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Abstract 

 

In the light of the accelerating pace of environmental change, it is imperative to understand 

how populations and species can adapt to altered environmental conditions. This is a crucial 

step in predicting current and future population persistence and limits thereof. Genetic 

adaption and phenotypic plasticity are two main mechanisms that can mediate the process 

of adaptation and are of particular importance for non-dispersing species. While phenotypic 

plasticity may enable individuals to cope with short term environmental changes, genetic 

adaptation will often be required for populations to survive in situ over longer time spans. 

However, a rapid genetic response is expected particularly in species with fast life histories or 

large population sizes, leaving species with slow life histories potentially at higher extinction 

risk. The Bechstein’s bat (Myotis bechsteinii) is a mammal of 10 g weight that - despite its 

small size - is characterized by a slow life history, with low reproductive output and long 

lifespan, and is already considered to be of high conservation concern. Past work 

demonstrated body size to be a highly fitness-relevant trait in Bechstein’s bats. Body size is 

further known to be a pivotal trait shaping the pace of life histories in numerous species. 

Simultaneously, many studies reported noteworthy changes in body size as a response to 

shifting environments across different taxa. This suggested a potential for high plasticity in 

this trait in Bechstein’s bats as well; however, changes in body size could have vital impacts 

on demographic rates.  

Therefore, this dissertation investigated the following questions: firstly, what shapes 

the fundamental development of body size in M. bechsteinii, and, specifically, is there an 

impact of weather conditions on body size? If so, in what form and magnitude? Secondly, how 

does body size subsequently influence the pace of life in females? What is the cost of a faster 

or slower pace of life, and how does fitness compare across individuals with slow and fast life 

histories? And finally, to what extent can changes in body size be attributed to either 

phenotypic plasticity or genetic adaptation? What is the evolutionary potential of body size 

in the populations? And, consequently, what implications can we draw regarding population 

persistence of these colonies? 

To answer these questions, we analyzed a long-term dataset of over two decades 

collected from four wild Bechstein’s bat colonies. We used individual-based data on survival, 

reproduction and body size, built multi-generational pedigrees, and combined everything 

with meteorological data. In Manuscript 1 we found that, in contrast to the declining body 

size observed in many species, body size in Bechstein’s bats increased significantly over the 

last decades. We demonstrated that ambient temperature was linked to the development of 

body size and identified a sensitive time period in the prenatal growth phase, in which body 

size was most susceptible to the impact of temperature. We established that warmer 

summers resulted in larger bats, but that these large bats had higher mortality risks 

throughout their lives. Manuscript 2 then revealed the influence of body size on the pace of 

life in Bechstein’s bats and demonstrated high plasticity in intraspecific life history strategies. 
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Large females were characterized by a faster pace of life and shorter lifespans, but 

surprisingly, lifetime reproductive success remained remarkably stable across individuals with 

different body sizes. The acceleration of their pace of life means that larger females 

compensated for their reduced longevity by an earlier reproduction and higher fecundity to 

reach similar overall fitness. Ultimately, differences in body size resulted in changes in 

population growth rate via the impact of size on generation times. Results of Manuscript 3 

were then able to clarify the extent to which changes in body size were founded on either 

phenotypic plasticity or genetic adaptation. We demonstrated a particularly low heritability 

in hot summers, indicating that variance in body size was mostly driven by phenotypic 

plasticity, with few genetic constraints. During cold summers, behavioural adaptations by 

reproducing bats seem to be able to mitigate negative effects of cold temperatures. These 

behaviours, such as social aggregation or preference for warm roosts, are, however, 

essentially irrelevant in hot environments. In addition, a low evolvability of forearm length 

points to a low capacity to respond to selection pressures associated with the trait.  

We can conclude that body size in M. bechsteinii has increased over the last two 

decades as a response to global warming and is only slightly constrained by its genetic 

underpinnings. We can further demonstrate a direct link between body size and the pace of 

life histories in the Bechstein’s bat populations and how changes in body size impact 

demographic rates via this linkage. In the context of climate change and hotter summers, our 

findings consequently suggest that body size will likely increase further if warm summers 

continue to become more frequent. Whether this plastic response of body size proves to be 

adaptive in the long term, however, remains to be seen. While, up to this point, switching to 

a faster life history has been successful in compensating fitness losses, this strategy requires 

sufficient habitat quality and is likely risky in times when extreme weather events are 

becoming more frequent, as predicted by most climate change scenarios.  
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1. Introduction 

1.1 Adaptation to changing environments 

Although many organisms have evolved under constantly fluctuating environments, current 

rates of anthropogenic environmental change are occurring at unprecedented magnitudes 

and speed. When environmental conditions change too fast, the match between an 

organism’s phenotype and its environment can be disrupted, thereby reducing fitness. Thus, 

in order to persist under rapidly changing conditions, organisms typically have three options: 

1) Dispersal allows organisms to track favorable environments by shifting their geographical 

distribution, while 2) phenotypic plasticity and 3) genetic adaption can mediate the process 

of in situ response.  

Phenotypic plasticity is the ability of organisms to produce different phenotypes when 

exposed to different environments (Charmantier et al. 2008; Fusco & Minelli 2010). Plasticity 

can be observed in the biochemistry, physiology, development, behavior or even life history 

of organisms (Whitman & Agrawal 2009) and is considered adaptive when the corresponding 

trait change results in fitness benefits (Merilä & Hendry 2014). Typically, physiological and 

behavioral traits can be quickly reversed within an individual’s lifetime, while changes in 

morphology and life history are often permanent. Phenotypic plasticity can also arise both 

within and between generations (Grenier et al. 2016; Fox et al. 2019) and has consequently 

been described as a rapid response mechanism that will allow organisms to adapt and survive 

within rapidly changing environments (Fox et al. 2019). Lastly, the degree of phenotypic 

plasticity itself can evolve and be rapidly modulated in response to selection (Ghalambor et 

al. 2007; Barrett & Hendry 2012; Mallard et al. 2020).  

Genetic adaption, on the other hand, occurs via selection for particular phenotypes, 

which results in the modification of adaptive genetic variation in the population (Fox et al. 

2019). This process has been termed ‘evolutionary rescue’ (Carlson et al. 2014) and is limited 

by the degree of genetic variation for a trait (the heritability) in the population and the 

strength of the selection (Catullo et al. 2019). Although under the right conditions, genetic 

adaptation can occur comparatively fast for an evolutionary process, compared to phenotypic 

plasticity, it is still a moderately slow mechanism that requires at least a few generations to 

act (Catullo et al. 2019). Moreover, with regard to a rapid genetic adaption, species that have 

short generation times and large population sizes are typically considered to be at an 

advantage (Ofori et al. 2017), leaving many endangered species on the slow-side of the life-

history continuum at risk in rapidly changing environments.  

Both phenotypic plasticity and genetic adaption are associated with costs and 

constraints: plasticity might impede adaptation by shifting a phenotype’s distributions in the 

population close to the optimum and thus shielding it from natural selection (Fox et al. 2019; 

Lalejini et al. 2021). It could also not be adaptive, i.e. not improve the organism’s reproduction 

or survival (Pigliucci et al. 2006; Ghalambor et al. 2007) or be associated with high costs, such 

as maintenance or production costs (DeWitt et al. 1998; Auld et al. 2010). Genetic adaption, 

on the other hand, might reduce the evolutionary potential towards other environmental 
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stressors or require direct fitness costs due to tradeoffs (Meester et al. 2018). Its speed and 

capacity is further constrained by population size, genetic correlation of traits, and the 

requirement of a sufficient amount of genetic variation present in local populations 

(Hoffmann & Sgró 2011; Chevin 2013; Meester et al. 2018). Moreover, as genetic adaptation 

and phenotypic plasticity are also nonexclusive mechanisms (Grenier et al. 2016), possible 

interactions between these two mechanisms should not be disregarded, but also complicate 

interpretation. Despite all theoretical and practical considerations, many questions remain 

open, such as: what adaptive responses are to be expected, at what rates do evolutionary 

changes occur, and can evolution save populations at risk of extinction? Notwithstanding the 

potential that both genetic adaption and phenotypic plasticity provide for coping with 

changing environments, emerging evidence points to the problem that plastic responses 

might be lower than those required to maintain locally-adaptive phenotypes, thus requiring 

genetic adaption instead (Barrett & Hendry 2012; Duputié et al. 2015; Radchuk et al. 2019).  

To this day, it remains a challenge to conclusively distinguish whether phenotypic 

responses to changing environments are the consequence of phenotypic plasticity or genetic 

adaption. In addition to laboratory studies, long-term studies of wild populations with 

individually identified animals are essential for untangling these mechanisms in vertebrates, 

as they allow the detection and understanding of temporal trends in life-history traits and 

provide the ability to estimate the heritability of life-history traits as well as associated 

selection pressures (Visser 2008). Only then does it become feasible to quantify how 

phenotype-demography relationships are altered and how these changes then affect the 

distribution of phenotypic traits, life histories and, finally, population growth (Ozgul et al. 

2010). 

 

1.2 Changing body sizes and the importance of body size and life history 

A broad range of morphological, behavioural and physiological changes have been observed 

as responses to climate change in populations (Hetem et al. 2014; Radchuk et al. 2019; 

Domenici & Seebacher 2020; Ryding et al. 2021; Gunn et al. 2022). One of the universal 

responses to global warming is change in body size (Daufresne et al. 2009). Interestingly, 

globally most species are decreasing in body size, a phenomenon termed ‘global shrinking’ 

(Sheridan & Bickford 2011; Tseng et al. 2018). In endotherms, this trend complies well with 

the thermoregulatory principles underlying Bergmann’s rule, which predict larger body sizes 

and thus increased heat conservation in colder environments, and vice versa (Bergmann 

1847; Mayr 1956). Body size increases in mammals as a response to recent climate change, 

on the other hand, have rarely been described (one example is the yellow-bellied marmot, 

Marmota flaviventris) (Ozgul et al. 2010). 

With these observed changes in body size in so many species, ranging from beetles 

(Tseng et al. 2018) to birds (Sheridan & Bickford 2011), and sheep (Ozgul et al. 2009), the 

urgent question arises, what consequences are expected if populations deviate from an 

optimal body size? In order to persist, populations need to be reasonably well adapted to the 
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local environmental conditions. This requires that the set of phenotypic traits, such as body 

size, that exist in the population must yield a high enough mean population fitness to 

ultimately keep population size stable (Barrett & Hendry 2012). Body size is a pivotal trait in 

many species because it influences population growth through effects on reproduction and 

survival. While in intraspecific comparisons, larger-sized individuals typically show higher 

fitness (Green & Rothstein 1991; Kruuk et al. 1999), in interspecific comparisons, conversely, 

it is the large species that are typically characterized by long generation times, and, 

consequently, exhibit low population growth rates and low resilience to disturbance (Gaillard 

et al. 2005; Hodgson et al. 2015). Accordingly, any deviation from an optimal body size, and 

thus an associated decrease in fitness, can significantly impact population persistence (Green 

& Rothstein 1991; Jorgenson et al. 1993; Kruuk et al. 1999).  

How to measure such a fitness decrease in wild populations is a challenging task, and 

researchers therefore often use surrogate traits that can be measured more easily and are 

believed to reflect fitness (Pekkala et al. 2011). One of these most commonly used 

measurements of fitness is lifetime reproductive success (LRS), which is the total number of 

lifetime offspring produced by an individual (Clutton-Brock 1988; Newton 1989). LRS is also 

closely tied to life history strategy, which is the pattern of how organisms spread their 

reproduction over their lifetime (Brommer 2000), as it is founded on a combination of the 

overall number of reproductive events during a lifetime as well as the average number of 

viable offspring produced per event (Clutton-Brock 1988; Newton 1989). While in some 

species annual reproductive success is a good predictor of LRS (Jensen et al. 2004; Herényi et 

al. 2012), longevity is the central variable shaping LRS in species that are on the slow end of 

the life history continuum (Clutton-Brock 1988; Rhine et al. 2000; Gaillard et al. 2005; 

Bercovitch & Berry 2017). Life histories can further be classified by evaluating the ‘pace of 

life’, which is often done using measurements such as lifespan, generation times, age at first 

reproduction, and fecundity rates (Gaillard et al. 2005; Steiner et al. 2014). According to the 

theory of the fast-slow-continuum of life histories, species on the ‘fast’ side are characterized 

by an early start of reproduction, high fertility rate and offspring numbers, short lifespans, 

and typically small sizes (Oli 2004). On the other ‘slow’ end of the continuum, species have 

the opposite suite of traits with low reproductive output, long generation times but longer 

lifespans, and typically also larger body sizes. Due to their extraordinary longevity and low 

annual reproductive output, bats are considered to be on the slow end of this life-history 

continuum, despite their small body size. 

