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1. Abstract 

A wide range of ecological communities ranging from polar terrestrial to tropical marine 
environments are affected by global climate change. Over the last century, atmospheric 
temperature has increased by an average of 0. 60 C and is expected to rise by 1.1- 6.40C over the 
next 100 years. This rising temperature has increased the intensity and frequency of weather 
extremes due to which a large number of species are facing risk of extinction. Studies have 
shown that species existing on lower latitude are more sensitive to temperature variability 
compared to species existing on higher latitude but temperature is increasing rapidly in higher 
latitude compare to lower latitude. This uneven distribution of temperature sensitive species and 
warming rate has highlighted the need for combined studies of temperature variability and 
sensitiveness of species to predict how the ecosystems will respond to increasingly variable 
climate. Using a generalized Rosenzweig-MacArthur model, I explored how temperature 
variability and sensitivity of species will affect the extinction risks of species and how the 
connectance and species-richness of ecological communities will govern this response. This 
study showed that the risk of extinction of species mostly depends on their sensitivity to 
temperature deviation from the optimum value and level of temperature variability. Among these 
two, sensitivity of species to temperature deviation was most prominent factor affecting 
extinction risk. In this study, connectance did not show any effect on mean extinction risk and 
time taken by a certain proportion of species to reach pre-defined extinction thresholds. But, 
species-richness showed some effect on mean extinction risk of species. It was found that risk of 
extinction of species in species-rich communities was higher compared to species-poor 
communities. Species-rich communities also took shorter time before they lost 1/6 of the species.  
The present study also suggests a possible tipping point due to increasing temperature variability 
in near future. In further studies, different sensitivity of species at different trophic levels and the 
possible evolution of sensitivity of species should also be considered while predicting how 
ecological communities will respond to changing climate in the long run.  

Key words: Extinction Risk, Extinction Threshold, Species Richness, Temperature Sensitivity, 
Temperature Variability, Tipping Points, Tolerance Curve, Weather Extremes  
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2. Introduction 

In the present condition, global climate change has noticeable effect on ecological communities, 
ranging from polar terrestrial to tropical marine environments (Walther et al. 2002). Climate data 
and models have revealed that atmospheric temperature over the last century has increased by an 
average of 0. 6°C (Walther et al. 2002) and is expected to rise by 1.1- 6.4°C over the next 100 
years due to increased mean and variance in temperature (IPCC 2007). It is reported that in the 
future, higher temperature variance will lead to more frequent extreme weather events. Due to 
increased intensity and frequency of weather extremes (Boyce et al. 2006), a large number of 
species are facing the risk of extinction (Borrvall et al. 2008, Maclean & Wilson 2011, Kaneryd 
et al. 2012). It is argued that temperature variance has almost the same level of impact as mean 
temperature on fitness of a species (Bozinovic et al. 2011). Therefore, not only increasing mean 
temperature but also increasing temperature variance is a threat to ecosystems.  Several 
anthropogenic activities which are responsible for increasing mean and variance in temperature 
affects the dynamic and functioning of ecosystem resulting in rapid change of ecological 
communities (Newsham & Garstecki 2007). Effects on phenology and physiology of species, 
trophic mismatch (temporal shift in resource availability and consumer life cycle) and risk of 
mass extinction are some possible consequences of human-induced climate change on global 
ecosystems (Parmesan 2006). 

The basic trend of determining the effect of warming on biological communities is by evaluating 
the physiological fitness or performance based on growth (Pörtner et al. 2005), reproduction 
(Harmon et al 2009) or locomotion of species (Irschick & Garland 2001). This fitness or 
performance curve of a species in terms of growth, reproduction or locomotion as a function of 
atmospheric temperature is known as temperature tolerance curve which is characterized by a 
few descriptive variables such as optimum temperature and critical temperature. Optimum 
temperature for an individual species is the temperature where fitness or performance is 
maximum and the critical temperature is the temperature where fitness of an individual species is 
zero (Chevin et al. 2010). If a species has a narrow tolerance curve then that species is highly 
sensitive to the temperature variability and vice versa. Deutsch et al. (2008) have found that the 
species existing on lower latitude have narrow tolerance curves hence a small magnitude of 
increment in temperature variance will have a large negative effect on their fitness. Therefore, 
the tropical species are more sensitive to temperature variance. In contrast, the species in higher 
latitudes have wider tolerance curves which make temperate species less sensitive to temperature 
variance (Deutsch et al. 2008).  

