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Abstract. The structure of Caribbean coral reef communities has been altered by
numerous anthropogenic and natural stressors. Demographic studies of key functional groups
have furthered efforts to describe and understand these changes. Little is known, however,
about the demographics of sponges on coral reefs, despite their abundance and the important
functions they perform (e.g., increased habitat complexity, water filtration). We have
monitored permanent plots on reefs off Key Largo, Florida, USA, to study the demography of
a particularly important species, the giant barrel sponge, Xestospongia muta. From 2000 to
2006, population densities of X. muta significantly increased at sites on Conch Reef by a mean
of 46% (range¼16–108%) and on Pickles Reef by a mean of 33%. In 2006, densities of X. muta
on Conch Reef ranged from 0.134 to 0.277 sponges/m2, and mean sponge volume was 1488
cm3/m2, with the largest size class of sponges constituting 75% of the total volume. Increased
population density resulted from a significant increase in the number of sponges in the smallest
size class. Recruit survival did not significantly change through time; however, a significant
interaction between season and year on recruitment suggests that large recruitment pulses
are driving population increases. Mean yearly recruitment rates ranged from 0.011 to 0.025
recruits�m�2�yr�1, with pulses as high as 0.036 recruits/m2.

To explore the demographic processes behind the population increase and determine future
population growth of X. muta under present reef conditions, a stage-based matrix modeling
approach was used. Variable recruitment pulses and mortality events were hypothesized to be
large determinants of the demographic patterns observed for X. muta. Elasticity and life table
response analysis revealed that survival of individuals in the largest size class has the greatest
effect on population growth. Projections indicate that populations of X. muta will continue to
increase under present conditions; however population growth may be negatively affected by
continued mortality of the largest individuals from a recently described pathogenic syndrome.

Key words: demography; Florida Keys, USA; giant barrel sponge; invertebrate; matrix model;
population dynamics; Porifera; Xestospongia muta.

INTRODUCTION

Coral reefs are dynamic ecosystems, with high

biodiversity maintained by periodic natural disturbances

(Connell 1978). In recent decades, however, the distur-

bance regime has been altered by anthropogenic

influences of climate change, overfishing, eutrophica-

tion, and diseases (Halpern et al. 2008). The result has

been significant changes in coral reef community

structure and dynamics, particularly in the Caribbean

(Gardner et al. 2003, Norström et al. 2009). Since the

1970s, populations of the historically dominant Carib-

bean framework-building coral, Acropora spp., have

declined to threatened status (Precht et al. 2004, Federal

Register 2006); in the 1980s, there was mass mortality of

the herbivorous sea urchin Diadema antillarum (Lessios

et al. 1984); and over the past several decades,

populations of fish and other large consumers have

been substantially reduced (Roberts 1995, Jackson et al.

2001). A better understanding of community dynamics

on coral reefs has come from studies of groups that

perform critical functional roles (e.g., reef-building

corals, herbivorous fish; Bellwood et al. 2004). In this

regard, studies of coral reef sponges have been notably

lacking, especially considering their abundance and

diversity on Caribbean coral reefs (Targett and Schmahl

1984, Suchanek et al. 1985).

Sponges filter large amounts of water, providing an

important link in benthic–pelagic coupling (Southwell et

al. 2008). Sponges also serve as habitat for numerous

reef organisms (Henkel and Pawlik 2005), they are

dominant competitors within the benthic community

(Suchanek et al. 1985), and they harbor diverse

assemblages of bacteria that can take part in nitrification

and carbon fixation (Southwell et al. 2008). Surveys have

provided distribution and abundance information for

sponges on coral reefs (e.g., Targett and Schmahl 1984,

Wilkinson 1987), but studies describing their population
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dynamics have been limited (e.g., Reiswig 1973, Cropper

et al. 2001). In particular, demographic studies that
evaluate both the structure and dynamics of coral reef

sponge populations have been lacking. Similar studies
have provided insight into the underlying dynamics of

changing coral populations (e.g., Hughes 1984, Hughes
and Tanner 2000, Edmunds and Elahi 2007).

We have monitored the demographics of the giant
barrel sponge Xestospongia muta since 1997 at sites off
Key Largo, Florida, USA, to study this important coral

reef species. Xestospongia muta is a conspicuous and
abundant component of reef communities at depths

greater than 10 m throughout the Caribbean (Buettner
1996). Individual sponges can reach .1 m in height and

diameter and live for hundreds to thousands of years
(McMurray et al. 2008). Populations of this species

occupy .9% of the available reef substrate on some
Caribbean reefs (Zea 1993), where the biomass of this

species, and its seawater-filtering capacity, exceeds that
of any other benthic invertebrate (Southwell et al. 2008).

The Florida Keys reef tract was designated as a
National Marine Sanctuary in 1990. As in the broader

Caribbean, reefs in the Florida Keys have experienced
dramatic reductions in coral cover since the 1980s

(Gardner et al. 2003). More recently, mean coral cover
has continued to decrease (from ;12% in 1996 to 6% in

2006); the cover of macroalgae and octocorals has
fluctuated (mean cover in 2006 was ;10% and 12%,

respectively), while sponge cover has remained at ;2%

along the Florida Keys reef tract since 1996 (Callahan et
al. 2007). The purpose of this study was to investigate

the temporal and spatial demographic patterns of X.
muta populations off Key Largo, Florida. Despite the

reported stability of sponge cover along the Keys reef
tract, our findings demonstrate that populations of X.

muta on Pickles and Conch Reefs are remarkably
dynamic.

