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Abstract
The newly established population of Perna perna surveyed at four sites along the
Israeli Mediterranean coast averaged between 2155 and 8022 specimens/m² in June
2021. Three sites displayed unimodal size–frequency distributions, whereas the site
adjacent to Haifa port – a bimodal distribution. The population suffered catastrophic
mortality following a succession of heatwaves culminating in a prolonged heatwave
in August (ambient temperature 36 to 38 °C, sea surface 32 °C), with diurnal low tides
occurring midday. With the projected rise in both mean temperature, and prevalence,
duration, and severity of extreme high temperature events, it is likely that even if a
P. perna reoccurs, it will be of brief duration.
Key words: invasion, Mediterranean Sea, marine heat wave, mortality, population
size-frequency, Brachidontes pharaonis

Introduction
The brown mussel Perna perna (Linnaeus, 1758), a widely invasive mytilid
mussel, was first reported from the Mediterranean coast of Israel in 1965,
when live and freshly dead specimens were collected near Tel Aviv; listings
from Akko and Kiryat Haim, Israel, and Bardawil, Egypt (Barash and
Danin 1992) remain unconfirmed (Mienis 2019). No living specimens of
P. perna were documented in Israel in the next 55 years. The first
documented evidence of the reappearance of P. perna along the Israeli
coast following the long hiatus consisted of photographs of small denselypacked mussel patches north of Haifa port taken in May 2020, followed by
a handful of scattered shells on a popular bathing beach, initially considered
the remains of a seaside repast. Subsequent surveys conducted along the
shore from Rosh HaNikra (33°05′21″N; 35°06′10″E) to Zikim (31°36′45″N;
34°30′16″E) in summer 2020 revealed patchy but dense aggregations were
reported, photographed and sampled in Haifa Bay (32°49′27″N; 35°2′12″E),
Neurim (32°21′57″N; 34°51′26″E), Havazelet HaSharon (32°21′39″N;
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34°51′17″E), and Ashdod port (31°48′5″N; 34°38′36.58″E). Four molecular
markers, the mitochondrial cytochrome c oxidase subunit I (COI), ribosomal
18S, 28S subunits (18S rRNA, 28S rRNA) and histone H3, were used to
validate samples’ taxonomic identities. COI haplotype diversity suggested
that the Israeli population was highly polymorphic (Douek et al. 2021).
The specimens of the earlier ephemeral introduction were collected near
the anchorage for fuel tankers that supplied heavy fuel oil imported from
Venezuela, South America, for the operation of the Reading power station
(Douek et al. 2021). The presence of P. perna in 2020 adjacent to Haifa and
Ashdod ports, fits the pattern of a vessel-transported introduction.
Perna perna is considered indigenous to the western Indian Ocean and
the west coast of Africa and non-indigenous to the Gulf of Mexico and the
Atlantic coast of South America. Its populations in the western Mediterranean
and the adjacent Atlantic coast are considered cryptogenic (Cunha et al.
2014; Gardner et al. 2016; de Oliveira et al. 2017; Lourenço et al. 2017;
Fofonoff et al. 2018; Silva et al. 2018). Population dynamics have been
described for P. perna in the western Mediterranean (Abada-Boudjema et
al. 1984; Abada-Boudjema and Dauvin 1995), the Atlantic coast of north
Africa (Shafee 1992), South Africa (Crawford and Bower 1983; Lasiak and
Dye 1989; Lasiak and Barnard 1995; McQuaid et al. 2000; McQuaid and
Lindsay 2007), India (Appukuttan et al. 1980), Brazil (Marques et al. 1991,
1998, 2018; Suplicy 2004; Bordon et al. 2014) and Venezuela (Acosta et al.
2009), with highly disparate growth rates documented even among
adjacent populations (McQuaid and Lindsay 2007).
An opportunistic species, ecosystem engineer, and important fouling
threat with high recruit densities and rapid growth rate over a range of
water temperatures (Rajagopal et al. 1995; McQuaid et al. 2000; Hicks and
McMahon 2002; de Souza et al. 2003), the presence of P. perna on the
Israeli coast raised the possibility of major ramifications for intertidal
community structure, and warranted investigation. The main objectives of
the study were to document and compare the status of P. perna population
at four intertidal sites along the Mediterranean coast of Israel, comprising
basic data on population density, size structure, growth rate, and epibiota
within one year of their initial detection. The study plan was upended by
an unprecedented heatwave that annihilated the entire population at the
sampled sites and throughout the coastline. The preliminary data are
presented and discussed in relation to ecological impacts of increasingly
frequent extreme heatwaves in the region.

