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Abstract
Anthropogenic global climate change is anticipated to increase the frequency and intensity of transient extreme weather events
that can be catastrophic to ecological communities. Here, we characterize an extremely stressful, transient phenomenon on
southeastern Mediterranean (Israel) rocky shores: prolonged desiccation events (PDE). We also examined (during 2012–2014)
its potential ecological impacts on the unique intertidal Mediterranean Sea ecosystem—vermetid reefs. In this region, where the
tide is minimal but the rocky intertidal is extensive, high pressure and dry easterly winds generated by specific synoptic systems
can suppress tidal flooding and create stressful desiccation conditions in the lower intertidal zones for many consecutive days
(several days to weeks). Very long and strong PDEs resulted in extensive macroalgal bleaching and their eventual removal from
the rocks and caused mortality of stranded topshell snails and partial collapse of the mid-shore limpet population. Dominant
intertidal fleshy algae were shown to be more sensitive than calcareous algae to desiccation stress, but both die after 24 h of
exposure in lab conditions. Re-analysis of climatic data for the period 1960–2010 showed a considerable increase in the
frequency of PDE-generating synoptic systems, mainly during winter. This means that desiccation stress has already increased
on southeastern Mediterranean vermetid reef ecological communities, and if this trend continues, we can expect further increases
in aerial exposure and desiccation stress that could have long-term impacts on this fragile ecosystem. These results demonstrate
the importance of change in patterns of synoptic systems and wind regimes to the integrity of coastal ecological communities.

Keywords Climatechange .EasternMediterranean .Limpets .Macroalgae .MiddleEast .ProlongedDesiccationEvents (PDE) .
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Introduction

Anthropogenic climate change has already caused dramatic
alterations to Earth’s biodiversity and ecosystem functions
and will continue to be a major threat for years to come

(Parmesan and Yohe 2003; Gattuso et al. 2015; Molinos
et al. 2015). Ongoing global change is expected not only to
shift the average levels of pCO2, temperature, pH, and precip-
itation by regionally variable amounts but also to increase the
frequency and intensity of transient extreme events including
storms and heatwaves (IPCC 2013). It has recently been sug-
gested that increased variation, rather than changes in mean
values, may represent the greater threat to species survival
(Vasseur et al. 2014), stressing the need to study the effects
of environmental variations and especially extreme events on
ecosystems and their functions (Helmuth et al. 2014;
Ummenhofer and Meehl 2017). The gradual change in mean
values superimposed by particularly strong extreme events, or
the cumulative effect of consecutive extreme events, may
push a population or a community beyond a tipping point
(an ecological threshold, Harley et al. 2017) leading to a fun-
damental structural and functional ecosystem shift (phase or
regime shifts). The evidence of the destructive force of ex-
treme events on marine ecosystems is starting to mount, for
example, intensifying temperature extremes during El Niño
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Southern Oscillation (ENSO) events killing coral reefs (Pala
2016) or heat waves decimating kelp forests (Wernberg et al.
2016). However, the potential increase in extreme weather
events generating desiccation stress and their impacts on in-
tertidal ecosystems have rarely been studied.

In this study, we examine the trends and potential effects of
extreme events on coastal ecosystems in the Eastern
Mediterranean. According to global climate models, the
Mediterranean is and will continue to be one of the most
affected regions by global warming and extreme climate
events (Lejeusne et al. 2010), with mounting evidence of their
ecological footprint on the marine biota (Marbà et al. 2015;
Rivetti et al. 2014). So far though, most evidence comes from
the western basin. For example, several heat waves have al-
ready caused mass mortalities of subtidal reef invertebrates in
the northwestern region (Garrabou et al. 2009). The southeast-
ern Levant (part of the Middle East) is the most environmen-
tally extreme area in the Mediterranean region (Kitoh et al.
2008; Lelieveld et al. 2012), and signs of increase in extreme
climatic conditions over the past several decades have been
documented (Alpert et al. 2002; Zhang et al. 2005). The ex-
tensive climatic variability in the region makes predictions of
future conditions under climate change particularly challeng-
ing, but recent regional analyses using global climate models
project that on top of a temperature increase of between 3.5 and
7 °C by late twenty-first century and considerable decreases in
precipitation in mostMiddle East areas, extreme events such as
heat waves and droughts are expected to intensify, eventually
becoming the norm towards the end of the century (Alpert et al.
2008; Evans 2009; Kostopoulou et al. 2013). The increase in
air temperature in the region is paralleled by rapid warming of
Levantine coastal waters (Sisma-Ventura et al. 2014; Ozer et al.
2016; Sisma-Ventura et al. 2014), which contributed to the
collapse of sea urchin populations (Yeruham et al. 2015), and
possibly many other taxa on the Israeli coast in the past few
decades (Rilov 2016). Changes in wind patterns driven by
climate change have not been examined in the Middle East
but have been shown to cause strong impacts in several other
coastal regions; for example, the intensification of coastal up-
welling in eastern boundary current systems (Sydeman et al.
2014) or changes in the depth of the upper mixed layer near the
Antarctic Peninsula (Montes-Hugo et al. 2009), both leading to
substantial alterations in the ecology of coastal waters. Our
study investigates the occurrence and potential ecological ef-
fects of prolonged desiccation stress on rocky intertidal com-
munities on the southeastern shores of theMediterranean in the
context of apparent shifts in climate patterns, namely the fre-
quency of specific synoptic systems that generate dry wind
conditions.

The potential impacts of climate change in the rocky inter-
tidal—an ecosystem that can be affected by change in envi-
ronmental conditions in both the ocean and land—are large
(Harley et al. 2006) and have been studied for more than two

decades. In this ecosystem, extensive northward shifts in spe-
cies distributions have been observed (Helmuth et al. 2006),
and surprising latitudinal mosaics in the vulnerability of or-
ganisms to aerial exposure were also documented (Helmuth
et al. 2002). Among the less-studied possible impacts of cli-
mate change on intertidal ecosystems is the potential increase
in extreme intertidal desiccation events driven by changes in
both temperature and wind patterns caused by shifts in the
frequency and intensity of the dominating synoptic systems.
In the rocky intertidal, during normal tidal cycles, species in
the high tidal zone are naturally exposed to stronger and lon-
ger desiccation stress than those in the mid and low zones
(e.g., Dong et al. 2008), while on wave-exposed shores, des-
iccation stress is normally modulated by wave splash.
Prolonged aerial exposure with low humidity may result in
severe tissue damage and even death in both animals and
macroalgae (Petes et al. 2007; Martone et al. 2010). When
the sea is calm, the risk of desiccation increases even further
(Jonsson et al. 2006). On the Italian rocky shore, experimental
work showed that increasing aerial exposure had negative
effects both on diversity of assemblages and on percentage
cover of filamentous and coarsely branched algae, but these
effects were buffered by high temporal variance (Benedetti-
Cecchi et al. 2006). Desiccation stress can be particularly high
in intertidal areas where the tide is minimal, and dry winds
frequently blow from the land seaward and can flatten the
nearshore waters. Particularly long aerial exposures of the
entire rocky intertidal range during seaward (easterly) winds
were indeed observed on the Israeli coast where the tide is
minimal (Lipkin and Safriel 1971; Rilov et al. 2004).