In Bechstein’s bats, body size was found to negatively impact adult survival rates, with 

larger individuals showing higher mortality rates (Fleischer et al. 2017). Adult mortality in 

long-lived and slow reproducing mammals, such as bats, is the most sensitive demographic 

parameter for population growth (Lawler 2011). At the same time, other possibly 

compensatory consequences of changes in body size in Bechstein’s bats, such as a possible 

shift in the pace of life histories, remain unknown. Shifts in the pace of life-history traits are, 

however, a quite plausible result of changing body size, as life-history theory suggests that 

the allocation of resources towards reproduction and away from survival is strongly 
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influenced by individual body size (Promislow & Harvey 1990; Stearns 2000; Thorne et al. 

2006). Although shifts in life history as a consequence of changing environments have been 

documented in some species, these changes are typically attributed to specific environmental 

factors (Sand 1996; Krebs et al. 2001) and/or investigated only in single life history traits 

(Paniw et al. 2021). In contrast, long-term field studies on the effect of climate change on 

multiple life history traits remain extremely rare, particularly in long-lived mammals (for one 

of the few existing studies see for example Forchhammer et al. 2001). Understanding whether 

changes in the pace of life may be facilitated or even initiated by rapid plastic responses is 

critical to predict population persistence of species with a slow life history. Unravelling an 

immediate interplay between climate change and the pace of life is thus important for 

conservation in times of rapid climate change, particularly for endangered long-lived 

mammals such as bats. 

 

1.3 Weather conditions and their potential impact on the body size of bats 

In the course of climate change, global warming has become one of the predominant factors 

shaping our environment and future climate (IPCC 2021). In bats, temperature is one of the 

abiotic environmental influences with the strongest impact, shaping species distribution 

patterns, ecology, phenology and physiological processes. It affects aspects like the timing of 

hibernation (Meyer et al. 2016) and breeding (Linton & Macdonald 2020), but also roosting 

behaviour (Pretzlaff et al. 2010) or foraging activity (Anthony et al. 1981). In periods of cold 

temperatures bats can exploit torpor, a state of decreased body temperature and metabolic 

rate, that provides significant energy savings (Willis & Brigham 2005; Pretzlaff et al. 2010; Ruf 

& Geiser 2015). However, entering torpor during the reproductive period comes with costs in 

the form of prolonged gestation due to retarded fetal development and reduced milk 

production (Tuttle & Stevenson 1982; Wilde et al. 1999). During the postnatal period, cold 

temperatures will also significantly slow or even halt juveniles’ growth curves (Reiter 2004). 

Thus, breeding females will minimize time spent in torpor to minimize interferences with 

reproduction (Willis et al. 2006; Dzal & Brigham 2012; Otto et al. 2015), and whole maternity 

colonies have been shown to prefer warm roosts (Kerth et al. 2001). Additionally, colonies 

can optimize social thermoregulation by adjusting the number of colony members roosting 

together at any time (Pretzlaff et al. 2010; Olson & Barclay 2013). As a result, body size in bats 

has been linked to warm temperatures during postnatal development (Tuttle 1975; Zahn 

1999). Other weather parameters, such as rainfall and wind, may also (indirectly) affect 

juvenile growth by influencing the body condition of the mother via foraging efficiency 

(Anthony et al. 1981; Dietz et al. 2007).  

 

1.4 The genetic basis and evolutionary potential of body size 

In order for evolution to occur, the simultaneous existence of two requirements is necessary: 

heritable variation in the selected trait as well as natural selection (Hoffmann & Merilä 1999). 
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Heritability is the proportion of phenotypic variance (VP) that can be attributed to genetic 

variance (VG), with VG encompassing all sources of variation that may arise due to effects of 

dominance and epistasis or additive genetic effects (Wray & Visscher 2008). As most of the 

genetic variance is additive and, moreover, the response to selection depends primarily on 

the amount of additive genetic variance available (Hill et al. 2008; Visscher et al. 2008), the 

concept of narrow-sense heritability (h2) has been established. h2 is typically defined as the 

proportion of phenotypic variance VP that can be attributed only to variation in the additive 

genetic effect (VA) and is a common measure of a trait’s potential for evolutionary change 

(Wilson & Poissant 2016). While it has been well established that heritability can vary as a 

direct response to environmental conditions, the direction of change is rather unpredictable, 

ranging from lower heritability in unfavorable environments in some studies, to an increase 

or no effect in others (Hoffmann & Merilä 1999; Charmantier & Garant 2005). An additional 

standardized parameter has been suggested to aid in the comparison of heritability estimates 

across studies: the ‘evolvability’ (IA). Evolvability is defined as the additive genetic variance of 

a trait, standardized by the mean trait value (Houle 1992). As it is also a numerical value, it 

allows for a more direct interpretation and can be seen as the expected proportional change 

in a trait under a unit strength of selection (Hansen et al. 2003, 2011). Both heritability and 

evolvability allow the estimation of the evolutionary potential of a trait. 

In numerous species body size has been shown to change as a consequence of phenotypic 

plasticity (David et al. 2006; Merilä & Hendry 2014). Somewhat to the contrary, body size is 

at the same time also a highly heritable trait (Merilä & Sheldon 1999; Hansen et al. 2011). In 

a comparatively robust pattern, the heritability of morphological traits, such as body size, is 

usually significantly higher than that of life-history traits (Visscher et al. 2008). High 

heritability in this context would suggest that evolution has sufficient variance to act on, i.e. 

a greater potential for rapid evolution. Estimating the heritability of fitness-related traits is 

crucial for predicting an organism’s ability to respond to global change, but disentangling the 

genetic versus plastic responses to climate change remains a challenging task. Some of the 

most frequently used approaches are either common-garden or reciprocal transplant 

experiments, or examining longitudinal data in statistical models, that are collected from 

pedigreed natural populations (Hoffmann & Sgró 2011; Merilä & Hendry 2014; De 

Villemereuil et al. 2016). These so-called ‘animal models’, a type of linear mixed-effects 

models, are able to separate the plastic, genetic and maternal contributions to phenotypic 

change (Kruuk 2004; Wilson et al. 2010; Wilson & Poissant 2016). 

While body size of female Bechstein’s bats theoretically has the potential to be a plastic 

trait, the exact contribution of genetic components and phenotypic plasticity to the variance 

in body size remain unknown thus far. If body size is highly heritable, selection could 

ultimately slow down the temperature-induced shift towards larger bats, with possible 

consequences for population persistence. To predict future evolutionary changes in 

Bechstein’s bat populations, it is consequently crucial to understand how heritability changes 

in response to various environmental conditions (Charmantier & Garant 2005). 
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1.5 Study organisms 

The order Chiroptera is the second largest Mammalian order and comprises more than 20% 

of the known mammal species with over 1,400 bat species (Mammal Diversity Database 

2022). Bats are found on every continent except Antarctica and provide important ecosystem 

services, such as seed dispersal, plant pollination, arthropod suppression and redistribution 

of nutrients (Kunz et al. 2011). Bats are small, homoeothermic mammals, occupying a wide 

variety of ecological niches (Kunz & Fenton 2007) and show a unique combination of 

characteristics: they are the only mammals capable of true flight and only terrestrial mammal 

to use echolocation for orientation. Typically, the smaller the mammal, the shorter its 

lifespan, but bats defy this rule as they exhibit extraordinary longevity (Healy et al. 2014). 

Furthermore, they are characterized by low annual reproductive output compared to other 

mammals of similarly small size, generally raising only one offspring per year (Dietz et al. 

2016). This combination places them on the slow side of the slow-fast life-history continuum. 

As a consequence, bat species can only recover slowly from population declines (Barclay et 

al. 2004; Fleischer et al. 2017), and are considered to be at a disadvantage in times of changing 

environments, if fast evolutionary rescue is required to adapt to changing environments 

(Isaac 2009). According to the IUCN Red List (IUCN 2021), 16% of all bat species worldwide 

are currently categorized as at least ‘vulnerable’, with many listed in higher risk categories 

(‘endangered’ or ‘critically endangered’). Also, many European bats are considered 

vulnerable, threatened or likely to become threatened in the future (IUCN 2021). Despite this 

ongoing crisis, the importance, impacts, and consequences of potential drivers of bat 

population change remain poorly understood or quantified (Browning et al. 2021). 

The temperate-zone Bechstein’s bat (Myotis bechsteinii) is a forest-living and long-

lived species (reaching up to 21 years at a weight of only about 10 g), with forearm lengths 

ranging typically from 39.0-47.1 mm (Dietz et al. 2016). Bechstein’s bats are of high 

conservation concern and strictly protected by European law (Petrov et al. 2018). During the 

breeding season in summer, females form maternity colonies that are closed societies due to 

strict natal female philopatry (Kerth et al. 2000), and often use artificial bat boxes as day 

roosts (Figure 1A and B). Within the colonies, the females exhibit fission-fusion behavior, i.e. 

regularly split into subgroups that use different roosts (Kerth et al. 2002). Births occur around 

June-July, with females typically giving birth to one pup (Dietz et al. 2016). In contrast, males 

disperse from their natal colonies and live solitarily. Thus, gene flow between colonies 

depends on mating at swarming sites, where males and females of several colonies meet in 

autumn (Kerth & Morf 2004). 

Being distinctively on the slow side of the slow–fast life-history continuum, bats are 

expected to face a high extinction risk under climate change scenarios (Cardillo 2003; Isaac 

2009). Similar to other species, bat populations could theoretically respond to environmental 

change by dispersing to unaffected areas or by coping in situ by means of phenotypic plasticity 

and/or genetic adaptation (Chevin et al. 2010). As female Bechstein’s bats are highly 

philopatric and colony foundation is a very rare phenomenon (Kerth & van Schaik 2012), the 
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two in situ options are likely to be particularly important for successful population 

persistence. 

 

1.6 Study region and data collection 

In this thesis I analyzed data spanning 24 to 25 years (1996–2019/2020) on morphological and 

demographic data from four wild Bechstein’s bat colonies that inhabit forests near Würzburg, 

Bavaria, Germany (Kerth et al. 2002; see Figure 1B). All female bats have been individually 

marked with subcutaneously implanted RFID-tags (Trovan, United Kingdom). This individual 

identification in combination with the distinct philopatry of females and high monitoring 

frequency has made it possible to record the complete life-history of individual females (Kerth 

2022). It was extremely rare, that females were not recorded in a given year, but returned in 

a consecutive year (0.09% over all colonies and years, Mundinger et al. 2021), which leads to 

extremely reliable estimates of mortality events. In combination with the construction of 

genetic pedigrees, this allows investigation of highly fitness-relevant parameters, such as 

lifetime reproductive success (LRS), fertility and mortality rates as well as generation times, 

and thus also population demographic responses. In contrast, due to their dispersal and 

solitary life-style, males are typically not caught and similar life-history data is not available. 

As a commonly used and reliable proxy for adult body size (Thiagavel et al. 2017; McGuire et 

al. 2018) the forearm length (FAL) was used in all three studies. 

