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ABSTRACT: Corkscrew sea anemones Bartholomea annulata are important ecologically as hubs
of a mutualistic network involving cleaner shrimps and client fishes on Caribbean reefs. They also
are collected for the ornamental aquarium trade, but little is known about their population dynam-
ics to support conservation management. We quantified variation in population structure among
regions of the Florida Keys and levels of human impact within region. The Upper Keys and low-
impact sites supported higher population abundance and proportions of small anemones than the
Lower Keys and high-impact sites. At 2 sites where we monitored anemone dynamics every 2 mo
for 1 yr, individuals recruited frequently and grew rapidly to maximum body size and then re-
mained static or shrank. Fewer than half the individuals survived all year, indicating rapid popu-
lation turnover, with mortality occurring mostly among small individuals or large ones that ap-
peared to senesce beforehand. Stasis of large individuals (or lack thereof) exerted the most
influence on population size. We conclude that in Florida, corkscrew anemones experience rela-
tively high recruitment and survival at sites with low human impact and in the Upper Keys, where
summer water temperatures are cooler than in the Lower Keys. Populations are highly dynamic
and appear to rely on frequent recruitment, potentially linked to the presence of resident adults at
high enough abundances for fertilization of broadcast propagules. The ephemeral nature of these
anemones has important implications for the dynamics of their anemoneshrimp symbionts, for reef
fishes that utilize them as parasite cleaning stations, and for the conservation management of their
populations.
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INTRODUCTION

The marine ornamental trade is a multimillion-
dollar industry involving over 45 countries on 6 con-
tinents, yet little is known about the life histories of
many ornamental organisms to support sustainable
harvest practices (LeGore et al. 2005, Shuman et al.
2005, Rhyne et al. 2009, 2012). The trade is global
and complex, affecting coral reefs in the major bio-
geographic regions of both the Caribbean and the
tropical Indo-Pacific. While coral reefs in the Carib-
bean Sea supply a relatively small percentage of the
global trade compared to the Indo-Pacific, the de-
mand for new taxa, specifically western Atlantic spe-
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cies, has led to an increase in the ornamental trade in
this region (Bruckner 2005, Rhyne et al. 2012, Mazza
et al. 2015). Florida maintains the largest ornamental
fishery in the USA, in terms of numbers of species
and landings, and its reefs have become degraded in
part due to this fishery (Rhyne et al. 2009). The mar-
ine ornamental trade in the Caribbean has grown
steadily as aquarium technology has improved and
aquarium ownership has become increasingly popu-
lar (Bruckner 2005, Rhyne et al. 2012, Erni Cassola et
al. 2016). This intensive removal of organisms causes
loss of biodiversity and habitat, as well as long-term
effects on the composition and function of reefs
(Roberts 1995, Bruckner 2005, Graham et al. 2011),
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leaving them more susceptible to and slower to
recover from both natural and anthropogenic distur-
bances, including destructive weather, algal blooms,
and disease (Hughes 1994).

Corkscrew sea anemones Bartholomea annulata
have been a common target for the ornamental trade
in Florida as well as in other parts of the Caribbean
(LeGore et al. 2005, Rhyne et al. 2009). Numbers of B.
annulata landed in Florida have declined steadily
over the past decade, even while the number of col-
lecting permits has remained stable (Fig. 1). This
type of pattern may indicate either reduced catch per
unit effort or a change in consumer demand (Gulland
1964, Maunder et al. 2006). Individuals of B. annulata
are among the largest, most common Caribbean sea
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Fig. 1. (A) Numbers of marine life commercial fishing permits
issued by the Florida Fish and Wildlife Conservation Commis-
sion (FWC) during 1990 to 2015 to collect Bartholomea annu-
lata for the ornamental aquarium trade, and number of indi-
viduals of B. annulata landed by commercial fishers during
1994 to 2015 (not assessed prior to 1994; N. Sheridan pers.
comm.). Note that a peak of 776 permits were issued in 1997,
1 yr before limits were placed on permit number. Source:
Trip ticket program of FWC (http://myfwc.com/research/
saltwater/fishstats/commercial-fisheries/landings-in-florida/
and N. Sheridan, FWC, pers. comm.). (B) Mean number of B.
annulata individuals landed per marine life commercial fish-
ing permit and per commercial ornamental fishing boat trip
during 1994 to 2015. Note that even after the number of is-
sued permits was greatly reduced in 2006, the number of
anemones collected per permit continued to decrease

(x1000)

anemones, reaching 30 cm in tentacle crown diame-
ter (Kaplan et al. 1999, O'Reilly 2015). In Florida, they
reproduce sexually by broadcasting gametes during
November and April each year and also replicate
clonally via pedal laceration (Jennison 1981). These
anemones host not only the major Caribbean cleaner
shrimp Ancylomenes (= Periclimenes) pedersoni
(Mahnken 1972) but also several other species of
crustacean associates (Mahnken 1972, Silbiger &
Childress 2008, Briones-Fourzan et al. 2012, Mascaro
et al. 2012). Individuals function as visual cues that
attract client fishes for cleaning interactions; the
number and diversity of fishes that their resident
shrimp clean both increase with anemone size, as
fishes pose for cleaning only when the host ane-
mones are visible (Huebner & Chadwick 2012a,b).
The body size of anemones and number of cleaner
shrimps at each station affect the parasite cleaning
rates of coral reef fishes (Titus et al. 2015). Therefore,
the removal of large B. annulata sea anemones from
coral reefs, together with their shrimp symbionts, can
have potentially negative effects on reef fishes, as
known from cleaner removal experiments in other
reef systems (Bshary 2003, Grutter et al. 2003, Bshary
et al. 2007, Waldie et al. 2011). With recent increases
in the demand for key reef invertebrates by the
aquarium industry, it is becoming urgent to under-
stand the life histories of targeted species and their
dynamics on coral reefs, including the sea anemones
that host cleaner shrimps.

