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a PALEVOPRIM laboratory, UMR 7262 CNRS and Université de Poitiers, Poitiers, France
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A B S T R A C T

A new approach, applying different statistical methods to the early Cambrian medusozoan site of Constantina 
(Seville, Spain), has allowed the establishment of new biometric parameters for the specimens, a more precise 
determination of the number of imprints—both subumbrellar and exumbrellar forms—and the deduction of their 
main taphonomic characteristics. A total of 275 specimens have been identified, with exumbrellar forms 
(morphotype B) being the most frequent (92%) and having the smallest average length (24.91 cm), while sub
umbrellar forms (morphotype A) are larger on average (38.29 cm). This new registry represents a record three 
times greater than previously considered, with the sample characterised by specimens with an average length of 
25.93 cm. The analysis of the length/width ratio shows a very strong and statistically significant correlation, 
implying isometric growth of the medusozoans, consistent with their adult stage. Most specimens exhibit a clear 
NW-SE orientation, which is parallel to the dominant direction of the palaeocurrents, suggesting that they were 
reoriented as they were pushed toward the coast before deposition. Additionally, most fossils are clustered in two 
distinct areas of the surface with very high density, indicating the presence of a common accumulation agent for 
the entire assemblage. Finally, the analysis of the expanded spatial window through spatial modelling has led to 
the identification of up to 16 additional specimens that had not been confirmed or were of uncertain 
identification.

1. Introduction

In the scientific literature, fossils of cnidarian medusae are extremely 
rare, although references to so-called “medusoid” fossils are relatively 
common — even if they do not always correspond to genuine body 
fossils (Young and Hagadorn, 2010). The record of Cambrian medusae 
fossils is particularly scarce.

The Constantina locality, situated in the Sierra Morena Geopark 
(Seville, Spain), is one of the few sites preserving hundreds of meduso
zoan imprints within an early Cambrian (Corduban) intertidal setting 
(Mayoral et al., 2024; Mayoral et al., 2004). Of comparable age, 
medusozoan imprints have also been reported from the Zabriskie 
Quartzite of the southern Nopah Range in the Death Valley region, 
southeastern California, USA (Sappenfield et al., 2017). A similarly aged 
site is known from Qingjiang, China (Fu et al., 2019), although the 
fossils there represent body fossils rather than imprints. In addition, 

stem-group medusozoans have been documented from the Fortunian 
Stage of the basal Cambrian (Han et al., 2016).

Nevertheless, most known occurrences correspond to the middle 
Cambrian (Series 3), such as those from the Burgess Shale, Canada 
(Devereux, 2001), and from intertidal clastic rocks at several North 
American localities: the Marjum Formation in the House Range, USA 
(Cartwright et al., 2007); the Elk Mound Group near Mosinee, USA 
(Hagadorn et al., 2002; Tarhan and Hagadorn, 2008); and the Potsdam 
Group at Ausable Chasm, New York, USA, as well as in Quebec, Canada 
(Hagadorn and Belt, 2008; Lacelle et al., 2008; Tarhan and Hagadorn, 
2008).

The revisions carried out by Young and Hagadorn (2010) attribute 
the specimens from the Elk Mound Group and the Potsdam Group to 
scyphozoans, while those from the Burgess Shale and the Marjum For
mation are assigned, albeit with uncertainty, to hydrozoans or cubo
zoans. In this context, the oldest crown-group medusae known to date 
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have been found in Utah, within Cambrian Stage 5 (traditional middle 
Cambrian), whereas no reliable medusae have yet been documented 
from Series 2, Stage 3 of the Cambrian (Han et al., 2016).

The medusozoan imprints from Constantina occur in medium- 
grained arkosic greywackes, and the moulds of these fossils reveal 
radial, ring, and oral canals, as well as short and slender marginal ten
tacles, displaying a remarkable morphological similarity to extant rep
resentatives—a feature already noted by Young and Hagadorn (2010). 
Furthermore, the absence of disturbance of carcasses by scavengers and/ 
or bioturbating taxa, characteristic of marginal-marine settings of this 
time (Buatois et al., 2005), and the possible presence of fenestral 
structures associated with microbial mats, make these fossils compara
ble to those from the Zabriskie Quartzite (Sappenfield et al., 2017), 
which represents the oldest recorded medusozoan stranding event, 
exhibiting very similar taphonomic and sedimentological evidence.

The significance of the Spanish locality lies in the possibility that it 
represents a precursor assemblage of hydrozoan medusozoans, predat
ing the appearance of the earliest and unequivocal free-swimming 
macroscopic medusae in the fossil record, such as those found in the 
Burgess Shale (Raymond Quarry, British Columbia, Canada) (Moon 
et al., 2023).

Previous work at Constantina (Mayoral et al., 2024; Mayoral et al., 
2008; Mayoral et al., 2004) served to characterise the site, and the jel
lyfish accumulation was interpreted as the result of a mass-mortality 
event. In this new study, we aim to further investigate the spatial as
pects of the accumulation to refine the taphonomic characterisation 
previously conducted. Thus, the objectives of this work are: i) the 
application of a series of statistical analyses that allow us to reliably 
establish the biometric parameters of the imprints, ii) identify possible 
preferred orientations, iii) determine a precise spatial point pattern to 
assess the degree of randomness in taphonomic processes, and iv) 
identify potential additional specimens beyond those that have been 
definitively confirmed.

