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ABSTRACT

An emergent disease has relegated populations of the Mediterranean pen shell, Pinna nobilis
L. critically endangered to sanctuaries featuring salinities outside the 36.5 to 39 range. Point
pattern analysis was used in three areas of the Alfacs Bay (Ebro Delta) still hosting pen shells to
assess the possible undergoing of disease spread by comparing the spatial distribution of live
individuals vs. empty shells across spatial scales. We also evaluated the importance of other
ecological aspects of conservation relevance such as the size distribution of individuals, and
the possible association to seagrass habitats. The population assessment showed no recent
mortality and a clear dominance of large adults among empty shells (97.3%) pointing to no
disease spread during the study period. At the low spatial scale Nearest Neighbor (NN)
analyses evidenced significant clustering (NN Ratios of 0.4-0.8), but in one of the zones NN
distances were closer in empty shells than in live individuals, suggesting a former localized
outbreak. At the larger spatial scale, MDSCA confirmed clustering patterns up to distances of
115 to 190 m, with higher aggregation of empty shells at the same study zone. The bay also
featured low juvenile availability (3.2%), which risks the continuity of the population. No
evidence for habitat or conspecific selection could be observed from abundance patterns and
variation in NN across study regions. Our research provides a tool for assessing population
condition in paralic environments, where salinity conditions tend to slow down disease spread,

thus allowing a time gap for undertaking conservation decisions.

Keywords: spatial distribution; Nearest Neighbor Analysis; Multi-distance Spatial Cluster

Analysis; size class structure; population condition
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1. Introduction

The fan mussel, Pinna nobilis, is an endemic Mediterranean bivalve currently listed as a
“critically endangered” species by the Spanish government (BOE 251-14181, 2018), and the
International Union for Conservation of Nature (IUCN) (Kersting et al., 2019). In the fall of
2016, mass mortality events (MMEs) close to 100% of the individuals started to occur in
southern Spanish waters and have spread to the rest of the Mediterranean Sea in less than
three years (Garcia-March et al., 2020b). The etiological agent responsible for MMEs was first
identified as the protozoan Haplosporidium pinnae (Catanese et al., 2018), although synergistic
effects with a new species of Mycobacterium (Carella et al., 2019; 2020; Sari¢ et al., 2020)
and/or Vibriosis (Rodriguez et al., 2018, Prado et al., 2020b, Kiinili et al., 2021; Lattos et al.,
2021) cannot be discarded. At present, only isolated populations in reservoirs such as coastal
bays and lagoons featuring salinity conditions frequently outside the 36.5 to 39 range appear
to experience lower shellfish mortality rates associated to the disease (e.g., Cabanellas-
Reboredo et al., 2019; Prado et al., 2021; Katsanevakis et al., 2021) and may act as larval
sources for a future recovery of the species. However, due to their semi-closed regimes, these
areas are subjected to large environmental variations, which may bring them close to the
optimum conditions for the disease. Having a tool to detect the spread of mortalities and
simultaneously assess local population dynamics, is fundamental for the long-term
conservation of populations.

The spatial arrangement of benthonic communities is decided in the moment of settlement
and metamorphosis as well as by benthic processes occurring at local spatial scales (Prado et
al., 2012). Gregarious settlement usually occurs in response to an attractive substance or
stimuli that is associated with the presence of a suitable habitat or conspecifics (Woodin 1986;
Kingsford et al., 2002). Further patterns of aggregation may also arise from rejection of some
types of discrete substrates because of the presence of negative cues including surface texture

and conspecifics pheromones as observed for the barnacle Balanus improvisus (Berntsson et
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al., 2004). Larval settlement may be also affected by passive factors such as depth (Prado et al.,
2020a) since shallow areas constitute a physical barrier that can alter the direction or speed of
currents. Spatial patterns of populations are expected to reflect larval settlement selection and
a combination of passive transport patterns and larval planktonic behavior (Hoffmann et al.,
2012). Such patterns may be obscured by early benthic processes such as physical disturbance,
predation, and competition and/or physiological stress and disease which may cause large
mortalities of over 90% of all juveniles (Hunt & Scheibling, 1997; Gosselin & Qian, 1997). Yet,
mapping and imaging techniques are still considered to provide a valuable “footprint’ of factors
determining settlement patterns in sessile organisms (Gosselin & Qian, 1997).

Spatial pattern analysis is a widely used technique in the field of forest ecology to
understand propagule dispersal and vegetative reproduction processes that characterize the
life strategy and colonization success of plant species (Hamill and Wright, 1986; Little and Dale,
1999). It has been successfully used to assess the effects of intra- and interspecific
competition, the spread of contagious diseases, or growth facilitation by other species in wild
vegetal populations (Kenkel, 1988; He & Duncan, 2000; Rejmanek & Leps, 1996; Haase et al.,
1996; Moeur, 1997; Gienke et al., 2014; Maggi et al., 2017). For instance, Kenkel (1988)
examined the positions of live and dead trees and found that the distribution of live trees was
locally highly regular indicative of an inhibition distance, while the dead trees were
significantly more clumped than random mortality would dictate. Haase et al., (1996) observed
significantly clumped patterns resulting from a strong association with other persistent plant
species whereas seedlings germinating under the canopy of conspecifics tended to die within
days or weeks. Among distance-based methods, the cumulative distribution function given by
the distance to the nearest neighbor (Clark & Evans, 1954) and the Ripley’s K function (Ripley,
1977) are two of the most widely used approaches for mapped data (see reviews by Liu, 2001;
Dixon, 2002). The nearest neighbor analysis is useful for assessing processes occurring at the

small spatial scale but does not allow detecting distances between aggregates whereas the K
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function allows for the analysis of patterns at a hierarchy of scales, including the distances
between aggregates, since it is based on the distances between each point and all the other
points in the pattern (Rozas & Camarero, 2005). Potentially, these tools could be also applied
to study the spatial arrangement of sessile marine invertebrates after pelagic dispersion from
adult sources as well as for detecting possible infection outbreaks by comparing aggregation
patterns of living versus dead individuals. However, to our knowledge, this is a disregarded
approach in the marine environment, possibly because it is not always possible to obtain a
point map of the target species distribution and alternative methods such as quadrates and
transects have prevailed (e.g., Basso et al., 2015; Cox et al., 2017).

