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CLONAL VARIATION FOR PHENOTYPIC PLASTICITY IN THE
CORAL MADRACIS MIRABILIS
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Abstract. Morphological plasticity is common among clona organisms, including
scleractinian corals, yet the role of phenotypic plasticity in coral ecology and evolution is
largely unexplored. Additionally, it is unclear how much variation in plastic responses
exists among individuals, populations, and species, and thus how much potential there is
for natural selection to act on coral reaction norms. In the branching coral Madracis mi-
rabilis, corallite architecture and density, branch diameter and spacing, and overall aggregate
morphology all vary among environments. To examine the role of phenotypic plasticity in
generating these patterns, clonal replicates of five genotypes of M. mirabilis were trans-
planted from each of two source populations into four treatment environments on the north
coast of Jamaica. Flow rate, sedimentation, irradiance, water temperature, and salinity all
varied among these environments. DNA fingerprinting was used to ensure that the 10
transplanted genotypes were genetically distinct. Six morphological traits (intersepta area,
septa length, columella area, corallite area, corallite spacing, and branch tip diameter) were
measured after transplantation to determine whether they were altered in response to en-
vironmental conditions. Because these traits were correlated, principal components analysis
was used to define new, uncorrelated traits for analysis. Four of the five corallite traits and
branch diameter were significantly affected by the environment, demonstrating that mor-
phological variation among environmentsin M. mirabilisis due in large part to phenotypic
plasticity. No difference was detected between the two source populations in the magnitude
or direction of their plastic responses, but there was substantial variation among genotypes
(genotype X environment interaction). Many of the phenotypic changes of both populations
resulted in the transplants becoming morphologically similar to resident conspecifics in
each treatment environment. Genotypes from both populations were able to maintain similar
growth rates under diverse environmental conditions. Such morphological convergence by
phenotypic plasticity may expand the ecological range of this species by enabling genotypes

to tolerate spatially and temporally variable environments.
Key words: genotype X environment interaction; Madracis mirabilis, phenotypic plasticity; re-

action norm; Scleractinia; skeletal structure.

INTRODUCTION

Scleractinian corals typically display a striking de-
gree of morphological variation in colony shape and
corallite structure along environmental gradients (Fos-
ter 1980, Brown et al. 1985), and among geographic
regions (Veron 1981, Veron and Wallace 1984). Such
variation can be caused by genetic differences among
individuals and populations (Ayre and Willis 1988), by
the environment (Foster 1979), or by both. Environ-
mental control of morphological traits is termed phe-
notypic plasticity and a reaction norm describes the
relationship between the phenotype and the environ-
ment (Bradshaw 1965, Schlichting 1986, Stearns
1989). Phenotypic plasticity is well known among nu-
merous other taxa, including plants (Scheiner and
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Goodnight 1984, Schmitt 1993), sponges (Palumbi
1984), bacteria (Forst and Inouye 1988), fish (Meyer
1987), barnacles (Lively 1986), mollusks (Martin-
Mora et al. 1995, Trussell 1996), and bryozoans (Har-
vell 1986), where it is thought to be ecologically im-
portant because it confers broad adaptability (Bradshaw
1965). Plasticity can also have important evolutionary
implications (Sultan 1987). For example, within a sin-
gle environment, plasticity can maintain genetic di-
versity under stabilizing selection by enabling avariety
of genotypes to display a similar advantageous phe-
notype (Bradshaw 1965, Sultan and Bazzaz 1993). In
addition, there are a number of mechanisms through
which phenotypic plasticity might accelerate the ap-
pearance of novel phenotypes and the rates of speci-
ation and macroevolution (West-Eberhard 1989).

A variety of life history traits indicate that plasticity
could be important in corals as well. For example, cor-
als are sessile and many are clona (Hughes 1983,
1989), relying heavily on asexual modes of reproduc-
tion, including fragmentation (Tunnicliffe 1981, High-
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smith 1982), fission (Hughes and Jackson 1985), and
the production of parthenogenic larvae (Stoddart
1983). Due in part to indeterminate growth (Hughes
and Connell 1987, Sebens 1987), and the absence of
physiological senescence (Hughes 1983, but see Mees-
ters and Bak 1995), individual colonies can live for
centuries and their clonal replicates for even longer
(Hughes 1983, Potts 1984, Potts et al. 1985). Further-
more, many important reef-building corals are rarely
seen as recruits (Bak and Engel 1979), suggesting that
sexual recruitment is episodic as it is in other clonal
cnidarians (Ayre 1984) and in clonal, aquatic animals
in general (Jackson and Coates 1986). Together, these
attributes can act to restrict genotypic diversity within
coral populations and favor spatial dominance by afew
successful genotypes (Potts et al. 1985, Hunter 1993).
Under such conditions phenotypic plasticity would be
predicted to be particularly valuablein alleviating some
of the effects of reduced genetic diversity (Bradshaw
1965).

Phenotypic plasticity has been documented in anum-
ber of coral species for traits, including whole-colony
morphology (Vaughan 1911, 1917, Maragos 1972, Wil-
lis 1985), tissue pigmentation (Gleason 1992), and cor-
alite structure (Foster 1979), as well as physiological
(Lesser et al. 1994) and behavioral traits (Chornesky
1983). However, few data are available on crucial as-
pects of coral plasticity, such as how much variation
in plastic responses exists among individuals, popu-
lations, and species, and how specific plastic traits
change in response to particular environmental char-
acters. Thisisin contrast to the large body of literature
documenting variation in plastic responses at a number
of levelsin plants, as well asits prominence in general
theories of phenotype evolution (Via and Lande 1985,
Schlichting 1986, Schlichting and Pigliucci 1995). As
a result it is unclear when and where (if ever) coral
plasticity is beneficial, how much potential thereis for
natural selection to act on the plastic responses of cor-
als, and what role (if any) plasticity playsin coral evo-
lution and speciation.

