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heterogeneity are incorporated then natives may be able
to maintain healthy populations. Our results highlight
the importance of incorporating life history information
in management strategies.

Results from this model show that changes in
heterogeneity are not straightforward with linear pre-
dictions. It is important to consider the degree of
heterogeneity present, and the direction that changes are
required to take place (either to a more homogeneous or
heterogeneous state). Changes in heterogeneity may not
have reversible effects, and may lead to extinction of
local populations, depending on the context of habitat
changes (Table 2). Further, given the level of connec-
tivity among local habitats required to maintain
populations, management strategies should identify
source populations; by managing heterogeneity levels
habitat connectivity can be manipulated indirectly and
establish successful sink populations.

Results from the modeling efforts highlight the
interaction between life histories, habitat connectivity
and the habitat dynamics affecting heterogeneity.
Habitat heterogeneity can change over ecological
timescales from such processes as habitat fragmentation
and destruction, and changes in climate and land use
(Levin et al. 2001, Western 2001, Fahrig 2003, Munguia
and Miller 2008). All these processes have the potential
to drive local species extinctions either as a direct effect
of changes in habitat, or indirectly as a consequence of
the removal of population sources (Tilman et al. 1994).
When treating heterogeneity as a dynamic characteristic
of a region instead of the traditional static parameter,
different community dynamics arise highlighting the
importance of life histories and habitat connectivity in
the maintenance of populations. An important direction
of this work would be to assess how restoration efforts
would work when considering taking a system from a
homogeneous to a heterogeneous series of habitats. This
approach could be crucial in the maintenance of native
species in light of increasing invasion of nonnative
species. It would also be important when considering the
creation of reserves, in particular the location, degree of
heterogeneity, and the types of life histories that are
meant to be preserved (Roberts et al. 2003).

ACKNOWLEDGMENTS

This research was funded through the Environmental
Protection Agency (Grant number: R832448).

LireraTURE CITED

Amarasekare, P. 2003. Competitive coexistence in spatially
structured environments: a synthesis. Ecology Letters
6:1109-1122.

Amarasekare, P., M. F. Hoopes, N. Mouquet, and M.
Holyoak. 2004. Mechanisms of coexistence in competitive
metacommunities. American Naturalist 164:310-326.

Bogden, P. 8., and J. O’'Donnell. 1998. Generalized inverse with
shipboard current measurements: tidal and nontidal flows in
Long Island Sound. Journal of Marine Research 56:995-
1027.

Brown, J. H., and M. V. Lomolino. 1998. Biogeography.
Sinauer Associates, Inc., Sunderland, Massachusetts, USA.

PABLO MUNGUIA ET AL.

Ecological Applications
Vol. 21, No. 3

Byers, J. E. 2005. Marine reserves enhance abundance but not
competitive impacts of a harvested nonindigenous species.
Ecology 86:487-500.

Callaway, R. M., and E. T. Aschehoug. 2000. Invasive plants
versus their new and old neighbors: a mechanism for exotic
invasion. Science 290:521-523.

Connecticut Progress Council. 1995. State of Connecticut: goals
and benchmarks for the year 2000 and beyond. Connecticut
Progress Council, Hartford, Connecticut, USA.

Connell, J. H. 1978. Diversity in tropical rain forests and coral
reefs. Science 199:1302-1310.

Connell, J. H., and R. O. Slatyer. 1977. Mechanisms of
succession in natural communities and their role in commu-
nity stability and organization. American Naturalist
111:1119-1144.

Cottenie, K. 2005. Integrating environmental and spatial
processes in ecological community dynamics. Ecology Letters
8:1175-1182.

Fahrig, L. 2003. Effects of habitat fragmentation on biodiver-
sity. Annual Review of Ecology and Systematics 34:487-515.

Hamilton, J. F. 2005. A coupled hydrodynamic-larval transport
model for assessing source-sink recruitment dynamics in
estuarine habitats. Dissertation. University of Connecticut,
Storrs, Connecticut, USA.

Hobbs, R. J., and L. F. Huenneke. 1992. Disturbance, diversity,
and invasion: implications for conservation. Conservation
Biology 6:324-337.

Holyoak, M., M. A. Leibold, and R. D. Holt, editors. 2005.
Metacommunities. Spatial dynamics and ecological commu-
nities. University of Chicago Press, Chicago, Illinois, USA.

Hubbell, S. P. 2001. The unified neutral theory of biodiversity
and biogeography. Princeton University Press, Princeton,
New Jersey, USA.

Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local
adaptation. Ecology Letters 7:1225-1241.

Leibold, M. A., M. H. M. N. Mouquet, P. Amarasekare, J. M.
Chase, M. F. Hoopes, R. D. Holt, J. B. Shurin, R. Law, D.
Tilman, M. Loreau, and A. Gonzalez. 2004. The metacom-
munity concept: a framework for multi-scale community
ecology. Ecology Letters 7:601—613.

Levin, L. A., R. J. Etter, M. A. Rex, A. . Gooday, C. R. Smith,
J. Pineda, C. T. Stuart, R. R. Hessler, and D. Pawson. 2001.
Environmental influences on regional deep-sea species
diversity. Annual Review of Ecology and Systematics
32:51-93.

Loreau, M., and N. Mouquet. 1999. Immigration and the
maintenance of local species diversity. American Naturalist
154:427-440.