Materials and methods
Study area
The Israeli coastline, 180 km long, at the southeastern corner of the
Mediterranean, describes a slightly curved line with Haifa Bay the sole
embayment (Figure 1). Beaches, for the most part are sandy, outcrops of
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Figure 1. Sites along the Israeli Mediterranean coast where Perna perna specimens were collected
in 2021.

intertidal beach rock occur intermittently along the coast, though
continuous strips of beach rock are rare (Schattner 1967). The tide is
semidiurnal with a low-tidal range (0.3–0.6 m). The wave climate is
seasonal, characterized by low waves in spring and autumn (significant
wave height (Hs < 1 m), medium-sized waves in summer (Hs < 2 m). The
most common height is 0.5–1.0 m (54%), twice as common as 0–0.5 m
waves; 1.5–3.0 m waves occur 9% of the time. Higher waves are rare, but
during winter storms significant waves attain 5 m, very seldom 8 m
(Goldsmith and Sofer 1983; Klein 2013). Analysis of a 40-year time series
of summer temperature of the Levantine Surface Water reveal a significant
long-term increasing trend of 0.13 °C year-1 (Herut et al. 2018), a rate much
higher than the deseasonalized sea surface temperature for the whole
Mediterranean Sea or the entire Levantine–Aegean basin, 0.041 ± 0.006 °C/year
and 0.048 ± 0.006 °C/year, respectively (Pisano et al. 2020).
The frequency of summertime heatwaves has increased in the past decade
(https://ims.gov.il/he/node/1392).

Sampling
The status of intertidal Perna perna along the Israeli coast was determined
from analyses of population size structure carried out at four sites,
spanning approximately 140 km of coastline. Samples from Haifa A
(32°49′59.4″N; 35°03′04.2″E) and Ashdod B (31°44′49.5″N; 34°36′03.6″E)
(Figure 2A) were collected from semi-isolated small rocky outcrops separated
by shallow troughs from public bathing beaches; from Ashdod A, a stretch
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Figure 2. Perna perna collected along the Israeli Mediterranean coast in 2021. A. Ashdod B
(31°44′49.5″N; 34°36′03.6″E), semi-isolated small rocky outcrops, 25 June 2021; B. Ashdod A
(31°51′16.5″N; 34°39′39.3″E), exposed beach rock north of Ashdod Port, 25 June 2021;
C. Haifa B (32°49′35.1″N; 35°02′42.8″E), concrete barrier blocks of the seaward fence of Petroleum
and Energy Infrastructures (PEI) facility, adjacent to Haifa port, 24 June 2021; D. same location,
27 August 2021, dead shells. Photographs A, B by K. Gayer; C, D by M. Mendelson.

