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“The boy lay prone in the grass, his chin resting on his hands. He suddenly found himself 
overwhelmed by the heightened awareness of the tangled stems and roots, a forest in 

microcosm, a transfigured world of ants and beetles…” 
 

- Richard Dawkins 
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Nature and human disturbance  
The natural world is home to a myriad of species, ranging from tiny bacteria to large plants 
and animals, all of which take their part in an intricate web of interactions with the other 
species in the ecosystem they inhabit. On first sight, these complex ecosystems seem rather 
stable: If you visit the same location a year later, the majority of species you encounter will 
most likely be the same. Ecosystems may be temporarily altered, but usually they show 
some degree of resilience to eventually return to their original state (Oliver et al. 2015). 
When looking closer, a large part of this resilience is due to the different species that keep 
each other in check through ecological mechanisms such as feedback loops. This may 
include bottom-up control, where basal resources limit the populations of consumers, and 
top-down control where higher trophic levels such as predators regulate the numbers of 
lower trophic levels (Leroux and Loreau 2015; Vidal and Murphy 2018). This means that all 
the species involved in such feedbacks play an essential role in maintaining this stability, 
and changes in one of these species may have cascading consequences altering species 
interactions, community composition and eventually the ecosystem as a whole (Schmitz et 
al. 2000; Ripple and Beschta 2012; Morris and Letnic 2017).   
 
Ecosystems around the world are currently either directly or indirectly affected by human 
influences, which often challenge the performance and survival of species inhabiting the 
ecosystems and altering the interactions between species. Examples of such disturbances 
include: (i) large scale logging and clearing forests for wood or agricultural monocultures, 
thereby causing habitat fragmentation and an increase in forest edges with altered 
environmental conditions (Didham et al. 1998; Wade et al. 2003; Gonzalez et al. 2011; De 
Smedt et al. 2018); (ii) applying artificial and high concentrations of nutrients, favouring fast 
growing plant species which outcompete slower growing (and often rarer) species (Suding 
et al. 2005); (iii) applying all kinds of ‘pest’ controls to optimize food production for human 
consumption (Khot et al. 2012; de Lima e Silva et al. 2017; van Gestel et al. 2017), (iv) 
specifically hunting the larger species to extinction for food or trophies (Ripple et al. 2016); 
(v) introducing non-native species to new habitats, thereby risking the introduction of 
invasive species that kill or outcompete the native species (Helmus et al. 2014; Doherty et 
al. 2016; Jesse et al. 2018); (vi) polluting nature with toxic chemicals and heavy metals, up 
to concentrations that are lethal to some species (van Straalen and Løkke 1997; Noordhoek 
et al. 2018), and finally (vii) burning fossil fuels, altering the gas composition of our 
atmosphere and triggering rapid changes in the Earth’s climate (Mann et al. 1998; 
Rockström et al. 2009a, b; IPCC 2013). The combination of these disturbances even led to 
the consideration to place this period of overwhelming human influence in its own novel 
geological epoch, the Anthropocene (Crutzen 2002; Zalasiewicz et al. 2010; Steffen et al. 
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2011; Lewis and Maslin 2015; Malhi 2017). Compared to past extinctions, this period has 
been coined the 6th mass extinction (Barnosky et al. 2011; Ceballos et al. 2015; Ceballos and 
Ehrlich 2018), and even most of the surviving species show strong reductions in population 
size (WWF 2018) and biomass (Hallmann et al. 2017; Lister and Garcia 2018). The 
consequences of these threats on ecosystems and the species that inhabit them take up a 
large proportion of the 100 fundamental ecological questions posed by Sutherland et al. 
(2013), and it is at the heart of these threats on the natural world that over 15.000 scientists 
have signed the “World Scientists’ Warning to Humanity: A Second Notice” (Ripple et al. 
2017). While any of the abovementioned types of disturbances are important and warrant 
further investigation, the focus of this thesis will be on climate change and specifically the 
effects of extreme climatic events on soil arthropod communities.  
 
Climate change and extreme climatic events 
Until relatively recently, climate change was mainly viewed and studied as the gradual 
increase in temperature and sea level rise, as well as altered precipitation patterns over 
long timespans. Effects of these gradual changes often include range shifts of species 
towards the poles or toward higher altitudes and phenological shifts such as earlier bud-
burst, flowering or arrival of migrant species in the season (e.g. reviews and meta-analysis 
by Parmesan, 2006; Parmesan and Yohe, 2003; Walther et al., 2002).  More recently, the 
focus of researchers has been shifting towards another aspect of climate change, the 
increase in amplitude, duration and frequency of extreme climatic events (Easterling et al. 
2000a, b; Meehl and Tebaldi 2004; Rahmstorf and Coumou 2011; Hansen et al. 2012; 
Tingley and Huybers 2013). Extreme climatic events such as heat waves, severe droughts or 
heavy storms and precipitation are characterized by sudden and intense fluctuations in 
climatic conditions. The shift in research focus towards extreme climatic events is therefore 
not surprising, as their effect surpasses the effects of gradual changes in climate variables, 
these events are often of paramount importance in understanding the effects of climate 
change on species performance (e.g. Ummenhofer and Meehl, 2017 and other papers in 
the special issue on extreme events). These extreme climatic events are usually defined 
based on the likelihood of occurrence when compared to historical climatological data, 
typically using a rarity threshold of 5% of the time compared to historical data (Bailey and 
van de Pol, 2016; Fig. 1.1). There are also efforts to define extreme events based on 
biologically relevant thresholds, for example when “the organism (or population) exhibits 
physiological and developmental responses to the environment that are significantly 
different from normal acclimation” (Gutschick and BassiriRad 2003) or combinations of the 
climatological and biological definition (e.g. Jentsch et al. 2007; Smith, 2011a).  

 

1 
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Figure 1.1. Visualization of the different effects climate change can have on extreme events, in this 
example temperature. Climate change can shift the mean temperature distribution without an 
increase in variability (A); can increase the variability of the abiotic factor without a change of the 
mean (B); or may simultaneously affect the mean and variation, changing the shape of the distribution 
as a whole (C). Figure reproduced from IPCC (2012).  
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Although biological definitions based on species thresholds might work well when studying 
the responses of single species to extreme events, it will be difficult to apply to complex 
communities with many species differing in their ability to cope with adverse abiotic 
conditions. As different questions warrant different approaches in defining extreme climatic 
events (Bailey & van de Pol 2016), in this thesis a climatologically driven definition will be 
used, which will allow for a more direct comparison of the response of multiple species in 
the community.  

 
Importantly, many of the abiotic factors that can be affected during extreme climatic events 
are not independent from each other, but show correlated patterns of change (e.g. De 
Boeck et al. 2010). An intuitive example being an unusually warm and dry summer, like the 
summer of 2018 that broke records of both average temperature and minimum rainfall in 
north-western Europe (KNMI 2018a). Moreover, abiotic conditions can influence each other 
and even create positive feedbacks, such as a warmed soil which dries out faster and 
therefore heats up even more rapidly (Fig. 1.2). Other situations include totally different 
abiotic interactions, which are also important for ecological functioning of the ecosystem. 
For example, in coastal and some arid ecosystems, soil salinity plays an important role as 
stressor, as higher sea water levels and increased levels of evapotranspiration can cause 
traditionally non-saline soils to gradually become more saline (Rozema and Flowers 2008). 
To start to understand the effects of a changing climate on ecosystems, especially extreme 
events, it is therefore essential to include multiple abiotic factors in these studies. 
 
Species responses to extreme climatic events 
With climate change, species typically have two major ways to cope with the unfavourable 
abiotic situation. They can either disperse to a location where the conditions are less severe, 
or they can adapt to the altered situation (Berg et al. 2010). Dispersal may indeed be a valid 
way to cope with stress when considering the gradual changes in the climate (e.g. species 
range shifts). However, when considering extreme climatic events that are by definition 
sudden, and without prior warning signal indicating the onset of the event, individuals are 
unable to anticipate to the adverse conditions. As a result, their ecophysiological tolerance 
will be directly tested when exposed to extreme climatic conditions (e.g. Jentsch et al. 
2007). Indeed, some very mobile animals, such as birds might be able to move to other 
areas and even other latitudes or altitudes (Senner et al. 2015), but such large-scale and 
fast movements are impossible for the majority of species that are characterized by 
dispersal limitation (Berg et al. 2010; Buckley et al. 2013). In order to survive, they will 
therefore have to cope with or adapt to the new abiotic conditions through either 
behavioural or phenotypic plasticity (Huey et al. 2012).  

1 
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Figure 1.2. Schematic representation on how global climate change can simultaneously affect multiple 
key abiotic conditions in inland (black boxes and arrows) and coastal soil ecosystems (grey boxes and 
arrows). Climate change directly (thick solid arrows) affects Temperature, Precipitation patterns 
(divided in rain events and drought periods) and Inundation frequency of coastal areas through sea 
level rise and storm surges. Subsequently, these abiotic factors interact with each other, creating 
indirect effects (dashed arrows) of climate change or positive feedback loops (dotted arrows). Plusses 
and minuses indicate if there are general increases or decreases of intensity or frequency of the climatic 
factor. 
 
The main behavioural plastic response used by animals to cope with climate extremes is to 
alter their activity time or to move to nearby microhabitats that may be buffered against 
the most extreme peaks in abiotic conditions (Stevenson 1985). Such differences in 
microhabitat can be caused by variations in vegetation structure (De Frenne et al. 2013; 
Scheffers et al. 2013, 2014; Pincebourde and Casas 2015; Woods et al. 2015) or by the 
utilization of the buffering capacity of litter and soil, where deeper layers are often cooler 
and less dry, shaping the vertical stratification of species (Lensing et al. 2005; Krab et al. 
2010, 2013). These behavioural changes might allow the less mobile species to cope with 
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the most severe abiotic conditions. However, if these behavioural responses are not 
sufficient in ameliorating the stress, or when the duration of the stress is prolonged, species 
may be able to cope with the new conditions through phenotypic plasticity, i.e. ‘the capacity 
of a genotype to exhibit a range of phenotypes in response to variation in the environment’ 
(Fordyce 2006). With phenotypic plasticity, the individuals’ own phenotype, including its 
physiological tolerance, can be altered (DeWitt and Scheiner 2004; Whitman and Agrawal 
2009). A change in physiological tolerance is usually triggered by exposure to an adverse 
condition and may rapidly increase the tolerance to ongoing, or future stressful exposures 
(e.g. review by Chevin and Hoffmann, 2017), thereby increasing the chance of an individual 
to survive otherwise lethal conditions. Taxa that do not have the ability to disperse to less 
adverse conditions, such as bacteria, fungi, plants and flightless arthropods, will have to 
resort to these two types of plastic responses. When exposed to an extreme climatic event, 
the choice for these taxa to ‘adapt or disperse’ (Berg et al. 2010) is altered to the choice 
‘adapt fast or die’.  
 
Trait-based community ecology   
The description of possible species responses to extreme events has mainly focussed on 
single species, yet we know that a natural ecosystem consists of many species that interact 
with each other. The high diversity of species makes it hard to find general principles on 
how species respond to changes in their environment that are also applicable to different 
ecosystems (Lawton 1999; Colyvan and Ginzburg 2003). In community ecology, which 
focuses on understanding the interactions between different species and their 
environment, researchers have tried to circumvent this issue by identifying factors that can 
be used to group species. Traditionally, this grouping was based on taxonomy (analyses on 
the level of the genus, family, order etc.), and later by assigning functional groups or feeding 
guilds such as herbivores, predators and detritivores (Cadotte et al. 2011). Although this 
approach has given us lots of insights, it is still largely context dependent, e.g. differences 
in local species composition, environmental conditions and nearby habitats can influence 
the results of experiments. To circumvent this context dependency, researchers have 
recently adopted a more quantitative way of investigating whole communities by adopting 
trait-based approaches (McGill et al. 2006; Violle et al. 2007; Paine et al. 2018). 
 
Trait-based ecology is focused around using morphological, physiological or phenological 
traits that have an indirect impact on fitness through their effects on species performance, 
i.e. growth, reproduction and survival (sensu Violle et al. 2007), sometimes supplemented 
with life-history and behavioral traits when animals are being studied (Moretti et al. 2017). 
Examples of these different traits include wing size (morphological, indicating dispersal 

1 
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capability), thermal tolerance (physiological, indicating resistance to stress), timing of 
budburst (phenological, indicating onset of possible pollination), clutch size (life-history, 
indicating reproductive success) and locomotion speed (behavioral, indicating foraging and 
predator avoidance efficiency). The use of traits allows for a direct comparison between 
species (i.e. interspecific variation) but also between individuals of the same species (i.e. 
intraspecific variation) (Violle et al. 2012). These direct comparisons are essential to start to 
understand why species show dissimilar responses to abiotic changes, and why some 
individuals within a species might be able to cope with the situation while others do not. As 
long as individuals are measured in a standardized way (e.g Cornelissen et al., 2003; Moretti 
et al., 2017), the use of physiological traits, such as thermal tolerance, inundation and 
desiccation resistance allows for a direct comparison of species responses within a 
community under climatic stress (Dias et al. 2013). Using this trait-based approach thereby 
allows for generalization of findings as context dependent effects are taken away.  
 
When exposed to extreme climatic events, the very direct threat to survival of individuals 
subjected to climatic extremes that surpass their tolerance level can potentially lead to 
partial mortality or even extirpation of populations (Makkonen et al. 2011; Krab et al. 2013). 
When species inhabit the same ecosystem and show interspecific variation in 
ecophysiological tolerance traits, their performance will be differentially affected by the 
extreme event. In turn, these differences will affect not only the individual species, but also 
the other species in the community by altering species interactions (Voigt et al. 2003; van 
Der Putten et al. 2010; Walther 2010; Gilman et al. 2010; Jiguet et al. 2011; Thakur et al. 
2017). Thereby, extreme events lead to changes at the level of communities or ecosystems 
that could not be anticipated by just looking at the sensitivities of the individual species. 
Importantly, this also means that effects on communities on longer time scales cannot easily 
be inferred from the abiotic effects on component species. Instead, indirect biotic effects 
need to be included to be able to correctly anticipate on the effects of extreme events on 
communities, food webs, ecosystems and their functioning in the long run. 
 
Soil arthropods and their importance 
This thesis has a strong focus on soil arthropods because of their diversity, abundance, 
functions in the ecosystem and their inability to rapidly move away from stressful abiotic 
conditions (Orgiazzi et al. 2016). They are a tremendously diverse and abundant group of 
species, and although absolute numbers can vary strongly between ecosystems, soil types 
and latitudes, there are estimates that there can be ~20 species of Collembola (springtails) 
and 100-150 species of Oribatida (a group of mites) per square meter and that each of their 
abundances can reach up to 10.000-50.000 individuals m-2 (Bardgett and van der Putten, 
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2014). These soil arthropods are essential for the functioning of entire ecosystems. Most 
notably, many of the soil arthropods, such as the mentioned Collembola and Oribatida, as 
well as Isopoda (woodlice) and Diplopoda (millipedes), act in concert with bacteria and fungi 
to decompose dead organic material (Fujii and Takeda 2012; García-Palacios et al. 2016). By 
doing so, they free up organically-bound nutrients and make these available in mineral form 
which can be taken up by plants, thereby closing the nutrient cycle and linking the above- 
and belowground systems (Wardle et al. 2004; De Deyn and van der Putten 2005; Bardgett 
and Wardle 2010; Filser et al. 2016). The rate of decomposition is largely dependent on 
climate, litter species identity (Hättenschwiler et al. 2005; Santonja et al. 2018), the 
dissimilarity between the species of decomposers in the ecosystem (e.g. Heemsbergen et 
al., 2004) and the abundance of animals (Petersen and Luxton 1982). Just how essential 
arthropods are in this process is highlighted by studies that remove them from ecosystems. 
For example, Barton and Evans (2017) showed that arthropod presence doubled the rate of 
mass loss of carrion, and Handa et al. (2014) showed that on average 11% of carbon and 
nitrogen loss during decomposition could be attributed to the arthropod decomposer 
communities across biomes. Given their ecological importance, their high species diversity 
and their inability to actively migrate, soil arthropods are a useful study system to 
investigate the effects of climate change on communities.  
 
Green beach ecosystem  
The model ecosystem chosen in this thesis is a green beach ecosystem, i.e. the vegetated 
zone of a sandy beach (Bakker et al. 2005). This choice was made because of several related 
reasons: (i) the abiotic conditions are highly fluctuating compared to other ecosystems due 
to the openness of the habitat. This results in rapid heating of the soil on warm and sunny 
days, but also to rapid cooling during the nights, resulting in strong daily temperature 
fluctuations. Combined with sporadic inundation by sea water, and thus fluctuating soil 
salinity, this provides a (ii) habitat with a relatively low diversity of plants and soil arthropods 
(van Wingerden and den Hollander 1981; Ellers et al. 2011). Moreover, beach arthropod 
communities are often restricted to the first few centimeters in the soil (Schoeman et al 
2004; Schlager 2008), which, combined with their inability to move long distances along the 
beaches, makes it hard for them to escape direct stressful effects of changing abiotic 
conditions. Combined, this makes the green beach ecosystem very suitable to test effects 
of extreme climatic events on soil arthropod communities. 
 
  

1 
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This thesis 
In this thesis, I investigate how extreme climatic events -with a focus on the effects of heat 
waves- are affecting soil arthropod species, species interactions and community 
composition as a whole. An important aspect of this work is to investigate which 
methodologies can be best applied to study the often complex effects of altered climatic 
conditions on communities, and how they can be utilized to draw more generalized 
conclusions that can be applied to other ecosystems and communities as well. The chapters 
in which different ecological levels of complexity are studied, as well as the chapters that 
provide methodological innovations are visualized in Fig. 1.3.  
 
 
 
 

Figure 1.3. Conceptual figure depicting which chapters investigate the effects of extreme climatic 
events on a specific level of ecological complexity, as well as the chapters that provide substantial 
methodological improvements. Blue stars represent different species, blue arrows interactions 
between species, black dashed and solid arrows indicate the levels of ecological complexity that 
respectively are indirectly and directly addressed in this thesis. 
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In terms of generalizations, the use of a representative ecophysiological trait is a recurring 
tool in this thesis, and will be presented in three of the chapters. A short outline of the 
chapters and their content is listed below: 

- In Chapter 2, the focus lies on the community dynamics of the green beach 
ecosystem by sampling the soil arthropod communities over time. By doing 
so, the abiotic factors that have the strongest effect on community 
composition are identified. Furthermore, a statistical method to facilitate the 
direct comparison between the effect of different types of extreme climatic 
events on community composition is pioneered.  

- In Chapter 3 the field site is experimentally exposed to heat waves. By 
measuring an ecophysiological trait (the Critical thermal maximum) for the 
most abundant taxa in the ecosystem, the inter- and intraspecific variation of 
thermal tolerance in our soil community is tested. This is also used to test the 
ability of species to induce their tolerance to the higher temperatures by 
means of phenotypic plasticity.  

- Based on the results of chapter 3, a laboratory microcosm study is presented 
in chapter 4, where three of the most dominant taxa (one springtail prey 
species and two predatory spider species), are exposed to heat waves of 
different intensities. As these taxa differ in their thermal tolerance, it is tested 
whether the observed thermal limits are a good indicator of species 
performance during heat waves, and how this affects the outcome of species 
interactions.  

- In Chapter 5, an individual-based model is applied to gain a more mechanistic 
understanding of the effects of different features of heat waves (i.e. heat wave 
intensity and frequency) on soil arthropods. This individual-based model is 
parameterized to simulate the three taxa from the previous chapter. The 
model itself is expanded to include the thermal limit traits measured in 
chapter 3, which make the effect of heat waves more realistic.  

- Chapter 6 introduces a novel experimental setup named CLIMECS (CLImatic 
Manipulation of ECosystem Samples). This setup is a result from experiences 
gained during the experiments in the previous chapters, which led to the 
realization that the methods currently available to us are not sufficient to test 
more complex climatic scenarios encompassing multiple abiotic stressors and 
extreme climatic events on intact ecosystem samples. This novel experimental 
setup greatly facilitates such experiments. 

- Ultimately, the results of chapters 2 to 6 are synthesized and placed in a 
broader ecological context in Chapter 7.  

1 
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Abstract 
Extreme climatic events can have profound effects on ecosystems. Climate change is 
causing an increase in the frequency and intensity of extreme events, which raises the 
probability that natural ecosystems will be exposed to subsequent or simultaneous extreme 
events. Exposure to multiple extreme events may involve very different abiotic stressors, 
which makes it hard to compare their consequences for more than a single or a few species, 
limiting our knowledge of community level effects. Here, we propose a novel approach to 
assess how different abiotic stressors influenced soil arthropod communities in a coastal 
ecosystem, using a species abundance time series of more than two years. We first 
correlated shifts in community composition with the climatic conditions preceding the 
sampling dates. Temperature was found to be the most important factor influencing 
community composition in both locations. Based on local meteorological data, we then 
defined five types of extreme events which occurred during our monitoring period: heat, 
cold, drought, heavy precipitation and high sea water levels. To compare the effect of 
different types of extreme climatic events on community composition, we calculated the 
multidimensional Hellinger distance between two subsequent sampling dates, which is a 
measure for the compositional dissimilarity between communities. Extreme events were 
expected to result in a larger change in community composition between sampling dates 
and thus a larger Hellinger distance. However, no significant difference in Hellinger distance 
was found for intervals with or without extreme events in three out of the four location-
vegetation combinations. In the saline location with an open vegetation type we found that 
Hellinger distance was reduced when extreme events had occurred, which is discussed in 
the light of the buffering potential of different vegetation types. Our study illustrates the 
novel use of an established method from the community ecological toolbox to facilitate 
direct comparison of different types of extreme climatic events on community composition. 
We highly encourage other ecologists with long-term monitoring datasets to perform 
similar analyses and test the general applicability of this method.  
 
Introduction 
With ongoing climate change, the intensity and frequency of various extreme climatic 
events will increase (Hansen et al., 2012; Rahmstorf and Coumou, 2011). Extreme events 
can be defined as climatic conditions exceeding variation in expected abiotic conditions 
based on historic conditions. Global heat maxima have steadily risen over the last decades, 
while at the same time, events of heavy rainfall and prolonged periods of drought have been 
increasing in prevalence, and this trend is predicted to continue for the years to come 
(Easterling, 2000b). When surpassing tolerance levels, extreme events will have a severe 
impact on ecological communities with negative consequences for species, including 
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altered growth rate and increased mortality (Grant et al., 2017; Ummenhofer and Meehl, 
2017). However, species may differ in their climatic tolerance (Araújo et al., 2013; Berg et 
al., 2010; Chown and Terblanche, 2006; Franken et al., 2018a), and some species will be 
able to cope with, or even benefit from the extreme conditions. Large interspecific 
differences in tolerance to climatic extremes will affect species composition of the entire 
community, either directly or indirectly via altered competition, predator-prey interactions, 
trophic cascades and both bottom-up and top-down effects (Cheng and Grosholz, 2016; 
Jentsch and Beierkuhnlein, 2008; Jiguet et al., 2011; Sentis et al., 2013; Traill et al., 2010; 
van Der Putten et al., 2010).    
 
Ecosystems are usually not subjected to just one extreme event. They can be sequentially 
exposed to the same or to different types of climatic extremes, and in the latter case these 
exposures can even occur simultaneously, all of which may exert diverse effects on species 
and communities (Bailey and van de Pol, 2016; Marrot et al., 2017; Turnbull and Lindo, 
2015). A clear example of multiple stressors occurring simultaneously is the combination of 
heat and drought, which has previously been found to have interactive effects on 
communities (Dreesen et al., 2012; Sheik et al., 2011). Gaining insight in the response of 
natural communities to different climatic stressors is essential to understand interactive 
effects of simultaneous or sequential exposure to different extreme events (Dreesen et al., 
2014; Paine et al., 1998).  
 
In order to be able to compare the effect of different extreme events across locations, study 
systems, and types of stressor involved, there is an urgent need for a common yardstick to 
measure community response. Such a yardstick may be provided by community ecological 
statistical methods, which are commonly employed to monitor entire communities over 
time. For instance, a statistical approach often applied to analyse data on species 
abundances over time is to calculate the (dis)similarity between ecological communities 
(Borcard et al., 2011; Tebby et al., 2017). When (dis)similarities are based only on 
community data, i.e. by using unconstrained ordination techniques, these distances are 
calculated independent of the abiotic conditions to which the community was exposed. We 
use a novel interpretation of the distance of the (dis)similarities between subsequent 
sample dates in multidimensional space (Ernest and Brown, 2001; Thibault and Brown, 
2008) and propose that the relative effects of different extreme events on community 
composition can be directly compared using these distances.  
 
In this study, we applied this novel interpretation of community dissimilarity to a species-
abundance over time dataset of soil arthropod communities in a coastal ecosystem. This 
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ecosystem is formed by a vegetated beach in front of the dunes. It is therefore exposed not 
only to stressors such as heat and drought, but also to inundation with salt water, which is 
a specific stressor for coastal systems and thus extends across ecosystem boundaries 
(Bolhuis et al., 2013; Schlacher et al., 2008; Schoeman et al., 2014; Witteveen, 1988). The 
arthropod communities were monitored for more than two years with frequent sampling 
intervals on two locations that differed in frequency of inundation with sea water. One of 
those locations was further subdivided in three vegetation types that differed in vegetation 
structure, plant height and soil coverage, which may impact the effect of climate extremes 
on soil communities by providing micro-habitats (Franken et al., 2018a; Keppel et al., 2017; 
Scheffers et al., 2014; Woods et al., 2015). Using species abundance of these natural 
communities over time, we could link the changes of community composition to events of 
abiotic stress in the field which allowed us to answer the following two main questions: i) 
Which abiotic factors have the strongest influence on soil fauna community composition in 
vegetated beaches, and does this differ between the locations and vegetation types? ii) Is 
the dissimilarity in species composition between communities at subsequent sampling 
dates larger if there was an extreme event in the interval between sampling dates?  
 
Material and Methods 
Field locations 
Soil arthropod communities were sampled in two locations across a vegetated zone on the 
sandy beach, so-called ‘green beach’, on the Dutch barrier island of Schiermonnikoog. This 
green beach has been formed after a large sand deposit in the 1990s (Bakker et al., 2005). 
We selected two locations along this green beach, which differed markedly in abiotic, 
geomorphological conditions and vegetation. The first location is the north side of the island 
(N53.49788, E6.16238, 2.25 +/- 0.05m above sea level). The vegetation zone we sampled 
was situated on the beach close to the base of the dunes, from which fresh water is seeping 
into the vegetation zone on the green beach. New, primary dunes have formed in front of 
this vegetated zone, acting as a barrier against sea water inundation and together with rain 
water this makes the soil moisture conditions brackish to fresh with low salt concentrations 
(0.64 ± 0.04 mS cm-1, measured on 24 October 2012), therefore, we refer to this location 
throughout the text as the ‘brackish’ location. Together, this situation gives rise to a 
relatively homogeneous vegetation structure and composition. The vegetation was in a 
succession state called a primary dune slack, harbouring a community of relatively salt-
sensitive species Agrostis sp., Samolus valerandi L., Salix repens L., Lythrum salicaria L., 
Hypochaeris radicata L., several moss species (Bryophyta sp.) and a low abundance of Glaux 
maritima L.. In contrast, the sampling location on the southwestern side of the island was 
positioned in a vegetated zone further away from the base of the dunes (N53.47308, 
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E6.13368, ~1.55m above sea level) and because of its lower elevation and the absence of 
primary dunes this location was more frequently inundated with sea water. Due to the 
frequent inundations and absence of freshwater seepage from the dunes, the salinity of the 
groundwater was much higher than at the brackish location (9.12 ± 1.1 mS cm-1, measured 
on 24 October 2012) and we refer to this location as the ‘saline’ location. The vegetation 
consisted of more salt-tolerant species, such as Carex extensa Gooden, Puccinellia maritima 
(Huds.) Parl., Plantago maritima L., Aster tripolium L., Spartina anglica x towsendii 
C.E.Hubb., Limonium vulgare Mill. and a high abundance of Glaux maritima L.. Moreover, 
there was a strong heterogeneity in vegetation structure, especially plant height and soil 
coverage, resulting in three distinctive vegetation types. Patches of dense and tall tussocks 
of Carex extensa, fine grassy vegetation patches with Puccinella sp. and Festuca rubra L., 
and patches which were more open with microbial algal mats and Glaux maritima. Because 
of these differences in the ‘saline’ location we subsampled these three vegetation types (N 
= 3 per vegetation type, per sampling date), whereas we randomly sampled in the ‘brackish’ 
location (N = 5 per sampling date). In total, this resulted in 14 samples per sampling date. 
The locations, and the corresponding salinity measurements are visualized in appendix 2.1.  
  
Sampling, animal extraction and taxonomic identification 
Soil animals were collected using soil core sampling with approximately 6-week intervals at 
both locations from the 21st of February 2013 until the 23rd of April 2015, resulting in 17 
sampling dates, eight in 2013, seven in 2014 and two in 2015. The samples were taken by 
gently twisting and pressing a metal soil corer of ø 10 cm at least 8 cm into the soil. Care 
was taken not to compress the soil cores, ensuring an optimal extraction of soil fauna later 
on. Of the soil core, the top five cm of soil and any vegetation growing on top of the core 
was transferred to a ø 10cm plastic container with lid. The sealed containers were then 
transferred to the Vrije Universiteit Amsterdam for extraction of the soil fauna. 
 
Soil cores were placed upside-down in Tullgren extraction funnels, which heat up the 
bottom of the soil cores (now the top side) and cool the vegetated (under) side of the core. 
The obtained gradient in temperature and drought forced soil animals to crawl down and 
fall down a funnel, into a vial with 96% ethanol in which they are preserved for further 
identification. Previous studies have shown that with this method > 90% of the soil fauna is 
extracted in three weeks’ time (van Straalen & Rijninks 1982), therefore every core was 
extracted for a minimum of 25 days. 
 
The soil fauna extracted from the soil cores was identified and counted using a Leica Wild 
M8 stereomicroscope with 6-50x magnification. Taxa were identified at the most detailed 
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taxonomic level possible, and we selected epigeic taxa (i.e. surface-living species), for 
further analyses. For example, this included the Collembola and Acari, while excluding 
Diptera and Coleoptera larvae. The rationale for in- or excluding specific taxa, as well as the 
full dataset can be found in appendix 2.2 (available online).  
 
 
 
Table 2.1. Sampling dates with related abiotic conditions. Values were calculated based on data of 7 
days preceding the sampling date. Maximum temperature and maximum sea levels were the absolute 
maxima during these seven days and precipitation was calculated as the average amount of rain fallen 
during these seven days.   

Date 
(YYYY-MM-DD) 

Year Julian day Max. Temp 
(°C) 

Max. sea level  
(cm above NAP) 

Av. precipitation 
(mm) 

2013-02-21 2013 52 5.7 93 0.53 
2013-04-03 2013 93 5.1 104 0.29 
2013-05-17 2013 137 15.0 114 4.40 
2013-06-26 2013 177 18.2 120 6.74 
2013-08-07 2013 219 31.6 126 3.11 
2013-09-17 2013 260 19.5 147 5.10 
2013-10-29 2013 302 17.7 169 3.46 
2013-12-18 2013 352 10.2 136 1.63 
2014-01-27 2014 27 3.5 103 2.71 
2014-03-12 2014 71 16.7 116 0.00 
2014-04-10 2014 100 17.9 112 3.04 
2014-06-12 2014 163 24.7 93 0.13 
2014-08-08 2014 220 29.5 93 0.30 
2014-09-29 2014 272 20.7 138 2.54 
2014-11-18 2014 332 12.4 103 2.79 
2015-02-20 2015 51 9.8 137 1.66 
2015-04-23 2015 113 13.6 106 0.00 

 
 
 
Abiotic data 
Abiotic data were retrieved from freely available online resources. Air temperature and 
precipitation data were taken from meteorological station “Lauwersoog” from The Royal 
Netherlands Meteorological Institute (KNMI 2018b, c), which is ~8 km from the saline and 
~10 km from the brackish location. Sea level data were taken from the Waterbase website 
(Waterbase 2018), for measuring station ‘Wierumergronden’, which is ~13 km from both 
sampling locations. Data were used to compile a dataset with daily climatic conditions.  
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For seven days preceding each sampling date, we calculated either the absolute maxima 
achieved (i.e. for the sea water levels and maximum temperature) or the average values 
(i.e. minimum and maximum temperature, precipitation and evapotranspiration). In 
addition, sample year, month and the day of the year (i.e. Julian day) were recorded. We 
checked for correlations between all these factors (see appendix 2.3), and selected a subset 
of representative abiotic factors (i.e. one factor per highly correlated cluster) for further 
analysis. These were the explanatory continuous environmental variables: absolute 
maximum temperature, average precipitation and Julian day, and the factors: location, 
vegetation type and sampling year. A summary of the sample dates and the corresponding 
abiotic variables is shown in table 2.1. This data is used in the subsequent community 
analyses.  
 
