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Abstract: Natural history collections include rare and significant taxa that might otherwise be unavail-
able for comparative studies. However, curators must balance the needs of current and long-term
research. Methods of data extraction that minimize the impact on specimens are therefore favored.
Micro-CT has the potential to expose new character systems based on internal anatomy to taxonomic
and phylogenetic analysis without dissection or thin sectioning for histology. However, commonly
applied micro-CT protocols involve critical point drying, which permanently changes the specimen.
Here, we apply a minimally destructive method of specimen preparation for micro-CT investigation
of spider neuroanatomy suitable for application to legacy specimens in natural history collections.
We used two groups of female spiders of the common species Araneus diadematus—freshly captured
(n = 11) vs. legacy material between 70 and 90 years old (n = 10)—to qualitatively and quantitatively
assess the viability of micro-CT scanning and the impact of aging on their neuroarchitecture. We
statistically compared the volumes of the supraesophageal ganglion (syncerebrum) and used 2D geo-
metric morphometrics to analyze variations in the gross shape of the brain. We found no significant
differences in the brain shape or the brain volume relative to the cephalothorax size. Nonetheless, a
significant difference was observed in the spider size. We considered such differences to be explained
by environmental factors rather than preservation artifacts. Comparison between legacy and freshly
collected specimens indicates that museum specimens do not degrade over time in a way that might
bias the study results, as long as the basic preservation conditions are consistently maintained, and
where lapses in preservation have occurred, these can be identified. This, together with the relatively
low-impact nature of the micro-CT protocol applied here, could facilitate the use of old, rare, and
valuable material from collections in studies of internal morphology.

Keywords: Arachnida; Arthropoda; tissue; X-rays; micro-CT; cerebrum; nervous system; neu-
roanatomy; imaging

1. Introduction

Specimens in natural history collections represent one of our largest and most complete
archives of biodiversity records. They provide verifiable evidence of the existence of species
in space and time, as well as molecular and morphological information, and cues about
biodiversity dynamics, ecological interactions, and even physiological processes [1–6]. In
a changing world, this historical baseline will become increasingly precious. High-value
specimens in natural history collections include many rare species known from only one
or a few specimens collected long ago, type specimens that are the essential vouchers for
taxonomic research, and specimens from now extinct populations or species. The long-term
preservation of such collections for future study is vital [7,8]. Curators must be responsive
to the needs of current research without curtailing future research. Methods that extract
data with the minimum possible impact on specimens are therefore preferable. Minimally
destructive methods have been developed to facilitate DNA extraction from high-value
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specimens [7–9]. With some exceptions for specialized collections, natural history collection
conditions are generally not adequate to completely prevent the degradation of specimen
DNA [10–13]. However, the advent of new molecular technologies such as target-capture
methods have substantiated the use of museum specimens as a source of DNA sequences
from material collected decades or even centuries ago [2]. Similarly, cutting-edge imaging
methods such as micro-CT scans have allowed the observation and characterization of
internal anatomy while producing a minimal impact on the specimen by comparison with
other methods for documenting internal anatomy (e.g., histology or dissection) [3,14]. Still,
the effect of preservatives on the volume and shape of the structures may pose a challenge
to the correct visualization, interpretation, and quantification of a specimen’s anatomy [15].

Micro-CT has gained traction in recent years as a way to observe the internal and
external anatomy and reconstruct 3D models of a variety organs and systems in different
invertebrate taxa [3,14,16–24]. Its ability to visualize and reconstruct models of internal
and external anatomical features, without the need for dissection or thin slicing, makes
this approach ideal for the digitization of both common and rare material. Ideal contrast
in scans can be achieved through a staining process (critical for soft tissues) from which
several protocols are available; these vary in their impact on specimen preservation and
visualization [14,17,25]. Remarkably, in spiders, its use has allowed the documentation of a
variety of sexual, muscular, and nervous organs and systems. This has permitted a quick
and reliable way to generate 3D reconstructions and volume measurements that have the
potential to become a powerful tool in studies as diverse as systematics, sexual selection,
character evolution, and development, among many others [25–30]. Most of these studies
on spiders have relied on the use of freshly collected material following, in many cases,
specific fixation protocols. However, biological collections offer a massive library of taxa
that can likely grant access to rare and relevant species while also broadening our potential
taxonomic sampling. Furthermore, widely used protocols involve critical point drying of
specimens, which can lead to distortions of the internal anatomy and interrupts ethanol
preservation, permanently changing the specimen in ways that curtail other common
research applications [25].