Spatial patterns of distribution may be more easily obtained for large sessile species such as
Pinna nobilis thus providing valuable information about the possible influence habitat features
and/or the presence of conspecifics in spatial patterns of distribution. Pen shell MMEs are
caused by a disease that appears to be very highly specific and infective in open waters
(Garcia-March et al., 2020b). However, infection rates can be considerably decreased in paralic
environments with salinities outside the 36.5 to 39 range, particularly in non-summer periods
(Prado et al., 2021) and are therefore expected to reflect foci of infection and the potential
spread of the pathogen(s) when comparing point patterns of live individuals vs. empty shells.
Other monitoring techniques such as PCR are so far of limited efficiency because unequivocal
diagnosis requires the sacrifice of the animal for a biopsy of the digestive gland (Mihaljevi¢ et
al., 2021), and post-mortem evaluation is also complicated by rapid decomposition of tissues
in seawater (Brooks 2016, Huang et al., 2021). Besides, this technique alone also fails in
providing spatial patterns of disease spread, which is highly necessary for decision makers
prior to the implementation of possible conservation actions such as localized translocation of
remaining animals, or freshwater treatments to maintain salinities below the 36.5 threshold

(Cabanellas-Reboredo et al., 2018; Prado et al., 2021).
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In this context, three different areas of the Alfacs Bay still featuring important numbers of
individuals were evaluated with the following objectives: (1) to assess the occurrence of
possible disease outbreaks by comparing patterns of spatial distribution in live individuals vs.
empty shells in terms of density and dispersion (i.e., regular, random or clumped) across
spatial scales ranging from 10s to 100s of m using spatial analysis techniques of point patterns;
(2) to evaluate the size distribution of individuals (juveniles, young adults, and adults) as a
proxy of the frequency of recruitment events needed for the persistence of the species, and
estimate age-dependent mortality; and (3) to assess abundance patterns by habitat type and
depth in order to identify possible habitats of conservation interest. In addition, we provide an
updated evaluation of the status of remaining populations of P. nobilis in different areas of the

Alfacs Bay, one of the last sanctuaries of species in the Western Mediterranean.

2. Materials and Methods
2.1. Study areas

Alfacs Bay is a semi-enclosed estuarine water body with an approximate surface of 49 km?
and a maximum depth of ca. 6 m. It is located in the southern part of the Ebro River Delta
(Catalonia, NW Mediterranean), and has a great economic importance due to the presence of
extensive shellfish aquaculture, particularly racks of Pacific oyster and Mediterranean mussel
along its northern coast. The study was conducted in three zones of the bay that still host
populations of Pinna nobilis (Prado et al., 2020a; Prado et al., 2021): i) Zone 1 is in the middle
region of the Banya Peninsula; ii) Zone 2 in the far end of the Trabucador sand bar; and iii)
Zone 3 is in the north coast of the Alfacs Bay, adjacent to the St. Joan Tower (Fig. 1).

Zones 1 and 2 are located within the Natura 2000 network area, with pen shell individuals
distributed along the shallow sandbar (ca. 0 to 130 cm depth) that constitute the ancient
coastline of the delta and features meadows of the seagrass Cymodocea nodosa (Ucria) Asch.,

and/or beds the green macroalgae Caulerpa prolifera (Forsskal) J.V.Lamouroux, 1809 on a sand
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bed (Prado et al., 2014). The pen shell parasite H. pinnae was detected in few individuals in
Zone 1in 2018 and 2020, whereas Mycobacteria sp. seems to be absent in middle and inner
regions of the Bay (Prado et al., 2021). However, no previous information on pathogen’s
presence is specifically available for Zones 2 and 3. No MMEs have been reported in these
zones, and the occurrence of the parasite is expected to decrease closer to the Trabucador
Sand Bar due to slightly lower salinities (Prado et al., 2021). Zone 3 is located immediately in
front of rice field drainage channels that seasonally release freshwater high in nutrients and
organic matter that favors the development of epiphytes and fast growing macroalgae (Prado,
2018) but also causes the reduction in salinity that appears to be protecting pen shells from
MMEs (Prado et al., 2021). During preliminary surveys conducted in summer 2020, no
evidence of disease was observed in this region of the bay (P. Prado, personal observation).
The area hosts Zostera noltei in shallow silty and muddy areas closer to the freshwater
discharge, while deeper areas (up to ca. 200 cm) are fully dominated by C. prolifera with some

patches of C. nodosa (Prado, 2018).

2.2. Field sampling

Measures of salinity and temperature were conducted weekly in the different study zones
using a YSI 6660 multiparametric probe equipped with a 650 MDS data logger in order to
capture as much as possible temporal variability in these variables that could influence disease
outbreaks. A total of 4.1 ha were sampled in Zone 1 (Banya Peninsula), 5.8 ha in Zone 2
(Trabucador), and 4.2 ha in Zone 3 (St. Joan Tower), depending on local working conditions and
available human resources to conduct the search. In zones 1 and 2, water transparency and
shallow depth allowed for a direct visual identification of pen shells and recorded features by
observers across previously marked areas. Sampling in these two zones was usually conducted
parallel to the line of the shallow sandbar. In zone 3, featuring greater depth and lower

visibility conditions in most of the area, the work was conducted with the support of a snorkel
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team that placed a position mark next to each individual for later georeferencing. Monthly
salinity values were measured during the study period at each zone.