METHODS

Study sites and monitoring

Populations of X. muta were studied at permanent 16
m diameter circular plots on Conch Reef (2485605900 N;
8082701300 W) and Pickles Reef (2485901600 N; 8082403900

W), Key Largo, Florida, as part of a long-term
monitoring program begun in 1997. On Conch Reef,

the Aquarius habitat was used as a diving platform to
establish three plots at 15, 20, and 30 m depth (CR15,

CR20, and CR30, respectively), and at Pickles Reef,
three plots were established at 15 m depth (PR15).

Within each plot, each sponge was mapped and given a
unique stainless steel tag attached with a plastic cable tie

to a masonry nail driven into the limestone substratum
next to the base of the sponge. Starting in the spring of

2000, monitoring was conducted twice per year at all
plots. Due to inclement weather, surveys were not

conducted in the fall of 2000 and the spring of 2004.
During each survey, new recruits were identified and

tagged and the fate of each sponge was assessed.

Additionally, each sponge was photographed with a

digital camera from above and in profile. A slate was

photographed in each digital image, held parallel to the

central axis of each sponge in side images and parallel to

the plane of the top of the osculum in top images, with

the slate displaying the unique tag number of each

sponge and a 16-cm scale marker. The analyses

presented herein are for data from 2000 to 2006,

corresponding to the period for which digital images

were available.

Demographic modeling

Stage-classified matrix models in the form n(t þ 1) ¼
An(t) were used to examine the population dynamics of

X. muta, where A is a population projection matrix that

gives the transitions of individuals between stages

through the processes of growth, shrinkage, or partial

mortality, and the vector n(t) describes the number of

individuals in each stage at time t (Caswell 2001). To

investigate spatial and temporal demographic patterns,

the study was divided into two equal time periods and

matrices were constructed for each location (CR15,

CR20, CR30, PR15) for the periods 2000–2003 and

2003–2006. Transition probabilities and stage-specific

mortality rates were calculated from sponge fates over

each interval. A full factorial analysis was not complet-

ed due to the limited number of transitions at low-

density sites. Therefore, to investigate temporal changes

in the overall dynamics of the Conch Reef population

over each time interval, summary matrices, A(00–03) and

A(03–06), were constructed. Transition probabilities for

each time interval were calculated from a data set of

pooled transitions over the three depths on Conch Reef.

Similarly, site summary matrices, A(CR15), A(CR20),

A(CR30), and A(PR15) were constructed to investigate

spatial patterns by pooling transitions over the two time

intervals for each site. The population parameters k and

q and elasticities were calculated for each matrix using

PopTools 2.7.5 (Hood 2006). The dominant eigenvalue,

k, describes the population growth rate and the

damping ratio (k1/jk2j), q, describes the rate of conver-

gence to the stable stage distribution. Elasticity is the

proportional effect of perturbations of transition

probabilities on population growth rate (Caswell

2001). Because X. muta has larvae that disperse in the

plankton (López-Legentil and Pawlik 2009), we mod-

eled an open system by omitting fecundities from the

projection matrix. In addition, unlike some sponge

species, X. muta has not been observed to reproduce

asexually. Excluding reproduction from the matrix, k
describes the rate of decline of a population over time

and is less than 1 (Hughes 1984).

Sponges were assigned to one of six categories based on

sponge volume or stage: base, size class I (�143.13 cm3),

size class II (.143.13 cm3 but �1077.13 cm3), size class

III (.1077.13 cm3 but �5666.32 cm3), size class IV

(.5666.32 cm3 but �17 383.97 cm3), and size class V

(.17 393.97 cm3). Size classes were chosen to encom-
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pass the range of sponge sizes found in the population

while minimizing sample and distribution errors

(Caswell 2001). Size was used as a state variable

because the indeterminate growth and partial mortality

of X. muta may decouple age from size (McMurray et

al. 2008). Sponge volume was estimated from osculum

diameter measurements at the start and end of each

three-year interval (Appendix A). The equation used to

calculate sponge (sp) volume from osculum diameter

was determined to be: Vsp ¼ 28.514 3 osculum

diameter2.1 (P , 0.001, R2 ¼ 0.901). To determine

percent cover of X. muta at the study sites, the base

diameter of each sponge at each interval was estimated

from osculum diameter measurements using the equa-

tion: base diameter ¼ 4.834 3 osculum diameter0.624 (P

, 0.001, R2 ¼ 0.835; Appendix A).

The typical morphology of X. muta is cylindrical;

however the base stage results from partial mortality

and usually consists of a thin ring of multi-oscule

remnants having a variable morphology (Appendix B).

The volume of this stage is hard to quantify, yet it is an

important part of the life history of X. muta. Remnants

are observed to grow and fuse, with a reduction of

oscules, and may eventually restore a cylindrical-like

morphology. Therefore, any sponge with a remnant-like

morphology was classified as a base. Sponges in any size

class have the potential of contributing to this stage after

partial mortality. Likewise, a base may contribute to any

one of the five size classes, depending on the size of the

resulting sponge after remnant fusion.

