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ABSTRACT OF THE DISSERTATION

The threatened Atlantic elkhorn coral, Acropora palmata: population dynamics and
their policy implications.
by
Tali Vardi
Doctor of Philosophy in Marine Biology
University of California, San Diego, 2011

Professor Stuart Sandin, Chair

Fossil data from multiple locations indicates that Atlantic elkhorn coral,
Acropora palmata, formed shallow reefs throughout the Caribbean Sea since the
Pleistocene. Beginning in the 1980s 4. palmata has declined to a small fraction of its
formerly vast extent throughout the region. In 2006, elkhorn coral was the first coral,
along with its sister species, staghorn coral (Acropora cervicornis), to be included on
the U.S. Endangered Species List. We used size-based matrix modeling to
parameterize annual A. palmata population dynamics in Florida, over the course of
one severe hurricane year (2005) and six calm years (2004, and 2006-2010),
incorporating environmental stochasticity as inter-annual variability. We predicted that
benthic cover would remain at current levels (4%) for the foreseeable future (until
2030) and beyond (until 2100), suggesting a lack of resilience following the 2005
hurricanes. Standard metrics for the quantification of number and size of individuals

are essential to endangered species management. These usually straightforward tasks
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can be challenging for clonal, colonial organisms. Acropora palmata presents a
particular challenge due to its plastic morphology and frequent fission. We quantified
three-dimensional colony surface area (CSA), the most ecologically relevant measure
of size, for 14 prototypically arborescent A. palmata colonies using three-dimensional
digital imaging software. To relate CSA to simple field metrics, we compared log-
likelihood values and determined that planar projection was the best predictor. The,
tight, linear relationship between planar projection and CSA enables ecological rates,
such as reef accretion and gamete production, to be calculated from field data. Finally,
we expanded the matrix population model to compare population dynamics in several
locations across the Caribbean. The general trend for Acropora palmata is further
reductions in population size by 2030. The most striking difference we quantified was
between Jamaica, where population size is projected to increase, and all other
locations, where population size is projected to remain stable or decline. Density of a
key herbivore, the sea urchin Diadema antillarum, was an order of magnitude greater
in Jamaica than in any other location. These increases are occurring 30 years after a
devastating die-off suggesting that herbivory by urchins may facilitate A. palmata

recovery.
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CHAPTER 1: Introduction



OVERVIEW OF THE DISSERTATION

This dissertation includes three empirical data chapters. Each of the chapters is
intended to stand alone as a publishable unit, and as a result there is some redundancy
in the introductory sections and description of research methods. Below I outline the

research objectives of each of the data chapters.

Chapter 2: Short-term population predictions of threatened elkhorn coral in the
northern Florida Keys using stochastic matrix modeling
Motivation:

Caribbean acroporids, elkhorn and staghorn coral, are the first marine clonal
invertebrates to be included on the U.S. Endangered Species List and are listed as
critically endangered on the [UCN Red List. A plan for species recovery is a legal
mandate, but the science of coral population and extinction dynamics is not well
developed. Although we are less familiar with the population dynamics of clonal as
opposed to aclonal organisms, previous studies suggest that non-contiguous colonies
vary in vital rates according to their size rather than age (Hughes 1984, Hughes and
Connell 1987). Size-structured matrix population modeling informs our understanding
of the relative importance of these different size classes, or life history stages, on
population expansion and enables a prediction of population size structure to assist
with recovery planning.

Clonal organisms evolved to inhabit relatively stable environments (Coates and

Jackson 1985). However, elkhorn coral (Acropora palmata) inhabits the least stable



of reef environments, the reef flat and upper reef crest, where wave energy is high and
storms frequently inflict severe damage. This is also the zone of highest resource
(food, light) availability and greatest predation intensity; thus, 4. palmata experiences
life in the “fast lane” of coral reefs, where resources are plentiful and growth is fast,
but also where punctuated disturbance occurs relatively frequently (Jackson 1991).
Population dynamics thus vary to some degree interannually, and markedly during
years with severe storms or hurricanes. A. palmata matrix population modeling
requires parameterization during both storm years and calm years. The Florida Keys,
where storms occur frequently, present an ideal study site to parameterize such a
model. In 2004, the National Oceanic and Atmospheric Administration Southeast
Fisheries Science Center (SEFSC) initiated a seven-year 4. palmata demographic
study. Three hundred individual colonies were identified, tagged, and measured
annually. This rich data set allowed a temporally stochastic exploration of Acropora

palmata population dynamics, the first of its kind for a coral.

Objectives:

2.1 To study the potential importance of large versus small size classes in population
persistence using size-structured, temporally (environmentally) stochastic matrix
population modeling.

2.2 To predict population density and percent cover of A. palmata on the benthos in

the near future.



2.3 To estimate (a) the density and (b) the size of outplanting that would be necessary

for A. palmata to achieve target levels of benthic cover by 2030.

Chapter 3: Quantifying surface area of a structurally complex, endangered reef-
building coral, Acropora palmata
Motivation:

Three-dimensional colony surface area (CSA) is the mostly ecologically
relevant size measurement for any coral, as it relates directly to reef accretion and is
proportional to both sexual and asexual reproductive output (Soong and Lang 1992),
as well as probability of survival (Hughes 1984, Hughes and Tanner 2000). Because
Acropora palmata has a complex branching architecture and plastic morphology,
surface area cannot be approximated by a simple shape. As such, A. palmata surface
area has been approximated by various field metrics, but the relationship between
those metrics and actual surface area has never been determined. Three-dimensional
digital software was used to create digital representations of 14 4. palmata colonies
from which colony surface area was calculated. Using maximum likelihood, linear
models relating this colony surface area to simple field metrics (length, width, and

height) and planar projection were parameterized and compared.

Objectives:
3.1 To test the assumption that field metrics adequately describe Acropora palmata

colony surface area (CSA) as estimated by image analysis software.



3.2 To test whether planar projection (PP, or two-dimensional surface area from a
bird’s eye view) correlated more tightly with CSA than linear metrics.
3.3 To explore which field metrics (or combinations thereof) correlate most closely

with CSA.

Chapter 4: Regional analysis of Acropora palmata population dynamics
Motivation:

Anecdotal accounts of remnant Acropora palmata populations suggest that
current abundances and rates of population depletion or expansion are not consistent
throughout the region (Acropora Biological Review Team 2005). We learned from
Chapter 2 that A. palmata populations are indeed dynamic over a less than decadal
time scale, and that on extrapolating its current course, Florida’s 4. palmata
population is destined for functional extinction. To contextualize this result and to
broaden our understanding of this critical ecosystem-building, endangered species, we
conducted demographic surveys annually over a minimum of four years in Curagao
(formerly of the Netherlands Antilles) and along the north coast of Jamaica. Curagao,
where hurricanes occur relatively rarely (Bries et al. 2004), was chosen as a contrast to
Florida, where hurricanes occur frequently and are a regular source of acute physical
destruction and mortality. Disease, bleaching, nutrient concentrations in the water
column, and the abundance of herbivorous fish are, of course, also important factors
affecting population dynamics. However, the goal here was to determine if trends in

population dynamics associated with hurricanes could be distinguished between the



two locations. In Curagao, we expected rates of population growth to be stable (A
approximately equal to 1) and for the stable size distribution to comprise primarily
large individuals, as the infrequency of hurricane should lead to relatively undisturbed
colony growth (assuming ideal background conditions) and relatively little increase in
population size due to colony fragmentation. Jamaica was chosen to represent a
population in the process of recovery based on the return of a key herbivore, the sea
urchin Diadema antillarum, and anecdotal reports on the emergence of young 4.
palmata colonies. In this location, we anticipated rate of population expansion to
exceed rates in Florida and Curacao. Analyses of population dynamics were
contextualized with information from three additional locations: Navassa, Puerto Rico,
and Virgin Gorda in the British Virgin Islands. In these supplementary locations,
demographic data were collected using analogous methods, but only two time points

were collected in each location.

Objectives:

4.1 To determine if 4. palmata dynamics differ significantly across space, as
anecdotal evidence suggests.

4.2 To determine the spatial scale of any differences in dynamics, and if any pattern
can be discerned.

4.3 To determine if rates of population expansion or depletion (A) correlate with

hurricane frequency or urchin density.
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CHAPTER 2: Short-term population predictions of
threatened elkhorn coral in the northern Florida Keys using
stochastic matrix modeling



ABSTRACT

Caribbean elkhorn coral, Acropora palmata (Lamarck, 1816), was once so
widespread and abundant that geologists use its fossils to measure sea level from the
Pleistocene through the Holocene. Now it exists at a small fraction of its former
abundance and is listed as threatened, along with its sister species, Acropora
cervicornis, under the U.S. Endangered Species Act. We conducted annual
demographic surveys on the northern Florida Keys population from 2004-2010.
Percent cover of the benthos, numbers of colonies, and dominance by large individuals
declined throughout the study period. We created population matrix models for each
annual interval of the study, which included a severe hurricane year (2005-20006).
Hurricane recurrence was simulated stochastically along with multiple outplanting
scenarios. Further population depletion is predicted given a return time for severe
hurricanes of 20 years or fewer. The largest individuals were shown to have the
greatest contribution to rate of change in population size via elasticity analysis. Active
management through outplanting can provide a positive population trajectory over the
short term, especially if larger colonies are transplanted onto the reef. However, the
former abundance of this species suggests that life history traits, specifically rates of
growth versus shrinkage measured herein, are different from what they must have
been in the past. Ultimately, recovery of this species will depend on enacting local
short-term management solutions while improving regional and global environmental

conditions.
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INTRODUCTION

Corals are a recent addition to endangered species lists, and the pace of their
inclusion is unprecedented. The Atlantic elkhorn coral, A. palmata (Lamarck, 1816),
was classified as threatened on the U.S. Endangered Species List along with its
congener, Acropora cervicornis (Lamarck, 1816), in 2006. Currently, 82 additional
corals are considered candidate species (Federal Register 2010). At the international
level, the trajectory is similar. In 2008, corals were included on the International
Union for Conservation of Nature's Red List for the first time, and 33% of all reef-
building corals with sufficient data were listed as threatened (Vulnerable, Endangered,
and Critically Endangered), a percentage that surpasses that of most terrestrial animals
(IUCN 2011, Carpenter et al. 2008).

Like many listed corals, Acropora palmata was neither historically rare nor
tightly restricted in its geographic range (Goreau 1959, Geister 1977, Adey 1978).
Though there are unexplained gaps in the fossil record (Hubbard et al. 2008), 4.
palmata's persistence, resilience, dominance, and sheer abundance throughout time
and space qualified it as the dominant shallow-water reef builder in the Caribbean
from the late Pleistocene through at least the early Holocene (Adey et al. 1977,
Jackson 1992, Pandolfi and Jackson 2001, Hubbard et al. 2005, Pandolfi and Jackson
2006, Hubbard et al. 2008). During this time A. palmata was dominant on 80% of
shallow reefs surveyed throughout the Caribbean and Florida, often forming a

monoculture along reef crests and upper reef slopes (Jackson 1992). This percentage
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dropped to 40% by 1983 and to less than 20% by 1990 (Jackson et al. 2001). Although
A. palmata is still present throughout its range (Lang 2003), ecological data reveal a
continuing decline in abundance. As of 2005, most populations were at 2-20% of
1970s baselines (Bruckner and Hourigan 2000, Carpenter et al. 2008).

The Atlantic Acropora Status Review lists the following stressors to A.
palmata: disease, temperature anomalies and bleaching, natural and anthropogenic
branch breakage, competition, predation, excessive sedimentation and nutrification,
boring sponges, toxic compounds in the water column, loss of genetic diversity, and
others (Acropora Biological Review Team 2005). Lists, however, are a deceptively
simple presentation of environmental stressors, as feedback loops and synergies lurk
between the commas (Kline et al. 2006). Further, lists present a snapshot of a dynamic
system in which threats can intensify as population abundance declines. For example,
storms can cause direct physical damage and inflict longer-term damage by
fragmenting large colonies into smaller colonies that have higher rates of mortality
(Lirman 2003, Williams et al. 2006). Multiple storms can result in the decrease of
asexual recruitment via fragmentation (Williams et al. 2008). Also, density of
corallivorous snails, particularly Coralliophila abbreviata, on Atlantic acroporids can
increase dramatically after hurricanes, impeding or preventing population recovery
(Knowlton et al. 1990, Baums et al. 2003, del Monaco et al. 2011).

Matrix population modeling can offer a glimpse of the immediate future of a
population of Acropora palmata colonies. Matrix models use demographic data

collected over a time frame appropriate to an organism’s life history, often annual
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(Caswell 2001). Data are converted into a matrix of transition probabilities,
delineating the likelihood of growing from one life stage to another. Each year the
number of individuals in each size class is multiplied by the transition matrix,
resulting in a projection of the population size structure for the following year. Hughes
(1984) developed a size-based matrix model (an adaptation of the classic age-based
matrix model) for organisms with a clonal life history, where size is more important
than age and where individuals can not only grow and die but also shrink and fragment
(Figure 2-1).

Disturbance is a governing force in coral population structure, and during
disturbance events transition probabilities are characteristically different from those
during background conditions (Hughes 1984, Fong and Glynn 1998, Edmunds 2010).
In the Caribbean, storms and hurricanes are the major physical disturbance events on
coral reefs (Gardner et al. 2005) and are thus a critical component for any coral
population model. Though Acropora palmata is dependent on some level of wave
action for asexual reproduction (Highsmith et al. 1980) and sloughing off sediment
(Rogers 1983, Acevedo et al. 1989), populations exhibit higher rates of fragmentation
(Lirman 2003) and can suffer extreme damage from severe storms (Woodley 1981,
Lirman and Fong 1997).

Building on past coral population models, including Lirman's model for
Acropora palmata (Lirman 2003), we created a stochastic size-based matrix model
with disturbance for the A. palmata population of the upper Florida Keys. We

collected demographic data for seven consecutive years, from 2004 to 2010, from
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which we estimated annual transition rates for six annual intervals. With this rich data
set we simulated a stochastic environment by multiplying the population size structure
each year by a random draw from the six matrices, thereby avoiding certain extinction
or certain population expansion (which arises from deterministic matrix modeling).
During our study, the population experienced severe hurricane conditions in 2005;
thus, one snapshot of these disturbance dynamics was captured. Mild storms occurred
in the winter of 2004 and summer of 2008 and were considered background
conditions, along with 2006, 2007, and 2009. We used our population model to
determine critical life history stages, predict future population abundance, explore
management actions, and provide a realistic time frame for recovery planning for this

population.
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METHODS

Study site, data collection, and sampling regime

A rapid survey conducted throughout the Florida Keys from 1999 to 2001
found Acropora palmata primarily in high-relief spur and groove reefs, with the upper
Keys (off Key Largo) displaying the highest mean percent cover (Acropora Biological
Review Team 2005), and this area was selected for study. Fifteen non-overlapping 150
m” permanent plots, distributed among five reefs (Molasses, French, Elbow, Key
Largo Dry Rocks, and Carysfort), were established in 2004. Each plot was circular
with a radius of 7 m. Plots were originally chosen to have a minimum density of at
least 12 A. palmata colonies. Areas of high A. palmata density (thickets) are no longer
typical in this area and were purposefully avoided so as to manageably track
individuals as defined above. For a more detailed description of plot selection, see
Williams et al. (2008).

Unlike most population analyses, no attempt was made to distinguish between
genets and ramets, as this cannot be done in the field (Miller et al. 2007). Rather, an
“individual” was defined as any continuous live tissue or patches of tissue on the same
underlying skeleton (for a complete definition, see Williams et al. 2006). Fragments,
though producing clones, were considered reproductive output congruent with the
definitions presented by Carpenter et al. (2008) and Highsmith (1982) for all corals.
Only ramets attached to the substrate, as opposed to loose fragments, were counted as

individuals.
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Measuring the size of an Acropora palmata colony is not straightforward.
Unlike a boulder coral, it does not have a consistent shape, and unlike a tree, which
bears a morphological likeness to the prototypical A. palmata colony, there is no
standard measurement such as diameter at breast height (see Figure 2-2). Because
corals experience partial mortality, an estimate of the percentage of live tissue is
incorporated into our metric. We multiplied the longest axis of the colony (length) and
longest perpendicular axis (width) as viewed from above, by a visual estimate of the
percentage of live tissue, to estimate two-dimensional projected live surface area, or
colony size.

Each year, every colony, including any newly attached individuals (sexual and
asexual), was identified and measured (as described in Williams et al. 2006). Surveys
were conducted in fall 2004 and each spring from 2005 to 2010. The fall survey was
between September 19 and October 22, and spring surveys were between May 1 and
July 1. All surveys were completed within an average of four consecutive weeks. In
spring 2005, only six of the 15 plots were surveyed, and the remainder were surveyed
in the summer. Only those plots surveyed in the spring were used for modeling, but
both spring and summer data were used for density estimates.

Designation of size classes

We used size, rather than age or stage, to classify individuals, because size
classifications lend themselves more easily to estimates of percent benthic cover of
Acropora palmata on the reef, which is ultimately our topic of interest. Further,

Hughes and Jackson (1985) as well as Hughes and Connell (1987) showed that size
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has a stronger influence than age on demographic rates, and Lirman (2000)
demonstrated this for A. palmata specifically. In A. palmata, because larger colonies
have more branches, and because branches fragment to produce asexual recruits, size
is correlated with asexual recruitment. Further, living surface area is positively
correlated with the amount of gametes produced (Soong and Lang 1992). We used
two-dimensional projected surface area, which is directly proportional to three-
dimensional surface area, as our size metric (Holmes and Johnstone 2010, Vardi
unpubl.).

Four size classes were defined based on details of the biology and life history
of Acropora palmata. Size class 1 (SC1) was defined to include all individuals smaller
than 100 cm?, as the highest linear extension rate measured in the Florida Keys is 10
cm/year (in Acropora Biological Review Team 2005). Thus a new sexual recruit,
unseen in the previous year's survey, could, ostensibly, grow for one year and still be a
member of the smallest size class. We chose an upper limit of 900 cm? for size class 2
(SC2) because colonies up to this size typically have a low clonal fecundity because
they are less likely to have long branches. Size class 3 (SC3) individuals are more
likely to have long branches than SC2 individuals, leading to a higher probability of
asexual reproduction, but are less than 4000 cm?, at which size approximately 90% of
colonies produce gametes (Soong and Lang 1992). Size class 4 (SC4), those colonies
larger than 4000 cm?, are the most likely to reproduce by both sexual and asexual

means.
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Model development

Population matrix modeling (Hughes 1984, Caswell 2001) was used to explore
Acropora palmata demography, using the equation

N =Ansr, (1),

where n ; 1s a vector of the number of individuals in each size class at time ¢. A
square matrix with dimensions equal to the number of size classes, A, is the sum of a
transition matrix, T, and a fertility matrix, F (see Figure 2-1).