The purpose of this study was to obtain a detailed
understanding of plasticity in the branching coral Mad-
racis mirabilis. A reciprocal transplant experiment was
performed in which clonal replicates of several geno-
types were exposed to different environmental treat-
ments. This design allowed a comparison of the mag-
nitude and direction of plasticity between populations
and among genotypes. Six physiologically important
morphological traits were measured after transplanta-
tion to determine whether they were altered in response
to the environmental treatments. Specifically, the fol-
lowing questions were addressed: (1) To what degree
do genetic and environmental factors affect the mor-
phology of M. mirabilis? (2) Are there between-pop-
ulation and/or among-genotype differences in the mag-
nitude or direction of plasticity in M. mirabilis?

JOHN F. BRUNO AND PETER J. EDMUNDS

Ecology, Vol. 78, No. 7

MATERIALS AND METHODS
Experimental organism

Madracis mirabiliswas chosen for this study because
it displays a large amount of morphological variation
among environments, and because its branching mor-
phology allowed numerous clonal replicates to be col-
lected from each genotype. Additionally, field obser-
vations suggested that skeletal morphology in M. mi-
rabilis might be determined in part by the environment.
For example, large, continuous aggregations of M. mi-
rabilis living in backreef/lagoon environments in Ja-
maica, spanning numerous microenvironments along a
depth range of >10 m, display the entire range of mor-
phologies that have been observed within this species
(J. E Bruno, unpublished data). Because M. mirabilis
can reproduce asexually through fragmentation (Bak
and Criens 1981, Highsmith 1982), both spatial (frag-
ments can be transported into novel environments) and
temporal (local conditions can change after an aggre-
gation becomes established) heterogeneity could ex-
pose a genotype to novel environments during its life-
span.

Madracis mirabilis is found in a variety of habitats
from 5 to 50 m in depth throughout the Caribbean
(Schindler 1985, Lewis and Snelgrove 1990, Fenner
1993). Inforereef environments, it forms hemispherical
aggregations of branches up to 2 m in diameter (Fig.
1A), and in backreef and lagoon environments it can
form larger aggregations of >5 m in diameter. Separate
branches within an aggregation of M. mirabilis are
physically connected by a common skeleton but not by
tissue. As a branch extends, the tissue at the base of
the branch recedes and the newly exposed portion of
the skeleton can become colonized by boring sponges
and algae. Thus, each branch is a functional colony of
physiologically integrated polyps (Connell 1973), and
each aggregation is likely to be a genotype made up
of numerous clonal replicates (branches).

Environment

All field work took place on the north coast of Ja-
maica at the Discovery Bay Marine Laboratory
(DBML). The reefs near DBML were originally de-
scribed by Goreau (1959) and subsequently in numer-
ous other studies (e.g., Goreau and Goreau 1973, Lid-
dell and Ohlhorst 1987, 1992, Edmunds and Bruno
1996). Four reef sites were used as treatment environ-
ments. Two were located on the exposed forereef at
Dairy Bull cove, at 10 m (DB10) and 20 m depth
(DB20). The other two were <3 km west of Dairy Bull
at Columbus Park (10 m depth), which is a protected
lagoon environment within Discovery Bay. Columbus
Park Springs (CPSP, 10 m depth) was adjacent to un-
derwater, freshwater springs, which are numerous at
this site (D’Elia et al. 1981). The other lagoon envi-
ronment (CP10) was 25 m from the nearest spring, but
also at 10 m depth. Differences in the physical con-
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Fic. 1.

(A) Madracis mirabilis aggregation from Conch Reef, Florida Keys (25 m depth); (B) branches of M. mirabilis

after transplantation from Dairy Bull at 20 m to (from left): Columbus Park Springs, Columbus Park at 10 m, Dairy Bull at
10 m, Dairy Bull at 20 m (scale bar = 1 cm); (C) scanning electron micrograph of corallites of M. mirabilis from Dairy
Bull at 10 m; (D) scanning electron micrograph of corallites of M. mirabilis from Columbus Park Springs at 10 m. Note the
arrow in C pointing to the hexagonally shaped ridges (pseudocostae) surrounding the corallite from Dairy Bull at 10 m,

which are absent in the Columbus Park Springs at 10 m corallite.

ditions among the four treatment environments have
been described in previous papers and include tem-
perature, salinity, irradiance (Foster 1979, Edmunds
1989, Bruno 1995), nutrient concentration (D’Elia et
al. 1981), and flow rate (Helmuth and Sebens 1993).
These physical characters are summarized in Table 1.
In this paper, the corals naturally living in each of the
treatment environments are referred to as residents (as
opposed to those that were experimentally transplanted
there) and all of the conspecific corals from each en-
vironment are loosely termed a population. However,
it is likely that our populations are all part of alarger
metapopulation, and that they are genetically homo-
geneous due to gene flow between each other and ex-
ternal sources.

Natural morphological variation

A number of morphological traits in Madracis mi-
rabilis vary along environmental gradients (Schindler
1985, Fenner 1993, Bruno 1995, Sebens et al. 1997).
For example, branches from forereef habitats (e.g.,
DB10 and DB20) are generally cylindrical, while in

lagoon habitats (e.g., CP10 and CPSP) branches have
a larger diameter and bulbous, flattened tips (Fig. 1B;
Schindler 1985, Fenner 1993, Bruno 1995). Intercon-
necting, hexagonally shaped ridges (pseudocostae) of -
ten surround the corallites of forereef branches but are
absent in the lagoon (Fenner 1993; Fig. 1C, D). Ad-
ditionally, the spacing among corallites is larger in
forereef habitats than in lagoon environments (Schin-
dler 1985, Bruno 1995; Fig. 1C, D). Corallites on la-
goon branches and on the terminal ends of forereef
branches have 10 thin primary septa and the columella
is formed from junction of the septa (Fig. 1C, D). Cor-
allites on the sides of branches from the forereef have
a prominent columella, 10 thicker primary septa, and
much smaller intersepta areas than lagoon corallites.
Aggregate-level traitsincluding branch spacing and ag-
gregate shape also vary among environments (Bruno
1995, Sebens et al. 1997).

