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Abstract: Fluctuating asymmetry (FA), in contrast with other asymmetries, is the bilateral asymmetry
that represents small, random developmental differences between right and left sides. After nearly a
century of using traditional morphometrics in the estimation of FA, geometric morphometrics (GM)
now provides new insights into the use of FA as a tool, especially for assessing environmental and
developmental stress. Thus, it will be possible to assess adaptation to various environmental stressors
as particular triggers for unavoidable selection pressures. In this review, we describe measures of
FA that use geometric morphometrics, and we include a flow chart of the methodology. We also
describe how this combination (GM + FA) has been tested in several agroecosystems. Nutritional
stress, temperature, chemical pollution, and population density are known stressors experienced by
populations in agroecosystems.

Keywords: fluctuating asymmetry; environmental stress; geometric morphometrics; developmental
instability

1. Introduction

Phenotypic responses are the result of the interaction between genome and environment, acting in
a noisy developmental system. Consequently, because all tissues and cells of an individual share the
same genome, we can assume that environment and developmental noise determine the morphological
variability among different parts of an individual [1]. Most organisms have a body plan that involves
the repetition of structures in different positions or orientations [2,3]. These repetitive structures are
often symmetrical [4]. In nature, we can find various symmetries, where radial symmetry (such as in
some flowers, cnidaria, and echinoderms) and bilateral symmetry (in animals) are the most common
in nature. In addition, there are spherical symmetries, such as those of some (microalgae and protists
(e.g., Foraminifera) [2,5] (Figure 1). Animals with radial symmetry do not have a right or left side.
Rather they have an upper or lower side. Such species are usually marine organisms, such as jellyfish
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and corals. Moreover, it is common for species to have juvenile forms with symmetry different from
that of their adult form; for example, larval starfish are bilaterally symmetrical, whereas the adults are
radially symmetrical.

Bilateral Symmetry Radial Symmetry Spherical Symmetry

/ Q) - » . y
Vanessa carye Odontaster penicillatus Streptococcus

Figure 1. Three different type of symmetry in organisms from left to right: bilateral, radial, and
spherical symmetry. Red lines represents the axes of symmetry.

Mathematically, an object is symmetric when its shape remains unchanged after some mathematical
transformation, such as reflection (bilateral symmetry) or rotation (radial symmetry). For example,
reflection on the sagittal plane leaves symmetrically bilateral structures unaltered. Similarly, rotating a
radially symmetric object around its axis shall leave the object’s shape or structure unchanged [5].
Bilateral symmetry is characterized by the ability to distinguish a right side and a left side of a body
plan, so that they are mirror images of one another (Figure 2).

Bilateral Symmetry

Posterior

Figure 2. Representation of a carabid beetle (Ceroglossus chilensis) indicating the different planes of a
bilateral symmetry.

Since both sides (right and left) are configured by the same genes, we can expect that, under suitable
developmental conditions, both sides will develop as mirror images of one another [4,6-8]. Conversely,
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if asymmetry is detected in the shape of structures or organisms, then we are observing some factor or
condition that causes alterations in development stability [9]. Asymmetry patterns are the observable
expression of biological processes, but they are not biological processes in and of themselves [10].
In other words, asymmetry is the consequence of a biological process. However, inferring biological
processes from asymmetry patterns is complex, and generally, additional evidence is required (e.g.,
wing development [11,12], mouse mandible [12]).

Traditionally, three types of asymmetry can be distinguished in a population according to
the probability distribution of the differences between right and left sides: fluctuating asymmetry,
directional asymmetry, and antisymmetry (Figure 3A). These asymmetries differ in their mathematical
and statistical properties, as well as their origin and biological implications [2,13,14].

Fluctuating asymmetry (FA), unlike other asymmetries, denotes small differences between right
and left sides due to random developmental processes [15]. According to Graham et al. [13], all life
forms are more or less symmetrical; hence one can demonstrate fluctuating asymmetry in all living
organisms, as well as extinct ones [13,16,17]. FA is the principal asymmetry of most organisms. It is not
functionally harmful, and it is statistically distributed about a mean of zero (Figure 3A). The origins of
FA have been debated for decades, and whether its origins are related (or unrelated) with other fitness
components such as reproduction, survivorship, behavior, and physiology still remains unclear [13,14].
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Figure 3. Different types of asymmetry (A), namely fluctuating asymmetry, directional asymmetry, and
antisymmetry, and their translation into a geometric morphometric paradigm (by Neubauer et al. [18])
represented by a principal component analysis (B).