Here, we used a recently developed micro-CT protocol for spiders based on phos-
photungstic acid (PTA) [25] to document and compare two groups (freshly collected vs.
collection material) of the common spider Araneus diadematus Clerck, 1757. We found that
given the correct preservation of specimens, gross neuroarchitectural features (as well as
other anatomical traits) can be visualized, measured, and reconstructed, even after decades
of 70% Et-OH storage.

2. Materials and Methods

Two groups of adult female Araneus diadematus were used. Group 1 (n = 11) was
composed of spiders freshly collected at the Singelpark, Leiden, the Netherlands in October
2020. Group 2 (n = 10) was formed by legacy specimens archived in the collection of the
Naturalis Biodiversity Center and collected within the Netherlands between the years 1929
and 1948 (Table 1). Fresh spiders were directly placed and stored in 70% Et-OH; collection
specimens were stored in 70% Et-OH as well. All the specimens had their legs and palps
removed and were stained with a contrast enhancing solution (1% PTA-70% Et-OH) for
several days following Rivera-Quiroz and Miller [25]. After staining, all spiders were
washed three times with 96% Et-OH and transferred into 1.5 mL eppendorf tubes filled with
96% Et-OH for scanning. Micro-CT scanning was performed with a Zeiss X-radia 520 versa.
The software Avizo 2021.2 (Thermo Fisher Scientific, Waltham, MA, USA) was used to
visualize the scannings and make 3D reconstructions of the supraesophageal ganglion.
Labeling of the brain structures was performed by topological correspondence to the
anatomy of Araneus diadematus and Argiope lobata (as Epeira in the original publication) [31],
Argiope trifasciata [32,33], and other araneomorph spiders [27,29,34].
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Table 1. Data of the freshly collected and legacy specimens used in our study.

Specimen Code Coll. Date Collector Coll. Country Province Region Locality Coord Lat Coord Lon

AD_01 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_02 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_03 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_04 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_05 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_06 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_07 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_09 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_10 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_11 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_12 7-Oct-2020 A. Rivera-Quiroz, D, Arguedas NL Zuid Holland Leiden Singel Park 52.16088 4.504739
AD_13 22-Apr-1940 B. de Jong NL ND ND ND ND ND
AD_14 24-Aug-1941 B. de Jong NL Noord Holland Amsterdam Kruislaan ND ND
AD_15 9-Oct-1929 W. B. Begerinck, B. de Jong NL Noord Holland ND ND ND ND
AD_16 9-Oct-1929 W. B. Begerinck, B. de Jong NL Noord Holland ND ND ND ND
AD_17 18-Oct-1946 B. de Jong NL Noord Holland Hilversum Lage Vuursche ND ND
AD_18 18-Oct-1946 B. de Jong NL Noord Holland Hilversum Lage Vuursche ND ND
AD_19 22-Apr-1940 B. de Jong NL ND ND ND ND ND
AD_20 18-Oct-1946 B. de Jong NL Noord Holland Hilversum Lage Vuursche ND ND
AD_22 18-Oct-1948 B. de Jong NL Noord Holland ND ND ND ND
AD_23 3-Nov-1947 B. de Jong NL Overijssel Wanneperveen ND ND ND

ND = no data.

