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Long-term patterns of forearm
asymmetry in females of three
syntopic bat species and its effects
on individual fitness

Tobias SUess™ & Gerald Kerth

Fluctuating asymmetry, the non-directional deviation from bilateral symmetry resulting from
developmental instability, can indicate early-life environmental stress. While fluctuating asymmetry
can affect individual survival and reproductive success, its effect on fitness differs between species.
Here, we analyzed up to 27 years of mark-recapture data from 894 RFID tagged individuals of three
forest-living bat species in southern Germany to investigate the degree of fluctuating asymmetry

in forearm length. In Bechstein’s bats, Myotis bechsteinii, the species with the highest sample size,
we furthermore investigated if fluctuating asymmetry has become more frequent over the study
period, a time when juvenile bats have grown larger forearms in response to warmer summers. We
also investigated whether fluctuating asymmetry affects individual lifespan and lifetime reproductive
success in female Myotis bechsteinii. The degree of fluctuating asymmetry clearly exceeding the
measurement error estimated on recaptured individuals was similar in all three species (1.8%). In
female Myotis bechsteinii, the frequency of fluctuating asymmetry did not increase over the course
of the study and even strong asymmetry had no effect on individual reproductive success and life
expectancy. Our data suggest that fluctuating asymmetry is a poor predictor of fitness in the female
Myotis bechsteinii studied, and is so far unaffected by the warming environment which is leading to
larger individuals in our study population.
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Fluctuating asymmetry (FA) describes the non-directional deviation from bilateral morphological characters'?
that results from developmental instability, which translates into phenotypic features across taxa and traits
(e.g., the central nervous system of vertebrates’; Cetacean skulls*; snake scalation®; flower morphology®). FA
can be caused by various factors, including genomic and environmental stressors as well as trait history and is
known to affect survival, reproductive success and offspring health>”~1°. There are two other types of asymmetry,
namely directional asymmetry and antisymmetry’. Directional asymmetry describes bilateral morphological
traits that are consistently larger on one side leading to mean asymmetry values that either are negative or
positive. Antisymmetry also describes bilateral morphological traits that are larger on one side. However, in
contrast to directional asymmetry, the larger side varies between individuals leading to bimodal or platykurtic
distributions'.

In several bird and mammal species, environmental stressors, such as habitat fragmentation, positively
correlate with FA. Ancides and Marini!?> compared 100 tropical passerine birds in fragmented and continuous
habitat and demonstrated that wing and tarsus asymmetry positively correlates with habitat fragmentation. A
meta-analysis study of small mammals compiled data from studies spanning four decades and showed that
environmental stress increased FA across traits in 70% of the studies used'® and references therein]. However,
in some species no link between habitat quality and asymmetry has been shown. For example, Gebremichael
et al.! reported FA of tarsus length of 64 passerine bird species being similar in shaded coffee plantations and
natural forests. Similarly, Coda et al.'® found no difference in FA of three rodent species in organic compared
to conventional farming systems. In addition, habitat disturbance can also have opposite effects on FA
between closely related species as in the two rodent species Peromyscus maniculatus and P. leucopus'®. Overall,
environmental stress has complex and multi-faceted effects on individual FA.
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Trait history and sex can further modulate differences in FA!7!3. Traits that increase rather than decrease
through evolution show less efficient buffering against stressors and consequently, increased FA. In certain
instances, the type of asymmetry is sex specific. For example, female common vampire bats (Desmodus rotundus)
show FA, whereas male vampire bats show directional asymmetry and antisymmetry'®. Similarly, males in great
grey shrikes (Lanius excubitor) show directional asymmetry in contrast to females®.

