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Abstract: Differentiation in the defensive armor of the threespine stickleback, Gasterosteus aculeatus,
is caused by predator-driven divergent selection. Most studies considered armor traits related to
swimming behavior, hence combining pre- and post-capture responses to gape-limited predators.
Here, we focus exclusively on the defensive complex (DC), the post-capture predator defense. This
complex consists of a series of bony elements surrounding the anterior part of the abdomen. Relax-
ation from predation pressure not only drives reduction of bony elements but is also expected to
increase asymmetry in the DC. To test this hypothesis, we used four Austrian freshwater populations
that differed distinctly in the formation of the DC. We found significant left–right asymmetries in
the DC in the population with a distinctly reduced DC and, surprisingly, also in the population with
a significantly enhanced DC. These populations occur in vastly different habitats (stream and lake)
characterized by distinct regimes of gape-limited predators (none vs. many). Apparently, both a shift
to very low and very high pressure by gape-limited predators can boost asymmetry. We conclude
that greater asymmetries in the two populations at the opposite ends of the predatory gradient result
from an ongoing process of adaptation to decreased or increased environmental stress.

Keywords: asymmetry; defensive complex; left–right differences; post-capture defense; predation
pressure

1. Introduction

Vertebrates are bilaterally symmetric. Nevertheless, differences between paired struc-
tures (left side–right side; L–R) occur, although generally at low frequencies. Such depar-
tures from bilateral symmetry may be an indication of developmental instability induced
by genetic or environmental factors [1–3]. Two general types of asymmetries are discerned:
(1) asymmetries with a side bias (“directional asymmetry” DA and “antisymmetry” AS) and
(2) random L–R asymmetries (“fluctuating asymmetry” FA; [4]). Directional asymmetry is
a consistent side bias, whereas in AS, left and right dominance is equally common [5]. FA
can cause morphological traits to be less effective and functionally impact predator–prey
interactions [6–8]. It was commonly associated with stress and poor fitness, and conse-
quently with developmental instability (e.g., [9,10]), although other studies failed to find
such relationships (e.g., [2,11]). These conflicting results are believed, among other factors,
to reflect diverging analytical and statistical analyses (for details see [12]). Nevertheless,
previous studies showed that FA is more expressed in functionally less important bilateral
traits than in functionally important traits [7,13–15].

The threespine stickleback Gasterosteus aculeatus Linnaeus 1758, a model species in
evolutionary biology, inhabits marine, brackish and freshwaters and is characterized by
high phenotypic plasticity, most obvious in the divergent patterns of the lateral plates
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(summarized in [16]). This fish lacks typical teleost scales. Instead, a series of bony plates,
the so-called lateral plates, extend in a row on each side of the body from the head to the base
of the caudal (tail) fin [16]. Freshwater sticklebacks, contrary to conspecifics from marine
habitats, developed countless, often drastically divergent phenotypes [17,18]. This invasion
of freshwater habitats was accompanied by what is often termed “loss of armor” [19–23],
particularly a drastic reduction of the non-structural posterior lateral plates [24,25]. This
reduction primarily reflects a shift from sustained long-distance swimming in marine
habitats to burst swimming and maneuverability in freshwaters [26–28]. It often led to
asymmetries in the total number of lateral plates [17,29–34]. In some populations, the shift
resulted in FA [7], in some in DA, possibly because of a preferred escape movement, i.e.,
bending to the same side for a fast start [35–37]. Distinct lateral plate asymmetry also
occurred in highly dystrophic water [7,38]. This, however, is likely an effect of relaxed
predation there because many piscivore fishes rely on vision for hunting success [39–41].

Predation pressure has a high potential to affect the morphology of an organism and
is a major driver of natural selection [42–44]. Predation involves three stages from the
perspective of the prey: recognition, escape and defense/resistance. Each of them has
the potential to prove successful in the evolutionary arm’s race. Much attention in fishes
was attributed to the third stage, defense and resistance, and has been studied in e.g., the
crucian carp (Carassius Carassius Linnaeus 1758) [45], the pumpkinseed (Lepomis gibbosus
Linnaeus 1758) [46] or the perch (Perca fluviatilis Linnaeus 1758) [47]. These fishes develop
deeper bodies and/or longer spines in the presence of predators, which increase handling
time, make prey less vulnerable and decrease the frequency of predation attempts [45–47].

Another fish species that has developed morphological structures that are very ef-
fective defensive mechanisms post-capture is the threespine stickleback. Irrespective of
the environment, this small fish (<10 cm) developed a functionally important unit of bony
elements that helps counter predation pressure [31,32], the so-called “defensive complex”
(DC; [48,49]). This complex of bony structures contributes to post-capture defense and acts
effectively against gape-limited predators (i.e., fishes and birds that are able to feed only
on prey smaller than their mouth [30–32,50–53]). The number and size of the included
bony elements are positively correlated with the number and/or density of piscivorous
fishes [52–54]. The DC experiences the most physical stress when the fish is handled by a
predator [31].

The dorsal part of the DC consists of unpaired elements (dorsal spines and their
bony supports). In contrast, the lateral parts (structural lateral plates) and the ventral
parts (pelvic bones + pelvic spines) consist of paired elements [31,55,56]. These bilateral
elements are generally highly symmetric in number, shape and size. They were found to
exhibit low left–right (L–R) asymmetry in populations under predation [7,31,57]. Accord-
ingly, predation seems to be the most important driver of the symmetry of the DC of the
threespine stickleback.

The symmetry of the structural lateral plates (connecting the dorsal and ventral parts
of the DC) is crucial for the effectiveness of the DC post-capture. These plates are less
variable in their positional asymmetry than nonstructural plates [7,29,58,59], probably
because the latter are also linked to swimming behavior [26,53]. Numerical asymmetry
caused by lateral plate reduction of the DC has been directly associated with low or absent
pressure by gape-limited predators (e.g., [30,31,33,57,59]).

Beyond the role of the structural lateral plates, the pelvic complex (pelvis + pelvic
spines) is important within the DC. The pelvis is a massive paired bony structure and con-
tributes, together with the paired pelvic spines, significantly to predatory defense [30,31,60].
Asymmetry in the pelvis of the threespine stickleback, correlated with the lack of Pitx1
expression, has attracted much attention [36,51,61]. Here, we do not refer to reductions
or loss of the pelvis caused by the lack of Pitx1 expression as discussed in various studies
(e.g., [51,62,63]). The present study was designed to investigate how (the lack of) predatory
pressure affects the post-capture defense structure of threespine sticklebacks. Most previous
studies compared two categories (low vs. high predation), and we advanced this approach



Symmetry 2023, 15, 811 3 of 28

by selecting four populations along a predation gradient. We sampled four freshwater
populations from (a) a stream with low abundance of gape-limited predators, (b) a stream
with moderate abundance, (c) a stream with high abundance of predators, and (d) a lake
habitat with very high abundance of such predators. We predicted two evolutionary paths
in response to potential changes in predation pressure, based on the typical configuration
of the defensive complex in the studied areas [33,49], which consists of five structural
plates and two forks on each side. On the one hand, for lowered predation pressure [(a)
and (b)], we expected: (1) higher asymmetry in the lateral plate number and fewer lateral
plates in the DC, (2) higher directional and fluctuating asymmetry in length measures, (3)
higher asymmetry and fewer plates overlapped by the ascending branch, as well as (4)
higher asymmetry and fewer forks in the ascending branch itself, because a relaxation
of predation pressure increased the degree of fluctuating asymmetry [7,12,59]. Moreover,
relaxed selection for armor in threespine sticklebacks was repeatedly reported in freshwater
habitats where predatory fish were absent or rare, favoring a reduction in number and size
of the bony elements of the DC [36,38,64–68]. On the other hand, studies have shown a
stabilizing effect of predation on the DC [7,29,54], so that, high and very high predation
pressure [(c) and (d)] were expected to result in more symmetric (in number and lengths of
the bony elements) and more strongly armed individuals, i.e., having five structural lateral
plates and two forks on each side.

