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Abstract

Giant sea anemones on Indo-Pacific coral reefs are important ecologically as
hosts to obligate clownfish (anemonefish) and cleanershrimp symbionts, and also
economically as major components of the global trade in reef invertebrates for
ornamental aquaria. The population dynamics of these sea anemones remain poorly
understood, but are vital to their sustainable management. I applied size-based
demographic models to population information collected intensively during 1996-2000,
and then again in 2013-2014, for the 2 major species of clownfish sea anemones on coral
reefs at Eilat, Israel, northern Red Sea. High rates of mortality led to highly dynamic
populations of both species. In turn, relatively low recruitment caused gradual population
decline, which continued through 2014, when the abundances of both the anemone hosts
and their fish associates were at all-time lows. The long-term decline of habitable sea
anemones observed here significantly altered the anemonefish population structure,
creating a negative feedback loop in which the fish changes then impacted their
mutualistic hosts. Based on this long-term demographic analysis, including patterns of
elasticity and population turnover, I provide recommendations for the sustainable harvest
of these giant sea anemones on coral reefs. This demographic study reveals the processes
leading to population decline in an important coral reef mutualism, as well as the urgent
need for more scientifically-based management to prevent the local extinction of both

mutualistic partners on these reefs.
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Chapter 1
Sea anemone population dynamics: Overview of demographic analyses

and sustainable management issues

The symbiosis between coral reef sea anemone hosts and their anemonefish
(clownfish) associates was first reported nearly 150 years ago (Collingwood 1868).
Several ecological benefits attributed to the clownfish-anemone mutualism have since
been revealed by scientists (reviewed in Fautin and Allen 1997, Szczebak et al. 2013). In
addition to coral reef investigators, the general public is well-acquainted with this
fascinating association, which has become a common example of symbiotic relationships
among organisms, especially through the popular media as exemplified by the 2003 Pixar
film Finding Nemo.

This clownfish-anemone symbiosis exhibits ~30 species of obligate
anemonefishes who associate with 10 species of giant sea anemone hosts on Indo-Pacific
coral reefs (Fautin and Allen 1997). Despite the importance of this association in
enhancing biodiversity on coral reefs, little is known about the biology of the host sea
anemones. Most of the published information about this symbiosis concerns the fish
associates, or the interaction between fish and host, which is most commonly viewed as a
defense mutualism. The sea anemone protects its fish associates from predators with an
array of tentacles laden with venomous stinging cells called nematocysts. In turn, the
often aggressive anemonefish protects its host from predation by attacking organisms like
butterflyfish and sea turtles, which attempt to feed on the sea anemone tentacles (Porat

and Chadwick-Furman 2004). Other known benefits that anemonefish provide to sea



anemones include supplemental nitrogen and oxygenation, which aid in tissue growth and
reproduction (Roopin and Chadwick 2009, Szcebak et al. 2013). Additionally, much is
known about the life histories of the anemonefish (Simpson et al. 2014). Almost no
information exists concerning the population dynamics of giant clownfish sea anemones,
even though they are collected intensively for the ornamental aquarium trade—and
sometimes overharvested—in many places around the world. A decade-old study on sea
anemone collection in the Philippines reported that clownfish sea anemones were
harvested at rates that cannot be matched by their reproduction, and that harvest rates
must be adjusted to avoid further population declines and local extinctions (Shuman
2005). Coral reef sea anemones also are potentially affected by environmental stressors
such as rising sea water temperature, habitat destruction, sedimentation, pollution, and
local nutrient enrichment that contribute to reef degradation (Szmant 2002, Thornhill
2012, Hobbs et al. 2013). Quantitative, long-term demographic studies on clownfish sea
anemone populations are needed as a scientific basis to support sustainable management
and harvest practices for these vulnerable symbiotic hosts.

In Chapter 2 of this thesis, I describe the population dynamics of 2 clownfish sea
anemones in the northern Red Sea, and make the first extensive management
recommendations for their sustainable harvest. The analysis reported was based on
annual examination of their population structure, growth, shrinkage, mortality, and
recruitment during 1996-2000 on coral reefs at Eilat, Israel. Because sea anemones
possess no hard skeleton, and not only grow but shrink, standard age-based population
models are difficult to apply. Thus, I followed Hughes’ (1984) size-based demographic

model, modified from a classic age-based model, for the 2 populations of sea anemones



at Eilat. Transition matrices were used to reveal probabilities of vital rates for the
individual anemones within each designated size class. Understanding how individuals
transitioned within the population provided insights into their whole-population
dynamics, as well as how those populations can be expected to respond in similar
conditions in the future. Both sea anemone populations declined substantially during
1996-2000, allowing me to compare those short-term trends with their current population
abundances and to analyze the more recent, long-term effects of their demographic
patterns over almost 20 years. Elasticity analyses were applied to determine the transition
probabilities that have the greatest effect on population growth, and population turnover
time was calculated as the time required for complete replacement of individuals at a
given time.

In Chapter 3, I present recent demographic information for both sea anemone
populations collected in follow-up surveys at the same study site during 2013-2014. By
comparing the trends observed during 1996-2000 to those in 2013-2014, I tested the
population projections that arose from the original dataset, providing insight into the
important parameters that shape long-term population trends in these 2 host anemone
species. Because the anemonefish associates potentially benefit both hosts by providing
predator defense and supplemental nutrients (see above), the fish dynamics also were
described, as well as their effects on host body size and survivorship. As the sea anemone
populations continued to decline, the anemonefish populations also waned over the long-
term study at this site, but with interesting patterns of altered population structure that

depended on the host species.



The recent trends and analyses reported in Chapter 3 reinforce and supplement the
more intensive, earlier population assessment detailed in Chapter 2. Together, these 2
studies provide the first long-term, in-depth study of demography in clownfish sea
anemones, and form a strong scientific basis for the sustainable population management

of these important coral reef organisms.
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Chapter 2
Population dynamics of clownfish sea anemones at Eilat, northern Red Sea:

Implications for sustainable management

Abstract

Giant sea anemones on Indo-Pacific coral reefs are important ecologically as hosts to
obligate clownfish (anemonefish) and cleanershrimp symbionts, and also economically as
major components of the global trade in reef invertebrates for ornamental aquaria. The
population dynamics of these coral reef sea anemones remain poorly understood, but are
vital to their sustainable management. We determined demographic processes in the 2
main host species for clownfish in the Red Sea, the bulb-tentacle sea anemone
Entacmaea quadricolor and the leathery sea anemone Heteractis crispa, over 4 years at
Eilat, Israel. We applied stage-based demographic models and grouped anemones by
body size to assess variation in patterns of recruitment, growth, shrinkage and mortality.
Populations of both species were highly dynamic, and declined markedly in abundance
over 4 years with low recruitment and high mortality occurring in some years. Matrix
transitions by both the smallest and largest individuals (depending on year) contributed
the most to population change. Population turnover rate was more rapid than expected for
these large sea anemones, estimated at complete replacement of individuals in 7 and 5
years for E. quadricolor and H. crispa, respectively. Based on their population dynamics

and ecological interactions, we make the following management recommendations for



the sustainable harvest of these 2 important sea anemone species: (1) seasonal closure of

harvest during their estimated annual spawning periods, to allow especially the largest

individuals to release abundant gametes, (2) designation of nearby protected areas where

anemones are not harvested, preferably up-current from harvested (or otherwise
degraded) reefs, to support local recruitment and population replenishment, (3) a slot
limit that allows collection of only medium-sized individuals, which have relatively little

impact on population changes, and (4) protection from harvest of interspecific pairs, in

which nursery anemones H. crispa are located < 5 m distance from breeding fish hosts E.
quadricolor, to allow migration of juvenile anemonefish from nurseries to breeding

habitat.

Introduction

Coral reefs are the most biodiverse marine habitats on Earth (Loya 1972, Jackson
1991), yet they are in precipitous decline, threatened by an increasing number of
anthropogenic influences that include overfishing, nutrient loading, and climate change,
among other factors. These processes are causing coral reefs in many parts of the world
to support ever-decreasing levels of biodiversity (Wilson et al. 2006, Carpenter et al.
2008, Wilkinson 2008). In addition to stony corals and their contribution of hard structure
to the reef, soft-bodied cnidarians such as soft corals and sea anemones play an integral
role in coral reef ecosystems, especially through their mutualistic relationships (Haywood

and Wells 1989, Sheppard et al. 2012, Fautin and Allen 1997, Nakano and Fujii 2014).



Giant sea anemones on coral reefs are vulnerable to population declines caused by
anthropogenic stressors such as overfishing (Shuman et al. 2005) and temperature-
induced bleaching (Hill and Scott 2012, Hobbs et al. 2013). Current threats to populations
of reef anemones are especially worrisome due to the high diversity of fishes and
crustaceans that depend on them as obligate symbiotic hosts (Bruce 1976, Patton 1976,
Chadwick et al. 2008).

One of the most recognizable symbioses in nature is the partnership between
clownfishes (anemonefishes) and giant sea anemones (Fautin and Allen 1997), but both
organisms are decreasing in abundance due in part to being widely collected for the
aquarium trade. Ten years ago, Shuman et al. (2005) reported that clownfish anemones
were being harvested at rates that cannot be matched by their reproduction, and called for
harvest rates to be adjusted to avoid further population declines and local extinctions. In
addition to overharvesting, giant coral reef sea anemones are potentially affected by
environmental stressors such as rising sea water temperature, habitat destruction,
sedimentation, pollution, and local nutrient enrichment that contribute to reef degradation
(Szmant 2002, Thornhill 2012). The effects of these various stressors on anemone
populations and their associates remain widely unknown, other than the negative impacts
of temperature-induced anemone bleaching (Jones et al. 2008, Hill and Scott 2012,
Hobbs et al. 2013, Hill et al. 2014). Conversely, ocean acidification, while foundationally
detrimental to coral reefs, may actually enhance the growth rates of some non-calcifying
cnidarians, including symbiotic sea anemones (Suggett et al. 2012, Jarrold et al. 2013).

Little is known about the population dynamics of clownfish sea anemones.

Several studies have documented their patterns of abundance (Hirose 1985, Hattori 1994,



Richardson et al. 1997, Elliott and Mariscal 2001, Brolund et al. 2004, Chadwick and
Arvedlund 2005, Hattori 2006, Scott et al. 2011, Bridge et al. 2012, Huebner et al. 2012,
Dixon et al. 2014, Scott and Baird 2014, Lee et al. 2015), sexual reproductive cycles
(Chia 1976, Scott and Harrison 2007a, 2009; Bi et al. 2015), larval settlement and
juvenile development (Scott and Harrison 2007b, 2008), as well as short-term changes in
body size (Porat and Chadwick-Furman 2004, Holbrook and Schmitt 2004, 2005).
However, no information is available on their long-term patterns of recruitment, growth,
and mortality in the field. This is due in part to the challenges of applying standard age-
based demographic models, because it is difficult to determine individual age and size-
age relationships in sea anemones.