2. Constantina site context

This exceptional palaeontological locality is located near the village 
of Constantina, in the Sierra Morena, about 91 km north of Seville, Spain 
(Fig. 1). The terminal Neoproterozoic in this area is represented by the 
marine Volcanic–Sedimentary Complex (Liñán, 1978). Its uppermost 
part consists of andesites, lutites and fine-grained sandstones belonging 
to the San Jerónimo Formation, which contains cyanobacteria (Liñán 
and Palacios, 1983) and trace fossils (Fedonkin, 1985) indicative of a 
Vendian age. The lower Cambrian succession includes the Torreárboles 
Formation, the Campoallá Series and the Alanís Beds. The Campoallá 
Series hosts Ovetian (Atdabanian) archaeocyaths (Perejón, 1984), 

whereas the Alanís Beds have yielded Marianian (Botoman) trilobites of 
the Saukianda fauna (Richter and Richter, 1940; Sdzuy, 1962).

The fossils described in this study come from the Torreárboles For
mation. This unit lies unconformably on the terminal Neoproterozoic 
basement, which was uplifted in southwestern Iberia during the final 
Cadomian phases. The resulting pronounced palaeoreliefs were subse
quently buried by the Torreárboles siliciclastics, marking the onset of 
the widespread Cambrian transgression in SW Iberia (Liñán and Gámez 
Vintaned, 1993). The Torreárboles Formation, which varies between 
0 and 400 m in thickness, comprises conglomerates and sandstones of 
the lower La Tierna Member and reddish shales and sandstones of the 
upper Julia Member. These deposits reflect an environmental shift from 
terrestrial and littoral conditions in the lower member to sublittoral 
settings in the upper one. Trace fossils (Fedonkin, 1985; Liñán, 1984) 
support a Corduban age for the formation—a north-western peri- 
Gondwanan stage correlating with the Nemakit-Daldynian and the 
Tommotian (Liñán and Gámez Vintaned, 1993). The biota examined 
here comes from the lower part of the La Tierna Member, dated to the 
earliest Cambrian zone (Gámez Vintaned and Liñán, 1996).

The Constantina site contains one of the densest known concentra
tions of discoidal soft-bodied fossils from the Phanerozoic. A total of 
ninety discoid jellyfish specimens were described in previous works as 
Cordubia gigantea Mayoral et al., 2004. These fossils were documented 
on a single, well-preserved upper bedding surface of approximately 120 
m2 (15 m × 8 m), which dips 20◦ to the south. Due to the resistant nature 
of the conglomerates and sandstones of the La Tierna Member, naturally 
exposed large bedding surfaces are uncommon within the broad out
crops of Spain and Portugal. This circumstance suggests that the previ
ously studied surface was likely revealed artificially in a quarry 
sometime between the eighteenth and twentieth centuries, when the so- 
called “house of the written stone”—a structure that inspired the pop
ular interpretation of the fossils as petroglyphs—was constructed nearby 
using blocks extracted from the La Tierna Member.

The fossils are located on the upper surface of a one-centimetre-thick 
bed of medium-grained, arkosic greywacke displaying parallel lamina
tion and resting atop a thick conglomerate layer (Mayoral et al., 2024; 
Mayoral et al., 2008; Mayoral et al., 2004). This greywacke is over
printed by straight-crested, small oscillation ripples that are themselves 
truncated by the fossils, which appear as gently inclined, shallow fur
rows broader than they are deep. Several specimens overlap fully or 
partially (Fig. 2; Fig. 3), and many show an elongation parallel to the 
palaeocurrent direction. Cross-sections reveal a downward deflection of 
the horizontal lamination beneath the furrows (see Fig. 2d of Mayoral 
et al., 2004, p. 194).

Small endogenic burrows (Planolites montanus Richter, 1937) and 
trails (Cochlichnus isp.) occasionally overprint both circular and radial 

Fig. 1. Left) Location of Constantina site in the Iberian Peninsula and its geological sketch map; right) synthesis of the stratigraphy of the area.
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furrows. Additional ichnogenera (including Monomorphichnus Crimes 
and Herdman, 1970 and Circulichnis Vyalov, 1971) also occur on the 
bedding plane. Tectonic joints sharply cut across the furrows, producing 
slight offsets in a few specimens; this demonstrates that the joints 
postdate the structures.

The ichnofossil assemblage indicates a marginal-marine community 
bioturbating a soft, sandy substrate. The small oscillation ripples point 
to extremely shallow, low-energy conditions. The most plausible inter
pretation previously proposed (Mayoral et al., 2024; Mayoral et al., 
2008; Mayoral et al., 2004) is that a large accumulation of pelagic or
ganisms became stranded along the shoreline during a single epi
sode—likely a mass-mortality event. Rapid burial followed, allowing 
endobenthic tracemakers to begin bioturbation. This scenario is sup
ported by: (1) overlapping specimens; (2) disruption of ripple marks; (3) 

deformation of underlying lamination beneath the thickest parts of the 
bodies while the sediment remained unconsolidated; (4) elongation of 
certain fossils parallel to palaeocurrents, consistent with deformation at 
the time of deposition; (5) their unexpectedly good preservation in 
coarse siliciclastic sediment; and (6) overprinting by trace fossils.

3. Material and methods

3.1. Spatial documentation

During the conservation phase of the site and the preparation of the 
necessary proposed subsequent musealisation (Mayoral et al., 2021; 
Mayoral et al., 2019), two photogrammetric models were created to 
document the analysed surface both during and after the intervention, as 

Fig. 2. Detailed pictures of different Cordubia gigantea fossils from the Constantina site. a) Subumbrellar imprints, b) Group of totally or partially overlapping 
subumbrellar and exumbrellar imprints, c) Isolated and overlapping exumbrellar imprints, d) Superimposed exumbrellar imprints. Note the major axis oriented 
parallel to the palaeocurrent direction of the ripples (white arrow).