Sea anemones are capable of both growing and
shrinking throughout their lifetimes, and because
they possess only soft tissues, they leave no indica-
tion of previous body size (Hughes 1984, Hughes &
Jackson 1985, Chomsky et al. 2004a). Therefore, it is
difficult to determine their size—age relationships
and to apply age-based demographic models such as
the classic Leslie model (Leslie 1945). Population
changes in anemones and related organisms such as
some stony corals thus are most appropriately ana-
lyzed using a size-based model (Hughes 1984).

We describe variation in the population structure of
B. annulata among regions of the Florida Keys and
between sites within each region that experience dif-
ferent levels of human impact. We also employ a
size-based transition model to assess the dynamics of
2 populations in which individuals were mapped and
examined every 2 mo for 1 yr. We then discuss the
ecological and conservation management implica-
tions of demographic patterns in this species. This is
the first published description of population dynam-
ics in a Caribbean sea anemone.
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MATERIALS AND METHODS
Study sites

The present study was conducted from May 2014
to May 2015 in the Florida Keys, Florida, USA. Two
study sites were selected adjacent to shore at 0.5 to
3 m depth (all water depths given at low tide) in each
of 3 regions: Upper Keys (Indian Channel [24°53’
24" N, 80°39'36" W] and Robbies [24°52'48" N, 80°
42'00" W], both on Indian Key), Middle Keys (Tiki
Hut [24°43"48" N, 81°01' 12" W] and Quarry [24°45'
00" N, 80°58'48" W], both on Marathon Key), and
Lower Keys (Bowman's Channel [24°39'36" N, 81°
30'36" W] on Sugarloaf Key and Cudjoe [24°39'
00" N, 81°33'00" W] on Cudjoe Key) (6 sites total;
see site map Fig. S1 in the Supplement, at www.
int-res.com/articles/suppl/m567p109_supp.pdf).
Within each region, we selected 1 high-impact site
that appeared to be easily accessible by humans from
both the shore and water (i.e. adjacent to a public
beach with parking, deep enough for boat access,
adjacent to Interstate Highway 1, and/or evidence of
frequent human visitation as indicated by abundant
lobster traps, waste, etc.) and 1 low-impact site that
appeared to be less accessible and thus less likely to
be impacted by humans (i.e. too shallow for boat
access, plant growth along the shore too dense for
easy shore access, distant from paved roads, little or
no evidence of visitation). We defined high-human-
impact sites as exposed to the effects of human activ-
ities in the form of potential chemical disturbance to
sea anemones, such as pollution from boat fuels or
automobile engine oils (Ormond & Caldwell 1982,
Samiullah 1985) and/or physical disturbance includ-
ing tissue abrasion or enhanced sedimentation caused
by swimmers and snorkelers (Krieger & Chadwick
2013). Low-human-impact sites were defined as
experiencing a relative absence of human activities
in close proximity to the study site. All sites were
selected based on the 2 criteria described in this
paragraph (region and level of impact), as well as the
presence of high enough abundances of Bartholomea
annulata for demographic analyses (>40 ind. per
400 m? area, details in next subsection). Sites con-
sisted of small patch reefs, coral rubble, or rocky
boulders.

Sea anemone population parameters such as
growth rates and body size are known to vary with
temperature (Chomsky et al. 2004a), so we assessed
variation in mean monthly seawater temperature
during May 2014 to May 2015, as calculated from 1
NOAA weather buoy located in each of the 3 regions

that contained our study sites (www.ndbc.noaa.gov/;
Fig. S1 in the Supplement).

We also assessed stony coral percent cover at each
site because corals are close relatives of sea
anemones, and variation in their percent cover may
reveal the general effects of both natural and anthro-
pogenic variation among sites that also impact sea
anemones. In March 2015, live stony coral percent
cover was determined by deploying a haphazardly
placed 25 m belt transect at 1 to 3 m depth at each
site. We visually estimated the percent live cover of
stony corals within each of 25 sub-squares (20 x 20
cm each) created by string that subdivided each 1 m?
quadrat frame, which we deployed along both sides
of the transect, for a total of 50 m? surveyed for live
coral cover at each of the 6 study sites (N = 1 transect
per site, N = 50 quadrats per transect; after Jokiel &
Coles 1974, Nadon & Stirling 2006).

Population surveys

During March 2015, a 25 m transect was deployed
at least 1 m distant from the coral cover transect de-
scribed in the previous paragraph for each site, and
all individuals of B. annulata within a 1 m band along
the left side of the transect tape were measured
(details in the following paragraphs). The tape then
was moved and the process repeated until 40 to 60
anemones were measured, numbers similar to those
used in previous studies on the population size struc-
ture of sea anemones (Sebens 1981a, Hattori 2002,
2006, Mitchell 2003, Chadwick & Arvedlund 2005).
The abundance of sea anemones varied widely
among sites, so we sampled different transect dimen-
sions to reach ~40 to 60 anemones sampled per site
(range of transect areas sampled = 1 x 8 m [i.e. only
part of 1 transect was sampled] to 25 x 8 m [i.e. 8 tran-
sects sampled, each 25 x 1 m], N = 6 sites). We re-
corded both the total number of anemones per tran-
sect (N = 1 transect per site) and the number per 4
quadrat areas within each transect (quadrat areas =
2-50 m? each, depending on the total transect area
sampled).

