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ABSTRACT
Thermal Limits and Thresholds of Red Sea Biota

Veronica Chaidez

As ocean temperatures continue to rise, the effect of temperature on marine
organisms becomes highly relevant. The Red Sea is the warmest sea and is rapidly
warming with current surface temperatures (28 - 34 °C) already exceeding those
of most tropical systems. This has major consequences for organisms that may
already find themselves at their thermal limits. The aim of this project was to
define the thermal limits and thresholds of certain Red Sea species. Firstly, to
better understand the thermal regimes of the Red Sea, we looked at decadal trends
in maximum sea surface temperature across the basin. Then, we tested the thermal
capacities of Red Sea mangroves and zooplankton, two key ecological groups, by
performing thermal stress experiments in the laboratory. We found that the Red
Sea basin is warming faster than the global average (0.17 °C decade-1), the thermal
limit of mangrove propagules is between 33 and 35 °C, and the limits among the
most common zooplankton groups range from 30 to 36 °C. This project gives us a
better understanding of how organisms respond to extreme temperatures and how

they may be affected in a future, warmer, ocean.
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1. INTRODUCTION

1.1  Global change

Anthropogenic global change has been defined as: “the global-scale changes resulting
from the impact of human activity on the major processes that regulate the
functioning of the biosphere” (Duarte 2014). Anthropogenic climate change is one of
the most important components of global change. Since 1951, greenhouse gases
have contributed a mean surface warming of 0.5 - 1.3 °C (IPCC 2013). Mean global
temperatures have risen 0.85 (0.65 - 1.06) °C over the last century with increases
estimated between 1.5 to 4.0 °C by the end of the 21stcentury (IPCC 2013).

1.2 Ocean warming and climate change

Ocean warming is a major consequence of climate change, as the oceans are the
main reservoir for heat in the biosphere. The upper 75 meters have been warming
by 0.11 °C decade! (0.09 - 0.13 °C between 1971 - 2010) and are estimated to
continue to warm by an additional 0.6 - 2.0 °C before the end of the 21st century
(IPCC 2013). Warming will also affect the deep sea with a mean rise of temperature
from 0.3 - 0.6 °C (IPCC 2013). Sea level has risen by 0.19 (0.17 - 0.21) m since the
mid-19t century (IPCC 2013), 30 - 55% of which is accounted for by thermal
expansion. The ocean has also absorbed about 30% of anthropogenic carbon dioxide
emissions since 1971, which is contributing to a decrease in ocean pH by 0.06 - 0.32
by the end of the 21st century (IPCC 2013).

Climate change has caused isotherms to shift throughout the world. With rising
temperatures, the most common isotherm trajectories are toward the poles

although the trajectories of shifting isotherms can be locally complex (Burrows et al.
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2014). Still, efforts have been made to calculate “climate velocities”, as the rate (km
decade1) of isotherm migration with warming, which can then be used to predict
future expansion and trajectories of biogeographic ranges in a warming ocean
(Loarie et al. 2009; Burrows et al. 2011; Burrows et al. 2014). Terrestrial
biogeographical shifts are moving at about 5 - 20 kilometers decade-! (Parmesan
and Yohe 2003), while those of marine organisms are shifting at faster rates of 50 -
70 kilometers decade! (Helmuth et al. 2006). The disparity between marine and
terrestrial biogeographical shifts is due to the connectivity of the ocean and the
dispersal strategies of many marine organisms (Poloczanska et al. 2013). However,
not all oceans are equal. Those where poleward range migration is precluded by the
presence of land masses, such as the Northern Indian Ocean and semi-enclosed seas
like the Mediterranean and Red Sea, may see local extinctions of species that are
unable to migrate with the shifting climate envelopes (Cheung et al. 2009; Burrows
et al. 2011). The phenological mismatches brought about by shifting isotherms may
also have significant consequences to biological processes and the delivery of
ecosystem services (Thackeray et al. 2010), by uncoupling ecosystem and biological
processes or interactions between species (Edwards and Richardson 2004). In turn,
the timing of biological events and the delineation of biogeographic ranges will be
affected.

The warming of the ocean will directly affect organisms’ physiologies. Ectotherms
have thermal ranges where their life processes optimally function and in order to
remain in their optimal bioclimate envelopes, it will be necessary to migrate or

adapt (Dell et al. 2011). In response to warmer temperatures, marine organisms
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may shift their latitudinal and/or depth range or adjust their phenological
responses (Perry et al. 2005; Parmesan 2006; Dulvy et al. 2008). For example,
phytoplankton blooms, which can respond quickly to environmental conditions,
have already advanced 6.3 days decade-! (Poloczanska et al. 2013). Vulnerability of
extinction will depend on organisms’ capacities to adapt or migrate. Polar
organisms, adapted to a narrow temperature range, cannot escape by migrating to
higher latitudes and organisms in the tropics may already be at or near their
thermal limits.

1.3  Thermal thresholds and the Arrhenius equation

Independent research lines are converging in establishing temperature thresholds
nearing 30°C for many organisms in the temperate and tropical regions of the world
ocean (Cantin et al. 2010; Jones et al. 2010; Olsen et al. 2012; Thomas et al. 2012;
Boyd et al. 2013; Duarte 2014). A threshold is the changing point between two
different regimes (Anderson et al. 2008), and a temperature threshold is the
temperature beyond which a sharp decline in performance occurs (Dell et al. 2011).
The Arrhenius equation has become a useful tool in understanding these thresholds
and regimes. The Arrhenius equation was originally formulated to model the
temperature dependence of chemical reaction rates (Laidler 1984), but it has since
been found to be applicable to other processes, including ecological ones (Dell et al.
2011). This temperature dependence however is not monotonous and actually has
different regimes. Most organisms exhibit at least two regimes in their metabolic
and physiological response to temperature effects, one above their optimal

performance temperature (rise), and one below their optimum (fall) (Dell et al.
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2011) as illustrated in Figure 1.1 (Dell et al. 2011). The figure reproduced from Dell
et al. (2011) (Figure 1.1) shows the Boltzmann - Arrhenius model, which involves
calculating activation energies from the temperature dependence of reaction rates.
Activation energy is the minimum energy required for reactants in a system to react.
The range of the rise component is where organisms normally operate (Dell et al.
2011). The fall regimes of biological traits are usually steeper and typically indicate

biological collapse, highlighting the importance of understanding the thresholds of

organisms (Dell et al. 2011).
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Figure 1.1. The unimodal thermal response of radial growth rate of sac fungi (m /
(colony * s)). Green and brown curves are linear least squares regressions to the
Boltzmann-Arrhenius model for the subset of data that are the rise and fall

components, respectively. Figure from the supplementary material of Dell et al.
2011.

1.4  Metabolism and thermal limits
Temperature is a key driver of metabolic processes. According to the metabolic

theory of ecology, metabolic rates vary with body size and temperature and may be
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used to help determine the responses of life histories, community and population
dynamics, and ecosystem processes to temperature changes (Brown et al. 2004; Dell
et al. 2011; Boyd et al. 2013; Holding et al. 2013). There is evidence that with rising
global temperatures, many physiological processes will accelerate, such as
increased phytoplankton and bacterial growth, egg development, larval dispersal,
and mortality (O’Connor et al. 2007; Dell et al. 2011; Regaudie-de-Gioux and Duarte
2012). Although metabolic rates increase with temperature, there are thermal limits
to the physiological capacities of organisms (Olsen et al. 2012; Thomas et al. 2012;
Boyd et al. 2013). In particular, most organisms are characterized by thermal
optima close to the upper range of their thermal niche, with an abrupt decline in
performance at warmer temperatures (Olsen et al. 2012; Boyd et al. 2013). Hence,
the transition between optimal temperature and lethal and sublethal temperature is
relatively abrupt.

Boyd et al. (2013) compiled temperature experiments run at multiple research
institutions to measure the growth rates of 25 strains of phytoplankton. Among
genera, optimal growth temperatures and other reaction norms differed while
similarities within a species were common, pointing toward an evolutionary history
of selection (Boyd et al. 2013). In a study by Thomas et al. (2012), the optimal
growth rates of multiple strains of phytoplankton were compared to the mean
temperatures of their environment. Phytoplankton from polar and temperate
waters had higher optimum temperatures than the mean annual temperature of
their respective ocean basins, while tropical strains closely matched the mean

temperatures of their habitat (Thomas et al. 2012). This could be an indicator that
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phytoplankton in the tropics are already approaching their thermal limits.
Phytoplankton show higher variability at the ceilings of their thermal niches and
more uniformity in their optimal temperatures signifying a potential for genetic
plasticity at their thermal limits (Boyd et al. 2013). Thomas et al. (2012) also looked
at past and potential biodiversity patterns based on changing temperature regimes
noting that extinction rates might increase at the lower latitudes. A 2 °C (0.6 - 2.0
°C) rise in the first 100 meters of the ocean has been predicted by climate change
scenarios (IPCC 2013). With a rise of 2 °C, one-third of tropical phytoplankton
species are at risk of becoming extinct as many exhibit declines in growth rate at
temperatures exceeding their optimum (Thomas et al. 2012). Characterizing
reaction norms also allows for the inference of biogeographical ranges and
biodiversity changes (Boyd et al. 2013). For example, as annual temperatures rise
above the thermal limits of N2 fixing microbes (diazotrophs), they are likely to be
replaced by more thermally tolerant microbes (Breitbarth et al. 2007), leading to
the loss of a fundamental ecosystem function.

1.5 Shifting isotherms

Ocean warming will see the disappearance of isotherms near the poles and the
creation of new ones in the tropics (Williams et al. 2007). As isotherms migrate, so
too must the organisms optimally adapted to those climate envelopes (Burrows et
al. 2011; Poloczanska et al. 2013). However, no organism is yet adapted to
isotherms that appear for the first time over millennia and therefore, organisms in
the tropical ocean in conjunction with those at the poles, are at greatest risk with

warming. Another factor to consider is how quickly these isotherms are shifting and
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whether this is ample time for organisms to either migrate or adapt. Due to the
homogenous nature of the ocean environment, the velocity of climate change is less
patchy than on land (Burrows et al. 2011). In the last fifty years, isotherms at the sea
surface have traveled at an equal or faster rate than isotherms on land (about 1.5 to
5 times faster) (Sorte et al. 2010; Burrows et al. 2011). Whether organisms and
ecological communities are capable of migrating with them is of important
consequence to predict the impacts of ocean warming on biota. A high extinction
rate is predicted for phytoplankton in the tropics (Thomas et al. 2012), which is also
predicted to experience a drop of 40 - 60% in fisheries yield by 2055, further
exacerbating food insecurity in the region (IPPC 2014).

We seek to find the upper limits of Red Sea biota and measure the effect of
temperature on their growth, fecundity, and survival, as these are important factors
for understanding adaptation and resiliency to current and future thermal pressure.
The Red Sea is an ideal candidate for such an undertaking as it is one of the warmest
seas. What is more, articles on the thermal limits of its organisms are highly lacking,
although it is one of most extreme environments on earth in terms of temperature
and salinity.

1.6 The Red Sea

The Red Sea is a semi-enclosed, extremely warm sea basin, experiencing rapid
warming (Fishelson 1971; Belkin 2009; Raitsos et al. 2011; Raitsos et al. 2013).
Between 1982 and 2006, the average annual temperature of the Red Sea increased
by 0.74 °C (Belkin 2009), which is on par with the global average (0.85 °C) (IPPC,

2013). Raitsos et al. (2011) report an intense warming after 1994 with a difference
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of 0.7 °C following the shift. Average temperatures in the Red Sea exceed those of
other tropical regions (Kleypas et al. 2008; Cantin et al. 2010) with recorded
temperatures already exceeding the known thresholds of many marine organisms
(up to 33 °C in the Southern Red Sea, Sawall et al. 2014). Although it is considered a
fast warming, large marine ecosystem, its thermal regimes and evolution remain
largely understudied (Belkin 2009). We have at present, limited understanding of
how organisms cope with its warm environment or how they will cope in a future,

warmer, Red Sea.
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2. OBJECTIVES

This Ph.D. dissertation aimed to delineate the thermal limits and thresholds of Red
Sea organisms, which had been previously lacking in the literature. Three chapters
explore the historical decadal trends and current warming of the Red Sea, the
thermal tolerance of Avicennia marina propagules, and the thermal thresholds of

zooplankton in the Red Sea.
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3.1. Abstract

Ocean warming is a major consequence of climate change, with the surface of the
ocean having warmed by 0.11 °C decade! over the last 50 years and is estimated to
continue to warm by an additional 0.6 - 2.0 °C before the end of the century (Rhein
et al. 2013). However, there is considerable variability in the rates experienced by
different ocean regions, so understanding regional trends is important to inform on
possible stresses for marine organisms, particularly in warm seas where organisms
may be already operating in the high end of their thermal tolerance. Although the
Red Sea is one of the warmest ecosystems on earth, its historical warming trends
and thermal evolution remain largely understudied. We characterized the Red Sea’s
thermal regimes at the basin scale, with a focus on the spatial distribution and
changes over time of sea surface temperature maxima, using remotely sensed sea
surface temperature data from 1982 - 2015. The overall rate of warming for the Red
Seais 0.17 + 0.07 °C decade-l, while the northern Red Sea is warming between 0.40
and 0.45 °C decade, all exceeding the global rate. Our findings show that the Red
Sea is fast warming, which may in the future, challenge its organisms and

communities.