To determine the occurrence of an extreme event during the study period, we plotted the 
daily abiotic data for the total sampling period to define which abiotic conditions could be 
considered extreme. This resulted in the criteria of extreme events defined in table 2.2. Per 
sampling interval, we checked if one or multiple of these criteria were met. If so, this was 
recorded as an occurrence of the corresponding type of extreme event. The specific 
sampling intervals during which extreme events took place can be found in appendix 2.4. 
 
 
Table 2.2. Criteria used to identify extreme events of different abiotic variables, and the frequency of 
these events for the full sampling period. 

Extreme event Description Occurrences in 
dataset 

Heat Daily maximum >30.0°C 2 
Cold Daily minimum <-3.0°C & daily max <0.0°C 2 
Drought > 2 weeks without precipitation 2 
Heavy precipitation > 60.0 mm precipitation in one week 2 
High sea water level > 300 cm above NAP* at measuring station 

Schiermonnikoog 
2 

* Normaal Amsterdams Peil, or Amsterdam Ordnance Datum, corresponding to the mean sea water level. 

 
Statistics 
All data analysis was performed using R (R Core Team, 2016) in the RStudio environment 
(RStudio Team, 2015). The species abundance matrix was Hellinger-transformed to make it 
suitable for unconstrained ordination of species data (Legendre and Gallagher, 2001). This 
transformation was chosen to lessen the effect of several very abundant taxa, thereby 
making the score per sample more representative for the full community (Borcard et al.,  
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2011). To analyse the transformed community data without constraining the data a priori 
to environmental variables, we first performed a Principal Component Analysis (PCA) on the 
samples from both locations combined. We then performed PCAs on subsets of the samples 
for the specific locations and vegetation types. To assess if the environmental variables of 
the seven days prior to the sampling dates, and the important factors were correlated with 
the community samples, we fitted these using the ‘EnvFit’ function from the vegan package 
(Oksanen et al., 2016).  

 

 
 
Figure 2.1. PCA axes 1 and 2 depicting the samples (black dots) of the full dataset, including both 
locations. Red plusses indicate the position of the different taxa. A polygon is drawn through all the 
outer sample points for each location (green for the saline location; black for the brackish location) 
and the inner thick circle indicates the 95% confidence interval of the centroid for the two locations. 
The environmental factors that significantly correlate with the samples are indicated by a red arrow 
for continuous variables or red names for factors with multiple levels.  
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The environmental variables included were maximum temperature, average precipitation, 
maximum sea level and Julian day. The included factors depended on the location-
vegetation type subset of the data (e.g. for a PCA on a subset within a location, location 
itself would not be included as factor), but contained location (saline, brackish), vegetation 
type (open, grassy or Carex vegetation) and sampling year (2013, 2014 or 2015). 
 
Furthermore, we wanted to compare the extent of dissimilarity in community composition 
between communities of subsequent sampling dates with and without the occurrence of 
extreme events in that time interval. Therefore, we constructed Hellinger distance matrices 
(Euclidean distance of Hellinger-transformed species data) for the four location-vegetation 
type combinations. For each of these, the centroid of the replicates per sampling date was 
calculated. We then calculated the Hellinger distance between these centroids or each set 
of subsequent sampling dates (sensu Ernest and Brown, 2001; Thibault and Brown, 2008). 
This resulted in a dataset with one Hellinger distance value for each sampling interval (e.g. 
distance between T0 to T1, T1 to T2, etc.). These distances were linked to the presence or 
absence of extreme events in the same time interval. We tested for differences in Hellinger 
distances between consecutive sampling dates with and without an extreme event with a 
student t-test. All assumptions of statistical independence and normality of residuals were 
met.  
 
Results 
Species data 
Of the 77460 individual animals sampled over the course of our monitoring period, 69460 
met the criteria and thresholds for inclusion in the final analyses, which can be found in 
appendix 2.2 (available online). Of these, 32593 individuals were sampled from the brackish 
location, and 33102 from the saline location, which was further subdivided in the vegetation 
types: open (5220 ind.), grassy (11452 ind.) and Carex vegetation (15921 ind.), see appendix 
2.5. In the analysis, 51 taxa were considered, but the dominant taxa with more than 1% 
abundance were limited per location-vegetation type combination, ranging from 8 to 13 
(see fig A2.5). The most striking difference between the saline and brackish location is the 
shift in the dominant Collembola species: Isotoma sp. (>98% Isotoma riparia) in the saline 
location and Sminthurides malmgreni in the brackish location. 
 
Overall community composition 
We first assessed if there were clear patterns in the species composition that could be 
explained by the factors included in the analysis. The Principle Component Analysis (PCA) 
was carried out on the full species abundance matrix, including both locations. The PCA 
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showed that 20.8 % of the observed variation between samples could be explained by the 
first PC axis, 15.1 % by the second PC axis, and 11.8 % by the third axis, together explaining 
48 % of the variance in the species data. Three of the factors were significantly correlated 
to the patterns in community composition (Fig. 2.1). In order of the highest goodness of fit, 
these were sampling location (R2 = 0.39, P < 0.001), maximum temperature (R2 = 0.15, P < 
0.001) and sample year (R2 = 0.03, P < 0.005). This effect of sample year was driven by 
samples taken in 2015, which only consisted of two sampling dates at the beginning of the 
year, as it was the end of our sampling campaign. These two samples therefore correspond 
to overall lower temperatures, which is illustrated by the negative correlation of year 2015 
with maximum temperature. When the samples of 2015 were removed from the analysis, 
there was only an effect of year in the Carex vegetation type of the saline location, but not 
in any of the other location-vegetation type combinations.  
 
Community composition and factors for location-vegetation type combinations 
To test whether the same environmental factors are important in the different locations 
and vegetation types, we performed separate PCAs for each location and for each 
vegetation type within the saline location, and fitted the environmental variables on these 
subsets (Fig. 2.2). For both locations we observed that the maximum temperature before 
the sampling date was the most important factor explaining the variance in species 
composition (brackish: R2 = 0.62, P < 0.001; saline: R2 = 0.21, P < 0.001), even giving a higher 
fit than vegetation type in the saline location (R2 = 0.14, P < 0.001). When observing the 
position of Isotoma sp. in the plots, it becomes apparent that they have a strong influence 
on community composition. This was linked to the maximum temperature before the 
sampling date for both locations (Fig. 2.2A-B). The other significant factors for the brackish 
location included Julian day (R2 = 0.19, P < 0.001), precipitation (R2 = 0.10, P = 0.015) and 
sampling year (R2 = 0.07, P = 0.018). For the saline location, the only other significant factor 
explaining species data was the sampling year (R2 = 0.04, P = 0.023).  
 
The analysis of community composition at the saline location was further subdivided in the 
three vegetation types. Of these, the open vegetation did not show significant correlations 
with any of the environmental factors tested. The other two vegetation types showed a 
similar pattern with both maximum temperature (grassy vegetation: R2 = 0.16, P = 0.016; 
Carex vegetation: R2 = 0.54, P < 0.001) and sampling year (grassy vegetation: R2 = 0.15, P = 
0.003; Carex vegetation: R2 = 0.11, P = 0.018) as significant factors. 
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Figure 2.2. PCA axes 1 and 2 for the (A) brackish location, (B) saline location, with polygons drawn 
through all the outer sample points of the three vegetation types and the inner thick circle indicating 
the 95% confidence interval of the centroids for these locations, (C-E) subsets of the saline location, 
with (C) samples from open vegetation, (D) grassy vegetation and (E) Carex vegetation. Black dots 
depict the samples in each plot. Taxa with an abundance of more than 2.5% per location or vegetation 
type are plotted textually (the exact location is the center of the text), the other taxa are visualized as 
red plusses. The environmental factors that significantly correlate with the samples are indicated by a 
red arrow for continuous variables or red names for factors with multiple levels. 
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Figure 2.3. Box plots of the Hellinger distances (i.e. Euclidean distance on Hellinger transformed species 
data) between the centroids of two subsequent sample dates for the (A) brackish location, (B) saline 
location with open vegetation, (C) saline location with grassy vegetation and (D) saline location with 
Carex vegetation. For each time interval, we defined if an extreme event of any type took place (e.g. 
No/Yes in the left-hand side of the panels) by the criteria summarized in Table 2.2. No events took 
place in seven time intervals, and there were nine intervals where events did occur. On the left-hand 
side, boxplots indicate the median with 1st and 3rd quartile ranges, whiskers indicate the minimum and 
maximum values within 1.5x the interquartile range. Dots indicate values falling outside of this range. 
On the right-hand side, the upper and lower box limits indicate the absolute values, with the central 
line indicating their mean. ** indicate significance at the P < 0.01 level. The extreme events were 
further split in the right-hand side of the panel, with letters indicating the different types of extreme 
events. H: Heat, C: Cold, D: Drought, P: Heavy precipitation and W: High sea water level. The individual 
extreme events were not statistically tested as each type of event only occurred twice. 
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The grassy vegetation further had a significant correlation with precipitation (R2 = 0.12, P = 
0.045) and the Carex vegetation had a significant correlation with Julian day (R2 = 0.20, P < 
0.005). Again, of the dominant taxa, Isotoma sp. seemed to be highly related to the 
maximum temperatures, while Orchestia gammarellus was related to Julian day (and thus 
seasonality). Also, the Poronoticae mites were negatively correlated to the maximum 
temperatures, and thus seem to be relatively more abundant in the colder seasons.  
 
Effect of extreme events 
To test if extreme events, defined for each variable in table 2.2, affected community 
composition in both locations, we tested whether the Hellinger distance (Euclidean distance 
on Hellinger-transformed species data) between subsequent sampling dates was larger 
when extreme events took place within the same time interval. We found that this was not 
the case in three out of the four location-vegetation type combinations (Fig. 2.3). In the 
fourth comparison (i.e. saline location with open vegetation) the contrary was observed: 
Hellinger distances were on average smaller when extreme events took place (t10.1 = 3.32, 
P = 0.008).  This effect seemed to be caused by all but one type of extreme event, as for 
heat, drought, heavy precipitation and high sea water levels, the individual Hellinger 
distances were lower than the first quartile of the Hellinger distances in the time intervals 
were no extreme events occurred (Fig. 2.3B).  
 
Discussion 
With extreme climatic events increasing in frequency, there is a need to pinpoint which 
extremes are most stressful to soil communities, and to facilitate a direct comparison of 
community responses to different climate extremes. In order to gain insight in the effects 
of the different types of extreme events, we tested which abiotic factors were most 
important in explaining the soil arthropod community composition of a vegetated coastal 
ecosystem. We found that maximum temperature during the week preceding the sampling 
dates had the strongest correlation with soil arthropod communities in both a saline and a 
brackish location. We then tested if we could directly compare the effects of different 
extreme events by looking at the Hellinger distance between the communities of 
subsequent sampling dates. We found no effect of extreme events on Hellinger distances 
in three location-vegetation type, and smaller Hellinger distances in saline location with an 
open vegetation type. This effect is discussed in relation to buffering potential of the 
different vegetation types.   
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Location salinity and temperature were the major drivers of community composition. 
We observed that the soil arthropod community composition was largely driven by the 
differences between the two sampling locations, i.e. the brackish and saline sites (Fig. 2.1). 
Site differences in soil salinity will have strong impacts on species (e.g. Ellers et al., 2011; 
Witteveen and Joosse, 1987), and thus on community composition of microbes (Dini-
Andreote et al., 2014; Rath and Rousk, 2015), plants (van Tooren et al., 1983) and 
arthropods (Desender and Maelfait, 1999; Irmler et al., 2002; Pétillon et al., 2008). Species 
differ significantly in salt tolerance and many species are sensitive to salt water inundation. 
Hence, a shift in community composition from salt tolerant to salt sensitive species from 
the saline to the brackish site was expected. This was also reflected in the higher species 
richness in the brackish site. However, we cannot exclude that other factors, such as 
geomorphological dynamics and vegetation structure could also have caused a difference 
in community composition between these sampling locations.  
 
For both the locations, we found that the maximum temperature in the week preceding the 
sampling date had the highest correlation with community composition. The fact that 
maximum temperature in the saline site explained variance in species composition better 
than the difference between the three vegetation types was surprising, given the 
importance of vegetation structure, especially plant height and soil coverage, for arthropod 
community composition on salt marshes (Ford et al., 2017). However, the arthropod 
community composition of the three vegetation types did differ from each other and when 
analysed separately, again highlighted the strong effect of the maximum temperature, 
especially for the grassy vegetation type and the Carex-dominated vegetation type (Fig. 
2.2D and E, respectively). Another important factor was Julian day, which was significant at 
both the brackish location and at the saline location with Carex-dominated vegetation. 
However, this was likely caused by the cyclic nature of temperature during the year. The 
effect of sampling year itself was also significant, albeit with low explanatory power, in 
almost all PCAs. This effect was driven mainly by the two sampling dates in early 2015 in the 
cold period of the year, and when these two sampling dates of 2015 were removed from 
the analysis, there was only an effect of year in the Carex vegetation type of the saline 
location. It is therefore likely that the effect of year is actually indirectly driven by 
temperature effects. 
 
In both the brackish location and the saline location with grassy vegetation, the amount of 
precipitation was a significant factor influencing community composition. This is in line with 
another study that shows that an increase in intensity and frequency of precipitation 
decreases Collembola abundance and richness (Turnbull and Lindo, 2015), which is 
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attributed to a decrease in the amount of habitable pore space. Although this may be a valid 
explanation in most terrestrial systems, this mechanism is unlikely to hold in our green 
beach ecosystem, as the sandy soil is densely packed, and the ground water level is usually 
very high, leaving the soil often water-locked (personal observations). On the other hand, a 
meta-analysis by Blankinship et al. (2011) shows that precipitation increases soil biota 
abundances, but this pattern is largely driven by the inclusion of forest ecosystems in the 
data set. It is therefore likely that the effect of precipitation is highly dependent on the type 
of ecosystem being investigated, as well as the local precipitation patterns.    
 
Direct comparison of influence of extreme climatic events on community composition. 
One of our aims in this study was to directly compare the effect of different naturally 
occurring extreme climatic events. Climatic extreme events can have major impacts on 
community composition (Bokhorst et al., 2012; Nielsen et al., 2012; Sergio et al., 2018; 
Wernberg et al., 2013). Therefore, we hypothesized that differences in community 
composition, as indicated by Hellinger distance between subsequent sampling dates, would 
be enlarged if an extreme event had occurred between sampling dates. However, our 
results did not show the hypothesized increase of dissimilarity in species composition 
between subsequent sampling dates after an extreme climatic event took place. In three of 
the four location-vegetation type combinations we found no effects of extreme events on 
Hellinger distance. In the saline location with an open vegetation type we unexpectedly 
observed more similar communities, opposite to our expectation.  
 
The absence of the expected pattern in the other location-vegetation type combinations 
raises two non-exclusive, alternative explanations. The first explanation would be that the 
communities were not affected by the extreme climatic events, e.g. the extreme climatic 
events as defined in this study -see table 2.1- are not extreme enough for the animals in this 
highly variable environment to cause a detectable community shift. This raises an ongoing 
discussion on how to define extreme climatic events, whether this should be a strict 
climatological threshold, or whether it would be better to use threshold of biological 
responses (i.e. impact-related threshold) (Bailey and van de Pol, 2016; van de Pol et al., 
2017). Here, we chose a static climatological threshold in order to be able to compare 
between species, as it is known that large interspecific differences in tolerance between 
species exist (e.g. Ellers et al., 2018; Franken et al., 2018a). Using an impact-related 
threshold is not possible for communities consisting of multiple species with different 
biological responses, as long as there is no universal way to standardize the effects of 
extreme events on communities. Potentially the method presented in this paper can pave 
the way to such a standardization. 
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The second explanation would be that the Hellinger distance between pairs of subsequent 
sample dates is not sufficiently responsive to the relative change in community 
composition. However, the Euclidean distance (here applied on Hellinger-transformed data) 
is a commonly used method to compare communities, and has been shown to reflect 
changes in community composition (Borcard et al., 2011; McCune et al., 2002; Shirkhorshidi 
et al., 2015). Also, the use of the distance between subsequent sampling dates has been 
applied successfully before (Ernest and Brown, 2001; Thibault and Brown, 2008). There are 
also some other methods available to assess community shifts over time, such as the use of 
Principle Response Curves (Florentine et al., 2015; Tebby et al., 2017; van den Brink et al., 
2009), but this is less suitable to our situation, as we are using natural communities without 
a clear control community. Hence, we conclude that using Hellinger distances is an 
appropriate analysis tool to make community responses comparable across contexts.  
 
One important challenge of our methodology remains the exposure of the community to 
multiple subsequent events, which could have obscured the patterns we intended to 
elucidate. In other words, if one severe event imposes a large community shift, the 
subsequent shift by the next event is by definition smaller if there was no time for the 
community to fully recover. Apart from increasing sampling frequency, and thereby 
reducing the chance of sampling subsequent extreme events, a possible solution would be 
to include the timing of the extreme event within the time interval (van de Pol et al., 2016). 
Alternative ways of analysing a long-term community data set such as ours could also 
provide valuable insight into the drivers of community compositional changes and offer the 
possibility to test more general ecological theories. For example, by including differences 
between trophic guilds in island biogeography theory models, Alonso et al. (2015), were 
able to more accurately predict how reef fish communities would recover after an extreme 
event. Such analysis, however, falls beyond the scope of the generalizations intended in this 
study.  

 
We observed smaller Hellinger distances between subsequent sampling dates in the open 
vegetation type after extreme events. This can potentially be attributed to 
beforementioned effects of multiple exposure to subsequent extreme events, i.e. stress on 
stress effects. These effects could become more apparent in this open vegetation type than 
in the more buffered vegetations of the other three location-vegetation type combinations. 
Vegetation can provide strong buffering effects on abiotic factors, creating micro-habitats 
that effectively lessen the effects of extreme events (Franken et al., 2018a; Keppel et al., 
2017; Scheffers et al., 2014; Woods et al., 2015). As such buffering vegetation is absent in  
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the open vegetation type, this is already a more challenging place to inhabit compared to 
the vegetated sites, considering the more severe environmental conditions in green beach 
ecosystems (Bakker et al., 2005). This could be the reason that in general, lower numbers 
of individuals are observed in this open vegetation type (Fig. A2.5), e.g. communities are 
already challenged under regular conditions.  
 
Conclusion 
There is an increasing interest in the effects of different extreme climatic events on 
communities and ecosystems. However, making a direct comparison of shifts in species 
compositions of natural communities exposed to multiple natural extreme events is 
challenging, and has to our knowledge never been performed. We propose that to compare 
different extreme events, our interpretation of the distance between subsequent 
community compositions in multidimensional space method can be a suitable tool. For 
more complex situations, such as sequential exposures, there are still some caveats in 
applying this methodology, but we hope this paper stimulates other researchers to think 
about and discuss the possibilities of using community data for direct comparisons of 
extreme events. We specifically encourage ecologists with suitable (long-term) community 
datasets to perform similar analyses to elucidate effects of different extreme events on 
their model ecosystem or community.  
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Appendix 2.1: Measurements of salinity along the green beach of Schiermonnikoog (NL) 

On 24 and 25 October 2012, 13 locations on the green beach of Schiermonnikoog were 
visited (Fig S1) to select locations for our three-year soil arthropod sampling campaign. On 
every location, plant species were scored for dominance, and thee ground water samples 
were collected. Conductivity of the ground water was measured; the obtained conductivity 
levels indicate the salinity of the ground water.  

 

Figure A2.1. Salinity gradient on the green beach of the Dutch barrier island Schiermonnikoog. For 
every location ground water was collected (N = 3, samples taken on 24 and 25 October 2012). Locations 
selected for the three year arthropod sampling campaign are indicated with red circles. In the text, 
location 3 and 10 are referred to as ‘saline’ and ‘brackish’, respectively. Map source: Google © 2012. 
Error bars indicate mean ± st. error.  
 

 

Appendix 2.2: Species abundance matrix, with explanation of taxa selection criteria 
*Not printed, large table available online at 
‘https://www.frontiersin.org/articles/10.3389/fevo.2018.00195/full#supplementary-
material’ 
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Appendix 2.3: Correlations between abiotic variables and factors  
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Appendix 2.4: Occurrence of extreme climatic events between sampling intervals.   

 

Table A2.4. Summary of all time intervals between sampling dates, with the occurrence of the five 
different types of extreme events as indicated by the thresholds in Table 2.2, or ‘None’ if no extreme 
event took place in that time interval.  

From Date  
(yyyy-mm-dd) 

To Date  
(yyyy-mm-dd) 

Extreme Climatic Event 

2013-02-21 2013-04-03 Cold 
2013-04-03 2013-05-17 None 
2013-05-17 2013-06-26 Drought 
2013-06-26 2013-08-07 Heat 
2013-08-07 2013-09-17 Drought 
2013-09-17 2013-10-29 None 
2013-10-29 2013-12-18 Heavy precipitation & High sea water level 
2013-12-18 2014-01-27 None 
2014-01-27 2014-03-12 Cold 
2014-03-12 2014-04-10 None 
2014-04-10 2014-06-12 None 
2014-06-12 2014-08-08 Heat 
2014-08-08 2014-09-29 Heavy precipitation 
2014-09-29 2014-11-18 High sea water level 
2014-11-18 2015-02-20 None 
2015-02-20 2015-04-23 None 

 
  



41 
 

Appendix 2.5: Overview of total individuals and most abundant species for the location-
vegetation type combinations.   

 

 
 
Figure A2.5. Total abundance of the collected taxonomic groups, per location and vegetation type 
(panels A-D) in the period between 21 February 2013 and 24 April 2015, i.e. covering 17 sampling 
dates. Only taxa with an abundance of more than 1% of the total abundance in that specific site have 
been included in the figure. Taxa are ordered by their abundance.  
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Abstract  
Temperature extremes are predicted to increase in frequency, intensity and duration under 
global warming and are believed to significantly affect community composition and 
functioning. However, the effect of extreme climatic events on communities remains 
difficult to predict, especially because species can show dissimilar responses to abiotic 
changes, which may affect the outcome of species interactions. To anticipate community 
responses, we need knowledge on within and among species variation in stress tolerance.  
We exposed a soil arthropod community to experimental heat waves in the field and 
measured heat tolerance of species of different trophic levels from heated and control 
plots. We measured the Critical Thermal maximum (CTmax) of individuals to estimate inter- 
and intraspecific variation in heat tolerance in this community, and how this was affected 
by experimental heat waves. We found interspecific variation in heat tolerance, with the 
most abundant prey species, the springtail Isotoma riparia, being more sensitive to high 
temperatures than its predators (various spider species). Moreover, intraspecific variation 
in CTmax was substantial, suggesting that individuals within a single species were unequally 
affected by heat extremes. However, heat tolerance of species did not increase after being 
exposed to an experimental heat wave. We conclude that interspecific variation in tolerance 
traits potentially causes trophic mismatches during extreme events, but that intraspecific 
variation could lessen these effects by enabling partial survival of populations. Therefore, 
ecophysiological traits can provide a better understanding of abiotic effects on 
communities, not only within taxonomic or functional groups, but also when comparing 
different trophic levels. 

 
Introduction 
Most terrestrial ecosystems irregularly experience sudden and severe changes in 
environmental conditions, for example due to extreme weather events, such as heat waves, 
drought spells, and floods. Such extreme events have recently received increasing 
experimental attention (e.g. De Boeck et al., 2011; Krab et al., 2013; Kayler et al., 2015), but 
their impact on the community relative to more gradual changes in abiotic conditions 
remains hard to assess. Whereas extreme events occur infrequently and usually last for a 
short period of time, they impose more extreme conditions on organisms and the sudden 
onset of these events leaves little time for adaptation. Moreover, current climate change 
scenarios predict an increase in frequency, intensity and duration of extreme weather 
events (Easterling et al. 2000a, b; Beniston et al. 2007; Rahmstorf and Coumou 2011), which 
may amplify their ecological impact (Gutschick and BassiriRad 2003; Jentsch et al. 2007).  
A major challenge in community ecology is to predict the effects of such extreme weather 
events on community structure and composition (Gilman et al. 2010; Sutherland et al. 
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2013). The main difficulty in anticipating a community response is that different species 
within the community can show dissimilar responses to abiotic stress, which may be due to 
differences in physiological tolerances or behavioural strategies and microhabitat use to 
avoid stress. In addition, the variation among species in their responses to environmental 
change may result in altered trophic, competitive or facilitative interactions and interactions 
strengths (Tylianakis et al. 2008; Walther 2010; Berg et al. 2010). To anticipate community 
responses, we need knowledge on interspecific and intraspecific variation in responses of 
species to abiotic stress, which can be investigated by using functional traits that relate to 
species tolerance.  
 
Trait-based approaches have been advocated as a more mechanistic approach to foresee 
how communities are affected by environmental change (McGill et al. 2006; Langlands et 
al. 2011; Dias et al. 2013). Multiple studies have related variation in tolerance traits and 
their environmental drivers to spatial distribution of species (Dias et al. 2013; van 
Dooremalen et al. 2013), (dis)assembly processes (Lindo et al. 2012; Bartlett et al. 2016), 
and community composition (Bokhorst et al. 2012). However, trait studies have mainly been 
carried out within single functional groups or trophic levels (e.g. Dias et al., 2013; van 
Dooremalen et al., 2013), rather than across trophic levels within a single community (but 
see Sentis et al., 2013; Puentes et al., 2015). Moreover, studies have predominantly used 
mean trait values of species to characterize interspecific variation in tolerance, ignoring the 
fact that trait distributions between species may overlap due to intraspecific variation of 
trait values (Albert et al. 2011; Violle et al. 2012). Intraspecific variation in stress tolerance 
determines the relative proportion of a population that will be affected by the extreme 
conditions and the proportion that can still interact with other species. Thus, including 
within-species variation in trait-based studies predicting community responses is 
imperative, as previously shown for Collembola (Janion et al. 2009). 
 
Intraspecific variation of trait values can be caused by several underlying mechanisms, and 
these may differentially affect persistence under extreme conditions. For instance, many 
species show ontogenetic variation in traits related to abiotic stress, which affects survival 
probabilities of different life stages (Bowler and Terblanche 2008; Hoffmann 2010; 
Kingsolver et al. 2011; Nakazawa 2014; Zizzari and Ellers 2014). Especially when extreme 
conditions affect only a particular age or size class, such as small-sized juveniles or 
reproductively active adults, severe consequences for the population can be expected. This 
may alter size distributions and population dynamics with cascading effect on higher trophic 
levels (e.g. through reduced prey density) or lower trophic levels (e.g. through reduced 
predation pressure). Another important source of intraspecific variation in trait values is 
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phenotypic plasticity (DeWitt and Scheiner 2004), by which previous exposure to stressful 
conditions may lead to a rapid increase in tolerance to subsequent exposures, which may 
even act across generations (e.g. Bateson et al., 2014; Zizzari et al., 2016). Moreover, if 
species differ in the degree to which they adjust their physiology to extreme conditions, this 
may differentially affect species’ survival when exposed to extreme events, thereby 
affecting the interaction strength between the species. Understanding the causes and 
consequences of intraspecific variation can provide valuable insight in the effects of 
extreme events at the population level, and subsequently on the interactions with other 
species in the community. 
 
In this paper we investigate the extent of inter- and intraspecific variation in heat tolerance 
of several species from a soil arthropod community that was exposed to experimental heat 
waves. These heat waves were induced by placing small plastic greenhouses with heat 
emitters in the field. We focus on a thermal trait that is related to temperature extremes: 
The Critical Thermal maximum (CTmax), which reflects the heat tolerance of an individual 
when exposed to a gradually increasing temperature (Lutterschmidt and Hutchison, 1997; 
Terblanche et al., 2007; Mitchell and Hoffmann, 2010). As CTmax is measured at the 
individual level, this tolerance proxy allowed us to measure intraspecific variation in heat 
tolerance and link this to body size effects. By using species from a single arthropod 
community, we maximize the likelihood that they have previously experienced the same 
climatic conditions, although the actual habitat mean temperature and variance that 
individuals have experienced is likely to be modified by behavioural differences and 
microhabitat use.  
 
We expected to find interspecific differences in heat tolerance due to differences in 
physiology among species, especially because thermal traits are often considered to be 
phylogenetically conserved (e.g. Kellermann et al., 2012; Araújo et al., 2013). We further 
expected large intraspecific variation within the measured species, mostly due to 
differences in body size and associated ontogenetic variation. Specifically, we hypothesize 
that larger, adult individuals are more sensitive to exposure to high temperatures than 
smaller, juvenile individuals (Bowler and Terblanche 2008; Zizzari and Ellers 2014). Finally, 
we expected an increase in heat tolerance of species after being exposed to an artificial 
heat wave in the field, either because of phenotypic plasticity in heat tolerance or because 
of disproportional survival of more tolerant individuals. We will discuss the ecological 
consequences of the inter- and intraspecific variation in heat tolerances in terms of species 
interactions within our soil community.  
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Materials and Methods 
Field site  
Our experiment was conducted on the southwest side of the barrier island of 
Schiermonnikoog (53.46896°N, 6.13914°E), The Netherlands. The ecosystem consisted of a 
vegetated beach which was characterized by a rather low diversity of plant species and a 
relatively low species richness of the arthropod community compared to other terrestrial 
ecosystems (van Wingerden and den Hollander 1981; Ellers et al. 2011). This allowed us to 
collect individuals from all the dominant taxa living on the soil surface and include them in 
our study. The study site was located ~400 m north of the mean high tide line, in an area 
which annually received about five to ten sea water inundation events. During our 
experiment, there were no inundation events. The vegetation was dominated by Glaux 
maritima L. with tufts of Carex extensa Gooden, C. distans L. and Limonium vulgare Mill.. 
Approximately the first cm of the soil consisted of sand mixed with fine organic matter with 
almost no build-up of a leaf litter layer. In patches where vegetation cover was sparse, a 
microbial mat covered the soil surface (Bolhuis et al. 2013). In 2014, the average annual 
temperature was 11.5 °C, with a measured summer maximum of 34.4 °C. There were eight 
days in 2014 on which the temperature exceeded 25.0 °C, and an additional 67 days with 
temperatures exceeding 20.0 °C. Annual precipitation was 621.8 mm, making 2014 a 
warmer and dryer year compared to long term averages (all climate data from weather 
station ‘Lauwersoog’, The Netherlands. Source: 
http://cdn.knmi.nl/knmi/map/page/klimatologie/gegevens/mow/jow_2014.pdf).  
 
Artificial heat waves in the field 
We established four spatially separated plots which were aligned parallel to the dune ridge 
and the sea. Plots were chosen to have similar elevation above mean sea level and, 
therefore, comparable inundation regimes and vegetation types (Fig. A3.1). The distance 
between plots ranged from ~15 m to ~80 m to reduce spatial variability over larger scales. 
Within these four plots, four subplots of 70x70 cm each were created, resulting in a total of 
16 subplots. Our experimental capacity was limited to four heating units; therefore, the 
experiments were carried out in two periods (period 1 from the 3rd to the 10th of June 2014 
and period 2 from the 20th of July to the 7th of August 2014). For each plot the four subplots 
were randomly assigned to a combination of period and treatment (control period 1, 
treatment period 1, control period 2, treatment period 2). 
 
To heat the soil in the treated subplots, we covered them with miniature greenhouses 
(hereafter tents) made out of transparent polythene sheets (Botanico PNI1101) (Fig. A3.1). 
Sheets were placed over two crossed plastic pipes (ø 1 cm) of ~157 cm length that formed 

3 
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two halve-circle arcs with a maximum height of 50 cm above the soil. Two ceramic heat 
emitters (60 Watts each, RepTech) were attached on the pipes, each 12.5 cm from the 
center were the pipes crossed. Heat emitters were placed 20 cm above the soil surface and 
were powered to their full capacity by a generator (Honda EU10i). Tents were set-up for 
four hours between ~11:00 and 15:00 to specifically mimic an increase in maximum 
temperature during the hottest period of each day. By using this method, the treatment 
subplots were warmed relative to the control subplots, even though absolute temperatures 
reached were dependent on the ambient conditions. During heating, the base of the tents 
was pressed to the ground by placing a heavy iron chain on top of a 3 to 5 cm wide band of 
sheet around the subplots, to limit movement of animals out of the plots. The tents 
remained on the subplots for an additional hour with the heat emitters turned off to allow 
the air to cool down gradually. Control subplots were not covered by tents and exposed to 
ambient field conditions. Compared to the control subplots, the heating resulted in an 
average increase of the maximum temperature of 7.4 °C for period 1 and 4.0 °C for period 
2 (Table 3.2 and Fig. A3.5). 
 
Since the tents were removed daily, temperatures dropped to ambient night temperatures, 
whereas during natural heat waves is it not uncommon that also night temperatures are 
relatively high. However, nighttime exposure was not included in this experiment as it could 
have introduced unwanted artefacts such as a high relative humidity. By removing the tents, 
animals possibly moved in or out of the subplots during the night, potentially diluting the 
effect of heating. However, soil organisms generally have a small home range, as was the 
case for our species. More specifically, the genus of the most abundant prey species in our 
study, Isotoma (Collembola) moves only ~5 cm wk-1 (Ojala and Huhta 2001), and the most 
abundant predator species, i.e. web building dwarf spiders (Linyphiidae), can be considered 
largely sedentary. Lycosid spiders were the most mobile species, but mark-recapture 
studies show only ~20% probability to move to an adjacent plot (1 m) in four days (Ahrens 
and Kraus 2006).  
 