For the volumetric analysis, we obtained the synganglion volumes from the 3D
reconstruction, and measurements of cephalothorax and brain length and width in Avizo.
The size–volume ratio was obtained by dividing the cephalothorax and brain measurements
by the total synganglion volume in mm3. Box plots were generated in R using the package
GGplot2 [35]. Colored boxes indicate the 25 and 75 percentiles or interquartile range (IQR),
the thick horizontal lines indicate the group’s median and error lines (whiskers) indicate the
maximum and minimum distribution for the group (calculated as minimum value − 1.5 ×
IQR and maximum value + 1.5 × IQR). Individual values are represented with a dot; values
that fall outside the error lines indicate potential outliers. Samples were tested for normality
following a graphical approach (based on the boxplots) and a Shapiro–Wilk normality test
performed in R [36]. In case Shapiro–Wilk suggested a non-normal distribution, outliers
were removed and samples were tested a second time. Welch two sample t-test analyses
were performed to test for significant differences between the normally distributed groups.

Due to the asymmetric nature of the optic nerves and other incidental abnormalities
we found in the brain (see discussion), there was no satisfactory view that included right
and left sides of the brain and optic lobes using the slice function in Avizo. Therefore, we
used a simplified reconstruction of the whole supraesophageal ganglion on an axial view
to perform the shape analysis. A scalebar of 200 micrometers was added to each image
in Avizo and was used to calibrate the size before setting the landmarks. The software
tpsUtil64 [37] was used to build a TPS file from the Axial views of the brain reconstructions.

A total of fourteen landmarks were per image were manually laid using tpsDig264 [38].
Landmarks were placed on the most prominent features of the optic lobes in the anterior
portion of the brain in the following order: Landmark 1 is placed at the intersection of
the secondary eyes optic nerve and the left brain’s cellular cortex (CC) on the medial
side. Landmarks 2 and 14 are placed on either side of the first visual neuropile of the
left secondary eye tract. Landmarks 11, 10, and 12 mirror 1, 2, and 14 on the right side.
Landmark 13 is placed on the cleavage of the right and left optic lobes. The posterior part
lacks clear morphological features; therefore, to keep a consistent placement, landmarks
were evenly distributed every 45 degrees in a semicircular fashion taking the middle axis as
the starting point (see Figure A1). The program MorphoJ v.1.07a [39] was used to perform
the geometric morphometric analysis. A preliminary procrustes fit was performed aligning
the coordinates by principal axes. Additionally, as part of the preliminaries, a wire frame
was created to help visualize the mean shape and two classifiers (group and size) were
created. Group classifier indicates whether the specimens were freshly collected (New) or
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were legacy material (Old). A principal component analysis was performed to observe
the distribution of our data (see Theska [40]), after which we performed a regression
analysis to predict association between the procrustes values (dependent variable) and
brain width (independent variable). Finally, we used a discriminant function analysis for
further comparison of the shape variation between both groups.

3. Results
3.1. Size and Volumetric Analyses

Our analyses showed an unequivocal difference in sizes between the freshly collected
samples and the legacy material. The mean cephalothorax length was of 5.82 ± 0.363 mm
for the New group while the Old group was smaller with 4.03 ± 0.647 mm. Similarly,
the mean carapace width was 4.59 ± 0.370 mm and 3.46 ± 0.484 mm, respectively. The
Shapiro–Wilk test showed all our samples to be normally distributed (Table 2). The t-test
results show a significant difference between the groups in carapace length (t (14.823)
= −7.2144, p = 3.215 × 10−6) and carapace width (t (16.795) = −6.024, p = 1.44 × 10−5).
Interestingly, even the largest specimen from the legacy material is far below the mean
size of the freshly collected spiders. We found a significant difference in the volume of the
supraesophageal ganglion, with the New group averaging 0.16 ± 0.048 mm3 and the Old
spiders 0.11 ± 0.022 mm3 (t (18.989) = −3.8665, p = 0.00104). The Shapiro–Wilk test showed
brain size data to be normally distributed, except for volume of the New samples, which
achieved normality after removal of one outlier (Table 2). By three metrics (carapace length,
carapace width, brain volume), the fresh spiders were larger than the legacy specimens.
However, we found no significant difference in the width of the supraesophageal ganglion,
0.61 ± 0.078 mm in the New group vs. 0.61 ± 0.084 mm in the Old group (t (19.841) =
0.48921, p = 0.6301. Moreover, when comparing the brain volume–cephalothorax width
ratio as a way of scaling for differences in overall size, the groups were not significantly
different: 0.036 ± 0.009 mm in the New group vs. 0.032 ± 0.006 mm in the Old group (t
(19.714) = −0.89161, p = 0.3834) (Figure 1).