Figure 1: (A) A maternity colony of Bechstein’s bats in their day roost. Photo taken in Guttenberg, Germany, 
by C. Mundinger. (B) Typical set up of bat boxes mounted in the research areas (model 2FN, Schwegler, 
Germany), which are regularly used as roosts by Myotis bechsteinii. Photo taken in Blutsee Germany, by C. 
Mundinger. (C) Overview of the four research sites near Würzburg, from which the long term data has been 
collected over more than two decades. Map data ©OpenStreetMap contributors, 2015. 

A  

C

B
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1.7 Objectives of the thesis  

The main aim of this thesis was to investigate the plastic and genetic responses to weather 

conditions in Bechstein’s bats (Myotis bechsteinii), possible fitness consequences of these 

responses and, ultimately, population persistence. This dissertation thus investigated the 

following questions:  

1) What shapes the development of body size in M. bechsteinii and, specifically, is 

there an impact of weather conditions on the body size? If so, in what form and 

magnitude?  

2) How does body size then subsequently influence the pace of life in females, what is 

the cost of an altered pace of life, and how does fitness compare across individuals 

with slow and fast life histories?  

3) To what extent can changes in body size be attributed to either phenotypic plasticity 

or genetic adaptation? What is the evolutionary potential of this trait in the 

populations and, consequently, what implications can we draw regarding population 

persistence of these colonies? 

 

To answer the first question, we used meteorological as well as individual-based data on body 

size to identify the most influential weather parameter plus a sensitive time period, in which 

body size is most susceptible to abiotic weather conditions. We then applied this knowledge 

to calculate more complex models, assessing the impact of not only abiotic but also biotic 

factors on body size. In addition, we analyzed an updated data set on survival and body size 

to validate if the association between mortality and body size found in past work still held 

true. Collectively these results enabled us to understand the overarching link between 

warmer summer temperatures, larger body sizes and increased mortality risk. 

To answer the second question, we unraveled the consequences of changes in body 

size for the pace of life history traits and, consequently, fitness. We combined multi-

generational genetic pedigrees with individual-based data on survival, reproduction and body 

size and first assessed whether size influenced reproductive rates. We then evaluated the 

costs of early reproduction on future survival and investigated the relationship between size 

and the pace of life. In doing so we were able to understand how changes in size not only 

affect the pace of life and individual fitness, but also how this morphological trait then impacts 

demographic growth rates in wild Bechstein’s bats. 

To answer the third question, we used multi-generational pedigrees in a Bayesian ‘animal 

model’ to estimate additive genetic variance, heritability and evolvability of body size. We 

calculated these estimates for different environmental conditions and additionally compared 

them between different birth environments experienced by daughters and their respective 

mothers. This allowed us to not only separate the influences of phenotypic plasticity and 

genetic adaption on the variation of body size, but also to assess the evolutionary potential 

of body size and possible consequences for population persistence under future climate 

change scenarios. 
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2. Synthesis 

2.1 General findings and discussion 

This thesis investigated the plastic and genetic responses of a phenotypic trait to weather 

conditions in Bechstein’s bats (Myotis bechsteinii), the consequences of these changes for the 

pace of life histories and, ultimately, fitness. We focused on the phenotypic trait body size, as 

past work demonstrated body size to be a highly fitness-relevant trait in Bechstein’s bats. 

Body size is further known to be a pivotal trait shaping the pace of life histories in numerous 

species. Simultaneously, many studies reported noteworthy changes in body size as a 

response to shifting environments across different taxa. This suggested a potential for a high 

plasticity of this trait also in M. bechsteinii, but at the same time changes in body size might 

potentially impact demographic rates. This combination warranted special attention in 

investigating this trait in Bechstein’s bats, a long-lived species with slow life history, that is of 

high conservation concern and thought to be at an adaptive disadvantage in times of rapidly 

changing environments.  

In Manuscript 1 we found that, in contrast to the declining body size observed in many 

species, body size in Bechstein’s bats significantly increased over the study period. In detail, 

warmer summers resulted in larger adult body sizes in the four studied populations of wild 

Bechstein’s bats. We further identified a sensitive time period in the postnatal growth phase, 

in which body size was most susceptible to external weather influences. Compared to the 

other weather parameters tested, such as nightly wind speed or precipitation, ambient 

minimum temperature proved to be the most important weather variable impacting the 

development of body size. In addition to the impact of temperature, we further found that 

colony size positively (and independently of ambient temperature) affected the development 

of body size: the more adult females present in a colony, the larger the body size of juveniles 

grew. Lastly, we confirmed the positive link between larger body sizes and mortality rates. 

In Manuscript 2 we analyzed the consequences of body size for the pace of life 

histories and, consequently, fitness of Bechstein’s bats, to gain more insight into other life 

history traits that are relevant for population persistence (in addition to the mortality rates 

investigated in Manuscript 1). We found that the pace of life differed between small and large 

individuals, but ultimately resulted in similar fitness in the form of similar lifetime 

reproductive success. The life history of large females was characterized by faster generation 

times, an earlier age at first reproduction and a shorter lifetime expectancy. In contrast, 

smaller individuals started reproduction later in life, showed longer lifespans, but also longer 

generation times. Additionally, higher fecundity rates occurred in larger bats and those that 

started reproduction at younger ages compared to smaller bats and those starting 

reproduction at older ages. Furthermore, we showed that the observed increase in mortality 

in large animals was not a direct consequence of the larger body size, but that size-dependent 

fecundity and age at first reproduction drive this mortality increase. Finally, we demonstrated 

how body size modulated population growth rates via its impact on survival and fecundity 

rates.  
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While we clearly found a high degree of plasticity in body size of Bechstein’s bats in 

Manuscript 1, we could not yet differentiate whether these phenotypic changes were the 

result of phenotypic plasticity or additive genetic variance. However, this knowledge is 

fundamental for assessing the potential for genetic adaptation in changing environments. 

Thus, in Manuscript 3 we studied the degree of phenotypic plasticity, additive genetic 

variance (VA), narrow-sense heritability (h2), and the evolvability (IA) of body size. We further 

compared heritability estimates under different environmental conditions and between the 

environmental birth conditions experienced by mothers and their daughters during their 

respective birth years. We found that the observed increase in body size over the last decades 

was mostly driven by phenotypic plasticity, with only few genetic constraints. Specifically, we 

showed that h2 was considerably reduced in hot summers as compared to average and cold 

summers, while evolvability of body size was generally low and pointed to a low capacity to 

respond to selection pressures associated with the trait. At the same time, during cold 

summers heritability estimates were high and body sizes not significantly smaller than in more 

average conditions, suggesting successful behavioural adaptions of bats to mitigate negative 

effects of cold on growth. In contrast, the largest difference in body size between mothers 

and offspring occurred when their respective birth environments differed strongly in 

temperature and offspring grew up in warmer summers. In conclusion, this suggests that 

during cold environments, behavioural and genetic responses raise the body size from the 

minimum end more towards the average, while during hot conditions phenotypic plasticity 

leads to a shift towards larger sizes. 

 

2.1.1 The increase of body size in Bechstein’s bats is primarily a consequence of 
high phenotypic plasticity 

Combining the results of Manuscripts 1 and 3, we clearly show that body size in M. bechsteinii 

has increased over the last two decades as a response to global warming. This increase is, in 

large part, a result of high phenotypic plasticity of offspring body size in warm summers. 

Indeed, evidence suggests that in highly variable environments, populations show a higher 

degree of plasticity, which might preadapt them to extreme conditions (Baythavong 2011; 

Chevin & Hoffmann 2017). Yet, what constitutes a ‘highly variable environment’ needs to be 

considered in a species-specific context. Accordingly, the scale at which environmental 

fluctuations occurs is typically related to the generation time and reflected in the ‘grain size 

of the environment’ (Levins 1968; Rodríguez 2012). Bechstein’s bats, with their long life spans 

and generation times, experience a high degree of environmental heterogeneity within their 

lifetime, which is considered a fine-grained scale. These highly variable fine-grained 

environments select for a high degree of phenotypic plasticity (Baythavong 2011). Explicitly 

regarding the evolution of phenotypic plasticity in response to temperatures, Mallard et al. 

(2020) could even show that ancestral plasticity was increased after exposure to novel 

thermal environments, rather than the mean genetic expression. This fits well with our results 

from Manuscript 3, which demonstrate the high proportion of phenotypic plasticity 
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contributing to the observed change in body size. Furthermore, this suggests that the high 

degree of plasticity itself must have been selected for in the past, likely in response to 

temperature fluctuations experienced by ancestral Bechstein’s bat colonies. 

 

 

The fluctuating nature of changing environment also implies that summer temperatures 

experienced during the juveniles’ growth phase might not always represent a reliable cue for 

the environmental conditions in subsequent years. This is especially true, as climate change 

will not only increase average surface temperatures, but also environmental stochasticity in 

the form of extreme weather events (IPCC 2021). Simultaneously, although changes due to 

phenotypic plasticity can often be reversible, such as in physiological or behavioural traits, 

the morphological responses of body size in Bechstein’s bats are clearly irreversible. The 

biggest growth spurt of juvenile bats of the temperate zone takes place directly in the weeks 

after births and final body size is usually reached by autumn (De Paz 1986; Eghbali & Sharifi 

2018). So, although ambient temperatures only once shape the formation of body size during 

a short time window in summer, the consequences continue to affect individuals throughout 

their whole life and impact life history (see Figure 2). This is demonstrated by Manuscript 2, 

which illustrates the immediate link between individual body size and life history, with larger 

body sizes leading to a faster pace of life. Ultimately, this acceleration of their pace of life 

means that larger females are currently able to compensate for their reduced longevity, 

seeing as they are able to achieve similar overall fitness as average or small bats.  

Figure 2: Combing results from Manuscript 1 and 2, we can demonstrate (a) the impact of global warming on 
body size, (b) the subsequent impact of body size on the speed of life history paces and the resulting 
consequences for (c) the fitness across differently sized bats, as well as (d) generation times and, ultimately, (e) 
population growth (modified from Mundinger et al.; 2022). 
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The acceleration of life histories is, furthermore, an important driver of population dynamics 

via faster generation times and subsequent changes in population growth rates. Regarding 

considerations about future population persistence, we can conclude: our calculations of 

generation times and population growth rates show that only medium to large-sized bats 

(with forearm sizes larger than 41.4 mm but smaller than 44.3 mm) promote population 

growth. Thus, if warmer summers shift populations to be mainly consisting of bats with 

extremely large sizes (> 44.3 mm), population growth rates might revert to into a decline. 

Over the last 25 years, two population growth phases could be observed in the colonies: from 

1996 to 2010, all four maternity colonies either steadily increased in numbers (Guttenberg 2) 

or maintained roughly constant population sizes (UA, BS and HB). Following a single 

catastrophic winter in 2010/2011 nearly all colonies instantly crashed in population size 

(Fleischer et al. 2017; Mundinger et al. 2021). Since then, numbers have been rising again for 

most of the colonies, but are only now approaching pre-crash colony sizes.  

 

It should also be noted that we strictly focused on female adult body size in all of our studies. 

This focus on adult body size is important, as adult mortality is the most sensitive 

demographic parameter for population growth in long-lived and slow reproducing mammals, 

such as bats (Lawler 2011). In addition, growth has been completed at the adult age stage and 

thus final body size been reached, which allows accurate calculations. Although of less 

importance, the population growth rate in ‘‘slow’’ populations, such as in the Bechstein’s 

bats, is typically also sensitive to changes in juvenile survival rates (Oli 2004). Thus, (female) 

juvenile survival is also an interesting and relevant demographic parameter, as this 

determines recruitment rates into the populations. Bat survival rates in the first year are 

known to be consistently lower than adult survival rates (Papadatou et al. 2009; Schorcht et 

al. 2009). First studies also point towards a significant impact of weather conditions on 

juvenile survival (Culina et al. 2017). While investigating juvenile body size comes with its own 

difficulties, such as the question of when juvenile measurements are close enough to final 

body size to be reliably used in analyses, results should also be highly interesting. A next step 

could accordingly be to investigate the impact of body size on juvenile survival. 