Temperature was recorded to the nearest 0.01°C every minute using temperature loggers 
(Tinytag Plus2) of which the sensors were placed horizontally on the soil surface in both 
control and heated subplots. Temperature profiles were retrieved with the program 
EasyView (Version 5.7.0.1. © INTAB Interface-Teknik AB 2002) and data was exported to 
Microsoft Excel (Microsoft Office 365 version 1611) for further analysis. Every day, the 
average and maximum temperature was calculated for both the control and heated 
subplots of a selected plot pair. Per subplot, the average of the temperature data of the 
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exposure days was used for statistical analysis. A paired t-test was performed in Microsoft 
Excel to test for effectiveness of the heat treatment.    
 
In the first experimental period we applied a single heat wave of five consecutive days, 
which resembles a meteorological heat wave according to The Royal Netherlands 
Meteorological Institute (https://www.knmi.nl/kennis-en-datacentrum/uitleg/hittegolf, in 
Dutch). We used a staggered exposure period, starting with the exposure of one pair of 
subplots (control and treatment), and adding one random pair to the exposure every day. 
This design allowed us to harvest a single pair of subplots per day (which was necessary due 
to logistic constraints, see below), while each pair still had five days of exposure. Preliminary 
analysis showed no effect of this single heat wave on the thermal sensitivity of the soil 
organisms. Therefore, in the second experimental period we applied two consecutive 
artificial heat waves of five days each to further increase thermal stress. We are aware that 
this experimental design does not allow us to disentangle effects of the experimental period 
and number of heat waves, therefore the combined effect of experimental period and 
number of heat waves was included as a random effect in the statistical analyses to account 
for any introduced variation by these combined effects (see appendix 3.2). In total, this 
design resulted in eight heated and eight control subplots for the full experimental period.    
 
Critical Thermal maximum (CTmax)  
To obtain samples for the measurement of CTmax, animals were collected from the control 
and heated subplots directly after the removal of the tents. Vegetation and top soil in the 
subplots was carefully, manually searched for one hour. The arthropods (i.e. springtails, 
spiders and insects) were collected alive by using a pooter and stored in plastic containers 
(ø 13.1 cm, height 5.8 cm) with a ~0.5 cm thick bottom of water-saturated plaster of Paris 
and some vegetation material. Predators were collected in separate containers from the 
prey to prevent predation. The containers were transported to the laboratory within an 
hour.   
 
For the measurement of CTmax animals were placed individually in a glass jar (ø 2.7 x 7.5 cm) 
with a ~2.1 cm layer of water-saturated pink plaster of Paris (Regal Die Violet class 4, Gips 
Zwolman) to prevent dehydration. Twenty-five jars were placed in a Styrofoam plate (37.5 
x 29.9 x 2.0 cm) in a 5 x 5 grid with ~2.3 cm intervals. This plate was placed in a 19 L water 
bath (Julabo Bath tank 19) with a heating immersion circulator (Julabo MB) (Fig. A3.3). The 
water level in the bath was set to come up to the first 0.5 cm of the Styrofoam plate. The 
bottom of the vials protruded ~2.1 cm from the underside of the Styrofoam plate to 
facilitate heat conduction from the water to the layer of plaster in the jar. Animals from 
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different treatments or size classes were always mixed within a single run, to prevent bias 
between runs, and were randomly assigned to the 24 jars. Three runs per pair of control 
and heated subplots were needed to test the collected animals for CTmax, resulting in 
measurements of a maximum of 72 individual animals per day. The water was heated 
following a ramping assay from an initial temperature of 20 °C, with a steady increase of 
0.35 °C min-1 (Julabo EasyTemp software version 3.4.1). The initial temperature of 20 °C was 
close to the soil temperatures at time of sampling, and chosen to standardize 
measurements over the different days. During each run a logger (iButton, Maxim Integrated 
DS1923) was placed in the center jar of the plate to monitor changes in moisture and 
temperature. The programmed increase of 0.35 °C min-1 of the water resulted in a 0.33 °C 
min-1 steady increase within the test vials. This rate was relatively fast compared to other 
studies, which are typically in the range of 0.06-0.25 °C min-1 (Terblanche et al. 2007; 
Moretti et al. 2017), but this rate was chosen to complete three water bath runs per day, 
which was essential to process all animals per subplot pair within a day. CTmax values are 
known to depend on methodological context (e.g. Terblanche et al., 2007; Chown et al., 
2009; Mitchell and Hoffmann, 2010), with higher ramping rates giving rise to higher 
estimates of CTmax (because of shorter total exposure time until death). Although the 
absolute value of CTmax measured for each individual in our study may partly result from the 
chosen ramping rate, differences between individuals or species were meaningful because 
the same methodology was applied throughout the experiment.  A correction was applied 
to correct the recorded water temperature to the air temperature in the vials (Fig. A3.4).  
 
Animals in the vials were observed continuously during the gradual increase of the air 
temperature. CTmax was recorded as the temperature at which there was no movement of 
appendages of the animal observable after gently touching them with a fine brush. We 
chose this protocol to standardize the method for use of a diversity of taxa within one 
measurement (for a discussion on possible endpoints in CTmax measurements see 
Lutterschmidt and Hutchison, 1997).  
 
After the CTmax measurements, the animals were fixed in 70% ethanol and stored for species 
identification and body size measurements. For body size measurements we used a 
mounted camera (Olympus SC30) on a Leica Wild M8 stereomicroscope (with 6x 
magnification) to make digital images of each individual. During measurement, the animals 
remained submerged in 70% ethanol. Body size was measured from these images using 
cellSens Entry 1.7 software (Olympus). Collembola were measured dorsolaterally, following 
and including the curvature that normally occurs when storing some Collembola in ethanol. 
Hemiptera, Coleoptera and Aranaea do not show this altered body shape and were 
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measured dorsally, to the nearest µm. For spiders it is also common to use the length or 
width of the cephalothorax, but we refrained from using these measurements to be able to 
directly compare the body sizes of all taxonomic groups.  
 
Analysis and Statistics 
Statistical analyses were performed using R version 3.3.1 (R Core Team 2016), which was 
run in the RStudio interface (RStudio Team 2015). Species with fewer than three individuals 
were not included in any of the analyses. We ran linear mixed effects models on the CTmax 
data using the package ‘lme4’ (Bates et al. 2015) with the random factors: Plot (spatial 
difference between the plots, linking the subplot pairs), Experiment (experimental heating 
period 1 vs period 2) and Run (temporal variation between water bath runs within a pair of 
subplots). To test whether the fit of the statistical models was improved when including 
interactions between the main factors, or to test if a main factor improved the model fit, 
we obtained Wald Chi-square statistics from the ‘Anova’ function in the statistical package 
‘Car’ (Fox and Weisberg 2011).  
 
First, we tested whether life stage and sex had significant effects on the observed CTmax 
values. The effect of life stage could only be assessed in the bug family Saldidae. Being 
hemimetabolous, both nymphs and adults live on the soil surface, and hence have 
comparable thermal environments throughout their life history. This does not hold for the 
holometabolous beetle family Heteroceridae, where a large part of the larval development 
takes place belowground. Also, the spiders were not suitable for testing for life stage-
related changes in CTmax, since juvenile spiders could not be identified to the species level. 
Effect of sex on the observed CTmax was tested for the spiders Erigone longipalpis and 
Oedothorax retusus. The absence of a significant effect of the factors life stage and sex 
would justify their omissions from further analysis.  
 
We then tested whether the heating treatment and taxonomic group had a significant 
influence on the measured CTmax values, and whether this effect differed between taxa 
(Treatment * Taxon). Only the taxonomic groups for which we had data on more than 10 
individuals in the treatment and control subplots were included. Contrasts analysis was 
performed on significant fixed factors using the function ‘lsmeans’ in the similarly named 
package (Lenth 2016), with a Tukey correction for multiple comparisons. To test for 
interspecific effects of body size on the observed CTmax values, we fitted a weighted least 
squares linear model to the average CTmax and average body size of all taxonomic groups, 
with the weight being the number of measured individuals per group. Besides this 
interspecific relationship between CTmax and body size, it is expected that variation within 
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taxa might contribute to the intraspecific variation in CTmax. We used the data of the 
taxonomic groups with more than 10 measured individuals to fit a linear mixed effects 
model with taxonomic group, individual body size and their interaction (Taxon * Body size), 
to test their effect on CTmax. When the interaction between taxonomic group and body size 
was significant, we investigated this intraspecific pattern for each taxon. Assumptions of the 
applied tests were visually checked by plotting the residuals of the fitted models. 
 
Results 
Soil fauna community 
In total, we measured the CTmax and body size of 552 individuals of the arthropod 
community living on the soil surface (Table 3.1). The most abundant taxonomic group was 
the Collembola, present with a single species Isotoma riparia (N = 255). Two Linyphid spider 
species were present in high numbers, i.e. Erigone longipalpis (N = 36) and Oedothorax 
retusus (N = 57). Juvenile Linyphiidae could not be determined to species level and were 
pooled together (N = 79). The Lycosidae were also abundant, but we caught mostly juveniles 
(N = 31) and only two adults. As the adults belonged to two different species of wolf spiders, 
they were excluded from further analysis. We also found several spider species with lower 
numbers of adults, i.e. Walckenaeria kochi (N = 3), Argenna patula (N = 6) and Pachygnatha 
degeeri (N = 4). Finally, two insect taxa were found: Heterocerus sp. (Coleoptera, N = 20) 
and Saldidae (Hemiptera, N = 31).  
 
 
Table 3.1. An overview of the soil animals for which CTmax and body size were measured and included 
in the analysis. N gives the number of individuals included in the analysis. 

Species Author Taxon Family N  
    Cont

rol  
Treatment 

Isotoma riparia (Nicolet, 1842) Collembola Isotomidae 127 128 
Walckenaeria kochi (O.P.-Cambridge, 1872) Araneae Linyphiidae 3 0 
Oedothorax retusus (Westring, 1851) Araneae Linyphiidae 20 37 
Erigone longipalpis (Sundevall, 1830) Araneae Linyphiidae 15 21 
Linyphiidae (juvenile)  Araneae Linyphiidae 41 38 
Pachygnatha degeeri Sundevall, 1830 Araneae Tetragnathidae 3 1 
Argenna patula (Simon, 1874) Araneae Dictynidae 2 4 
Lycosidae (juvenile) a  Araneae Lycosidae 16 15 
Saldidae  Hemiptera Saldidae 14 17 
Heterocerus sp.   Coleoptera Heteroceridae 10 10 
    251 271 

a Combination of Pardosa purbeckensis F. O. Pickard-Cambridge, 1895 and Pirata piraticus (Clerck, 
1757). 
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Statistical analysis showed that the heating treatment had a significant effect on both the 
average and maximum temperatures in both treatment periods (Table 3.2, Fig. A3.5).  
 
 
Table 3.2. Abiotic conditions in control versus heated subplots. Temperature was recorded at the soil 
surface. Values were averaged over the five days of exposure per plot, which masks part of the 
variation of the actual daily differences in the field.  
* P < 0.05, ** P < 0.01, *** P < 0.001, paired t-test (See Fig. A3.5 for details per plot pair).  

Experiment Average Temp. (°C ± sd.) Max. Temp. (°C ± sd.) 
Period 1: One heat wave  
  Control 26.1 ± 1.6 31.1 ± 1.5 
  Treatment 32.7 ± 1.4 ** 38.5 ± 1.1 ** 
  Difference 6.6 ± 1.3 7.4 ± 1.9 
Period 2: Two consecutive heat waves  
Heat wave 1  
  Control 29.6 ± 0.7 32.2 ± 0.7 
  Treatment 33.1 ± 0.5 *** 36.4 ± 0.4 *** 
  Difference 3.5 ± 0.3  4.2 ± 0.4 
Heat wave  2  
  Control 30.1 ± 0.7 34.6 ± 0.7 
  Treatment 33.6 ± 0.9 *** 38.3 ± 0.8 *** 
  Difference 3.5 ± 0.2 3.7 ± 0.3 

 
 
 
No effects of life stage and sex on CTmax 
The effect of life stage on CTmax was tested in the Saldidae. Our analysis of CTmax shows that 
including life stage did not significantly improve the fit of the model (χ2

(1) = 0.035, P = 0.85, 
Fig. A6a). Sexual dimorphism is a second factor that could potentially increase intraspecific 
variation in CTmax for some of the taxonomic groups. Of the two Linyphiidae species tested, 
O. retusus (N = 57) showed clear body size dimorphism, with larger females than males, 
whereas E. longipalpis (N = 36) did not show size dimorphism. However, the statistical 
models showed no significant effects of sex on CTmax for either of these species (O. retusus: 
(χ2

(1) = 0.43, P = 0.51); E. longipalpis: (χ2
(1) = 2.7314, P  = 0.098), see also Fig A3.6b-c. Based 

on the lack of significance of life stage and sex in the tested species, these variables were 
not included in the remainder of the analyses.  
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The effect of artificial heat waves on CTmax 
Seven taxonomic groups had a sufficiently large sample size (i.e. N > 10 in both treatment 
and control) to test our hypothesis that exposure to higher temperatures in the field will 
result in higher CTmax values. We found that there was no interaction between the two main 
effects Taxon and Treatment (χ2

(6) = 4.0, P = 0.68). Moreover, only Taxon had a strong effect 
on the observed CTmax values (χ2

(6) = 962.8, P < 0.001), and the heating treatments did not 
have an effect on the CTmax values (χ2

(1) = 0.60, P = 0.44).  
 
As the heating treatments did not influence CTmax values, we ran the model again without 
treatment, this time including all available taxa. Taxonomic group remained highly 
significant in this analysis (χ2

(9) = 1051.6, P < 0.001), and contrast analysis revealed large 
differences in CTmax between the taxonomic groups (Fig. 3.1). Especially the main prey 
species of our arthropod community, I. riparia (CTmax = 43.4 ± 1.8 °C) had a significantly 
lower heat tolerance than its most abundant predators, O. retusus (CTmax = 45.6 ± 1.8 °C; t-
ratio = 7.5; P < 0.001), E. longipalpis (CTmax = 47.1 ± 2.2 °C; t-ratio = 12.7; P < 0.001), juvenile 
Linyphiidae (CTmax = 46.1 ± 1.9; t-ratio = 10.5; P < 0.001) and the juvenile Lycosidae (CTmax = 
51.1 ± 1.3 °C; t-ratio = 22.8; P < 0.001; See Fig. 3.1 and Table 3.3 for details on the other 
taxa). 
 
Table 3.3. Intraspecific variation in CTmax of the seven taxa with > 10 individuals in both control and 
treatment subplots. Full species names are given in Table 3.1. 

Species Mean CTmax 

(°C) 
St. Deviation Range min. – max. 

CTmax (°C) 
Total variation 
 in CTmax (°C) 

Isotoma riparia 43.4 1.8 37.0 – 48.5 11.5 
Oedothorax retusus 45.6 1.8 40.4 – 52.4 12.0 
Erigone longipalpis 47.1 2.2 39.8 – 50.9 11.1 
Linyphiidae (juv) 46.1 1.9 41.9 – 51.0 9.1 
Lycosidae (juv)  51.1 1.3 48.5 – 54.0 5.5 
Saldidae 48.6 1.3 46.8 – 51.4 4.6 
Heterocerus sp.  50.0 0.9 48.6 – 51.7 3.1 

 
 

Inter- and intraspecific variation in CTmax and the effect of body size  
To test if the observed interspecific differences in CTmax were related to variation in species’ 
body size, a linear model was fitted with average CTmax and average body size per taxonomic 
group, each weighted for the number of observations in that taxon. There was no significant 
relationship between average body size and average CTmax value of the taxa (t(1,8) = 1.58; P 
= 0.153) (Fig. A3.7).  
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Besides interspecific variation, we also observed that CTmax varied considerably within each 
taxon. For example, CTmax of I. riparia ranged from 37.0 to 48.5 °C and the total variation in 
O. retusus was even higher: ranging from 40.4 to 52.4 °C (see Table 3.3 for all taxa). We 
tested intraspecific variation in body size as an explanatory variable for intraspecific 
variation of CTmax values. In addition to taxonomic group (χ2

(6) = 942.4, P < 0.001), 
intraspecific variation in body size was also highly significant with an overall negative 
correlation between individual body size and CTmax (χ2

(1) = 12.6, P < 0.001). However, there 
was a significant interaction between the factors Taxon and Body size (χ2

(9) = 22.4, P = 0.001), 
indicating that the effect of body size on CTmax differed between taxonomic groups. 
  

 
Figure 3.1. Differences in CTmax for the taxonomic groups included in our analysis. Boxplots indicate the 
median with quartiles, with whiskers indicating 1.5 times the interquartile range. In this analysis, data 
of the control and treatment subplots was combined, as there was no significant effect of the heating 
treatment on CTmax of the different taxa. For clarity, the different taxonomic groups are colour coded. 
Collembola and Heteroceridae are considered decomposers, while all spider species (Araneae) are 
predators. Saldidae are thought to either actively predate or feed on dead animals. For full species 
names see Table 3.1. Different letters indicate statistical difference at P < 0.05.  
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This interaction was further investigated by separately analysing the effect of individual 
body size on CTmax for seven taxa with sufficient sample sizes (the same taxa as used to test 
for artificial heating above, Table 3.4). We found that I. riparia and Heterocerus sp. had a 
significant negative relationship between CTmax and body size (χ2

(1) = 17.3, P < 0.001 and χ2
(1) 

= 9.5, P = 0.002 for I. riparia and Heterocerus sp., respectively). For every additional mm in 
body size, the CTmax was reduced by 0.82 °C and 0.92 °C for I. riparia and Heterocerus sp., 
respectively. Especially for I. riparia these values are substantial as body sizes ranged from 
~1.2 to ~4.5 mm, resulting in a difference in thermal tolerance of almost 3 °C from the 
smallest to largest individuals. On the contrary, the juvenile Linyphiidae showed a positive 
relationship between CTmax and body size (χ2

(1) = 4.63, P = 0.032). This results in a 1.09 °C 
increase in CTmax for every additional mm of length. 
 

Table 3.4. Results of the Wald Chi-square tests body size as the main effect in the fitted linear mixed 
effect models. The effect of body size on CTmax was tested for these seven taxa separately. Taxa for 
which CTmax was influenced by body size are displayed in bold. Full species names are given in Table 1. 

CTmax (Taxon) ~ Fixed and random factors χ2 d.f. P Slope 
I. riparia Body size + (1|Experiment) + (1|Run) + (1|Plot) 17.30 1 < 0.001 -0.82 
O. retusus Body size + (1|Experiment) + (1|Run) + (1|Plot) 0.25 1 0.615 -0.29 
E. longipalpis Body size + (1|Run) + (1|Plot) 0.43 1 0.513 -0.92 
Linyphiidae (juv) Body size + (1|Experiment) + (1|Run) + (1|Plot) 4.63 1 0.032 1.09 
Lycosidae (juv) Body size + (1|Experiment) + (1|Run) + (1|Plot) 0.45 1 0.501 0.19 
Saldidae Body size + (1|Experiment) + (1|Run) + (1|Plot) 0.57 1 0.450 0.22 
Heterocerus sp.  Body size + (1|Run) + (1|Plot) 9.49 1 0.002 -0.92 

 
 
 
Discussion 
In this study we investigated inter- and intraspecific differences in heat tolerance among 
species of a soil arthropod community exposed to artificial heat waves. We found strong 
interspecific differences in heat tolerance, with the dominant Collembola species being 
more sensitive to high temperatures than its predators, mostly spider species (Fig. 3.1). 
Also, we observed large intraspecific variation in heat tolerance (Table 3.3), partly related 
to body size. Artificial heating of communities in the field, mimicking naturally occurring 
heat waves, had no detectable effect on heat tolerance of individual species. We discuss 
the ecological implications of inter- and intraspecific variation in heat tolerance on species 
interactions.  
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Interspecific differences in heat tolerance 
We observed significant differences in the level of heat tolerance between taxonomic 
groups. The prey species I. riparia had a significantly lower CTmax than most of its predator 
species, and also among predator species heat tolerance differed significantly. For example, 
within the spiders, the Lycosidae and Dictynidae had significantly higher CTmax values than 
the Linyphiidae and Tetragnathidae. Although interspecific differences in CTmax between 
taxa have been reported before (e.g. Addo-Bediako et al., 2000; Sunday et al., 2011; Araújo 
et al., 2013), this -to our knowledge- has never been reported for interacting species in a 
terrestrial community under field conditions. The information obtained from this approach 
therefore adds to studies focusing on specific interactions in the community (Sentis et al. 
2013; Puentes et al. 2015) or studies comparing heat tolerances across spatial scales (e.g. 
Deutsch et al., 2008; Araújo et al., 2013).  
 
The mechanisms underlying these interspecific differences in thermal tolerance are largely 
unknown. Previous research has already pointed to evolutionary constraints at the upper 
thermal limits of species (Addo-Bediako et al. 2000; Chown 2001; Mitchell et al. 2011; 
Kellermann et al. 2012; Hoffmann et al. 2013). However, a mechanistic explanation as to 
which trait is underlying these constraints is not evident and multiple factors can be 
simultaneously at play, such as membrane lipid composition (van Dooremalen et al. 2013), 
innate differences in heat shock protein expression (Belén Arias et al. 2011), oxygen 
limitation at higher temperatures (Klok et al. 2004), and interspecific differences in body 
size. Specifically, the difference in body size is interesting considering that on the soil 
surface, which is heated by solar radiation, the smaller species in this community may 
experience higher temperatures compared to larger species because the smaller species’ 
bodies are closer to the heated soil surface (e.g. Kaspari et al. 2015). However, we found no 
significant relation between the average CTmax and body size of the taxa investigated here 
(Fig. A3.7). Measurements of both heat tolerance and these underlying traits in combination 
with phylogenetic analysis could potentially provide additional answers, but in order to do 
so more data is needed that is collected in a standardized and comparative way (Moretti et 
al. 2017).   
 
The finding of substantial interspecific differences in heat tolerance within a single 
community, raises the question how these differences affect the dynamics of species 
interactions during and after heat waves. This is especially relevant as it is known that 
altered species interactions can pose a larger effect on communities than the direct abiotic 
effects (Ockendon et al. 2014). In line with the thermal mismatch hypothesis postulated for 
host-parasite interactions (Nowakowski et al. 2016; Cohen et al. 2017; Greenspan et al. 
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2017), our results indicate that thermal mismatches might also occur in predator-prey 
interactions in a community. Species with a high thermal tolerance are expected to be less 
affected by hot weather extremes than species with low thermal tolerance. Therefore, 
when such species co-occur, the species within communities will most likely not respond to 
climate change in similar ways (Petchey et al. 1999; Voigt et al. 2003).  
 
The fact that higher trophic levels in our study seem to be more tolerant to high 
temperatures also highlights the difference in climate change effects of short term extreme 
events compared to more gradual and longer lasting time scales, as studies on the latter 
usually find that higher trophic levels are more sensitive to increases in temperature than 
lower trophic levels (e.g. Petchey et al., 1999; Voigt et al., 2003; Vasseur and McCann, 2005; 
Gilman et al., 2010). This difference can be explained by our focus on the direct, 
physiological differences between the taxa, which is especially relevant when communities 
are exposed to extreme events. As such extremes can occur for one or several days (such 
as the five days used here), the stress is sudden and can directly cause differences in survival 
between species when their physiological thresholds are surpassed. On the contrary, the 
studies quoted above focus on longer time scales (even spanning multiple generations), and 
therefore on consequences for population dynamics. This emphasizes that the specific form 
of temperature changes that global warming can bring about (e.g. extreme event versus 
gradual change), can yield different predictions on the outcome at the community level.  
 
Intraspecific variation of thermal tolerance 
In addition to interspecific differences in heat tolerance, within-species variation can also 
affect the outcome of species interactions. When intraspecific variation is large, some 
proportion of the individuals could survive and continue to interact in the community, 
depending on the severity of the heat wave. We found considerable levels of intraspecific 
variation in CTmax values of the prey species I. riparia (37.0 – 48.5 °C) and in some of the 
other taxa (see Fig. 3.1 and Table 3.3), with some of the individuals of interacting species 
showing overlap in tolerance trait values. Part of this intraspecific variation of CTmax may 
have resulted from variation in body size within taxa. We found a negative relationship of 
body size with CTmax in adult Heteroceridae and I. riparia (~ 1°C lower for every 0.9 mm extra 
length). The degree of intraspecific variation of heat tolerance observed in our study is 
comparable to what is reported in existing literature, (e.g. Terblanche et al., 2005; Jumbam 
et al., 2008; Chown et al., 2009; Mitchell and Hoffmann, 2010, when standard deviations 
are recalculated from reported standard errors). As we measured individuals straight from 
the field, without an acclimation period in the laboratory, we were able to obtain a nearly 
“complete estimation of within-species trait distribution” (sensu Violle et al., 2012) from 
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the measured individuals in our community. We argue that to make statements on the 
effects of temperature on species performance and species interactions in natural 
ecosystems, heat tolerance should be measured directly from the field and encompass all 
relevant life stages of the species to prevent underestimation of trait variation. This is 
especially true when the intraspecific variation is important in understanding effects of 
climatic extremes on species interactions. 
 
No evidence for heat wave induced phenotypic plasticity of CTmax 
Phenotypic plasticity is a common way to mediate sudden adverse effects of changing 
environmental pressures (DeWitt and Scheiner 2004; Chown et al. 2007) and can be of 
particular importance when considering species interactions (Berg and Ellers 2010). Despite 
the highly dynamic character of the thermal regime at our field site, which is generally 
thought to favour phenotypic plasticity of the related traits (Agrawal 2001), we found no 
effects of the heating treatment on CTmax in any of the studied taxonomic groups. Such a 
result is inconsistent with a scenario of phenotypic plasticity of CTmax. Previous studies have 
reported that plastic responses in traits related to thermal maxima are often less 
pronounced than those of thermal minima (e.g. Chown, 2001; Jumbam et al., 2008; Alford 
et al., 2012; van Heerwaarden et al. 2016; see also the recent review by Chevin and 
Hoffmann (2017)), indicating that this limited plasticity of thermal maxima might be a 
general phenomenon among arthropods.  
 
Animals can also behaviourally respond to changes in temperature to avoid adverse 
conditions (e.g. Kearney et al., 2009; Buckley et al., 2015; Duffy et al., 2015; Woods et al., 
2015; MacLean et al., 2016). Horizontal or vertical movement in the soil allows animals to 
utilize small-scale spatial variability in micro-habitat thermal conditions. Even small absolute 
differences in temperatures between micro-habitat patches can be ecologically significant 
by reducing or increasing temperature by the few degrees that may determine survival or 
death (Scheffers et al. 2014; Kaspari et al. 2015; Pincebourde and Casas 2015). For instance, 
dense tussocks can reduce the amplitude of temperature fluctuations by several degrees, 
as we observed in our field site (Fig. A3.8), and hiding in this buffered microhabitat might 
prevent exposure of individuals to lethal high temperatures (Huey et al. 2012). To prevent 
variation caused by differences in microhabitats, we choose our plots to have homogeneous 
vegetation without such dense tussocks. A similar reduction in exposure to high 
temperatures may be achieved by vertical movement deeper into the soil (e.g. van 
Dooremalen et al., 2013). Although temperature differences down the soil profile can be 
large even over a few centimetres (Krab et al. 2015), we do not expect that our study 
organisms can fully utilize this temperature gradient. The vegetated beach ecosystem we 
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studied has only limited possibilities for vertical stratification as the sandy soil is rather 
compact and often water locked. So both phenotypic and behavioural plasticity likely play 
a limited role in the patterns observed in our study. 

 
In this study, we directly compared temperature sensitivity across trophic levels in a local 
terrestrial community. We observed interspecific differences in heat tolerance within a soil 
arthropod community, especially between the more temperature sensitive prey I. riparia 
(Collembola) and their more tolerant predators. As a consequence, during a heat wave the 
population size of prey might be reduced and negatively affect the growth rate or 
abundance of the predators, causing bottom-up effects in this food web. A severe reduction 
in Collembola availability could potentially also lead to a switch to a different prey species, 
including the possibility of intra-guild predation or cannibalism (Samu et al. 1999), and an 
associated change in community structure (Barton and Schmitz 2009; Rosenblatt and 
Schmitz 2016). In this study we focused specifically on a trait related to the effects of 
extreme temperatures, the Critical Thermal maximum (CTmax). We argue that applying a 
trait-based-approach allows for the formulation of predictions on how trophic interactions 
in food webs will be affected by extreme climatic events (sensu McGill et al., 2006; Violle et 
al., 2007). Including ecophysiological trait measurements, such as heat tolerance, in field 
studies on effects of climate extremes on community composition can therefore be a 
powerful method to point out direct effects of abiotic change at the species level, but can 
also help to reveal physiological mismatches between interacting species, which might 
shape the community dynamics on longer time scales.  
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Appendix 3.1: Location of field site with artificial heat wave treatments. 
 

Figure A3.1. Location (a) of our field site at the west side of the barrier Island of Schiermonnikoog, The 
Netherlands, and (b) experimental additional heat treatments in the field. Sources of images in panel 
(a): http://upload.wikimedia.org/wikipedia/commons/c/ce/Natuur-Schiermonnikoog-2014Q1.jpg 
and http://www.lesidee.nl/lif05/images/kaartNL2_1600.gif  
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Appendix 3.2: Statistical justification of combining the two experimental periods.  
 
In the main text we describe that our preliminary analysis on the data from the first 
experimental period showed no effect of this single heat wave on the thermal sensitivity of 
the soil organisms. Therefore, in the second experimental period we applied two 
consecutive artificial heat waves of five days each to further increase thermal stress. By 
doing this, we are not able to disentangle the effects of the experimental period and the 
number of heat waves, therefore the combined effect of experimental period and number 
of heat waves was included as a random effect in the statistical analyses to account for any 
introduced variation by these combined effects. 
 In the statistical tests below, we show that only the factor Taxon significantly 
affected the fit of our model, also when analyzing the two experimental periods separately.  
 