In the eastern Mediterranean, the tide is very small (0.2–
0.4 m), but the intertidal zone can be very wide in areas where
abrasion platforms, known also as vermetid reefs (Safriel 1974;
Safriel 1975), dominate the shore. Vermetid reefs are unique
biogenic intertidal ecosystems that in the Mediterranean are
mostly found on southern shores in locations where the natural
rock is relatively soft and highly erodible, and they are most
extensive in the southeastern corner of the sea (Chemello and
Silenzi 2011), namely Israel, Lebanon, and Syria. According to
Safriel (1974, 1975), the live calcareous crust formed by
vermetid gastropod aggregations protects the platforms from ero-
sion right at sea level. The wide platforms that are formed as a
result in the intertidal zone provide a rich and varied seascape that
serves as habitat for a multitude of intertidal organisms (Lipkin
and Safriel 1971). In the Levant basin, this habitat has been
experiencing many ecological changes in the past few decades,
most visibly the formation of large mussel beds of the invasive
Red Sea species,Brachidontes pharaonis (Rilov et al. 2004), and
the disappearance of the reef building vermetid, Dendropoma
petraeum (Rilov 2016). Because the coastline in the region is
straight and highly exposed to the prevailing west or northwest
winds, the platforms are frequently washed by waves, especially
in the summer due to continuous sea-breeze and because in this
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season the tides (both low and high) are higher. This means that
the ecological community on the reef flat (typically low-shore
species) is mostly influenced by water temperature during the
summer. However, between October andMay, atmospheric con-
ditions can generate strong, dry, easterly winds that blow over the
land and seaward (Saaroni et al. 1998). These winds, when com-
binedwith high barometric pressure, can push the very nearshore
water level down so that even during high tide the platforms are
exposed to air (winds and pressure effectively Bcancel^ the ex-
pression of the high tide in the intertidal), leaving the platform
exposed to dry (warm or cold) winds for long periods, sometimes
days or even weeks. These prolonged desiccation events (here-
after, PDEs) have been frequently observed while monitoring
biodiversity on the Israeli vermetid reefs for the past 8 years
(brifely described in, Rilov 2016), and they appeared to cause
massive bleaching of macroalgae and the movement or death of
trapped intertidal animals.

An extensive study of easterly wind storms over Israel in
the years 1983–1988 indicated that the dominant synoptic
system that causes these winds is the Red Sea Trough
(RST), occurring between October and May (Saaroni et al.
1998). Easterly wind storms can carry warm or cold dry air
during the same season and often even during the same event
(Saaroni et al. 1998). An analysis of the change in patterns of
synoptic systems, conducted more than a decade ago, already
showed a general trend of increase in the number of days per
year under a RSTsystem between 1962 and 2000 (Alpert et al.
2004). This may suggest that the frequency of PDE has also
increased, which would result in elevated levels of desiccation
stress to intertidal organisms in the past few decades.

The purpose of our study was to understand the PDE phe-
nomenon in relation to local climate and weather, and its po-
tential ecological impacts on intertidal communities focusing
on vermetid reefs that can be highly impacted by PDEs be-
cause of their unique flat topography. Specifically, we had four
main objectives: (1) to explicitly define and assess PDEs by
measuring their timing, frequency, and duration and relate
them to synoptic systems, temperature, and wind patterns,
(2) to assess past trends of PDE-generating synoptic systems
and make projections for the extent of aerial exposure for the
year 2050 based on those trends, (3) to follow the fate of
ecologically important compartments of the reef community
during PDEs, and (4) to experimentally compare the vulnera-
bility of key space occupiers on the rocky shore, focusing on
fleshy vs. calcareous macroalgae.

Materials and Methods

Study Site

Most of the vermetid reefs in Israel are found on the north
coast. Our study site was located at the Dor-HaBonim Beach

where one of the longest stretches of vermetid reefs in the
country is found. The site has high biological diversity and
is located in a nature reserve (precluding most local human
stressors). The particular study site (32° 37′ 47 N, 34° 55′ 10
E) is located on a small rocky islet, 70 m offshore, that is
connected to the shoreline by a narrow rocky strip during
low tide (Fig. 1). The ecological monitoring focused on two
main reef zones (Fig. 1): (1) the mid-shore that has a moderate
slope where the back reef meets the platform (hereafter, back
reef) and (2) the low shore near the platform edge (hereafter,
platform edge) where the elevated vermetid rim (Safriel 1975)
absorbs most of the wave action but can be exposed during
long PDEs. In between is the wide platform center, which
normally holds water during low tide and calm seas but can
also dry completely during particularly long PDEs. The sea-
ward edge has the highest species diversity on the reef (Herut
2016).

Focal Functional Groups and Organisms

Our study focused on two dominant functional groups:
macroalgae and grazing gastropods. We followed fleshy and
calcareous algae (that may have different vulnerability to ae-
rial exposure) near the platform edge over the study period.
For the aerial exposure experiment (see below), we selected
two dominant red algae species: the fleshy articulated
Laurencia papillosa and the calcareous articulated Jania
rubens. We focused on the two most abundant gastropod taxa
in the back reef mid-shore level: topshells (Phorcus
turbinatus) and limpets (Lipkin and Safriel 1971). In this re-
gion today, there are two main species of limpets that are
difficult to tell apart without removal and therefore were not
distinguished in this study: the native Patella caerulea and the
invasive IndoPacific Cellana rota. Limpets strongly attach to
rocks with vacuum and mucus and move slowly, mostly at
night to avoid desiccation stress. P. caerulea have a homing
behavior, returning back to its Bhome scar^ after foraging
(Williams et al. 1999). Not much is known on the biology of
C. rota, but other members of the genus Cellana are not know
to have a homing behavior (e.g., Williams and Morritt 1995).
Topshells are much more mobile and can usually avoid desic-
cation by quickly moving to shaded, moist micro-niches, or
down towards the water during low tide (Prendergast et al.
2013) or PDEs.

