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ABSTRACT 
 

Climate Change Effects on the Pest Status and Distribution  

of the Bean Leaf Beetle (Cerotoma trifurcata) 

 

Emily A. Berzitis Advisors: 

University of Guelph, 2013 Jonathan A. Newman 

 Rebecca H. Hallett 

 

The bean leaf beetle, Cerotoma trifurcata (Förster) (Coleoptera: Chrysomelidae), has recently 

become a major pest of soybean (Glycine max (L.) Merrill) in North America. With the 

possibility of further economic losses, an understanding of the potential indirect and direct 

effects of climate change on the severity of this pest is required.  

 The plant-mediated effects of elevated CO2 on bean leaf beetle fecundity were examined. 

While non-nitrogen-fixing plants generally show decreases in leaf carbon to nitrogen ratio under 

elevated CO2, which can negatively impact insect herbivores, there was no change in the carbon 

to nitrogen ratio of soybean leaves, a nitrogen-fixer, in this study. The lack of change in leaf 

carbon to nitrogen ratio under elevated CO2 may explain the absence of a treatment effect on 

bean leaf beetle fecundity in one year of the experiment. However, in the second year, there was 

an increase in bean leaf beetle fecundity under elevated CO2. 

 Using a multi-year field experiment, I examined the potential direct effects of climate 

change, namely the impacts of warmer winters on bean leaf beetle overwintering survival and 

spring emergence. Under increased temperatures, bean leaf beetles emerged 10 to 20 days earlier 

in the spring which could allow for an additional generation during the growing season. Higher 

temperatures also led to decreased survival. 

 I developed a bioclimatic envelope model for the bean leaf beetle to examine the direct 

effects of climate change on a broader scale. I combined this model with the soybean climate 

envelope to predict the future potential distribution of the bean leaf beetle based both on climate 



and host plant availability. Since soybean generally has narrower tolerances than the bean leaf 

beetle, incorporation of host plant availability had a substantial impact on predictions of bean 

leaf beetle distribution. The inclusion of climate projections from multiple general circulation 

models (GCMs) and scenarios was a source of variability in our predictions, with only two of the 

three GCMs predicting further expansion of the bean leaf beetle into Canada. 

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 

 

ACKNOWLEDGEMENTS 

 
To my co-advisors, Jonathan Newman and Rebecca Hallett, your guidance, support, and patience 

have given me the confidence that I always needed and shown me that opportunities are endless. 

You have made these the best four years of my life. 

To my advisory committee members: Brent Sinclair, for the incredibly helpful 

discussions and making me feel like part of your amazing lab; and Gard Otis for your advice and 

encouragement over the years. 

To my parents, Ken and Diane, your love and support means everything to me. I am 

looking forward to being able to visit more often now and tag along on your travels. To my 

siblings, Marc, Natalie, and Julie, I cannot thank you enough for your support and for giving me 

my drive (since I had to keep up with all of you!).  

To Karl, I could not have done this without you. Thank you for your support, for keeping 

me laughing when I was stressed, and for always motivating me. I am incredibly lucky to have 

found you. 

To all of the Newman and Hallett lab members, thank you for all of your help along the 

way, from digging holes to doing stats, and for making my time here so enjoyable. To Geraldine 

Ryan, the best officemate, thank you for your support and answering my never-ending questions. 

I would also like to thank Kruti Shukla and Braden Evans for the wonderful discussions, Cara 

McCreary for all of the bean leaf beetle advice, and Kim Bolton for always being able to find a 

solution. 

To my past mentors, Paul Hebert, Sarah Adamowicz, and Gergin Blagoev, thank you for 

sparking my interest in research and arthropods. 

I am grateful for the generous funding of the Ontario Ministry of Agriculture, Food, and 

Rural Affairs and University of Guelph HQP Scholarship Program and the Natural Sciences and 

Engineering Research Council. I would also like to thank other sources of funding including the 

Arthur Richmond Memorial Scholarship and the Ontario Graduate Fellowship.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

 

TABLE OF CONTENTS 
 

ABSTRACT .................................................................................................................................................. ii 

ACKNOWLEDGEMENTS ......................................................................................................................... iv 

LIST OF TABLES ..................................................................................................................................... viii 

LIST OF FIGURES ..................................................................................................................................... ix 

CHAPTER 1: Direct and indirect effects of climate change on insect herbivores: Introduction and 

literature review ............................................................................................................................................ 1 

1.0 INTRODUCTION .............................................................................................................................. 1 

1.1 INDIRECT EFFECTS OF ELEVATED CO2 ON HERBIVORE PERFORMANCE ........................ 2 

1.1.1 Changes in plant chemistry and defenses under elevated CO2 ...................................................  3 

1.1.2 Differences in responses to elevated CO2 between feeding guilds .............................................. 4 

1.1.3 Unique responses of nitrogen-fixing plants to elevated CO2 and implications for their 

herbivores .............................................................................................................................................. 6 

1.2 THE DIRECT IMPACTS OF WARMER WINTERS ON INSECTS IN TEMPERATE REGIONS 7 

1.2.1 Climate change projections .......................................................................................................... 8 

1.2.2 Insect overwintering biology ....................................................................................................... 9 

1.2.3 Increased temperature effects on insect emergence dates .......................................................... 11 

1.2.4 Factors affecting overwintering survival ................................................................................... 12 

1.3 CHANGES IN THE DISTRIBUTION OF INSECTS UNDER FUTURE CLIMATE .................... 14 

1.3.1 Observed changes in insect distributions ................................................................................... 14 

1.3.2 Species distribution modelling ................................................................................................... 15 

1.3.3 Climate projections as sources of uncertainty in species distribution modelling....................... 17 

1.4 GENERAL OBJECTIVES ............................................................................................................... 19 

CHAPTER 2: Indirect effects of elevated CO2 on the fecundity of the bean leaf beetle (Cerotoma 

trifurcata) .................................................................................................................................................... 21 

2.0 ABSTRACT ...................................................................................................................................... 21 

2.1 INTRODUCTION ............................................................................................................................ 22 

2.2 MATERIALS AND METHODS ...................................................................................................... 25 

2.2.1 Chambers and CO2 ..................................................................................................................... 25 

2.2.2 Conduct of experiment ............................................................................................................... 26 

2.2.3 Bean leaf beetle fecundity .......................................................................................................... 28 

2.2.4 Soybean biochemistry and biomass ........................................................................................... 28 

2.2.5 Statistical analyses ..................................................................................................................... 29 

2.3 RESULTS ......................................................................................................................................... 29 

2.3.1 Soybean biomass and nutrient concentrations ........................................................................... 29 

2.3.2 Bean leaf beetle fecundity .......................................................................................................... 32 

2.4 DISCUSSION ................................................................................................................................... 34 



 

vi 

 

2.5 ACKNOWLEDGEMENTS .............................................................................................................. 41 

CHAPTER 3: Overwintering survival, energy use, and spring emergence of the bean leaf beetle 

(Cerotoma trifurcata) under climate change .............................................................................................. 42 

3.0 ABSTRACT ...................................................................................................................................... 42 

3.1 INTRODUCTION ............................................................................................................................ 43 

3.2 MATERIALS AND METHODS ...................................................................................................... 48 

3.2.1 Experimental set-up ................................................................................................................... 48 

3.2.2 Survival and emergence ............................................................................................................. 49 

3.2.3 Lipid content .............................................................................................................................. 49 

3.2.4 Statistical analyses ..................................................................................................................... 51 

3.3 RESULTS ......................................................................................................................................... 52 

3.3.1 Microclimate conditions ............................................................................................................ 52 

3.3.2 Overwinter survival.................................................................................................................... 55 

3.3.3 Lipid content .............................................................................................................................. 58 

3.3.4 Date of emergence and degree-day accumulation ..................................................................... 58 

3.4 DISCUSSION ................................................................................................................................... 60 

3.4.1 Factors affecting overwintering survival ................................................................................... 60 

3.4.2 Implications of earlier spring emergence ................................................................................... 64 

3.4.3 Conclusions ................................................................................................................................ 67 

3.5 ACKNOWLEDGEMENTS .............................................................................................................. 68 

CHAPTER 4: Predicting the future distribution of the bean leaf beetle (Cerotoma trifurcata) based on 

climate and host plant availability .............................................................................................................. 69 

4.0 ABSTRACT ...................................................................................................................................... 69 

4.1 INTRODUCTION ............................................................................................................................ 70 

4.2 METHODS ....................................................................................................................................... 75 

4.2.1 Bean leaf beetle model ............................................................................................................... 75 

4.2.2 Soybean model ........................................................................................................................... 79 

4.2.3 Evaluation of host plant availability .......................................................................................... 80 

4.2.4 Sensitivity analysis ..................................................................................................................... 81 

4.2.5 Climate change projections ........................................................................................................ 82 

4.2.6 Map creation and area calculations ............................................................................................ 83 

4.3 RESULTS ......................................................................................................................................... 84 

4.3.1 Incorporation of host plant availability for the bean leaf beetle model ..................................... 84 

4.3.2 Changes in bean leaf beetle and soybean distributions in response to climate change .............. 84 

4.3.3 Sensitivity analysis ..................................................................................................................... 86 

4.4 DISCUSSION ................................................................................................................................... 89 

4.4.1 Importance of biotic interactions ............................................................................................... 89 



 

vii 

 

4.4.2 Sources of uncertainty in species distribution modelling........................................................... 93 

4.4.3 Conclusions ................................................................................................................................ 96 

4.5 ACKNOWLEDGEMENTS .............................................................................................................. 97 

CHAPTER 5: General discussion and conclusions .................................................................................... 98 

5.1 GENERAL DISCUSSION ............................................................................................................... 98 

5.1.1 Changes in bean leaf beetle populations under elevated CO2 .................................................... 98 

5.1.2 Effect of warmer winters on bean leaf beetle pest status ......................................................... 101 

5.1.3 Future potential distribution of the bean leaf beetle ................................................................. 103 

5.1.4 Opportunities for generalizations of biological impacts of climate change ............................. 106 

5.2 FUTURE DIRECTIONS ................................................................................................................ 111 

5.2.1 Mechanistic and longer term elevated CO2 studies .................................................................. 111 

5.2.2 Examination of energy reserves and post-emergence survival ................................................ 112 

5.2.3 Incorporating more factors in modelling potential future distributions ................................... 113 

5.3 CONCLUSIONS ............................................................................................................................. 113 

BIBLIOGRAPHY ..................................................................................................................................... 115 

APPENDIX ............................................................................................................................................... 135 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 

 

LIST OF TABLES 

 
Table 3-1: Coefficient estimates for the best model of bean leaf beetle overwintering survival 

based on corrected Akaike’s Information Criterion (AICc). Cross terms and polynomial terms 

were centered (see Section 3.2.4 for details). Min = minimum leaf litter temperature for the first 

80 days of the year, JanMax = maximum leaf litter temperature in January, MarMax = maximum 

leaf litter temperature in March. …..…………………………………………………………….57 

 

Table 4-1: Parameter values used in CLIMEX for the bioclimatic envelope model of the bean 

leaf beetle. Moisture parameters are dimensionless. ..…………………………………………..77 

 

Table 4-2: Parameter values used in CLIMEX for the bioclimatic envelope model of the host 

plant soybean. Moisture parameters are dimensionless. ..……………………………………….80 

 

Table 4-3: The difference in Ecoclimatic Index values between the bean leaf beetle model based 

solely on climate (EIB) and the model incorporating host plant availability (EIB') under various 

general circulation models and climate scenarios and for multiple time periods. The percent 

change in the amount of area suitable (EI 10-20), favourable (EI 20-30), or very favourable (EI 

>30) for the bean leaf beetle when incorporating the availability of soybean (EIB') as compared to 

consideration of only climatic suitability (EIB) are shown. R
2
 values for the correlation between 

EIB and EIB' across all North American grid cells and the slopes of those lines with an intercept 

of 0 are also given. ...…………………………………………………………………………….85 

 

Table 4-4: Impact of the sensitivity analysis of the soybean bioclimatic envelope model on EIB' 

values (suitability for the bean leaf beetle based both on climate and host plant availability). 

Differences in the area suitable (EIB' 10-20), favourable (EIB' 20-30), or very favourable (EIB' 

>30) for the bean leaf beetle with the indicated changes in parameter values are shown relative to 

the baseline model along with the slope of the line with an intercept of 0 and corresponding R
2
 

values representing similarity in EIB' values across North America between the baseline model 

and the iterations. ...……………………………………………………………………………...90  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 

 

LIST OF FIGURES 

 
Figure 1-1: Winter and spring mean monthly temperature projections for southern Ontario for 

the 2080s based on 4 GCMs (CGCM3T47, CSIROMk3.5, HadCM3, and GFDLCM2.1) and 3 

scenarios (A1B, A2, and B1) where each point represents a different GCM-scenario 

combination. Projections were downloaded from the Canadian Climate Change Scenarios 

Network (CCCSN: http://www.cccsn.ec.gc.ca/?page=dd-gcm). ...................................................9 
 

Figure 2-1: The effect of CO2 level on soybean above-ground dry biomass (shoots and pods). 

Means ± SE are shown for two separate experiments run in 2011 and in 2012. Bars marked by a 

different letter within each year are significantly different, Tukey’s HSD, α = 0.05. ...………...30 

 

Figure 2-2: Carbon to nitrogen ratio of soybean leaves under ambient and elevated levels of CO2 

for (a) 2011 and (b) 2012. Means ± SE are shown for the 8 sampling weeks after bean leaf 

beetles were placed on the plants in 2011 and the 2 sampling weeks in 2012, 6 and 8 weeks after 

addition of the beetles. ...………………………………………………………………………...31 

 

Figure 2-3: The effect of CO2 level on the number of eggs produced per female bean leaf beetle 

over the course of the experiments conducted in 2011 and 2012, showing means ± SE. Bars 

marked by a different letter within each year are significantly different, Tukey’s HSD, α = 0.05. 

...……………………….…………………………………………………………………...……32 

 

Figure 2-4: The cumulative number of eggs produced per female over time under ambient and 

elevated levels of CO2 for two separate years: (a) 2011 and (b) 2012. Means ± SE are shown for 

11 weeks of the experiment in 2011 and 8 weeks of the 2012 experiment. ......….......................33 

 

Figure 3-1: Range of daily minimum and maximum temperatures (°C) recorded under the leaf 

litter in the heated, control, and snow removal treatment groups over the first four months of the 

year for (a) 2011, (b) 2012, and (c) 2013. Thicker lines indicate greater difference between 

minimum and maximum temperatures. .....……………………………………………………...54  

 

Figure 3-2: Mean daily vapour pressure (mbar) recorded under the leaf litter in one set of 

replicates from the heated and control treatment groups in 2013. …...………………………….56  

 

Figure 3-3: Proportion of bean leaf beetles surviving the winter in heated, control, and snow 

removal treatment groups in 2011, 2012, and 2013. Means ± SE are shown. Bars marked by a 

different letter within each year are significantly different, Tukey’s HSD test, α = 0.05. ...……56 

 

Figure 3-4: Predicted arcsin square root transformed survival based on the best model using 

corrected Akaike’s Information Criterion compared to the actual transformed data from all 

treatment groups and all three years. ...………………………………………………………….57 

 

Figure 3-5: Triacylglycerol content (mg/beetle) of bean leaf beetles in November (prior to the 

experiment) and from heated and control groups in January, March, and at spring emergence in 

April or May, 2013, showing means ± SE. Bars marked by a different letter are significantly 

different, Tukey’s HSD test, α = 0.05. …..………………………………………………………59 

http://www.cccsn.ec.gc.ca/?page=dd-gcm


 

x 

 

Figure 3-6: Date of first emergence of bean leaf beetles from heated, control, and snow removal 

treatment groups in 2011, 2012, and 2013. Means ± SE are shown. Bars marked by a different 

letter within each year are significantly different, Tukey’s HSD test, α = 0.05. ...……….…….59 

 

Figure 4-1: Modelled bean leaf beetle distribution showing climatically suitable areas under 

current climate (dataset from New et al., 1999), where the higher Ecoclimatic Index (EIB) value, 

the greater the suitability. Occurrence records obtained from multiple sources (see Methods) are 

also shown to demonstrate a high degree of overlap between the current and modelled 

distributions. ..…………………………………………………………………………..……….78 

 

Figure 4-2: Ecoclimatic Indices for the bean leaf beetle (EIB) and soybean (EIS) using the 

BCM2.0, as well as a combination of climatic suitability and host plant availability for the beetle 

(EIB') and the percent change between EIB and EIB' (calculated as (EIB'/EIB) × 100). As indicated 

by the legends, the darker the colour the greater the suitability of the area for the EI maps. For 

the percent change map, the darker the blue the greater the change between EIB and EIB'. Maps 

for the baseline period (1971-2000) and for the 2050s and 2080s are shown for the A2 and B1 

climate scenarios. ….…………………………………………………………………………….87 

 

Figure 4-3: Area in North America that is suitable, favourable, or very favourable for the bean 

leaf beetle under baseline and future climates, based only on its own climatic tolerances (EIB) or 

in combination with the suitability of climate for its host plant, soybean (EIB'). Blue represents 

suitable area (EI of 10-20), yellow is favourable area (EI of 20-30), and red represents very 

favourable area (EI >30). Three general circulation models (BCM, CGCM, and INMCM) in 

combination with two climate scenarios (A2 and B1) and two future time periods are depicted. 

………………………………..…………………………………………………………………..88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 

 

CHAPTER 1 

Direct and indirect effects of climate change on insect herbivores: 

Introduction and literature review 

 

1.0 INTRODUCTION 

The recent range expansion and increase in abundance of the bean leaf beetle, Cerotoma 

trifurcata (Förster) (Coleoptera: Chrysomelidae) (Pedigo, 1994), a pest of soybean (Glycine max 

(L.) Merrill), has prompted interest in the potential impacts of climate change on the severity of 

this pest. Originally native to the Mississippi Delta region of the United States and considered a 

minor pest of soybean, over the past 30 years, the bean leaf beetle has become a major pest in the 

midwestern United States and has spread into Canada, primarily southern Ontario (Pedigo, 1994; 

Krell et al., 2003a; McCreary, 2013). This beetle has also been found to feed on alfalfa, cowpea, 

snap beans, and cucurbits (Koch et al., 2004; Koch et al., 2005).  

The potential for further changes in pest status is a concern since the bean leaf beetle can 

cause economic damage. During the soybean seed fill stage, adults consume the pod pericarp, 

increasing the vulnerability of seeds to excess moisture and pathogens (Smelser and Pedigo, 

1992; Obopile and Hammond, 2001). The adults also feed on the leaves, removing an average of 

0.4 cm
2
 of leaf tissue per beetle each day in a shot-hole appearance (Eddy and Nettles, 1930; 

Smelser and Pedigo, 1992). In addition, adults can transmit bean pod mottle virus, a virus that 

can cause seed coat discolouration and further yield reduction in soybean (Krell et al., 2003a).  

While climate change could impact the bean leaf beetle through a number of direct and 

indirect effects, the small amount of research on this species and current lack of generalizable 

predictions for the biological impacts of climate change contribute to a high level of difficulty in 
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determining whether the severity of this pest will change over time. The direction of this change 

could have important implications for soybean production in North America.  

 In this review of the current literature, I will first discuss the indirect effects of elevated 

CO2 on insects through changes in host plant quality, with a focus on changes in soybean and 

impacts on soybean pests. The direct impacts of climate change on insects will then be discussed, 

starting with changes in insect phenology and overwintering survival, followed by more broad-

scale changes, specifically shifts in distribution. The purpose of this review is to identify gaps in 

understanding the responses of insect herbivores to climate change. These sources of uncertainty 

indicate the potential for species-specific responses and therefore the need to explicitly study the 

responses of certain species, such as the bean leaf beetle, in order to provide pest management 

recommendations.  

 

1.1 INDIRECT EFFECTS OF ELEVATED CO2 ON HERBIVORE PERFORMANCE  

Prior to the industrial period, atmospheric CO2 levels during this millennium were around 280 

ppm. However, due primarily to the burning of fossil fuels and deforestation, this value has been 

steadily increasing, reaching 400 ppm in 2013 (Dlugokencky and Tans, 2013). By the year 2100, 

concentrations ranging from 550 to 975 ppm are projected (IPCC, 2007).  

While elevated levels of CO2 in the atmosphere can directly affect the ability of some 

insect pests to locate their host plants (Bernklau et al., 2004), the most commonly observed 

effects of elevated CO2 on insects are indirect (Bale et al., 2002; Murray et al., 2013). These 

indirect effects occur as a result of changes in plant physiology and biochemistry. I will first 

discuss these general plant responses to elevated CO2, followed by a discussion of the evidence 

for differences in responses between plant functional groups and between different plant tissues 
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and how this could affect the performance of different insect feeding guilds. I will then 

specifically discuss the responses of nitrogen-fixing plants to elevated CO2 and how unique 

changes in these plants could impact insect herbivores.  

 

1.1.1 Changes in plant chemistry and defenses under elevated CO2 

Elevated CO2 levels generally lead to the accumulation of carbohydrates in the leaf tissue of 

plants through increased photosynthetic rates, causing an increase in leaf carbon (C) to nitrogen 

(N) ratio (Robinson et al., 2012). Since N is considered a limiting nutrient for insects (Mattson, 

1980), this dilution of N reduces the nutritional quality of the leaves (Ehleringer et al., 2002).  

In addition to decreases in leaf N concentration, changes in plant chemical defenses have 

been documented under elevated CO2 and these changes could further impact herbivore 

performance (Robinson et al., 2012). Plant secondary metabolites defend against herbivory 

through various potential mechanisms: inhibitory effects on feeding behaviour, reduction in 

efficiency of food utilization by the herbivore, or interference with important metabolic 

processes (McDonald et al., 1999; Bernays and Chapman, 2000). The Carbon-Nutrient Balance 

Hypothesis (CNBH; Bryant et al., 1983) predicts increases in C-based secondary metabolites 

such as phenolics and terpenes under elevated CO2 due to the ‘excess C’ and decreases in N-

based secondary metabolites such as alkaloids. However, quantitative reviews of the literature 

have found little support for the CNBH (Peñuelas and Estiarte, 1998; Zvereva and Kozlov, 2006; 

Stiling and Cornelissen, 2007; Bidart-Bouzat and Imeh-Nathaniel, 2008; Ryan et al., 2010). For 

example, a recent meta-analysis found overall increases in phenolics and decreases in N-based 

secondary metabolites, as would be predicted, but decreases in terpene concentrations were also 

observed (Robinson et al., 2012). As a result of these contradictory findings, new research 
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proposes that changes in plant secondary metabolites under elevated CO2 are instead being 

driven by changes in plant hormones (Zavala et al., 2012). This emerging hypothesis suggests 

that elevated CO2 inhibits early signaling events in a plant cell in response to damage by 

herbivores, thereby suppressing the expression of jasmonic acid-induced defense genes while 

inducing defenses that are derived from the salicylic acid pathway. Since secondary metabolites 

belonging to the same class (i.e. phenolics, terpenes, or glucosinolates) can be regulated by 

different pathways, either by jasmonic acid or salicylic acid, this hypothesis may account for the 

observed variability in changes in the concentration of plant secondary metabolites under 

elevated CO2 (Zavala et al., 2012). It is important to understand the mechanism driving plant 

responses to elevated CO2 as it could explain differences in responses between plant functional 

groups or even between different plant tissues, which I will discuss in the next section. These 

differences in plant responses can differentially impact insect herbivore performance under 

elevated CO2. 

 

1.1.2 Differences in responses to elevated CO2 between feeding guilds 

Because responses of herbivores to elevated CO2 are governed by changes in the primary and 

secondary metabolism of their host plant, the high variability in responses of different plant 

functional groups to elevated CO2 could mean that insects feeding on certain types of plants will 

respond differently to climate change than insects feeding on other types of plants. Differences in 

the magnitude of responses to elevated CO2 among plant functional groups (i.e. divided based on 

growth form or photosynthetic mechanism) have been found primarily for growth and allocation 

variables and concentrations of primary C metabolites (i.e. carbohydrates) and secondary 

metabolites (Robinson et al., 2012). These differences in the magnitude of responses across a 
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range of plant variables, along with the fewer but more notable cases of differences in direction 

of response for total C, terpenes, and  glycosides, suggest that the response of herbivores could 

depend heavily on what type of plant they consume (Robinson et al., 2012).  