3.2. Introduction

Ocean warming with climate change (Rhein et al. 2013) is creating challenges for
organisms, which accommodate to warming by shifting their distribution poleward
and advancing their phenology (Poloczanska et al. 2013). While parts of the ocean

may be warming gradually, others may experience rapid fluctuations, tipping points,
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or extreme weather events, such as heat waves, likely inducing greater impacts on
biodiversity (Duarte et al. 2012; Rhein et al. 2013), as exemplified by the impacts of
heat waves on seagrass (Marba and Duarte 2010; Jorda et al. 2012) and other
organisms in the Mediterranean, a rapidly warming sea (Marba et al. 2015).
Extreme heat events such as ocean heat waves propagated by El Nifio-Southern
Oscillation are also major concerns for coral reefs as they may lead to bleaching
(Wilkinson 1998; Lasker 2005; Tkachenko 2015). The magnitude and duration of
such events is important for organisms experiencing temperature anomalies outside
their optimal thermal range and perhaps even above their thermal limits. High
temperature anomalies of air and water are also linked to stratification of the water
column, potentially diminishing oxygen levels and/or increasing microbial
virulence, thus causing mass mortality of organisms and disrupting community
structure (Romano et al. 2000; Sparnocchia et al. 2006; Coma et al. 2009).

Impacts of warming are likely to be greatest in semi-enclosed seas, which tend to
support warming rates faster than average (Jorda et al. 2012; Lima and Wethey
2012), and where the capacity of organisms to adapt to warming by shifting their
biogeographical range poleward is limited by the presence of continental masses
(Burrows et al. 2011), rendering most semi-enclosed seas climatic sink areas for
marine organisms (Burrows et al. 2014).

The Red Sea is a semi-enclosed, extremely warm sea basin, experiencing rapid
warming (Fishelson 1971; Belkin 2009; Raitsos et al. 2011; Raitsos et al. 2013).
Between 1982 and 2006, the average annual temperature of the Red Sea increased

by 0.74 °C(Belkin 2009), comparable to the global average of 0.85 °C (Rhein et al.
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2013). An intense warming event occurred in 1994 leading to a 0.7 °C increase in
mean annual SST (sea surface temperature) (Raitsos et al. 2011). Modern average
temperatures in the Red Sea already exceed those of other tropical regions (Kleypas
et al. 2008; Cantin et al. 2010). Although it is considered a fast warming, large
marine ecosystem, its thermal regimes and evolution remain largely unresolved
(Belkin 2009; Sherman et al. 2009). Yet, the Red Sea hosts one of the largest reef

systems in the world, where organisms may be already close to their thermal limits.

Whereas most analyses focus on mean seawater temperature, maximum
temperature may be a more relevant property in relation to some specific questions.
For instance, thermal collapse is determined by temperature exceeding the thermal
capacity of organisms (Stillman 2003), which is, therefore, dependent on the
maximum, rather than the mean temperature the organisms experience. This may
be particularly important in the Red Sea where maximum seawater temperatures
are already extremely high. Yet, available analyses of thermal regimes in the Red Sea
focus on annual mean values (Raitsos et al. 2011; Raitsos et al. 2013; Sawall et al.
2014; Roik et al. 2016), rather than the dynamics of maximum temperature. Here
we characterize the variability in temperature maxima across the Red Sea and over
time (1982 to 2015), based on daily values, identifying rates of change in annual
maximum sea surface temperature, hereafter Tmax, as well as the distribution of

anomalies, relative to Tmax over time.
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3.3. Materials and Methods

3.3.1. Dataset

We used remotely sensed sea surface temperature (SST, °C) data to examine
maximum temperatures on a basin-wide scale across the Red Sea. The AVHRR - OI
(Advanced Very High Resolution Radiometer - Optimum Interpolation) Pathfinder
sensor currently provides the longest continuous daily dataset of infrared SST from
1981 to present (Reynolds et al. 2007), allowing the assessment of decadal trends of
temperatures. Whereas other sensors provide higher resolution, in terms of pixel
size, they encompass a period too short to be climatically-relevant as yet (ERS-
1/ATSR-1 and Acqua/AMSR-E) (Brasnett 2008) and do not allow us to identify, with
confidence, the maximum temperature achieved over time. A daily Level-4, gap-free
dataset merging day and night analysis AVHRR SST was obtained from NASA'’s
(National Aeronautics and Space Administration) National Climatic Data Center” at
podaac.jpl.nasa.gov accessed on January 5, 2016 encompassing 34 years over the
period 1982 to 2015. This dataset has been optimally interpolated and mapped on a
0.25° x 0.25° grid. The values in the dataset were corrected with in situ
measurements from buoys and ships (Reynolds et al. 2007). Daily fluctuations in
daily SST time series may significantly affect the measurement of maximum SST
phenology and magnitude, because the recurrence of the passage of AVHRR
Pathfinder is 2 to 3 days and, the time of passage may not match the time of Tmax,
typically found in the late afternoon with a daily range in Tmax, derived from

moorings in the central Red Sea, of up to 3 °C. Moreover, the individual estimates
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may be affected by dust, which is prevalent in the region at the time of Tmax, and
cloud cover. Whereas the data we used is interpolated, the individual daily values
may be affected by the sources of error above, leading to underestimates of the
actual Tmax. To attenuate this source of error, we extracted the maximum daily T
value within sets of interpolated daily values over 8-day periods, and then selected,
for each of the 669 pixels, the highest T observed in any one year as that providing
the best estimate of Tmax for that pixel and year. The dataset can be downloaded
from the Pangea open-access data repository (Chaidez et al. 2017).

3.3.2. Calculating decadal trends

The decadal trends of maximum temperatures and time of occurrence were
estimated by fitting a linear regression relating Tmax to year for each of the pixel’s
yearly time series. The slopes of the fitted linear regressions provide an estimate of
the rates of change for each pixel in the Red Sea (units: °C decade-1, and days decade-
1, respectively). We tested the possible occurrence of autocorrelation in Tmax among
years, and found, for a sample of pixels, no evidence of autocorrelation, i.e. the Tmax
in any one year is independent of Tmax in preceding year(s).

3.3.3. Calculating heat anomalies

For each pixel, a reference maximum temperature was computed by taking the
mean of the highest temperatures per year over the study period. A heat wave event
was defined as a yearly maximum temperature above the reference maximum
temperature by a given threshold chosen at 0.5 °C intervals between 0.5 and 1.5 °C.
The number of heat wave events over the 34 years was counted for each pixel, as

well as the area of the Red Sea experiencing heat waves of various magnitudes in a
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given year. A Kruskal-Wallis test followed by Dunn’s test for multiple comparisons,
was used to compare the frequencies of occurrence for all magnitudes of heat
anomalies in Figure 3.5. The percentage of area in Figure 3.6 was calculated as the
percentage of pixels. We are aware that the area of each pixel depends on latitude,
as the length of a degree longitude varies with latitude. However, for the narrow
range of latitude covered by the Red Sea, the difference is minimal, so percent of
pixels and area are essentially equivalent.

All data manipulation and analyses were conducted using R (v3.3.1, www.R-

project.org).

3.4. Results

3.4.1. Warming rates and timing.

The Red Sea displays a latitudinal gradient of increasing Tmax from north to south
with the southern Red Sea exhibiting the highest Tmax (33 °C) until the southernmost
Bab-el-Mandeb Strait (Figure 3.1). The Gulf of Suez and the Gulf of Aqaba both

exhibit lower temperatures than the open Red Sea (Figure 3.1).
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Figure 3.1. Distribution of mean (from 1982 to 2015) maximum annual temperature
(Tmax) across the Red Sea. Insert shows the latitudinal changes in mean (from 1982 to
2015) Tmax. Values based on daily temperature data. Image created using R (v3.3.1,
www.R-project.org) including packages: ggplot2 (Wickham 2009) and rasterVis
(Lamigueiro and Hijmans 2016), RStudio (v1.0.143, www.rstudio.com), and InkScape
(v0.91, www.inkscape.org).
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Figure 3.2. Average yearly timing of maximum annual temperature (Tmax) across the
Red Sea. Insert shows the latitudinal trend in the average timing of Tmax. Image
created using R (v3.3.1, www.R-project.org) including packages: ggplot2 (Wickham
2009) and rasterVis (Lamigueiro and Hijmans 2016), RStudio (v1.0.143,
www.rstudio.com), and InkScape (v0.91, www.inkscape.org).



34

The northern Red Sea experiences Tmax throughout July while Tmax is reached
between late July and mid-August in the southern Red Sea (Figure. 3.2). The area off
of Al Lith, Saudi Arabia, prominently exhibits delayed Tmax from approximately mid

August to early September (red area in Figure. 3.2).
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Figure 3.3. (a) Decadal rates of warming (°C decadel) and (b) change in timing
(days decadel) of mean maximum annual temperature (Tmax) across the Red Sea.
Image created using R (v3.3.1, www.R-project.org) including packages: ggplot2
(Wickham 2009) and rasterVis (Lamigueiro and Hijmans 2016), RStudio (v1.0.143,
www.rstudio.com), and InkScape (v0.91, www.inkscape.org).

We assessed the rate of change in the magnitude and timing of Tmax across the Red

Sea. We observed a significant trend toward increased Tmax across the Red Sea, at an
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average rate of 0.17 + 0.07 °C decade! (p = 0.02, df = 32, t = 2.437). Rates of change
in Tmax varied across the Red Sea, with highest rates found in the colder areas of the
Red Sea, including the northern Red Sea with rates for the Gulf of Suez and Gulf of
Aqaba at 0.40 - 0.45 °C decade-! (Figure 3.3a). The region experiencing the lowest
rate of warming is, again, that exhibiting a delayed Tmax off the coast of Al Lith, Saudi
Arabia (blue area in Figure 3.3a).

In addition to a general pattern toward increasing Tmax, maximum temperatures in
the Red Sea are also being reached earlier, with an average rate of change in the
timing of Tmax of 0.19 *+ 0.30 days earlier decade-! (Figure 3.3b). Most of the Red Sea
experienced progressively earlier Tmax by 0.1 to 2 days earlier decade1, but a region
in the southern Red Sea showed a delay in Tmax by 1 to 2 days decadel. This is the
same region that exhibits anomalous trends in the annual timing of Tmax (Figure

3.2).
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when maximum annual temperature (Tmax) reached 1.0 °C higher than the mean
Tmax for 1982-2015. Image created using R (v3.3.1, www.R-project.org) including
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37

3.4.2. Heat anomalies.

Heat waves representing anomalies of 1.0 °C above the average Tmaxwere observed
more frequently in the northern half of the Red Sea over the last 34 years. The
majority of the basin experienced such anomalies during at least one year and up to
6 years (which may or may not have been successive years). Some areas in the
northern Red Sea, including the Gulf of Aqaba, experienced 1.0 °C magnitude heat
waves as often as 5 or 6 years over the 34 year period examined here (Figure 3.4).
Tmax values 0.5 °C above the mean (1982 - 2015) values occurred 15 to 24% of the
years, whereas thermal anomalies involving Tmax values 0.75 °C above the mean
values occurred 6 to 12% of the years, and years with Tmax values of 1.0 °C above the
mean values occurred with a probability < 6% (Figure 3.5). The decline in the
frequency of Tmax anomalies with increasing magnitude of anomalies was significant
(Kruskal-Wallis, p < 2.2e°16, chi-squared = 2674, df = 4, Figure 3.5) and significant

differences were found among all groups (Dunn’s, p < 0.05, Z range = [4:44]).
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Figure 3.5. Probability, as the frequency of occurrence between 1982-2015, of
maximum annual temperature (Tmax) anomalies of different magnitudes. A Kruskal-
Wallis test and post-hoc Dunn’s tests found significantly different frequencies
among and between all anomalies (Kruskal-Wallis, p < 2.2e-16, chi-squared = 2674,
df = 4; all Dunn’s tests, p < 0.05, Z range = [4:44]).
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anomalies of different magnitudes between 1982 and 2015. Red indicators signal
the occurrence of El Nifio events.

3.5. Discussion

The latitudinal gradient of increasing Tmax from north to south in the Red Sea is
largely a consequence of the variation in solar radiation associated with these
latitudinal differences, and is consistent with previous studies reporting the same
trend based on mean temperatures, with the warmest thermal regime in the
southern region!®. The Gulf of Suez and the Gulf of Aqaba have colder thermal
regimes. Previous studies reported that, in the summer, the surface water entering

the Gulf of Agaba from the Red Sea is about 2 °C warmer than the water inside the

Gulf (Manasrah et al. 2006).
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The Red Sea basin presents a discontinuity in terms of the timing of Tmax, associated
with an abrupt transition between 20 and 22 °N. The timing of Tmax occurs two
months earlier south of this boundary compared to the timing north of this
boundary. The distinct break between North and South (Figure 3.2), may be
evidence for the strong coupling of wind and sea surface temperatures over the
basin as in other ocean systems (Hayes et al. 1989; Chelton et al. 2004; Chelton et al.
2007). During winter (October - April), the basin experiences opposing southward
and northward winds, converging at about the same belt between 19 - 20 °N
(Raitsos et al. 2013) where the divide in timing of Tmax is observed. From May to
September, the major wind vector is from north to south (Raitsos et al. 2013).