Identifying and Monitoring PDE

Identifying and quantitatively documenting the occurrence of
PDEs in the rocky intertidal (without the need to be in the field
to observe it) are not trivial tasks. The best way to identify a
PDE is to know when the reef flat (low shore) remains ex-
posed to air during high tide, i.e., when nearshore waters are
depressed below the reef flat level. We define a PDE as
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including at least two consecutive high tides during which the
reef flat is exposed to air. Two main types of physical mea-
surements can be used to inform whether the rock surface is
out of the water: a pressure sensor that measures water level
above the rock (Mislan et al. 2011), or temperature sensors
(Harley and Helmuth 2003) that can be used to compare the
temperature differences between the low shore level and the
shallow subtidal waters, or to the air temperature measured in
the region (above the intertidal zone). We used the tempera-
ture comparison method. If low shore (platform flat) temper-
atures and shallow subtidal temperatures are identical for a
period of time, it almost always means that the reef flat is
covered by water and washed by the tide and/or waves. If they
are different (higher or lower), it means that the reef flat is
exposed to air and influenced by air temperature which nor-
mally varies more than water over short time scales. Similarly,
if temperature measured in the low shore level and the region-
al air temperature are similar and synchronized, it also would
normally mean that the platform is exposed to air.
Temperatures in HaBonim were measured with TidBiT v2
data loggers (Onset Computer Corporation) that recorded tem-
perature hourly, one installed (hanging inside a protective
cage) on the platform flat behind the edge (low shore level)
and the other on a rock surface, about 5 m away, at a depth of
0.5 m (shallow subtidal, always underwater, Fig. 1). Regional
air temperature data were taken from the IsraelMeteorological
Service CoastalWeather Station in Hadera, about 15 km south
of HaBonim. We used local temperature and weather data

measured over 4 years (March 2010–May 2014) to understand
the relationship between PDEs and the physical conditions in
the area. For most of the 4 years, we used the difference be-
tween platform and water temperature as the proxy for aerial
exposure, but between February 15 and October 30, 2012, the
water logger malfunctioned and we used instead the platform
and air temperature similarity as the proxy.

We determined a difference of 1.5 °C or more between the
platform and water loggers as the threshold indicating aerial
exposure, considerably more than the accuracy of the instru-
ment, ± 0.2 °C, to minimize potential false positives. For the
platform to air temperature comparison, the threshold was a
difference < 1 °C, indicating aerial exposure. The temperature
difference method will sometimes under-represent the occur-
rence or length of a PDE period as it will not take into account
PDE times when air and water temperature are very close. In a
few cases, we decided to use additional metrics to determine
that the reef was most probably exposed to air even though the
temperature data did not conform to the stated thresholds. For
example, we considered a time step in the data as exposed to
air even if the temperature difference between the platform
and water was slightly smaller than 1.5°, but only when the
platform temperature was similar to air temperature and this
time step was a small gap in what appeared to be a long,
continuous, PDE. During the period when only air and plat-
form temperature data were available, we also considered the
platform as exposed to air even if platform and weather station
air temperature was different in the winter months when

Fig. 1 Location of the main study site, Habonim, on the Israeli coast, and a drone photo and a side view of the HaBonim study site. The different zones
are indicated as well as the location of the intertidal and shallow subtidal temperature loggers (stars)
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temperatures measured on the platform were well below the
expected water temperature for the season (for example, 5 °C
inMarch when water temperature should vary between 15 and
18 °C based on data from other years). This is because air
temperature in the winter very close to the surface can be
considerably cooler than that measured in a weather station a
few meters above the ground.

Temperature data used for PDE analysis were based on
measurements taken between March 9, 2010 and May 16,
2014. For that period, tide level was determined from the
predicted sea level data for the Israeli shore provided by
Israel Oceanographic and Limnological Research (IOLR) or
from the Survey of Israel Center. We also aimed to determine
what percentage of the platform’s aerial exposure was driven
solely by PDE-generating weather conditions (winds and/or
barometric pressure and not low tide). For that, we needed to
align the temperature records with the predicted tide record
and taking into account the height of the platform. Only times
when the high tide level was high enough to cover the plat-
form but the temperature records indicated aerial exposure of
the platform were considered as exposure solely driven by the
local weather conditions. The average height of the reef flat at
HaBonim is 22 cm above mean sea level. It was measured
with a laser level (Trimble Spectra Precision Laser) relative to
a benchmark with a known absolute elevation. We also
aligned the temperature with wind and humidity data obtained
from the Hadera weather station. A PDE was considered as at
least 9 h of exposure (analysis was done on temperature data
in 3-h intervals), i.e., including at least two consecutive aerial
exposures during high tide with one low tide in between.
Aerial exposure trends were based on four main metrics: (1)
the number of aerial exposure events, (2) the average and (3)
maximum length of the exposure, and (4) the exposure hours
generated by each synoptic system per season.

Assessing Past, Present, and Future Trends
in PDE-Generating Synoptic Systems

To understand the relationships between PDEs, local weather
conditions, and atmospheric synoptic systems, we focused on
the data collected for the period mentioned above. For this
period, we calculated correlations between PDE occurrences
identified by the temperature difference data measured in
HaBonim, and the weather data measured during those occur-
rences by the weather station (wind direction and speed, hu-
midity) as well as the type of synoptic system that dominated
during every documented PDE.Wind direction was calculated
followingGrange (2014), where the direction was separated to
its U and V components in radians, and calculated considering
wind speed since the vectors are weighted by their magnitude.
The average of each component was calculated, and then, by
using arctan function, the two components were averaged to
give final mean wind direction.

In order to understand in more detail the climatic charac-
teristics during PDEs, assign a specific synoptic system to a
specific PDE or non-PDE period, and update the temporal
patterns in the dominant synoptic systems that generate them,
we have used a model that was developed to automatically
identify the typical synoptic systems that occur in Israel
(Osetinsky 2006). Osetinsky’s study used five synoptic sys-
tems that are divided into 19 different types classified for the
Middle East in a previous work (Alpert et al. 2004) to inves-
tigate regional climate trends and their connections with glob-
al trends and for the development of regional climate simula-
tions using global/regional circulation models (GCM/RCM).
Further, we used Crosstab analysis (SPSS software) in order to
find for each synoptic system, in which season it had the most
effect during a PDE, that is, when it had the highest frequency
compared to the other seasons. Then, based on this informa-
tion, we performed reanalysis of the synoptic system data of
the past 40 years to search for possible changes in the frequen-
cy of occurrence of systems that were found to correlate with
long PDEs (e.g., the RST). For systems showing a substantial
change in one season or more over the past 40 years, we
projected the change in PDE occurrence (in terms of cumula-
tive aerial exposure hours per season) for the year 2050, by
assuming that the past trends (based on simple linear regres-
sion) will continue over the next few decades. We calculated
the average number of exposure hours in a single event in the
last 4 years and multiplied it by the percentage of expected
change in the occurrence for the system responsible for the
event by year 2050, to forecast the change in exposure hours
for that year for each season. The seasonal distribution was
predetermined and is as follows: spring: March–May, sum-
mer: June–August, fall: September–November, winter:
December–February (Council 2001).