To complicate matters further, the changes in plant primary and secondary metabolites 

discussed above are generally only measured in whole tissue. There is potential for different 

plant tissues to respond differently to elevated CO2. This has been shown in cotton plants where 

an increase in the C/N ratio of the leaves is observed but there is no change in the nutrient quality 

of the bolls (Akey et al., 1988). Elevated CO2 may therefore have little impact on the 

performance of insects feeding on the bolls. Since our current understanding of the relationship 

between changes in the plant as a whole to changes in certain tissues is lacking, it is difficult to 

explain differences in the responses of various herbivore feeding guilds to elevated CO2. Some 

of these differences suggest decreased performance in foliage feeders, as demonstrated by 

increased development time and decreased fecundity, but increased performance in phloem 

feeders that have decreased development times, increased fecundity, and higher abundances 

(Stiling and Cornelissen, 2007; Robinson et al., 2012). Increases in the abundance of phloem 

feeders may however be a result of higher leaf temperatures rather than changes in nutritional 

quality of the plant, as shown in a recent study of soybean aphid (Aphis glycines Matsumura 

(Hemiptera: Aphididae)). O’Neill et al. (2011) found no significant difference in aphid 

populations on plants grown under elevated CO2 in combination with reduced air temperatures 

and those on plants grown under ambient CO2 levels. 

The differential responses by feeding guilds that have been discussed under elevated CO2 

are based primarily on results for two insect orders: Lepidoptera and Homoptera. Lepidopterans 

and homopterans constitute 38% and 35% of species studied respectively, while only ten species 
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of coleopterans, an order that is comprised of many important pests, have been studied 

(Robinson et al., 2012). Even fewer species in the orders Orthoptera, Hymenoptera, Diptera, and 

Thysanoptera have been studied, making it difficult to predict how these insects will respond to 

increased levels of CO2. 

 

1.1.3 Unique responses of nitrogen-fixing plants to elevated CO2 and implications for their 

herbivores 

One example of a plant functional group that could respond differently to elevated CO2 and 

could therefore have specific impacts on its herbivores are nitrogen-fixing plants, or legumes. 

Nitrogen-fixing plants such as soybean generally show no change in the C/N ratio of their leaves 

under elevated CO2 (Ainsworth et al., 2002; Hamilton et al., 2005; Robinson et al., 2012). 

Through the plant’s association with soil bacteria called rhizobia that establish in the root 

nodules of the plant, greater levels of N can be fixed and utilized by the plant, thereby preventing 

the dilution of leaf N (Ainsworth et al., 2002). An additional difference in elevated CO2 

responses between soybean and non-nitrogen-fixing plants is the down-regulation of the 

expression of certain genes related to defense signaling in soybean (Casteel et al., 2008). In 

particular, Zavala et al. (2009) found a decrease in the activity of cysteine proteinase inhibitors 

that attach to the primary proteinases in the digestive tracts of some beetles, interfering with their 

digestion. As a result of this lack of leaf N dilution and decreases in the production of defensive 

compounds, soybean may be more susceptible to herbivory under elevated CO2 (Casteel et al., 

2008). Soybeans may also need to contend with greater pest densities in the future as insects 

such as Japanese beetles (Popillia japonica Newman (Coleoptera: Chrysomelidae)) and western 

corn rootworm (Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae)) have 
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shown increased fecundity and longevity when fed soybean grown under elevated CO2 

(Schroeder et al., 2006; O’Neill et al., 2008). These differences in the responses of soybean pests 

to elevated CO2 compared to herbivores feeding on non-nitrogen-fixing plants suggest that the 

functional group of the host plant may be just as important as insect feeding guild in predicting 

the impacts of elevated CO2. 

The objective of Chapter 2 of this dissertation is to determine the effect of elevated CO2 

on the fecundity of the bean leaf beetle. This work will provide a greater understanding of the 

impacts of elevated CO2 on one of the less-studied insect orders and it will establish if this 

soybean pest responds similarly to other insects with nitrogen-fixing host plants. The hypothesis 

of this study is: because N-fixing plants show little change in the nutritional quality of their 

leaves under elevated CO2, namely C/N ratio, and defenses that interfere with the performance of 

insect herbivores are reduced, bean leaf beetles feeding on soybean under elevated CO2 will have 

increased fecundity. 

 

1.2 THE DIRECT IMPACTS OF WARMER WINTERS ON INSECTS IN TEMPERATE 

REGIONS 

While elevated CO2 generally only has indirect effects on insect herbivores through changes in 

host plant quality, increasing temperatures can directly impact all insects. A large proportion of 

the research on the effects of increased temperatures has only considered insect responses during 

the growing season (Bale and Hayward, 2010). However, in temperate regions, the growing 

season encompasses less than half of the year (Hahn and Denlinger, 2007). The impacts of 

increased temperatures on the insect overwintering stage therefore need to be considered. In this 

section, I will first discuss temperature projections, both on average over the course of a year and 
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specifically during the winter in southern Ontario and how this could impact snow cover. I will 

then describe overwintering biology of insects and, based on this understanding, I will discuss 

the potential impacts of warmer winters on the timing of insect emergence and insect 

overwintering survival. As I show below, while earlier dates of emergence could be expected, it 

is more difficult to predict how warmer winters will impact overwintering survival. 

 

1.2.1 Climate change projections 

Since the 19
th

 century, the global average surface temperature has increased by 0.6 ± 0.2˚C and, 

by the end of the 21
st
 century, a further increase of between 1.4 and 5.8˚C is projected (IPCC, 

2007). Specifically, in southern Ontario, an increase of between 1.5 and 6.5˚C is expected by the 

2080s for the winter and spring months (Fig. 1-1). This estimate is based on the projections from 

4 general circulation models (GCMs: CGCM3T47, CSIROMk3.5, HadCM3, and GFDLCM2.1) 

and 3 scenarios (A1B, A2, and B1). Multiple GCMs were included to provide an idea of the 

range of projections based on 4 of the 25 GCMs from IPCC’s Fourth Assessment Report (AR4) 

but the particular details of these GCMs are not important here. 

In general, although precipitation projections for southern Ontario and worldwide are less 

robust than those for temperature, increases in winter temperatures are likely to lead to decreases 

in snow cover (Lawrence and Slater, 2009). 
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Figure 1-1: Winter and spring mean monthly air temperature projections for southern Ontario for 

the 2080s compared to the baseline period 1961-1990 based on 4 GCMs (CGCM3T47, 

CSIROMk3.5, HadCM3, and GFDLCM2.1) and 3 scenarios (A1B, A2, and B1). Each point 

represents a different GCM-scenario combination. Projections were downloaded from the 

Canadian Climate Change Scenarios Network (CCCSN: http://www.cccsn.ec.gc.ca/?page=dd-

gcm). 

 

 

 

1.2.2 Insect overwintering biology 

In temperate regions, many insects enter diapause, a genetically-programmed state of dormancy, 

before the onset of unfavorable winter conditions (Hahn and Denlinger, 2007). Diapause can be 

either obligatory or facultative. Insects with obligate diapause enter diapause at the same life 

stage every generation, while those with facultative diapause only prepare to enter diapause in 

response to environmental conditions (Danks, 1987). During the diapause period, development is 

arrested, responses to external stimuli are reduced, and metabolism is depressed. Diapause is 

http://www.cccsn.ec.gc.ca/?page=dd-gcm
http://www.cccsn.ec.gc.ca/?page=dd-gcm
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followed by a period of quiescence in which insects are able to respond to external stimuli and 

initiate development when environmental conditions permit (Hayward et al., 2005).  

 Diapause can be associated with increased cold hardiness in insects (Bale and Hayward, 

2010). The two most common cold hardiness strategies are freeze-tolerance and freeze-

intolerance (Bale and Hayward, 2010; Lee, 2010). Freeze-tolerant insects are capable of 

surviving the freezing of their body water while this freezing would be fatal in freeze-intolerant 

species. In an attempt to avoid the freezing of their body fluids, freeze-intolerant species lower 

the temperature at which this would occur, referred to as the supercooling point (SCP), through 

the accumulation of cryoprotectants or the emptying of their guts to remove ice-nucleating 

agents (Bale and Hayward, 2010; Lee, 2010). Freeze-intolerance tends to be the main strategy of 

insects in the Northern Hemisphere experiencing long winters while insects found in regions 

with greater variability of cold temperatures are more often freeze-tolerant (Sinclair et al., 2003). 

The bean leaf beetle is a freeze-intolerant species, with populations in Minnesota being found to 

have a SCP of -8.9˚C in February (Carrillo et al., 2005). By comparison, the Colorado potato 

beetle (Leptinotarsa decemlineata (Say)), also a freeze-intolerant chrysomelid beetle, has a SCP 

point of -17.5˚C in February (Hiiesaar et al., 2001). 

Many insects, including the bean leaf beetle (Lam and Pedigo, 2000a), overwinter under 

the snow which acts as an insulating layer, protecting them from large fluctuations in air 

temperature (Bale and Hayward, 2010). One study of bean leaf beetle overwintering in 

Minnesota found that minimum temperatures under the snow were generally above -5˚C 

(Carrillo et al., 2005). Some insects, including the Colorado potato beetle, burrow up to 60 cm 

into the soil (Ushatinskaya, 1978), where temperatures were found to largely remain above 5˚C 

during the winter in one study (Lefevere and de Kort, 1989). 
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1.2.3 Increased temperature effects on insect emergence dates 

Since many insects, including chrysomelids, appear to use temperature as a cue to emerge from 

their overwintering sites in the spring (de Kort, 1990; Dalin, 2011; Pozsgai and Littlewood, 

2011), increased temperatures in late winter and early spring may allow for earlier emergence. 

Over the period of recent climate warming, earlier insect emergence has been observed, for 

example in the ground beetle, Pterostichus madidus (Fabricius) (Coleoptera: Carabidae), which 

has emerged an average of 1.21 days earlier in the United Kingdom over the 15 years of data 

collection, with up to 2.25 days earlier emergence at one site (Pozsgai and Littlewood, 2011).  

 This earlier spring emergence, in combination with a greater accumulation of degree-days 

during the summer (Ziter et al., 2012), may extend the growing season and allow insects to 

produce a greater number of generations each year (Bale et al., 2002; Altermatt, 2010). For 

example, in a study of 263 butterfly and moth species in Central Europe, a significant increase in 

the number of generations produced by a species per year was observed after 1980, a period of 

substantial warming (Altermatt, 2010). Insects with obligatory diapause, however, may be 

unable to produce more generations with this longer growing season since they are genetically 

programmed to enter diapause at the same life stage every generation (Dalin, 2011).  

The bean leaf beetle is thought to have a facultative diapause (McCreary, 2013). This pest 

currently has two to three generations each year in the central and southern United States 

(Pedigo, 1994) but is univoltine in southern Ontario (McCreary, 2013). Increases in the length of 

the growing season could allow for multiple generations in southern Ontario and, since 

multivoltine insects are generally harder to control than those that are univoltine (Miller, 1990; 

Porter et al., 1991), this change could complicate the management of this pest. 
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1.2.4 Factors affecting overwintering survival 

In contrast with predictions of earlier emergence, it can be difficult to predict changes in 

overwintering survival across species. One complicating factor is the interaction between 

temperature and snow cover. As discussed earlier, increased temperatures are expected to lead to 

decreased snow cover and this could impact the survival of insects, such as the bean leaf beetle, 

that overwinter under the snow. Without this insulation, insects are more likely to be exposed to 

temperatures near their SCP, which could lead to high mortality (Bale and Hayward, 2010). The 

interaction between increased winter temperatures and decreased snow cover is demonstrated in 

a study of the chrysomelid beetle, Aphthona spp. During cold winters, these beetles were found 

to have 77-94% lower overwintering survival in plots where snow was completely removed 

(Joshi et al., 2009). In warmer years, however, survival was marginally greater in those snow 

removal plots, with temperatures in those plots being similar to those recorded in the control 

during colder years (Joshi et al., 2009). 

In temperate regions, decreases in the depth of the snowpack under future climate are 

also expected to lead to an increase in the frequency of freeze-thaw cycles (Henry, 2008). 

Repeated freeze-thaw cycles could lead to increased mortality of insects if the length of the thaw 

period is not sufficient for the repair of injuries, whether it be chilling injuries in freeze-intolerant 

species or freeze-induced injuries in freeze-tolerant species, with each freezing event leading to 

the further accumulation of damage (Marshall and Sinclair, 2011). In the case where the 

complete repair of chilling injuries does occur during the warmer periods, survival may be 

greater in those insects exposed to more freeze-thaw cycles compared to those experiencing a 

constant low temperature, as demonstrated by fluctuating thermal regime studies under 

controlled conditions (Renault et al., 2004; Colinet et al., 2006).  
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While some increase in winter temperatures could lead to higher rates of survival in 

freeze-intolerant insects as a result of the opportunity for the repair of chilling injuries and the 

reduced likelihood of temperatures reaching their SCP, at higher levels of warming, increased 

rates of energy use could affect survival or spring fitness. Despite the depression of metabolic 

rates during diapause, metabolism remains responsive to temperature, as with all ectotherms, 

and, since rates of chemical reactions increase with temperature (Hochachka and Somero, 2002), 

high rates of metabolism would be maintained throughout the warm winter, using up an insect’s 

energy stores much faster than those insects experiencing relatively colder temperatures (Irwin 

and Lee, 2003; Hahn and Denlinger, 2007). Since many diapausing insects are unable to search 

for food during the winter, their reserves, in the form of lipids, are fixed (Hahn and Denlinger, 

2007). The potential impacts of high rates of energy use during the winter are twofold: little 

remaining energy reserves in the spring could lead to low fecundity (Irwin and Lee, 2000) or 

complete depletion of these reserves before the arrival of spring could cause mortality (Hahn and 

Denlinger, 2011). Most of these data were, however, obtained from laboratory studies and, 

because they largely lack external validity, the applicability of these results to insects 

overwintering in the field requires further investigation. 

 The objective of chapter 3 of this dissertation is to determine the effect of warmer winter 

temperatures on the emergence date of the bean leaf beetle as well as its rates of energy use and 

how this relates to impacts on overwintering survival in the field. The two hypotheses are: 1. 

Because winter and spring temperatures impact the time of emergence in insects, bean leaf 

beetles experiencing warmer winter and spring temperatures will emerge significantly earlier; 

and 2. Because warmer temperatures during the winter lead to high rates of energy use and 

energy reserves are  necessary for overwintering survival, warmer winters will lead to a greater 



 

14 

 

depletion of energy reserves in the bean leaf beetle with very high levels of warming resulting in 

reduced survival.  

 

1.3 CHANGES IN THE DISTRIBUTION OF INSECTS UNDER FUTURE CLIMATE 

The effects of increased temperatures on insect overwintering discussed above, along with the 

effects of changes in temperatures and precipitation during the growing season on insect 

population growth, could have large-scale impacts on insect pests by making some areas more 

favourable for their success while reducing the potential for population growth in other areas. 

This could ultimately lead to changes in the ranges of insect pests and their abundances within 

their ranges. Most species are expected to shift their distributions poleward or to higher 

elevations as they track changes in climate (Walther et al., 2002). As I will discuss first in this 

section, these predictions are supported by observed shifts in some species in response to recent 

warming. I will then discuss techniques for predicting future potential species distributions, 

along with some of the limitations, followed by a discussion of climate projections as sources of 

uncertainty for these predictions. 

 

1.3.1 Observed changes in insect distributions 

The southern green stink bug, Nezara viridula (L.) (Heteroptera: Pentatomidae), is an example of 

a species whose range has shifted in response to climate change. The northern range limit of this 

species in Japan is thought to be determined by winter temperature (Tougou et al., 2009). An 

examination of changes in the distribution of this species in relation to temperature suggests that 

increases in winter temperatures over the past 50 years have allowed for a northward expansion 

of 85 km (Tougou et al., 2009). The distribution of the pine processionary moth, Thaumetopoea 

pityocampa (Denis   Schifferm ller) (Lepidoptera: Notodontidae), is also limited by winter 
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temperature (Battisti et al., 2005). Increased temperatures have led to both latitudinal and 

altitudinal range shifts. In France, the range limit of this species shifted 87 km northward over a 

period of 32 years, with most of the shift occurring during the last ten years of that period. In 

Italy, an altitudinal shift of 110-230 m has been observed over 29 years (Battisti et al., 2005). 

While many of the studies on observed range shifts focus on temperate and boreal species 

and particularly on butterflies (Parmesan, 2006) and birds (Hitch and Leberg, 2007), a few 

studies have considered the movement of a wider range of species. In a study of 329 species 

belonging to 16 taxa of various levels (class, order, or family), 275 species were found to have 

shifted their ranges northward with an average increase of 12.5–19 km per decade (Hickling et 

al., 2006). These observed latitudinal shifts have been shown to be greater under higher levels of 

warming and these shifts appear to be sufficient in tracking changes in temperature, despite past 

reports of species lagging behind climate change (Chen et al., 2012). While these studies did not 

find any clear differences between taxonomic groups in their responses to warming, they suggest 

that variability between species within a taxon may be quite large (Hickling et al., 2006; Chen et 

al., 2012). These differences in species responses may be due to individualistic climatic 

sensitivities or interactions with other abiotic or biotic drivers (Chen et al., 2012). 

 

1.3.2 Species distribution modelling 

Bioclimatic envelope modelling and ecological niche modelling are two techniques for 

predicting potential changes in the distribution of a particular species. Bioclimatic envelope 

models (BEMs) are statistical models that relate the current distribution of a species to historical 

climate data, generally temperature and moisture, to estimate the climate envelope of a species 

(Pearson and Dawson, 2003; Newman et al., 2011). Ecological niche models are developed 



 

16 

 

using experimental data of physiological tolerances and are considered by some as more 

mechanistic (Newman et al., 2011). Following the development of either of these models, areas 

that would be climatically suitable for the survival of the species under future climate change can 

be determined.  

BEMs are more commonly used than ecological niche models since distribution data are 

widely available for many species, while complete estimates of climate tolerances are few and 

far between (Newman et al., 2011). Both of these modelling approaches do, however, have a 

number of limitations. Firstly, they do not take into account the potential for evolutionary 

adaptations that may alter the climate tolerances of a species (Pearson and Dawson, 2003). 

Secondly, these models can only indicate where the climate will be suitable for the species, or 

the location of the fundamental niche, rather than the realized niche. In order to make predictions 

of the realized niche of a species, dispersal and biotic interactions need to be considered.  

Depending on the mobility of the species, barriers to dispersal such as mountain ranges or 

habitat fragmentation can prevent species from tracking changes in climate (Anderson et al., 

2012). These limitations to dispersal could lead to large differences between model predictions 

and the future realized distributions of species (Pearson and Dawson, 2003; Jaeschke et al., 

2013). In addition, biotic interactions such as competition, predation/parasitism, and symbiosis 

play major roles in determining the ability of a species to shift its range (Davis et al., 1998; 

Bullock et al., 2000; Pearson and Dawson, 2003; Araújo and Luoto, 2007). As a result, while 

species are expected to shift their distributions poleward or to higher elevations as a direct 

response to climate change, they may also be indirectly affected by rising temperatures through 

changes in the distributions of species with which they interact. One example of the importance 

of these biotic interactions is demonstrated by the case of an insect pest and its host plant. If an 



 

17 

 

insect feeds primarily on a single plant, shifts in its range are highly dependent on a concomitant 

shift in the range of the plant. It will be unable to establish in new areas if its food source is not 

available. For this reason, it has been suggested that generalist species are less likely to 

experience range contractions than specialist species under climate change (Warren et al., 2001). 

 

1.3.3 Climate projections as sources of uncertainty in species distribution modelling 

In BEMs and ecological niche models, as discussed above, temperature and precipitation are 

generally considered the two main climate factors limiting the distribution of a species. 

Uncertainty in the extent or direction of change of these parameters in the future can lead to a 

high level of variability in predictions for potential species distributions. This uncertainty stems 

from differences in climate projections between scenarios and GCMs. Therefore, as I will 

discuss in this section, our choice of scenario and GCM can greatly impact predictions of future 

potential species distributions. 

As described in the Special Report on Emissions Scenarios (SRES), there are four 

families of scenarios that provide projections of future greenhouse gas emissions (Nakicenovic et 

al., 2000). These scenarios represent plausible alternative futures and each differs in factors such 

as demography and socio-economic and technological development. Since the factors underlying 

these scenarios are difficult to predict, the uncertainty associated with these scenarios has been 

widely discussed (Beaumont et al., 2007), with many biological impact studies incorporating 

multiple scenarios to account for this variability (Nakicenovic et al., 2000).  

GCMs are a much less widely recognized source of uncertainty in species distribution 

modelling than scenarios. The IPCC’s fourth assessment report includes 25 different GCMs that 

were developed by 18 modelling centres globally (IPCC, 2007). While climatologists have a 
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deep understanding of the mechanisms controlling climate, it is currently not possible 

computationally to represent all of these climate processes mechanistically in one model. The 

GCMs therefore differ in which processes are represented mechanistically and which are 

represented solely on a phenomenological basis. Through the independent work of the modelling 

centres, these GCMs are developed using different assumptions and by making different 

abstractions. Since it is not possible to determine which of the GCMs provides the most accurate 

climate change projections (Nakicenovic et al., 2000; Newman, 2006), the use of multiple GCMs 

in biological impact studies is recommended to determine which predictions are robust to our 

choice of GCM. 

 A number of studies have demonstrated the amount of uncertainty associated with GCM 

choice. One example is a study of the swede midge, Contarinia nasturtii (Kieffer) (Diptera: 

Cecidomyiidae), a major pest of Brassicaceae crops. To predict the future potential distribution 

of this pest, Mika et al. (2008) considered climate projections from two models, the CGCM2 and 

the HadCM3. While both models predicted a continued spread into the Canadian prairies and 

northern Canada, this risk was greater under the CGCM2, with much of the area becoming very 

favourable for the pest over time. Under the HadCM3, the climate of this area was classified as 

suitable or favourable, which may not support as large of populations as the very favourable 

climate found with the CGCM2 (Mika et al., 2008). In modelling potential changes in the 

distribution of cereal aphid species in Canada, Newman (2006) predicted a latitudinal shift based 

on projections from the HadCM3. In contrast, under the CGCM2, a longitudinal shift was 

predicted, with an increase in abundance in coastal regions coupled with a decrease in 

continental areas (Newman, 2006).  
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The objective of chapter 4 of this dissertation is to predict the potential future distribution 

of the bean leaf beetle using bioclimatic envelope modeling that incorporates the availability of 

soybean and addresses the variability between GCMs and scenarios. I chose the BEM approach 

because sufficient physiological data on the bean leaf beetle are currently lacking but distribution 

data are available. Two hypotheses will be addressed: 1. Because the availability of a food 

source can determine the survival of a specialised insect herbivore, the incorporation of the BEM 

for soybean will allow for a more refined prediction of bean leaf beetle distribution; and 2. 

Because temperature and moisture drive changes in the distribution of species and future 

projections for these two variables differ across GCMs and scenarios, my bean leaf beetle 

distribution predictions will be dependent on my choice of GCM and, to a lesser extent, scenario. 

 

1.4 GENERAL OBJECTIVES 

The aim of the research in this dissertation is to predict how climate change may impact the 

distribution of the bean leaf beetle in addition to its severity as a pest of soybean in North 

America. A greater understanding of the potential small-scale and larger scale changes is 

essential for the management of this species in the future. 

