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Abstract The recent intensification of human distur-

bances in the Caribbean has increased the prevalence of

partial mortality on coral colonies. Partial mortality can

change colony size by directly shrinking colonies or by

splitting colonies into fragments. A reduction in colony

size can also adversely affect fecundity and fitness as

internal resources shift away from reproduction toward

colony maintenance. This study aimed to determine whe-

ther three Caribbean coral species, Siderastrea siderea,

Montastraea faveolata, and Diploria strigosa, along the

reef tract in Puerto Morelos, Mexico (20o520N, 86o510W),

continued to dedicate resources to reproduction when col-

onies were fragmented to pre-maturation size. Contrary to

expectations, eggs were found in colonies that were smaller

than the maturation size and had been subjected to partial

mortality. The continued dedication of resources toward

reproduction, even in the smallest colonies, suggests that

resource trade-offs away from reproduction are not as rigid

as previously suggested in stressed corals.

Introduction

Sexual reproduction is the foundation of coral population

persistence. Without successful reproduction, coral popu-

lations are unable to replenish lost individuals and are

destined for regional extinction. Because coral reproduction

is governed by environmental rhythms that are vulnerable to

stochastic events (van Woesik 2010), reproduction is gen-

erally regarded as the most sensitive life process and is,

ironically, thought to be the last life process to receive

resources (Rinkevich and Loya 1985). The high intensity

and frequency of recent disturbances on Caribbean reefs

have increased the extent of partial coral mortality (van

Woesik and Jordan-Garza 2011). As a result, many coral

populations have become aggregations of small isolated

fragments. Life-history theory suggests that when resources

are limited it is optimal for organisms to invest in only life

functions that are vital to survival (Stearns 1989; Selman

et al. 2012). The application of this theory to coral biology

suggests that colony shrinkage should shift resources away

from reproduction (i.e., gametogenesis) toward colony

maintenance (i.e., lesion repair) and growth (Hughes and

Jackson 1980; Szmant-Froelich 1985; Kojis and Quinn

1985; Van Veghal and Kahmann 1994; Sakai 1998).

Evidence of resource trade-offs has been documented in

corals, with injury causing a reduction in growth (Babcock

1988) and a reduction in fecundity (Kojis and Quinn 1985;

Babcock 1988; Rinkevich and Loya 1985). Okubo et al.

(2007) reported resorption of oocytes in small colony

fragments, whereas Szmant and Gassman (1990) docu-

mented a complete failure of gametogenesis by Montast-

raea annularis following bleaching. Most evidence

suggests that coral maintenance and growth take prece-

dence over coral reproduction (Tomascik and Sander 1987;

Babcock 1988; Harrison and Wallace 1990; Ward 1995;

Fine et al. 2002; Okubo et al. 2007). By contrast, Rinkevich

(1996) suggested that a hierarchical trade-off of resources

does not exist in corals and any slowing of regeneration

rates is a function of the depletion of reserve cells. Inde-

pendent of whether repetitive stressors limit resources, or

deplete reserve cells, the end result is often the same—a
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reduction in fecundity (Stearns 1989; Harrison and Wallace

1990; Rinkevich 1996).

By contrast, there is a general agreement that the onset

of gametogenesis in corals occurs when coral colonies

reach a specific size, rather than a specific age (Sakai

1998). Kojis and Quinn (1985) discovered that if coral

colonies were subjected to partial mortality and were

reduced below a species-specific number of polyps, colo-

nies failed to produce gametes. Szmant-Froelich (1985)

concurred and reported that fragments of M. annularis did

not undergo gametogenesis below their maturation size.

Kai and Sakai (2008) examined two corals in the western

Pacific Ocean, Favites chinensis and Goniastrea aspera,

and noted that the former species switched off gameto-

genesis upon fragmentation below maturation size, but the

latter species maintained gametogenesis. Their results

suggest that age rather than size determined whether polyps

of G. aspera were reproductively active, whereas size

rather than age determined whether F. chinensis was

reproductively active. Colony fragmentation is becoming

increasingly common on Caribbean reefs particularly with

increases in partial mortality that results from local,

regional, and global disturbances (Hughes and Jackson

1980; Hughes et al. 2003). It is important to determine

whether fragmented colonies continue to devote resources

to reproduction after fragmentation, or whether they are

pseudopopulations that are not contributing to population

persistence.