Several global warming studies have predicted that the rate of warming will increase with 
increasing latitude. The temperature in the polar region is increasing rapidly as compared to the 
equatorial region (Root et al. 2003, Deutsch et al. 2008). Although the effect of global warming 
is uneven over latitudes, the existence of less sensitive species in temperate regions and more 
sensitive species in tropical regions have highlighted the need for combined studies of 
temperature variance and sensitiveness of species to predict how ecosystems will respond to an 
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increasingly variable climate. For instance in marine ecosystems, tropical coral reefs are 
significantly affected by rise in water temperature. Studies indicate that tropical coral reefs have 
an extremely narrow thermal tolerance limits which makes coral reefs vulnerable to species and 
biodiversity loss. The conditions of coral reefs are predicted to be worse in coming future by 
direct effects of increasing CO2 concentration along with increasing temperature (Parmesan 
2006). Burgner & Hillebrand (2011) found that the variance in temperature strongly affects 
biomass and biodiversity of phytoplankton. Their empirical work showed that algae biomass and 
biodiversity decreased with the increase in temperature variance. They also found that increasing 
temperature variance leads to faster species turnover by exclusion of inferior species. 

Even if it is argued that species rich communities should be less affected by perturbation since 
tolerant species are more likely to be found in species-rich communities (Petchey et al. 1999), 
Borrvall et al. (2008) and Kaneryd et al. (2012) have shown that species-rich communities might 
be more sensitive to variable climate than species-poor communities. They illustrated  that  
species density in species-rich communities are relatively low and lies closer to the extinction 
threshold as compared to species- poor communities, so a small perturbation can lead to faster 
extinction of species (Borrvall et al. 2008, Kaneryd et al. 2012). Similarly, it has also been 
observed that sensitivity of species to climate factors increases with trophic level (Voigt et al. 
2003). The species at the higher trophic levels are found to be more vulnerable to warming as 
compared to lower ones (MacLennan et. al. 2012). Generally, the organisms at higher trophic 
levels have longer generation time which restricts the possible rate of evolution to adopt the 
changing climate (Vinebrooke et al. 2003).  

In addition to species sensitivities/ tolerance, the response of species to increased temperature 
variation will be governed by the link structure of the communities. Connectance determines the 
possible linkage between the species in the food web. Connectance has a significant role on food 
web stability and community structure (Dunne et al 2002, Dunne et al 2004, Eklof and Ebenman 
2006). Variations in temperature will also influence the biotic interaction such as predation and 
competition (Maclennan et al. 2012). For instance, it has been found that changing temperature 
has considerable effects on foraging rate of a species by affecting attack rates and handling times 
(Petchey et al. 2010). Fluctuations on these biological rates have an effect on food web 
connectance by manipulating predator- resource interaction. It has been suggested that food webs 
with high connectance are more robust to species loss as compared to webs with low 
connectance. Highly connected webs provide several alternative prey links, so loss of one prey 
link does not have much effect on extinction probability (Dunne et al. 2002, Eklof & Ebenman, 
2006).  

 Similarly, the effect of temperature variability in ecological communities varies depending on 
species interaction (Beveridge et al 2010), interaction strength (O’Connor 2009, Harmon et al 
2009) as well as the position of species in the food web ( Petchey 1999). It has been argued that a 
number of species existing together respond differently to temperature variability as compared to 
existing individually (Davis et al 1998). This implicates that interaction between species should 
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not be ignored when predicting effect of climate change in ecological communities. Harmon et al 
(2009) mentioned that the abundance of species depends on the interaction strength among the 
species in community. An experimental study illustrated that the per capita interaction strength 
increased with the increasing temperature between plant and herbivore (o’Connor 2009). Thus, 
abundance of species in the community should depend on both external perturbation as well as 
possible interaction among the species. This indicates that, abiotic factors (like temperature, 
precipitation) are not enough to predict correctly the effect of climate change in multi-species 
community.  