The warming rate of the Red Sea, 0.17 + 0.07 °C decade, is higher than the global
ocean rate of 0.11°C decade! (Rhein et al. 2013). The northern Red Sea is warming
faster with the Gulf of Suez and Gulf of Aqaba (0.40 - 0.45 °C decade!) (Figure 3.3a)
warming four times faster than the mean global ocean warming rate. The semi-
enclosed nature of the two gulfs as well as that of the Red Sea as a whole may
account for the intense warming (Fishelson 1980; Belkin 2009; Nykjaer 2009), while
the slower rate of increase in the southern Red Sea may be buffered by its closer
connection to the Indian Ocean. Although the northern Red Sea is warming faster, it
remains the coolest region in the basin throughout the year.

Increased Tmax will have effects on marine biota, which are particularly vulnerable
to heat waves, when their thermal limits may be approached or exceeded (Stillman
2003; Thomas et al. 2012). The occurrence of heat anomalies, which are also likely

to increase in the futurel, are greatly relevant to the physiology of organisms,
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particularly for those inhabiting already warm environments, like the Red Sea,
where temperature anomalies may lead to thermal collapse ( Jones et al. 1998;
Thomas et al. 2012; Maor-Landaw et al. 2014; Sawall et al. 2014). The years 1999
and 2001 experienced the largest anomalies across the basin (Figure 3.6). During
the years 1997 - 1998, one of the strongest El Nifio events occurred, while 2000 -
2001 was considered a weak La Nifia event (Hjelle and Glass 2000). The years 2003
and 2015, also El Nifo years, showed the second greatest percentage of area
covered by Tmax anomalies, although of a relatively small, 0.5 °C, magnitude (Figure
3.6).

Systematic monitoring efforts are required to detect the effect of heat anomalies on
marine organisms, such as bleaching and mass mortality events (Caputi et al. 2014).
Unfortunately, there is no systematic monitoring of biological events in the Red Sea,
such as bleaching events, which may be affected by thermal anomalies such as those
reported here. Extensive bleaching was reported in the southern half of the Red Sea
in 2015, one of the years with extensive, but relatively moderate, thermal anomalies
in our analysis (Figure 3.6). Whether bleaching events also occurred in other years
with extensive Tmax anomalies is unknown due to lack of long-term monitoring,.

The distribution of Tmax in the Red Sea conforms to the four provinces, described by
Raitsos et al. (2013) based on phytoplankton biomass. The warmer Tmax regime in
the South is associated with higher phytoplankton biomass, while the lowest Tmax in
the northern Red Sea is associated with the lowest phytoplankton biomass.
However, this pattern may be a result of the decrease in nutrient concentrations

from south to north along the Red Sea (Souvermezoglou et al. 1989), rather than its
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thermal regime. A region in the central Red Sea emerges as deviating from the
general pattern with a slower rate of warming and Tmax reached later in the year
over time.

That Tmaxis rapidly increasing in the Red Sea, which is already one of the warmest
seas, anticipates challenges to biota. Whereas Tmaxis increasing more rapidly in the
North than in the South, the warmer thermal regime in the South may already be
near the thermal limits of organisms and, therefore, even a modest increase in Tmax
may suffice to exceed their thermal tolerance, although experimental work is
necessary to test this suggestion. Unfortunately, although the Red Sea ranks as the
warmest sea on the planet, aside from one study examining the effect of
temperature on grazing rates of Red Sea parrotfish (Afeworki et al. 2013), there is,
at present, no quantitative information on the thermal limits of Red Sea biota.
However, reports of a decline in coral growth and calcification across the thermal
range of Red Sea corals (Sawall et al. 2015), together with widespread bleaching in
the southern half of the Red Sea during 2015, as well as lower growth rates reported
for brown macroalgae (Ateweberhan et al. 2005), suggests that warm Red Sea
temperatures already challenge the capacities of organisms. In addition to
increasing Tmax, the general tendency towards an earlier occurrence indicates that
phenology patterns of organisms might need to adjust to this shift. Marine
organisms generally cope with warming by shifting their biogeographical range
poleward tracking the migration of isotherms (Burrows et al. 2011; Poloczanska et
al. 2013). However, this strategy is not possible in semi-enclosed seas, such as the

Red Sea (Burrows et al 2011; Burrows et al. 2014), rendering its large pool of
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endemic species at risk of extinction unless they become Lessepsian migrants and
colonize the Mediterranean Sea as a hundred Red Sea species have done (Raitsos et
al. 2010). Altogether, higher and earlier Tmax may challenge the capacities of Red Sea
biota to cope.
Results presented here provide a context for experimental analyses examining
thermal limits, by defining the regimes and trends in Tmaxacross the Red Sea, as well
as the likelihood of observing anomalies of different magnitudes. In addition, these
results may help understand biodiversity patterns and losses across natural
gradients in the Red Sea by matching the distribution of communities and habitats
with the distribution of Tmax. This will provide an underpinning to the assessment
thermal maxima play in explaining patterns of biodiversity across the Red Sea.
3.5.1. Conclusions
In conclusion, Red Sea biota are exposed to increased ocean warming, particularly in
the northern Red Sea, which may affect their future persistence, especially if unable
to migrate into the Mediterranean. The results on Red Sea warming presented here,
coupled with experimental evidence on the thermal limits of Red Sea organisms, yet
to be resolved, would provide a powerful tool to predict the future of marine
biodiversity in this biodiversity hotspot containing a high degree of endemism.
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Average Temperature Minimum in the Red Sea

long

Figure 3.7. Distribution of mean (from 1982 to 2015) minimum annual temperature
(Tmin) across the Red Sea. Values based on daily temperature data. Image created
using R (v3.3.1, www.R-project.org) including packages: ggplot2 and rasterVis,
RStudio (v1.0.143, www.rstudio.com).
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Average Temperature in the Red Sea
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Figure 3.8. Distribution of mean (from 1982 to 2015) average annual temperature
across the Red Sea. Values based on daily temperature data. Image created using R
(v3.3.1, www.R-project.org) including packages: ggplot2 and rasterVis, RStudio
(v1.0.143, www.rstudio.com).
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4.1. Abstract

Mangroves are resilient ecosystem engineers, colonizing a variety of tropical coastal
regions around the globe. The ubiquitous mangrove species, Avicennia marina, is
especially tolerant of high temperature and high salinity, characteristics that define
the understudied coastal Red Sea, where organisms may be presently living near
their upper thermal thresholds and maybe impacted by further warming. The
effects of temperature on the early development of A. marina was examined by
evaluating germination and growth of its propagules and seedlings across a range of
experimental temperature regimes encompassing present and future conditions
spanning from current mean temperatures to +8 °C above these. The propagules
failed to survive at temperatures +6 °C above present values, with the thermal limit
of early life stages of A. marina identified between 33 and 35 °C. Of the lower
temperature treatments that successfully germinated, we found no significant
difference among germination rates nor aboveground biomass production,
indicating that A. marina is expected to be unaffected by a 2 or even 4 °C increment
in mean temperature. In order to adapt to higher temperatures, A. marina, allocated
more energy to develop stronger roots and larger leaves at the expense of a
reduction in upward growth. The results presented show that the early life stages of
A. marina are relatively resistant to forecasted warming within the 21st Century.

4.2. Introduction

Mangrove ecosystems are ubiquitous throughout tropical and subtropical coastal
regions; they play a pivotal role as carbon sinks, reservoirs of biodiversity, and in

coastal protection (Tomlinson 1986; Mumby et al. 2004; Bouillon et al. 2008; Duarte
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et al. 2013). Mangrove trees are well adapted to extreme environments, often
encountering high temperatures, high irradiance, anoxia, intense wind, flooding, and
hyper-saline conditions (Scholander et al. 1955; Clough 1984; Tomlinson 1986;
Bjorkman et al. 1988; Saifullah 1996; Owen and Forbes 1997). However, despite
their resistance, they are experiencing world-wide decline (Valiela et al. 2001;
Alongi 2002), largely attributable to deforestation (Valiela et al. 2001; Alongi 2002;
Carney et al. 2014; Wong 2014). While scientific attention has been given to the
threats deforestation and rising sea levels pose to mangrove ecosystems, limited
attention has been allocated to assessing the responses of mangroves to rising
temperature (Valiela et al. 2001; Alongi 2008). Recently, mangroves were found to
deviate from other marine biota in that they do not seem to be extending their range

poleward with climate change (Hickey et al. 2017).

Avicennia marina is one of the most widely distributed mangrove species in the
world (Tomlinson 1986), and was first reported for western science in the Red Sea,
arguably the only mangrove region of the world where mangroves are not declining
(Almahasheer et al. 2016a). The Red Sea provides a challenging environment for
Avicennia marina due to extreme high temperature, high salinity (Mandura et al.
1987; Saifullah 1996), and strong nutrient-limitation due to the absence of nutrient
and sediment inputs from rivers to the Red Sea (Almahasheer et al. 2016b). Red Sea
mangroves experience very warm regimes (seawater and air temperatures in excess
of 35°C and 40 °C, respectively), with even warmer conditions expected in the
future, as the Red Sea is currently warming at a rate of 0.17 °C decade-l, higher than

the global ocean (Chaidez et al. 2017). Aside from one study assessing seasonal
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growth of Sargassum ilicifolium (Ateweberhan et al. 2005), there is, as yet, no
present study experimentally testing the thermal limits of marine plants in the Red
Sea. Hence, whether current thermal regimes contributed to the low growth and
stature reported for Avicennia marina in the Red Sea (Almahasheer et al. 2016c), is
unknown, although rates of assimilation of CO2by mangroves are expected to
decline at leaf temperatures in excess of 30 °C (Ball et al. 1988), which are well
exceeded in the Red Sea. Whereas mature trees can protect themselves from high
temperatures by self-shading and evapotranspirative heat loss (Miller 1972; Ball et
al. 1988; Ganguly et al. 2008), seedlings are more exposed and vulnerable. This
suggests that, provided the expected future warming, the stability of Red Sea
mangrove stands may be dependent on the thermal resistance of its propagules and

seedlings.

A. marina has viviparous propagules which upon abscission, are buoyant and ready
to germinate (Berjak et al. 1989). Propagules may be carried by currents (Clarke
1993), and while uncertain how far they disperse, it is clear that they restock local
populations (Duke 1995). The environmental conditions in which propagules reside
and disperse may be important indicators for their successful establishment,
making adaptation to these conditions crucial as early life stages of propagules are a
bottleneck for population growth and/or persistence.

Here we assess the thermal resistance of A. marina propagules and seedlings in the
Central Red Sea. We do so on the basis of experiments conducted in 2016 and 2017
testing the performance of A. marina propagules and seedlings across a range of

present day and future temperature regimes.
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4.3. Materials and Methods

4.3.1. Collection

Propagules were collected on March 2, 2016 and February 8, 2017, the time when
seeds are ripe (Almahasheer et al. 2016c), from a mangrove stand near Thuwal,
Saudi Arabia (22° 16.978 N, 39° 05.067 E). Viable propagules that were completely
dry, intact, had fullness of shape and uniformity of color (green or yellow), were
selected from those already abscised and lying on the ground. Propagules were
transported to the laboratory in dry buckets and kept at room temperature in the
laboratory until the start of the experimental treatments 48 hours later. To control
for possible effects of initial propagule size on performance, propagules were
divided into five weight classes and distributed equally among the treatments
(Table 4.1). Propagules were planted in large seed trays that held seawater and sand

while still allowing slow drainage of water.
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Table 4.1. Number of propagules in each weight class (A - E) per treatment [total number |
percentage] in each experiment (HM+x = historical mean temperature + x °C of warming).

Weight class A B C D E
Weight [g] 10.0-119 | 80-99 6.0-79 4.0-5.9 2.0-3.9
HM+0 2 4.7 3 7.0 10 23.3 22 51.2 | 6| 14.0
HM+2 2 4.8 2 4.8 11 26.2 21 500 |6| 143
HM+4 1 2.4 3 7.1 10 23.8 22 524 | 6| 143
HM+6 3| 125 |7 | 29.2 8 33.3 6 250 |0 0.0
HM+8 0 0.0 3] 125 8 33.3 8 333 |5] 208
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4.3.2. Experiment

Seedlings were grown in temperature-controlled incubators (Percival Scientific Inc.,
Boone, lowa 50036) following a daily temperature regime that gradually moved
from T (temperature) max to T min, spending 8 hours at T max and 8 hours at T
min, with 4 hours of transition time between these extremes. Experimental
temperature regimes were designed by adopting the historical mean (HM) air
temperatures of Thuwal, Saudi Arabia throughout the dates of February and March,
the peak seed abscission season, and adjusting Tmax and Tmin each week to the
corresponding long-term mean temperature values (Table 4.2), retrieved from
AccuWeather.com
(<http://www.accuweather.com/en/sa/thuwal/1684791/month/1684791?monyr
=3/01/2014#>, accessed on January 12, 2016 and February 1, 2017). Treatments
were named: HM+0, HM+2, HM+4, HM+6, and HM+8 to reflect the temperature
scenarios including 0 to 8 degrees °C above the long-term mean temperature values.
A photoperiod of 12h light : 12h dark was used. Light conditions were matched as
closely as possible to those of the coastal Central Red Sea during March and April, to
the capacity of the incubators, (111.0 - 117.2 pE m2s1). Relative humidity was
between 65 - 85%. Propagules were watered with raw seawater from Thuwal’s
coast as frequently as needed to keep sand moist.