Table 2. Results of normality test.

p-Values [Outliers Removed]

New Old New Old

Carapace width 0.854 0.2008 – –
Carapace length 0.8829 0.1361 – –

Brain width 0.3331 0.2035 – –
Brain volume 0.009821 0.3665 0.688 [1] –

BR vol. vs. Car. W 0.1129 0.3808 – –

All subsets we compared were tested for normality using a Shapiro–Wilk test. The
p-values in the first two columns are were calculated from the original sample (p > 0.05
indicates a normal distribution). Values in the second two columns were obtained after the
removal of outliers; the number of discarded outliers is shown in brackets.
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Figure 1. Volumetric and size comparisons. Boxplots comparing the volume and size variation in both groups. Fresh
material (New) is shown in dark yellow and legacy material (Old) in blue. Note that although there is a considerable
variation in absolute brain volume and carapace size, the brain width and brain–carapace ratio are not significantly different
between the groups.

3.2. Shape Variation

The PCA (Figure 2b) shows that the brain shapes of both groups largely overlap.
PC1 is related to changes in the width of the brain, the length of its middle axis, and the
length of the optic lobes. The shape variation accounted for by PC2 is principally related
to the aperture and width of the optic lobes (see Figures 2c and A2a). These first two
PCs together explain almost 60% of the shape variation, having both a tendency towards
a more regular and symmetric shape. PC3 and PC4, on the other hand, cover a more
asymmetrical variation of the anterior half of the brain (see Figure A2b). PC3 shows a
broader left optic lobe, with the two optic lobes being closer together in the center. Finally,
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PC4 indicates a skewedness of the optic lobes towards the right side, a deeper cleavage
and therefore a shorter median axis of the brain and a slight enlargement on the posterior
left side of the supraesophageal ganglion. The regression analysis shows an association
between brain shape (procrustes coordinates) and brain width (Figure 2d) (p = 0.3633) that
is not significantly different between the Old and New groups. Similarly, the discriminant
analysis (Figure A3) (p = 0.7229) shows a clear overlap between both groups and suggests
no significant difference between them.
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Figure 2. Shape analysis of the supraesophageal ganglion. (a) Volume rendering of the spider brain (dorsal view) showing
the placement of the 14 landmarks we measured; inset line drawing shows the brain in relation to the cephalothorax in
dorsal view. (b) Scatter plot of the PCA scores for PC1 and PC2. The distribution suggests no differences in the brain
shape of the fresh and legacy specimens. (c) Bar plot showing the variance coverage of each PC. PC1 and PC2, the most
meaningful PC (together explain almost 60% of the variance) are illustrated. The red outlines indicate the mean shape,
and the grey outlines show the shape variation associated to each PC. (d) Regression analysis of the association between
brain shape (procrustes coordinates) and brain width. The overlapping distributions of both groups show no statistical
significance in the shape variation between Old and New spider groups. (b,d) fresh material (New) is shown in dark yellow
and collection material (Old) in blue. Scale bar = 0.5 mm.
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3.3. Qualitative Assessment