The demographic patterns of cnidarians with hard skeletons, such as some stony
corals (Chadwick-Furman et al. 2000, Goffredo et al. 2004), and with flexible protein
skeletons, such as branching soft corals (Goffredo and Lasker 2008), have been analyzed
using age-based models from information in their skeletal growth rings. In contrast, sea
anemones possess only soft tissues with no growth rings, and are able to not only grow
but shrink. As such, their body size is easier to determine than their age (Chomsky et al.
2004, O’Reilly 2015). This pattern is similar to that in certain stony corals that fission or
fusion, do not leave clear evidence of previous size (Hughes and Jackson 1985, Edmunds
and Elahi 2007), and which have been analyzed using a size-based demographic model
(Hughes 1984) modified from Leslie’s (1945) classic age-based model. This type of
model also can be applied to sea anemones. Information gained through this type of
demographic analysis of giant sea anemones can determine the processes contributing to

the current status of their populations, and is important for the projection of future trends



to serve as a basis for management decisions. In addition, the relative influence of natural
versus anthropogenic environmental factors in controlling cnidarian populations on coral
reefs often can be discerned from their demographic patterns (Bak and Meesters 1998,
Chadwick et al. 2000, Guzner et al. 2010).

Understanding of sea anemone demography also is important due to their
relevance to the fields of medicine and agriculture, through application of their
nematocyst venoms and injection mechanisms. Sea anemones deliver highly toxic venom
to potential enemies and prey via sophisticated subcellular capsules (nematocysts, Shick
1991). In the field of medicine, the cytolytic properties of giant sea anemone venom can
be applied to fight various human diseases. Sea anemone venom kills lung, breast, and
skin cancer cells (Ramezanpour et al. 2012) via targeted cell apoptosis (Ramezanpour et
al. 2014). Venom from the sun anemone Stichodactyla helianthus inhibits a specific
voltage-gated potassium channel that regulates basal metabolic rate in mice, suggesting
potential as an anti-obesity drug for humans (Upadhyay et al. 2013). The venom delivery
system of sea anemone nematocyst capsules also potentially can be loaded with
medications, and function as a micro-injector for precise transdermal delivery of
pharmaceuticals to injured tissues (Ayalon et al. 2011).

In agricultural systems, the venoms from sea anemone nematocysts are effective
in the control of aphid populations in florist’s chrysanthemum, which is the world’s
second most important floricultural product, next to roses (Valizadeh et al. 2013).
Western flower thrips Frankliniella occidentalis feed on many commercial crops, and can
potentially be controlled with multi-domain biological control that includes sea anemone

venom (Outchkourov et al. 2004). Sea anemone venom can also help protect potato crops
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against larval Colorado potato beetles Leptinotarsa decemlineata, which feed on potato
plant leaves (Gruden et al. 1997). These novel venom applications employ sea anemone
equistatin, a protease inhibitor produced by beadlet sea anemones Actinia equina which
negatively affects insect survivorship and reproduction. This natural insecticide is
environmentally-friendly because it breaks down into non-toxic byproducts that do not
persist in ecosystems, in contrast to many synthetic pesticides. The industrial potential of
these sophisticated venoms and nematocyst capsule delivery systems indicates the
importance of understanding sea anemone demographic processes, so that their dwindling
populations can be preserved.

Ten species of giant sea anemones host 30 species of obligate anemonefishes on
Indo-Pacific coral reefs (Fautin and Allen 1997, Allen et al. 2008, Allen et al. 2010). This
symbiotic relationship is mutually beneficial in that the anemonefish enhance host
anemone growth and survivorship (Holbrook and Schmitt 2005, Wu et al. 2015) by
providing nutrients (Roopin et al. 2008, Cleveland et al. 2011), protection from predators
(Godwin and Fautin 1992, Porat and Chadwick-Furman 2004), and oxygenation
(Szczebak et al. 2013). In turn, the abundance of anemonefishes depends on the
abundance and species diversity of host anemones (Richardson 1999, Elliott and Mariscal
2001, Huebner et al. 2012). Anemonefishes must successfully locate a host to have a
chance of survival; juvenile anemonefish are almost certainly preyed upon if
unsuccessful (Fautin and Allen 1997). Because space for juvenile fish to recruit to a
suitable host is limited, declines in host populations result in more limited habitat for
anemonefishes. Thus, steep declines in anemonefish abundance will occur where

anemones are overharvested or are in decline due to other factors.
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On shallow coral reefs in the northern Red Sea, bulb-tentacle sea anemones
Entacmaea quadricolor (Riippell and Leuckart, 1828) and leathery sea anemones
Heteractis crispa (Ehrenberg, 1834) host endemic two-band anemonefish Amphiprion
bicinctus (Riippell, 1828). Adult fish occur mainly in individuals of E. quadricolor,
where they form breeding pairs and produce offspring. Juvenile fish are relegated mostly
to individuals of the nursery anemone H. crispa, where they wait for openings in nearby
E. quadricolor, and rapidly immigrate when vacancies arise (Huebner et al. 2012). As a
result, the demographic patterns of these anemonefish are strongly influenced by host
species identity and their dispersion patterns, as well as by host population dynamics.

I employ here a size-based demographic model (Hughes 1984) to analyze the
dynamics of E. quadricolor and H. crispa over 4 years on a coral reef in the northern Red
Sea at Eilat, Israel. I document patterns of recruitment, growth, shrinkage, stasis, and
mortality of individuals, estimate rates of population turnover, and project future
population trends for both anemone species. Based on these analyses, I provide the first
scientifically-based recommendations for the sustainable harvest of these giant sea

anemones on coral reefs.

Methods

Study site and collection of field data

Annual field surveys were conducted each June for 4 years (1996-2000) on coral

reefs adjacent to the Interuniversity Institute for Marine Science, at Eilat, Israel, northern

12



Gulf of Agaba, Red Sea (29°30'04.00"N; 34°55'00.50"E). A study site (Fig. 2.1)
extending 220 m x 50 m on the reef slope (long axis parallel to shore) was selected for
population studies, because it contained enough individuals of bulb-tentacle sea
anemones E. quadricolor and leathery sea anemones H. crispa for demographic analysis
(> 70 individuals per species, after Ottaway 1980, Hirose 1985, Hattori 2006). The site
ranged in depth from 0-12 m, and consisted of small patch reefs interspersed with sand
and occasional large reef knolls (see detailed site description in Chadwick and Arvedlund
2005). Initially the site was mapped and thoroughly searched for sea anemones; each
individual of the 2 species was marked by attaching an engraved aluminum tag to the
adjacent reef substrate (after Porat and Chadwick-Furman 2004, Huebner et al. 2012; see
details below on tagging and individual identification).

During June 1996, 88 individuals of E. quadricolor and 108 of H. crispa occurred
inside the mapped site and were tagged. The following data were collected for each
tagged sea anemone during each year of study: species, tag number, tentacle crown
length and width, depth below sea surface, substrate type (rock or sand), orientation
(vertical or horizontal orientation of the oral disk), number and size (total length, TL) of
all associated twoband anemonefish A. bicinctus, and sea anemone markings to aid in
individual identification (tentacle morphology after Huebner et al. [2012], striations on
the oral disk or tentacles, presence of column vesicles, etc.). The largest distance across
the center of the tentacle crown from tentacle tip to tentacle tip (L = length) and
perpendicular across the center of the tentacle crown (W = width) were recorded, and
TCSA was calculated using the equation for the area of an oval, 2 length x /2 width x ©

(after Hirose 1985, Hattori 2002, 2006, Brolund et al. 2004, Chadwick and Arvedlund
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2005, Huebner et al. 2012). The sampling interval was once per year, after initial
sampling every 3 months revealed only slight population changes during shorter periods.
Each year, anemones that appeared contracted (tentacles and oral disk not fully expanded,
Porat and Chadwick-Furman 2004) were re-examined during later dives in the same
week, until the anemone oral disk appeared to be fully expanded and then re-measured; if
they did not re-expand, they were marked as contracted, and their body size data were
interpolated for that census year based on their body size during the previous and
subsequent surveys. The entire study site was examined carefully each year, including all
reef cracks and crevices, and any new sea anemones of the above 2 species were marked

and measured.

Data analysis

Changes in the populations were analyzed using a size-based demographic model
(Fig. 2.2), in which individuals were grouped into classes based on body size, and
transitions between the classes were determined each year (after Hughes 1984, Edmunds
and Elahi 2007). Each individual was assigned to 1 of 3 size classes based on TCSA: I (<
150 cm?), I1 (150-300 cm?), or IIT (> 300 cm?). Transition matrices were constructed
based on these size classes and on the fate of each individual during each year of the
study.

During each annual survey after 1996, new individuals in the study site that were
<200 cm? TCSA were considered to be recruits, based on preliminary analysis of the

maximum annual growth rates of recruits at Eilat (N. E. Chadwick, unpublished data).
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These individuals were not considered strictly as recent settlers, rather as juveniles that
had survived following settlement during the year prior to observation (after Hattori
2006). At Okinawa, Japan, where individuals of H. crispa grew to larger sizes (many >
1,000 cm?, and some > 2,000 cm?) than observed in the northern Red Sea, Hattori (2006)
used a cutoff of < 500 cm? TCSA for anemone recruits. In accordance with smaller
maximal body size and slower growth at our site, newly-tagged individuals with a TCSA
> 200 cm® were assumed to be anemones that had been present in previous years but went
undetected, and were excluded from analysis (3% of E. quadricolor, N = 133 over 4
years; 8% of H. crispa, N = 183). Small cnidarian recruits are notoriously difficult to
locate on the convoluted substrates of complex reef systems (Grigg 1984, Chadwick-
Furman et al. 2000, Goffredo and Lasker 2008); I thus did not classify as first-year
recruits any newly-tagged anemones if they exceeded 200 cm?, and excluded them from
analysis because they likely had been undetected during previous census samples.
Because these population transition matrices did not include the effects of sexual
reproduction on population growth rate (due to unknown fecundity rates), the intrinsic
rates of population growth (lambda, A) potentially could be misrepresented. To test
effects of within-matrix reproduction rates on elasticity, supplemental transition matrices
were constructed in which recruitment rates (i.e., the contribution of each size class to
observed recruitment, see below) were calculated and summed directly with the transition
elements in each cell. These supplemental matrices were constructed to test my
assumptions concerning the reproductive output of these species, and to determine
whether recruitment substantially affected matrix elasticity. All elasticity tables were

calculated in Microsoft Excel 2013 using the PopTools add-in (version 3.2.5).
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I used the following information to estimate the sexual reproductive contribution
of each size class of resident sea anemone to recruitment: (1) Giant sea anemones on
coral reefs mature sexually at very small body sizes: ~1 cm lower column diameter near
the pedal disk in the Caribbean corkscrew anemone Bartholomea annulata (Jennison
1981), and ~2 cm or smaller pedal disc diameter (PDD) in E. quadricolor (Scott and
Harrison 2009), roughly equal to 30 cm? TCSA (TCSA = 7.78[PDD]!*}, R2=0.48, N =
12, based on measurement of individuals under laboratory conditions). Thus, we assumed
that 30 cm? TCSA was the minimum body size at sexual maturity for both species.
Therefore, some individuals in Size Class I (4.1-149.5 cm? and 12.2-149.6 cm? TCSA for
E. quadricolor and H. crispa, respectively) likely contributed sexual propagules to
recruitment (~10% of all recruits, see below). (2) Sexual reproductive output (gonad
volume, egg abundance, etc.) increases roughly linearly with body size in all species of
actinian sea anemones examined to date, including a temperate intertidal brooder (Dunn
1977), broadcast spawners in the temperate intertidal (Sebens 1981, Bucklin 1982) and
subtidal zones (Wedi and Dunn 1983), and on tropical coral reefs (Jennison 1981), as
well as in Red Sea corallimorpharians (Chadwick-Furman et al. 2000). Thus, I assumed
that individuals of E. quadricolor and H. crispa (both broadcast spawners, Scott and
Harrison 2007a) increased their sexual reproductive output (number of propagules
released) linearly with body size. (3) Based on the above reproductive patterns, the
contribution of each size class of anemones here to recruitment likely was proportional to
their body size; anemones in the largest size class (which included a few very large
individuals) probably were responsible for the majority of recruits, while the smallest size

class contributed little (though still some) to recruitment. I thus estimated the
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proportional contribution to recruitment by each size class as I: 10%, II: 30%, and III:
60%. These proportional contributions corresponded to very similar proportional
relationships among the mean body sizes of each size class (I =71 cm? TCSA, Il =214
cm?, 111 = 472 cm?; thus mean size in [ was ~ 1/3 the mean size in 11, and that in II was ~
1/2 the mean size in III).