Four corallite traits (intersepta area, 1SA; columella
area, CLA; coralite area, CA; and corallite spacing,
CS; Fig 2), and two branch traits (branch tip diameter,
BD; and branch spacing, BSP) were measured on Mad-
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TaBLE 1. Relative differences in environmental characteristics of the four treatment environments. Values in parentheses
were measured during June 1994 (Bruno 1995). Site abbreviations: DB10, Dairy Bull at 10 m; DB20, Dairy Bull at 20
m; CP10, Columbus Park at 10 m; CPSP, Columbus Park Springs at 10 m.

Characteristic Source DB10 DB20 CP10 CPSP

Water velocity Helmuth and Sebens 1993; J.  high med low high
F. Bruno, unpublished data

Wave energy Brakel 1976; J. F Bruno, un- high med low low
published data

Sedimentation rate Foster 1980, Edmunds 1989, low low med high
Bruno 1995

Light intensity (% surface ir- Edmunds 1989, Bruno 1995 high (26%) med (20%) med (18%) med (18%)

radiance)

Temperature (°C) Edmunds 1989, Bruno 1995  high (29.5) high (29.5) med (28.5) low (27.1)

Nutrient level (nitrogen) D’Eliaet al. 1981 low low med high

Salinity (g/kg) Bruno 1995 high (35.0) high (35.0) med (30.0) low (26.5)

racis mirabilis aggregates from the four treatment en-
vironments (residents). These measurements were used
to quantify field observations of morphological vari-
ation among environments and for comparison with
transplanted corals (refer to Fig. 2 for further descrip-
tion of measured traits). Corallite area was included in
the analysis so that the other corallite traits could be
normalized to corallite size. To quantify the corallite
traits, three branches were collected from each of five
genotypes selected at random (each separated by >25
m) from each treatment environment. Three haphaz-
ardly selected corallites, 2 cm from the terminal branch
end, were analyzed on each branch. Two measurements
were made from each corallite for ISA (the largest and

Fic. 2. Morphometric traits that were measured to quan-
tify plasticity in Madracis mirabilis. 1SA, intersepta area;
CLA, columella area; SL, septalength; CS, corallite spacing.
Traits not shown in figure include: CA, corallite area; BD,
branch tip diameter; BSP, branch spacing; and CD, corallite
diameter. The corallite is the structure in the coral skeleton
that houses a single coral polyp. Each septa acts as awall to
divide the corallite into separate chambers (intersepta area).
The columella is the central region of the corallite and is
located at the junction of the 10 septa in the case of M.
mirabilis.

opposing area between adjacent septa), and CS (dis-
tance to the two nearest corallites), and a single mea-
surement was made on each corallite for CLA and CA.
To prepare the corals for analysis, the skeletons were
bleached (with 50% bleach) to remove thetissue, rinsed
in distilled water, and dried. Planar images of the skel-
eton surface (100x) were made of the branches with
a video camera fitted to a dissecting microscope, and
these were analyzed with imaging software (NIH Image
1.43). The two branch traits (BD and BSP) were mea-
sured in situ on five M. mirabilis aggregates (the same
aggregates from which branches had been collected)
from each of the four treatment environments. Branch
diameter was measured with calipers 1 cm from the
end of 10 branches on each aggregate. Branch spacing
was measured as the distance between adjacent branch-
es (10 pairs/aggregate).

Because the six measured skeletal traits were cor-
related, a one-factor MANOVA (MGHL platform,
SYSTAT 3.0) was used to analyze multivariate varia-
tion among environments. After establishing the sig-
nificance of the environment effect with MANOVA,
univariate comparisons were performed with ANOVA.
Genotype mean values for each trait were the statistical
replicates, and analysis was performed on log-trans-
formed data after all statistical assumptions had been
met (Zar 1996). Environment was considered a fixed
effect in all analyses because the four environments
were chosen based on: (1) a priori assessment of site-
specific variation in the morphology of Madracis mi-
rabilis, and (2) data describing differences in environ-
mental factors known to affect coral morphology (Table
1).

Principal componentsanalysis (PCA) was carried out
on the correlation matrix of log-transformed genotype
means to investigate multivariate associations among
the traits and to examine the nature of the multivariate
differences among groups. Principal components (PC)
that explained >10% of the total variance or that had
an eigenvalue of >1.0 were interpreted (Nichols 1977,
Jolliffe 1986). However, the final decision as to which
components to use in subsequent analyses was based



October 1997

PHENOTYPIC PLASTICITY IN MADRACIS

2181

TABLE 2. Morphometric comparisons (means = 1 se) of Madracis mirabilis aggregations naturally living (resident corals)
in each of the four treatment environments. F values are from univariate comparisons (ANOVA, one fixed factor = site;
df = 3, 16) of each trait among the four environments. Multivariate comparison (fixed-effect MANOVA) among sites was
significant (Wilks' A = 0.012; F = 6.70; df = 18, 31; P < 0.001). DB10, Dairy Bull at 10 m; DB20, Dairy Bull at 20
m; CP10, Columbus Park at 10 m; CPSP, Columbus Park Springs at 10 m.