2. Materials and Methods
2.1. Sampling Sites

We investigated 130 threespine sticklebacks from four localities in Austria, one lake
and three streams (see below). The populations were selected to reflect various degrees of
expression of structural defenses in the DC.

Low predation pressure: Aiglbach (AB), 48◦03′42′′ N, 16◦35′18′′ E, tributary of the
Danube River, eastern Austria: 32 specimens collected on 25 August 1994 and 10 May 1995
by H. Belanyecz and team. Fish were sampled using electrofishing gear and via dip net.
They were anaesthetized using MS-222 and killed by an overdose, fixed in 6% formalin
and later transferred into 75% ethanol. They were cleared and stained (Alicarin Red S)
and ultimately stored in glycerol [33]. Other fish species occurring were the gudgeon
Gobio gobio (Linnaeus 1758) and the stone loach Barbatula barbatula (Linnaeus 1758), both
in large numbers. The Aiglbach is a small brook, 40–50 cm deep and 2 m wide with
a stony and sandy bottom. Both riverbanks were steep and high (>2 m) and densely
covered by vegetation. No potential predatory bird species were observed during a series
of observations (pers. comm. H. Belanyecz).

Moderate predation pressure: Neubach near Himberg (HN), tributary of the Danube
River, eastern Austria: 48◦05′39′′ N, 16◦26′27′′ E: 34 specimens collected on 3 June 1997 by
A. Weissenbacher and team by dip net. Fish were fixed in 6% formalin and later transferred
in 75% ethanol, subsequently cleared and stained (Alicarin Red S), and ultimately stored in
glycerol. Chub Squalius cephalus (Linnaeus 1758) occurred in small numbers. Additionally,
stone loach Barbatula barbatula and gudgeon Gobio gobio were sampled, also in low quantities.
The dominating species was G. aculeatus. The Neubach is a small brook, 40–50 cm deep
and 2 m wide with rip-rap reinforced banks.

High predation pressure: Lustenauer Kanal (LK), 47◦27′24′′ N, 9◦40′15′′ E, tributary of
Lake Constance, western Austria: 31 specimens collected on 13 06 2014 by A. Dünser and
A. Lunardon. Fishes were killed by an overdose of glove oil (1 drop per liter) and stored in
75% alcohol. Four potential predatory species were eel Anguilla anguilla (Linnaeus 1758),
pike Esox esox (Linnaeus 1758), perch Perca fluviatilis and chub Squalius cephalus. Other
fish species observed were stone loach Barbatula barbatula and tench Tinca tinca (Linnaeus
1758). The Lusternauer Kanal is a man-made canal, about 100 cm deep and 3 m wide with
reinforced straight banks.

Very high predation pressure: Fussacher Bay (FB), 47◦29′41′′ N, 9◦39′32′′ E, bay of
Lake Constance, western Austria: 33 specimens collected in May 2008 by A. Lunardon.
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Freshly dead sticklebacks from one station in the bight, originally prepared as bait for eel
traps by professional fishermen, were stored in ethanol (75%). The fishes were collected in
one attempt at one site about 40 m from the shore. Common predators (including seven
fish species) observed at this part of the lake were eel Anguilla anguilla, pike Esox lucius,
lake trout Salmo trutta lacustris Linnaeus 1758, zander Sander lucioperca (Linnaeus 1758),
perch Perca fluviatilis, wels Silurus glanis Linnaeus 1758, chub Squalius cephalus, cormorant
Phalacrocorax carbo (Linnaeus 1758) and great crested grebe Podiceps cristatus (Linnaeus 1758)
(pers. comm. A. Lunardon).

The presence of predatory fish species was determined via visual census (the lake
population FB) or via visual census plus sampling (the three stream populations LK, HN
and AB). The presence of eel at FB is based on information of local fishermen.

2.2. Predation Pressure

The populations of the threespine stickleback in Austria are potentially exposed
to predators. However, the quantification of actual predatory pressure in the wild is
difficult [43,69]. In addition, predatory fish such as the pike Esox lucius, the sander Sander
luioperca, the perch Perca fluviatlis, the trout Salmo trutta, the eel Anguilla anguilla or the
chub Squalius cephalus (Linnaeus 1758); piscivorous birds such as the great cormorant
Phalacrocorax carbo, the crested grebe Podiceps cristatus, the common merganser Mergus
merganser (Linnaeus 1758), the grey heron Ardea cinerea (Linnaeus 1758) or the common
kingfisher Alcedo atthis (Linnaeus 1758); and a series of other potential predators occur in
Austria, including the grass snake Natrix natrix (Linnaeus 1758), the fish otter Lutra lutra
(Linnaeus 1758), and insects such as back-swimmers (Notonectidae) or dragonfly naiads
(Odonata). Many other potential piscivore bird species occur seasonally.

All four investigated habitats of this study differ distinctly in the presence or absence
of potential predators, especially of gape-limited piscivores (compare Section 2.1). Two
of the investigated populations (the canal population LK and the lake population FB) are
located in areas where most potential predators occur, including fishes and birds, the largest
and most diverse number of them in the lake. As expected, these populations show no
reduction in the number of the elements of defense structures (see below Section 2.4). On
the contrary, the number of structural lateral plates increased in the FB population beyond
the typical five on each side. As predation by birds but not by predatory fishes is associated
with a reduction in lateral plate number [7,32], avian predation may have less impact on the
structure of the DC than predation by piscivore fishes. The two other populations (AB, HN),
both inhabiting small brooks, are obviously under distinctly different predation pressure.
The AB population is likely experiencing very low pressure as fish predators are absent
and the brook is hardly accessible to piscivorous birds due to the steep, high and densely
overgrown banks. Predatory fishes, except for single chub, are also absent at the other
locality (HN). However, we cannot exclude predation by birds. Threespine sticklebacks
of both populations (AB, HN) showed reductions in the number of the structural defense
(see Sections 2.3 and 2.4.1), and consequently, a reduction of the function of the defensive
complex. Various factors can limit the development of bony elements like e.g., calcium
concentration or temperature. However, calcium concentration is sufficient in the brooks
and streams of the region, the southern Vienna Basin. If predation pressure were high in
these two DC deficient populations, we would expect a completely developed defensive
complex similar to that in other populations. A series of threespine stickleback populations
from brooks, canals, thermal brooks, cold ground water fed brooks and gravel pits from
the area (southern Vienna Basin) had been investigated earlier and showed no reductions
in the defense structures ([33,70], HA unpublished).