Each value in T, #;, represents a probability of transitioning from size class j to
i from one time point to the subsequent time point. These transition probabilities are
estimated by summing the number of times this transition occurs over a particular
duration and dividing by the number of individuals in j. Because the abundance per
size class changes each year, each transition is based on a different sample size (see
Abundance in Table 2-1). Corals can grow (g), shrink (s), or stay the same size (/),
thus all positions in T can be > 0 (see Figure 2-1a-c). Entries in the fertility matrix, f;;,
are based on the number of new individuals that arrive in the study area during the
same time interval (see Figure 2-1d). Since sexual recruitment in 4. palmata is rare
(Bak and Engel 1979, Edmunds and Carpenter 2001) and sexual and asexual recruits
cannot be distinguished in the field (Miller et al. 2007), we combine these two
categories.

We assumed a closed population, where new fragments arise from the existing
stand of colonies and can be of any size class (though new SC4 fragments were not

observed during this study). New SC3 fragments were assumed to derive solely from
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pre-existing SC4 colonies (see Figure 2-1d). New SC1 and SC2 fragments were
assumed to derive from existing SC3 and SC4 colonies proportionally, based on the
ratio of mean size of SC4 colonies to that of SC3 at the beginning of the time step. For
i=1or 2, each year

ri=(fis X n3) + (fig X nq) ),

where r; is the number of new i-class fragments at the end of the time step, fi3
and f;; are the probabilities that an i-class fragment is produced by a SC3 or SC4
colony, and n; and ny are the number of SC3 and SC4 individuals at the beginning of
the time step. Given that ¢ is the ratio of mean size of SC4 to that of SC3 in a given
year, we define:

fiu=qX fis 3).
Finally, combining (2) and (3) we calculate the fecundity of SC3 as:
Jiz=ri=[ns+(qxn4)] ).

From the seven surveys, six matrix models were developed, one for each time
period: 2004-2005, 2005-2006, 2007-2008, 2008-2009, and 2009-2010 (see Figure 2-
4). Since the first time period was six months, and all others were annual, the first
matrix was squared to make it comparable to the remaining matrices (Caswell 2001).
Performing this calculation assumes that transition and recruitment from fall to spring
are equivalent to those from spring to fall. However, projections that were run without

these data from 2004-2005 showed the same qualitative output.
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Model analysis

Long-term rate of change in population abundance, A, and stable size
distribution were calculated by taking the eigenvalue and right eigenvector of each
matrix. In addition, stochastic growth rate, A, was estimated from the average growth
rate over a long (50,000 year) simulation (Caswell 2001, Stubben and Milligan 2007).
Since each matrix captures annual variation in population dynamics (i.e. a stochastic
environment), As yields a more robust estimation of the long-term rate of change than
any annual matrix or even the mean matrix can provide. In all cases simulations
matched Tuljapurkar's approximation for the same parameter (after Stubben and
Milligan 2007). Several calculations utilize the mean matrix, A,,, which is simply a
matrix with dimension equal to that of A, wherein each element a;; is the arithmetic
mean of the corresponding a;; from each matrix. Finally, elasticity values,

ej = a;j/ AXOA/Oaj %)
were calculated to determine the relative contribution of each of the matrix elements
on A (Caswell 2001). These calculations utilized the “popbio” package in R (Stubben
and Milligan 2007).
Population projection and scenarios

From a management perspective, it is critical to explore population projections
among likely environmental scenarios. For Acropora palmata, one of the most
important and variable physical forcings on remnant populations is hurricanes.
Physical breakage in the 2005-2006 hurricane season accounted for more tissue loss

than any other factor over the course of seven years (Williams and Miller, in press).
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Bleaching and disease often follow major disturbance events (e.g. Yee et al. 2011) and
indeed acute tissue loss due to disease in 2005-2006 was equivalent to background
tissue loss throughout the other six years of the study. For brevity, we refer to the
disturbance year of 2005-2006 as a “hurricane” year, but the associated detrimental
effects from disease are implicit in the quantified transition rates. Frequency of major
hurricanes is defined as 1/4, where 4 is the return time in years. During 2005-2006,
two severe hurricanes (Category 3 or greater) traveled directly through the study area,
causing significant damage to the existing population. Single storms can produce a net
gain in terms of population abundance, via branch breaks. However, consecutive
storms can (and did) result in a net loss, when fragments are swept away before
reattachment can occur. Based on annual data collected since 1851, we calculated the
return time of two or more severe storms occurring within a 200 nm radius of our
study area to be 20 years (NOAA 2011). Thus /& = 20 represents the most realistic
scenario for a stochastic simulation. To bound these results, we explored two alternate
return times. As a lower bound, we assumed that our study period was representative,
making the implicit assumption that a year as bad as 2005-2006 recurs every six years
(h=6). As an upper bound, we assumed a year as bad as 2005-2006 would never
return (h = ). We thus modeled stochastic population projections by randomly
selecting one of the six annual matrices, where the probability of selecting the
hurricane matrix was 1/4 and the probability of selecting each of the other five
matrices was equal and defined as [1-(1/4)] / 5. All hurricane scenarios were run for

20 years (until 2030) and for 50 years (until 2060) in order to contextualize the earlier
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time frame and to show any potential differences between relatively short- and long-
term dynamics.

One of the few Acropora palmata management actions available is outplanting
colonies reared in nurseries. We simulated outplanting both SC1 and SC2 colonies at
three density levels, 1000, 2000, and 3000 outplants over the 2300 m? study area, that
match density levels currently used for Acropora cervicornis (Sean Griffin, personal
communication). We did not modify transition rates for outplants but rather assumed
that the same rates of growth, shrinkage, and mortality would apply. Mean rates of
mortality measured in our study, 30% and 21% for SC1 and SC2 respectively, roughly
matched that of similarly sized A. cervicornis outplants (20%; Tom Moore, personal
communication). The 20-year period is comprised of two years with no planting, five
years with planting, and an additional 13 years with no planting. Results are shown
after five and 20 years (in the years 2017 and 2030). All outplanting scenarios were
projected using 4 = 20 years. We used size-class specific abundances in 2010 to seed
all population projections (see Table 2-1).

Percent cover was calculated by multiplying the number of individuals in each
size class in the final year of the projection by the mean size of the corresponding size
class (see Table 2-1), and dividing the sum of those numbers by the total study area
(2309 m?). This method assumes that colonies do not overlap, thereby potentially
overestimating total percent cover for any projection. All calculations were conducted
using R (R Development Core Team 2011). All confidence intervals presented are at

the 95% level.
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RESULTS

Annual surveys

During the course of our study from 2004 to 2010, Acropora palmata cover
decreased 40%, from 6.6% to 3.9%, and abundance decreased 21%, from 340 to 269
individuals (Figure 2-3ai,bi). In addition, mean size within each size class declined by
13%, 19%, 1%, and 18% for SC1 through SC4, respectively. The proportion of
individuals classified as reproductively viable (including sexual and asexual
reproduction, i.e. SC3 and SC4) declined from 52% in 2004 to 42% in 2010 (Figure 2-
3ci).

Matrices

Mortality was highest for the smallest size classes and decreased with each
successive size class (see Figure 2-4). Probabilities of shrinkage from one size class to
the next were as high as 0.22, and rates of growth from one size class to the
subsequent were as high as 0.24. Growing two size classes in one year was uncommon
(occurring twice) in comparison to shrinking more than one size class, which occurred
a total of eight times. The number of new fragments in a given year ranged from 10 to
58, with smaller recruits consistently outnumbering larger ones.

Most commonly, individuals tended to remain in the same size class from one
year to the next (Figure 2-4). Over all years and all size classes, the probabilities of
stasis (the loop probabilities along the main diagonal of the matrix) were larger than
any other probability per size class per year. SC4 had the highest probability of stasis,

experiencing zero mortality in all years except 2005-2006. The elasticity of SC4
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surviving and not shrinking, e, was greater than that the elasticity of any other matrix
element, e;;, across all years (Figure 2-5), meaning that adult survival had the largest
contribution to population growth rate, A, compared with all other transitions. This was
true during background conditions (Figure 2-4a,c-f), as well as during severe storm
conditions (Figure 2-4b).

The dynamics of Acropora palmata during a severe hurricane year were
captured in the 2005-2006 population matrix (Figure 2-4b). Survivorship during this
year for all size classes was markedly lower than that for all other years (0.44, 0.53,
0.70, 0.84 for 2005-2006 for SC1-SC4, respectively, versus mean + SE, 0.76 + 0.04,
0.84 £0.03, 0.95 £0.03, 1.00 £ 0.00 for the other five years). Similarly, the
probability of growth (Figure 2-1a) for all size classes in 2005-2006 was less than that
of background years by one order of magnitude (mean + SE, 0.01 £ 0.00 versus 0.10 £
0.01, based on the mean matrix for those years).

Annual population growth rate, A, calculated from each matrix ranged from
0.71 to 1.05 (Table 2-1) and was 0.96 based on the mean matrix. As such, for every
100 colonies, an average of four died each year. Since 2005-6 was an extreme year,
stochastic growth rate, As, depends on the probability of its recurrence, 1/4, and was
estimated for 2 =6 as 0.956 (95% CI = 0.955-0.957), for A =20 as 0.999 (95% CI =
0.998-1.000), and for # = as 1.019 (95% CI = 1.018-1.020). Thus, assuming a year
like 2005-2006 recurs every 20 years, the population of Acropora palmata is slowly
declining.

Projections
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By 2060, without intervention and under a modest hurricane recurrence
scenario (2 = 20), projected benthic cover of Acropora palmata (mean = 4.5%, 95%
CI=0.9-11.2%) is nearly unchanged from that in 2010 (3.9%) (Figure 2-3aiii).
Predicted mean abundance in 20 and 50 years is also nearly equivalent to starting
abundance (Figure 2-3biii). Note that the estimated stochastic growth rate for # = 20
was estimated as slightly less than 1 (0.999), while short-term projections (20 y and 50
y) suggest slightly positive growth. This distinction is due to the time scales of
estimation; A is calculated as the endpoint of a 50,000 y simulation, while these
projections were on decadal scales.

Abundance and percent cover change predictably with 2. When 4 = 6, mean
cover is reduced to less than 2% by 2030 and less than 1% by 2060 (Figure 2-3aiii).
When / = o0, a modest increase in cover to 5.7% (95% CI = 4.3-7.5%) is projected in
20 years, and a doubling of population abundance is projected for 2060. Proportion of
individuals in each size class by the end of any projection of 20 years or more
(including outplanting projections) is equivalent to the stable size distribution derived
from the mean matrix. The convergence to a stable size distribution could occur as
early as 8.6 years, using the approach for estimating time to convergence from Doak
and Morris (1999).

Finally, size of outplants matters. At the most dense outplanting scenario (1.3
outplants m™ or 3000 outplants over the 2300 m” study area), cover using SC2
outplants (mean 47%, 95% CI = 23-61%) is significantly higher than that using SC1

outplants (mean 15%, 95% CI = 7-22%)) after five years of outplanting (Figure 2-3bi).
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Analogous comparisons of the other SC2 outplanting densities, 0.43 m™and 0.87 m™
(1000 and 2000 outplants 2300 m™), reveal a similar pattern resulting in higher
percent cover, though confidence intervals are overlapping. Even in the worst-case
scenarios (i.e. lower confidence boundaries), five years of SC2 outplantings are
predicted to increase percent cover from current conditions (dotted line, Figure 2-3bi).
This relationship holds at least until 2030. The same is not true for the SC1
outplanting scenarios. Interestingly, although abundance is predicted to decline
between 2017 and 2030 for all outplanting scenarios (Figure 2-3bii), mean percent
cover is predicted to increase (Figure 2-3aii). Comparing the proportional size class
distribution at 2017, dominated by SC1 and SC2 individuals, to that in 2030, which
has a more even size class distribution (Figure 2-3cii), we see that the increase in

percent cover is due to growth of outplants into bigger size classes over time.
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DISCUSSION

Modeling results

During the seven years of our study, we saw declines in percent cover and
mean size of individuals. The demographic rates we measured reveal that, while this
population of Acropora palmata could persist at or near presently low levels of
abundance for the next 50 years, without active management the population will not
recover.

Although the population growth rate, A, is the standard currency of matrix
population biology, it can be a misleading metric when applied to the life history of
clonal sessile organisms if size structure is not considered. Our most realistic
assessment of A is just below 1.00 (at 2 = 20), not a drastic figure for a threatened
species. However, we documented a shift in size structure from the inception of the
study, where larger, reproductive size classes with high survivorship dominated
(52%), to the end of the study, where smaller, pre-reproductive size classes with lower
survivorship dominated (58%). This trend is confirmed by the stable size distribution
of the mean matrix, which provides the best estimate of how the size classes ultimately
will be distributed. Here, smaller size classes also dominated (56%). Similarly,
Hughes and Tanner (2000) saw a shift in dominance from largest to smallest size class
in two coral species over a 16-year study period (the third species underwent a
significant reduction in average size of the largest size class). These patterns are slow

to emerge yet are a critical sign of decline in the overall health of coral populations, as
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smaller sizes in general have lower survivorship and fecundity (Highsmith 1982,
Hughes and Jackson 1985).

Note that confidence intervals widen as the projection interval gets longer, a
phenomenon common to all stochastic simulations. Thus the wide confidence intervals
on abundance and percent cover estimates can be considered either representative of a
stochastic environment or an artifact of our model choice. Prior coral simulation
models set the return time of a storm deterministically at varying intervals and
simulated background conditions in the interim years (e.g. Hughes 1984, Lirman 2003,
Edmunds 2010). There is utility in this approach, as it quantifies the resilience of
corals to storms. Further, this is the only option unless more than two demographic
surveys have been conducted. We felt our time series was sufficiently long to simulate
a stochastic environment and assign a probability of hurricane recurrence. This means
that some simulations will have more “bad years” than others, and the resulting
response variables thus have a wide confidence interval. Here we present results using
a CI of 95%, but from a managerial perspective, focusing on the lower limit of a
narrower CI might be more appropriate.

Management recommendations

The top three stressors to Acropora palmata in the upper Florida Keys —
fragmentation, disease, and snail predation — accounted for 85% of tissue loss over the
study period (Williams and Miller, in press). All three stressors occur as background
conditions, but outbreaks of fragmentation and disease also appear as punctuated

sources of mortality in 2005, resulting in significant tissue loss. Snail predation
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occurred solely as a background source of mortality and had the lowest rank,
accounting for approximately 15 m? of tissue loss over the seven-year study.
Fragmentation due to the hurricanes in 2005 ranked highest, accounting for
approximately 30 m” of lost tissue over a few months. A disease outbreak during the
hurricane months caused an additional loss of 15 m?, whereas background tissue loss
due to disease was 15 m” over the seven-year study (Williams and Miller, in press).
Thus, fragmentation was the largest single factor affecting the 4. palmata population
in our study, followed by disease, then predation.

Fragmentation, due primarily to storms, cannot be stopped (though rescued
fragments can be stabilized), and coral diseases are currently incurable. Snails,
however, can be removed from colonies. Coralliophila abbreviata is a known threat to
already depressed acroporid populations, capable of destroying remnant populations in
the months and weeks after a storm (Knowlton et al. 1981, Knowlton et al. 1990,
Baums et al. 2003). Indeed, incidence of C. abbreviata increased fourfold over the
course of this study and accounted for 25% of lost live tissue, excluding that from the
severe storm in 2005 (Williams and Miller 2010). Interestingly, the proliferation of
snails could be a result of overfishing lobsters. Snail removal has been shown to
preserve 75% more live A. palmata tissue compared with controls where snails are left
in place (Miller 2001). Importantly, this management action can target SC4 colonies,
which have the greatest influence on population increase, as demonstrated by the

elasticity analysis (Figure 2-5).
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Outplanting is currently the only recovery strategy being actively pursued by
managers. Outplanting can provide a short-term boost to currently depressed
demographic rates while long-term strategies to improve environmental conditions are
being pursued. We limited these projections to 20 years, as models predict short-term
trajectories best, and the influx of colonies leads to a widening of confidence intervals.
Unsurprisingly, after five years of planting, abundance is higher and distribution is
dominated by whichever size class was planted. Thirteen years after planting, the size
class distribution stabilizes, and while mean abundances decrease relative to the 2017
projections, mean percent cover estimations increase relative to 2017. Though many
outplants are dying and shrinking, the remainder are growing from SC1 or SC2 to SC3
and SC4, leading to an overall increase in the amount of Acropora palmata tissue on
the reef during this time period.

We found that planting 3000 SC2 colonies (mean diameter 19 cm) resulted in
significantly higher mean percent cover by 2017 than planting 3000 SC1 colonies
(mean diameter 6.5 cm) over the study area (1.3 outplants m™). Furthermore, although
planting SC1 colonies could increase cover to 60% by 2030 under the best conditions
(upper CI boundary), managers would be wise to focus also on the value of the lower
CI boundary, which represents unfavorable conditions; here cover could make a far
more modest improvement (9%) over current conditions (4%). In contrast, planting
3000 SC2 colonies results in a worst-case scenario (lower CI boundary) of 24% cover.
Thus, according to our model, a dense, five-year SC2 outplanting regime does a fair

job of preventing population collapse in terms of both percent cover and abundance.
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Why does an influx of small individuals only slightly improve population
projections? The first explanation is that the smaller size classes do not have a
significant influence on population growth (Figure 2-5). The relatively slow growth
and high mortality of the individuals limit their demographic potential for the
population. But the more relevant question is: Why, even if we eliminate the
possibility of a “bad year” (& = ), does this population seem incapable of recovering?
Quite simply, the probability of shrinking, across all size classes and years (mean =
SE, 0.089 £ 0.014), is roughly equivalent to but slightly greater than that of growing
(0.082 £ 0.019). This implies that stressors causing the loss of tissue (e.g. disease,
predation) are keeping pace with Acropora palmata's ability to thrive, even in the
absence of hurricanes.

Our findings are somewhat in contrast to Lirman's (2003) stage-based
population model of Acropora palmata in the upper Florida Keys, and the difference
could highlight an important aspect of this organism’s population dynamics and
potential for recovery. Lirman parameterized his model from 1993 to 1997 on Elkhorn
Reef, which at the time had a higher density of colonies than the sites described in the
present study. In Lirman’s projections, storms recurring every five years resulted in a
fourfold increase, from 10 to 50 colonies, after 50 years. (A starting point of 10
colonies was chosen arbitrarily and does not represent density at the site.) In contrast,
in the present study, parameterized a decade later with storms occurring every six
years (i.e. a slightly more detrimental storm frequency), abundance decreased by 80%,

from 270 to 45 colonies (95% CI = 3-186 colonies), after 50 years. The storms and/or
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the way storms were parameterized could account for this difference; however,
relative changes in transition matrix elements for background and storm matrices,
especially in the influential rate of stasis for the largest colonies, were comparable in
the two studies. Alternatively, 4. palmata could exhibit positive density dependence,
wherein denser stands recover more quickly from storms than less dense stands. This
hypothesis should be explored, for example during outplanting, as a density-dependent
model could demonstrate that percent cover could increase more quickly than our
projections suggest.
Conclusions

Despite being protected under the U.S. Endangered Species Act and being
contained within a no-take marine reserve, our results show that without intervention,
Acropora palmata in the Florida Keys will likely become functionally extinct in the
near future. With intervention, population projections are highly variable, but this
offers the only positive prospect in the short term. Removing snails would likely have
a net positive effect on population trajectories. Outplanting should only be employed
in concert with the hard work of improving environmental conditions over the medium
term, such as removing excess nutrients from sea water and restoring herbivorous
fishes and invertebrates that remove harmful algae, and over the long term, such as
reducing sea surface temperature and ocean acidification. Without these measures,
new outplants will be doomed to functional extinction just as the current population is.