Character DB10 DB20 CP10 CPSP F
Corallite area (mm?) 1.75 + 0.25 156 + 0.17 1.58 + 0.09 1.69 + 0.10 0.29
Columella area (mm?) 0.35 = 0.04 0.30 = 0.05 0.23 = 0.03 0.20 = 0.03 3.05t
Intersepta area (mm?) 0.04 = 0.01 0.04 = 0.01 0.07 = 0.01 0.09 = 0.01 11.98***
Corallite spacing (mm) 0.44 = 0.03 0.44 + 0.04 0.38 = 0.10 0.18 = 0.03 6.28*
Branch tip diameter (mm) 6.92 = 0.37 571 = 0.28 7.03 = 0.36 12.68 = 1.27 25.09***
Branch spacing (mm) 7.90 = 0.20 11.30 += 0.80 9.60 = 0.40 6.00 = 0.30 16.92%**

* P < 0.05; *** P < 0.001; T P < 0.075.

on an examination of associated eigenvectors (com-
ponent loadings) to ascertain their utility in providing
biologically meaningful information (Nichols 1977,
Gauch 1982).

Transplant experiment

Twelve branches (3—-6 cm in length) were collected
from each of five genotypes selected at random from
the DB20 (DB20 population; genotypes 1-5) and the
CP10 (CP10 population; genotypes 6-10) environ-
ments. These 10 genotypes were distinct from those
sampled to quantify resident morphology in each en-
vironment (i.e., previous section). All genotypes sam-
pled within a population were separated by >25 m to
increase the probability that they were genetically dis-
tinct. Each branch was glued into a short piece of plas-
tic pipe (1 cm in diameter) with marine epoxy (Z-Spar
Splash Zone Compound A-788, Kop-Coat, Los An-
geles, California; epoxy did not appear to adversely
affect the corals, as many grew over the dried epoxy
within 4 wk), and a nylon screw was set in the opposite
end (Fig. 1B). The 12 branches from each genotype
were randomly assigned to 12 different Plexiglas plates
(15 X 25 cm) and were randomly assigned positions
within each plate. Eight additional corals, which were
not used in the analysis for this study, were also at-
tached to the same plates to form small, artificial ag-
gregations. Branches were placed as close as possible
(10—20 mm between adjacent branches) to mimic nat-
ural spacing (Table 2), but were not placed in direct
contact to avoid aggressive interactions (Lang and
Chornesky 1990). Three randomly selected plates were
transplanted to each of the four treatment environments
(DB10, DB20, CP10, and CPSP) for 96 d, beginning
in February 1994. Corals were kept in a flowing sea-
water table during the preparation of plates and were
transplanted to their respective environments within 48
h of collection. The plates within each environment
were separated by >10 m.

Morphological plasticity was quantified by measur-
ing six skeletal traits at the conclusion of the transplant
experiment: intersepta area, |SA; septalength, SL; col-
umellaarea, CLA; corallite area, CA; corallite spacing,
CS; and branch tip diameter, BD (Fig. 2). The mor-

phological traits of the transplanted corals were quan-
tified in the same manner as the resident corals (3 cor-
alites/branch). Two measurements of SL were made
from each corallite (the longest and opposing septa).
Quantification of 1SA, CLA, CA, CS, and BD is de-
scribed above.

The results of the transplant experiment were ana-
lyzed in two separate sets of analyses. The purpose of
the first was to examine the effects of the population
(origin), genotype, and environment on coral mor-
phology, and to compare plastic responses between
populations and among genotypes. Because the six
measured skeletal traits were correlated, PCA was per-
formed on log-transformed measurements of the six
traits from both populations (statistical replicates were
mean branch values for each trait) and the resulting
uncorrelated variables were used in ANOVA. PCA re-
sults also aided in an examination of multivariate plas-
tic responses. Log-transformed scores from the first
three PCs (see above for component selection criteria)
were analyzed with three-way ANOVA (Scheffé mixed
model sensu Fry 1992, fixed factor = environment,
random factor = population, nested factor = genotype).

The second set of analyses was carried out to com-
pare the morphologies of the corals transplanted into
each environment with the resident corals naturally liv-
ing in those environments. An additional PCA was per-
formed on the genotype means (log transformed) of
both the transplanted and the resident corals using the
five traits that had been quantified on both groups: CA,
CLA, ISA, CS, and BD. The log-transformed scores
from thefirst three principal components were analyzed
with two-way ANOVA (fixed-factor 1 = environment,
fixed-factor 2 = population). In this analysis the pop-
ulation factor consisted of three levels, including the
resident corals and the transplanted corals from each
of the two source populations, and was considered a
fixed factor because the resident level was specifically
chosen to determine whether the transplants adopted
the morphology of their resident conspecifics.

Reaction norms are a graphic portrayal of the mean
response of individual genotypes to the environment,
and allow a visual comparison of magnitudes and pat-
terns of plasticity to be made among genotypes and
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populations (Stearns 1989). The environment can con-
sist of two or morelevels of asingle manipulated factor
aswould be controlled in alaboratory experiment (con-
tinuous environments), or two or more natural envi-
ronments known to differ in a number of factors (dis-
crete environments), as is usually the case in a field
transplant experiment (Via et al. 1995). In the present
study, reaction norms were plotted for both the original
measured traits and for the first three principal com-
ponents. For the measured traits CLA, SL, and ISA,
reaction norms were plotted as proportions of corallite
size, asthisis likely to be more biologically important
than their absol ute size (Patterson 1992). In all reaction
norms, the four environmental treatments are plotted
in an arbitrary order and do not represent a single en-
vironmental gradient (Table 1).

Transplant growth and survival

The growth (linear extension and skeletal accretion)
and survival of the transplanted corals were measured
as estimates of fitness. In colonial corals, growth is
closely linked to fecundity because the reproductive
capability of modular organisms increases with living
surface area (Connell 1973, Hughes 1989). Further-
more, larger colony size decreases the risk of whole-
colony mortality (Hughes and Jackson 1985, Hughes
and Connell 1987). Therefore, growth rate is likely to
be an important component determining overall colony
fitness (Jackson 1979, Hughes and Jackson 1985).

