

       b4=-8.333; 

       a5=-3.625; 

       b5=-0.5701; 

       a6=-0.5294; 

       b6=0.3131; 

        w=0.1367; 

N=a0+a1.*cos(T.*w)+b1.*sin(T.*w)+a2.*cos(2.*T.*w)+b2.*sin(2.*T.*w)+a3*cos(3.*T.*w)+... 

b3.*sin(3.*T.*w)+a4.*cos(4.*T.*w)+b4.*sin(4.*T.*w)+a5.*cos(5.*T.*w)+b5.*sin(5.*T.*w)+a6

.*cos(6.*T.*w)+b6.*sin(6.*T.*w); 

 