Fig. 3. Some general views of Cordubia gigantea fossils from the Constantina site. No scale is available for these photographs; to see the sizes of the fossils, see Figs. 2 
and 6.
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well as to facilitate the identification of the fossils after fieldwork. The 
photogrammetry was conducted at different times of the day to generate 
orthophotos (Fig. 4) with distinct lighting conditions (vertical and 
grazing lighting), enhancing the visibility of the fossils. The photo
grammetric models were produced using Agisoft Metashape software 
ver. 1.8.

Additionally, using a Nikon total station (DTM-322), we mapped 
several reference points at the site, allowing us to georeference the 
orthophotos within a local coordinate system. The north of the coordi
nate system was aligned with magnetic north using a compass on May 
11, 2024.

The cartographic documentation of the fossils was carried out by 
creating polygonal layers using ArcGIS 10.8. The identification of the 
fossils was conducted through a detailed analysis of the georeferenced 
orthophotos in ArcGIS and by analysing the photogrammetric model 
with varying light conditions using Blender 4.2. This approach was 
chosen because, during fieldwork, we observed that many of the fossils 
were not visible depending on the lighting conditions, making office- 
based documentation more efficient. However, it is true that during 

the fieldwork, we documented as many fossils as possible to compare 
them with the subsequent analysis. In any case, this step carried out in 
Blender was particularly important, since the imprints were at a slightly 
lower elevation than the analysed surface. This meant that the incidence 
of grazing light allowed for better visualisation of the imprints in most 
cases. In any event, the review of the accepted cases was conducted 
separately by each of the authors in order to confirm the secure attri
butions and those that were more doubtful.

Additionally, we also documented the position of the main joints 
affecting the analysed surface and especially those that were so large 
that they erased significant areas of the surface, which we were there
fore unable to analyse.

Once we had the polygon layer completed, we generated a point 
layer from the polygons to obtain the xy coordinates of the centroids of 
each fossil through the Feature to Point function (selected features: Inside 
(optional): checked). From there, also using ArcGIS, we calculated the 
area and perimeter of the traces and, through the Minimum Bounding 
Geometry function (selected features: Geometry type: rectangle_by_width; 
Group option: none; Add geometry characteristics as attributes to 

Fig. 4. Orthophotographic models developed to document and to analyse the Constantina palaeontological surface.
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output: checked), we obtained a new polygon layer, with which we were 
able to calculate the length (major symmetry axis), width (minor sym
metry axis), and orientation (from 0 to 180◦) of each specimen. In this 
way, all measurements and coordinate calculations were performed 
automatically and objectively by the software. Next, we exported the 
provided dataset in table format to conduct statistical analysis with it 
(Supplementary File 1).

During the GIS-based documentation of the fossils, we differentiated 
between jellyfish that typologically corresponded to subumbrellas 
(morphotype A) and those corresponding to exumbrellas (morphotype 
B). This distinction was made following the visual criteria shown in 
Fig. 5 and previously proposed in other studies (Mayoral et al., 2024; 
Mayoral et al., 2008; Mayoral et al., 2004). The subumbrellas are the 
most complex in morphological terms, corresponding to the ventral part 
of the jellyfish, and are characterised by the presence of the imprint of 
the mouth, the mouth canal, the radial canals, and the ring canal. In 
turn, the exumbrellas, which are identified with the dorsal part of the 
jellyfish, are characterised solely by the presence of the ring canal, with 
no other imprint occurring within the area occupied by the fossil.

3.2. Statistical analysis

First, we analysed the metric variability of the sample, examining 
both the length and width, as well as the perimeter and area of the 
fossils. For this, we used a basic approach to descriptive statistics, i.e., 
mean, median, standard deviation, and 95% confidence interval of the 
mean, and created violin/boxplots for these variables. Next, we analysed 
the normality of the sample based on the morphotype of the fossils (i.e., 
Morphotype A, Morphotype B) and then compared both morphotypes at 
the metric level using a Wilcoxon test. We then specifically focused on 
the metric relationships between the length and width of the traces, 
performing a Spearman correlation with the entire sample and differ
entiating by morphotypes. Finally, we also conducted a linear regression 
with the sample. These analyses were performed using R software (R 
Core Team, 2022, with the ‘ggplot2’ library (Wickham, 2016) to create 
the graphical material. All analyses and the code used can be found in 
Supplementary File 2.

We analysed the orientation of the fossils based on the information 
obtained with the Minimum Bounding Geometry. We conducted this 
analysis with the aim of identifying possible preferential orientations in 

the analysed sample that could help us identify potential water currents 
that may have oriented the sample. This is useful in different contexts, 
whether of low or high energy (Cobo-Sánchez et al., 2014; Domínguez- 
Rodrigo et al., 2014; Domínguez-Rodrigo and García-Pérez, 2013; 
Méndez-Quintas et al., 2019). The data were analysed using the PAST 
4.03 software (Hammer et al., 2001) through the ‘CIRCULAR, ONE 
SAMPLE’ function (selected features: rose plot; Axial (orientation); equal 
area; mean; counts). Being aware that the circularity of the traces could 
pose a challenge for this analysis, we calculated an elongation index 
(length/width) before performing the analysis. This allowed us to obtain 
values >1. We excluded all values <1.1 and performed an initial analysis 
with all the remaining samples. However, since this could still be 
insufficient, we also conducted the analysis with the fossils having 
elongation indices ≥1.5. To interpret the possible preferential orienta
tion, we used the tests included in PAST 4.03 for this purpose (Rayleigh's 
R, Rao's U, and χ2).