McQuaid, C. D., and T. E. Phillips. 2000. Limited wind-driven
dispersal of intertidal mussel larvae: in situ evidence from the
plankton and the spread of the invasive species Mytilus
galloprovincialis in South Africa. Marine Ecology Progress
Series 201:211-220.

Menge, B. A., and J. P. Sutherland. 1987. Community
regulation: variation in disturbance, competition, and preda-
tion in relation to environmental stress and recruitment.
American Naturalist 130:730-757.

Miller, T. E. 1982. Community diversity and interactions
between the size and frequency of disturbance. American
Naturalist 120:533-536.

Mouquet, N., and M. Loreau. 2003. Community patterns in
source-sink metacommunities. American Naturalist
162:544-557.

Mouquet, N., J. L. Moore, and M. Loreau. 2002. Plant species
richness and community productivity: why the mechanism
that promotes coexistence matters. Ecology Letters 5:56—65.

Mouquet, N., P. Munguia, J. M. Kneitel, and T. E. Miller.
2003. Community assembly time and the relationship
between local and regional species richness. Oikos 103:618—
623.



April 2011

Munguia, P. 2004. Successional patterns on pen shell commu-
nities at local and regional scales. Journal of Animal Ecology
73:64-74.

Munguia, P., C. Mackie, and D. R. Levitan. 2007. The
influence of stage-dependent dispersal on the population
dynamics of three amphipod species. Oecologia 153:533-541.

Munguia, P., and T. Miller. 2008. Habitat destruction and
metacommunity size in pen shell communities. Journal of
Animal Ecology 77:1175-1182.

Osman, R. W. 1977. The establishment and development of a
marine epifaunal community. Ecological Monographs 47:37—
63.

Osman, R. W., P. Munguia, R. B. Whitlatch, J. Hamilton, and
R. Zajac. 2010. Thresholds and multiple community states in
marine fouling communities: integrating natural history with
management strategies. Marine Ecology Progress Series
413:277-289.

Osman, R. W., and R. B. Whitlatch. 1998. Local control of
recruitment in an epifaunal community and the consequences
to colonization processes. Hydrobiologia 375/376:113-123.

Osman, R. W, and R. B. Whitlatch. 2004. The control of the
development of a marine benthic community by predation on
recruits. Journal of Experimental Marine Biology and
Ecology 311:117-145.

Osman, R. W., and R. B. Whitlatch. 2007. Variation in the
ability of Didemnum sp. to invade established communities.
Journal of Experimental Marine Biology and Ecology
342:40-53.

Roberts, C. M., G. Branch, R. H. Bustamante, J. C. Castilla, J.
Dugan, B. S. Halpern, K. D. Lafferty, H. Leslie, J.
Lubchenco, D. McArdle, M. Ruckelshaus, and R. R.
Warner. 2003. Application of ecological criteria in selecting
marine reserves and developing reserve networks. Ecological
Applications 13(Supplement):S$215-8228.

Seabloom, E. W., A. P. Dobson, and D. M. Stoms. 2002.
Extinction rates under nonrandom patterns of habitat loss.
Proceedings of the National Academy of Sciences USA
99:11229-11234.

Shurin, J. B., P. Amarasekare, J. M. Chase, R. D. Holt, M. F.
Hoopes, and M. A. Leibold. 2004. Alternative stable states

HABITAT AND MARINE SESSILE COMMUNITIES

935

and regional community structure. Journal of Theoretical
Biology 227:359-368.

Simberloff, D. 1978. Using island biogeographic distributions
to determine if colonization is stochastic. American Natu-
ralist 112:713-726.

Solan, M., B. J. Cardinale, A. L. Downing, K. A. M.
Engelhardt, J. L. Ruesink, and D. S. Srivastava. 2004.
Extinction and ecosystem function in the marine benthos.
Science 306:1177-1180.

Solan, M., D. G. Raffaelli, D. M. Paterson, P. C. L. White, and
G. J. Pierce. 2006. Marine biodiversity and ecosystem
function: empirical approaches and future research needs—
Introduction. Marine Ecology Progress Series 311:175-178.

Sousa, W. P. 1980. The responses of a community to
disturbance: the importance of successional age and species’
life histories. Oecologia 45:72-81.

State of Connecticut Department of Environmental Protection.
2000. Connecticut coastal management manual State of
Connecticut Department of Environmental Protection,
Hartford, Connecticut, USA.

Thrush, S. F., J. S. Gray, J. E. Hewitt, and K. I. Ugland. 2006.
Predicting the effects of habitat homogenization on marine
biodiversity. Ecological Applications 16:1636-1642.

Tilman, D., R. M. May, C. L. Lehman, and M. A. Nowak.
1994, Habitat destruction and the extinction debt. Nature
371:65-66.

Titus, J. G., et al. 2009. State and local governments plan for
development of most land vulnerable to rising sea level along
the U.S. Atlantic Coast. Environmental Research Letters
4:044008.

Western, D. 2001. Human-modified ecosystems and future
evolution. Proceedings of the National Academy of Sciences
USA 98:5458-5465.

Witman, J. D., S. J. Genovese, J. F. Bruno, J. W. McLaughlin,
and B. L. Pavlin. 2003. Massive prey recruitment and the
control of rocky subtidal communities on large spatial scales.
Ecological Monographs 73:441-462.

Yu, D. W., and H. B. Wilson. 2001. The competition—
colonization trade-off is dead; long live the competition—
colonization trade-off. American Naturalist 158:49-93.