FA can impair movement, health, survival, and lifetime reproductive success>”!*20-25, However, FA sometimes
has no effect on fitness and reproductive success, such as in red-winged blackbirds (Agelaius phoeniceus)**?’.
Cuervo et al.?® studied three gazelle species and found evidence for unhealthier blood parameters (platelets,
albumin and lactate hydrogenase) in more asymmetric individuals. Hindleg asymmetry of wood mice (Apodemus
sp.) was positively correlated with predation risk by tawny owls?. Asymmetric male garter snakes (Thamnophis
sirtalis parietalis) were less able to secure matings than symmetric males®. In the neotropical Seba’s short-tailed
bat Carollia perspicillata, asymmetry of forearms decreases the probability of having two pregnancies per year'”.
Likewise, in the neotropical sac-winged bat Saccopteryx bilineata symmetric but also smaller males had a higher
reproductive success than asymmetric and larger males?. In contrast, using five bilaterally paired morphological
traits, Dufour and Weatherhead?®?” showed that asymmetry had no effect on male reproductive success (e.g.,
harem size, breeding habitat quality, reproductive skew and reproductive success of female mates) in Agelaius
phoeniceus.

Symmetry in one feature may offset asymmetry in other traits, depending on the importance of the trait,
potentially resulting in no fitness effects from FA. For example, asymmetry of one wing feature is compensated
for by other wing features in Desmodus rotundus'. In bats in general, traits that are functionally more important
for larger movement distances, such as forearms, are less asymmetric than legs (tibia,?8). Similarly, the hindlimbs
of rabbits, used for jumping, show lower levels of asymmetry than the forelimbs®’.

Here, we analyzed 5142 forearm length measurements, including repeated measures over multiple capture
events, on a total of 894 female bats. These data originated from up to 27 years of monitoring three syntopic
forest-living bat species (Myotis bechsteinii, M. nattereri, and Plecotus auritus) from Germany. In two of these
species, Myotis bechsteinii and Mpyotis nattereri, forearm length increased in recent years, due to warmer
conditions during early life*®3L. While this increase leads to a faster pace of life in M. bechsteinii, larger females
have a similar lifetime reproductive success because of an earlier onset of reproduction. In M. nattereri., larger
females even have a fitness advantage!. In both species, FA has been occasionally reported before>>%, however,
it is unknown whether asymmetry in forearm length has fitness consequences in any of our three study species.
Moreover, it is unknown whether FA is affected by the observed recent increase in body size in M. bechsteinii,
which could be indicative of changed environmental stress levels at times of increasing ambient temperatures.

Based on the results of the previous studies on FA in different taxa, we predicted that strong female forearm
length asymmetry reduces lifespan and lifetime reproductive success'®?>. Moreover, we predicted that FA occurs
ata similarly low rate in the three studied German bat species because of the importance of forearms for flight?5%.
Finally, we assessed whether FA changed over the course of the study, a period the average forearm length
increased in M. bechsteinii and M. nattereri due to warmer temperatures during the postnatal development of
the juveniles®"*2,

Results

The measurement error exceeded the caliper’s precision by 122—230% (Tables 1 and 2). The distribution of the
asymmetry values shows leptokurtic distributions in all studied species (Fig. 1). The mean forearm length (4 SD)
of females was 42.72 +1.11 mm for M. bechsteinii, 40.48 +1.09 mm for M. nattereri and 40.22 +1.08 mm for P,
auritus. The number of measurements had no effect on the extent or direction of asymmetry (p=0.182). All
observers had on average similar values for all measurements on the right forearm compared to all measurements
on the left forearm (all p-values>0.98). Females of all three studied species exhibit fluctuating and directional
asymmetry, but no antisymmetry. The median [interquartile range] asymmetry of forearm lengths was similar
in all species (M. bechsteinii=0.1 [0.1-0.3] mm, M. nattereri=0.1 [0-0.2] mm, P. auritus=0.1 [0.1-0.3] mm,
Table S1). Of all caught adult female bats, 1.8% are clearly asymmetric (more than 0.3 mm difference in left and
right forearm length). Two individuals showed very pronounced asymmetry. Firstly, one M. nattereri (ID = 1536),
which was first captured in 2013, shows a mean asymmetry of 3.84 mm (range between repeated measures: 3.5—