Life table response analyses were conducted to

determine the contribution each vital rate had to

differences in k across temporal and spatial scales

(Appendix C). To examine the population-level effect

of conditions experienced by the Conch Reef population

over the 2000–2003 and 2003–2006 time intervals,

projections of A(00–03) and A(03–06) were conducted

(Caswell 2001). Projections of A(CR15), A(CR20), A(CR30),

and A
(PR15) were similarly completed to examine

population-level differences between sites (Appendix

D). Population vectors in 2000, describing the initial

population structure of Conch Reef or at each site, were

used to multiply matrices for each projection. Using a

three-year projection interval, each matrix was projected

over 51 years. Four projections were completed for A(00–03)

and A(03–06). For the first projection, recruitment was

assumed to be zero so that the depletion of the

population could be examined. Next, we examined the

role of observed recruitment on population growth by

adding a recruitment vector, r, to the population vector

at each projection interval (Hughes 1984). For each time

interval, 2000–2003 and 2003–2006, the number of

sponges that recruited to the population and survived

to the end of the interval served as r. The final two

projections examined the demographic role of mortality

and the potential of recruitment to regulate population

size. To examine the demographic role of mortality, we

projected differing matrices, A(00–03) and A
(03–06), with

the same recruitment vector, r(00–03). To examine the

potential of recruitment to regulate population size, the

same matrix, A(00–03), was projected under the differing

recruitment regimes, r(00–03) and r(03–06) (Hughes 1990).

Data analysis

Sponge density from 2000 to 2006 was compared

among years and between sites with repeated-measures

ANOVA. Because density was not expected to signifi-

cantly vary between consecutive twice-yearly censuses,

density data from the spring of each year were used; site

was the between-subjects factor and year was the within-

subjects factor. Post hoc multiple comparisons were

conducted with a Bonferroni procedure. The assumption

of sphericity was tested with Mauchly’s test for all

repeated-measures ANOVAs. If violated, the degrees of

freedom were corrected using Greenhouse-Geisser esti-

mates of sphericity.

Log-linear models were used to test for temporal and

spatial differences in the number of individuals in each

stage (Sokal and Rohlf 1995). Analyses were based on a

three-way contingency table with the response variable

state, S (six stages), and explanatory variables time, T

(three years), and location, L (four sites). The null

hypothesis, the model TL, S, describes state as

independent of time and location. Both marginal and

conditional analyses were used in hierarchical model

comparisons.

Sponge mortality from 2001 to 2006 was compared

between sites, years, and seasons using the Scheirer-Ray-

Hare extension of the Kruskal-Wallis test (Sokal and

Rohlf 1995). The same test was used to compare

recruitment between sites, years, and seasons. Incom-

plete data from 2004 were omitted from analyses. Post

hoc multiple comparisons were completed with the

simultaneous test procedure (STP; Sokal and Rohlf

1995). The survivorship of annual cohorts of recruits

from 2001 to 2006 was compared with the log rank (LR)

test (Pyke and Thompson 1986).

The effects of time and location on sponge transitions

were examined with log-linear models. Analyses were

based on a four-way contingency table with the response

variable fate, F, (six stages þ mortality). The null

hypothesis STL, FS was used to examine the indepen-

dence of sponge fate, conditional upon initial state, S,

from the factors time, T, and location, L (Caswell 2001).

Four-way tables were then decomposed into three-way

contingency tables for each state. Log-linear models

were similarly used to examine the effects of time and

location on sponge fate for each state.

Randomization tests were used to determine whether

population growth rate and the damping ratio differed

between time intervals or locations (Appendix E).

Bootstrap calculations were used to generate 95%

confidence intervals for the population parameters

(Appendix E). Analyses were conducted with SPSS

(version 14.0.0 for Windows; SPSS, Chicago Illinois,

USA).
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RESULTS

The number of sponges at all study sites significantly

increased through time (F¼30.448, df¼1.441, 11.529, P

, 0.001; Fig. 1). Over six years, mean sponge density

increased 16%, 49%, 108%, and 33% at the Conch Reef

15-, 20-, and 30-m sites and the Pickles Reef 15-m site,

respectively. Considering all depths on Conch Reef

collectively, mean sponge density increased 46%. Sponge

density also significantly differed between sites (F ¼
9.544, df¼3, 8, P¼0.005; Fig. 1). Post hoc tests revealed

that both the CR20 and PR15 sites had significantly

greater sponge densities compared to the CR30 site. The

densities of sponges at CR15, CR20, CR30, and PR15 in

spring 2000 were 0.148 6 0.022, 0.186 6 0.047, 0.065 6

0.038, and 0.191 6 0.021 sponges/m2 (mean 6 SD),

respectively, compared to fall 2006 densities of 0.171 6

0.045, 0.277 6 0.035, 0.134 6 0.074, and 0.254 6 0.017

sponges/m2.

As the density of sponges increased, the size–

frequency distributions significantly changed (Fig. 2;

Appendix F). The Conch Reef population and all sites

individually became increasingly dominated by smaller

sponges. For Conch Reef, the number of individuals in

each stage, with the exception of size class III and the

base stage, increased through time; however, size class I

experienced the largest increase in sponges (Table 1).

