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Still very preliminary  



Three parts to the talk: 

 

 Climate change versus land use change 

 

 Metabolic theory of climate change - 

predicting impacts on free-living infective 

stages. 

 

 Caribou and parasitoids ~ population 

cycles and host migration? 



3 key questions (Rohr et al. 2011) 

i. Can a theoretical framework be developed 

that allows predicting the response of any 

host-parasite system to climate change?  

How? 

Where? 

Who? 

ii. At which geographical locations will climate 

change have the greatest impacts? 

iii. Which host-parasite systems are most 

sensitive to climate change? 
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Changes in indirect drivers 

  In MA Scenarios: 

 Population 

projected to grow 

to 8–10 billion in 

2050 

 Per capita income 

projected to 

increase two- to 

fourfold 

Source: Millennium Ecosystem Assessment 



Crop Land Forest Area 

Changes in direct drivers 



Adapting Mosaic 2100 

Landuse Change 

Climate Change 

Model: Image 2.2  
(Strengers et al 2005) 

Climate and Land-use Change 



Order from Strength, 2100 

Landuse Change 

Climate Change 

Model: Image 2.2  
(Strengers et al 2005) 

Climate and Land-use Change 



? 



A global distribution database 

• Distribution ranges of all 9,754 species, geo-
registered to known projection 

• Following analysis:  
• polygon ranges resampled to 0.5° grid (259,200 quadrats) 

• 11,418,435 quadrat records 

• Excluded 838 freshwater, marine and pelagic species 

• Breeding ranges only 



Latitude, Range Size and Type of Change 

Red: Land-use change 

Blue: Climate Change 



Latitude and Proportional Range Loss 

Red: Land-use change 

Blue: Climate Change 



Latitude and Proportional Range Loss 

Red: Land-use change 

Blue: Climate Change 
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The thermal range of species will vary with latitude 
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Species will be adapted to different ranges

Differential impact of climate change 
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Species will be adapted to different ranges

No longer within  

natural range 







APD – suggested and drew this figure..! 
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 How can the response of ecosystems be predicted with 

confidence if they have never been observed under 

future conditions? 



Ecological Impacts of Climate Change 

Predictive framework needed 



(the laws of thermodynamics will NOT change) 

Understand bioenergetic 

mechanisms driving 

ecosystems 

Mathematical 

models 

Models can be 

tested with 

empirical data 

under current 

conditions 

Bioenergetic (mechanistic) approach 

Predictive 

models 



I. Metabolic Theory of Ecology (MTE) 

Metabolic rate 

𝐼 𝑇 = 𝑖0𝑒
𝐸
𝑘

1
𝑇−

1
𝑇0  

 Physiological rates scale with temperature according to 

Arrhenius relationship and with activation energies E ≈ 0.65 eV 

Brown et al. (2004), Ecology 
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Brown et al. 2004 

y = -0.57x – 0.92 

McCoy & Gillooly 2008 

Population growth, carrying capacity, species diversity,… 



Indirect Effects: 

 Altered host ranges – new hosts, novel pathogens, host 
                switching? 
 Changing biodiversity – dilution / amplification effects? 
 New stresses on host populations 
 … 
  
  

Climate Change and Parasites 

Direct Effects: 

 Transmission season length 
 Parasite development rates 
 Changing parasite survival 

Shorter generation 
times with warming? 

Predictive tools needed for disease management 



 Trichostrongylid 

 Most common abomasal nematode in Rangifer 

 Reduced food intake, pregnancy rates 

 

Focus on direct thermal effects first                             

(development time, mortality) 

 

 

Approach: R0 (expected lifetime reproductive output of 

newborn larva) under various environmental conditions 

 

Ostertagia gruehneri – Caribou 
 

Can we predict impacts of climate change? 

(direct: transmission season, development/generation time, mortality,...) 