Mortality rates were estimated based on the disappearance of anemones between
census years. The study site was examined thoroughly each year, and anemones that
could not be relocated were considered dead or lost to the population (after Ottoway
1979, Holbrook and Schmitt 2005). Although sea anemones are capable of limited
motility (Mariscal 1972, Mitchell 2003, O’Reilly 2015), substantial movement by
individuals is rare. In previous anemone motility studies (Ottoway 1978, Batchelder &
Gonor 1981), most individuals that changed location moved < 3 cm over 1-2 years, and
the greatest distance traveled was 25-30 cm. In the giant sea anemone H. magnifica at
Moorea, few individuals moved > 1 m in 3 years (Holbrook and Schmitt 2005), and only
one individual of H. crispa out of 76 (1.3%) on Japanese reefs moved > 1 m over 1.5
years (Hattori 2006). At our study site, marker tags were attached close to anemones (< 5
cm), which were sparsely distributed throughout the site (< 1 individual per 100m?,
Chadwick and Arvedlund 2005). As such, even if an individual moved > 1 m in 4 years,
it would have been difficult to confuse it with another marked individual. On one
occasion, an individual of E. quadricolor was found detached on the reef surface, and
exhibited severely damaged tissues as if attacked by a predator (N.E. Chadwick, personal
observation). In all other cases, individuals of both species appeared to remain immobile

with their bases attached deep inside reef holes (as described in Fautin and Allen 1997).
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Occasionally, anemones not relocated during 1 year were found again in a
subsequent year. Previous survey data and notes were examined to determine whether,
based on size, location, and individual markings (see above), the anemone could have
been missed in that year’s survey, possibly due to being contracted inside its reef hole
(Huebner et al. 2012). In cases where anemones with absent data for 1 year appeared to
be the same individual as in previous and subsequent years, body dimensions were
interpolated to yield an approximate TCSA for the year of missing data (15% of all
anemones).

Population turnover time (T) was calculated as the reciprocal of turnover rate
(after Odum 1983, Hanski 1999), and estimated as the projected time for complete
replacement of individuals based on observations from one annual census to the next,

using the equation:

M+R \"
= (7w
N¢ + Neyq

where M = number of deaths (disappearances), R = number of recruits (appearances), Nt
= number of individuals at the beginning of the annual period, and Nt+1= number that
survived to the end of the annual period.

Elasticity analyses were applied to reveal which transition stages contributed the
most to the intrinsic rate of growth (A). These stages were important to focus on for
management because they can help identify the parts of the life history that contribute

most to the growth of the population (Benton and Grant 1999).

Patterns of variation among years and between species in the size structure of the

population, and in the proportion of individuals that recruited into or were lost from the
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populations, were analyzed using Chi-square tests. Analyses of the other information that
was collected for each sea anemone during annual surveys (see above), such as variation
in the types of substrates they occupied, orientation of their oral disks, trends in body size
with depth, and patterns of anemonefish association, are reported elsewhere (Wu et al.
2015). Results are reported here as means + one standard deviation unless noted

otherwise.

Results

Abundance and population structure

At the beginning of the study in 1996, bulb-tentacle anemones E. quadricolor and
leathery anemones H. crispa occurred at abundances of 0.080 and 0.098 individuals per
10m?, respectively (N = 88 and 108 individuals in the 220 x 50 m study site, Fig. 2.1).
The abundance of individuals of E. quadricolor increased by 6% in 1997, then decreased
by a mean of 11% each year for the next 3 years, resulting in a significant decline of 25%
in 4 years, to only 0.060 individuals per 10m? in 2000 (N = 66 individuals, mean loss of
6.3 + 3.4 individuals per year, regression analysis, p < 0.05, R?> = 0.85, Fig. 2.3). The
abundance of individuals of H. crispa remained stable from 1996-1998, then decreased
by 15% in 1999, with a slight increase in the final year of study, resulting in a non-
significant decline of about 14% in 4 years, to 0.084 individuals per 10m? in 2000 (N =

92 individuals, mean loss of 5.1 + 3.6 individuals per year, p = 0.052, R?> = 0.76, Fig.
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2.3). During all 5 census years, individuals of H. crispa were about one-quarter more
abundant (27 + 8%, range = 17-39%) than were those of E. quadricolor (Fig. 2.3).

The relative abundance of each size class of bulb-tentacle anemones decreased
with body size during most census years; small individuals were relatively more abundant
than were large ones (Fig. 2.4). This pattern was reversed during 1997, when the
population grew in abundance and mean body size, so that most individuals belonged to
the largest size class. Conversely, leathery anemones had a fairly even distribution of
individuals among size classes during the early years of the study when their abundance
also remained stable. The size structure then shifted to comprise mostly small individuals,
after the population began to decline in 1999 (Fig. 2.4). The proportion of individuals in
each size class varied significantly among years for both E. quadricolor (y° =34.6, p <
0.001) and H. crispa (y~ = 30.7, p <0.001). The proportion of individuals within each
size class differed significantly between the 2 anemone species only during the first year
of study (1996: > =7.79, p < 0.05; 1997: ¥* = 3.05, p = 0.22; 1998: > = 3.22, p = 0.20;

1999: x*=0.37, p = 0.83; 2000: ¥~ =3.03, p = 0.22).

Population dynamics

The smallest size class changed more than did the larger size classes in all years
for both anemone species (Table 2.1). Both recruitment (Rn in Table 2.1, which by
definition occurred into only the 2 smallest size classes) and loss (number of individuals
that died, gx N in Table 2.1) occurred mostly among the smallest individuals in terms of

absolute numbers, in all 4 years for both species. In contrast, medium-sized individuals
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experienced intermediate levels of mortality and recruited more rarely, and members of
the largest size class were rarely lost from the population (experienced low mortality), in
terms of absolute numbers (gx N and Rn). Proportionally, the mean loss rate of individuals
from the largest size class was 9% (+ 8%) for E. quadricolor and 8% (+ 2.5%) for H.
crispa.

For bulb-tentacle anemones, the probability of mortality was high in the largest
size class during the final year of the study, when only 9 individuals remained in the
largest size class (Qx in Table 2.1A). For leathery anemones, mortality rate was roughly
equivalent in the 2 smaller size classes and lowest in the largest size class for all years,
except during the final year of study when it was highest among medium-sized
individuals.

Mortality rates for both species fluctuated from year to year; neither species stood
out as regularly having the highest mortality. The greatest disparities between the 2
species occurred during the last 2 years, when E. quadricolor mortality was less than half
that of H. crispa in 1999, and then in 2000 H. crispa mortality rate was just over half that
of E. quadricolor (Fig. 2.5B). Mean annual mortality rate from 1996-2000 was 0.18 for
E. quadricolor, and 0.20 for H. crispa, indicating a loss of about 1/5 of the population to
mortality each year. During the first year, recruitment outweighed mortality causing a
slight population increase for both species, but subsequently this pattern reoccurred only
once, when H. crispa recruitment eclipsed mortality in the final transition year. The E.
quadricolor population declined at a slightly more rapid rate than did that of H. crispa,
leading to abundances of only 75% and 86% of their original population sizes after 4

years, respectively.
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For bulb-tentacle anemones, during the first year the proportion of individuals that
remained static (in the same size class between years) varied widely with body size, from
only 17% of medium-sized to 74% of large individuals (Table 2.1A). However, during
subsequent years a more even proportion of individuals remained static, ranging from 26-
67% of individuals, depending on size class. Leathery anemones exhibited more stasis, as
a majority of the individuals in each size class remained static during most years (Table
2.1B).

Across all years combined, stasis accounted for the largest transitional property in
both species. On average, 42% of individuals of E. quadricolor in each size class
remained static each year (range = 17-74% of individuals, Table 2.1A), similar to the
proportion in H. crispa (49%, range = 24-78% of individuals, Table 2.1B). Anemones
that shifted into a smaller size class (shrank) made up the next largest transitional
property for both species. From 1996-2000, an average of 37% (range = 12-64%) and
27% (range = 5-72%) of individuals of E. quadricolor and H. crispa shrank respectively;
shrinkage occurred mostly in the largest size class for both species, except during the
final transition year (1999-2000).

In terms of among-year variation, a high proportion of E. quadricolor individuals
grew (transitioned into larger body size classes, 45-67%) and relatively few shrank (only
12-21%) during the first year when population abundance also increased (compare Table
2.1A and Fig. 2.3). During subsequent years as abundance declined, few individuals grew
(only 5-28% depending on size class and year), while many shrank (22-64%), especially

among the largest anemones during years 2 and 3. Slightly less shrinkage and more
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growth occurred in year 4 than in years 2 and 3, indicating a slight upswing in population
parameters for this species near the end of the study.

Among-year changes for H. crispa differed somewhat from those for E.
quadricolor. During the first few years while population abundance was stable, a large
proportion of H. crispa individuals grew (22-36%) and relatively few shrank (5-35%).
Then, very few grew (only 7-9% of individuals) and a high proportion shrank (32-72%)
during year 3 when abundance declined. Finally in year 4, the proportion that grew
increased somewhat (8-32% of individuals) and fewer shrank (11-16%), as population
abundance increased slightly (compare Fig. 2.3 and Table 2.1B).

Individuals of E. quadricolor in Size Class I exhibited the most rapid growth
during the first transition period, with 45% reaching a subsequent size class (compared to
23% for H. crispa). In the following years, they grew less, until a slight uptick in 2000.
Growth of H. crispa out of the smallest size class was most rapid during the final
transition period (32%), though cumulatively individuals advanced into larger size
classes more quickly than E. quadricolor (Table 2.1B). The majority of individuals in
Size Class III remained static during the first and final transition periods for E.
quadricolor, and in all but 1 year for H. crispa (year 3). The average proportion of stasis
in this size class was lower for E. quadricolor (49%) than for H. crispa (57%). In periods
where stasis was reduced, shrinkage into to smaller size classes was the dominant fate.
Average mortality in Size Class III was low and similar between species, although H.
crispa exhibited a slightly lower (1% less) mean mortality rate than did E. quadricolor

among large individuals.
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Individuals of E. quadricolor that survived all 4 years (N = 45) revealed overall
rates of change in body size that were highly variable within each initial size class, but
still varied significantly among the 3 size classes (ANOVA, F =23.18, p <0.001; Size
Class I: 100.0 + 149.7 cm? per year, 11: 33.5 = 163.6 cm?, III: -111.4 = 209.8 cm?, i.e., net
shrinkage, Fig. 2.6A). These absolute size changes corresponded to even more dramatic
differences in percent size change among the 3 initial size classes. The smallest anemones
more than doubled their body size each year (I: 216.8% + 393.5%), medium anemones
grew only slightly each year on average (II: 17.3% =+ 78.0%), and large anemones lost
about a quarter of their tentacle crown surface area each year (-23.7% + 48.5%, Fig.
2.6B).