of beach rock situated north of Ashdod Port (31°51′16.5″N; 34°39′39.3″E)
(Figure 2B) and from Haifa B, concrete barrier blocks protecting the
seaward fence of the Petroleum and Energy Infrastructures (PEI) facility,
adjacent to Haifa port (32°49′35.1″N; 35°02′42.8″E) (Figures 1, 2C). Perna
perna were the space occupiers to the exclusion of all, but a handful of
Brachidontes pharaonis (P. Fischer, 1870), a long established invasive alien
mytilid. During low tide on 24 and 25 June 2021, mussels in mono-layered
mussel beds were scraped from within three randomly placed replicate
30 × 30 cm quadrates with a sturdy paint scraper and chisel. The samples
were bagged, labelled and frozen. We failed to recover one of the frozen
samples collected at the Haifa B site. Sampling was to continue seasonally,
however, an extraordinary heatwave in August 2021 eradicated the entire
Perna population along the Israeli coast. The sampling sites were denuded,
with empty shells washed ashore at all sites visited following the heatwave,
with the exception of the Haifa B site, where dead shells were collected in-situ,
still attached by their byssus to the concrete surface (Figure 2D). A sample
of the still attached Perna shells was collected. The specimens were
counted, measured (umbo to ventral margin of the left valve) with calipers
to the nearest 0.01 cm. All specimens were preserved in 70% EtOH and
deposited at Steinhardt Museum of Natural History, Tel Aviv University
(SMNH – MO 100507–100511).
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Daily ambient temperatures at Haifa and Ashdod were obtained from
the Israeli Meteorological Service website (https://ims.gov.il/en), and the
tidal forecast for the Israeli Mediterranean coastline from the Israel
Oceanographic Institute website (https://isramar.ocean.org.il/isramar2009/
tidehadera/default.aspx).

Statistical analysis
Statistical analysis carried out by employing the Statistic package: IBM
SPSS statistic 27. Sites (e.g. Ashdod A, Haifa A) and samples (e.g Ashdod A
1, Ashdod A 2, Ashdod A 3) were compared for the size of the shells using
“hierarchical ANOVA” analysis. The null hypothesis of equality of variances
was rejected by a significance level of α < 0.00.

Results
Population size structure
A total of 5691 live Perna perna were collected. The number of individuals
and population size structure reveal considerable differences among the
four sites, abundance ranging from 4292 to 8022 per m2 among Ashdod A
and B and in Haifa A. In Haifa B their number was considerably lower –
2155 per m2. Whereas samples collected in Ashdod A and Haifa B displayed
the least in-site variability in the number of individuals, those collected in
Ashdod B were least uniform. Average shell size was greater for individuals
collected in Haifa sites than in the southern sites.
The size–frequency distributions represent mussels measuring ≥ 10 mm,
as there are few seeds (< 10 mm), no measurement was made of these
mussel seeds (Figure 3). The Ashdod A samples were steeply unimodal, and
nearly uniform, the largest size cohort (≥ 25%) measuring 17.6–20.0 mm.
The Ashdod B samples differed. Whereas sample 2 resemble the Ashdod A
samples, with the largest size cohort at 17.6–20.0 mm. Samples 1 and 3,
while still unimodal, had larger sized specimens and a wider size amplitude,
the largest size cohorts (≥ 15%) measuring 22.6–25.0 and 37.6–40.0 mm.
Haifa A1–3 samples were unimodal too, but differed in size and amplitude,
the largest size cohort measured 32.6–35.0, 25.1–27.5 and 27.6–30.0 mm,
respectively.
Alone among the sample sites, Haifa B samples 1 and 2 were clearly
bi-modal, the largest size cohorts measuring 22.6–25.0, 57.1–60.0 mm and
27.6–30.0, 67.6–70.0 mm, respectively. Mussels of > 50 mm shell length were
extremely rare in Ashdod A, B and Haifa A sites (7 of 5303 specimens), but
were well represented at Haifa B samples, where a third of the mussels
attained this size. The size distribution of mussels in Haifa B samples was
skewed to the left, the peak size cohort was followed by steeply reduced
numbers of large shells, the second peak distinctly smaller than the first.
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Figure 3. Size frequency distributions of live Perna perna shells sampled in Ashdod A,B and Haifa A, B sites in June 2021, and
of dead P. perna shells sampled in Haifa B site in August 2021.

A total of 147 dead shells were collected off the concrete slabs at Haifa B
following the August 2021 heatwave. The sample size–frequency distribution
was unimodal with the largest size cohort (≥ 10%) 77.6–80.0 mm, and
largest shell length 101.8 mm. Shell sizes differed greatly between June and
August in Haifa B site: in June 66% of the shells wee < 50 mm (average size
38 mm, ± 19.7 SD, n = 194), while in August only 3% were < 50 (average size
75 mm, ± 12.5 SD, n = 174) suggesting that smaller shells had been swept
away by wave surge. The average shell sizes of the larger shells (> 50 mm) in
the June and August samples were 71.5 mm (± 4.7 SD, n = 48) and 97.5 mm
(± 9.4 SD, n = 142), respectively.