We cannot exclude the influence of other extrinsic factors that can affect the devel-
opment of bony structures as a number of biotic and abiotic differences between the
investigated sites are very likely. Nevertheless, we assume that the most plausible expla-
nation for differences in the developmental degree of the defensive complex between the
investigated populations is the high (LK, FB) and low (AB, HN) presence of predatory
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species. We are aware that differences in the number and composition of predatory species
do not automatically explain predatory pressure, and that the amount of different predatory
species drives selection in the traits of the DC of the threespine stickleback [32]. Still, it has
been shown that the number of bony lateral plates is positively correlated with pressure
from gape-limited predators (e.g., [31–33]) and spine length with the number of predatory
fish species [54,62,63,71]. Given the striking utility of the defensive complex as defense
against predation, divergent development of this post-capture structure is likely explained
by different predation pressure.

Estimating the predation risk of threespine sticklebacks by piscivore birds is chal-
lenging, especially in habitats near each other. Birds are very mobile and can easily move
between water-bodies. The lake (FB) and the canal (LK) habitats and also the two brook
habitats (AB and HN) are within a few kilometers of each other. If avian predation was
to prevail, we would expect to see similar reduced DCs in all populations. Therefore, we
assume that predation pressure, or the lack of, in these four investigated populations is
closely linked to piscivore fishes.

Predation by avian piscivores is also known to result in lower number of lateral
plates [15,17,31,32]. We found a reduction in the number of structural plates (plates within
the DC) only in two out of the four investigated habitats, namely AB and HN. Predation by
birds is very unlikely in the AB habitat (population with distinctly reduced DC) with its
special morphology of high, steep banks and dense vegetation, which makes it difficult
to reach the water. Additionally, during several visits, no predatory birds were observed
at this site, but we cannot exclude predation completely and attributed therefore “low
predation pressure” to this population. Additionally, birds grasp their prey with the beak,
which results in predator-induced injuries such as lacerations (“aviscars”, parallel lines
running vertical on the body of the fish) or spine fractures [32]. However, the investigated
sticklebacks showed no such injuries, even in habitats where piscivore birds are abundant
(FB and LK).

Taken together, it seems reasonable to link the investigated populations to the potential
abundance of different predators, resulting in distinct predation pressures, and to compare
them along the following gradient: predation pressure (i) low, Aiglbach (AB); (ii) moderate,
Neubach at Himberg (HN); (iii) high, Lusternauer Kanal (LK); and (iv) very high, Lake
Constance, Fussacher Bucht (FB).

2.3. The Lateral Plates

Characteristic for the threespine stickleback is a series of bony plates, the so-called
lateral plates, which extend in a row on each side of the body from the head to the base of
the caudal (tail) fin [16,18]. These lateral plates offer the fish protection against predators
but also have hydrodynamic functions. Each plate is associated with a myomere and can be
identified by its numbered position [31] (Figure 1). Some of these bony plates are included
into the post-capture defense of the threespine stickleback, the defensive complex (detailed
description in Section 2.4). All plates included into the DC are generally termed “structural
plates”. These are the five lateral plates 4–8 (Figure 1), but in rare cases also plates 3 and 9
may become structural. On the contrary, plates not included into the defensive complex
are termed “non-structural plates” [7]. Generally, these are the lateral plates 1–3 and those
starting from plate 9 backwards (Figure 1).
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Figure 1. Structural associations between spines and lateral plates in a threespine stickleback. The
typical five structural plates of the defensive complex are hatched (lateral plates of the peripheral
part of the defensive complex) and crosshatched (lateral plates of the central part of the complex);
for further explanation see text. “ABR”: ascending branch of the pelvis; “AP”: anterior process of
the pelvis; “AS”: anal spine; “BP”: basal plates of pterygiophores of the first and second dorsal
spines; “CL”: cleithrum; “D”: soft dorsal fin; “DS1–DS3”: first, second and third dorsal spines; “EC”:
ectocoracoid; “LP”: lateral plates; “PP”: posterior process of the pelvis; “PS”: spine of the pelvic fin
(“pelvic spine”); “VP”: ventral process of the pelvic girdle; “VS”: ventral spine; “1–9”: lateral plates.
Scale bar: 5 mm. From [49], modified. “I–VI”: first to sixth dorsal pterygiophores.

The ancestral form of the freshwater sticklebacks migrates, often hundreds of kilo-
meters in the ocean and also, to reach its spawning grounds, many kilometers upstream
(summarized in [71]). The bony plates immediately anterior to the caudal fin are laterally
wing-like extended this way, forming a keel. This keel is convergent to the keels of other
sustained swimming and long-distance migrating species (e.g., tunas or white and blue
sharks,) and is efficient against drag (e.g., [72]). The bony plates anterior to the keel-plates
support the threespine stickleback in keeping the body straight during swimming, because
this fish, contrary to many other fish species that produce thrust by lateral movements of
their tail and caudal fin, produces thrust with the pectoral fins [26,73].

2.4. The Defensive Complex (DC)

The DC is a post-capture defense of bony elements that surrounds the anterior part
of the abdomen in a ring-like manner. It consists of the first two dorsal spines, their basal
plates, the pelvis with the pelvic spines, and the associated lateral plates (Figure 1; [31,50]).
This complex aids against injuries of the skin and underlying muscles during capture and
against compression of the internal organs. The completely developed DC typically consists
of 20 bony elements combined into three units: (1) the dorsal unit with the first and second
dorsal spines along with their basal plates (pterygiophores), (2) the lateral unit with the
lateral plates 4–8 and the ascending branch of the pelvis, and (3) the ventral unit with the
pelvis (paired) and the two pelvic spines (the pelvic complex). A completely developed DC
is separated in two sections, a central and a peripheral one [49]. The structural lateral plates
of the central defensive complex (CDC) generally comprise plates 5, 6 and 7. These plates
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dorsally buttress the first and second dorsal spines and ventrally the ascending branch of
the pelvis. The lateral plates anterior and posterior to them, plates 4 and 8, only buttress
the first dorsal spine (plate 4) and the second dorsal spine (plate 8), but not the ascending
branch of the pelvic complex and are therefore part of the peripheral DC (Figure 1). In our
study, we focus solely on the paired elements of the DC, i.e., the structural lateral plates
and the pelvic complex.

2.4.1. Structural Lateral Plates

We define those lateral plates as structural plates that connect and support the dorsal
and ventral parts of the DC. In a typically completely developed DC, five paired structural
lateral plates (typically 4–8) extend on each side in the anterior part of the abdomen
(Figure 1). This number can increase if additional plates support the dorsal parts of the DC,
e.g., the plates on position 9 (Figure 2). These lateral plates buttress the basal plates that
carry the first and second dorsal spines and, in part (plates 5–7), the ascending branch of
the pelvis (Figures 1 and 2). In this manner, the forces acting on the fish during an attack
of a gape-limited predator on the first and second dorsal and the pelvic spines become
distributed over the whole DC [31,32,49]. To avoid ontogenetic bias, we only considered
specimens > 34 mm SL (=standard length), at which size lateral plate development is
completed [74,75].
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Figure 2. Increase in the number of lateral plates in the defensive complex under high predation
pressure. (Panel A): A completely plated threespine stickleback from Lake Constance, lateral view.
(Panel B): Left abdominal region of the same specimen with six (4–9) instead the typical five (4–8)
structural plates of the defensive complex. “AN”: anus, “P”: pectoral fin, “a”: anterior; for other
abbreviations see Figure 1. Scale bar: 5 mm.