In the 48 leathery anemones that survived all 4 years, overall rates of change in
body size also showed high variability within each initial size class, but again varied
significantly with size class (ANOVA, F =8.77, p <0.001; Size Class I: 46.2 £ 121.6
cm? per year, I1: 14.2 + 109.6 cm?, I1I: -66.6 + 216.8 cm?, i.e., net shrinkage, Fig. 2.7A).
These absolute size changes corresponded to smaller variation in percent size change
among the 3 initial size classes, than was observed for E. quadricolor. The smallest
individuals of H. crispa grew by about 50% each year (I: 51.6% + 114.3%), medium
anemones grew very little (II: 8.9% + 52.4%), and large anemones lost < 20% of their
tentacle crown surface area each year (-16.6% + 44.3%, Fig. 2.7B).

Overall population shrinkage (A < 1) occurred in both species, where A ranged
from 0.69 to 0.93 (mean = 0.81) for E. quadricolor, and from 0.68 to 0.85 (mean = 0.79)
for H. crispa. While A fluctuated among years for both species, the final year of the

survey yielded values of 0.77 and 0.83 for E. quadricolor and H. crispa, respectively. At
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these rates, the populations of both species were expected to continue to decline. These
values excluded population growth through reproduction, because fecundity was not
included in the matrix; thus they describe only the rate of decline in these populations.
Elasticity analysis revealed that A was most elastic (proportionally sensitive) to stasis
within Size Class III in years 1 and 4 (when both populations were mainly stable or
grew), whereas in years 2 and 3 (when both populations shrank substantially) A was most
elastic to stasis within Size Class I for both species (except for H. crispa in year 2, where
the vital rate that A was most elastic to was split with stasis in Size Class III, Table 2.1).

Supplemental transition matrices (Table 2.2) that showed the effects of
recruitment rates within the transition elements allowed for comparison with the original
transition matrices, to determine any major effect of reproduction on elasticity. Elasticity
values derived from the supplemental matrices that included recruitment rates did not
differ (compared to values in the matrices that excluded recruitment rates), in terms of
which matrix elements A was most elastic to, for any of the transition periods in either
species (Compare Table 2.3 and Table 2.4).

Leathery anemones recruited on average twice as frequently to the population as
did bulb-tentacle anemones (range = 33% to 175% more recruits per unit area, depending
on the year, Fig. 2.3). Recruitment declined substantially in both species during the first
several years of the study, then increased during the final year, in parallel with a slight
increase in body growth and decrease in shrinkage for both species. A higher percentage
of individuals recruited (entered the population, Fig. 2.5A) than died (were lost to the

population, Fig. 2.5B) during the first year for both species, then the pattern reversed so
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that mortality was higher than recruitment, leading to an overall trend of decline in
population abundance (Fig. 2.3).

The total number of anemones that recruited from 1996-2000 was 106: 39 E.
quadricolor and 67 H. crispa. New recruits made up on average 13% and 17% of the
population of E. quadricolor and H. crispa each year, respectively, and recruitment was
highest in the first and final transition periods for both species (Fig. 2.3). Thus, on
average these populations gained less than 1/5" of their individuals from recruitment
each year. Following decreasing rates of recruitment in 1998 and 1999, recruitment
success peaked for both species in 2000, when 20% of the E. quadricolor population and
22% of the H. crispa population consisted of new recruits. During their first year on the
reef, almost all recruits of E. quadricolor either remained in Size Class I (46%) or died
(46%), with the remaining 8% growing into larger size classes. Recruits of H. crispa
were more dynamic during their first year, with 40% dying, 36% remaining in Size Class
I, 13% transitioning to Size Class II, and 11% advancing all the way to Size Class III.
Only a small proportion of individuals (13%, N = 15) of E. quadricolor that recruited in
1997 survived to 2000, while almost 3 times as many (35%, N = 20) H. crispa recruits
from 1997 survived to 2000. Thus, individuals of H. crispa overall produced relatively
more recruits per year, which survived longer, and grew more, than did those of E.
quadricolor.

Taken together, the above patterns revealed that both populations were highly
dynamic, with turnover times of approximately 7 and 5 years for bulb-tentacle and

leathery anemones, respectively (Table 2.5).
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Discussion

Coral reefs at Eilat have been in decline for the past half century, but the pace of
degradation and the total loss in organismal abundance during that time remains mostly
unquantified (Loya et al. 2004, Rinkevich 2005). The demographic patterns reported here
elucidate aspects of this decline in the 2 most common sea anemone species on these
reefs for a portion of this 50-year timespan. Our analysis revealed patterns of low
recruitment, body shrinkage, and relatively high mortality in both species, which
contributed to alteration of population structure and to a steady decline in the abundance
of both anemones over 4 years. This decline has continued at about the same rate during
the first 15 years of the 21st century, as that observed here in the late 1990s, leading to a
currently very low abundance of both anemone species in this Israeli reef area (Chapter
3).

The population dynamics of these 2 species of giant sea anemones appeared to be
linked, in that they experienced parallel changes in abundance except during the final
year of the present study, when H. crispa abundance rose and E. quadricolor abundance
declined, despite an uptick in recruitment. However, only one population of each species
was examined, so it was not possible to statistically test this idea. Their observed per-year
rates of decline in abundance (average losses of 6.3 and 5.1 individuals per year for E.
quadricolor and H. crispa, respectively), when extrapolated into the future, yielded a
pattern in which E. quadricolor numbers were projected to reach zero approximately 8
years before those of H. crispa (in 2010 vs. 2018, see Chapter 3). Although the rate of

decline observed here over 4 years was greater in E. quadricolor than in H. crispa, recent
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surveys indicated that in 2014, both populations are still in decline, with few individuals
left at this study site, but that the between-species difference was reversed (Chapter 3).
Over the past 18 years (1996-2014) at this study site, individuals of E. quadricolor have
declined by 59% and of H. crispa by 83%, to a low of 36 and 18 individuals remaining,
respectively (Chapter 3).

Individuals of E. quadricolor are the preferred hosts for the endemic Red Sea
anemonefish A. bicinctus, and the only local host in which these fish are able to breed
(Huebner et al. 2012). As the abundances of both hosts have dwindled at Eilat over the
past 2 decades, individuals of E. quadricolor have steadily acquired a concentration of
ever-larger fish associates relative to H. crispa (i.e., fewer, larger fish concentrating in E.
quadricolor relative to the small individuals possible in H. crispa, Chapter 3). These
larger anemonefish probably contributed more nitrogen (Roopin et al. 2008), oxygenation
(Szczebak et al. 2013), and protection (Porat and Chadwick-Furman 2004) to their E.
quadricolor hosts than did the much smaller fishes in H. crispa, thus perpetuating slightly
higher abundances of the remaining E. quadricolor (Chapter 3) than projected here. Other
density-dependent processes also may have affected the rates of decline of these
populations, in that as the anemones became rarer at this site, it may have become more
difficult for predators to locate and consume them. As such, the rates of decline for these
anemones may have become slower as the individuals became sparser.

The patterns of declining abundance observed here are similar to those recorded
in numerous studies of reef coral demography around the world, in which once-common
coral species have experienced significant declines over recent decades. Hughes and

Tanner (2000) observed substantial declines in the percent cover, survival, growth, and
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recruitment of the 3 common Caribbean stony corals Montastraea annularis, Agaricia
agaricites, and Leptoseris cucullata on the north coast of Jamaica over 16 years (1977-
1993). In the U.S. Virgin Islands, abundances of the reef-building coral M. annularis
experienced a 57% decline from 1988-2003 (Edmunds and Elahi 2007). A similar drastic
decline in clownfish sea anemone abundance was observed in Japan following a
bleaching event in 1998, in which the anemones declined by an average of 88.4%
(Hattori 2002). Stony corals at Eilat also historically have experienced sharp decreases in
abundance: 10 common coral species declined by an average of 77% over 4 years from
1969 to 1973 at the nature reserve near our study site, following an extreme low tide
(September 1970), where post-disaster recruitment was thought to be inhibited by local
phosphate eutrophication and chronic oil pollution (Loya 1975). Numbers of coral
colonies on the Eilat reef flat have generally increased since the early 1970s, but remain
well below their pre-low tide abundances (Wielgus et al. 2003). Unfortunately, declines
in reef-building corals impact the entire reef ecosystem through their effects on reef
growth rates and on the myriad organisms that depend on living coral colonies for food,
habitat, and other services.

The long-term loss of giant sea anemone individuals from populations, as
documented here, affects their obligate ectosymbionts in complex ways. Hattori (2002)
observed the local extinction of a competitively superior anemonefish during host
anemone decline, while an anemonefish that is a superior disperser was able to persist. As
giant sea anemone populations continue to shrink in the Red Sea and around the world,
the organisms that interact with them both directly and indirectly will likely also

experience local to regional extinctions, as the available habitat that these reef hosts
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provide diminishes. Especially worrisome is the loss of habitat for cleanershrimps that
are obligate symbionts of giant sea anemones, because these shrimps provide major
cleaning services by removing parasites that affect a wide diversity of reef fishes
(McCammon et al. 2007, Chadwick et al. 2008, Huebner and Chadwick 2012, Titus et al.
2015).

The population size structure of E. quadricolor here followed a conventional
distribution, with the greatest abundance of individuals in the smallest size class, and
decreasing with body size. The only year this size structure trend differed was in 1997,
when individuals in the largest size class dominated and reached their highest abundance
of the study, corresponding also to the period with the highest number of recruits.
Although the H. crispa population exhibited different size structure patterns, the number
of individuals in the largest size class peaked along with E. quadricolor in 1997, which
also corresponded with their highest recruitment (tied with 2000). Not surprisingly, the
annual period that exhibited the greatest abundance of large individual anemones
paralleled the period with the combined highest recruitment. These results support the
idea that reproductive fitness (and local recruitment rate) in these anemones correlates
with adult body size, as known for other anemones and corallimorpharians (Dunn 1977,
Sebens 1981, Jennison 1981, Bucklin 1982, Wedi and Dunn 1983, Chadwick-Furman et
al. 2000). Because recruitment rates may depend in part on the local abundance of large
anemones due to self-recruitment of larvae to their home reefs (Nelson 2008), local
population density plays a major role in the abundance of new cnidarian recruits on reefs

(Hughes et al. 2000, Glassom et al. 2004). Thus in these anemones, a potentially high
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level of self-recruitment to the population is likely, based on the similar patterns known
for other demersal reef organisms (Swearer et al. 2002).