Pen shells were georeferenced from March to early July 2021 (a 4-month sampling period
was used because previous local research has shown that mortality in the Alfacs Bay is driven
by salinity patterns and not by differences in sea temperature; Prado et al., 2021) using a Leica
Zeno FLX100 Smart Antenna attached to a 2-m carbon fiber pole that allowed marking a
position in shallow water. The antenna was also connected to a Leica Zeno Tab 2 Rugged
Android Tablet featuring the Leica Zeno Connect application for the transmission of high
precision (2 cm) GNSS positions from the antenna. For each pen shell encountered, we marked
the condition (live individuals or empty shells), noting also recent mortality that can be
determined by the absence of fouling in the inner part of the shell. Since the Alfacs Bay is a low
hydrodynamics area, empty shells may remain in their position for many years and provide
knowledge about historic patterns of abundance, as well as information on mortality resulting
from recent contagious diseases.

Animals were measured in width and their total length estimated based on a previously
stablished relationship for the local population (y = 0.207x + 7.16; R? = 0.718; p< 0.0001).
Resulting estimates were grouped into three classes to determine size structure: i) The
smallest class consisted of large juveniles of ca. 20< x <30 cm; ii) medium class, young adults of
intermediate size (30< x< 50 cm), and iii) large adults > 50 cm, which in the Alfacs Bay may
attain maximum ages of ca. 7-9 years (Prado et al., 2020a). Also, depth and habitat type
including seagrass meadow (C. nodosa and Z. noltei), turf of macroalgae (C. prolifera) or mixed
beds and sandy areas were recorded. Data were downloaded into a laptop for further data

analyses with different GIS software, depending on specific needs (see below).

2.3. Data analyses
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The totality of the surface covered in each zone (each one with different dimensions and
shape) was first split into equal units of 1,000 m?, using the divide/ modify feature into
proportional parts tool available in ArcGIS Pro 10.7.1. This yielded a total of 41 units in Zone 1,
58 units in Zone 2, and 42 units in Zone 3. For each zone and unit, we calculated the number of
live, empty shells, and total individuals of each size, as well the number of individuals of each
condition within each habitat using the count point features within polygon features tool in
QGIS Desktop 3.18.2.

Differences in the number of individuals by size class (juveniles, young adults, and adults)
among study zones was investigated with separate one-way MANOVAs for live individuals,
empty shells, and total counts. Further one-way MANOVAs were also used to assess zone
differences in the number of individuals within habitats (seagrass, Caulerpa, mixed vegetation,
and sand) for each condition and total shells. Differences among zones in the number of live
individuals, empty shells, and total shells were also investigated with one-way ANOVA.

For all MANOVAs and ANOVAs, normality (Chi-square test) and homogeneity of variances
(Cochran’s test) were tested, and when necessary, data were log transformed to meet these

assumptions. All analyses were performed using Statistica v.12 software.

2.4. Spatial analysis techniques of point patterns

The average nearest neighbor (ANN) and Multi-distance Spatial Cluster Analyses (MDSCA)
available in ArcGIS 10.7.1 were used to investigate the type of point pattern distribution
(random, clumped, or regular) of live individuals, empty shells, and total shells at each study
area and to assess the size of potential clumps. The ANN has been proposed to be more
adequate at the low spatial scale (< 20 m; Rozas & Camarero, 2005), whereas MDSCA provides

more informative results at greater distances (up to 100s of m).



223 The ANN is given as the ratio between the observed mean distance between each feature
224 and its nearest neighbor (Do) and the expected mean distance for features given in a random

225  pattern (De):

D) 2:?=1di
226 ANN = 2022 (1)
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//n/A
227 where d; is the distance between the feature point j and its nearest neighboring feature, n

228  corresponds to the total number of features, and A is the total surveyed area specified by the
229 user and the polygon feature.
230 The average nearest neighbor z-score value for the statistic level (p value) at which

231  observed pattern deviated from expected random pattern was calculated as:

Do — De 2
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235
236 MDSCA in ArcGlIS is a transformation of the original Ripley’s K Function which is named as
237 L(d):
4)
121 1jz1K (
238 L(d) =
(@) \/ mn(n—1)
239 where d is the distance, n is the total number of point features in the study area feature (A),

240  and Kj;jis a weight. Depth was used as a weight field in the model in order to account for

241 possible effects in larval settlement. Also, given the pen shell distribution along the shallow
242  sandbars of the ancient coastline, the edge correction method was used to correct for possible
243 underestimations near the edge of the study area.

244 Given the large number of available point features (see next section), a total of 99

245 permutations was used to run the model and generate higher and lower confidence envelops.
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We used the default program setting including 10 distance bands, with 1 m as initial distance

and increments of 50 m, and the user provided study area feature class available in the tool.

3. Results
3.1. Monthly records of salinity and temperature

Monthly averages of salinity during the study (March to July 2021) varied between 35.7 +
0.2 and 36.1 £ 0.4 in the Banya zone (Zone 1) and between 35.6 £ 0.2 and 36.2 £ 0.3 in the
Trabucador (Zone 2). However, salinities above 36.5 (i.e., the lower limit for parasite infection;
Cabanellas-Reboredo et al., 2019) were detected during two consecutive weeks in the Banya
and once in the Trabucador zone, in late July. In the St. Joan Tower (Zone 3), mean monthly
salinities were lower than in outer zones, with values between 34.7 £+ 0.7 and 35.7 + 0.2 during
the study period, with values always below 36.5.