Ecological Monitoring During PDEs

In order to track the dynamics of several important func-
tional groups of the vermetid reef that might be differently
affected by PDEs, we performed nearly weekly monitoring
of the rock cover of major macroalgae functional groups at
the platform edge, as well as the density of gastropod
grazers at the back of the reef. For that, a 50-m transect
tape was laid along the platform edge or back reef, and in
15 random locations along the tape, the macroalgae cover
(edge) or gastropod density (back) were monitored inside a
0.5 × 0.5-m quadrat divided into 100 subquadrats.
Monitoring at the reef edge was conducted between
September 2012 and June 2014 and at the back reef between
September 2013 and June 2014. We also conducted intense
monitoring in five permanent quadrats (corners fixed with
stemless steel bolts) between November 2013–June 2014 that
was added to allow a closer look of the change in the dominant
macroalgae taxa specifically before, during, and after a long
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and intense sets of events that started in mid-December 2013
and were monitored almost on a daily basis for the first
2 weeks and more sparsely afterwards.

Testing Algal Sensitivity to Desiccation

We decided to focus our lab experiment on sessile low-
shore organisms as we assume that they are the ones that
would be firstly affected by prolonged desiccation (they
cannot move or hide). J. rubens and L. papillosa were se-
lected for our experiment, because they are important space
occupiers near the edge of the reef for at least part of the
year, and previous field observations suggested that they
have different sensitivities to desiccation (Rilov personal
observations). To test their vulnerability to desiccation, 18
intact thalli of each species at a size of about 3 cm were
removed from the reef on October 5 2014 and brought to
the lab at IOLR. Each specimen was measured, weighed
(wet weight after drying with a paper towel), and placed
in a Petri dish. Petri dishes were placed in an outdoor 1-m3

plastic tank filled with a thin layer (2 cm) of running sea-
water (supplied from 1-m depth) to simulate intertidal con-
ditions when the platform is gently washed by water. After
an acclimation period of 1 week, we exposed the algae to
five different durations of aerial exposure, with three repli-
cates per treatment. The exposure treatment durations were
6, 12, 24, 48, and 72 h. We measured the performance of the
algae at three time steps: just before the beginning of the
aerial exposure, immediately after the end of the exposure
period, and after 24 h in running seawater to test for possi-
ble recovery of the algae. The control (not exposed to air)
treatment included three algae that were submerged in a
Petri dish during the entire experiment. Their photosynthe-
sis rates were measured at the beginning of the experiment,
after 72 h, and again after 24 more hours in parallel to all
other treatments. Skies were clear during the 4 days of the
experiment and all measurements were taken at 12:00 PM
and therefore light conditions were similar. We used net
photosynthesis (measured as the amount of net dissolved
oxygen produced per gram wet weight) to assess the per-
formance (state) of the algae underwater. Measurements
were conducted by incubation of each specimen in a 1-l
sealed glass jar for 1 h and measuring the oxygen concen-
tration in the water before and after the incubation with an
optic sensor (WTW ProfLine Oxi 3310).

Results

PDE Trends and Aerial Exposure

During the 4 years of the studied period, there were 169 PDE
occurrences in HaBonim and most of them occurred between

late October and mid-May (Fig. 2), resulting in 1530 h of reef
platform aerial exposure (average of 16 days per year).
However, PDE frequencies and durations varied greatly
over the 4 years. In 2012, PDEs occurred in high frequency
and extended their duration starting in early April and end-
ing in mid-June; that is, spring PDE generating conditions
stretched until mid-June (June in our analysis was consid-
ered summer). Between mid-December 2013 and the end of
January 2014 easterly winds, mostly cold, dominated the
weather, resulting in multiple, almost continuous, PDEs
with only occasional, short, platform immersion periods.
The relative frequency of different exposure hours is shown
in Fig. 2b. Figure 3 shows different parameters per month:
number of aerial exposure events, number of PDEs, maxi-
mum continuous exposure, and average exposure duration
during PDE. Extreme PDEs at the 90th percentile lasted
longer than 20 h, and PDEs that lasted more than 36 h of
aerial exposure were at the 95th percentile, which occurred
22 times during the 4 years of the study. Exposures longer
than 100 h occurred only three times during that period (the
99th percentile, Fig. 2b). The longest continuous PDEs
lasted 141 h, i.e., almost 6 days, and occurred in March
and December 2011, and the third longest, 120 h, occurred
in December 2013 (Fig. 3).

Table 1 presents PDE statistics per season. Winter and
spring had the highest number of PDEs, and the greatest con-
tribution of climate to the events was during fall and winter
(over 50%). PDEs were associated with easterly winds (most-
ly northeasterly) more than 50% of the time (Fig. 2c), and the
rest of the PDEs occurred whenweakwesterly winds occurred
(i.e., calm sea conditions). The strongest winds (12–14 m/s)
came directly from the east (Fig. 2c).

The median temperature on the reef during PDEs in the
transit ion seasons (Fig. S1 in Appendix 1 of the
Supplementary information), fall and spring, was very similar
(20 °C), but the range was larger in the spring. Temperatures
were lower during winter PDEs (13 °C), and they ranged
widely from close to 5 to near 30 °C. During summer, the
average PDE temperature was highest (23 °C). Climate con-
tribution had different effects on the reef in each season.
Following, are the dominating synoptic patterns producing
PDEs by season (see system categories and their numerical
coding in Appendix 2).

Spring Synoptic Patterns (March–May)

About 46% of the PDEs occurred during the spring season
(Figs. 3 and 4). The High to the West (HW) and the Red Sea
Trough with an Eastern axis (RSTE) were responsible for the
greatest number of accumulated exposure hours, when mostly
easterly winds were blowing (Fig. 4). The HW system also
dominated the atmospheric conditions during the longest ex-
posure period in this season (6 days). During these PDEs,
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temperatures were significantly higher than outside PDE pe-
riods, and wind direction was significantly dominated by east-
erlies (mean wind direction was 118°, Table 2, Fig. 3). The
other synoptic systems that occurred during PDEs were High
to the North (HN), High Over Israel (HC), and the Cyprus Low
to the North (CLN-S).

Summer Synoptic Patterns (June–August)

The most frequent synoptic systems during summer PDEs
were the Persian Trough Weak (PT-W), the Persian Trough
Medium (PT-M), and the High to the West (HW). These sys-
tems were also responsible for most of the exposure hours,
and the HW was responsible for the longest exposure in the
season (more than 3 days in summer 2012). During these
PDEs, there were relatively lower temperatures for the season,
but wind direction or speed did not significantly differ be-
tween PDE and non-PDE periods (Table 2).