Eighty-two coral species are currently being considered for inclusion on the

U.S. Endangered Species List, none of which has demographic data comparable to that
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of the A. palmata population studied herein. If environmental conditions improve and
outplanting provides the predicted buffer against complete elimination, the much-
studied and cared for reefs of Florida could provide an excellent example of how to
bring a clonal, sessile, endangered organism back from the brink of extinction. We
hope that the model presented here will provide context in the potential listing and

recovery planning of the candidate species as well.
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Figure 2-1: Life cycle diagram and corresponding matrices. Size classes 1 to 4 are
represented by increasing circle sizes. (a-c) Individuals can transition from one size
class to any other; they can grow, g, loop (stay in the same size class), 1, or shrink, s,
comprising the transition matrix, T. (d) Arrival of new fragments, represented by the F
matrix, is defined to include new asexually or sexually derived colonies in any of the
three smallest size classes. (¢) General form of the matrix model, A. Subscripts are left
off for clarity. Figure modified with permission from Hughes 1984.



34

10cm

Figure 2-2: Examples of Acropora palmata colonies in size classes 1 to 4, clockwise
from top left. Size classes are defined as 0-100 cmz, 100-900 cmz, 900-4000 cmz, and
> 4000 cmz, and mean diameters observed were 6.5 cm, 19 cm, 46 ¢cm, and 106 cm for
size classes 1 to 4, respectively.



35

Table 2-1: Summary of size range, mean size, and abundance of individuals per size

class, as well as stable size distributions and population growth rate (1) based on the
respective population matrices in Figure 2-4. The superscript * represents a smaller
sample size. In 2005, only six of the 15 plots were surveyed in the spring; therefore,
transition and recruitment rates for 2004-2005 and 2005-2006 were calculated from
colonies in those six plots only. Abundances from all plots in 2004, 2005, and 2006
are presented in Figure 2-3bi.

Observed Size Obseered Abundance Stable Size Distribution

Range Mean Size

Size Min Max | Mean SE
'04* '05* '06° '06 '07 '08 '09 10 '04-5* '05-6° '06-7 '07-8 '08-9 '09-10

Class | (cm?)  (cm?) | (cm®)  (cm?)
1 0.2 100 43 1 22 25 28 94 72 66 87 62 019 037 012 022 037 0.17
2 100 900 369 9 46 49 31 110 93 98 101 93 036 022 023 034 033 0.26
3 900 4000 2158 49 33 37 21 66 67 60 50 44 029 014 021 0.16 0.13 0.17
4 4000 47,250 11171 405 32 31 22 51 55 65 64 70 015 027 044 028 0.17 0.40
Total 133 142 102 321 287 289 302 269 A= 1.05 0.71 1.00 1.05 0.97 1.01
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Figure 2-3: Percent cover, density, and proportional size class distribution of
Acropora palmata are presented in three vertical panels from left to right as follows:
(1) as observed over the course of the study from 2004 to 2010 (2005 spring and
summer surveys combined), (ii) as projected after five years of outplanting, and (iii) as
projected under different hurricane return times: 6, 20, and an infinite number of
years. The hurricane scenarios are projected for 20 and 50 years, to 2030 and 2060.
The outplanting projections have a two-year lag time with no outplanting, followed by
five years of outplanting either size class 1 (SC1) or size class 2 (SC2) outplants at
three densities (1000, 2000, or 3000 outplants over the 2300 m” study area). Results
are shown immediately following five years of outplanting (in the year 2017) and 13
years after the end of outplanting (2030). All results are means based on 10,000
simulations. Error bars represent a 95% confidence interval on percent cover and total
abundance. Dotted lines represent percent cover or abundance as measured in 2010,
and 50%, in panels (a), (b), and (c), respectively.
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+.06 || +.30 +.03 || +.16 +.02 | +.11
3| .01 11 | 74 | 11 30 0 02 || 43| .13 3/ 0 12 | .79 04
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+.04 +.03 +.05
4/ 0 0 21 | .93 40 0 07 || .92 4/ 0 0 || 24 | .91
81 .85 .99 1 76 .80 .85 1 63 .76 .96 1

Figure 2-4: Annual population matrices. Each matrix comprises transition and
recruitment probabilities, or rates, from one size class (column) to another (row). In
columns three and four, the first figure in the sum is the probability of shrinking and
the second figure in the sum is the probability of recruiting. For example, in 2007-
2008 the probability of a SC3 individual shrinking to a SC2 is 0.07, and the
probability of a SC3 giving rise to a new SC2 individual is 0.04. Size-specific
survivorship, the sum of transition probabilities not including recruitment, is presented
underneath each matrix. * Probabilities based on a six-month time interval.
®Probabilities based on six plots. ¢ Recruitment probabilities based on six plots.



-

N

38

(a) 2004-2005 (b) 2005-2006 (c) 2006-2007
1 2 3 4 1 2 3 4 1 2 3 4

.00 .00 .01 1] .00 .00 .00 .00 1

.00 .00 .00

(d) 2007-2008 (e) 2008-2009 (f) 2009-2010
1 2 3 1 2 3 4 1 2 3 4

N

w

IN

.01 .00

.00 .00 .01 1) .01 .00 .00 .00

4 .00 .OO l l .OO .00 l l

Figure 2-5: Elasticity analyses for annual projection matrices. Values inside the
boxes, ejj, are elasticities of population growth rate, A, for each corresponding value,
ajj, in the A matrix. Darker colors correlate with higher values for matrix. All
projection matrices show that ess, the elasticity of SC4 surviving and not shrinking,
has the largest contribution to A. Because the population growth rate for the 2005-2006
time interval is far from stable (A < 1), the elasticity values are extreme.
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ABSTRACT

Acropora palmata is a critically endangered coral that has formed complex
shallow reef habitat in the Caribbean for millennia. Three-dimensional surface area is
the most ecologically relevant size measurement for any coral, but due to 4. palmata’s
morphological plasticity, it is not straightforward to quantify. Three-dimensional
digital software was used to create digital representations of 14 4. palmata colonies
from which colony surface area (CSA) was calculated. Using maximum likelihood,
linear models relating colony surface area to simple field metrics (length, width, and
height) and planar projection were parameterized and compared. While all simple field
metrics correlated tightly, planar projection was the best predictor of colony surface
area. Parameterizing these relationships enables the translation between current

demographic colony-based studies and past and future measures of benthic cover.
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INTRODUCTION

The coral Acropora palmata, listed as threatened on the U.S. Endangered
Species List, was once the main builder of shallow reefs in the Caribbean Sea, and its
large branching structure provides essential habitat for numerous fish (Lirman 1999)
and countless other organisms. This coral has been well studied genetically (Baums et
al. 2005, 2006), ecologically (Rogers and Suchanek 1982, Miller 2001, Lirman 2003,
Williams et al. 2008), paleontologically (Lighty and MacIntyre 1982, Jackson 1992,
Aronson 2001, Pandolfi and Jackson 2001, Pandolfi and Jackson 2006),
morphologically (Gladfelter 2007), and from a disease perspective (Ritchie 2006,
Kline and Vollmer 2011). Despite this interest, no standard metric exists for
measuring individual A. palmata colony size.

Acropora palmata is a large, branching scleractinian coral, one of two
acroporids in the Caribbean. The fragile branch tips and rapid growth rates exhibited
by the species are adaptations to the dynamic reef flat and fore reefs it inhabits,
wherein wave action is strong and storms can inflict severe damage. Once occupying
vast areas of shallow reefs throughout the Caribbean, population sizes have been
diminished to 10% of their former abundance.

A. palmata’s skeleton can expand in three ways: along the substrate
(encrusting growth), along branch lengths (growth via azooxanthellate axial polyps),
and upward into the water column (vertical growth). Ecological pressures favor
different growth strategies at different times. For example, encrusting growth

dominates during initial settlement and lesion repair, whereas competition for benthic
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space favors vertical growth in established colonies (Gladfelter 2007). Such
morphological complexity highlights the critical importance of identifying a reliable
metric for describing this variable species.

Three-dimensional surface area, or colony surface area (CSA), is the most
ecologically relevant size measurement for any coral, as it relates directly to reef
accretion and is proportional to both sexual and asexual reproductive output (Soong
and Lang 1992). However, due to 4. palmata’s morphologically plastic architecture,
including encrusting, branching, or tabular growth forms (Figure 3-1), this metric is
not straightforward to quantify. As such, A. palmata size has been approximated by
various linear metrics, but the relationship between those metrics and actual surface
area has never been determined.

Despite the morphological complexity of 4. palmata, various in situ methods
of estimating colony size have been developed. Williams et al. (2006) developed Live
Area Index (LAI), the squared average of length, width, and height, where length is
the maximum dimension and width is the maximum perpendicular dimension (Figure
3-2). Zubillaga et al. (2007) estimated colony size using maximum diameter
(equivalent to Williams’s “length”) multiplied by colony height. Grober-Dunsmore et
al. (2006) used maximum dimension alone (also equivalent to Williams’s “length”). In
a previous study, the present authors used length and width multiplied by percent live
tissue to estimate colony size (see Chapter 2). Each metric relies on at least one linear

dimension of colony growth, though the geometric combinations vary. Of particular
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importance is determining whether systematic distinctions emerge among these
metrics.

Before the recent basin-wide collapse of the species across the Caribbean, A.
palmata formed monocultures across vast areas. The shallows of the reef were referred
to as “the palmata zone” (Goreau 1959, Geister 1977, Adey 1978). Measuring
individual colony size highlights the shift in 4. palmata population structure. Until
recently, the distribution of 4. palmata was described exclusively by percent cover or
areal extent of thickets (4cropora Biological Review Team 2005). The lack of a
standard metric for describing individual colonies highlights the dramatic
distributional reduction of the species. Rather than reflecting surface area, these
metrics are a relative measure of size in a given study area and/or over a given time
frame. In order to relate current quantification to the past and to plan for future
recovery, we need a metric that translates across past measures of colony extent,
current demographic studies, and future recovery goals.

The ideal way to obtain data on coral colony size would be to establish a strong
correlation between an accurate representation of colony surface area and a simple in
situ field measurement. Holmes (2008) conducted an ex situ study of 75 coral colonies
spanning a range of growth forms including both massive and branching
morphologies. For all growth forms examined, planar projections were good
predictors of detailed measurements of colony surface area as measured with a laser
scanner (see Figure 3-1b,h for prototypical examples of what is meant by planar

projection). Two other studies have developed in situ methods to quantify surface area
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of live coral colonies using underwater digital photography and three-dimensional
image analysis software (Bythell et al. 2001, Courtney et al. 2007). These in situ
methods were used primarily for massive corals, which are roughly hemispherical, but
each study also digitized a few A. palmata colonies. Together these approaches (1)
demonstrate a method to obtain accurate in situ estimation of A. palmata surface area,
and (2) suggest that planar projection, a simple metric obtained in the field and
calculated digitally, may reliably predict colony surface area.

The objective of this study was to evaluate the relationship between Acropora
palmata colony surface area as estimated by simple field measurements and surface
area estimates based on three-dimensional digital representations of individual coral
colonies. We evaluated both linear colony measurements (length, width, height) and
planar projection (PP, aerial view of two-dimensional surface area) as predictors of
colony surface area (CSA) modeled using digital photographs. We found that planar
projection is the best predictor of colony surface area, while all linear metrics correlate
tightly with CSA. Parameterizing these relationships enables the translation among
current demographic colony-based studies, with past and future measures of benthic

cover.
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METHODS

Acropora palmata is a large, branching scleractinian coral, one of two
acroporids in the Caribbean. The fragile branch tips and rapid growth rates exhibited
by the species are adaptations to the dynamic reef flat and fore reefs it inhabits,
wherein wave action is strong and storms can inflict severe damage. Once occupying
vast areas of shallow reefs throughout the Caribbean, population sizes have been
diminished to 10% of their former abundance.

A. palmata’s skeleton can expand in three ways: along the substrate
(encrusting growth), along branch lengths (growth via azooxanthellate axial polyps),
and upward into the water column (vertical growth). Ecological pressures favor
different growth strategies at different times. For example, encrusting growth
dominates during initial settlement and lesion repair, whereas competition for benthic
space favors vertical growth in established colonies (Gladfelter 2007). Such
morphological complexity highlights the critical importance of identifying a reliable
metric for describing this variable species.

Creating three-dimensional digital representations of coral colonies

Thirty-three Acropora palmata colonies were photographed for digital
reconstruction on the southern, leeward coast of Curacao in November 2007. Colonies
were selected haphazardly based on availability of access from all angles and having a
generally arborescent morphology. Each colony was photographed from above and

from a minimum of four additional angles in profile (Courtney et al. 2007). All
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photographs were taken with a Canon Powershot 870 camera calibrated for use with
PhotoModeler 6.0.

Digital representations of A. palmata colonies were created following the
protocol developed by Courtney (2007, personal communication) using the software
program PhotoModeler 6.0. From the 33 colonies photographed, 14 were chosen for
digital reconstruction based on quality of photographs and to provide a range of
colony sizes. For each colony, a minimum of four photographs was used to create a
three-dimensional, digital wire-frame model (Figure 3-3). Wire-frame models
represent three-dimensional objects using a network of points connected by lines. The
set of points is defined by the user. Each point corresponds to a unique place on the
coral colony and is referenced in at least three photographs (Bythell et al. 2001,
Courtney et al. 2007).

Accuracy of digital representations

Bythell et al. (2001) verified the accuracy of using underwater images to
generate wire-frame models with PhotoModeler by modeling objects of known surface
area and of varying morphological complexity. They found no significant effect of the
camera, underwater housing, or of various issues associated with underwater
photography (e.g. refraction, backscatter, and increased absorption) on surface area
measurement. Moreover, there was no significant effect of complexity on the tight
relationship between modeled and measured surface area.

For any organic form, “true” surface area does not exist. Rather, estimation of

surface area is dependent upon and increases asymptotically with increasing resolution
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of measurement. Using three-dimensional digital representations, resolution increases
asymptotically with the number of points used to create a wire frame. To determine
the asymptotic point density that corresponds with maximum resolution, Bythell et al.
(2001) modeled the same hemispherical coral colony (Diploria strigosa) repeatedly,
adding points incrementally. A density of 0.25 to 0.4 points cm™ was deemed
sufficient to produce an adequate model (Bythell et al. 2001). The accuracy of the
surface area modeled using this asymptotic point density was compared with that
obtained using the foil method. Foil surface area was consistently 11% greater than
photo surface area, for corals of varying levels of complexity (n = 12). Despite the
demonstrated lack of effect of complexity on the relationship between modeled and
measured surface area for test objects, Bythell et al. (2001) used a higher point density
range for A. palmata (0.44-0.70 points cm™) than for corals with a less complex shape.

Courtney et al. (2007) assessed the accuracy of PhotoModeler CSA
measurements for A. palmata specifically, by comparing modeled surface area with
surface area measured with a laser scan (2.5 mm resolution). They demonstrated that
94.1% accuracy was achieved at 0.95 points cm™. The average point density in our
CSA models was 1.50 + 0.34 points cm™.
Simple field measurements of colony size

Using a PVC meter stick, we measured length, width, and height in the field.
Length was estimated as the maximum linear dimension from a planar view. Width
was estimated as the maximum perpendicular dimension, and height was estimated as

the maximum distance from the substrate to the top of the colony (Figure 3-2). Planar
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projection was measured from digital photographs of colonies from a bird’s eye view
utilizing the image analysis software ImageJ (Image Processing and Analysis in Java,
Version 1.44, NIH).
Correlating metrics with colony surface area

The CSA measurements generated by PhotoModeler were compared with six
estimates based on the simple colony size measurements: planar projection (PP),
length squared (LL), width squared (WW), height squared (HH), length multiplied by
width (LW), and the square of the average of length, width, and height (Live Area
Index, LAI) (Williams et al. 2006). Single linear metrics (L, W, and H) were squared
so that all variables were in the same units (cm?). We used linear and power function
models to describe the best fit, according to maximum likelihood, between
PhotoModeler estimates of colony surface area and the six estimates based on field
data. Even though a colony with a field metric of 0 would have a CSA of 0, linear
models forced through zero were not considered. This is because 4. palmata exhibits
greater variability in morphology at small sizes than at large sizes. Specifically, small
A. palmata colonies tend to grow more vertically than large colonies. Forcing through
zero would remove the intercept of a linear model, thereby over-simplifying the
relationship and losing resolution at small sizes (Holmes 2008).

Models were fit with log-transformed field measurements. For example, the
linear models correlating PP and LAI to CSA are:

Model 1: In(CSA) = o + B*In(PP), and

Model 2: In(CSA) = o + B+In(LAI).
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Models were ranked by their log-likelihood values, and each pair of
consecutively ranked models was compared using a Bayesian test (Sandin and Pacala
2005). Here, alternative hypotheses are represented by two different models with the
same number of parameters, where

m; = poorer fitting model

m,= better fitting model

Ly, = log likelihood for model i.

If the posterior probability that the poorer fitting model, 2 * [ exp(L2) /
(exp(Lm;) + exp(Lm2)) ],1s <0.05, then m; is accepted over m,.

To examine the relationship between simpler metrics and PP, we traced the
planar projection of 28 additional colonies from a different set of 4. palmata photos
taken between 2006 and 2008 in Curacao. Similarly, we used maximum likelihood
estimation to fit models, log-likelihood rankings, and Bayesian tests to relate PP with
linear field metrics. Sample size for each of these evaluations was equal to the answer

to the great question of life, the universe, and everything: 42 (Adams 1979).
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RESULTS & DISCUSSION

Though power models show a better fit to the data at smaller values and have
slightly higher R? values, linear models and power function models were equally
likely for all metrics according to Bayesian tests. Because linear relationships are more
parsimonious, only they are shown, one for each metric, with corresponding parameter
values (slope and intercept), standard deviation, and likelihood values (Table 2-1).

Planar projection (PP) was the best fit explanatory variable, with a likelihood
value of 15 compared with the next highest, 1 for LAI (difference is significant, p <
0.001). The relationship between PP and CSA, along with the equation and raw data,
are shown in Figure 3-4. The three-metric explanatory variable (LAI) was not
significantly better than that with two metrics, LW (likelihood = 0.78, p = 0.82).
However, the other two metric models (LH and HW) were significantly worse,
meaning that LW explain CSA equally well to LAI, but LH and HW do not. This is
not surprising considering the biology of 4. palmata, which maximizes its exposure to
sunlight by expanding its planar projection, which in turn would be best approximated
by length and width.

The best two-metric model, LW, is significantly more probable than any of the
single-metric explanatory variables, and the best single-metric explanatory variable is
length (L). Even this model has an R? value of 0.93 (Table 2-2). For commonly used
field metrics, L, LW, LAI, and PP, we show standard error on the slope and intercept

(Table 3-2). This facilitates the translation of one- or two-dimensional field data to
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three-dimensional colony surface area, allowing the researcher to predict a range of
values, incorporating the uncertainty from this study.