Linear extension was determined by measuring the
length of each branch, before and after transplantation.
Skeletal accretion was quantified as an increase in dry
skeletal mass using the buoyant weighing technique
(Davies 1989). At the end of the transplant period, both
measures of skeletal growth were normalized to surface
area of living tissue as determined with the methylene
blue dye method (described in Hoegh-Guldberg 1988).
Colony survival was measured by scoring each coral
as alive or dead at the completion of the transplant
period.

DNA fingerprinting

Because Madracis mirabilis can reproduce asexually
through fragmentation (Bak and Criens 1981, Highs-
mith 1982), DNA fingerprints of the genotypes used in
the transplant experiment were prepared to ensure that
all 10 genotypes were genetically distinct (Jeffreys et
al. 1985a). Animal DNA was extracted by crushing a
branch of each genotype in 2 mL of ice-cold guana-
dinium hydrochloride buffer (8 mol/L GHCL, 0.1
mol/L sodium acetate, 5 mmol/L dithiothreitol, 0.5%
N-lauryl sarcosine) and storing the resulting slurry at
4°C. The samples were cleaned with SS phenol/chlo-
roform/isoamyl alcohol (25:24:1), followed by a chlo-
roform/isoamyl alcohol (24:1) cleaning. DNA wasthen
precipitated by adding 7.5 mol/L ammonium acetate
and ice-cold isopropanol and chilling to —20°C over-
night. DNA sampleswere dissolved in TrissEDTA buff-
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er to 1 ng/pL, treated with RNase, digested with Hae
111, and separated on two agarose gels for 16 h at 30
V. The DNA was then transferred to nylon membranes
by southern blotting.

Membranes were probed with the oligonucleotide
GTG;, which was 3'-end-labeled with DIG-ddUTP
(Genius System, Boehringer, Mannheim, Germany).
Membranes were hybridized for 6 h at 38°C and de-
tected with chemiluminescence. The migration distance
of resolvable bands between 1.6 and 10.0 kb (kilobase)
was measured from autoradiograms. For quantitative
analysis, bands were assigned to bins that were cal-
culated from the error in estimating band size (after
Gibbs et al. 1991) and the resulting banding patterns
were used for comparisons among genotypes. Previous
experiments have demonstrated that these methods can
produce banding patterns from coral host DNA that are
repeatable for a single colony and are not confounded
by the DNA of the symbiont zooxanthellae (P J. Ed-
munds, unpublished data).

RESULTS
Natural morphological variation

MANOVA revealed that the multivariate morphol-
ogy of Madracis mirabilis resident corals varied sig-
nificantly among the four treatment environments
(based on Wilks' \, which was 0.012; F = 6.70; df =
18, 31; P < 0.001). Additionally, ANOVASs found that
four of the six univariate traits varied significantly
(ISA, CS, BD, and BSP), one varied marginally (CLA,
P < 0.075), and one was not significant (CA, Table 2).
For PCA on resident coral genotype means, the first
principal component (PC1) explained 53% of the mul-
tivariate variance and was characterized by high pos-
itive loadings (eigenvectors) for CSand CLA, and high
negative loadings BD and | SA (Table 3). PC2 explained
24% of the variance and was characterized mainly by
positively weighted CA, while PC3 explained 24% of
the variance and was defined by BSP,

Transplant experiment

After transplantation to CPSP the proportion of the
corallite occupied by the columella decreased, while
the SL and I SA (proportional to corallite size) increased
(Fig. 3). This resulted in the CPSP corallites adopting
amuch more porous or open corallite morphology sim-
ilar to that of the resident corals (Fig. 1D). CS de-
creased in the lagoon environments (CP10 and CPSP),
while BD increased in CPSP (Fig. 3). In the PCA of
transplanted corals, PC1 explained 50% of the variance
and was defined by high positive loadings for |SA and
SL, and negative loadings for CS and CLA (Table 3).
PC2 explained 22% of the variance and was charac-
terized mainly by positively weighted CA and CLA,
and PC3 was defined mainly by BD, which was weight-
ed negatively (refer to Table 3 for eigenvalues and ei-
genvectors). ANOVA of the first three principal com-
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TaBLE 3. Principal components analysis of: five skeletal traits measured on Madracis mirabilis collected from the four
treatment environments (residents), six traits measured after transplantation to the treatment environments (transplants),
and five traits of both transplants and the resident corals in each environment (residents and transplants).

Residents Transplants Residents and transplants
Parameter PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
Eigenvalue 3.18 1.46 0.87 2.99 1.30 0.89 2.37 1.24 0.73
Explained variance (%) 52.99 24.37 14.51 49.85 21.73 14.81 47.36 24.78 14.61
Component loadings
CA -0.04 0.98 0.04 0.65 0.70 0.09 0.49 0.82 -0.22
Cs 092 -0.05 -0.27 -0.73 041 -0.03 —-0.76 0.20 0.24
BD -0.85 0.13 -0.32 044 -021 -0.86 0.69 -0.17 0.70
CLA 0.71 059 -0.37 -0.47 074 -0.35 —-0.55 0.66 0.38
ISA -0.84 0.36 0.25 0.90 0.16 0.05 0.88 0.26 0.02
SL 0.91 0.15 0.11
BSP 0.64 0.15 0.70

Notes: All PCA was performed on log-transformed data. Refer to Fig. 2 for trait abbreviations. Ellipses denote traits not

included in the analysis.

ponents found a significant environmental effect for
PC1 and PC3 but not for PC2 (Table 4), which was
strongly weighted by CA. No significant effect was
detected for the source population or the environment
X population interaction, which is illustrated by the
similarity of reaction norms of the DB10 and CP10
populations (Figs. 3 and 4). The main genotype effect,
however, was highly significant for all three compo-
nents, and there were significant genotype X environ-
ment interactions (G X E) for the first two components,
and marginally significant G X E for PC3 (Table 4).
These effects are demonstrated, respectively, by dif-
ferencesin elevation of reaction norms and by crossing
or discordant reaction norms (e.g., PC2). In the statis-
tical design used in thisanalysis, comparisons are made
among all 10 genotypes. However, further analysis (a
separate ANOVA for each population) found the same
patterns of significant genotype and G X E effects
among the five genotypes within each population (J.
Bruno, unpublished data).