Several climate change studies are based on prediction of rise in mean temperature and very few 
studies have considered the effects of increased temperature variance on ecosystems. ICPP 
(2007) has clearly indicated that not only mean temperature but also the temperature variance is 
increasing annually. In addition, a large volume of recent scientific studies are based on 
prediction of biological response to climate change at the individual and species level but very 
few studies deals with how the entire ecosystem with multi-species complexity will respond to 
an increasingly variable climate (Petchey et al. 1999, Walther et al. 2002, Berg et al. 2010, 
MacLennan et al. 2012). This research gap highlights the need for more comprehensive studies 
on effects of changing climate in terms of temperature variability on ecological communities and 
ecosystems. The aim of this project is to investigate how the increasing temperature variance will 
affect the structure and dynamics of ecosystems. More specifically, the project was conducted (I) 
to investigate how sensitivities of species to increasing temperature variance affect extinction 
risk and (II) to understand how connectance and species-richness affects community robustness 
with respect to increasing temperature variance. Robustness measure will explore how much we 
have to increase environmental variation in order to reduce the number of species with certain 
percentage. In this study 10, 50 and 90 percent thresholds were used. I also investigated the 
possible presence of break points in the robustness of the communities to increased temperature 
variability. 

3. Methods 

The model communities consisted of triangular shaped food webs, which mean the number of 
species decrease with the increasing trophic level. The food web model was constructed with 
three trophic levels; basal species (primary producers), herbivores (primary consumers), and 
carnivores (secondary consumers). Some carnivore species were also omnivores preying on both 
primary consumers and primary producers. In this study, food webs with 6, 12, 18 and 24 species 
were used. A six species web had three basal species, two herbivores, one carnivore and this 
proportion of species at the different trophic levels was kept constant in webs of different sizes. 
In each food web, four different connectances; 0.07, 0.14, 0.21 and 0.28 were used. Connectance 
(C) was calculated as L/S2 where L is the number of trophic links between consumer and 
producer species and S is the number of species in that particular food web. These connectance 
values were within the observed range from empirical of real food webs (Dunne et al. 2002, 
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Baiser et al. 2010). The links between consumers and resources were distributed randomly with 
the natural constraint that each consumer should have at least one resource. 

3.1. The Food Web Model 

Food web dynamics was based on a generalized Rosenzweig-MacArthur model with stochastic 
parameters (Rosenzweig & MacArthur, 1963).
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 is the rate of change of density of species i  with respect to time t  in a community with s

species,  ( )ib t is the intrinsic per capita growth (mortality) rate for the basal (consumer) species i

at the time t . optT  is the optimum temperature of species, where the species has its maximum 

growth or minimum mortality rate. Tdev is the temperature deviation from the optimum 
temperature optT

 

at the time step t .

 

ijh  is the preference of predator j  for prey i , ija is the intrinsic 

attack rate of predator j  on prey i , ( )R i contains the species being resource to species i .
 hT  is the 

time spend for handling a prey by a predator, e is conversion ratio ( the rate at which a resource 
is converted into a new consumer) . Hill exponent q value modifies a type II functional response 

to a type III functional response (Williams and Martinez 2004). In nature, several ecological 
processes such as predator’s ability to switch preys, learning to find prey, inability to find prey 
effectively at low prey densities, hiding places for prey modifies the functional response type II 
to functional response type III. Numerically, if q=1 and hT >0, then functional response is type 

II, q=2 and hT >0, then functional response is a standard type III. And if 1< q  <2 and hT >0 then 

functional response is a weak type III (Williams and Martinez 2004 and Gentleman et al. 2003). 
In this model, Hill exponent were randomly drawn from a uniform distribution [1.0 1.25] for 
each replicate, which modified the strength of functional response. It has been shown that a hill 
exponent of ~1.2 is enough to see type III behaviors (Williams and Martinez 2004). ( )i tε is a 

stochastic variable  drawn from a uniform distribution with a variance of 0.005. This small noise 
was added to avoid perfect synchrony of time series and is independent of temperature. In a way, 
this noise indicates variation in the environment caused by factors other than temperature 
variability. k

 

is the sensitivity of species to temperature deviation from the optimum 
temperature. It determines the steepness of tolerance curve. The species with larger k

 

value are 
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more sensitive to temperature deviation. In the model, it was assumed that the tolerance curve is 
symmetrical around the mean. So a given the temperature deviation (Tdev ) either above or 
below the optimum will have the same absolute effect on fitness (i.e. growth rate) of a species. It 
was also assumed that all the species in a web have same temperature sensitivity. Temperature 
sensitivities k of the species were randomly drawn from a uniform distribution of interval [0.01 
0.1].  