Holmes (2008) found linear relationships between PP and CSA for multiple
coral growth forms using raw (not log-transformed) data from Pacific corals. The
regression model using A. palmata raw data (Table 3-3) is more similar to his model

for tabular morphology than to branching morphology:

A. palmata (raw data): CSA =1.69*(PP) + 0.03
Tabular Pacific corals: CSA =2.47*(PP) + 0.02
Open branching Pacific corals: CSA =6.16%(PP)

Acropora palmata is generally considered to be a branching coral, but in
reality is intermediate between the prototypical branching and tabular morphologies.
Compared with many Pacific acroporids, which branch intricately, 4. palmata’s
branching architecture is remarkably simple. Thus it is reasonable that 4. palmata
groups more closely with tabular than with branching forms.

In the analysis relating planar projection to field metrics, we found that planar
projection was best predicted by LW, which was a significantly better fit than LL.
This is a beneficial outcome for researchers that are interested in converting great
quantities of linear field metric data into measures of benthic cover.

Limitations of the study

We present here a linear relationship between two-dimensional surface area as

projected onto the benthos, and three-dimensional surface area. The parameters of this

linear relationship are based on digital representations created from 14 individual
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colonies ranging from 15 to 100 cm across. The colonies used to create the digital
representations were arborescent, with primarily one “layer” of branches.
Representing multiple layers of branches is impossible with the technique we utilized,
as one layer of branches hides another from view (see Figure 3-11). Recall that each
point on the digital representation must be referenced in three photographs. Thus we
used only single-layer arborescent colonies. If multiple layers of branches were
common for all sizes of Acropora palmata, this restriction would underestimate the
general relationship between field metrics and CSA. However, multiple layers of
branches rarely form in colonies less than 100 cm across. Thus, our findings can be
applied with confidence over the interval of sizes measured, but we caution against
extrapolation (see Table 3-3 for raw data).

Acropora palmata colonies are more variable in their morphology than the
colonies chosen for this study. They can be crusts or fragments, and large individuals
can be tall with few branches or can contain multiple layers of branches (Figure 3-
1j,1). These, however, are the extreme cases. Over 50% of the colonies surveyed in
Curagao are arborescent. Based on field surveys throughout the Caribbean, we
estimate that 50-75% of any A. palmata stand consists of colonies with the
prototypical arborescent morphology of the 14 colonies used to create digital
representations. Thus the extreme cases were purposefully excluded from this study.
The goal herein was to relate simpler metrics that are easy to collect underwater to the
actual amount of A. palmata tissue on the reef, a general relationship that could be

used across reefs for various purposes.
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The uncertainty of the estimation of the intercept (Table 3-2) reflects Acropora
palmata biology, as the intercept of the linear equation becomes important only at
small sizes, close to zero. This is because a small colony could be primarily
encrusting, in which case PP would exactly equal CSA, or it could comprise primarily
one vertical branch rising from the benthos, in which case PP would be significantly
less than, perhaps even half of, CSA. Because small colonies have greater variability
in their shape, the relationship between the two variables breaks down near zero. This
also explains the negative intercept values for the LAI-PP and LW—PP models (Table
3-1B). Due to the uncertainty of the relationship between CSA and other metrics at
small sizes, we emphasize again that the equation should not be extrapolated to sizes
outside the range measured (Table 3-3).

The creation of three-dimensional digital representations in PhotoModeler can
be accurate to a sub-pixel resolution. Some amount of human and software error are
likely, however, as the referencing of points across multiple photographs depends on a
visual corroboration of the software’s estimations. When points do not match as
expected, the user adjusts the point, resulting in a so-called “residual” error. Although
we maintained error within the recommendations of the software program, it was not
zero. Repeated measurements of the same colony were made to check precision in
surface area estimation, but new technology exists to reduce human error, or at least
replace it with machine error. Scanning via point clouds using, for example, Microsoft
Photosynth or PhotoModeler Scanner, utilizes small differences in the gradation in

color photographs to form three-dimensional models. This methodology requires
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hundreds of overlapping photographs, however, rather than the few photographs used
to create the digital representations in this study.
Benefits of the study

There are three distinct benefits of using the relationships, particularly the
relationship between planar projection and three-dimensional surface area, derived in
this study.

(1) Increased efficiency in the field

Using planar projection (PP) rather than linear field metrics will decrease the
amount of time necessary to conduct Acropora palmata demographic surveys. The
National Oceanic and Atmospheric Administration Southeast Fisheries Science Center
(SEFSC) has developed a detailed and comprehensive methodology to conduct these
surveys, including linear field metrics and planar photography with a scale bar
(Williams et al. 2006). These surveys, begun in Florida in 2004, were used to collect
the A. palmata demographic data on which Chapter 2 is based. We and others have
replicated these methods throughout the Caribbean (see Chapter 4), and new surveys
using these methods are planned for the southern Florida Keys and the U.S. Virgin
Islands.

These surveys provide an abundance of useful information on the status of this
endangered species, including not only size but also the amount, likely timing, and
causes of mortality. They are therefore slow to conduct. If size is measured from
photographs rather than in the field, cost- and energy-intensive dive time can be

reduced substantially. The length of time it takes to measure a colony underwater
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depends on the size of colony, but an average minimum of two minutes to measure
and record colony metrics can be assumed. Most Acropora palmata demographic
surveys are conducted across three sites, each of which has three replicate plots,
comprising a minimum of 12 colonies. Eliminating the need for field measurement
and underwater transcription of those data would save a minimum of four hours of
underwater time, or two dives per location, and would decrease accidental injuries to
fragile branch tips.
(2) Improved accuracy

Using planar projection rather than field metrics improves the accuracy of
Acropora palmata size estimation. Planar projection has the highest correlation with
colony surface area according to both likelihood analysis (Table 3-1) and regression
(Table 3-2, Figure 3-4). In addition to the SEFSC surveys, the Atlantic Gulf Rapid
Reef Assessment (AGRRA) conducts region-wide surveys for which linear
measurements are used to assess coral (not just A. palmata) size. These surveys would
be more accurate and thus more useful to the coral community at large if planar
projection as estimated from photography were used.
(3) Increased ability to scale up

As Holmes (2008) points out, a reliable assessment of surface area can help
bridge the gap from small-scale studies on the cellular or polyp level to reetf- or even
regional-scale studies. On the small scale, because size of polyps is standard (Coates
and Jackson 1985), number of gametes can be estimated per colony. Using known

(low) rates of sexual recruitment, the rate of successful recruitment as a function of



colony size can be approximated. Calcification rates and biomass can also be scaled
up, as in Holmes (2008). Though error scales correspondingly, because Acropora

palmata forms a monoculture, these scalings would be less prone to error than for

reefs formed from multiple species.

61



62

CONCLUSIONS

We discovered a tight linear relationship between two-dimensional projected
surface area and modeled three-dimensional surface area of Acropora palmata
colonies, as estimated from a digital representation. Hughes, Jackson, and others
intuited this relationship in 1980 (Hughes and Jackson 1980). Although this
relationship has been shown to be true for all corals examined to date (Holmes 2008),
because A. palmata is an endangered species, the specific parameters of the
relationship are important to estimate, and are presented here for use by both coral reef
managers in particular and coral reef scientists in general. Because planar projection is
both a more accurate representation of the actual quantity of A. palmata on the reef
and easier to measure in the field, it should replace the collection of linear field
metrics wherever possible. If digital photography is precluded as a field collection
method, we discovered that measuring length and width of A. palmata colonies
provides the next closest approximation of accuracy, and that measuring height does
not provide significantly more accuracy. Finally, if underwater field time allows for

only one metric to be collected, then that metric should be length.



Figure 3-1: Morphological variability of Acropora palmata. All photos taken in
Curacao in 2007.
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Figure 3-2: Schematic of Acropora palmata colony with length, width, and height
measurements. Reproduced with permission from Williams et al. 2006.
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Figure 3-3: Photo of an Acropora palmata colony and corresponding image of a
three-dimensional wire-frame model.
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Figure 3-4: Colony surface area (CSA) as a linear function of planar projection (PP)
is plotted with its prediction interval. Both data series are log-transformed. The
equation of the line is presented.
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Table 3-1: A. Intercept, slope, sigma, and log-likelihood values for each of the linear
models relating colony surface area to one of eight metrics derived from simple field
measurements. Sample size for these analyses is 14. B. Parameter estimates for each
of the linear models relating planar projection to simple field measurements. Sample
size for these analyses is 42. In each panel, models are ranked according to their
likelihood value from best fit to worst, and significant differences between a model
and the next best fit are indicated with asterisks (*** = p < 0.001, * = p < 0.05).

Response variable Explanatory variable Intercept Slope Sigma Likelihood

A. Three dimensional surface area

(n=14) Planar Projection 1.08 0.93 0.08 14.87
LAI 0.83 0.98 0.22 1.14 ***
LxW 0.46 1.02 0.23 0.78
LxH 1.21 0.92 0.31 -3.29 *
L? 1.04 0.89 0.31 -3.68
HxW 0.95 1.01 0.34 -4.64
H? 1.81 0.89 0.43 -8.20
W2 1.02 0.98 0.50 -10.30

B. Planar projection

(n=42) LAI -0.10 0.97 0.32 -11.30
LxW -0.08 0.98 0.33 -13.18
L 0.07 0.92 0.37 -18.35 *

w2 0.46 0.94 0.47 -27.93 ***
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Table 3-2: Parameter estimates and standard errors for linear models using log-
transformed data of the listed explanatory variables. LAl = Live Area Index = the
square of the average dimension = (mean (length * width * height))”. Response
variable is colony surface area. SE = standard error as estimated by maximum
likelihood. R? is calculated from an ordinary least-squares regression.

Explanatory variable Intercept SE Slope SE R?
Planar Projection 1.08 0.12 0.93 0.02 0.995
LAl 0.83 0.33 0.98 0.05 0.965
Length * Width 0.46 0.35 1.02 0.05 0.963

Length? 1.04 0.45 0.89 0.06 0.929
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Table 3-3: Raw field data (length, width, height, and planar projection (PP)) used for

fitting log-linear models with colony surface area (CSA) as calculated from digital

representations.
Colony # 3DSA (cm2) PP (cm*2) Length (cm) Width (cm) Height (cm)
1 210 85 15 11 9
2 391 177 15 12 12
3 401 203 18 14 10
4 623 288 20 15 15
5 625 327 20 20 19
6 795 435 26 21 15
7 847 503 19 21 14
8 2,849 1,495 55 23 20
9 3,503 1,617 64 50 40
10 3,806 2,075 50 50 36
11 3,932 2,132 70 28 30
12 6,492 3,649 72 54 43
13 7,112 3,838 100 30 83
14 11,568 7,548 75 70 50
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ABSTRACT

Throughout the Caribbean, the formerly dominant shallow-reef building coral,
Acropora palmata, exists at 5-10% of its former abundance. Based on two- to eight-
year data sets from six locations across the region, we parameterized population
dynamic rates using matrix modeling with demographic stochasticity. We found that
the decline in abundance is projected to continue, though there are regional
differences. Only in Jamaica, which has experienced no significant storms in 30 years
and has an order of magnitude more sea urchins than elsewhere, is 4. palmata

increasing in both percent cover and abundance.
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INTRODUCTION

Coincident with the closing of the Isthmus of Panama, Acropora palmata
evolved in the Pliocene, two to three million years ago (Budd and Johnson 1999). For
the past 500,000 years it has formed the shallow reefs of the Caribbean, keeping pace
with sometimes rapid sea level rise throughout the Pleistocene and Holocene
(Greenstein et al. 1998, Jackson et al. 2001). Although still present throughout its
range (Lang 2003), populations are at less than 10% of their former abundance
(Acropora Biological Review Team 2005). This is alarming because a rapid decline in
A. palmata is unprecedented in the fossil record (Wapnick 2004, Pandolfi and Jackson
20006).

Acropora palmata has evolved unique traits to inhabit the dynamic shallow
zones of the reef — the reef flat and upper reef crest. These adaptations are: rapid
growth (with the cost of a relatively weak skeleton) (Jackson and Hughes 1985),
dependence on wave action for sloughing off sediment (Rogers 1983), and a plastic
morphology to facilitate regrowth in any direction (Gladfelter 2007). These traits lead
to the competitive exclusion of virtually all other corals in Caribbean shallow reefs
from 0-5 m. Because there is no functional redundancy, the impending extinction of
this species is a pressing conservation concern. With its large, complex, branching
architecture, 4. palmata has created and maintained shallow reef habitat and slowed
shore-bound wave energy for millennia. Its disappearance assures population
reductions for untold numbers of invertebrates and fish (Lirman 1999).

White band disease has been targeted as the proximal cause of this decline in
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abundance (Aronson and Precht 2001); however, disease prevalence is patchy, and it
is often misdiagnosed (Williams et al. 2006). Thus, there are still a multitude of
unanswered questions regarding the sudden decline in extent of such a formerly
pervasive and persistent organism. Are all populations decreasing at the same rate?
Are some populations increasing? Are there geographic patterns to this population
collapse?

Despite the high profile of this threatened species and its critical role in creating
reef habitat, little is known about regional differences in population dynamics. We
chose three locations in the Caribbean to study these potential differences: Curagao,
Florida, and Jamaica. The three locations and the differences in their Acropora
palmata population status are described below.

Curacao

The island of Curacao, formerly of the Netherlands Antilles, lies off the north
coast of Venezuela and harbors some of the southernmost reefs in the Caribbean. In
Curagao, 4. palmata grows out of the wide beach flat preceding the reef slope,
oftentimes growing directly out of the sand. Curagao is below the hurricane belt (Bries
et al. 2004) and has long periods of meteorological stability (notable exceptions
include Hurricanes Lenny in 1999 and Omar in 2008). Long intervals between major
storms allow time for the development of A. palmata thickets, or at least for a
relatively high proportion of large individuals (van Duyl 1985, Woodley 1992).
Florida

The Upper Florida Keys represent the northern range limit for A. palmata. This
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area is one of the most visited coral reefs in the world, experiences a high frequency of
hurricanes relative to the rest of the Caribbean (Gardner et al. 2005), has suffered from
a century of overfishing (McClenachan 2009), and is severely degraded (Pandolfi et

al. 2005). The Florida Keys are a barrier reef system. Currently 4. palmata is found as
individual colonies almost exclusively on the tops of spurs in the spur-in-groove
system offshore of the Upper Keys — an area that formerly housed luxuriant thickets
(Acropora Biological Review Team 2005).

Jamaica

Jamaica is one of the best-studied reefs in the Caribbean and is severely
overfished (Jackson 1997). The reefs of much of the northern coast were demolished
by the Category 5 Hurricane Allen in 1980 (Woodley et al. 1981). They then
succumbed to dominance by macroalgae after the sole remaining herbivore, the sea
urchin Diadema antillarum, disappeared in 1983 (Lessios et al. 1984, Hughes 1994).
Diadema antillarum is now recovering in Jamaica (Edmunds and Carpenter 2001) and
appears to be paving the way for 4. palmata to resume building the reef.

These three locations were chosen to highlight potential differences in Acropora
palmata population dynamics. For example, in Curagao, where storms are infrequent,
we suspected growth rates to be larger than shrinkage rates. Because in Jamaica 4.
palmata appears to be in the early stages of recovery, we anticipated rates of change in
population size to be positive and larger than those in the other locations. We asked
the following questions: Do A. palmata population dynamics differ among these

locations? If so, at what spatial scale? Do rates of change in population size or size
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distributions differ among locations? And finally, how do any potential differences
scale with time: What is the projected benthic cover in 20 years? In 90 years?

We used matrix population modeling to evaluate these questions, and we
contextualized our findings with results from more limited data sets for Navassa,
Puerto Rico, and Virgin Gorda in the British Virgin Islands. Analyzing population
dynamics, while keeping in mind the distinct suite of environmental conditions in each
of the three primary location, helps to illuminate the drivers behind A. palmata

dynamics.
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METHODS

Study sites and survey frequency

Six locations were selected to study Acropora palmata demography across the
Caribbean Sea: Curacao (CUR), the Upper Florida Keys off Key Largo (FL), the
northwest coast of Jamaica (JAM), Navassa (NAV), Puerto Rico (PR), and Virgin
Gorda in the British Virgin Islands (VG). Demographic surveys were conducted in a
hierarchical sampling framework. Two to five sites were sampled at each location for
a total of 18 sites (see Figure 4-1). Three 7 m radius plots were surveyed at 13 sites,
while the remaining five sites were comprised of one, two, or five plots (see Figures 4-
1 and Table 4-A4). Plots were chosen to have a mid-range density of approximately
0.1 A. palmata colony m™. Thickets and areas with sparse solitary colonies were
purposely avoided to facilitate initial identification and efficient long-term tracking of
individuals over time.

Surveys were conducted at least two times per location, with each survey
completed in less than one month (except for the 2010 survey in Puerto Rico, which
was conducted over three months). Surveys were conducted approximately annually in
three locations (with season and years of surveys in parentheses): Florida (spring,
2004-2011), Curacao (spring, 2006-2011), and Jamaica (fall, 2007-2010).

At three locations, only two surveys were conducted (with dates of surveys in
parentheses): Navassa (fall 2006, spring 2009), Puerto Rico (fall 2007, summer 2010),

and Virgin Gorda (winter 2006, fall 2007) (Figure 4-A1).
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During each survey, every colony of 4. palmata within each plot was
identified and measured. For each colony, maximal diameter, maximal perpendicular
diameter, and percent live tissue were measured in situ. Using plot-specific maps,
survivorship and growth of individual colonies were estimated. New fragments (those
not found in previous surveys) that were attached to the substrate were defined as
recruits and were measured and recorded.

In order to use matrix-based methods of analysis, continuous measures of coral
size were binned into four size classes as follows: size class 1 (SC1) < 100 cm?, size
class 2 (SC2) <900 cm?, size class 3 (SC3) <4000 cm?, and size class 4 (SC4) > 4000
cm’. These size classes have an average diameter (assuming an approximately circular
morphology) of 7, 20, 45, and 100 cm, respectively. Only individuals in SC3 and SC4
were assumed to contribute to new colony formation via either sexual recruitment or
asexual fragmentation, which were not distinguished. For more details on matrix
model formulation, see Chapter 2 Methods and Figure 2-1.

A size-based matrix population model, A, is the sum of two component
matrices, T, the transition matrix, and F, the fragmentation matrix (Figure 2-1). Each
cell of the transition matrix, #;, is the number of individuals transitioning from size
class j to size class i, divided by the number of individuals in j. The fragmentation
matrix is akin to the fertility matrix in standard matrix population modeling
terminology (Caswell 2001). The alternate terminology is used because Acropora
palmata reproduces primarily via fragmentation rather than sexual recruitment. Entries

in the fragmentation matrix, f;;, are based on the number of new individuals that arrive
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in the study area during a specified time interval. New fragments are assumed to arise
from the existing stand of colonies and can be of any size class, even SC4. New SC3
fragments are assumed to derive solely from pre-existing SC4 colonies. New
fragments of SC1 and SC2 were assumed to derive from existing SC3 and SC4
colonies proportionally, based on the ratio of mean size of SC4 colonies to that of SC3
at the beginning of the time interval. (See Chapter 2 Methods for equations.)