The PCA that included genotype trait means of both
transplanted and resident corals produced three PCs
that had component loadings that were very similar to
those from the other two PCAs (Table 3). The mean
scores of transplants and residents were broadly similar
for PC1 and PC2, but not for PC3 in the CPSP envi-
ronment (Fig. 5). In the two-way ANOVAS used to
analyze these PCs, a significant environment X pop-
ulation interaction indicated that the morphology of the
three populations differed significantly within environ-
ments. Thisinteraction term was not significant for PC1
and PC2, but was highly significant for PC3, which
was heavily weighted by BD (Table 5). The main en-
vironment factor had a highly significant effect on PC1
but not on PC2 (the significance of the two main effects
was not tested in PC3 due to the significant interaction
term; Zar 1996).

Transplant growth and survival

Most of the transplanted corals doubled their dry
skeletal mass and length during the 96-d transplant

period. Neither measure of growth varied significantly
among environments, populations, or genotypes (Fig.
6, Table 6). However, there was a nonsignificant trend
for corals from the DB10 population to extend faster
than those from the CP10 population. There was no
among-genotype variation for linear extension and
skeletal accretion, suggesting that no one genotype
grew faster in all environments than any other geno-
type. There was also no significant G X E for linear
extension and skeletal accretion (Table 6), indicating
that rankings of genotype by growth rates did not vary
across environments. Although the corals in the CP10
environment grew as fast as the corals transplanted to
the other three environments, they experienced more
frequent partial overgrowth by sponges, bryozoans, and
bivalves. The corals transplanted to the forereef that
experienced partial overgrowth were overgrown by
brown algae, especially Dictyota spp. Only 4 branches
(out of 120 branches) experienced whole-colony mor-
tality during the transplant period (2 branches from
each population), all of which had been transplanted
to CP10. Survivorship frequencies were not indepen-
dent of the environmental treatments (chi-square anal-
ysis: x2 = 12.42; df = 3; P < 0.01).

DNA fingerprinting

Scorable banding patterns were successfully pro-
duced from 8 of the 10 transplanted genotypes (four
patterns from each source population). In the finger-
prints from the other two genotypes, the bands were
not well defined and could not be confidently scored.
The eight scorable patterns consisted of 4—15 bands
ranging in size from 1.6 to 10.0 kb. Assigning all scor-
able bands to 12 bins produced 7.1 = 0.9 bands/colony
(mean £ 1 s, Table 7). Banding patterns of a single
colony were reproducible when duplicate sampleswere
run on separate gels (J. Bruno, unpublished data). None
of the eight genotypes that were successfully finger-
printed had matching banding patterns (Table 7). This
result, in addition to the fact that each of the 5 geno-
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Fic. 3. Reaction norms of five traits in response to the environmental treatments. (A) Dairy Bull (DB10) genotypes; (B)
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TABLE 4. Results of three-factor nested ANOVA testing the effects of the treatment envi-
ronment, origin population, and genotype on the first three principal components (PC1-3).

PC1 PC2 PC3

Source df MS F MS F MS F
Environment (E)f 3 17.251 13.996* 3.977 2.254 6.488 13.491*
Population (P)§ 1 5494 2722 0.208 0.065 2554  0.82
Genotype (G)| 8 2.018 6.516%** 3.226 5.339*** 3.115 5.235%**
E X Py 3 1.233 1.727 1.764 1.544 0.481 0.501
E X G| 24 0.714 2.304** 1.143 1.892* 0.96 1.613t

Error 80 0.31 0.604 0.595

Note: PCA was of six traits of transplanted corals. The genotype factor is nested within the
population factor. Refer to Table 3 for component |oadings.

* P < 0.05; ** P < 0.01; *** P < 0.001; t P < 0.075.

I mstested over Mmse,p; 8 MStested over Msg; || Ms tested over MS,.; 1 Ms tested over Msg, .

types sampled within a population were separated by
>25 m, strongly suggests that all 10 genotypes were
genetically unique (Jeffreys et al. 1985b, L ewontin and
Hartl 1991).

DiscussioN

The goals of this study were to determine whether
the polymorphism demonstrated by Madracis mirabilis
is due to phenotypic plasticity, and whether there is

A) DB10 Genotypes

variation in reaction norms among genotypes and be-
tween populations of this species. The results dem-
onstrate numerous morphological changes in response
to transplantation to a new environment as well as sig-
nificant genotype X environment interactions. The phe-
notypic changes of both populations resulted in the
transplants becoming similar to resident conspecifics
in each treatment environment. Analysis of the PCA
results with ANOVA found a significant environmental
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Fic. 4. Reaction norms of the first three principal components (PC1-3) in response to the environmental treatments. The
most heavily loaded traits for each PC are in parentheses. (A) Dairy Bull (DB10) genotypes; (B) Columbus Park (CP10)
genotypes. Values are untransformed means. Refer to Table 1 for a summary of environmental characteristics of each treatment
environment and to Fig. 2 for trait abbreviations. DB10, Dairy Bull at 10 m; DB20, Dairy Bull at 20 m; CP10, Columbus Park

at 10 m; CPSP, Columbus Park Springs at 10 m.