On the other hand, we conducted an analysis of the spatial point 
pattern (Baddeley et al., 2016; Wiegand and Moloney, 2013) of fossils. 
Spatial analyses are of great interest in taphonomic studies (Domínguez- 
Rodrigo et al., 2018) because they allow us to assess, among other as
pects, the degree of randomness in taphogenic processes (e.g. Arteaga- 
Brieba et al., 2023; Cobo-Sánchez et al., 2024; Diez-Martín et al., 2021; 
Luzón et al., 2021; Martín-Perea et al., 2020; Mielgo et al., 2024; 
Sánchez-Romero et al., 2020). This aspect is especially crucial when we 
want to analyse whether fossil accumulations have a synchronous or 
penecontemporary origin, or to assess the degree of alteration by 
taphonomic agents, such as water (Domínguez-Rodrigo et al., 2018).

The application of these methods to contexts with fossils has been 
extensively explored, particularly in Ediacaran sites. In these studies, 
one of the most significant aspects is analysing the degree of randomness 
in point patterns to interpret factors such as the distribution of food 
resources or the reproductive strategies of organisms (Boan et al., 2024; 
Boan et al., 2023; Coutts et al., 2018; Dhungana and Mitchell, 2021; 
Kolesnikov, 2022; Mitchell et al., 2015; Mitchell and Butterfield, 2018; 
Mitchell and Kenchington, 2018; Pohle et al., 2020; Rojas et al., 2020).

Since we have observed that all the metric variability of morphotype 
A is contained within the metric variability of morphotype B (see Re
sults), we conducted the spatial analysis using the complete sample, 
avoiding subdividing the dataset according to morphotypes.

The analysis began with a study of the spatial intensity (number of 

Fig. 5. Typology of jellyfish identified in Constantina and their diagnostic features.
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points per unit area) of the sample by creating a kernel intensity map 
and analysing which areas had significant intensity at the 99% confi
dence level (hotspot analysis). It must be noted that these maps cannot 
be used on their own to characterise the degree of randomness in a 
spatial point pattern. Intensity maps show where points are concen
trated, whereas hotspot maps indicate where those points are statisti
cally more significant. However, the presence of high-intensity areas in 
either intensity or hotspot maps does not necessarily imply the existence 
of clustering or regular distributions; these must be identified through 
the use of specific statistical tests (Baddeley et al., 2016). We state this 
because, in an intensity map, there will always be areas with a higher 
intensity of points than others, which are then displayed as the most 
intense zones. The presence of these high-intensity areas can occur in 
random (i.e., absence of spatial relationship between points), regular (i. 
e., negative association between points/segregation), or clustered (i.e., 
positive association between points/aggregation) spatial distributions; 
therefore, these two types of maps cannot be used to reject the null 
hypothesis of Complete Spatial Randomness (CSR).

Then, we identified the typology of the point pattern to provide a 
better taphonomic characterisation of the site. To do this, we employed 
different methods to test the null hypothesis of randomness in the 
sample after verifying, using a χ2 test (with four different grids: 5 × 5, 8 
× 8, 10 × 10, 12 × 12), that the sample is inhomogeneous (χ2 test p- 
value <0.05; see Results section). This step is crucial because the sub
sequent tests depend directly on whether the point pattern is homoge
neous or inhomogeneous. For instance, if we wish to use a K-function to 
analyse the randomness of the point pattern, we must apply the standard 
K-function for a homogeneous distribution or the inhomogeneous K- 
function if the distribution is inhomogeneous. This is comparable to 
univariate or bivariate statistics, where, before analysing the mean of a 
measurement, we first determine whether the distribution is normal or 
non-normal to then choose between parametric or non-parametric tests.

The selected tests included the Hopkins-Skellam test, the Clark-Evans 
test, the DCLF (Diggle-Cressie-Loosmore-Ford) test, and the MAD 
(Maximum Absolute Deviation) test, using the inhomogeneous K, L, F, G, 
and J functions, as well as the scaled K and L functions. Similarly, we 
used the K, L, F, G, and J inhomogeneous functions and the scaled K and 
L functions to graphically describe the behaviour of the spatial point 
pattern. All of these functions aim to characterise the nature of the 
spatial point pattern (i.e., CSR, regular or clustered) while taking its 
intensity (K, L functions) or neighbourhood (Hopkins-Skellam and 
Clark-Evans tests, F, G and J functions) into account, starting from the 
null hypothesis of spatial randomness and considering as alternative 
hypotheses the presence of clustering or of regular distributions. Thus, in 
most cases, it is advantageous to employ all these tests simultaneously, 
as a spatial distribution may be more sensitive to analysis based on 
either neighbourhood or intensity. Consequently, it is possible for the K 
and L functions to yield positive results while the F, G, and J functions do 
not, or vice versa.

Finally, we used the ‘nnclean’ function to detect possible clustering 
(the test assumes clustering when performed, which is why the existence 
of clustering must be confirmed beforehand using the functions) of 
materials through nearest neighbour clutter removal. This method is 
particularly useful because it analyses the point pattern based on 
neighbourhood (or proximity) between points rather than on the in
tensity of the spatial point pattern, as previously done by the intensity 
and hotspot maps. Furthermore, this approach allows for the assessment 
of the probability with which the test considers points to be part of a 
cluster, which aids in better understanding the cluster radius and the 
interdependence between points.