The expected expression of real traits (morphological change to either the right or the left side of
the body) is thought to deviate to a particular degree because of genomic constraints, environmental
constraints, or both together [19]. These deviations occur because the developmental processes are not
completely deterministic, since they have an inherent random component [4]. This random, or residual,
component is expressed as FA. The phenotype of the focal species is usually unknown, though it
can be estimated (averaged) by examining each symmetrical component of the individual. FA can
be calculated for conspecifics that have experienced the same genetic and environmental conditions.
In simple terms, FA is the difference between individual asymmetry (left/right differences) and average
directional asymmetry [9]. There has been speculation as to whether the distribution of FA is normal
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and whether tests of kurtosis can be used to understand the biological processes that might influence it
or antisymmetry. It is thought that a kind of biological translation of the central limit theorem occurs
when the normal distribution of symmetrical differences results from the accumulation of multiple
small independent random effects [19]. However, this is unlikely because many developmental
processes are nonlinear, multiplicative, and aggregative [8,20].

Adaptation of organisms to a particular environment is often influenced by environmental
stress [21-27]. In addition, unfavorable temperatures, chemicals, population densities, and many other
factors may increase fluctuating asymmetries [28,29]. By studying the relationship between morphology
and environmental conditions, one can test hypotheses about the influence of agricultural production
on organismal form. It has long been known that different environmental conditions are associated with
different levels of stress, which can affect an individual’s ability to overcome this pressure and spread
their alleles across a landscape. Environmental conditions related to agricultural production, such as
nutritional stress, extreme temperatures, chemical pollution, and conditions of dense population,
cause stress during development which can lead to increased FA in organisms [25,30-33]. Nevertheless,
it should be clear that the combination of GM and FA opens a new world of analytical tools to investigate
the pattern of development and has led researchers to ask new questions about the use of fluctuating
asymmetry [4]. The aim of this article is to provide an overview of the use of fluctuating asymmetry
(FA), specifically using geometric morphometrics in an environmental context. We highlight how
advanced morphometric methods provide the accuracy needed to use FA as a biological indicator of
environmental stress.

2. Traditional Morphometrics and Fluctuating Asymmetry

Historically, a series of indices have been suggested to estimate and characterize the numeric
value of FA at the individual and population levels [2,3,34]. Only a few of these indices, however,
are fundamental and in widespread use. According to Palmer [3], the asymmetry of a given trait
in an individual is measured as the absolute difference between the right and left sides (|Ri — Li),
as the assigned difference (Lj — Rj), or as the proportion between the measurements of the sides (log
(Ri/Li)). These indices have been used as the base to analyze differences among the asymmetries of
specimens; the main difference is the presence or absence, or the way the variation in the size of a trait
has been handled. Another index that estimates multiple characters is defined as 1 — r, where r is the
correlation between the left and right sides. Windig and Nylin [35] argued that the index 1 — r is useful
to compare characters because (a) it is scale independent, (b) it can correct measurement errors, and (c)
it includes a normalized index for the variance of the character. Nevertheless, these approaches were
criticized [2,36,37] because correlations are influenced by the range of values. Palmer and Strobeck [2]
argue that the correlation of R and L acts differently from other indices and never achieves their
statistical power [37].

The index used most frequently in the literature is FA1 (mean of absolute deviation |R — L|) being
an alternative to var (R — L) but less influenced by outliers [3]. Correspondingly, there is a modification
of those indices for positive size scaling. It involves dividing |R| or (R — L) by the size (R + L) of
the principal character at the individual level (FA2, FA6, FAS8) or at the sample level (FA3, FA?) [3].
Its important to notice that |log R — log L| accomplishes the same thing as [R — L|/(R + L) if R and
L are lognormally distributed. Moreover, there is an index that comes from the output of ANOVA
which simultaneously tests for measurement errors and size differences among individuals (FA10).
More information about these indices can be found in the work of Palmer [3].

3. Fluctuating Asymmetry Using Geometric Morphometrics

Over the last 30 years, geometric morphometrics has been added as a tool in the search for more
precise methods for quantifying fluctuating asymmetry, in particular the asymmetry of shape. This has
resulted in the reduction of errors that often occur in measurements with traditional morphometrics and
has allowed the estimation of more subtle and accurate variations for asymmetry calculation [18,38—43].
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Procrustes analysis is undertaken to deduce shape data from raw paired data (landmark x, y
coordinates); this results in the removal of superfluous data on size, position, and orientation of the
starting material that have been landmarked [38,44]. In addition, studies of left-right asymmetry
remove reflection by transforming all configurations from one side of the body into their mirror images
(to adjust symmetry [38]) or by including both the original and mirror images of all configurations
in the analysis, e.g., object symmetry [4]. It is important that GM not be considered a replacement for
traditional morphometrics; rather, it should be considered as an option when studying the effect of
biotic and abiotic stress upon organismal shape and form.