 

2.1.2 Is the phenotypic plasticity of body size in Bechstein’s bats adaptive? 

Although still debated, it is suggested that phenotypic plasticity may aid or even speed up the 

process of adaptive evolution. Even if the non-heritable phenotypic variation in a population 

is not under firm genetic control and stems from environmental cues, it can later become 

genetically ‘assimilated’ (Pigliucci et al. 2006; Ghalambor et al. 2007). Thus, if the phenotypic 

plasticity of body size would be adaptive, it might serve as a stepping stone to adaptation. 

The question here, however, remains: is the high degree of phenotypic plasticity in body size 

of Bechstein’s bats really adaptive? Plasticity is considered adaptive if it is associated with a 

higher fitness, i.e., it improves an organism’s reproduction or survival (Pigliucci et al. 2006). 
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While up to this point switching to a faster life history has been successful in compensating 

fitness losses across differently sized bats, this strategy requires sufficient habitat quality that 

allows for annual reproduction. Also, if larger, short-lived bats are not able to successfully 

raise an offspring because of poor weather conditions or low habitat quality, this would 

reduce their lifetime reproductive success, while smaller, longer-lived bats might be better 

able to skip reproduction in a given year. This faster life history would then prove to be a risky 

strategy in times when extreme weather events are becoming more frequent, as predicted 

by most climate change scenarios. With maximally one offspring per year, female Bechstein’s 

bats are also severely limited in the extent to which they can further accelerate their pace of 

life.  

Furthermore, similar to birds, body size in bats is a functionally important 

morphological feature linked to flight performance and consequently constrained by 

limitations imposed by flight (Norberg & Rayner 1987; Safi et al. 2013). Thus, a range for 

optimal body size is expected to exist, but with increases in body size being driven by 

phenotypic plasticity in warm summers, bats will likely deviate more and more from that 

optimum with possibly negative consequences for individual fitness. Although by accelerating 

the pace of life large bats are able to maintain a comparatively high degree of fitness, size in 

itself would not be pulled back towards such an optimal body size. Moreover, we already 

found a trend towards reduced fitness in very large bats. Even though this trend is currently 

not significant, it could develop into a fitness loss, if future populations will consist of an 

increasing proportion of larger bats as a result of higher summer temperatures. At this time, 

the high degree of plasticity in body size as a response to temperatures would become 

maladaptive. From there on selective pressures might act on a) the additive genetic variance, 

which would ultimately lead to genetic adaption, b) behaviours of reproducing bats, e.g. 

regarding roost choice or social aggregation, and/or c) the degree of plasticity itself. This 

selection would select against and finally eliminate very large bats born in extremely hot 

summers and thus halt the size increase at some point. In this context, Ho & Zhang (2018) 

discovered that plastic phenotypic changes were more frequently reversed than reinforced 

by genetic changes, which indicates that the body size increase might not only be halted but 

might even subsequently reverse in the Bechstein’s bats populations. This, however, will likely 

initially cause population sizes to decline until the population can adapt and eventually 

recover, given a sufficient amount of genetic variance in the population (Barrett & Hendry 

2012). Although phenotypic plasticity does not require genetic variability, additive genetic 

variance is an important basis for genetic adaption. In this regard it is important to remember 

that the measure of heritability provides little information on the absolute amount of additive 

genetic variance present in the population (Postma 2014). What we explicitly see in the data 

is that the variance of body size has always been relatively high in all past cohorts, regardless 

of summer temperature. Consequently, even in hot years, which will occur more often as 

expected under future global warming scenarios, some bats with genes for average size 

should be born and recruited into the population. So, although the ratio might shift to a higher 

proportion of large bats in a population, a certain degree of phenotypic variance will likely be 
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maintained on which selection could act. Additionally, a population with a higher proportion 

of large bats would be associated with faster generation times and exactly these slightly faster 

generation times may prove helpful in genetic adaption as they would provide a higher scope 

for micro-evolution (Visser 2008; Gienapp et al. 2013). 

 

2.1.3 Behavioural plasticity as an adaption to fluctuating environments 

Besides genetic and plastic adaptions, generally the most immediate action an individual can 

take as a response to changing environments is to adapt its behavior. This allows individuals 

to either immediately reduce exposure to new environmental conditions or ameliorate 

potential negative effects (Barrett & Hendry 2012). Likewise, in this thesis we find evidence 

for a considerable effect of behavior shaping body size. Manuscript 1 showed the positive 

impact of colony size, and thus the greater potential for social thermoregulation in larger 

colonies, on the growth of body size. This is supported by findings in Manuscript 2, that in 

larger colonies females bred at younger ages, an important property for the pace of life 

histories. Although colony size is not a measure of behavior itself, it provides bats with greater 

flexibility and range when choosing possible group sizes for communal roosting. It is well 

documented that female Bechstein’s bats actively adapt group sizes depending on their 

reproductive status, and therefore, different metabolic needs (Tuttle 1976; Kerth et al. 2011). 

Reproducing females hereby choose to roost in larger groups (Pretzlaff et al. 2010; Olson & 

Barclay 2013). Consequently, the more adult females are present in a colony, the larger the 

potential roosting group size can be, and thus the greater the benefits of social 

thermoregulation (Pretzlaff et al. 2010). As another behavioral response to temperature 

fluctuations in their environment, reproducing bats can and will choose warm roosts (Kerth 

et al. 2001; Webber & Willis 2018). Additionally, juveniles will actively cluster in the absence 

of their mothers, which leads to lower heat loss (Kuepper et al. 2016). Correspondingly, 

Manuscript 3 found comparatively large body sizes coupled with a relatively high heritability 

in cold environments, suggesting that reproducing bats successfully adapted their roosting 

behaviors to attenuate the negative effects of cold environments on the growth of offspring. 

Combining the results from all three Manuscripts, our studies suggest that bats actively create 

a favorable environment for growth in juveniles by socially aggregating and choosing warm 

roosts. This adaption seems to work exceptionally well in cold environments, but seems 

essentially irrelevant in hot environments. As detailed in the previous paragraph, if plasticity 

reverses to become maladaptive under future global warming scenarios, behavioral 

adaptations that mitigate the effects of warmer temperatures might be selected for. During 

extremely hot conditions, adaptions of reproducing females might involve a shift of 

preference towards colder roosts or decreasing the degree of social aggregation, i.e. forming 

smaller group sizes during reproduction. 
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2.1.4 Plastic responses of body size in other (bat) species  

Shrinking body size has been proposed as a universal response of animal populations to global 

warming (Daufresne et al. 2009; Gardner et al. 2011; Sheridan & Bickford 2011). Although this 

pattern is widely found, taxa still differ in the direction and magnitude of their morphological 

trait changes in response to temperature. Interestingly, while birds or reptiles are not 

systematically affected by global warming, mammals are the only taxon showing a clear 

negative association between body size and temperature (Radchuk et al. 2019). Whether this 

really represents an adaptive evolutionary response, instead of phenotypic plasticity, has 

been strongly doubted (Siepielski et al. 2019). Contrasting this ‘global shrinking’ of mammals, 

Bechstein’s bat populations are responding in the exact opposite way and have increased in 

body size. But even between bat species, the responses of body size in temporal patterns, 

and thus possibly an effect of climate change or change in land use, vary extremely: neither 

Pipistrellus kuhlii nor Rhinolophus hipposideros populations across Italy showed any temporal 

increase in forearm length over the last more than 100 years (Tomassini et al. 2014; Salinas-

Ramos et al. 2020). In China, increases in forearm length across 65 years were observed in 

only one of two studied species. However, this increase was rather attributed to changes in 

land use than climate change (Yue et al. 2020). In North America, a study across 20 bat species 

found that temporal variation in body size was mainly driven by energy gain from abundant 

food, not climate change (Alston et al. 2021). These studies emphasize that generalizations 

even for closely-related species should only be drawn with caution, if at all. This is even more 

true, as many bat species differ fundamentally in their roosting and foraging ecology. More 

generally, this also emphasizes how climate change could influence body size in bats, and 

animals in general, through both changes in the mean annual temperature as well as changes 

in resource availability.  

While these results highlight the variability and complexity of responses on an 

interspecific level, investigating intraspecific variation in details might be of particular 

importance. In the grey long-eared bat (Plecotus austriacus), Razgour et al. (2018) found that 

adaptive and neutral genetic variations, and thus the adaptive potential, differed significantly 

between Plecotus populations across their distribution range. They further suggested that 

intraspecific climatic niche dissimilarities can be substantially higher than interspecific 

variation (Razgour et al. 2019). This emphasizes how adaptive genetic variation can differ 

vastly across populations and how important comparison across populations along an 

environmental gradient, such as ambient summer temperature, are. In this thesis, I focused 

on four wild bat colonies in close local proximity to each other, which are exposed to very 

similar climatic conditions. The study area near Würzburg shows an above-average increase 

of summer temperatures, in regional as well as global comparisons (Rauh & Paeth 2011) and 

thus provides a highly relevant study area for global warming. Supplementing the existing 

data with data from populations across the Bechstein’s bats distribution, and thus a wider 

range of climatic conditions, would surely provide valuable insights into intraspecific climatic 

niche dissimilarities. 
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Such between-population comparisons of phenotypic changes in body size remain rare, also 

outside the bat research community. More often than not, only one focal population is 

followed through time, such as the ‘Shrinking Sheep of St. Kilda’ (Ozgul et al. 2009), and results 

might not necessarily be transferrable to other populations in different environments. In 

studies that were able to compare populations from different environments, body size 

changes vary greatly between species, both in their direction and magnitude. In some studies, 

equi-directional temporal shifts in body sizes were observed across most populations (e.g. 

Weeks et al. 2020). In the North American deer mouse (Peromyscus maniculatus), dense 

spatiotemporal datasets even revealed opposite directions of size change between 

populations: smaller-bodied populations of P. maniculatus were getting larger, while larger-

bodied populations were getting smaller (Guralnick et al. 2020). This stresses how much there 

remains to be learned also about Bechstein’s bats and their adaption of body size, as well as 

how important comparison with other Bechstein’s bat populations from different 

environments would be.  

 

 

2.2 Conclusions and Perspectives 

Understanding how populations and species adapt to altered environmental conditions, both 

in terms of phenotypic plasticity as well as genetic adaption, is a crucial step for predicting 

current and future population persistence. In this thesis I combined long-term pedigree and 

individual life history data to explore the genetic and plastic responses of the long-lived 

Bechstein’s bats to weather conditions, the associated consequences for the pace of life-

histories, fitness and, ultimately, population persistence. I focused on the phenotypic trait 

body size as a highly fitness-relevant trait in Bechstein’s bats, with potentially high impact on 

population persistence.  

The results presented in this thesis clearly demonstrate that body size in M. bechsteinii 

has increased over the last two decades as a response to global warming. In detail, this 

increase is mostly driven by phenotypic plasticity, with warmer summer temperatures leading 

to larger bats and simultaneously only limited genetic constraints in hot summers. At the 

same time, we showed that Bechstein’s bats, although they are typically categorized as 

animals on the slow end of the life-history spectrum, display a remarkable plasticity in the 

pace of their life history. The plasticity is based on the immediate link between individual 

body size and life history, with larger body sizes leading to a faster pace of life. This 

acceleration of life histories currently allows individual females to maintain a similar fitness, 

regardless of size. These results collectively highlight a mechanism by which climate change 

may alter fitness, and ultimately affect the persistence of populations. Predictions of summer 

temperatures in Germany expect a further increase by 1.6-3.8°C until 2080 (Schröter et al. 