To further investigate the spatial point pattern, we fit four different 
Poisson point process models (linear, quadratic, cubic, and 4th degree 
polynomial). The modelling process allows us to estimate the potential 
fossil intensity in areas of the site that remain unexcavated or have been 
lost to erosion. Furthermore, it serves as a highly valuable support sys
tem for understanding the site's intensity; if the modelled intensity does 

not align with the observed intensity, we can detect areas of special 
interest that deviate from the general trend of the spatial model. The 
models were evaluated using the Akaike Information Criterion (AIC) 
index, and subsequently, we compared their validity through ANOVA. 
Finally, we selected the best-performing model (i.e., the one with the 
lowest AIC values) and generated four maps: 1) estimated intensity of 
the point process based on the fitted model, 2) simulation of a new point 
pattern using the fitted model with the Metropolis-Hastings algorithm, 
3) a difference map subtracting the intensity of the simulated new point 
pattern from the “real” intensity of the spatial point pattern and 4) an 
extrapolated estimation of potential points within a larger spatial win
dow (525 m2) than the original one. We could say that these methods 
are, to some extent, the spatial equivalent of a regression, which is why 
they are especially useful here for assessing, using different methods, 
how the intensity of the point pattern is and how much of the site might 
not have been studied due to erosion or because it is still covered. Both 
the code and the results of these analyses are presented in Supplemen
tary File 3.

In summary, the methods employed follow a logical sequence that 
addresses all the requirements of a spatial analysis: 1) Exploratory in
tensity maps; 2) testing for homogeneity/inhomogeneity; 3) character
isation of the point pattern typology (i.e., CSR, clustering, or regular 
distribution); and 4) spatial modelling to define the general pattern and 
estimate point density in unknown areas.

All these analyses were performed using R software (R Core Team, 
2022) and the ‘spatstat’ library (Baddeley et al., 2016; Baddeley and 
Turner, 2005). The data used for the analysis were the xy coordinates of 
the fossil centroids. For an extensive explanation of the use and appli
cation of these methods, see previous works (Moclán et al., 2023b; 
Moclán et al., 2023a).

All maps were created using a spatial window that we defined based 
on the orthophotographs, covering an area of 125.48 m2 with a major 
axis of ~19.84 m. It is worth noting that during the spatial analysis, we 
excluded the areas occupied by the main joints of the site, which 
therefore prevented the evaluation of the presence of fossils in those 
areas. All coordinates related to the spatial window are included in the 
Supplementary File 4.

4. Results

The documentation work conducted has served to document a total 
of 275 specimens of Cordubia gigantea at the Constantina palae
ontological site (Fig. 6). This implies that the known sample has been 
tripled to date (Mayoral et al., 2021; Mayoral et al., 2008; Mayoral et al., 
2004). Likewise, we have identified 14 traces that, although they could 
represent new specimens, we are unsure of their identification, so we 
have chosen to exclude their presence in the subsequent analyses 
(Fig. 6a). Regarding the typology of the fossils, a total of 21 have been 
identified as subumbrellas (morphotype A), while a total of 254 have 
been characterised as exumbrellas (morphotype B).

At the metric level, we observed significant variability in the ana
lysed sample, with fossils ranging from 7.74 cm to 102.47 cm in length 
(Table 1). However, we found that the larger and especially small 
specimens are generally uncommon (Fig. 7), with the average length of 
the sample being 25.93 cm, and the confidence interval ranging from 
24.23 to 27.64 cm. If the fossils are analysed based on morphotype, we 
can see that, regardless of the variable analysed, fossils of morphotype A 
tend to be larger on average (Length mean = 38.29; Length median =
34.58) than those of morphotype B (Length mean = 24.91; Length me
dian = 22.24), which show a distribution very similar to the mean value 
of the entire population.

When performing a Shapiro-Wilk test on the variables length, width, 
perimeter, and area for both morphotypes, we observed that all samples 
exhibited a non-normal distribution (p-value <0.05; see Supplementary 
File 2). This led us to use a Wilcoxon test to compare the mean metric 
values of the samples, and it was found that there are statistically 
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Fig. 6. a) Spatial distribution of the identified fossils and location of those unclear traces. b) Spatial distribution of Cordubia gigantea fossils depending on 
the morphotype.
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significant differences between the morphotypes in all four variables (p- 
value <0.05; see Supplementary File 2).

If we analyse the relationship between the length and width of the 
fossils (now excluding area and perimeter, as they are closely related to 

the former) through a Spearman's correlation (this method is chosen due 
to the non-normality of the samples), we observe a very strong and 
statistically significant correlation, regardless of whether we analyse the 
measurements of the complete sample (r = 0.97; p-value = 1.17 ×
10− 169), morphotype A (r = 0.974; p-value = 4.85 × 10− 6), or mor
photype B (r = 0.967; p-value = 3.28 × 10− 152). This strong correlation 
is also observed when we perform a linear regression between length 
and width (Table 2; Fig. 8), yielding R2 values higher than 0.9 and highly 
significant p-values (<0.05).

The analysis of the orientation of the sample has revealed a clear 
northwest-southeast trend, regardless of whether the sample is analysed 
with an elongation index of ≥1.1 or ≥ 1.5 (see Fig. 2d). Statistically, this 
observation, made with rose diagrams (Fig. 9), is reinforced by the 
various tests used to measure the presence of preferential orientations. 
In the sample with an elongation index of ≥1.1 (circular mean = 117.84; 
95% CI = 113.4–122.3), Rayleigh's test (R = 0.53; p-value = 9.43 ×
10− 29), Rao's U test (U = 171.3; p-value = 0), and the χ2 test (χ2 = 141.5; 
df = 7; p-value = 2.48 × 10− 27), show the existence of preferential 
orientations. This is also the case for samples with an elongation index of 
≥1.5 (circular mean = 114.26; 95% CI = 96.63–131.9), although the 
Rayleigh's (R = 0.54; p-value = 0.008), Rao's (U = 165.5; p-value =
0.047) and χ2 (χ2 = 9; df = 3; p-value = 0.029) tests show slightly higher 
p-values due to the smaller sample size.