Some studies found directional asymmetry in the total plate number [35–37]. On a
closer look, DA solely resulted from a divergent number of posterior non-structural plates
(and not from a divergent number of structural lateral plates). The number of posterior non-
structural plates has mainly been linked to swimming behavior [26,53]. Because structural
plates are less variable in their positional asymmetry than non-structural plates [7,29,58,59],
and to avoid any bias by adaptation to a preferred swimming mode, we focused solely on
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the structural lateral plates, i.e., the plates included into the DC. These plates face the most
physical stress during handling by a predator [31].

2.4.2. The Pelvic Complex

The pelvic complex consists of the pelvis (a bilateral structure of two medially sutured
bony plates) and the two spines of the pelvic fin (pelvic spines) inserted by a joint [21].
Three processes of the pelvis are distinguished: the lateral ascending branch as well as the
anterior and the posterior processes of the ventral pelvic plate [31,32,66] (Figure 3). We
consider the entire length of the pelvic plate and do not differentiate between the anterior
and posterior process. Nevertheless, to avoid confusion with the term “anterior process”,
we term the ascending process “ascending branch” [21,61]. Furthermore, we measured
along the midline of the pelvis because the anterior edge varied considerably in the four
investigated populations—from convex to distinctly concave (Figure 4).
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the anus. “AN”: anus; “P”: pectoral fin; “a”: anterior; for other abbreviations see Figure 1. Scale bar:
5 mm.
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the lateral view. “ABR”: ascending branch of the pelvis; “ABL”: length of the ascending branch;
“ABW”: width of the ascending branch. (Panel B): Individual and species-specific variation in the
number of forks of the ascending branch of the pelvis, from 1 fork (left) to 3 forks (right). Fork
number is generally correlated with ABR width. (Panel C): Measurements of the pelvic complex in
the ventral view. The anterior margin of the pelvis is mostly straight or convex in specimens under
high and very high predation pressure (cyan line), and mostly concave in specimens under low and
moderate predation pressure (black line). “AP”: anterior process; “PML”: length of the pelvis in
midline”; “PP”: posterior process; “PS”: spine of the pelvic fin (pelvic spine); “PSL”: length of the
pelvic spine; “a”: anterior.

2.5. Data Acquisition

For counting the plates and the forks, fishes were inspected under a binocular mi-
croscope (Wild Heerbrugg M5), from the left and right side. To assess the asymmetry of
the pelvic complex, the fishes were scanned on a flatbed scanner [76] from both sides and
from ventral. Traits were digitally measured on the obtained images using tpsDig2 [77].
Altogether, we took four measurements from four bony structures of the pelvic complex.
Two measurements were taken from the lateral side of the pelvis: the length and the width
of the ascending branch (ABL and ABW, Figure 4A). Two measurements were taken from
the ventral side of the pelvic complex: length of the pelvis in midline (PML) and length of
the pectoral spine (PSL, Figure 4A). All measurements are given in mm. Standard length
(SL) is defined as the distance from the tip of the snout to the end of the vertebral column.
The measurements were taken twice using a digital caliper (±0.01 mm). The mean of
the measurements was used. Two addition characters were counted: the number of the
structural lateral plates (Figure 2) and the number of forks of the ascending branch of the
pelvis (Figure 4B), which are generally associated with the width of the branch.

2.6. Statistical Analyses

Standardized left–right differences were calculated as follows: (L− R)/((L + R)/2). For
population comparisons of metric traits, we used a one-way ANOVA or its nonparametric
equivalent, the Kruskal-Wallis test. When the number of numerical categories was low, com-
parisons were realized through Pearson Chi Square tests. Standardized residuals of ±1.96
are to be interpreted as significantly contributing to the overall chi-square statistic [78].
Furthermore, relative variability was calculated by dividing the standard deviation by the
mean. This coefficient of variation, also known as relative standard deviation, is reported
as a percentage and allows comparing variability between disparate groups and traits.
Testing for equality of coefficients of variations from two or more populations was realized
following [79], as implemented in the cvequality package in R by [80]. For non-normally
distributed data, the Siegel-Turkey test was used instead, with 100,000 permutations. Direc-
tional asymmetries were tested with one sample t-tests. p-values are two-tailed, and the
overall significance level is 0.05. We used IBM SPSS Statistics (Version 25 and Version 27),
PAST (Version 3, [81]), and R (Version 3, [82]) together with the packages cvequality [80],
jmuOutlier [83], as well as BoxPlotR (http://shiny.chemgrid.org/boxplotr/, accessed 10
September 2020). Pelvis shape comparisons were performed using the geometric morpho-
metric toolkit with a Procrustes superimposition of the 2D coordinates of the four relevant
measurement points [84], followed by a permutational one-way multivariate analysis of
variance (MANOVA). Subsequent pairwise tests were reported with Bonferroni correc-
tions. Procrustes superimposition and the graphical realization of individual and group
differences were realized in Morpheus et al. [85].

3. Results

Loss of bony elements forming the DC affected only the number of structural lateral
plates. All other elements—the first two dorsal spines and their supporting basal plates
(pterygiophores) as well as the pelvis with the pelvic spines—were present in all popu-
lations. The three processes of the pelvis were developed in all specimens, although to

http://shiny.chemgrid.org/boxplotr/
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different extents. The reduction of the anterior process in populations under low and
moderate predation pressure changed the shape of the anterior part of the pelvis: its margin
is normally distinctly concave, but became almost straight in most specimens under high
and very high predation pressure. The relevant shape information is depicted in Figure 5.
An overall permutational MANOVA showed significant group differences (p = 0.0001,
9999 permutations). Pairwise-tests with Bonferroni adjustments showed that the both the
populations under lower predation pressure, AB and HN, as well as the two populations
under higher predation pressure, LK and FB, do not differ significantly in shape (p = 0.462
and p = 1.000). All other pairwise comparisons were statistically significant with p = 0.0006.
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Figure 5. Shape differences in the anterior part of the pelvis. (Panel A) shows the shape of the anterior
part of the pelvis for all specimens (landmark configurations after Procrustes superimposition), color-
coded by population. (Panel B) gives the four population mean configurations superimposed and
that depicts a concave shape for AB and HN as well as significant different shape, i.e., a mostly
straight outline, for the populations LK and FB, which are under higher predation pressure. The
four relevant landmarks, aka measurement points, are introduced in Figure 4C and connected by
straight lines.

3.1. Symmetry Analyses of the Structural Lateral Plate Numbers

The number of structural lateral plates differed between all four populations, with
high numbers of structural plates in the populations from habitats with many predatory
fish species (LK, FB) and, in case of the lake population (FB), also predatory birds, and
decreasing numbers in the populations with moderate (HN) and low predation pressure
(AB). A drastic reduction of structural plates in the AB population led to the nearly complete
functional loss of the DC in many specimens. Distributions are given in Figure 6.