The internal anatomy and, most importantly, the central nervous system (CNS) ar-
chitecture was recognizable and usable in both groups. We were able to visually identify
the different parts of the visual systems (e.g., optic nerves, optic neuropiles and central
body) and other parts of the CNS (e.g., ganglia, blood vessels) in most of our specimens,
regardless of the time spent in preservation (Figure 3). Nevertheless, not all specimens
were equally useful; two legacy specimens showed signs of tissue deterioration (probably
caused by desiccation), and others had their synganglion displaced and deformed by the
digestive diverticula (Figure 4). Still, in all of those cases, the supraesophageal ganglion
could be identified, segmented, and compared from an axial view together with the rest of
the samples.
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Figure 3. Comparison of Araneus diadematus neuroanatomy. New material was collected in October
2020; the Old specimen was captured in April 1940. (a,c) Axial slice of the brain focusing on the
secondary eye pathway. (b,d) Sagittal slice of the whole CNS. Abbreviations: Br, brain; Bv, blood
vessels; CB, central body (arcuate body); E, esophagus; OpNe, optic nerves; OpNeSL, optic nerves
of the left secondary eyes; Ph, pharinx; SE_VN1, visual neuropiles 1 (lamina) of the secondary eye
pathway; SEOT, secondary optic track; SOG, sub-esophagic ganglion; SSt, sucking stomach. Fresh
material (New) is marked in dark yellow and legacy material (Old) in blue. Scale bars = 0.5 mm.
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Figure 4. Artifacts and incidental brain morphologies. Two factors to take in account when assessing
the individual variation: (1) incorrect preservation of specimens; evidence of shrinkage caused by
desiccation (arrows in (a,b)); and formation of crystals in the pharynx (Ph), esophagus (E), and
sucking stomach (SSt) (marked with circles in (d). (2) Naturally occurring abnormalities, for example,
irregular growth of the digestive diverticula (* in (c–h)) pushing and deforming the central nervous
system ganglia (in orange) but being more evident on the supraesophageal ganglion (see (g,h)). Fresh
material (New) is marked in dark yellow and legacy material (Old) in blue. Scale bars = 0.5 mm.
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4. Discussion

The brain and visual system in the order Araneae have been mostly studied only in a
handful of species (e.g., Cupiennius salei [41–43]) with broad comparative anatomy studies
being rare. Still, these few multi-taxon surveys [31–33] have shown spider neuroanatomy
to be a potentially rich and interesting taxonomic character system. Internal anatomy
is inherently difficult to study due to the necessity of performing invasive histological
techniques and dissections in order to document it. Nevertheless, the last decade has seen
a growing number of studies that rely on the utilization of X-ray micro-CT scanning for
reconstructing and quantifying various internal organs and tissues in spiders [25–29,44–46].
Still, we consider that the conscientious use of legacy material can be an important route to
fill the taxonomic sampling gaps and more easily and promptly understand the evolution
of the spider central nervous system.

Our results show that this approach is feasible. Specimens preserved in 70% Et-OH
for 70–90 years did not show signs of structural degradation in their internal anatomy,
except in cases where proper storage had not been constantly maintained (see Figure 4).
Furthermore, the tissue staining by PTA achieved identical results in fresh and archive
material, allowing us to visually identify the main brain structures (Figure 3) without
the need of critical point or HDMS drying. Thus, our investigation did not interrupt the
consistent proper preservation of legacy specimens and provides a template for applying
this method to a broader sample of legacy specimens. Our specimens, despite the individual
variation seen in the synganglion’s 3D model reconstructions, did not show a significant
difference in their brain morphology according to our geometric morphometric analyses
(Figures 2, A2 and A3). Thus, we conclude that that long-stored specimens can be used to
accurately examine spider neuroanatomy, opening the door to the use of collection material
for studies of internal anatomy.