The indirect effect of elevated CO2 levels on the fecundity of the bean leaf beetle along 

with the direct effect of warmer winters on its survival and date of emergence could lead to 

substantial changes in spring population size, population growth, and, consequently, pest severity 

of this species. I investigated these impacts through independent experimental manipulations of 

CO2 (Chapter 2) and winter temperatures (Chapter 3) over multiple years. Additionally, for 

predictions on a broad scale, I developed a bioclimatic envelope model that incorporated the 

availability of soybean in Chapter 4 to examine potential changes in the distribution and relative 
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abundance of the bean leaf beetle in North America in the future. Variability in these predictions 

as a result of GCM and scenario choice was also examined. This work will expand on our current 

understanding in these areas and indicate what generalizations may be possible for the indirect 

and direct effects of climate change on insect pests. 
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CHAPTER 2 

Indirect effects of elevated CO2 on the fecundity of the bean leaf beetle (Cerotoma 

trifurcata) 

 

2.0 ABSTRACT 

Elevated CO2 has the potential to impact the performance of insect herbivores through changes 

in the nutritional quality and defenses of their host plant. While many foliage feeders have shown 

decreased performance under elevated CO2, including decreases in fecundity and abundance, a 

number of insects feeding on soybean leaves have shown increases in fecundity. Using closed 

CO2 chambers in a greenhouse, I assessed the fecundity of the bean leaf beetle (Cerotoma 

trifurcata (Coleoptera: Chrysomelidae)) feeding on soybean during the summer of two separate 

years (2011 and 2012) under three CO2 levels: 390 ppm, 700 ppm, and 900 ppm. I also measured 

soybean above-ground biomass and the carbon to nitrogen ratio of the leaf tissue. In 2011, but 

not 2012, above-ground biomass was greatest at the highest CO2 level. There was no effect of 

CO2 on leaf carbon to nitrogen ratio in either year. There was no significant effect of CO2 on 

bean leaf beetle fecundity in 2011. However, in 2012, fecundity was higher under elevated CO2 

than under the ambient CO2 level. This difference in treatment effect on bean leaf beetle 

fecundity across years could be due to differences in conditions, including extensive thrips 

damage to soybean and the use of much younger plants in 2013. While no conclusions can be 

made for the specific mechanism underlying these variable responses, it appears that elevated 

CO2 could allow for increased fecundity and potentially greater population growth of the bean 

leaf beetle. 
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2.1 INTRODUCTION 

With atmospheric CO2 levels projected to at least double from the current level of 400 ppm 

(Dlugokencky and Tans, 2013) by the end of this century (IPCC, 2007), the resulting changes in 

plant physiology and biochemistry could affect herbivorous insects, including important 

agricultural pests. Whether these changes are beneficial, neutral, or detrimental for the insect, 

and therefore how pest population sizes could be affected, may depend on the feeding guild, 

insect order, and/or the host plant and its responses to environmental change. While many plants 

show similar responses to elevated CO2 that could affect insects through changes in plant 

biomass, nutritional quality, and defenses, certain plant functional groups respond differently and 

could potentially have distinct effects on their herbivores (Robinson et al., 2012). 

The ‘CO2 fertilization effect’ resulting in increased photosynthetic rates and above-

ground biomass production has been widely observed in plants (Ainsworth et al., 2002; Kimball 

et al., 2002; Ainsworth and Long, 2004), and may benefit herbivores by providing a more 

abundant food source and therefore supporting higher populations. Conversely, the dilution of 

nitrogen (N) in the plant tissue as a result of the accumulation of carbohydrates is one impact of 

elevated CO2 that could be detrimental for insects (Robinson et al., 2012). Since N is thought to 

be a limiting nutrient for many insects (Mattson, 1980; White, 1993), decreased N concentration 

of leaves could affect herbivore performance. Compensatory feeding may occur in order for the 

insect to obtain sufficient N for survival (Stiling and Cornelissen, 2007). The ability of the insect 

to consume more plant tissue may depend on the plant’s defenses against herbivory, both 

physical, such as leaf toughness and trichome density, and chemical, namely secondary 

metabolites that can interfere with digestion and other metabolic processes and alter feeding 

behavior of the insect. The Carbon-Nutrient Balance Hypothesis (CNBH; Bryant et al., 1983) 
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was previously the primary working hypothesis in the field of elevated CO2 effects on plant 

secondary metabolites. This hypothesis predicts increases in carbon (C)-based secondary 

metabolites under elevated CO2 due to ‘excess C’, but decreases in N-based chemical defenses. 

While some studies have found evidence to support this hypothesis, quantitative reviews of the 

available literature have demonstrated a high degree of variability and, in general, a lack of 

support for the CNBH (Bidart-Bouzat and Imeh-Nathaniel, 2008; Ryan et al., 2010; Robinson et 

al., 2012). Despite these variable findings, it is evident that plant chemical defenses change 

under elevated CO2. These changes in defenses, along with dilution of leaf N, could have 

important implications for insect herbivore performance. 

 In agreement with the prediction of compensatory feeding due to the dilution of leaf N, 

increased consumption rates of insect herbivores have been observed under elevated CO2 (Stiling 

and Cornelissen, 2007; Robinson et al., 2012). This compensatory feeding does not appear to be 

sufficient to maintain insect performance, with relative growth rates and pupal weights being 

found to decrease and development times found to generally increase (Stiling and Cornelissen, 

2007; Robinson et al., 2012). Decreases in insect abundance have also been observed (Stiling 

and Cornelissen, 2007), but a recent meta-analysis of a higher number of studies than previous 

reviews did not find any significant change in abundance when compared across all insect 

species (Robinson et al., 2012). However, when examined by order, there was an observed 

increase in abundance of homopterans and mites, but decreased abundance of lepidopterans. In 

addition, when results were averaged across an entire order, homopterans had higher fecundity 

under elevated CO2, while insects in the orders Lepidoptera, Coleoptera, and Orthoptera showed, 

on average, decreased fecundity (Robinson et al., 2012). Differences in the magnitude or 

direction of responses of species within orders (Hughes and Bazzaz, 2001; Reddy et al., 2004), 
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and even within the same species (Awmack et al., 1997; Lindroth and Kinney, 1998; Schädler et 

al., 2007), have also been observed. While this may indicate that overarching generalizations 

may not yet be possible, much of this variability may be attributed to differences in host plant 

responses.  

 Nitrogen-fixing plants, with soybean (Glycine max (L.) Merrill) as an example, may 

show unique changes in physiology and biochemistry under elevated CO2. Nitrogen-fixing plants 

can obtain more N than other plants through its association with rhizobia located in its root 

nodules (Gao and Yang, 1995). Increased N availability may prevent the dilution of leaf N under 

elevated CO2, which may minimize or eliminate any negative impact on herbivore performance 

(Ainsworth et al., 2002; Hamilton et al., 2005; Karowe, 2007). With no change in relative C and 

N concentrations, little change in plant chemical defenses might be expected based on the 

CNBH. However, in soybean, changes in chemical defenses have been observed (Casteel et al., 

2008; Zavala et al., 2009), and may be explained by an emerging hypothesis. Zavala et al. (2012) 

suggest that elevated CO2 can impact plant hormones which can lead to changes in the 

concentration of secondary metabolites. Elevated CO2 may inhibit early signaling events in a cell 

in response to damage by herbivores, suppressing defenses derived from the jasmonic acid 

pathway, while inducing those derived from the salicylic acid pathway (Zavala et al., 2012). 

Under elevated CO2, cysteine proteinase inhibitors, chemicals that attach to primary proteinases 

in the digestive tracts of some beetles and interfere with digestion, appear to be suppressed in 

soybean (Zavala et al., 2009). This decrease in defenses, as well as the maintenance of leaf N 

levels, may explain the increased performance observed in some insect herbivores of soybean. 

Increases in the abundance of foliage feeders such as western corn rootworm (Diabrotica 

virgifera virgifera LeConte (Coleoptera: Chrysomelidae)) (Dermody et al., 2008) and Japanese 
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beetles (Popillia japonica Newman (Coleoptera: Chrysomelidae)) (Hamilton et al., 2005) as well 

as phloem feeders, particularly soybean aphids (Aphis glycines Matsumura (Hemiptera: 

Aphididae)) (Dermody et al., 2008), have been observed on soybean grown under elevated CO2. 

In addition, both western corn rootworm and Japanese beetles have shown increased fecundity 

when fed soybean grown under elevated CO2 (Schroeder et al., 2006; O’Neill et al., 2008). 

However, in the Japanese beetle study, since beetles were fed excised leaves (O’Neill et al., 

2008), the potential impacts of changes in plant size or structure under elevated CO2 on fecundity 

were not considered.  

 The bean leaf beetle, Cerotoma trifurcata (Förster) (Coleoptera: Chrysomelidae), is an 

important pest of soybean, but the response of this species to elevated CO2 is currently unknown. 

The bean leaf beetle has been increasing in abundance and expanding its range over the past 30 

years, becoming one of the most consistently abundant pests of soybean in North America 

(Pedigo, 1994). See Chapter 1 for more details. The research described in this chapter will 

provide an indication of whether further increases in abundance of bean leaf beetle are possible 

in the future, by considering effects on the fecundity of the beetle feeding on whole soybean 

plants under different levels of CO2. The findings of this study will also address the potential for 

generalizations in responses of insects feeding on the foliage of N-fixing plants. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Chambers and CO2 

Nine plexiglass chambers were set up in a greenhouse in three blocks based on a gradient of 

natural light infiltration. An Argus Greenhouse Control System (Argus Control Systems Ltd., 

White Rock, British Colombia) controlled CO2 concentrations, temperature, and relative 
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humidity. In each of the three blocks, one chamber was maintained at ambient CO2 

concentrations (390ppm), the second at 700 ppm, and the third at 900 ppm. These concentrations 

represent the range of atmospheric CO2 levels that are projected for the year 2100, with 700 ppm 

based on the A1B scenario and 900 ppm on the A1FI and A2 scenarios (IPCC, 2007). Chambers 

were maintained at 23 to 24°C and approximately 80% relative humidity throughout the course 

of two separate experiments in 2011 and 2012. A light regime of 16:8 (L:D) was achieved by 

using artificial sodium vapour lights when natural light was not sufficient. 

 

2.2.2 Conduct of experiment  

In 2011, soybean ‘Colby’ seeds inoculated with HiStick N/T formulation (containing 

Bradyrhizobium japonicum and the MBI600 strain of Bacillus subtilis) (Becker Underwood Ltd., 

Ames, Iowa) were planted in the CO2 chambers on 7 April in tall (38 cm × 9 cm) PVC pots to 

minimize root limitation and subsequent downregulation of photosynthesis (Thomas and Strain, 

1991). There were two soybean plants per pot and six pots in each CO2 chamber. They were 

watered three times a week, alternating between unfertilized and fertilized (1.25 g/L N-P-K, 20-

8-20, Plant Products Ltd., Brampton, Ontario) water. Recently emerged bean leaf beetles were 

collected on May 31 from fields in Ridgetown, Ontario (42.427°N, 81.851°W) where soybean 

had been grown the previous year. The beetles were sexed based on the colour of their frons, 

according to Kogan et al. (1980). They were held on ambient-grown soybean at 23°C until 13 

June, when two males and two females were placed on each of the pots in the CO2 chambers. 

Each pot of soybean was covered with a mesh sleeve that was closed at each end with elastic 

bands and had Velcro running its entire length to facilitate sampling and observations. On 11 

July, because the original plants had grown too large for the mesh sleeves, the beetles were 
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moved to new pots of soybean that were planted on 11 May, according to the same procedures. 

Any mortality that had occurred by this point was recorded but at least one individual of each sex 

remained in each pot. The experiment ended on 31 August after recording low egg production 

during the previous two weeks. 

In 2012, soybean ‘Colby’ seeds inoculated with HiStick N/T formulation were planted in 

root trainers in the CO2 chambers on 27 March and then transplanted into the tall PVC pots on 2 

May, with two plants per pot and four pots per chamber. Plants were watered three times a week, 

alternating between unfertilized and fertilized water. Beetles were collected from newly-planted 

soybean fields near Wroxeter (43.864°N, 81.193°W) and Elora (43.641°N, 80.406°W), Ontario 

between 31 May and 22 June. Beetles were separated into males and females immediately 

following collection and were kept at 23°C on ambient-grown soybean until there were enough 

beetles to begin the experiment. Due to the larger number of female beetles collected, two 

females were placed in each pot on 20 June. A mesh sleeve was placed over each pot. After 

further collection, one male beetle was added to each pot on 25 June. Poor growth and quality of 

these initial soybean plants necessitated the movement of the beetles to new plants on 17 July. 

These soybeans had been planted on 6 July, and so were relatively small. As a result of 

continued and extensive thrips damage, biological controls were applied. Approximately 2.5 ml 

of mites (Amblyseius sp.) in a bran carrier (Biobest, Leamington, Ontario) was sprinkled on the 

soil of all plants on 1 August. The experiment ended on 5 September when egg production had 

ceased. 
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2.2.3 Bean leaf beetle fecundity 

In both years, each pot was checked for bean leaf beetle eggs three times a week prior to 

watering. The soil in each pot was scanned for approximately 15 sec. The 1 mm long, orange, 

spindle-shaped eggs were relatively easy to see on the soil surface as a result of their colour and 

general deposition in clumps. Eggs were removed from the soil with a paintbrush, placed in a 

small cup of 1% agar covered with a piece of filter paper, and counted. In 2011, beetles laid eggs 

on the soil of both sets of plants while, in 2012, eggs were only found after 17 July, when 

feeding on the second set of plants. Beetle mortality observed during egg collection was recorded 

to determine the number of eggs produced per female.  

 

2.2.4 Soybean biochemistry and biomass 

Leaves were collected from the uppermost expanded trifoliate of the soybean to determine the 

relative abundance of leaf C and N. In 2011, one leaf per pot of the second set of plants was 

collected every week beginning on 13 July for a total of 8 sampling periods. In 2012, as a result 

of the small initial size of the second set of plants, these plants were only sampled twice, on 22 

August and at harvest on 5 September, with one leaf collected per pot. For each sampling period, 

leaves collected from the same chamber were combined into a single sample to allow for 

sufficient material for analysis. Samples were dried immediately at 65°C for at least 48 hr and 

then the percent C and N based on dry weight was determined using an elemental analyzer (vario 

Max CN analyzer, Elementar Analysensysteme Gmbh, Hanau, Germany). 

In each year, the first set of soybean plants was harvested immediately after the beetles 

were moved to the other set of plants and the second set of plants was harvested after the 
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experiment was completed. Following removal of pods from shoots, the shoots and pods were 

dried at 65°C for at least a week and then weighed. 

 

2.2.5 Statistical analyses 

The data from each year were analyzed separately and, for each analysis, treatments were 

blocked, but the block × treatment interaction was not included in the model since there was no a 

priori hypothesis (Newman et al., 1997). All analyses were conducted in R 2.15.3 (R 

Development Core Team, 2013). 

Following log transformation, plant above-ground biomass data were analyzed by 

ANOVA. Repeated measures ANOVA was used for the C/N ratio data of soybean leaves with 

eight dates in 2011 and two dates in 2012.  

For bean leaf beetle fecundity in 2011, the total number of eggs produced per female was 

log-transformed to meet the assumptions of ANOVA. In 2012, a quasi-poisson generalized linear 

model was used to analyze total fecundity per female as it provided the best fit for these data. 

Data for the cumulative number of eggs produced over time for each year were analyzed with 

repeated measures ANOVA.  

Analyses for the plant and beetle data were followed by multiple means comparisons 

where appropriate using Tukey’s HSD test, with α = 0.05. 

 

2.3 RESULTS 

2.3.1 Soybean biomass and nutrient concentrations 

In 2011, more biomass was produced under 900ppm CO2 compared to both 390 ppm and 700 

ppm (F2,4 = 28.45, P = 0.004; Fig. 2-1). There was no main effect of CO2 on the C/N ratio of the 
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soybean (F2,4 = 1.23, P = 0.383) but there was a significant interaction between CO2 and date 

(F2,4 = 8.52, P = 0.036), with the C/N ratio increasing faster under 900ppm CO2 after week 5 

(Fig. 2-2a). 

In 2012, there was no effect of CO2 on above-ground plant biomass (F2,4 = 0.86, P = 

0.49; Fig. 2-1).  For C/N ratio, there was no significant main effect of CO2 (F2,4 = 1.493, P = 

0.328; Fig. 2-2b) nor was there an interaction between CO2 and date (F2,4 = 0.415, P = 0.686). 

 

 

Figure 2-1: The effect of CO2 level on soybean above-ground dry biomass (shoots and pods). 

Means ± SE are shown for two separate experiments run in 2011 and in 2012. Bars marked by a 

different letter within each year are significantly different, Tukey’s HSD, α = 0.05. 
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Figure 2-2: Carbon to nitrogen ratio of soybean leaves under ambient and elevated levels of CO2 

for (a) 2011 and (b) 2012. Means ± SE are shown for the 8 sampling weeks after bean leaf 

beetles were placed on the plants in 2011 and the 2 sampling weeks in 2012, 6 and 8 weeks after 

addition of the beetles.  
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2.3.2 Bean leaf beetle fecundity 

In 2011, CO2 level had no effect on the total number of eggs produced per female (F2,4 = 0.06, P 

= 0.95; Fig. 2-3). For the cumulative number of eggs per female produced over time (Fig. 2-4a), 

there was also no effect of CO2 (F2,4 = 0.18, P = 0.84) nor any interaction between CO2 and date 

(F2,4 = 1.71, P = 0.29).  

In 2012, the total number of eggs produced per female was greater at 900ppm CO2 than 

at 390 ppm and 700 ppm (F2,4 = 7.28, P = 0.047; Fig. 2-3). There was a significant main effect of 

CO2 on the cumulative number of eggs produced per female (F2,4 = 8.76, P = 0.035) but no 

significant interaction between CO2 and date (F2,4 = 4.33, P = 0.0999; Fig. 2-4b). 

 

 

Figure 2-3: The effect of CO2 level on the number of eggs produced per female bean leaf beetle 

over the course of the experiments conducted in 2011 and 2012, showing means ± SE. Bars 

marked by a different letter within each year are significantly different, Tukey’s HSD, α = 0.05. 
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Figure 2-4: The cumulative number of eggs produced per female over time under ambient and 

elevated levels of CO2 for two separate years: (a) 2011 and (b) 2012. Means ± SE are shown for 

11 weeks of the experiment in 2011 and 8 weeks of the 2012 experiment.  
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2.4 DISCUSSION 

In concordance with previous studies of soybean under elevated CO2 (Ainsworth et al., 2002; 

Torbert et al., 2004; Hamilton et al., 2005), there was no change in the C/N ratio of the leaves in 

either 2011 or 2012. The above-ground biomass data for 2011 also conformed to predictions of 

the ‘fertilization effect’, with plants showing greater biomass under 900 ppm CO2 than under 

lower CO2 levels. This increased biomass could be due to either larger plants or greater pod 

production but analysis of pod number did not reveal any differences between CO2 levels (results 

not shown). In 2012, there was no difference in biomass production across treatment levels. 

These results are surprising because increased biomass in soybean under elevated CO2 appears to 

be a consistent finding in previous studies, ranging from 15% (Morgan et al., 2005) to 40% 

(Torbert et al., 2004) increases at the end of the growing season. On average, based on the results 

of a meta-analysis, an increase of 37% in soybean biomass has been observed under elevated 

CO2 (Ainsworth et al., 2002). The lack of treatment effect in 2012 in this study could be due to 

the low statistical power of this experiment, or perhaps to a number of stresses that may have 

caused plants to redirect their resources.  

The first of these stresses was the high abundance of thrips. While there was a low level 

of damage caused by thrips in 2011, this damage was extensive in 2012 and began when the 

plants were small. Secondly, ambient temperatures were also very high in 2012, reaching 35°C 

in July, and fans in the chambers were not always able to maintain the temperature below 24°C. 

While this study did not consider the interaction between temperature and elevated CO2, the 

detrimental effects of very high temperatures on biomass production by soybean and other plants 

have been widely observed (Koti et al., 2007; Kucharik and Serbin, 2008). Data on past 

agricultural yields in the United States reveals a 17% decrease in soybean yield for every 1°C 
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increase in temperature above the average growing season temperature for the period of 1982-98 

(Lobell and Asner, 2002). Since mean temperatures are projected to increase by between 1.4 and 

5.8˚C by the year 2100 (IPCC, 2007), it will be important to consider this interaction in future 

studies because it may have indirectly affected bean leaf beetle fecundity through effects on 

soybean biomass, however this was beyond the scope of my present study. 

The approach of this study in examining the effects of elevated CO2 on bean leaf beetle 

fecundity was largely phenomenological, similar to many other studies on elevated CO2 impacts 

on insect herbivore performance. However, no general response was observed, as shown by the 

lack of significant effect in 2011 but the increase in the number of eggs produced at 900 ppm 

CO2 in 2012. Since only soybean biomass and leaf C/N ratio were measured and experimental 

conditions varied across years, including differences in number of male beetles and plant 

developmental stage, one can only speculate as to the mechanisms driving differences in bean 

leaf beetle responses between years. However, this study provides an opportunity to identify four 

hypotheses that could be tested through more mechanistic studies: 1. Genetically different 

populations of a single insect herbivore species respond differently to elevated CO2; 2. 

Abundance of other herbivores, such as thrips, are affected by elevated CO2 and can induce plant 

defenses that impact other herbivores; 3. Differences in plant biomass responses to elevated CO2 

can affect mate location and reproductive output through changes in insect density; and 4. 

Changes in plant defenses under elevated CO2 depend on the age of the plant. I discuss each of 

these hypotheses in turn below. 

One of the differences between the 2011 and 2012 experiments was the location from 

which the bean leaf beetles were collected. These locations were approximately 200 km apart 

and it is possible that these bean leaf beetle populations were genetically distinct and therefore 
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represented different genotypes. Genotype-specific responses to elevated CO2 have been found 

in butterfly larvae of Polyommatus icarus Rottemburg (Lepidoptera: Lycaenidae) (Goverde et 

al., 2004) and in pea aphids (Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae)) (Mondor et 

al., 2005). While this could have played a role in the differences in elevated CO2 effects on bean 

leaf beetle fecundity between years, further investigation is required. A single CO2 experiment 

including bean leaf beetles collected from a range of locations, including outside of southern 

Ontario, is essential. This potential for genotype-specific responses suggests that generalizations 

of elevated CO2 impacts on insect herbivores may be even more problematic than previously 

thought. 

The effects of elevated CO2 on the bean leaf beetle may also depend on other herbivores, 

as addressed by the second hypothesis. As mentioned previously, there was more thrips damage 

to the soybean in 2012 than in 2011. Because damage by herbivores can activate specific defense 

responses in the plants, feeding by thrips could have affected host plant quality for bean leaf 

beetles through changes in soybean defenses (Stout et al., 2006; Kim et al., 2011). Since severity 

of infestation can influence the level of plant responses (Stout et al., 2006) and elevated CO2 

could affect thrips abundance (Hughes and Bazzaz, 1997; Oehme et al., 2013), the CO2 level 

may have affected the extent of induced soybean defenses, leading to differences in bean leaf 

beetle fecundity. While thrips damage or abundance was not measured in this study, under 

elevated CO2, increased consumption by western flower thrips (Frankliniella occidentalis 

(Pergande) (Thysanoptera: Thripidae)) (Hughes and Bazzaz, 1997) and higher abundance of 

various thrips species (Oehme et al., 2013) have been observed. Since bean leaf beetle fecundity 

was greatest at elevated CO2 in the present study in 2012, the increased thrips abundance found 
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in previous studies under elevated CO2 suggests that plant defense responses to thrips damage 

may benefit bean leaf beetles.  

While it was previously thought that cell-content feeders such as thrips induce the 

jasmonic acid pathway in plants which would also help defend the plant against chewing insects 

like the bean leaf beetle, Belliure et al. (2010) found that spider mites (Tetranychus urticae Koch 

(Trombidifromes: Tetranychidae)) benefitted from eating thrips-damaged plants, showing 

decreased development time and increased oviposition rate. In addition, a study on the responses 

of the plant Nicotiana attenuata Torr. ex S. Watson to damage by another cell-content feeder, 

Tupiocoris notatus (Distant) (Hemiptera: Miridae), showed down-regulation of some jasmonic 

acid-elicited genes, including proteinase inhibitors (Heidel and Baldwin, 2004) which can affect 

the fecundity of chrysomelid beetles (O’Neill et al., 2008; Zavala et al., 2009). These studies 

suggest that bean leaf beetle fecundity could have been impacted by the soybean-thrips 

interaction in 2012 and that predictions of elevated CO2 effects on insect herbivore performance 

could be further complicated by the presence of other organisms in the field. 