(indirect: host ranges, host switching, new stresses on hosts, …) 

 



Host dynamics 

Free-living 
infective stages 

Adult parasites 
within host 

𝐻 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑑𝐿

𝑑𝑡
= 𝜆𝐷𝐿

𝐷 𝑇 𝑃 𝑡 − 𝜏𝐿 𝑇 − 𝜇𝐿 𝑇 𝐿 − 𝜌𝐻𝐿𝐻 

𝑑𝑃

𝑑𝑡
= 𝜌𝐻𝐷𝑃𝐿𝐻 𝑡 − 𝜏𝑃 − 𝜇𝑃 + 𝑏𝐻 𝑃 − 𝛼𝐻𝐻

𝑃

𝐻
+
𝑃2

𝐻2
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𝑅0 𝑇 =
𝐷𝐿
𝐷 𝑇 𝐷𝑃𝜆
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⋅
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Calculating R0 
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What are parameters of R0? 

 parasite development time 

 parasite mortality 



One could go to the lab… 

10°C 

…and fit a 

development/

mortality 

model to 

data… 

10°C 

Cohort data: 

 Pre-infective stages 

 Infective stage 



… to estimate development and survival as a function of 

temperature… 

5°C 10°C 

15°C 20°C 25°C 



… and we have done that. 

Unfeasible to do for all existing and emerging 

parasites of humans and wildlife… 

Temperature [○C] 



MTE to the Rescue… 

𝜏 𝑇 = 𝜏0𝑒
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𝑘
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Development time Mortality rate 

with Eτ ≈ Eμ ≈ 0.65 eV 



Predictions using Metabolic Theory 

 Predicts data quite well, but… 

 … resulting R0 is unrealistic at temperature extremes. 



Modification –                                                

Sharpe-Schoolfield model for development 

𝜏 𝑇 = 𝜏0𝑒
𝐸𝜏
𝑘

1
𝑇−

1
𝑇0 ∙ 1 + 𝑒

𝐸𝜏
𝐿

𝑘
1
𝑇−

1
𝑇𝐿 + 𝑒

𝐸𝜏
𝐻

𝑘 −
1
𝑇+

1
𝑇𝐻  

𝜇𝐿 𝑇 = 𝜇0𝑒
−
𝐸𝜇
𝑘

1
𝑇−

1
𝑇0

∙ 1 + 𝑒
𝐸𝜇
𝐿

𝑘
1
𝑇−

1
𝑇𝐿 + 𝑒

𝐸𝜇
𝐻

𝑘 −
1
𝑇+

1
𝑇𝐻  

Assumes reversible inactivation of enzymes at temperature 

extremes, slowing or stopping development: 

A similar modification for mortality: 



 R0 is unimodal 

 Optimal temperature 

is weighted mean of 

development & survival 

optima 

 Captures development 

& survival thresholds 

Predictions of modified model 



 R0 is unimodal 

 Optimal temperature 

is weighted mean of 

development & survival 

optima 

 Captures development 

& survival thresholds 

Predictions of modified model 



North South 

A geographical perspective 

warmer 

 Impacts will vary 

geographically 

 Depending on 

“baseline” temperature 

climate change may 

have positive or 

negative effects 

even warmer 

 Opportunity to predict 

range shifts 



A seasonal perspective 

Day-of-the-year 



A seasonal perspective 

Day-of-the-year 

Development peaks in summer 



A seasonal perspective 

Day-of-the-year 

Mortality lowest in spring & fall 



A seasonal perspective 

Probability to survive to infective 

stage highest in summer 



A seasonal perspective 

R0 as a function of parasite 

‘birth’ date 



A seasonal perspective 

Phenological shifts 



A seasonal perspective 

Summer fitness trough 

becomes more pronounced 



A seasonal perspective 

 Transmission season splits into      

2 separate seasons 

 ‘Wraps-around’, allowing some 

winter transmission 

Molnár et al. (in press) – Ecol. Lett. 



APD – suggested and drew this figure..! 