Our experiment took place over two consecutive years, HM+0, HM+2, and HM+4
were run in 2016 with the majority of each treatments’ seeds and seedlings

remaining viable. As our goal was to assess the thermal thresholds of A. marina, we
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conducted a second experiment in 2017 including the treatments HM+0, HM+6, and
HM+8. HM+0 was our control treatment and all propagules remained viable.
Experimental variables remained the same over the two years including potting

materials and sources of sand and water.

Throughout the experiment, the propagules and seedlings were inspected every two
days, recording the date of pericarp shedding, root initiation, exposure of apical
leaves, and unfurling of apical leaves (germination). Once the first node had
extended past the cotyledon, stem height from the first node to the base of the shoot
apex was measured concurrently with leaf measurements, also every two days.
Germination was determined by observing when the first pair of leaves unfurled
beyond the cotyledon (Tuan et al. 1996; Clarke and Johns 2002; Ye et al. 2005;

Purnobasuki and Utami 2017).

4.3.3. Harvesting

Experiments in 2016 lasted 51 days while those in 2017 lasted 31 days;
experiments were prolonged in 2016 to measure stem growth for at least three
weeks and prolonged in 2017 until no observable developmental change occurred
for at least two weeks. Propagules were assessed as living or dead at the end of each
treatment, when all individuals were harvested and tissue could be closely
examined, except for HM+6 and HM+8, which contained individuals with clear signs
of necrosis before the termination time and these propagules were removed before
they decayed. Harvesting included gently digging out every plant intact, rinsing with

distilled water, weighing the whole plant, separating the plant into different parts
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(roots, body and stem, and leaves), weighing each part, then placing each part in a
drying oven at 60 °C and weighing again after thoroughly drying for several days
(Tuan et al. 1996).

4.3.4. Analysis

As the survival data was not normally distributed, a chi-square analysis was
performed on the percentage of successful seedlings (those that remained viable
until the end of the experiment) to test for differences among the treatments,
followed by Bonferroni-adjusted post-hoc comparisons. Seedling development was
calculated as the average time since planting to: shedding of the pericarp, root
initiation, exposure of apical leaves, and germination. As the developmental data did
not conform to normal distribution, a Kruskal-Wallis test was performed on each
developmental parameter to determine if there were any significant differences
among the treatments. The probability of germination success was calculated as the
number of germinated propagules per total number in each treatment. An exact
binomial test using Clopper-Pearson 95% confidence intervals of germination
percentage was performed (Documenta Geigy 1965; Zpevak et al. 2012).
Germination rates were calculated using linear regression analysis of the number of
germinated plants over time, since planting. To find differences in biomass
production, each plant part (i.e leaves, body and stem, etc.), per treatment,
underwent a Shapiro-Wilk test for normality, followed by a Kruskal-Wallis analysis
that found significant difference in root biomass, and finally a Dunn’s test for root
biomass. To find differences in the means of total stem length, leaf length, and leaf

width, one way ANOVA'’s were performed following verification that each group was
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normally distributed under Shapiro-Wilk tests and had equal variance according to

the Levene’s test.
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Table 4.2. Temperature regimes followed throughout experiment.

Weekly maximum and minimum air temperatures [°C] for each experimental treatment along with the range of maximum
temperature (Ti — Tf) applied during the experiment. HM = historical mean air temperature of Thuwal, Saudi Arabia taken
from AccuWeather.com <http://www.accuweather.com/en/sa/thuwal/1684791/month/1684791?monyr=3/01/2014#>
accessed on January 12, 2016 and February 1, 2017. N/A means “not applicable” because either the experiment had not
yet commenced (HM+2 and HM+4) or the propagules had perished by then (HM+6 and HM+8).

Feb 3 - Mar 1 - Mar20- Mar23- Mar28- Apr4- Apr9- Aprl12- Ti-Tf

Treatment 28 19 22 27 Apr 3 8 11 24 [°C]
HM + 0 29/18 29/19 30/19 30/20 31/20 32/20 32/21 33/21 29-33
HM + 2 N/A 31/21 32 /21 32/22 32/22 34/22 34/23 35/23 31-35
HM + 4 N/A 33 /23 34 /23 34 /24 34 /24 36 /24 36/25 37/25 33-37
HM + 6 35/24 35/25 N/A N/A N/A N/A N/A N/A 35

HM + 8 37/26 37/27 N/A N/A N/A N/A N/A  N/A 37
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4.4, Results
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Figure 4.1. Percentage of successful seedlings that rooted and remained viable to the
end of experiment under different temperature treatments. HM = historical mean
air temperature of Thuwal, Saudi Arabia, i.e. HM+0 = 29 °C on March 1, 2016. HM+0
(N=43), HM+2 (N=42), and HM+4 (N=42) lasted 51 days while HM+6 (N=24) and
HM+8 (N=24) lasted 31 days. Tmax denotes the HM+x of each treatment during the
first half of March. Only treatments HM+6 and HM+8 are statistically different from
all others. (Chi-square test: X2 = 131.84, df = 4, p-value < 2.2°16, followed by
Bonferroni adjusted post-hoc comparisons where HM+6 and HM+8 had p = 0.0000.).

The HM+0 treatment, which mimics present day (1985 - 2005) temperature
conditions, had 95.34% of its individuals still alive and growing until the
termination of the experiment (Figure 4.1). This is equal to the percentage of
success of HM+2, two degrees Celsius above the historical mean, of 95.24% (Figure

4.1). The percentage of successful seedlings declined to 83.33% when the

temperature was increased 4 °C over current mean values (Figure 4.1), and all
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propagules failed when temperature was increased more than 4 °C over current

mean values (Figure 4.1).
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Table 4.3. Early development of Avicennia marina seedlings grown at different temperatures. Values
are means of 42 - 43 replicates * S.E. *HM+6 and HM+8 had 24 replicates and shedding of the pericarp
did not occur naturally. Results of Kruskal-Wallis tests for differences among treatments are reported.

Time since planting [days]

. e Exposure of Germin_ation
Treatment Pericarp shed Root initiation . (unfurling of
apical leaves
leaves)
HM+0 51+0.6 14.0+1.5 29.9+13 38.8+1.3
HM+2 57+£0.6 13.0+1.2 31.6+1.6 37.1+£1.3
HM+4 6.0 + 0.6 14.0+1.5 28220 347+ 1.6
HM+6* N/A 124+ 1.4 N/A N/A
HM+8* N/A 124 +1.5 N/A N/A
Kruskal-Wallis
[chi-sq, df, p] | 2.1938, 2, 0.33 | 0.4327, 4, 0.98]| 29504, 2, 0.23]|3.5972, 2, 0.17
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All pericarps were naturally shed within one week of commencing the experiment
with ample moisture in the incubators (Table 4.3). Root initiation (first signs of a
basal knob elongating) occurred soonest in HM+6 and HM+8 after 12.4 + 1.4 days
(Table 4.3). The other treatments initiated roots between 13.0 + 1.2 and 14.0 + 1.5
days (Table 4.3). Exposure of the apical leaves occurred soonest in HM+4 after 28.2
* 2.0 days, then in HM+0 after 29.9 + 1.3 days, and in HM+2 after 31.6 £ 1.6 days
(Table 4.3).

A. marina propagules did not root or initiated rooting, but then shortly died in the
hottest treatments, HM+6 and HM+8, with high mean temperatures of 35 °C and 37
°C, respectively (Figure 4.1, Table 4.3). This is in sharp contrast to observations at
temperatures up to +4 °C above the current mean air temperature, where almost all
propagules remained viable.

Germination occurred soonest in HM+4 after 34.7 + 1.6 days, then in HM+2 after
37.1 £ 1.3 days, and took longest for HM+0 after 38.8 + 1.3 days (Table 4.3). The
probability of germination success decreased with warming, being highest at
present temperature conditions, with 60.47% compared to 42.86% at +4 °C above
the current mean air temperature, with germination failing at warmer temperatures
(Table 4.4). The germination rate was fairly uniform among the treatments at
temperatures up to +4 °C above the current mean air temperature, between 10 to

12% propagules germinated d-! (Figure 4.2, Table 4.4).
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Table 4.4. Results of analysis of germination success and rate. An exact binomial test was performed using
Clopper-Pearson 95% confidence intervals. (Lconf. = lower 95% confidence interval, Prob. = probability, Uconf.
= upper 95% confidence interval; all as [%].) Rates were calculated using linear regression analysis on log-
transformed number of propagules germinated per treatment.

Treatment
HM+0
HM+2
HM+4
HM+6
HM+8

Tmax [°C]
(Mar)
29
31
33
35
37

Lconf.
60.03
56.73
42.58
0
0

Germination [%]

Prob.
60.47
57.14
42.86
0
0

Uconf.
61.22
57.86
43.45
0.14
0.14

P-value
2.20E-16
2.20E-16
4.22E-13
6.31E-01
6.31E-01

Germination rate [In propagules d-1]

Regression
slope
0.117
0.102
0.116

N/A
N/A

SE slope
0.01
0.02
0.01
N/A
N/A

Intercept
-2.14
-1.50
-2.01
N/A
N/A

R2
0.90
0.86
0.94
N/A
N/A
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Figure 4.2. Germination rates as the percentage of propagules that germinated day-l, across treatments that
germinated. Least squares linear regressions were run on the natural logarithm of propagules germinated to give
the following rates and R? values: HM+0: 11.7 % (R2=0.90), HM+2: 10.2% (R?=0.86), and HM+4: 11.6% (R?=0.94)
[propagules germinated day-1].
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Figure 4.3. Germination success [%] across propagule weight classes. Exact
ranges of fresh weight [g]: A =10.0-11.9, B=8.0-9.9, C = 6.0-7.9, D = 4.0-5.9, E

= 2.0-3.9. X-axis shows the mid-point of the weight ranges.

Among the pooled treatments, exclusive of +6 and +8 °C above current
temperatures, germination success decreased with increasing propagule size, with
the highest success (66.67%) among the smallest propagules weighing 2.0 - 39 g
(Figure 4.3). The next smallest weight class [D], weighing 4.0 - 5.9 g had a 61.54%
success and class [C], weighing 6.0 - 7.9 g had 48.39% success (Figure 4.3). The

largest propagules in weight classes [A] (10.0-11.9 g) and [B] (8.0-9.9 g), had a 0 and

12.50 % germination success respectively (Figure 4.3).
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Figure 4.4. Time at which 40% of propagules reached germination (T40). Solid line
refers to treatments HM+0 and HM+2 (day 38), dashed line refers to HM+4 (day 40).

Germination Success [%]

The number of days for 50% of the population to germinate (Tso) is another
measure of germination success (Soltani et al. 2015). However, only the plants
grown under the current thermal regime and 2 °C above the current mean air
temperature reached Tso, thus we used Tso0 instead, as a comparative measure.
Treatments, HM+0 and HM+2 reached T40 on day 38 while plants exposed to 4 °C
above present temperature reached T4o on day 40 (Figure 4.4), and those exposed to

warmer temperatures died before germinating.
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Figure 4.5. Total length of seedling parts in temperature treatments where seedling
development was achieved. Error bars refer to standard deviation. One-way
ANOVA’s were performed on each parameter group and found no significant
differences among the three treatments. Results of ANOVA'’s are as follows: Stem: p
=0.08, F=2.7,df=2. Leaf (L): p=0.27, F=1.3,df = 2. Leaf (W): p=0.13,F = 2.1, df =
2. (L) = length, (W) = width.

Seedlings at lower temperatures grew taller than those grown at +4 °C above
current temperature while leaf area remained similar across temperature
treatments, except for a weak tendency for plants grown at +4 °C above current
temperature to develop wider leaves than those at current temperature. Biomass
production of A. marina seedlings was fairly uniform across all treatments, with
roots becoming larger at warmer thermal regimes (2 °C < T < 6 °C) than currently

experienced by the plants (Dunn'’s p < 0.05, Table 4.5).



70

Table 4.5. Biomass production of Avicennia marina seedlings grown at different temperatures. Values are
means of 42 - 43 replicates + S.E. P-values in bold are less than 0.05.