Two sites (Quarry and Cudjoe) also were selected
for repeat surveys that began in May 2014 because
they contained populations of sea anemones that
were dense enough for ease of tagging and mapping
but not so dense as to prevent clear identification of
each individual among survey dates. At each of the 2
repeat-survey sites, an area containing 50 to 100
anemones was marked at the corners with plastic
flagging tape attached to coral rubble (34 x 2 m at
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Quarry and 50 x 3 m at Cudjoe). At the beginning of
each repeat survey, temporary floating buoys were
placed at the site corners to easily relocate the site
edges from the water surface. In May 2014, all B.
annulata individuals were marked with an aluminum
tag engraved with a number, which was hammered
into the dead coral substrate adjacent to each ane-
mone (after Porat & Chadwick-Furman 2004, Hueb-
ner et al. 2012, Hobbs et al. 2013). A short piece of
flagging tape was attached to each tag to make it
easily visible, and the location of each marked
anemone was noted on a site map. SCUBA was used
for surveys at the Quarry (3 m depth), and snorkel
was used at Cudjoe (0.5 m depth), due to the differ-
ent water depth at each site. Both sites were revisited
~7 times over 1 yr, approximately each 2 mo (May,
July, September, November 2014 and January,
March, May 2015, except for November 2014 at Cud-
joe due to a storm). This sampling frequency was
based on the highly dynamic nature of individuals of
this species, as previously observed in the US Virgin
Islands (USVI) (Nelsen 2008). During each visit, all
marked sea anemones were remeasured, and the
entire site was examined carefully for new recruits,
which also were marked, measured, and mapped
(after Chadwick & Arvedlund 2005). Any previously
marked anemones that were not detected in subse-
quent surveys were considered lost to the population.

During each visit, the following data were collected
for each observed individual: tentacle crown length
and width, depth below sea level, and miscellaneous
information (color, substrate type, and distance and
direction to other close individuals for reidentifica-
tion, after Chadwick & Arvedlund 2005, Huebner et
al. 2012). The longest distance from tentacle tip to
tentacle tip across the center of the oral disc was
measured as tentacle crown length (L), and the dis-
tance perpendicular was measured as tentacle crown
width (W), used to calculate tentacle crown surface
area (TCSA =[L/2 x W/2] x m; after Hirose 1985, Hat-
tori 2002, Chadwick & Arvedlund 2005, Huebner et
al. 2012). TCSA is an ecologically relevant measure
of body size because it quantifies the area occupied
by the anemone on the substrate and is accurate in
that it correlates significantly with all other measures
of body size in this species (O'Reilly 2015).

Statistical analysis
Variation in mean monthly seawater temperature

was compared among the 3 regions for the periods of
both maximum (July-September 2014) and mini-

mum temperatures (December 2014—-February 2015)
during the study year using a 2-way ANOVA (N =3
mo examined in each of 3 regions during 2 periods).
Based on the values obtained from each transect as a
whole, variation in coral cover and sea anemone
abundance among the 6 sites was assessed using
Cohen's d effect statistic (Cohen 1988). With such a
small sample size (N = 1 transect per site), a signifi-
cant difference between variables (high impact vs.
low impact and Upper, Middle, and Lower Keys) was
unlikely to be accurate; therefore, the effect size
between sites was reported. ANOVA also was per-
formed, based on variation in coral cover among the
fifty 1 m? quadrats examined within each band tran-
sect per site and among the 4 quadrats (2-50 m?
each) within each band transect examined for
anemone abundances. For both analyses, post hoc
pairwise comparisons between high- and low-impact
sites within each region, as well as among regions,
were performed. Variation in the population size
structure of anemones among the 6 sites was
assessed using x? analysis.

Sea anemones were divided into 3 size classes by
TCSA: 0 to 25 cm? (), 25.1 to 50 cm? (1I), and >50 cm?
(IIT). Size classes were selected based on those used
previously for this species (Nelsen 2008) and because
our initial survey results in Florida also revealed that
they yielded approximately equal numbers of indi-
viduals per size class. Variation in rates of individual
size change were analyzed using a mixed effects lin-
ear model in R x64 3.2.0 with a blocking variable for
individual, for the whole population at each of the 2
repeat-survey sites, and for each size class within a
site. A 1-way ANOVA was used to assess significant
differences in rates of body size change among size
classes.

Population dynamics were analyzed using a size-
based model (after Hughes 1984, Gotelli 1991, Lir-
man 2003). Transition matrices were created based
on the 3 body size classes described in the previous
paragraph and on the growth or shrinkage of each
individual between time points (each 2 mo for 1 yr).
Elasticity values were calculated using the Microsoft
Excel add-on PopTools 3.2. A value was calculated
for each element of each matrix to determine which
vital rates were most important for population
growth. The transition matrices did not include the
effects of sexual and asexual reproduction on popu-
lation growth, due to unknown fecundity rates;
therefore, the intrinsic rates of population change (A)
reported here represent rates calculated without
input from reproduction. Transition probabilities
were bootstrapped 1000 times to obtain confidence
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intervals for A and damping ratios p (after Bierzy-
chudek 1999, Edmunds 2010).

Recruitment rate was determined as the number of
new individuals in the population at each survey
date. New individuals <50 cm? TCSA were classified
as recruits, based on analysis of growth rates of B.
annulata under laboratory conditions (mean + SE:
13.7 + 2.3 cm? TCSA per 2 mo, range: 9.1-18.2 for
individuals in Size Class 1; O'Reilly 2015). New indi-
viduals >50 cm? TCSA at each survey date were pre-
sumed to be immigrants or anemones that had been
present but undetected in previous surveys and, as
such, were excluded from recruitment analyses but
were included in estimates of growth, shrinkage, and
mortality (0-14 % of individuals at the Quarry, 0-6 %
at Cudjoe, depending on survey date, Fig. S2 in the
Supplement). We used 50 cm? TCSA as a cutoff size
because (1) fast-growing recruits potentially could
reach this body size within ~2 to 4 mo (see this para-
graph), and (2) previous studies used size at sexual
maturity as a cut-off for classification of sea anemone
recruits (Sebens 1981b,c, 1982), which in B. annulata
occurs at ~0.74 cm pedal disc diameter (Jennison
1981), equivalent to ~43.8 cm? TCSA (O'Reilly 2015).