As expected, in most years mortality rate was highest in the smallest size class for
both species. The largest size class for both species exhibited comparatively little
mortality, indicating a possible size refuge from mortality in these anemones. However,
mortality rate of all size classes increased overall during the study, indicating that even
large individuals may experience high mortality and shrinkage (Fig. 2.5B). Rapid
population turnover appeared to result mainly from the high mortality and regular
incoming recruitment in both species, resulting in the replacement of most individuals
every few years (Table 2.5). In terms of the factors that affect mortality rates in clownfish
anemones, the number and size of hosted fish per anemone appear to be major predictors.
In French Polynesia, individuals of H. magnifica that died or shrank during a 3-year study
mostly lacked resident anemonefish (Holbrook and Schmitt 2005). At our study site, very
few of the medium-sized individuals of E. quadricolor that each hosted 1-2 fish died over
4 years, while those with no fish had much higher rates of shrinkage and mortality (Porat
and Chadwick-Furman 2004). An analysis of the environmental factors influencing body
size in E. quadricolor and H. crispa at Eilat, including the presence of symbionts,
revealed that the main predictor was the size of resident anemonefish. Other factors, such
as fish number, microhabitat type, and oral disk orientation, contributed little to
predicting rates of body size in both species (Wu et al. 2015). In addition to preventing
anemone shrinkage by providing excreted nutrients (Roopin and Chadwick 2009,
Cleveland et al 2011) and ventilation services (Szczebak et al. 2013), anemonefish play a

major role in host growth and survival by defending them from predators. Individuals of
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E. quadricolor at Eilat that lack anemonefish are attacked and preyed upon by diagonal
butterflyfish Chaetodon fasciatus (Chaetodontidae), causing them to contract their oral
surface, which prevents light exposure and effectively halts endosymbiotic
photosynthesis (Porat and Chadwick-Furman 2004). Sea turtles also prey on the soft
tissues of these sea anemones in the Red Sea. Multiple anemonefish in nearby Jordan
have been observed to attack the eyes of sea turtles passing through the reef, until the
turtle is out of the area (L. Huebner, personal communication). On a reef in the Egyptian
Red Sea, divers recently observed an entire individual of E. quadricolor (with no
anemonefish present) to be ripped off the reef and consumed by a hawksbill turtle (K.
Tkachenko, personal communication). Taken together, this information indicates the
central importance of both the size and number of resident anemonefish to host anemone
growth and survival, and consequently the need for careful management of
anemonefishes in order to prevent local extinction of hosts.

The pattern observed here that the highest average transition probabilities were
for individuals remaining in the same size class (stasis), is similar to that in 2 species of
Caribbean scleractinian corals in which most individuals remained static among years,
and did not transition among size classes (supplemental data in Edmunds 2010). Levels
of stability in both the anemone populations were related to their patterns of growth and
shrinkage. When larger proportions of individuals grew and fewer individuals shrank,
abundance was high or increasing. Conversely, when few individuals grew and shrinkage
increased, abundance declined. Many individuals experienced 1-2 years of body

shrinkage prior to death. This pattern is similar to that observed in corkscrew sea

32



anemones in the Caribbean, in which individuals experienced gradual shrinkage before
death (O’Reilly 2015).

For both species, the patterns of body size change in the anemones that survived
all 4 years differed from that of all anemones including those who died or recruited into
the populations, indicating contrasting influences on growth in long-surviving versus
more ephemeral individuals. The much more rapid growth of the smallest individuals of
E. quadricolor who survived all 4 years, than those of H. crispa, suggests that long-term
survivorship of the former species is tied—more strictly than H. crispa is—to rapid
growth when small. The slower growth of long-surviving individuals of H. crispa, and
more extreme patterns of size changes when ephemeral, than in E. quadricolor, may
reflect the benefits of hosting large fish in E. quadricolor. Large anemonefish may allow
long-surviving individuals of E. quadricolor to grow faster, but also may cause relatively
slower growth than in H. crispa in short-lived individuals who may not have very large
fish. In short, E. quadricolor may be more highly variable in processes than is H. crispa
because they depend more on their fish residents, which may vary widely in both number
and size over time, as a major impact on their population trends.

Previous studies have shown that seasonality also influences the growth of
clownfish anemones; in Moorea, individuals of H. magnifica grew mostly during the
summer months when both daylength was longer and seawater temperature was higher
than in winter (Holbrook and Schmitt 2005). Future studies could examine these types of
seasonal trends in the 2 anemone species examined here, which were not detectable in the

present study due to only once-per-year sampling.
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Recruitment rate was higher in H. crispa than in E. quadricolor, and recruits of
the former species both grew more rapidly into larger size classes and survived longer
than did those of the latter. Thus H. crispa appears to be a more dynamic, “weedy”
species that reaches a large body size (and thus probably also reproductive maturity)
relatively quickly, and produces more offspring (recruits) than do individuals of E.
quadricolor, but also experiences higher mortality and more rapid turnover. In the years
during which both populations were relatively stable (transition years 1 and 4), the
proportion of recruits was roughly the same for both species, with H. crispa having a
slight edge. However, in the middle transition years that experienced population decline,
H. crispa had nearly double the proportion of recruits of E. quadricolor. A relatively high
reproductive potential of H. crispa is consistent with the findings of Scott and Harrison
(2007a), in which H. crispa spawned over a longer period of time each year than did E.
quadricolor, and also had up to twice the number of spawning events during that period.
Although H. crispa had the potential to maintain stability during the middle transition
years through an increased recruitment effort, their lack of population growth is likely
due to the same factors that deteriorated their growth and stability among the other
transition elements during that time. Nevertheless, even with lower reproductive
potential, populations of E. quadricolor may be more stable and less likely to decline
rapidly, due to their status as preferred hosts for anemonefish, in that they host larger fish
which provide more benefits to maintain body size (Huebner et al. 2012, Wu et al. 2015).

The intrinsic rate of population growth (1) was most elastic to stasis in 2
transition elements: the largest and smallest size classes for both species. This was

partially a result of stasis being the most prominent fate in both species for all years. In
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transition years 1 and 4, A was most elastic to stasis in the largest size class, whereas in
transition years 2 and 4, A was most elastic to stasis in the smallest size class. While this
demographic pattern may be a function of a number of variables, it parallels the trend in
recruitment (Fig. 2.3), which dropped markedly in years 2 and 3 for both species, before
increasing in year 4. If recruitment is low in a given year, the increase (or decrease) of the
population as a whole could be most elastic to the group that maintains individuals within
the smallest size class, as that group receives fewer additional members to contribute to
the future of the population. Conversely, in years where recruitment is elevated (e.g.,
transition years 1 and 4), an elasticity value that mostly depends on maintaining the
largest individuals (viz., those that produce the most offspring) could mean that
recruitment is at a healthy level and population growth depends mostly on those
individuals that provide the greatest contribution to new recruits (i.e., Size Class III).
Both elements—maintenance of the very smallest and largest individuals in the
population—should be focused upon when developing a sustainable management plan for
organisms with such dynamic transitional potentials.

Analysis of the supplemental matrices that added recruitment to the matrix
elements produced no changes to the transition elements that A is most elastic to. This
shows that at least for these 2 sea anemone populations at Filat, recruitment does not play
a major role in elasticity, as A is most proportionally sensitive to the strongest transition
elements (e.g., stasis) for these species. Thus, we can be confident in our more
parsimonious matrix analysis that excludes recruitment from the matrix, and instead

includes it as a vector (after Fong and Glynn 1998, Hughes and Tanner 2000).
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Management recommendations

The populations examined here at Eilat are legally protected from harvest, but
information on their patterns of recruitment and population turnover can be used to
inform the sustainable management of harvested populations in other parts of the world,
where they are intensively collected for the aquarium trade (Wabnitz et al. 2003, Shuman
et al. 2005, Scott and Baird 2014). In addition, management recommendations based on
other studies can be made and collected together to provide a comprehensive set of
guidelines for harvest of these species.

Rates and patterns of commercial harvest should not surpass the capacity of these
sea anemones to replenish their populations (Shuman et al. 2005). Scott and Harrison
(2007a) report that breeding periods for E. quadricolor and H. crispa are limited. They
also observed that even during spawning events, individuals that spawned were
sometimes a minority in the population. Because recruitment of these species is
considered to be sporadic (Fautin and Allen 1997), concentrated efforts must be made to
protect their limited breeding seasons in order to maximize potential gamete release. A
seasonal harvest closure around the estimated spawning periods would allow reproducing
individuals another annual chance to spawn before potential collection. Spawning periods
for these species off the eastern coast of Australia encompass only a few nights annually
between summer and fall, just after annual peak irradiance, and near the annual peak of
seawater temperature (Scott and Harrison 2007a). Thus, a few-months closure of the
anemone collection season around the period of annual peak seawater temperature may

allow a spawning and recruitment window each year for mature individuals of this
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species. An issue with a closed season is that local harvesters may receive higher pay for
anemones than for anemonefish, and thus suffer more economically from a seasonal
closure of anemone harvest; management practices need to consider carefully the socio-
economic framework within each area where harvesting takes place (Shuman et al. 2005).

Another management option is to designate protected areas near the harvesting
zones for coral reef sea anemones (Nelson 2008, Shuman et al. 2005), which would allow
protected populations to replenish the nearby harvested areas without necessarily
requiring a closed season, thus still permitting harvest upon demand. Scott et al. (2011)
observed that a 5-fold increase of E. quadricolor over 14 years in eastern Australia was at
least partially related to long-term protection within a marine park. Designated protected
areas adjacent to (and preferably up-current from) harvested areas would allow higher
survival of large adult sea anemones within the protected area, which then could supply
more recruits locally to downstream reefs. In addition, protected areas could maintain the
minimum abundances needed (i.e., nearest neighbor distances) to allow for adequate
densities of spawned gametes, which are necessary for successful fertilization and larval
production (Levitan 1991).

Establishing a minimum body size for harvest would further support a sustainable
anemone fishery. Our observations indicated that the smallest size classes of both E.
quadricolor and H. crispa have a prominent influence on the growth and overall numbers
in the populations. This important contribution by small individuals is similar to the
pattern for populations of the waratah anemone Actinia tenebrosa in New Zealand
(Ottoway 1980) and the corkscrew anemone Bartholomea annulata in St. Thomas, U.S.

Virgin Islands (Nelson 2008). The elasticity results also reveal the value of the largest
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size class to population growth, especially during years when recruitment rate is low.
Management directed at enhancing recruitment and retaining the largest individuals could
be most effective to maintain sustainable populations of E. quadricolor and H. crispa.
Preservation of the largest individuals would also protect the anemones in which mated
pairs of anemonefish begin to breed. At our study site, pairs of adult A. bicinctus (defined
as individuals > 6 cm total length, after Fricke 1983, Huebner et al. 2012) typically
inhabit the largest individuals of E. quadricolor (81% of breeding pairs observed from
1996-2014 were found in anemones larger than 200 cm?). Reproductive success in the
anemonefish A. percula relates to the growth and size of females, which are based on
host anemone size (Buston and Elith 2011). Thus, a slot limit—allowing the collection of
only medium-sized individuals—could serve as a valuable tool to maintain local
sustainable populations of sea anemones and their associates.

Finally, because H. crispa serves as a nursery species for A. bicinctus (Huebner et
al. 2012), their preservation at locations near E. quadricolor individuals would help to
sustain the anemonefish population, by maintaining habitat for the recruitment of
juveniles waiting for an opportunity to emigrate to the preferred host E. quadricolor. The
observed distances that A. bicinctus individuals travel to relocate to an E. quadricolor
anemone may be <5 m (Huebner et al. 2012), although some anemonefish species can
migrate up to 50 m (Hattori 1994).