 Figure 1 to 3 illustrates how the model was constructed. Figure 1 illustrates the temperature 
variability with the probability of occurrence of weather event in y- axis and temperature in x-
axis. Panel 2A and 2B of Figure 2 shows the tolerance curve of temperate and tropical species 
based on empirical studies respectively (Deutsch et al. 2008). Panel 2C and Figure 3 show the 
tolerance curve used to construct the model for this study. Tolerance curve is assumed to be 
symmetrical for the simplicity of the model. The growth or mortality rate ( )ib t of a species at 

time t

 

is a function of temperature sensitivity and temperature deviation from the optimum. So, 
both temperature sensitivity and temperature variability (i.e. temperature standard deviation) 
determines the long run stochastic growth (mortality) rate of a species. 

 

Figure 1: The graphical representation of normally distributed temperature time series used to 
construct model for this study. Topt is the optimum temperature, SD(T) is the temperature 
standard deviation and SD(T)% is the increased temperature standard deviation. When the 
SD(T)% increases the normal distribution curve becomes more flat resulting in higher possibility 
of occurrence of extreme weather events and larger effect on growth /mortality rate.  



7 
 

 

Figure 2: Panel A and B show the tolerance curve of temperate and tropical species based on 
empirical studies respectively (Deutsch et al. 2008). Panel C illustrates the symmetrical 
tolerance curve which is used to create the model for this study. The sensitivity k determines the 
steepness of the curve. If the value of k is small then tolerance is high and the curve is wider (less 
steep) and if the value of k  is larger (i.e k %) then tolerance is low and the curve is narrower 
(steeper). Topt is the temperature where, the intrinsic growth (mortality) rate (bopt) of the species 
is maximum (minimum). CTmin and CTmax is the minimum and maximum tolerance temperature 
respectively, where fitness of an individual species is zero. 
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Figure 3:  Extended form of panel C of figure 2 with tolerance curves of basal, carnivore and 
herbivore species used to construct the model for this study. 

3.1.1. Parameters 

The intrinsic growth rate of primary producers were randomly drawn from a uniform distribution 
with interval [0.75 1.25]. The intrinsic mortality rates of consumers were drawn from a uniform 
distribution with interval [-0.01 -0.1]. The intrinsic mortality rates were sorted in such a way that 

carnivores had lower mortality rates than the herbivores | ( ) | | ( ) |herbivore carnivoreb b >  . The mortality 

rates of consumer species were set to be lower than their prey since higher trophic level species 
mostly have larger body size (Rooney et al. 2008, Arim et al. 2010, Romanuk et al. 2011) as 
compared to lower trophic level species which often result in lower mortality rate of the species 
at higher trophic levels (McCoy & Gillooly 2008). The intra-specific competition for primary 
producers was fixed to -1 whereas intra-specific competition for consumers (this includes both 
primary and secondary consumers) was randomly drawn from a uniform distribution of interval 
[-0.75 -0.25]. Similarly, the inter-specific competition for primary producers was fixed to -0.5 
whereas inter-specific competition for all type of consumer was fixed to 0. It means, there was 
no direct interaction among consumers but indirect competition was possible due to the sharing 
of same resources. If a consumer has only one prey then its prey preference is 1 (i.e.

 
ijh =1). If the 

consumer has more than one prey then its prey preference is either skew or even. The skew 
scenario was investigated by setting consumer preference to a high value (0.9) for one random 
prey link and lower preference (0.1) shared equally among the rest of the prey species in the 
web. The even scenario was investigated by sharing consumer preference equally among all prey 

species. The intrinsic attack rate ija   for each consumer-prey interaction was assumed to be the 

same and fixed to 1.5. Handling time hT  was also assumed to be the same for all consumer 

species and fixed to 0.2. Predation links were allocated randomly, but top consumers were not 
allowed to feed on basal species only. The conversion efficiency for omnivorous links was fixed 
to 0.02 whereas conversion efficiency of non-omnivorous links was fixed to 0.2. 

3.1.2. Temperature Data 

The temperature data used in this model was based on the daily recorded atmospheric 
temperature of Uppsala from year 1722 to 2010 from Swedish Meteorological and Hydrological 
Institute (SMHI) (Bergström & Moberg 2002), having a mean and standard deviation of 
temperature of 5.22 and 8.71 respectively. To fulfill the criteria of increasing temperature 
variance in this study, the calculated value of standard deviation was doubled with the 
assumption that deviation might be twice of now in coming future. The calculated mean 
temperature was used as the optimum temperature (Topt) where a species has its maximum 
growth/ minimum mortality rate and any deviation from optimum temperature will effect 
growth/mortality rate. Optimum temperature was the same for each species in all the food webs. 
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Optimum temperature was assumed to be constant in the future. The temperature standard 
deviation value (SD(T)) was randomly drawn from a uniform distribution with the interval 
[8.7066 2×8.7066]  for each replicate. This randomly drawn temperature standard deviation 
(SD(T)) value and constant optimum temperature (Topt) value was used to create normally 
distributed temperature time series for each replicate. Temperature time series were not auto-
correlated. But, as the optimum temperature was assumed to be same for all the species in a food 
web, all the species in a food web were likely to have correlated responses to changing 
temperature. 