Fall Synoptic Patterns (September–November)

The most frequent synoptic system during fall PDEs was
the Low to the East Shallow system (LE-S), but RSTE

and HW were responsible for most of the exposure hours
(Fig. 3). The RSTE caused the longest exposure (+
3 days). During fall PDEs, winds were significantly
stronger but wind direction or air temperature did not
significantly differ between PDE and non-PDE periods
(Table 2).

Winter Synoptic Patterns (December–February)

The most frequent synoptic systems during winter PDEs were
RSTE, RSTC, and HN. These are also responsible for most of
the exposure hours, but the longest exposure occurred during
HE and HW that are not frequent during this season. During
PDEs in winter, temperature, wind speed, and direction sig-
nificantly differed from non-PDE periods (Table 2) as PDEs
had a colder easterly flow.

Synoptic Trends Between 1960 and 2010
and Predictions for 2050

A significant increase in frequency of the synoptic systems
dominant during PDEs was found between 1960 and 2010
for both the summer and winter seasons. The PT-W—the
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system responsible for the longest PDE in summer season
in 2012—showed an increase in frequency, mostly since
the early 1990s (Fig. 5). If this trend will continue linearly
in the future, then by 2050, the average number of expo-
sure hours in that season will increase from 15 today
(based on the 2010–2014 data) to nearly 24 h (Fig. 5).
The synoptic systems that were producing the most intense
PDEs in the winter, the RST eastern and central axis (RSTE,
RSTC), also showed a significant increase in frequency
(Fig. 5), with more than doubling in frequency after 1990
compared to the period 1960–90. If the increasing trend of
those systems is maintained, then by 2050, the predicted aerial
exposure hours during winter will more than double again
(each system will add approximately 38 h, Fig. 5).

Temporal Dynamics of Dominant Functional Groups
during PDEs

Of the 60 weeks between February 2013 and May 2014, we
sampled the platform edge community on 28 occasions.
During the summer, sampling was almost impossible due to
the constant wave action on the platform generated by the
daily sea breeze, and in winter, there were several weeks when
sea conditions were too rough to sample.

Macroalgae

At the reef edge, the calcareous and non-calcareous (fleshy)
algae showed an opposite temporal trend in rock cover
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(Fig. 6a) resulting in a strong negative correlation (r = − 0.87).
During winter and spring of 2013, calcareous algae (mostly
J. rubens), which initially dominated, reduced in cover while
fleshy algae (mostly Laurencia and Ulva) increased (Fig. 6b),
leading to a switch in dominance by late spring. The decrease
of fleshy algae in June followed a short but very warm PDE in
late May (air temperatures above 30 °C, indicated by a rect-
angle in Fig. 2, and by a black arrow in Fig. 6a). By contrast,
fleshy algal dominance in early winter reduced considerably
from late December to spring 2014 (almost zero in late April),
during and following the longest PDE sequence in the study
period (indicated by a rectangle in Fig. 2 and arrows in Fig. 6a,
see below) when dominance switched again towards calcare-
ous algae; however, these calcareous algae (mostly J. rubens)
were bleached during most of that period (Fig. 6b). Some
recovery of fleshy algae (but mostly ephemeral, opportunistic,
taxa from the family Ulvaceae) was seen in early May 2014
(Fig. 6a, b). We observed that during short PDEs (9–48 h),
bleaching in dense algae mats only appeared at the tips of the
algae, which later presumably break off the plant leaving be-
low mostly health thallus (normal color), resulting in a quick
recovery of the local population. Under long PDEs and espe-
cially following strong easterly winds that dry the platform
completely (like in the series of PDEs in winter 2013–14),
the whole thallus bleaches and dries and eventually crumbles.
Over time, when strong waves wash the platform, most of the
algal biomass is washed away, leaving mostly bare rock or
bleached encrusting algae behind, and the vacant space is
quickly taken over by spring ephemeral fleshy algae.

Grazing Gastropods

Over the 9 months of mobile grazer monitoring, the topshell
P. turbinatus at the back reef showed high variability in

density with no clear temporal pattern (Fig. 6b). The limpet
density initially increased in abundance until mid-September
2013, then decreased in late September, and sharply dropped
again in late December following exposure to very high
(31 °C in early December) and then cold air (7–10 °C in
mid-December) during the early stages of the long PDE se-
quence that started in mid-December 2013. Limpet density
remained very low for the rest of the study period.

As mentioned above, the longest sequence of PDE events
started on 14 December 2013 and was characterized (mostly)
by cold and dry easterly winds (textual and pictorial depiction
of the sequence of events are shown in Online Resource,
Appendix 3). On December 16, minor bleaching was visible at
the edge of the platform on the elevated rim but most of the reef
area still appeared healthy because the platform center still held
water, but there was no flushing. On December 17, the platform
center began drying and the algae there began to bleach, while
the back reef topshells moved lower and aggregated in wet pits
and crevices (micro-refugia). By December 26, the whole plat-
form was bleached, and many dead topshells were seen in by
then fully dried Brefugia^. Limpet mortality was also observed.
We also observed themortality of other animal species trapped in
shallow tidepools where water levels reduced. These included
crabs, sea cucumbers, other snails, and tube worms.

Algal Sensitivity to Desiccation: Fleshy vs. Calcareous
Macroalgae Vulnerability Experiment

In L. papillosa, clear signs of bleaching were already seen
after 6 h of aerial exposure, photosynthetic activity in water
reduced substantially, and there were no signs of recovery
after 24 h in running seawater (Fig. 7), indicating that the
specimens were dead after 6 h in air. Bleaching was more
severe during longer exposures and dissolved oxygen (DO)
values were negative, indicating net respiration, probably by
bacteria on the decaying algae. In J. rubens, after 6 h of aerial
exposure, DO values have increased by 25%, indicating in-
creased photosynthetic activity, but DO reduced following
longer exposures. After 24 h in running seawater, photosyn-
thesis in specimens exposed to air for 12 and 24 h had im-
proved, but there was no recovery in specimens exposed for
48 h or more, indicating that they did not survive these long
aerial exposures.