Fixed effect | Sample size | Estimate | SE | p-value
Intercept 6.05 0.51 | <0.001
Site GB2 196 -0.18 0.41 0.66
Site HB 143 -0.67 0.44 0.12
Site UA 71 -0.22 0.45 0.63
Birth Year 0 0.02 0.8
Random

effect Variance SD

Individual 3.07 1.75

Observer 0.05 0.22

Table 1. M. bechsteinii have similar levels of fluctuating asymmetry irrespective of colony and birth year
(Gamma).

Scientific Reports |

(2024) 14:28736 | https://doi.org/10.1038/s41598-024-80130-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

300-

225-

Frequency

150~

75-

-3

ANOVA

M. bechsteinii df Sum Sq Mean Sq | F p-value
Side 1 0.400 0.421 3.671 | 0.055
Side:individual 517 195.000 0.377 4.247 | <0.001
Side:observer 11 732.000 66.550 5.091 | <0.001
Residuals 5701 654.500 0.115

Measurement error 0.339

Excess kurtosis B2-3=83.08 | P=<0.001

M. nattereri
Side 1 0.070 0.072 1.295 | 0.255
Side:Individual 267 65.240 0.244 7.674 | <0.001
Side:Observer 9 95.300 10.580 0.897 | 0.529
Residuals 2410 133.160 0.055

Measurement error 0.235
Excess kurtosis B2-3=73.06 | P=<0.001

P, auritus
Side 1 0.060 0.061 1.379 | 0.241
Side:Individual 125 13.594 0.109 3.414 | <0.001
Side:Observer 8 96.500 12.060 1.528 | 0.155
Residuals 740 32.770 0.044

Measurement error 0.210
Excess kurtosis B2-3=8.786 | P=<0.001

Table 2. Fluctuating asymmetry is present in all three species (two-factor mixed ANOVA).

e

-
-2 -1 0

1

Signed asymmetry values (mm)

750~
675-
600~
525-
450-
375-
300-

225-

150~
75-

{0 s e
-1.0-0.9-0.8-0.7-0.6 -0.5-0.4 -0.3-0.2-0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

D

375-
300-
225-
150-

754

0, o N
-1.0-0.9-0.8-0.7-06-0.5-04-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Signed asymmetry values (mm)

Fig. 1. Distribution of female forearm length asymmetry (mm). (A) M. bechsteinii (blue), M. nattereri (red)
and P, auritus (yellow) wide and (B) narrow and (C) M. bechsteinii in colony BS (grey), GB2 (black), HB (pink)
and UA (green) wide and (D) narrow.
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Fig. 2. Picture of highly asymmetric forearms in a female M. bechsteinii (ID = 672). This shows the visible
forearm asymmetry of M. bechsteinii.
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Fig. 3. Clearly asymmetric females of M. bechsteinii (blue) have a similar number of offspring compared to
clearly symmetric females (red) and females with unknown forearm symmetry (yellow). The boxes represent
median and 25%/75% quartiles, with whiskers extending 1.5 X beyond interquartile range and outliers as black
squares.
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4.1 mm) and reaches at least five years. The most asymmetric individual, a M. bechsteinii (ID = 672) first captured
in 2007, shows a mean asymmetry of 5.38 mm (range between repeated measures: 4.3-5.8 mm) and reaches at
least 10 years (Fig. 2). Asymmetric M. bechsteinii (asymmetry>0.3 mm) had a similar number of offspring
(n=12, mean=4+3, p=0.26, Table S1, Fig. 3) as symmetric individuals (every measurement with a maximum
asymmetry <0.1, n=37, mean+ SD =3 +2). Birth year but not asymmetry affected reproductive success and
lifespan (Tables S1, S2). M. bechsteinii that were born in 2011, 2013 and 2017 had significantly fewer offspring
during their lifetime than bats born in other years. Conversely, M. bechsteinii that were born in 2008, 2009 and
from 2016-2019 lived significantly shorter lives than bats born in other years. Furthermore, M. bechsteinii from
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colonies GB2 and UA have significantly longer lifespans than from colony BS (BS, 4 [3-7] years; GB2, 5.0 [3-9]
years; UA, 4.5 [2-6] years; Table S2). Neither bat species nor birth year affected asymmetry (Table S2).