2186

PC1 (CLA, BD, ISA, CS)

PC2 (CA, CLA)

e

LOADING SCORES
<
|

PC3 (BD)

DB10 DB20 CP10 CPSP

ENVIRONMENT

[ resident corals DB10corals B CP10 corals

Fic. 5. Mean scores (=1 sg) for the first three principal
components (PC1-3) of transplanted and resident corals in
the four treatment environments. The most heavily loaded
traits for each PC are in parentheses. DB10, Dairy Bull at 10
m; DB20, Dairy Bull at 20 m; CP10, Columbus Park at 10
m; CPSP, Columbus Park Springs at 10 m.

Table 5.
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Fic. 6. Two measures of growth for the two transplanted
populations in the four treatment environments. Values are
untransformed means and standard errors. ANOVA found no
significant variation among environments or between popu-
lations (Table 6). DB10, Dairy Bull at 10 m; DB20, Dairy
Bull at 20 m; CP10, Columbus Park at 10 m; CPSP, Columbus
Park Springs at 10 m.

effect on PC1, which was defined primarily by corallite
architectural traits including corallite spacing, colu-
mella area, intersepta area, and septa length, and on
PC3, which was defined almost entirely by branch di-
ameter (Tables 3 and 4). These five traits vary signif-
icantly among corals naturally living in the four treat-
ment environments (Table 2). In contrast, the main en-
vironment effect was insignificant for PC2, which was
defined mainly by coralite area, a trait that varies
among corallites on a single branch and among ge-
notypes, but not among environments (Table 2). While

Results of ANOVA testing the effects of the treatment environment and *‘ popul ation”’

(transplanted or resident corals) on the first three principal components (PC1-3) from PCA
of five skeletal characters of both resident and transplanted corals.

PC1 PC2 PC3
Source df MS F MS F MS F
Environment (E) 3 13.836  47.117* 0.798 0.754 2.740
Population (P) 2 0.825 2.811 0.477 0.450 4.139
EXP 6 0.291 0.990 0.806 0.761 2.954 5.722*
Error 48 0.294 1.059 0.516

Note: The purpose of this analysiswasto compare the morphol ogies of the coralstransplanted
into each environment with the resident corals naturally living in those environments. Refer
to Table 3 for component loadings. Significance tests of the two main effectswere not performed
for PC3 due to the significance of the interaction term.

* P < 0.05.
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TABLE 6. Results of three-way nested ANOVA testing the
effects of the treatment environment, origin population, and
genotype on linear extension and skeletal accretion. The
genotype factor is nested within the population factor. All
F ratio tests were nonsignificant (P > 0.05).

Linear Skeletal

extension accretion

Source df MS F MS F
Environment (E)t 3 0.4880 6.5497 0.0674 1.1328
Population (P)+ 1 2.2280 2.3863 0.1296 0.7403
Genotype (G)§ 8 0.9337 1.8155 0.1750 0.2811
E X P| 3 0.0745 0.1354 0.0595 0.6979
E X G§ 24 0.5502 1.0697 0.0853 1.3702

Error 80 0.5143 0.0623

T Mms tested over Msg,p.
F ms tested over msg.

§ Ms tested over MSyqr-
|| Ms tested over Msg,q.

this study did not attempt to determine which environ-
mental factors caused the observed plastic changes,
previous studies suggest that water velocity and irra-
diance are two particularly important factors in deter-
mining coral morphology (Dustan 1975, Grausand Ma-
cintyre 1982, Sebens and Done 1992). Both of these
factors vary among the four treatment environments
used in the present study.

Coral genotype also significantly affected all six
measured traits, demonstrating that both the genotype
and the environment act synergistically to determine
morphology in Madracis mirabilis. This finding may
explain field observations of substantial morphol ogical
variation between neighboring genotypes of M. mirab-
ilis, which appeared to have been experiencing iden-
tical environmental conditions (J. E Bruno, personal
observations). Asthere was no population-level genetic
effect and no population X environment interaction,
the origin of each population had little effect on coral
morphology. This apparent lack of genetic variation
between the experimental populations is further sup-
ported by the similarity of their reaction norms (Fig.
3) and is most likely due to gene flow between them.

Significant genotype X environment interactions for
PC1 (combined corallite traits) and PC2 (corallite area),
and a marginaly significant G X E for PC3 (branch
diameter), indicate among-genotype variation in the di-
rections and/or magnitudes of plastic responses. Such
variation ismost likely due to genetic differences among
the genotypes. However, the significance of the genotype
effect and the G X E effect may also have been influ-
enced by residual effects of the origin environment. This
G X E interaction is illustrated by the reaction norm of
genotype 8, which was qualitatively different than the
other four CP genotypes for both intersepta area and
branch diameter (Figs. 3 and 4). Intraspecific variation
in plasticity among genotypes has also been reported in
the corals Montastraea annularisand Sderastrea sideria
(Foster 1979) and in numerous terrestrial plants and oth-
er organisms (Miller and Fowler 1993, Schmitt 1993).
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TABLE 7. Banding patterns of DNA fingerprints from the
animal DNA of eight aggregations of Madracis mirabilis.

Genotype

Bin(bp) 2 3 4 5 6 7 8 9 Freq.
10000-8920 + 0.125
8919-7956 0.000
79557096 0.000
7095-6329 + + 0.250
6328-5645 0.000
5644-5035 + + 0.250
5034-4491 + + + + + 0.625
4490-4005 + + + + 0.500
4004-3573 + + + + + 0.625
3572-3186 + + + + + + o+ 0.875
31852842 + + + + + + 0.750
2841-2535 + + + + + + 0.750
2534-2261 + + + + + 0.625
2260-2017 + + + +  + 0.625
2016-1799 + + + + + 0.625
1798-1604 + + + + 0.500
Bands: 12 9 6 4 5 7 6 8

Note: Bands were allocated to 1 of 12 bins between 1.6
and 10 kb in size. The number of bands is shown for each
genotype and band frequencies are shown for each bin. Ge-
notypes 2-5 were from the Dairy Bull population (DB10) and
genotypes 6-9 were from the Columbus Park population
(CP10). + = band present.