Treatment

Leaves
Body and
stem
Roots
Whole

HM+0
0.08 +0.01

1.86+0.11
0.16 £ 0.01
2.09+£0.12

Dry weight [g]

HM+2
0.12 £0.01

1.96 +0.13
0.22+£0.01
2.28+0.13

HM+4
0.09£0.01

1.79+0.13
0.21+£0.01
2.07£0.13

1.9854

1.0107
11.34
2.2136

df
2

2
2

N

Kruskal-Wallis rank sum te:
chi-square

p-value
0.3706

0.6033
0.0034
0.3306

Dunn’s Test for
Roots

Comparison Z

HMO - HM2  -3.15
HMO - HM4  -2.56
HM2 - HM4 0.50

p-value
0.005

0.021
0.620
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4.5. Discussion

The results presented show that the thermal limit of A. marina propagules in the
Central Red Sea is between 33 and 35 °C (Figure 4.1), with a high likelihood of
mortality before initiating roots at warmer temperatures. A. marina propagules are
metabolically active upon shedding of their pericarp to proceed rapidly to
germination (Pammenter et al. 1984; Farrant et al. 1993). Due to this heightened
metabolic activity, their carbon and water requirements increase, which may be
compromised under excess temperature (Pammenter et al. 1984). This is likely due
to the inhibition of normally regulated mechanisms controlling oxygen radicals
produced during oxidative metabolism and respiration (Leprince et al. 1999;
Greggains et al. 2001). It is unclear from our study, whether the thermal limit is due
solely to temperature or if elevated temperature also caused desiccation. That A.
marina propagules were resistant to warming up to 4 °C above current values in the
Central Red Sea, is consistent with the extensive distribution of A. marina at warmer
regimes experienced in the Southern Red Sea (Almahasheer et al. 2016a). For
instance, the average Tmax in Jizan, in the Southern Red Sea, during the time of A.
marina germination, is 33 °C, which is 4 °C above the Tmax in Thuwal and
corresponds, therefore, to the HM+4 treatment in our experiment. However,
thermal regimes 6 °C above those in the Central Red Sea are not experienced in the
Red Sea and, if reached with further warming, would lead to catastrophic mortality
of early stages of A. marina, conducive to a population bottleneck.

The timing of early developmental stages is likely important not only for the

mangroves themselves but for the rest of the organisms and processes that depend
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on them. Whereas the propagules were relatively resilient to warming up to 4 °C
above current values, subtle effects still emerged in the timing of some early
development stages within that temperature range (Table 4.3). Warming up to 4 °C
above current values temperatures caused pericarps to shed slightly later (Table
4.3). This could be because hotter treatments might have experienced slightly drier
conditions. Germination was observed earlier in the hottest successful treatment
(HM+4) (Table 4.3). Metabolic and developmental processes are accelerated with
increased temperature (Brown et al. 2004). Also, some propagules in the hottest
treatments (HM+6 and HM+8) initiated roots before perishing and they did so in
12.4 £ 1.4 days, earlier than observed in treatments with cooler thermal regimes (>
13 days, Table 4.3). Again, early propagule development is accelerated with
warming, but young roots are unable to survive past this stage at temperatures > 4
°C above current values, indicating that failure of root initiation under excessive
temperature might be the critical bottleneck stage of A. marina leading to failure
under excessive temperature and setting its thermal limits. Indeed, the phase
between shedding of the pericarp and root initiation is also the obligate phase of
dispersal as well as a particularly vulnerable time, as the embryo is completely
exposed (Clarke 1993).

Germination rates were similar across treatments with moderate warming up to 4
°C above current values (Figure 4.2, Table 4.4) with 43 to 61% of the plants
germinating. While propagules and seedlings are able to tolerate high temperatures,
as evidenced by their successful germination, present day mean temperatures seem

more favorable to overall success. This is consistent with the expectation that
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organisms should be adapted to the long-term thermal regimes where they occur
(e.g. Compton et al. 2007). Although our results show that the propagules will be
resistant to warming up to 4 °C above current values, which encompasses the
scenarios envisaged for the 21st century (Rhein et al. 2013), rapid warming in the
Red Sea region, occurring faster than the global average (Chaidez et al. 2017), will
challenge the plants. The thermal limits for A. marina propagule development may
be met in the Southern Red Sea, where temperatures are already warmer, perhaps
representing a bottle neck for the future stability of A. marina populations therein.
Conversely, warming may allow expansion of A. marina north of its current
distributional limit, at 28.21° North, in the Northern Red Sea (Galal 2007; Hickey et
al. 2017), although current assessments concluded that there is no evidence that
mangroves, unlike other marine biota, have experienced a poleward displacement of
their latitudinal limits (Hickey et al. 2017). In the warmer, southern range of A.
marina, adaptation to warming may provide a stronger selection pressure for more
heat tolerant phenotypes. Our experimental work suggests that the more heat-
tolerant phenotype may be a plant producing small and lightweight propagules, as
these had the highest germination success (Figure 4.3).

We observed a general trend of larger leaves accompanying shorter stems with
increasing temperature (Figure 4.5). This might be due to stress and a consequent
reallocation of resources. As the organism is under more thermal stress, the
photosynthetic product may be allocated to support metabolic processes conferring
resistance to warming, thereby being driven to maintain homeostasis rather than

allocating extra energy and materials to support upward growth. This is consistent
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with observations that extreme temperature, beyond the optimum for plant
development, typically results in suppressed growth (Niu et al. 2014; Hatfield and
Prueguer 2015), including direct effects on plant performance, and indirect effects
through impacts to the soil microbiota and associated processes (Yang et al. 2009).
While leaf area was similar across treatments, the shorter stem length observed
under warming by 4 °C above current values, may indicate at thermal stress,
contributing to stunted growth (Figure 4.5). Dwarf stature of 2 - 3 meters, is already
a characteristic of A. marina in the Central Red Sea, and has been attributed to
nutrient limitation and lack of alluvial soils (Mandura et al. 1987; Almahasheer et al.
2016b). The stark contrast to its counterparts in the warmer, Southern Red Sea,
which can grow higher than 14 meters, indicates that temperature alone, does not
account for less growth, but may still add stress. Our results also suggest that
seedlings shift their allocation for growth to invest more in their root systems under
thermal stress (Table 4.5). This plasticity in growth and phenotype will likely
continue to allow A. marina to cope with warming in the future, until the critical
warming of > 4 °C above present values may be reached.

There is no long-term record on the flowering and fruiting seasons of A. marina on
the Saudi Arabian Red Sea coast. According to a publication that surveyed the
Central Red Sea in the 1980’s, young fruit appeared on adult A. marina trees in
March and flowers bloomed throughout June, July, and August (Mandura et al.
1987). Since then, a 16 month study from 2014 to 2015, quantitatively measured
that the peak abscission season was during January and February and observed a

clear annual reproductive cycle of 12 months (Almahasheer et al. 2016c). In the two
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years our study was undertaken (2016 and 2017), mature propagules had fallen
from trees also during January and February. It is important to consider the effects
of mother plant status and the influence of higher temperatures on flowering and
bud development, which in the Central Red Sea has been observed to occur July
through September (Almahasheer et al. 2016c). Almahasheer et al. (2016c) also
showed that as the temperature increases during the summer, so does flower and
bud production, which suggests future shifts in phenology patterns with warming;
although it is likely that photoperiod, and not temperature conditions, may trigger
flowering, as suggested by the variation of mangrove reproductive cycles across
latitudes (Duke et al. 1984; Duke 1990; Wang'ondu et al. 2010).

While it may be unlikely that future warming will reach as high as 6 °C above
present temperatures, such extreme temperatures may occur during heat waves. If
such high temperatures occur at the time of propagule abscission, and are
maintained for several weeks, even with high humidity, the propagules may
experience necrosis. Heat anomalies and the annual timing of temperature maxima
is also important for population recruitment as, unlike terrestrial plants, A. marina
propagules have no dormant stage and are prepared to germinate upon abscission
(Clarke 1993). Higher temperature also increases salinity in coastal areas due to
higher evaporation rates, with higher salinity stunting mangrove growth and
decreasing germination (Ye et al. 2005).

4.5.1 Conclusions

A. marina propagules in the Central Red Sea have a high thermal capacity as

evidenced by their successful establishment at 4 °C above present day conditions.
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Increased temperature will accelerate all metabolic processes including germination
and growth up to a certain threshold whereupon elevated temperature may be
detrimental to seedling establishment. Their experimentally-determined thermal
limit lies between 33 to 35 °C, > 4 °C above present temperatures at the time of
propagule germination, and seem to affect the critical root initiation and dispersal
phase. As global temperatures continue to rise, A. marina will likely be under
selection for smaller propagules at the initial life stage and show phenotypic
plasticity in stunted growth. Still, from the stressors that currently plague
mangroves, and of those that are coming, A. marina seems to emerge as an ideal
forerunner in the grand trial of adaptation to a warmer Red Sea.
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5.1. Abstract

Zooplankton, which compose a critical group in the oceanic food web, may see
changes in its community due to the sensitivity to higher temperature on the
individual. Our study experimentally assessed the thermal capacity of the most
common groups found in the warm-season, zooplankton community of the Central
Red Sea, including several genera of copepods, an ostracod, and two stages of crab
development. As stress is reduced with the input of adequate energy, some
experiments included algal food as an added variable and we compared the
difference that the addition of food made on mortality. Our results delineated
thermal limits ranging from 30 to 36 °C, a range of temperature often exhibited in
the Central Red Sea. Smaller bodied organisms had higher mortality rates than
larger counterparts, and were more sensitive to the addition of food. The effect of
food most noticeably buffered mortality at the highest temperatures. These results
indicate that the most common groups of Central Red Sea zooplankton may be
vulnerable to warming.

5.2. Introduction

Climate change and ocean warming are affecting marine ecosystems through
impacts on organismal performance and biogeographical ranges (Poloczanska et al.
2014), with the ocean expected to warm between 1.5 and 4.0 °C by the end of the
21st century (Rhein et al. 2013). These impacts can propagate through food webs
through changes in the strength of trophic interactions and the decoupling of prey-
predator phenological relationships (Edwards and Richardson 2004; Freitas et al.

2007; Tewksbury et al. 2008). Zooplankton play a key role in marine ecosystems as
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a link between primary producers and upper trophic levels (Ikeda 1985; Calbet
2001). Zooplankton also play a major role in the oceanic biological carbon pump, by
packaging organic carbon into rapidly-sinking fecal pellets (Fowler and Small 1972;
Turner and Ferrante 1979; Turner 2015). Hence, understanding the impacts of
ocean warming on zooplankton is particularly relevant to predict the response of
oceanic ecosystems to climate change. Specifically, copepods often make up a
significant portion of biomass among marine zooplankton (Mauchline 1998;
Planque and Batten 2000; Saiz et al. 2013), and as ectotherms, are highly sensitive
to changes in temperature (Loosanoff 1958; Hwang et al. 2010). It is therefore,
important to assess the effects of warming on copepods as these organisms are
often considered sentinels for climate change.

A first step to understanding the direct effects of warming on marine organisms is to
experimentally resolve the thermal performance curves and, particularly, the
thermal optima and upper thermal limits of species (Frietas et al. 2007; Boyd et al.
2013). While many studies have looked at the effects of warming on zooplankton
communities (Ikeda 1985; Miiren et al. 2005; Coyle et al. 2008; Alcaraz et al. 2013a;
Lewandowska et al. 2014), the upper thermal limits have been resolved for only a
few species (Gonzalez 1974; Lee et al. 2003; Willett 2010; Alcaraz et al. 2013b).

The Red Sea, the warmest of all seas, exhibiting maximum surface temperatures up
to 35 °C (Bethoux 1988; Raitsos et al. 2013; Sawall et al. 2014; Chaidez et al. 2017),
offers a particularly relevant case to understand the upper thermal limits of marine
zooplankton species and the upper scope of their resistance to ocean warming. Due

to the Red Sea’s extreme maximum temperatures, it is likely that zooplankton may
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be operating at or above their thermal optima, and perhaps even close to their
upper thermal limits (Thomas et al. 2012; Sawall et al. 2014). Yet, no study has yet
assessed the upper thermal limits of copepods or other zooplankton of the Red Sea.
In addition to extreme temperature, the Red Sea also displays extreme oligotrophy
(Raitsos et al. 2013; Kurten et al. 2015); so that zooplankton lack access to the
abundant energy sources they require in order to deploy resistance mechanisms
against heat stress, such as greater oxygen consumption, synthesis of heat shock
proteins, and the upregulation of genes involved in ubiquitination and proteolysis
(Schoville et al. 2012; Lehette et al. 2016; Rahlff et al. 2017).

This study aims to elucidate the thermal performance curve, thermal optima, and
thermal limits of the common zooplankton taxa in the Central Red Sea. We did so by
experimentally resolving, during the warm period of the year, the mortality rates at
a range of temperatures of seven copepod genera, one ostracod genus, and two
stages of crab development. We also tested the hypothesized role of food supply in
affecting the response of zooplankton to thermal stress.