In conclusion, I recommend a combination of at least some aspects of the
following 4 measures, to ensure sustainable management of these 2 host sea anemones

for an ornamental fishery: (1) Seasonal closure of harvest during their estimated annual

spawning periods, to allow especially the largest individuals to release abundant gametes,
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(2) Designation of nearby protected areas where anemones are not harvested, preferably

up-current from harvested (or otherwise degraded) reefs, to support local recruitment and
population replenishment, (3) A slot limit that allows collection of only medium-sized
individuals, which have relatively little impact on population changes, and (4) Protection

from harvest of interspecific pairs of hosts, in which nursery anemones H. crispa are

located < 5 m distant from anemones E. quadricolor that host breeding anemonefishes, to
allow the migration of juvenile fishes from nurseries to breeding habitat.

Although they are not harvested in Israel, the continued population decline of
these sea anemone species in Israel may be due to a complex array of anthropogenic
factors that impact the reef systems as a whole (Loya et al. 2004, Rinkevich 2005). These
include residual effects of nearby open-sea pen-net fish farms, intensive shoreline
development leading to the release of various pollutants and changes in sedimentation on
adjacent reefs, and intensive diving tourism, among other factors (Zakai and Chadwick-
Furman 2002, Loya et al. 2004, Rinkevich 2005, Guzner et al. 2010). Based on their
current rates of decline (Chapter 3), concentrated management efforts will be necessary
to prevent the local extinction of these sea anemones and their obligate fish associates in
Israel. Fortunately, populations across the Gulf of Agaba in Jordan appear to be abundant
and stable, due to a combination of mostly political but also probably oceanographic
factors that differ on the opposite sides of this narrow gulf (McVay and Chadwick, in
preparation). Research seeking to provide practical ways to offset declining populations
of reef organisms with the high demand of the aquarium trade is increasing, yet more
work is needed to prevent a collapse in reef invertebrate fisheries (Rhyne et al. 2009).

Asexual propagation of giant sea anemones may have the potential to partially satisfy

39



high commercial demand, and also strategically to replenish reefs (Scott et al. 2014).
Giant sea anemone harvest for the aquarium trade, coupled with other anthropogenically-
related contributors to coral reef decline, should be counteracted with scientifically-based
management, such as implementations of the recommendations made here, in order to

preserve these iconic symbiotic coral reef hosts.
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Table 2.5. Variation in rates of population turnover time (T, years) among years and
between species of giant sea anemones Entacmaea quadricolor and Heteractis crispa, on
coral reefs at Eilat, Israel, northern Red Sea. Numbers indicate the number of individuals
at the study site in each event category for each period. Population turnover time (T) was
calculated as: [(M + R) / (Nt + Nt+1)]! where M = number of individuals that died (lost
from the population), R = number of recruits, Nt = number of individuals at the beginning
of the annual period, and Ni+1=number that survived to the end of the annual period.

Event
Species and Year Start Lost Recruited Remain T=
E. quadricolor

1996 88 10 15 93 7.24

1997 93 20 7 80 6.41
1998 80 10 4 74 11.00

1999 74 21 13 66 4.12
T=7.19+2.48 years (X + SD)
H. crispa

1996 108 19 20 109 5.56

1997 109 19 16 106 6.14

1998 106 27 11 90 5.16

1999 90 18 20 92 4.79

T=5.41%0.50 years (X = SD)
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PR ——

Figure 2.2. Schematic illustration of the 3 sea anemone size classes examined here, and
the parameters that control their size-frequency distributions. G = growth, S = shrinkage,
P = stasis (retention in the same size class), and gx = mortality. Rates refer to the
probabilities for transition of individuals as a result of transitions between or into/out of
cach size class, where the subscript numbers designate the destination size class (i, first
digit), and the size class of origin (], second digit).
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Figure 2.3. Variation over 5 years in the total abundance of individuals of bulb-tentacle
sea anemones Entacmaea quadricolor (Eq) and leathery anemones Heteractis crispa
(Hc), and in the abundance of recruits of both species, on coral reefs at Eilat, Israel,
northern Red Sea.
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Figure 2.4. Variation in
population size structure
among years and species, for
bulb-tentacle sea anemones
Entacmaea quadricolor (Eq)
and leathery sea anemones
Heteractis crispa (Hc), on
coral reefs at Eilat, Israel,
northern Red Sea. Abundance
(number of individuals) was
determined within a 220 x 50
m study site (see site map, Fig.
2.1); TCSA = tentacle crown
surface area (cm?); total
population size for each
species is shown in bar
legends.
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Figure 2.5. Variation in rates of recruitment (A) versus mortality (B) among years and
between species of giant sea anemones Entacmaea quadricolor (Eq) and Heteractis

crispa (Hc) on coral reefs at Eilat, Israel, northern Red Sea.
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Chapter 3
Long-term decline of clownfish sea anemones in the Israeli Red Sea

and effects on obligate anemonefish associates

Abstract

Giant sea anemones provide important habitat and protection for diverse symbiotic
associates, including microalgae, shrimps, and fishes on Indo-Pacific coral reefs.
Anthropogenic factors, especially climate change, nutrient pollution, and overfishing, are
negatively impacting coral reefs in many regions and potentially causing populations of
these anemones to decline, yet almost nothing is known about long-term demographic
trends in giant coral reef sea anemones and their obligate anemonefish residents. We
examined populations of Red Sea-endemic two-band anemonefish Amphiprion bicinctus
and their 2 main hosts in the northern Red Sea, bulb-tentacle sea anemones Entacmaea
quadricolor and leathery sea anemones Heteractis crispa, from 1996-2014 on coral reefs
at Eilat, Israel. Demographic processes revealed during the initial intensive, annual
sampling during 1996-2000 were compared to a follow-up study during 2013-14.
Populations of both anemone species continued to decline as predicted, reaching all-time
lows in their abundances in 2014. As the anemonefish population became progressively
space-limited due to lack of host habitat area, the mean body size of the fish increased,
likely due to larger, more dominant individuals preventing smaller immigrants (both

larval recruits from the plankton and fish migrating from other anemones) from
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inhabiting the increasingly-limited anemone space. The proportion of anemones that
hosted adult breeding pairs of anemonefish tripled between 1996 and 2014, but the total
number of anemonefish breeding pairs remained relatively unchanged. Leathery
anemones H. crispa continued to decline in 2013-2014 at the same rate as observed
previously during 1996-2000. In contrast, bulb-tentacle anemones E. quadricolor
declined less precipitously, probably because they were the preferred host into which
ever-larger anemonefish crowded, thus contributing mutualistic benefits that slowed host
population loss. I conclude that anemonefish appear to slow the long-term decline of E.
quadricolor, but not H. crispa. Conservation measures are urgently needed to prevent the

local extinction of these important mutualists from Israeli coral reefs.

Introduction

Clownfish sea anemones are ecologically and commercially valuable coral reef
organisms that are vulnerable to population declines caused by anthropogenic stressors
such as overfishing (Shuman et al. 2005) and temperature-induced bleaching (Hill and
Scott 2012, Hobbs et al. 2013). Information on their long-term population dynamics is
needed to design effective management strategies and to provide information about the
volume of exploitation that may be sustainable (Scott et al. 2011, Scott and Baird 2014).
In particular, researchers need to know how robust population projections are, and how
well they predict the ability of populations to recover from overharvesting or other

impacts, as well as how quickly they are expected to decline when stressed.
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Bulb-tentacle sea anemones Entacmaea quadricolor and leathery sea anemones
Heteractis crispa are obligate hosts for endemic two-band anemonefish Amphiprion
bicinctus in the Red Sea (Fautin and Allen 1997, Chadwick and Arvedlund 2005,
Huebner et al. 2012), and also are the most widespread hosts of the majority of other
known species of anemonefishes (20 out of 30) throughout the tropical Indo-Pacific
region (Fautin and Allen 1997, Allen et al. 2008, 2010). Chapter 2 of this thesis describes
the first detailed demographic analysis of these 2 important sea anemone species, focused
on 4 years of data collected ~15-20 years ago. Updated information on these 2
populations is needed, to assess the validity of long-term population projections made for
both species, and to understand the biological mechanisms causing deviations from their
projected abundances on coral reefs in the Israeli Red Sea.

To address this need, as well as to provide a more complete demographic analysis
and robust harvest recommendations, my study site was revisited during 2013-2014 to re-
census individuals of both species, thus acquiring a 18-year data set (1996-2014) for the
analysis of long-term population trends. This combination of historical and recent data
from the same reef area allows the elucidation of long-term population trends and a
strong scientific basis for management recommendations for both species, based on their
trends of change in body size, mortality, and recruitment over 2 decades.

The initial 4-year population study (Chapter 2) revealed that both species were
declining in abundance at substantial linear rates that, if they continued, were expected to
lead to the local extinction of E. quadricolor and H. crispa in 2010 and 2018,
respectively. Here, I present evidence that potentially explains why E. quadricolor

anemones have not yet become locally extinct, and also report on the population

65



structure, abundance, and anemonefish associates of both host anemone species in 2013
and 2014. I use this information to evaluate the long-term effects of trends initially
observed in 1996-2000, and to explore the contrasting impacts of patterns in their
symbiosis with anemonefish, which differ substantially between these 2 major species of

clownfish sea anemones (Huebner et al. 2012).

Methods

Study site and collection of field data

The present study was conducted at the northern tip of the Gulf of Aqaba,
northern Red Sea, in Eilat, Israel, adjacent to the Interuniversity Institute (IUI) for Marine
Science. The study site was a 220 x 50 m area of reef slope that was examined annually
during 1996-2000 for all individuals of bulb-tentacle sea anemones E. quadricolor and
leathery sea anemones H. crispa, which were marked and monitored for annual
assessment of population dynamics (Chapter 2).

During December 2013 and October 2014, the site was revisited, and all
individuals of the above 2 species were re-censused using similar methods to those
described in Chapter 2. For each individual, the following data were collected: species,
tag number, tentacle crown length and width (for calculation of tentacle crown surface
area [TCSA], see Chapter 2), depth, substrate type (rock or sand), orientation (vertical or

horizontal), number and size (total length, TL) of all two-band anemonefish A. bicinctus,
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and individual markings to aid in re-identification (tentacle morphology after Huebner et
al. [2012], striations on the oral disk or tentacles, etc.).

In contrast to the intensive 1996-2000 study, the anemones examined during
2013-2014 were not marked individually. The mean population turnover times for these 2
species at this site were estimated to be only 5-7 years (Chapter 2), so it is likely that only
a few, if any, of the individuals observed in 1996-2000 still remained in the populations
in 2013-2014. Additionally, the metal wires that had once attached engraved aluminum
identification markers to the reef substrate adjacent to each anemone had corroded during
the 13-year interim, and the markers had detached and were lost in the sediment or swept
away by currents, and could not be relocated. Therefore, comparison of individual
anemone identity with the previous study was not possible due to high population
turnover and lost markers for any anemones that may have remained in the population
since the previous survey.

During the follow-up surveys, each anemone was temporarily marked by tying a
short strand (25 to 30 cm) of fluorescent plastic flagging tape to the hard substrate
adjacent to the anemone after it was censused, to ensure that no anemone was censused
more than once each year.