Although the exact mechanism is not well understood
(Stearns 1989, Via 1993), plasticity itself is thought to
be affected by natural selection (Bradshaw 1965). Thus,
the detection of G X E as in the present study is im-
portant because such genetic variation for plasticity is
necessary for natural selection to act on character re-
action norms (Via and Lande 1985, Scheiner 1993, Via
et al. 1995).

A comparison of the multivariate morphology of the
transplanted and the resident coralsindicated that many
of the phenotypic changes resulted in the transplants
becoming morphologically similar to resident conspe-
cifics in each treatment environment. These findings
together with the uniformity of reaction norms between
the transplanted populations suggest that phenotypic
plasticity in this species is not random, but instead is
a predictable response to a single or a suite of envi-
ronmental factors. The similarity of PC1 among the
transplanted and resident corals is apparent in Fig. 5.
This figure also suggests that the significant population
X environment term for PC3 is mainly due to a dif-
ference between transplants and residents in branch
diameter in the CPSP environment. Although this trait
was plastic (Table 4, Figs. 3 and 4) and displayed an
increase in 5 of the 10 genotypes transplanted to CPSP
(Fig. 4), it had not changed enough during the 96-d
transplant period to reach the diameter of the resident
conspecifics.

A number of studies have investigated the functional
significance of skeletal morphology in corals, including
its effect on zooplanktivory (Helmuth and Sebens
1993), mass transfer (Patterson 1992), muscular at-
tachment (Brown et al. 1983), sediment rejection (Hub-
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bard and Pocock 1972), and susceptibility to fragmen-
tation (Highsmith 1982). While plasticity can be ben-
eficial, neutral, and even detrimental (Bradshaw 1965),
there is some experimental evidence that morpholog-
ical plasticity in Madracis mirabilis could be ecolog-
ically advantageous (Bruno 1995). For example, in M.
mirabilis branch spacing is inversely related to branch
diameter (Tables 2 and 3) and to water velocity (Table
1; Bruno 1995, Sebens et al. 1997), as it is in other
coral species (e.g., Lesser et al. 1994). Previous lab-
oratory flume studies have demonstrated that branch
spacing and flow can interact to affect both the feeding
efficiency (Sebens et al. 1997) and respiration rate of
M. mirabilis (Bruno 1995). In low-flow conditions, in-
creased branch spacing resultsin higher respiration and
particle capture rates (Bruno 1995, Sebens et al. 1997),
whilein high-flow conditions decreased branch spacing
increases feeding efficiency (Sebens et al. 1997).
Therefore, the phenotype appears to ‘*match’ local en-
vironmental conditionsin away that laboratory studies
and biomechanical theory (e.g., Patterson 1992) predict
would be beneficial. The results of the fitness estimates
of the transplanted corals are concordant with these
predictions: corals from both populations were able to
maintain similar growth rates and experienced a rela-
tively high survivorship in four very different envi-
ronments (Table 6, Fig. 6). In other words, they dis-
played flat fitness reaction norms characteristic of gen-
eralist genotypes (Schlichting and Pigliucci 1995).
Thus, phenotypic plasticity could facilitate the wide
distribution of M. mirabilis (Schindler 1985) through
the convergence of skeletal morphology to that of the
local conspecifics. However, a more direct experimen-
tal approach would be necessary to determine unequiv-
ocally whether plasticity in M. mirabilis is beneficial.
For example, short-term fitness estimates could be
made on corals of various morphologies transplanted
into different environments before and after the plastic
changes induced by transplantation (e.g., Schmitt et al.
1995, Dudley and Schmitt 1996).

A better understanding of phenotypic plasticity
might help resolve a number of long-standing problems
in coral biology. One exampleiscoral taxonomy, which
has long been plagued by confusion arising from poly-
morphisms of the characteristics used to distinguish
species (Ayre et al. 1991). Experimental taxonomy,
where transplant experiments are used to determine the
effect of the environment on coral morphology, could
help to unambiguously distinguish closely related spe-
cies. The large amount of morphological variation seen
in Madracis mirabilis exemplifies this problem (Schin-
dler 1985, Fenner 1993). The discrete separation of
each morphotype could be mistaken as an indication
that M. mirabilis is composed of a complex of sibling
species (sensu Knowlton 1993), without the evidence
of plasticity from this study which suggests otherwise.
The use of reaction normsto examine how traits change
in response to environmental factors provides a valu-
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able tool to better understand the functional morphol-
ogy of polymorphic skeletal characteristics in corals
and other clonal organisms. Investigations of plasticity
may also aid in our understanding of how coral pop-
ulations might respond to anthropogenic disturbances
that are currently degrading many reefs (Grigg and Dol-
lar 1990, Grigg 1993).

The results of this study demonstrate that arelatively
long-lived, sessile organism employing both sexual and
asexual reproduction can display substantial phenotyp-
ic plasticity and that reaction norms can vary signifi-
cantly among clones. Such plasticity is likely to be an
important component of the life history strategies of
clonal populations, alleviating the negative effects of
low genetic variation (Bradshaw 1965, Schlichting
1986). Morphological plasticity might also enable clon-
al species (and individual clonesthemselves) to occupy
abroad range of habitats and allow those that are sessile
to adapt to temporal changes in their environment.
Therefore, investigations of phenotypic plasticity in
predominantly asexual clonal taxa that have not pre-
viously received such attention could prove invaluable
in providing insight into their evolution, speciation,
population dynamics, and survival strategies in het-
erogeneous environments.
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