3.2. Simulation  

A large number of replicates with randomized parameters were numerically integrated using 
ordinary differential equations solvers in MATLAB (ODEs-ode15s). Firstly, a feasibility check 
was done by using type I functional response to measure whether equilibrium density of each 
species in the web was positive or not. If equilibrium density of each species was positive then a 
maximum  of 100000 time units using type II & III function response were simulated to find a 
stable web and if the web was  unstable then it was  discarded. This process was continued until 
400 replicate communities per scenario (total 32 scenarios) were found stable in a deterministic 
environment.  After this, each of the 400 deterministic replicate communities with stable positive 
densities was exposed to environmental stochasticity for a period of 10000 time units. The 
extinction time of species in each replicate was recorded. A species was considered as extinct if 
its density fell below a pre-defined threshold. In this study, pre-defined thresholds were 0.002 for 
basal species, 0.0002 for primary consumer, and 0.00002 for secondary consumer.   

3.3. Statistical Analysis 

The proportion of species going extinct in each replicate was calculated and defined as extinction 
risk. Since, the growth or mortality rate of a species was constructed as a function of 
temperature, the sensitivity (k) and temperature standard deviation (SD(T)) affects the  long run 
growth (mortality) rate of a species. A logistic regression model with 95% confidence limit was 
used to find the best fitting model to describe the risk of extinction as a function of temperature 
sensitivity and temperature standard deviation. All replicates where the product of k and Tdev 
was larger than one were excluded from the analysis. Those replicates were discarded because 
they have growth rate of basal species smaller than zero. Extinction risk was taken as a response 
variable and the product of temperature sensitivity and temperature standard deviation 
(k×SD(T)) was taken as predictor variable. Logit transformation was done with extinction value 
to get a linear curve, then linear regression was done to generate slope and intercept coefficients 
and back transferred to create sigmoid curve.  

Regression trees were constructed to analyze how mean extinction risks of the species were 
affected by each explanatory variable (De'ath & Fabricus 2000). In this study, extinction risk of 
the species was response variable and temperature sensitivity, temperature standard deviation, 
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species number, connectance, Hill exponent and prey preferences were explanatory variables. 
The average time taken by a community to lose a certain proportion of species was also 
calculated. The proportion 1/6, 3/6 and 5/6 of original species were used as thresholds. Time 
taken by a food web in each replicate to reach those thresholds was recorded. Those webs which 
did not reach the pre-defined threshold were excluded from the analysis. The time taken for 
extinction was used as response variable and the product of temperature sensitivity and 
temperature standard deviation was used as the explanatory variable. An ordinary linear 
regression was made on log-transformed values. This regression equation was used to get slope 
and intercept coefficient then values were delogged and plotted as power function. 0.05 level of 
significance tests were conducted on the slope and intercept coefficients by using ANOVA and 
Tukey test. 

4. Results 

In general, it was found that temperature sensitivity and temperature standard deviation were the 
most important factors affecting the risk of extinction and time taken to go extinct. Species-
richness showed a strong effect on mean extinction risk of species within a small product interval 
of temperature sensitivity and temperature variability. But connectance, Hill exponent and 
species preferences did not have any effects.  

4.1. Risk of extinction  
4.1.1. Species-richness and extinction risk  

It was found that the risk of extinction of species in species-rich communities was higher as 
compared to species-poor communities. It was found that the slope of the sigmoid curve 
decreased as the number of species increased in the food webs. It was also observed that the 
value of product (k×SD(T))  where 50% of the species had gone extinct was decreased as the 
number of species increased. When the product of sensitivity and temperature standard deviation 
was approximately 0.9, regardless of species number all food web lost 90% of species (Figure 4). 
When the product of sensitivity and temperature standard deviation was 0.66, the largest web lost 
50% of the species where as smallest web lost only 10% of the species. Larger community 
required large product interval (i.e. 0.45) to reach 90% extinction threshold from 10% threshold 
whereas smaller community required small product interval (i.e. 0.23) to reach same threshold 
interval (see Appendix 1). 
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Figure 4: Logistic regression curves with 95% confidence band [(a) black curve for 6 species 
(b) red curve for 12 species web (c) blue curve for 18 species web and (d) green curve for 24 
species] showing the risk of extinction as a function of the product of temperature sensitivity and 
temperature standard deviation. Formula denotes the linear regression equations with intercept 
and confidence interval around the slope coefficient when the data is in log scale. 10% , 50% 
and 90% extinction thresholds are also indicated in figure.  