The number of sponges in size class I on Conch Reef

increased by 30 sponges (130%) from 2000 to 2003 and

47 sponges (89%) from 2003 to 2006. In general, size

classes I and II observed greater increases than size

classes IV and V for Conch Reef and all sites (Table 1).

Size–frequency distributions also significantly differed

between sites (Appendix F).

The total number of recruits over each time interval

increased over 2003–2006 for all sites on Conch Reef. A

total of 191 recruits were recorded from the fall of 2000

to the fall of 2006 on Conch Reef; of these, 70 recruited

FIG. 1. Mean density of the giant barrel sponge, Xestospongia muta, at different depths at sites on Conch and Pickles Reefs,
Key Largo, Florida, USA, from May 2000 to November 2006. Also plotted is the mean density over all sites on Conch Reef.

FIG. 2. Size–frequency distributions of Xestospongia muta over all sites on Conch Reef in 2000, 2003, and 2006. Sponges were
assigned to one of six stages based on volume or stage: base (see Appendix B), size class I (�143.13 cm3), size class II (.143.13 cm3

but �1077.13 cm3), size class III (.1077.13 cm3 but �5666.32 cm3), size class IV (.5666.32 cm3 but �17 383.97 cm3), and size class
V (.17 393.97 cm3).
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from the fall of 2000 to the spring of 2003 while 100

recruited from the fall of 2003 to the spring of 2006 and

21 recruited in the fall of 2006. At Pickles Reef, 70 total

recruits were observed from the fall of 2000 to the fall of

2006, with 34 and 30 recruiting in the first and second

time intervals, respectively. Recruitment was significant-

ly different between sites (H¼ 14.556, df¼ 3, P¼ 0.002;

Appendix G). The STP post hoc tests revealed that

CR15 experienced significantly less recruitment com-

pared to CR20. The yearly recruitment of sponges at

CR15, CR20, CR30, and PR15 was 0.011 6 0.010, 0.025

6 0.010, 0.017 6 0.016, and 0.018 6 0.008 re-

cruits�m�2�yr�1, respectively. Recruitment was generally

greater over the summer compared to the winter, but

was temporally variable, with very low or no recruit-

ment for some sites over a given season and occasional

large recruitment pulses (significant year 3 season

interaction, H ¼ 22.021, df ¼ 4, P ¼ 0.0002; Appendix

G). The largest pulse (0.028 6 0.006 recruits/m2)

occurred over the winter of 2004 at CR20.

Survival was found to be similar for annual cohorts of

recruits at all sites on Conch Reef (LR¼4.07, df¼4, P¼
0.42; Appendix G). Additionally, survival was similar

between sites, with 16.7%, 17.6%, 18%, and 21.4%

mortality observed for all new sponges throughout the

study for CR15, CR20, CR30, and PR15, respectively.

Recruits had the greatest chance of mortality in their

first year and survival increased over time. Age-specific

mortality rates for 1-, 2-, 3-, 4-, and 5-year-old recruits

on Conch Reef were 10%, 5.9%, 6.2%, 4.8%, and 0%,

respectively. For all sites on Conch Reef, 90% of the

sponges that recruited from 2000 to 2003 survived to

2003 while 95% of the recruits from 2003 to 2006

survived to 2006. In addition, the number of sponges

that recruited and survived to the end of each three-year

interval increased for all sites except for PR15. At

Pickles Reef, 31 sponges recruited from 2000 to 2003

and survived to 2003 while 28 sponges recruited from

2003 to 2006 and survived to 2006. For all sites at Conch

Reef there was a .50% increase in the number of

sponges that recruited and survived over the two

intervals: 63 new recruits survived to 2003 while 95

new recruits survived to 2006.

Mortality did not differ between years (H¼ 5.332, df

¼ 4, P ¼ 0.255), seasons (H ¼ 0.300, df ¼ 1, P ¼
0.5839), or sites (H ¼ 3.042, df ¼ 3, P ¼ 0.385;

Appendix H). Mortality was generally low and

variable, ranging from 0.004 6 0.004 to 0.01 6 0.009

sponges�m�2�yr�1 on Conch Reef. A relatively large

mortality event occurred over the summer of 2005

when a mean of 0.02 sponges/m2 died at CR20 due to a

pathogenic condition (Cowart et al. 2006). The yearly

mortality rates at CR15, CR20, CR30, and PR15 were

0.007 6 0.005, 0.01 6 0.008, 0.005 6 0.004, and 0.001

6 0.008 sponges�m�2�yr�1, respectively.

Transition matrices

For the Conch Reef summary matrices, A(00–03) and

A
(03–06), a total of 239 sponges were tracked from 2000

to 2003 and 280 sponges were tracked from 2003 to

2006. The number of sponges that survived and

remained in a particular size class (stasis) was generally

greater for larger size classes compared to smaller size

classes (Table 1). Sponge mortality was generally

greatest for size class I and the base stage (Table 1).