Anemonefish were designated as reproductive adults at 6cm TL (after Fricke
1983, Huebner et al. 2012), and 2 adults observed within the same anemone host were
considered to be a breeding pair capable of reproduction. Individual H. crispa anemones
were observed only very rarely to host breeding pairs of anemonefish during 1996-2000
(~1% of 505 observations across 5 years of census data), whereas many individuals of E.

quadricolor, which are preferred hosts for adult A. bicinctus (Huebner et al. 2012),
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contained breeding fish pairs (~14% of 489 observations across 5 years). Thus, only adult
fish pairs associated with the preferred host anemone E. quadricolor were considered as

contributing to the population of anemonefish breeding pairs in the present analysis.

Data analysis

The sea anemones were organized by size class (Chapter 2) based on TCSA: I (<
150 cm?), 11 (150-300 cm?), or I1I (> 300 cm?), for analysis of population structure.
Regression trendlines of change in sea anemone abundance over time during 1996-2000
(Chapter 2) were extended to the date at which they intersected the x-axis (y =0
individuals left in the populations), to predict when each population was expected to
disappear at the study site if the 1996-2000 trends of population decline continued. Then,
actual population abundance data from the 2013-2014 censes were used to create new
trendlines of actual change over 18 years, and these were compared with the original
trendlines of predicted change (t-tests for differences between slopes).

The anemones of each species also were placed into 3 categories based on their
containing no fish, only juveniles, or at least 1 adult fish during 2013-2014. The
proportion of anemones that hosted each type of anemonefish category was compared
between the 2 host species for both years using chi-squared tests. The anemonefish
category (juvenile or adult) associated with each host in both years also was compared
using chi-squared tests. All results are reported as means + one standard deviation unless

indicated otherwise.
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Results

The abundance of both species of host anemones at this Red Sea study site
declined precipitously over 18 years, from 0.080 individuals per 10 m? in 1996, to only
0.033 individuals per 10 m? by 2014 for E. quadricolor (Table 3.1A), and from 0.098 to
only 0.016 individuals per 10 m? for H. crispa (Table 3.1B), representing a substantial
decrease in population size over almost 2 decades. Even between the 2 years of the recent
surveys in 2013 and 2014, the number of anemones at the study site declined from 52 E.
quadricolor and 37 H. crispa in 2013, to only 36 E. quadricolor and 18 H. crispa, a loss
of 1/3 to 1/2 of individuals in only 1 recent year.

Population size structure for both species was skewed from that expected in a
stable anemone population, of an inverse relationship between the number of individuals
and size class (i.e., many small and few large individuals in each population, as
calculated based on the structure of stable populations of these species at a nearby site in
Jordan, N.E. Chadwick and M.J. McVay, unpublished data). Instead, the middle size
class contained the highest proportion of individuals in both species in 2013, but only for
H. crispa in 2014 (Fig. 3.1), indicating a marked lack of small individuals in either
population during both years. The only size class that retained similar numbers in both
species between 2013 and 2014 was the class containing the largest individuals, Size
Class III (Fig. 3.1).

The changes in abundance of both anemones that initially were observed during
1996-2000 (see Chapter 2), and which indicated a gradual decline of both populations, in

general continued as predicted based on the recent surveys (Fig. 3.2). The predicted
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trendline was highly accurate for H. crispa, and did not differ much from the actual
trendline (Fig. 3.2B). In contrast, the predicted trendline of population loss in E.
quadricolor had a steeper slope than the actual observed trendline based on the 2013-14
surveys (Fig. 3.2A). The actual trendlines based on all surveys from 1996-2014 indicated
that abundance of E. quadricolor at this site was expected to reach 0 by 2031 (20 years
later than the local extinction predicted for the year 2010 from only the 1996-2000 data,
Fig. 3.2A). Conversely, the predicted year of local extinction for H. crispa was almost the
same based on both the initial (1996-2000) and long-term (1996-2014) datasets, at 2018
and 2019, respectively (Fig. 3.2B).

During the recent surveys, most of the anemones contacted rock or dead coral
with their tentacles and pedal discs, rather than sand. The proportion of individuals of
both species that attached to rock or dead coral was 93%, with the other 7% attached to
sandy substrate. Only leathery anemones were regularly surrounded by soft substrate,
with 15-17% of individuals, compared to only 0-1% of E. quadricolor individuals.

In terms of anemone body sizes, the 2 species showed contrasting trends of
change over 18 years. Compared to 1996, the mean size of E. quadricolor anemones was
33-37% larger during recent years (Table 3.1A), but that of H. cripsa was 13-17%
smaller (Table 3.1B). The mean body size within each size class by year showed no
significant change during 2013-2014 for either E. quadricolor (Table 3.2A) or H. crispa
(Table 3.2B), but there was a noticeable drop in Size Class III, which represents the
largest anemones that contribute the most to sexual reproduction (Chapter 2). During
2013-2014, the mean size of anemones in Size Class III dropped 27% for E. quadricolor

and 19% for H. crispa.
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A total of 115 anemonefish were observed at the study site in 2013, but only 68
were present in 2014 (not surprisingly because these fish cannot live without the
anemone hosts, numbers during both recent years were much lower than in 1996-2000,
when 167 to 265 anemonefish occurred at the site). Anemonefish abundance decreased
from 73 to 51 fish hosted by E. quadricolor, and 42 to 17 fish hosted by H. crispa during
2013-2014. This decrease caps a precipitous decline in anemonefish abundance at the
study site over 18 years, in which the number of anemonefish hosted by E. quadricolor
and H. crispa declined by 59% and 88%, respectively. The mean number of anemonefish
per host anemone individual remained similar over the 18-year period for E. quadricolor
(Table 3.1A, range = 1.22 £0.77 to 1.45 £ 0.61 fish/anemone), but fluctuated more for H.
crispa (Table 3.1B, range = 0.83 = 0.73 to 1.32 + 1.06 fish/anemone).

Mean total length (TL) of the anemonefish hosted by each anemone species
increased since the first observations in 1996, in which TL of fish hosted by E.
quadricolor increased 37% and those hosted by H. crispa increased 23%. The mean sum
of the 2 largest fish hosted by E. quadricolor increased 39% over 18 years (Table 3.1A),
while those hosted by H. crispa fluctuated more, rising during some years before
dropping back down near their original numbers (Table 3.1B).

In 2013, 57 adult and 51 juvenile anemonefish were observed among the 2 host
anemones. Those figures decreased to 37 adults and 29 juveniles in 2014. A significant
difference (p =< 0.001) occurred between the 2 host species in the level of anemonefish
hosted (e.g., juveniles, adults, or no fish) during both years, with H. cripsa more
commonly hosting juveniles or no anemonefish than E. quadricolor (Table 3.3).

Variation in the total number of adult versus juvenile fish that appeared in the 2 host
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species was also observed, with E. quadricolor hosting a significantly higher proportion
of adult anemonefish (65-72%) than H. crispa (6-30%) in both years (p < 0.001, Table
3.4).

Breeding pairs of anemonefish associated only with E. quadricolor in 2013 and
2014. Pairs of reproductive adults occurred in 12 anemones in 2013, and 11 anemones in
2014. These anemone hosts represent 23% and 31% of the E. quadricolor individuals in
2013 and 2014, respectively, which continues a long-term upward trend in the proportion

of the anemone population that hosted breeding pairs of anemonefish (Table 3.5).

Discussion

I demonstrate here that the decline in clownfish sea anemones observed during the
initial surveys at Eilat in 1996-2000 (Chapter 2) has continued approximately as
predicted into the last few years. My analysis indicates that the long-term loss of giant sea
anemones at this site likely will continue, and if not mitigated, result in their local
extinction, as well as that of the organisms that depend directly or indirectly upon them as
obligate symbiotic hosts (both anemonefishes and anemoneshrimps, Chadwick et al.
2008). This report provides a valuable update to the intensive studies carried on at this
site in the late 1990s, resulting in long-term data that reveals the potential loss of both
these giant sea anemones and their anemonefish from Israeli coral reefs in the near future.
The present study further shows that populations of these 2 host species have dwindled to
the point that their demographic size patterns and those of their obligate fish associates

have become distorted from those observed in more stable populations (Chapter 2).
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The sea anemone population sizes reported here were the lowest to date at this
site, and represent a mere 39% and 17% of the respective E. quadricolor and H. cripsa
population sizes observed during their peak numbers in 1997 (Chapter 2). The numbers
observed in 2014 equate to only 1 E. quadricolor for every 306 m? of reef area, and 1 H.
cripsa for each 611 m?, similar to their low abundances on mid-shelf reefs in the Great
Barrier Reef of Australia (Scott and Baird 2014), but much lower than those at nearby
Aqaba, Jordan (only a few kilometers across the Gulf of Agaba, Dixon et al. 2014). Such
low abundances likely cause low rates of successful sexual reproduction, because the
anemones are spread out leading to low fertilization rates of their spawned gametes
(Levitan 1991). This currently very low local abundance likely drastically affects the
local recruitment of anemones, and may explain in part why the smallest size classes here
contain much lower-than-expected proportions of individuals during both 2013 and 2014
(compared to those observed when anemones were relatively abundant, Chapter 2).

In the past at this site (during 1996-2000), the size class that exhibited the most
individuals was always the class that represented either the largest or smallest sea
anemones, with the only exception being when H. crispa had a higher number of
individuals in the middle size class in 1996 (Chapter 2). The highest number of
individuals was found in the middle size class for both species in 2013, and for H. crispa
in 2014. These results may indicate there was an extended period of reduced recruitment
into the smallest size class (see above) during the several years prior to 2013, and less
individual growth leading up to the recent censuses, as would be expected for relatively

unstable anemone populations (Chapter 2).
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Long-term decline in sea anemone abundance negatively impacts the organisms
that depend on them for habitat and protection. However, the mutualistic nature of the
anemonefish-sea anemone symbiosis also was expected to positively affect, or at least
alleviate, some of the hosts’ population decline. The rapid loss of individuals during
1996-2000 projected that both sea anemones would become locally extinct in 10-18
years, but this trend appeared to remain accurate only for the less-preferred host H.
crispa, which mostly hosts juvenile anemonefish. While anemonefish provide a variety of
benefits to their host anemones (Chapter 2), the most indispensable is defense from
predators. Larger anemonefish are able to be more aggressive toward potential anemone
predators, and thus to provide better protection for their host anemones than are small
fish. As E. quadricolor is the preferred host of A. bicinctus in the northern Red Sea, their
anemonefish associates were more commonly adults, which are larger and enhance
anemone survival (Porat and Chadwick-Furman 2004). The E. quadricolor population
not only avoided local extinction in 2010 as had been projected, but also exhibited higher
numbers than H. crispa in 2013 and 2014, reflecting their lesser decline. Thus, the
density-dependent process of competition among the anemonefish for hosts, resulting in
the relatively larger body size of the remaining fish symbionts as the host habitat area
declined, probably has reduced the rate of population decline in the preferred host
species.