The spatial analysis performed on the centroids (Fig. 10) revealed a 
spatial intensity of 2.27. When visualising the kernel intensity map 
(Fig. 11), we observe that most of the studied area has very low in
tensity, with most of the fossils “clustered” in two distinct areas of very 
high intensity. In addition, these areas correspond to surfaces where the 

Table 1 
Descriptive statistics of the analysis sample.

A + B (n = 275) A (n = 21) B (n = 254)

Length
Minimum 7.742 19.471 7.742
Maximum 102.47 75.371 102.47
Mean 25.933 38.285 24.912
Median 22.811 34.579 22.239
Standard deviation 14.337 14.800 13.841
CI 95% (lower) 24.231 31.548 23.201
CI 95% (upper) 27.635 45.023 26.622
Width
Minimum 6.919 17.353 6.919
Maximum 74.675 65.436 74.675
Mean 20.764 31.725 19.857
Median 18.396 28.818 17.834
Standard deviation 10.944 12.382 10.334
CI 95% (lower) 19.464 26.088 18.580
CI 95% (upper) 22.063 37.361 21.134
Perimeter
Minimum 0.235 0.028 0.235
Maximum 2.838 0.393 2.838
Mean 0.744 1.112 0.713
Median 0.654 1.007 0.639
Standard deviation 0.401 0.426 0.384
CI 95% (lower) 0.696 0.918 0.666
CI 95% (upper) 0.791 1.306 0.761
Area
Minimum 0.004 0.605 0.004
Maximum 0.588 2.242 0.588
Mean 0.054 0.109 0.050
Median 0.032 0.078 0.031
Standard deviation 0.072 0.090 0.069
CI 95% (lower) 0.046 0.068 0.041
CI 95% (upper) 0.063 0.150 0.058
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Fig. 7. Violin plots comparing the metric values of length, width, area, and perimeter for the two morphotypes and the complete sample.

Table 2 
Results obtained by the linear regression analysis.

Morphotype Intercept Slope p-value R2

A + B 1.493 0.743 6.20E-177 0.948
A 1.181 0.798 2.34E-11 0.909
B 1.726 0.728 2.74E-166 0.95
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intensity is highly significant, exceeding the 99% CI (Fig. 11c, d).
Next, we analysed the homogeneity of the spatial pattern using 5 × 5 

(χ2 = 293.84; df = 18; p-value = 1.78 × 10− 51), 8 × 8 (χ2 = 291.656; df 
= 42; p-value = 8.37 × 10− 39), 10 × 10 (χ2 = 337.66; df = 67; p-value =
1.93 × 10− 37), and 12 × 12 (χ2 = 407.38; df = 93; p-value = 1.26 ×
10− 40) grids through a χ2 test. The results clearly indicate that the 
sample is inhomogeneous, requiring the use of appropriate functions for 
such point patterns. We also attempted to identify the type of in
homogeneity present in the sample, but the sample size was too small to 
perform a studentised permutation test (see warnings and errors in 
Supplementary File 3: code lines 98–114). Therefore, we decided to 
analyse the spatial point pattern using both classical inhomogeneous 
functions and scaled functions.

First, we applied the Clark-Evans and Hopkins-Skellam tests, which 
suggest the presence of a clustered spatial pattern. However, these tests 
are highly sensitive to inhomogeneity and may misinterpret it as clus
tering when the pattern is clearly inhomogeneous (Baddeley et al., 
2016). Given the inhomogeneity of our sample, these results should be 
interpreted with caution.

Next, we employed the DCLF and MAD tests using the K, L, F, G, and 
J functions, as well as the Kscaled and Lscaled functions. The obtained p- 

values were < 0.05 for the K, L, Kscaled, and Lscaled functions, meaning 
that the null hypothesis of randomness could not be rejected for the 
remaining functions (p-value >0.05). When applying the functions, the 
results were consistent with these findings (Fig. 12). Specifically, the F, 
G, J, and Pair Correlation functions did not reject the null hypothesis of 
randomness, while the Kscaled and Lscaled functions indicated the 
presence of a clustered pattern at distances of 0.5–1 m. In contrast, the K 
and L functions suggested a clustered pattern at short distances (0.5–1 
m) and a regular pattern beyond 2–2.5 m.

The application of the nearest neighbour clutter removal (Fig. 13) 
also supports that, regardless of whether we analyse the sample with k- 
values of 5, 10, or 20, certain areas with fossils likely exhibit a clustered 
pattern. These areas correspond to the two focal points observed in the 
intensity and hotspot maps (Fig. 11c-d).

Finally, the fitting of Poisson process models generated models that, 
according to the ANOVA analysis, are useful for describing the intensity 
of the spatial point pattern (low AIC values and significant p-values). 
However, the best-fitting model is the most complex one, i.e., 4th degree 
polynomial, as evidenced by having the lowest AIC value (− 199.291) of 
all and by significantly improving the cubic regression according to 
ANOVA (see Supplementary File 3). The predicted intensity map 

Fig. 8. Linear regression performed with the entire sample (left) and by morphotypes (right).
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Fig. 10. a) Spatial distribution of the centroid of each fossil; b) and c) detailed areas with high concentrations of fossils.
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(Fig. 14a) and the intensity map of the simulated new point pattern show 
two distinct areas of high intensity, similar to the original point pattern 
intensity map (Fig. 11b). As seen in the presence of red zones in Fig. 14c, 
these high-intensity areas appear to be highly significant, with real in
tensity values much higher than expected by the models.