In the present study, we examined the reproductive

activity of three common Caribbean species, Siderastrea

siderea, Montastraea faveolata, and Diploria strigosa,

which had been subjected to partial mortality and had

undergone tissue isolation. A range of such colonies were

examined to test the hypothesis that corals would continue

to invest resources in gametogenesis when reduced below

their maturation size. The presence of gametes in colonies

that were smaller than their maturation size would suggest

the continued investment of resources into reproduction, a

relatively flexible exchange of resources among life pro-

cesses, and age rather than size determined reproductive

activity.

Materials and methods

Field methods

This study examined the fecundity of three Caribbean coral

species, S. siderea, M. faveolata, and D. strigosa, along the

reef tract located off Puerto Morelos, Mexico

(20o52024.9800N, 86o51002.0200W). The sampling protocol

was designed to obtain a population-wide estimate of

fecundity of colonies that had been subjected to partial

mortality prior to sampling, including colonies that were

fragmented to a size below the known size at maturity.

Soong and Lang (1992) showed that *40 % of the D.

strigosa and S. siderea colonies became mature when the

average colony size was between 60 and 250 cm2. By

contrast, M. faveolata delayed maturation until they

reached a size of approximately 100 cm2 (Van Veghal and

Kahmann 1994). Therefore, the size classes (cm2) selected

for the present study for D. strigosa and S. siderea were

\60 cm2, 60–125 cm2, 126–250 cm2, [250 cm2, whereas

the size classes for M. faveolata were \100 cm2,

100–300 cm2, 301–630 cm2, and[630 cm2. Similar to the

protocol adopted by Soong and Lang (1992), we measured

colony size directly in the field by taking maximum length

(l) and width (90� from length) (w) measurements. Colony

area was calculated using the equation for surface area of

an ellipse (surface area = p�l/2�w/2).

On August 1 2009, 40 days prior to observed spawning

(September 10, 2009), 12 colonies were collected, using a

hammer and chisel, from each of the four size classes from

each of the four 3-m stations at Puerto Morelos, Mexico. A

total of 48 colonies were sampled for each species. Two to

three samples were taken from the central region of each

colony, because marginal and apex polyps, generally, have

lower fecundity than central polyps (Soong and Lang 1992;

Sakai 1998). Each sample was placed in an individually

labeled bag, transported back to the laboratory, placed in an

outdoor tank, and kept at 29.5 �C—which was the temper-

ature on the reef at the time of the study—before processing.

Laboratory methods and statistical analyses

The samples were cut and placed in 50-mL Perspex tubes

containing 4 % formaldehyde in seawater solution for 12 h,

and then decalcified using 10 % solution of HCl. The number

of eggs was counted in four intact polyps, from each sample,

using a dissecting microscope. The average number of eggs

per polyp was calculated for each colony sampled, and these

averages were used for statistical analyses. These averages

were used to determine whether there were any differences in

the number of eggs per polyp for the colonies of different

sizes. The data were analyzed using a nonparametric Krus-

kal–Wallis test because the raw data failed tests of normality,

even after transformation attempts. If the Kruskal–Wallis

test was significant, a Tukey–Kramer test was used to

determine which size classes supported a significantly dif-

ferent number of eggs than the other size classes.

Results

For all three coral species, there were no significant dif-

ferences in the number of eggs per polyp among stations,
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and therefore, the data were pooled across stations. There

were, however, significant differences in the average

number of eggs per polyp among different colony sizes of

S. siderea (H3 = 14.58, p = 0.002) (Fig. 1). The smallest

colonies (\60 cm2) had significantly fewer eggs than the

126–250 cm2 colonies, but the smallest colonies supported

a similar number of eggs per polyp as the second and fourth

size classes (60–125 cm2 and [250 cm2 colonies, respec-

tively). Significant differences were also found in the

number of eggs per polyp between the smallest colonies

and all the other colonies of M. faveolata (H3 = 24.29,

p \ 0.0001). The smallest colonies (\100 cm2) supported

significantly fewer eggs than the larger colonies (Fig. 2).

There were no significant differences in the number of eggs

per polyp among different size classes of D. strigosa

(H3 = 3.12, p = 0.374) (Fig. 3). In summary, eggs were

found in all large colonies, and in most of the smallest

colonies that had been subjected to partial mortality and

had shrunk below the species’ maturation size.