According to the third hypothesis, another difference between years that could have 

influenced bean leaf beetle fecundity was the effect of elevated CO2 on soybean biomass. 

Specifically, greater soybean biomass production under elevated CO2 during the relatively cooler 

summer of 2011 may have negatively affected beetle fecundity by impacting beetle density. 

Since the same number of beetles was placed on each plant, the larger plants at 900 ppm CO2 

would have resulted in lower beetle density which could make it more difficult for the beetles to 

find a reproductive partner. While many chrysomelid beetles appear to locate conspecifics at 

long distances through aggregation or sex pheromones (Chuman et al., 1987; Spencer et al., 

2009), potentially in combination with plant volatiles, visual cues are important at short distances 
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(Morris et al., 1996; Szentesi et al., 2002). The use of visual cues along with the random 

component of insect movement suggests that plant size, and therefore beetle density, could 

impact mate location. In the Colorado potato beetle (Leptinotarsa decemlineata (Say) 

(Coleoptera: Chrysomelidae)), mating probability of females decreased at lower male density 

(Vahl et al., 2013). This density effect could have overwhelmed the beneficial indirect effects of 

elevated CO2 on soybean pests that have been observed in other studies. The downregulation of 

cysteine proteinase inhibitors in soybean discussed earlier has been shown to allow increased 

fecundity in other beetles (O’Neill et al., 2008; Zavala et al., 2009).  

While levels of defensive chemicals were not measured in this study, it is possible that 

decreases in defenses in combination with the lack of change in the C/N ratio could have driven 

the observed increase in fecundity under elevated CO2 in 2012. Since biomass was unchanged in 

2012, there was no difference in beetle density to reduce the positive impact on fecundity. This 

interaction between decreases in soybean defenses and decreased pest density requires further 

consideration since, in previous studies showing increased fecundity in soybean herbivores, the 

insects were fed excised leaves rather than being kept on whole plants (O’Neill et al., 2008). The 

potential for changes in beetle density affecting fecundity were not therefore taken into account 

in other studies. 

 The fourth hypothesis refers to differences in the age of the soybean plants when bean 

leaf beetles began feeding on them, with beetles being placed on relatively mature plants in 

2011, in contrast to the two week old plants used in 2012. The magnitude of the changes in 

soybean physiology and biochemistry under elevated CO2 may depend on the age of the plant. 

Cysteine proteinase inhibitors, for example, may show a greater difference in activity between 

ambient and elevated CO2 levels in young plants than in older plants, potentially contributing to 
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a significant treatment effect in 2012 but not in 2011. Consistent with this hypothesis, Zavala et 

al. (2009) found that the effect of elevated CO2 on gut proteinase activity in beetles, which is 

specifically reduced by cysteine proteinase inhibitors, depended on the age of the soybean plant. 

Differences were greater between elevated and ambient CO2 when fed young leaves (56% 

greater activity under elevated CO2) compared to medium-aged leaves (only 35% greater; Zavala 

et al., 2009). 

 The dependence on the age of the plant for the effects of elevated CO2 on bean leaf beetle 

fecundity could have important implications for the status of this pest in the future. Since the 

overwintered generation moves to soybean as soon as it emerges and begins reproducing, we 

might expect these beetles to have higher fecundity on these young plants as a result of decreased 

soybean defenses under higher CO2 levels. In addition, the CO2 fertilization effect may not be as 

evident in plants at that early stage. Therefore, if initial spring population sizes in the future are 

comparable to those observed presently, bean leaf beetle density would be the same and their 

ability to locate mates would not be affected. In areas where there are two or three generations of 

the beetle, such as in the southern United States and the Midwest region of the United States 

(Pedigo, 1994), fecundity of later generations could be influenced by larger plants under elevated 

CO2 through effects on beetle density that hinder their ability to find a mate. As discussed earlier, 

there may also be less of an effect of elevated CO2 on soybean defenses in these mature plants. 

For these reasons, fecundity may be expected to be lower or unchanged for later generations at 

future CO2 levels. Future changes in late season population sizes of this beetle in a particular 

region through the effects of elevated CO2 on fecundity may therefore depend on whether the 

beetle is univoltine currently, such as in Ontario and the northern United States (Hammack et al., 

2010; McCreary, 2013), or multivoltine in that area. 
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 An increase in the number of eggs produced under elevated CO2 may not, however, 

imply increases in population size of the insect. While other insect herbivores of soybean have 

shown increased fecundity under elevated CO2 (Schroeder et al., 2006), this increase has been 

associated with decreased egg weight in some species (O’Neill et al., 2008). Lower egg weight 

could result in reduced survival and, consequently, prevention of any increase in population size. 

In the present study, eggs were not weighed as they were covered in soil and I did not want to 

risk damaging the eggs by cleaning them because I was attempting to rear the beetles. While it is 

unknown whether the observed increase in egg number in 2012 corresponded to a decrease in 

egg weight, rearing of the eggs to the larval stage did not reveal any differences in hatching 

success between CO2 levels (results not shown). 

 While previous reviews of the literature have suggested that coleopterans show decreased 

fecundity under elevated CO2 (Whittaker, 1999; Robinson et al., 2012), this study, along with 

others examining beetles that feed on soybean, demonstrate that generalizations for responses to 

elevated CO2 across insect orders or feeding guilds should take into consideration the insect’s 

host plant. The changes in soybean physiology and biochemistry under elevated CO2 tend to 

benefit foliage feeders like the bean leaf beetle and they might provide a similar advantage for 

other feeding guilds. This study also highlights the need for more mechanistic studies on the 

effects of elevated CO2 on insect herbivore performance to determine the potential roles of other 

interacting variables such as plant size and age, insect genotype, and the presence of other 

herbivores. 
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CHAPTER 3 

Overwintering survival, energy use, and spring emergence of the bean leaf beetle 

(Cerotoma trifurcata) under climate change 

 

3.0 ABSTRACT 

The bean leaf beetle (Cerotoma trifurcata) has become a major pest of soybean (Glycine max) in 

the United States and has recently spread into Canada. The projected increase in winter 

temperatures under climate change could affect the overwintering survival, timing of spring 

emergence, and, ultimately, the severity of this pest. I assessed the potential impacts of warmer 

winter temperatures through a field experiment lasting three years (2011, 2012, and 2013) with 

three treatment levels: heated about 4˚C above ambient using ceramic heat lamps; unheated, with 

snow cover left intact; and unheated, with snow manually removed. Survival and date of 

emergence were examined in all years and lipid content of beetles was analyzed in 2013 to 

determine rates of energy use. Bean leaf beetles from the heated treatment group were found to 

emerge approximately two weeks earlier in the spring, which may allow for an additional 

generation under future climate change scenarios. Overwintering survival was low across all 

years and treatment levels, ranging from 4 to 25%, potentially preventing any detection of a 

treatment effect in 2011 and 2013. A model of overwintering survival and various temperature 

parameters generated based on corrected Akaike’s Information Criterion (AICc) indicated 

decreased survival at higher winter temperatures. Decreased survival could be due to higher rates 

of energy use under increased temperatures leading to the depletion of lipid reserves before the 

arrival of spring; however, lipid analysis results were inconclusive. Higher mortality may have 

been avoided through earlier emergence before the complete depletion of their reserves. 
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3.1 INTRODUCTION 

As ectotherms, insects are highly vulnerable to changes in temperature (Speight et al., 2008) and 

could therefore be greatly impacted by increasing temperatures under climate change. While 

insect responses to increased temperature during the summer months have been widely studied 

(Bale et al., 2002), the effects of higher winter temperatures on insect populations are less well-

understood, despite the highest level of warming being projected during this season. Mean winter 

temperatures are projected to increase by up to 7ºC by the end of this century in temperate 

regions (IPCC, 2007). 

 In temperate regions, insects commonly enter diapause, a state of dormancy that is 

genetically-programmed to occur during a specific developmental stage, before the onset of 

harsh winter conditions (Koštál, 2006; Hahn and Denlinger, 2007). During this period of 

diapause, development is arrested, responses to external stimuli are reduced, and metabolism is 

depressed. Diapause can also be associated with increased cold hardiness (Bale and Hayward, 

2010). A period of quiescence generally follows the termination of diapause, where much of the 

cold hardiness is retained but insects are able to respond to external stimuli, specifically 

temperature or photoperiod, and initiate development when environmental conditions permit 

(Hayward et al., 2005; Koštál, 2006). Insects have two general strategies of cold hardiness 

during this period of diapause and post-diapause quiescence: freeze-tolerance and freeze-

intolerance (Bale and Hayward, 2010; Lee, 2010). While freeze-tolerant insects can survive the 

freezing of their body fluids, such freezing is fatal in freeze-intolerant species. Freeze-intolerant 

species lower the temperature at which freezing of body fluids occurs (referred to as the 

supercooling point, SCP), by accumulating cryoprotectants or voiding their gut to remove ice-

nucleating agents (Bale and Hayward, 2010; Lee, 2010). 
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 In addition to the fatal effects of tissue damage caused by freezing, insects can die from 

the effects of cold through the accumulation of chilling injuries, such as oxidative stress (Rojas 

and Leopold, 1996) and the disruption of ion homeostasis (MacMillan and Sinclair, 2011). 

Primarily through a reduction in the level of chilling injuries, increases in temperatures of 1°C to 

5°C are hypothesized to increase overwintering survival of insects (Bale and Hayward, 2010). 

However, due to a number of other factors, it is currently difficult to predict the impact of 

warmer winters on insect populations. Below I outline two of these reasons in detail. 

One of the difficulties in predicting overwintering survival under higher temperatures 

stems from the interaction between temperature and snow cover, with increasing temperatures 

likely leading to reduced snow cover (Lawrence and Slater, 2009). Many insects overwinter 

under snow, which acts as an insulator, increasing the mean temperature and reducing exposure 

to temperature extremes (Bale and Hayward, 2010). Loss or reduction of snow cover could result 

in decreased survival due to exposure to low temperatures approaching the lower lethal 

temperature of the insect. For example, in North Dakota, soil temperatures reached as low as       

-16°C when snow was removed, leading to reduced overwintering survival of Aphthona spp. 

(Coleoptera: Chrysomelidae), which are thought to have a lower lethal temperature threshold of 

approximately -5°C (Joshi et al., 2009). 

 A second mitigating factor for the hypothesis of higher survival under increased 

temperatures is that higher temperatures could lead to increased rates of energy use that could 

negatively affect either insect survival or reproductive success in the spring. During diapause, 

metabolism remains responsive to temperature and insects experiencing warmer winter 

temperatures have higher metabolic rates (Irwin and Lee, 2003; Hahn and Denlinger, 2007). 

Consequently, energy stores (primarily triacylglycerols) are depleted more quickly at high winter 
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temperatures than under lower temperatures and, because most insects do not forage during the 

winter, they are unable to replenish these reserves (Hahn and Denlinger, 2007). The complete 

depletion of lipid reserves before the arrival of spring is likely to result in death (Hahn and 

Denlinger, 2011). Increased mortality at higher overwintering temperatures has been observed in 

the wood ant Formica aquilonia Yarrow (Hymenoptera: Formicidae) (Sorvari et al., 2011), the 

solitary bee Osmia lignaria Say (Hymenoptera: Megachilidae) (Bosch and Kemp, 2003), and the 

rose-galling wasp Diplolepis spinosa (Ashmead) (Hymenoptera: Cynipidae) (Williams et al., 

2003). Increased rates of energy use could also have sublethal impacts on insects, with low levels 

of energy reserves at emergence being linked to reduced fecundity in the spring (Irwin and Lee, 

2003; Williams et al., 2003).  

Warmer temperatures in late winter and early spring may, however, allow for earlier 

emergence of insects in the spring before energy reserves are depleted (Hahn and Denlinger, 

2007). Earlier spring emergence has been observed for a range of insect species over the past few 

decades of climate warming (Roy and Sparks, 2000; van Asch et al., 2007; Pozsgai and 

Littlewood, 2011). Timing of emergence can also affect insect population dynamics during the 

growing season. Earlier emergence, in combination with a greater accumulation of degree-days 

during the summer (Ziter et al., 2012), may extend the growing season and allow for a greater 

number of generations in a year (Bale et al., 2002; Altermatt, 2010). Multiple generations 

generally result in larger populations (Porter et al., 1991) and multivoltine insect pests can be 

more difficult to control than those with a single generation (Miller, 1990). 

The potential for a non-linear relationship between temperature and overwintering 

survival, with maximum survival at moderate winter temperatures at which few chilling injuries 

accumulate and rates of energy use remain low, complicates predictions of the impacts of climate 
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change on insect populations. In addition, much of our understanding of the relationship between 

temperature and survival are based on results from laboratory studies under relatively constant 

temperatures (but see Irwin and Lee, 2003; Joshi et al., 2009; Sgolastra et al., 2011; Marshall 

and Sinclair, 2012). The applicability of these findings to field conditions, where temperatures 

fluctuate over various temporal scales, requires further investigation. This thermal variability can 

impact both chilling injuries and rates of energy use. Studies of the effects of fluctuating thermal 

regimes on insects have shown that, if cold temperatures are interspersed with warm periods of a 

substantial duration, chilling injuries accumulated during the cold period can be repaired 

(Renault et al., 2004; Colinet et al., 2006). However, if the length of the warm period is not 

sufficient for the repair of injuries, each cold period leads to the further accumulation of damage 

and these fluctuations can cause high mortality (Marshall and Sinclair, 2011). Thermal 

variability is also important for metabolic rates and therefore energy expenditure of 

overwintering insects (Williams et al., 2012a). Based on Jensen’s inequality, increased thermal 

variability leads to higher metabolic rates than those that would be expected based on mean 

temperature. While overwintering larvae of the butterfly Erynnis propertius (Scudder & Burgess) 

(Lepidoptera: Hesperiidae) experiencing variable temperatures were able to decrease the thermal 

sensitivity of their metabolism, energy expenditure was still greater than in larvae experiencing 

stable temperatures (Williams et al., 2012a). A greater understanding of the relative importance 

of cold tolerance and energy use for overwintering insects in the field is therefore required.  

Using  a field experiment conducted over three years, I examined the impact of warmer 

winters on the overwintering survival, rates of energy use, and date of spring emergence of the 

bean leaf beetle, Cerotoma trifurcata (Förster) (Coleoptera: Chrysomelidae). This beetle is a pest 

of soybean (Glycine max (L.) Merrill) and, over the past few decades, it has been increasing in 
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abundance and expanding its range from its native Mississippi Delta region in the United States 

to the central and northern United States (Pedigo, 1994) and into southern Ontario (McCreary, 

2013).  The bean leaf beetle overwinters as an adult under leaf litter and is a freeze-intolerant 

species, with populations in Minnesota being found to have a SCP of -8.9˚C in February 

(Carrillo et al., 2005). In Iowa, overwintering survival was lower in beetles that remained in 

soybean fields, ranging from 11-23%, compared to 18-51% for those overwintering in 

woodlands (Lam and Pedigo, 2000b). The bean leaf beetle currently produces between one and 

three generations per year, with one generation in southern Ontario, Canada (McCreary, 2013) 

and two to three generations occurring each year in the central and southern United States 

(Pedigo, 1994).  

The first objective of the present study was to examine the relationship between 

temperature and survival. I predicted that, over the three years, survival would be lowest in bean 

leaf beetles experiencing both very cold and very warm winters. The second objective was to 

directly investigate the hypothesis of high rates of energy use under increased winter 

temperatures by measuring lipid content of beetles experiencing warmer winters and those under 

ambient conditions at different times throughout the winter in one year of the experiment. For 

my third objective, I examined the effect of increased winter and early spring temperatures on 

bean leaf beetle spring emergence, with the prediction of earlier emergence of beetles under 

warmer temperatures. These potential effects of increased temperatures on overwintering 

survival, rates of energy use, and date of spring emergence are particularly important to consider 

for pests such as the bean leaf beetle as changes in abundance and phenology in the future could 

drastically alter their pest status. 
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3.2 MATERIALS AND METHODS 

3.2.1 Experimental set-up 

An outdoor field experiment was repeated in three years (2011, 2012, and 2013) with only slight 

differences in timing and sample sizes. Adult bean leaf beetles were collected in the fall from 

soybean fields near Wroxeter (43.864°N, 81.193°W) and Ennotville (43.654°N, 80.320°W), 

Ontario and kept in mesh cages outside, allowing them to acclimate naturally to decreasing 

temperatures and photoperiod. Beetles were brought inside the laboratory for counting in 

November for the 2012 and 2013 experiments and in December for the 2011 experiment. Beetles 

were then placed in pots (20 cm diameter and volume of 6 L with 25 beetles per pot in 2011, 70 

in 2012, and 50 in 2013; variable numbers reflect beetle availability) buried in the ground outside 

on the University of Guelph campus (43.5273°N, 80.2285°W) with the top of the pots being 

level with the ground surface. The pots contained soil collected from a field in Elora, Ontario 

(43.641°N, 80.406°W) and were covered in leaf litter and mesh to prevent escape. There were 

three treatment groups laid out in a randomized complete block design with six replicates in 

2011 and eight in both 2012 and 2013: heated approximately 4˚C above ambient temperature 

under the leaf litter using ceramic heat lamps (model 100011596, Zilla, Franklin, Wisconsin); 

unheated, with snow cover left intact (hereafter referred to as control); and unheated with snow 

manually removed (by sweeping it off of the mesh within 24 h of snowfall), to determine the 

effect of the lack of snow cover versus heat, since the heated treatment group tended to melt all 

of the snow. All of the pots had lamps installed approximately 30 cm above them but only those 

in the heated treatment level were functioning, using 150 W ceramic bulbs (ExoTerra model PT-

2047, Hagen, Montreal, Quebec). A temperature sensor was placed under the leaf litter in each 

pot; these were connected to an Argus Greenhouse Control System (Argus Control Systems, 
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White Rock, British Colombia) to obtain real time temperature measurements and for 

automatically turning the heat lamps on and off to maintain a 4˚C difference between heated and 

control pots. In 2013, entire Hobo Pro v2 data loggers (Onset Computer Corporation, Bourne, 

Massachusetts) were placed under the leaf litter in one control and one heated pot in the same 

block to record vapour pressure. 

 

3.2.2 Survival and emergence 

In the spring (mid-March in 2012, early April in 2011 and 2013), each pot and lamp were 

covered by an emergence tent and the mesh on the pot was removed. A small pot with alfalfa 

plants was placed in each tent for emerged bean leaf beetles to feed on. Tents were checked 

every day after 10:00 because the beetles are reported to be most active after this time (Krell et 

al., 2003b) and any beetles that emerged were removed and counted. Dates of first and average 

beetle emergence were determined for pots with at least one surviving beetle. Based on daily 

minimum and maximum temperatures recorded under the leaf litter, the number of degree-days 

accumulated at first emergence was calculated for each pot for 2011 and 2012 using a base of 

10°C. A number of malfunctioning temperature probes in May prevented degree-day calculations 

for 2013. The proportion of bean leaf beetles surviving the winter was determined based on the 

total number placed in the pot at the start of the experiment and the number that emerged in the 

spring. 

 

3.2.3 Lipid content 

Rates of energy use by bean leaf beetles from the heated and control groups were compared in 

2013 by collecting individuals for lipid analysis at three points during the experiment, as well as 
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once in the fall before the experiment began as a baseline. In November, before the start of the 

experiment, 15 bean leaf beetles were freeze-dried for 48 hours using a Free Zone 4.5 L Freeze 

Dry System (model 7751020, Labconco Corporation, Kansas City, Missouri) and stored at -20°C 

until analysis. For the three sampling periods during the experiment, 15 additional bean leaf 

beetles were placed in each heated and control pot at the beginning of the experiment in a closed 

mesh bag with leaf litter. These bags were removed from half of the replicates on 28 January and 

from the other half on 13 March. The bags were brought inside, allowed to warm for a few 

hours, and then all live beetles were collected, freeze-dried, and stored at -20°C. For the last 

sampling period, bean leaf beetles that emerged in the spring were freeze-dried immediately 

following emergence. Up to three males and three females from each pot from the January and 

March sampling and up to five spring-emerged beetles per pot were weighed along with the 

November collected beetles, following which I analyzed lipid content of each beetle. Amount of 

total protein was also measured to determine the amount of lipid relative to total metabolizing 

tissue.  

For measuring neutral lipids, freeze-dried beetles were homogenized in 100 mL 0.05% 

Tween 20 solution. Samples were diluted tenfold in Tween 20 solution and then one aliquot was 

taken for lipid extraction and quantification while another was centrifuged for 10 minutes at 

12,000 ×g and used for a protein assay. Lipids were extracted using a Folch extraction and 

glyceryl 1,3 distearate (D8269, Sigma-Aldrich Canada Co.), a diacylglycerol, was added as an 

internal standard. Lipid content was then measured by thin layer chromatography coupled to a 

flame ionization detector (TLC-FID) using an Iatroscan MK-6 TLC-FID Analyzer (Iatron 

Laboratories, Inc., Tokyo, Japan) (Williams et al., 2011). Total protein content was measured 

spectrophotometrically, with samples being assayed in triplicate based on the methods described 



 

51 

 

by Gefen et al. (2006) using an assay reagent of 50 parts bicinchoninic acid solution (B9643, 

Sigma) to 1 part 4% CuSO4 (C2284, Sigma).  

 

3.2.4 Statistical analyses 

For each of the three years, date of first emergence, average date of emergence, and proportion 

surviving as well as degree-days accumulated at first emergence for 2011 and 2012 were 

compared among treatments by ANOVA in R 2.15.3 (R Development Core Team, 2013) 

followed by multiple comparisons where needed using Tukey’s HSD test. Treatments were 

blocked, but the block × treatment interaction was not included in the model since there was no a 

priori hypothesis (Newman et al., 1997). The proportional survival data from all years were 

transformed prior to analysis using an arcsin square root transformation and the degree-day data 

were log-tranformed.  

For beetle lipid content, because it was an incomplete factorial design with data from a 

single group prior to the experiment (November) but data from heated and control treatment 

groups for the January, March, and spring-emerged beetles, treatment and month were combined 

into one factor with seven levels. These data were Box-Cox transformed and then analyzed by 

ANCOVA in JMP, Version 10 (SAS Institute Inc., Cary, North Carolina) with soluble protein as 

a covariate. Treatments were not blocked but sex of the beetle was included as a factor. Multiple 

comparisons were performed using Tukey’s HSD test. 

 The relationship between thermal regime and survival was further examined using 

Akaike’s Information Criterion (AIC; Akaike, 1973) model selection with the arcsin square root-

transformed survival data from all treatment groups and all three years as the dependent variable. 

Independent variables for potential inclusion in the model were: maximum leaf litter temperature 
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in January, February, or March, number of hours that leaf litter temperature was above 5°C in the 

first 80 days of the year, minimum temperature for the first 80 days, and maximum leaf litter 

temperature over the first 80 days. In consideration of the small number of replicates, a 

correction factor was included in the calculation of the AIC values. The corrected AIC values 

(AICc) were calculated as follows: 

                         
       

     
 

K is the number of parameters in the model. AICc includes a greater penalty than AIC for the 

addition of subsequent estimated parameters to the model to prevent overfitting (Hurvish and 

Tsai, 1989). The preferred model is the one with the lowest AICc value. Parameter estimates for 

cross terms and polynomial terms were centered, making the test for the main effect independent 

of the tests for the cross term or polynomial term. Model selection was performed in JMP, 

Version 10 (SAS Institute Inc., Cary, North Carolina).  

 

3.3 RESULTS 

3.3.1 Microclimate conditions 

Temperatures under the leaf litter were substantially different between treatment groups and 

between years (Fig. 3-1). For 2011, the heated group was an average of 1.1±0.8°C warmer than 

the control group in January and February and 2.5±0.2°C warmer in March and April (Fig. 3-1a). 

Mean temperature in the snow removal group was 1.1±0.6°C colder than the control in January 

and February, when snow was present in the control, but there was no difference in March and 

April. Temperatures reached a maximum of 7.0±1.1°C in the heated group in the first 90 days of 

the year, higher than the maximum of the control and snow removal groups (3.7±1.4°C and 

2.9±2.6°C respectively). Minimum temperature was -1.7±1.0°C in the heated group, -1.0±0.6°C 
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in the control group, and -4.2±0.8°C in the snow removal group. In comparison to temperatures 

under the leaf litter, air temperatures ranged from -22.7 to 10.2°C in January with a mean of        

-7.3°C, from -19.5 to 9.7°C in February with a mean of -5.3°C, and from -14.4 to 13.9°C in 

March with a mean of -1.1°C.  