The framework allows… 

Some Conclusions 

 potential extensions to include indirect effects (realized niche) 

 a priori estimation of model parameters (even in data-poor systems) 

 synthesizing (nonlinear) climate impacts on 

different life history components into single measure 

of fitness (contrast with degree-day models) 

How? 

 predicting temporal and geographical impacts of 

climate (fundamental niche) 
Where? 

 straightforward extension to other host-parasite 

systems, parasite life cycles, environmental 

covariates (e.g., moisture), … 

Who? 



Eτ = Eμ 
Eτ = 0.65 eV       

Eμ varied E = 1.2 eV 

E = 0.65 eV 

E = 0.2 eV 

So how about other species? 
The generality of the framework 

 R0(T) unimodal regardless of parameter values 

 Location of optimal temperature, skewness, temperature range 

where R0 > 1 insensitive to almost all model parameters  

 Key parameters are the activation energies 

 How much do parameters vary between species? 



N = 13 N = 6 

Metabolic Theory predicts Eτ = Eμ = 0.65 eV 

Metabolic Theory needs to be tested further for parasites! 



Quo vadis, 
parasite? 



Persistence / Establishment 

Temperature 

Persistence / establishment 

depends on whether  

 

R0
total ≥ 1 

R0-theory needs to be extended 

Daily temperature 

fluctuations, stochastictity 



Application to Specific Systems 

To what degree can 

parasite range expansion 

be explained/predicted by 

climate change? 

Temperature-dependent 
host-parasite reaction-

diffusion models 

Kutz et al. (in review) 



 host condition (immunity) 

 host survival / reproduction 

 host density  

 host ranges 

 community composition / biodiversity 

Each of these can be treated 

within energetic framework 

Climate Change Impacts on Hosts? 

Climate may affect… 

DEBs more 

appropriate 

(endotherms / 

supply-side 

problems) 



Bot flies as caribou parasitoids…. 



You 
are 

here! 
Beringia 



Beringia 



Caribou and reindeer  
are central to the  

welfare and economies  
of Arctic peoples 



Caribou are like Wildebeest…. 



Caribou migration movie 













Do Bot-flies and warbles play any role 
in migration and population cycles? 



Bot fly larvae under skin of caribou 





Definitive guide to 
bot-flies and 
warbles 







Caribou migration movie 





Significant impacts on host 



Males have heavier burden then females & Not very aggregated 





Basic May-Crofton Model 



Basic May-Crofton Model 
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Basic May-Crofton Model 
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Caribou bot-fly – no age structure 
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Phase diagram  
Caribou abundance  x bot flys 

1e-04 1e-03 1e-02 1e-01 1e+00

1
e

-0
1

1
e

+
0

1
1

e
+

0
3

1
e

+
0

5

Caribou Botfly Dynamics

Caribou

B
o

t 
F

ly
s

Bot-flies

Bots/Host



Add age-structure to Caribou 



Life table for caribou 



Dynamics of age-structured 
caribou model with botflies 
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Add  predators to free-living bots 

Basic Crofton May with Predators on free-living stages 



Lemmings (and others) eat bot-flies 
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Add  predators to free-living bots 

Age-structured Crofton May with predator attack on free-living stages 



Age-structured Caribou-Bot-Fly model 
with four year lemming cycles 
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Phase plot of Caribou, Botflies & Lemmings 
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Any evidence..? 

1. Hard to design an 
experiment to remove bots 
and warble flies from 
thousands of caribou… 
 
2. All populations of caribou 

with bot-flies / warbles 
show evidence of long-
term cycles 
 

3. Reindeer introduced to 
South Georgia and Iceland 
over 100 years ago, show 
no evidence of cycles and 
there are no Bots nor 
warbles there. 
 
 



May’s Crofton 
revisited….. 



Lemmings stop cycling..? 
 



Many thanks to Susan Kutz, Brett Elkin, Anne Gunn, Peter Molnar  
for many (occasionally sober) discussions about Artic wildlife.  