Figure 3B shows the kinds of asymmetry and their representation in a geometric morphometrics
setting involving principal components analysis (PCA). Neubauer et al. [39] explained how to interpret
the adjusted PCA to investigate multivariate shape asymmetry. Each vector (arrow in the PCA
plot) represents an individual and their deviation from perfect symmetry. The direction of the
vector(s) represents the spatial pattern of the symmetry. If individuals vary in asymmetry, but with
no directionality (first PCA-panel to the right), the vectors point equally in all directions. In contrast,
the second PCA-panel shows a directionality of the asymmetry in which 80% of the samples (individuals)
share the same direction along the PC1 (directional asymmetry). The other 20% of individuals have
lower magnitude and the reversed pattern. The third PCA-panel shows a bimodal distribution where
80% of individuals share a similar asymmetry pattern captured by PC1, while 20% show the reversed
pattern with a comparable magnitude.

Beasley et al. [45], after a meta-analysis, predicted that geometric morphometric approaches to FA
of shape and size would be more sensitive to environmental changes than traditional morphometric
approaches. These authors suggested that an environmental stress is best shown using the combined
biomarker of FA and GM. Nevertheless, they did not show examples of this combination in their article.

On the other hand, geometric morphometrics could have some disadvantages; Ekrami et al. [46]
removed the effect of directional asymmetry in a multivariate context. The conventional method
of DA correction does not compensate for the effects of DA in other dimensions of asymmetry.
They introduced a new measure of asymmetry called fluctuating directional asymmetry (F-DA).
Subtracting population-level DA from all individual asymmetry values can only provide unbiased
FA measures (possibly reflecting developmental instability) if the underlying DA is the same (both in
magnitude and direction) for all individuals (for more details see Ekrami et al. [46]). Nevertheless,
these approaches are not new; they were studied in detail at least 20 years ago by Graham et al. [47]
and Van Dongen et al. [48].

Shape asymmetry has been used as a measure of developmental instability [22,23,26,49-53] and
to examine relationships between stress or other adverse conditions, inbreeding or hybridization,
or fitness [10]. The literature on this topic assumes that if the right and left sides of an organism share
the same genome and, generally, the same environment, it can be expected that the organs on the
left side and those on the right side will share the same target phenotype (assuming that there is no
directional asymmetry). Therefore, any differences will be attributable to developmental instability [4].
Nevertheless, generalizing this assumption can be problematic. Klingenberg [4] indicates that for
many organisms, FA occurs because of small random variations in developmental processes; FA can be
used to quantify developmental instability. More recently, studies have started to combine the use of
shape asymmetry, particularly using GM approaches. So, what is intended to be evaluated with GM is
the effect of development on the shape of an individual, where the variations are a response from the
organism to developmental instability. A different type of application of FA, also with a major use of
GM,, is to infer the origin of morphological structures [10,38,41,49,54-56].

The use of geometric morphometrics in FA studies has provided a method to analyze matters
that had been already addressed in FA studies with traditional morphometrics, using linear measures
as length measurements (Figure 3). This has opened original research paths that address questions
related with topics such as morphological integration [4,10,57].
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4. FA + GM, Step-by-Step Flow Chart

FA can be analyzed using geometric morphometrics in Morpho] [58] as follows (outlined in
Figure 4):

(a) Two sets of independent images of the individuals are taken and landmarks are digitized,
preferably not on the same day, to account for measurement error.

(b) After digitizing the images, both independent datasets are combined in one single dataset. It is
important to know that FA measurements of left and right sides are taken for each individual
separately; therefore, classifiers of Individuals and Side (for matching asymmetry) need to
be incorporated.

(c) A Procrustes fit step is compulsory for all geometric morphometrics data. In this example,
there are two matching symmetric wings; thus, the symmetries of paired structures are presented
as separate, mirror-image copies, and the software automatically generates a reflection of each
original landmark configuration to produce a reflected copy.

(d) The shape asymmetry is calculated for individuals as the deviation from the original landmark
configuration of the symmetric consensus. In this step, a Procrustes ANOVA is performed on the
combined dataset, using the following classifiers: Individuals (in the Individual section) Side
(in the Side section) and From Dataset (in the Error 1 section). It is important to note that the
classifier “From Dataset” is the result of the combination of two repeated measurements, and it is
compulsory for every fluctuating asymmetry analysis to calculate the measurement error as well.