In each of the six locations, rate of change in population size without
recruitment, Ar, was calculated. The total rate of change in population size, A, was
calculated by adding recruitment to the survivorship matrix. Note that recruitment was
not recorded in Virgin Gorda, so the total rate of change was not calculated for this
one location. All matrices and A values are in Tables 4-1, 4-2, 4-A1, 4-A2, and 4-A3.
Stable size class distributions, the right eigenvector of A (T for Virgin Gorda) are also
calculated and presented (Figure 4-4).

Log-linear analyses
Does site matter?

We were interested in determining whether sites within locations differed
significantly from one another or whether they were similar. If sites were deemed
similar, then they could be grouped together and called representative of a location.
Using T matrices from each site, we built two linear models for each location. One
model included the effects of all possible factors and their interactions (starting size

class, ending fate, site and year of transitions). The other excluded site effects. If site
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effects are significant, then the first, fully parameterized model will fit the data better
than the second, under-parameterized model.
In each location, matrix models were parameterized for each survey interval
(from one survey to the subsequent) by combining measurements from all sites
(usually three sites) within a single location (island). To test the assumption that
transition counts for each site within a location behave similarly, we used log-linear
analysis, adding 0.5 to avoid log(0) (as in Caswell 2001). For each location, a log-
linear model was written in terms of four factors: initial state or size class (S); ending
fate, including death, growth, or shrinkage to another size class (F); site (X); and time
(7). The probability that an individual starts at state i, location £, and time / and ends
up with fate j is the product of the probabilities that define those variables. The
logarithm of the sum of individuals with particular starting and ending conditions is
the sum of the effects of these variables (Caswell 2001). Thus, the saturated model can
be written:
FSXT: log mjjr = u + usg + upg + uxp + urg + usra) + usxay T usrap +
urpxgr) t uprgy t uxrgy + usexgiy t usergy t Usxrany T Uexrgr
USFEXT(ijk) .
The model excluding all X and F interactions is
FST, SXT:  log mx = u + usa + urg + wuxm + urg + usegy + usxay + usray +
urrgy t uxray + Usrraip t Usxrery

where
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mjji; = the number of individuals in state i from location £ at time / ending with
fate J,

u = the log of the total number of observations in each table,

usq) = the effect of the ith state, and

usrg;) = the effect of the interaction of the ith state and the jth fate,

and so on.

For each location each pair of models is parameterized using maximum
likelihood and compared using a goodness-of-fit test where:

G*=2% Z(Observed)* log (M

s expected
Does location matter?

To test the hypothesis that the difference among populations from various
locations was significant, we employed log-linear analysis, again relying on the
original count data (i.e. the number rather than the proportion of individuals
transitioning from one size class to another, including the number transitioning to a
death class). Each location is described by a table with four columns (size classes 1-4)
and five rows (size classes 1-4 plus death). Factors for the model discerning the
location effect are similar to those described for the previous model discerning site
effects. Time, however, is discounted, as we compared each location over a similar
time frame — generally, 2007-2010, though Navassa data were collected from 2006-

2009, see Figure 4-A1 for sampling schedule, Virgin Gorda was excluded from this

analysis, as data were collected there over a much shorter time frame. Factors for this
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model were: initial state or size class (5); resulting fate, including death, growth, or
shrinkage to another size class (F); and location (as opposed to site) (L). The null
hypothesis was that the under-saturated model (FS, SL), which excludes interactions
of location on fate, is sufficient to describe observed transitions. The alternate
hypothesis is that the fully saturated log-linear model (FSL) is necessary to
parsimoniously describe the observed data.

The null, or saturated, model and the model eliminating location and fate
interactions are thus

FSL: log mx = u + usa + urg + urg + usray + sy + urrgy + ursway » and

FS, SL: log mjx = u + usy + urg + urg + usrg) + uscar , respectively.

G’ is distributed as X with degrees of freedom equal to the increment in
degrees of freedom in the two models (df = 64).

To further understand the relationship among locations, we conducted post-
hoc, pairwise comparisons among all five locations with comparable survey intervals.
For each pair of locations we compared the saturated model (FSL) with the model
excluding fate and location interactions (FS, SL). Goodness-of-fit was calculated as
above.

Comparison of lambda and percent cover across locations

For deterministic analyses, population growth rate is estimated by the
dominant eigenvalue, A, of a population matrix. Where the transition and/or
fragmentation rates comprising a matrix were estimated over a one-year interval, A

represents the annual population growth rate, A;. Where two surveys were conducted
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at some other time interval, x, where x is greater than or less than 1, the dominant
eigenvalue is an estimate of the population growth rate over that time interval, A,, and
A=A /*. When projecting abundance for a population that has been parameterized
over a non-annual time interval, the number of iterations for the projection was equal
to the most recent survey year (e.g. 2010) subtracted from the target year (2030 or
2100) divided by x.

To facilitate direct comparison of the response variables, A and percent cover,
across locations, the mean T and F matrices were calculated for locations with more
than two surveys (Curagao, Florida, and Jamaica). The mean transition matrix, Ty, has
dimensions equal to those of T, wherein each element #; is the arithmetic mean of the
corresponding f; from each annual matrix, and likewise for Fy,. Then Ay, = Ty + Fi..
In Curagao, Florida, and Jamaica, five, seven, and three matrices were averaged,
respectively. These mean matrices provide an approximation of the dynamics over the
study period.

Projections

We projected population abundance until the years 2030 and 2100 using a
variation of the basic matrix population modeling equation,

n,+1=An,,or

ni;=[T+F]n,

where 7 is the population vector comprising number of individuals in size

classes 1-4.



87

Right-multiplying a matrix by the population vector n, as above results in a
deterministic calculation of the population vector at a subsequent time step. For
example, if a;; = 0.4 and there are 10 individuals in size class j at time ¢, size class j
will contribute exactly four individuals to size class i at time ¢ +/. To incorporate
inter-individual variation, we interpreted each column vector, j, of the transition
matrix, T, as a multinomial distribution of probabilities. Thus, if #;; = 0.4, the number
of individuals at ¢ +/ is a random variable that has a 0.4 probability of moving from
size class j to i and a 0.6 probability of dying or transitioning to a different size class.
Entries in the F matrix are assumed to come from a Poisson probability distribution,
with A = f;; (here A 1s equal to the expected value of the Poisson distribution, not the
population growth rate).

A single iteration of a projection involves the following steps:
e Create a transition matrix, Tq, that accounts for mortality.
tiitintiztiy
D21 122023124
131 132133134
Ly L2143ty
Im1 tm2 tm3 tmg
where, ;= the probability of a SC; individual transitioning to

SCi

tmj: 1 -Zt]
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Transform each Tg;into a cumulative probability distribution that sums to 1,
where each column is

State the current (most recent) population vector, n = n,, n2, n3, ny For each n;,
create a list of random numbers between 0 and 1, equal in length to n;, and
distributed according to ¢;.

Sum the random numbers in each interval of #.

Take n; Poisson draws for each of f;; and f;, and ny Poisson draws for each of
Jis.

Sum the number of new fragments.

Sum the number of transitions and the number of new fragments into each size
class. This is the new population vector, 7, ;.

Divide the sum of the new population vector by the sum of the previous
population vector, n,. This is the annual rate of change in population size, A;.
Choose a target year, t,,. For each location, each of the above steps is
repeated for the number of iterations necessary to reach 4 .

Take the geometric mean of all A; values > 0.

Multiply the population vector 7,,, by the mean size for each size class as
measured during the study period. Sum those values and divide by the total
study area to obtain an estimate of percent cover of Acropora palmata on the
benthos.

Repeat the above steps 10,000 times.

Report the mean and 95% confidence interval for A and percent cover.
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RESULTS

The relative abundance of size classes 1-4 illustrates annual dynamics at each
location (Figure 4-2). Through time, the most general pattern of change was a
disproportionate reduction of larger size classes in location-years exposed to
significant storms. In three locations, CUR, FL, and PR, the abundance of the two
largest size classes decreased relative to the abundance of the smallest two size classes
directly following years with significant storms. In the three locations that did not
experience appreciable storm activity, abundance of the larger, reproductive size
classes (SC3 and SC4) increased relative to that of the smaller size classes (SC1 and
SC2) over the course of the study.

The same qualitative results can be seen when size data are plotted as a
continuous rather than a categorical variable (Figure 4-3). The majority of colonies
experienced little to no change in size, as evidenced by the preponderance of points
lying along the 1:1 diagonal line, with some evidence of increased shrinkage during
storm years. Importantly, patterns of reduction in colony size were size-specific, with
smaller colonies more likely to lose a larger proportion of their entire size compared
with larger sizes (as evidenced by higher variance in the log-log plot at smaller
starting size classes in Figure 4-3). Note that only size change of survivors is reported
here, with details of whole-colony mortality described along with the matrices below.
Matrices

Direct spatial comparison of transition and fragmentation rates was conducted

in one approximately three-year window from 2007 to 2010 across five locations:
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Curagao, Florida, Jamaica, Navassa, and Puerto Rico (Table 4-1). Virgin Gorda was
assessed for a more limited 1.75-year period. As assessed over the three-year time
period, Jamaica and Florida exhibited positive rates of change in population size (A3 >
1), while Curagao and Puerto Rico exhibited negative rates of change in population
size. This division is correlated with storms, as the 4. palmata populations in Curagao
and Puerto Rico experienced significant storm damage during this interval, while the
Jamaica and Florida populations did not. In Navassa, due to limited sampling, there
were no observed transitions between SC1 or SC2 to SC3 or SC4. As such, the T
matrix operates as two separate sets of equations. Further, no mortality was observed
in either of the larger two size classes, thereby creating an artificial “eternal”
population of larger colonies. Thus, the long-term solution of A7 is exactly equal to
1.00 (without any rounding). In matrix A, adding fragmentation from SC3 and SC4
changes the stable size-class distribution, but since there is no feedback between
recruitment and densities of SC3 or SC4, the long-term population growth with
recruitment, A4, is also exactly 1.00.

In all locations, mortality decreased with increasing size class (0.57 +£0.12,
0.46 £0.09, 0.27 £0.10, 0.19 £ 0.09; mean = SE for size classes 1-4, respectively),
meaning that small individuals have a higher probability of whole-colony mortality
than large individuals; in other words, mortality scales with size. In Curagao and
Puerto Rico, mortality rates were greater than all other rates for all size classes, and
the same was true for size classes 1-3 in Puerto Rico. Stasis (no change in size class)

also scales with size class in most cases. Stasis of SC4 was highest among all non-
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mortality transitions. We know from elasticity analyses that perturbations to ts4 have
the largest effect on A (Chapter 2).

Patterns of fragmentation were assumed to be size-specific, with larger
colonies producing more fragments than smaller colonies. In general, across locations
the highest rate of fragmentation was from SC4 to SC2 (range 0.17-0.95). Jamaica and
Curacao had the highest rates of fragmentation for the largest size class, with close to
one new SC2 fragment produced annually for each existing SC4 individual (f4, = 0.95
and 0.90, respectively).

Purely spatial comparisons of population trajectories for the three-year window
from 2007-2010 were confounded by temporal patterns of storm activity, with the
locations suffering significant storm activity during this window (Curagao and Puerto
Rico) showing the highest rates of population decline. To examine whether the spatial
division was due to a characteristic difference in dynamics or simply a difference
between populations disturbed and undisturbed by storms, we removed time intervals
during storms (2008-2009 in Curacao, 2004-2005 and 2005-2006 in Florida) and
averaged the remaining matrices (four in Curagao and five in Florida) to generate one
characteristic annual matrix. The result is a mean “calm years” matrix for each
location. The results of removing time intervals with significant storm activity from
the calculation of mean matrices in Curacao and Florida are mixed (Table 4-2).
Florida had a A < 1 when storms were included (A =0.961) and a A > 1 when storms
were excluded (2004-2005 and 2005-2006 matrices excluded, A = 1.081). In Curagao,

A increased but remained below one (Auiyears = 0.910, Acaim years = 0.959). Annual
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population growth rates for all locations were much more comparable when excluding
data from storm years (Table 4-2).

Analyses of annual matrices (Table 4-2) reveal comparable patterns as three-
year matrices, though tendency towards stasis is predictably more pronounced.
Growing more than one size class during a single year occurred only twice (both
instances in Jamaica) (Table 4-A3). Unlike in the three-year matrices, where mortality
was the highest transition rate for all size classes in Curagao, for SC1 through SC3 in
Puerto Rico, and for SC1 and SC2 in Jamaica and and Florida, the greatest transition
rate in the annual matrices was stasis for all size classes in Florida and in all but SC1
for other locations.

Stable size distributions

Stable size-class distributions (SSDs) for Curagao, Florida, Jamaica, Navassa,
Puerto Rico, and Virgin Gorda are presented in Figure 4-5. SSDs present the ultimate
distribution of size classes 1-4, for each location, assuming dynamics do not change.
Curagao and Florida afford a comparison of SSDs estimated during calm and storm
years. In both locations, the SSDs estimated from storm years are characteristically
different than SSDs from non-storm years. Specifically, storm year dynamics predict
dominance by SC1 and SC2. The relative proportion of these size classes combined
was 0.75, 0.94, and 0.79, for Curagao 2008, Florida 2004, and Florida 2005,
respectively. Dynamics during calm years predict a more equivalent distribution
between small and large individuals. The SSD based on the mean matrix for each

location predicts the relative proportion of SC1 and SC2 to be 0.49 in Curacao and
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0.63 in Florida. These numbers match almost exactly the relative proportion of SC1
and SC2 individuals in the most recent survey in each location (0.49 and 0.61,
respectively), indicating that the current population is likely near its stable size-class
distribution.

The data from multiple years from Florida and Curacao offer important
insights into the prominence of environmental stochasticity in these data. The
variability in SSDs among years suggests that interannual variability of transition
matrices has appreciable influential on long-term dynamics (as shown by Hughes
1984), and results from locations with two surveys should be interpreted as snapshots
rather than comprehensive characterizations of those populations’ long-term
dynamics.

Log-linear analyses
Site effect within locations

We used goodness-of-fit to test the null hypothesis that site within each
location was an important factor explaining difference in number of transitions from a
particular state to a particular fate through time. The null hypothesis was that the
effects of site on fate do not help explain the data; in other words, that an under-
saturated model (FST, SXT), which excludes all interactions of site on fate, is
sufficient to describe observed transitions. The alternate hypothesis is that the fully
saturated log-linear model, termed FSXT and including all interactions among state,
fate, site, and time, is necessary to parsimoniously describe the observed data, thus

suggesting a significant effect of site on transition probabilities.
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For all locations, there was insufficient support to reject the null hypothesis,
suggesting that accounting for the different sites within each location does not
significantly improve the power of explanation over a model that lumps sites together
(Table 4-3). The most support for rejection (though still not significant) was observed
for Puerto Rico, where one site, La Cordillera, was 190 km from the other two sites (in
contrasts to distances ranging from 2 to 30 km for other sites within locations). The
results from this test suggest that variability among sites within a location was limited.
Location effects across the Caribbean

Similarly, we used goodness-of-fit tests with log-linear models to test whether
location is an important factor explaining the difference in transition count matrices
(Table 4-4). Comparing transition matrices across the same time period (2007-2010)
for all locations except Virgin Gorda, we found significant effects of location,
suggesting that the five locations examined are characteristically different from one
another, or that variability among transition counts is not homogenous at the regional
scale (Table 4-4.A). All locations contributed significantly to the location effect with
the exception of Puerto Rico, which was statistically indistinguishable from the
“consensus” matrix (Table 4-4B).

To examine any potential groupings we conducted a post-hoc pairwise
comparison of the goodness-of-fit of the FSL and FS, SL log-linear models among
pairs of locations. (Table 4-5). All pairwise comparisons revealed significant
differences, with the exception of Curacao vs. Jamaica and Florida vs. Navassa. We

may summarize the matrix comparisons as follows: CUR, JAM # PR # FL, NAV.
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Differences in matrices may be linked to at least two things: (1) variation of A values,
and (2) variation of SSDs. This grouping approximately parallels the location-specific
variation of A values using the means of the demographically stochastic one-year
transition matrix projections (Table 4-4).

In parsing the goodness-of-fit among individual’s initial states, or size classes
(S), we see that size classes 2-4 contribute to the lack of fit of the FS, SL model,
whereas size class 1 does not. This suggests that transition counts from SC1 are
similar among locations (Table 4-4C).
Projections of A

We projected population abundance one year into the future, and also to the
years 2030 and 2100. Means and confidence intervals of 10,000 simulations are
provided so that the degree of demographic uncertainty in each estimate can be
gauged. At each of these target years, we calculated future population abundance, and
from that metric we calculated A and percent cover. Lambda values projected one year
into the future reflect the current momentum of population growth most accurately,
whereas A values at target years in the future reflect longer-term dynamics. Only
Jamaica and Navassa exhibit positive rates of change in population size over the long
term. Importantly, rates for Florida and Puerto Rico bracket 1 (population stasis) in the
one-year projection. However, by 2030, neither confidence interval includes 1, and a
decrease in population size is predicted. Population growth for these locations is

predicted to be negative over all projection horizons (Table 4-6).
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Recent and projected percent cover
Recent

Over the course of the study, percent cover declined in three locations (CUR,
FL, and PR) and increased in three locations (JAM, NAV, and VQG), although only the
trend in Curagao is significant. Relative to each location's initial percent cover,
decreases were slightly greater than increases (-38, -35, and -13% versus, 9, 33, and 8
%, respectively). All three locations that experienced decreases in percent cover
suffered significant storm damage over the course of the study.

Examining rates of recovery before and after storms reveals an interesting
distinction. In Florida, severe hurricanes directly affected the study area during the
first two years of surveying (2004 and 2005). During this time period, cover decreased
by 51% (from 6.3% in 2004 to 3.1% in 2006). In the subsequent five years of
relatively calm conditions, cover increased by 33% (to 4.1%). Similarly, in Curacao a
2008 hurricane caused a 54% decrease in cover (from 7.7% in 2008 to 3.6% in 2009).
In the subsequent two years, cover increased by 22%, a recovery rate 1.7 times that of
Florida.

Projected

Projections of percent cover incorporate the dynamics captured in the mean
matrices as well as the demographic stochasticity inherent in each location. In Puerto
Rico, a strong downward trend in percent cover over the course of the study is
predicted to continue to zero (Figure 4-6, Table 4-A5). In Curagao and Florida, despite

increases in percent cover after storms, cover is predicted to fall below 2% by 2030
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before disappearing completely by 2100. In Navassa, cover increased by 33% over the
study period, but percent cover asymptotes at 9% due to a A of exactly 1 (A in 2100 =
1.005, CI 1.003, 1.006). In contrast, percent cover in Jamaica was nearly stable over
the study period but is predicted to rise steeply, reaching 5.43% (95% CI: 3.64-7.43)
by 2030 and 21.14% (95% CI: 10.82-33.85%) by 2100. These increases are due to a
2% per year rate of increase in population abundance (mean A = 1.02, 95% CI: 1.013-
1.026).