The highest number of structural lateral plates was recorded in the lake population
FB. The means of the left and right sides averaged 6.3 lateral plates, with an averaged SD
of 0.45. The lowest number of functional plates was counted in the stream population AB
(M = 2.6, SD = 1.16). Reduced lateral plate numbers (and thus reduced effectiveness of the
DC as a unit against gape-limited predators) was evident in the two stream populations
with moderate (HN; M = 4.1, SD = 0.51) and low (AB) predation pressure. We also
found distinct differences in plate numbers between the populations under high predation
pressure, with the sticklebacks from the lake population FB having a more structural
lateral plates than those from the stream population LK (M = 5.2, SD = 0.43). A Welch
ANOVA (left side: F = 162.0, p < 0.001; right side: F = 191.8, p < 0.001) and pairwise
Tamhane’s T2 tests (Appendix A) confirmed that all populations are significantly different.
Moreover, intraspecific variation was significantly different between populations (left side:
D’AD = 149.85, p < 0.001; right side: D’AD = 93.02, p < 0.001). The lower the predation
pressure, the more variable the number of lateral plates: AB showed by far the largest
variation, followed by HN, LK, and FB (Table 1).
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Table 1. Descriptive statistics and pairwise population differences in the coefficient of variation.

Number of Lateral Plates Pairwise-Tests

Population Sample
Size Mean Standard

Deviation
Coefficient of
Variation (%) D’AD p-Value

(Uncorrected)

Left side of the fish

AB 33 2.89 1.11 38.6 AB–HN: 32.27 1.34 × 108

HN 33 4.12 0.48 11.8 HN–LK: 4.31 0.038
LK 32 5.22 0.42 8.0 LK–FB: 0.07 0.012
FB 34 6.29 0.46 7.3

Right side of the fish

AB 33 2.85 0.83 29.3 AB–HN: 16.72 4.34 × 105

HN 33 4.12 0.55 13.2 HN–LK: 6.16 0.013
LK 32 5.25 0.44 8.4 LK–FB: 1.18 0.277
FB 34 6.24 0.43 6.9

There was no directional L–R asymmetry in the structural plates in any of the four
populations, and almost perfect symmetry in populations facing high predation pressure
(LK, FB; Figure 7). At moderate predation pressure, e.g., in HN, the maximum plate
difference was one, with the higher value being equally distributed between both sides.
Such asymmetries occurred in one-third of the sampled HN individuals, whereas the other
two-thirds were symmetric (Figure 7). Low predation pressure, as in AB, was associated
with two-thirds of the population showing an asymmetric count and only one-third the
symmetric count (Figure 7). One individual even displayed a difference in the two plates
between its left and right sides. Combined, the higher the predation pressure, the less L–R
asymmetry was observed in the lateral plate number in the defensive complex.
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3.2. Symmetry Analyses of the Pelvic Complex

In terms of L–R asymmetries within the pelvic complex, we found no convincing
evidence for directional asymmetries in the four populations (Figure 8, Table 2).

There were, however, significant differences in the magnitude of L–R asymmetries
in the pelvic complex between the four populations (Figure 9). The populations differed
significantly with regard to the left–right difference in the length of the pelvis in midline
(PML, Kruskal-Wallis H = 34.26, p < 1.75 × 107) and the width of the ascending process
(ABW, Kruskal-Wallis H = 10.17, p = 0.017). This was not the case for pelvic spine length
(PSL, Kruskal-Wallis H = 5.33, p = 0.149) or ascending process length (ABL, Kruskal-Wallis
H = 0.70, p = 0.874). If one considers the result for PSL a trend, then this trend is rooted in
the difference between AB and FB—the two extremes in terms of predation pressure.
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Dashed line: perfect bilateral symmetry.

For PML, pairwise comparisons with Bonferroni correction showed that the two
populations of low predation pressure, AB and HN, were not significantly different from
each other. Moreover, the two populations with high predation pressure, LK and FB, did
not differ significantly from each other. All other pairwise comparisons were significant
with p-values less than 0.001 after Bonferroni correction, indicating that high predation
pressure is related to less asymmetry.

For ABW, pairwise tests remained significant after Bonferroni correction between HN
and FB only (p = 0.045), with higher values for FB; there might be a trend for a difference
between AB and FB (p = 0.149 after Bonferroni correction, uncorrected p = 0.025), again
higher values for FB. Thus, ascending process width becomes increasingly asymmetric with
very low as well as with very high predation pressure. This called for further investigations
of the defensive complex: we therefore counted the number of overlapped lateral plates as
well as the number of forks as additional defensive measures and compared them between
populations (Section 3.3). In terms of intraspecific variation of the left–right differences,
only PML showed significant population differences (Table 3). Here, the populations
under lower predation pressure (AB, HN) were significantly more variable than the two
populations under higher predation pressure (LK, FB).
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Table 2. One-sample t-tests per trait in the pelvic complex and population. The standardized left–
right differences are compared against a mean value of 0. All p-values are uncorrected and two-sided.
After Bonferroni correction, no relevant directional asymmetries remain.

Population Trait t df p

AB (n = 32)

Pelvic spine length (PSL) −2.4 31 0.021
Pelvic length (PML) 0.8 31 0.459

Ascending branch width (ABW) −0.9 31 0.390
Ascending branch length (ABL) 0.9 31 0.350

HN (n = 34)

Pelvic spine length (PSL) −0.8 33 0.435
Pelvic length (PML) 0.1 33 0.889

Ascending branch width (ABW) 0.3 33 0.778
Ascending branch length (ABL) −1.8 33 0.088

LK (n = 31)

Pelvic spine length (PSL) −2.2 30 0.038
Pelvic length (PML) 0.8 30 0.428

Ascending branch width (ABW) 2.1 30 0.040
Ascending branch length (ABL) 0.3 30 0.794

FB (n = 33)

Pelvic spine length (PSL) −0.9 32 0.359
Pelvic length (PML) 0.6 32 0.576

Ascending branch width (ABW) −1.3 32 0.205
Ascending branch length (ABL) −1.2 32 0.255
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Figure 9. Boxplots for standardized left–right differences (absolute values) in the linear measures
in the pelvic complex. Significant population differences (*) were found for PML and ABW. PML
asymmetries increased with lower predation pressure, whereas the greatest asymmetry in ABW was
generally found in FB, a population under high predation pressure. “ABL”: length of the ascending
branch of the pelvis; “ABW”: width of the ascending branch; “PML”: length of the pelvis along the
midline; “PSL”: pelvic spine length.
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Table 3. Results of the Siegel–Tukey tests to see if one population has more widely dispersed
standardized-left–right differences in the length measures of the pelvic complex than the other. All p-
values are uncorrected and two-sided. Applying Bonferroni correction per trait, the new significance
level is p ≤ 0.008. Rank sums are included for significant differences only.

PML ABW

Population AB HN LK FB AB HN LK FB

AB ----- 0.855 1 × 10−5 a 2 × 10−5 b ----- 0.955 0.133 0.030
HN 0.321 ----- 4 × 10−5 c 3 × 10−5 d 0.690 ----- 0.176 0.010
LK 0.695 0.912 ----- 0.964 0.729 0.139 ----- 0.270
FB 0.130 0.488 0.469 ----- 0.639 0.724 0.248 -----

PSL ABL

Rank sums (lower rank => more dispersed): a AB 703.6, LK 1312.4; b AB 730.625, FB 1414.375; c HN 811.5, LK
1333.5; d HN 822.5, FB 1455.5.