For the 2003–2006 matrix, mortality of the largest size

classes was also relatively high, with 14% and 18%

mortality for size classes IV and V, respectively. Sponge

growth generally followed an inverse relationship with

sponge size (Table 1). Sponges in the base stage grew

and contributed to all size classes, but not all transitions

were observed in a given three-year interval. Sponge

shrinkage was variable and sponges from size classes II

through V were observed to shrink to the next smallest

size class. Partial mortality into the base stage occurred

for size classes II through V at levels ranging from 0% to

5% over a given three-year interval (Table 1). Transi-

tions for the site summary matrices followed similar

TABLE 1. Summary matrices A
(00–03) and A

(03–06) for 2000–2003 and 2003–2006, respectively, for the giant barrel sponge,
Xestospongia muta on Conch Reef, Key Largo, Florida, USA.

Stage/size class
or statistic

Stage or size class (2000–2003) Stage or size class (2003–2006)

Base I II III IV V Base I II III IV V

Base 0.697 0 0.053 0.018 0.024 0 0.655 0 0.021 0.04 0.04 0.02
I 0.03 0.391 0 0 0 0 0.069 0.472 0.021 0 0 0
II 0.03 0.348 0.526 0.073 0 0 0.034 0.283 0.521 0.04 0 0
III 0.03 0 0.342 0.582 0.024 0 0 0 0.354 0.52 0.04 0
IV 0.061 0 0 0.291 0.714 0.042 0.034 0 0 0.32 0.56 0.02
V 0 0 0 0 0.19 0.875 0.034 0 0 0 0.22 0.78

qx 0.152 0.261 0.079 0.036 0.048 0.083 0.172 0.245 0.083 0.08 0.14 0.18

n 33 23 38 55 42 48 29 53 48 50 50 50

Notes: Values are transition probabilities calculated by pooling transitions over all sites on Conch Reef. Zeroes indicate that
there is a zero probability for a given stage to transition to the stage in question. The damping ratio, q, for the 2000–2003 Conch
Reef is 1.155 (CI¼ 1.060, 1.317) and for 2003–2006 Conch Reef is 1.175 (CI¼ 1.027, 1.351). The dominant eigenvalue describing
the rate of population depletion, k, for the 2000–2003 Conch Reef is 0.923 (CI¼ 0.852, 0.974) and for 2003–2006 Conch Reef is
0.836 (CI ¼ 0.756, 0.894). Other statistical abbreviations are: qx, stage-specific mortality rate; n, sample size.
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patterns to those described for A(00–03) and A(03–06), but

were more variable (Appendix I).

Given the size–frequency distributions among sites

and years, transition probabilities were not significantly

different between sites or time intervals. When each

stage was tested separately, the independence of sponge

fate from time and location remained for each stage with

the exception of size class II, whose fate significantly

varied between sites (v2 ¼ 24.04, df ¼ 12, P ¼ 0.02). No

mortality of size class II sponges was found at the 20-m

Conch Reef site.

The rate of population depletion, k, for the Conch

Reef summary matrices was determined to be 0.923 for

A(00–03) and 0.836 for A(03–06) (Table 1). Comparison of

these rates indicated that population decline accelerated

over the second time interval by 9.4%. Randomization

tests revealed that this difference was not significant (P¼
0.069). The damping ratio for A(00–03) and A(03–06) did

not significantly change over time (P ¼ 0.841; Table 1).

Spatially, there was a direct relationship between k and

q and depth on Conch Reef, with the deepest site having

the slowest rate of depletion and fastest rate of

convergence to the stable stage distribution (Appendix

I).

Elasticities of the Conch Reef summary matrices

indicated that the stasis of the largest size class (V) has

the greatest proportional influence on k (Appendix J). In

general, for a given stage, transitions into smaller stages

(shrinkage) had smaller elasticities compared to transi-

tions of growth and stasis. To compare the proportional

contribution of each stage to k, total elasticity was

calculated by summing the elasticities for each stage

(Appendix J). Total elasticities indicate that the largest

size class has the greatest influence on k. Total

elasticities decreased with decreasing sponge size for

both time intervals (Appendix J).

A life table response analysis was performed to

identify the transitions that had the greatest influence

on the decrease of k over time for A(00–03) and A(03–06)

and to identify the transitions responsible for differences

in k between A
(CR15), A

(CR20), A
(CR30), and A

(PR15)

(Appendix C). For comparison of A(00–03) and A
(03–06),

sponges in the largest size classes that, instead of dying,

suffered partial mortality and transitioned to the base

stage contributed positively to population growth (Table

2). However, the largest contributions were due to the

mortality of sponges in the largest two size classes,

which largely contributed to the accelerated population

decline over the two time intervals (Table 2). Similarly,

transitions of the largest size classes contributed the

most to observed differences in k between sites

(Appendix C).

Projections indicated that the Conch Reef population

behaved differently over the two time intervals. As

TABLE 2. Contributions of transitions to the accelerated population decline of the giant barrel
sponge, Xestospongia muta, from 2000–2003 to 2003–2006 on Conch Reef.