The analysis of a larger spatial window (Fig. 14d) estimated the 
presence of 291.60 specimens, implying only about 16 more fossils than 
those already identified. This is particularly relevant, as some specimens 
have been observed outside the original window and within the space of 
some of the joints.

5. Discussion

Previous studies conducted at the site (Mayoral et al., 2021; Mayoral 
et al., 2019; Mayoral et al., 2008; Mayoral et al., 2004) suggested that 
the faunal accumulation must have formed rapidly, based on several 
criteria, including the superposition of specimens and the elongation of 
some specimens parallel to the direction of the ripple current. The 
presence of a clustered spatial pattern, which appears to be confirmed by 
the K and L functions—regardless of whether inhomogeneous or scaled 
versions are used—as well as by the DCLF and MAD tests with these 
same functions, provides additional support for the idea that there is 
indeed an aggregative association among the specimens. The fitting of 
spatial models confirms that this spatial point pattern is accurate, 
making it particularly interesting to observe that the identified clusters 
indeed exhibit a much higher intensity than expected. Thus, this spatial 
point pattern can only be explained taphonomically by the presence of a 

common accumulating agent for the complete assemblage.
Theoretically, there are other possible alternatives that could explain 

the bimodal cluster pattern of the specimens. Thus, in sedimentology, 
topographic depressions act as sediment traps where particles and 
organic remains accumulate due to locally reduced flow velocities and 
subsequent burial, a principle widely acknowledged in depositional 
models (e.g. sediment traps; Ritter, 1972). Accordingly, for a surface to 
function as a trap for the accumulation of jellyfish bodies, physical de
pressions with depths comparable to the vertical size of the organisms 
would be required, as these would be most effective in slowing currents 
and promoting deposition prior to burial. This is a logical interpretation 
based on physical and sedimentological principles. In our case, Cordubia 
was a discoidal jellyfish with a mean diameter of approximately 25 cm. 
Its bell was likely “flattened” or shallow-domed, meaning its vertical 
height would have been significantly smaller than its diameter—likely 
one-third or slightly more, implying a height of at least 8–12 cm. This 
mechanism would require depressions of comparable depth across the 
bedding surface, which are not observed at any point.

Furthermore, transitions from medium to finer grain sizes (finer sand 
or silt) within a sandy surface could act as zones where flow energy 
dissipates and bodies settle. This feature is also absent across the surface, 
which is composed entirely of medium-grained arkosic greywackes. 
Additionally, transport thresholds for particle deposition imply that 
large bodies cease movement only when local flow energy falls below 
critical values (van den Berg and Nio, 2010). In our case, the concen
trations of fossil bodies were likely controlled jointly by surface geom
etry and flow dynamics through transport and deposition processes 
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Fig. 12. Different inhomogeneous functions used in this study.
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(condensation and trap effects), conditions widely recognised in taph
onomic models (Fernández-López et al., 2002).

What we know so far about water currents suggests that the speci
mens should not accumulate in a clustered pattern. Instead, water, as a 
taphonomic agent, would likely tend to disperse remains and generate 
spatial point patterns of a random nature (Domínguez-Rodrigo et al., 
2018). However, these assumptions have been based on vertebrate or
ganisms in fluvio-lacustrine contexts, so in the case of jellyfish in marine 
environments, this pattern may not necessarily be the same. Thus, we 
consider that the identification of a clustered pattern in a case like 
this—on a beach with very low energy—likely does not correspond in 
any way to fluvial hydrodynamic models.

Therefore, the spatial analysis confirms the hypothesis that the 
specimens likely died during a mass mortality event triggered by an 
ecological stress event and were subsequently transported to the beach. 
Likewise, the existence of a preferred orientation in the accumulation of 
specimens further supports this idea, as they were reoriented in align
ment with the low-energy current, as proposed by Mayoral et al. (2004).

Morphotype B (exumbrellar side) is smaller than Morphotype A 
(subumbrellar side). This smaller size may have made it easier for them 
to be transported by currents, increasing their chances of reaching the 
beach (Fossette et al., 2015; Gemmell et al., 2013). Once on the beach, 
these smaller specimens, if deposited in a subumbrellar position, could 
have been more easily flipped over by the current, ending up in an 
exumbrellar position (Sappenfield et al., 2017). Once stranded on the 
beach, jellyfish lose almost all capacity for active movement due to rapid 
collapse and dehydration of the gelatinous bell, which is composed of 
more than 95% water. As a result, they are unable to actively reorient 
themselves after deposition. However, their orientation may still change 
passively due to physical processes acting on the shoreface. Wave 

oscillations, swash and backwash currents, or wind-driven movements 
can overturn stranded individuals, especially smaller or lighter ones, 
leading to random alternation between subumbrellar and exumbrellar 
positions. This explains why stranded jellyfish of species such as Aurelia 
aurita Linnaeus, 1758 or Velella velella (Linnaeus, 1758) are commonly 
observed in both orientations on beaches today. Therefore, post- 
depositional overturning of stranded medusae should be interpreted as 
a physically induced, not biologically controlled, process (Betti et al., 
2019; Fossette et al., 2015; Gemmell et al., 2013; Jones et al., 2021).

