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Figure 2.2: Study Site at Dean Creek on Sapelo Island, Georgia (a) and Cannon’s Point Preserve 

on St. Simon’s Island, Georgia (b). Each point represents an experimental plot (L = low mussel 

suitability, M = medium mussel suitability, and H = high mussel suitability). At each 

experimental plot, ribbed mussel growth, recruitment, and predation experiments were 

conducted. 
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Figure 2.3: Timeline of ribbed mussel experiments and environmental parameter measurements 

between February 2020 and January 2021. Growth experiment measured mussel growth rates in 

mm/day over three months, predation experiments measured probability of predation and blue 

crab abundance, and recruitment experiment measured number of recruits per month. Water 

quality referred to temperature, salinity, dissolved oxygen, and pH. Food availability referred to 

particulate organic matter, bacteria, and chlorophyll a. Site characteristics referred to mussel 

densities, crab burrow densities, cordgrass densities, and canopy height. 
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Figure 2.4:  Mussel growth rates (mm/day) ± 95% CI for individual effects for site (a), season 

(b), predicted mussel density (mussels/0.25m2; c), and length (mm; d) with all other factors held 

constant. n= 452 observations at 30 growth cages over three seasons. 
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Figure 2.5: Mussel condition index (Unitless)± 95% CI for individual effects for site (a), season 

(b), and length (mm; c) with all other factors held constant. n= 452 observations at 30 growth 

cages over three seasons. 
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Figure 2.6: Bacteria concentration (individuals/uL; a) and chlorophyll a concentration (ug/L; b)  

±95% CI for individual effects for predicted mussel density (mussels/0.25m2) with all other 

factors held constant. n=90 observations at 30 plots over 3 seasons. 
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Figure 2.7: Average temperatures (0C; a) and average daily maximum temperature (0C; b)  ±95% 

CI for individual effects for predicted mussel density (mussels/0.25m2) with all other factors held 

constant. n=50 observations at 30 plots over 3 seasons. 
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Figure 2.8: Probability of mussel predation (mm/day) ± 95% CI for individual effects for season 

(a), length (mm; b), and predicted mussel density (mussels/0.25m2; c)with all other factors held 

constant. n=709 observations from 30 plots over 5 experiments. 
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Figure 2.9: Number of blue crabs (individuals per trap) ± 95% CI for individual effects for 

season (a) and site (mm; b) with all other factors held constant. n=136 observations from 30 plots 

over 5 experiments. 

a 
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Figure 2.10: Ribbed mussel recruitment (mussels per season) ±95%CI for individual effects for 

predicted mussel density (mussels/0.25m2) with all other factors held constant. n=90 

observations at 30 recruitment collectors over three seasons. 
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Figure 2.11: Ribbed mussel density (individuals/0.25m2; a), cordgrass density 

(individuals/0.25m2; b), crab burrow density (individuals/0.25m2; c), and cordgrass canopy 

height (mm; d)  ±95% CI for individual effects for predicted mussel density (mussels/0.25m2) 

with all other factors held constant. n=120 observations at 30 plots over four seasons. 

 

 

 

 

 

a 

c 

b 

d 



 69 

REFERENCES 

 
 

 

Altieri, A. H., B. R. Silliman, and M. D. Bertness. 2007. Hierarchical organization via a 

facilitation cascade in intertidal cordgrass bed communities. American Naturalist 

169:195-206. 

Angelini, C., J. N. Griffin, J. van de Koppel, L. P. M. Lamers, A. J. P. Smolders, M. Derksen-

Hooijberg, T. van der Heide, and B. R. Silliman. 2016. A keystone mutualism underpins 

resilience of a coastal ecosystem to drought. Nature Communications 7:8. 

Angelini, C., T. van der Heide, J. N. Griffin, J. P. Morton, M. Derksen-Hooijberg, L. P. M. 

Lamers, A. J. P. Smolders, and B. R. Silliman. 2015. Foundation species' overlap 

enhances biodiversity and multifunctionality from the patch to landscape scale in 

southeastern United States salt marshes. Proceedings of the Royal Society B-Biological 

Sciences 282:9. 

Arar, E. J., and G. B. Collins. 1997. In vitro determination of chlorophyll a and pheophytin a in 

marine and freshwater algae by fluorescence. Pages 1-22, Washington, DC: United States 

Environmental Protection Agency, Office of Research and Development, National 

Exposure Research Laboratory. 

Armstrong, F. A. J. 1958. Inorganic suspended matter in seawater. Journal of Marine Research 

17:23-34. 