Discussion
Population size structure
Annual growth rates of P. perna differ greatly among sites and continents,
and may range from 25 to 78 mm in the first year (Hicks et al. 2001). The
annihilation of the Israeli population within 2.5 months of its first and only
live-sampled specimens left us with fragmentary but tantalizing data. The
great majority of small-sized dead shells were swept away, but those
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remaining in-situ were significantly larger than those collected in June –
the largest specimens being 101.8 in shell length compared to 82.7 mm
shell length in the earlier sample. The average size of large shells (> 50 mm)
was 71.5 and 97.5 mm in June and August respectively. The postulated
growth rate is high but aligns with figures from other warm water locales—
off the Republic of the Congo the mussel grows rapidly under natural
conditions (40 mm in just over 4.5 months) (Cayré 1978), the Texas Gulf
of Mexico populations achieved in the first year 42 to 53 mm growth, with
estimated maximum shell length values 96.8 to 101.2 mm (Hicks et al. 2001)—
similar in size to the largest specimens sampled in Haifa Bay.

Temperature
2021 was the fourth warmest year measured in Israel since temperature
measurements began in the 1950s. The first half of 2021 ranked the sixth
warmest since the early 1950s. A prolonged heatwave in late June (June 27–30)
extended into early July (July 1–3) with coastal temperatures reaching 33 to
34 °C, followed by another heatwave (July 17–19) with temperatures 31–32 °C.
August was considerably warmer than average, ranking as fourth warmest
in the past 70 years, a prolonged heatwave prevailed during its first week,
with 36 to 38 °C measured in the coastal plain, sea surface temperature
around 32 °C, and diurnal low tides occurring between the hours of 12:00
and 16:00 (https://www.israelweather.co.il/news-weatherview.asp?id=21934,
https://isramar.ocean.org.il/isramar2009/tidehadera/default.aspx). Though
cooling later, temperatures remained 2 to 2.5 °C above average (https://ims.
gov.il/he/ClimateReports). Summer heatwaves in the coastal plain occurred
in the past once every 5 to 10 years, and lasted one or two days. The 2021
August heat wave was unprecedented in its duration.