For temperature, monthly averages increased from 14.7 + 0.05 to 26.5 + 0.4 °C in the Banya
zone (Zone 1), from 14.6 + 0.03 to 26.8 + 0.8 °C in the Trabucador (Zone 2), and from 15.3 +

0.04t0 27.2 £ 0.7 °Cin the St. Joan Tower (Zone 3) between March and July 2021.

3.2. Abundances across study sites

In the Banya Peninsula (Zone 1) a total of 3,137 shells were found within the study area of
4,1 ha. Out of these, 45.9% of individuals were live individuals and the remaining 54.1% were
empty shells (Fig. 2). Among live individuals the majority (81.5%) were large adults, with a
lesser component of young adults (17.1%) and even lower component of juveniles (1.4%). In
the Trabucador (Zone 2), 1,651 shells were recorded within a larger area of 5.7 ha, although
with a similar proportion of live individuals vs. empty shells (51.7 and 48.3%, respectively). The
bulk of the live population were adults (45.3%), and young adults (46.8%), and there was also a
larger component of juveniles than in Zone 1 (7.9%). The St. Joan tower area (Zone 3) hosted

the lowest number of shells (650 pen shells in 4.2 ha), although with a higher proportion of live
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individuals vs. empty shells (62.2 vs. 37.8%) (Fig. 2). In this zone, live individuals were
dominated by young adults (60.6%), followed by adults (39.4%), with no observation of
juveniles (only 1 individual was found at a very shallow depth but was outside the study area).

MANOVA analyses with the size structure of individuals confirmed the presence of
significant differences among the three study areas, consistently for live individuals, empty
shells, and total shells (Table 1A-C; Fig. 3A-C). The Banya zone showed the highest abundance
of live individuals, empty shells, and total shells, followed by the Trabucador, and the St. Joan
Tower zone, with patterns being mostly driven by a greater abundance of large adults. For live
individuals and total shells, young adults in the Banya and Trabucador zones showed similarly
higher abundances than the St. Joan Tower zone, while juveniles were significantly higher in
the Trabucador, and lower in the Banya, and the St. Joan Tower zone, where none was
observed. In contrast, differences in the abundance of empty shells were entirely due to the
presence of large adults (Table 1B, Fig. 3B), which comprised 99.5, 95.6, and 93.5% of empty
shells in the Banya, Trabucador, and St. Joan Tower zones, respectively. Only 23 young adults
and 2 juvenile empty shells were found in the Banya zone, 30 young adults and 5 juveniles in
the Trabucador, and 14 young adults and 1 juvenile in the St. Joan Tower zone. Among
observed empty shells, only 2 adults, 1 young adult and 1 juvenile in the Trabucador were
recent.

MANOVA results with habitat groups also evidenced the presence of further significant
differences among sites (Table 1D-F; Fig. 3D-F). The Banya zone hosted most of live individuals
and empty shells, which were significantly more abundant in unvegetated sandy areas (83%
and 77.6% for live individuals and empty shells, respectively); this habitat being comparatively
scarce in the other two zones. The seagrass C. nodosa hosted most of the remaining individuals
in the Banya zone (16.8 and 22.3% of live individuals and empty shells), and similar to slightly
lower abundances were observed for individuals in the Trabucador. The St. Joan Tower zone

hosted the highest abundance of individuals in C. prolifera (82.1 and 71.1% for live individuals

12
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and empty shells), followed by the Trabucador (26.6 and 20.1%, respectively), and negligible in
the investigated area of the Banya Peninsula. The Trabucador zone featured higher
abundances of individuals in mixed habitats of C. nodosa and C. prolifera (45.4 and 47.6% for
live individuals and empty shells), followed in much lower abundance by the St. Joan Tower
zone (7.4 and 4.9%, respectively).

One-way ANOVA results for live individuals, empty shells and total shells confirmed overall
patterns, with higher abundances in the Banya zone, followed by the Trabucador, and lowest
in the St. Joan Tower zone (Table 1G-I; Fig. 3A-C).

The depth distribution of individuals also displayed notable differences among sites (Fig.
4A-C). In the Banya Peninsula, individuals were found at depths ranging from 20 to 115 cm,
peaking at 60 to 80 cm for both live individuals and empty shells, and similar ranges (10 to 125
cm) could be also found in the Traducador, although with a broader peak (40 to 80 cm). In
contrast, the St. Joan Tower zone features a deeper distribution, peaking at 120 to 130 cm and
still high abundances of individuals at 175 cm with an unknown depth limit outside the study

area.

3.3. Point patterns analyses

Results for the Nearest Neighbor (NN) analyses showed significant clustering patterns
(values < 1) in all study zones (Table 2). Clustering was slightly higher in the Trabucador (Zone
2) than in the central part of the Banya Peninsula (Zone 1), and lowest in the St. Joan Tower
area (Zone 3) which showed the highest NN Ratios and Z Scores, particularly for empty shells.
There was also a remarkable similarity in the NN ratios of live individuals vs. empty shells
evidencing the persistence of spatial patterns over large periods of time. In two of the study
zones, the Banya Peninsula, and the St. Joan Tower observed NN distances were either equal
or larger than those observed for empty shells, respectively (Table 2). In contrast, in the

Trabucador zone NN distances were slightly closer for empty shells than for live individuals.
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Results for Multi-distance Spatial Cluster Analyses (MDSCA) provided additional information
about the size of the aggregations at greater spatial scales (100s of m). In the Banya Peninsula
(Zone 1), animals were clustered up to distances of 125 m (live animals), 115 (empty shells),
and 120 m (combined data) when all shells were included in the analysis. In the Trabucador
(Zone 2), clustering patterns reached larger distances ranging from 175 m (live animals) to up
to 190 m (empty shells), and 180 m for combined data. Intermediate values were obtained for
the St. Joan Tower area (Zone 3), where pen shells we clustered until distances of 170 m (live
animals), 140 (empty shells), and 160 m (combined data). Beyond those distances, MDSPA
results evidenced tendency to dispersion. In Zone 1, the significance of these patterns with
respect to the higher and lower confidence envelopes was very little (Fig. 5A-C). In Zone 2, pen
shells showed significant clustering at distances below 100 to 130 m, and significantly
dispersed at distances from ca. 180-190 to 320-360 m in all groups (live individuals, empty
shells, and both combined) (Fig. 5D-F). In contrast, Zone 3, consistently displayed significant
clustering at distances up to ca. 140 to 170 for all groups (live individuals, empty shells, and

combined data) but patterns of dispersion were non-significant at greater distances (Fig. 5G-1).