In general, most modern jellyfish strand on the beach with their oral 
side facing downward (subumbrella down). However, some jellyfish, 
like those of the Cassiopeia genus, swim “upside down” (oral side facing 
up) and may also wash up in this position. Thus, Cassiopea represent a 
remarkable case of inverted morphology and behaviour among extant 
scyphozoans. These “upside-down” medusae rest with their sub
umbrellar surface in contact with the substrate and keep the bell ori
ented downward, a posture that enhances light exposure for their 
photosymbiotic algae (Medina et al., 2021; Ohdera et al., 2018). This 
benthic mode of life, involving continuous interaction between the 
subumbrellar region and the sediment, produces distinctive taphonomic 
patterns compared to those of pelagic jellyfish. From a taphonomic 
perspective, Cassiopea provides a valuable modern analogue for under
standing how body orientation and life position can influence the final 
disposition and preservation of medusozoan remains. Fossil jellyfish or 
discoidal structures preserved in subumbrellar position may reflect 
ecological and functional adaptations similar to those of Cassiopea, 
where the inverted posture serves as a key adaptive trait. Thus, it is 
possible that Cambrian jellyfish could have swum in a similar way.

From another perspective, the strong correlation between the length 
and width of the specimens suggests an isometric growth pattern. This 
type of growth has been observed in several scyphozoan jellyfish, such 
as Stomolophus, where it has been frequently noted in female specimens, 
especially when the jellyfish population is in good health (Apolinar 
Romo, 2021). In the case of Aurelia aurita, the proportional growth of its 
different body parts occurs when the specimens reach adulthood 
(Kinoshita et al., 1997).

On the other hand, the analysis of the expanded spatial window 
through spatial modelling has yielded a very compelling result: only 
about 16 additional jellyfish are expected to be present at the site, with 
only six specimens located outside the original window. These figures 
are significant because, as mentioned earlier, we initially identified 14 
possible additional specimens beyond those we could definitively 
confirm. This finding demonstrates how the use of statistical techniques 
in this type of palaeontological contexts (Boan et al., 2024; Boan et al., 
2023; Coutts et al., 2018; Dhungana and Mitchell, 2021; Kolesnikov, 
2022; Mitchell et al., 2015; Mitchell and Butterfield, 2018; Mitchell and 
Kenchington, 2018; Pohle et al., 2020; Rojas et al., 2020) can be highly 
valuable—not only for analysing spatial point patterns themselves but 
also for assessing the potential degree of disturbance in these patterns 
and evaluating the characteristics of undocumented areas.

In this context, the Constantina assemblage exemplifies a high- 
energy, sandstone-hosted impression paradigm that contrasts mark
edly with the classic Burgess Shale–type (BST) preservation mode in 
low-energy, anoxic mudstones (Gaines et al., 2012; Gaines et al., 2008). 
In the Constantina–Zabriskie–Potsdam model, medusae were stranded 
in marginal-marine to shoreface settings and rapidly buried by event- 
driven siliciclastic sedimentation, producing mouldic impressions that 
faithfully record overall bell morphology, radial structures, and in some 
cases marginal tentacles, but rarely preserve soft-tissue ultrastructure or 
carbonaceous films.

Taphonomic fidelity in this paradigm is therefore predominantly 
morphological and sedimentary, capturing organism–substrate in
teractions (e.g., deformation of lamination, preferred orientation, clus
tering) and providing robust palaeoecological signals related to 
transport dynamics, hydrodynamic reworking, and mass-mortality 
stranding events. By contrast, BST preservation occurs in distal, low- 
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energy basinal settings under dysoxic to anoxic conditions, where rapid 
burial by fine-grained muds and early diagenetic mineral stabilisation 
enable the conservation of delicate soft tissues as carbonaceous com
pressions. This pathway yields exceptional anatomical fidelity, 
including internal organs and fine tentacular structures, and thus offers 
unparalleled insight into medusozoan anatomy and phylogenetic affin
ities (Moon et al., 2023). However, BST assemblages generally provide 
more limited direct evidence of hydrodynamic transport or shoreline 
accumulation processes.

Consequently, the high-energy sandstone impression model and the 
BST carbonaceous compression paradigm represent complementary 
preservational windows: the former emphasizes spatial patterning, 
population structure, and event dynamics in marginal-marine contexts, 
whereas the latter maximizes anatomical detail and evolutionary in
formation within low-energy offshore environments.

6. Conclusions

The comprehensive revaluation of the early Cambrian medusozoan 
site at Constantina, incorporating advanced statistical and spatial ana
lyses, has not only increased the known specimen count but also 
revealed new insights into the population structure, morphotype dis
tribution, and taphonomic patterns. The predominance of smaller, 
exumbrellar morphotypes alongside the occasional larger subumbrellar 
individuals, combined with isometric growth trends, suggests that these 
populations were largely composed of healthy, adult individuals, likely 

females. The clear NW–SE orientation of fossils consistent with palae
ocurrent directions points to transport and reorientation mechanisms 
analogous to those observed in modern jellyfish mass-mortality events. 
Clustering in discrete areas indicates the role of a common accumulation 
agent, hinting at behavioural or ecological aggregation prior to burial.

Overall, these findings provide a valuable framework for interpreting 
medusozoan palaeoecology in early Cambrian ecosystems. Quantitative 
morphometric and spatial data can inform models of population dy
namics, life history strategies, and responses to environmental stress. 
Furthermore, the integration of modern analogues—such as scyphozoan 
behaviour under mass-mortality scenarios—allows for more nuanced 
reconstructions of ancient jellyfish ecology, including aspects of aggre
gation, transport, and orientation post-mortem. Continued application 
of such multidisciplinary approaches could illuminate the evolutionary 
drivers of medusozoan morphology and behaviour, bridging the gap 
between fossil evidence and extant ecological patterns.
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Fidalgo, L., Bao, R., 2024. El monumento natural Huellas fósiles de medusas de 
Constantina (Sevilla). Una referencia en el registro paleontológico mundial. In: Libro 
de Resúmenes. XXXIX Jornadas de La Sociedad Española de Paleontología, p. 188. 
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