Translating units from number of individuals (abundance) to percent cover is
essential for a precise portrayal of Acropora palmata dynamics. In all locations that
exhibited an increase in percent cover (JAM, NAV, and VG), a decrease in abundance
was concomitant. This apparent paradox makes sense considering the relatively high
rate of mortality for the smaller size classes even during calm years. If colonies grow
from one size class to another while small individuals die, percent cover increases
while abundance decreases. The reverse is also true. In Curagao, a decrease in percent
cover was accompanied by a 51% increase in abundance. In this case, storms caused
breakage, increasing the number of colonies by fragmentation. Since percent cover
relates to reef accretion and habitat complexity, it is a more appropriate response

variable than abundance.
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DISCUSSION

General trends

Acropora palmata population dynamics reveal important patterns of change in
abundance and cover that cannot be realized by straightforward trend analysis of these
variables over time. Understanding the variability in population growth rates on
temporal and spatial scales is critical to assessing the vulnerability of populations
threatened with extinction. Using data collected from 2004 to 2011 in three primary
and three secondary locations across the Caribbean Sea, we estimated these rates of
change in population size and the variability therein. Assuming 4. palmata is
structured in four size classes, and using matrix population modeling, we estimated
and analyzed more detailed life history parameters as well, including fragmentation, a
key aspect in A. palmata dynamics. We discovered important variations and
similarities across space and time, explored the role of hurricanes as a structuring
force in A. palmata population dynamics, and hypothesized about the dynamics
associated with 4. palmata resilience.

Although rates of change in abundance and percent cover during the study
period were equivocal, the underlying dynamics are not. The general trend for A.
palmata is further reductions in population size and extent by 2030 if background
environmental conditions remain unchanged. These results are corroborated by
analyses of annual growth rates, by percent cover projections, and by examining the

matrices themselves. The following discussion focuses mainly on results from the
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three primary study locations, Curagao, Florida, and Jamaica, where surveys were
replicated over several years and patterns can be assessed with greater confidence.
Common response to a temporal event — storms

We witnessed a common effect of storms on adult mortality, population size
structure and growth rate. In Chapter 2 we showed an example of storm dynamics in
Florida. Here we parameterized storm dynamics in two additional locations, Puerto
Rico and Curagao. In all locations, during storm years the largest adults (SC4) have a
higher probability of whole-colony mortality as well as an increased probability of
shrinking. Also, relative abundance of large individuals decreases with respect to that
of small individuals. This is because large colonies fragment and become smaller, and
those fragments stay on the reef. Over this time scale we can also witness the
converse: In areas without storms, the relative abundance shifts from small size classes
to larger size classes as colonies grow. Where there were enough data after a storm,
we witnessed potential recovery (as in the growth from smaller to larger size classes in
Curacgao) or lack thereof (as in Florida) (Figure 4-2). Population growth rate was
below 1 during storm intervals regardless of location. It may seem obvious that
population growth rate decreases during a storm, but considering fragmentation, this
was not a foregone conclusion (see Discussion of Lirman 2003 below).

Though reduction in population abundance due to storms was measured, the
less-than-decadal time scale of this study is insufficient to capture recovery of a
population from a major hurricane. In Florida, two Category 3 or greater hurricanes

pummeled the survey area in 2005. The frequency of such an event in a 250 nm radius
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from the study site was once every 20 years since 1851 (Table 4-7). Thus recovery
would not be expected in less than 20 years at this location. In the five other locations
studied, the frequency of this same event was far less, having never occurred in
Curagao in 150 years of record-keeping. A recovery interval of approximately 20 to 50
years is also seen on Hawaiian reefs recovering from lava flows (Grigg and Maragos
1974).

Our results are less optimistic than those obtained by Lirman (2003), who
found that medium-intensity storms every five years result in an increase in the
abundance of colonies. The reason for this distinction is important. In the present
study, every transition rate was parameterized during storm and non-storm years. In
Lirman’s study, fragmentation rates were parameterized explicitly during storms of
varying intensity. Growth rates, however, were parameterized solely during calm years
and assumed to remain constant. In our parameterization, we found that growth
present during calm years ceases almost entirely during storm years (Table 4-A1 and
4-A2). Thus, this assumption appears erroneous at worst or overly optimistic at best.
Spatial variation

Due to the hierarchical survey design across space and a three-year period
(2007-2010) during which five of the locations were surveyed, we were able to discern
spatial variability in transition counts, including mortality. Using log-linear analysis
on the surveyed Acropora palmata populations of Curagao, Florida, Jamaica, Navassa,
and Puerto Rico, we discovered that variation in transition is homogenous across

distances less than 30 km and non-homogenous across distances greater than 250 km.
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There is weaker evidence that variation remains homogenous at all distances less than
190 km (p < 0.10). This result suggests that five locations that span the Caribbean Sea
have characteristically different 4. palmata population dynamics.

This is an important discovery, from both a biological and conservation point
of view. Acropora palmata is ecologically constrained, growing only in shallow
waters, requiring relatively heavy wave action for sediment sloughing (Adey 1978,
Geister 1977, Rogers 1983), and relying primarily on fragmentation for population
expansion. Yet demographic rates of size class 1 (0-10 cm) were similar among
locations, and no clear pattern emerged for location-specific fragmentation rates. This
suggests that the location-specific differences are a result of varying environmental
conditions that affect adult rates of growth and recovery.

Pairwise comparisons of locations confirmed that the results of the spatial
analysis were not confounded by the effects of storms, which affected two of the
locations (Curagao and Puerto Rico). Under this analysis, if storms dictated the
dynamics above and beyond inherent differences in location, Curagao and Puerto Rico
would have grouped together, but this was not the case. Further, analyzing mean
matrices across all years versus mean matrices with storm years removed had different
effects in Curacao and Florida. In Florida, rate of change in population size, A, flipped
to > 1, whereas in Curacgao it did not. (Table 4-A1 and 4-A2). A simple examination of
the annual matrices for each location reveals that As for calm years in each site are

characteristically different between the two locations.
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Potential explanations of spatial differences
High sea urchin density

The most striking difference we quantified was between Jamaica, where
populations is projected to grow in abundance, and all other locations, where
population is projected to remain stable or decline. Further, Jamaica is the only
location where both abundance (from the originally surveyed five plots) and percent
cover increased over time. Our motivation for including Jamaica in the 4. palmata
demographic monitoring surveys was due to the remarkable recovery of the sea urchin
Diadema antillarum at this location. Like all herbivores, this urchin grazes the reef
substrate, consuming turf algae and clearing the substrate for the settlement of crustose
coralline algae as well as coral sexual recruits (Edmunds and Carpenter 2001). But
unlike other herbivores, D. antillarum has played the role of an entire guild, as it was
the only abundant herbivore maintaining the dominance of corals on the overfished
reefs of Jamaica before the 1980s (Hughes 1984, Jackson 1997).

To quantify the density of Diadema antillarum, we counted urchins in two 10
m x 1 m belt transects directly through the A. palmata demographic monitoring plots.
These surveys were conducted in 2007 in four of the six study locations: Curacao,
Florida, Jamaica, and Virgin Gorda. Surveys were repeated annually in Jamaica.
Density of urchins was nearly an order of magnitude greater in Jamaica than in any
other location (Table 4-7), suggesting that positive rates of growth in the Jamaican 4.

palmata population may be facilitated by high urchin density. This gives hope that
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Jamaican reefs were not destroyed beyond repair, and it confirms the importance of
including Jamaica in this study.
Historical extent and current availability of substrate

Acropora palmata dominated the shallow reefs throughout the Caribbean for
half a million years, virtually unchanged until a few decades ago (Geister 1977, Adey
1978, Jackson 1992). From Jamaica we have both the fossil record and a detailed
descriptions of A. palmata’s extent from the 1950s, before any populations collapsed
(Goreau 1959). The ecological description provides us with data on the extent and
density of A. palmata that those reefs are capable of hosting (e.g. quantitative transects
in Pandolfi and Jackson 2001). Expectations of extent and density will differ,
however, in different locations. Consistently high wave energy, for example, limits A.
palmata abundance to solitary individuals in the exposed shorelines of the lesser
Antilles and the exposed eastern shores of the Bahamas (Pandolfi and Jackson 2001),
whereas areas of intermediate energy allow A. palmata to form luxuriant thickets in
parts of Puerto Rico and patchily in the Florida Keys and Curacao (van Duyl 1985,
Acropora Biological Review Team 2005). Thus in the three primary locations, a
recovery goal of “patchy thickets” at the very least, and thickets at best (e.g. in
Jamaica), would be reasonable.
Potential loss of resilience in Florida

Only with a reasonable depiction of how Acropora palmata dynamics vary
across space can we start to design location-specific management criteria. Although

the goals may be common across locations (increase abundance and extent of 4.
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palmata), the techniques to achieve these goals and the expected outcomes will be
different. In Florida, storms recur frequently, and population growth rates (As) are > 1
in calm years, meaning fragmentation and attachment are occurring on an ongoing
basis. Meanwhile, the relative abundance of large individuals has not increased in the
six years since the most recent severe storm, meaning that fragmentation of the largest
individuals is greater than or equal to growth from smaller size classes. This is likely
due to excess nutrients in Florida (compared with Jamaica, for example) (La Pointe
1997). The lack of growth to larger size classes could signify that Florida’s population
is below some resilience threshold.

In contrast, relative abundance of the larger size classes increased in the two
years after the storm in Curagao (Figure 4-2). Thus, the slow and steady growth with
minimal fragmentation that we originally expected to witness in this population could
be occurring. Predicted percent cover in this case would be overly pessimistic, as it
assumes that a severe hurricane (as experienced in 2008) would occur every six years.
We know from hurricane tracks that this frequency is far lower. (Future simulations
will account for reduced frequency, and may incorporate matrices typifying other
extreme events such as bleaching or disease outbreaks.) Despite rates of population
depletion rather than expansion and a significant decrease in percent cover over the
survey interval, Curagao still has the potential to exhibit natural resilience.

Resilience is a system’s capacity to absorb disturbance while retaining the self-
organizing capabilities to maintain its essential structure, function, and feedbacks

(Walker 2009, Hughes et al. 2010). We have highlighted a potential distinction
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between current levels of resilience in Florida and Curagao. There is a spectrum in
corals, from fast-growing, easily-fragmented species that reside in the shallows to
slow-growing, more massive species that dwell in deeper reef zones. Acropora
palmata defines the extreme, as it resides in the shallowest reef environment and relies
primarily on fragmentation for population expansion. Could a similar resilience
gradient exist within the species? Could populations that are frequently subjected to
severe storms (as in Florida) grow faster or fragment more easily than populations that
rarely experience severe storms (as in Curacao)? We present annual 4. palmata
population matrices for Curacao and Florida in Tables 4-A1 and 4A-2, respectively.
During five non-storm years in Florida, population growth rate, A, exceeds 1 in four of
the five years. During non-storm years in Curagao, A > 1 in just one of four years.
Could the Florida population be better adapted to fragment and regrow in response to
storms than Curagao’s population? If so, this might explain why our original
expectation that Curacao would exhibit stable rates of population growth was not met:
because an uncharacteristic storm occurred.

Given that Florida A. palmata populations are adapted to fragmentation in
high-energy environments, they often have a high proportion of damaged or exposed
tissue that is subject to stress. They evolved “betting” on a future in which exposed
tissue could heal quickly, but faced with increased sediments, sewage, algae, bacteria,
disease, and acidity, that is no longer the case. This newfound lack of resilience may
explain why Florida’s 4. palmata population is more susceptible to population decline

than other populations. The only known genetic differentiation among populations that
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could be associated with this phenomenon is the low genotypic diversity in Florida
relative to Curacao (Williams et al. 2010). Florida’s low genotypic diversity, however,
is likely a result of the phenomenon (of frequent fragmentation), rather than a
specialized genetic adaptation.

The resilience of A. palmata can also be gauged by the 30-year path of
recovery in Jamaica. Severe storms are expected to affect the north coast of Jamaica
only rarely; thus, it is possible that we are witnessing the early stages of recovery.
What remains to be seen is if recovery can proceed to a state such that the vast thickets

of “the palmata zone” return.
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500 km

Figure 4-1: Map of the Caribbean Sea with inset maps of Acropora palmata
demographic survey locations in Florida (FL), Puerto Rico (PR), Virgin Gorda, British
Virgin Islands (VG), Curagao (CUR), Navassa (NAV), and Jamaica (JAM). Circles
represent survey sites with three replicate plots per site, except where numbers
indicate a different number of plots.
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Figure 4-2: Relative abundance per size class per survey for each location. Size
classes (SC) 1-4 have average planar dimension of 7, 20, 45, and 100 cm, respectively.
In Florida (FL) abundance is based on 15 plots. Nine plots were surveyed in Puerto
Rico (PR). Four plots were surveyed in Navasa (NAV). In Curacao (CUR), abundance
is calculated from seven plots in 2006 and 2009, and eight plots all other years. In
Jamaica (JAM), five plots were surveyed in 2007 and nine plots in 2008-2010. Six
plots were surveyed in Virgin Gorda (VG). *In VG new fragments were not tallied,
and thus SC1 is underrepresented in 2007. = Umbrella represents years during which

significant storm damage occurred.
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Figure 4-3: Size in cm” of individual Acropora palmata colonies as measured during the initial survey and each subsequent
survey in Curagao (CUR), Florida (FL), Jamaica (JAM), Navassa (NAV), Puerto Rico (PR), and Virgin Gorda (VG). Mortality
(reduction in size to 0) is not presented here, as size is presented on a log scale. Annual mortality rates are included in annual
matrices in Appendices 4A-1, 2, and 3. n represents the number of colonies during the earlier of the two years in each plot. =
Umbrella represents a time interval during which significant storm damage occurred.
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Table 4-1: Triennial matrix population models. The full model, A3, is split into
component matrices, Tj, the transition matrix, and F3, the fertility matrix. Surveys
were conducted in 2007 and 2010. See Appendix for more precise data collection
times. Departures from a three-year survey interval are as indicated. Matrices for
Jamaica are based on the five plots established in 2007. For each location, rate of
change in population size, A3, is shown for T3 and A3, and 7\,3(1/ 3 values are
approximately but not exactly equal to A; values in Figure 4-4. Lambda values for
Navassa are exactly equal to 1 because of the lack of transitioning into or out of size
classes 3 and 4. See text for additional explanation.

T;

A;

scl 1 2 3 4 3 4 1234}L"A”‘
Curacao 1 |0.06 0.03 0.00 0.00 0.06 0.43  0.06 0.03 0.06 0.43
21006 0.18 0.21 0.02 | 0.13 090 _ 0.06 0.18 0.34 092 ', 0o
3 10.00 0.06 0.09 0.14 - 045 000 006 0.09 0.58 :
410.00 0.03 0.12 0.37 - 026 000 003 0.12 0.63
mort|0.88 0.70 0.58 0.48
Florida 1026 0.10 0.04 0.00 0.09 046 026 0.10 0.14 0.46
21025 034 0.16 0.02  0.09 046 025 034 026 048 093 1.04
310.01 0.12 0.36 0.09 - 009 001 012 036 0.18
410.00 0.02 0.30 0.88 - 000 000 002 03 0.88
mort| 0.48 0.42 0.13 0.02
Jamaica 1 [0.06 0.00 0.07 0.00  0.10 045  0.06 0.00 0.16 0.45
21013 0.17 0.07 0.00 | 020 095 _ 0.13 0.7 027 095 o0 | 1o
310.06 0.21 0.20 0.21 - 011 006 021 020 0.32
4]0.00 0.11 0.40 0.63 - 000 000 0.11 040 0.63
mort| 0.75 0.51 0.27 0.16
Navassa 1 [0.50 0.25 0.00 0.00  0.01 0.07  0.50 0.25 0.01 0.07
25y 2033 058 0.00 0.00 003 0.17 _ 033 058 0.03 017 .
310.00 0.00 0.63 0.08 - 000 000 0.00 0.63 0.08
4 10.00 0.00 0.38 0.92 - 000 000 0.00 038 0.92
0.17 0.17 0.00 0.00
Puerto Rico 1 |0.17 0.08 0.01 0.0l  0.07 038  0.17 0.08 0.08 0.39
275y 21021 031 0.12 0.07 . 0.09 0.51 021 031 021 0.59
310.03 0.11 031 0.11 040~ 0.03 011 031 051 0624 0910
410.01 0.00 0.19 0.51 - 015 001 0.00 0.19 0.66
mort| 0.58 0.50 0.37 0.30
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Figure 4-4: Stable size class distributions (SSDs) of Acropora palmata in Curagao
(CUR), Florida (FL), Jamaica (JAM), Navassa (NAV), and Puerto Rico (PR) as
estimated from triennial matrices from 2007-2010. SSDs present the ultimate
distribution of size classes (SCs) 1-4, for each location, assuming dynamics do not
change. Lambda values from the A matrix are presented under the location names. The
dotted line representing the 0.5 proportion is provided for visual clarity.
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Table 4-2: Annual matrix population models, Ay, split into component matrices, Ty,
transition matrix, and F;, fertility matrix. For locations with more than two surveys,

Curagao, Florida, and Jamaica, mean annual matrices are presented for n survey

intervals. Mean matrices for all years without significant storm damage are presented
for Florida (2004-2005 and 2005-2006 excluded) and Curagao (2008-2009 excluded).
* In Virgin Gorda, 1.75 years elapsed between surveys, and new fragments were not
recorded. Mortality per size class, indicated below T for each location, is 1 minus the
sum of the transitions for each size class. Annual rates of change in population size,
A1, are presented for both T and A matrices. A; values are converted to annual rates for
Navassa and Puerto Rico, where survey intervals were 2.5 and 2.75 years respectively.

Those matrices appear in Table 4-1.