Temperatures were higher in 2012, with air temperatures ranging from -17.2 to 7.9°C in 

January with a mean of -3.5°C, from -13.7 to 6.9°C in February with a mean of -1.8°C, and from 

-14.8 to 28.4°C in March with a mean of 6.3°C. Under the leaf litter, the maximum temperature 

in the heated group was 23.6±2.4°C, 19.5±3.8°C in the control group, and 20.2±1.8°C in the 

snow removal group (Fig. 3-1b). The minimum temperature was -2.1±1.6°C for heated,               

-3.0±1.0°C for control, and -3.7±1.3°C for snow removal. There was a larger difference in mean 

temperature between the heated and control groups in 2012: 2.6±1.0°C for January and February 

and 4.3±2.2°C for March and April. Due to lack of snow cover for most of the winter, mean 

temperature of the control group was similar to that of the snow removal group.  

Maximum temperatures under the leaf litter in 2013 were higher than in 2011 but not as 

extreme as 2012 (Fig. 3-1c). They reached 11.2±2.1°C in the heated group, 7.4±0.3°C in the 

control group, and 7.8±0.6°C in the snow removal group. Minimum temperatures were                  

-3.0±0.9°C in the heated group, -1.4±0.5°C in the control group, and -5.0±1.5°C in the snow 

removal group. The mean temperature of the heated group was 1.5±0.6°C higher than the control 

group in January and February and 3.9±1.2°C higher in March and April. The control group was 

warmer than the snow removal group in January and February (0.9±0.4°C) but not in March and 

April. Air temperatures ranged from -22.5 to 12°C in January with a mean of -3.7°C, from -18.9 

to 5°C in February with a mean of -5.6°C, and from -11.2 to 15°C in March with a mean of         

-1.6°C. 
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Figure 3-1: Range of daily minimum and maximum temperatures (°C) recorded under the leaf 

litter in the heated, control, and snow removal treatment groups over the first four months of the 

year for (a) 2011, (b) 2012, and (c) 2013. Thicker lines indicate greater difference between 

minimum and maximum temperatures. 
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Mean vapour pressure in 2013 was slightly lower in the heated pot than the control, with 

a mean of 6.6 mbar in the heated compared to 7.0 mbar in the control (Fig. 3-2). There was also a 

greater range in vapour pressure in the heated pot (minimum of 2.1 to a maximum of 21.4 mbar) 

compared to the control pot (3.5 to 18.0 mbar).  

 

3.3.2 Overwinter survival 

Warming treatment did not affect overwinter survival in 2011 or 2013 (2011: F2,10 = 1.919, P = 

0.197; 2013: F2,14 = 1.41, P = 0.277; Fig. 3-3). However, in 2012, survival was significantly 

lower in heated pots than in both control and snow removal pots (F2,14 = 9.723, P = 0.002). 

Survival was below 25% in all years. Survival was the lowest in 2013, with 7±5% survival 

across all treatment levels.  

 Based on the AICc model selection, the best model for the relationship between 

temperature and survival across all three years included three variables as linear predictors: 

minimum temperature for the first 80 days, January maximum temperature, and March 

maximum temperature (R
2
 = 0.51). Cross terms of these variables were also included in the 

model, along with the quadratic and cubic terms for March maximum temperature. Comparison 

of predicted survival based on the model and actual survival demonstrates good fit of the model 

(Fig. 3-4).  

For the linear terms, survival decreased with increasing minimum temperature and with 

increasing January maximum temperature (Table 3-1). Survival increased with increasing March 

maximum temperature based on the linear term but the quadratic and cubic terms for this 

variable suggest that survival is highest when maximum temperatures are moderate, with 

survival decreasing in both directions.  
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Figure 3-2: Mean daily vapour pressure (mbar) recorded under the leaf litter in one set of 

replicates from the heated and control treatment groups in 2013.  

 

 

 
Figure 3-3: Proportion of bean leaf beetles surviving the winter in heated, control, and snow 

removal treatment groups in 2011, 2012, and 2013. Means ± SE are shown. Bars marked by a 

different letter within each year are significantly different, Tukey’s HSD test, α = 0.05. 
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Figure 3-4: Predicted arcsin square root transformed survival based on the best model using 

corrected Akaike’s Information Criterion compared to the actual transformed data from all 

treatment groups and all three years. 

 

 

Table 3-1: Coefficient estimates for the best model of bean leaf beetle overwintering survival 

based on corrected Akaike’s Information Criterion (AICc). Cross terms and polynomial terms 

were centered (see Section 3.2.4 for details). Min = minimum leaf litter temperature for the first 

80 days of the year, JanMax = maximum leaf litter temperature in January, MarMax = maximum 

leaf litter temperature in March. 

 

Term Coefficient Sums of squares F Ratio P value 

Intercept 0.5063 0 0 1 

Min 0.0361 0.1665 3.365 0.0154 

JanMax -0.0875 0.5621 11.357     < 0.0001 

MarMax 0.0216 0.6586 8.870     < 0.0001 

Min*JanMax 0.0182 0.1471 5.943 0.0046 

Min*MarMax -0.0016 0.1239 5.006 0.0100 

JanMax*MarMax 0.0014 0.1280 5.171 0.0087 

Min*JanMax*MarMax -0.0038 0.1131 9.140 0.0038 

MarMax*MarMax -0.0053 0.1179 4.766 0.0123 

MarMax*MarMax*MarMax 0.0003 0.0446 3.604 0.0628 
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3.3.3  Lipid content 

Triacylglycerols (TAG) were the only lipid found in the bean leaf beetle samples. Stores of TAG 

did not differ significantly among treatment groups but TAG content was significantly lower in 

spring-emerged (April/May) beetles compared to all other months (F1,51 = 468.276, P < 0.001; 

Fig. 3-5). There was no difference in TAG content between males and females (F1,51 = 0.036, P = 

0.851).  

 

3.3.4 Date of emergence and degree-day accumulation 

Date of first emergence of the bean leaf beetle in 2011 was significantly earlier in the heated 

group than in the control and snow removal groups (F2,9 = 36.8, P < 0.001; Fig. 3-6). Average 

date of emergence was also significantly earlier in the heated group (F2,9 = 21.61, P < 0.001). In 

2012, both date of first emergence (Fig. 3-6) and average date of emergence were significantly 

earlier in the heated group than in the control and snow removal group (first emergence: F2,13 = 

10.35, P = 0.002; average emergence: F2,13 = 9.375, P = 0.003). In 2013, beetles in the heated 

group began to emerge approximately 10 days earlier than the other beetles, which was 

statistically significant but not as large a difference in date of first emergence compared to 

previous years (F2,11 = 10.2, P = 0.003; Fig. 3-6). Average date of emergence was also 

significantly earlier in the heated group than in the control and snow removal groups (F2,11 = 

16.86, P < 0.001). In 2011 and 2012, there was no difference in the number of degree-days (base 

10°C) accumulated at the date of first emergence among treatment groups (2011: F2,6 = 1.61, P = 

0.276; 2012: F2,8 = 1.60, P = 0.260). 
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Figure 3-5: Triacylglycerol content (mg/beetle) of bean leaf beetles in November (prior to the 

experiment) and from heated and control groups in January, March, and at spring emergence in 

April or May, 2013, showing means ± SE. Bars marked by a different letter are significantly 

different, Tukey’s HSD test, α = 0.05. 

 

 

 

 
Figure 3-6: Date of first emergence of bean leaf beetles from heated, control, and snow removal 

treatment groups in 2011, 2012, and 2013. Means ± SE are shown. Bars marked by a different 

letter within each year are significantly different, Tukey’s HSD test, α = 0.05. 
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3.4 DISCUSSION 

3.4.1 Factors affecting overwintering survival 

While the bean leaf beetle is successful throughout its range during the growing season 

(Hammond et al., 1991; Pedigo, 1994), this pest appears to experience very low winter survival, 

below 25% across all years of this study and as low as 4% in 2013. These low rates of survival 

are consistent with bean leaf beetle overwintering survival in soybean fields in Iowa which 

ranged from 11 to 23% (Lam and Pedigo, 2000). However, bean leaf beetles overwintering in 

woodlands in Iowa have shown higher rates of survival than those observed in the present study, 

ranging from 18 to 51% (Lam and Pedigo, 2000).  

The difference in survival rates between overwintering sites in Iowa suggests that low 

survival observed in the present study could be due to beetles being unable to choose a preferred 

microhabitat. Many of the beetles overwintering in woodlands in Iowa were found in rolled 

leaves and hollow acorns (Lam et al., 2002). The leaf litter used in this study consisted mostly of 

open leaves and may not have provided ideal microhabitats. However, freeze-intolerant insects 

choose overwintering sites based largely on protection from freezing (Danks, 2006) and, in this 

study, temperatures under the leaf litter did not reach the SCP of the bean leaf beetle (-8.9°C; 

Carrillo et al., 2005). Since minimum temperatures remained above -5°C in all three years of this 

study, the low rates of survival are therefore surprising. These results suggest that this species 

may be particularly susceptible to cold, accumulating a high level of chilling injuries that could 

eventually cause mortality in the absence of freezing. In other insects, long term exposure to 

temperatures ranging from just below 0°C to up to 15°C can cause the accumulation of chilling 

injuries (Lee, 2010). The green peach aphid (Myzus persicae (Sulzer) (Hemiptera: Aphididae)), 

for example, experienced significant mortality due to chilling injuries when exposed to -5°C, a 
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temperature well above its SCP of approximately -25°C (Bale et al., 1988). However, with only 

limited knowledge of the cold tolerance strategy and lower lethal temperature of the bean leaf 

beetle, it is difficult to assess the role of chilling injuries in the overwintering survival of this 

species. 

Low survival may have prevented the detection of significant warming effects on survival 

in 2011 and 2013. In 2012, when ambient conditions were warmer, the further addition of heat in 

the heated treatment group caused a reduction in survival compared to both control and snow 

removal groups. The combination of survival data from all three years through AICc model 

selection also suggests decreased survival at warmer temperatures with a negative correlation 

between survival and maximum January temperature. Additionally, the quadratic and cubic 

terms for March maximum temperature included in the model show lower survival at the highest 

temperatures.  

There are multiple factors that could have impacted survival at higher temperatures 

across years. Firstly, based on the vapour pressure data from heated and control pots in 2013, 

conditions could have been drier at higher temperatures. It is possible that lack of moisture could 

have contributed to reduced survival, but the susceptibility of adult bean leaf beetles to 

desiccation has not been studied. On the other hand, some level of desiccation may benefit 

insects during the winter since a decrease in water content allows for increased concentration of 

cryoprotectants, thereby reducing the SCP (Clark and Worland, 2008; Holmstrup et al., 2010; 

Sformo et al., 2010). Additionally, drier conditions during the winter can benefit freeze-

intolerant insects by inhibiting inoculative freezing by environmental ice (Lee, 2010). In 

Colorado potato beetles (Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae)), for 
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example, mortality was lower for individuals overwintering in dry sand compared to those 

burrowing in more moist sand (Costanzo et al., 1997).  

Higher rates of energy use are a second potential explanation for lower survival at higher 

temperatures. Since the metabolism of bean leaf beetles experiencing warmer winters would not 

have been suppressed as greatly as those experiencing colder temperatures, their energy reserves 

may have been entirely depleted before they were able to emerge in the spring (Irwin and Lee, 

2003; Hahn and Denlinger, 2007). However, measurements of lipid content of bean leaf beetles 

in 2013 do not support the hypothesis of increased rates of energy use at higher temperatures, 

with no difference being found in lipid content between heated and control beetles at any point 

throughout the winter. Another surprising result was that beetle lipid content was relatively 

stable until March, suggesting that they do not begin depleting their energy reserves until early 

spring.  

One possible explanation for the lack of change in lipid content between November and 

March is that bean leaf beetles could use carbohydrates rather than lipids as their primary 

metabolic fuel, at least in the beginning stages of diapause. Changes in reserve utilization over 

the winter has been observed in diapausing pupae of the flesh fly Sarcophaga crassipalpis 

Macquart (Diptera: Sarcophagidae) which depend on lipids in the first half of diapause but then 

use other substrates, such as carbohydrates and proteins, in the second half (Adedokun and 

Denlinger, 1985).  It is also possible that the beetles were able to feed during the winter, allowing 

them to maintain a stable level of lipids. Feeding by diapausing larvae and adults has been 

observed in some species (Hahn and Denlinger, 2007). For example, diapausing female 

European linden bugs, Pyrrhocoris apterus (L.) (Heteroptera: Pyrrhocoridae), occasionally feed 

and drink water which promotes survival (Koštál et al., 2008). It has been suggested that 
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overwintering bean leaf beetles may feed on shoots or roots under the leaf litter (Walters et al., 

1972). These food sources could have been available in the present study, either in the leaf litter 

or in the soil, which was collected from a field where soybean and alfalfa had been previously 

grown. 

Despite this potential to feed during the winter and spring, bean leaf beetles in this study 

showed a large reduction in lipid content between March and emergence in late April and May. 

Low energy reserves at emergence can affect spring fitness, primarily dispersal or reproductive 

ability (Irwin and Lee, 2003; Williams et al., 2003). However, while lipid content was very low 

in bean leaf beetles when they emerged, there was no difference between treatment groups. 

These results suggest that higher winter temperatures would have little impact on spring fitness 

of the bean leaf beetle.  

In addition to the detrimental effects of warmer winters on bean leaf beetle survival, I 

predicted that bean leaf beetles would have decreased survival at very low temperatures due to 

freezing or greater accumulation of chilling injuries, leading to a non-linear relationship between 

temperature and survival. However, the negative correlation between survival and both minimum 

temperature for the first 80 days and maximum January temperature suggests that bean leaf 

beetle survival was greater at lower temperatures. The lack of detrimental effects of low 

temperatures in this study may reflect the small range of temperatures for which survival data 

were available. If temperatures had fallen below the bean leaf beetle SCP, a non-linear 

relationship between temperature and survival would likely have been found. For example, 

chrysomelid beetle survival was reduced in plots in North Dakota where snow was removed and 

soil temperatures reached -16° (Joshi et al., 2009). The apparent benefit of low temperatures to 
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bean leaf beetle survival in this study may also suggest similar rates of accumulation of chilling 

injuries over the range of temperatures experienced.  

Examination of the relationship between temperature and bean leaf beetle overwintering 

survival indicates that, while chilling injuries may be more important than energy use under 

current winter temperatures by consistently limiting survival, energy use was more sensitive to 

changes in temperature.  Therefore, energy expenditure may become relatively more important 

than chilling injuries in determining bean leaf beetle overwintering survival in the future. The 

high temperatures that are required for increases in energy use, and resulting decreases in 

survival, to become evident were experienced by beetles in the heated group of this study, 

particularly in 2012, and are within the range of winter temperature projections for southern 

Ontario for the 2080s (i.e. increases in mean temperature of between 1.5 and 6.5˚C; see Chapter 

1 for details). 

 

3.4.2 Implications of earlier spring emergence 

Spring emergence was consistently earlier in the heated treatment group across all years of this 

study, ranging from about 10 to 20 days earlier than the control and snow removal groups. The 

ability of the bean leaf beetle to emerge from hibernacula earlier when temperatures permit has 

two important implications: allowing for the emergence and survival of beetles that are running 

low on energy reserves; and, the potential for a higher number of generations during the year.  

Without the plasticity to emerge up to 20 days earlier, heated beetles likely would not 

have had the equivalent amount of lipid at emergence as the control group. If the heated beetles 

had emerged at the same time as the controls, they would likely have had lower lipid content 

than the controls which could affect reproductive ability or lead to higher rates of mortality. As 
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shown in other species, timing of both diapause induction and termination can significantly 

impact energy expenditure during the winter (Hahn and Denlinger, 2011; Williams et al., 2012). 

It has been suggested that insects possess the ability to assess energy reserves and that decisions 

for entering and terminating diapause may be based on this energy-sensing mechanism (Hahn 

and Denlinger, 2011). This would allow insects to enter diapause when reserves are sufficient for 

survival or terminate diapause before reserves are depleted (Hahn and Denlinger, 2011). This 

energy-sensing mechanism, along with the potential for earlier emergence under increased 

temperatures demonstrated in this study, may mitigate the impact of warmer winters on bean leaf 

beetle survival and spring fitness. 

Earlier emergence may not, however, always be advantageous for insect survival. When 

insects resume development in the spring and emerge, they lose most of the stress-tolerance 

conferred by diapause and post-diapause quiescence (Hayward et al., 2005; Sobek-Swant et al., 

2012). If insects emerge during a brief period of warm temperatures, they become vulnerable to 

cold spells that may occur thereafter (Bale and Hayward, 2010). In this study, some bean leaf 

beetles from the heated treatment group emerged in the middle of March in 2012 when 

temperatures surpassed 20°C. These beetles were collected as soon as they emerged but, if they 

had remained outside, the decrease in temperature to a low of 6°C for the following three weeks 

could have caused the accumulation of chilling injuries. With reduced cold tolerance, these 

injuries could have been fatal. In a laboratory experiment, diapausing bean leaf beetles exposed 

to a mean temperature of 5.2°C for three weeks suffered 60% mortality (unpublished data). 

These results suggest that temperatures in the same range as those that heated beetles would have 

experienced following emergence in 2012 can cause significant mortality even in diapausing 

beetles.  
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 The second implication of earlier emergence is that the resulting lengthening of the 

growing season, in combination with a greater accumulation of degree-days due to increased 

temperatures (Ziter et al., 2012), could allow for the development of an additional generation. 

While insects with obligate diapause may be unable to produce more generations during longer 

growing seasons (Dalin, 2011), bean leaf beetles have facultative diapause and only prepare to 

enter diapause in response to environmental conditions (McCreary, 2013). Bean leaf beetles 

could therefore continue their lifecycle, producing more generations, until they experience a 

critical temperature or a short photoperiod. In regions where the bean leaf beetle is currently 

univoltine, for example southern Ontario (McCreary, 2013), a second generation could occur in 

the future. The comparable dates of emergence of bean leaf beetles from the heated group in this 

study (27 April on average) and bean leaf beetles in Iowa at present (23 April and 4 May; 

Smelser and Pedigo, 1991), where there are two generations, support this possibility.  

While earlier emergence may be considered disadvantageous for beetles if food is not 

available, warmer temperatures would also permit earlier planting of soybean and, because 

earlier planting is a climate change adaptation strategy, allowing for  high yield despite variable 

conditions later in the season (Anwar et al., 2013), soybean growers are likely to take advantage 

of this opportunity. There would therefore be little change in the amount of time between bean 

leaf beetle emergence and availability of soybean.  

Development of a second generation could increase the severity of this pest due to higher 

potential population sizes and lower effectiveness of management tactics. As shown by seasonal 

abundance data from locations where the bean leaf beetle currently has two generations, the 

second generation population is generally larger, up to four times the size of the first generation 

population (Danielson et al., 2000; Lam et al., 2001; Krell et al., 2005; Park and Krell, 2005; 
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Stephenson and Pitre, 2008). In terms of control, while first generation populations can be 

suppressed by insecticides targeted at overwintered bean leaf beetles, this management strategy 

is not effective in controlling second generation populations (Bradshaw et al., 2008). Curative 

management tactics are required to maintain second generation populations below economic 

thresholds (Lam and Pedigo, 2004). Since the second generation in these areas consumes pods, 

the harvestable product of soybean, more effective management strategies are required when the 

pest is multivoltine to maintain soybean yield and quality (Smelser and Pedigo, 1992).  

 

3.4.3 Conclusions 

Since the overwintering survival of an insect pest plays a large role in determining the severity of 

that pest during the growing season (Bale, 1991), it is important to examine the impact of 

warmer winters on survival. In the bean leaf beetle, the results of this study indicate that milder 

winters do not allow for increased survival and, when temperatures are very high, survival will 

likely be reduced through increased rates of energy use. Population sizes of the overwintered 

generation are therefore not likely to increase in the future. It is possible that other factors 

affecting their survival, such as moisture, predators, or pathogens, may also be altered under 

climate change, but examination of these potential impacts was beyond the scope of the present 

study. Another important consideration is the effect of warmer winter and spring conditions on 

the timing of spring emergence. The potential for earlier emergence in the spring observed in this 

study could mitigate the effects of high temperatures on the depletion of energy reserves and 

consequently on survival, by allowing beetles to emerge before they exhaust their reserves and 

die. Earlier emergence could also allow for the production of an additional generation during the 
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growing season. In areas where the beetle is currently univoltine, multiple generations in the 

future could make this pest more difficult to control. 
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CHAPTER 4 

Predicting the future distribution of the bean leaf beetle (Cerotoma trifurcata) based on 

climate and host plant availability 

 

4.0 ABSTRACT 

The bean leaf beetle, Cerotoma trifurcata, has become a major pest of soybean throughout its 

North American range. With a changing climate, there is the potential for this pest to further 

expand its distribution and become an increasingly severe pest in certain regions. To examine 

this possibility, bioclimatic envelope models were developed for both the bean leaf beetle, and its 

most important agronomic host plant, soybean (Glycine max). I combined these two models to 

examine the potential future pest status of the beetle using climate change projections from 

multiple general circulation models (GCMs) and climate scenarios. Despite the broad tolerances 

of soybean, incorporation of host plant availability substantially decreased the suitable and 

favourable areas for the bean leaf beetle as compared to an evaluation based solely on the climate 

envelope of the beetle, demonstrating the importance of considering biotic interactions in these 

predictions. The use of multiple GCM–scenario combinations also revealed differences in 

predictions depending on the choice of GCM, with scenario choice having less of an impact. 

While the BCM2.0 predicted little northward expansion of the beetle from its current northern 

range limit of southern Ontario and overall decreases in suitable and favourable areas over time, 

the CGCM3T63 and INMCM3.0 predict that much of Ontario and Quebec will become suitable 

for the beetle in the future as well as Manitoba under the INMCM. The INMCM also predicts 

increases in the size of the suitable and favourable areas for the beetle over time. Two 
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predictions that do not depend on our choice of GCM include a decrease in suitability of the 

Mississippi Delta region and continued favourability of the southeastern United States. 

 

4.1 INTRODUCTION 

Climate change may have drastic consequences for agriculture worldwide through its impacts on 

species distributions. The majority of organisms, including insect pests and their host plants, are 

predicted to shift their ranges northward to cope with rising temperatures (Walther et al., 2002; 

Parmesan and Yohe, 2003). In the past, some insect pests have been unable to spread into more 

northern areas, as a result of high mortality during the winter months (Battisti et al., 2005) and 

short growing seasons that prevent the completion of a generation (Bale et al., 2002). However, 

climate change could allow for sustained population growth of certain insects at higher latitudes 

in the future (Bale et al., 2002). The establishment of some insect pests in these new areas could 

lead to high levels of damage to crops resulting in significant yield losses, if pest management 

strategies are not in place (Willis et al., 2006; Estay et al., 2009). At lower latitudes, however, 

where the climate was previously suitable for these pests, changes in temperature and moisture 

could produce conditions that exceed the insect’s tolerances leading to decreases in abundance or 

extirpation in the southern part of their range (Parmesan, 2006). 

The bean leaf beetle, Cerotoma trifurcata (Förster) (Colepotera: Chrysomelidae), can 

cause economic losses to its host plant, soybean (Glycine max (L.) Merrill). This beetle has also 

been found to feed on alfalfa, cowpea, snap beans, and cucurbits, but soybean is generally its 

preferred food source (Koch et al., 2004; Koch et al., 2005). The bean leaf beetle is native to the 

Mississippi Delta region of the United States (Hammond et al., 1991) and was originally 

considered a minor pest of soybean, but over the past 30 years, it has been increasing in 
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abundance, has become a major pest in the midwestern United States, and has spread into 

Canada (Krell et al., 2003a; Pedigo, 1994). The current Canadian distribution appears to be 

constrained to southern Ontario where the severity of this pest is sporadic, with beetle 

populations only reaching sufficient numbers to cause significant damage in some years 

(McCreary, 2013). A single beetle per square metre can cause yield losses of 3 kg/hectare 

through pod damage (Smelser and Pedigo, 1992). The bean leaf beetle is also the primary vector 

of bean pod mottle virus and transmission of this virus to soybean can cause seed discolouration 

and further yield reduction (Krell et al., 2003a; Krell et al., 2004; Bradshaw et al., 2008). An 

additional issue is the lack of consistent biological control. Multiple parasitoids of the bean leaf 

beetle have been found throughout its range but few of them are effective, with all parasitoids in 

a certain region controlling less than 10% of beetles (Danielson et al., 2000).  