Experimental period 1:  
Analysis of Deviance Table (Type II Wald chisquare tests) 
Response: CTmax 
                                  Chisq  Df  Pr(>Chisq)     
Treatment                  2.5338   1      0.1114     
Taxon                    615.1348 5      <2e-16 *** 
Treatment:Taxon    4.4138   5      0.4915    

 
 
Experimental period 2: 
Analysis of Deviance Table (Type II Wald chisquare tests) 
Response: CTmax 
                       Chisq  Df  Pr(>Chisq)     
Treatment            0.2158   1      0.6423     
Taxon             408.4067  5      <2e-16 *** 
Treatment:Taxon    6.8522   4      0.1439     

 
Important to note is that by combining these two experimental periods, we could compare 
more taxa within the same analysis, as some taxa were only present in sufficient numbers 
in either one of the Periods (i.e. Erigone longipalpis in period 1 and Heteroceridae in period 
2). For the taxa that were present in both the Experimental periods, we did an additional 
analysis for each separate taxon to test the effect of the main factors Treatment and 
Experiment. The results of these analyses are given below per Taxon.  
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Isotoma riparia: 
Analysis of Deviance Table (Type II Wald chisquare tests) 
Response: CTmax 
                         Chisq  Df  Pr(>Chisq)     
Treatment              2.1431   1     0.1432     
Experiment            40.0905   1   2.425e-10 *** 
Treatment:Experiment   0.3302   1      0.5655     

 
Oedothorax retusus: 
Analysis of Deviance Table (Type II Wald chisquare tests) 
Response: CTmax 
                        Chisq  Df  Pr(>Chisq)   
Treatment             0.3599   1      0.5486   
Experiment            0.0424   1      0.8368   
Treatment:Experiment  5.3432   1     0.0208 * 

 
Juvenile Linyphiidae: 
Analysis of Deviance Table (Type II Wald chisquare tests) 
Response: CTmax 
                        Chisq  Df  Pr(>Chisq) 
Treatment             0.7356   1      0.3911 
Experiment            0.1542   1      0.6946 
Treatment:Experiment  1.7582   1      0.1849 

 
Juvenile Lycosidae: 
Analysis of Deviance Table (Type II Wald chisquare tests) 
Response: CTmax 
                        Chisq  Df  Pr(>Chisq) 
Treatment             0.2240   1      0.6360 
Experiment            0.4502   1      0.5023 
Treatment:Experiment  0.6703   1      0.4129 

 
Saldidae (No interaction tested, as there was insufficient replication in the second 
experimental period): 
Analysis of Deviance Table (Type II Wald chisquare tests) 
Response: CTmax 
              Chisq  Df  Pr(>Chisq) 
Treatment    0.0598   1      0.8068 
Experiment   0.6079   1      0.4356 
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For I. riparia, there was a significant effect of the Experimental period on CTmax and for O. 
retusus there was a significant interaction between Treatment and Experimental period. 
These are further investigated by contrasts’ analysis below: 

Isotoma riparia: 
$lsmeans 
 Experiment      lsmean SE    df  lower.CL  upper.CL 
 1_time_wave   42.788 0.3649954  4.36  41.80666  43.76918 
 2_times_wave  44.097  0.3756443  4.81  43.11955  45.07419 
Results are averaged over the levels of: Treatment  
Confidence level used: 0.95  

 
$contrasts 
 contrast                     estimate         SE      df  t.ratio  p.value 
 1_time_wave - 2_times_wave  -1.308951  0.2087336  249.15   -6.271   <.0001 

 

Oedothorax retusus: 

$lsmeans 
 Treatment  Experiment      lsmean SE     df  lower.CL  upper.CL 
 Control    1_time_wave   43.85476  0.9569524  37.42  41.91652  45.79299 
 Treatment  1_time_wave   46.37733  0.6928915  29.95  44.96216  47.79249 
 Control    2_times_wave 45.75236  0.5375434   5.46  44.40480  47.09992 
 Treatment  2_times_wave 45.49352 0.3359520   3.16  44.45445  46.53259 
Confidence level used: 0.95  
 
$contrasts 
 contrast                         estimate  SE     df  t.ratio  p.value 
 Control,1_ti - Treatment,1_ti   -2.5225720  1.1050443  50.74   -2.283   0.1156 
 Control,1_ti - Control,2_ti     -1.8976002  1.0180317  52.50   -1.864   0.2559 
 Control,1_ti - Treatment,2_ti   -1.6387644  0.9876024  52.79   -1.659   0.3552 
 Treatment,1_ti- Control,2_ti     0.6249717  0.8335773  50.48    0.750   0.8763 
 Treatment,1_ti- Treatment,2_ti   0.8838076  0.7512626  52.31    1.176   0.6442 
 Control,2_tim - Treatment,2_ti   0.2588359  0.5733063  52.70    0.451   0.9691 
P value adjustment: tukey method for comparing a family of 4 estimates  

 

For I. riparia, the differences in CTmax are significantly different between the two 
experimental periods, where in the first experimental period the CTmax is slightly lower (42.8 
± 0.36) than during the second experimental period (44.10 ± 0.38).  
For O. retusus the outcome of the contrasts analysis was unexpected, as no significant 
results were found in any of the contrast-pairs.  
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Of the taxa that were present in both experimental periods, only I. riparia gave a significant 
result for the factor Experiment, where in the first experimental period the CTmax is slightly 
lower (42.8 ± 0.36) than during the second experimental period (44.10 ± 0.38). This small 
difference, together with the benefit of comparing more taxa within the same analysis, 
while still incorporating this variation as a random effect, leads us to believe that the main 
analysis presented in the manuscript is sufficiently warranted.  
 

 

 

Appendix 3.3: Experimental set-up to measure CTmax of soil arthropods.  
 

Figure A3.3. Experimental set-up to measure the CTmax of soil fauna species. Panel (a) shows the water 
bath which gradually heats up with a steady increase of 0.33 °C min-1 in the glass vials as monitored 
by an iButton temperature and humidity logger shown in the centre vial in panel (b). The remaining 24 
vials each contained one individual during the trials. 

3 
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Appendix 3.4: Equation to calculate CTmax values from the observed water temperature. 

 
Figure A3.4. Relationship between temperature of the water in the water bath and temperature in the 
vials placed in the water bath in which the animals were exposed. A temperature increase of 0.35°C 
min-1 of the water resulted in an temperature increase of 0.33°C min-1 in the vials. Data collected during 
previous experiments (not published). The slope of the curve was used to calculate the real 
temperature in the vials from the observable temperature of the water, see equation 1.  
 
 

CTmax = Tvial = 0.9074*Twater + 1.7151 
 

Equation 1. To calculate CTmax values from the recorded water temperature. 
  

y = 0.9074x + 1.7151
R² = 0.9912

N = 414
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Appendix 3.5: Details of treatment effects on abiotic conditions. 

 
 
Figure A3.5. Heat treatment effects plotted per pair of subplots in (a), the first artificial heat wave, (b) 
the first and (c) the second week of two consecutive artificial heat waves. For each exposure week, 
both the average and maximum temperatures were significantly higher in the heat wave treatment. 
See table 3.2 for details.  
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Appendix 3.6: Factors excluded from main analysis. 

 

 

Figure A3.6. Some factors in our analysis could only be recorded in a subset of the taxa investigated. 
In order to facilitate the analysis and subsequent interpretation of the results, we first tested for these 
specific taxa whether these factors significantly affected the fit of our statistical model. This was not 
the case for (a) the factor Life stage in Saldidae (χ2

(1) = 0.035, P = 0.85, Nymphs: N = 27, Adults: N = 4), 
or the factor Sex in both (b) Erigone longipalpis (χ2

(1) = 2.7314, P  = 0.098, Male: N = 25, Female: N = 
11) and (c) Oedothorax retusus (χ2

(1) = 0.43, P = 0.51, Male: N = 16, Female: N =41). Based on these 
results, these factors were not used in the main analysis. 
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Appendix 3.7: Interspecific relation between CTmax and Body size for all taxonomic 
groups tested in our study. 
 
 

 
Figure A3.7. Mean body size (mm ± St. deviation) and CTmax (°C ± St. deviation) plotted for every 
taxonomic group in the analysis. A linear model was fitted through the data, weighted by the number 
of individuals within these taxa. The positive relation between the taxa was not significant. For full 
species names see Table 3.1. 
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Appendix 3.8: Buffering capacity of vegetation types 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.8. Temperature buffering capacity of different vegetation types, with increasing complexity 
in tussock structure; “Carex” (a tall sedge vegetation consisting of dense tussocks), “Grasses” (a dense, 
medium tall grassy vegetation) and “Open” (bare soil with a microbial mat and sparse and short Glaux 
maritima plants. Both the difference in daily maximum temperature (a) and the absolute daily 
temperature fluctuation (b) are influenced by the vegetation types, and might provide some spatial 
heterogeneity in temperatures. Data was collected from 31st July to 4th November 2015. 
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Abstract 
With ongoing climate change it is predicted that extreme climatic events, such as heat 
waves, will increase in frequency and intensity. How such events affect the interactions 
between species and the composition of communities is difficult to predict, given that there 
can be considerable inter- and intraspecific variation in tolerance to climatic extremes. One 
way to assess this variation in tolerance is to measure ecophysiological traits linked to the 
stressor of interest. If these ecophysiological traits can subsequent be linked to 
performance, such as survival and growth, they may also be suitable to predict the effect of 
extreme events on arthropods and their interactions. To test if performance can indeed be 
predicted based on tolerance traits, we introduced different combinations of soil arthropod 
taxa in microcosms containing intact soil cores with vegetation taken from the field. The 
microcosms were exposed to three heat wave treatments: i) a control (15°C continuously), 
ii) a moderate (25°C for 8 hours a day) and an extreme heat wave (35°C for 8 hours a day). 
We used four different combinations of taxa in the microcosms. In each microcosm Isotoma 
riparia (Collembola) was present as prey, combined with different predators (no predator, 
a Linyphiidae spider, a Lycosidae spider, or both spiders). Thermal tolerance, i.e. Critical 
Thermal maxima, for all three taxa were previously obtained.  We hypothesized that the 
most sensitive species (I. riparia) would be most severely affected terms of survival and 
growth, and the most tolerant species, Pardosa purbeckensis (Lycosidae) the least. 
Moreover, in combinations of the sensitive prey and tolerant predators, we expected to 
find an interaction between the abiotic and biotic stressor on I. riparia survival. We found 
that changes in survival and growth rate of taxa exposed to heat waves were indeed 
consistent with this expected pattern: survival and growth rate of I. riparia were reduced 
when exposed to the extreme heat wave. Survival of the most tolerant species, P. 
purbeckensis, was not affected by the extreme heat, and growth rate even increased. We 
did not find an interaction, but rather an additive effect of the abiotic and biotic stress on 
survival of I. riparia. Our results indicate that measurements of ecophysiological limits of 
interacting species by means of tolerance traits can provide a useful and efficient tool to 
make qualitative predictions about the effect of extreme climatic events on performance of 
species, but that more information may be needed to understand their interactions and 
community composition. 
 
Introduction 
With ongoing climate change it is predicted that extreme climatic events, such as heat 
waves, will become more frequent and intense (Meehl and Tebaldi 2004, Rahmstorf and 
Coumou 2011, Hansen et al. 2012, Diffenbaugh et al. 2017). Extreme climatic events pose a 
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major challenge for organisms exposed to these events, as abiotic conditions could 
approach or exceed their physiological limits (Deutsch et al. 2008, Hoffmann 2010). While 
knowledge is accumulating on the effects of extreme events on individual species, it 
remains difficult to predict the effects on communities (Gilman et al. 2010, Thompson et al. 
2013), particularly because species are part of an ecological network with both positive and 
negative interactions with other community members (Petchey et al. 1999, Voigt et al. 
2003). It is well-known that there are large differences between species in physiological 
tolerance to extreme conditions, even within a single community (Tylianakis et al. 2008; 
Franken et al., 2018a). Such dissimilar tolerances can lead to altered species interactions 
and interaction strengths (Rall et al. 2010, Monaco and Helmuth 2011, Rosenblatt and 
Schmitz 2016). These indirect effects of abiotic stress on species interactions make it more 
difficult to predict effects of extreme events on species abundance, community structure 
and consequently ecosystem functioning (Traill et al. 2010).  
 
Taking into account the effects of different physiological tolerances of interacting species is 
imperative to make predictions on the effects of severe abiotic stress on species and their 
interactions. One way to assess such differences in effects is to make use of functional traits 
which are indicative of ecophysiological limits of species. Functional traits, such as drought 
tolerance or heat tolerance measured under standardized conditions, can act as a proxy for 
the response of species to averse abiotic environments (Moretti et al. 2017). For instance, 
tolerance traits have already been successfully used to explain changes in community 
composition along environmental gradients in a variety of communities, such as terrestrial 
decomposers (Dias et al. 2013), lotic insects (Poff et al. 2006, and refences therein) and 
vascular plants (e.g. Cornwell and Ackerly 2009). Typically, these studies compare traits of 
species within a specific taxonomic or functional group. However, to understand changes in 
a community of species, or indeed a complete food web, the use of functional traits should 
be extended to include interacting species of different taxa or trophic levels and to measure 
functional traits in a standardized way for a multitude of taxa (Violle et al. 2007, Moretti et 
al. 2017). Especially if the interspecific differences in these tolerance traits are linked to 
performance traits, such as growth and survival, they may be used to predict the outcome 
of species interactions over time scales that extend beyond the direct effects of the stress. 
 
In this study, we investigated if standardized trait measurements of heat tolerance can act 
as an indicator for a wider range of thermal performance of soil-dwelling arthropods under 
several heat wave scenarios. To obtain robust predictions using this approach (e.g. the 
predictions should hold even when animals are exposed in a different season or with a 
different exposure history), the trait value should be relatively independent of previously 
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experienced conditions. For heat exposure it is known that acclimation and heat-hardening 
effects might occur after exposure to high temperatures (Bowler 2005, Loeschcke and 
Sørensen 2005, Bahrndorff et al. 2009, Kellermann et al. 2017). However, evidence is 
accumulating that Critical Thermal maxima, (CTmax) show little plasticity in insects 
(Hoffmann et al. 2013, Gunderson and Stillman 2015, van Heerwaarden et al. 2016), 
especially when compared to traits that are related to thermal minima (CTmin) (Chown 2001, 
Terblanche et al. 2005, Jumbam et al. 2008, Chown et al. 2009, Janion-Scheepers et al. 
2018). Also, in an earlier study on several soil arthropod taxa, exposure to experimental 
heat waves in the field did not induce plasticity in CTmax (Franken et al. 2018a). In the current 
study, we will use the previously obtained CTmax values to further explore the use of CTmax 
as a qualitative predictor of differences in survival, growth and subsequent species 
interactions.  
 
We used three abundant taxa from our field community, which differed from each other in 
their thermal tolerance (Franken et al. 2018a). In order of increasing heat tolerance, these 
are the dominant prey species Isotoma riparia (Collembola), and two of their most 
important predators, dwarfspiders (Linyphiidae ssp.) and the wolf spider Pardosa 
purbeckensis (Lycosidae). With these species we created four different soil arthropod 
combinations, which were exposed to artificial heat waves of three different intensities (i.e. 
control, moderate, extreme) in a laboratory microcosm experiment. We hypothesized that 
the species with the lowest CTmax (I. riparia) would show the strongest mortality and 
reduction in growth rate when exposed to heat waves, and that the species with the highest 
CTmax (P. purbeckensis) would be least affected. Moreover, we hypothesized that the 
presence of a predator, with a higher CTmax than their prey, would further reduce the 
survival of the prey species, resulting in an interaction between abiotic (temperature) and 
biotic (predation) factors. Finally, we tested for phenotypic plasticity and selection on 
thermal tolerance by measuring the CTmax values of the taxa used in this study after 
exposure to the heat treatments, and by exposing a subset of the surviving individuals to an 
additional heat shock after seven days of normal conditions. Measuring the CTmax also 
allows us to compare the CTmax values of this experiment to the values obtained in our 
previous experiment conducted on animals from the field.  
 
Material and methods 
Field site 
All material was collected from a vegetated beach ecosystem on the barrier island of 
Schiermonnikoog (53.46870°N, 6.13895°E), the Netherlands, on the 19th and 20th of August 
2015. Soil cores were taken from a relatively homogeneous part of the vegetated beach. 
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The soil consisted of sand with a 1 cm layer of sand mixed with fine organic matter, with 
almost no build-up of a leaf litter layer. This area received about eight to twelve sea water 
inundations annually, and was not inundated when we collected the material. The 
vegetation had a rather low diversity and consisted mainly of Glaux maritima L., Plantago 
maritima L. and Salicornia europaea L.. On average the vegetation covered ~80 % of the soil 
surface. In patches where vegetation was scarce, a microbial mat covered the soil surface 
(Bolhuis et al. 2013). The soil arthropod community at the site had a relatively low species 
richness compared to other terrestrial ecosystems (van Wingerden and den Hollander 1981, 
Ellers et al. 2011). By focusing on Isotoma riparia (Collembola), and its main predators the 
Linyphiid and Lycosid spiders, we included the most abundant prey and predators of this 
ecosystem (Ellers et al. 2011, Franken et al. 2018b). 
 
Microcosms 
Intact soil cores were taken from the field using a sharpened 8.5 cm high PVC tube (ø 11.8 
cm), which was pushed ~5 cm in the soil by hand. The tube was then carefully taken out of 
the soil without disturbing the soil core inside or the vegetation on top, and the underside 
was cut off to keep 4 cm of soil in the tube. Because the organic matter layer in this system 
is very thin, the 4 cm sand core includes the entire organic matter layer. The intact soil core 
was then gently transferred to another, same sized PVC tube, closed with a fine (63 µm) 
mesh on the bottom (hereafter referred to as the microcosm) and transported back to the 
Vrije Universiteit, Amsterdam, where they were kept in a climate room at 15°C, 75% RH and 
a 16:8 h light:dark cycle. All microcosms were placed in a 3 cm deep layer of 50% diluted 
artificial seawater (Instant Ocean; salinity of 17.5 g salt l-1) for 4 minutes to reduce potential 
differences in soil moisture and salt content between them. After this, the microcosms were 
transferred to trays with a 1-5 mm layer of 50 % diluted sea water to maintain constant soil 
moisture conditions and to prevent shrinking of the soil core due to water loss. In total, 60 
microcosms were constructed, which were randomly assigned to treatments.  
 
To remove any animals and loose plant material, all microcosms were gently vacuumed 
three times for one minute with a vacuum cleaner (Gilfisk GS8, 700 Watt) of which the tube 
opening (ø 2.9 cm) was covered with a 215 µm mesh. In addition, the microcosms were 
carefully inspected three times by hand for > 10 minutes and remaining animals were 
collected.  
 
Collection of soil animals 
The species used in this experiment were selected based on previous knowledge about 
abundance and thermal tolerance (CTmax), which were obtained from standardized 
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measurements (Franken et al. 2018a, see also the section on performance measurements). 
Isotoma riparia, the most dominant Collembola species on the vegetated beach, was the 
focal prey species and had a relatively low thermal tolerance of 43.4 ± 1.8 °C. We used 
animals from a laboratory culture that was established by individuals collected from the 
field site in October 2012. This culture was maintained under identical conditions as 
described above for the stored microcosms. Animals were kept in pots (ø 15.0 cm, 12.0 cm 
high) on moist plaster of Paris filled with branches of Pinus sylvestris covered with green 
algae (collected from site ‘Spijkbos’, 52.450489°N, 5.781838°E; The Netherlands). As 
supplementary food we applied some Baker’s yeast (Saccharomyces cerevisiae; Dr. Oetker). 
 
Spiders of the two families Linyphiidae (CTmax 46.1 ± 2.0 °C, based on adults of two species 
and unidentified juveniles) and Lycosidae (i.e. Pardosa purbeckensis; CTmax 51.1 ± 1.3 °C, 
based on juveniles)) were hand-caught at the same site and dates as the soil cores. Spiders 
were placed in plastic containers (ø 12.6 cm, 5.8 cm high) with a thin layer of moist plaster 
of Paris and grass leaves. After transport to the laboratory, spiders were individually placed 
in containers (Linyphiidae: ø 4.2 cm, 3.0 cm high; Lycosidae: ø 6.2 cm, 6.1 cm high) with a 
layer of moist plaster of Paris. Spiders were fed Orchesella cincta (Collembola) from a 
permanent culture at the Vrije Universiteit, and maintained under the same conditions as I. 
riparia until they were used in the experiment.  
 
Species combinations  
Four different species combinations were used in the microcosms, always with 50 
individuals for the prey species: i) only the prey species I. riparia; ii) I. riparia with one 
Linyphiid spider; iii) I. riparia with one P. purbeckensis (Lycosidae); and iv) I. riparia with one 
Linyphiid spider and one P. purbeckensis. These densities were comparable with field 
densities (Franken et al. 2018b), resulting in ad libitum food conditions for the predators for 
the duration of the experiment. 
 
Batches of 50 I. riparia (individual body length ~3.0 ± 1.0 mm), were added to individual jars 
(ø 6.3 cm, 3.0 cm high) with a thin layer of moist plaster of Paris without food. Jars were 
checked for mortality the next morning and if necessary, extra individuals were added to 
get to 50 individuals. Batches of I. riparia as well as individual spiders were weighed to the 
nearest 0.1 µg fresh weight and assigned randomly to the microcosms on the morning 
before the first day of exposure to the heat wave treatments. To prevent escapes of the 
introduced species combinations, a 20 cm high plastic transparent sheet was placed tightly 
around the microcosm and fixed with tape to form a cylinder, which was closed on top by a 
Perspex lid with a 220 µm mesh for ventilation (see Fig. A4.2). 
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Temperature treatments 
The four species combinations were exposed to three temperature treatments, designed to 
mimic heat waves of different intensities and a control. According to The Royal Netherlands 
Meteorological Institute, warm periods are officially recognized as a heat wave when the 
daily maximum temperatures are above 25°C for at least five consecutive days, of which at 
least three days above 30°C (https://www.knmi.nl/kennis-en-datacentrum/uitleg/hittegolf, 
in Dutch).  In our experiment all microcosms were kept at 15°C at night and during the day 
they were exposed for 8 hours to either 15°C (no temperature fluctuation), 25°C (a 10°C 
day-night fluctuation) or 35°C (a 20°C day-night fluctuation). These daily fluctuations were 
performed for five consecutive days, and in the remainder of the text these are referred to 
as no, moderate and extreme heat waves, respectively.  
 
At night, all microcosms were placed in the same climate room at 15°C, and for the exposure 
of the microcosms to the day temperatures, we used different climate rooms set at their 
respective target temperatures. Light levels within and between rooms were comparable 
and realized experimental temperatures were validated by placing data loggers (Tinytag 
Plus2 with software EasyView version 5,7,0,1) between the trays. Microcosms receiving the 
same heat wave treatment were placed on a single tray (8 microcosms per tray) in a 1-5 mm 
layer of 50% diluted artificial sea water to ensure constant soil moisture during the 
experiment. Within this tray, the microcosms were randomized daily in the morning, while 
trays were placed at random positions in the climate rooms every day.  
 
The microcosms were harvested the day after the final exposure by hand-searching for soil 
fauna by two observers until no more animals were found (> 30min total search time). 
Collected I. riparia and spiders were placed in the same jars as used prior to the experiment 
for later measurement of their performance traits. 
 
Performance measurements 
Species performance was measured using several variables. Survival was scored as the 
number of individuals that were retrieved alive at the end of the experiment. Daily average 
growth rate was calculated following equation 4.1, where the fresh weights for the spider 
 
  

Eq. 4.1  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹ℎ 𝑤𝑤𝐹𝐹𝑤𝑤𝑤𝑤ℎ𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹ℎ 𝑤𝑤𝐹𝐹𝑤𝑤𝑤𝑤ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
# 𝑑𝑑𝑑𝑑𝑑𝑑𝐹𝐹
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species were measured for each individual and the fresh weights for I. riparia were 
measured by weighing the total fresh weight per microcosm, divided by the number of 
retrieved individuals. In our experiment, the animals were kept in their experimental units 
for six days.   
 
We measured the Critical Thermal maximum (CTmax) (following Franken et al. 2018a) of one 
individual per species per microcosm two days after the harvest. Each individual was placed 
in a separate glass vial (ø 2.7 x 7.5 cm) with a bottom of moist plaster of Paris, which was 
placed in a water bath (Julabo Bath tank 19 with a Julabo MB heating immersion circulator). 
The water was warmed from 20°C with a ramping rate of 0.35°C min-1, which resulted in a 
0.33°C min-1 increase in the vials. Mortality was scored when no movement of appendages 
was visible after gently touching the animals with a fine brush. The recorded water bath 
temperature was converted to the temperature inside the vials by applying the correction 
in equation 4.2, 
 

Eq. 4.2 𝑇𝑇𝑉𝑉𝑤𝑤𝑑𝑑𝑉𝑉 = 0.9074 ∗  𝑇𝑇𝑊𝑊𝑑𝑑𝑡𝑡𝐹𝐹𝐹𝐹𝑊𝑊𝑑𝑑𝑡𝑡ℎ + 1.7151 
 
in which Twaterbath is the water temperature at time of recorded death (see Franken et al. 
2018a) for details).  
 
After heat wave exposure a subset of the surviving I. riparia were exposed to a post-
treatment heat shock. Individuals from each microcosm were kept on moist plaster of Paris 
for 8 days at 15°C without food to eliminate most of the direct effects of previous 
differences in exposure and treatment. Subsequently, the batches from the different 
microcosms were exposed to a heat shock of 25°C for 16 h and, after rewetting the plaster 
of Paris to prevent dry conditions in the jars, to 35°C for 4 h. The number of surviving 
individuals versus total individuals were scored per jar.  
 
Analysis and Statistics 
For the analysis of survival of I. riparia, the main effects of the heat wave treatment (three 
levels: no, moderate, extreme), Lycosidae presence (two levels: presence and absence), 
Linyphiidae presence (two levels: presence and absence) and their interactions were tested 
by running mixed effect models in the package lme4 (Bates et al. 2015). In those models, 
Vegetation cover was used as a random effect because more vegetation and higher 
vegetation complexity could potentially lead to beneficial effects on prey species 
(Collembola), with more possibilities to hide and escape from predators at high 
temperatures (see A4.3 for more details and other vegetation parameters).  
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To test if reduced statistical models showed significant loss of fit, we employed Wald Chi-
square statistics from the ‘Anova’ function in the statistical package Car (Fox and Weisberg 
2011). Contrasts analysis was performed for significant factors with the lsmeans function in 
the similarly named package (Lenth 2016), using a Tukey correction for multiple 
comparisons. For significant results, adjusted P-values based on a 95% confidence interval 
are reported.  
 
For the statistical analysis of the growth rates, the CTmax values, and the survival of I. riparia 
after the post-treatment heat shock, we used linear models with Heat wave (three levels) 
and predator presence or absence (two levels per family), followed by an ANOVA analysis. 
Factors that were non-significant as main effect and in their interactions were removed 
from the model. Tukey’s HSD for multiple comparisons were applied as post-hoc tests. 
Growth rates were analyzed for I. riparia and P. purbeckensis; CTmax for all species, and 
survival of the post-treatment heat shock only for I. riparia. In this latter statistical model, 
the number of individuals on which the survival ratio was based was included in the model 
as a weighting factor.  
 
All statistical analyses were performed using R version 3.3.1 (R Core Team 2016), run in the 
RStudio interface (RStudio Team 2015). All assumptions of the performed tests were 
checked by visualizing the residuals of the fitted models, and when appropriate Shapiro-
Wilk tests for normality and Levene’s test for homogeneity of variance were performed.  

 
Results 
Complications with observed Linyphiidae numbers 
Although great care was taken to remove all animals, for the Linyphiidae we often observed 
a few more individuals at the end of the experiment than we added to the microcosm at 
the start, and Linyphiidae spiders were also found in microcosms that should not contain 
any (see ‘species combinations’ in the Material and Methods section). Most likely, these 
unintended Linyphiidae were either adults that escaped detection during defaunation of 
the microcosms, or juveniles that emerged from egg sacs that were not noticed before the 
experiment. Therefore, mortality and growth rate of Linyphiidae could not be assessed as 
we were unable to match the data of the individuals before and after the experiments (see 
‘performance measurements’ below). To verify that the imposed predation treatments still 
represented the intended treatments, we tested whether additional numbers of 
Linyphiidae were randomly distributed over the treatments using a GLM with a Poisson 
distribution. If we assume small Linyphiidae (i.e. individuals < 0.5 mg fresh weight) to have 
emerged from egg sacs during the experiment, we expected them to be randomly 
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distributed over the treatments, which is what we found (Table A4.1.1). The number of 
larger Linyphiidae (individuals > 0.5 mg fresh weight) is most likely the sum of individuals 
that escaped detection during the defaunation and those that were added as part of the 
predation-prey combinations. Therefore, we expected the number of larger Linyphiidae to 
be higher in the treatments where they were added, which was confirmed by the statistical 
analysis (χ2

(1,48) = 22.51; P < 0.001, Table A4.1.1, A4.1.2). Therefore, we concluded that we 
are able to use the Linyphiidae treatments in further analyses, but will be unable to link 
mortality and growth to the individuals that we added to the microcosms.  
 
Predator and prey mortality 
For the spider P. purbeckensis (Lycosidae), we observed no mortality when exposed to the 
heat waves. However, for the prey species I. riparia, we observed significant effects of the 
heat wave treatments and presence of P. purbeckensis, but not of Linyphiidae presence on 
mortality. Therefore, we simplified the statistical model to include only Heat wave, the 
presence of Lycosidae and their interaction (Table 4.1). The main factors Heat wave (χ2

(2) = 
23.6, P < 0.001) and the presence of Lycosidae (χ2

(1) = 51.6, P < 0.001) significantly affected 
numbers of I. riparia, with reduced numbers in the extreme temperature fluctuation 
treatments and when P. purbeckensis was present. However, no interaction between the 
two factors was observed. Post-hoc analysis revealed significantly reduced numbers of I. 
riparia when exposed to the extreme temperature fluctuation compared to the control and 
moderate temperature fluctuation (t-ratio(54.0) = 4.47, P < 0.001 and t-ratio(50.7) = 3.43, P = 
0.003, respectively; Fig. 4.1). Contrast analysis showed that within the control and extreme 
temperature fluctuation treatment, presence of P. purbeckensis further decreased the 
numbers of I. riparia (control: t-ratio(53.9) = 4.0, P < 0.003 and extreme heat wave: t-ratio(50.0) 
= 5.2, P < 0.001), but not when exposed to a moderate temperature fluctuation (t-ratio(53.6) 
= 2.72, P = 0.09) (Fig. 4.1).   
 
 
 
Table 4.1. Results of the Linear Mixed Effects Model to test for effect of Heat wave and presence of the 
predator Pardosa purbeckensis (Lycosidae) on numbers of their prey, Isotoma riparia (Collembola). 
Significant factors are indicated in bold (*** P < 0.001).  

 Factor df χ2 P  
 Heat wave  2 23.6 < 0.001 *** 
 Lycosidae 1 51.6 < 0.001 *** 
 Heat wave x Lycosidae 2 3.6 0.17 n.s. 
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Figure 4.1. Numbers of prey species Isotoma riparia (Collembola) retrieved from the microcosms after 
exposure to different temperature heat wave treatments (x-axis) and presence (light grey) or absence 
(dark grey) of the predatory spider P. purbeckensis (Lycosidae). Letters above the bars indicate 
significance levels at the P < 0.05 level for the main effect of Heat wave. Symbols indicate significant 
differences between the presence and absence of Lycosidae within a heat wave treatment (** = P < 
0.01, *** = P < 0.001).  
 
Effect of heat waves on growth rate 
For both I. riparia and P. purbeckensis, growth rate was significantly affected by the main 
factor Heat wave, but not by predator presence or their interaction (Table A4.4). Therefore, 
the models were reduced to include only the main effect Heat wave, which was significant 
for both species (F(2,57) = 18.7, P < 0.001 for I. riparia and F(2,27) = 4.4, P = 0.022 for P. 
purbeckensis) (Fig. 4.2). Tukey’s HSD post-hoc showed that the growth rate of I. riparia did 
not differ between the control and the moderate heat wave treatment (t-ratio(57) = -2.29, P 
= 0.065), but decreased significantly in the extreme heat wave treatment compared to the 
compared to the  moderate heat wave (t-ratio(57) = 6.06, P < 0.001) and control (t-ratio(57) = 
3.77, P = 0.0011) (Fig. 4.2a). A different pattern was found for P. purbeckensis, which 
showed an increase in growth rate from the control to extreme heat wave treatments (t-
ratio(27) = -2.82, P = 0.023), indicating that with a high maximum temperature and strong 
day-night temperature fluctuation, performance of Lycosidae was improved (Fig. 4.2b).  
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Figure 4.2. Daily growth rate of (a) Isotoma riparia (Collembola, prey) and (b) Pardosa purbeckensis 
(Lycosidae, predator) as affected by the different heat wave treatments. Letters above the boxes 
represent statistically significant differences at the P < 0.05 level. 
  
 
Natural selection acting on intraspecific variation of thermal tolerance 
To investigate whether thermal tolerance of I. riparia and its predators was altered by the 
imposed temperature fluctuations, we measured the CTmax values for one individual per 
species per microcosm after the exposures. CTmax values were not affected by either 
exposure to heat waves, the species composition in the microcosm or their interaction, for 
any of the three species used (all P > 0.05, see table A4.5), indicating no effect of heat waves 
on the thermal tolerance of individuals. Importantly, the ranking of CTmax values between 
the taxonomic groups in this experiment was the same as the values from Franken et al. 
(2018a) on which we based our hypothesis (Table 4.2).  
 
Finally, I. riparia that survived the heat wave and predation treatments were subsequently 
subjected to a post-treatment heat shock. The survival of this heat shock was strongly 
affected by the earlier heat wave treatment I. riparia experienced (F(2,57) = 13.33, P < 0.001) 
(Fig. 4.3).  
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Table 4.2. Comparison of obtained CTmax values for Isotoma riparia (Collembola, prey) and the 
predatory spiders Linyphiidae ssp. and Pardosa purbeckensis (Lycosidae) compared to the CTmax values 
from the literature on which we based our hypothesis.  

Species This study Franken et al. 2018a 
Isotoma riparia  41.0 ± 1.0 °C 43.4 ± 1.8 °C 
Linyphiidae ssp. 43.3 ± 3.0 °C 46.1 ± 2.0 °C 
Pardosa purbeckensis  48.5 ± 1.4 °C 51.1 ± 1.3 °C 

 
 
 
Animals previously exposed to the extreme heat wave showed increased survival rates 
compared to the other two treatments (control: t-ratio(57) = -4.59, P < 0.001 and moderate 
heat wave: t-ratio(57) = -4.56, P < 0.001). There was no effect of the different combinations 
of predators or interactions between heat waves and the predators (all P > 0.05).  
 
 

 
 

Figure 4.3. Survival of Isotoma riparia (% of initial numbers) during a post-treatment heat shock (8h at 
25 °C, followed by 4h at 35 °C). Isotoma riparia used in this additional test were collected from the 
microcosms after the heat wave treatments (x-axis). Different letters indicate significant differences in 
survival at the P < 0.05 level. 
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Discussion  
We found support that standardized measurements of a functional trait can be used as an 
indicator of species performance under changing abiotic conditions when the functional 
trait is related to a species’ physiological limit. Moreover, based on this study it appears to 
be possible to make qualitative predictions on the outcome of species interactions when 
communities are subjected to abiotic changes. Finally, we found that the trait that we used 
in this study (CTmax) is a robust indicator of thermal tolerance as we obtained similar values 
of this trait when we measured individuals straight from the field (without acclimation 
period, Franken et al. 2018a) and when individuals were kept in the laboratory under 
different temperature regimes (this study). This is a key requirement for the suitability of a 
functional trait to be used for making qualitative predictions on how communities will be 
affected by severe abiotic changes.  
 