2005). Body size, as the highly phenotypically plastic trait we could show it to be, should 

consequently likewise increase, until selection might lead to behavioral or genetic 

adaptations that mitigate the effects of warmer temperatures. Alternatively, the high degree 
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of plasticity itself might come under selection pressure if the faster pace of life in large bats 

would prove to be a risky strategy associated with fitness losses and thus maladaptive. While 

we have not investigated the past evolution of plasticity in this thesis, this might be an 

interesting topic for future research. To test if plasticity has evolved and in what form, 

reaction norms of populations from different environments can be compared (Visser 2008; 

Merilä & Hendry 2014). This would again call for data on body size from other Bechstein’s bat 

populations across the distribution range. At the same time, this would likely be an extremely 

challenging task, due to the multitude of biotic and abiotic factors and their interactions, that 

are likely to mediate organisms´ body size in nature. Furthermore, it would also require 

comparable long-term data, which are difficult and costly to obtain (Kerth 2022). 

 

From the results presented in this study, which directly link summer temperature and body 

size in Bechstein’s bats, it remains unclear what proximate mechanisms are at play in the 

positive correlation: either a) the direct impact on metabolic savings and uninterrupted 

growth or b) the indirect influence via higher prey abundance and thus better body condition 

of mothers. Future changes in regional insect abundance remain unclear, but the local decline 

of insect populations is a quite probable scenario (Hallmann et al. 2017; Uhler et al. 2021). If 

the body size increase in Bechstein’s bats observed over the last decades is mainly due to a 

resource increase via higher insect availability, these increases could potentially level out or 

even reverse under scenarios of regional decreases in insect biomass. In contrast, if body size 

has increased as a direct impact of temperature on growth and temperatures continue to rise 

but insect availability drops simultaneously, bats may not be able to meet the increased 

energy demands associated with larger body sizes (Speakman 2008). To untangle these two 

mechanisms, in a next step, a heating experiment could be conducted in maternity roosts, 

which would artificially control roost temperatures. This would allow us to discriminate the 

effect of warm roost temperatures on growth via metabolic saving from increased growth 

due to higher prey availability.  

 

To more accurately predict future population persistence of the Bechstein’s bats colonies in 

these areas, modern population modeling approaches such as Integrated Population Models 

(IPMs) or Ecological Niche Modeling (ENM) should be applied. These models could integrate 

insights gained from this thesis, such as size-dependent fecundity, survival and population 

growth rates, to assess population viability under different climate change scenarios. Such 

models could additionally be supplemented by new data sampled from different Bechstein’s 

bat populations across its distribution range, and accordingly varying geographic areas and 

climatic conditions. For example, Razgour and colleagues (2018) modelled for the grey long-

eared bat (Plecotus austriacus), another bat species of the temperate zone with relatively 

limited dispersal ability, the intraspecific vulnerability, adaptive potential and environmental 

suitability. With additional data from other populations, local climatic adaptations (or mal-

adaptions) in wild Bechstein’s bat populations could similarly be identified using 

genotype-environment association analyses, which investigate associations between allele 
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frequencies and local environmental variables. Collectively, these results could be used to 

forecast range changes and population persistence under future climate scenarios. 

 

To ultimately conclude, this study emphasizes the importance of disentangling the impact of 

phenotypic plasticity and genetic adaptation on fitness-relevant and temperature-sensitive 

traits, which will be necessary to understand the causal mechanisms and potential of plastic 

responses. Only with such knowledge are predictions, and possibly conservation measures, 

towards population persistence possible. 
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TABLES 

Results GAMs 

Table S1: Summary for the model comparison for age at first reproduction. Colony ID and year always 

entered as random factors. In bold: the best model, selected for its minimal AIC value in combination 

with smallest degrees of freedom. 

No Terms df AIC Akaike weights 

1 Intercept 18.67 651.85 0.000 

2 body size 23.19 648.24 0.001 

3 colony size 23.19 643.57 0.011 

4 body size + colony size 21.32 634.49 0.988 

 

Table S2: Summary for the model comparison for fecundity. Colony ID and year always entered as 

random factors. In bold: the best model, selected for its minimal AIC value in combination with smallest 

degrees of freedom. 

No

o 

Terms df AIC Akaike 

weights 1 Intercept 8.84 -14.64 0.000 

2 body size 6.60 -31.32 0.000 

3 age at first reproduction 3.00 -112.26 0.005 

4 body size + age at first reproduction 6.31 -122.92 0.995 

 

Table S3a: Summary for the model comparison for the costs of reproduction. Results are given for 

the full dataset including all years. Colony ID, individual ID and year entered as random factors. In bold: 

the best model, selected for its minimal AIC value in combination with smallest degrees of freedom. 

No Terms 

 
 

df 

all years 
 

AIC 

all years 
 

Akaike weights 

all years 

1  Intercept 24.06 1037.72 0.000 

2  age at first reproduction 24.53 1033.68 0.000 

3  fecundity 28.93 1014.3 0.000 

4  body size 21.78 1032.14 0.000 

5  age 24.63 1010.88 0.000 

6  body size + age 28.08 1010.56 0.000 

7  body size + age at first reproduction 22.60 1028.56 0.000 

8  body size + fecundity 30.08 1017.28 0.000 
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Continuation table S3a: 

No Terms 

 

 

df 

all years 

 

AIC 

all years 

 

Akaike weights 

all years 9  age at first reproduction + age 29.55 1013.31 0.000 

10  age at first reproduction+ fecundity 24.87 996.33 0.000 

11  age + fecundity 35.00 953.65 0.023 

12  body size + age+ age at first reproduction 28.08 994.56 0.000 

13  body size + age at first reproduction + fecundity 30.69 1016.14 0.000 

14  age at first reproduction + age + fecundity 34.97 946.35 0.887 

15  body size + age + fecundity 36.11 956.85 0.005 

16  body size + age + age at first reproduction + 

fecundity 38.02 951.05 0.085 

 

 

Table 3b: Summary for the model comparison for the cost of reproduction (without year 2010). 

Results are given for the dataset without the extreme year of 2010. Colony ID, individual ID and year 

entered as random factors. In bold: the best model, selected for its minimal AIC value in combination 

with smallest degrees of freedom. 

No 
Terms 

 
 

df 

without 

2010 
 

 

AIC 

without 

2010 
 

 

Akaike weights 

without 2010 

 
1  Intercept 19.56 907.49 0.000 

2  age at first reproduction 20.30 900.71 0.000 

3  fecundity 23.97 889.58 0.000 

4  body size 20.63 907.11 0.000 

5  age 24.39 897.54 0.000 

6  body size + age 26.85 895.94 0.000 

7  body size + age at first reproduction 24.32 906.12 0.000 

8  body size + fecundity 24.95 890.8 0.000 

9  age at first reproduction + age 24.54 885.19 0.000 

10  age at first reproduction+ fecundity 23.91 880.51 0.000 

11  age + fecundity 29.85 851.85 0.032 

12  body size + age+ age at first reproduction 27.17 879.54 0.000 

13  body size + age at first reproduction + fecundity 25.55 886.16 0.000 

14  age at first reproduction + age + fecundity 32.78 846.02 0.580 

15  body size + age + fecundity 30.71 853.11 0.017 

16  body size + age + age at first reproduction + 

fecundity 34.89 846.92 0.371 
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Table S4: Summary for the model comparison for the lifetime reproductive success (LRS). Colony 

ID and birth year entered as random factors. In bold: the best model, selected for its minimal AIC value 

in combination with smallest degrees of freedom. 

 

 

Table S5: Summary for the model comparison for the likelihood of reproduction in a given year. 

Colony ID, individual ID and year always entered as random factors. In bold: the best model, selected 

for its minimal AIC value in combination with smallest degrees of freedom. 

No Terms df AIC Akaike weights 

1  Intercept 21.55 2203.30 0.000 

2  body size 22.61 2199.09 0.000 

3  age 26.2 2061.94 0.004 

4  colony size 22.54 2204.33 0.000 

5  age + body size 27.27 2051.48 0.656 

6  colony size + size 23.57 2199.65 0.000 

7  colony size + age 27.24 2063.66 0.001 

8  interaction (age + size) 27.78 2077.70 0.000 

9 

19 

 colony size + body size + age 28.25 2052.80 0.339 

10  colony size + interaction (age + size) 28.74 2078.82 0.000 

 

 

 

No 

Terms df AIC 

Akaike 

weights 

1 Intercept 11.52 916.01 0.000 

2 body size 16.09 922.67 0.000 

3 maximum age 4.50 715.16 0.000 

4 age at first reproduction 13.07 919.33 0.000 

5 maximum age + body size 5.18 713.24 0.000 

6 maximum age + age at first reproduction 5.30 698.22 0.383 

7 body size + age at first reproduction 17.23 924.56 0.000 

8 maximum age + body size + age at first reproduction 6.33 697.25 0.616 
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Table S6: Overview of the microsatellite loci used in this study. Provided are the locus name (locus), 

repeat motif, annealing temperature of the primers (Ta), the multiplex mix that it was included in (Primer 

mix), fluorescent label (Label), size range of the sequence fragment in base pairs (bp), number of 

observed alleles, observed heterozygosity (HObs), expected heterozygosity (HExp), polymorphic 

information content (PIC), GenBank Accession number of the sequenced fragment, and the sequence 

of the forward and reverse primers used. 

* denotes the new primers developed for this study. The other primers are from van Schaik et al. 

(2018)32 

.Locus 

Repeat  

motif Ta 

Primer 

Mix;  

Label 

Size  

range  

(bp) 

No.  

Alle-

les HObs HExp 

 

 

 

PIC 

GenBank  

Accession 

no. Primer Sequences (5’-3’) 

F1CYJ (AAT)11 60 A; FAM 130-190 13 0.791 0.803 0.778 MG321315 

F:CTTCCTCTTGGTGCTT

CCAG 

R:GGAGAGCTATCCACC

ACAGC 

FLF2N (AC)18 60 A: PET 120-170 18 0.757 0.771 0.737 MG321317 

F:GGCTGAGTTTCTTCC

AGTGTG 

R:TGTAGACATGGCGTG

CTAGG 

FNXJO (GT)13 60 A; FAM 220-280 21 0.868 0.861 0.845 MG321319 

F:TTCCACACCTGTGAG

CAGAC 

RT:GTTTTAACCCACGC

AAACACTGAC 

FQJ6M (GA)14 60 A; PET 225-290 18 0.742 0.765 0.734 MG321320 

F:TCAACGGTGCTGCAC

TAAAC 

R:CGGAAGAATTTGGTT

CATCTG 

FYUJN (CA)17 60 A; VIC 220-280 21 0.753 0.750 0.710 MG321323 

F:CAGGAAACTGTTGCT

GGAGAC 

R:GCCTAGTGGAGAATT

TATTTGACC 

GTVIA 

(CA)7CG 

(CA)10 60 A; NED 160-220 18 0.651 0.642 0.588 MG321325 

F:ACAGCTGCCAGGAAT

CTGAC 

R:TGACCCAGTCTCCTC

CAAAG 

F4N2G (AC)13 60 B; PET 130-170 17 0.668 0.704 0.672 MG321316 

F:CCAGTGCAACTTTGC

TAGCTC 

R:ACTGCTGATGCCTCT

GTTCC 

FV5AP (GAT)18 60 B; FAM 226-265 19 0.695 0.688 0.658 KT013262 

F:AACAGAGTTTGATGG

GCTGTTAG 

RT:GTTTTGAGGGTGCA

TGTGTAAGATTC 

FXB16 (AC)15 60 B; FAM 125-210 25 0.834 0.837 0.820 MG321321 

F:AATGGCTGTTTACTGA

TGAATGG 
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R:CAGGCTGGGCTGAGA

GATAC 

FZWDE (AC)13 60 B; HEX 180-240 16 0.641 0.645 0.581 MG321324 

F:TGAATGCACACAGGC

ACAC 

R:GAGCATGGACCAAGT

AAGCAG 

GD7VI* (ATT)10  60 B;NED 165-205 15 0.699 0.697 0.658 OL961308 

F:CTGGAAGGATGCACA

TAGAGG 

R:GCTCAGAGAGGGCAC

ACAG 

b22 

(GT)10G

A(GT)5 60 B; HEX 120-180 16 0.747 0.766 0.739 MG321313 

F:CTGATGCAAGACCCC

TTACAAC 

R:ACGGCAGCAGTGAAA

TCAGA 

b23 (CT)24 60 B; NED 230-290 22 0.909 0.904 0.896 MG321314 

F:CAGTTGGAGGCATGC

AGAAA 

R:CCGGAGATACTCTTT

ATTGTTGGT 

 
 