Nonetheless, the analysis of the cephalothorax size and brain volume did show a
significant difference between both groups. We found an interesting pattern where archived
specimens are consistently smaller than the fresh spiders. It was suggested to us that we
consider whether this could be attributed to shrinking due to EtOH preservation, but
this would require hard and soft parts to shrink proportionately, and also suggests that
spider collections (or alcohol preserved specimens in general) might be shrinking over
time, neither of which seems realistic. Therefore, we formulated three other non-mutually
exclusive explanations to our observations: (1) Seasonal effects. Although we tried to
minimize as many variables as possible, the Old material was sampled in a range of times
and places within the Netherlands. These spiders were captured between 1929 and 1948,
with most of them being captured between August and November, and two collected in
April (although out of season, both specimens were adults). On the other hand, all the
New spiders were collected in a single sampling event, from a single population in October
(near the end of the mating season [47]). (2) Environmental variables. Our New group was
consistently bigger than the legacy spiders, with the largest individuals from the Old group
not even reaching the mean size of the fresh material. Therefore, we consider that access to
food might had played an important role in the growth of the fresh specimens. The food
level has been shown to have a strong positive impact on the body size development on the
cellar spider Pholcus phalangioides, with females investing primarily in weight and size gain
when food was abundant [48]. Likewise, the brain volume has shown be very plastic and
at least partially dependent on the food supply during development of the jumping spider
Marpissa muscosa [28]. (3) Urban Evolution. Differential adaptations of urban and rural
populations have been documented for song patterns in birds [49,50], and colorations and
morphologies in snails [51]. Therefore, changes in the body size over decades in response
to changes in urban environments could be a viable explanation for our observations. The
addition of natural history collections material can be an important resource for assessing
the anthropogenic impact in urban-living species [52]. However, a bigger sampling effort
from different populations and times, out of the scope of this study, would be required to
test these hypotheses.
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Finally, we did find some incidental factors that degraded the morphology of the
brain and other internal organs (Figure 4). The most conspicuous was tissue shrinking
induced by the accidental desiccation of two specimens. In both cases, the specimen’s
condition was not visible externally but only became evident during the 3D data analysis.
The aberrant morphologies were easy to identify and diagnose due to the evident shrinking
in muscles and other organs, and the formation of crystals (Figure 4d) in the digestive tract.
The other factor was a naturally occurring deformation of the supra- and subesophageal
ganglia caused by the abnormal growth of the digestive diverticula (Figure 4c–h). This
condition was observed in both groups. In all of those cases, the gross morphology of the
supraesophageal ganglion could be identified, segmented, and compared together with
the rest of the samples. By contrast, detailed assessment of the brain substructures in the
dried samples was futile.

Broad comparative anatomy studies are necessary to elucidate the plasticity and
evolution of the brain in a phylogenetic context. We hope that our results encourage the
responsible use of legacy material to fill critical taxonomic gaps and illustrate the evolution
of the CNS and other internal organs and systems whose comparative anatomy has so far
largely remained a mystery.
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Supplementary figures providing additional details of the analyses presented.
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Figure A1. Volume reconstructions of Araneus diadematus brains in dorsal view. Fresh material is
marked in dark yellow and legacy material in blue. Landmarks were placed on the crossing of the
lines and the edge of the reconstruction following the template in Figure 2. Line drawing in the lower
left corner shows the brain in relation to the cephalothorax in dorsal view. Scale bars = 0.5 mm.
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Figure A2. Principal component analysis shape changes. (a) PC1 (31.709%) and PC2 (26.582%); (b) PC3 (9.610%) and PC4 

(7.106%). Lollipop graphs indicate the direction and magnitude of change per landmark associated with each PC. 
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Figure A2. Principal component analysis shape changes. (a) PC1 (31.709%) and PC2 (26.582%); (b) PC3 (9.610%) and
PC4 (7.106%). Lollipop graphs indicate the direction and magnitude of change per landmark associated with each PC.
Wireframes indicate the mean shape (red) and the shape variation (dark grey).
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Figure A3. Discriminant analysis of brain shape variation for the New and Old spider groups. Dis-

criminant scores (frequencies) after a “leave-one-out” cross-validation are shown using histogram 

bars with the default 24 bins. Overlap between both groups of specimens and p = 0.7229 suggest no 

significant shape difference between the groups. Fresh material (New) is marked in dark yellow and 

legacy material (Old) in blue. 
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