Prior to the 1920s, soybean was grown in North America primarily for forage, with large-

scale production common only in Asia (Hymowitz, 1990). The expansion of soybean production 

in North America in the 20
th

 century is accredited largely to the development of new cultivars, 

with short-season cultivars allowing for production in Canada and the northern United States 

(Hymowitz, 1990; Dorff, 2007). In Canada, soybean is currently produced in Ontario, as north as 

the Ottawa region, and in parts of Quebec, Manitoba, and Prince Edward Island (Statistics 

Canada, 2012). Soybean production therefore covers a much larger area of Canada than the 

current distribution of the bean leaf beetle. With the amount of land used for soybean production 

continuing to grow, especially in Manitoba (Statistics Canada, 2012), expansion of this pest into 

these other soybean growing regions under climate change could greatly impact revenue from 

soybean production in Canada through either yield losses or pest management costs. Changes in 

the distribution of the bean leaf beetle could also affect soybean growing regions of the United 
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States, with the potential for decreased severity of this pest in the southern part of the United 

States but increases in the northern states. Changes in its abundance in the Midwest, where 

soybean production is greatest (Leff et al., 2004), may also occur but the extent of this change 

depends on temperature and precipitation projections for that region. 

One method for examining potential changes in species distributions under climate 

change is bioclimatic envelope modelling. Bioclimatic envelope models (BEMs) are developed 

by establishing a statistical relationship between the current distribution of a species and 

historical climate data (Pearson and Dawson, 2003). After delineating the species’ climate 

envelope, climate change projections can be incorporated to determine what areas will be 

climatically suitable for the species in the future. Ecological niche modelling is another 

technique for predicting future potential species distributions and, since these models are 

developed based on experimental data of physiological tolerances, this is generally considered a 

more mechanistic approach (Newman et al., 2011). However, these models require the 

identification of the specific climatic factors that determine the distribution of the species. The 

lack of complete physiological tolerance data for most species has contributed to the popularity 

of BEMs, for which species distribution data are widely available (Newman et al., 2011).   

There are a number of limitations with both the BEM and ecological niche modelling 

approaches. Firstly, they do not account for barriers to dispersal that may impact the extent to 

which the distribution of a species can change as predicted under climate change (Pearson and 

Dawson, 2003). Secondly, the potential for evolutionary adaptations that alter the relationship 

between past climate and species distribution is ignored (Pearson and Dawson, 2003). In the case 

of an agricultural system, this limitation extends to the potential development of new cultivars 

that could alter the climate tolerances of a crop. Lastly, these models consider climate as the sole 
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factor determining species distributions. While this may be true in terms of the fundamental 

niche of a species, biotic interactions such as competition, predation/parasitism, and symbiosis 

are major determinants of the realized niche of a species and therefore of their observed 

distribution (Davis et al., 1998; Bullock et al., 2000; Pearson and Dawson, 2003). The role of 

biotic interactions has been acknowledged in a number of recently developed species distribution 

models, for example by restricting the distribution of a parasitoid to areas where two generations 

of its host insect occur (Haye et al., 2013), or by overlapping the BEMs of a weed and its 

biological control agent to predict where the weed would be successfully controlled (Mukherjee 

et al., 2012).  

In a more comprehensive approach, Régnière et al. (2012) incorporated the relative 

abundance of the main host plants in modelling the distribution of the spruce budworm 

(Choristoneura fumiferana (Clem.) (Lepidoptera: Tortricidae)) by multiplying their index of 

climatic suitability for a given location with a second factor based on the density of forest canopy 

cover. In their study, however, the impact of a changing climate on the availability of the host 

plants and consequently on the insect’s distribution was not taken into account, with stand 

density considered to be constant over time (Régnière et al., 2012). Despite the range of 

techniques used to incorporate biotic interactions, these studies, among others (eg. Araújo and 

Luoto, 2007; Preston et al., 2008) found that these interactions are an important determinant of 

species distributions, even at macroecological scales.  

Another factor that could impact our predictions of potential future species distributions 

is the level of uncertainty in climate projections. Scenario uncertainty, due to the difficulty in 

predicting future greenhouse gas emissions (Nakicenovic et al., 2000), and model uncertainty, 

due to differences in assumptions and abstractions between the 25 general circulation models 
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(GCMs) in the IPCC’s fourth assessment report (IPCC, 2007), can affect the results of biological 

impact studies (eg. Lawler et al., 2009; Buisson et al., 2010; Mika and Newman, 2010; Olfert et 

al., 2011). By including multiple GCM and scenario combinations, the dependency of our 

predictions on our choice of GCM and scenario can be determined and robust predictions can be 

identified. 

CLIMEX is one example of a modelling program that can be used to develop BEMs. It 

has been used to predict climatically suitable areas for many species, including insects (eg. 

Rafoss and Sæthre, 2003; Olfert et al., 2006; Poutsma et al., 2008; Mika and Newman, 2010; 

Mason et al., 2011), plants (eg. Barney and DiTomasco, 2010; Follack and Strauss, 2010; Taylor 

and Kumar, 2013), and pathogens (eg. Pivonia and Yang, 2004; Yonow et al., 2013). These 

BEMs have been developed either to predict the spread of invasive species under current climate 

or to predict changes in species distributions under climate change. By combining distribution, 

abundance, seasonal phenology, and laboratory data where possible, the climatic tolerances of a 

species can be estimated. Based on those tolerances and by inputting climate data, CLIMEX 

calculates the favorability of a given location in the form of an Ecoclimatic Index (EI). This 

index is a combination of growth and stress indices, with growth parameters that include 

temperature, moisture, diapause and light and that describe the optimal conditions for species 

growth within the growing season and stress parameters of heat, cold, wet, and dry impacting the 

species when the climate is unfavourable. Stress interactions can also be included in the EI to 

account for the combined effects of temperature and moisture and include cold-wet, cold-dry, 

hot-wet, and hot-dry conditions. Cold-wet stress may, for example, be included in the BEM of a 

species adapted to cold dry winters where the combination of high moisture and low 

temperatures cause mortality despite these factors having little impact in isolation. EI values can 
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range from 0 to 100, where 0 indicates an area where the climate is completely unsuitable for the 

species and 100 is an area where climate is optimal in all respects. EI values have typically been 

divided into four categories to allow for comparisons, with an EI of 0-10 being considered 

unfavourable and unable to support the long-term establishment of the species, 10-20 as suitable, 

20-30 as favourable for population growth, and >30 as very favourable and able to support a 

large population (Olfert et al., 2006; Mika and Newman, 2010). 

In this study, BEMs were developed in CLIMEX for the bean leaf beetle and soybean to 

predict changes in the distribution of both herbivore and its host plant. In the case of the bean 

leaf beetle, I predicted its pest status under future climate based both on the beetle’s own climate 

envelope and the suitability of the future climate for the growth of its preferred host plant, 

soybean. By comparing results from multiple GCM and scenario combinations, I also determined 

which of these predictions are robust. 

 

4.2 METHODS 

4.2.1 Bean leaf beetle model 

The bean leaf beetle model was developed and validated with the Compare Locations function in 

CLIMEX 3.0 (Sutherst et al., 2007) using the standard climate dataset in CLIMEX (New et al., 

1999), which was derived from a splined 0.5° global grid of data. The temperate template in 

CLIMEX was used as an initial base for the BEM of the bean leaf beetle and the values were 

then altered according to known tolerances. Since information on bean leaf beetle physiological 

tolerances is limited, the parameters were adjusted primarily to match North American 

distribution and relative abundance data obtained from a variety of sources (Leonard and Turner, 

1918; Nichols et al., 1974; Herzog, 1977; Boiteau et al., 1980; Loughran and Ragsdale, 1986; 



 

76 

 

Payah and Boethel, 1986; Felton et al., 1994; Pedigo, 1994; Tonhasca Jr., 1994; Buntin et al., 

1995; Danielson et al., 2000; Lam et al., 2001; Srinivas et al., 2001; Krell et al., 2003a; Mabry et 

al., 2003; Riley et al., 2003; Carrillo et al., 2005; Park and Krell, 2005; Lundgren and Riedell, 

2008; Hammack et al., 2010; Vlach et al., 2010; Musser et al., 2011; Tiroesele et al., 2013). 

Southern Ontario distribution data were obtained from extensive sampling in 2010 by T. Baute 

(unpublished data). All parameter values, and their definitions, are shown in Table 4-1. The 

resulting modelled distribution is shown in Fig. 4-1 along with occurrence records to 

demonstrate the degree of overlap.  

Based on published values for the lower developmental threshold for this beetle (Zeiss et 

al., 1996; Hammack et al., 2010), the lower limiting temperature (DV0) was set at 7.8°C. The 

values for the other temperature parameters were based on the optimal temperature range and 

high temperature threshold determined by Zeiss et al. (1996). The limiting high soil moisture 

threshold was set to 1.4 (dimensionless), lower than the average temperate species, since larvae 

and pupae are unable to withstand very wet soils (Lam et al., 2001). The diapause parameter 

values were set based on field observations. The minimum number of days required to complete 

diapause development was set at 0 since there is no evidence of this species having obligate 

diapause. The number of degree-days (base 7.8°C) required to complete a generation was set to 

1000 to match the reported number of generations throughout its distribution, which ranges from 

three generations in Mississippi and South Carolina to a single generation in Minnesota and 

southern Ontario (Smelser and Pedigo, 1991; McCreary, 2013). 

The cold stress temperature threshold, representing the air temperature at which cold 

stress begins to accumulate, was set at -10°C. Since this beetle overwinters under the leaf litter, it 

is not however directly exposed to air temperatures. While the supercooling point (the 
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temperature at which spontaneous freezing of the body fluids occurs) of the bean leaf beetle in 

Minnesota was found to be -8.9°C (Carrillo et al., 2005), there is evidence for the accumulation 

of cold stress leading to mortality at temperatures above -8.9°C (Lam and Pedigo, 2000). The 

chosen value of -10°C provided the best fit for the distribution and may represent an air 

temperature that corresponds to a temperature under the leaf litter that causes cold stress (Lam 

and Pedigo, 2000). A cold-wet stress was also included to reflect the beetle’s distribution in the 

northeastern United States. Cold-dry, hot-wet, and hot-dry stresses were not used. 

 

 

Table 4-1: Parameter values used in CLIMEX for the bioclimatic envelope model of the bean 

leaf beetle. Moisture parameters are dimensionless. 

 

Index Parameter Description Value 

Temperature DV0 Limiting low temperature 7.8°C 

 DV1 Lower optimal temperature 18°C 

 DV2 Upper optimal temperature 32°C 

 DV3 Limiting high temperature 35°C 

Moisture SM0 Limiting low soil moisture 0.25 

 SM1 Lower optimal soil moisture 0.4 

 SM2 Upper optimal soil moisture 1.25 

 SM3 Limiting high soil moisture 1.4 

Diapause DPD0 Diapause induction day length 12h 

 DPT0 Diapause induction temperature 10°C 

 DPT1 Diapause termination temperature 9°C 

 DPD Diapause development days 0 days 

 DPSW Indicator for winter diapause 0 

Cold stress TTCS Cold stress temperature threshold -10°C 

 THCS Cold stress temperature rate -0.002 week
-1

 

Heat stress TTHS Heat stress temperature threshold 37°C 

 THHS Heat stress temperature rate 0.005 week
-1

 

Dry stress SMDS Dry stress threshold 0.12 

 HDS Dry stress rate -0.07 week
-1

 

Wet stress SMWS Wet stress threshold 1.4 

 HWS Wet stress rate 0.05 week
-1

 

Cold-wet stress DTCW Cold-wet temperature threshold 10°C 

 MTCW Cold-wet moisture threshold 1.1 

 PCW Cold-wet stress rate 0.01 week
-1

 

Day-degree accumulation above DV0 DV0  7.8°C 

 DV3  35°C 

Day-degree accumulation above DVCS DVCS  0°C 

 DV4  100°C 

Day-degree accumulation above DVHS DVHS  35°C 

 DV4  100°C 

Degree-days per generation PDD Minimum degree days (DD) above 

DV0 to complete generation 

1000 DD 
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Figure 4-1: Modelled bean leaf beetle distribution showing climatically suitable areas under 

current climate (dataset from New et al., 1999), where the higher Ecoclimatic Index (EIB) value, 

the greater the suitability. Occurrence records obtained from multiple sources (see Methods) are 

also shown to demonstrate a high degree of overlap between the current and modelled 

distributions. 

 

Since the distribution of the bean leaf beetle is restricted to North America, this model 

could not be validated with distribution data independent from those used to develop the model. 

Instead, validation of the BEM was performed using relative abundance data and seasonal 

dynamics. Ecoclimatic Index (EI; described on page 74) values were highest in the southern 

United States where this beetle has been reported as a serious pest, especially in its endemic 

Mississippi Delta region (Hammond et al., 1991). In the midwestern United States, including 

Illinois and Iowa, where it is an occasional pest (Smelser and Pedigo, 1991), EI values were 

moderate. Southern Ontario was on the low end of suitable EI values because, based on field 

observations, it is only a sporadic pest. Data on the timing of spring emergence and fall inactivity 
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throughout its range in the United States were obtained from a variety of sources (Loughran and 

Ragsdale, 1986; Smelser and Pedigo, 1991; Pedigo, 1994; Krell et al., 2003a; Hammack et al., 

2010). For southern Ontario, spring emergence data were obtained from a multi-year 

overwintering experiment (see Chapter 3) and summer and fall activity were based on bean leaf 

beetle sampling by Brunke (2011) in soybean fields and hedgerows in 2009 and 2010.  

 

4.2.2 Soybean model 

The soybean BEM was developed based on its native Asian distribution, obtained from Leff et 

al. (2004), and using the standard climate dataset described above (New et al., 1999). Only the 

temperature, soil moisture, and light indices were used since stresses accumulated outside of the 

growing season do not impact annually harvested crops. The temperate template was again used 

as a base and these values were amended according to physiological tolerances and distribution 

records (Table 4-2). The lower limiting temperature (DV0) was set to 10°C as indicated by 

Brown (1960), while 20°C for lower optimal (DV1), 29°C for upper optimal (DV2), and 34°C 

for upper limiting (DV3) temperatures were based on values described by multiple sources 

(Hesketh et al., 1973; Patterson, 1992). As per Han et al. (2006), 12 hr was set as the day length 

above which there is maximum growth (LT0) and 10 hr was considered the minimum day length 

required for growth (LT1). A value of 550 was used as the number of degree days per generation 

(PDD) (base 10°C) based on Kumar et al. (2008). 

This model was validated using soybean’s introduced range in North America which was 

also obtained from Leff et al. (2004).  
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Table 4-2: Parameter values used in CLIMEX for the bioclimatic envelope model of the host 

plant soybean. Moisture values are dimensionless. 

 

Index Parameter Description Value 

Temperature DV0 Limiting low temperature 10°C 

 DV1 Lower optimal temperature 20°C 

 DV2 Upper optimal temperature 29°C 

 DV3 Limiting high temperature 34°C 

Moisture SM0 Limiting low soil moisture 0.09 

 SM1 Lower optimal soil moisture 0.9 

 SM2 Upper optimal soil moisture 1.2 

 SM3 Limiting high soil moisture 1.4 

Light LT1 Daylength below which growth is 0 10 hr 

 LT0 Daylength above which growth is at 

a maximum 

12 hr 

Degree-days per generation PDD Minimum degree days (DD) above 

DV0 to complete generation 

550 DD 

 

 

4.2.3 Evaluation of host plant availability 

Since the bean leaf beetle is unlikely to be found in areas where its host plant is absent, the EI 

value for soybean (EIS) was used to calculate an index of host plant availability (θ). This index 

was then multiplied by the original EI value of the beetle (EIB) to obtain a new measure of 

suitability for the beetle incorporating both climate and host plant availability (EIB'). θ was 

calculated based on a sigmoidal curve, as shown in its general form below. The parameter q 

indicates how steeply the curve rises and the parameter h determines the value of EIS at which θ 

equals 0.5. 

  
(
   
 

)
 

  (
   
 

)
  

For my analysis, the shape of the above function was more important than the particular 

parameter values. I evaluated the shape of the function based on the θ values obtained for EIS 

values belonging to each of the suitability categories described on page 74: unfavourable, 
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suitable, favourable, and very favourable. An appropriate shape was obtained with values of 5 

for q and 15 for h in the above equation. These parameter values produced a curve where θ was 

low at an EIS value below 10 since soybean would not likely be grown in that location as a result 

of unsuitable climate. This would restrict beetle growth and therefore lead to a low EIB' value. 

The value of θ ranged from 0.12 to 0.81 between EIS values of 10 and 20, where climate is 

considered suitable for soybean. Above an EIS of 20, soybean would likely be present, leading to 

a relatively high value for θ which would have little impact on the suitability of the location for 

the beetle (EIB ≈ EIB').  

The percent change in the suitability of an area before and after the incorporation of the 

soybean climate envelope was calculated by (EIB'/EIB) × 100. EIB' values for all of the North 

American locations were also plotted against EIB values for those same locations and the slope of 

the line with a forced intercept of 0 and the R
2
 value were calculated in Microsoft Excel to 

determine the extent of the differences between the EIB' and EIB values on a broad scale. The 

slope of the line indicates the degree to which the EIB and EIB' values deviate, while the R
2
 value 

indicates the degree to which these two values are proportionally related. A slope close to 1 

would result if EIB values are similar to EIB' values, and a high R
2
 value would suggest that θ and 

therefore the availability of soybean has little impact on suitability for the beetle. If the slope 

deviated greatly from 1, this would indicate that the EIB' values are quite different from the EIB 

values. A low R
2
 value indicates that EIB by itself is not a great approximation of EIB'. 

 

4.2.4 Sensitivity analysis 

As a result of the sigmoidal shape of the equation for θ above, small differences in the value of 

EIS can lead to large changes in θ and therefore in EIB', especially where EIS ranges from 10 to 
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20. I performed a sensitivity analysis with the parameter values for the soybean BEM to 

determine how slight changes in these values due to parameter uncertainty could affect EIB'. 

From the baseline model in Table 4-2, one parameter was changed at a time while all other 

parameter values were kept constant. The temperature parameters were altered by -2, -1, +1, and 

+2. All of the moisture parameters except for SM0 were changed by -0.1, -0.05, +0.05, and +0.1. 

Since the baseline value of SM0 was 0.09 and a decrease of 0.1 would have given a negative 

value, this parameter was changed by -0.09, -0.04, +0.05, and +0.1. For the light parameters, 

LT1 ranged from 8 to 11 and LT0 ranged from 11 to 14. EIB' values were calculated for each of 

the above iterations and were compared to EIB' values obtained using the baseline soybean 

model. The percent change in the amount of suitable, favourable, and very favourable area was 

calculated based on the new EIB' values. EIB' values for all of the North American locations from 

the baseline model were also plotted against those values for each of the iterations and the slope 

of the line with an intercept of 0 and a R
2
 value were calculated in Microsoft Excel. The 

interpretation of the slope and the R
2
 is similar to that discussed for the incorporation of soybean 

availability except that, in this case, I am comparing EIB' from the baseline soybean model to 

EIB' after a change in the value of a soybean parameter. All produced significant relationships 

(results not shown). 

 

4.2.5 Climate change projections 

Monthly means of maximum temperature, minimum temperature, and relative humidity and 

daily precipitation means for North America were downloaded from the Canadian Climate 

Change Scenarios Network (CCCSN: http://www.cccsn.ec.gc.ca/?page=dd-gcm) for three 

general circulation models (GCMs: Norwegian Bjerknes Centre for Climate Research BCM2.0, 

http://www.cccsn.ec.gc.ca/?page=dd-gcm


 

83 

 

Canadian Centre for Climate Modelling & Analysis CGCM3T63, and the Russian Institute for 

Numerical Mathematics INMCM3.0) in combination with two climate scenarios, A2 and B1, 

from the IPCC’s Special Report on Emissions Scenarios (Nakicenovic et al., 2000). The A2 

scenario represents high population growth and slow economic and technological change and is 

referred to as the medium-high emissions scenario. In contrast, the B1 scenario is considered the 

low-emissions scenario and is characterized by lower population growth along with significant 

economic and technological changes (Nakicenovic et al., 2000). These climate projections were 

averaged over the thirty-year time slices for the baseline period (1971-2000), the 2050s (2041-

2070), and the 2080s (2071-2100) to obtain a single value for each climate variable for each grid 

cell. To meet the format required by CLIMEX for climate data, average daily precipitation data 

were multiplied by the number of days in the month to calculate monthly means. In addition, 

CLIMEX requires two relative humidity values, %RH at 0900h and %RH at 1500h. The data 

obtained from the CCCSN were considered the %RH at 1500h and, to estimate the 0900h values, 

these data were divided by 0.85 as suggested by Mika et al. (2008).  

 

4.2.6 Map creation and area calculations 

I used ArcGIS, version 10.1 (Esri, California) with inverse distance weighting interpolation and 

the Cylindrical Equal Area projection to create maps and to calculate the area of North America 

that fell into each of the four categories of EI for the bean leaf beetle. 
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4.3 RESULTS 

4.3.1 Incorporation of host plant availability for the bean leaf beetle model 

Taking into account the climate envelope of soybean had a large impact on the evaluation of an 

area’s suitability for the bean leaf beetle (Table 4-3). There were decreases in the area of very 

favourable climate for all GCM, scenario, and time period combinations as represented by 

percentage change values below 100, with the exception of the INMCM under the B1 scenario 

for the 2050s where there was no change. Only in a few cases did the size of the suitable or 

favourable area increase. R
2
 values ranged from 0.838 with a slope of 0.766 for the CGCM under 

the A2 scenario for the 2080s to 0.949 with a slope of 0.923 for the CGCM under baseline 

conditions which suggests that there are considerable differences between the EIB and EIB' 

values. Both the R
2
 values and the slopes of the lines generally declined for the 2080s period, 

demonstrating that the availability of soybean may play a bigger role in the suitability of an area 

for the bean leaf beetle in the future as compared to the present climate and that EIB becomes a 

poor approximation of EIB'. 

 

 

4.3.2 Changes in bean leaf beetle and soybean distributions in response to climate change 

Mapping the values of EIB, EIS, EIB', and the percent change between EIB and EIB' reveals 

substantial differences between the three GCMs applied in this study. Using the BCM, parts of 

the Midwest and Delta regions of the United States are predicted to become less suitable for both 

the bean leaf beetle and soybean over time, leading to low EIB' values (Fig. 4-2). These changes 

were more drastic under the A2 scenario. This GCM also predicts that, while more of Ontario 

and Manitoba will become suitable for soybean cultivation, there will be relatively little 

northward movement in the area climatically suitable for the beetle.  
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Table 4-3: The difference in Ecoclimatic Index values between the bean leaf beetle model based 

solely on climate (EIB) and the model incorporating host plant availability (EIB') under various 

general circulation models and climate scenarios and for multiple time periods. The percent 

change in the amount of area suitable (EI 10-20), favourable (EI 20-30), or very favourable (EI 

>30) for the bean leaf beetle when incorporating the availability of soybean (EIB') as compared to 

consideration of only climatic suitability (EIB) are shown. R
2
 values for the correlation between 

EIB and EIB' across all North American grid cells and the slopes of those lines with an intercept 

of 0 are also given. 