  



66 
 

Table S7: Overview of the form of dataset, response variable, sample size of individuals (N), link 

function as well all possible predictor variables included in the explanatory GAMs. binom.=binomial  

*censored data included: also individuals with unfinished life histories  

**included only individuals with finished life histories, who had reproduced at least once during their 

lifetime 

 

Model 

number 

Form 

of 

data 

Research 

question 

Response  

variable 

Smooth  

function 

Smooth 

function 

 

Smooth 
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Random 

factors 
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duction 
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size 

colony 

size 

age at 
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year 

+ 

individual ID 

+ 

colony ID 

binom. 381* 

5 mortality rate 

death event 

in a given 

year 
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body 

size 
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y rate 

age at 

first 
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duction 

year 

+ 

individual ID 

+ 
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FIGURES 

 

 

 

 

 

 

 

 

  

Fig. S1: Boxplots depict the variation in longevity (as age at death) in adult females Bechstein’s 

bats with different ages of first reproduction. 
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SUPPLEMENTARY NOTE 1 

We chose a conservative approach including only genetic assignments of the highest 

confidence. This might lead to an under-estimation of reproductive output, and thus 

affect especially estimations of LRS, reproductive activity of the different age classes 

and fecundity rates. For the same Bechstein’s colonies, Fleischer et al. (2017) used 

observations of lactation status obtained during catching events to estimate breeding 

rates for different age classes. Although these approaches differed methodically, we 

found similar patterns in birth rates per age class, albeit our estimates were lower by 

approximately 10%. Using a subset of our data (1996-2015), that corresponded to the 

dataset used by Fleischer et al. (2017), we additionally compared LRS estimates 

calculated based on the 1) genetic matches of the highest confidence, 2) all genetic 

assignments (regardless of confidence) and 3) lactation observations. Again, we found 

very similar patterns in LRS between all three methods, with lactation data showing 

the highest estimates, and the strict genetic assignments the lowest (see 

Supplementary Fig. 6). This suggest that all three methods lead to comparable results. 

While our genetic assignment approach might lead to an under-estimation of 

Fig. S4: Overview of LRS estimates, 

depending on the different methodological 

approaches. to provide better 

compatibility, our dataset was subsetted to 

include the same age classes and years 

as used in Fleischer et al. (2017). Red line 

depicts the smooth function for the LRS 

Fig. S3: Overview of breeding rates in different 

age classes and the comparing between the strict 

approach, only using high confidence 

assignments, and the relaxed genetic 

assignments. 
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reproductive output, lactation data might not reflect weaned juveniles accurately, as 

females will still show sign of lactation although juveniles might have died during earlier 

stages. This could lead to an overestimation of reproduction. As we focused on 

successful reproduction events, we deemed the genetic assignments as the better 

approach. 
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SIGNIFICANCE STATEMENT 

 

How well populations can cope with global warming will depend on their ability to adapt to 

the rising temperatures. In Bechstein’s bats (Myotis bechsteinii), body size has increased over 

the last decades in response to warmer summers. As larger females exhibit higher mortality, 

this shift may threaten populations if this trend continues. To identify whether this increase 

in body size is driven by genetic adaption or phenotypic plasticity, we assessed the 

evolutionary potential of body size using a 25-year multi-generational pedigree of wild 

Bechstein’s bats. We found that the observed change in body size was mostly driven by 

phenotypic plasticity. Thus, if warm summers continue to become more frequent, body size 

is likely to increase further, potentially threatening populations. 
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Abstract 

How well populations can cope with global warming will often depend on the evolutionary 

potential and plasticity of their temperature-sensitive, fitness-relevant traits. In Bechstein’s 

bats (Myotis bechsteinii), body size has increased over the last decades in response to warmer 

summers. If this trend continues it may threaten populations as larger females exhibit higher 

mortality. To assess the evolutionary potential of body size, we applied a Bayesian ‘animal 

model’ to estimate additive genetic variance, heritability and evolvability of body size, based 

on a 25-year pedigree of 332 wild females. Both heritability and additive genetic variance 

were reduced in hot summers compared to average and cold summers, while evolvability of 

body size was generally low. This suggests that the observed increase in body size was mostly 

driven by phenotypic plasticity. Thus, if warm summers continue to become more frequent, 

body size likely increases further and the resulting fitness loss could threaten populations. 

 

1. Introduction 

Many animal populations around the globe struggle with the magnitude and speed of current 

climate change (Radchuk et al. 2019). The capacity of populations to cope with changing 

environments is determined by their ability to adapt through evolutionary change, or via 

phenotypic plasticity (Williams et al. 2008). While plasticity may enable local populations to 

overcome short-term environmental changes, it is genetic adaptation that is necessary for 

populations to survive over longer periods in a changing world (Hoffmann & Sgró 2011). Rapid 

genetic response, however, is particularly difficult for species with slow life histories, 

potentially increasing their extinction risk (Chevin et al. 2010; Hoffmann & Sgró 2011).  

Heritability is a common measure of a trait’s potential for evolutionary change (Wilson & 

Poissant 2016) and determines how efficiently populations can adapt (de Villemereuil et al. 

2018). Measuring and interpreting heritability, however, is notoriously impeded by the fact 

that it changes over space and time, depending on variation in genetic and environmental 

factors (Visscher et al. 2008; Wray & Visscher 2008). To predict evolutionary change in 

populations, it is therefore crucial to investigate how variable environmental conditions affect 

heritability (Charmantier & Garant 2005). To aid in the comparison of heritability estimates 

across studies, an additional standardized parameter has been suggested: ‘evolvability’, 

which is defined as the additive genetic variance of a trait, standardized by the trait value 

(Houle 1992).  

In many animal species, body size is tightly linked to reproductive success and survival, 

typically with higher fitness in larger individuals (Green & Rothstein 1991; Kruuk et al. 1999). 

In contrast, in Bechstein’s bats (Myotis bechsteinii) larger females exhibit higher adult 

mortality (Fleischer et al. 2017), a critical demographic parameter in long-lived mammals 

(Lawler 2011). In Bechstein’s bats, growth occurs in the first months of life and juvenile 

females grow larger in warmer summers (Mundinger et al. 2021). If body size of females 
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further increases as a response to global warming beyond the point where it can be offset by 

a faster pace of life (Mundinger et al. 2022), the resulting fitness loss could threaten 

population persistence. However, if body size is highly heritable, selection could ultimately 

slow down the temperature induced shift towards larger bats. 

Here, we study phenotypic plasticity, additive genetic variance (VA), narrow-sense 

heritability (h2), and the evolvability (IA) of body size (forearm length) in female Bechstein’s 

bats. This long-lived bat species is of high conservation concern and strictly protected by 

European law (Petrov et al. 2018). During summer, females form maternity colonies to raise 

a single offspring. Female offspring are strictly philopatric and recruit to their natal colony 

(Kerth et al. 2000). In contrast, adult males live solitarily (Kerth & Petit 2005). Mating occurs 

at swarming sites, where males and females born in different colonies meet in autumn (Kerth 

et al. 2003). 

To analyse the evolutionary potential of body size, we constructed multi-generational 

genetic pedigrees spanning 25 years for four Bechstein’s bat colonies, where individuals have 

been comprehensively marked with radio-frequency identification (RFID) tags (Kerth & Van 

Schaik 2012; Kerth 2022). Using the 332 mother-daughter-pairs for which adult body size was 

known, we estimated the overall h2 of female body size in an ‘animal model’ (Kruuk 2004; 

Wilson et al. 2010).  

Using this framework, we address how additive genetic variance, narrow sense heritability 

and evolvability of body size vary in relation to environmental conditions in Bechstein’s bats. 

To investigate whether VA, h2 and IA of body size are reduced in more extreme environmental 

conditions, we subdivided the data into quartiles based on the observed variation in ambient 

temperature during the critical time period for juvenile growth (Mundinger et al. 2021). In 

general, morphological traits, such as body size, show higher heritability than other fitness-

relevant traits, suggesting that developmental processes are robust to environmental 

challenges (Visscher et al. 2008). In contrast to normothermic mammals, however, bats can 

enter daily torpor during averse conditions (Willis & Brigham 2005). This state of reduced 

physiological activity helps bats to save energy, but also inhibits growth in juveniles (Racey 

1973; Racey & Swift 1981). Thus, during cold summers, frequent use of torpor, potentially 

coupled with lower insect prey availability (e.g., Welti et al. 2022), could prevent the genetic 

potential of individuals from being fully realized, thereby reducing the heritability of body 

size. In contrast, in warm summers, environmental conditions will cause juveniles to grow 

larger (Mundinger et al. 2021), again leading to lower heritability estimates, compared to 

average summers where juvenile show more average body sizes. Therefore, we expect h2 and 

VA of body size to decrease in both the coldest and warmest years. In a second analysis, we 

estimated VA, h2 and IA of body size in relation to the difference in temperature conditions 

experienced during the juvenile growth period of mothers and their daughters. Here, we 

expect heritability to decrease whenever the birth environments experienced by mothers and 

respective daughter differ strongly, as phenotypic differences should be more pronounced 

when growing up under very different temperature regimes. Finally, we expect evolvability of 
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body size to be low in both analyses, due to the morphological constraints imposed by the 

capacity of active flight (compare Cava et al. 2019, Rubalcaba et al. 2022). 

 

 

2. Material and Methods 

A. Study site, data collection on body sizes  

We investigated a 25-year dataset (1996 - 2020) of individually RFID-tagged wild female 

Bechstein’s bats living in four colonies (BS, GB2, HB, UA) that inhabit forests near the city of 

Würzburg, Bavaria, Germany (Kerth et al. 2002; Kerth 2022). At least twice a year the bats 

were captured from their day roosts (bat boxes) to take biometric measurements, and a 3 

mm wing tissue sample was taken upon first capture for genetic analyses (Kerth et al. 2000). 

During these capture events, unmarked females were marked with subcutaneously implanted 

RFID-tags (Trovan, Germany) (Kerth et al. 2011). Forearm length (FAL), used here as a proxy 

of body size, was measured to the nearest 0.1 mm using callipers. To avoid including FAL 

measurements of individuals that were not fully-grown, we only included measurements of 

females that recruited into the population in spring after their first hibernation. Males were 

not considered in this study, as they disperse from their natal colony (Kerth & Morf 2004) and 

thus could not be sampled as adults. 

 

 

B. Genetic analysis and pedigree construction 

After DNA extraction (Kerth et al. 2000), we genotyped each sample using 13 polymorphic 

microsatellite loci. Complete marker information can be found in Mundinger et al. (2022). 

Pedigrees were constructed as described in Mundinger et al. (2022) using the softwares 

‘Coancestry’ (1.0.1.9) (Wang 2011) and ‘CERVUS’ (3.0.7) (Kalinowski et al. 2007). For the 

heritability analysis, we only included mother-daughter pairs whose LOD scores (the natural 

logarithm of the likelihood-odds ratio; Kalinowski et al. 2007) were significant at the strict 

95% confidence level and/or had 0 mismatches, yielding 570 mother-daughter pairs. Of these, 

adult body sizes for both individuals were available for 332 mother-daughter-pairs in 25 

cohorts. We applied the R package ‘pedantics’ (Morrissey & Wilson 2010) to search for errors 

(like missing mothers) in the pedigree and sort the birth chronology, so mothers were always 

listed before their offspring. 

 

 

C. Temperature conditions and changes in body size 

Based on previous analysis, we used the mean minimum temperature between June 22nd and 

July 16th as a proxy for environmental conditions, as this was estimated to be the sensitive 
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time window during which body size is most susceptible to variation in minimum temperature 

(Mundinger et al. 2021). We then used this variable to split the 25 cohorts into four quartiles, 

ranging from cold to warm (Q1 to Q4; Figure 1). These four environmental conditions were 

later used as a factor in the first part of the heritability analysis, where we assessed h2 for the 

environments experienced by the juveniles during the critical growth phase. 