Performance of taxa is differentially affected by exposure to heat waves 
Our results show that in the experimental species combinations the performance of the 
taxonomic groups was differentially affected by the simulated heat waves. The survival of 
the prey species I. riparia (Collembola), which was most heat-sensitive based on CTmax 
measurements was significantly reduced when exposed to the extreme heat wave 
treatment (Fig. 4.1). In contrast, the predatory spider Pardosa purbeckensis (Lycosidae) was 
not lethally affected by the imposed temperature regimes, as all individuals survived. 
Similarly, contrasting effects were found for growth rates, with I. riparia showing a clear 
reduction in growth rate in the extreme heat wave treatment, while P. purbeckensis 
obtained the highest growth rate under these conditions (Fig. 4.2). These differences in 
thermal response between predators and prey can lead to changes in abundance and body 
size distributions, and thereby alter interaction strengths (Rall et al. 2010, Gilbert et al. 
2014).  
 
The increase in growth rate of P. purbeckensis when exposed to extreme heat waves was 
unexpected. At higher temperatures the metabolic rate of ectotherms increases. If all else 
remains equal, the higher costs associated with an increased metabolic rate would draw 
upon the available energy for other biological functions (e.g. Gillooly et al. 2001, Brown et 
al. 2004). Therefore, we expected to observe a reduction in growth rate, in line with 
previous studies finding reduced consumer fitness as a result of a faster increase in 
metabolic than consumption rate (e.g. Rall et al. 2010, Lemoine and Burkepile 2012). To 
have realized an increase in growth rate, P. purbeckensis must have had a substantially 
higher food intake, i.e. capture a higher number of I. riparia when exposed to an extreme 
heat wave. Although predator presence indeed decreased survival of I. riparia within the 
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heat wave treatments, we only found additive effects of heat wave treatment and predator 
presence in their effect on I. riparia. This means the magnitude of the negative effects of 
predator presence on prey survival was the same across heat wave treatment, instead of 
the expected disproportionally larger effect of predation in the extreme heat wave. Such 
additive effects are similar to the results obtained by Miller et al. (2014) for foraging and 
growth efficiency in a marine predator-prey system.  
 
A tentative explanation for the lack of interactive effects could be linked to the relatively 
large intraspecific variation in tolerance to high temperatures (Franken et al. 2018a), 
especially when the most sensitive individuals are subjected to temperatures that are close 
to their thermal limits, they might lose mobility and therefore become less prone to escape 
from an attack. If such a mechanism indeed plays a role in predator-prey interactions, it 
would provide thermal tolerant predators with additional benefits at high temperature, 
because it would reduce time and energy spent on hunting prey, and thus increase their 
foraging efficiency. If this principal would apply more generally to predator-prey 
interactions under high temperature, it could explain increased top-down pressure by 
predators. 
 
During the post-treatment heat shock, we observed the highest survival of I. riparia 
populations that originated from the microcosms exposed to the extreme heat wave (Fig. 
4.3). The higher survival rate can result from two possible causes: phenotypic plasticity may 
have caused an increase in heat tolerance due to the previous exposure to the high 
temperatures in the main experiment), or selective mortality in the main experiment may 
have led to natural selection on heat tolerance (e.g. only the most tolerant individuals 
survived) (Berg et al. 2010, Chown et al. 2010). As these mechanisms could be 
simultaneously at play, we cannot disentangle them in our study. However, we tested the 
CTmax values of a subset of individuals after the experiment, and we did not observe any 
signs of plasticity for this trait (Table A4.5). It is possible that a trait other than CTmax is plastic 
and causing the observed effects, but given the direct link between CTmax and thermal 
tolerance, this is unlikely. A more plausible mechanism is that natural selection acted on the 
intraspecific variation of CTmax in I. riparia exposed to the high temperature treatment, 
especially since we know from previous studies that this variation can be substantial 
(Franken et al. 2018a). The higher mortality during the initial exposure (Fig. 4.1 and table 
4.1), together with the subsequently higher proportional survival after a post-treatment 
heat shock indicates that there has been selection on the thermal tolerance of the 
individuals during the exposures. This is consistent with previous studies which found 
increased thermal resistance of heat-hardened Drosophila melanogaster in static exposure 

  

4 



88 
 

experiments (similar to our post-treatment heat shock), but not in ramping experiments, 
such as used for the CTmax measurements (Mitchell et al. 2011 and references therein). 

 
Predictability of altered species interactions by using ecophysiological traits 
As shown in this study, the outcome of species interactions under changing and stressful 
environmental conditions can be anticipated using the functional trait approach. By taking 
differences in a relevant tolerance trait into account we were able to make a qualitative 
prediction on species performance. Being able to forecast the direction of change in the 
outcome of species interactions in a changing environment can be informative for the 
ecological dynamics of populations. In other cases, when it is desirable to make quantitative 
predictions on changes of abundances, and subsequent population and community 
dynamics, more detailed information on the life history and physiological traits of the 
interacting species will be required. For example, detailed information on thermal 
performance curves of species could pinpoint to more precise effects of changing 
temperatures on performance, such as growth rate and reproduction (e.g. Huey and 
Stevenson 1979, Dowd et al. 2015, Sinclair et al. 2016), but obtaining such information for 
each species in a community would be a prohibitively large undertaking, even in 
communities with relatively low diversity. Given its relative stability (e.g. Table 4.2 and 
Chown 2001, Terblanche et al. 2005, Jumbam et al. 2008, Chown et al. 2009, Hoffmann et 
al. 2013, van Heerwaarden et al. 2016, Janion-Scheepers et al. 2018), the fast and direct 
measurement of CTmax is an interesting proxy for thermal performance and the likely effects 
on interactions, bringing us one step closer to making predictions on natural communities.  
 
This is especially relevant as an increase in frequency, amplitude and duration of extreme 
climatic events is forecasted.  Applying trait-based approaches to understand the effects of 
abiotic extremes can be relevant for all kinds of stressors, as long as the measured 
functional trait has a direct link to this abiotic stress. Examples of successful application of 
this approach include soil moisture gradients (Dias et al. 2013), drought (Makkonen et al. 
2011) and extreme temperatures (this study). Getting to understand the indirect biotic 
effects of extreme climatic events on interacting species is imperative when we want to 
understand how communities are affected by extreme climatic events, especially since such 
indirect effects can have a bigger effect through changed interaction strengths than the 
direct effects of the abiotic stressor itself (Ockendon et al. 2014). Therefore, we urgently 
need more mechanistic understanding of how these events affect species interactions and 
community stability, and working with functional traits is currently the most feasible 
approach. 
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Appendix 4.1: Validation of the use of the Linyphiidae treatments 
Before introducing new species to the microcosms which were collected from the field, 
great care was taken to remove all animals present. Every microcosm was gently vacuumed 
three times for one minute with a vacuum cleaner (Gilfisk GS8, 700 Watt) of which the tube 
opening (ø 2.9 cm) was covered with a 215 µm mesh. In addition, the microcosms were 
carefully inspected three times by hand for > 10 minutes and remaining animals were 
collected. However, for the Linyphiidae we often observed a few more individuals at the 
end of the experiment than we added to the microcosm at the start, and Linyphid spiders 
were also found in microcosms that should not contain any. To verify that the imposed 
predation treatments still hold, we tested whether additional numbers of Linyphiidae were 
randomly distributed over the treatments using a GLM with a Poisson distribution. If we 
assume small Linyphiidae (i.e. individuals < 0.5 mg fresh weight) to have emerged from egg 
sacs during the experiment, we expected them to be randomly distributed over the 
treatments (Table A4.1.1).  
 
The results show that indeed the small Linyphiidae were randomly distributed over the 
treatments (i.e. hatched randomly, with no pattern associated with the imposed 
treatments) and the larger Linyphiidae showed a difference in numbers (i.e. we found a 
different amount of Linyphiidae in the microcosms with and without added Linyphiidae 
spiders, which was not associated with any of the other imposed treatments). More 
specifically, when we observed the numbers (Table A4.1.2), we found that the large 
Linyphiidae were significantly more abundant in the microcosms where they were added. 
So, although predation by Linyphiidae was not zero in the microcosms where they were not 
introduced, they were present in significantly lower numbers in the microcosms where they 
were not introduced. Therefore, we conclude that we are able to use the Linyphiidae 
treatment in further analyses. 
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Table A4.1.1. Results of the two-way ANOVA on the Generalized Linear Model with Poisson distribution 
to test if the number of observed Linyphiidae at the end of the experiment match with the imposed 
Linyphiid treatments. Significant factors are given in bold font. 

 Factor df χ2 P  
Number of small Linyphiidae found (<0.5mg F.W.)      
 Heat wave  2 2.57 0.28 n.s. 
 Linyphiidae 1 0.61 0.43 n.s. 
 Lycosidae 1 0.02 0.88 n.s. 
 Heat wave x Linyphiidae 2 3.61 0.16 n.s. 
 Heat wave x Lycosidae 2 4.95 0.08 n.s. 
 Linyphiidae x Lycosidae 1 2.61 0.11 n.s. 
 Heat wave x Linyphiidae x Lycosidae 2 2.32 0.31 n.s. 
Number of large Linyphiidae found (<0.5mg F.W.)      
 Heat wave 2 1. 43 0.49 n.s. 
 Linyphiidae 1 22.51 > 0.001 *** 
 Lycosidae 1 0.00 1.00 n.s. 
 Heat wave x Linyphiidae 2 4.36 0.11 n.s. 
 Heat wave x Lycosidae 2 1.17 0.56 n.s. 
 Linyphiidae x Lycosidae 1 0.01 0.90 n.s. 
 Heat wave x Linyphiidae x Lycosidae 2 4.28 0.12 n.s. 

 
 

Table A4.1.2. Summary statistics of the number of Linyphiidae found after the experiment. Small (<0.5 
mg fresh weight) and large (>0.5 mg fresh weight) Linyphiids were separated. Furthermore, there is a 
separation between the treatments in which the Linyphiids should be present and in which they should 
be absent, note that the small Linyphiidae should never be present, as only large individuals were 
experimentally added to the microcosms. This difference was only significant for the large Linyphiids.  

 Original treatment Min 1st Q. Median Mean 3rd Q. Max  Group (P < 0.05) 

Number of small Linyphiidae found (<0.5 mg F.W.) in microcosms where a large Linyphiidae spider: 

 Was not introduced 0.0 0.0 0.0 0.6 1.0 6.0 A 

 Was introduced 0.0 0.0 0.0 0.8 1.0 5.0 A 

Number of large Linyphiidae found (>0.5 mg F.W.) in microcosms where a large Linyphiidae spider: 

 Was not introduced 0.0 0.0 0.0 0.5 1.0 2.0 A 

 Was introduced 0.0 1.0 2.0 1.8 2.0 4.0 B 
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Appendix 4.2: Picture of the experimental setup 
 

Figure A4.2. Experimental microcosms. The microcosms placed in one of the used climate rooms (here 
in the 15 °C room, mimicking night time). The soil cores within the PVC tubes were collected intact from 
the field, including vegetation. Animals present from the field were carefully removed, and four 
different species combinations were placed back in the microcosms, all containing 50 prey items 
(Collembola: Isotoma riparia), and either 1) no, 2) a Linyphiidae spider, 3) a Lycosidae spider (Pardosa 
purbeckensis) or 4) both predators combined.  These were subsequently subjected to either no (15-15 
°C), a mild (15-25 °C) or an extreme (15-35 °C) heat wave of 5 days. See main text for further details. 
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Appendix 4.3: Vegetation cover used as random effect 
Heat wave treatments could potentially influence vegetation growth and thereby biomass, 
cover and soil surface complexity. Indirectly, this could lead to beneficial effects on prey 
species (Collembola), with more possibilities to hide and escape from predators at high 
temperatures. To test if the vegetation was affected by our heat wave treatments, we 
tested for differences in vegetation dry mass after exposure (clipped and oven-dried at 
50°C, > 48 h). Also, vegetation cover (to the nearest 10% soil cover) and soil surface 
complexity (ranging from 1 (not complex with a flat surface) to 5 (very complex three-
dimensional structure with many crevices)) were visually estimated by two individual 
observers, and averaged. We found no significant differences in surface structure between 
the different heat wave treatments and these variables (see the results of the one-way 
ANOVAs in table A4.3 and Fig. A4.3). Although the heat wave treatments did not affect the 
vegetation, innate variation in vegetation could still explain part of the observed variance 
in measured prey survival after exposure to heat waves. We found that vegetation cover 
was a suitable indicator for total vegetation effects, as there was a positive relationship to 
both vegetation dry mass (P = 0.013, R2 = 0.087) and soil surface complexity (P < 0.001 , R2 
= 0.27). Therefore, vegetation cover was included as a random effect in analyses which 
could have been affected by vegetation (e.g. number of surviving Collembola) but not in 
analyses where any influence of vegetation would be unlikely (e.g. individual growth rates 
and CTmax measurements). 
 
 
Table A4.3. Results of the one-way ANOVAs to test for effects of the heat wave treatments on the 
vegetation cover, soil surface complexity and the vegetation biomass of the microcosms. 

 Factor df F P  
 Vegetation cover  2 0.48 0.62 n.s. 
 Soil surface complexity  2 0.57 0.57 n.s. 
 Vegetation biomass  2 0.29 0.75 n.s. 
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Figure A4.3. Vegetation cover (a-b), soil surface complexity (c-d) and vegetation dry mass (e-f) as a 
function of the heat wave treatments (a, c, e) and soil fauna species composition (b, d, f). Species 
composition in the microcosms (all with 50 individuals of prey species Isotoma riparia) were: 1) no 
predator, 2) a Linyphiidae spider, 3) the wolf spider Pardosa purbeckensis or 4) both spiders). None of 
the variables showed a significant relationship with one of the manipulated factors (see table A4.1.1 
for details). 
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Appendix 4.4: Growth rate analysis on heat waves 
Before and after the heat wave treatments, fresh weight per species per microcosm was 
measured. We tested if the heat wave treatments or the species composition had an effect 
on the growth rate of species. Only heat wave had an effect on both Isotoma riparia and 
Pardosa purbeckensis, which is why the growth rate analysis in the main text focusses on 
the heat wave treatments only.   
 
Table A4.4. Results of the two-way ANOVA to test for effects of the experimental heat wave treatments 
and the species composition on growth rates for both Isotoma riparia and Pardosa purbeckensis.  

 Factor df F P  
Isotoma riparia     
 Heat wave 2 19.10 < 0.001 *** 
 Linyphiidae 1 0.01 0.91 n.s. 
 Lycosidae 1 3.13 0.083 n.s. 
 Heat wave x Linyphiidae 2 2.11 0.13 n.s. 
 Heat wave x Lycosidae 2 0.33 0.72 n.s. 
 Lycosidae x Linyphiidae 1 0.24 0.63 n.s. 
 Heat wave x Linyphiidae x Lycosidae 2 0.98 0.38 n.s. 
Pardosa purbeckensis     
 Heat wave 2 4.11 0.029 * 
 Linyphiidae 1 0.22 0.65 n.s. 
 Heat wave x Linyphiidae 2 0.55 0.58 n.s. 
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Appendix 4.5: Measurements of CTmax values after the heat wave treatments 
After the species combinations in the microcosms were exposed to the heat wave 
treatments (either no, a mild or an extreme heat wave of 5 consecutive days), individuals 
that survived the treatments were retrieved. Of these, one individual per microcosm and 
species (when present) was randomly selected to measure the Critical Thermal maximum 
(CTmax). There were no significant effects of either heat wave treatment or species 
composition on CTmax for any of the species.  
 
 
Table A4.5. Results of the two-way ANOVA to test the possible effects of temperature and species 
composition on CTmax.  

 Factor df F P  
Isotoma riparia      
 Heat wave 2 0.66 0.52 n.s. 
 Linyphiidae 1 2.66 0.11 n.s. 
 Lycosidae 1 0.01 0.91 n.s. 
 Heat wave x Linyphiidae 2 1.27 0.29 n.s. 
 Heat wave x Lycosidae 2 0.18 0.84 n.s. 
 Linyphiidae x Lycosidae 1 2.79 0.10 n.s. 
 Heat wave x Linyphiidae x Lycosidae 2 0.52 0.60 n.s. 
Linyphiidae ssp.     
 Heat wave 2 0.91 0.42 n.s. 
 Lycosidae 1 0.91 0.35 n.s. 
 Heat wave x Lycosidae 2 1.98 0.16 n.s. 
Pardosa purbeckensis     
 Heat wave 2 0.42 0.66 n.s. 
 Linyphiidae 1 0.05 0.83 n.s. 
 Heat wave x Linyphiidae 2 0.15 0.86 n.s. 
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Abstract 
Extreme climatic events can have a strong effect on species performance, interactions and 
community composition. They are predicted to increase in frequency, intensity and 
duration, yet it remains unclear which of these aspects of extreme events are most 
important in defining species performance. Here, we tested the relative importance of heat 
wave intensity and frequency by simulating full factorial heat wave scenarios of eight 
intensities and four frequencies, using the individual-based model Weaver. We simulated 
the effects of these heat wave scenarios on three interacting taxa: one springtail and two 
spiders, for which we previously obtained data on thermal tolerance. We found that in our 
model runs heat wave intensity is much more important in defining species performance, 
i.e. survival and growth, compared to heat wave frequency. Moreover, the survival patterns 
could be directly linked to selection on the thermal tolerance trait used in the simulations.  
Only when heat wave intensity is near the threshold of species tolerance, effects of multiple 
heat waves were observed. By disentangling the effects of the different aspects of heat 
waves, these modelling results provide valuable insight in the mechanisms at play when 
heat waves occur, which would be unfeasible to achieve in empirical studies. The use of 
individual-based models can therefore be a useful tool to finetune hypotheses which can 
be empirically tested.  
 
Introduction 
It is generally acknowledged that extreme climatic events are important factors determining 
species’ ranges (Lynch et al. 2014; Buckley and Huey 2016a), species interactions (Sentis et 
al. 2013; Stoks et al. 2017), community structure (Thibault and Brown 2008; Jiguet et al. 
2011; Wernberg et al. 2013; Seifert et al. 2015), ecosystem functioning (Parmesan et al. 
2000; Smith 2011a) and evolutionary responses to the changing climate (Grant et al. 2017; 
Kingsolver and Buckley 2017). A typical characteristic of extreme climatic events is that they 
occur sudden, without preceding warning signals. Species can either avoid this unexpected 
exposure to adverse conditions by dispersal to more suitable sites or they can adapt to 
encountering these unexpected changes (Berg et al. 2010). Because less mobile species 
cannot easily move to more suitable buffering (micro-)habitats, they are thought to be more 
severely affected by adverse abiotic conditions (Woods et al. 2015; Sengupta et al. 2017). If 
tolerances between species differ, effects on a sensitive species may strongly interact with 
more tolerant species via competition or predator-prey interactions (Franken et al., 2018a, 
Chapter 3).  
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One feature of global climate change is an observed increase in the frequency, duration and 
intensity of heat waves (Meehl and Tebaldi 2004; Rahmstorf and Coumou 2011; Hansen et 
al. 2012). Periods of suddenly occurring high temperatures directly challenge the 
physiological limits of species (Addo-Bediako et al. 2000; Deutsch et al. 2008; Sunday et al. 
2011), which affects their ecological performance. Although the negative effect of heat 
waves and other extreme climatic events on species performance are hardly disputed (e.g. 
De Boeck et al., 2015; Jentsch et al., 2007; Kayler et al., 2015), it remains largely unknown 
which aspects of these extreme events, such as frequency, intensity/magnitude or duration, 
have the strongest effect. Under current scenarios of global warming, each of these aspects 
is expected to increase (Perkins-Kirkpatrick and Gibson 2017), but studies experimentally 
investigating the relative importance of these different aspects are scarce. For example, 
Smale et al. (2015) examined the effects of heating intensity, duration and timing in the 
season on community structure of sessile marine invertebrates. They found no specific 
aspect to dominate, but rather that only a combination of characteristics was important in 
altering the community structure. For freezing exposure, several studies provide evidence 
that repeated cold events are more detrimental to intrinsic population growth rate 
(Marshall and Sinclair 2010) and survival of species (Marshall and Sinclair 2011) than a single 
exposure of the same duration.  Although these studies show an effect of both frequency 
and duration of extreme events, they do not allow to disentangle the relative importance 
of these different aspects on species and their interactions. This was possible in a study by 
Sentis et al. (2013), who found that heat wave amplitude had a stronger effect than 
frequency on aphid abundance and development time, even though they were only able to 
include two levels of amplitude and frequency due to logistical constraints.  
  
The intrinsically correlated nature of frequency, intensity and duration of climatic events 
makes it a challenge to experimentally separate them, especially when choices need to be 
made due to limitations of time, space and equipment. Fortunately, recent developments 
in computational ecology provides us with modelling tools that can be utilized to mimic 
responses of communities to a chosen set of environmental parameters. For example, 
Fabina et al. (2015) used a stage-structured population model to investigate the differential 
effects of frequencies and magnitudes of bleaching events on coral ecosystems, where they 
observed that magnitude of events is a more important factor defining the recovery 
potential of corals. When multiple species of different trophic levels are involved, 
Individual-Based Models (IBMs) are a useful tool as they are based on interactions between 
individuals, thereby mimicking complex systems such as ecological communities (e.g. 
DeAngelis et al., 1994; DeAngelis and Grimm, 2014). In silico experiments can be designed 
to alter different input parameters independently, which can lead to a deeper and more 
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mechanistic understanding of the system dynamics (Grimm 1999), as well as an 
understanding of the relative importance of different aspects of extreme climatic events on 
communities. 
 
In this study, we investigate the effects of heat wave frequency and intensity on three 
interacting species in a two predator - one prey soil arthropod model system, by utilizing 
the IBM Weaver (Moya-Laraño et al. 2014; Bilbao-Castro et al. 2015). Using Weaver, both 
predators and prey are simulated with a set of quantitative genetic traits, some of which 
are phenotypically plastic. It is therefore possible to investigate the effects of climate 
change on evolutionary processes, phenotypic plasticity and even eco-evolutionary 
dynamics, yet in this study we choose to restrict our model runs to focus on species 
responses and ecological interactions. In a first study using an early version of Weaver, 
Moya-Laraño et al. (2012) were able to show that predators are essential to allow 
persistence of the basal food source and primary consumers in the modelled food web, 
because in the absence of predators the consumers experienced exponential growth and 
depleted the basal resources, leading to a collapse of the system. In a second study, the 
food web in Weaver was increased to twenty species based on a real arthropod food web 
(Melguizo-Ruiz et al. 2012), where the authors found that highly connected food webs (i.e. 
many trophic interactions between the simulated species) increased the extinction risk of 
prey species, and decreased extinction risk of predators and the food web as a whole 
(Moya-Laraño et al. 2014). While in these studies static temperatures were used, we are 
specifically interested in the effect of strongly fluctuating temperatures, conditions that 
now can be incorporated in this model. 
 
Here we extend the Weaver model to test how the different aspects of heat waves (i.e. 
frequency and intensity) impact species and species interactions in a soil food web, and to 
disentangle which of these aspects has the strongest effect. To be able to assess the impact 
of fluctuating weather events a new trait was included in the model, the Critical Thermal 
maximum (CTmax), which is an indicator of thermal tolerance of species. The model was 
parameterized based on a previously studied community of soil arthropods (Chapter 3,4). 
The most abundant prey species in this community is Isotoma riparia (Collembola) and the 
most abundant predators are spiders of the families Linyphiidae and Lycosidae, and these 
three taxa differ in their physiological tolerance to extreme abiotic conditions (Franken et 
al. 2018a). We first verified the functioning of the model by comparing the effects of a single 
heat wave of different intensities on species survival and growth to an empirical experiment 
performed with simplified natural communities of the same three species in a microcosms 
study (Franken et al., chapter 4). We then continue to manipulate both the intensity and 
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frequency of heat waves, and compare the effects on species in our community, while 
keeping the total temperature sum constant. This allows us to predict which of these factors 
will have the largest impact on soil arthropod communities.  
 
Material and Methods 
Individual-based model: Weaver 
All runs of the IBMs were performed in the C++ software WEAVER, which originated from a 
previous version of the software mini-Akira (Moya-Laraño et al. 2012). The main 
specifications and functionalities of Weaver have been described in detail elsewhere (Moya-
Laraño et al. 2014; Bilbao-Castro et al. 2015). In short, IBMs can be used to create in silico 
communities of species in which each individual is simulated separately with its own set of 
trait values (i.e. its phenotype), making it possible to track an individual and its interactions 
with other individuals during the cycles of the model (e.g. DeAngelis et al., 1994). Every 
timestep of the model contains a high degree of stochasticity: a chance to find food or 
water, a chance to encounter a predator and to get predated, a change to encounter a mate, 
etc. Individuals simulated in this model were parameterized based on empirical data from 
the literature or laboratory measurements, so that the model contained an in silico 
community that resembled the natural variation in traits between individuals as accurately 
as possible. This natural variation, combined with the stochasticity of interacting with other 
species therefore generated a wide range of potential model outcomes and mimicked the 
variation often observed in field experiments. Therefore, every simulation of a community 
could be considered as one ‘biological’ replicate, and this variation was used for statistical 
analysis.  
 
For this study, the functionalities of WEAVER were extended to incorporate some new 
features which were not described previously, and we highlight only the aspects where our 
model deviates from the information described in these publications (Moya-Laraño et al. 
2014; Bilbao-Castro et al. 2015). The new features that were relevant to this study include: 
i) the addition of Critical Thermal maxima (CTmax), ii) Scaling of metabolic rate to include 
responses to higher temperatures above optimal temperatures, iii) the use of growth rates 
fitted on empirical data following Von Bertalanffy growth curves instead of linear growth, 
iv) metabolic downregulation for spiders without food, and v) scaling of development time 
with temperature. Especially the first two new features were essential to test our 
hypotheses regarding species responses to heat waves, because these allowed the inclusion 
of the typical steep decline in species performance after the optimal temperature is 
exceeded (e.g. Angilletta et al., 2002; Huey and Stevenson, 1979; Sinclair et al., 2016). The 
newly featured CTmax value in the IBM defined the temperature at which this decline took 
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place and up to which maximum temperature survival was possible. The CTmax values we 
used were based on actual field data for the three species in our simulation, and included 
the intraspecific variation of this trait, allowing individuals with higher tolerance to survive 
high temperatures which were lethal to their conspecifics.  
 
Parameterization 
In order to recreate in silico situations that were as realistic as possible, the input values of 
the modelled variables of the species needed to be parameterized. In order to obtain the 
data needed for parameterization, we performed laboratory studies. The Collembola 
Isotoma riparia was taken from a culture maintained at the Vrije Universiteit Amsterdam, 
which was initiated in autumn 2012 from individuals collected on the Dutch barrier island 
of Schiermonnikoog. Spiders were collected by hand at this same island from a single 
location, the supratidal zone of a vegetated beach (N53.47308, E6.13368). Spiders were 
collected and transported in plastic jars (ø 8cm) with a moist layer of plaster of Paris. Some 
Collembola (mainly I. riparia) found during the collection of the spiders were added to the 
jars as food source to prevent intraguild predation. The spiders were transported to the 
Vrije Universiteit, were they were individually placed in a jar and fed with a lab culture of 
the Collembola Orchesella cincta. When not exposed to a temperature treatment, the 
spiders were kept under the same climatic conditions as the I. riparia and O. cincta cultures, 
at 15°C, a 16:8 hour light:dark cycle and 75% Relative Humidity. All spiders were numbered 
and identified to morphospecies level as identification to species was particularly difficult 
with living and juvenile spiders. 
 
For growth and survival measurements, 25 I. riparia were placed in ø 6.2, 2.5 cm high jars 
with a layer of moist plaster of Paris, and Linyphiidae and Lycosidae spiders were 
individually placed in jars of ø 4.2, 2.2 cm high and ø 6.2, 4.5 cm high, respectively. The jars 
were divided over four different constant temperatures (5, 15, 25 or 30°C).  Fresh weight 
was measured twice a week for all surviving individuals to the nearest 0.1 ug (Supermicro 
S4, Sartorius GmbH Göttingen, Germany). This was done at the individual level for the 
spiders and for all individuals for I. riparia per jar combined, after which total weight was 
divided by the number of individuals to circumvent the measurement bias induced by 
measuring very small biomasses. During the weighing, we also recorded i) survival, ii) if 
moulting occurred, and iii) the number of prey still alive. The jars were watered twice a 
week with demineralised water of the same temperature as the treatment for 1 minute, 
which prevented the plaster of Paris from drying out. Also, all remaining prey items of the 
spiders were replaced by new prey from the culture, to maintain a stable food quality over 
time. Lycosidae were fed large O. cincta (670 ± 150 µg each, n = 25) and Linyphiidae and 
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juvenile spiders were fed smaller O. cincta (78 ± 20 µg each, n = 57). The number of available 
prey items was kept constant throughout the experiments. Although we tried to provide ad 
libitum food, this appeared to be practically impossible, as some Lycosidae were able to eat 
massive amounts of prey in a short time span. Based on the fresh weight measurements 
over time, Von Bertalanffy growth curves (equation 5.1) were fitted per species, which were 
subsequently used as a parameter in the IBM.  
 

Equation 5.1 𝐿𝐿 = 𝐿𝐿∞(1 − 𝑒𝑒−𝐾𝐾(𝑡𝑡−𝑡𝑡0)) 
 

Where L is the length of the individual, 𝐿𝐿∞is the maximum length of individuals, K is the 
growth rate which differs for each individual (see table 5.1 for the range per taxon), t is time 
in days and t0 is a fixed value for the different taxa: -8.94, -6.54 and -2.87 for I. riparia, 
Linyphiidae and P. purbeckensis, respectively. Additionally, metabolic rates of the different 
species across life stages and body sizes were calculated following the phylogenetic model 
equations provided in Ehnes et al. (2011). Ranges of traits with intraspecific variation that 
were used as input values to initiate the IBM runs are presented in table 5.1. 
 
Model runs 
To test our hypotheses about the importance of heat wave intensity versus frequency, 480 
separate model runs were simulated on a Linux machine using the C++ language. All runs 
were initiated with the same number of individuals per species. For I. riparia the runs 
started with 150 individuals divided equally over instars 10 to 19 (15 individuals per instar); 
for the Linyphiidae we started with nine individuals (3 per instar levels 3, 4, and 5) and for 
Pardosa purbeckensis (Lycosidae) we started with three individuals, all for instar level 4. The 
traits of the individuals at the start of the runs were randomly generated following a normal 
distribution of trait values based on previously obtained data of the natural variation per 
species. These values were independently generated for every run of the IBM by using 
different ‘seed values’.  
 
The climatic scenarios were constructed in a full factorial design with four levels for heat 
wave frequency (one, two, three or four heat waves) and eight levels for heat wave intensity 
(20°C as control, 25°C, 30°C, 35°C, 40°C, 45°C, 50° and 55°C). The baseline temperature 
during all runs was 20°C, and the four ‘heat wave periods’ were defined from day 19 to 23 
(heat wave 1), from day 29 to 33 (heat wave 2), from day 39 to 43 (heat wave 3) and from 
day 49 to 53 (heat wave 4), see Fig. 5.1. For the analyses we extracted data one day before 
and one day after these heat wave periods. All treatment exposure periods were always 
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utilized from heat wave 1 onwards. (e.g. 
heat wave frequency one only has 
altered temperatures in period 1, never 
in period two, three or four; frequency 
two would be exposed in the first and 
second period, never in the third and 
fourth period; etc.). This design resulted 
in 32 unique treatments (4 heat wave 
frequencies * 8 heat wave intensities), 
and each treatment was replicated 15 
times, resulting in a total of 480 IBM 
runs.   

Statistics 
After running the IBMs, data of the 480 
IBM runs were exported and analysed in 
R (R Core Team 2016) using the RStudio 
Interface (RStudio Team 2015). First, we 
tested a subset of the runs, which only 
received the one frequency heat wave 
treatments, to test whether survival and 
growth rates during this first heat wave 
corresponded with results obtained in a 
previous empirical study (Franken et al. 
chapter 4). To do so, data from day 18 
(before the onset of the heat wave) and 
day 24 (directly after the heat wave 
period) were extracted. We tested the 
proportion of surviving individuals by 
link ing the individuals’ ID to the pre-and 
post-heat wave data, which excludes 
any individuals that were born during 
the heat wave period. We then analysed 
growth rates by calculating the increase 
in dry body mass over the heat wave 
time period for each of these 
individuals. Ta
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Figure 5.1. Schematic representation of the simulated temperature scenarios. Each IBM run was 
assigned to one of the four heat wave frequencies (A) one, (B) two, (C) three and (D) four, and to one 
of the eight heat wave intensity treatments. The 32 temperature simulations were each replicated 15 
times, resulting in a total of 480 IBM runs.   
 