Stage or
size class

Stage or size class

Base I II III IV V

Base �0.0029 0.0000 �0.0006 0.0009 0.0025 0.0138
I 0.0030 0.0007 0.0005 0.0000 0.0000 0.0000
II 0.0005 �0.0008 �0.0002 �0.0020 0.0000 0.0000
III �0.0030 0.0000 0.0003 �0.0036 0.0036 0.0000
IV �0.0021 0.0000 0.0000 0.0013 �0.0273 �0.0171
V 0.0023 0.0000 0.0000 0.0000 0.0043 �0.0623

Notes:Negative values indicate transitions that contributed to accelerated population decline
and positive values indicate transitions that slowed population decline. The summation of all
contributions approximates the observed difference in population growth rate, k(00–03) �
k(03–06), over the matrices compared (A(00–03) and A(03–06)). Boldface values indicate
contributions greater than 60.01.

FIG. 3. Projections of the Conch Reef summary matrices
A(00–03) and A(03–06) over 51 years (A) without recruitment of
Xestospongia muta to observe the rate of population decline and
(B) with the addition of a recruitment vector, r, at each iteration
to observe the importance of recruitment on population
growth: r(00–03) ¼ 43 size class I, 15 size class II, 3 size class
III, and 2 base stage; r(03–06)¼72 size class I and 23 size class II.
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expected from the dominant eigenvalues, k, of A(00–03)

and A(03–06), the rate of population depletion accelerated

over 2003–2006 compared to 2000–2003 (Fig. 3A).

Without recruitment, the population would be effective-

ly depleted in 195 years under 2000–2003 conditions and

90 years under the conditions experienced over 2003–

2006. Of the 63 surviving recruits over the 2000–2003

interval, 43 were in size class I, 15 were in size class II, 3

were in size class III, and 2 were in the base stage when

measured in 2003. Of the 95 surviving recruits over the

2003–2006 interval, 72 and 23 were in size classes I and

II, respectively, in 2006. These figures served as r(00–03)

and r
(03–06) for subsequent projections of A

(00–03) and

A(03–06), respectively. The population increased with the

addition of recruitment under the conditions of both

intervals (Fig. 3B). In addition, the larger input of

recruits over 2003–2006 offset the accelerated rate of

population depletion for this interval and the population

was found to increase faster compared to projection of

A
(00–03) with added recruitment. The projected popula-

tion structure of A(03–06) was found to become

increasingly positively skewed through time (Appendix

D). Projections of the site summary matrices indicate

that populations behaved differently over spatial scales

(Appendix D).

Results of the life table response analysis indicated

that there was a population-level effect of increased

mortality of size class V over 2003–2006. Projections of

A(00–03) and A(03–06) with the same recruitment vector,

r
(03–06), allowed for comparison of population growth

under different mortality regimes. Initial population

growth rate and asymptotic population size was found

to be greater under conditions of A
(00–03) (Fig. 4). In

addition, the distributions of sponges in each size class

differed after 51 years; A(00–03) conditions resulted in a

negatively skewed distribution, while conditions under

A(03–06) resulted in higher abundances of smaller size

classes (Fig. 4). Projections of the same matrix, A(00–03),

with different recruitment vectors, r(00–03) and r(03–06),

allowed for comparison of population growth under

different recruitment regimes. The initial population

growth rate and asymptotic population size was found

to be greater under conditions of r(03–06) (Fig. 5).

DISCUSSION

Populations of X. muta on Pickles and Conch Reefs

are remarkably dynamic. At both reef sites and at the

three depths studied, populations of X. muta significant-

ly increased over a six-year period. In addition,

projections indicate that the Conch Reef population is

increasing at a faster rate (Fig. 3B). The faster rate of

population increase over 2003–2006 compared to 2000–

2003 is the result of a combined effect of increases in

both recruitment and recruit survival. These findings

FIG. 4. Resulting population structure of Xestospongia muta after 51-year projections of A(00–03) and A(03–06) with addition of
the same recruitment vector, r(00–03). Projections demonstrate the effect of contrasting mortality regimes (2000–2003 compared to
2003–2006) on population size and the distribution of sponges in each size class.

FIG. 5. Projections of A(00–03) over 99 years with addition
of r(00–03) and r

(03–06). Projections demonstrate regulation of the
population size of Xestospongia muta by recruitment.
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contrast those for reef-building corals, for which

recruitment failure has played a large role in population

declines (Hughes and Tanner 2000). Additionally, a

significant season 3 year effect on sponge recruitment

rate suggests that variability over short temporal scales

is important. Because adult sponge survival is relatively

high, the effects of recruitment pulses are ‘‘stored’’ in the

population and limit declines during low-recruitment

years (Warner and Chesson 1985).

Mortality and size transitions of X. muta did not

change through time; however, even a small, statistically

insignificant increase in mortality of the largest individ-

uals was found to have a dramatic population-level

effect. Accelerated decline of the standing population at

Conch Reef over 2003–2006 compared to 2000–2003 is

attributed to increased mortality of sponges in the

largest size classes (Table 2). In 2005, mortality of many

of the largest sponges at CR20 resulted from a

pathogenic condition termed sponge orange band

(SOB; Cowart et al. 2006). After symptoms of SOB

appeared, most sponges died within six weeks. Because

of the rapid pace of the syndrome, it is likely that the

high mortality of large sponges observed at other sites

over 2003–2006 was attributable to SOB. Interestingly,

in his sponge population study on Jamaican reefs,

Reiswig (1973) described a similar disease that predom-

inantly affected large individuals of the massive sponge

Mycale sp. Because water filtration increases with

sponge size, large sponges may have a greater chance

of contacting potential pathogens in the water column

compared to small sponges. Alternatively, the rapid

mortality of affected sponges may bias observations in

favor of larger sponges.