To further evaluate whether an effect of summer temperature on maternal body size 

affects the heritability estimate for daughters born in differing environmental conditions, we 

calculated the size differences in forearm length for each mother-daughter-pair as well as the 

differences between the minimum temperatures in the respective birth years of mothers and 

their respective daughters. We then subdivided all mother-daughter pairs into three equally 

sized groups: (1) daughters born in colder conditions than the respective mothers, (2) 

daughters born in similar conditions and, finally, and (3) daughters born in warmer conditions 

than their mothers (see Supporting Information Figure S1). As for some mothers the birth 

year was unknown, data for this part of the analysis was only available for 261 mother-

daughter pairs. As in the first analysis, these three groups were then used as a factor to 

estimate h2. 

 

 

D. Heritability analysis using the ‘animal model’  

All analyses were performed in R (Core Development Team 2021). We used the ‘MCMCglmm’ 

package (Hadfield 2010) to fit univariate animal models with body size as the response 

variable.  

We built an Inverse Relatedness Matrix with the ‘inverseA’ command from the 

MCMCglmm package to consider every relationship link in a pedigree. Next, we applied an 

inverse-Gamma distribution as a prior, as is widely used in animal models (de Villemereuil 

2018), with the scalar parameters for the variance–covariance matrix set at standard values 

V = 1 and the degree of freedom nu=0.002. To deal with potential autocorrelation, we further 

extended the prior to incorporate alpha.mu = 0 and alpha.V = 1000. Burn-in and thinning 

intervals were set to yield effective sample sizes >1000 and satisfy convergence criteria. This 

was achieved for the models without interaction at 700.000 iterations, with a burnin period 

of 10.000 and a thinning interval of 500, and for the models with an environment-interaction 

with the same burnin period, 1.510.000 iterations and thinning of 1500. Model convergence 

was further checked using the heidel.diag and gelman.diag functions. Animal ID was included 

in all models as a random effect. We then created and compared candidate models (using the 

Deviance Information Criterion; DIC) with different fixed and random effect structures, testing 

the variables colony size and colony ID, the four-level factor environment (Q1-Q4), the 

maternal effect and birth year of the daughter (for an overview of variables and tested model 

structures see Supporting Information Table S1). We also built a baseline model that only 

contained the variable of interest, the environment, and animal ID as a random effect. This 
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baseline model was used to test the robustness of our results. Plots of posterior distributions 

of the baseline and the best model are found in Supporting Information Figure S2. 

Our best model contained the temperature quartile, maternal ID, and animal ID, year 

of birth of the daughter, the latter as random effects. Colony ID and colony size did not 

improve model fit, and were thus excluded from the animal models. Thus, our observed total 

phenotypic variance (VPhen) was divided into four different sources of variation: 

 

VPhen = VA  +  VBirthyear + VM + VRes 

 

with VA being the additive genetic variance and VRes the residual variance. VM is represented 

by the maternal ID in our models and quantifies the importance of possible maternal effects. 

VM contains both genetic and non-genetic maternal effects such as parental investment, as 

we are not able to separate them in our dataset. The factor birth year (VBirthyear) tests for 

between-cohort and between-year environmental variation.  

Narrow-sense heritability h2 for a model with no fixed effects (apart from the 

intercept) can in our case then be calculated as ratio of additive genetic variance (VA) to 

phenotypic variance (VPhen):  

 

h2 =
VA

VA  +  VBirthyear + VM + VRes
 

 

Analogous to h2, the other random effect sizes were calculated as their ratio to the VPhen, with 

m2 as the ratio of the maternal effect, y2 for the ratio of effect size of birth year of cohorts 

and e2 as the ratio of the residual variance. 

To account for the variation arising from the environment, we further added either 

temperature quartile (Q1-Q4) or birth environment comparison (‘daughter warmer’, ‘similar’ 

or ‘daughter colder’) as a fixed factor. As pointed out by Wilson (2008) and de Villemereuil et 

al. (2018), including fixed effects into heritability analyses will deprive the phenotypic 

variance of the portion of variance that would be explained by the fixed effects of the model. 

This often leads to an upward bias in h2, although the additive genetic variance would be 

invariant. For this reason, we followed the recommendation of de Villemereuil et al. (2018) 

and added the parameter VF, which is the variance of the fixed effect`s predicted values. VF 

now accounts for the amount of variance which is contributed by fixed effects to the residual 

variance. Therefore, we estimated h2 as: 

 

h2 =
VA

VA  +  VBirthyear + VM +  VRes + VF
 

 

Using this model, environment was fitted as a fixed effect to estimate overall heritability. 

Subsequently, we estimated the variance component (including residual variance) separately 
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for each environment and incorporated an environment:animal interaction, using the idh 

variance function for the variance and residual variance matrix. The same approach and 

model structure was used to construct the animal models estimating variance components 

with respect to birth environments. 

In a final step, we calculated evolvability (IA) by dividing VA by the mean square of the 

phenotype (i.e. forearm length) multiplied by 100 (Houle 1992; Postma 2014). 

 

 

3. Results 

A. Body size and environmental conditions 

Minimum temperatures during the sensitive time window in June-July (Figure 1a) and mean 

forearm length (FAL) of the different female cohorts (Figure 1b) increased significantly over 

the study period in a very similar fashion, as previously shown with a slightly different dataset 

in Mundinger et al. (2021).  

For the 332 female offspring assigned in the pedigree, adult FAL ranged from 38.9 to 

45.9 mm with a mean of 42.7 mm (± 1.2 SD). Mean offspring FAL differed across the four 

quartiles defined by summer temperatures (Figures 1c and 1d) with successively larger mean 

offspring in Q3 and Q4 (see Supporting Information Table S2), but notably standard deviation 

did not differ (Table 1). Mean mother FAL were similar across all environmental quartiles 

(Table 1). 
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a b 

c 
d 

Figure 1: Boxplots in the upper row depict the variation over the years 1996-2020 of minimum temperature [°C] 

during the period of juvenile growth in summer (a) and forearm length [mm] in adult females Bechstein's bats (b). 

Red and blue lines depict the overall trend of temperature (a) and body size (b) as a smooth function. Figures are 

modified from Mundinger et al. 2021, with a slightly different data set. Boxplots depict the average minimum 

summer temperature in the four environmental conditions Q1-Q4 (c) and the forearm length [mm] in adult females 

Bechstein's bats born in the respective environmental conditions (d). Count indicates the number of overlapping 

data points. 
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B. Change in body size between mothers and daughters 

When examining the size difference between daughters and their respective mothers in 

relation to the mother`s size (Figure 2a), we found that the size of the daughter regressed 

towards the overall mean forearm length (linear model for FAL offspring y = 32.46 – 0.76*size 

mom, p < 0.001, R2=0.32). Larger than average mothers typically had smaller daughters, while 

smaller than average mothers tended to have larger daughters. When regressions were 

performed separately for the four environmental quartiles, slopes did not differ substantially 

(range 0.74 - 0.77), but the intercepts did, with offspring becoming larger in warmer summers. 

Differences in the summer temperature experienced by mothers and their respective 

offspring ranged from offspring growing up during vastly colder summers (up to -6.84°C 

colder) to significantly warmer environments (up to 4.1°C warmer; see Supporting 

Information Figure S1). On average, daughters born in summers colder than their mothers’ 

birth environment reached a smaller size than their respective mothers (Figure 2b), whereas 

daughters born during warmer summers than their mothers, grew respectively larger (linear 

model for FAL offspring y = 0.07 + 0.28 * ΔTº between mother and offspring, p < 0.001, 

R2=0.15). When birth environments of mothers and daughters had a similar average 

temperature, no directional change in FAL was detected, but variance was high.  

B. Heritability and evolvability estimates  

Overall, heritability (h2) for body size was 0.46, i.e., 46% of the phenotypic variance could be 

explained by genetic effects (Table 1a). Estimates for h2 from the best model (fixed: 

temperature quartile; random effects: Animal ID, maternal ID and offspring birth year) and 

Figure 2: Changes in body size between mother and offspring as a function of body size of the mother (a) and 

mean summer temperature (b) Left: linear regressions for the different environmental conditions (orange hues).  

 

 

a b 
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the baseline model (fixed: temperature quartile; random effect: Animal ID) were identical (see 

Supporting Information Figure S2). Genetic and non-genetic maternal effects were low, 

accounting for only 1-2% of the total variance. Birth year of the cohorts explained 9% of the 

variance of h2 after the summer temperature was controlled for as a fixed factor. The 

remaining residual variance accounted for 26% of the observed variance.  

Across the four environmental quartiles, we found that h2 estimates for the 3 coldest 

quartiles (Q1, Q2 and Q3) were similar (Figure 3), ranging from an average of 0.48 to 0.56 

(Table 1a), while h2 during the hottest summers (Q4) was markedly lower (0.25). This 

reduction was caused by both a reduction in additive genetic variance (VA), and an increase 

of residual variance (e2). The distribution of h2 estimates (Figure 3) was substantially broader 

in both the coldest and hottest quartiles, compared to the two middle quartiles.  

  Considering h2 and VA in relation to the differences in environments experienced by mothers 

versus their respective daughters (Table 1b), estimates showed a similar pattern as for the 

environmental conditions: h2 was substantially lower when daughters grew up in 

comparatively warmer summers, but with a more constrained distribution of estimates. In 

contrast, when daughters experienced colder environments during the critical growth phase, 

h2 was above average. Under similar birth conditions, h2 estimates were broadly distributed.  

Evolvability of FAL was low in all environmental conditions (IA = 0.03 ± 0.02) and also 

in comparison to the differences in birth conditions experienced by mothers and respective 

Figure 3: Boxplots show the differences in heritability estimates (a) during four different environmental 

conditions (Q1-Q4), and (b) in comparison to the differences in birth environments experienced by mothers and 

respective daughters, as proportion of the phenotypic variance. Violin plots depict the distribution of h2 

estimates as density curves. The grey area depicts the median of the overall heritability (solid black line) with 

the respective standard deviations (dotted lines). 

 

b a 
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daughter (IA = 0.01± 0.02 to 0.04 ±0.01), suggesting that the evolutionary potential of body 

size in the study population is low.   

 

Table 1: Means, variances and estimated random-effect sizes for animal models of adult daughter and mother 

female forearm length FAL [mm] for A) the four quartiles based on the summer temperature profiles of each 

year (Env=Environmental condition) and B) the thirds describing the difference in summer temperature 

experienced between mother and respective daughter (Diff Env=Difference between experience birth 

environments). Nind= number of individuals used in each model. Mean trait= Mean of forearm length [mm] plus 

standard deviation. VPhen= phenotypic variance, obtained by summing all variance components. VA = additive 

genetic variance. Random-effect sizes (h2, y2, m2 and e2) are shown as ratio to VPhen attributable to each 

source of variation, with h2 = heritability; m2= maternal effect, y2 =year of birth of cohort; e2 = residual variance. 

IA = Evolvability*100. 