4. Discussion

Our results show that the three study areas of the Alfacs Bay still host (by July 2021) a large
abundance of individuals —a total of 2,697 pen shells found alive in 14 Ha— that constitute one
of the few remaining reservoirs of the species in the Mediterranean, and the largest sanctuary
within Spanish waters. Our findings are comparable to the 2,762 live individuals observed
during 258 visual surveys throughout Greece by 9 research groups, most of them in the Kalloni
Gulf (Lesvos Island) and in Laganas Bay (Zakynthos Island) (Zotou et al., 2020). Yet, the total
size of populations within remaining areas is still unknown. The Alfacs Bay spreads over an
estimated area of ca. 49 km?, but the outer half of the bay was severely impacted by the

disease in 2018 (Prado et al., 2021). Besides, the local pen shell distribution seems very

14



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

restricted to shallow areas, mostly from ca. 20 to 130 cm of water depth, excepting in areas of
the North coast, where it can reach over 175 cm of water (Prado et al., 2014; this study). In the
absence of an accurate bathymetry, we roughly estimate that ca. 500 ha of suitable bay
habitat might remain to be surveyed for population abundance. The three study zones
presented distinctive densities of live individuals ranging from 1,440 (3.5 ind./ 100 m?) in the
Banya, 853 (1.5 ind./ 100 m?) in the Trabucador, and 404 (0.96 ind./ 100 m?) in the St. Joan
Tower zone, which appear to be related to local habitat quality and historical patterns of
recruitment success (Prado et al., 2014, 2020a). The Northern coast of the Alfacs Bay is
immediately adjacent to drainage channels from extensive rice agriculture and reveals signs of
siltation and eutrophication in submerged vegetation (Prado, 2018), that might have negative
effects on respiration and feeding of benthic invertebrates (Thorson, 1950). In fact, the
bathymetric distribution in the St. Joan Tower zone appears to be related to distance from silt
deposit areas as reported elsewhere (Katsanevakis, 2006). In contrast, the Banya Peninsula is
located further away from the source of anthropic influence and closer from the mouth of the
bay region which features a more reduced residence time of water (ca. 5-10 days; Cerralbo et
al., 2019) that allowed connectivity with other populations previously to MMEs (Wesselmann
et al., 2018). Despite such less favorable effects of habitat quality, paradoxically, the proximity
to freshwater discharges provides enhanced protection against the advance of pen shell
disease. Prado et al., (2021) monitored cumulative pen shell mortality in three sites of the
Banya Peninsula and found a positive association with the salinity gradient (37.4 to 35.7), with
higher rates close to the mouth of the bay (100% of individuals) and intermediate (43%) to low
rates (13%) in the middle and inner regions of the Banya Peninsula. During the study (March to
early July 2021) monthly averages of salinity were below the 36.5 low range limit established
for disease transmission (Cabanellas-Reboredo et al., 2019), although with exceptions during
late July (after georeferencing sampling) in the Banya zone (2 consecutive weeks) and in the

Trabucador (1 week), that greatly increase infection risk.
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The dynamics of disease acquisition and transmission in other organisms such as grapevine
Vitis vinifera infected with “flavescence dorée” has evidenced variations in clustering patterns
that were attributed to the temporal spread of the epidemics (Maggi et al., 2017). Also, Gienke
et al., (2014), used point pattern analysis to examine the effect of beech bark disease and
reported enhanced severity —i.e., a clustering effect—in beech saplings located in the
proximity (< 5 m) of highly cankered canopy beech trees. In contrast, our results for NN
analysis showed a general similarity in patterns of aggregation between live individuals and
empty shells, that coupled with scarce recent mortality in all zones (0.15% of total empty
shells) points to a disease-free scenario within study zones. Yet, slightly lower NN ratios in
empty shells occurred in the Trabucador zone (i.e., higher clustering) resulting in lower NN
distances which suggest the trace of a previous outbreak. In fact, the area was directly
connected with the open sea during a ca. 4-month period due to breakage of the Trabucador
sand bar during the Gloria Storm from January to May 2020 (Pinté i Fusalba et al., 2020).
Samples from five juveniles found by fishermen in the outer sea just in front of the Trabucador
sand bar during that period were all found to be positive to the parasite by PCR (G. Catanese,
pers. comm.) and reinforce the possible entrance of the disease and a subsequent
stabilization. Besides, MDSCA for the Trabucador also evidenced clustering effects at greater
distances in empty shells than in live individuals (190 vs. 175 m) further supporting the
occurrence of previous disease effects. Both NN and MDSCA showed enhanced clumping of
hosts in the Trabucador zone, which be a relevant factor limiting the advance of a disease
vector during the initial phase of an epidemic process (Caraco et al., 2001). Conversely, both
the Banya Peninsula and the St. Joan Tower showed greater larger aggregation in live
individuals (by 10 and 30 m, respectively). For the Banya Peninsula this apparent absence of
disease effects contrast with the 43% mortality observed in middle regions by Prado et al.,
(2021). Yet, monitoring circles were located ca. 250 m beyond the end of the assessed area,