The regression tree analysis showed that the risk of extinction of species is mostly dependent on 
temperature sensitivity and temperature standard deviation. Regression tree with temperature 
sensitivity (k), temperature standard deviation (SD(T)), species number (S), connectance (C) and 
prey preference (skew) as explanatory variables explained 80% of the variation in the extinction 
risk (Figure 5). Temperature sensitivity had much stronger effect on extinction rate as compared 
to temperature standard deviation. When the temperature sensitivity was small, no matter how 
much temperature standard deviation was increased, the mean extinction risk was always small 
(Figure 5). The effect of species richness on mean extinction risk of species was detected when 
product of temperature sensitivity (k) and temperature standard deviation (SD(T)) was used as 
explanatory variable instead of  the individual variables in the regression tree. The effect of 
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species-richness was observed when the product interval was between 0.63 and 0.75( see 
Appendix 2).  This Regression tree with the product of k & SD(T), species number (S), as 
explanatory variables explained 63.4% of the variation in the mean  extinction risk of species.  

 

 

 Figure 5: Regression tree explaining the variation in mean extinction risk of species with 
temperature sensitivity (k), temperature standard deviation (SD(T)), species number (S), 
connectance (C) and prey preference (skew) as explanatory variables. This regression tree 
explained 80% of the variation in the extinction risk. 

4.1.2. Connectance and the extinction risk  

In this study, connectance did not show any effect on the risk of extinction of species in the food 
webs communities.  

4.2. Time to extinction 

Consistent with the previous results, the product of k & SD(T) was the only  major predictor of 
time taken  by the food web to reach the  defined extinction thresholds. Along with this, a small 
effect of species- richness on time to extinction was also observed for the lower threshold (1/6). 
Difference in connectance and species-richness did not show any significant effect on time taken 
to extinction for higher thresholds (i.e. 3/6, 5/6). So, the analyses of these two higher thresholds 
were not included in the results section. The explanatory power of regression curve for time 
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taken to extinction was very weak as the majority of the extinction data lied in lower part of the 
curve. 

4.2.1. Species-richness and time taken to reach extinction thresholds   

The effect of species-richness was seen in lower threshold (1/6). When the product of 
temperature sensitivity and temperature standard deviation was between 0.61 and 0.7, 6 and 12 
species web took 2.38×103 time units to lose 1/6 of the species whereas 18 species web and 24 
species web took 1.31×103 time units to lose 1/6 of the species from the web (see Appendix 3).  

Although slight difference in slope value was observed in regression equation, 0.05 level of 
significance tests for the slope of regression lines did not show any difference, but intercept 
showed significant difference among food web sizes. The time taken by the food web to lose 1/6 
of the species decreased as the number of species in food web increased (Figure 6). 

 

Figure 6: Average time taken by food web community   to lose 1/6 of species from the web. 
Regression curves with 95% confidence band [(a) black curve for 6 species (b) red curve for 12 
species web (c) blue curve for 18 species web and (d) green curve for 24 species] shows the 
average time taken to extinction as a function of the  product of temperature sensitivity and 
temperature standard deviation. Formula denotes the linear regression equations with intercept 
and confidence interval around the slope coefficient.  
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4.2.2. Connectance and time taken to reach extinction thresholds 

Connectance did not show any significant effect on time taken to reach the 1/6 threshold (Figure 
7). Although slight difference in slope coefficient and intercept value was observed in regression 
equation, the 0.05 level of significance tests for slope and intercept of the regression lines did not 
show any significant difference among connectances.  

 

Figure 7: The average time taken to lose 1/6 of species in food webs with different connectance 
(C). Regression curves with 95% confidence band [(a) black curve for C=0.07 (b) red curve for 
C=0.14 (c) blue curve for C=0.21 and (d) green curve for C=0.28] shows the average time taken 
to extinction as a function of the product of temperature sensitivity and temperature standard 
deviation. Formula denotes the linear regression equations with intercept and confidence 
interval around the slope coefficient. 