A) 

 

 
B) 

Diff Env Nind Mean FAL 

daughter 

± SD 

Mean FAL 

mother 

± SD 

Mean 

Vphen 

± SD 

Mean  

VA 

± SD 

Mean 

h2 

± SD 

Media

n 

h2 

± SD 

Mean 

y2
 

± SD 

Mean 

m2
 

± SD 

Mean 

e2
 

± SD 

Mean 

IA 

± SD 

ALL 261 42.8  

± 1.2 

42.7 

± 1.1 

1.63 

± 0.25 

0.74 

± 0.2

6 

0.46 

± 0.1

6 

0.45 

± 0.16 

0.28 

± 0.10 

0.03 

± 0.0

3 

0.22 

± 0.13 

0.04  

± 0.01 

Daughter 

colder 

87 42.4  

± 1.1 

43.0 

± 1.1 

1.40 

±0.24 

0.80 

±0.24 

0.57 

± 0.1

6 

0.60 

± 0.16 

0.24 

±0.10 

0.07 

±0.06 

0.07 

±0.12 

0.04 

±0.01 

Similar 87 42.6 

± 1.2 

42.6 

± 1.1 

1.76 

± 0.28 

0.72 

±0.51 

0.40 

± 0.2

7 

0.42 

± 0.27 

0.20 

±0.09 

0.05 

±0.05 

0.31 

±0.26 

0.04 

±0.02 

Daughter 

warmer 

87 43.3 

± 1.1 

42.4 

± 1.1 

1.55 

± 0.26 

0.26 

±0.31 

0.16 

± 0.1

9 

0.09 

± 0.19 

0.22 

±0.09 

0.06 

±0.05 

0.51 

±0.20 

0.01 

± 0.02 

Env Nind Mean 

FAL 

daughte

r 

± SD 

Mean 

FAL 

mother 

± SD 

Mean 

Vphen 

± SD 

Mean  

VA 

± SD 

Mean 

h2 

± SD 

Median 

h2 

± SD 

Mean 

y2
 

± SD 

Mean 

m2
 

± SD 

Mean 

e2
 

± SD 

Mean 

IA 

± SD 

ALL 332 42.7  

± 1.5 

42.8 

± 1.0 

1.45  

± 0.16 

0.69 

± 0.19 

0.46  

± 0.12 

0.46  

± 0.12 

0.09  

± 0.04 

0.01  

± 0.02 

0.26  

± 0.11 

0.03  

± 0.02 

Q1 92 42.2  

± 1.1 

42.9 

± 0.9 

1.50  

± 0.24 

0.76 

± 0.40 

0.48  

± 0.23 

0.53 

± 0.23 

0.08  

± 0.04 

0.06  

± 0.05 

0.21  

±0.21 

0.04  

± 0.02 

Q2 66 42.1  

± 1.0 

42.7 

± 1.3 

1.46  

± 0.26 

0.88  

± 0.33 

0.56  

± 0.20 

0.62 

± 0.20 

0.08  

±0.04 

0.06  

± 0.05 

0.12 

±0.18 

0.05  

± 0.02 

Q3 73 42.9  

± 1.1 

42.9 

± 0.8 

1.44  

± 0.25 

0.85 

± 0.36 

0.55  

± 0.19 

0.60 

± 0.19 

0.08  

±0.04 

0.07  

± 0.05 

0.12  

±0.17 

0.05  

± 0.02 

Q4 101 43.3  

± 1.0 

42.8 

± 1.1 

1.31  

± 0.21 

0.34 

± 0.33 

0.25  

± 0.23 

0.19 

± 0.23 

0.09  

± 0.05 

0.07  

± 0.06 

0.39  

±0.23 

0.02  

± 0.02 
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4. Discussion 

We find that heritability of body size was moderate, but clearly affected by 

environmental conditions in a 25-year dataset of wild Bechstein’s bats. In both analyses 

heritability (h2) and additive genetic variance (VA) were substantially lower in the hottest 

summers (Q4), and when daughters were born in a warmer environment than their mother 

(‘daughter warmer’). In hot summers, daughters tended to grow disproportionally larger, 

likely as a consequence of changes in bat behaviour (i.e., reduced use of torpor), 

environmental effects (e.g., high food availability), and lower physiological costs (i.e., ambient 

temperatures are closer to the bats’ thermoneutral zone). At the other end of the spectrum, 

in cold summers (Q1), average h2 and additive genetic variance (VA) did not differ with respect 

to their mean from the values in more average environments (Q2 and Q3), and h2 estimates 

were highest when daughters were born in colder environments than their mothers. While 

this contradicts our expectation of lower heritability of body size in cold conditions due to the 

increased use of torpor it is perhaps unsurprising given that social thermoregulation as an 

adaptation to compensate for cold spells is a major pillar of sociality in this and other 

temperate-zone bat species (e.g., Kerth & van Schaik 2012). Coupled with a preference of 

lactating females for boxes with a warm microclimate (Kerth et al. 2001), this suggests that 

Bechstein’s bats are well adapted to cope with colder conditions during the critical phase of 

juvenile growth. Nevertheless, the density distribution of the h2 estimates in Q1 was far 

broader, with a considerable proportion of estimates with low values. This suggests that for 

some individuals, or in particularly cold years, frequent torpor use (Willis et al. 2006) or low 

food availability (Welti et al. 2022) may limit juvenile growth. Taken together our results 

indicate that the observed increase of body size in Bechstein`s bats during the last decades 

are primarily a consequence of a high phenotypic plasticity and a particularly low heritability 

in warm summers. 

Heritability estimates for body size in Bechstein’s bats across all environments was 

moderate at h2 = 0.46, compared to heritability of morphological trains in other wild 

populations (overall mean of h2 = 0.56 ± 0.04 across studies (Postma 2014)). By including the 

variance of the fixed effect (VF) in our h2 estimates (see recommendation by de Villemereuil 

et al. (2018)), we controlled for the incorporation of random effects in the heritability 

estimate, as these are known to reduce the comparability of heritability estimates across 

studies (Kruuk et al. 2008; Wilson et al. 2010; de Villemereuil et al. 2018). Thus, we conclude 

that the increased plasticity of offspring growth during hot summers, is the factor driving this 

relatively low heritability of body size in Bechstein’s bats. Indeed, when daughters are born 

in warmer environments than their mothers, h2 is particularly low. This notion is further 

supported by the strong influence of summer temperature on forearm length found in 

Mundinger et al. (2021).  

Evolvability of body size in Bechstein’s bats, calculated as the additive genetic variance 

standardized by the square of the trait value, was considerably lower (IA = 0.03) than the 

median for body size traits across other studies (IA = 0.17; Postma 2014 in Malenfant et al. 
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2018). The low evolvability of forearm length in female Bechstein’s bats suggests a low 

standing genetic variation in the relevant genes, indicating that Bechstein`s bats have a low 

capacity to respond to selection pressures associated with forearm length. This is 

corroborated by Rubalcaba et al. (2022) who found that the energetic constraints of flight and 

thermoregulation in bats strongly limit body shape, with particularly strong selective 

pressures imposed in cold regions (compare also Cava et al. 2019 for birds). Consequently, if 

environmental change is causing body size to increase via phenotypic plasticity (i.e., 

temperature effects), this may readily result in suboptimal body sizes and strong selective 

pressure, but with little standing variation to act on.  

The large overall residual variance of 0.26 suggests that there are still unknown factors 

influencing the observed variance in body size, besides environmental and additive genetic 

effects. One of these factors is the body size of the fathers, who are unknown. Additionally, 

female Bechstein`s bats show several key behaviours to cope with changes in the ambient 

temperature. For one, the number of colony members roosting together can be readily 

adapted through fission-fusion behaviour, where colonies split into subgroups and merge 

again (Kerth & König 1999). Group size has a strong effect on social thermoregulation, and 

thus can be used to buffer changes in ambient temperatures (Pretzlaff et al. 2010). Moreover, 

roost-switching allows bats to select warmer roost during cold temperature periods, or vice 

versa, thus enabling bats to buffer the effect of ambient temperatures (Kerth et al. 2001; 

Bohnenstengel 2012; Alston et al. 2022). Our results suggest that this behavioural flexibility 

in grouping and roost-selection seems to be particularly well developed as an adaptation to 

cold temperatures, as h2 remained comparable high in colder and average years. In contrast, 

similar behavioural adaptations to warm temperatures are either not present in this 

population, or ineffective. Finally, prey availability, which also plays a substantial role in 

shaping juvenile development, and hence adult body size, is most likely affected by additional 

environmental conditions and not only by the ambient temperature in the time-window used 

in our models.  

With global warming increasing the frequency of warm summers (IPCC 2021), we 

expect a further increase in bat body size. This is reinforced by that fact, that behavioural 

adaptions of bats are mostly targeted to mitigate the negative effect of cold temperatures, 

but are inconsequential in hot environments. While this finding raises concerns in light of 

larger females exhibiting higher adult mortality, increasing forearm length at the same time 

also leads to a faster pace of life in Bechstein`s bat (Mundinger et al. 2022). Under current 

conditions, the faster rate of reproduction of larger bats can somewhat compensate for the 

observed mortality increase in our study populations. However, there is a discernible trend 

towards reduced lifetime reproductive success in the largest individuals (Mundinger et al. 

2022). Our new findings of very low h2 under warmer conditions suggest that the observed 

trend towards larger females will be more pronounced in future years. This is likely to 

endanger Bechstein’s bat populations as increased stochasticity of extreme years, or low 

habitat quality, will most likely predominantly affect large individuals with faster life histories, 

as their life-time reproductive success will be more strongly affected by foregoing 
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reproduction in a poor year. Moreover, with maximally one offspring per year, female 

Bechstein`s bats are strongly limited in how much they can accelerate their pace of life. Under 

the current climate change scenarios, this gives rise to concern about future population 

persistence, as increased mortality in large bats will at some point likely not be compensated 

for by positive fitness effects associated with larger body sizes. 
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Supporting Information 

 

Table S1: Overview for the model comparison and the different combinations of fixed and 

random factors tested. In bold: the best model, selected for its minimal DIC value. 

Environment= the four temperature conditions, birthyear=birthyear of the daughter.  

 

Model No. Term (fixed factors) Term (random factors) DIC 

1 Intercept Animal ID 891.83 

2 

(Baseline model) Environment Animal ID 

859.48 

3 Environment + colony size Animal ID 883.05 

4 Environment Animal ID + birthyear 750.15 

5 Environment Animal ID + mom ID 853.26 

6 Environment  Animal ID + birthyear + mom ID 734.80 

7 Environment + colony size Animal ID + birthyear + mom ID 834.95 

8 Environment 

Animal ID + birthyear + mom ID   

+ colony ID 

808.05 

9 Environment + colony ID Animal ID + birthyear + mom ID 801.76 
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Table S2: Results of the one-way ANOVA with subsequent Tukey`s HSD comparing body sizes 

(forearm length in mm) of bats under different environmental conditions (Q1-Q4).  

Comparisons Diff lower upper p-adjusted 

Q2-Q1 -0.1 -0.55 0.34 0.93 

Q3-Q1 0.66 0.23 1.09 < 0.001 

Q4-Q1 1.08 0.68 1.47 < 0.001 

Q3-Q2 0.76 0.3 1.23 < 0.001 

Q4-Q2 1.18 0.745 1.615 < 0.001 

Q4-Q3 0.416 -0.006 0.839 0.05 

 

 

 

FIGURE S1: a) Based on the numerical differences between the summer temperatures [°C] 

experienced by mothers and their respective daughters, data were split into three equally 

sized groups comparing birth environments (‘daughter colder’, ‘similar’, and ‘daughter 

warmer’; b) shows the distribution of the cohorts into the three different groups. 

a b 
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Figure S2: Comparison of the posterior distribution of variance components for overall 

heritability (environment as fixed effects; V=1, nu=0.002, thin=100, burnin=15000, 

nitt=500000). On the left the best model (including the environment as a fixed effect, and 

birthyear of the daughter and maternal effect as random effect), on the right the baseline 

model (including only the environment as a fixed effect). 

Best model: Baseline model: 
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CM performed the genetic assignments together with TF, carried out the statistical analysis 

together with AS, visualized the data, and wrote the first draft of the manuscript. CM, AS and 
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long-term data and acquired funding. All authors contributed to revision of the manuscript. 
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Heat over heritability: increasing body size in response to global warming is not stabilized 

by genetic effects in Bechstein’s bats 

CM build the pedigrees with help from JvS, carried out the statistical analysis, visualized the 

data, and wrote the first draft of the manuscript. CM, AS and GK contributed to the 

methodology. GK and CM conceived the project, GK collected the long-term data and 

acquired funding. All authors contributed to revision of the manuscript. 
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