3.3. Symmetry Analyses of the Structural Plates of the Central Defensive Complex (CDC)

The numbers of structural plates of the CDC simultaneously overlapped dorsally and
ventrally by the ascending branch of the pelvic complex differed significantly between
populations (Kruskal-Wallis H = 50.48, p < 0.001, n = 127). Pairwise posthoc tests showed
that HN, and especially AB individuals, had significantly fewer plates overlapped than LK
or FB specimens (Figures 10 and 11, Table 4).
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(HN) predation pressure. Populations under high predation pressure (LK, FB) had more plates (at
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Table 4. Pairwise population comparisons in the total number of overlapped plates by the pelvic
complex. The populations exposed to lower predation pressure have significantly fewer plates
overlapped than fishes of populations under higher predation pressure. The two populations with
the lowest predation pressure did not significantly differ from each other in this trait.

Population
Difference Test Statistic Std. Error Std. Test

Statistic Sig. Adj. Sig. a

AB–HN −20.342 7.921 −2.568 0.010 0.061
AB–LK −38.390 8.042 −4.774 <0.001 <0.001
AB–FB −57.509 7.921 −7.260 <0.001 <0.001
HN–LK −18.048 7.854 −2.298 0.022 0.129
HN–FB −37.167 7.730 −4.808 <0.001 <0.001
LK–FB −19.119 7.854 −2.434 0.015 0.090

a Significance values adjusted by Bonferroni correction for multiple tests.

FB individuals tended to have more overlapped plates than LK individuals. The total
number of such plates by population is given in Figure 11. Both reduction and increase
were achieved basically in a symmetric manner. In HN and LK, 97% of the individuals were
symmetric with regard to the number of overlapped plates. In AB, the value was 83%, and
in FB, 67%. Left and right sides differed by a maximum of one plate only in all populations
(Appendix B). If there was one overlapped plate, it was plate number 6. In the case of two,



Symmetry 2023, 15, 811 17 of 28

either the fifth or the seventh plates were added. In the case of three overlapped plates,
numbers 5, 6 and 7 were covered. In the case of four plates, plate number 8 was added,
and the individual that had five plates covered at each side had plates 4 to 8 overlapped by
the pelvic complex.

3.4. Symmetry Analyses of the Forks of the Ascending Branch of the Pelvis

In AB, 8 individuals (27%) had a total number of two forks. All other individuals had
at least four forks (Figure 12). In order to meet the requirements for a Pearson Chi-Square
test, only the latter were included in the statistical analyses. The test confirms that the
four populations differ significantly in the total number of forks in the ascending branches
(X2 = 30.42, p < 0.001, n = 119).
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Figure 12. Distributions of relative frequencies in terms of total number (left + right) of forks of the
ascending branch of the pelvis from no predation pressure (AB) to very high predation pressure
(FB). Low numbers of forks (<4) were recorded only when the population was exposed to no (AB)
predation pressure. No specimen had a total number of three forks. Populations under high predation
pressure (LK, FB) had many (at least 4) forks.

Standardized residuals showed that low and moderate predation pressure was associ-
ated with a predominance of four forks, whereas higher predation pressure was associated
with a higher total number of forks and fewer individuals with four forks only (Figure 13,
Table 5). The decrease and increase in forks were realized primarily in a symmetric manner.
No fish had more than one fork difference between its left and right sides (Appendix C).
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Figure 13. Threespine stickleback, left lateral view, lake population FB. Both specimens show an
unusually high number of structural plates (six on each side) included into the defensive complex.
(Panel A): Three-forked ascending branch (ABR) covering four lateral plates (4–7; with lateral plate 4
included into the central defensive complex; for detailed explanation, see text). (Panel B): Two-forked
ABR covering three lateral plates (5–7) of the central defensive complex. For further abbreviations,
see Figure 1.

Table 5. Cross-tabulation of population versus the total number of forks in the ascending branch.
Fewer forks were significantly associated with low predation pressure and vice versa. Significance
within cells is indicated by a standardized residual larger than 2 (in absolute value, bold-face).

Total Number of Forks
Total

4 5 6

Population

AB

Count 20 0 2 22
Expected count 13.1 3.7 5.2

% within population 90.9 0.0 9.1
Std. residual 1.9 −1.9 −1.4

HN

Count 26 1 6 33
Expected count 19.7 5.5 7.8

% within population 78.8 3.0 18.2
Std. residual 1.4 −1.9 −0.6

LK

Count 14 10 7 31
Expected count 18.5 5.2 7.3

% within population 45.2 32.3 22.6
Std. residual −1.0 2.1 −0.1

FB

Count 11 9 13 33
Expected count 19.7 5.5 7.8

% within population 33.3 27.3 39.4
Std. residual −2.0 1.5 1.9

Total Count 71 20 28 119
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3.5. Pelvis Length

The populations differed significantly in the length of the pelvis (PML) relative to SL
(F = 103.28, p < 0.001). All pairwise comparisons between populations were statistically
significant after Bonferroni correction (all p < 0.001) with the exception of LK versus
FB (here p = 1.000). Thus, LK and FB had the longest PMLs relative to SL, followed
by HN and AB. Accordingly, the relative length of PML decreases in populations with
lower predation pressure. Intrapopulation variation was higher in populations with lower
predation pressure (D’AD = 16.70, p = 8.14 × 10−4). HN was the most variable (SD was
11.8% of the mean), followed by AB with 10.9%. LK varied significantly less (7.6%) than
HN, but somewhat more than FB (7.5%). Detailed test statistics are given in Table 6.

Table 6. Descriptive statistics and population comparisons for intrapopulation variation for ventral
length measures of the pelvic complex relative to SL. For this, pelvic length and pelvic spine length
were divided by SL.

Descriptive Statistics (%) Pairwise-Tests

Population Sample
Size Mean Standard

Deviation
Coefficient of

Variation D’AD p-Value
(Uncorrected)

Pelvic length/standard length

AB 32 18.22 1.99 10.9 AB–HN: 4.05 0.044
HN 34 20.42 1.56 11.8 HN–LK: 4.58 0.032
LK 31 24.18 1.25 7.6 LK–FB: 4.30 0.038
FB 33 24.48 1.84 7.5

Pelvic spine length/standard length

AB 32 11.63 1.37 11.8 Overall test n.s.
HN 34 13.80 1.40 10.2
LK 31 15.42 1.29 8.4
FB 33 14.85 1.57 10.6

3.6. Pelvic Spine Length

A similar pattern was evident for relative pelvic spine length (F = 44.20, p < 0.001). All
pairwise comparisons between populations were statistically significant after Bonferroni
correction (all ps ≤ 0.018) with the exception of LK versus FB (here p = 0.679). In LK and
FB, the pelvic spines were relatively larger than that in HN. HN, in turn, showed relatively
larger pelvic spines than AB (Table 6). The coefficient of variation was not significantly
different between populations (D’AD = 3.40, p = 0.333). The standard deviations range
between 8.4% and 11.8% of the respective means (Table 6).