Discussion

This comprehensive repeated-measures study spanning 27 years indicates that in the studied populations of three
sympatric forest-living bat species, females show fluctuating and directional asymmetry in the forearm. After
correcting for directional asymmetry, fluctuating asymmetry was relatively rare in the studied M. bechsteinii ,
M. nattereri and P. auritus (1.8%). In part, this result may have been affected by the conservative threshold we
applied to avoid using asymmetry values within the mean measurement error. Our relatively high measurement
error was due to measuring alive bats in the field. Despite these limitations, the observed low frequency of
asymmetric individuals in the three study species was to be expected because of the importance of forearms for
flight and is well in the range of reported FA in wing parameters in other studies bats'®*.

Interestingly, even strong forearm asymmetry (> 5% of the total forearm length) had no negative consequences
on the survival and lifetime reproductive success of female M. bechsteinii the only species for which we had a
sufficient sample size of strongly asymmetric individuals. While FA has been found to negatively affect fitness in
a variety of species”?"~22, other studies, like ours, found no such effect. For example, Behr et al.>* found no link
between asymmetry and reproductive success in the neotropical greater sac-winged bat (Saccopteryx bilineata).
Dyrcz et al.¥> showed that asymmetry of different wing features had no effect on the number of nestlings in
aquatic warblers (Acrocephalus paludicola). This species had higher levels of FA compared to our studied species
(mean=0.75 mm), which corresponds to about 1.2% of their average wing length. European barn swallows
(Hirundo rustica) had a lifetime reproductive success that was not influenced by the asymmetry of tail feather
length?. For the same species, Cadée®” showed that wing asymmetry had no effect on offspring body conditions.
However, the extent of wing asymmetry was pronounced (mean=0.45 - 0.86 mm), but while the barn swallows
are larger, the study didn’t provide the total wing length. Finally, in pied flycatchers (Ficedula hypoleuca), FA of
various features, including flight feathers, had no effect on body condition, survival or reproductive success>8.

Several causes could explain why even clearly asymmetric female M. bechsteinii had a similar lifetime
reproductive success than symmetric females in our study population. Firstly, asymmetry of forearm lengths
might have only minor effects on flight performance and thus survival, because other wing features might
compensate for asymmetric forearms'®. We could not address a possible compensation effect, as only data
on forearm length were available. For comparison, we know of only one study that showed that fluctuating
asymmetry leads to declining flight performances in European starlings®. Thirdly, asymmetry might only affect
mortality in early life whereas our data set included only adult, fully grown females. Several species of the genus
Myotis, namely M. nattereri and M. daubentoni, show a relatively high juvenile mortality*®*!. In M. bechsteinii
juvenile mortality is higher than in adults too®!. Thus, it would be interesting to study whether asymmetry in
forearm length might increase mortality in juveniles. FA might only affect the lifetime reproductive success
of male M. bechsteinii through sexual selection and male-male competition during autumn swarming (M.
bechsteinii mate during swarming in autumn in front of hibernacula*?). In comparison, female Saccopteryx
bilineata prefer symmetrical males to asymmetrical males?>. Males of Saccopteryx bilineata had similar mean
levels of forearm asymmetry, namely 0.10-0.12 mm, which corresponds to about 2% of their mean forearm
length. Although M. bechsteinii shows a low reproductive skew™, highly asymmetric males might still have
a lower lifetime reproductive success than symmetric males. However, this question could not be addressed
in our study, because males were rarely recaptured as adults, as they disperse from their natal colony and live
solitarily afterwards (43). Finally, we found no clear trend of declining or increasing FA over the years. Thus,
while female M. bechsteinii grow larger forearms in warmer summers in recent years>®* their FA did not change
and remained low. This is in contrast to a comparative study on various bird species** that found fluctuating wing
asymmetry to increase in response to global warming.