Discussion

This study is the first to investigate the relationship between
climate patterns (synoptic systems), shoreline weather pat-
terns, and extreme desiccation conditions in the coastal envi-
ronment. We demonstrate that prolonged desiccation stress
(from many hours to days) is a frequent phenomenon in the
mid- and low shore zones of vermetid reefs, a unique and

Table 1 Prolonged desiccation events (PDEs) statistics by season cal-
culated over a period of 4 years. For each season, we show the average
number of PDEs, their average duration in hours (plus standard deviation,
SD), the average duration of PDE contributed only by atmospheric con-
tribution to the event (total exposure hours minus exposure hours that
occurred during the predicted low tide), and the total seasonal atmospher-
ic contribution to PDE occurrence in percentage out of averaged exposure
hours. EPP = exposure per PDE, AC= atmospheric contribution, SAC=
seasonal atmospheric contribution. Corresponding months for each sea-
son were as follows: spring: March–May, summer: June–August, fall:
September–November, winter: December–February

Season Total no. of PDEs EPP (h) AC (h) SAC (%)

Average SD Average SD

Spring 84 16.4 4.68 7.08 2.67 43.1

Summer 11 24.8 5.50 9.00 2.24 36.3

Fall 22 19.1 5.86 10.77 5.59 56.4

Winter 52 21.5 5.48 12.33 5.48 57.3
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fragile rocky intertidal ecosystem on southeastern Levant
shores. The most extreme events (at the 90th and 95th percen-
tiles) can last more than 20 and 36 h, respectively, and occa-
sionally (< 1% of the aerial exposure events) up to 6 days of
continuous exposure to hot or cold dry air. The most extreme
PDEs cause massive bleaching of algae (and the eventual
removal of all erect algal biomass, fleshy or calcareous), con-
siderable mortality of mobile gastropod grazers that are

trapped on the platform, as well as other animals. We have
shown that two dominant algal species have different sensi-
tivities to desiccation stress, but long PDEs eventually kill all
algae. We have also identified the synoptic systems that are
responsible for most PDEs, and using reanalysis of weather
conditions, we detected considerable increases (by two fold or
more) in the frequency of occurrences of these systems in
summer and more importantly in the winter months, the
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growth season of most algae, and the season with the highest
biodiversity on Levant vermetid reefs (Rilov, unpublished da-
ta). So far, research that focused on changes in dry
(desiccating) conditions associated with anthropogenic cli-
mate change has only discussed it in the context of increase
in drought intensity and frequency on land, in both theMiddle
East and globally (Diffenbaugh and Field 2013; Kostopoulou
et al. 2013; Kelley et al. 2015; Mann and Gleick 2015;
Tielbörger et al. 2014); a change that can have huge ramifica-
tions to both natural and agricultural terrestrial ecosystems
(IPCC 2012), e.g., desertification (Romm 2011) and loss of

crops (Lesk et al. 2016). Although more research is needed on
both the climatological and ecological aspects of the PDE
phenomenon, described here for the first time, our results
present evidence for a recent increase in atmospheric condi-
tions in the Middle East that produce extreme stress to inter-
tidal ecosystems. The field and lab results, though limited in
spatial expanse, duration, and scope, indeed demonstrate the
severe ramifications that increased PDEs can have on rocky
intertidal ecosystems in the region.

PDE Characterization and Patterns

Aerial exposure periods that are driven solely by atmospheric
(synoptic systems) and local weather conditions (mostly east-
erly winds), i.e., not by low tide, were successfully identified
using the temperature difference method. That said, this meth-
od will not identify specific times when the lower intertidal is
exposed to air during high tide, while air and water tempera-
tures are very similar. Likewise, at times when air, platform,
and water temperatures are very similar (we assume that such
occurrences are rather rare and are mostly expected in the
summer), there can be false negatives or positives if only
platform and air temperature are used. In our study, to reduce
those potential false negatives and positives, we looked at the
temperature data before and after such occurrences as well as
the wind and tide data and used our expert judgment to decide
if the platform was exposed to air. The use of accurate water
level pressure sensors on the platform surface may overcome
this ambiguity. More than 50% of aerial exposure hours could
be directly explained by atmospheric contribution (i.e., not by
low tide) during winter and fall. This means that most of the
PDEs in those seasons can be predicted by weather forecasts.
Especially surprising were the results for winter when stormy
conditions (and thus wave action) are prevalent. The atmo-
spheric contribution to aerial exposure was lower in spring
(43%) and especially in the summer (36%) when strong sea
breeze generate waves that wash over the reefs almost con-
stantly, also during low tides.

The highest frequency of PDEs took place in the spring
(mostly short ones). This is a result of the unstable weather
that characterizes transitional seasons which includes the wid-
est range of synoptic systems that pass through the southeast-
ern Levant region. The longest PDEs occurred once in the
spring and twice in the early winter months. The prominent
systems forming PDEs were indeed characterized by easterly
winds that caused prolonged, very dry, aerial exposure (some-
times for many days) by pushing the very nearshore seawater
levels down, preventing the expression of high tide on the reef
flat.

The considerable increase in frequency of PDE-generating
systems (mainly RST during winter) over the past 40 years
could have significant ecological consequences. The increase
in frequency of RSTwas not steady but rather showed a major

Table 2 Comparison (T test) of air temperature (AIR TEMP), wind
speed (WIND SP), and direction (WIND DIR) (p < 0.05) between non-
PDE and PDE periods (reef exposed during high tide). Significant differ-
ences are marked in bold. * Mean wind direction and SD were calculated
by averaging the vector direction (see text for explanation).
Corresponding months for each season were as follows: spring: March–
May, summer: June–August, fall: September–November, winter:
December–February