Discussion

We hypothesized that the smallest colonies would still

support some eggs. Although not all sampled colonies had

eggs in the smallest size class, 44 % of both D. strigosa and

M. faveolata and 38 % of S. siderea still devoted resources

to the production of eggs in colonies that were smaller than

their size at maturation. We also expected that the largest

colonies would be fully reproductive, because colony

fecundity has been found to increase with colony size for

these species (Szmant-Froelich 1985; Soong 1993; Van

Veghal and Kahmann 1994). Indeed, the largest M. faveo-

lata colonies were fully gravid with eggs (Villinski 2003).

However, the largest colonies of S. siderea had fewer eggs

than the adjacent size class (126–250 cm2). Colonies in the

adjacent, second largest size class were also not fully

gravid, supporting fewer eggs than average (Wyers 1985;

Soong 1993). This reduction in the number of eggs in the
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Fig. 1 The median (± median absolute deviation) number of eggs

per polyp for each size class for S. siderea (n = 48). Letters represent

results from Tukey–Kramer test where size classes with the same
letter were not significantly different from each other (H3 = 14.58,

p = 0.002)
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Fig. 2 The median (± median absolute deviation) number of eggs

per polyp for each size class for M. faveolata (n = 48). Letters
represent results from Tukey–Kramer test where size classes with the

same letter were not significantly different from each other

(H3 = 24.29, p \ 0.0001)
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Fig. 3 The median (± median absolute deviation) number of eggs

per polyp for each size class for D. strigosa (n = 48). There were no

significant differences among size classes (H3 = 3.12, p = 0.374)
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largest colonies was unexpected (Szmant-Froelich 1985;

Soong 1993; Van Veghel and Kahmann 1994). In the

present study, sampled colonies of D. strigosa were not

fully gravid.

The response of colonies to shrinkage, therefore, may be

binary. Some coral species might switch off gametogenesis

in accordance with colony size, whereas other coral species

might maintain gametogenesis irrespective of colony size,

once the colonies reach maturation (Kojis and Quinn 1985;

Kai and Sakai 2008). In theory, a trait that involves the

recognition of colony size would be particularly useful for

coral species that easily and frequently fragment. Because

small colonies are more likely to suffer total mortality than

large colonies (Hughes and Connell 1987), self-size rec-

ognition would have several advantages, particularly if that

process shunted valuable and limited resources away from

gametogenesis and toward growth. Rapid growth of frag-

ments would, in theory, allow fragments to remain in the

small-size, vulnerable ‘window’ for the shortest amount of

time. By contrast, the reduced fecundity in the largest S.

siderea colonies might be a consequence of the loss of

colony integration, compromising gametogenesis (Soong

and Lang 1992). We note that colonies of S. siderea pri-

marily suffer partial mortality on the central parts of colo-

nies, whereas colonies of M. faveolata suffer partial

mortality on the peripheral parts of colonies (Graham and

van Woesik, unpublished data). Central mortality disrupts

colony integration, whereas peripheral mortality simply

reduces the size of the colonies while maintaining integra-

tion. Still, differences in colony integration do not explain

why small S. siderea colonies that had shrunk below the

species’ maturation size still maintained their reproductive

capacity, whereas large colonies showed reduced fecundity.

The present study showed that S. siderea, M. faveolata,

and D. strigosa continued to dedicate resources to repro-

duction even after the colony had shrunk below their size

of maturation. The continuation of growth and reproduc-

tion under stress could be an alternative, and flexible sur-

vival strategy of corals subjected to partial mortality

(Banks 1997). Notably, life-history trade-off theory is

generally thought to explain reductions in growth and

reproductive activity in times of stress. Studies have shown

that species with flexible trade-offs go extinct more rapidly

than species with inflexible trade-offs, especially in

response to habitat destruction (Banks 1997). Similarly,

Leuzinger et al. (2011) showed that when resources were

limited, reproduction received an increase in resource

allocation, but reproduction was terminated beyond a

critical threshold. Inflexible tradeoffs, therefore, may have

both advantages and disadvantages in terms of a species’

fitness. On the one hand, if coral colonies continue to

reproduce while subjected to local stress, which causes

chronic partial mortality and shrinkage, then there is a

chance for the genome to ‘escape’ the local stress via

spawning (Maynard 1978; Jackson 1986; Silvertown

2008). On the other hand, ineffective allocation of

resources may not be a useful survival strategy at the local

level, when maintenance and survival are a priority and any

resources allocated to reproduction may be costly and

therefore compromise the host coral even further. Both

strategies have advantages and disadvantages and are in

need of further investigation. Nevertheless, the present

study revealed that certain coral species may not be as

effective in resource trade-offs as others, resulting in the

continuation of reproduction during times of stress.
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