(e) When there is FA, the interaction of Individual X Side is significant in the Procrustes ANOVA;
when there is directional asymmetry (DA), the classifier side is also significant. After this, there are
two options to calculate the intensity of FA: one is extracting the MS values from the interaction
of Individual x Side Procrustes ANOVA and comparing them between groups; the other is
extracting the values of Mahalanobis or Procrustes FA scores from the dataset generated by the
Procrustes ANOVA and comparing them between groups.

An example of an article using the flow chart, but using vertebrates, is the one provided by
Maestri et al. [49], where the authors analyze the suitability of species for certain habitats, for
conservation purposes, to predict the survival of a species in the long term. The authors analyzed
FA as a measure of developmental stress, which is used as an indirect indicator of an individual’s
performance in different regions.

To measure the variability of habitat suitability, the average FA and morphological variance
(within the same population) were correlated with the values of habitat suitability generated by
modeling. In addition, spatial autocorrelation tests were conducted to determine if the shape variables
were correlated in space, since this may have generated bias in the analysis as it breaks the principles
of independence between samples.

Maestri et al. [49] found a negative relationship between suitability and FA. In the less suitable
areas, individuals experience a number of disturbances during the ontogenetic development of the
cranium. Moreover, they found no association between the morphological variance and the habitat
suitability. These results confirm the prediction that developmental stress is greater in less suitable
environments. This work paves the way for similar studies. At this time, there are no such studies in
any agroecosystem. Future work should explore the methods used by Maestri et al. [49] and apply them
to agroecosystems; these highly disturbed environments are likely to exert significant and measurable
phenotypic changes on organisms in agroecosystems.
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Figure 4. Step-by-step graphical flow chart of the fluctuating asymmetry procedure using geometric
morphometrics (A-E explanation can be checked in FA + GM, Step-by-Step Flow Chart section).

5. Fluctuating Asymmetry Using Geometric Morphometrics in Agroecosystems

Landscape structure and habitat fragmentation influence the ecological interactions and
morphology of species [59]. Agriculturalland forms a large part of the terrestrial landscape, so the effects
of agricultural management on populations are numerous and worthy of investigation. Intensive use
of agrochemicals, like pesticides and fertilizers, and disturbance after tillage affect biodiversity in
intensively used agroecosystems [60] and natural landscapes [61,62]. Fluctuating asymmetry has been
used as an indicator of such stress [2,62,63]. While there are many investigations of FA using traditional
morphometrics, only a few studies deal with shape FA landmark-based geometric morphometrics.
The number is even smaller if agricultural landscape is included in FA patterns.

In the last few decades, FA has been used to answer many questions related to agroecosystems,
principally with the use of pesticides and the ensuing environmental stress. Most of these studies
involved traditional approaches [64-70]. Moller et al. [71,72], for example, investigated FA in poultry,
showing increasing levels of FA in response to various stressors, such as population density and lighting
conditions. Moreover, high FA may be related with prenatal stressors [73,74]. If the mother is exposed
to different stressors, it can affect the future offspring. By investigating the body properties of chickens,
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Eevaetal. [75] and Satterlee et al. [76] confirmed that FA is observed in tarsus length and increases under
environmental stress. Similar responses are seen with face length [76,77]. Eriksen et al. [78] concluded
that FA in tarsus length and face length in chickens is a reliable indicator of developmental stress.

In a study of young livestock, Pares-Casanova [79] found that size variance was not reflected in
the bone lengths: acropodial sizes were similar between the medial and lateral series. Nevertheless,
shape asymmetry was indeed present. Another study showed that DA in Araucan horses was always
higher than FA after the effect of size was eliminated. This was attributed to the effects of mechanical
forces. The dominance of one side may determine differential mastication and bone remodeling,
contributing to directional asymmetry [80].

An example of a study using FA of insects in various agricultural landscapes comes from
the work of Benitez et al. These authors used FA as a bio-indicator of the development of shape
stability of the carabid beetle Pterostichus melas, considering populations living among annual and
perennial crops. To collect shape data, the researchers used 2D images of the ventral zone of the
beetle body. For this purpose, sixteen landmarks were used, considering right and left sides, and the
shape coordinates were derived through a Procrustes fit. To measure symmetry, the reflection was
eliminated by including the mirror image and the original image of all the configurations analyzed
and performing the superimposition of all of them simultaneously. Measurement error was addressed
by digitizing each individual twice. The centroid size variance was used to detect potential size
differences, whereas a Procrustes ANOVA was conducted to assess shape asymmetry differences.
These analyses were performed by sex to investigate the effects of sexual dimorphism on shape
asymmetry. Shape variation was visualized using a PCA of the population average of the symmetric
component of shape. The relationship between shape and FA was examined by a multivariate
regression. The relationship between climate data and shape was determined using a partial least
squares analysis (PLS). Results indicated that carabids inhabiting the perennial agroecosystem showed
phenotypic adaptation to anthropogenic influences compared to carabids from annual agroecosystems
where the environment was more unpredictable.