 

Model Scenario & 

time period  

% change in 

suitable area 

% change in 

favourable area 

% change in very 

favourable area 

 

Slope 

 

R
2
 

BCM  Baseline 162.75 25.40 89.46 0.894 0.930 

 A2 – 2050s 91.08 24.60 87.39 0.846 0.900 

 A2 – 2080s 52.20 43.03 87.73 0.835 0.882 

 B1 – 2050s 145.17 22.14 88.71 0.861 0.912 

 B1 – 2080s 79.68 33.07 95.17 0.865 0.906 

CGCM  Baseline 39.48 107.78 85.47 0.922 0.949 

 A2 – 2050s 52.64 79.23 73.65 0.874 0.923 

 A2 – 2080s 55.01 41.72 85.82 0.766 0.838 

 B1 – 2050s 20.19 118.36 82.41 0.910 0.940 

 B1 – 2080s 36.86 124.50 74.40 0.895 0.937 

INMCM    Baseline 69.21 60.04 83.07 0.907 0.942 

 A2 – 2050s 63.89 58.02 90.10 0.861 0.885 

 A2 – 2080s 94.43 54.81 86.13 0.816 0.855 

 B1 – 2050s 69.78 18.11 100    0.839 0.881 

 B1 – 2080s 52.34 53.44 90.10 0.849 0.884 

 

 

Similarly to the BCM, the CGCM predicts that the Delta region will become much less 

suitable for both the beetle and soybean, resulting in low EIB' values (see Appendix). In contrast 

to the BCM, under the CGCM, Ontario is predicted to become much more suitable for the beetle 

and for soybean, leading to high EIB' values. Manitoba and the other Prairie provinces will also 

become more suitable for the beetle by the 2080s in the A2 scenario but, in this case, it is not as 

suitable for soybean, causing large differences between the EIB and EIB' values. 

Based on the INMCM, most of Canada is predicted to become at least modestly 

climatically-suitable for the bean leaf beetle, with the greatest suitability in Manitoba and 

southern Ontario, and this coincides reasonably well with suitable areas for soybean (see 

Appendix). Similarly to the BCM, the Midwest region of the United States is predicted to be less 
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suitable for the bean leaf beetle in the future based both on its own climate envelope and that of 

soybean. 

Comparing the size of the suitable, favourable, and very favourable areas also shows 

differences between GCMs (Fig. 4-3), with much less area being at least suitable for the bean 

leaf beetle under the CGCM relative to the BCM and INMCM. Additionally, for the CGCM, 

there is little effect of time period or scenario on both EIB and EIB'. The BCM shows an overall 

decline in suitable area with time regardless of the scenario. For this GCM, the availability of 

soybean seems to have a greater impact under the A2 scenario as demonstrated by the larger 

differences between EIB and EIB'. In comparison, with the INMCM, there appears to be an 

increase in suitable area for the bean leaf beetle (based on both EIB and EIB') over time with a 

greater increase in suitable area under the A2 scenario.  

 

4.3.3 Sensitivity analysis 

Changes in the parameters of the soybean BEM generally had little impact on EIB' values (Table 

4-4). R
2
 values were above 0.99 and slopes of 1 ± 0.05 in most cases, with changes in the size of 

the suitable and favourable areas being relatively small. However, the very favourable area was 

affected more by changes in soybean parameters, with changes ranging from a decrease by 

507,500 km
2
 when LT0 was changed from 12 to 14 hr, corresponding to a percentage change of 

79, to an increase of 155,000 km
2
, or a change of 106%, when DV2 was increased from 29 to 

31°C.  
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Figure 4-2: Ecoclimatic Indices for the bean leaf beetle (EIB) and soybean (EIS) using the 

BCM2.0, as well as a combination of climatic suitability and host plant availability for the beetle 

(EIB') and the percent change between EIB and EIB' (calculated as (EIB'/EIB) × 100). As indicated 

by the legends, the darker the colour the greater the suitability of the area for the EI maps. For 

the percent change map, the darker the blue the greater the change between EIB and EIB'. Maps 

for the baseline period (1971-2000) and for the 2050s and 2080s are shown for the A2 and B1 

climate scenarios. 
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Figure 4-3: Area in North America that is suitable, favourable, or very favourable for the bean 

leaf beetle under baseline and future climates, based only on its own climatic tolerances (EIB) or 

in combination with the suitability of climate for its host plant, soybean (EIB'). Blue represents 

suitable area (EI of 10-20), yellow is favourable area (EI of 20-30), and red represents very 

favourable area (EI >30). Three general circulation models (BCM, CGCM, and INMCM) in 

combination with two climate scenarios (A2 and B1) and two future time periods are depicted. 
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The model was most sensitive to changes in DV3, SM3, and the two light parameters 

LT1 and LT0. Narrowing the climatic tolerances of soybean by decreasing the values of either 

the limiting high temperature (DV3) or the limiting high soil moisture (SM3) parameter led to 

lower R
2
 values and relatively large deviations from a slope of 1. A slope of 1.069 and R

2
 value 

of  0.981 was found for DV3 of 32°C (compared to a baseline of 34°C) and there was a slope of 

1.051 and a R
2
 value of 0.971 when SM3 was changed to 1.3 (compared to a baseline of 1.4). 

Decreasing the DV3 or SM3 values led to increases in suitable and favourable area for the beetle, 

but decreases in the very favourable area in North America. Preventing growth of soybean below 

a photoperiod of 11 hr by changing LT1 resulted in a slope of 1.057 and a R
2
 value of 0.967 and 

a decrease in very favourable area for the beetle of 247,500 km
2
, a percentage change of 89. 

Increasing the value of LT0 had the greatest impact on EIB' values, as mentioned above, leading 

to a slope of 1.137 and a R
2
 value of 0.957 and a decrease in very favourable area of 507,500 

km
2
, a change of 79%. This change in LT0 assumes that growth of soybean is only maximal at a 

daylength of 14 or more hours.  

 

4.4 DISCUSSION 

4.4.1 Importance of biotic interactions 

While bioclimatic envelope models (BEMs) do provide an indication of the potential future 

distributions of species, these predictions are based solely on the climatic tolerances of species. 

By integrating biotic interactions into these models, more refined predictions can be obtained. In 

the case of the bean leaf beetle which lacks any major predator or parasitoid throughout most of 

its range (Danielson et al., 2000), the availability of its main food source, soybean, could be a 

major determinant of how its distribution could change under future climate. 
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Table 4-4: Impact of the sensitivity analysis of the soybean bioclimatic envelope model on EIB' 

values (suitability for the bean leaf beetle based both on climate and host plant availability). 

Differences in the area suitable (EIB' 10-20), favourable (EIB' 20-30), or very favourable (EIB' 

>30) for the bean leaf beetle with the indicated changes in parameter values are shown relative to 

the baseline model along with the slope of the line with an intercept of 0 and corresponding R
2
 

values representing similarity in EIB' values across North America between the baseline model 

and the iterations.  

 

 

Parameter 

 

Value 

Difference in 

suitable area 

Difference in 

favourable area 

Difference in very 

favourable area 

 

Slope 

 

R
2
 

Million 

km
2
 

%  Million 

km
2
 

%  Million 

km
2
 

% 

DV0 8 -0.003 99.41 -0.005 99.14 0.053 102.16 0.989 1.000 

 9 -0.010 97.65 -0.013 97.85 0.040 101.65 0.994 1.000 

 11 0.005 101.18 0.005 100.86 -0.028 98.87 1.006 1.000 

 12 0.005 101.18 0.005 100.86 -0.050 97.94 1.012 0.999 

DV1 18 0.013 102.94 -0.030 94.85 0.100 104.12 0.978 0.999 

 19 -0.003 99.41 -0.008 98.71 0.058 102.37 0.988 1.000 

 21 0 100 0.010 101.72 -0.055 97.73 1.014 0.999 

 22 0.005 101.18 0.023 103.86 -0.140 94.23 1.033 0.998 

DV2 27 0.023 105.29 0.135 123.18 -0.255 89.50 1.062 0.992 

 28 -0.003 99.41 0.078 113.30 -0.115 95.26 1.026 0.998 

 30 0.018 104.12 -0.055 90.56 0.088 103.60 0.979 0.999 

 31 0.010 102.35 -0.093 84.12 0.155 106.39 0.964 0.996 

DV3 32 0.098 122.94 0.113 119.31 -0.295 87.85 1.069 0.981 

 33 -0.003 99.41 0.085 114.59 -0.133 94.54 1.029 0.995 

 35 0.020 104.71 -0.063 89.27 0.085 103.50 0.982 0.998 

 36 0.010 102.35 -0.070 87.98 0.135 105.56 0.971 0.995 

SM0 0 0.010 102.35 0.005 100.86 0.083 103.40 0.981 0.998 

 0.05 0.003 100.59 0 100 0.045 101.85 0.990 0.999 

 0.14 -0.013 97.06 -0.005 99.14 -0.053 97.84 1.013 0.999 

 0.19 -0.010 97.65 0.020 103.43 -0.128 94.75 1.029 0.996 

SM1 0.8 -0.005 98.82 -0.003 99.57 0.095 103.91 0.976 0.998 

 0.85 -0.005 98.82 -0.010 98.28 0.060 102.47 0.987 0.999 

 0.95 0.005 101.18 -0.005 99.14 -0.040 98.35 1.013 0.999 

 1 0.015 103.53 0.025 104.29 -0.123 94.95 1.027 0.998 

SM2 1.1 0.070 116.47 0.098 116.74 -0.195 91.97 1.041 0.996 

 1.15 0.008 101.76 0.088 115.02 -0.105 95.67 1.019 0.999 

 1.25 0.003 100.59 -0.088 84.98 0.100 104.12 0.984 0.999 

 1.3 0.005 101.18 -0.113 80.69 0.125 105.15 0.975 0.998 

SM3 1.3 0.148 134.71 0.048 108.15 -0.320 86.82 1.051 0.971 

 1.35 0.028 106.47 0.080 113.73 -0.123 94.95 1.020 0.997 

 1.45 0.005 101.18 -0.053 90.99 0.063 102.57 0.989 0.999 

 1.5 0.010 102.35 -0.083 85.84 0.098 104.02 0.983 0.999 

LT1 8 0.015 103.53 -0.060 89.70 0.110 104.53 0.974 0.997 

 9 0.003 100.59 -0.045 92.27 0.080 103.30 0.981 0.998 

 11 0.028 106.47 0.073 112.45 -0.248 89.80 1.057 0.967 

LT0 11 0.030 107.06 -0.068 88.41 0.140 105.77 0.967 0.995 

 13 0 100 0.088 115.02 -0.190 92.17 1.051 0.991 

 14 0.143 133.53 0.135 123.18 -0.508 79.09 1.137 0.957 
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 With the incorporation of the soybean’s climate envelope, there were large decreases in 

the area suitable for bean leaf beetle population growth on a broad scale. As seen in the maps 

(Fig. 4-2 and Appendix), the extent of the difference between the EIB and EIB' values depended 

on the region. In consideration of soybean’s broad climatic tolerances, partly as a result of the 

number of cultivars available, it is perhaps surprising that host plant availability had such a great 

impact on the bean leaf beetle distribution. It was anticipated that the climate envelope of such a 

widely grown crop would always be larger than that of an insect herbivore it supports so that any 

location that was climatically suitable for the bean leaf beetle would be suitable for soybean. 

Host plant availability was not, therefore, expected to greatly restrict the distribution of the bean 

leaf beetle. Through the development of the soybean and beetle BEMs, soybean was found to 

have greater moisture tolerances than the bean leaf beetle. However, the bean leaf beetle actually 

had greater temperature tolerances than soybean did, ranging from a limiting low temperature of 

7.8°C to a limiting high temperature of 35°C, as compared with 10°C and 34°C for soybean.  

The sensitivity analysis revealed that further restricting the distribution of soybean 

through changes in photoperiod requirements could substantially impact predictions of bean leaf 

beetle distribution. However, the narrowing of those parameters to prevent growth below a 

photoperiod of 11 hours or only allow maximum growth above a photoperiod of 14 hours is not 

realistic for soybean. In fact, most soybean cultivars require short daylengths to initiate flowering 

(Wilkerson et al., 1989) and, in many cultivars, a photoperiod above 12 hours does not provide 

any further benefit for growth (Zhang et al., 2001).  

The impact of these changes in soybean parameters on the bean leaf beetle distribution 

(based on EIB') suggests that, if a different plant-insect system were considered where the plant 

had much narrower photoperiod requirements or climatic tolerances than soybean, incorporating 



 

92 

 

host plant availability into the predicted distribution of its insect herbivore could cause large 

decreases in suitable area for the insect. Some examples of plants with narrower climatic 

tolerances are wheat and cool season pulses, which have high temperature thresholds below 30°C 

(Wahid et al., 2007), and rice, which is very susceptible to drought (Cabuslay et al., 2002).  

The dependence of the distribution of an insect herbivore on the availability of its host 

plant demonstrates the importance of considering biotic interactions when predicting changes in 

species distributions, especially in the case of more specialist herbivores, where high population 

size can only be maintained on one or a few main host plant species. For generalist herbivores, 

their ability to have sustained population growth on a wide range of species has been cited as a 

reason for ignoring this biotic interaction in BEMs (Kocmánková et al., 2011). The authors of 

another study reasoned that host plant availability does not limit the distribution of the leek moth 

(Acrolepiopsis assectella (Zeller) (Lepidoptera: Acrolepiidae)), since their host plants, which all 

belong to the genus Allium, are widely grown in gardens (Mason et al., 2011). However, as seen 

in the present study with soybean, the climatic tolerances of the host plants could well be 

narrower than those of the insect and the distribution of the leek moth could therefore be limited 

by the availability of its food source in the future. 

 Another factor that could be incorporated into these models, but was beyond the scope of 

this study, is the availability of suitable soils. Soil type could indirectly affect the distribution of 

the bean leaf beetle by restricting the distribution of soybean to areas with well-drained, loamy 

soil suitable for its growth (Koenning et al., 1988; Mesic et al., 2008). In northern Ontario and 

Quebec, poor soils associated with the Canadian Shield will never likely support the growth of 

soybean or most other agricultural crops (Miller, 1983; Brklacich and Smit, 1992). While the 

CGCM and INMCM predict that these areas will become climatically suitable for the beetle and 
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for soybean, if soils will not allow soybean growth in these regions, the beetle will likely not be 

found there. 

 Taylor and Kumar (2013) demonstrated a technique for incorporating soil data into 

CLIMEX output. They were interested in the impact of soil drainage on the predicted future 

distribution of the invasive shrub Lantana camara L. in Australia. They created an index of soil 

drainage and multiplied it by a climate index that was based on EI values to obtain a new index 

of suitability, conceptually similar to the way that I have incorporated the soybean distribution 

into the beetle distribution in this study. This combined index allowed for a more refined model 

of the distribution of L. camara. This method could additionally be used to incorporate other soil 

aspects (Taylor and Kumar, 2013). 

 

4.4.2 Sources of uncertainty in species distribution modelling 

Comparing the predicted changes in the distribution of the bean leaf beetle and soybean across 

multiple GCM-scenario combinations revealed larger differences among GCMs than between 

scenarios. Depending on the GCM, I obtained different predictions for areas of climatic 

suitability in the future for both the beetle and soybean. When these indices were combined to 

obtain a measure of suitability for the beetle based both on climate and host plant availability 

(EIB'), differences among the GCMs were magnified. As a result, while northward expansion of 

the beetle might be predicted based on the INMCM and on the CGCM, at least for Ontario, little 

expansion is expected with the BCM. In addition, use of the INMCM predicts increases in size of 

the suitable, favourable, and very favourable areas for the beetle over time, while the BCM 

predicts decreases, and the CGCM predicts little change in overall size but with changes in the 

location of suitable and favourable areas. The only predictions that are consistent across all of 
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these GCMs are a decrease in the suitability of the Mississippi Delta region of the United States, 

the bean leaf beetle’s native area, and a maintained level of suitability in Florida and other 

southeastern states. 

 Climate scenarios as a source of uncertainty have been widely discussed (Beaumont et 

al., 2007) and this uncertainty is not surprising if one considers that these scenarios are plausible 

storylines for the future that differ in factors that are inherently difficult to predict such as 

demography and socio-economic and technological development (Nakicenovic et al., 2000). 

More recently, biological impact studies have pointed to GCMs as another, and possibly, larger 

source of uncertainty. Using a CLIMEX-developed BEM for the grasshopper Melanoplus 

sanguinipes (Fabricius) (Orthoptera: Acrididae), northward expansion seemed to be a robust 

prediction found across three GCMs; however Olfert et al. (2011) nonetheless found variability 

in the amount of suitable and favourable areas for this pest. In a more extreme example, Mika et 

al. (2008) found little agreement between the two GCMs included in their study of the swede 

midge (Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae)), with increases in very 

favourable area under the CGCM2, but large decreases under the HadCM3.  

 Variability in predictions of species distributions under various GCMs is due largely to 

differences in temperature and moisture (i.e. precipitation and relative humidity) projections, as 

these are the main factors considered in BEMs. In the Mika et al. (2008) study discussed above, 

since the swede midge is very sensitive to soil moisture, large differences in precipitation and 

relative humidity projections between the CGCM2 and HadCM3 resulted in substantially 

different predictions for the potential distribution of the swede midge. Differences solely in 

temperature projections can also result in high levels of variation for biological impact studies. 

Ziter et al. (2012) looked at the variability in predictions of number of generations for various 
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insects using multiple GCM-scenario combinations and degree-day models, which are based 

only on maximum and minimum temperatures. Choice of GCM explained approximately 42% of 

the variation in predictions of number of generations, compared to just 1% that was explained by 

the choice of scenario (Ziter et al., 2012).  

Assessments of GCM performance based on a range of metrics indicate that each GCM 

has strengths and weaknesses and that no single model performs the best for all of the metrics 

(Meehl et al., 2007; Bader et al., 2008). Some regional studies have selected GCMs based on 

their ability to reproduce certain processes such as 20
th

 century monsoon rainfall (Kripalani et 

al., 2007) or past sea ice extent (Wang and Overland, 2009), but, since climate forcings (i.e. 

factors affecting Earth’s climate) could be very different in the future, it is not possible to 

determine which of the GCMs provides the most accurate climate change projections 

(Nakicenovic et al., 2000; Newman, 2006). The results of this study reinforce the importance of 

including multiple GCMs when predicting future potential distributions of species to determine 

which predictions are robust. 

While differences in moisture projections among GCMs could be driving some of the 

variability in the size of climatically suitable area, moisture deficits leading to low suitability of 

an area for soybean could be managed with irrigation (Nielson et al., 2002), a practice that would 

therefore improve the suitability of that area for the bean leaf beetle. In agricultural systems, 

human behavior therefore becomes another source of uncertainty in modelling changes in 

distribution as it is difficult to predict where growers will decide to plant certain crops and what 

methods of irrigation or pest management will be applied. The importance of human behavior 

and cultural factors is demonstrated in Florida, where the climate is very favourable for soybean 

growth but little is grown there as a result of much of the area being used for citrus production 
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(USDA, 2013). Florida is also very favourable for the bean leaf beetle, in terms of climate, but 

the lack of soybean availability has resulted in very low numbers of this pest. With the 

favourability of Florida predicted to remain quite high for both soybean and the bean leaf beetle, 

based on the results from all three GCMs, soybean production would remain an option for this 

area, but the bean leaf beetle could become a major pest if soybean were grown more widely 

there. 

Another source of uncertainty is the potential for adaptations that could alter the climate 

tolerances of a species. This limitation of BEMs is magnified when modelling an agricultural 

system because new crop cultivars can be developed relatively quickly (Cober and Voldeng, 

2012). While the soybean BEM developed in this study suggests that the temperature tolerances 

of soybean are currently narrower than those of the bean leaf beetle, new cultivars could become 

available that would expand the tolerances of this crop, potentially surpassing the climate 

tolerances of the bean leaf beetle. This source of uncertainty therefore impacts the accuracy of 

the prediction discussed earlier that the availability of soybean will restrict the future potential 

distribution of the bean leaf beetle.  

 

4.4.3 Conclusions 

By combining the bioclimatic envelope models of the bean leaf beetle and soybean, this study 

demonstrated the importance of biotic interactions in predicting future potential species 

distributions. On a continental scale, incorporating the climate suitability for soybean growth 

largely constrained the distribution of the bean leaf beetle regardless of soybean parameter 

uncertainty. However, predictions of the future suitability of certain areas for the bean leaf 

beetle, particularly parts of Canada, were highly dependent on the GCM. These predictions are 
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further complicated by human behavior that also influences where soybean will be cultivated. 

These sources of uncertainty indicate the need for a more mechanistic understanding of the 

climate factors impacting bean leaf beetle population growth and for smaller-scale predictions 

using regional climate projections to predict the severity of this pest in specific areas of soybean 

production. 
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CHAPTER 5 

General discussion and conclusions 

 

5.1 GENERAL DISCUSSION 

Predicting the direct and indirect effects of climate change on insects has previously been 

problematic due to the potential for species-specific responses, a lack of mechanistic 

understanding, and the role of interactions with other species. The research described in this 

thesis addressed these uncertainties through examination of climate change effects on the bean 

leaf beetle Cerotoma trifurcata (Förster) (Coleoptera: Chrysomelidae), an important pest of 

soybean (Glycine max (L.) Merrill) in North America. The two main goals of this research were: 

1. Determine the effects of climate change on the fecundity, overwintering survival, and 

distribution of the bean leaf beetle to predict future changes in pest status, and 2. Identify factors 

that are important for establishing generalizations of insect responses to climate change.  

 

5.1.1 Changes in bean leaf beetle populations under elevated CO2 

No consistent effect of elevated CO2 on bean leaf beetle fecundity was found in the 2011 and 

2012 experiments (Chapter 2), potentially due to differences in timing, environmental conditions, 

or number of males. While there was no significant treatment effect in 2011, the results from the 

2012 experiment reveal the potential for increased fecundity under elevated CO2. Since 

preliminary data from this experiment suggest that increased egg number is not associated with 

any change in hatching success, increased bean leaf beetle population growth is possible under 

future climates. However, difficulties in rearing the beetles prevented a proper examination of 

elevated CO2 effects on development.  
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Improved rearing methods would also allow for an examination of potential impacts on 

later generations. Responses of multiple generations are rarely considered in elevated CO2 

studies. In a recent meta-analysis of insect herbivore responses to elevated CO2, 80% of studies 

looked at effects on a single generation (Robinson et al., 2012). Many of those studies that did 

consider more than one generation examined impacts on phloem feeders. Because phloem 

feeders generally respond differently to elevated CO2 than do foliage feeders, those studies may 

not be relevant to the bean leaf beetle (Robinson et al., 2012). Effects of elevated CO2 on 

multiple generations of non-phloem feeders could be significant, as demonstrated by studies on 

cotton bollworm, Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) (Wu et al., 2007), 

and the leaf beetle, Gastrophysa viridula (De Geer) (Coleoptera: Chrysomelidae) (Brooks and 

Whittaker, 1998). While there was no effect of elevated CO2 on the survival of the first 

generation of H. armigera, the second and third generations showed lower survival under 

elevated CO2 (Wu et al., 2007). The later generations also had lower fecundity under elevated 

CO2 than the first generation (Wu et al., 2007). In G. viridula feeding on Rumex obtusifolius L., 

there was very little impact of elevated CO2 on the performance of the first generation (Brooks 

and Whittaker, 1998). However, the second generation females produced fewer and lighter eggs 

under elevated CO2 (Brooks and Whittaker, 1998). To date, no studies have looked at the effects 

of elevated CO2 on multiple generations of soybean foliage feeders.  

While the effect of elevated CO2 was tested on the overwintered generation in Chapter 2, 

the later generations play a large role in determining the pest status of the bean leaf beetle since 

they consume pods, the harvestable product of soybean (Smelser and Pedigo, 1992). As 

discussed in Chapter 3, there is also potential for the development of an additional generation in 
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the future. Therefore, an understanding of the effects of elevated CO2 on multiple generations is 

essential. 

One consideration of my results is that an increase in fecundity was only observed at 900 

ppm CO2, a concentration that is on the high end of the projections for the end of this century, 

projected only by the high (A1FI) and medium-high (A2) emissions scenarios (IPCC, 2007). 