T, F, A,
A'IT }LIA
nscl1 2 3 4 3 4 1 2 3 4
Curacao 5 1]0.28 0.09 0.02 0.00 0.03 020 028 0.09 0.05 0.20
all years 2 (013 048 0.10 0.00  0.06 0.35  0.13 048 0.16 0.35
0.813 0.910
31000 0.11 0.60 0.08 0.11 0.00 0.11 0.60 0.19
4 ]0.00 0.00 0.10 0.77 0.03  0.00 0.00 0.10 0.80
mort| 0.60 0.32 0.18 0.15
Curacao 4 1030 0.10 0.01 0.00 0.02 0.13 030 0.10 0.03 0.131
calm years 2 10.16 0.50 0.09 0.00 0.04 0.26 0.16 0.50 0.13 0.257
0.885 0.959
310.00 0.13 0.70 0.07 0.08  0.00 0.13 0.70 0.144
4 ]0.00 0.00 0.10 0.84 0.01 0.00 0.00 0.10 0.852
mort| 0.54 0.27 0.11 0.09
Florida 7 1]0.60 0.12 0.02 0.00  0.05 026  0.60 0.12 0.07 0.26
all years 21012 0.60 0.17 0.01 0.04 022  0.12 0.60 021 023
0.914 0.961
310.00 0.08 0.62 0.11 0.05  0.00 0.08 0.62 0.16
4 10.00 0.00 0.12 0.86 0.00  0.00 0.00 0.12 0.86
mort| 0.27 0.20 0.07 0.01
Florida 5 1058 0.12 0.02 0.00  0.05 025 0.8 0.12 0.07 025
calmyears 2| 0.16 0.62 0.14 0.00  0.04 0.19  0.16 0.62 0.18 0.20 0.965 1018
310.00 0.09 0.64 0.07 0.05 0.00 0.09 0.64 0.12 '
410.00 0.00 0.15 0.93 0.00  0.00 0.00 0.15 0.93
mort| 0.25 0.17 0.05 0.00
Jamaica 11 021 0.07 0.01 0.00 0.06 0.30 021 0.07 0.07 0.30
all years 2[ 028 047 0.09 0.03 0.09 045  0.28 047 0.18 0.48
+ 0.906 1.020
3[0.01 0.17 0.63 0.10 0.05  0.01 0.17 0.63 0.15
4] 0.00 0.00 0.16 0.83 0.01 0.00 0.00 0.16 0.84
mort| 0.50 0.29 0.11 0.05
Navassa 1.000 1.000
Puerto
Rico 0.842 0.966
Virgin
Gorda* 11022 0.00 0.00 0.00
1.75y 21033 0.68 0.15 0.00 0.988 -
31000 029 0.54 0.10
4 ]0.00 0.00 0.23 0.90
mort 0.44 0.04 0.08 0.00
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Figure 4-5: Stable size class distributions (SSDs) of Acropora palmata in Curagao
(CUR), Florida (FL), Jamaica (JAM), Navassa (NAV), Puerto Rico (PR), and Virgin
Gorda (VG). SSDs present the ultimate distribution of size classes (SCs) 1-4, for each
population, assuming dynamics do not change. The variability in results shows that
dynamics are not stable among years, and that storm years have characteristically
different dynamics. For locations with surveys repeated over several years (CUR, FL,
and JAM), SSDs are based on approximately annual transition matrices with the initial
survey year indicated on the x-axis. The SSD based on the mean matrix over all time
intervals is also presented. For locations with only two surveys, the survey intervals
are on the x-axis. « Umbrella represents a time interval during which storm damage
occurred. * Recruitment was not measured in Virgin Gorda (VG), thus the lower
size classes are under-represented. The dotted line representing the 0.5 proportion is
provided for visual clarity.



Table 4-3: Does site matter? A. Goodness of fit (G*) values and corresponding
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degrees of freedom (df) and p-values are presented for a comparison of two log-linear
models. The log-linear models parameterize transition counts from Curagao (CUR),
Florida (FL), Jamaica (JAM), Navassa (NAV), Puerto Rico (PR), and Virgin Gorda
(VG). The saturated log-linear model, FSXT, comprises four factors: initial state (size

class, §), resulting fate (growth, stasis, or shrinkage to a size class, or death, F), site

(X), and time (number of transition matrices over the study, 7). FSXT is compared to

the log-linear model excluding all interactions of fate (F) and site (X), the FST, SX,

XT model. G* for the fully saturated model is always 0. For each location, including
site (X) as a factor does not improve the model significantly at the p = 0.05 level. We

come closest to rejecting the null hypothesis that FSXL is a better model in Puerto
Rico, where sites were located geographically further apart than those in other
locations. B. Goodness-of-fit is parsed for each site.

A.

Location Number of sites G’ df P
CUR 3 90.602 160 1.000
FL 5 241.622 448 1.000
JAM 3 61.524 64 0.565
NAV 2 3.572 16 0.999
PR 3 42.526 32 0.101
VG 2 6.041 16 0.988
Location Site G’ df P
CUR BB 26.424 53 0.999
SM 30.205 53 0.996
SQ 33.973 53 0.982
FL CF 86.187 90 0.582
EL 20.418 90 1.000
FR 59.202 90 0.995
KL 20.418 90 1.000
ML 55.396 90 0.998
JAM PTB 18.689 21 1.000
RB 25.232 21 1.000
SR 17.603 21 1.000
NAV LL 1.846 8 0.985
NW 1.725 8 0.988
PR CR 9.632 11 0.534
LC 15.208 11 0.156
TP 17.685 11 0.079
VG MP 2.619 8 0.956
WD 3.423 8 0.905
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Table 4-4: Does location matter? Model performance. A. Goodness-of-fit (G*) of fully
saturated log-linear model including all interactions of fate (F), state (S), and location
(L), the FSL model, is compared with the log-linear model excluding the effect of
location on fate (FS, SL). Models were parameterized by 3-year transition counts in
Curagao, Florida, Jamaica, Navassa, and Puerto Rico. The FSL model explains the
data significantly better than the model excluding location as a factor. B. G* parsed for
each location reveals that all locations except Puerto Rico contribute to the lack of fit
of the FS, SL model. Degrees of freedom for each row are 64/5. C. G* parsed for S
reveals that size classes 2-4 contribute to the lack of fit of the FS, SL model, whereas
size class 1 does not, suggesting that transition counts from size class one are similar
among locations. Degrees of freedom for each row are 64/4.

A. Model G’ df P
FS, SL 177.78 64  0.00
FSL 0.00 0
B. Location G’ P
CUR 49.54 0.00
FL 40.04 0.00
JAM 23.65 0.03
NAV 49.70 0.00
PR 14.85 0.30
Sum| 177.78
C SC G’ P
1 17.71 0.34
2 37.75 0.00
3 56.06 0.00
4 66.26 0.00
Sum 177.78




116

Table 4-5: Pairwise comparisons of saturated log-linear model with log-linear model
excluding the effects of location as a factor influencing fate (FS, SL model).
Transition counts over an approximate three-year time period are compared between
the following locations: Curagao (CUR), Florida (FL), Jamaica (JAM), and Navassa
(NAYV). Goodness-of-fit values are presented in the table above and corresponding p-
values are presented in the table below. p-values < 0.05 are in bold.

G? FL JAM NAV PR
CUR 84.047 22.352 87.490 29.840
FL - 28.967 21.130 46.277
JAM - - 40.726 29.145
NAV - - - 53.192

p-value FL JAM NAV PR
CUR 0.000 0.132 0.000 0.019
FL - 0.024 0.174 0.000
JAM - - 0.001 0.023
NAV - - - 0.000




Table 4-6: Table of A values. Rate of change in population size is estimated for locations excluding (A1) and including (AA)
recruitment. Besides the deterministic values, all As incorporate demographic stochasticity by assuming each column of T, the
transition matrix, is a multinomial probability distribution, and the fertility rates in F, the fertility matrix, are assumed to come
from a Poisson distribution. For locations with more than two surveys, Curacao (CUR), Florida (FL), and Jamaica (JAM), A is
evaluated on the mean matrix over all transitions in that location (n = number of transitions). (See Appendix for annual
matrices.) Stochastic estimates are based on 10,000 simulations, and 95% confidence intervals are shown. Lambda is evaluated
over one year, and in the years 2030 and 2011. * Recruitment was not measured in Virgin Gorda, thus A4 could not be

evaluated.
£ &
g £
5 5
g g
5 B
1 One Time Step 2030 2100 ] One Time Step 2030 2100
Location n| 7 Ar  lei wei Ay lei uci Ar lei  uci VY Ay lei owei 4, lei wuwei A, Iei  uci
FL 7] 0914 0844 0806 0.8%2 0.889 0.873 0.902 0911 0876 0938 0961 0983 0928 1.039 0.965 0.949 0979 0.957 0.929 0.975
CUR 5[ 0813 0710 0646 0771 0786 0.724 0.829 0.807 0724 0879 0910 0.896 0.806 0989 0.905 0.860 0.939 0.895 0.837 0.940
JAM 3] 0906 0.792 0.731 0.853 0.887 0.862 0907 0905 0.865 0.942  1.020 1.051 00949 1.154 1.022 1.003 1.038 1.020 1.013 1.026
PR 1] 0842 0814 0788 0.837 0.830 0.804 0.853 0.845 0.800 0.897  0.966 0.975 00946 1.003 0.967 00950 0.983 0.962 0.932 0.978
NAV 1| 1.000 0.979 0.959 0994 0.987 0984 0.990 0.996 0.996 0.996  1.000 1.026 0.989 1.064 1.017 1.009 1.024 1.005 1.003 1.006
VG* 1] 0988 0953 00912 0989 0975 0.972 0980 0.986 0.981 0.990 - - - - . - - . . .

LT1
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Figure 4-6: Percent cover of Acropora palmata. Solid circles represent data as
measured and open circles represent projections. 95% confidence intervals are
presented in Table 4-AS.
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Table 4-7: Important ecological factors at each location. Surveys to measure Diadema
antillarum density were conducted in 2007. Hurricane recurrence rates were calculated
from within a 200 nm radius of the middle study site at each location using the
Historical Hurricane Tracks tool (NOAA 2011).

Annual
X Meﬁan 0 D'z probability of Genotypic diversity
Location antillarum/m Source Source
+SE recurrence of >1 (Ng/N) mean = SD
(SE) H3+
Curacao 0.03 +0.03 Vardi unpubl. 0 0.67 +0.26 Williams et al. 2010
Florida 0.00 £ 0.00 Vardi unpubl. 0.05 0.22+£0.11 Williams et al. 2010
Jamaica 3.51+0.59 Vardi unpubl. 0.02 - -
Navassa 0.16 = 0.02 Miller et al. 2008 0.01 1 Baums et al. 2006

Ruiz-Ramos et al. 2011
(0 for 3 sites close to our
study sites. 0 to 0.9
Puerto Rico 0.00 £ 0.00 island wide) 0.01 0.77£0.22 Baums et al. 2005
Virgin Gorda 0.53+0.33 Vardi unpubl. 0.01 - -
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Table 4-A1: Matrix population models, A, split into component matrices, T, transition
matrix, and F, fertility matrix for Curagao. Each matrix represents an approximately

annual transition. Surveys were conducted each spring except for 2009 when the

survey was conducted in the summer, resulting in a slightly longer time interval in

2008-2009 and a slightly shorter interval for 2009-2010, as indicated. Rate of change
in population size, A, is shown for T and A of each time interval, and when the
interval is different from 1, taken to root of the interval (Caswell 2001).

Curacao
T F A Ar AL
SC 1 2 3 4 2 3 4 1 2 3 4
2006-7 1 0.27 0.05 0.00 0.00 0.02 0.16 0.27 0.05 0.02 0.16
2 0.27 0.65 0.08 0.00 0.05 0.37 0.27 0.65 0.13 0.37 095 1.13
3 0.00 0.20 0.65 0.07 - 018 0.00 0.20 0.65 0.25 ' ’
4 0.00 0.00 0.22 0.89 - 0.02 0.00 0.00 0.22 0.91
mort 0.47 0.10 0.05 0.05
2007-8 1 0.35 0.09 0.00 0.00 0.00 0.01 0.35 0.09 0.00 0.01
2 0.00 0.45 0.06 0.00 0.01 0.07 0.00 0.45 0.07 0.07 0.85 056
3 0.00 0.12 0.64 0.05 - 0.02 0.00 0.12 0.64 0.06 ' ’
4 0.00 0.00 0.03 0.85 - 0.00 0.00 0.00 0.03 0.85
mort 0.65 0.33 0.27 0.11
2008-9 1 0.18 0.05 0.07 0.00 0.07 0.46 0.18 0.05 0.14 0.46
1.25y 2 0.00 0.41 0.17 0.00 0.11 0.73 0.00 0.41 0.28 0.73 059 0.72
3 0.00 0.00 0.21 0.14 - 025 0.00 0.00 0.21 0.39 ' '
4 0.00 0.00 0.10 0.46 - 0.11 0.00 0.00 0.10 0.57
mort 0.82 0.55 0.45 0.39
2009-10 1 0.26 0.13 0.00 0.00 0.03 0.16 0.26 0.13 0.03 0.16
0.75y 2 0.24 0.49 0.07 0.00 0.07 0.35 0.24 0.49 0.14 0.35 0.81 0.95
3 0.00 0.10 0.72 0.08 - 0.08 0.00 0.10 0.72 0.16 ' '
4 0.00 0.02 0.14 0.78 - 0.00 0.00 0.02 0.14 0.78
mort 0.50 0.27 0.07 0.14
2010-11 1 0.31 0.13 0.02 0.00 0.04 0.18 0.31 0.13 0.06 0.18
2 0.13 0.40 0.14 0.00 0.05 0.24 0.13 0.40 0.18 0.24 0.85 087
3 0.00 0.12 0.77 0.11 - 0.02 0.00 0.12 0.77 0.13 ' '
4 0.00 0.00 0.02 0.85 - 0.02 0.00 0.00 0.02 0.87
mort 0.56 0.36 0.05 0.04



121

Table 4-A2: Annual transition and fertility matrices (T and F), and matrix population
models, A, for Acropora palmata in the Florida Keys.

Florida T F A 2 P
SC 1 2 3 4 12 3 4 1 2 3 4 T 4
2004-5 1 0.707 0.150 0.037 0.000 0.023 0.137 0.707 0.150 0.060 0.137
0.75y 2 0.017 0.570 0.296 0.052 0.026 0.155 0.017 0.570 0.322 0.207 0739 0747
3 0.000 0.047 0.494 0.250 0.031 0.000 0.047 0.494 0.281
4 0.000 0.000 0.025 0.656 0.000 0.000 0.000 0.025 0.656
mort 0.276 0.234 0.148 0.042
2005-6 1 0.600 0.130 0.042 0.015 0.075 0394  0.600 0.130 0.117 0.409
0.75y 2 0053 0.546 0.194 0.031 0.080 0419 _ 0.053 0.546 0274 0450 (<o <00
3 0.000 0.046 0.625 0.185 0.062  0.000 0.046 0.625 0.246
4 0.000 0.000 0.014 0.723 0.031  0.000 0.000 0.014 0.754
mort 0347 0278 0.125 0.046
2006-7 1 0.596 0.125 0.000 0.000 0.010 0.047 0.596 0.125 0.010 0.047
2 0.128 0.589 0.091 0.000 0.026 0.126 0.128 0.589 0.117 0.126 0987 1.012
3 0.000 0.125 0.773 0.040 0.000 0.000 0.125 0.773 0.040
4 0.000 0.000 0.121 0.960 0.000 0.000 0.000 0.121 0.960
mort 0.277 0.161 0.015 0.000
2007-8 1 0.562 0.130 0.000 0.000 0.046 0.230 0.562 0.130 0.046 0.230
2 0.247 0.652 0.090 0.000 0.040 0.202 0.247 0.652 0.130 0.202 0982 1.038
3 0.000 0.065 0.701 0.071 0.036 0.000 0.065 0.701 0.107
4 0.000 0.000 0.194 0.929 0.000 0.000 0.000 0.194 0.929
mort 0.192 0.152 0.015 0.000
2008-09 1 0.681 0.122 0.017 0.000 0.087 0413  0.681 0.122 0.104 0.413
2 0.116 0.582 0.220 0.000 0.063 0.297 0.116 0.582 0.283 0.297 0.929 0967
3 0.000 0.112 0.542 0.092 0.031 0.000 0.112 0.542 0.123
4 0.000 0.000 0.068 0.908 0.000 0.000 0.000 0.068 0.908
mort 0.203 0.184 0.153 0.000
2000-10 1 0435 0.119 0.020 0.000 0.027 0.137 0435 0.119 0.047 0.137
2 0217 0.574 0.137 0.000 0.022 0.109 _ 0217 0.574 0.159 0.109 (o7 1 004
3 0.000 0.079 0.569 0.079 0.063  0.000 0.079 0.569 0.143
4 0.000 0.010 0.235 0.921 0.000 0.000 0.010 0.235 0.921
mort 0.348 0.218 0.039 0.000
2010-11 1 0.651 0.086 0.043 0.000 0.083 0.439 0.651 0.086 0.127 0.439
2 0.095 0710 0.152 0.014 0.045 0238 _ 0.095 0.710 0.197 0252 (oc 1020
3 0.000 0.054 0.630 0.056 0.113  0.000 0.054 0.630 0.169
4 0.000 0.000 0.152 0.915 0.000  0.000 0.000 0.152 0.915
mort 0254 0.151 0.022 0.014
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Table 4-A3: Matrix population models, A, split into component matrices, T, transition
matrix, and F, fertility matrix for Jamaica. Each matrix represents an approximately
annual transition. Surveys were conducted each fall from 2007-2010, except 2008
when the survey was conducted in the summer, resulting in a slightly shorter time
interval in 2007-2008 and a slightly longer interval for 2008-2009, as indicated. Rate
of change in population size, A, is shown for T and A of each time interval, and when
the interval is different from 1, taken to root of the interval (Caswell 2001).

Jamaica
T F A
Ar o Ay
SC 1 2 3 4 1 2 3 4 1 2 3 4
2007-8 1 0.19 0.04 0.00 0.00 - - 0.10 045 0.19 0.04 0.10 0.45
0.75y 2 031 0.51 0.07 0.05 L - 0.17 0.81 _ 0.31 0.51 0.24 0.86 0.93 125
3 0.00 0.28 0.73 0.05 - - - 0.1 0.00 0.28 0.73 0.16
4 0.00 0.00 0.20 0.84 - - - 0.00 0.00 0.00 0.20 0.84
mort 0.50 0.17 0.00 0.05
2008-9 1 0.26 0.07 0.02 0.00 - - 005029 0.26 0.07 0.07 0.29
125y 2 035049 0.12 0.03 Lo - 0.08 043 _ 0.350.49 0.19 0.46 0.91 098
3 0.03 0.12 0.60 0.21 - - - 0.06 0.030.12 0.60 0.26 ' '
4 0.00 0.00 0.13 0.76 - - - 0.03 0.00 0.00 0.13 0.79
mort 0.35 0.32 0.13 0.00
2009-10 1 0.18 0.10 0.00 0.00 - - 0.04 0.16 0.18 0.10 0.04 0.16
2 0.18 0.40 0.09 0.00 L - 0.03 0.12 _ 0.18 0.40 0.12 0.12 0.90 092
3 0.00 0.10 0.56 0.03 - - - 0.00 0.00 0.10 0.56 0.03 ’ '
4 0.00 0.01 0.16 0.89 - - - 0.00 0.00 0.01 0.16 0.89

mort 0.64 0.39 0.19 0.08
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Table 4-A4: GPS waypoint of each Acropora palmata demographic monitoring plot,

except Split Rock, Jamaica, for which landmarks were used for SR2 and SR3.