5.3. Materials and Methods

5.3.1. Collection

The experiments were conducted along two consecutive years, including
experiments testing zooplankton mortality rates across a range of temperature, and
where zooplankton mortality was compared in the presence and absence of food
supply (Table 5.1). Live zooplankton specimens used for the experiments were
collected from different habitats and times of the day in coastal waters around King

Abdullah University of Science and Technology (Table 5.1). Sampling was done by
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oblique horizontal tows with a 200 um net and a large, 20 L, plastic bag at the cod
end, to avoid pressure damages on the animals, and towed at about 1 knot. Animals
were immediately transferred to buckets and placed in cooling boxes to avoid heat
stress while being transported to the laboratory, where sorting began immediately
at laboratory temperature (23 °C). Upon inspection of the samples, the most
abundant species were selected for the experiment, and sorted under
stereomicroscopes using Pasteur pipettes. Sorted animals were then placed in

filtered (0.2 um) seawater collected daily from the sampling site.
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Table 5.1. Zooplankton species, and developmental stages, tested in experiments conducted in 2016 and 2017.
Asterisks denote experiments where survival responses to temperature were observed both in the presence and
absence of food supply versus no asterisks denoting experiments where survival was tested in the absence of food

alone.
Max depth  Month and

Experiment Depth [m] Habitat [m] Year Time of day Latitude  Longitude
Coastal

Acartia sp. (2016) 5 lagoon 7 Aug 2016 Mid-morning  22.38979  39.135547

Acartia large sp.* 20-25 Pelagic 50 May 2017 Mid-morning  22.25285  38.96122

Acartia small sp.* 20-25 Pelagic 50 May 2017 Mid-morning  22.25285  38.96122
Coastal

Candacia sp. 5 lagoon 7 May 2017 Sunset 22.38979 39.135547

Centropages sp.* 25 Pelagic 50 Aug 2016 Before sunrise  22.25285  38.96122

Corycaeus sp. 25 Pelagic 50 Aug 2016 Before sunrise  22.25285  38.96122
Coastal

Crab Megalopa 5 lagoon 7 May 2017 Sunset 22.38979 39.135547

Crab Zoea <10 Pelagic 50 Aug 2016 Early morning 22.38979  39.135547

Ostracod sp. 25 Pelagic 50 Aug 2016 Before sunrise  22.25285  38.96122

Paracalanus sp. <10 Pelagic 50 Aug 2016 Early morning  22.38979  39.135547
Coastal

Tortanus sp. 5 lagoon 7 Aug 2016 Mid-morning  22.38979  39.135547

Undinula sp.* 20-25 Pelagic 50 May 2017 Before sunrise  22.25285  38.96122



87

5.3.2. Experiment

Twenty healthy individuals were placed into each of the 278 ml rectangular, plastic
culture flasks used for each of the temperature treatments in 2016, except for
Centropages sp., for which experiments were conducted in three 6-well culture
plates (10 ml well1), containing one individual well-? for a total of 18 individuals
treatment1. In 2017, four 6-well culture plates were used for each of the treatments,
again, with one individual well-1.

Survival was tested under eight temperature treatments, ranging from 24 to 38 °C,
increasing at 2 °C intervals. In August 2016, the ambient temperature of the
sampling site was 32 °C, and 30 °C in May 2017. To acclimate organisms to
temperatures above the ambient temperature (in situ temperature), individuals
were placed at the corresponding ambient temperature, and temperature was
increased at 2 °C steps every hour thereafter until reaching the target experimental
temperature. During the acclimation process, organisms were monitored for
mortality and when individuals died during the acclimation process, they were
replaced from a pool of extra live organisms. As organisms had already become
acclimated to lower temperatures from being sorted in the laboratory, organisms
were placed directly into treatments 24 to 30 °C. We employed temperature-
controlled incubators from Percival Scientific Inc. which allowed us to control
temperature and light intensity. Across all temperature treatments, light was
adjusted to remain between 32 to 35 pE m-Zs'l, matching the natural underwater
light at the depth of sampling as closely as possible, with a photoperiod of 12 hours

light and 12 hours dark.
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Counting of living organisms took place every hour, for the first 3 to 5 hours, in the
highest temperature treatments (in situ temperature and above) as mortality was
expected to be high. After this, and for the rest of the lower temperature treatments,
observations for mortality took place every two to three hours. Observations were
done by placing the culture bottle or plate under the microscope and lightly tapping
(in the case of the bottles) or gently prodding the individual with a small instrument
(in the case of the well plates) to determine activity level. At the end of each
experimental treatment, the final number of organisms, dead and alive, was counted
to confirm recovery and where necessary, the initial number for the treatment (N)
was corrected for consistency with the final count.

When food was supplied, we supplied Tetraselmis sp. cells, a large and easily grazed
phytoplankton genus commonly used as aquaculture feed, to the various
zooplankton groups. A stock culture of Tetraselmis sp. was maintained in the
laboratory and from this, food suspensions were created and added ad libidum to
each treatment based on estimations of the carbon saturation requirements
corresponding to each species’ size. Visual observation for the production of fecal
pellets took place throughout the experiment to assure that the animals were
ingesting the algae. Food was also re-added in the higher temperature treatments
due to potentially increased ingestion rates.

To assess whether Tetraselmis sp. could survive at the highest temperatures tested
here, a short thermal response experiment was conducted. Abundances were
measured from Tetraselmis sp. cultures incubated at 26, 34, 36, and 38 °C. Each

culture had an initial volume of 50 ml (Tetraselmis and f/2 media) from which 3 ml
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of subsample was extracted under sterile conditions approximately every two hours
and fixed with 1% Lugol solution (Sigma-Aldrich® 62650; St. Louis, MO, USA). To
acclimate Tetraselmis sp., which derived from a stock culture kept at 26 °C, three
culture flasks were incubated at 32 °C before being transferred to 34 °C an hour
later, then to the corresponding 36 and 38 °C treatments, also every hour, until each
flask was maintained at the desired temperature. Cell abundances were counted
using a sedgewick rafter. Observation of the living cells under the microscope also
occurred every two hours where the cell activity level was noted as either active or
inactive. After ten hours, all cultures, under the four elevated temperature
treatments, had actively swimming cells, thereby confirming survival of Tetraselmis
sp. across the experimental treatments.

5.3.3. Analysis

Zooplankton mortality rates were calculated from the slope of a least squares linear
regression fitted to the natural log of the number of surviving animals at each
observation time vs. time (hours), multiplied by -100 to obtain mortality rates as %
hr-1. The optimal temperature (Topt, °C) for each taxonomic group was determined
from inspection of mortality vs. temperature curves, as the highest temperature
preceding a steep increase in mortality. The temperature-dependence of mortality
rates was parameterized as the activation energy, expressed as electronvolts (eV),
calculated by fitting a least squares linear regression to the relationship between
mortality rates and the product inverse of the absolute temperature (°K) and the
Boltzmann's constant, following the Arrhenius model (Brown et al. 2004; Frietas et

al. 2007; Dell et al. 2011; Alcaraz et al. 2013a), for experimental temperatures up to
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the optimal temperature. Analysis of covariance, using general linear models, was
used to determine the effect of food on the various temperature treatments, and
resolve whether food had no effect, an additive effect (positive or negative), or a
synergistic effect with temperature. Statistical analyses were conducted in JMP v.
13.0 (SAS Institute, 2016) with alpha set at 0.05.

5.4. Results

All taxonomic groups, except crab zoea and megalopa, reached complete population
mortality before 20 hours under the warmest treatment (38 °C, Figure 5.1). One
hundred percent mortality was also observed at 36 °C before 20 hours for all groups
except Acartia sp., crab zoea, and crab megalopa (Figure 5.1). Crab megalopa had
the lowest mortality throughout the whole experimental period, sustaining 0%
mortality in all temperatures, except for 38 °C where mortality occurred (Figures
5.1 and 5.2); followed by crab zoea, where some individuals also survived at 38 °C
(Figures 5.1 and 5.2). The larger-sized Acartia sp. had the lowest mortality rates
across all temperatures, when compared to other Acartia species as well as many of
the other copepod groups (Figures 5.1 and 5.2, Table 5.2). Paracalanus sp. and
Undinula sp. showed the lowest mortality rates among the other copepod genera at
the lowest four temperature treatments (Figures 5.1 and 5.2, Table 5.2). In general,

mortality was low and similar among temperatures < 34 °C (Figures 5.1 and 5.2).
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Figure 5.1. The percentage of mortality over time in temperatures in situ and above
(32 to 38 °C) for the zooplankton taxa tested without food. Lines indicate least
squares linear regression analysis and are color-coded to correspond to each
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The addition of food led to reduced mortality and higher survivorship compared to
the non-food treatments in all of the tested temperatures, except for the large-size
Acartia sp. at 24 and 28 °C, which experienced similar mortality between food and
no-food treatments (Figures 5.3 and 5.4). The steepest mortality was observed at 38
°C for both animals supplied with food, and those that did not receive food, except
for the food treatment of the small-size Acartia sp., which showed a similar rate to
the other food supply treatments at lower temperatures (Figures. 5.3 and 5.4).
Across all the temperatures (except 38 °C), for the no-food treatments, small-size
Acartia sp. had greater mortality rates than its large-size Acartia sp. counterpart

(Figures 5.1 and 5.2, Table 5.2).
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Figure 5.3. The percentage of mortality over time in temperatures in situ and above (32 to 38 °C) with and without
food for large and small-size Acartia sp., Centropages sp. and Undinula sp. Lines indicate least squares linear
regression analysis.
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Figure 5.4. The percentage of mortality over time in temperatures below in situ (24 to 30 °C) with and without food for
large and small-size Acartia sp., Centropages sp., and Undinula sp. Lines indicate least squares linear regression
analysis.
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Table 5.2. The mean * SE mortality rates (along with the t-value, and P value)
of different zooplankton taxa under a range of temperature, in experiments
conducted without food supply. The N value is the number of individuals in
the treatment, and NA denotes “not applicable”.

Temperature  Mortality rate +

Taxa [°C] SE [% h™] t-value p-value N
Acartia 2016 38 61.15 + 45.20 -1.35 0.4052 20
Acartia 2016 36 410+ 0.48 -8.61 0.0003 20
Acartia 2016 34 1.89+0.21 -9.02 <.0001 20
Acartia 2016 32 1.13+£0.18 -6.4 0.0001 20
Acartia 2016 30 1.49+0.21 -1.27 <.0001 20
Acartia 2016 28 0.74+£0.11 -6.86 0.0001 20
Acartia 2016 26 1.77 £0.49 -3.61 0.0112 20
Acartia 2016 24 1.74 £0.19 -9 <.0001 20
Acartia large 38 17.82 £ 2.06 -8.63 <.0001 18
Acartia large 36 7.43 +£0.55 -13.41 <.0001 16
Acartia large 34 1.31+£0.15 -8.65 <.0001 18
Acartia large 32 1.77+0.14 -12.23 <.0001 18
Acartia large 30 0.34 £0.05 -6.85 <.0001 18
Acartia large 28 0.49£0.09 -5.19 0.0002 12
Acartia large 26 0.36 £ 0.05 -6.98 <.0001 18
Acartia large 24 0.72+£0.10 -6.85 <.0001 18
Acartia small 38 9.51+0.81 -11.67 <.0001 18
Acartia small 36 10.58 + 1.37 -7.74 <.0001 18
Acartia small 34 3.77+£0.16 -23.01 <.0001 17
Acartia small 32 3.12+0.17 -18.8 <.0001 17
Acartia small 30 2.11+0.19 -11.09 <.0001 18
Acartia small 28 2.21+£0.14 -16.22 <.0001 18
Acartia small 26 1.41+£0.10 -14.82 <.0001 16
Acartia small 24 1.12+0.16 -6.88 <.0001 18

Candacia 38 NA NA NA 6
Candacia 36 96.90 + 39.94 -2.43 0.2489 18
Candacia 34 48.58 + 7.54 -6.44 0.0076 18
Candacia 32 19.36 + 2.87 -6.73 <.0001 18
Candacia 30 9.29 +2.37 -3.93 0.0111 18
Candacia 28 8.36+1.21 -6.92 0.0001 18
Candacia 26 13.32 £ 3.38 -3.94 0.0076 18
Candacia 24 7.01+0.74 -9.46 <.0001 18
Centropages 38 10.31 +1.27 -8.1 0.0002 18
Centropages 36 9.63+2.18 -4.41 0.0031 18
Centropages 34 2.83+0.51 -5.52 0.0004 18
Centropages 32 2.13 £ 0.66 -3.21 0.0148 18

Centropages 30 4.70 £ 0.97 -4.87 0.0082 18
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Corycaeus
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Megalopa
Megalopa
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Ostracod
Ostracod
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Ostracod
Ostracod
Ostracod
Ostracod
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Paracalanus
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Tortanus
Tortanus
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26
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32
30
28
26
24
38
36
34
32
30
28
26
24
38
36
34
32
30
28
26
24
38
36
34
32
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28
26
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2.84 +0.40
1.57+0.26
3.04 +£0.87
NA
NA
3.99+0.71
3.87£0.45
3.34 +1.57
10.30 £ 3.24
3.66 £ 0.94
2.02+0.17
1.35+0.16
0.05+0.01
0.00 +0.00
0.00 +£0.00
0.00 +0.00
0.00 +£0.00
0.00 +0.00
0.00 +£0.00
NA
18.63 + 0.67
8.10 + 0.96
5.89+1.04
1.70 £ 0.44
1.67 +0.27
2.56 +0.26
212+ 051