In summary, in female M. bechsteinii for which we had data for an in-depth analysis, fluctuating asymmetry
did not affect either lifespan or lifetime reproductive success. Therefore, fluctuating asymmetry in forearm
length is a poor predictor of female individual fitness in the M. bechsteinii populations studied, despite the fact
that absolute forearm length is negatively correlated with lifespan?®.

Methods

Ethics declaration

Handling, tagging, and monitoring of the bat individuals are conducted under permits in accordance with the
guidelines and regulations for species protection (55.1.-8642.01/00) and animal welfare (55.2-DMS 2532-2-20)
issued by the government of Lower Franconia in Bavaria. The Veterinary Office of the government of Lower
Franconia is the institutional committee that approved all experimental protocols. All methods are reported
according to the ARRIVE guidelines.

Study sites and capture methods

This study uses a long-term monitoring dataset of female bats ranging from 1996 (M. bechsteinii), 2008 (P
auritus), and 2011 (M. nattereri) until 2022. The bats where members of seven different colonies living in four
deciduous forest sites (named BS, GB2, HB, UA; Fig. 4). All investigated bat colonies are situated near Wiirzburg,
Germany, within 15 km of each other. The composition of tree species and levels of forest management are
similar in the colonies’ home ranges. Bats were captured at least twice each year between May and September
at their day roosts (bat boxes) and subcutaneously implanted with a distinct RFID-tag (RFID stands for Radio-
Frequency Identification) for identification, if they lacked one*. The length of both right and the left forearms
was measured with a caliper to the nearest 0.1 mm upon each capture. Fluctuating asymmetry was defined as
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Fig. 4. Map of the four study sites. M. bechsteinii (MB) is present at all study locations, but neither M. nattereri
(MN) nor P. auritus (PA).

the unsigned difference between the left and the right forearm L-R. Thanks to the continuous monitoring, we
were able to calculate the true age of 84% of the captured bats and estimated the age of the remaining bats with
an approximation of + 1 year.

Lifetime reproductive success

Lifetime reproductive success (LRS, total number of offspring successfully weaned in a female bat’s lifetime) was
available from Mundinger et al.'s study®. LRS is only available for bats that were born and died within the study
period.

Statistical analyses

In all three species, bats reach adulthood and the forearm is fully developed one year after their birth. Therefore,
we excluded all individuals less than one year old from our analysis, as their unfinished growth could bias our
measurements. After one year, bats of all three species are fully grown. Furthermore, males were excluded from
all downstream analyses due to small samples sizes of adult males (n 1 bechsteini =205 Dy nattereri = 195 T p uritus = 8)
in all investigated bat species, due to male dispersal®%’, Unlike females, males do not return to their natal
colonies after their first hibernation, and live solitarily and often hidden in tree cavities afterwards*. As a result,
adult males were rarely found in the bat boxes and we could only obtain very few repeated measures for males.
We used R (R 4.3.1, R Core Team, 2023%) to perform all our analyses, including estimation of measurement
error and descriptive statistics. Our main aim was to discern species-specific from site-specific differences in
fluctuating asymmetry along the 27 years of study. First, we ran a generalised linear model with mean asymmetry
of all individuals as a response variable and the number of captures as a predictor variable. With this analysis,
we wanted to check if the number of captures affect the extent of asymmetry. Next, we specified two-way mixed
ANOVA models with forearm length as a response variable. The fixed term included the predictor variable side
(two factors; left and right) to test for directional asymmetry. The random term included the predictor variable
individual and the interaction of individual with side to test for fluctuating asymmetry. Directional asymmetry
was present in all species and could bias the analyses. Therefore, we subtracted half the mean asymmetry in M.
bechsteinii (0.085/2), M. nattereri (0.036/2), and P. auritus (0.007/2) from the larger side and added half the mean
asymmetry to the shorter side®®. The measurement error was defined as the square root of the mean sum of squares
(MS) of the residuals. In a second ANOVA, we included a random term with the interaction of the Observer
ID and Side. With this additional ANOVA, we checked if Observer ID affects the direction of asymmetry. Since
the observer had an effect on the side of asymmetry in M. bechsteinii, we did a posthoc tests with the emmeans
package in RL. For each species separately, we looked at the distributions of the asymmetry values and did an
Anscombe-Glynn test to test for kurtosis and antisymmetry!’. We specified general linear mixed-effect models
with Gaussian error to investigate FA in the three bat species with the R package glmmTMB®2 An alpha level of
0.05 defined statistical significance.