3.7. Fish Size

The four populations differed significantly in standard length (Kruskal-Wallis H = 89.47,
p < 0.001). All pairwise comparisons were significant with an adjusted p-value of 0.033 or
less. HN was the smallest population, followed by AB, LK and FB (Table 7). Comparing the
three stream populations, size was apparently correlated with the size of the habitat. The
Lustenauer Kanal (LK) is the widest and deepest stream, the Neubach (NB) the narrowest
and shallowest. These differences suggest that size was correlated to the habitat and not
to predation.
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Table 7. Descriptive statistics of fish length (standard length, SL) per population.

Population
Percentiles SL (in mm)

n
Predation

25 50 75 Pressure

AB 43.2 45.1 48.4 32 low
HN 36.7 37.4 38.3 34 moderate
LK 47.9 49.8 51.8 31 high
FB 51.4 57.2 60.8 33 very high

4. Discussion

Our results showed that increasing size, number and symmetry of the paired elements
of the defensive complex (DC), a post-capture defense, of the threespine stickleback, occur
in populations under divergent amounts of potential predators, from very low (AB) to
many (FB). It appears that the number of potential predators is a more important driver of
population differences in the development of the DC than the intensity of predation [32].

In general, high predation pressure from gape-limited fishes tends to result in a
reinforced DC [31,32], while a reduction in predatory pressure leads to a reduction in this
defense structure. Although water birds (beaked predators) are likely predators in the lake
(FB) and the canal (LK) habitats, avian predation, which is often associated with a reduction
in the number of lateral plates (non-structural and structural) [7,32], is possibly less distinct
compared to predation by numerous piscivorous fish species (toothed predators). However,
threespine sticklebacks from LK and FB habitats show no reductions in the number of
structural plates. On the contrary, the number of these plates increased beyond the typical
five in the lake population. Moreover, birds are highly mobile and have easy access to
water bodies, if they are located nearby like the two small brooks that have threespine
sticklebacks with a reduced DC. It is expected that avian predation would have led to a
similar morphology of the DC in both populations; however, the specimens from these
two habitats do differ distinctly in the number of structural plates. Moreover, we found no
individuals with predator-induced injuries caused by bills of birds such as lacerations or
spine fractures [32].

When high predation selects for a reinforced DC [31,32], relaxed predation should
allow for a less costly, reduced DC. This is what we found: a reinforced DC in habitats with
many potential predators (FB, LK), and a reduced DC, which was even further reduced,
respectively, in the populations with a low (HN) or very low (AB) amounts of potential
predators. Nevertheless, not all elements of the DC were affected evenly. Considerable
asymmetry was found in three of five investigated traits: the number of structural lateral
plates, the width of the ascending branch of the pelvis and the length of the pelvis. Nearly
perfect symmetry occurred in the length of the ascending branch and in the length of
the pelvic spines. Although DA in the lateral plate number [36,86] and in the pelvic
complex [15,87,88] has been reported for some North American populations, we found
no trait that expressed directional asymmetry (DA) in these Austrian populations. Future
studies of comparable populations are needed to help deciding if our findings result from
low statistical power or the lack of directional asymmetries. Unfortunately, increasing
sample sizes for the original populations is not possible, because one population got extinct
due to polluted water (AB, the only known one with such reduced armor in Austria) and
others were diminished through habitat restructuring.

Studies have shown a stabilizing effect of predation on DC [7,29,31,54,89]. Such
predation pressure seems to select for symmetry and canalization (reduced phenotypic
variation) in the paired traits that are crucial for the effectiveness of the DC post-capture [7].
Along these lines, we found asymmetries in lateral plate number to decrease along a
predatory gradient: two-thirds of the individuals were asymmetric in the population
barely exposed to predatory fish (AB) to almost purely symmetric individuals in the two
populations with the highest predatory pressure (LK, FB). The population under moderate
predatory pressure (HN) was intermediate, with one-third of the sampled fish being
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asymmetric. This fits with the stabilizing selection of predation on defense structures [36,89],
which is clearly also repressing intrapopulation variation. The highest variation was
observed in the population with low predation risk and with an ineffective DC. This
suggests that the rapid increase in variation and asymmetry was linked to a major reduction
of the function of the DC. Despite this, all but one of the examined asymmetric specimens
had a single plate difference between the left and right sides only, which is also seen in a
North American lake population [15].

Relative length measures showed that standardized left–right differences were more
dispersed in populations with lower predatory pressure when it came to the length of
the pelvis in the midline. No such differences were observed for pelvic spine length and
the two linear measures of the ascending branch. Furthermore, the length of the pelvic
spines and the length of the ascending branch in the pelvic complex showed no population
differences in asymmetry. In contrast, asymmetry in the length of the pelvis at the midline
increased when predatory pressure is low. Against expectations, the opposite pattern
appeared for the asymmetry of the width of the ascending branch, which increased with
increasing predatory pressure. Thus, the investigated morphological traits of the pelvic
complex responded differently along a predatory gradient. It remains unclear why the
width of the ascending branch showed population differences in asymmetry but the length
did not. For example, in Canadian populations (Haida Gwaii Island), the length of the
ascending branch had the highest level of asymmetry (FA) [38]. Generally, the width of the
ascending branch was associated with the number of forks. A narrow ascending branch
ends in a single fork, while a wide branch ends in up to three forks [38,88]. The increase of
predation pressure clearly favored an increase in fork width and number. In populations
with a high total number of forks per individual (LK, FB), significantly more individuals
were asymmetric when comparing the number of forks between the left and right sides.
Thus, high predatory pressures might have led to a strengthening of the DC by increasing
ascending branch width and fork number in these populations, at the cost of bilateral
symmetry in these traits. Lacking longitudinal samples across many generations, it remains
unclear whether the observed condition represents a transitory stage ultimately ending
in symmetric individuals with a more potent DC, or whether concurring costs favor a
certain number of asymmetric individuals in the population over the long run. In the lake
population (FB, highest predation pressure), not only did the number of structural plates
and therefore the area of the abdomen covered by the DC increase, but the number of these
plates that were overlapped by a wider ascending branch also increased. Again, this was
associated with a higher percentage of individuals, i.e., one-third, having an asymmetric
count of overlapped plates. In contrast, the other two stream populations under high
(LK) and moderate (HN) predation pressure were almost entirely symmetric. The stream
population with low predatory pressure (AB) was intermediate (one-fifth asymmetric).
The increase in width and fork number is in accordance with an increased resistance
against compression of the abdomen post-capture and generally correlates to predation
pressure [38,89].