While these results suggest that it is unlikely that there will be any observable change in bean 

leaf beetle fecundity in the near future in response to elevated CO2, the lack of significance at 

700 ppm CO2 could very well be due to low statistical power. This explanation of low statistical 

power seems likely when we consider that increased fecundity in the Western corn rootworm, 

Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), and the Japanese beetle, 

Popillia japonica Newman (Coleoptera: Chrysomelidae), feeding on soybean were observed at 

much lower CO2 concentrations, around 550 ppm (Schroeder et al., 2006; O’Neill et al., 2008). 

 Low statistical power is a common issue with elevated CO2 experiments (Newman et al., 

2011). Statistical power is related to sample size and, by increasing sample size, the probability 

of a Type II error, which is the failure to reject the null hypothesis when the hypothesis is false, 

is decreased. Indoor CO2 chambers, such as growth cabinets or chambers in a greenhouse, as 

used in this study, generally have few replicates due to construction and maintenance costs or 

indoor space limitations (Newman et al., 2011). While replication is generally higher in less 

costly outdoor open-topped chambers, the walls of the chambers can lead to increased 

temperatures and humidity within the chambers (Whitehead et al., 1995). Outside Free Air CO2 

Enrichment (FACE) systems avoid these chamber effects by increasing the CO2 concentration of 

a plot without the use of walls (Long et al., 2004). However, since FACE systems are expensive 

to operate, replication is low (Newman et al., 2011). For example, the SoyFACE system has only 
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four replicates per treatment level (Long et al., 2004). Small sample sizes hinder our ability to 

detect effects of elevated CO2 that could have important implications for agricultural or natural 

systems. With cuts to science research funding becoming increasingly severe (Hoag, 2009; 

Reich, 2011), it is unlikely that this issue will be directly resolved in the near future. This 

limitation can, however, be partially overcome by quantitative reviews using techniques such as 

meta-analysis. Meta-analyses can combine the results from many of these small-scale studies and 

identify general responses of plants and insects to elevated CO2.  

 

5.1.2 Effect of warmer winters on bean leaf beetle pest status 

In temperate regions, insects spend nearly half of the year in the overwintering stage and 

overwintering survival is an important determinant of population size. However, many studies 

have focused on the impact of warmer temperatures during the growing season on insect pest 

performance (Bale and Hayward, 2010). Recently, the impact of climate change on the 

overwintering survival of insects has received more attention, particularly in laboratory studies 

(eg. Fliszkiewicz et al., 2012; Williams et al., 2012b; Fründ et al., 2013). These studies are 

important for identifying key thresholds and elucidating the impacts of various factors through 

the control of a range of variables (Bale and Hayward, 2010). However, since they largely lack 

external validity, laboratory studies need to be coupled with field studies in order to determine 

whether the effects detected in laboratory studies are meaningful against the background of 

natural variation in the field. The multi-year field experiment discussed in Chapter 3 looking at 

the effects of warmer winters on the bean leaf beetle largely achieved this goal of increased 

external validity and revealed interesting results. 
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Very high bean leaf beetle overwintering mortality was observed in all years of this 

study. These high rates of mortality could reflect one of the limitations of this study, that the 

beetles were not allowed to choose their overwintering sites. It is possible that they would have 

selected better sites that could have allowed for increased survival. Differences in survival 

between overwintering sites has been demonstrated in Iowa, where bean leaf beetle mortality 

was higher in soybean fields, ranging from 77-89%, than in woodlands, ranging from 49-82% 

(Lam and Pedigo, 2000). In the field, where bean leaf beetle populations are larger and there is a 

choice of overwintering sites, the impact of warmer winters on survival may become more 

apparent. An understanding of potential changes in overwintering survival is particularly critical 

for the bean leaf beetle because the overwintered generation can transmit bean pod mottle virus 

when soybean is most vulnerable, during early growth stages (Giesler et al., 2002). Bean pod 

mottle virus can cause seed coat discolouration and yield reduction (Krell et al., 2003a). When 

the overwintered generation population is large, the bean leaf beetle becomes an important 

primary inoculum source of the virus (Krell et al., 2003a). 

At the high rates of mortality observed in this study, an intermediate level of warming in 

2011 and 2013 had no detectable effect on survival. During the very mild winter of 2012, further 

experimental addition of heat caused even higher rates of mortality, potentially as a result of the 

depletion of energy reserves before the arrival of spring. Since the bean leaf beetle overwinters 

as an adult, there is, however, potential for them to feed during diapause to mitigate high rates of 

energy use (Hahn and Denlinger, 2011). Earlier emergence under warmer winters can also 

prevent the depletion of energy reserves and resulting mortality (Hahn and Denlinger, 2011). 

Bean leaf beetles exposed to warmer temperatures in this study were found to emerge up to 20 

days earlier than controls.  



 

103 

 

Another consequence of earlier emergence is that it could allow for the development of 

an additional generation during the growing season. An additional generation generally results in 

larger populations (Porter et al., 1991). In areas where the bean leaf beetle currently has two 

generations, the second generation population is generally two to four times larger than the first 

one, with some variability between years (Danielson et al., 2000; Lam et al., 2001; Krell et al., 

2005; Park and Krell, 2005; Stephenson and Pitre, 2008).   

Additionally, multivoltine insects are often more difficult to control (Miller, 1990). For 

example, in the bean leaf beetle, the first generation population can be maintained below 

economic thresholds by insecticides targeted at overwintered bean leaf beetles (Bradshaw et al., 

2008). However, this management strategy is not sufficient for the control of later generations 

and multiple insecticide treatments may be required to prevent economic losses (Bradshaw et al., 

2008). Multiple treatments could become problematic in the future because, as shown in the 

Mississippi Delta region with pyrethroid insecticides, decreases in insecticide efficacy are 

possible due to the evolution of resistance (Musser et al., 2012). Therefore, the management of 

the bean leaf beetle will likely become more complicated and costly in the future.  

 

5.1.3 Future potential distribution of the bean leaf beetle 

In Chapter 4, the development of bioclimatic envelope models (BEMs) for the bean leaf beetle 

and its preferred host plant, soybean, revealed that, since soybean has narrower climatic 

tolerances than the bean leaf beetle, predictions of the future potential distribution of the bean 

leaf beetle are heavily influenced by the suitability of the climate for soybean growth. While 

these results highlight the need for considering biotic interactions in modelling species 

distributions, there are many other factors that could impact potential future distributions. 
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 As discussed in Chapter 4, soil is a major factor that could constrain the distribution of 

plant species and, consequently, the distribution of their insect herbivores. While a recent study 

did incorporate this constraint, specifically soil drainage, when predicting the future potential 

distribution of a weed (Taylor and Kumar, 2013), improvements to their approach could be made 

and other soil characteristics could be considered. In their analysis, climatic suitability values 

ranged from 0 to 3 based on the categorization of Ecoclimatic Index (EI) values (category 0 = EI 

0, category 1 = EI 1-10, category 2 = EI 11-20, and category 3 = EI 21-100), and values for soil 

drainage ranged from 1 to 6 where 1 represented very poorly drained soils and 6 referred to 

rapidly drained soils (Taylor and Kumar, 2013). The climatic suitability and soil drainage values 

were then multiplied to obtain a combined measure of suitability and these values were 

categorized as unsuitable (values of 0-3), marginal (3-8), suitable (8-12), and highly suitable (12-

18) (Taylor and Kumar, 2013). Not only was information needlessly lost through each 

categorization step, but slight changes in EI values, which can occur through parameter 

uncertainty, could have impacted interpretation of the suitability of an area. For example, a 

location with a soil drainage value of 3 would have been considered marginal with an EI value of 

20. If the EI value were instead 21, the location would be interpreted as suitable. The approach 

utilized in Chapter 4 of this thesis for host plant availability could be adapted for incorporating 

soil suitability, where calculations use original EI values and the output is mapped based on a 

gradient. Other soil characteristics that could be incorporated with this approach are: texture, 

structure, organic matter content, acidity, salinity, or concentration of either particular ions 

important for plant growth or toxins. 

Another important factor is dispersal (Pearson and Dawson, 2003). Some studies have 

compared predicted distributions assuming either no dispersal or unrestricted dispersal (Araújo 
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and Luoto, 2007; Fitzpatrick et al., 2011) but, since the resulting predictions range from an 

underestimation to an overestimation, they give little indication of a realistic future distribution. 

Using species distribution models for multiple damselfly and dragonfly species in Europe, 

Jaeschke et al. (2013) investigated differences in predictions based on unrestricted dispersal and 

when species-specific dispersal ability was incorporated. For three of the species, incorporation 

of species-specific dispersal had little impact on predicted distributions when compared to 

unrestricted dispersal. However, for the other three species, under the assumption of unrestricted 

dispersal, the models predicted range expansions while decreases in range size were predicted 

using species-specific dispersal ability (Jaeschke et al., 2013). Additionally, species distribution 

modelling of birds in Australia reveals that habitat barriers to dispersal place a greater constraint 

on species distributions in certain areas than climate (Anderson et al., 2012). In light of these 

findings, the potential for dispersal limitation needs to be considered for the bean leaf beetle. A 

study of bean leaf beetle flight capacity found that, on average, they can fly 166 m in 24 hours 

(Krell et al., 2003c). Most of the flights lasted less than 30 minutes which are generally 

considered trivial flights within the habitat. However, before the 1990s, the bean leaf beetle was 

present in soybean fields in southern Ontario during the growing season even though they were 

unable to overwinter successfully in the region, suggesting that they can fly substantial distances 

(McCreary, 2013). Long distance dispersal of agricultural pests can also occur through the 

movement of produce around the world (Mazzi and Dorn, 2012). This indicates that dispersal 

may not be a significant constraint for the bean leaf beetle.  

 While some species distribution models incorporate biotic interactions, such as the bean 

leaf beetle model, and others include soil or dispersal, few of them consider multiple factors 

simultaneously due to time constraints or a lack of information about the role of each of these 
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factors in the species under investigation. In consideration of these limitations, I believe that it is 

important to identify the most significant factors that determine the distribution of the species of 

interest. In the case of the bean leaf beetle, aside from climate, availability of their main host 

plant was considered their greatest constraint since they have few competitors, predators, or 

parasitoids (Danielson et al., 2000) and appear to have the potential for long distance dispersal 

(McCreary, 2013). In less mobile species, as discussed earlier, dispersal may be a limiting factor, 

while plant distributions are likely to be constrained by the availability of soil suitable for 

growth. 

The results of Chapter 4 also indicated that the choice of general circulation model 

(GCM), and less importantly, CO2 emissions scenario, can lead to substantial differences in 

predictions of the future distributions of species. Expansion of the bean leaf beetle into other 

parts of Canada was not a robust prediction. While it is not therefore possible to conclude that 

this pest will become an issue for soybean growers in Quebec, Manitoba, and other regions of 

Ontario in the future, two of the three GCMs did predict such an expansion and, since the bean 

leaf beetle can cause significant economic damage (Smelser and Pedigo, 1992), growers in those 

areas should be aware of the pest and be prepared to initiate an effective management strategy, if 

required.  

 

5.1.4 Opportunities for generalizations of biological impacts of climate change 

Identifying general responses of organisms to climate change is one of the main goals of climate 

change research, as it is impossible to study effects on every single species (Newman et al., 

2011). The work described in this thesis reveals opportunities for generalizations in terms of the 

indirect effects of elevated CO2 and the direct effects of warmer winter temperatures on insects. 
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For the effects of elevated CO2, generalizations across insect orders or feeding guilds are 

common (Bezemer and Jones, 1998; Stiling and Cornelissen, 2007; Robinson et al., 2012). 

However, studies of insects feeding on soybean, including the bean leaf beetle, reveal that the 

species of host plant may be another important predictor of how an insect will respond. Soybean 

foliage feeders generally show increased performance under elevated CO2 (Schroeder et al., 

2006; O’Neill et al., 2008) while the performance of insects feeding on leaves of non-nitrogen-

fixing plants is reduced (Robinson et al., 2012). The importance of the host plant is further 

demonstrated in studies of individual species that show differential responses to elevated CO2 

depending on their food source. For example, in the aphid Rhopalosiphum padi (L.) (Hemiptera: 

Aphididae), abundance decreased under elevated CO2 when feeding on tall fescue, Schedonorus 

arundinaceus (Schreb.), but increased under elevated CO2 when feeding on barley, Hordeum 

vulgare L. (Ryan, 2012). Similarly, while the aphid Myzus persicae (Sulzer) (Hemiptera: 

Aphididae) had higher fecundity under elevated CO2 when feeding on Brassica oleracea L., 

there was no effect of elevated CO2 on fecundity of this species when fed Senecio vulgaris L. 

(Bezemer et al., 1999). 

Variable responses to elevated CO2 have been observed in chrysomelid beetles, 

potentially as a result of differences in their food sources. As mentioned earlier, increased 

fecundity has been observed in western corn rootworm and Japanese beetle feeding on soybean 

under elevated CO2 (Schroeder et al., 2006; O’Neill et al., 2008). Conversely, decreased 

performance of the beetle Chrysophtharta flaveola (Chapuis) (Coleoptera: Chrysomelidae) 

feeding on the evergreen tree Eucalyptus tereticornis (Smith) was observed under elevated CO2, 

with reduced digestive efficiency and increased mortality in larvae (Lawler et al., 1997). 

Phratora vitellinae (L.) (Coleoptera: Chrysomelidae) also had decreased performance, 
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specifically reduced relative growth rates, when fed Salix myrsinifolia (Salisb.) grown under 

elevated CO2 (Veteli et al., 2002). These findings suggest that differential responses of plants to 

elevated CO2 could be causing variation in responses of their herbivores.  

The lack of change in the C/N ratio of soybean leaves under elevated CO2 found in 

Chapter 2 compared to the general decrease in C/N observed in non-nitrogen-fixing plants 

(Robinson et al., 2012) is one example of differences in responses between plant functional 

groups. This difference could contribute to variation in herbivore responses, with the negative 

effects of elevated CO2 on herbivore performance being minimized in insects feeding on 

nitrogen-fixing plants like soybean. However, as I discuss below, a greater understanding of 

other differences in responses to elevated CO2 between plant functional groups, such as in the 

production of plant secondary metabolites, is required to determine the importance of host plant 

identity in making generalizable predictions.  

The first step in identifying opportunities for generalizations is a further understanding of 

the mechanism driving changes in plant defenses under elevated CO2. While soybean plant 

defenses were not measured in Chapter 2, previous studies of soybean demonstrated changes in 

defenses under elevated CO2 without any change in C/N ratio (Zavala et al., 2012). These results 

support the hypothesis of alterations to plant hormone signaling driving changes in defenses 

rather than the Carbon-Nutrient Balance Hypothesis (CNBH), under which changes would be 

based on carbon availability. This understanding of the causal basis provides an indication for 

potential differential responses across plant functional groups, such as between nitrogen-fixers, 

like soybean, and non-nitrogen-fixers. The next step would be to identify which of these changes 

in the plant, chemical or potentially physical, drive the observed insect responses. The results of 

Chapter 2 suggest that leaf C/N ratio is not the sole determinant of insect performance, since 
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there was no effect of elevated CO2 on C/N ratio in either year, yet bean leaf beetle responses 

differed between years. Determining which changes in the plant are causing differences in 

responses would require mechanistic studies using artificial diets to manipulate a single 

component. This is in contrast with most current CO2 studies which are purely correlative: 

changes in the plant (i.e. nitrogen concentration of the leaf tissue) are measured and then used to 

explain insect herbivore responses (Ryan et al., 2010; Robinson et al., 2012; Ryan, 2012). With a 

more mechanistic understanding, knowledge of insect physiology could then indicate whether all 

insects from a certain order and/or feeding guild would likely respond similarly to those specific 

changes in the host plant.  

There is potential for general predictions of the effects of warmer winters on insects but, 

as demonstrated in Chapter 3, they are not as simple as higher overwintering survival with 

increases in temperatures of 1°C to 5°C (Bale and Hayward, 2010). Various factors need to be 

considered. Firstly, the overwintering habitat of an insect could play a large role in their 

vulnerability to climate change. If the species overwinters directly under the snow, changes in 

the amount of snow cover and therefore in the amount of insulation provided could greatly affect 

their survival (Bale and Hayward, 2010). Insects that burrow into the soil would be exposed to 

reduced fluctuations in air temperature resulting from loss of snow cover. However, in areas 

where soil temperatures are currently just below freezing, the number of soil freeze-thaw cycles 

is predicted to increase with higher temperatures (Henry, 2008) and this could impact the 

survival of burrowing insects. Secondly, the extent or even direction of these impacts on survival 

could depend on the freeze-tolerance of the insect. In the freeze-intolerant bean leaf beetle, as 

shown in Chapter 3, increased exposure to temperature fluctuations in the snow removal 

treatment group had no effect on survival. However, temperatures under the leaf litter did not 
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reach the supercooling point of the beetle (-8.9°C; Carrillo et al., 2005). In areas where there is 

less leaf litter or greater exposure to cold winds, loss of snow cover could affect survival of 

freeze-intolerant insects if temperatures are low enough for freezing to occur. Freeze-tolerant 

insects such as the arctiid moth Pyrrharctia isabella Smith (Lepidoptera: Arctiidae) can survive 

freezing but, when repeatedly frozen and thawed, they have been found to have decreased 

survival and greater tissue damage likely due to the accumulation of injuries that are not fully 

repaired prior to the subsequent freezing event (Marshall and Sinclair, 2011).  

Both freeze-tolerant, such as P. isabella, and freeze-intolerant, such as the bean leaf 

beetle, insects appear to benefit from relatively low temperatures during the winter, with the 

associated suppression of metabolism allowing them to conserve energy reserves (Marshall and 

Sinclair, 2012). Increased winter temperatures may therefore cause either mortality through the 

depletion of reserves before spring arrival or decreased spring fitness, if they emerge with 

insufficient reserves for dispersal and/or reproduction (Hahn and Denlinger, 2007). The last two 

factors that could affect insect responses operate through this mechanism of energy use and 

include the overwintering life stage and the energy budget of the organism.  

Insects that overwinter as adults may be at an advantage compared to insects that 

overwinter as non-feeding life stages, particularly eggs and pupae, since there is potential for 

them to feed during the winter or as soon as they emerge (Hahn and Denlinger, 2011). 

Examination of bean leaf beetle lipid content throughout the winter in Chapter 3 suggests that 

this species may feed during diapause, as demonstrated by the lack of change in lipid content 

between November and March.  

The influence of higher rates of energy use on survival also depends on the energy budget 

of the insect, with those having very limited energy reserves being more vulnerable to increases 
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in temperature (Hahn and Denlinger, 2011). While bean leaf beetle energy reserves in 2013 did 

not appear to be sufficiently limited to cause decreased survival under higher temperatures, it is 

currently not possible to determine whether the relatively constant lipid content in the heated 

treatment group until after March was a result of low thermal sensitivity of metabolic rates, the 

utilization of other types of reserves (i.e. carbohydrates), or their ability to feed.  

Through the consideration of the overwintering habitat, freeze-tolerance, overwintering 

life stage, and energy budget of the insect, it should be possible to increase the accuracy of 

predictions of how an insect will respond to increased winter temperatures.   

 

5.2 FUTURE DIRECTIONS 

The work presented in this dissertation on the bean leaf beetle highlights the need for research in 

several areas which I would like to pursue. 

 

5.2.1 Mechanistic and longer term elevated CO2 studies 

In Chapter 2, I speculated about the potential causes of variability between years in the effects of 

elevated CO2 on bean leaf beetle fecundity. This research would benefit from additional 

measurements of changes in plant physiology as well as a direct manipulation of factors such as 

temperature, insect genotype, plant size, plant development stage, and presence of other 

herbivores. Specific hypotheses are discussed in Section 2.4. Artificial diet experiments would 

be helpful to identify mechanisms driving changes in bean leaf beetle performance under 

elevated CO2. As discussed in Section 5.1.1, the effect of elevated CO2 on additional generations 

should also be examined since the bean leaf beetle is multivoltine throughout much of its range 
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and, as seen in previous studies, beetles of different generations could show differential 

responses. 

  

5.2.2 Examination of energy reserves and post-emergence survival 

While the analysis of lipid content described in Chapter 3 for 2013 revealed no difference 

between reserves of heated and control bean leaf beetles at emergence, the hypothesis of 

decreased spring fitness due to increased winter temperatures and higher rates of energy use 

requires direct investigation. This hypothesis could be tested by caging male and female beetles 

with alfalfa after emergence from ambient and warm winter conditions. After mating, individual 

females would be moved to separate cages with a single plant to record the number of eggs 

produced and measure egg weight.  

Because bean leaf beetles that emerged in spring from my experimental plots were 

collected immediately, further work could also look at survival after emergence. It is possible 

that bean leaf beetles in the heated group, which emerged much earlier, would have been 

exposed to cold snaps soon after emergence, leading to higher rates of mortality than those 

observed here. The probability of April frost events (temperatures of ≤-1.7°C for 16-37 days) has 

increased since the early to mid-20
th

 century (Augspurger, 2013) and, despite climate warming, 

extreme cold events are expected to persist towards the end of the 21
st
 century (Kodra et al., 

2011). If these cold events occur before bean leaf beetle reproduction or transmission of bean 

pod mottle virus to soybean occurs, mortality after emergence can be just as significant as 

overwintering mortality in determining bean leaf beetle pest status. 
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5.2.3 Incorporating more factors in modelling potential future distributions 

Previous studies have shown that the performance of bioclimatic envelope models (BEMs), in 

terms of accurately predicting current species distributions, can rival more mechanistic models 

(Kocmánková et al., 2008; Buckley et al., 2010). However, as discussed in Chapter 4, remaining 

limitations can affect the usefulness of these models for predicting changes in species 

distributions under climate change. While I addressed one of these limitations in the bean leaf 

beetle BEM through incorporation of host plant availability, this model could be developed 

further to obtain more accurate predictions. 

Incorporation of the findings from my experimental work, such as the decrease in 

overwintering survival at higher temperatures, as well as other factors such as soil suitability for 

soybean and bean leaf beetle dispersal ability, would increase the utility of the model for 

predicting the future distribution of this pest. Another factor that should be considered in this 

model is the effect of future changes in climatic variability. Many BEMs only use mean 

temperature and precipitation projections even though changes in climatic variability, including 

increased frequency of extreme events, are likely to impact species distributions significantly. 

 

5.3 CONCLUSIONS 

Many climate change experiments are currently limited in length, sample size, and scope. Longer 

term studies are required to look at the effects of elevated CO2 on later generations of insect 

herbivores and the effects of warmer winters on fitness after emergence. To address the issue of 

small sample sizes, techniques such as meta-analysis can be used to identify general responses. A 

combination of field and laboratory studies is also required to expand the applicability of our 

research.  
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In order to identify generalizations of insect responses to elevated CO2 or increased 

temperatures, more mechanistic understanding is needed. This understanding would also help 

explain some of the variability that I observed in bean leaf beetle responses across multiple years 

and allow for the development of a more comprehensive model of bean leaf beetle population 

growth throughout the entire year. With predictions of changes in phenology and population 

sizes obtained from this improved model, recommendations could be provided to soybean 

growers for the most effective management strategies such as timing of either planting or 

insecticide application. This information is crucial in managing this important pest of soybean 

and avoiding significant losses.  
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APPENDIX 

 
Figure S1: Ecoclimatic Indices for the bean leaf beetle (EIB) and soybean (EIS) using the CGCM3T63, as 

well as a combination of climatic suitability and host plant availability for the beetle (EIB') and the percent 

change between EIB and EIB' (calculated as (EIB'/EIB) × 100). As indicated by the legends, the darker the 

colour the greater the suitability of the area for the EI maps. For the percent change map, the darker the 

blue the greater the change between EIB and EIB'. Maps for the baseline period (1971-2000) and for the 

2050s and 2080s are shown for the A2 and B1 climate scenarios. 
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Figure S2: Ecoclimatic Indices for the bean leaf beetle (EIB) and soybean (EIS) using the INMCM3.0, as 

well as a combination of climatic suitability and host plant availability for the beetle (EIB') and the percent 

change between EIB and EIB' (calculated as (EIB'/EIB) × 100). As indicated by the legends, the darker the 

colour the greater the suitability of the area for the EI maps. For the percent change map, the darker the 

blue the greater the change between EIB and EIB'. Maps for the baseline period (1971-2000) and for the 

2050s and 2080s are shown for the A2 and B1 climate scenarios. 