Stochastic variations in both mortality and recruit-

ment appear to be important determinants of popula-

tion dynamics for X. muta. While population increases

were observed over both study intervals, analyses of the

summary matrices for Conch Reef indicate that the

underlying demographics of these increases have

changed. Compared to 2000–2003, the standing popu-

lation declined at a faster rate over 2003–2006, but the

number of sponges that recruited and survived was

greater over the latter period, resulting in greater

increases than those observed over 2000–2003 (Fig.

3A, B). Therefore, increases over 2000–2003 resulted

from relatively low mortality and recruitment, while

there was greater turnover in the population over 2003–

2006 due to both higher mortality and recruitment.

While sponge density increased throughout this study,

both percentage cover and volume of X. muta did not

significantly change (Appendix A). This is due to the

proportionally high contribution of the largest sponges

to these metrics. Increases of percent cover and volume

through the processes of growth and recruitment were

largely negated by mortality of size class IV and V

individuals over the 2003–2006 interval. These findings

further illustrate the limitations of metrics that ignore

size structure in describing the underlying dynamics of

populations (Hughes and Tanner 2000).

Density, cover, and volume of X. muta were found to

be greatest at 20-m depth and lowest at 30-m depth on

Conch Reef. This is in agreement with Schmahl (1985),

who found X. muta abundance increased with depth to

20 m, the maximum depth surveyed, on reefs in the

upper Florida Keys. Our density and volume estimates

of 0.17 sponges/m2 and 1.3 L/m2, respectively, at 15-m

depth on Conch Reef are in close agreement with

findings by Southwell et al. (2008), who reported density

and volume estimates of X. muta to be 0.20 sponges/m2

and 2.33 L/m2 at approximately the same depth on

Conch Reef. Percent cover of X. muta in this study was

lower than that on reefs off St. Croix (0.47% cover at

20–24 m depth; Targett and Schmahl 1984) and

Colombia (0.82% on 12–20 m deep reef terrace and

9.82% cover on 30–36 m deep reef base; Zea 1993).

Sponge abundance and distribution may be affected

by a number of factors, including competition, preda-

tion, sedimentation, ultraviolet light, wave surge and

hurricanes, disease, and nutrition. Post-settlement pro-

cesses are likely to influence population structure, but

fail to explain the temporal and bathymetric patterns

observed on Conch Reef. Recruit and adult survival was

similar among both temporal and spatial scales and

independent of sponge density, suggesting that larval

supply and settlement may be important determinants of

population structure (Mariani et al. 2000).

The temporal increases of X. muta on Conch Reef

indicate that the population is limited by recruitment, as

is true for other benthic invertebrate species (Caley et al.

1996). In addition, projections of the same matrix under

different recruitment regimes demonstrated the potential

of recruitment to regulate population size (Fig. 5). This

occurs because the per capita recruitment rate decreases

with increasing population density, becoming effectively

density dependent (Hughes 1990, Caley et al. 1996).

Survival of immediate post-settlement stages may also

be important, as the time from settlement to observable

size is unknown (Keough and Downes 1982). The

fecundity of source populations as well as biotic and

abiotic processes acting on larval stages significantly

influence recruitment for broadcast-spawning coral

species (Hughes et al. 2000).

If pre-settlement processes have a predominant effect

on population structure, recruitment patterns should

also correlate with adult populations over spatial scales.

Recruitment at CR20 and PR15 support this pattern:

both sites supported the highest population densities

and highest recruitment rates. However, recruitment

rates failed to fully explain population densities at CR15

and CR30. It is unclear why there was an inverse

relationship between recruitment and density for CR15

and CR30. Because of the long lifespan of X. muta,

stochastic variation in mortality may obscure the

relationship between recruitment and population size

and the low density at CR30 may be an artifact of an

February 2010 567DEMOGRAPHY OF XESTOSPONGIA MUTA



historical mortality event (Caley et al. 1996). This

hypothesis is supported by changes that were found to

occur when recruitment is fixed and mortality is

variable; population size was found to be larger under

2000–2003 conditions when both Conch Reef summary

matrices were projected with the same recruitment

vector (Fig. 4). The population level difference in the

two matrices resulted from increased mortality of large

individuals over 2003–2006. Alternatively, recruitment

patterns may vary temporally among the spatial scales

examined by this study (Caley et al. 1996). For example,

the size–frequency distribution at CR30 in 2000 is

deficient in size class I sponges compared to 2006

(Appendix F). This suggests that recruitment rates prior

to this study may have differed with the rates currently

observed. Populations of long-lived species such as X.

muta are the product of many past recruitment events

(Warner and Chesson 1985). Therefore, ultimate eluci-

dation of the relationship between recruitment and

population size will require monitoring over longer

temporal scales or finer-scale population genetic tech-

niques.