Armsworth, P. R. 2002. Recruitment limitation, population regulation, and larval connectivity in 

reef fish metapopulations. Ecology 83:1092-1104. 

Batary, P., and A. Baldi. 2004. Evidence of an edge effect on avian nest success. Conservation 

Biology 18:389-400. 

Bateman, B. L., J. VanDerWal, S. E. Williams, and C. N. Johnson. 2012. Biotic interactions 

influence the projected distribution of a specialist mammal under climate change. 

Diversity and Distributions 18:861-872. 

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting Linear Mixed-Effects Models 

Using lme4. Journal of Statistical Software 67:1-48. 

Bertness, M. D. 1984. Ribbed mussels and spartina-alterniflora production in a new england salt-

marsh. Ecology 65:1794-1807. 

Bilkovic, D. M., M. M. Mitchell, R. E. Isdell, M. Schliep, and A. R. Smyth. 2017. Mutualism 

between ribbed mussels and cordgrass enhances salt marsh nitrogen removal. Ecosphere 

8. 

Bishop, M. J., and C. H. Peterson. 2006. Direct effects of physical stress can be counteracted by 

indirect benefits: Oyster growth on a tidal elevation gradient. Oecologia 147:426-433. 

Blanco, A., A. R. Larrinaga, J. M. Neto, J. Troncoso, G. Mendez, P. Dominguez-Lapido, A. 

Ovejero, L. Pereira, T. M. Mouga, R. Gaspar, B. Martinez, M. F. L. Lemos, and C. 

Olabarria. 2021. Spotting intruders: Species distribution models for managing invasive 

intertidal macroalgae. Journal of Environmental Management 281. 

Breaux, A., S. Farber, and J. Day. 1995. Using natural coastal wetlands systems for waste-water 

treatment - an economic benefit analysis. Journal of Environmental Management 44:285-

291. 



 70 

Carroll, J. M., B. T. Furman, L. J. Jackson, E. A. Hunter, and B. J. Peterson. 2019. Propagule 

risk in a marine foundation species: Seascape effects on Zostera marina seed predation. 

Journal of Ecology 107:1982-1994. 

Carroll, J. M., J. P. Marion, and C. M. Finelli. 2015. A field test of the effects of mesopredators 

and landscape setting on juvenile oyster, Crassostrea virginica, consumption on intertidal 

reefs. Marine Biology 162:993-1003. 

Chmura, G. L., S. C. Anisfeld, D. R. Cahoon, and J. C. Lynch. 2003. Global carbon sequestration 

in tidal, saline wetland soils. Global Biogeochemical Cycles 17. 

Connell, J. H. 1972. Community Interactions on Marine Rocky Intertidal Shores. Annual Review 

of Ecology and Systematics 3 (1972):169-192. 

Connell, J. H. 1985. he consequences of variation in initial settlement vs. post-settlement 

mortality in rocky intertidal communities. Journal of Experimental Marine Biology and 

Ecology 93(1-2):11-45. 

Crotty, S. M., and C. Angelini. 2020. Geomorphology and Species Interactions Control 

Facilitation Cascades in a Salt Marsh Ecosystem. Current biology : CB. 

Crotty, S. M., C. Ortals, T. M. Pettengill, L. M. Shi, M. Olabarrieta, M. A. Joyce, A. H. Altieri, 

E. Morrison, T. S. Bianchi, C. Craft, M. D. Bertness, and C. Angelini. 2020. Sea-level 

rise and the emergence of a keystone grazer alter the geomorphic evolution and ecology 

of southeast US salt marshes. Proceedings of the National Academy of Sciences of the 

United States of America 117:17891-17902. 

Davenport, J., and X. G. Chen. 1987. A comparison of methods for the assessment of condition 

in the mussel (mytilus-edulis-l). Journal of Molluscan Studies 53:293-297. 

Denwood, M. 2021. Interface Utilities, Model Templates, Parallel Computing Methods and 

Additional Distributions for MCMC Models in JAGS. 

Derksen-Hooijberg, M., C. Angelini, L. P. M. Lamers, A. Borst, A. Smolders, J. R. H. Hoogveld, 

H. de Paoli, J. van de Koppel, B. R. Silliman, and T. van der Heide. 2018. Mutualistic 

interactions amplify saltmarsh restoration success. Journal of Applied Ecology 55:405-

414. 

Doherty, P. J., and D. M. Williams. 1988. The replenishment of coral-reef fish populations. 

Oceanography and Marine Biology 26:487-551. 

Eckman, J. E. 1983. HYDRODYNAMIC PROCESSES AFFECTING BENTHIC recruitment. 

Limnology and Oceanography 28:241-257. 