The results were analyses using one-way ANOVAs with a Tukey post-hoc test. Legacy effects 
of this heat wave were tested by looking at the development of average individual biomass 
per run over time (i.e. total biomass divided by the number of individuals), which was 
analysed using mixed linear models with heat wave intensity, day and the interaction 
between intensity and day as explanatory variables and model run as random effect.   
 
For the main hypotheses on effects of heat wave intensity, heat wave frequency, or their 
interaction significantly influenced the simulated taxa, all 480 model runs were included. 
We extracted data from the days directly before and after the heat waves (i.e. simulation 
days 18, 24, 28, 34, 38, 44, 48, 54) and one common end day, day 58. For these days, we 
calculated the total number of individuals, and total biomass for the individual species over 
time. For each taxon we ran linear mixed effects models with heat wave intensity, frequency 
and their interaction as main factors, and simulation day and model run as random effects.  
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We followed up on this analysis by checking if the mortality patterns could be understood 
from the underlying CTmax trait by calculating the mean CTmax value per taxon and for the 
whole in silico community (Community Weighted Mean) before and after the heat waves. 
The CWM was calculated based on the mean CTmax per taxon per run (average taken from 
all individuals at the specific day) and multiplied by the relative abundance of that taxon. 
The CTmax values before and after the first heat wave were analysed by mixed linear effects 
models with intensity, day (before and after heat wave) and their interaction as explanatory 
variables and run as random effect, of which a contrasts analysis within each temperature 
treatment was used to test for significant shifts in trait values before and after the heat 
waves. Finally, we directly compared simulations of different intensities and frequencies 
that had the same additional heat sum above the background temperature of 20°C (e.g. one 
heat wave of 30°C had the same additional heat sum as two heat waves of 25°C). We 
analysed the effect of heat wave frequency (and thus inversely related the intensity) on the 
population size of I. riparia on day 58. To do so, we performed a separate one-way ANOVA 
for each level of additional heat sum. This allowed for a more direct comparison between 
heat waves differing in both intensity and frequency. For all analyses we checked if the 
model’s residuals were normally distributed.  
 
Results 
Effects of a single heat wave 
In order to compare the output generated by Weaver to our previously obtained empirical 
results, we first analysed the data from IBM runs with only heat wave frequency 1. The 
survival of individuals and the change in total biomass was analysed per taxon. We found 
that survival of Isotoma riparia was greatly affected by heat wave intensity (F7,112 = 366, P < 
0.001, Fig. 5.2A.). This was especially clear in scenarios with a heat wave intensity of 45°C, 
which led to a decrease in survival percentage to ~4.4% compared to ~44% in the lower 
temperature heat waves (P < 0.001). Above this temperature (i.e. at 50°C and 55°C), no I. 
riparia survived. A similar pattern could be observed for the total biomass after the heat 
wave, compared to before the heat wave (Fig. 5.2B). Here, biomass initially increased from 
the 20°C to the 25, 35 and 40°C heat waves (t-ratio = -4.3, P < 0.001; t-ratio = -3.6, P < 0.01 
and t-ratio = -3.3, P = 0.016, respectively), but declined drastically when subjected to heat 
waves of 45°C and above (all P < 0.001). 
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Figure 5.2. Effects of only the first heat wave on survival (A, C, E) and percentage biomass increase per 
individual (population biomass divided by number of individuals) per run (B, D, F) for the three 
simulated taxa: the Collembola Isotoma riparia (A-B), and the spiders of the family Linyphiidae (C-D) 
and the Lycosid Pardosa purbeckensis (E-F). Different letters indicate significant differences at the P < 
0.05 level.  
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Figure 5.3. Effect of the heat waves on 
CTmax trait values for Isotoma riparia 
(A), Linyphiidae spiders (B), Pardosa 
purbeckensis (C) and the Community 
Weighted Mean (CWM) CTmax (D), 
before (day 18) and after (day 24) the 
first heat wave. Asterisk indicate 
significant changes in mean CTmax 
values, with * P < 0.05, ** P < 0.01 and 
*** P < 0.001. Note that ‘n.a.’s indicate 
that no individuals survived the heat 
wave, making it was impossible to 
perform statistical tests. 
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Survival of Linyphiidae was not affected by the intensity of heat waves up to 40°C (all P > 
0.05), but strongly decreased when heat waves of 45°C and higher where simulated (Fig. 
5.2C). For biomass a different pattern can be observed. In general, total biomass always 
declined (visualized by the negative percentages in Fig. 5.2D), but this decline was strongest 
at 30°C and less prominent at the higher temperatures. It appears that if individuals survive, 
they might benefit from the warmer conditions. The opposite pattern was observed for the 
other predatory species, the wolf spider Pardosa purbeckensis that showed almost full 
survival up to temperatures of 50°C (P < 0.05 for both 50°C and 55°C, Fig. 5.2E) and a 
stronger decrease in biomass when subjected to higher temperatures (Fig. 5.2F).  
  
Critical Thermal maxima  
To a large extent, the patterns of mortality and biomass decrease can be understood by the 
underlying thermal tolerance traits (Critital Thermal maximum). Shifts in mean CTmax, and 
thus natural selection on more heat tolerant individuals, are very clear after the 45°C heat 
wave for I. riparia (t ratio = -54.9, P < 0.001, Fig. 5.3A), and after the 45°C and 50°C heat 
waves for Linyphiidae (t ratio = -6.9 and -10.6, respectively, both P < 0.001, Fig. 5.3B). For P. 
purbeckensis, we only observed a shift in CTmax values when exposed to 50°C heat waves (t 
ratio = -3.9, P = 0.014, Fig. 5.3C). For all three taxa exposure to 55°C (and to 50°C for I. 
riparia) led to complete mortality, thus making it impossible to perform analyses on the 
before and after heat wave trait values.  Additionally, the Community Weighted Mean 
(CWM) of the CTmax trait shifted to significantly higher values after exposure of the in silico 
community to 45°C (t ratio = -29.1, P < 0.001) and 50°C (t ratio = -51.3, P < 0.001, Fig. 5.3D).   
 
The effect of multiple heat waves 
After verifying the model output for a single heat wave, we included the IBM runs with 
multiple heat waves in the remainder of the analysis. For I. riparia, both heat wave intensity 
(F7,448 = 305, P < 0.001) as well as the interaction between heat wave intensity and frequency 
(F21,448 = 2.1, P < 0.01) significantly affected the number of individuals (Fig. 5.4). Contrast 
analysis revealed that there were significant interactions in three frequency-intensity 
combinations: 3 times 40°C (t-ratio: -2.2, P = 0.03), 4 times 35°C (t-ratio: 2.2, P =0.03) and 4 
times 40°C heat waves (-2.0, P = 0.04). Interestingly, the main factor frequency was not 
significant in itself (F3,448 = 0.5, P = 0.65), indicating that heat wave intensity was more 
important than frequency. The notion that intensity might be more important is also 
supported by the data on number of predators over time. Both Linyphiidae (Appendix 5.1) 
and P. purbeckensis (Appendix 5.2), showed only significant effects of heat wave intensity 
(F7,448 = 88.6, P < 0.001 and F7,448 = 206.8, P < 0.001, respectively) and not of frequency or 
the interaction between the two factors.  
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Figure 5.4. The natural logarithm of the total numbers of Isotoma riparia in the IBM runs over time. 
The periods in which heat waves of the different temperatures were simulated (different colours) are 
indicated by the pink rectangles, and the different heat wave frequencies are placed in separate panels 
with either one (A), two (B), three (C) or four (D) heat waves. Coloured lines represent the model fit by 
Loess local regression, the grey area represents the standard error.  
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Figure 5.5. Changes in CTmax values of I. riparia when exposed to either one (pink), two (green), three 
(blue) or four (purple) consecutive heat waves of 45°C. The timing of heat waves is indicated by the 
pink bars 1 to 4 on top of the graph, which spans the before and after heat wave days. The dashed line 
indicates the threshold line for survival, i.e. individuals with a CTmax below 45°C will not survive a heat 
wave of 45°C. Letters indicate significant differences between days at the P < 0.05 level.  
 
To test if multiple exposures to high temperatures would cause additional effects on the 
population of I. riparia that survived the first heat wave of 45°C, we tested the shifts in mean 
CTmax value per run in a linear mixed effects model. We found a strong effect of day on these 
CTmax values (F8,239.6 = 386.7, P < 0.001), but no significant effects of either frequency of the 
heat waves (F3,69.8 = 1.5, P = 0.23) or the interaction between day and frequency (F24,239.4 = 
239.4, P = 0.16). Contrast analysis on the main factor day revealed that the largest effect of 
day was caused during the first heat wave, which caused an increase of mean CTmax from 
42.5 to 45.5°C (Fig. 5.5). Interestingly, the day right after the first heat wave (day 24) and 
before the onset of the second heat wave (day 28) had the highest values, which were 
significantly higher than the values after the last heat wave, day 58. This indicates a relaxed 
selection on CTmax for the populations that were only exposed to the heat wave once, as can 
be seen by the gradual decline in mean CTmax values for the populations that were only 
exposed to the first heat wave.   
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Even though the main effect of heat wave frequency on I. riparia was not significant, nor 
was the interaction with heat wave intensity, it is still interesting to zoom in on the effects 
of multiple heat waves with an intensity of 45°C because there was a strong selection on 
individuals with a high CTmax when they were exposed to this temperature. It seems that 
although the first heat wave decreased the population size of I. riparia significantly, the 
population could still recover relatively well. However, when exposed to two or more heat 
waves, the number of surviving individuals decreased dramatically (Fig. 5.6). This was shown 
by the interaction between day and frequency, compared to the intercept of our mixed 
linear model. The number of individuals in runs which received four consecutive heat waves 
was impacted most severely (t-value = -6.6, P < 0.001), followed by the three times heat 
wave frequency (t-value = -2.8, P = 0.005) and the nearly significant two times heat wave 
frequency (t-value = -1.9, P = 0.059).    
 
 

 
Figure 5.6. Development of abundance of Isotoma riparia under the 45°C heat wave treatments which 
were given once (pink), twice (green), three times (blue) or four times (purple). Error bars indicate the 
standard error. 
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Finally, we compared simulations of different heat wave intensities and frequencies that 
had the same additional heat sum above the 20°C background temperature (e.g. one heat 
wave of 30°C has the same additional heat sum as two heat waves of 25°C). By using the 
additional heat sum, the direct comparison between different treatments of heat wave 
intensity and frequency is facilitated. We observed that among treatments with the same 
heat sum, heat waves of lower intensity but higher frequency yielded higher abundances of 
I. riparia at the end of the simulations (on day 58, Fig. 5.7). These differences were 
significant for 100, 150, 200 and 300 additional heat hours (F2,42 = 3.3, P = 0.047; F2,42 = 25.9, 
P < 0.001; F1,28 = 5.6, P = 0.025; F2,42 = 45.2, P < 0.001, respectively). This strengthens the 
idea that heat wave intensity is more important than heat wave frequency in its effects on 
soil fauna. 
 

 
Figure 5.7. The mean abundance of Isotoma riparia at day 58, expressed related to the total amount 
of additional heat simulated in the model. Colors relate to the different frequency of a heating event, 
1 to 4 subsequent events. For example, with 100 additional heat hours, three treatments are plotted: 
1x40°C, 2x30°C and 4x25°C, facilitating the direct comparison between the relative importance of 
intensity versus frequency of heat waves. Error bars indicate the standard error. Coloured lines 
represent the model fit by Loess local regression. Different letters indicate significant differences of the 
natural logarithm (n+1) transformed number of individuals between treatments within a category of 
additional heat hours.  
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Discussion 
In this study, we simulated the effects of both heat wave intensity (eight levels) and 
frequency (four levels) on the performance of three interacting arthropod species in a full 
factorial design by using an individual-based model (IBM). The results of our simulations 
indicated that heat wave intensity had a stronger effect on species performance compared 
to heat wave frequency, and that the observed differences in survival could be linked to 
selection on the thermal tolerance trait (CTmax). Below we will discuss these results in more 
detail.  
 
Effects of single heat waves and comparison with empirical results 
We first evaluated if single heat wave simulations in our IBM gave similar results compared 
to an empirical study with the same species (Chapter 4). This allowed us to compare the 
survival and biomass increase patterns for both I. riparia and P. purbeckensis. In the 
empirical study, I. riparia showed increased mortality when exposed to heat waves of 35°C, 
while in the IBM runs an increase in mortality was noted when heat waves exceeded 45°C. 
However, this differences in temperature does not affect the general conclusion drawn 
from this study, as it is caused by the way the measurements of CTmax are translated to levels 
of absolute tolerance in the IBM runs. CTmax is measured using a relatively fast increase in 
temperature, i.e. a ramping rate of 0.33 °C min-1, resulting in a relatively short exposure of 
the individuals to high temperatures (Franken et al., 2018a – chapter 3). An increase in the 
duration of exposure to high temperatures, by reducing the ramping rate, will lower CTmax 
values, what would correspond to mortality effects at lower lethal temperatures 
(Terblanche et al. 2007; Chown et al. 2009). We do not have data on changes in CTmax when 
exposure is prolonged, hence, we decided to use the actual CTmax values in our model. It is 
important to realise that the patterns observed are independent of the actual values 
modelled in this study. Similar survival patterns were observed for P. purbeckensis, with no 
mortality in the empirical study when animals were exposed to a heat wave of 35°C, while 
survival in our IBM decreased only at the highest temperatures, i.e. 50°C and 55°C. 
 
In terms of biomass gain, the pattern for I. riparia was comparable between the empirical 
data and the IBM runs, with a non-significant increase in biomass at intermediate 
temperatures and then a sharp decline when animals were exposed to temperatures above 
45°C. However, biomass increase for P. purbeckensis was strikingly different between the 
IBM and real measurements, with an increase in biomass for the higher temperatures in the 
empirical study but a decrease in the IBM runs. This decrease could not be explained by a 
reduction in available prey (Fig. 5.2A) or a reduced biomass per prey item (Fig. 5.3A-B). 
However, as metabolic activity increases under higher temperatures (Brown et al. 2004; 
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Sokolova et al. 2012), animals require more energy. It is likely that in the model runs P. 
purbeckensis couldn’t acquire enough energy by hunting I. riparia to compensate for the 
increase in energy requirements, leading to the sublethal effect of a gradual decrease of 
total biomass seen in Fig. 5.2F (see also Siegle et al., 2018). This is consistent with 
experiments which show that feeding rate of predators is often increased by warming, but 
to an insufficient extent to compensate for the increased energy expenditure due to the 
higher metabolic rate, leading to a net decrease in energetic efficiency (Rall et al. 2010; 
Vucic-Pestic et al. 2011). Particularly for spiders this decrease may have been less 
pronounced in our empirical study, because spiders can reduce their metabolic rate when 
prey availability is low (Anderson 1974; Schmalhofer 2011). However, the overall patterns 
observed in the IBM single heat wave runs largely correspond to the empirical data, 
providing confidence in the relevance of the model runs with multiple exposures. 
 
Relative importance of heat wave intensity versus frequency 
Comparing the effect of heat wave intensity versus frequency yielded similar conclusions 
for I. riparia (Fig. 5.3), Linyphiidae (Appendix 5.1) and P. purbeckensis (Appendix 5.2). 
Overall, the effects of heat wave intensity, i.e. the height of the temperature during the 
heat wave, far outweighed the effects of heat wave frequency. Heat wave intensity was also 
the only factor affecting species abundance in I. riparia, with the exception of just three 
frequency-intensity interactions. The overall significance of intensity in the linear mixed 
models was not only driven by the strong mortality effect of the highest temperature levels, 
as post-hoc analysis revealed that there were also significant effects between less extreme 
temperatures. There are few empirical studies that disentangle the relative importance of 
stress intensity and frequency, and the literature that is available does not seem to give a 
consistent answer. For example, in line with our results, Sentis et al. (2013) found that 
stressor intensity is most likely more important than frequency in explaining aphid 
abundance when predators were present. However, when predators were absent both 
intensity and frequency were important, a pattern that was also found in another study 
(Gao et al. 2018). It may be that in general stress intensity is the more important driving 
factor shaping species performance during stress, and that only close to the tolerance limits 
of species other factors, such as frequency or duration of exposure, can become factors of 
importance. This was observed in the 45°C heat waves of this study, where I. riparia 
populations collapsed when they were exposed to a second heat wave of 45°C, but 
recovered when this second heat wave was absent (Fig. 5.6). 
 
A possible explanation for the importance of heat wave intensity compared to heat wave 
frequency may be selection on the thermal tolerance (CTmax) of individuals (Huey and 
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Kingsolver 1989; Moreno and Moller 2011; Buckley and Huey 2016b). In other words, when 
species encounter an extreme temperature, there is hard selection on thermal tolerance 
which causes only the tolerant individuals to survive. After selection due to the first 
exposure, subsequent exposures to the same temperature should not cause any further 
mortality or selection, as sensitive individuals are no longer present in the population. We 
checked for evidence of strong selection during the first exposure to the heat wave 
treatments by analysing the mean value of CTmax per run for the individual species, as well 
as the Community Weighted Mean thermal tolerance before and after the first heat wave 
(Fig 5.3). For I. riparia, this comparison was continued for the subsequent exposures of 45°C 
heat waves in our simulations, which showed that after the first initial exposure to extreme 
temperatures, no additional selection on CTmax took place (Fig. 5.5).  
 
Other aspects of heat waves besides intensity and frequency 
The fact that heat wave intensity was of major importance for species performance in our 
IBMs may also depend on the kind of temperature treatments we imposed (Bailey and van 
de Pol 2016). For example, all heat waves in our model runs lasted five days and we didn’t 
include the effect of prolonged exposures. We also exposed the species to subsequent heat 
waves of the same high temperatures, whereas a gradual increase in the maximum 
temperatures experienced during the subsequent heat waves may allow for selection of 
individuals with gradually higher thermal tolerance levels (Buckley and Huey 2016b; 
Diamond 2017; Grant et al. 2017; Hughes et al. 2019). Another factor of influence is the 
recovery time between the heat waves. We have simulated heat waves sequentially with 
only a few days between the different exposures. The outcome of the simulations may well 
be different if longer recovery times were allowed (e.g. a heat wave in period 1 and 4, 
interspersed by 24 days). For example, Ma et al. (2018a) showed that an increase in 
recovery time between heat waves increases survival, adult longevity and fecundity 
compared to short recovery times in the aphid Sitobion avenae. Also, the timing of extreme 
climatic events in the year can have strong contrasting effects, based on the species 
community currently present and their previously experienced climatic conditions (Smale 
et al. 2015; Lemoine et al. 2018). Given that the first encounter with an extreme 
temperature causes the most severe selection, it is unlikely that such other aspects would 
be more important than heat wave intensity in explaining species performance under 
stress, but including them might yield unexpected results.  
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Indirect effects of species interactions and outlook to the future  
One important aspect of the use of IBMs is that they include, and even strongly rely on, 
interactions between individuals of different species. Heat wave effects on one of the 
simulated species can have profound consequences for other species through either direct 
or indirect changes in interaction strength between predators and prey (Barton et al. 2009; 
Rall et al. 2010; Seifert et al. 2014). While we have focussed in this study on the effects of 
heat waves on performance of the individual species, and to a lesser extent on the effect 
on species interaction, this is a valuable avenue for future research. Specifically, since we 
now have the option to bring together trait-based approaches and individual-based models 
(also see Scherer et al., 2016). This allows for the investigation of a wide range of questions 
regarding the effects of altered abiotic conditions on species, species interactions, 
community composition and ultimately even ecosystem functioning (Grimm et al. 2017). It 
is also possible to include manipulations of multiple simultaneous stressors in the IBMs, as 
well as including more aspects of extreme climatic events, i.e. duration, gradual increase in 
intensity, increased recovery time and timing of heat waves. Combining these different 
stressors and aspects is an important step forward to understand how effects of multiple 
climatic stress factors can affect natural ecosystems (e.g. Rosenblatt and Schmitz, 2014; 
Smith, 2011a). In this regard, IBMs are especially useful to test hypotheses that are 
unfeasible or impossible to perform in empirical studies because of the number of species 
involved, the laboratory facilities required or the number of replications needed. Moreover, 
the level of detail obtained from the IBMs often exceeds that of empirical studies, e.g. daily 
information on all simulated individuals, their traits and their interactions (Grimm et al. 
1999). However, it is important to realize that the output of the IBM depends on a variety 
of parameters and initial input values for the different species, and therefore caution must 
be taken to directly translate model findings to field situations (Grimm 1999). Rather than 
predict natural situations, IBMs can be a very useful tool to test and finetune specific 
hypotheses which may then be validated using laboratory and field experiments.  
 
Conclusion 
In the present study, we have gained some valuable insights in the fact that heat wave 
intensity is most likely a more important aspect of heat waves compared to heat wave 
frequency, and that only at temperatures close to species thresholds other factors such as 
frequency of exposure or duration may start to play an important role. This allows us to 
come up with specific hypotheses and experimental conditions, i.e. the use of temperatures 
near the tolerance thresholds of species, to use in future empirical tests.  
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Appendix 5.1: Survival results of Linyphiidae 
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Appendix 5.2: Survival results of Pardosa purbeckensis 
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Abstract 
With rapid climate change affecting life on Earth, there is an urgent need to study the effects 
of altered environmental conditions on species, communities and ecosystems. To 
understand responses of ecosystems it will be necessary to perform studies that include 
biological complexity rather than focussing on single species, to study multi-stressor effects 
and extreme climatic events, and to prolong studies to include legacy effects and ecosystem 
resilience. These factors are currently underrepresented in research efforts, partly because 
of the logistic difficulty to efficiently set up and carry out such experiments. To facilitate 
realistic climate change experiments, we present a novel experimental setup named 
CLIMECS: CLImatic Manipulation of ECosystem Samples. Using this setup, both temperature 
and precipitation regimes can easily be manipulated in individual ecosystem samples taken 
from the field, i.e. soil cores including microorganisms, plants and invertebrates. This 
creates a unique opportunity to study ecosystems under controlled conditions, while the 
size of the individual ecosystem units allows sufficient replication for rigorously statistical 
tests of effects. The innovative way by which temperature is regulated allows programming 
of ecologically realistic temperature fluctuations with high resolution and precision. 
Environmental data from each unit is automatically logged and plotted to facilitate 
monitoring, thereby minimizing researcher interference during the experimental period, 
which allows the experiments to run longer. In this paper we describe the technical details 
of the CLIMECS system as a whole and for the individual ecosystem units, as well as its 
functions. Specifically, we provide data on (i) the possible temperature ranges, the 
maximum rate of change of temperature, and how these are affected by ambient 
temperatures and soil humidity; (ii) the precision of the precipitation settings, (iii) the 
lighting conditions and (iv) the monitoring possibilities. This new experimental setup 
provides a powerful tool to address pressing ecological questions that were previously too 
labour intensive, too expensive or too difficult to test experimentally. Ultimately, it can be 
used to create different climatic scenarios by simultaneously combining multiple abiotic 
stressors to thereby creating novel opportunities to test hypotheses on the effects of 
climate change for a variety of ecosystems.  

 
Introduction 
A key question in ecological research is how abiotic changes affect species distributions, 
abundances, community composition and important ecosystem processes (Sutherland et 
al., 2013). Early research efforts in climate change research focused on the effect of an 
average increase of temperature on focal species, studying range shifts and phenological 
mismatches (Parmesan, 2006). More recently, the focus has shifted to effects of multiple 
climatic stressors (e.g. Hovenden et al., 2006; Mikkelsen et al., 2008; Dreesen, De Boeck, 
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Janssens, & Nijs, 2012; Ni et al., 2017) and extreme climatic events such as heat waves, 
drought spells, and inundations on communities and ecosystems (Parmesan, Root, & Willig, 
2000; van Peer, Nijs, Reheul, & de Cauwer, 2004; Jentsch, Kreyling, & Beierkuhnlein, 2007; 
Smith, 2011a). Adopting whole-ecosystem multi-stressor approaches might allow us to 
achieve more realistic predictions of responses of species, communities and ecosystem 
functioning to climate change (Smith, 2011a; Rosenblatt & Schmitz, 2016). However, these 
types of experiments are often hard to perform and face several trade-offs between 
maintaining ecologically realistic conditions and controlling the (abiotic) conditions (De 
Boeck et al., 2015).  
 
To investigate effects of climate change and other stressors on natural soil ecosystems, 
including the complete range of taxa from microbes to plants and invertebrates, there are 
essentially two experimental approaches. Either the manipulations are performed in the 
field, directly manipulating the natural system with all ecological players included, or the 
most important species can be collected and transported to climate chambers where the 
environmental conditions can be mimicked and controlled. There are ample examples of 
the former, performing field manipulation experiments (e.g. reviews of Blankinship, Niklaus 
& Hungate, 2011; Romero-Olivares, Allison & Treseder, 2017). These types of experiments 
are the most realistic from an ecological perspective, but often have a large amount of 
innate variation and lack of control of environmental conditions, which make it more 
difficult to obtain unequivocal results unless a large number of replicates is used. Also, it is 
often difficult and costly to establish the experimental setup on-site, and the ecosystem 
may be disrupted by the equipment used for the manipulation, such as soil disturbance by 
heating cables (McHale & Mitchell, 1996). The second approach, using laboratory studies, 
allows for effective control over the abiotic conditions. However, by rebuilding ecosystems 
in an artificial environment, they tend to be oversimplified as important species, key 
interactions and multiple drivers might be -unwillingly- excluded from the sample 
(Parmesan et al., 2013).  
 
To find some middle ground between controllable amounts of variation, while preserving a 
reasonable degree of ecological realism, ecologists have been using ‘enclosed model 
ecosystems’ (Kampichler, Bruckner & Kandeler, 2001). These include both micro- and 
mesocosms which use originated in aquatic ecology (Odum 1984, Crossland & La Point, 
1992), and were later introduced to soil ecosystems (e.g Moore, de Ruiter, Hunt, Coleman 
& Freckman, 1996; Verhoef, 1996; Boyle & Fairchild, 1997). A commonly used type of 
enclosed model ecosystem in ecological and especially ecotoxicological studies are 
Terrestrial Model Ecosystems (TMEs) (e.g. Morgan & Knacker 1994; Knacker et al. 2004 and 

6 



128 
 

other papers in the same special issue). These contain large, intact soil cores extracted from 
the field (sensu Bradford & Reynolds, 2006), including the natural communities of 
microorganisms, plants and invertebrates and unaltered physiochemical properties of the 
soil. They can be exposed to all kinds of treatments under controlled laboratory conditions. 
We used TMEs as a source of inspiration and adjusted this model ecosystem to be able to 
extend its use to include manipulations of climatic stressors with different levels of intensity 
which allows for monitoring of community responses and subsequent effects on ecosystem 
processes.  
 
In this study, we present our novel experimental facility, named CLIMECS. It consists of a 
forty completely climate-controlled model ecosystems, for which we use the term 
Terrestrial Ecosystem Sample (TES). In each individual TES, several abiotic variables can be 
programmed simultaneously, including the frequency, amplitude and duration of 
temperature fluctuations and precipitation events, which allows for testing of realistic 
settings of multi-stressor effects. The ranges over which the variables can be manipulated 
are large, thereby making it possible to apply extreme climatic events. The size of the 
individual TES units allows for sufficient replication (see Fig. 6.1 for a comparison with other 
experimental setups and associated trade-offs). Therefore, CLIMECS will provide  
 

Figure 6.1. The novel experimental setup presented here (CLIMECS), in comparison with other 
experimental setups of different sizes. Below the images and scaling, the trade-offs between natural 
realism and associated costs on one side, and control of variation and opportunity for replication on 
the other side are visualized. 
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ample opportunities to test climate change related hypotheses which were previously 
either impossible, or very unfeasible to address. Here, we will discuss the technical aspects 
of this experimental facility, and provide some examples of key hypotheses that could be 
addressed. 
 
Material and Methods 
In order to accurately describe all the aspects of this new experimental facility, we first 
describe the components of the individual TES units. We then continue on how the TES units 
are arranged in the facility, and how they are controlled by the central computer. We tested 
how the constant temperature of the climate room affected the temperatures that could 
be reached in the TES, and whether this differed depending on the used soil type and soil 
water content. Finally, we describe how intact soil cores can be sampled from the field.  
 
Terrestrial Ecosystem Sample (TES) 
Each individual TES can roughly be separated into two compartments: (i) the lower 
biological compartment holding the intact soil core and (ii) the upper technical 
compartment where all electronics and mechanics are placed that are necessary for our 
climatic manipulations (Fig. 6.2). The biological compartment consists of a high-density 
polyethylene tube containing the soil core (16.6 cm inner diameter, 12 cm high), which is 
sampled from the field (see field sampling). This is placed on a high-density polyethylene 
tray and the connection between the soil compartment and the tray is closed off by an O-
ring to make the TES watertight. The tray is separated from the table surface by three metal 
spacers, which allows for enough space below the TES for a drainage tube in the centre of 
the dish, to attach a lysimeter to collect leachate from the unit. On top of the part holding 
the soil core, a transparent Plexiglas cylinder (50 cm high) is positioned, which is kept in 
place by an aluminium ring that connects it to the soil compartment. At about one fifth and 
at four fifth of the cylinder, four slots allow for air circulation. To prevent animals to escape 
from the TES, these slots and the drainage system are covered with a 43 µm mesh, kept in 
place by tape which leaves no glue leftovers (Pro-Power PPC223). Further details on the 
dimensions of TES components are given in appendix 6.1. 
 
The technical compartment, which includes the heating and watering mechanisms, is 
positioned at the top of the plexiglass cylinder. The key element of the technical 
compartment is an anodized aluminium ‘crown’, placed directly on top of the plexiglass 
cylinder. In the centre, a halogen lamp (75W, 30°, OSRAM 64830 FL) is placed in an 
aluminium socket, while the bottom of the crown has a circular slot in which the LED lights 
are placed in five groups, containing four LED lights each. The electric circuits that connect 
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the LED lights are connected to the crown with a thermally conductive pad (3MTM Thermally 
Conductive Acrylic Interface Pad 5590H) to allow the produced heat to be conducted to the 
metal crown itself. The LEDs are placed under lenses (LEDIL Cute-4-MX6-M) to evenly 
distribute the light, and are embedded in a ~1-2 mm deep layer of polyurethane casting 
resin (Peters ELPECAST® VT3402-KK-NV) to protect it from high levels of humidity within the 
TES. The top part of the crown exists of vertical cooling ribs, to passively get rid of the heat 
produced by the lights. This crown is further protruded with five evenly spaced channels 
that allow passage of the precipitation system, which is placed on top of the crown (see 
watering section for further details).  
 
 
 
 

Figure 6.2. A schematic illustration (A) and photograph (B) of the individual TES units. In the figure, the 
biological compartment and technical compartment are illustrated, and the major components of both 
compartments are named. The soil core is 16.6 cm in diameter and is 12 cm high, the plexiglass cylinder 
is 50 cm high, further details on sizes is given in appendix 6.1. 
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This complete TES unit is placed on a bottom plate, to which a metal stand with spacers and 
a Velcro strap (Thomas & Betts FOL500-50-0) is placed to stabilize it. A plastic box containing 
the controller unit for that specific TES (see Controller section) is placed on a metal plate on 
the back side of the stand.  From the bottom of this box, all the electronic cables are 
connected to the TES. Moreover, this box is connected to the central computer system, 
which allows for individual programming of the specific TES (see Central computer).  
 
Light and Heating 
The TES unit is heated by a halogen lamp. The combination of the angle (30°) of the light 
beam and the distance to the soil provides a full cover of the soil surface with light, without 
loss of energy to the area surrounding the mesocosm. By using a halogen lamp, the soil is 
heated by radiation from above, which is the most commonly observed natural way of 
heating. Other methods would include heating the soil directly from the bottom, which can 
only be considered natural when mimicking geothermal vents (Holmstrup et al., 2018); or 
placing heating cables in the soil (e.g. Bokhorst et al., 2012), which tends to alter the soil 
chemical and physical structure which is essential for soil arthropods (McHale & Mitchell, 
1996). Due to the nature of the anticipated heating experiments, software is implemented 
to prevent damage to the lamps due to frequent on- and off- switching of the heating lamp. 
 
When a TES unit does not require heating, it is essential that other light sources still light 
the soil core to make sure day-night rhythms are not unintentionally affected by the heating 
treatments. To achieve this, LEDs are turned on when the halogen lamp is turned off. Based 
on spectral measurements (OCEAN OPTICS, USB4000), we selected a combination of twenty 
LEDs, to mimic the light spectrum of the halogen lamp. The used combination of LEDs gives 
a peak in the blue spectrum (465 nm), and to further align the spectra of heating versus 
non-heating conditions, blue LEDs are also used in combination with the halogen lamp, 
resulting in the light combinations described in table 6.1, and the spectra visualized in Fig. 
6.3.  
 
Table 6.1. Overview of the different light sources used under both heating and non-heating conditions. 