Mortality rates were estimated based on the disap-
pearance of anemones between survey dates. Ane-
mones that were not relocated for at least 2 survey
periods (4 mo total) were considered dead or lost to
the population (after Ottaway 1979, Holbrook &
Schmitt 20095). If a mapped individual was not located
during 1 survey but was found during the next, then
the missing measurement was interpolated. However,
if an individual was missing for more than 2 consecu-
tive surveys (4 mo), it was considered lost, and any
anemone found nearby later was classified as an im-
migrant or recruit. We used this process because sea
anemones occasionally contracted into their reef
holes and thus may have avoided detection during a
given survey but were unlikely to remain contracted
for long periods due to their requirement of light ex-
posure for photosynthesis by their endosymbiotic
microalgae (Pearse 1974, Sebens & DeRiemer 1977).
Sea anemones are capable of locomotion but appear
to move only short distances, if at all, over rocky sub-
strate (<5 cm over 1-2 yr, with greatest distance
moved <1 m, Ottaway 1978, Batchelder & Gonor
1981, Mitchell 2003, Holbrook & Schmitt 2005, Hat-
tori 2006). Measured rates of locomotion for B. annu-
lata under laboratory conditions are <3 cm mo™!
(O'Reilly 2015). Thus, it would have been difficult to
confuse individually identified anemones based on
their locations at the abundances recorded at our re-
peat-survey sites (0.5-2.1 ind. m~?, see ‘Results’).

Maximum lifespans were calculated using Kaplan-
Meier survival curves (Kaplan & Meier 1958, Zara-
goza et al. 2014). Population turnover time was
calculated as the time required for the complete re-
placement of individuals, which was the reciprocal of
the turnover rate (Hughes 1984, Hughes & Jackson
1985), according to the turnover (T') formula:

T= ﬂ (1)
(N i+t Nig )
where E = number of deaths during a given period,
R = number of recruits, and N; = number of individu-
als in the population (after Diamond 1969, Hanski
1999). All results are reported as mean + 1 standard
error, unless indicated otherwise.

RESULTS
Site characteristics

Mean monthly surface seawater temperatures did
not vary significantly with region or time of year
(2-way ANOVA, F, 11 = 2.43, p = 0.13) due to high
variation within both season and region (Fig. S3 in
the Supplement). However, during peak tempera-
tures in late summer (July-September), the Lower
Keys experienced somewhat higher seawater tem-
peratures (32.0-33.5°C) than the Middle (30.1-
32.1°C) and Upper Keys (29.4-31.7°C). During mini-
mum temperatures in late winter (December 2014
February 2015), seawater temperatures were very
similar among the 3 regions (21.0-23.0, 20.7-22.5,
and 20.2-22.0°C for the Lower, Middle, and Upper
Keys, respectively).

All sites contained a low percent cover of live
stony corals (range = 3.4 = 0.5 to 12.0 = 1.2%),
which varied with both region and level of human
impact. Coral cover varied significantly at all 3 lev-
els examined: among sites, among regions, and be-
tween some sites that differed in the level of human
impact (nested ANOVA, F, ;9 = 9.76, 13.37, and
38.50, respectively, p < 0.001 for all, Fig. 2A). Both
sites in the Lower Keys contained 3x less coral cover
than at low-impact sites in the Middle and Upper
Keys. Low-impact sites in the Upper and Middle
Keys contained ~2x the coral cover of high-impact
sites (Fig. 2A). Cohen's d effect size indicated (1)
moderate practical significance in the difference of
coral cover between the Upper and Lower Keys (d =
0.58), (2) moderate to high practical significance in
the coral cover difference between the Middle and
Lower Keys (d = 0.75), and (3) moderate practical
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significance in the coral cover difference between
sites with high vs. low human impact (d = 0.67).

Sea anemone abundance and population structure

The abundance of Bartholomea annulata also var-
ied with both region and level of human impact, from
only 0.15 ind. m~2 at Bowman's Channel (Lower Keys,
high impact) to 5.00 ind. m~2 at Robbies (Upper Keys,
low impact, Fig. 2B). Sea anemone abundance varied
significantly with region (ANOVA, F, 3 = 11.72, p <
0.001), level of human impact (F;,15 = 26.28. p < 0.001),
and site within region (F, 15 = 13.12, p < 0.001). Rob-
bies contained higher anemone abundance than all
other sites examined, with 2 to 10x more ind. m™2 than
at sites in the Middle Keys and ~10 to 25x more than
in the Lower Keys (Fig. 2). The Upper Keys showed
high Cohen's d practical significance for the differ-
ence in anemone abundance compared to both the
Middle (d = 0.67) and Lower Keys (d=1.13).

Sea anemone population size structure varied sig-
nificantly with level of human impact (32 = 8.07, p <
0.05), in that low-impact sites contained a much
higher proportion of small individuals (Size Class I,
4.0-70.0% of the population) than did high-impact
sites (2.5-48.0 %). Population size structure also var-
ied significantly with region (2= 119.7, p < 0.001), in
that it consisted of a relatively high proportion of
small individuals in the Upper Keys relative to both
the Middle and Lower Keys (p < 0.001 for both com-
parisons, Fig. 3).

50 Repeat-sampled populations
50

100 -

50

Percent of individuals

In May 2014, sea anemone abun-
dance at the Quarry (1.43 ind. m~?) was
almost 3x that at Cudjoe (0.55 ind.
m~?). During the study year, abun-
dance peaked at the Quarry in Novem-
ber 2014 at 2.60 ind. m~2 (82 % increase
over initial abundance) and at 0.71 ind.
m~2 at Cudjoe (26 % increase, January
2015). By May 2015, abundance had
almost doubled (increase of 80.0%) at

=
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Fig. 3. Variation in the population size structure of Bartholomea annulata

among 3 regions of the Florida Keys (Upper, Middle, Lower) and between

sites within each region that were exposed to high versus low human impact.
Numbers in parentheses indicate sample size

the Quarry, to 2.57 ind. m~2, while it
decreased by a fourth (25.4 %) at Cud-
joe, to 0.41 m~2,

Similar patterns of body size transi-
tion occurred at both sites (Table 1).
During most periods at both sites,
anemones that remained in the largest
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size class (i.e. static in Size Class III) were the most which increased with time (over the winter), leading
elastic (Tables S1 in the Supplement), with elasticity to increasingly altered size distributions near the end
values >0.50 (except during May-July 2014 at Cud- of the study (Table 1).