164.79 + 85.89

7.53 +2.12
1.32+0.23
1.54 +0.49
1.17+0.32
0.92+0.11
1.16+£0.24
0.97 +£0.08
NA
4.46 +0.49
1.63+0.11
2.29+0.36
1.29+0.08
2.52 +0.50
2.01+0.29
1.90 +0.27

-7.13
-6.08
-3.51
NA
NA
-5.62
-8.53
-2.12
-3.18
-3.91
-11.55
-8.67
-3.58
NA
NA
NA
NA
NA
NA
NA
-27.87
-8.47
-5.69
-3.91
-6.24
-9.86
-4.18
-1.92
-3.54
-5.85
-3.14
-3.66
-8.61
-4.94
-11.89
NA
-9.2
-15.41
-6.31
-15.4
-4.99
-6.83
-6.95

<.0001
0.0002
0.0171
NA
NA
0.0014
0.0004
0.1236
0.0501
0.0297
<.0001
<.0001
0.0028
NA
NA
NA
NA
NA
NA
NA
0.0228
0.0011
0.0023
0.0058
0.0004
<.0001
0.0086
0.3059
0.0122
<.0001
0.0093
0.0026
<.0001
0.0003
<.0001
NA
0.0027
<.0001
0.0001
<.0001
0.0025
<.0001
<.0001

18
18
19
19
19
20
20
20
20
20
21
24
24
24
24
24
24
24
24

15
15
15
15
15
15
15
27
21
23
22
20
20
20
16
16
14
20
20
18
20
20
20



Undinula
Undinula
Undinula
Undinula
Undinula
Undinula
Undinula
Undinula
Zoea
Zoea
Zoea
Zoea
Zoea
Zoea
Zoea
Zoea

38
36
34
32
30
28
26
24
38
36
34
32
30
28
26
24

98

43.95+7.92
25.60 +4.92
13.41+£1.15
6.12 +0.33
222+0.21
0.93+0.14
1.07 +£0.15
0.27 +0.03
3.75+0.68
1.45+0.17
0.60+0.11
0.65+0.13
0.28 +£0.07
0.76 +0.13
041+0.12
0.44 +0.08

-5.55
-5.2
-11.7
-18.44
-10.33
-6.52
-6.94
-9.96
-5.55
-8.66
-5.5
-5.1
-4.03
-5.73
-3.37
-5.38

0.1135
0.002
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0002
<.0001
<.0001
<.0001
0.0007
<.0001
0.0032
<.0001

23
24
24
21
16
21
24
17
20
19
20
20
20
20
21
20
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Table 5.3. The mean * SE mortality rates (along with the t-value, and P value) of
different zooplankton taxa under a range of temperature, in experiments conducted
with food supply. The N value is the number of individuals in the treatment.
Significant effect of food to buffer mortality was calculated using an analysis of
covariance. NA denotes “not applicable”.

Temperature ~ Mortality rate £

Taxa [°C] SE [% h-1] t-value  p-value N
Acartia large 38 18.81 £ 0.023 ne -8.25 <.0001 17
Acartia large 36 2.46 £ 0.004* -5.67 <.0001 15
Acartia large 34 0.38 £ 0.000* -8.64 <.0001 18
Acartia large 32 0.00 = 0.000* 18
Acartia large 30 0.18 £ 0.000* -6.19 <.0001 16
Acartia large 28 0.54 +0.001 -5.08 0.0003 17
Acartia large 26 0.28 £ 0.000 -8.52 <.0001 16
Acartia large 24 0.83+£0.001 ne -10.68 <.0001 18
Acartia small 38 5.49 £ 0.002* -23.73 <.0001 18
Acartia small 36 3.36 £ 0.002* -18.4 <.0001 17
Acartia small 34 1.20 £ 0.001* -16.6 <.0001 18
Acartia small 32 1.41 + 0.001* -16.19 <.0001 18
Acartia small 30 0.60 £ 0.000* -16.17 <.0001 18
Acartia small 28 1.34 £ 0.002* -8.84 <.0001 18
Acartia small 26 0.17 £ 0.000* -5.42 <.0001 18
Acartia small 24 0.62 = 0.001* -12.34 <.0001 17
Centropages 38 1.38 £ 0.003* -5.25 0.0019 18
Centropages 36 3.13 £ 0.004* -8.02 <.0001 18
Centropages 34 0.23 £ 0.000* -8.21 <.0001 18
Centropages 32 0.19 + 0.000* -4.93 0.0006 18
Centropages 30 0.77 £0.001* -9.79 <.0001 18
Centropages 28 1.53 £ 0.002* -9.22 <.0001 18
Centropages 26 0.20 £ 0.000* -4.93 0.0006 18
Centropages 24 2.33£0.003 ne -8.48 <.0001 17

Undinula 38 54.52 £ 0.100 ne -5.48 0.012 24
Undinula 36 24.03 £ 0.039 ne -6.1 0.0009 23
Undinula 34 7.33 £ 0.004* -18.27 <.0001 20
Undinula 32 1.15+0.001* -16.1 <.0001 16
Undinula 30 0.87 £ 0.001* -11.3 <.0001 14
Undinula 28 0.48 £ 0.000* -10.68 <.0001 15
Undinula 26 0.69 + 0.001* -8.22 <.0001 18
Undinula 24 0.05 £ 0.000* -2.59 0.0226 21

ne=No effect from food.
*=Food buffered mortality at this temperature.
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Figure 5.5. Reduction in mortality due to the presence of food [% * SE hr1] as
calculated using an analysis of covariance. Red asterisks signify a statistically
significant effect of food at that temperature.

The provision of food had little effect on mortality rates at temperatures below 30
°C, but buffered mortality significantly at warmer temperatures for the four
taxonomic groups tested (Figure 5.5). For the large-size Acartia sp., food supply had
a significant effect from 30 to 36 °C, with a reduction of mortality rates by 5.0% h-!
at 36 °C (Figure 5.5). For the small-size Acartia sp., food supply had a significant
effect at all of the temperatures tested, with the greatest effect at 36 °C, reducing
mortality rates by 7.2% h-! (Figure 5.5). Centropages sp. also experienced significant
reduction in mortality rates with food supply between 26 and 38 °C, with the

highest reduction of 8.9% h-1 at 38 °C (Figure 5.5). Food also significantly reduced

mortality of Undinula sp., with the highest reduction by 6.1% h-1 at 34 °C (Figure
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5.5). However, food supply did not alleviate mortality rates when these were very

high (e.g. large-size Acartia sp. and Undinula sp. at 38 °C (Figure 5.5)).
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Figure 5.6. Temperature curves as mortality rates [% hl + SE] across all
temperatures tested [°C] for common groups of Central Red Sea zooplankton. Black
dots signify mortality rates for no food treatments and green dots signify mortality
rates for food addition treatments in: Acartia large and small sp., Centropages sp.,
and Undinula sp.
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Table 5.4. Optimal temperatures (Topt, °C) and activation energies (Ae, [eV]) based on the Arrhenius model using linear
regression of the natural logarithm of living animals as a function of 1/KkT. “Ae for T < Topt” refers to the thermal
window up to Topt, and “Ae for T > Topt” refers to the rate of thermal collapse at T > Topt. “F” designates experiment with
food added and “NF” designates experiments where no food was added. “NA” means “not applicable”.

Ae for T < Topt Ae for T > Topt

Taxa Topt[°C] Ae[eV]£SE t-value p-value Ae [eV] £ SE t-value p-value
Acartia (2016) NF 36 1.07£0.74 -1.45 0.21 236.23 NA NA
Acartia large F 34 -0.39+£0.23 1.66 0.17 37.85+17.09 -2.21 0.27
Acartia large NF 34 0.78 £0.47 -1.67 0.17 33.94 +£5.20 -6.53 0.10
Acartia small F 34 0.66 +0.41 -1.62 0.18 8.82+0.00 -3328.00 0.00
Acartia small NF 34 2.05+0.26 -7.96 0.00 11.84 +9.31 -1.27 0.42
Candacia NF 30 0.76 £5.74 -0.13 0.91 99.01 £ 18.10 -5.47 0.01
Centropages F 34 -1.27 £ 0.68 1.88 0.13 2.39+551 -0.43 0.74
Centropages NF 34 0.28+1.10 -0.26 0.81 1541 +7.21 -2.14 0.28
Corycaeus NF 34 0.43+3.05 -0.14 0.90 311.10 NA NA
Megalopa NF 36 0.02+0.01 -1.70 0.15 5.38 NA NA
Ostracod NF 30 -0.83 £ 0.67 1.25 0.34 21.35+5.07 -4.21 0.05
Paracalanus NF 36 2.88+1.49 -1.93 0.11 651.18 NA NA
Tortanus NF 34 -0.19 + 0.46 0.42 0.69 34.92 +13.60 -2.57 0.24
Undinula F 32 0.93+0.25 -3.73 0.03 72.13 +16.03 -4.50 0.05
Undinula NF 30 2.21+0.72 -3.07 0.09 41.71+6.91 -6.03 0.01
Zoea NF 34 0.12+0.18 -0.66 0.54 6.47 £ 1.75 -3.71 0.17
Summary Means 335 0.59+1.03 99.36 + 8.82
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Optimal temperature, or optimal threshold, was designated as the highest
temperature before a steep increase in mortality. Candacia sp., Ostracod sp., and
Undinula sp. showed a Toptat 30 °C, when no food was supplied (Figure 5.6, Table
5.4), while the Topt of Undinula sp., increased to 32 °C when food was supplied
(Figure 5.6, Table 5.4). Most zooplankton species tested exhibited a threshold at 34
°C, and Acartia sp. (tested in 2016), crab megalopa, and Paracalanus sp. reached a
Topt at 36 °C in the absence of food (Figure 5.6, Table 5.4). Paracalanus sp., Corycaeus
sp., Acartia sp. of 2016, and Candacia sp. experienced the steepest increase in
mortality in the absence of food supply at temperatures exceeding their thermal
optimum, with exceedingly large activation energies for thermal collapse of 651,
311, 236, and 99 eV, respectively (Table 5.4). All of the activation energies for T <
Topt were exceedingly low, with all values (except that of Paracalanus sp.), lower
than the lowest activation energy for T > Topt (<2.39 + 5.51 eV, Table 5.4), and some
were even negative (Table 5.4), which signifies that mortality declined with
increasing temperature up to Topt (Figure 5.6). Paracalanus sp. without food supply
had the highest activation energies for both T < Topt and T > Topt, at 2.88 £ 1.49 and
651.18 eV, respectively (Table 5.4). Centropages sp. with food supplied had the
lowest activation energy for T < Toptat -1.27 * 0.68 eV, as well as for T > Topt at 2.39
+ 5.51 eV (Table 5.4), making its threshold for thermal collapse less defined than its
threshold for T > Topt in the absence of food, which was 15.41 + 7.21 eV (Figure 5.6,
Table 5.4). In general, activation energies for T > Toptincrease greatly with T > Topt

(Figure 5.7).
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temperature curve with activation energies [eV] of temperatures above Topt over
activation energies [eV] of temperatures below Topt.

5.5. Discussion

The acclimation process in our experiment involved moving the organisms from in
situ temperature (32 °C) into 2 °C higher every hour until reaching the target
experimental temperature. The organisms tested survived this trajectory, likely due
to their ability to cope with large changes in temperature each time they migrate
through the water column. Zooplankton may migrate hundreds of meters down to
depth and up again to the surface of pelagic waters within 24 hours, making them
well adapted to a broad thermal scope. Thus, the 6 °C difference in acclimation
from in situ to the highest temperature treatment in our experiment, is a regular
occurrence for migrating species.

Increasing temperatures led to increased mortality of all major Red Sea zooplankton

taxa tested here, with mortality rates increasing greatly at temperature above 34 °C,
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which was the modal Topt for the zooplankton taxa tested. All zooplankton taxa
experienced a steep increase in mortality rates at 36 and 38 °C, indicating an
important thermal threshold for Red Sea zooplankton (Figure 5.1). The rate of
increase in mortality rate with temperature, as characterized by the activation
energy of mortality rate, increased, on average, by 98.76 eV, or 167 fold once the Topt
was exceeded (Table 5.4). Hence, organisms collapsed and died rapidly at these
warm temperatures, likely involving the denaturation of enzymes (Gillooly et al.
2001; Tomanek 2010). Furthermore, ectotherms are highly sensitive to temperature
as they are governed by the oxygen-limited thermal tolerance hypothesis, which
states that performance may be limited to the inability of ventilatory and circulatory
systems to meet demands of oxygen at high temperatures (Pértner 2001).