Ultimately, population dynamics and structure are

likely governed by variation in the frequency and

intensity of biotic and physical disturbances that act

on both the pre- and post-settlement phases of the life

history of X. muta. Variation in the scales and types of

disturbances of reef communities has similarly been

found to largely explain population dynamics of reef-

building corals (Connell et al. 1997). In addition to the

analysis in the present study, data from our longest

running plots (two plots established in 1997 and spring

of 1998, respectively) at our 15-m site provide important

historical insights. Specifically, a large mortality event

(loss of 0.032 6 0.011 sponges/m2) was observed to

coincide with Hurricane Georges in the fall of 1998, and

in the subsequent year, a large pulse of recruitment was

observed (increase of 0.036 6 0.014 sponges/m2).

Under current conditions, projections indicate popu-

lations of X. muta will continue to increase, which may

have both positive and negative implications for the

Florida coral reef community. Populations may provide

increased habitat for numerous fish and benthic

invertebrates (Diaz and Rützler 2001). In addition, the

large size of X. muta offers an important source of reef

habitat complexity (Buettner 1996). Sponges can filter

large volumes of water and thus influence the coupling

of water column and benthic processes on coral reefs

(Southwell et al. 2008). This filtration ability can

influence water clarity (Peterson et al. 2006) and may

indirectly effect coral and algal populations that are

dependent on light availability. Because of its high

abundance and large biomass in some communities, X.

muta may play a particularly important role in the

reminiralization of organic matter and nitrification

(Southwell et al. 2008). As discussed by Southwell et

al. (2008), the release of high concentrations of dissolved

inorganic nitrogen from sponges may alter community

structure. Finally, it has been shown that a population

increase of one species, coincident with a decrease in the

abundance of a dominant species, can result in a shift in

community structure to a new state over relatively short

temporal scales. On coral reefs, these ‘‘phase shifts’’

generally result from a decrease in the abundance of

reef-building corals and an increase in the abundance of

fast-growing opportunistic species (e.g., macroalgae,

encrusting sponges; Norström et al. 2009). Decreases

in the abundance of reef-building corals have occurred

throughout the Florida Keys reef tract, but it remains to

be seen whether a phase shift may occur as the result of

population increases of slower-growing, longer-lived

species such as X. muta.

While populations of X. muta are increasing, popu-

lation growth may ultimately be negatively affected by

continued mortality of the largest individuals. Elasticity

analyses showed that changes in the mortality rates of

the largest individuals have the greatest potential to

negatively affect population growth. This potential was

further confirmed by life table response analyses, as a

small increase in the mortality of the largest individuals

contributed greatly to the accelerated decline of the

standing population over 2000–2003 to 2003–2006. The

largest sponges account for significant portions of

overall population biomass and substratum occupation.

In addition, because of their slow growth, it may take

over 100 years for a recruit to reach the size of the

largest sponges measured in this study (McMurray et al.

2008). Large sponges also constitute the largest propor-

tion of reproductive potential as the source of new

recruits to downstream populations along the Florida

Reef tract. Because of their abundance and importance,

there is a need for increased conservation of large X.

muta for effective management of this species (McMur-

ray and Pawlik 2009).

Evidence suggests that anthropogenic and natural

disturbances of sponge populations are increasing and

that these disturbances can have long-term ecosystem-

level effects (Butler et al. 1995). Diseases affecting coral

reef sponges have been observed more frequently over

the last decade (Webster 2007), including one targeting

X. muta (Cowart et al. 2006). In addition, X. muta is

particularly vulnerable to damage and mortality from

vessel groundings and marine debris (Schmahl 1999,

Chiappone et al. 2005). Finally, on a broader scale,

populations of X. muta may be negatively affected by

increasing seawater temperatures (López-Legentil et al.

2008) and increases in the frequency and intensity of

hurricanes predicted by global climate change. The

demographic data on X. muta provided by this study

may be helpful in detecting anthropogenic influences on

coral reefs in future comparative analyses.
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APPENDIX A

Additional methods and results of percent cover and volume determinations (Ecological Archives E091-040-A1).

APPENDIX B

Digital images depicting the transition of the base stage (Ecological Archives E091-040-A2).

APPENDIX C

Additional methods of life table response analysis and results for site summary matrices (Ecological Archives E091-040-A3).

APPENDIX D

A figure depicting the projected population structure under the conditions of A(03–06); and projections of the site summary

matrices A(CR15), A(CR20), A(CR30), and A(PR15) (Ecological Archives E091-040-A4).

APPENDIX E

Additional methods of randomization tests and bootstrap calculations (Ecological Archives E091-040-A5).

APPENDIX F

Size–frequency distributions at each site in 2000, 2003, and 2006; and results of log-linear analysis of Conch Reef size–frequency
data (Ecological Archives E091-040-A6).

APPENDIX G

A figure depicting recruitment over time at study sites and a figure depicting the survival of yearly cohorts (Ecological Archives
E091-040-A7).

APPENDIX H

A figure depicting mean mortality over time at the study sites (Ecological Archives E091-040-A8).

APPENDIX I

Site summary matrices A(CR15), A(CR20), A(CR30), and A(PR15) and additional results (Ecological Archives E091-040-A9).

APPENDIX J

Elasticity matrices of the Conch Reef summary matrices A(00–03) and A(03–06) and a figure depicting total elasticity for each size
class (Ecological Archives E091-040-A10).
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