pointing that this middle zone of the bay marks the transition from more affected to less
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affected areas. Besides, given the large dominance of large adults in the area, an effect of
increased natural mortality cannot be discarded given the low age expectancy of Alfacs Bay
individuals (dominance of the 8 + 1 year-old class and a maximum age of 15 years; Prado et al.,
2020a). In fact, the abundance of empty shells (ca. 54.1%, 48.3%, and 37.8% of the total shells
observed in the Banya, Trabucador, and St. Joan Tower zones, respectively) was completely
biased towards large adults, which comprised up to 97.3% of the total, with only a minor
component of young adults and juveniles (2.4 and 0.3%, respectively). Since that the Banya
zone hosted a size distribution with a greater component of adults than the other investigated
zones (90.7% vs. 70.1 and 60%), higher mortality could be mostly attributed to the presence of
older size classes. Alternatively, an enhanced disappearance of younger, brittle shells, could
also be possible, but is not supported by recruitment surveys and annual deployment of
collectors in the Alfacs Bay from 2016 (Prado et al., 2019; Kersting et al., 2020).

The relative similarity in MDSCA clustering patterns across the three study zones featuring
contrasting types of dominant benthic habitats (sand in the Banya zone, mixed vegetation in
the Trabucador, and Caulerpa in the St. Joan Tower), also suggest the absence of preferential
habitat settlement, as reported for some species of bivalves such as the Northern quahog
Mercenaria mercenaria (Bachelet et al., 1992) or the Mediterranean mussel Mytilus
galloprovincialis (Caceres-Martinez et al., 1994). Effects of differential habitat mortality are
considered unlikely due to considerably higher presence of individuals in bare sandy patches of
the Banya Peninsula, which would have facilitated access to local predators such as decapods,
cephalopods and fishes, and the gastropod Hexaples trunculus, at lengths < 45 cm (refuge size)
compared to enhanced protection provided by vegetated areas (Farina et al., 2009, Garcia-
March et al., 2007; Kersting & Garcia-March, 2017). Alternatively, they could be the combined
result of a limited dispersal capacity of oocytes and larvae from the emission source, local
circulation, and coastal geomorphology features. Oocytes of P. nobilis have been indicated a

low buoyancy and a tendency to sink (Trigos et al., 2018), and the mobility of the D-larvae also
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appears to be lower than in other bivalves (P. Prado, personal observ.), which might constrict
dispersal in confined waters. Besides, according to Cerralbo et al., (2019), water residence time
in middle to inner parts of the Alfacs Bay embracing the three study zones ranges from 35 to
45 days; a considerably longer period than the expected planktonic duration of P. nobilis larvae
(Trigos et al., 2018) and may favor local recruitment in favorable years. Another important
factor responsible for aggregation appear to be the presence of very shallow sand bars —
remains of the ancient coastline—, acting as a physical barrier for larval dispersal towards the
coast (Prado et al., 2020a). Their presence explains the distribution of pen shells along belt
areas parallel to shore and the tendency towards disperse patterns at larger scales in all zones.
Compared to other bivalves where clustering in dense matts or reefs are the result of selective
settlement patterns (Grassle et al., 1992; Vasquez et al., 2013), those of the pen shell appear
to be due to an early life-stage strategy based on low buoyancy and passive drift. The possible
effect of parental detection in larval settlement cannot be fully discarded, but there was
considerable variability in mean NN distances to another shell across zones (from only 1.2 in
the Banya to 3.1 m in the St. Joan Tower), which suggest that adult proximity is not a necessary
requirement.

The age structure of the live pen shell population in the Alfacs Bay was dominated by adult
and young adult individuals, although with significant differences among study sites. Older
individuals with greater size were dominant in the Banya Peninsula (8.15%), whereas in the
Trabucador and the St. Joan Tower, there were increasing numbers of young adults (46.8 vs.
45.2% and 60.6 vs. 39.3%, respectively for each age size and zone), evidencing that
recruitment events are sparse and not homogeneous within the bay. The overall juvenile
abundance was very low across the different zones, with values close to zero in the St. Joan
Tower and the Banya zone (0 to 1.4%) but higher in the Trabucador (7.9%), which is
comparable to local spatial variability observed in other studies (e.g., Giménez-Casalduero et

al., 2020; Katsanevakis 2006; Garcia-March et al., 2007). Yet, considering the potentially large
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size of the remaining population (only discrete bay areas were counted), the presence of
juveniles was surprisingly low; to some extent, some individuals could have been overlooked in
dense canopy areas but their absence in bare sand areas of the Banya Peninsula where adults
were very abundant cannot be misleading. A single pen shell female may release in the order
of tens of millions of eggs for reproduction (Trigos et al., 2018), thus supposedly conferring an
enormous reproductive potential to the Alfacs Bay population. Conversely, recruitment
patterns inferred from shell growth records of the posterior adductor muscle suggest window
periods of up to 11 years between successive events (Prado et al., 2020a), which is
considerably long compared to the more even size structure usually reported in open water
populations (Garcia-March et al., 2020a). The reasons for this mismatch between spawning
potential and effective recruitment are yet unclear. In open water populations, predation
mortality has been proposed as a key factor explaining differences between larval supply and
recruitment patterns before MMEs (Kersting & Garcia-March, 2017). Yet, the Alfacs Bay
appears to feature a low availability of pen shell larvae throughout the summer (Andree et al.,
2018) and recent research both in lab and in the wild points out to the occurrence of a single,
main spawning event during the month of May at temperatures ranging between ca. 19-23 °C
(P. Prado, personal observ.). Besides, repeated unsuccessful attempts to close the life cycle in
captivity using local individuals suggest the undergoing of other factors. First, Prado et al.,
(2020a) proposed that the presence of simultaneous hermaphrodism —a condition that has
been associated with pollution and environmental stress— could lead to in-breeding depression
and potentially reduced fertility. Other possible mechanism could be the occurrence of high
local inbreeding causing enhanced number of deleterious mutations and consequently
reducing fitness in the offspring of highly fecund marine animals (see Plough, 2016). For
instance, recent work in the Pacific oyster, Crassostrea gigas, has shown that genetic
unviability is a major factor driving early life mortality in hatchery and field environments