5. Discussion 
5.1. Species richness 

This study suggests that risk of extinction of species in species-rich communities are higher as 
compared to species-poor communities which is similar to the previous Borrvall & Ebenman 
(2008) study. The largest web lost fifty percent of the total species when the smallest web lost 
only ten percent of species at the same level of temperature variability. This indicates that 
species poor communities are more robust than species-rich communities at same level of 
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perturbation. Previous theoretical study (Borrvall & Ebenmen 2008) has illustrated that density 
of the species decreases with increasing number of species in the food web. Therefore, those 
species with low density lie closer to the extinction threshold which causes higher extinction risk 
in species-rich community as seen in this study. In contrast, species existing in species-poor 
communities have high density as a result species requires larger variability to go first extinct. 
This study also suggested an abrupt change in food web when the food web crossed a lower 
threshold (Figure 4). The mechanism behind quick abrupt change is due to direct extinction of 
species by increased temperature variability and secondary extinction triggered by the extinction 
of primary producer. Previous studies have suggested that producer species are the first to go 
extinct in an extinction sequence (Kaneryd et al. 2012).The loss of resource in small food web 
will lead to quick bottom- up extinction cascade, and a greater possibility of community collapse 
when the community has a few basal species. 

Similarly, this study also suggested that the time taken to lose 1/6 of the species decreased as the 
number of species in food web increased.  As discussed earlier, it is probably due to higher 
density species in small food webs.  

5.2. Species sensitivity 

The results showed that the risk of extinction of species mostly depend on their sensitiveness to 
temperature deviations and on the level of temperature variability. Among these two, sensitivity 
of species to temperature deviations was the most prominent factor affecting extinction risk. 
Even at high temperature deviations, extinction risk was very low for less sensitive species 
(Figure 5). This indicates that the species existing in temperate region might be less vulnerable to 
possible high temperature variability. However, highly sensitive species showed extremely high 
extinction risk even in small raise in temperature variability (Figure 5). This shows that in recent 
future, at the same level of temperature variability, tropical species will probably suffer more due 
to raise in temperature.  

At local and global scales, the level of sensitivity of species is governed by several factors. 
Empirical (Volgt et al. 2003) and theoretical (Vasseur & McCann 2005) studies have shown that 
the position of species in trophic level determines the sensitivity of the species. According to 
those studies, most temperature sensitive species are found at higher trophic levels. The exact 
reason why higher trophic species are sensitive is unclear but studies suggests that it might be 
due to higher metabolic rate, small size of population or longer generation time of species at 
higher trophic level (Petchey et al. 1999, Volgt et al. 2003). Species with low dispersal rate are 
supposed to be highly sensitive and are affected faster under adverse climatic condition whereas 
species with high dispersal rate are less affected due to their ability to track suitable habitat 
during adverse climatic condition (Berg et al. 2010). Therefore, species from higher tropical 
level or existing on isolated habitats might be more vulnerable to increasing temperature 
variability in near future.  



16 
 

At the global scale, species existing on lower latitude are more sensitive to increasing 
temperature than the species existing in higher latitude (Deutsch et al. 2008, Sheldon et al. 2011). 
Studies have shown that, the current temperature at higher latitudes is quite different from the 
optimum temperature of the species (Deutsch et al. 2008). So, one can speculate when exposed 
to similar level of temperature variation, species from higher latitude will be less affected as 
compared to lower latitude species. But global climate change predictions have shown that the 
magnitude of temperature variation will be larger in higher latitude (IPCC 2007). Considering 
this fact tropical and temperate community might be equally vulnerable to changing climate. 

5.3. Connectance 

Several previous studies have illustrated that connectance is a major factor affecting extinction 
risk of species in communities.  Dunne et al (2002) suggested that robustness of community to 
species loss increases with the food web connectance. But, the present study did not show any 
effect of connectance either in the extinction risk or time taken to go extinct of species in the 
community. It is not clear why complexity of community did not show any noticeable difference 
in mean extinction risk of species with respect to increasing temperature variability.  One study 
has suggested that temperature itself affects the connectance of food webs by affecting relative 
activation energies required for handling time and attack rate (Petchey et al 2010). They argue 
that in warmer environments predators develop generalist behaviors by spending more time in 
searching for prey then handling which increases connectance. This suggests that we need to 
understand how the increasing temperature will affect food web connectance before attempting 
to evaluate the response of ecological community to temperature variability. On the other hand, 
the present study suggests that connectance only has weak effects on extinction risk.  