Parameter Period N Mean SD SE p

Spring

AIR TEMP Non-PDE 3271 18.87 3.29 0.05 < 0.001

PDE 236 19.71 3.31 0.21

WIND SP Non-PDE 3271 4.23 2.49 0.04 0.697

PDE 236 4.16 2.72 0.17

WIND DIR Non-PDE 3271 310* 93* 1.90 0.014

PDE 236 118* 70* 9.22

Summer

Parameter Period N Mean SD SE p

AIR TEMP Non-PDE 2742 26.55 1.98 0.03 0.003

PDE 50 25.71 2.16 0.3

WIND SP Non-PDE 2852 3.79 1.46 0.02 0.917

PDE 50 3.82 1.64 0.23

WIND DIR Non-PDE 2852 264* 64* 1.27 0.902

PDE 50 171* 104* 12.15

Fall

Parameter Period N Mean SD SE p

AIR TEMP Non-PDE 2821 23.59 3.75 0.07 0.562

PDE 88 23.82 4.91 0.52

WIND SP Non-PDE 2824 3.87 2.27 0.04 0.010

PDE 88 4.51 2.21 0.23

WIND DIR Non-PDE 2824 347* 56* 2.07 0.105

PDE 88 16* 72* 13.82

Winter

Parameter Period N Mean SD SE p

AIR TEMP Non-PDE 2675 15.41 3.15 0.06 0.040

PDE 136 14.84 2.83 0.24

WIND SP Non-PDE 2729 4.47 2.62 0.05 0.030
PDE 136 4.06 2.04 0.17

WIND DIR Non-PDE 2729 173* 89* 1.74 < 0.001

PDE 136 72* 6.5* 4.53
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shift (more than doubling) during the early 1990s. Signs of
this increase in the 1990s were already suggested in an earlier
study that analyzed this synoptic system’s trends until 2000
(Alpert et al. 2004), and our data show that in the last decade,
those much higher RST frequencies persist, although inter-
annual variations are considerable. In parallel, analysis of
flooding trends in the Israeli Negev desert has shown increase
in flood events associated with the RSTover the past 40 years
(Shentsis et al. 2012), which can likewise have significant
ecological impacts on desert ecosystems. This dominant
PDE-forming system is more typical to transition seasons
and thus, its dramatic increase in frequency in the winter
may suggest a shift in seasonal timing and characteristics:
winter becoming more similar to spring in the Middle East.
Such climate change-related shifts have already led to consid-
erable phenological shifts in different ecosystems globally
(Visser and Both 2005). The increase in frequency of PDE-
generating systems, especially during winter, means that des-
iccation stress has already increased on vermetid ecological
communities in the Middle East over the past few decades. If
the trend continues, our rough estimations project a doubling
in exposure hours during winter by 2050. The longest se-
quence of PDEs took place in the winter of 2013–14 and
initiated in mid-December with a HW system that started with
very cold easterlies that were followed by warm and dry

southeasterly flow. Following exceptionally high tempera-
tures for December (over 30 °C) where 6 days of continuous
aerial exposure with temperatures dropping on the platform at
night below 8 °C. It was then alleviated by 2 days of submer-
gence and then continued with several shorter PDE intervals
until late January 2014, concluding almost a month and a half
of highly stressful conditions at the main growing and most
diverse season of intertidal macroalgae in the region.

There was only one long PDE (3 days) over the 4 studied
years that occurred between June and September (all of sum-
mer and early fall). It started at the beginning of summer 2012
(June 4) when a Persian Trough system prevailed, which is
characterized by weak westerly winds. This unusual occur-
rence can be again a result of changes in the seasonal timing
where spring climate conditions extend into the normally
summer months. Indeed, the reanalysis showed that the
Persian Trough steadily increased its frequency over the past
40 years. This system carries the highest air temperatures,
compared to the other summer systems. If indeed this system
will continue to intensify on the expense of other summer
systems, we should expect increasingly warmer summers in
the region, as suggested by Saaroni et al. (2010). If the current
trend persists, we project additional 10 aerial exposure hours
of the reef ecosystem during summer by 2050, when the hot-
test weather prevails. Further support for a forecast of
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increased aerial exposure comes from a recent ensemble pro-
jection of climatic changes in synoptic system occurrences in
the Eastern Mediterranean that predicts a significant increase
in RST frequencies during winter and in Persian Trough fre-
quencies by the mid- and end of the twenty-first century, on
the expense of cyclone systems (Hochman et al. 2017).

Ecological Impacts of PDEs

The weekly field sampling of the community could only in-
dicate strong impacts of extensive PDEs and not the

immediate impacts of short PDEs, which will be required in
future studies aimed at testing the progression of ecological
impacts of different types and sequences of PDEs. The data do
show a decrease in fleshy algae after exposure to the hot (in
May 2013) and the cold (in December 2013) PDEs, respec-
tively. It was impossible to follow the recovery of fleshy algae
following the May hot PDE because of continuous wave ac-
tion throughout the summer. Fleshy algae seemed to recover
relatively quickly in late spring following the winter cold and
prolonged PDE, but this Brecovery^was dominated mostly by
opportunistic, highly seasonal taxa, of the family Ulvacea.

0

5

10

15

20

25

24
 F

eb
 1

3

24
 M

ar
 1

3

24
 A

pr
 1

3

24
 M

ay
 1

3

24
 Ju

n 
13

24
 Ju

l 1
3

24
 A

ug
 1

3

24
 S

ep
 1

3

24
 O

ct
 1

3

24
 N

ov
 1

3

24
 D

ec
 1

3

24
 Ja

n 
14

24
 F

eb
 1

4

24
 M

ar
 1

4

24
 A

pr
 1

4

24
 M

ay
 1

4

Co
ve

r (
%

)

Fleshy

Calcareous

c

a

0

5

10

15

20

25
11

-N
ov

-1
3

25
-N

ov
-1

3

9-
De

c-
13

23
-D

ec
-1

3

6-
Ja

n-
14

20
-Ja

n-
14

3-
Fe

b-
14

17
-F

eb
-1

4

3-
M

ar
-1

4

17
-M

ar
-1

4

31
-M

ar
-1

4

14
-A

pr
-1

4

28
-A

pr
-1

4

12
-M

ay
-1

4

26
-M

ay
-1

4

9-
Ju

n-
14

Co
ve

r (
%

 )

Jania rubens Laurencia
Ulva Jania rubens bleached
Laurencia bleached

0
5
10
15
20
25
30
35
40

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

01
-O

ct
-1

3

15
-O

ct
-1

3

29
-O

ct
-1

3

12
-N

ov
-1

3

26
-N

ov
-1

3

10
-D

ec
-1

3

24
-D

ec
-1

3

07
-Ja

n-
14

21
-Ja

n-
14

04
-F

eb
-1

4

18
-F

eb
-1

4

04
-M

ar
-1

4

18
-M

ar
-1

4

01
-A

pr
-1

4

15
-A

pr
-1

4

29
-A

pr
-1

4

13
-M

ay
-1

4

27
-M

ay
-1

4

10
-Ju

n-
14

T.
m

ax
 (°

C)

rep
ytisned

gvA
50

x5
0 

cm

Julian date with respec�ve sampling date

Limpets

Topshells

Maximum Daily Temprature

c

b

Fig. 6 Change in macroalgae
functional groups at the platform
edge in the random quadrats over
the entire period (a), in cover of
dominate macroalgal species
(total and bleached) in the fixed
quadrats during and after the main
PDE of winter 2013–14 (b) and in
the density of mobile gastropod
grazers in the back reef (c) during
the study period. Percent cover of
calcareous (black) and fleshy
(gray) algae at the reef edge is
given for the period February
2013 and May 2014. The black
arrow in a represents the short hot
PDE indicated in Fig. 2. The
white and gray arrows represent
the beginning and end of a period
with a series of cold, long, PDEs
(indicated in Fig. 2), when the reef
flat was mostly out of water and
massive bleaching of all algae
occurred (seen in b). The average
density per 50 × 50-cm rock area
of Patella (black line) and
Phorcus (gray line) and maxi-
mum daily air temperature are
shown from the end of September
2013 until mid-June 2014. The
large gap in data in the summer
months of 2013 (between early
June and late September) is due to
the difficulty to conduct ecologi-
cal sampling of the platform edge
during this season because of
constant wave action.
Observations indicate that during
this season calcareous algae like
Jania rubens are abundant on the
platform