(Plough et al., 2016), and is currently being investigated for P. nobilis.
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5. Conclusion

Point pattern analysis provided integrative information on population condition and disease
outbreaks at several temporal scales. During the study period, the three study zones displayed
an apparent absence of disease symptoms but point pattern analysis (both NN and MDSCA)
evidenced enhanced clustering of empty shells in the Trabucador zone, which suggest a
previous disease condition and was likely slowed or adjourned after the reconstruction of the
Trabucador sandbar and the reestablishment of normal conditions with lower salinity (Prado
et al., 2021). Aside the Alfacs Bay, surviving populations are also known to exist in confined
waters of the Mar Menor Lagoon in Spain (Giménez-Casalduero et al., 2020), the Diana Lagoon
in Corse (Simide et al., 2019), the Salses-Leucate, and Thau lagoons in the Gulf of Lion, France
(Peyran et al., 2021), the Venice lagoon in Italy (Russo 2017), the Kalloni Gulf (Lesvos Island),
and Laganas Bay (Zakynthos Island) in Greece (Zotou et al., 2020) among other possible
locations. Yet, survival might be ephemeral without adequate monitoring and management
programs. For instance, one of the last fortresses of the species in the Marmara Sea in Turkey
appear to have been recently infected and largely lost over a period of only few months (Cinar
et al., 202143, b), pointing out the need of effective monitoring tools to guide conservation
actions such as translocation of animals to aquarium facilities now that robust protocols for
captivity maintenance have been developed (Hernandis et al., in prep). Uninfected animals
could be also moved to other natural areas or regions with lower infection risk. Besides, in
some locations such as the Alfacs Bay, the proximity of agricultural discharge channels could
allow the additional release of freshwater during periods of high risk due to increased summer
salinities. This action could particularly benefit the conservation of pen shells in middle regions
of the Banya Peninsula and the Trabucador, which are sometimes above the lower salinity
threshold for parasite infection at 36.5 and might experience an intermittent spread of the

disease. Besides, it could also be implemented to preserve estuarine conditions in case of new
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breakage of the Trabucador sand bar during heavy storms —such as the Gloria Storm in 2020
(Pintd i Fusalba et al., 2020)—, as foreseen by severe thinning over the last decade. Infection
risk also needs to be put in the context of the low presence of juveniles observed in the bay —
the last large recruitment was observed in 2017 (Prado et al., 2020a)—, thus making essential
the long-term maintenance of populations to allow new recruitment events. There is an
imperative need for compromise from the public administrations to start implementing
management actions based on proposed scientific evidence to preserve the last remaining

sanctuaries of P. nobilis.
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Fig. 1. Map of the Alfacs Bay showing the location of the 3 study areas where live individuals of

P. nobilis can still be found.

Fig. 2. Maps showing the position of live individuals (green dots) and empty shells (red dots)
and the limits of the study area. A) Banya Peninsula (Zone 1); B) Trabucador (Zone 2); and C)

St. Joan Tower (Zone 3).

Fig. 3. Pen shell abundances (mean + SE) within 1,000 m? transects at the three study sites. A-
C) Size class abundances (adults= A, young adults= YA, and juveniles=J) for live individuals,
empty, and total pen shells; and D-F) habitat abundances (sand= SA, Caulerpa= C, seagrass= SE,

and mixed vegetation= MV) also for each status and total number of shells.

Fig. 4. Results of MDSCA showing observed vs. expected patterns of clustering and aggregation
at increasing distances (for further details see the M and M section) at each study site. A-C)
Banya Peninsula: live individuals, empty and total shells, respectively; D-F) Trabucador; and G-
1) St. Joan Tower, also respectively for each status and total shells. The high and low

confidence envelops are also indicated.

Fig. 5. Depth distribution of live individuals and empty shells by study site. A) Banya Peninsula;

B) Trabucador; and C) St. Joan Tower.

31



756

757

758

759

Latitude N

Fig. 1.

40.65

45

| . 40

| e Z3

IO D

Alfacs Bay 77

40.60+ /,,,21 ¥

T P ol

1 Mediterranean Sea |
40'55 T T T T T T T T T T T T T T T T T T

0.55 0.60 0.65 0.70
Longitude E

32

0.75



Banya zone

0 75

Trabucador zone A

0 75

St. Joan Tower zone A

0 75 150 m
e

760

761  Fig.2

33



Habitat groups

Age groups

w =
HSoms
DIDI
[ [ ]
i HEE)
o HH
[
o o (=] (=]
< (] o -
<
€ >
L SECIN
Fotw
[ I
e oo
<
o (=] (=] o
<t o o~ t o

ZW 000' | ssienpIAIpUL BuiA]

ST

ST

w>=
HFons
oeoOm
=S ]
i
o =T ]
L
: ! ! ! :
o (=] o (=] o (=]
w = m o~ -
«
<>
[ I}
: o o
te ©
—e— o
m
. T . T T
(=] o Q (=] (=) o
w < -] o~ -

ZW 0001 /stiays Adw3

ST

ST

=
Fobs
Omonm
HH @
-
0 HH =
[T
=] =] =3 =3 =] <)
S @ @ + I
<
<>
s 00
: -
s 60
—e— @0
)
o o o o o o
=1 o @ =+ &

P 000°} /slIdus [B10L

ST

ST

Site

Site

762

Fig. 3

763

34



600

500 -

400 -

300 A

200 ~

No. observ. ind. Banya

100 +

e U]H It

180

PSS S & &

£ J@\ S & @\ S & S

AN

160 -

140 A

120 -

100 -

60 -

40 A

No. observ. ind. Trabucador

20 A

[ H Hn .