The response variable is asymmetry (continuous, ranging from 0 - 5.8 mm) with species (3-level categorical),
year of birth (continuous), site (4-level categorical with BS [n,, , . .=73;n, . =103] as reference site)
and their two-way interactions as fixed predictor variables. Additionally, individual ID and observer ID were
random predictors because repeated measurements of any adult individual can indicate measurement error
and different observers might vary in measurement precision. Different observers measured the bats during the
course of the underlying long-term study®>.

Using stepwise deletion, we selected the most parsimonious model and assessed AIC (Final model:
AIC=-6731.2, Second to final model: AIC=-6728.3). The most parsimonious model excluded all two-way
interactions. Outliers with an exceptionally high level of measurement error (>0.5 mm difference between
repeated measurements of the same individual) were removed after preliminary analyses. Since the model
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violated the normality assumption, with a skew toward small values, the final model had a Gamma error instead
of a Gaussian error. We used mean [interquartile ranges] to compare FA between species and sites.

In a second model, we included M. bechsteinii only due to it being the only species occurring at all four
sites. About 59% of all captured individuals were recaptured at least once, with an average of 4.8 recapture
events (within or between years). We used all bats with at least three capture records (n=519) to create three
groups related to asymmetry, namely highly asymmetric (n ,,=15 n,, .. . .=12), symmetric (n , =48;
Ny pochsteinii=37) and intermediate (n,; =456, n,, , . ..=202). This grouping allowed us to investigate if
highly asymmetric individuals have a shorter lifespan or lower lifetime reproductive success than all other
individuals. Highly asymmetric individuals have a mean asymmetry of 0.4 mm across all measurements (which
corresponds to ca. 1% of the total forearm length) and are consistently at least 0.3 mm longer or shorter on
one side in the repeated measures, to account for the measurement error. For similar reasons, symmetric
individuals according to our definition are consistently no more than 0.2 mm longer or shorter on the right or
left forearm, and have a mean asymmetry of less than 0.05 mm across all measurements. Furthermore, bats with
only three measurements must have at least one measurement showing no asymmetry to classify as symmetric.
The intermediate group comprises individuals, who did not meet the criteria for the other two groups. Instead
of discarding these individuals with unknown forearm asymmetry, we included them in the model. The three
classes did not vary in the number of captures and thus, measurements (negative binomial glm, p=0.49-0.59).

Since there were only two highly asymmetric M. nattereri and P. auritus individuals, the downstream analyses
only included M. bechsteinii. The generalized linear models had age (continuous; gaussian) and reproductive
output (count data, poisson) as response variables and symmetric (yes/intermediate/no), colony (categorical)
and birth year (categorial) as predictor variables. To account for skewed data in the age model and overdispersed
data in the reproductive output model, the final models had a Gamma and a negative binomial error, respectively.

Data availability

All the data used and generated in this study are available in this article’s supplementary information files.
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