5.4. Ecological thresholds and regime shift 

This study suggests that gradual change in temperature variability has a small effect on 
extinction risk of species until the food web reach a threshold but a steep increase in extinction 
risk of species was observed when temperature variability passed the threshold especially in 
species-poor food webs (Figure 4).  This indicates that a small increment in perturbation can 
trigger a sudden and dramatic regime shift in the ecological communities if perturbation crosses 
ecological threshold (critical point at which small increment in perturbation results in relatively 
larger impact on ecosystem structure). Studies have suggested that ecosystems do not always 
respond gradually to external perturbations (Scheffer et al. 2001). When ecosystems pass an 
ecological threshold they shift to an alternative undesirable state. Such sudden regime shifts are 
observed in a range of ecosystems like coral reefs (Done 1991, McCook 1999) terrestrial grazing 
ecosystems (May 1977) and lakes (Carpenter 1999, Scheffer 1997). It is hard for the ecosystem 
to recover and go back to the original state when they shift to an alternative state (Scheffer & 
Carpenter, 2003). This highlights the possible challenges of increasing temperature variability 
for conservation and management of ecological communities and ecosystems. 
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6. Future directions 

In this study, species richness did not show a strong effect on mean extinction risk of species. An 
effect was observed but only in small parameter interval. One of the main reasons behind this 
might be due to the assumption of same sensitivity of species to temperature in the web and 
symmetrical tolerance curve of the species. This suggests that further studies should address 
different sensitivity of species at different trophic levels as well as other types (shapes) of 
tolerance or fitness curves of the species. In addition,  previous studies have shown that genetic 
evolution, change in dispersal ability of species to track favorable environment, phenotypic 
plasticity are few of the modification observed in species which make them less sensitive to 
changing temperature (Chevin et al. 2010). So, evolution of sensitivity of species along with 
changing environment should also be considered in further studies. Indeed, still we do not have 
decent predictions about how ecological communities will respond to changing climate in the 
long run (Marshall et al. 2008). Therefore more intensive and comprehensive studies are needed 
in both the theoretical and experimental field.  

7. Concluding remarks 

Despite of few limitations this study suggests that risk of extinction of species in a food web is 
governed by the sensitivity of species to temperature variability and the level of temperature 
variability. The study also implies that some of the extinctions in the community are due to direct 
extinction of species caused by increased temperature variability and some of the extinctions are 
due to indirect secondary extinction triggered by the extinction of primary producer.  Moreover, 
the effect of temperature sensitivity and variability seems to vary depending on the size of the 
food web but not with respect to connectance of food web. The study also suggests that species 
existing in species-rich ecosystems such as coral reef, tropical rainforest might be more prone to 
extinction due to increasingly variable climate. This study showed that gradual change in 
temperature variability might not be so adverse until the temperature variability passed a 
threshold. So this indicates that in near future increasing temperature might lead to faster abrupt 
shifts in the structure and dynamics of ecosystem highlighting the need for proper ecosystem 
managements. 
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Appendix 1: This is the supplementary four panels figure for figure 1. Each panel shows the 
possible extinction risk of each food web community under three (10%, 50%, 90%) extinction 
thresholds separately. Logistic regression curves with 95% confidence band [(a) black curve for 
6 species (b) red curve for 12 species community (c) blue curve for 18 species community and (d) 
green curve for 24 community] shows the risk of extinction in y-axis and product of temperature 
sensitivity and temperature standard deviation in x-axis. Formula denotes the linear regression 
equation with intercept and confidence interval around the slope coefficient in each panel.  
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Appendix 2: Regression tree explaining the variation in mean extinction risk of species on the 
product (k×SD(T)) interval [0.6304 0.7529] with the explanatory variables: species number (S), 
and product of temperature sensitivity (k) & temperature standard deviation (SD (T)). This 
regression tree explained 63.4% of the variation in the extinction risk.
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Appendix 3: Regression tree explaining the variation in time taken to reach 1/6 threshold by the 
food web community with the explanatory variables: product (k×SD(T)) species number (S), 
connectance (C), prey preference (Skew) and Hill exponent (q). This regression tree explained 
6% of the variation in time taken to the reach 1/6 threshold. 
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