\,\Q

100

D S S S @\ «g\ %Q\QQQ\ S S S S
P WA ‘?)%QQQ,\Q\(L

60 -

40 -

20 4

No. observ. ind. St. Joan Tower

80

1 Live individuals -
1 Empty shells

JLHHHHHHM] I

N

764

Q

O S A N
P @@'\%@@,@r@@ Q\(OQ%Q),\Q

Depth (cm)

35

Fig. 4



Live individuals Empty shells All shells

450 450 450
A e B - c -
400 o~ 400 4 > 400 4 o
- Clustered o Clustered -~
asp | Clstered ~ 350 - 350 1
e
300 300 e 300 -
o] e
< 250 250 P < 250 1
o - s
§ 200 4 200 A s 200 4
] r -
150 o B I [ I P R O
i
100 4 100 ~ v 100 4
~
50 4 50 - e 50
Dispersed - Dispersed Dispersed
o] T T T T T T T T 0 T T T T 0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 4] 50 100 150 200 250 300 350 400 450
450 450 450
e E F
a0 P v 400 400 4
Clustered e Clustered Clustered
350 350 + 350 4
S 300 A 300 300 4
E
S 250 250 4 250 4
L
= 200 A 200 - B 200 4 ~
— =
5 150 150 g 150 g
. rd e
100 100 ~ 100 4 e
rd / ~
50 - 50 - 50 -
- Dispersed -~ Dispersed - Dispersed
0 T T T T T T T T 0 T T T T T T T T 0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
450 450 450
- e e
400 G L 400 - H 2 400 A I -
Clustered e Clustered Ve Clustered —— Observed K
350 4 350 e 350 — — —  Expected K
— / ——— Low Confidence Envelope
“39 200 4 300 e 300 | ——-—  High Confidence Envelope
2 e P A
] ] ~ J
§ 250 250 s 250 P
200 | 200 - - - 200 4 -
(2]
o 150 150 150 4
I
100 100 100 |
501 / 50 50
' Dispersed V4 Dispersed i Dispersed
0 T T T T T 0 T T T T T T T . 0 T T T T
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
Distance (m) Distance (m) Distance (m)

765 Fig. 5

36



766
767
768
769
770
771
772
773
774
775
776
777
778
779
780

781

782

Table 1. A-C) one-way MANOVA results showing differences among zones (Banya= B, Trabucador=T, and St. Joan Tower= ST) in the age composition
(adults= A, young adults= YA, and juveniles=J) of live individuals, empty shells, and total shells; D-F) one-way MANOVAs showing zone differences in habitat
distribution (sand= SA, Caulerpa= C, seagrass= SE, and mixed vegetation= MV) for live individuals, empty shells, and total shells; and G-1) one-way ANOVAs
for zone differences in the total abundance of live individuals, empty shells, and total shells. For each analysis, significant grouping obtained with SNK post-
hoc analyses are shown. Significant values are indicated in bold.

MANOVA A) Live individuals B) Empty Shells C) Total shells

Age groups Wilk’'s A df F P Wilk’'s A df F P Wilk’s A df F P

Zone 0.573 6,272 14.50 0.0000 0.657 6,272 10.57 0.0000 0.479 6,272 20.11 0.0000
SNK (A) B>T>ST B>T>ST B>T>ST

SNK (YA) B=T=>ST B=T=ST

SNK (J) T>B>ST T>B>ST

MANOVA D) Live individuals E) Empty Shells F) Total shells

Habitat groups Wilk’sA df F P Wilk’'s A df F P Wilk’s A df F P

Zone 0.174 8,270 46.93 0.0000 0.172 8,270 47.49 0.0000 0.154 8,270 52.14 0.0000
SNK (SA) B>T>ST B>T=ST B>T>ST

SNK (C) ST=T>8B ST=T>B ST=T>B

SNK (SE) B=T>ST B>T>ST B>T>ST

SNK (MV) T>ST=B T>ST=B T>ST=B

ANOVA G) Live individuals H) Empty Shells [) Total shells

Totals df MS F P df MS F P df MS F P
Zone 2 4.39 21.00 0.0000 2 6.30 32.71 0.0000 2 5.74  28.75 0.0000
Error 138 0.21 138 0.192 138 0.199

SNK B>T>ST B>T>ST B>T>ST
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Table 2. Nearest Neighbor (NN) analyses for live individuals, empty shells, and all recorded
shells at each study zone. For each analysis, the nearest neighbor index, the Z-Score, the P
value, the observed mean distance (m), and the expected mean distance (m) are indicated.

Banya center (Zone 1)

Trabucador (Zone 2)

St. Joan Tower (Zone3)

NN Ratio

NN Z-Score

P Value

NN Expected
NN Observed

Live Empty All

0.623 0.681 0.670
-27.32 -25.08 -35.27
0.000 0.000 0.000
2.667 2.457 1.807
1.663 1.675 1.212

Live Empty All

0.489 0.419 0.450
-28.56 -31.38 -42.75
0.000 0.000 0.000
4118 4.260 2.961
2.014 1.786 1.333

Live Empty All

0.731 0.842 0.788
-10.32 -471 -10.31
0.000 0.000 0.000
5.101 6.537 4.022
3.732 5510 3.171
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