Light source Heating ON Heating OFF Wavelength 
1x Halogen (60 W) X  Broad range 
5x Blue LED X X 465 nm 
10x White LED  X Broad range 
3x Photo Red LED  X 670 nm 
2x Far-Red LED  X 720-740 nm 
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Daily temperature fluctuations can be programmed very precisely with a resolution of one 
minute. These temperature switches are triggered by a feedback mechanism in the soil 
compartment of each individual TES. A set of four temperature sensors (DS28EA00U, Maxim 
Integrated, 1/16°C resolution and 0.5°C accuracy) monitor the temperature in the soil. 
These four sensors are mounted on a plastic strip with a sharp tip, at exactly 0.5 cm above 
and 0.5, 4.0 and 10.0 cm below the soil surface. The sensors and electrical circuits are 
protected from soil, chemicals and humidity by using a heat shrink with glue, which seals 
the entire sensor strip while maintaining its responsiveness to temperature changes. The 
switch between the light sources can be set to respond to the recorded temperatures at 
any of the four soil depths. Moreover, the recorded temperatures are continuously saved 
to a database with a web interface to automatically generate graphs which can be accessed 
from a PC or smartphone, which greatly facilitates the monitoring of experiments without 
disturbing them. 
 

 
Figure 6.3. Spectral analysis of the lights used in the TES units, measured at the soil surface, ~48 cm 
below the light sources. (A) visualizes the spectrum when heating lamp of the TES unit is turned on (i.e. 
halogen lamp with extra blue LED), while (B) gives the light spectrum when heating lamp is turned off 
(LED lighting only). Please note the area under the curve in the infrared range (>750 nm) when the 
halogen lamp was turned on, and its absence during LED lighting.  
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Watering 
The central precipitation device connects the water basins of the individual TES units to a 
50 L reservoir in which specific types of water can be stored (e.g. demineralized water or 
artificial rainwater with or without additional chemicals). Water is pumped through a 
circulation system attached to each TES unit by a membrane pump (KNF LIQUIPORT 1.300). 
For each individuals TES unit, the amount of water added to the water basin (maximum 
~700 mL) is determined by timing the opening duration of a pressurized water orifice (SMC® 
VDW22PAA). The water basin itself is circular so it does not obstruct heated air from going 
up and thus the water to warm up.  As soon as the water is entering the basin, it starts to 
passively drip through the five evenly spaced channels that protrude the metal crown. To 
facilitate the flow through capillary force, shoestrings are placed inside these channels, 
which protrude ~2 cm from the bottom.  
 
Central computer and TES Controller 
All individual TES units are connected to a central computer with a touchscreen (Raspberry 
Pi 3 Model B, running operating system Raspbian Jessie). The user can program ‘events’ to 
tell each individual TES, or a group of TES units, at what time the lights should go on or off, 
what temperature is the set point and when and what volume of water should precipitate 
into the units. The computer is accessible from the intranet with a web browser to set up 
the experiment, and through a touchscreen on the outside of the climate chamber to be 
able to check the status and settings of the experiments. 
 
All programmed conditions must be transferred to the individual TES units. In order to do 
so, each TES has its own controller unit (Microchip ARM® Cortex®-M0+ 32bit 
microcontroller, each TES unit is identified by an ID configurable via DIP-Switches). The 
programmed temperature set points and precipitation times and volumes are send to this 
controller, which is linked by connectors to the technical compartment of the TES unit. 
Moreover, the temperature sensors in the soil provide their temperature feedback via the 
One-Wire interface to the controller which triggers the light switch for temperature 
adjustment. Additionally, several safety mechanisms are built in to shut down the system 
in case of a short circuit or extraordinary heat production.  
 
General conditions and field sampling 
All forty TES units of CLIMECS are placed in a large climate room to control and monitor the 
ambient abiotic conditions and settings. They are placed on four mobile tables, each 
containing 10 units. The tables can be individually powered off, which facilitates the 
initiation or (partial) harvest of experiments without interfering with the other tables. 

6 



134 
 

 
CLIMECS is particularly useful to perform ‘whole-ecosystem’ exposure of intact soil cores as 
these hold the greatest natural relevance, although it could also be used to expose 
artificially constructed mesocosms to climatic scenarios. These intact soil cores are carefully 
collected in the field by placing polyethylene rings in a metal corer, see Knacker et al. (2004) 
for details, which is closed at the top by a heavy metal cap and the bottom part is sharpened 
to facilitate penetration of the corer in the soil. The corer is ideally pressed into the soil with 
a straight downward movement, so the physiochemical properties and soil structure, 
including soil pores and their connectivity is not disturbed. The easiest way to achieve this 
is by utilizing a hydraulic excavator to press the corer into the soil.  
 
Temperature range tests 
We tested the temperature range that can be used in experiments, and to what extent the 
maximally achieved temperature depended on other conditions, i.e. ambient temperature, 
soil moisture content and soil type. To tests these ranges, we programmed the TES units to 
four hours of maximum heating, which was preceded and followed by four hours of non-
heating. We performed these tests with three soil types: very fine silver sand (Eurogrid S60, 
Sibelco, The Netherlands; Water Holding Capacity (WHC): 27.3 ± 0.15 %; light colour), coarse 
sand (0.8-1.4mm, MultiQuartz, The Netherlands; WHC 20.3 ± 0.15 %; intermediate colour) 
and a soil commonly used in ecotoxicological tests: LUFA 2.2 (Speyer, Germany; WHC: 46.0 
± 0.45 %; dark colour). To ensure maximum heating, the temperature to achieve was set at 
70.0 °C, which is beyond the reach of the setup. We tested: i) the maximum temperature of 
the sensor located slightly beneath the soil surface at -0.5 cm, and ii) how fast the heat was 
transferred into the soil (i.e. the slope of temperature increase measured for all four sensors 
in the soil profile, during the first hour of heating). These variables were tested for different 
ambient, and thus starting, climate room temperatures set at 10, 15, 20, 25 and 30 °C and 
with different soil moisture levels, i.e. 0, 25, 50, 75 and 100% of the Water Holding Capacity. 
To maintain the moisture levels between runs with different ambient temperatures, the 
whole biological compartment was weighted and topped up with additional water between 
8 and 10 hours before the next test. The ambient temperature was also set during this 
interval, to make sure the soil was already adjusted to the new ambient test setting. For 
statistical analysis of the temperature data we used multiple linear regressions in the R 
software (R Core Team, 2016), run in the RStudio interface (RStudio Team, 2015). All model 
assumptions were visually checked. 
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Watering consistency tests 
Both the frequency and amount of precipitation is separately programmable for every TES 
unit. We checked the consistency of these factors between the individual watering units by 
adding 100mL tap water to the units. We measured the amount of water that passed, and 
how long it took for the watering units to drain. We timed the drainage rate from the 
moment of water addition until the dripping frequency was reduced to 15 seconds between 
subsequent drops. The water was collected in a bucket and weighted to the nearest 100 µL.  
 
Results 
In this results section we verify the ranges and accuracy of the programmed environmental 
variables of our novel experimental system. We will specifically visualize the light spectra 
with and without heating, show the temperature ranges reached in three soil types with 
different ambient climate room temperatures and soil moisture levels, and validate the 
consistency of the amount of water precipitating into the individual TES units. 
 
Light spectrum 
In order to compare the light spectra with and without heating (i.e. by halogen lamp or LEDs, 
respectively), the spectra were measured at the soil surface, ~48 cm below the light sources 
(Fig. 6.3). We observed a good match between the spectra with and without heating up to 
620 nm. At larger wavelengths the red LEDs gave an additional peak at 670 nm, and the far-
red LEDs at 720-740 nm, but overall there was a reduction in light intensity in this part of 
the spectrum under non-heated conditions. Particularly in the infrared spectrum, light 
intensity of the LEDs dropped to near zero, while there was a large amount of infrared light 
being emitted by the halogen lamps. This difference is the major source of heating 
difference between the two light configurations.  
 
Temperature 
The most important feature of our novel facility is the way by which the TES units are 
heated. We tested the temperatures that could be reached by the TES units under different 
ambient temperatures and soil moisture contents, and whether this depended on soil type. 
We found that the maximum soil temperature at 0.5 cm below the soil surface was 
dependent on all three factors (F7,61 = 353.6, P < 0.001), and nearly all variation was 
explained by these factors (R2

adj = 0.97). The highest temperature observed in any of the 
treatment combinations was 55.1 °C, which was reached at the highest ambient 
temperature of 30 °C in the completely dry and dark LUFA 2.2 soil (Fig. 6.4a).  
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Figure 6.4. Temperature measurements at (A-C) 0.5 cm below the soil surface and (D) at all four depths, 
of three different soil types (fine sand - green, coarse sand - red and the organic soil LUFA 2.2 - blue), 
different ambient (climate room) temperatures and soil moisture contents (expressed as % water 
holding capacity). (A) Maximum temperatures reached (B) Increase in temperature compared to the 
ambient temperature. (C) Maximum temperature expressed as a function of WHC %. (D) Rate of 
temperature change (°C hr-1) in the first hour of heating. In A-B, symbols indicate the different water 
holding capacities and in C different ambient temperatures: circles 0%/10 °C, triangles 25%/15°C, 
squares 50%/20°C, plusses 75%/25°C and squared cross 100%/30°C. In D, whiskers of the boxplots 
cover the full range of observations.  
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Interestingly, the maximum temperature reached was dependent on the soil type (F2,61 = 
78.2, P < 0.01), with the coarse sand being on average 3.0 °C cooler than the LUFA 2.2. soil 
(t = 7.4, P < 0.01), and the fine sand was even 2.1 °C cooler than the coarse sand (t = -5.7, P 
< 0.01). When altering the ambient temperature in the climate room, we observed that 
maximum temperature was highly dependent on the ambient room temperature (F1,61 = 
1666, P < 0.01), with the maximum soil temperature increasing with 0.9 °C for every degree 
increase in ambient temperature. Interestingly, with a soil moisture content of 0% WHC, 
this ratio was closer to 1 (Fig. 6.4b). From the 25% WHC treatment and above, inhibiting 
effects of soil moisture on maximum temperature were observed (Fig. 6.4c). The maximum 
temperature reached with 25% WHC was on average 8.5 °C lower than the 0% WHC 
treatments (t = -18.1, P < 0.01), while the differences level off at higher WHC percentages 
(all between 9.3 and 9.6 °C difference with 0% WHC). Note the absence of temperature data 
for the LUFA 2.2 soil under 100% WHC conditions. Due to alterations of the soil structure by 
mixing soil with water, the 75% WHC level already had standing water on the soil, and is 
therefore chosen as soil moisture endpoint.  
 
Another important factor to test was the efficiency of heat transport to lower soil layers, 
indicated by heating rate during the first hour of heating (Fig. 6.4d). We observed that there 
were very clear differences in heating rate depending on soil depth (F3,265 = 522, P < 0.01), 
with lower heating rates in deeper soil layers. Also, WHC and soil type significantly 
influenced the rate of heating (F4,265 = 40.0, P < 0.01 and F2,265 = 24.6, P < 0.01, respectively), 
while the ambient temperature had no effect (F1,265 = 2.8, P < 0.01).  
 
Precipitation 
We tested the variation in precipitation volume and duration of the individual watering 
units. The amount of water that flowed through the different water basins when keeping 
initial volumes equal, at 100 mL, was highly consistent (range between 92.43 to 96.02 % of 
applied volume; average 94.38 ± 0.92 %, Fig. 6.5A). The variation in discharge volume 
between the water basins was normally distributed (Shapiro-Wilk: W = 0.98, P = 0.64), and 
did not show any significant outliers at 1.5 times the inter quartile range (IQR). A normal 
distribution was also observed when analysing the time it took for the water volume to flow 
through the basins (Shapiro-Wilk: W = 0.96, P = 0.22), again without any outliers at the 1.5x 
IQR, despite a substantial range (from 330 to 677 seconds; 495 ± 85 sec; Fig. 6.5B). 
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Figure 6.5. Frequency distributions of both the variation in water flow through percentage 
(A) and duration (B) of the water basins of the individual TES units. Both variables follow a 
normal distribution, and no deviating water basins were observed as they all fell within the 
1.5x interquartile range.   
 
Discussion 
There is a growing interest in performing more realistic, whole-ecosystem climate change 
experiments, in which multiple stressors are combined and effects on communities and 
ecosystems can be assessed (Smith, 2011a; Rosenblatt & Schmitz, 2016). However, 
experimental setups that allow for a realistic combination of these climatic factors, 
especially when considering extreme climatic events, are limited (De Boeck et al., 2015; 
Kayler et al., 2015). Here, we describe a novel experimental facility named CLIMECS 
(CLImatic Manipulation of ECosystem Samples), which is tailored to be able to mimic 
representative climate change scenarios. The innovative temperature regulation system 
allows us to program ecologically realistic temperature fluctuations with high resolution and 
precision. Precipitation frequencies and volumes can also be programmed accurately, 
making it easy to perform multi-stressor climatic scenarios in each individual Terrestrial 
Ecosystem Samples (TES) unit. This new facility is highly suitable for exposing intact soil 
cores including microbes, plants and invertebrates, but is not limited to a specific type of 
ecosystem. Thereby, this setup allows for a unique and realistic manipulation of ecosystem 
samples to a wide range of climatic scenarios.  
 
Several aspects of our experimental setup are essential to enable the realistic manipulation 
of the abiotic environment, such as reliable heating and precipitation. As we use radiative 
heating, it is essential that lighting conditions (i.e. both spectrum and intensity) are similar 
when heating is either turned on or off. We have shown that the spectrum emitted by the 



139 
 

lights was largely comparable with (halogen lamp) and without (LEDs) heating (Fig. 6.3). 
Only at wavelengths longer than 620 nm differences between the spectra became apparent 
due the fact that the difference in the infrared spectrum (from 750 nm onward) is necessary 
to obtain the heating effect. However, we argue that this spectral difference is of limited 
biological importance, as infrared light is beyond the visual perception range of most 
arthropods, which do tend to have visual perception in the ultraviolet range (Briscoe & 
Chittka, 2001; Osorio & Vorobyev, 2008). In terms of photoreceptor systems of plants, we 
do not expect large differences in efficiency between the two light regimes. In particular, 
the photoreceptor complexes tend to operate in ranges which are equally well-covered in 
both lighting regimes, as there is almost no absorption of light by photosystems after 700 
nm. Of particular interest is chlorophyll-a, as it has a light absorption peak at ~660 nm, and 
this part of the spectrum was provided by the red LEDs (which emits at 670 nm) and the far-
red LEDs (which provide the 720-740nm range), making sure also chlorophyll-a can function 
when the heating lamp is turned off.  
 
The temperature tests validated that the CLIMECS setup can be used over a large range of 
experimental temperatures, including the possibility to test the effects of extreme climatic 
events. The maximum temperature reached in soil was 55.1°C, when dry and dark soil with 
an ambient temperature of 30°C was used. Although this maximum temperature decreased 
with other soil types, lower ambient temperature and higher soil moisture levels, the lowest 
observed temperature increase above ambient temperature was still 8.1°C with light 
coloured fine sand of 100% WHC. We found that the maximum soil temperature depended 
largely on the ambient temperature of the climate room, but that the increase in 
temperature compared to the ambient temperature was highly constant. The effect of soil 
moisture shows a clear pattern of a strong reduction in the maximum temperature even at 
low water content (i.e. comparing 0% with 25% WHC). With higher soil moisture levels, the 
inhibiting effects of the soil water content on maximum temperature levels off. It is likely 
that the observed inhibition of both maximum temperature and rate of temperature 
increase is due to evapotranspiration of water from the soil when heating starts, which is 
not possible at 0% WHC. Heating rate was highly dependent on depth in the soil, which 
mimics the temperature profile observed in natural soils in the field.   
 
There have been several studies discussing the usefulness of enclosed experimental 
ecosystem studies to extrapolate findings of climate manipulations to actual natural 
ecosystems, as the enclosed units are typically characterized by relatively small sizes, are of 
simplified biological and physical complexity and exposed for short durations to climatic 
variables (Carpenter, 1996; Schindler, 1998; Petersen & Englund, 2005). However, the fact 
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that experimental studies might not always translate accurately to natural systems is not an 
artefact of only enclosed experimental units. For example, even when focussing on field 
experiments, Wolkovich et al. (2012) found a strong discrepancy between predictions of 
phenological shifts based on warming experiments versus long-term observations, 
illustrating low correspondence between the results from controlled experiments and the 
predicted effects on real-world ecosystems. Frequently encountered reasons for such 
discrepancies include the lack of multiple driving factors and their interactions; the size of 
experimental setup and the lack of important species or species interactions (Petersen & 
Englund, 2005; Parmesan et al., 2013). CLIMECS alleviates most of these concerns, as we 
are able to create realistic climatic settings with multiple factors, either by predefined 
treatments, or by applying previously collected field data. When focussing on soil 
microbiota and invertebrates, the use of intact soil cores ameliorates the risk of missing key 
species, and also provides a habitat of suitable dimensions. Additionally, the opportunity to 
accurately replicate treatments in sufficient numbers for sound statistical testing is a 
tremendous benefit. Whether these combined factors do indeed correspond better to the 
response of real-world systems to abiotic changes remains to be tested. 
 
Besides the possibilities this facility offers to investigate complex ecological relationships 
between climate change and community composition, CLIMECS can also be valuable to 
investigate evolutionary questions due to the fact that experiments can be kept running for 
a long time while being monitored from a computer. As highlighted by Schmitz (2013), such 
long-term experiments are seldom performed as most research focuses on short-term 
changes, and neglect long-term dynamics, including effects of phenotypic plasticity or 
evolutionary change (Grant et al., 2017; Kingsolver & Buckley, 2017). With the CLIMECS 
setup as presented here, it becomes much easier to perform long-lasting experiments to 
include, for example, legacy effects on population dynamics and community composition 
after exposure to extreme events, as well as interactions between ecological and 
evolutionary drivers of underlying processes.  
 
In conclusion, the CLIMECS experimental setup provides research on climate change with a 
plethora of opportunities to manipulate the climatic conditions of intact ecosystem 
samples. Some of the questions that could be addressed in this system include mechanistic 
questions (e.g. is heat wave intensity or frequency more severely impacting community 
stability?), multi-stressor questions (e.g. do combinations of abiotic stressors have additive 
or interactive effects on ecosystem functioning?) and evolutionary questions (e.g. do 
populations show phenotypic plasticity when exposed to averse abiotic conditions?). Of 
course, possibilities for combinations with other manipulations are manifold (e.g. 
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ecotoxicity tests in combination with climate change; addition of salinity to mimic effects of 
salinization on ecosystems; alterations of soil structure to test the importance of micro-
habitats as refugia; etc.). It is up to the scientific imagination of the researcher to decide for 
which questions CLIMECS will be used, we have merely provided the tools to address these 
questions.         
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Appendix 6.1: Technical details of a Terrestrial Ecosystem Sample (TES) 

 

Figure A6.1. A schematic illustration of the individual TES units. In the figure, the biological 
compartment and technical compartment are illustrated, and the major components of both 
compartments are named. On the right-hand side all information on the unit sizes is given. 
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Chapter 7 
 

Synthesis 
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In this thesis, I focused on an important effect of a rapidly changing climate: The increase in 
frequency and intensity of extreme climatic events, in particular heat waves. The increase 
in extreme climatic events is one of the most pronounced and ecologically important effects 
of climate change, as events can occur without prior warning and are more likely to surpass 
physiological thresholds of organisms (Jentsch et al. 2007; Smith 2011b; Sergio et al. 2018). 
Therefore, these events can lead to altered species performance, species interactions, 
community composition and ecosystem functioning as a whole (Parmesan et al. 2000; 
Gutschick and BassiriRad 2003; Thibault and Brown 2008; Thompson et al. 2013; Fig. 1.1). 
Understanding, and possibly predicting, how ecological communities will be affected by 
extreme events is amongst the most pressing questions in ecological research (Sutherland 
et al. 2013). The main difficulty in generalizing the effects of extreme events is due to the 
fact that ecological communities are tremendously diverse in terms of species diversity. 
These different species can differ in their tolerance to extreme abiotic conditions, and 
therefore responses of species are not uniform. This may affect species interactions and can 
lead to indirect effects on species which can be substantial and, in some cases, may even 
be stronger than the direct effects caused by the stressor (e.g. Barton et al. 2009; Lemoine 
2017; Rudolf and Roman 2018). Another challenge is the variation in the type of abiotic 
stressors to which species are subjected. A high tolerance to one stressor may not be linked 
to tolerance to other stressors (Hovenden et al. 2006; Mikkelsen et al. 2008; Dreesen et al. 
2012; Rosenblatt and Schmitz 2014; Ni et al. 2017), although the stressors themselves are 
often correlated (Fig. 1.2). In other words, effects of extreme events on species tend to be 
highly dependent on the ecological context in which the studies were conducted. One 
recent approach to circumvent this context dependency relies on the use to functional traits 
(McGill et al. 2006; Wong et al. 2018), e.g. characteristics which can be measured at the 
level of the individual, which link to the fitness of that individual by effects on species 
performance, i.e. survival, growth and reproduction (Violle et al. 2007). In this thesis I 
investigated if we can improve our understanding of the effects of extreme climatic events 
on communities of soil arthropods by applying the use of an ecophysiological trait in a range 
of methods including field and laboratory manipulations and a modelling approach.  
 
I first tested if we can directly compare the effects of different types of extreme climatic 
events, such as heat waves, cold spells, droughts, heavy precipitation and inundation with 
sea water, and which abiotic factor was most important in shaping the soil arthropod 
community in our field location (Chapter 2). After finding that temperature was the most 
important abiotic factor shaping the community composition, I measured the Critical 
Thermal maximum (CTmax), an ecophysiological trait related to high temperatures. This was 
done for the most abundant taxa in the field, collected from plots that were exposed to 
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experimental heat waves and control plots (chapter 3). After obtaining these CTmax values, 
I continued with a laboratory experiment using microcosms to test if the CTmax values could 
be used to predict species performance when exposed to an artificial heat wave (chapter 
4). In addition, these trait values were used in an Individual-Based Model (IBM) to 
disentangle the effect of different features (frequency versus intensity) of extreme events 
on dominant species of our natural communities (chapter 5). And finally, I improved the 
methods that are currently available to test complex multi-stressor and extreme climatic 
event scenarios while using intact soil samples (chapter 6). Here, I will synthesize the 
findings of these different chapters of this thesis, and discuss them in a broader ecological 
context. 
 
Using the Critical Thermal maximum to understand effects of heat waves. 
Throughout this thesis, the use of CTmax to understand effects of extreme temperatures on 
species and their interactions has played a major role. We focused on the effects of heat 
waves for three reasons: i) Temperature is a well know abiotic condition that drives 
important biological processes, such as metabolic rate (e.g. Brown et al. 2004), especially in 
ectotherms (Angilletta et al. 2002). ii) Temperature is directly influenced by climate change, 
but is also highly correlated to, and sometimes driving, other important abiotic stress 
factors such as decreased soil humidity via amplified effects of drought (Fig. 1.1, Chapter 
1). iii) Temperature was found to be the most important abiotic factor driving community 
composition in our field site (chapter 2). To quantify species’ sensitivity to high 
temperatures, there are several methods available which at first glance may seem similar. 
Yet, their applicability to answer specific questions can strongly differ. Typical 
measurements of thermal tolerance include exposure to either static temperature for a 
certain time (e.g. van Dooremalen et al. 2013; van Heerwaarden et al. 2016) or using 
temperature ramping essays, i.e. defining the Critical Thermal maximum (e.g. Lutterschmidt 
and Hutchison 1997; Terblanche et al. 2007; Mitchell and Hoffmann 2010; Kellermann et al. 
2012; Janion-Scheepers et al. 2018), the latter of which was used in this thesis. Depending 
on the question at hand, different methodologies can be chosen, see for example 
Terblanche et al. (2011) for a review on the ecological relevance of the different methods. 
In short, the static approach is often performed at the level of experimental populations 
and presented as percentage of, for example, survival. While this is very valuable 
information for individual species, it is more difficult to use it for interspecific comparisons 
when thermal tolerance strongly differs between species, as a static temperature may cause 
an effect in some species but not others. Moreover, by using measurements at the 
population level, it becomes hard to include intraspecific variation in tolerance, i.e. variation 
between individuals within a species. The temperature ramping approach, the use of CTmax, 
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is better able to distinguish between both these levels of variation, as the tolerance can be 
measured at the level of individuals. By using a gradual increase in temperature to assess 
thermal tolerance, individuals and species can be directly compared using the same 
methodology and experimental setup. The absolute value of obtained CTmax depends on the 
experimental conditions used, such as the acclimation temperature and the rate of 
temperature increase (Terblanche et al. 2007; Chown et al. 2009). However, this does not 
affect the intra- and interspecific comparisons as the same methodology was used 
throughout the experiments. Future efforts to standardize the measurements could even 
facilitate the direct comparison of obtained trait values from different studies (Cornelissen 
et al. 2003; Moretti et al. 2017). By measuring the CTmax of the most abundant arthropod 
taxa straight from the field, I was able to directly compare thermal tolerances of the 
different arthropod species, differing in body size, general building plan, functional group 
and trophic level (chapter 3). Moreover, these obtained CTmax values proved to be a good 
predictor of the differences in performance of these species when exposed to high 
temperatures under more realistic conditions, as shown in chapter 4.  This indicates that 
the use of ecophysiological traits to study effects of exposure to abiotic adverse 
conditions is a valuable tool to indicate species tolerance, especially when the traits 
directly link to the abiotic factor that is being investigated.  
 
Intraspecific variation of thermal tolerance 
An important observation that followed from measuring CTmax at the level of the individuals 
was that there were strong differences in tolerance between individuals within the same 
species, i.e. intraspecific variation (chapter 3). Intraspecific variation is often overshadowed 
by interspecific variation in (community) ecological research, yet may play important roles 
in explaining species coexistence and community dynamics (Bolnick et al. 2003; Violle et al. 
2012). Especially with ecophysiological tolerance traits such as CTmax, intraspecific variation 
in trait values can be important in determining which fraction of the population might be 
able to survive an extreme event. The surviving individuals with a high tolerance may be 
able to survive and reproduce, resulting in a recovery of population density. The underlying 
mechanism of the observed large intraspecific variation is not known, but several 
possibilities can be identified.  
 
One possibility is that there might be genetic variation in thermal tolerance, which was not 
tested in this thesis. The individuals were directly collected from the field, and we did not 
establish isolines or inbreeding populations to minimize genetic variation to test for its 
relative importance of the differences in CTmax. I was mainly interested in the effects of 
abiotic stressors on real ecosystems, and establishing a population with lower genetic 
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variation would be an unrealistic representation of what could happen in natural systems 
when exposed to extreme events. Instead, I used the actual variation present under field 
conditions, in order to obtain a nearly “complete estimation of within-species trait 
distribution” (sensu Violle et al. 2012).  
 
A second possible explanation is that the large intraspecific variation might be caused by 
phenotypic changes in CTmax due to differences in previously experienced environmental 
conditions in the life of the animals (DeWitt and Scheiner 2004; Chown et al. 2007; Bateson 
et al. 2014; Kellermann et al. 2017; Chevin and Hoffmann 2017). However, as all individuals 
were sampled from the same field location and in the same period of the year, these 
differences are expected to be minimal. Only differences in microclimate could have been 
able to cause differences in previously experienced climatic conditions (e.g. Stillman and 
Somero 2000; Kearney et al. 2009; Scheffers et al. 2013, 2014; Pincebourde and Casas 
2015). To test if the animals have the possibility to rapidly increase their thermal tolerance 
when exposed to extreme conditions, experiments were performed in both in the field 
(chapter 3) and in laboratory microcosm experiments (chapter 4), where the full soil core 
was heated to a specific temperature, thereby removing the strongest differences in spatial 
variation of temperature. In neither of those experiments changes in CTmax after exposure 
to high temperatures were observed. This is in line with other studies that show that 
especially thermal maxima (in comparison with thermal minima) are not very plastic in a 
large variety of arthropod species (Chown 2001; Hoffmann et al. 2013; van Heerwaarden et 
al. 2016; Gunderson et al. 2017).  
 
Finally, differences in body size -whether or not due to ontogenetic development and 
growth, e.g. Bowler and Terblanche (2008)- may have caused part of the observed 
intraspecific variation of CTmax. We have tested whether CTmax was related to body size in 
our field study, by measuring the individual body size for individuals after measuring their 
CTmax value. This showed a clear pattern for I. riparia that bigger individuals had lower CTmax 
values. On the contrary, juvenile Linyphiidae spiders had a higher CTmax when their body size 
was larger (chapter 3), for a similar body mass-tolerance relation in a butterfly see 
Klockmann et al. (2017). In our field study intraspecific variation in body size was limited, so 
I continued with a study to see if the same patterns between body size and CTmax persisted 
when considering a larger range of body sizes of species. Here, the same contrasting pattern 
was observed: smaller I. riparia had higher CTmax values, while the spider Pardosa 
purbeckensis (Lycosidae), showed higher CTmax values with a large body size, although this 
was not observed for two other spider species (Molleman 2014, BSc. Thesis). This observed 
difference in CTmax linked to body size and potentially ontogeny, can have large effects on 
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species survival and subsequently on species interactions. It is for example not unlikely that 
when a severe heat wave occurs, the larger (and reproducing) individuals of I. riparia do not 
survive, while a large proportion of the juveniles do. The intraspecific differences in 
thermal tolerance may therefore function as an ecological rescue mechanism, as the 
surviving individuals can restore the original population density.  
 
Interspecific difference in heat tolerance and potential consequences for species 
interactions 
The measurement of CTmax values for multiple species in the soil arthropod community 
showed that there is a large difference in tolerance between species, i.e. interspecific 
variation. These species interact with each other both through tropic interactions (i.e. 
predation) as well as non-trophic interactions, which were not addressed in this thesis. 
When differences in tolerance to abiotic stress are strong, the effect of extreme climatic 
events can disproportionally affect different species and thereby influence interaction types 
and strength (e.g. Rall et al. 2010). We observed that I. riparia, which is the most abundant 
prey species for the spiders in our system, is far more sensitive to high temperatures than 
the most abundant predators, spiders of the families Linyphiidae and Lycosidae (chapter 3). 
This difference in tolerance to high temperatures can lead to a trophic mismatch between 
these taxa. This difference in tolerance between the predators and prey raises the question 
whether higher trophic levels are in general more tolerant to higher temperatures, and -by 
extension- to stressors in general. Although this pattern has also been observed in other 
studies (Thakur et al. 2018), the general notion in the scientific literature is the opposite; 
higher trophic levels are often found to be more sensitive to climate change (e.g. Petchey 
et al. 1999; Voigt et al. 2003; Urban et al. 2017). The discordance between this general 
observation and my measurements is most likely driven by the type of measurement used 
to quantify the species’ tolerance to climate change and extreme events. In this thesis, 
thermal tolerance is solely defined on the measured ecophysiological limits of individuals, 
without considering indirect effects caused by behavior, interactions between species and 
legacy effects. Studies that find higher trophic levels to be more sensitive tend to look at 
effects over longer time scales, thereby including the abovementioned indirect effects of 
the exposure on species (but see Cheng et al. 2017 for direct measurements that point to 
predator sensitivity). The possible -indirect- effects of the heat wave exposures in our 
system on the long term can be hypothesized. A reduction in abundance of I. riparia, and 
specifically of the larger individuals, is likely as these are most sensitive to high 
temperatures. When exposed to extreme events, this would cause a reduction in the prey 
availability of large prey for spiders. Spiders would therefore be severely affected, not only 
as their food source is significantly reduced, but at the same time they also face larger 
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energetic requirements (Brown et al. 2004; Vucic-Pestic et al. 2011; Lemoine and Burkepile 
2012; Sokolova et al. 2012). These bottom-up effects could therefore lead to a collapse of 
the predator population, unless they can switch to another prey species, including intraguild 
predation (Samu et al. 1999; Frances and McCauley 2018). Importantly, effects of reduced 
prey availability on higher trophic levels can probably be predicted if abiotic tolerances of 
the different species involved are known. It is therefore interesting to set up experiments 
in which both the ecophysiological thresholds of species and long-term trophic effects on 
community composition are measured, to better disentangle the direct and indirect effects 
of extreme climatic events on community dynamics.  
 