joe, when anemones remaining in the smallest size

class were most elastic). Initial population size struc-

ture differed significantly between the 2 sites (y? = Recruitment

7.45, p < 0.05), when a higher percentage of small

individuals occurred at the Quarry than at Cudjoe. The Quarry site received 12 to 46 recruits total
By the end of the study year, this difference disap- each 2 mo (Table 1), or 0.22 + 0.04 recruits per resi-
peared due to an increased percentage of large indi- dent anemone (= 0.44 + 0.07 recruits m~2). In contrast,
viduals at the Quarry (Table 1). Rates of intrinsic pop- Cudjoe received only about half as many recruits per
ulation change (A) indicated that when input from resident (0.13 = 0.03) and, due to relatively low pop-
recruitment was not included, both populations de- ulation abundance, less than a quarter as many
clined during all periods, especially during the win- recruits per square meter (0.08 + 0.02, or only 4 to 12
ter months (September 2014-March 2015, Table S2 recruits total per 2 mo). On a seasonal basis, recruit-
in the Supplement). During most periods, A values ment per individual at the Quarry was relatively high
obtained through standard analysis were within the in the late summer to fall (0.37 recruits ind.™" in Sep-
95 % confidence intervals of values obtained through tember and 0.31 in November 2014) but declined in
p bootstrap resampling (Table S2 in the Supplement). January (0.16 recruits ind.”!) before increasing
The damping ratio (p) varied widely among sample slowly throughout the spring (0.24 recruits ind.™! in
periods (Table S2 in the Supplement) but declined March and 0.26 recruits ind. ! in May). At Cudjoe,
over time with both the standard analysis as well as recruitment rate was 3x higher during the summer to
the bootstrap analysis, indicating a slowing of the winter (July 2014-January 2015, 0.15-0.19 recruits
rate of convergence to a stable size distribution. This ind.”! per 2 mo) than during the spring (0.06 recruits

trend was explained in part by the mortality rates, ind.™! per 2 mo for both March and May 2015).

Table 1. Transition matrices of Bartholomea annulata over 1 yr at 2 sites in the Florida Keys (Quarry and Cudjoe) based on 3

size classes: I (1-25 cm? tentacle crown surface area), II (25.1-50.0 cm?), and 11T (>50 cm?). Columns refer to the proportion of

individuals in each size class that transitioned to other size classes (rows) during the transition period. Values in bold represent

parameters with highest elasticity for each year. Cudjoe was not surveyed in Nov 2014 due to a storm; transition values be-

tween Sep 2014 and Jan 2015 were interpolated, and recruitment and mortality rates were not reported. g,: mortality rate (pro-

portion of individuals that died); gy N: number of individuals that died; R,: number of recruits (those in the largest size class
were excluded from recruitment analyses, see 'Materials and methods' and Fig. 2); N: sample size

May-Jul Jul-Sep Sep—Nov Nov 2014 Jan-Mar Mar-May
2014 2014 2014 Jan 2015 2015 2015

I I I I o I I I I I I I I II I I I I
Quarry
I 0.54 0.24 0.17 0.16 0.00 0.04 0.31 0.07 0.03 0.22 0.09 0.03 0.23 0.02 0.01 0.38 0.03 0.02
II 0.18 0.33 0.31 0.41 0.35 0.12 0.22 0.28 0.14 0.31 0.16 0.19 0.20 0.18 0.02 0.31 0.45 0.08
111 0.09 0.38 0.48 0.29 0.62 0.80 0.16 048 0.59 0.16 0.33 0.45 0.29 0.38 0.71 0.13 0.32 0.71
Jx 0.19 0.05 0.04 0.14 0.03 0.04 0.31 0.17 024 0.31 042 0.33 0.28 042 0.26 0.18 0.20 0.19
qx N 10 1 1 6 1 1 10 7 18 11 23 29 10 19 19 3 6 18
R, 7 5 1 23 13 21 21 25 20 19 9 7 6 15 15 24 13 10
N 53 21 23 44 29 25 32 42 73 36 55 87 35 45 72 16 31 93
Cudjoe
I 0.63 0.19 0.32 0.18 0.10 0.00 0.38 0.00 0.00 0.50 0.14 0.03  0.07 0.00 0.04 0.00 0.00 0.03
II 0.26 0.48 0.32 0.53 0.33 0.00 0.25 0.57 0.03 0.50 0.57 0.08 0.33 0.29 0.07 0.67 0.16 0.15
111 0.00 0.09 0.32 0.18 0.47 0.90 0.00 0.18 0.89 0.00 0.29 0.89 0.13 043 0.65 0.00 0.37 0.55
Jx 0.11 0.24 0.04 0.11 0.10 0.10 0.37 0.25 0.08 0.00 0.00 0.00 0.47 0.28 0.24 0.33 047 0.27
qx N 2 5 1 3 3 1 6 7 3 0 0 0 7 6 10 1 9 11
R, 7 5 2 8 4 5 8 4 5 N/A N/A N/A 1 4 1 2 2 1
N 19 21 22 28 30 10 16 28 35 6 21 36 15 21 43 3 19 40
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Body growth and shrinkage

Overall, anemone growth rates did not vary sig-
nificantly between the 2 sites examined (nested
ANOVA F, 305 = 0.824, p = 0.37; Cudjoe = 2.95 =
0.40 cm? mo~! TCSA; Quarry = 4.12 + 0.40 cm? mo™?,
Fig. 4). At the Quarry, absolute growth decreased
significantly with body size (F, 51, = 19.46, p < 0.001),
and all size classes differed significantly from each
other (pairwise comparisons, p < 0.001, Fig. 4). Indi-
viduals in Size Class I grew the most rapidly (5.51 +
0.42 cm? mo™!, N = 125), those in Size Class II grew
more slowly (3.47 = 0.62 cm? mo~!, N = 86), and those
in Size Class III remained relatively stable in size
(0.96 + 0.60 cm? mo™!, N = 86). The mean size of indi-
viduals changed seasonally, with the body shrinkage
of initially large anemones during March to July
(warmer months) and growth during July to March
(cooler months, Fig. 5 and Fig. S3 in the Supplement).