The availability of food alleviated the effects of temperature on mortality rates and
reduced the activation energy for temperature below Topt by, on average, 75 fold,
and only increased the activation energy for temperature above Topt slightly by 1.2
fold. However, the large-size Acartia sp. showed similar mortality patterns at
temperatures 30 °C and below in the presence and absence of food (Figure 5.4),
implying that, for this taxa, food did not confer a large advantage and the animals
were able to cope at these temperatures even in the absence of food, possibly
because their large size allows to accumulate reserves (Lee et al. 1970). Food had a
stronger and more significant effect in buffering mortality in the small-size Acartia
sp. than it did in the large-size Acartia sp. (Figure 5.5). When given food, the small-
size Acartia sp. showed resistance to mortality even at the highest temperature

tested, 38 °C, a temperature that was not withstood by any of the other copepod
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taxa (Figures 5.3 and 5.5). Hence, food supply appears to play a fundamental role in
conferring resistance to warming for the smaller copepods, which can incorporate
food faster and react to stress more rapidly (Alcaraz et al. 2014). Also, the
production of astaxanthin, an important antioxidant, has been shown to increase
with food supply (Holeton et al. 2009). These results are consistent with the
metabolic theory of ecology (Brown et al. 2004), which predicts that the increasing
in metabolic and developmental rates, including mortality, with increasing
temperature is scaled to size, with smaller organisms exhibiting faster responses to
increased temperature (Hall and Burns 2001; Lee et al. 2003; Brown et al. 2004;
Alcaraz et al. 2014).

Candacia sp., Ostracod sp., and Undinula sp. (all without food), exhibited the lowest
capacity to handle thermal stress, as their Topt was only 30 °C (Table 5.4), a
temperature below the in situ temperature at the time of sampling, suggesting these
populations would be already stressed in situ. In contrast, the effect of food on
Undinula sp., raised the optimal temperature to 32 °C (Table 5.4), indicating the
important role, confirmed by experimental results, that food supply confers
resistance, not only in terms of reducing mortality rate at temperatures close and
above Topt, but also by increasing the thermal scope of the species. This adds further
evidence to the importance of an energy source in building resistance to thermal
stress.

Interestingly, planktonic early life stages of crabs, such as zoea and megalopa, tested
here, showed remarkable resistance to high temperature, being the only taxa

showing significant survival at the warmest temperature, 38 °C (Figure 5.1).
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Megalopa has also been shown to be more resistant to UV-B radiation, which is
higher in oligotrophic seas (Tedetti and Sempéré 2006), than other common Central
Red Sea zooplankton taxa (Al-Aidaroos et al. 2015). Whereas the crab species could
not be resolved, adult Red Sea crabs often inhabit mangrove ecosystems, where
temperature can reach extreme values, requiring therefore, extreme resistance to
heat stress, as observed for the planktonic crab stages tested here.

Marine organisms, including cold-water species, are often reported to grow in
environments with maximum temperatures close to their thermal limits (Hofmann
and Somero 1996; Feder and Hofmann 1999; Tomanek and Somero 1999; Thomas
et al. 2012). The thermal limits for the most common Red Sea zooplankton groups
range from 30 to 36 °C, with a modal value of 34 °C (Table 5.4), which corresponds
with the annual maxima experienced in the Central Red Sea (Chaidez et al. 2017)
where the zooplankton were sampled. This renders Red Sea zooplankton some of
the most thermal resistant marine zooplankton yet reported (Gonzalez 1974; Clarke
and Peck 1991; I[keda et al. 2001; Zubakha and Usov 2004; Jiang et al. 2008; Alcaraz
et al. 2013b; Hammock et al. 2016). Yet, the 6 °C range in Topt across the species
tested here, is of significance and may affect community composition and seasonal
succession in the Red Sea, with species with low Topt likely to be most abundant in
winter and those with the highest Topt likely to dominate in summer (Portner and
Farrell 2008; Mgller et al. 2012; Kjellerup et al. 2012). Stressors such as
temperature and lowered pH, cause a greater proportion of organisms’ energy
budgets to be allocated to respiration, reducing the energy allocated to growth and

reproduction, potentially affecting community composition (Pedersen et al. 2014).
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However, beyond thermal control of seasonal community composition, marine heat
waves will affect the Red Sea (Chaidez et al. 2017), and may cause catastrophic
zooplankton mortality by bringing in situ temperatures to values above Topt, even of
the most thermally resistant species. Indeed, our results show that mortality rates
increased greatly, on average 167 fold, when temperature exceeds Topt.

The temperature performance curves for the zooplankton taxa tested here, follow
the same pattern of two regimes as do the majority of ectotherms, with mortality
gradually increasing until Topt, and sharply increasing after Topt (Freitas et al. 2007;
Tewksbury et al. 2008; Tagliarolo and McQuaid 2015). The abrupt change marks a
thermal threshold, which when reached, the organism or population goes into
thermal collapse and it takes a much greater amount of energy to return to the
previous stable state (Dell et al. 2011). Our study showed that food has a significant
effect in combating thermal stress at high temperatures (Figure 5.5) and this was
reflected in the activation energies, reducing the activation energy for T < Toptby 75
fold. However, the addition of food increased slightly, on average, the activation
energy for T > Topt by 1.2 fold. This could indicate that the thermal thresholds are
due to the effect of temperature alone, making the effect of T > Topt more
pronounced because of the beneficial effect of a food source at lower temperatures.
Some of the activation energies for T > Topt are comparable to other activation
energies measuring the effect of temperature on respiration on copepods; these
values are between 8.84 and 22.94 eV (Hirche 1987). Mass-corrected embryonic
development for zooplankton was shown to have an activation energy of 0.12 eV by

Gillooly et al. (2002), and a post-embryonic activation energy of 0.11 eV; and this is
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most similar to the activation energy for T < Topt of the zoea crab larvae (0.12 +
0.18, this study).

Our results clearly show that food supply plays an important role in conferring
thermal resistance to the animals, particularly at temperature near or in excess of
Topt. This is due to the high energy demands associated to increased temperature,
such as increased respiration rates, and to mechanisms, such as DNA repair, protein
folding and proteolysis, and protection from oxidative stress, reported to be
involved in thermal resistance of zooplankton (Schoville et al. 2012; Lehette et al.
2016; Rahlff et al. 2017). However, the Red Sea is an ultraoligotrophic ecosystem,
where food supply is very limited and, hence, zooplankton are expected to be
generally food-limited, thereby rendering them more vulnerable to extreme
temperatures and heat waves.

Our study delineates the thermal limits of zooplankton in the Central Red Sea when
undergoing heat stress, with important implications for understanding the
ecosystem of the Red Sea and its response to on-going warming, which is raising
maximum seawater temperature in the Red Sea by 0.17 °C decade! (Chaidez et al.
2017). The impact of even slight warming (0.90 °C increase in global SST, Edwards
and Richardson 2004), on the marine pelagic community and environment is likely
to be significant, particularly with the onset of more frequent heat waves (Meehl
and Tebaldi 2004), also affecting the Red Sea (Chaidez et al. 2017), since organisms
are adapted to grow near their Topt and temperatures above Topt lead to catastrophic
mortality. Although zooplankton have the ability to enter diapause and migrate

vertically to find cooler waters, they need to return to the photic layer to feed, and
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cannot, therefore, entirely avoid warm waters by this strategy. We, therefore,
conclude that zooplankton in the Central Red Sea are likely to already live at or close
to their temperature optima in the summer. Past the thermal thresholds described
in this study, physiological mechanisms may become impaired and reduce the
chances of survival. We, therefore, conclude that Red Sea zooplankton are highly
vulnerable to warming and extreme marine heat waves.
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6. SYNTHESIS

The Red Sea holds a unique position in the world ocean, as a young sea with a
tropical ecosystem at higher latitude. The temperatures already observed in the Red
Sea are on par with those predicted for other ocean basins as a consequence of
climate change. There is much discussion surrounding the adaptability of life in the
ocean with rising temperatures. The Red Sea offers a special glimpse into what that
could look like, thus, it is imperative that research continue to be developed in this
region.

This dissertation delineated basin-scale, decadal trends in sea surface maximum
temperature and identified the rate of warming for the Red Sea, which hitherto was
unknown. The Red Sea, already considered an extremely warm sea basin, is
warming faster than the global average at 0.17 °C decade! (Chaidez et al. 2017),
compared to 0.11 °C decade! (Rhein et al. 2013). This rate of warming may pose
challenges to organisms already living close to their thermal limits across the Red
Sea. This dissertation goes on to answer the question of what are the thermal limits
of a keystone and ecosystem engineering plant species, Avicennia marina; as well as
some of the most ubiquitous and important pelagic organisms, zooplankton.
According to the results of this dissertation, projected sea surface temperatures for
the year 2050 in the Northern Red Sea will include temperature maxima between
28.5 and 30.9 °C. This is still within the thermal scope of the organisms tested here,
although the Northern Red Sea is currently the northernmost boundary of A.
marina’s range. By 2100, temperature maxima in the Northern Red Sea will be

between 31.0 (in the two gulfs) and 32.4 °C (northern portion). These temperatures
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may cause mass mortality for Candacia, Ostracod, and Undinula spp. of zooplankton
which exhibit a thermal threshold at 30 °C. In the Central Red Sea, sea surface
maxima is due to increase from 0.0 to 0.3 °C decade-l. By 2050, the Central Red Sea
will experience annual temperature maxima within 30.5 to 32.4 °C, the same
scenario as the Northern Red Sea in 2100, putting in danger the most vulnerable
species of zooplankton. By 2100, the Central Red Sea will experience annual
temperature maxima within 30.5 to 33.9 °C, placing added thermal stress on A.
marina propagules and seedlings already near their thermal limits. These projected
temperatures may also bring many of the common zooplankton species to thermal
collapse as our experiments showed that they share a thermal threshold of 34 °C or
lower; these species include Acartia spp., Candacia spp. Centropages
spp., Corycaeus spp., Ostracod spp., Tortanus spp., Undinula spp., as well as Zoea crab
larva.

As evidenced by this work, young A. marina mangroves are resilient to raised
temperatures up to 4 °C above current values. This is significant, as plants are
sessile organisms, and thus cannot escape their immediate thermal stress. This
means they are a resilient species for the Red Sea. However, warming will have an
effect on individual growth, productivity, and population densities as it was found
that propagules kept at higher temperatures (+4 °C above current), produced
shorter seedlings than those at mean and +2 °C above the mean. Already, A. marina
in the Red Sea exhibits stunted growth compared to stands in other parts of the
world (Mackey 1993; Almahasheer et al. 2016). We must also keep in mind that

increased CO2 and increased temperature may cause earlier flowering as evidenced
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in terrestrial plants (Rusterholz and Erhardt 1998). Thus, A. marina may undergo
phenological shifts in response to warming and climate change. Still, Avicennia
marina will likely remain a keystone species for Saudi Arabia with a dense
stronghold in the southern coast, which experiences the hottest air and surface
water temperatures, but is also facing a slower warming trend than the rest of the
basin (Chaidez et al. 2017).

In our zooplankton experiments, we resolved the thermal thresholds of the most
common Red Sea zooplankton taxa, ranging from 30 to 36 °C. Of the taxa tested
here, 34 °C was the modal temperature to be tolerated by large and small sized
Acartia sp., Centropages sp., Corycaeus sp., Tortanus sp., and crab zoea, deeming 34
°C, an important thermal threshold in the Red Sea. The crab larvae at the zoea and
megalopa stage showed the highest resistance to warming of all the groups tested. It
is unknown what makes them so resilient, but it is clear they have adapted to
extreme temperature. We know from other studies of crustaceans, that the thermal
stress response occurs quickly (Madeira et al. 2016; Rahlff et al. 2016) but our
experiments were able to capture the effects of prolonged heat stress which might
occur in an environment where the organism would not be able to escape by vertical
migration. Although organisms that must react quickly to thermal stress do so at a
high energetic cost, under mild stress conditions, these organisms may be better
adapted to cope with warming as has been seen with intertidal species (Madeira et
al. 2012), as are adult crabs, which live in mangrove ecosystems. We showed that
food confers a significant advantage against thermal stress, decreasing mortality

rates at high temperatures for some taxa. For Undinula sp., the addition of food
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raised its thermal threshold from 30 to 32 °C. This experiment provided valuable
insight into the implications of warming on a key component of the Central Red Sea
pelagic ecosystem, which is extremely warm and oligotrophic.

Tolerance windows are wider for tropical and temperate species than they are for
polar ones (Peck and Conway 2000). It may be that in recent geological time, cold
adaptation was the major challenge (Arntz et al. 1994) whereas now, in the
Anthropocene, the upper limits of many species are being tested. While the present
challenges are great, and we do not know the full capacity of species to adapt, the
situation may not be dire as warm environments were likely the conditions in which
many species first evolved under (Ivanov et al. 2000). Organisms and the
communities they comprise are facing great changes and challenges due to ocean
warming. The effects are multi-faceted and complex. Through this PhD dissertation,
we have attempted to elucidate some of those effects. May the results presented
here, combined with the understanding of the interaction between environment and
life, allow us to be better poised to mitigate harmful effects, and adapt alongside the
rest of the biosphere, now and into the future.
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