Expanding our findings to other trophic levels 
In this thesis, we used soil arthropods as a model system to study the effects of extreme 
climatic events. A key insight was that changes at the base of the food web can have 
profound effects on higher trophic levels. While we studied the springtail I. riparia as the 
lowest trophic level in the green beach ecosystem, it is important to realize that this species 
also depends on other organisms, for example on microorganisms and indirectly on plants 
via their litter. While we chose to focus on arthropods, microorganisms cannot be neglected 
when we want to understand effects of extreme climatic events on the ecosystem as a 
whole. Especially since the microorganisms play an important role in the development of 
the green beach vegetation. One of the first successional stages of green beach formation 
is the presence of a microbial mat, consisting largely of algae and diatoms (Bolhuis et al. 
2013). This microbial mat is an important resource for microbivores, such as I. riparia, and 
are therefore of paramount importance to support a high abundance of springtails (i.e. no 
bottom-up limitation). Previous studies have shown that on average, microbial respiration 
is positively correlated with warming (Rustad et al. 2001), but that effects on microbial 
biomass and community composition are often limited and highly dependent on seasonal 
and inter-annual variation, as well as study site and ecosystem type (Sowerby et al. 2005; 
Balser et al. 2010; Blankinship et al. 2011; Gutknecht et al. 2012). We tested the effect of 
an experimental heat wave on the microbial community composition using quantitative PCR 
to observe if respiration rate and abundance of microorganisms (e.g. Bacteria, Fungi, 
Diatoms, Archaea and Cyanobacteria) were affected by the extreme event. As expected, the 
heat wave increased microbial respiration in the samples, but no effects of warming on 
microbial abundance could be observed (Huizinga 2015 MSc. Thesis). Therefore, we expect 
that bottom-up effects on our soil arthropod community through changes in the microbial 
community composition are limited.   
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Comparing different types of extreme events 
Extreme Climatic Events is a commonly used collective term for all kinds of different 
phenomena, such as heat waves, drought spells or inundation after heavy rains. Yet, to 
which extent species are able to cope with the stress caused by these different types of 
events depends on very different physiological traits (Moretti et al. 2017). This raises the 
question if it is possible to compare different types of extreme events directly to each other. 
In chapter 2, we tested this at the level of communities, by linking the natural occurrence 
of five different types of extreme climatic events (heat waves, drought periods, cold spells, 
heavy precipitation and inundation with sea water) to shifts in community composition. We 
calculated dissimilarity in species composition between subsequent sampling dates using 
the Hellinger distance (i.e. the Euclidean distance on Hellinger-transformed species data). 
This distance was used to test the hypothesis that community composition dissimilarity 
between subsequent sampling dates would be larger when extreme events took place in 
that period, because extreme events would have a strong effect on species, and thus on 
community composition (e.g. Walther 2010; Jiguet et al. 2011; Ma et al. 2015). Comparing 
the effects of different extreme climatic events this way, has -to the best of our knowledge- 
not been attempted before.  
 
By applying this methodology, we were indeed able to directly compare the different types 
of extreme events. However, we were unable to observe the expected stronger shifts in 
community composition when extreme events occurred compared to periods without 
extreme climatic events. In other words, the extreme climatic events did not alter 
community composition enough to be able to distinguish between the effects of the event 
and the natural fluctuations in soil arthropod community composition. Although 
theoretically it would be possible that extreme events do not have a significant effect on 
community composition, this is unlikely when looking at both previous studies covering a 
wide range of taxa and ecosystems (Jiguet et al. 2011; Jiménez et al. 2011; Wernberg et al. 
2013; Seifert et al. 2015; Ma et al. 2015) and the differences in measured CTmax values of 
the species in this specific community (chapter 3). When exposed to high temperatures this 
large difference in thermal tolerance would lead to altered performance (i.e. survival, 
growth -chapter 4- and reproduction), and thus lead to altered community composition. 
Rather, there are several possible reasons why we did not observe stronger shifts in 
community composition in periods with extreme events: i) The time period of more than 
two years was not long enough to observe enough extreme events to elucidate patterns 
from the data as there is a substantial amount of variation in community data. ii) The 
extreme events as defined by us may not be very extreme when compared to abiotic 
conditions on longer time scales. The used thresholds were defined on the abiotic 
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conditions during the sampling period, but if longer time scales are considered, it is possible 
that higher thresholds are selected, and that events surpassing those events have a stronger 
effect on community composition.  iii) If indeed stronger extreme events took place in the 
past, it is possible that the individuals inhabiting the ecosystem today are already a result 
of strong selection pressures and therefore able to survive the conditions defined by us as 
extreme. iv) Species may have escaped exposure to the most extreme conditions by moving 
to a different microhabitat (Woods et al. 2015; Pincebourde et al. 2016; Ma et al. 2018b). 
Measurements in our field site showed that different co-occurring vegetation types can 
have strong effects on temperature (appendix 8 of chapter 3), and if animals are able to 
move to these patches during the most severe periods of abiotic stress, they may be able 
to survive otherwise lethal conditions. For this reason, the analysis of community samples 
in chapter 2 was already performed separately for each vegetation type. However, it is still 
possible that individuals only temporarily utilized the buffering capacity of the vegetation 
and after the stressful event move back to the other vegetation types. To test this, 
measurements of community composition should be taken with a higher temporal 
resolution, which is experimentally challenging. It is possible that datasets with higher 
temporal resolution or covering longer time periods are already collected by other 
researchers. These datasets could at least partially ameliorate the influence of the possible 
confounding factors listed above, and may thus be better able to capture changes in 
community composition. We therefore strongly encourage other researchers that have 
similar species-abundance-over-time dataset to link their shifts in community 
composition to extreme events to test the general applicability of this statistical method, 
and in turn elucidate common patterns between different types of extreme events.  
 
Disentangling the different features of extreme events. 
Many studies have already been conducted to test the effect of extreme climatic events, 
yet few have aimed to disentangle the relative importance of different features of these 
events, such as the frequency, intensity or duration of the event. As a consequence, it is 
largely unknown which of these features will have the strongest effect on species, species 
interactions, community composition and ecosystem functioning. We aimed to disentangle 
the effect of two of these features, heat wave frequency and intensity. Disentangling these 
features experimentally is very challenging in terms of the number of manipulations that 
need to be performed, and the associated number of animals needed. We therefore used 
an Individual-Based Model (IBM) called Weaver (Moya-Laraño et al. 2014; Bilbao-Castro et 
al. 2015). This simulation approach allowed us to create in silico communities of the three 
focal taxa of this thesis (chapter 5). We observed that heat wave intensity was more 
important than exposure frequency in determining survival rates of species, especially at 
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the higher temperatures, which is in line with several other studies that investigated the 
relative importance of these features (Sentis et al. 2013; Fabina et al. 2015). This gives an 
indication that in most cases intensity may be a more important aspect of extreme events 
compared to duration or frequency of the event. Interestingly, when simulating exposure 
of I. riparia to temperatures at the limit of its tolerance, effects of multiple exposures did 
become apparent. This may indicate that these aspects are important, but only under 
conditions close to tolerance thresholds. 

 
Modelling approaches are very valuable in testing situations that are empirically difficult to 
perform, but it is important to realize that the output of the model runs depend on the input 
parameters and values used in the simulation. Although great care is taken to simulate the 
species with traits that are as realistic as possible, translation of IBM results to natural 
situations must therefore be done with caution (Grimm 1999). Therefore, it is important to 
realize that such models are especially useful to generate new hypotheses that can be 
tested in either the field or under laboratory conditions, or to focus research effort to the 
most promising manipulations. In our study, the results obtained by our model indicating 
that heat wave intensity is more important than heat wave frequency could either lead to 
experiments that focus on intensity, or could pinpoint which experimental conditions would 
be most suitable for empirical tests. In turn, when similar patterns are observed in empirical 
studies, IBMs can pinpoint to underlying mechanisms that cause the observed effects, as 
these models provide a level of detail of individuals over time that is impossible to acquire 
in empirical studies (Grimm et al. 1999; DeAngelis and Grimm 2014).  
 
Including more ecological complexity in future climate change experiments 
Several discussion points raised above were aimed at increasing ecological complexity in 
experiments dealing with effects of climate change. This is important to be able to gain a 
realistic understanding of the response of whole ecosystems and thereby its effect on 
ecosystem functioning (e.g. Smith 2011a; Urban et al. 2012; Rosenblatt and Schmitz 2016). 
In summary, I mentioned integrating all other taxonomic groups, test effects of multiple 
abiotic stressors and performing experiments with longer time scales to include legacy 
effects and selection (Grant et al. 2017; Kingsolver and Buckley 2017). Such experiments are 
difficult to perform as often time and resources are limited. However, we have created a 
novel experimental setup that greatly facilitates experiments that can incorporate these 
levels of complexity, while minimizing necessary time and resource investments. This setup 
is the CLIMECS (CLImatic Manipulation of ECosystem Samples) experimental facility 
(chapter 6). In this setup, forty intact soil cores from the field can be simultaneously exposed 
to a wide range of realistic climatic scenarios, using measured climatic conditions as input 
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variables. Both temperature profiles and precipitation events can be programmed 
individually to accommodate multi-stressor experiments. Moreover, the range of 
temperatures possible in the setup is higher than most climate rooms can achieve, thereby 
facilitating experiments focusing on extreme climatic events. Finally, by using intact soil 
cores from the field, the natural complexity of the soil ecosystem is preserved. All 
microorganisms, plants and invertebrates that were present in the field at the time of 
sampling are preserved, in their natural abundances. Because the setup consists of forty 
individual ecosystem samples, it allows for sufficient replication to statistically test the 
observed effects. Because the biological compartment with the soil core is closed and the 
abiotic conditions are automatically initiated, monitored and logged, there is minimal 
interference with the sample while the experiment is running, enabling the experiments to 
run longer and include legacy effects, recovery of populations and other long-term effects 
such as natural selection. This combination of features will allow the user of CLIMECS to 
test hypotheses which were previously either impossible or unfeasible to perform.  
 
Another way by which CLIMECS could be used, is to generalize effects of climate change and 
extreme events for different types of ecosystems. Reviews and meta-analyses aim to 
integrate the information of different ecosystems and species from different published 
sources (e.g. Addo-Bediako et al. 2000; Berg et al. 2010; Dell et al. 2011; Araújo et al. 2013), 
but a direct comparison of ecosystem responses using the same experimental conditions 
and manipulations across ecosystems and model species would provide more direct 
evidence of general principles. Soil cores from different ecosystems and locations (possibly 
longitudinal gradients or chronosequences) could be simultaneously tested in the CLIMECS 
setup, ideally to test hypotheses that have been made more specific by Weaver simulations. 
Moreover, if other universities or research institutes would obtain their own CLIMECS setup, 
the settings of climatic conditions could easily be shared between research groups, making 
the experiments and their results directly comparable. This type of large-scale collaboration 
holds a great potential to work towards the generalization of ecological processes across 
ecosystems, see for example (Handa et al. 2014; Djukic et al. 2018; Mirtl et al. 2018). Setting 
up such large-scale collaborations requires a strong and specific focus of the ecological 
research agenda which would facilitate the direction of funding towards answering the 
really big and still open questions in ecology (Sutherland et al. 2013). Particularly questions 
regarding the effects of climate change -but also habitat fragmentation, pesticide use, 
etc.- on natural systems, and how ecosystems respond to the expected changes, urgently 
need an answer in the context of rapid climate change and ongoing intensification of 
anthropogenic influences on natural systems. Hopefully the developed methods and 
obtained results in this thesis will help to bring us one step closer to these answers.  
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With ongoing climate change, there is an increase in frequency, intensity and duration of 
extreme climatic events. This increase in extreme climatic events is ecologically very 
important as events, such as heat waves, can occur without prior warning and are more 
likely to surpass physiological thresholds of organisms. Therefore, these events can lead to 
altered species performance, species interactions, community composition and ecosystem 
functioning as a whole. Understanding, and possibly predicting, how ecological 
communities will be affected by extreme events is amongst the most pressing questions in 
ecological research. In this thesis I investigated how we can improve our understanding of 
the effects of extreme climatic events on communities of soil arthropods. One of the main 
difficulties in generalizing the effects of extreme events is due to the tremendous diversity 
of species in ecological communities. These different species can differ in their tolerance to 
extreme abiotic conditions, and therefore responses of species are not uniform. To 
overcome this, I applied a trait-based approach, in which a relevant trait (the Critical 
Thermal maximum) was measured which gives an indication of the sensitivity to a specific 
stressor (high temperature). I then used this trait in methods ranging from field and 
laboratory manipulations to a modelling approach, in order to gain a better understanding 
of the effects of extreme climatic events on soil arthropod communities.  
 
In chapter 2, we tested whether we can directly compare the effects of different types of 
extreme climatic events, such as heat waves, cold spells, droughts, heavy precipitation and 
inundation with sea water. This study was also used to test which abiotic factors would have 
the strongest influence on community composition. To do so, we sampled the green beach 
of the Dutch barrier island Schiermonnikoog every six weeks for more than two years on 
two locations and in three vegetation types. Soil fauna was extracted from the samples and 
identified and counted under a binocular. The resulting data set of the soil arthropod 
community was then linked to environmental data from a nearby meteorological station to 
test if the composition of the community from one sampling point to the next would differ 
more if an extreme event took place in that period, compared to periods when no extreme 
events were recorded. While we did not find this pattern, we agre that this method of 
directly comparing the effects of different types of extreme events is very useful in 
generalizing how extreme events are affecting communities. Therefore, we strongly 
encourage other researchers with long-term ecological datasets to apply the same method 
to directly compare different types of extreme events. A major finding in this study was that 
especially temperature was linked to changes in community composition. Because of this 
finding, the next chapters of this thesis are focussed on temperature, specifically heat 
waves.   
 



183 
 

Chapter 3 describes a field manipulation experiment, where plots were heated on the green 
beach of Schiermonnikook to mimic heat waves. After the heating period, animals of the 
most dominant taxa were collected from both treatment and control plots to measure their 
Critical Thermal maximum (CTmax) at the individual level. The heating treatments did not 
induce an increase in thermal tolerance of species in the heated plots which could have 
been the result of both phenotypic plasticity and natural selection. However, we observed 
a considerable amount of variation in thermal tolerance within the species (i.e. intraspecific 
variation) and large differences in tolerance between different species (i.e. interspecific 
variation). Especially the most dominant prey species (Isotoma riparia, a springtail) had a 
much lower thermal tolerance compared to its most dominant predators, spiders from the 
families Linyphiidae (dwarfspiders) and Lycosidae (wolfspiders). This difference in tolerance 
can therefore lead to changes in community composition and altered species interactions 
when communities are exposed to extreme climatic events. 
 
The observed difference in thermal tolerance between the interacting species led to 
another experiment in chapter 4, where we tested if the measured differences in CTmax 
could be linked to altered species performance, and if these differences would subsequently 
alter species interactions when the system was exposed to heat waves. To do so, we 
removed all animals from intact soil samples taken from our field site and reintroduced four 
different species combinations in these samples. In all samples the prey species I. riparia 
was present with either no predators, a Linyphiidae spider, a Lycosidae spider (Pardosa 
purbeckensis) or both these predators. These different species combinations were then 
divided over three heat wave treatments: no heat wave, i.e. 15°C during both day and night, 
a moderate heat wave with daily temperatures of 25°C and night temperatures of 15°C or 
extreme heat waves with day temperatures of 35°C and 15°C at night. We found that I. 
riparia, the species with the lowest thermal tolerance, was indeed most strongly affected 
by the high temperature, affecting both its survival and growth rate. The opposite pattern 
was observed for the Lycosidae predator, as their growth rate increased when exposed to 
the highest temperature treatments. We had hypothesized that there coula be an 
interaction between predator presence and heat wave treatment on the survival of I. 
riparia. Especially when considering that P. purbeckensis showed an increase in growth rate 
even despite the higher metabolic rate ectotherms face with high temperature, in 
combination with the already increased mortality caused by abiotic stress in I. riparia. 
However, instead of an interaction, we observed an additive effect which may indicate that 
the predators seek out the already weakened individuals of the prey population.  
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While field and laboratory experiments can provide strong empirical data on how extreme 
temperatures can influence the fate of species and interactions between species, it is very 
challenging to use empirical research to disentangle the different features of a heat wave. 
The intrinsically correlated nature of frequency, intensity and duration of climatic events 
makes it a challenge to experimentally separate them, especially when choices need to be 
made due to limitations of time, space and equipment. Therefore, in chapter 5, we applied 
a modelling approach using the individual-based model WEAVER to test which features (i.e. 
frequency of intensity) of a heat wave are most important in determining the effects of the 
extreme event. We created in silico experiments where the taxa that were studied in 
chapter 4 were exposed to combinations of eight temperature intensities and four heat 
wave frequencies, i.e. 32 treatments in total. We found evidence that in these simulations 
heat wave intensity is far more important than heat wave frequency when looking at species 
performance. Only when the intensity of the heat wave was affecting the range of 
intraspecific variation in thermal tolerance that was mentioned before, i.e. when only a part 
of the population is affected, exposure to a subsequent heat wave had additional effects on 
species performance. As shown in this study, using individual-based modelling approaches 
can be a powerful tool to gain a more mechanistic understanding of observed biological 
patterns. Moreover, such models can be used to generate new hypotheses and provide an 
indication of which treatments would be interesting to use in empirical tests. 
 
When performing the experiments that form the basis of this thesis, it became apparent 
that the facilities that are commonly available to researchers, such as microcosms and 
climate rooms, would not be sufficient to create more complex and realistic climatic 
scenarios. Therefore, we developed the novel experimental setup CLIMECS (CLImatic 
Manipulation of ECosystem Samples), which is described in chapter 6. In this setup, intact 
soil cores collected from the field (i.e. including all microorganisms, plants and arthropods), 
can be exposed to very specific climatic scenarios in which both temperature profiles as well 
as precipitation events can be programmed, allowing for multi-stressor experiments. 
Moreover, the range of abiotic conditions that can be achived in this setup is much larger 
than in conventional manipulation systems, which allows the user to test abiotic conditions 
in the range of climatic extreme events. All the variation in abiotic variables that are induced 
by the treatments are automatically logged and plotted into graphs, allowing for easy 
monitoring of the experiments, and therefore less disturbance of the experimental units 
which makes it possible to keep experiments running for longer periods. Combined, the 
CLIMECS system allows researchers to test a whole new set of hypotheses, which will greatly 
add towards our understanding of our rapidly changing natural world and might even allow 
us to anticipate on the changes to come.  
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In the synthesis of this thesis, chapter 7, I place the main findings of the different chapters 
into a wider context. In general, I conclude that: i) By using datasets which combine 
community composition over time and environmental data, it is possible to directly 
compare the effects of different types of extreme climatic events. ii) The use of 
ecophysiological traits is a valuable tool to indicate species tolerance to adverse abiotic 
conditions, especially when the traits directly link to the abiotic factor that is being 
investigated. iii) The intraspecific differences in ecophysiological traits may function as an 
ecological rescue mechanism if the more tolerant individuals survive the period of abiotic 
stress. iv) Individual-based models are a useful tool to gain a more mechanistic 
understanding of observed patterns in nature and are very useful to generate new 
hypotheses that can be tested in either the field or under laboratory conditions, or to focus 
research effort to the most promising manipulations. And, v) That novel experimental 
setups such as our CLIMECS setup can facilitate testing of hypotheses which were previously 
either impossible or unfeasible to perform. Ultimately, I argue that large-scale 
collaborations between research groups could facilitate answering big ecological questions 
such as how the effects of climate change are affecting natural ecosystems, and how 
ecosystems respond to the expected changes. These questions urgently need an answer in 
the context of rapid climate change and ongoing intensification of anthropogenic influences 
on natural systems. Hopefully the developed methods and obtained results in this thesis 
will help to bring us one step closer to finding these answers.  
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Eén van de effecten van klimaatverandering is een toename in de frequentie, intensiteit en 
duur van extreme omstandigheden. Deze extremen, zoals bijvoorbeeld hittegolven, zijn 
ecologisch gezien erg belangrijk omdat ze vaak plotseling en zonder merkbare aanleiding 
plaatsvinden, waardoor soorten geen tijd hebben om zich aan te passen of om naar een 
meer gematigde locatie te vertrekken. Hierdoor is de kans groot dat tijdens deze extremen 
fysiologische limieten van de soorten overschreden worden. Dit kan vervolgens leiden tot 
een verandering in prestatie van de soorten (denk aan overleving, groei en reproductie), in 
interacties tussen soorten, in de samenstelling van de levensgemeenschap en als gevolg 
hiervan op het functioneren van het hele ecosysteem. Begrijpen, en misschien zelfs 
voorspellen, hoe ecologische levensgemeenschappen beïnvloed worden door 
klimatologische extremen is daarom een ontzettend belangrijk ecologisch vraagstuk. In dit 
proefschrift heb ik onderzocht hoe we dit begrip over het effect van klimaatextremen op 
levensgemeenschappen van in en op de bodem levende geleedpotigen beter kunnen 
begrijpen. Eén van de moeilijkheden is dat soorten enorm divers zijn. Zeker in de bodem 
kun je op een klein oppervlak veel verschillende soorten tegenkomen. Aangezien deze 
soorten kunnen verschillen in hun tolerantie voor abiotische stressoren, is het waarschijnlijk 
dat ze bij blootstelling aan deze stressoren niet allemaal op dezelfde manier zullen 
reageren. Om de verschillende soorten toch met elkaar te kunnen vergelijken heb ik in dit 
proefschrift een eigenschapsbenadering gebruikt, waarbij ik een relevante eigenschap heb 
gemeten die een indicatie verstrekt van de gevoeligheid voor een bepaalde stressor. In dit 
geval was dat de Kritieke Maximale Temperatuurslimiet (KMT), welke een indicatie geeft 
voor de gevoeligheid van blootstelling aan hoge temperaturen. Vervolgens heb ik deze 
eigenschap gebruikt in methodes variërende van veld- en laboratoriummanipulaties tot 
computersimulaties, om zo een beter begrip te krijgen van de effecten van klimaatextremen 
op levensgemeenschappen van ongewervelde dieren in de bodem.  
 
In hoofdstuk 2 heb ik getest of verschillende typen van klimaatextremen, zoals hittegolven, 
periodes van kou, droogte, zware regenval en overstroming door zeewater rechtstreeks 
met elkaar vergeleken kunnen worden. Daarnaast is deze studie gebruikt om te testen 
welke abiotische factoren het belangrijkste zijn om verschuivingen in soortensamenstelling 
van de levensgemeenschap te kunnen begrijpen. Om dit te kunnen doen, hebben we het 
groene strand van Schiermonnikoog bemonsterd. We hebben meer dan twee jaar lang, elke 
zes weken op twee locaties en in drie vegetatietypes bodemmonsters genomen. Uit deze 
monsters zijn alle dieren geëxtraheerd en vervolgens geïdentificeerd en geteld onder een 
binoculair. Deze dataset met informatie over de soortensamenstelling is vervolgens 
gekoppeld aan klimatologische data van het dichtstbijzijnde meteorologisch station, zodat 
we konden testen of de verschillen in levensgemeenschap groter zouden zijn als er zich in 
de periode tussen twee bemonsteringen een extreme klimatologische situatie had 
voorgedaan, ten opzichte van periodes waarin deze extremen niet plaatsvonden. Dit 
verwachte patroon hebben we in deze studie niet kunnen aantonen, maar de methode 
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waarop deze patronen getest kunnen worden is veelbelovend aangezien de effecten van 
verschillende klimaatextremen rechtstreeks met elkaar vergeleken kunnen worden. We 
moedigen daarom andere onderzoekers die in het bezit zijn van ecologische lange-termijn 
datasets aan om hun data ook op deze manier te testen. Een belangrijke bevinding in dit 
hoofdstuk is dat met name temperatuur een belangrijke relatie vertoont met veranderingen 
in de soortensamenstelling van de levensgemeenschap. Op basis van deze bevinding zijn de 
volgende hoofdstukken met name gericht op de effecten van temperatuur, en in het 
bijzonder op de effecten van hittegolven.  
 
In hoofdstuk 3 beschrijven we een veldexperiment waarin we stukken van het groene strand 
hebben blootgesteld aan een hittebehandeling, om zo hittegolven na te bootsen.  Na de 
verhittingsperiode hebben we de meest dominante soorten uit zowel de verwarmde 
stukken grond (behandeling) als de onverwarmde stukken grond (controle) verzameld om 
hun Krititieke Maximale Temperatuurslimiet (KMT) te bepalen op het niveau van het 
individu. De blootstelling aan hoge temperaturen heeft niet geleid tot een hogere KMT, wat 
mogelijk was geweest door zowel fenotypische plasticiteit als natuurlijke selectie. Wat we 
daarentegen vonden is dat er veel variatie is in tolerantie binnen (intraspecifiek) en tussen 
(interspecifiek) soorten. Met name de meest dominante prooisoort Isotoma riparia (een 
springstaart), had een veel lagere tolerantie voor hoge temperaturen dan zijn meest 
dominante predatoren: spinnen van de families Linyphiidae (dwergspinnen) en Lycosidae 
(wolfspinnen). Dit verschil in tolerantie kan daarom leiden tot veranderingen in de 
soortensamenstelling van de levensgemeenschappen en de interacties tussen soorten als 
deze blootgesteld worden aan extreme klimaatomstandigheden.  
 
Dit verschil in tolerantie voor hoge temperaturen hebben we vervolgens verder onderzocht 
in hoofdstuk 4. In dit hoofdstuk hebben we getest of de verschillen die we hebben gemeten 
aan de fysiologische eigenschap van de soorten (de KMT) gekoppeld kunnen worden aan 
hoe soorten presteren, en of deze verschillen vervolgens invloed hebben op de interacties 
tussen soorten als ze worden blootgesteld aan hittegolven. Om dit te kunnen doen hebben 
we intacte bodemmonsters van het groene strand van Schiermonnikoog meegenomen naar 
het laboratorium en hieruit de dieren verwijderd. Vervolgens hebben we vier verschillende 
soortencombinaties in de bodemmonsters geherintroduceerd. De basis van elke 
soortencombinatie was de prooi I. riparia met daarbij: i) geen predator, ii) een dwergspin 
(Linyphiidae), iii) een wolfspin (Lycosidae) of iv) beide spinnen als predator. De 
bodemmonsters met toegevoegde soortencombinaties zijn vervolgens verdeeld over drie 
hittegolf behandelingen: een controle die continue op 15°C werd gehouden, een 
behandeling waarbij de temperatuur overdag gedurende acht uren naar 25°C werd 
gebracht (een milde hittegolf) en een behandeling waarbij de temperatuur overdag naar 
35°C werd gebracht (een intense hittegolf). Hierbij vonden we dat I. riparia, de soort met 
de laagste tolerantie voor hoge temperaturen inderdaad negatieve effecten van de hoge 
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temperaturen ondervond, met zowel een verminderde overleving als een reductie in groei. 
Het tegenovergestelde patroon werd gevonden voor de meest hitte tolerante soort, de 
wolfspin Pardosa purbeckensis, welke een toename in groeisnelheid liet zien. Daarbij 
hadden we verwacht een interactie te vinden tussen effecten van de hoge temperatuur en 
van predatie op de overleving van I. riparia, aangezien er voor de toename in groeisnelheid 
van de predator meer energie nodig was, en I. riparia überhaupt al een hogere mortaliteit 
had bij de hoogste temperatuur. In plaats van een interactie vonden we echter een additief 
effect. Dit kan erop duiden dat de predator wellicht op de al verzwakte individuen van de 
populatie springstaarten jaagt om zo makkelijker aan zijn benodigde energie te komen.   
 
Veld- en laboratoriumstudies zijn ontzettend waardevol voor het vergaren van empirische 
data over hoe extreme temperaturen tijdens hittegolven soorten en hun interacties kunnen 
beïnvloeden. Waar ze echter minder geschikt voor zijn is het uit elkaar halen van 
verschillende aspecten van een hittegolf. Doordat frequentie, intensiteit en duur van 
extreme klimaatomstandigheden intrinsiek met elkaar verbonden zijn is het erg moeilijk 
deze experimenteel uit elkaar te halen. Helemaal wanneer er door de vele mogelijke 
combinaties van deze aspecten keuzes gemaakt moeten worden omdat ruimte, tijd en 
apparatuur gelimiteerd zijn. Om deze aspecten toch te kunnen onderzoeken hebben we in 
hoofdstuk 5 een modelleerstudie uitgevoerd waarbij we een model gebruiken dat elk 
individu in de levensgemeenschap individueel simuleert, een zogenaamd individual-based 
model (IBM). Het IBM dat we hiervoor gebruikt hebben is WEAVER, en hierin hebben we 
dezelfde taxonomische groepen die we gebruikten in hoofdstuk 4 blootgesteld aan 
combinaties van acht verschillende intensiteiten en vier verschillende frequenties van 
hittegolven, in totaal dus 32 behandelingen. Uit deze ’in silico’ experimenten bleek dat de 
intensiteit van hittegolven in deze simulaties veel belangrijker was dan de frequentie 
waarmee de soorten werden blootgesteld. Alleen wanneer de intensiteit van de hittegolven 
in de range viel waarbij sommige individuen dit wel, en andere dit niet aan konden (de 
eerdergenoemde intraspecifieke variatie in tolerantie), bleek er nog een additioneel effect 
te zijn van de frequentie van de hittegolven. Zoals bleek uit deze studie, kan het gebruik van 
dit soort modellen erg nuttig zijn om een beter mechanistisch begrip te krijgen van 
geobserveerde biologische patronen. Bovendien kunnen dit soort modellen gebruikt 
worden om nieuwe hypothesen te genereren en een indicatie te geven op welke manier 
deze hypothesen het beste experimenteel getest kunnen worden.  
 
Bij het uitvoeren van de experimenten die de basis van dit proefschrift vormen, werd het 
duidelijk dat sommige van de experimentele faciliteiten die beschikbaar zijn voor 
onderzoekers, zoals de gebruikte bodemmonsters (microkosmossen) en klimaatkamers, 
niet voldoende zijn om complexere en realistischere klimatologische scenario’s te testen. 
Om die reden hebben we een nieuwe experimentele opstelling ontwikkeld die we CLIMECS 
hebben genoemd (een afkorting voor CLImatic Manipulation of ECosystem Samples). In 
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hoofdstuk 6 beschrijven we waar deze nieuwe opstelling voor gebruikt kan worden. In het 
kort komt het erop neer dat intacte bodemmonsters (dus inclusief alle bacteriën, 
schimmels, planten en ongewervelde dieren die zich daarin bevinden) blootgesteld kunnen 
worden aan nauwkeurig in te stellen klimatologische scenario’s. Zowel 
temperatuurprofielen als neerslagpatronen kunnen geprogrammeerd worden, waardoor 
het mogelijk wordt situaties te testen waarbij deze beide stressoren tegelijkertijd 
gemanipuleerd worden. Bovendien is het bereik van de abiotische factoren in deze 
opstelling een stuk groter dan in conventionele opstellingen, waardoor ook de effecten van 
extreme temperaturen en neerslag getest kunnen worden. Daarnaast worden al deze 
abiotische factoren automatisch gemeten, opgeslagen en in grafieken verwerkt, waardoor 
het makkelijker wordt om het verloop van experimenten in de gaten te houden zonder dat 
de opstelling verstoord hoeft te worden en waardoor de experimenten dus langer door 
kunnen lopen. Doordat alle bovengenoemde factoren gecombineerd worden in de CLIMECS 
opstelling kunnen we een heel nieuw scala aan hypotheses testen die ons helpen onze snel 
veranderende wereld beter te begrijpen en die het misschien zelfs mogelijk maken om te 
anticiperen op de veranderingen die nog gaan komen.  
 
In de synthese van dit proefschrift, hoofdstuk 7, plaats ik de bevindingen van de 
verschillende hoofdstukken in een bredere context. Samengevat concludeer ik dat: i) Het 
mogelijk is om verschillende typen van extreme klimaatomstandigheden rechtstreeks met 
elkaar te vergelijken als er datasets beschikbaar zijn waarin de soortensamenstelling over 
de tijd gekoppeld kan worden aan klimatologische data. ii) Het gebruik van ecofysiologische 
eigenschappen van soorten waardevol is om hun tolerantie voor stressvolle abiotische 
factoren te onderzoeken, in het bijzonder wanneer er een directe relatie bestaat tussen de 
gemeten eigenschap en de stressor die onderzocht wordt. iii) De intraspecifieke verschillen 
in ecofysiologische eigenschappen van soorten wellicht als ecologisch reddingsmechanisme 
kunnen functioneren als het tolerante deel van een populatie de periode van abiotische 
stress overleeft. iv) Individual-based models nuttig zijn om een meer mechanistisch begrip 
te krijgen van geobserveerde biologische patronen, en dat deze modellen bovendien goed 
gebruikt kunnen worden om nieuwe hypothesen te genereren en een indicatie geven van 
wat de meest veelbelovende experimentele manipulaties zullen zijn. En v) Nieuwe 
experimentele opstellingen zoals CLIMECS het mogelijk maken hypotheses te testen die 
voorheen onmogelijk of erg moeilijk experimenteel uit te voeren waren. Tot slot bespreek 
ik dat met name grootschalige samenwerkingen tussen onderzoeksgroepen en instituten 
het makkelijker kunnen maken om grote ecologische vraagstukken te beantwoorden. Een 
voorbeeld van zo’n vraagstuk is uiteraard wat de effecten van klimaatverandering op 
ecosystemen is, en hoe deze ecosystemen hierop zullen reageren. Op dit soort vragen dient 
spoedig een antwoord te komen in een wereld die snel verandert door nog steeds 
toenemende antropogene invloeden. Hopelijk kunnen de in dit proefschrift ontwikkelde 
methodes en verkregen resultaten ons een stap dichter bij deze antwoorden brengen.  
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