Estuaries and Coasts

Author's personal copy



Although both functional groups are vulnerable to long des-
iccation stress, calcareous algae appear to be more resilient
and apparently can recover faster at the population level in
the field. The simple lab experiment demonstrated that the
dominant representative of the low intertidal zone community
in the region, L. papillosa, bleaches and dies within less than
6 h of aerial exposure, whereas this short exposure actually
increases photosynthetic activity in the dominant intertidal
calcareous algae, J. rubens, and it dies only after exposures
longer than 24 h. The greater sensitivity of fleshy algae to
aerial exposure compared to calcareous algae has been previ-
ously demonstrated (Benedetti-Cecchi et al. 2006) and is
probably related to their morphological properties; however,
this aspect was rarely studied and deserves further research
(but see, Bell 1993, 1995). Our observations suggest that short
PDEs only cause minor damage (only tips bleaching) to
macroalgal mats (although they kill individual plants, as indi-
cated by the experiment, probably because mats maintain
moisture longer), which allows fast recovery (days) at the
population level. We assume that slower recovery (weeks) of
the algae after extreme PDEs or a sequence of PDEs, when all
visible erect algal biomass is eventually removed, is possible

due to the existence of a viable propagule bank in microhabitat
refugia. This is because fast recruitment from distinct popula-
tions is less likely as most macroalgae propagules settle quick-
ly and very close to the mother plant (Kinlan et al. 2005),
especially in small species (Norton 1992) like those dominat-
ing Mediterranean rocky shores. We further speculate that in
species where the propagule bank is also eliminated under
severe PDEs, recovery will be on the order of months or even
years and will depend on supply of propagules from distant
source populations that were not severely affected by the
PDE. The period of ecological monitoring in this study includ-
ed an exceptional series of intense PDEs during the winter
months, judging from 9 years of vermetid reef ecological
monitoring (Rilov, unpublished data). This has both positive
and negative aspects with regard to the aims of the study. On
the one hand, this exceptional period demonstrated the short-
term impacts of severe PDEs. On the other hand, it does not
represent the ecological dynamic of the system in a Bnormal^
year, because seasonal ecological monitoring on this coast
indicates that in most winters, algal cover is high and species
diversity at the edge of the platform is at its highest (Rilov in
Herut 2016); while in the winter of 2013–14, the rocks were
mostly covered by bleached algae which were later removed,
leaving the platform with almost no macroalgae (Fig. 6a, b).

Our weekly observations revealed that topshell abundance
fluctuated considerably, probably as a result of their high mo-
bility and tendency to move into crevices and tidepools (espe-
cially during harsh conditions) where they could not be effec-
tively counted. Topshell mortality was observed during the
cold PDE of December 2013, mostly of those that were
trapped in small refugia that went dry after few days of par-
ticularly strong and dry easterly winds. However, monitoring
did not detect population level impacts, suggesting that this
mortality had no considerable effect on the population in
HaBonim. By contrast, limpets did show a considerable de-
crease in abundance following the cold PDE of December
2013, and limpet mortality was indeed observed, with no signs
of recovery in the population for the reminder of the study
period. Longer-term time-series, in multiple locations, are
needed to fully understand the impacts on PDEs on this and
other (mobile or sessile) animal species. Rocky intertidal
topshells and especially limpets can adapt to harsh physical
conditions like extreme heat, cold, or desiccation (e.g.,
Prusina et al. 2014; Williams and Morritt 1995), but in most
regions, they experience such stress only during low tide, that
is, for only a few hours. For example, the intertidal and shal-
low subtidal limpet on the New England coast, Acmaea
testudinalis, did not survive beyond 48 h of desiccation con-
ditions (Wallace 1972). This is not the case on the southeast-
ern Mediterranean shore. Our study shows that on this coast,
limpets leaving at the mid- to low shore levels can withstand
many days of extreme desiccation conditions during PDEs,
that can be combined with cold or very hot temperatures.
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Fig. 7 Average (± SD) dissolved oxygen levels per gram algal tissue during
incubation in Jania rubens (a) and Laurencia spp. (b) under different aerial
exposure durations measured by incubation in water at three time steps:
before the exposure, immediately after the return to water, and 24 h after
the re-submergence (a recovery period) compared to individuals that were
continuously submerged and measured at the same three periods
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Nonetheless, the long exposure to cold, dry air did eventually
lead to the death of many limpets during the winter 2013 PDE.
Further research is required to determine what are the limpets
tolerance limits and how do most individuals manage to sur-
vive these highly stressful desiccation conditions for extended
periods, well beyond what is known for other regions. Our
analysis indicates when the most potentially harmful PDEs
occur. It shows that during spring, there is a strong correlation
between PDE and high air temperatures as well as easterly
winds (Table 2), and the second longest PDE occurred in this
season. During winter, there was a correlation between PDEs
and strong easterly winds and low temperatures and the lon-
gest PDE occurred in this season.

Future Trends

We suggest that PDEs will be most ecologically harmful dur-
ing spring and winter as species richness is highest during
those seasons compared to summer when PDEs rarely occur
and autumn when they are frequent but short, and species
richness is low. In future studies, it would be interesting to
compare the relative impact of cold and warm PDEs of differ-
ent durations in the different seasons. Long-term monitoring
of both physical and biological parameters will also help to
determine the potential long-term impacts of extreme PDEs on
the intertidal ecological community and local and regional
biodiversity. Examining how habitat complexity can influence
the provisioning of potential micro-refugia from extreme
events, such as PDEs, is another important venue of research.

In conclusion, the unique and fragile biogenic vermetid
reef ecosystem that has already suffered from the loss of its
main reef builder, D. petraeum, and one of its main predators,
the whelk Stramonita haemastoma (Rilov 2016), is evidently
experiencing increased desiccation stress with the apparent
increase in the frequency of PDE-generating synoptic sys-
tems. Further research is needed to explore the PDE phenom-
enon and its ecological impacts in the context of climate
change. For example, it has been shown that different dynam-
ics of the variance in aerial exposure can have different effects
on low shore ecological communities in the western
Mediterranean, where PDEs were not reported (Benedetti-
Cecchi et al. 2006). The importance of the dynamics (frequen-
cy, intervals, intensity) of PDE extreme events deserves spe-
cial attention in future PDE studies. We provided very basic,
back-of-the-envelope, projections of the potential increase of
aerial exposure hours on the reef by 2050. These forecasts do
not take into account the climate change-driven rising of sea
level, which appears to be much higher than the global aver-
age on the Israeli coast (about 13 cm since 1992, see Rosen
et al. 2013). It is possible that sea level rise might counter the
occurrence or intensity of PDEs and thus ameliorate their eco-
logical impacts on the rocky shore. In the coming decades, it
will be imperative to study the relative importance of these

two, perhaps contrasting, facets of global change to the integ-
rity of coastal ecological communities.
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