Other work on coleopteran species by Benitez et al. [6] investigated how wing shape and size
differ in the endemic and extensive/invasive distribution areas of an invasive pest (Diabrotica virgifera
LeConte). The morphological integration of D. v. virgifera was estimated using fourteen 2D “type 1
landmarks” defined by vein junctions or vein terminations on the hind wings. Analysis of asymmetry
was performed as follows: (1) single-sided configurations were mirrored; (2) configurations were then
simultaneously superimposed using Procrustes symmetric variation; and (3) asymmetry components
were finally obtained from the mean values and contrasts to the original and reflected configurations [55].
Using standard statistical procedures [81], it was then shown that D. v. virgifera has a moderately
integrated hind wing, and thus the symmetrical or asymmetrical variation patterns found had common
variation and thus a common origin.

Nattero et al. [82] demonstrated temporal variations in FA wing size and shape of Triatoma
infestans populations. By using Procrustes ANOVA, they showed wing FA for each ecotope, sex, and
collection year. They concluded that wing FA can be used as a measure of developmental instability.
Nattero et al. [83] also noted that the history of insecticide spraying seems to be related to the FA
patterns observed; for that reason, Nattero et al. [26] estimated FA under insecticide exposure and
described FA for the first time as a marker of insecticide resistance. In their work, they used geometric
morphometrics based on landmarks. To assess the wing size asymmetry, the authors estimated centroid
size (CS) using orientation configurations of the left and right sides of each individual. Nattero et
al. [26] presented the following results of their research: (i) the wing size FA was statistically significant
in both females and males before and after spraying; (ii) females showed lower FA values before and
after insecticide spraying than males; (iii) females showed higher FA values before spraying than after
spraying. In this study, it was documented that wing size and wing shape FA consistently decreased in
T. infestans shortly after spraying with pyrethroids. The main finding was that the effects of insecticide
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application on wing developmental instability are modified by the body size of the insects in the
context of insecticide resistance.

It has been argued that FA cannot simply be applied as a general predictor of environmental
or genetic stress unless evolutionary, ecological, and methodological assumptions are understood.
De Coster et al. reported that FA is widely regarded as a proxy for environmental and genetic
stress effects, although empirical associations between FA and stress are often weak or heterogeneous
among traits. Some authors believe that only a small number of studies provide (indirect) evidence
of a relationship between FA and stress (as reported for Gasterosteus aculeatus by Van Dongen et al.,
Drosophila melanogaster by Pelabon et al., and D. bipectinate by Polak and Taylor [83]).

The studies of Benitez et al. [6], Nattero et al. [82], and Nattero et al. [26], among other articles using
GM exposed before by Klingenberg [4], give an insight into the possibility of using FA as a biomarker
for detecting environmentally driven changes in the shape of the organism under different stressors.

6. Conclusions

FA can be used to measure phenotypic response to environmental stress. Many studies have
confirmed the use of traditional morphometric FA as a biomarker for stress in agricultural production
or for quantifying environmental stress. Geometric morphometric methods of quantifying shape
variation have emerged as an alternative way to examine effects of stress on FA. Whether FA is indeed
a good measure of development continues to be debated.

Therefore, it is very important to identify FA in an organism, because it does not always
reflect perturbations an organism has experienced. Working hypotheses related to population stress
and developmental instability should be carefully posed and tested to understand this biological
phenomenon further.

The 21st century comes with a new era of integrated science, integrating the analysis of ecological
evolutionary developmental biology (Eco-Evo-Devo) to gain a better understanding of the organism’s
adaptation to stressors and in response to the need to understand how global environmental changes
and management practices affect the adaptation response of a species [1].

FA as an index of environmental stress reveals that organisms are constantly exposed to a changing
environment, whether through changes in diet, temperature, predators, competitors, or all these
factors simultaneously. The integration with GM has allowed researchers to use it for inferring the
developmental origins of integration within or between morphological structures.

Knowledge of the levels of FA in a given organism will reveal the rules underlying the interactions
between environment, genes, and the development of an organism and thus aims to broaden our
current view of how evolution works. With a better understanding of this, researchers will be able to
better understand how certain organisms adapt to environmental stressors.
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