Asymmetry in pelvis length, however, could result from its decrease in length. Piscine
predation is known to affect pelvis length, which is longer under high predation pres-
sure [89–91]. A short pelvis, leaving large areas of the abdomen uncovered, is generally
found in populations with low predation pressure. This pattern was confirmed in our
findings on relative pelvic length. In populations with a shorter pelvis, we also identified
concave—as opposed to straight—anterior pelvic outlines. Straight anterior outlines af-
ford more bony investment, but increase stability and protection, which seemed, together
with an overall longer pelvis, worthwhile in the two populations in habitats with many
predatory species. Apparently, relaxation of this pressure resulted not only in a relative
shortening of the pelvis, but also in L–R asymmetries. Similarly, for the overall number
of structural lateral plates, variability was the highest in the populations with relaxed
predation pressure.
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Such variations along a predatory gradient in traits that are important for the effective-
ness of the DC post-capture suggest an ongoing ecological process, reflecting adaptation to
different predatory pressure. Reduced predation resulted, as expected [31,52,54,60,89,90],
in gradually fewer structural plates, shorter pelvises with a concave anterior outline, nar-
rower ascending branches, and shorter pelvic spines (see below) in the two populations
under low and moderate predation pressure. What was unexpected, however, was that
the number of structural lateral plates and the width and number of forks of the ascending
process showed significant variation and asymmetry in the lake population, which faced
the highest predation pressure. This was surprising because functional structures are under
stabilizing selection and are expected to be symmetric if predation is strong [4,15,36,89].
Therefore, clearly, not only a decrease but also an increase of predation pressure may favor
L–R asymmetries in the DC of the threespine stickleback.

It also remains unclear why reduced pelvis length was correlated to asymmetry and
variability, yet the reduction in pelvic spine length was not significantly so. As expected,
pelvic spine length decreased along the predatory gradient because predation favors long
spines [89], but there were no significant population differences in asymmetry. This could
either reflect the small sample sizes or be the result of assortative mating. Females select
male sticklebacks for pelvic spine symmetry [92,93], but not for their lengths [94]. Pelvic
spines are important for males not only for defense [31,50], but also for display in agonistic
behavior [94–96]. Similar considerations might hold true for the ascending branch of
the pelvis.

Asymmetries and reductions in the DC have been documented for various populations
of the threespine stickleback (e.g., [30,58,64,97]). Such reductions were also found in the
ninespine stickleback (Pungitius pungitius (Linnaeus 1758)) and in the brook stickleback
(Culaea inconstans (Kirtland 1840)) [12,58,98] and were also attributed to low or absent
predation pressure. This parallelism is a strong indication that predation pressure, or the
lack thereof, acts selectively on the bony armor of threespine sticklebacks and that it is the
main driver of variation, an effect already observed at negligible predation [12].

A reduction in bilateral developed armor traits is apparently often correlated with
asymmetries, and some studies found a positive association between asymmetries and
fitness [89,99]. Accordingly, reduced bony armor in response to relaxed predation pressure
reduces fitness costs and may enable faster growth and earlier maturity [100]. This may also
hold true in reverse, i.e., the assemblage of armor traits increases in response to increasing
predation pressure by gape-limited predators. Possibly there is a “normative” DC in the
number as well as in the size and the shape of paired elements, whereby predation pressure
selects for symmetry in these traits within this “optimum” [7,12,26,37]. These traits would
then respond with deviations to environmental changes such as predation [3] Nevertheless,
some traits seem to be more canalized (e.g., pelvic spines) than others (e.g., structural
lateral plates). Moreover, in most studies, “armor” was investigated in a general sense, and
if specific elements of the DC were mentioned, non-structural plates were also included
in the analysis [88]. These non-structural plates may serve additional purposes such as
improving hydrodynamic performance.

We assume that threespine sticklebacks that experienced extremely divergent envi-
ronmental conditions, i.e., low predation pressure vs. very high predation pressure, were
involved in an ongoing ecological process as a result of adaptation to relaxed vs. increased
predation. Both reduction and strengthening of the DC in these populations suggest adapt-
ability and increasing fitness. Importantly, our results showed that traits of the DC respond
differently to predation pressure and that the asymmetry of traits may not correlate with
the asymmetry of other traits. Environmental stress has the potential to increase phenotypic
variation and to destabilize development in the threespine stickleback. The shift of this
stress may alter complex traits [101], thus influencing the response to selection. Our results
show that relaxation of environmental stress, i.e., relaxation of predatory pressure, may
have a similar effect. Further investigation is needed to fully understand the impact of the
inherent bias in meristic traits on the interpretation of the results [102,103]. Another area
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for future research is the development of innovative methods to sample for quantifying
predators, including the use of remote sensing (e.g., [104,105]) and sonar technologies
(e.g., [106,107]). Together with a wider range of populations and an increase in sample sizes,
it will then be possible to detect finer details in the patterns of predator–prey interactions
and to better understand the mechanisms driving these interactions.
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Appendix A

Pairwise Tamhane’s T2-tests—Number of structural lateral plates (left side). Sample
sizes are 32 (AB), 34 (HN), 31 (LK), and 33 (FB).

Table A1. Pairwise Tamhane’s T2-tests—Number of structural lateral plates (left side). Sample sizes
are 32 (AB), 34 (HN), 31 (LK) and 33 (FB).

(I) Population (J) Pop. Mean Difference (I–J) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound

FB
LK 1.1 0.11 <0.001 0.78 1.37
HN 2.2 0.12 <0.001 1.86 2.49
AB 3.4 0.21 <0.001 2.84 3.99

LK
FB −1.1 0.11 <0.001 −1.37 −0.78
HN 1.1 0.11 <0.001 0.79 1.40
AB 2.3 0.21 <0.001 1.77 2.91

HN
FB −2.2 0.12 <0.001 −2.49 −1.86
LK −1.1 0.11 <0.001 −1.40 −0.79
AB 1.2 0.21 <0.001 0.66 1.82

AB
FB −3.4 0.21 <0.001 −3.99 −2.84
LK −2.3 0.21 <0.001 −2.91 −1.77
HN −1.2 0.21 <0.001 −1.82 −0.66

Pairwise Tamhane’s T2-tests—Number of structural lateral plates (right side). Sample
sizes are 32 (AB), 34 (HN), 31 (LK), and 33 (FB).
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(I) Population (J) Pop. Mean Difference (I–J) Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound

FB
LK 1.0 0.11 <0.001 0.69 1.28
HN 2.1 0.12 <0.001 1.79 2.44
AB 3.4 0.16 <0.001 2.94 3.83

LK
FB −1.0 0.11 <0.001 −1.28 −0.69
HN 1.1 0.12 <0.001 0.80 1.46
AB 2.4 0.17 <0.001 1.95 2.85

HN
FB −2.1 0.12 <0.001 −2.44 −1.79
LK −1.1 0.12 <0.001 −1.46 −0.80
AB 1. 3 0.17 <0.001 0.80 1.75

AB
FB −3.4 0.16 <0.001 −3.83 −2.94
LK −2.4 0.17 <0.001 −2.85 −1.95
HN −1. 3 0.17 <0.001 −1.75 −0.80

Appendix B

Population
Left–Right Difference

−1 0 1

AB
Count 5 23 2

% within population 16.7% 76.7% 6.7%

HN
Count 0 32 1

% within population 0.0% 97.0% 3.0%

LK
Count 0 30 1

% within population 0.0% 96.8% 3.2%

FB
Count 7 22 4

% within population 21.2% 66.7% 12.1%

Appendix C

Left–Right Difference: Forks
Total

−1 0 1

Population

AB
Count 0 30 0 30

% within population 0.0 100.0 0.0

HN
Count 0 32 1 33

% within population 0.0 97.0 3.0

LK
Count 3 21 7 31

% within population 9.7 67.7 22.6

FB
Count 3 24 6 33

% within population 9.1 72.7 18.2

Total
Count 6 107 14 127

% 4.7 84.3 11.0 100.0
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