Elith, J., and J. R. Leathwick. 2009. Species Distribution Models: Ecological Explanation and 

Prediction Across Space and Time. Annual Review of Ecology Evolution and 

Systematics 40:677-697. 

Fitz, H. C., and R. G. Wiegert. 1991. Utilization of the intertidal zone of a salt-marsh by the 

blue-crab callinectes-sapidus - density, return frequency, and feeding-habits. Marine 

Ecology Progress Series 76:249-260. 

Fodrie, F. J., A. B. Rodriguez, C. J. Baillie, M. C. Brodeur, S. E. Coleman, R. K. Gittman, D. A. 

Keller, M. D. Kenworthy, A. K. Poray, J. T. Ridge, E. J. Theuerkauf, and N. L. Lindquist. 

2014. Classic paradigms in a novel environment: inserting food web and productivity 

lessons from rocky shores and saltmarshes into biogenic reef restoration. Journal of 

Applied Ecology 51:1314-1325. 

Fong, A., N. V. Davila, and G. M. Lopez-Iborra. 2015. Amphibian Hotspots and Conservation 

Priorities in Eastern Cuba Identified by Species Distribution Modeling. Biotropica 

47:119-127. 



 71 

Franz, D. R. 1996. Size and age at first reproduction of the ribbed mussel Geukensia demissa 

(Dillwyn) in relation to shore level in a New York salt marsh. Journal of Experimental 

Marine Biology and Ecology 205:1-13. 

Franz, D. R. 2001. Recruitment, survivorship, and age structure of a New York ribbed mussel 

population (Geukensia demissa) in relation to shore level - A nine year study. Estuaries 

24:319-327. 

French, J. R., and D. R. Stoddart. 1992. Hydrodynamics of salt-marsh creek systems - 

implications for marsh morphological development and material exchange. Earth Surface 

Processes and Landforms 17:235-252. 

Gatza, E., F. Hammes, and E. Prest. 2013. Assessing Water Quality with the BD Accuri™ C6 

Flow Cytometer[White Paper]. BD Biosciences. 

Geiger, S. P., S. P. Stephenson, and W. S. Arnold. 2010. Protracted recruitment in the bay 

scallop argopecten irradians in a west florida estuary. Journal of Shellfish Research 

29:809-817. 

Gelman, A., X. L. Meng, and H. Stern. 1996. Posterior predictive assessment of model fitness 

via realized discrepancies. Statistica Sinica 6:733-760. 

Gosnell, J. S., K. Spurgin, and E. A. Levine. 2017. Caged oysters still get scared: Predator 

presence and density influence growth in oysters, but only at very close ranges. Marine 

Ecology Progress Series 568:111-122. 

Heffernan, P. B., and R. L. Walker. 1989. Gametogenic cycles of three bivalves in Wassaw 

Sound, Georgia. 3. Geukensia demissa (Dillwyn, 1817). Journal of Shellfish Research 

8:327-334. 

Hijams, R. J. 2020. raster: Geographic Data Analysis and Modeling. R package version 3.4-5. 

Hillard, R., and K. Walters. 2009. Prevalence, patterns, and effects of shell damage on Geukensia 

demissa in South Carolina estuarine habitats. Marine Biology 156:2149-2160. 

Hladik, C., J. Schalles, and M. Alber. 2013. Salt marsh elevation and habitat mapping using 

hyperspectral and LIDAR data. Remote Sensing of Environment 139:318-330. 

Honig, A., J. Supan, and M. La Peyre. 2015. Population ecology of the gulf ribbed mussel across 

a salinity gradient: recruitment, growth and density. Ecosphere 6. 

Huang, S. C., D. A. Kreeger, and R. I. E. Newell. 2003. Tidal and seasonal variations in the 

quantity and composition of seston in a North American, mid-Atlantic saltmarsh. 

Estuarine Coastal and Shelf Science 56:547-560. 

Hughes, R. N., and R. Seed. 1981. Size selection of mussels by the blue-crab callinectes-sapidus 

- energy maximizer or time minimizer. Marine Ecology Progress Series 6:83-89. 

Hughes, T. P. 1990. Recruitment limitation, mortality, and population regulation in open systems 

- a case-study. Ecology 71:12-20. 

Hunter, E. A., N. P. Nibbelink, and R. J. Cooper. 2016. Threat predictability influences seaside 

sparrow nest site selection when facing trade-offs from predation and flooding. Animal 

Behaviour 120:135-142. 

Isdell, R. E., D. M. Bilkovic, and C. Hershner. 2018. Shorescape-level factors drive distribution 

and condition of a salt marsh facilitator (Geukensia demissa). Ecosphere 9:16. 