The survival of host sea anemones may also be attributed to their location of
attachment. Individuals of E. quadricolor appeared to prefer hard substrates such as
overhanging rocks and dead corals, which typically had some level of rugosity for the

attachment of the anemone pedal discs deep inside protective crevices. The sea anemone
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tentacle crown and body column quickly contract when tentacles or the oral disc is
disturbed. When attacked by predators, contraction into hard, protective structures like
rocks and dead coral would reduce the amount of lost tissue. While some sea anemones
were observed to settle into the sand, the vast majority of the individuals present during
2013-2014 were not. The fact that a relatively larger proportion of H. crispa individuals
were observed in the sandy substrate may allude to a prey preference by anemone
predators. If butterflyfish or sea turtles preferred to eat E. quadricolor over H. crispa, a
lower proportion of E. quadricolor would be expected to be observed attached to the less
protective sandy substrate. Anecdotal observations indicate that sea turtles are able to
extract contracted clownfish anemones more easily from sand than from hard reef areas
(personal communication, M. Arvedlund). A statistical analysis of the factors that
contribute to sea anemone survivorship at this site found a low dependence upon
substrate type, but this may have been in part because so few anemones occur only on
sand (Wu et al. 2015). The high proportion of anemones attached to hard, protective
substrates at this site is also likely why virtually no substantial anemone motility was
observed from 1996-2000 (Chapter 2). In studies where giant sea anemones were
observed to move extensive distances (Mitchell 2003), most individuals were attached to
sandy substrate with little protection from wave-borne debris, which can compel
anemones to move in search of an alternate, less disruptive location.

While no significant difference was observed in anemone body size between 2013
and 2014, the drop observed in body size of the largest anemones within Size Class III
for both species could mean fewer gametes produced, which would exacerbate population

decline. Still, future mean anemone sizes may be headed in opposite directions, as
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indicated by the most recent census data showing that E. quadricolor are larger on
average and H. crispa are smaller on average, compared to their initial sizes in 1996. The
change in mean size of anemonefish likely contributed to the opposing trends of body
size for the 2 anemone species when compared to 1996. The average size of the
anemonefish hosted by E. quadricolor had a fairly linear increase (R? = 0.73) from 1996-
2014 (Table 3.1A), while that of fish in H. crispa increased less dramatically, and
ultimately included relatively small fish. The mean sum of fish lengths in each anemone
also increased somewhat linearly (R?>= 0.71) from 1996-2014, but fluctuated for H.
cripsa, indicating that E. quadricolor individuals were more regularly occupied by not
only larger fish, but also experienced increasing fish biomass that would contribute to
supplemental nitrogen and oxygenation, and thus likely more growth as time progressed.
The decline in sea anemone populations negatively affected the number of
anemonefish present at the study site. Clownfish sea anemones regularly host more than 2
anemonefish per individual in many places in the Indo-Pacific (Porat and Chadwick-
Furman 2004, Fautin and Allen 1997), but the anemonefish observed at this site from
1996-2014 did not appear to alter their group structures by allowing additional
anemonefish into their anemones to accommodate for declining anemonefish habitat. As
anemonefish must be associated with a host sea anemone in order to survive, less
available host space resulted in the parallel declines in anemonefish. The decline in
available space in anemones is likely the leading cause for the increase in mean size of
hosted anemonefish, as the larger, more dominant anemonefish would more successfully
secure anemone space for themselves. The distribution of adult and juvenile anemonefish

among the 2 anemone species during 2013-2014 followed the expectation that the
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preferred E. quadricolor would host most of the adult anemonefish. The adults, as larger
individuals, enhanced the survival of their host anemones, which is why E. quadricolor
seemed to be doing better overall than H. crispa at this site.

The proportion of E. quadricolor anemones that hosted anemonefish breeding
pairs tripled over the 18-year period from 1996-2014. The number of breeding pairs,
however, remained relatively similar except for a decrease from 1998-1999. While the
reproductive potential was present for anemonefish during the recent years, successful
local recruitment of larval anemonefish was likely low, as anemonefish population size
was extremely space-limited. These observations recapitulate the need for more sea
anemone demographic studies to further understand how the population structure and
dynamics of these mutualistic organisms affect each other, as well as the other organisms
that depend on sea anemone hosts (e.g., anemoneshrimps and endosymbiotic microalgae).
If these sea anemone populations continue to decline at the rates observed, the parallel
decline of anemonefish will become compounded, as little space would be available for
juvenile recruits or for juveniles waiting their turn to emigrate to the preferred E.
quadricolor from the less-preferred host H. crispa, to form new breeding pairs (Huebner
etal. 2012).

This study is the first to report on the dynamics of clownfish sea anemones over
multi-year periods, and the effects on their obligate anemonefish population structure. A
number of studies have described one-time surveys of clownfish sea anemone abundance
and habitat (see Chapter 2), but effective management of these mutualistic organisms
requires more detailed analyses of their demographic patterns, including the concomitant

demographics of associated mutualists. Some management recommendations have been
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made based on the populations at Eilat (Chapter 2), but additional demographic studies
would form a more comprehensive understanding of clownfish sea anemone population
dynamics across the Indian and Pacific Oceans. These studies would not only increase
anemone demographic knowledge where it is deficient, but would also be able to improve
the only management recommendations that currently exist for clownfish sea anemones
(as summarized in Chapter 2). Unless sea anemone growth and recruitment is augmented
on Israeli coral reefs, the 2 clownfish anemone species—and their obligate anemonefish
associates—will likely become locally extinct in the near future. Recent small
improvements in coral reef condition in Israel may bode well for some increase in sea
anemone recruitment, as the recruitment of a number of stony coral species has recently
indicated a slight rise on nearby reef areas (Schlesinger and Loya 2013). Additionally, the
benefits of the anemonefish mutualism to the host sea anemones—especially E.
quadricolor—could possibly allow these anemones to maintain a local population beyond

the projected trends.
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Table 3.1. Decline of Entacmaea quadricolor (A) and Heteractis crispa (B) sea

anemones and Amphiprion bicinctus anemonefish on coral reefs at Eilat, Israel, northern
Red Sea from 1996-2014. Sea anemones were measured by tentacle crown surface area
(TCSA), and anemonefish were measured by total length (TL). Values represent means +

1 S.D.

A. Entacmaea quadricolor

) . Mean # Mean Fish ~ Mean Sum of

Year N N/I0m™  Mean TCSA  # Fish Fish/Anemone TL (cm) Fish Lengths
1996 88 0.080 202.7+209.5 124 1.41 +0.87 5.10+2.34 6.99 +4.13
1997 93  0.085 259.9+193.7 110 1.24 £0.75 5.72+£2.49 7.43 £4.38
1998 80  0.073 177.3+132.7 83 1.24+£0.43 5.79 £2.68 7.19 + 4.69
1999 74 0.067 156.4+157.3 99 1.22+0.77 5.62 +2.46 7.86 = 4.30
2000 66  0.060 210.6+201.4 96 1.45+0.61 6.47+2.42 9.02 +£4.94
2013 52 0.047 270.6 +220.7 73 1.40 £0.53 6.56 +£2.28 8.95+£5.13
2014 36 0.033 278.1+180.1 51 1.42 £0.60 6.99 +2.71 9.71 £ 6.34

B. Heteractis crispa

) . Mean # Mean Fish ~ Mean Sum of

Year N N/10m™  Mean TCSA  # Fish Fish/Anemone  TL (cm) Fish Lengths
1996 108 0.098 251.8+165.3 141 1.32+1.06 2.81+2.10 3.94+2.74
1997 109 0.099 2555+199.2 111 1.02+0.79  3.00+1.63 4.11+£2.27
1998 106 0.096 205.1+135.4 84 0.90+0.59 3.05+1.54 3.39+1.90
1999 90 0.082 163.7+129.5 79 0.83+0.73 3.13+1.94 3.83+2.82
2000 92  0.084 203.3+190.0 109 1.25+£0.79 438+1.91 5.69 +3.25
2013 37  0.034 208.8+116.0 42 1.14+0.96 4.72+1.89 6.23 +2.77
2014 18  0.016 220.3+102.0 17 0.94+0.70 3.47+1.28 3.93+1.51
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Table 3.2. Variation in mean tentacle crown surface area within Size Classes I-1II among
years 2013-2014 for Entacmaea quadricolor (A) and Heteractis crispa (B) on coral reefs
at Eilat, Israel, northern Red Sea.

A. Entacmaea quadricolor

Size Class
Year I II II1
2013 72.7 228.6 600.3
2014 73.4 192.3 436.9

X?=4.26 df=2 p=0.12

B. Heteractis crispa

Size Class
Year I II 111
2013 103.7 229.2 429.8
2014 81.1 211.1 360.1

X2=1.05 df=2 p=0.59
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Table 3.3. Variation in the number of sea anemones in each of 2 species (bulb-tentacle
anemones Entacmaea quadricolor versus leathery anemones Heteractis crispa) that
hosted differing levels of anemonefish Amphiprion bicinctus during 2 years on coral reefs
at Eilat, Israel, northern Red Sea. Note that the proportion of anemones that hosted each
type of fish category differed significantly between the 2 host species, during both years.

Year & Host Number of Number of anemones that hosted:
Anemone Species Anemones No fish Juveniles only At least 1 adult
2013
E. quadricolor 52 0 18 34
H. crispa 37 9 17 11
X?2=18.79 df =2 p=<0.001
2014
E. quadricolor 36 1 10 25
H. crispa 18 4 13 1
X2=20.64 df=2 p=<0.001
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Table 3.4. Variation in the number of anemonefish Amphiprion bicinctus resident in each
of 2 host species (bulb-tentacle anemones Entacmaea quadricolor versus leathery
anemones Heteractis crispa) between years, at the study site on coral reefs at Eilat, Israel,
northern Red Sea. Note that a significantly higher proportion of fish resided in E.
quadricolor than in H. crispa during both years, and that fish abundance (especially of
adults) declined more precipitously in the latter than in the former host species.

Year & Host Number Number of fish that were:
Anemone Species of Fish Juveniles Adults
2013
E. quadricolor 71 25 46
H. crispa 37 26 11
X2=12.00 p=<0.001
2014
E. quadricolor 50 14 36
H. crispa 16 15 1

X?=21.27 p=<0.001
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Table 3.5. Breeding pairs of Amphiprion bicinctus anemonefish hosted by bulb-tentacle
Entacmaea quadricolor sea anemones from 1996-2014 on coral reefs at Eilat, Israel,
northern Red Sea. Sea anemones were measured by tentacle crown surface area (TCSA)
Values represent means + 1 S.D. Note the increase in proportion of breeding pairs hosted
by E. quadricolor.

Year Number of Mean TCSA % of Anemones ‘
Anemone Hosts of Anemones Hosting Breeding Pairs
1996 9 445.0+£413.7 10.2
1997 10 380.4 +£200.3 10.8
1998 6 355.1 £166.8 7.5
1999 8 319.4 +£310.8 10.8
2000 13 481.6 £217.6 19.7
2013 12 499.5 £ 250.1 23.1
2014 11 4439 £ 172.1 30.6
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Figure 3.1. Variation in the population size structure of 2 species of clownfish sea
anemones, the bulb-tentacle anemone Entacmaea quadricolor (Eq) and the leathery
anemone Heteractis crispa (Hc), between 2 census years (2013 and 2014) on coral reefs
at Eilat, Israel, northern Red Sea. Note the decline in abundance in almost all size classes
for both species, between years.
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Figure 3.2. Variation in actual versus predicted values over 20 years at Eilat, Israel,
northern Red Sea, in the abundance of 2 clownfish sea anemones: A. Bulb-tentacle
anemones Entacmaea quadricolor (Eq) and B. leathery anemones Heteractis crispa (Hc).
Note that the actual rate of decline in Eq abundance by 2013-14 was slower than that
predicted from the earlier 1996-2000 trend, while in Hc, the 2 rates of decline (linear
slopes) differed little (see text for details).
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