Location

CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
CUR
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
JAM
JAM
JAM
JAM
JAM
JAM
JAM
NAV
NAV
NAV
NAV
NAV
PR
PR
PR
PR
PR
PR
PR
PR
PR
VG
VG
VG
VG
VG
VG

Site
Blue Baai
Blue Baai
Blue Baai
Boca Santa Marta
Boca Santa Marta
Boca Santa Marta
Sea Aquarium Reef
Sea Aquarium Reef
Sea Aquarium Reef
Carysfort Reef
Carysfort Reef
Carysfort Reef
Elbow Reef
Elbow Reef
Elbow Reef
Elbow Reef
Elbow Reef
French Reef

Key Largo Dry Rocks
Key Largo Dry Rocks
Key Largo Dry Rocks

Molasses Reef
Molasses Reef
Molasses Reef
Pear Tree Bottom
Pear Tree Bottom
Pear Tree Bottom
Rio Bueno
Rio Bueno
Rio Bueno
Split Rock
LuLu Bay
LuLu Bay
Northwest Point
Northwest Point
Northwest Point
Cayo Ron
Cayo Ron
Cayo Ron
La Cordillera
La Cordillera
La Cordillera
Tres Palmas
Tres Palmas
Tres Palmas
Mountain Point
Mountain Point
Mountain Point
West Dog
West Dog
West Dog

Plot
BB1
BB2
BB3
SMA1
SM2
SM3
SQ1
SQ2
SQ3
CF1
CF2
CF3
EL1
EL2
EL3
EL4
EL5
FR1
KL1
KL2
KL3
ML1
ML2
ML3
PT1
PT2
PT3
RB1
RB2
RB3
SR1
LB1
LB2
NW1
NwW2
NW3
CR1
CR2
CR3
LCA
LC2
LC3
TP1
TP2
TP3
MP1
MP2
MP3
WD1
wD2
WD3

Latitude
12.13511
12.13527
12.13520
12.26790
12.26790
12.26683
12.08417
12.08365
12.08312
25.22194
25.22178
25.22290
25.14259
25.14290
25.14394
25.14508
25.14518
25.03393
25.12360
25.12290
25.12255
25.00958
25.00912
25.01015
18.46293
18.46293
18.46308
18.47908
18.47953
18.47868
18.49522
18.39664
18.39638
18.41385
18.41394
18.41368
18.10192
18.10158
18.09687
18.37970
18.37543
18.35043
18.35047
18.35013
18.34670
18.50232
18.50272
18.50337
18.48295
18.48292
18.48282

Longitude
-68.98682
-68.98710
-68.98738
-69.12822
-69.12822
-69.12720
-68.89493
-68.89467
-68.89585
-80.21055
-80.21060
-80.20956
-80.25835
-80.25822
-80.25780
-80.25734
-80.25740
-80.34941
-80.29736
-80.29787
-80.29826
-80.37481
-80.37473
-80.37328
-77.35728
-77.35812
-77.35707
-77.46003
-77.46037
-77.45997
-77.62732
-75.01895
-75.01883
-75.02987
-75.02963
-75.02923
-67.28577
-67.28577
-67.28633
-65.58231
-65.56730
-65.56541
-67.26656
-67.26633
-67.26350
-64.41592
-64.41600
-64.41600
-64.47060
-64.47045
-64.46955
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Figure 4-A1: Sampling schedule. The schedule for sampling at monitoring locations

is shown along with the occurrence of disturbance events (indicated by lightning
bolts).
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Table 4-AS: Percent cover as projected in the years 2030 and 2100 based on 10,000

simulations of the mean A matrix incorporating demographic stochasticity. 95%

confidence intervals are presented. * Projections in Virgin Gorda utilize the T matrix,
as rates of fragmentation were not measured.

Area
surveyed Mean % cover Mean % cover
Location (m?) in 2030 lei  wuci in 2100 lei  uci
Curacgao 1232 0.90 0.24 1.80 0.00 0.00 0.00
Florida 2309 1.90 1.26 2.61 0.12 0.00 0.40
Jamaica 1385 5.43 3.64 743 21.14 10.82 33.95
Navassa 616 9.27 8.30 10.13 9.31 8.33 10.16
Puerto Rico 1385 6.34 4.12 8.86 0.54 0.00 1.71
Virgin Gorda* 924 2.15 1.59 2.74 0.93 048 1.44
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Corals are faring poorly throughout the world’s oceans (Gardner et al. 2003,
Bruno and Selig 2010). Due to its historically high human population density,
combined with its relative paucity of coral species and much smaller regional expanse,
corals in the Caribbean are faring worse than those in the Pacific (Carpenter et al.
2008). The distinction, however, is academic, as it represents a contest with no
winners, only varying degrees of loss (Pandolfi et al. 2003, Newman et al. 2006).
Whereas the decline of corals was previously a mystery, we now have a solid
understanding of the drivers of decline, the consequences of coral decline for coral
population dynamics, and the conservation actions that must be taken in order to
prevent ecological extinction of remaining coral populations (Rohwer and Youle
2010). Here I summarize the threats that have driven corals to reach endangered
species status, the recognition of one such species as endangered, the policy actions
that must be taken in order to rescue it from near extinction, and the special
considerations in endangered species management that must be considered because of
the peculiar biology of corals.
Coral perils

For any coral population, three major anthropogenic pressures conspire to
cause a decline in coral abundance or health: overfishing, eutrophication, and rising
concentrations of carbon dioxide in the atmosphere and ocean. Overfishing causes a
dearth of herbivores on coral reefs, which leads to uncontrolled algal growth (Jackson

et al. 2001). These macroalgae compete with corals for space (McCook et al. 2001),
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shade corals from the sun, exude toxic secondary metabolites (Rasher and Hay 2010),
harbor pathogens (Nugues et al. 2004), and exude excess photosynthate into the water
column (Haas et al. 2010), processes that disrupt a coral’s physiology (Barott et al.
2009), symbiotic relationships, and normal microbial community functioning (Kline et
al. 2006, Smith et al. 2006).

Eutrophication in oligotrophic coral reef waters, stemming from excessive
agricultural application and improperly treated human and animal sewage (Fabricius
2005), threatens corals by giving algae an additional competitive advantage (Burkepile
and Hay 2009), reducing recruitment success of juveniles (Koop et al. 2001), driving
seawater microbial communities away from their pristine states (Klaus et al. 2007,
Garren et al. 2008), and spreading coral pathogens (Sutherland et al. 2010). Coral
disease and rapid tissue mortality are common on algae-covered reefs.

Finally, burning fossil fuels (combined with removing carbon-sequestering
forests) increases the concentration of carbon dioxide in the ocean and atmosphere,
causing ocean acidification and creating a greenhouse effect (IPCC 2007). The change
in ocean chemistry impedes the ability of corals to secrete calcium carbonate (Phinney
2006, Wild et al. 2011) and slows the growth of the crustose coralline algae (Anthony
et al. 2008) that provide settlement cues for coral larvae, reducing overall coral
recruitment success (Albright et al. 2010, Mason et al. 2011). Meanwhile, warming
increases the frequency and variability of extreme weather events, leading to more
coral bleaching episodes and subsequent disease outbreaks (Harvell et al. 1999, Jones

et al. 2004, Harvell et al. 2007). The effects of the problems described above are
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synergistic (Knowlton and Jackson 2008). For example, excess nutrients can cause
phytoplankton blooms followed by blooms of bacteria, respiration from which further
increases the acidity of the water (Cai et al. 2011). Corals suffering from bleaching
stress not only are more susceptible to disease attacks but also show reduced
reproductive capacity (Szmant and Gassman 1990, Baird and Marshall 2002).
Recognizing the problem: the listing of Acropora palmata and other corals

Despite the inimical conditions facing corals, it is difficult to visualize that a
coral population could be threatened with extinction. For fuzzy creatures, any
countable number is devastating: There are just 21 wolves left in Oregon (U.S. Fish
and Wildlife Service 2010). Instantly the very concept of wilderness is circumscribed,
and our own fuzzy hairs bristle at the thought. But a coral? When told a coral species
has decreased to 5% of its former abundance, are we nearly as concerned? After all, a
coral can clone itself. It has indeterminate growth and its polyps don't naturally
senesce (Jackson and Hughes 1985). In short, coral biology seems to preclude
extinction.

Take, for example, the subject of this dissertation. The Atlantic elkhorn coral,
Acropora palmata, was listed as threatened on the U.S. Endangered Species List in
June 2006 based on a petition from the Center for Biological Diversity. The reason for
listing was a 90-95% reduction in abundance throughout its range since the 1980s. The
results outlined in the previous chapters confirm that the listing is warranted. Only one
of five A. palmata populations we studied in the Caribbean is predicted to increase in

size and percent cover in the foreseeable future. In the other four locations, if nothing
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is done, the population is predicted to disappear by the year 2030 (Chapter 4). These
results are conservative, not taking into account the projected changes due to climate
change (including possible increases in hurricane intensities) and other increases in
anthropogenic stressors.

But what of other corals? If one-third of all reef-building corals are threatened
with extinction (Carpenter et al. 2008), why are only the Caribbean acroporids listed
as endangered on the US Endangered Species List? They may soon have plenty of
company; as of late 2010, 82 additional coral species are being considered for
inclusion. On the IUCN Red List, 32 corals are listed as endangered, and 234 are listed
under the collective threatened categories (Vulnerable and worse). Therefore, the more
appropriate question is, why were Caribbean acroporids the first corals to be listed?
There are two plausible reasons: (1) it was easier to make the case that Caribbean
acroporids are threatened, but many other coral species are equally threatened, or (2)
Caribbean acroporids are disappearing more quickly than other coral species and are
therefore more severely threatened with extinction than most coral species. Making
this distinction has important implications for what we can expect in other coral
populations in the future.

(1) Acropora palmata is easy to see, even from land. It lives on the shallowest
reefs — the reef flat and the upper reef crest (0-5 m). Its fast growth and branching
architecture lead to competitive dominance in these habitats. Its branch tips fragment
easily, subsequently reattach to the substrate, grow vertically, and shade out

potentially competing corals, which grow far more slowly. The same is true for its



134

also-listed Caribbean congener, Acropora cervicornis, which occupies a slightly
deeper reef zone (5-20 m depth), or in more protected waters where it comes to the
surface. Because these corals formed monocultures on the reefs for decades (e.g.
Goreau 1959), their absence was striking, and they were relatively straightforward to
quantify. It is easier to demonstrate a total absence of a formerly present species than
to chart a scattered decline over decades, as would be necessary for other species.

(2) Alternatively, acroporids may have been first to be listed because their
populations may actually be shrinking more rapidly than populations of other coral
species. Clonal organisms evolved to inhabit relatively stable environments (Jackson
and Hughes 1985). However, there is a spectrum among corals, from fast-growing and
easily fragmented to slow-growing with a massive skeleton; this spectrum follows a
depth gradient, from shallow, dynamic reefs to deep, stable reefs (Jackson and Hughes
1985). Elkhorn coral, as mentioned, inhabits the shallowest reefs, excluding virtually
all other corals. This environment is characterized by constant strong wave action
punctuated by rare and potentially catastrophic storms. Recovery from these storms
necessitates some form of ecological resilience. Given that Acropora palmata is
adapted to fragmentation in high-energy environments, colonies often have a high
proportion of damaged or exposed tissue subject to stress. They evolved betting on a
future in which exposed tissue could heal quickly; however, faced with increased
sediments, sewage, algae, bacteria, disease, and acidity, that is no longer the case. This

newfound lack of resilience is linked to the combined effects of multiple interacting
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stressors and may explain why Acropora palmata is more susceptible to population
decline than other corals.

If listing is due to (1), then all corals are just as unfortunate as 4. palmata, and
the listing procedure is catching up with our ability to recognize the problem. If (2)
reflects reality, Acropora species are faring worse than other Caribbean species and
deserve special conservation attention. The second explanation is more likely, as
acroporids in general seem to be more vulnerable to bleaching (e.g. Carpenter et al.
2008) and predation (e.g. Acanthaster outbreaks in the Pacific (De’ath and Moran
1998). Finally, extinction of dominant corals is not unprecedented in the fossil record,
and dominant species could be more prone to extinction than relatively rare species
where habitat reduction is the primary cause of decline in abundance (Pandolfi 1999).
Resuscitating Acropora palmata populations

The question remains: Can Acropora palmata be brought back from the brink,
and if so, how? If we do not address the three big environmental problems affecting
coral reefs — overfishing, nutrient pollution, and carbon dioxide emissions — then the
answer is no. But if we do address these issues, the answer may be yes, but only if we
act quickly. But just how quickly? Perhaps as soon as 2030 (see Figure 2-3, Figure 4-6
for more detail).

Precisely because of its adaptations to an unstable environment, tolerance for
survival as a small fragment, and fast growth, Acropora palmata is amenable to
outplanting, as long as fragments are placed in conditions where they are capable of

surviving. In fact, Acropora cervicornis has been outplanted in restoration projects in
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the Florida Keys since 2000. There are even private companies that “garden” these
corals for hotels. In Florida, if we do nothing, the currently low level of benthic cover
for A. palmata (4%) is projected to remain unchanged (Chapter 2). Fortunately,
outplanting of A. palmata is being planned in Florida, and importantly, the number of
outplants needed to make a positive change in 4. palmata population dynamics is not
outrageous. For example, if we secure 3000 20 cm wide outplants to the Florida Keys’
study area (1.3 colonies m™) annually for five years (from 2012-2017), benthic cover
is projected to be a minimum of 20% by 2030 (Figure 2-3).

Outplanting projects could have synergistic scientific and conservation
benefits. For example, outplanting provides researchers with an opportunity to
determine whether population recovery might be further sped along by a suspected
positive feedback on Acropora palmata density (compare density of 1000 versus 3000
outplants in 2030, Figure 2-3aii). If A. palmata does exhibit positive density
dependence, the quantity of outplants needed or the number of years of outplanting
required (and thus the total project cost) may be reduced significantly for the same
conservation outcome. These data would inform not only future conservation
decisions but also our basic understanding of coral population biology.

In addition to conducting outplanting projects at an ecologically meaningful
scale, it will be crucial to employ the most appropriate and modern methods for
monitoring population dynamics and population structure. Actively managed
populations should be monitored using planar projection to facilitate translation

between benthic cover, the standard metric of coral health, demographic surveys, and
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actual amount of tissue on the reef (Chapter 3). Finally, long-term species viability
depends on the genotypic diversity of the population, which should be monitored over
time.
Special considerations in endangered species management for clonal, colonial
organisms

How is the recovery of a clonal, colonial organism distinct from that of an
aclonal organism? There are three reasons it may be more difficult to recover clonal
organisms than aclonal organisms. First, there is less than meets the eye. In other
words, we do not know from surveys alone the number of genetically unique coral
individuals (genets) in any given population (Baums et al. 2005a). We do know that it
at a maximum is not larger than the number of non-contiguous adults and at a
minimum is equal to 1. Therefore, a very large stand of corals may be as genetically
fragile as a single colony. Coral bleaching and disease are known to affect coral
genotypes unevenly, making genetic diversity within a reef tract a crucial component
of coral population resilience (Baums et al. 2006). Because individual colonies self-
fertilize only rarely (Baums et al. 2005b), multiple genotypes must be present for
successful fertilization. As population size continues to diminish, the prospect for
successful sexual fertilization (not including the naturally low probabilities associated
with subsequent steps — larval survival, settlement, and recruitment to the benthos), is
increasingly unlikely.

Second, threats to clonal species are often indirect. Terrestrial vertebrates, as

well as fish populations, typically face extinction due to a combination of habitat loss
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and hunting. These threats are more direct and more easily mitigated than the typical
list of threats facing clonal marine invertebrates. While reefs worldwide suffer from
accidental ship groundings, and dynamite fishing persists in some parts of the world,
Caribbean corals suffer primarily from indirect threats, as described above, that are
more difficult to manage than direct threats such as overexploitation. There is often no
single straightforward action that can be taken to reverse an indirect threat such as
poor water quality, which can be due to agriculture, sewage, and industry. In addition,
many indirect threats, such as those involving pollution and climate change, involve
the actions of multiple countries and user groups. Reversing such threats requires
complicated policy arrangements and the enforcement of international treaties and
agreements.

Finally, alleviating the various threats suffered by corals would not produce
immediate or even predictable results, and recovery may take years to notice. The
response of a coral species to, say, improved water quality would be difficult to
demonstrate if this action improved a coral’s reproductive output but did not change
its growth rate. Population dynamic models are less straightforward for clonal
organisms than aclonal organisms; therefore, the success or failure of management
decisions in coral populations may be far more difficult to assess at early stages of
recovery. However, my thesis provides some insights into the strong potential of
matrix-based approaches tailored to clonal species.

In contrast, there are two reasons why recovering a clonal organism such as a

coral might be /ess difficult than recovering an aclonal organism: first, coral polyps
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are potentially immortal (Coates and Jackson 1985), which means that absolute
extinction can be prevented with the proper protection. This also means that missing
age classes may have less severe effects on population dynamics overall. Consider that
some of the most massive coral species may live for hundreds of years. Thus, the
failure to produce sufficient sexual recruits over the past 30 years does not
automatically doom such a population to extinction. Similar to plants, corals may
survive via asexual reproduction for decades until environmental conditions or density
levels favor sexual reproduction once again. Thanks to this ability for reproductive
bet-hedging, corals may be more difficult to drive to complete extinction. Second,
individuals can reproduce via fragmentation a limitless number of times. While
fragmented corals typically lose the ability to reproduce sexually below a certain total
surface area (Szmant-Froelich 1985), the basic unit of the coral animal, the single
polyp, is all that is required to regrow an entire colony. From very few starting
individuals, an entire reef may be regrown. Coral population recovery is therefore not
limited as severely by the factors that limit population recovery in fish and terrestrial
vertebrates (e.g. gestation times, maximum brood sizes, sex ratio, and encounter rate
between potential mates (Diaz-Pulido et al. 2009).

The number of corals has increased drastically on the IUCN Red List, and the
number of corals on the U.S. Endangered Species List will likely increase soon as
well. The unique life history characteristics of corals must be taken into careful
consideration both when listing species as threatened and when designing a population

recovery plan. The difference in body plan between a coral and a vertebrate needs to
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be addressed explicitly in the documentation declaring a coral as threatened. To help
with listing, monitoring, and ultimately for recovery, endangered corals should be
assessed with two metrics: percent of benthic cover and genotypic diversity.
Foremost, cover as a percentage of benthic substrate (percent cover) should be used as
a metric to assess population status and to determine recovery goals. This metric
establishes a connection between the organism and the critical role it plays in building
the reef. This metric can be used in addition to counts of non-contiguous individuals,
which are still an important measure for many coral species. Concurrently, genotypic
diversity must be measured as a baseline and monitored over time to ensure long-term
evolutionary viability (Hemand and Vollmer 2010). Without information on both
percent cover and genetic diversity, conservation practitioners will have no way to
accurately judge the recovery potential of a population or diagnose recovery failures.
While the unique life history characteristics of corals present additional challenges for
effective conservation and population recovery, the survey methodology and genetic
analysis techniques needed to meet this challenge already exist. At this point, we are
simply missing the appropriate language in our legislation.
Save the corals

There are several reasons why facilitating the recovery of Acropora palmata
and corals in general is worthwhile. The importance of species is the subject of entire
books (Kareiva and Levin 2003). To many, no further motivation for conservation is
needed beyond a belief in the fundamental value of each species. A different

perspective is taken by those who believe a species should be preserved if it has an
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important and demonstrable ecological function. Because corals are not just important
to coral reef ecosystems but are also the very engineers and builders of these
ecosystems, their preservation as a group is justified by their fundamental, crucial role
in creating coral reef ecosystems. When an ecosystem function is served by only one
species, its ecological value becomes greater. Acropora palmata alone forms the
shallowest Caribbean reefs. There are no functionally redundant, or “backup”, species
ready to fill this role should it go extinct. It alone provides the complex branching
architecture that creates homes, refuges, and less turbulent habitats for countless
organisms in the shallows (Lirman 1999). Thus, this species deserves its high
conservation priority. Declaring a coral’s existence value or ecological value is a
reason to conserve it, but without recovering ecological function by restoring its

abundance to historical levels, its only ecological value will be on paper.
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