Mass mortality
The four P. perna sites held thriving mussel aggregations from May
through the end of July 2021, through an unusually hot weather and
heatwaves in both June and July. The unprecedented prolonged heatwave
in early August laid waste to the entire mussel population. Noticeably,
larger-sized mussels remained tethered to the substrate by their byssal
threads whereas smaller ones were swept away. The weaker byssal
attachment strength in small-sized mussels (Babarro et al. 2008; Macala
and McQuaid 2017), and byssus thread production decline at 32.5 °C
(Rajagopal et al. 1995), may point to a possible explanation.
Marine heatwaves (MHWs) in the Mediterranean Sea have been linked
to extirpations of hard substrate macroinvertebrates, including octocorals,
sponges, bryozoans, ascidians and bivalves (Garrabou et al. 2009; Galli et
al. 2017). Intertidal sessile biota in particular are vulnerable to heatwaves,
unable to relocate in search of thermal refugia. Mussels, sessile inhabitants
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of rocky intertidal shores, are obliged to contend with exposure to the
marine and aerial environments, requiring ample thermal tolerance.
Mortalities of marine intertidal mussels have led to studies on thermal
exposure. While some concerned native species—Mytilus californianus
Conrad, 1837 in California (Harley 2008), M. edulis on the French Atlantic
coast (Seuront et al. 2019)—few have documented heatwave-induced
mortalities in introduced mussels. Mytilus edulis (M. galloprovincialis
Lamarck, 1819, fide Inoue et al. 1997) established in Mutsu Bay, northern
Japan, since the late 1940s, suffered repeated high mortalities of specimens
inhabiting the upper intertidal in the abnormally hot summers of 1960,
1967/1968 and 1981, but not at the lower tidal level (Tsuchiya 1983). The
sole documented case of heat-induced mortality in introduced P. perna
concerns the population introduced to Texas, USA (Fofonoff et al. 2018).
The upper long-term (chronic) thermal limit for P. perna is 31 °C (Hicks
and McMahon 2002). Mortality of 44 mm long specimens originating from
the Texan coast of the Gulf of Mexico and acclimated to 15 °C, 25 °C and
30 °C, occurred after 96, 160 and 160 h at 32 °C, respectively (Hicks and
McMahon 2002) – congruent with our observations. The Gulf populations,
settled in thermally marginal habitats, collapsed when mean summer seawater
temperature rose in 1997, but reappeared in 2000 when the average summer
surface-water temperature was 28.5 °C (Hicks and McMahon 2002).
Experimental heatwave simulations revealed that sequential exposures to
sublethal temperatures reduce thermal tolerance, affecting population
demographics and survival (Pansch et al. 2018; Siegle et al. 2018). In the
two months prior to the mass mortality of M. edulis along the French
Atlantic coast in 2018, biomimetic loggers registered four periods of 5 to 6
consecutive days each when mussel body temperatures of more than 30 °C,
and occasionally more than 35 °C were recorded. Subsequent experimental
treatment revealed that survival consistently decreased with increasing
exposure events (Seuront et al. 2019). We suggest the annihilation of the
Israeli population of P. perna was brought about by concurrent exposure to
unprecedented high seawater and aerial temperatures, midday low tide,
and previous intermittent exposure to sublethal temperatures (Helmuth et
al. 2002; Hicks and McMahon 2002; Tagliarolo and McQuaid 2015; Barker
et al. 2021). With the projected rise in both mean temperature, and
prevalence, duration, and severity of MHWs in the Eastern Mediterranean
(Pastor et al. 2020; Pisano et al. 2020), it is likely that even if a P. perna
outbreak reoccurs, it will be of brief duration.
The Erythraean mytilid Brachidontes pharaonis, introduced through the
Suez Canal, is the most abundant intertidal bivalve along the Israeli coast.
Its populations were reported to have undergone heatwave-induced massive
mortality in August 2016 and failed to recover (Rilov 2017, 2018). However,
contemporaneous documentation (Barnea and Zemel 2017), backed by
material preserved at the Steinhardt Museum of Natural History, Tel Aviv
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Figure 4. Brachidontes pharaonis, Tel Aviv, summer 2021, mussel beds cover intertidal rocky
ledges, low tide. Photograph by B. Galil.

University, prove beyond doubt the continuous profuse presence of
B. pharaonis along the coast. Surveys of intertidal rocky ledges and maritime
infrastructure, including the newly inaugurated Haifa Bayport breakwater,
reveal dense beds of live B. pharaonis despite the unparalleled sequence of
MHWs in 2021 (Figure 4).
Over the past two decades, concurrent with long-term persistent warming,
the mean MHW frequency and duration in the Eastern Mediterranean
increased by 40% and 15%, respectively (Ibrahim et al. 2021). Climate
change projections suggest increased frequency and duration of MHWs in
the Mediterranean Sea. It is predicted that by 2100, at least one MHW will
occur every year, be up to three months longer, about 4 times more intense
and 42 times more severe than present-day MHW events, affecting at peak
the entire basin (Darmaraki et al. 2019; Oliver et al. 2019). The southern
Levant is the world’s most invaded marine ecosystem, with nearly 90% of
the alien species considered to have been introduced through the Suez Canal.
The warming trend, boosted by ever more frequent MHWs, favors thermallytolerant species and those adapted to warmer waters. It is likely that native
stenothermal biota unable to shift their range to deeper and/or colder water
may endure increasing stress and demographic attrition, and replacement
by warm water invasives, likely introduced through the Suez Canal.
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