At Cudjoe, anemone growth rates also decreased
significantly with size class (ANOVA, F, g5 =3.43, p <
0.05) and differed significantly between Size Classes
T'and III (p < 0.05) but not between Size Classes I and
II or IT and IIT (p = 0.32 and 0.41, respectively, post

_ a

6 -" O Quarry
J_ I Cudjoe
| ab
bc
4 H
bcd
1 | cd

Absolute growth rate (cm? mo™)

0 T T
Small Medium

Body size class

Large

Fig. 4. Variation in absolute growth rates (mean + SE)

among 3 size classes of Bartholomea annulata at 2 sites in

the Florida Keys (Quarry and Cudjoe). Each individual was

assigned to a body size class when it initially appeared at the

site, and its growth during the entire period that it remained

present was used to calculate a monthly growth rate. Bars
with the same letter are not significantly different

hoc pairwise tests, Fig. 4). Individuals in Size Class I
at Cudjoe grew 4.18 + 0.55 cm? mo™! (N = 31), those
in Size Class II grew 3.12 + 0.46 cm? mo™! (N = 35),
and those in Size Class III grew at only 2.13 + 0.62
cm? mo™! (N = 25). Similar to the Quarry site, the
mean body size of initially large individuals changed
seasonally at Cudjoe, with stasis or growth occurring
during the cooler months (July—-March) and shrink-
age occurring during the warmer ones (March—-July,
Figs. 5 & S3 in the Supplement).

Percent changes in body size likewise did not vary
significantly with site but varied significantly among
size classes (ANOVA, F, 303 = 22.47, p < 0.001). Indi-
viduals in Size Class I at both sites more than dou-
bled their size every 2 mo on average, while those in
Size Class III grew only ~11 to 14 % per 2 mo. At the
Quarry, percent change in body size for members of
Size Class I (163.0 = 25.8% per 2 mo) was signifi-
cantly more rapid than that in both Size Class II (44.1
+ 9.0%) and Size Class III (11.9 = 5.9%, pairwise
comparisons, p < 0.05). The same pattern emerged
for Cudjoe, with Size Class I (104.1 + 27.7 %) having
significantly more rapid percent growth than Size
Class I (31.4 + 7.0%) or Size Class III (14.6 +£4.0%, p
< 0.05). Anemones in Size Class III reached a maxi-
mum of ~90 cm? TCSA in March 2015 at both sites
and also in November 2014 at the Quarry (Fig. 5).
The Quarry contained larger anemones overall, with
>20 individuals that reached >125 cm? and 7 of these
attaining very large size of >175 cm? TCSA. In con-
trast, at Cudjoe, only 9 anemones became >100 cm?
TCSA, and all remained <175 cm?. Anemones from
all 3 initial size classes converged by the end of the
year on the largest size class (Fig. 9).

Mortality and life span

Mortality rates were high at ~20 to 30 % each 2 mo
(Cudjoe: 22.7 + 8.7 % per 2 mo, range = 12.9-33.9 %;
Quarry: 21.3 £ 4.3% per 2 mo, range = 8.2-34.3 %)
and did not vary significantly with site except during
the final period ending in May 2015, when 18% of
individuals at the Quarry and 34 % at Cudjoe died
(Z=12.25, p < 0.05). Mortality rate varied significantly
with season at the Quarry (during winter [Septem-
ber—March], ~35 more deaths occurred per 2 mo than
during summer [March—-September], 4= 2.99, p <
0.05) but not at Cudjoe (f3 = 1.34, p = 0.27; potentially
caused by lack of field data in November 2014
because of a storm, see 'Materials and methods').

At both sites, only ~30 to 40 % of individuals sur-
vived the entire year of study (Fig. 6). At Cudjoe,
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Fig. 6. Dynamic survival curves of corkscrew sea anemones Bartholomea annulata at 2 sites in the Florida Keys: (A) Quarry,
(B) Cudjoe

about half the population survived for 10 mo; at
the Quarry, for only 8 mo. Approximately 1% of
individuals from both original populations were
projected to survive after ~20 mo. Estimated popu-
lation turnover times were 6.4 to 15.6 mo, depend-
ing on the 2 mo period from which they were cal-
culated. The mean turnover time for sea anemones
was 10.3 mo at Cudjoe and only 8.6 mo at the
Quarry (Table S3 in the Supplement). During the
winter, turnover time decreased to 6.4 mo at the
Quarry (November 2014-January 2015), compared
to 15.6 mo in summer (May-July 2014). A seasonal
pattern did not emerge at Cudjoe, where turnover
time decreased throughout the study from 11.0 to
8.3 mo, in parallel with increasing mortality over
time at this site.

DISCUSSION
Overall patterns

Bartholomea annulata appear to be more dynamic
than all other populations of coral reef cnidarians
examined to date, including stony corals (Hughes &
Jackson 1985, Hughes & Tanner 2000, Edmunds
2010), soft corals (Lasker 1990), and other species of
sea anemones (Shick 1991, Holbrook & Schmitt 2005,
McVay 2015). Our results indicate that they have
short lifespans and an individual turnover time of
only ~1 yr, with rapid growth to large body size dur-
ing this short period. These anemones appear to
thrive in the northern Keys and at sites with low
human impact, where they are abundant and popu-
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lations contain high proportions of small individuals,
indicating potential recent recruitment, relative to
the southern Keys and high-human-impact sites. Fur-
thermore, their rates of dynamic recruitment and
body growth are higher in the Middle than in the
Lower Keys and in winter vs. summer. Further south
in the USVI, these anemones grow more slowly and
have higher mortality than in Florida (Nelsen 2008,
O'Reilly 2015). These spatial and temporal patterns
support the idea that environmental conditions in the
northern Caribbean, especially during winter, may
enhance the recruitment, growth, and survival of B.
annulata.