Isdell, R. E., D. M. Bilkovic, and C. Hershner. 2020. Large Projected Population Loss of a Salt 

Marsh Bivalve (Geukensia demissa) from Sea Level Rise. Wetlands 40:1729-1738. 

Jensen, K. T. 1992. Dynamics and growth of the cockle, cerastoderma-edule, on an intertidal 

mud-flat in the danish wadden sea - effects of submersion time and density. Netherlands 

Journal of Sea Research 28:335-345. 



 72 

Jernakoff, P., and P. G. Fairweather. 1985. An experimental-analysis of interactions among 

several intertidal organisms. Journal of Experimental Marine Biology and Ecology 94:71-

88. 

Johnson, K. D., and D. L. Smee. 2014. Predators influence the tidal distribution of oysters 

(Crassostrea virginica). Marine Biology 161:1557-1564. 

Johnson, M. S., and R. Black. 2008. Effects of contrasting tidal habitats on growth, survivorship 

and dispersal in an intertidal snail. Journal of Experimental Marine Biology and Ecology 

363:96-103. 

Jost, J., and B. Helmuth. 2007. Morphological and ecological determinants of body temperature 

of Geukensia demissa, the Atlantic ribbed mussel, and their effects on mussel mortality. 

Biological Bulletin 213:141-151. 

Julien, A. R., A. W. Tweel, N. Hadley, and P. R. Kingsley-Smith. 2020. DEMOGRAPHICS OF 

the ribbed mussel geukensia demissa (dillwyn, 1817) and the effects of its simulated 

manual harvest on salt marsh health in south carolina, USA. Journal of Shellfish 

Research 39:66-75. 

Julien, A. R., A. W. Tweel, D. J. McGlinn, G. W. Sundin, N. H. Hadley, and P. R. Kingsley-

Smith. 2019. Characterization of ribbed mussel geukensia demissa (dillwyn, 1817) 

habitat in relation to tidal elevation and salinity in a south carolina estuary. Journal of 

Shellfish Research 38:53-61. 

Kaky, E., and F. Gilbert. 2016. Using species distribution models to assess the importance of 

Egypt's protected areas for the conservation of medicinal plants. Journal of Arid 

Environments 135:140-146. 

Kennedy, C. J., and E. B. Barbier. 2016. The economic value of freshwater inputs to an estuarine 

fishery. Water Resources and Economics 13:46-59. 

Knights, A. M. 2012. Spatial variation in body size and reproductive condition of subtidal 

mussels: Considerations for sustainable management. Fisheries Research 113:45-54. 

Kolbe, J. J., and F. J. Janzen. 2002. Spatial and temporal dynamics of turtle nest predation: edge 

effects. Oikos 99:538-544. 

Kreeger, D. A., C. J. Langdon, and R. I. E. Newell. 1988. Utilization of refractory cellulosic 

carbon derived from spartina-alterniflora by the ribbed mussel geukensia-demissa. 

Marine Ecology Progress Series 42:171-179. 

Kreeger, D. A., and R. I. E. Newell. 2001. Seasonal utilization of different seston carbon sources 

by the ribbed mussel, Geukensia demissa (Dillwyn) in a mid-Atlantic salt marsh. Journal 

of Experimental Marine Biology and Ecology 260:71-91. 

Kuenzler, E. J. 1961. Structure and energy flow of a mussel population in a georgia salt marsh. 

Limnology and Oceanography 6:191-204. 

Lamb, E. A., H. M. Leslie, and J. L. Shinen. 2014. Both like it hot? Influence of temperature on 

two co-occurring intertidal barnacles in central Chile. Journal of Experimental Marine 

Biology and Ecology 453:54-61. 

Langdon, C. J., and R. I. E. Newell. 1990. Utilization of detritus and bacteria as food sources by 

2 bivalve suspension-feeders, the oyster crassostrea-virginica and the mussel geukensia-

demissa. Marine Ecology Progress Series 58:299-310. 

Li, S. Z., B. S. Cui, T. Xie, J. H. Bai, Q. Wang, and W. Shi. 2018. What drives the distribution of 

crab burrows in different habitats of intertidal salt marshes, Yellow River Delta, China. 

Ecological Indicators 92:99-106. 



77 

APPENDIX 2: ESTIMATES OF MUSSEL CONDITION INDEX (A) AND SHELL SCARRING (B) MODEL BETA 

PARAMETERS WITH 95% CONFIDENCE INTERVAL AFTER MODEL AVERAGING. Subtidal creek and creek head refer to 

distance from each feature.  

a b 