Localized human impacts may cause reductions in
coral cover, including from the effects of trampling
by tourists (Leujak & Ormond 2008, Krieger & Chad-
wick 2013), point source pollution such as diesel fuel
and sewage (Ormond & Caldwell 1982, Samiullah
1985, Bak 1987, Fabricius 2005), and other anthro-
pogenic disturbances that impact nearshore commu-
nities, leading possibly to the observed low coral
cover and anemone abundances at high-impact sites
in the Keys.

Recruitment

The rapid recruitment observed at the Quarry rela-
tive to the Cudjoe site, in terms of both number of
residents and reef surface area, may have been
caused in part by the much higher (4x) abundance of
resident sea anemones at the Quarry. In terms of
recruitment of sexual propagules, the low abundance
of spawning adults in the Cudjoe population may
lead to both sperm dilution and low fertilization suc-
cess rate (Levitan et al. 1992), as well as low egg out-
put by the small individuals at that site, as known for
other sessile marine invertebrates (Sebens 1981Db,
Bucklin 1987, Levitan 1989). Clonal replication ap-
pears to be uncommon but occurs in B. annulata
(Jennison 1981, Titus et al. 2015) and correlates with
body size in sea anemones (Johnson & Shick 1977,
Sebens 1980, Hunter 1984, Bucklin 1987). Thus, the
preponderance of large individuals at the Quarry
could in part cause higher recruitment at that site rel-
ative to Cudjoe, in terms of both sexual and clonal
mechanisms. The recruitment rates reported here, as
well as abundances of individuals in the smallest
anemone size class, both represent low estimates,
due to the difficulty of detecting very small cnidarian
recruits on rocky substrates (Chadwick-Furman et al.
2000, Gotfredo & Lasker 2008, McVay 2015). Many
cnidarians self-recruit to coral reefs, causing the local

abundance of large spawning adults to be particu-
larly important to recruitment (Black et al. 1991,
Swearer et al. 2002). This may be especially true for
highly dynamic sea anemones such as B. annulata, in
which calculated rates of intrinsic population change
(A) indicate that their populations may decline rap-
idly in the absence of local recruitment.

Body growth and shrinkage

Few studies exist on the growth rates of tropical sea
anemones (Shick 1991), and even fewer have exam-
ined field populations for more than a few months.
Individuals of B. annulata exhibit high percent
growth relative to other tropical sea anemones but
low absolute growth rates. In Moorea, giant sea
anemones Heteractis magnifica grow ~0.75 cm? sur-
face area d~! with anemonefish present (Holbrook &
Schmitt 2005), almost 5x more rapidly than the 0.10
to 14 cm? TCSA d~! reported here for B. annulata.
However, fish symbionts augment growth rates in
sea anemones (Roopin & Chadwick 2009), and H.
magnifica without anemonefish grow only ~2x as
rapidly, 0.25 cm? d7!. In terms of percent change in
body size, individuals of B. annulata grow more
quickly than those of H. magnifica, in that they can
double their size in <2 mo, depending on initial size,
whereas H. magnifica requires 12 to 18 mo to do so,
possibly because they reach a much larger maximum
body size (~2x as large as B. annulata). In the Red
Sea, bulb-tentacle anemones Entacmaea quadricolor
that host adult anemonefish can grow ~0.27 cm?
TCSA d7!, but leathery anemones H. crispa that host
juvenile anemonefish grow only ~0.12 cm? TCSA d!
(McVay 2015), comparable to growth rates exhibited
here by B. annulata.

The decrease in growth rate of B. annulata with
body size observed here under field conditions in
Florida is similar to the pattern known for this species
at field sites in the USVI and under laboratory condi-
tions (Nelsen 2008, O'Reilly 2015). It also parallels
the pattern of decreasing growth with body size in
other coral reef sea anemones (McVay 2015) and soli-
tary stony corals (Chadwick-Furman et al. 2000, Gof-
fredo et al. 2004). The percent of individuals that
grew in Florida was about twice as high (35-42 % per
2 mo) as that in the USVI (10-26 % per 3 mo, Nelsen
2008). Conversely, the percent of individuals that
shrank was much lower in Florida, only 8 to 21 %
compared to 18 to 90% per 2 to 3 mo in the USVI
(Nelsen 2008). In Florida, rates of stasis (maintenance
of stable body size) increased with body size, with
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both sites having ~60 % of the largest size class re-
maining within that class over 2 mo, similar to the
pattern under laboratory conditions (O'Reilly 2015).
In other types of cnidarians, large individuals gener-
ally are more stable than are small individuals (Gof-
fredo & Chadwick-Furman 2000, McVay 2015), so
the patterns observed here for Florida appear to
reflect those of healthy cnidarian populations on
coral reefs. In contrast, B. annulata populations in the
USVI, with their low stability of large individuals as
well as low individual growth rates (Nelsen 2008),
appear to be occupying less optimal habitat.
Variation in patterns of growth, stasis, and shrink-
age in B. annulata among the environments exam-
ined thus far may be due to several factors. High
rates of water flow (>10 cm s7!) and wave action can
damage or dislodge sea anemones and limit their
feeding ability by reducing tentacle expansion
(Koehl 1977, Shick 1991), causing them to divert
energy from growth into healing damaged tissues or
into maintaining tentacle expansion in high water
flow. However, high water flow also may enhance
rates of feeding, waste removal (Koehl 1977, An-
thony 1997), and gas exchange in sea anemones
(Szczebak et al. 2013). Polyps of B. annulata exhibit
long, thin tentacles that are more easily deformed by
moving water than are the more robust tentacles of
some other cnidarians such as Alcyonium siderium,
which thrive in high-flow and wave-prone environ-
ments (12-35 cm s7!, Sebens 1984), or Anthopleura
spp., which are also known to thrive in high-flow
environments (Koehl 1984). Exposure to relatively
low water flow may enhance the ability of B. annu-
lata to attain large body size, as observed at the sites
examined here, which experienced a wind buffer
from Atlantic Ocean storms due to their inshore posi-
tions on the leeward side of the Florida Keys. In con-
trast, smaller individuals have been reported at off-
shore reefs in the USVI, which experienced high
water flow relative to inshore reefs (water flow levels
quantified as relative rather than absolute values,
Nelsen 2008). Conditions in the laboratory where
these anemones exhibit their most rapid growth and
largest body sizes include low water flow (<2 cm s71)
and no wave action (O'Reilly 2015). High seawater
temperatures also cause stress in sea anemones and
reduce their growth rates (Chomsky et al. 2004a).
Growth rates of B. annulata correlate negatively with
seawater temperatures in the environments exam-
ined to date (most rapid growth in the laboratory at
23.9-26.8°C, slower growth in Florida at 26.6-28.3°C
yearly averages, and slowest in the USVI at 27.6-
31.0°C monthly averages, yearly average 28.8°C

www.ndbc.noaa.gov/station_history.php?station=
chav3). Finally, these anemones grow more rapidly
when fed at least once per week than when starved
(O'Reilly 2015), as known for other sea anemones
(reviewed in Chomsky et al. 2004b). We conclude
that these anemones appear to grow most rapidly
under conditions of low water flow, low tropical to
subtropical seawater temperatures, and ample food

supply.

Mortality and lifespan

Mortality rates of B. annulata observed here (8-
34 % per 2 mo) were similar to those in the USVI (10—
54 % per 3 mo, Nelsen 2008) but somewhat higher
than under laboratory conditions (3—-26 % per 2 mo,
O'Reilly 2015). These mortality rates are the highest
known for a sea anemone, several orders of magni-
tude greater than for other coral reef anemones
(H. magnifica: 29% per 3 yr, Holbrook & Schmitt
2005; H. crispa: 17-25% yr‘1, E. quadricolor: 11-28 %
yr'!, McVay 2015). Based on their rapid rates of
recruitment and mortality in both types of field envi-
ronments examined thus far (Florida and USVI), as
well as rapid mortality in laboratory culture (O'Reilly
2015), we conclude that B. annulata exhibit high
rates of population turnover of ~1 to 2 yr and thus
appear to be weedy anemones. The weedy nature of
this anemone may relate in part to its small body size
relative to the other coral reef anemones for which
mortality has been assessed (see this paragraph).
Laboratory cultures reveal that lifespan in this spe-
cies may be determined in part by internally con-
trolled senescence, in that individuals undergo grad-
ual shrinkage prior to death (O'Reilly 2015), similar
to the process of senescence in some weedy corals
(Rinkevich & Loya 1986).

Management implications and conclusions

The dynamic nature of B. annulata populations
indicates that they may be suitable for sustained har-
vest, in that high rates of recruitment allow some
populations to recover rapidly from the loss of indi-
viduals. However, because they have short lifespans,
their populations require a frequent influx of recruits
to maintain population size, as indicated by values of
A < 1 that reveal population decline during all exam-
ined periods when recruitment is not included. Field
populations thus may grow rapidly due to rapid
recruitment and body growth (present study) and
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attainment of sexual maturity at small body size (Jen-
nison 1981), but they also can rapidly decline due to
the short lifespans of individuals and subsequently
high mortality.

Stasis of the largest individuals exerts the most
influence on population growth, so restrictions on the
harvest of large individuals could support the stabil-
ity of populations. Larger anemones, when associ-
ated with cleaner shrimp, also receive more client
fish visitation than do smaller anemones (Huebner &
Chadwick 2012a), thus contributing to enhancement
of fish health and diversity on reefs. Large anemones
typically produce more sexual propagules than do
small ones and potentially contribute to high local
recruitment (Sebens 1981b, Bucklin 1987, Levitan
1989, Kapela & Lasker 1999). Asexual reproduction
usually requires a minimum body size in sea ane-
mones (Minasian 1982). However, small individuals
are also needed to eventually attain reproductive
size and replace large, old individuals that are near
the end of their natural lifespans. Collection of only a
portion of medium-sized anemones above the size at
sexual maturity but not near maximum body size (i.e.
a slot limit) would allow both the smallest and largest
individuals to remain and replenish populations. This
type of slot limit has been applied to the management
of some fish populations (Eder 1984, Kurzawski &
Durocher 1993, Wilde 1997). Because the dynamics
of B. annulata populations vary with environmental
conditions (see this and previous paragraph), man-
agement of collection for the ornamental trade ide-
ally should be tailored on a site-by-site basis. For ex-
ample, at sites with high water flow, resident polyps
may replace collected anemones more slowly than do
residents at sites with calmer water conditions; rela-
tively cool-temperature sites also may support more
stable populations and suffer less mortality and
shrinkage than do areas subject to high temperature
spikes.

Designating protected areas for these anemones
would allow protected populations to replenish
nearby harvested areas. Scott et al. (2011) observed a
>500 % increase in the abundance of giant sea ane-
mones E. quadricolor in Australia over 14 yr, due in
part to long-term protection from harvest. Non-
fished reserves on the Great Barrier Reef (Harrison et
al. 2012) and in Papua New Guinea (Almany et al.
2013) produce up to 50 % of the recruits of important
species on both reserve and fished reefs. Strategi-
cally located reserves would allow the survival of
large anemones to support nearby downstream com-
munities by supplying recruits to areas where this
species is collected.

A seasonal harvest closure of 2 to 3 mo yr! also
would allow reproducing individuals of this species
to spawn annually before collection. Individuals of B.
annulata spawn twice each year in Florida, in
November and April (Jennison 1981). Protection of
these breeding seasons would maximize reproduc-
tive output by this species and provide a window of
time for the settlement and growth of new recruits.

The highly dynamic nature of individuals of B.
annulata has important implications for the mutualis-
tic network in which this anemone is a hub (Cantrell
et al. 2015). The crustacean associates of B. annulata
are expected to be highly dynamic in terms of migra-
tion among host anemones (as known for anemone-
shrimps in other systems, Chadwick et al. 2008) as
they depart from senescing individuals and colonize
recently recruited hosts on the reef. The client fishes
that visit these cleaning stations likewise are ex-
pected to be flexible behaviorally in terms of where
they search for cleaner shrimps associated with this
ephemeral host.
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