
 

PATTERNS OF PLANT DIVERSITY IN TWO SALT MARSH REGIONS 

 

------------------------------------------------- 

 

A Thesis 

Presented to the Faculty of the Department of Biology and Biochemistry 

University of Houston 

 

------------------------------------------------- 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science 

 

------------------------------------------------- 

 

By 

Amy Elizabeth Kunza 

August 2006



 ii

 

PATTERNS OF PLANT DIVERSITY IN TWO SALT MARSH REGIONS 

 

 

_______________________________________ 

Amy Elizabeth Kunza 

 

APPROVED: 

 

_______________________________________ 

Dr. Steven C. Pennings, Chairman 

 

_______________________________________ 

Dr. Ricardo Azevedo 

 

_______________________________________ 

Dr. Paul Harcomb- Rice University 

 

_______________________________________ 

Dr. Michael Travisano 

 

_______________________________________ 

Dean, College of Natural Sciences and 

Mathematics 



 iii

ACKNOWLEDGEMENTS 

 

I would like to thank Dr. Ricardo Azevedo, Dr. Paul Harcomb, and Dr. Michael 

Travisano for their helpful suggestions; the Environmental Institute of Houston for 

funding; Nadia Deeb for her help with field work and data entry; the University of 

Georgia Marine Institute on Sapelo Island; Betsy Terrel at the Matagorda Bay Nature 

Preserve; Texas Parks and Wildlife; Wade Sheldon at the GCE-LTER for the map of 

Georgia study sites; Dawn Kaufman for her help with the nestedness analysis and 

interpretation; Sarah J. Wielgus for the use of her biomass-diversity project results in 

Georgia; my friends in the University of Houston Department of Biology and 

Biochemistry for constant support and encouragement.  Most of all, thanks to Dr. 

Steven Pennings for his caring, guidance, and assistance personally and 

professionally throughout my graduate career. 

 



 iv

 

PATTERNS OF PLANT DIVERSITY IN TWO SALT MARSH REGIONS 

 

------------------------------------------------- 

 

An Abstract of a Thesis 

Presented to  

the Faculty of the Department of Biology and Biochemistry 

University of Houston 

 

------------------------------------------------- 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science 

 

------------------------------------------------- 

 

By 

Amy Elizabeth Kunza 

August 2006 



 v

ABSTRACT 

 

 Although ecologists have been interested in explaining the diversity of ecological 

systems for many years, there is still no generally accepted theory to explain what 

determines diversity.  Patterns of diversity are determined by which species are able to 

colonize a particular site and persist in a particular abiotic environment, and by biological 

interactions between species that may expand or contract their range across an abiotic 

gradient.  By examining these patterns we can begin to understand which biotic and 

abiotic mechanisms are important for shaping the overall diversity of a system.  I 

compared the salt marshes of Texas to those of Georgia to determine what differences in 

plant diversity patterns existed between these two systems with similar species pools and 

general abiotic environments.  Both Gulf Coast and Atlantic Coast salt marshes are tidal 

systems and therefore plants must be tolerant to flooding, salinity, and anoxia.  The major 

abiotic difference between the salt marshes of these two regions is the relatively irregular 

schedule and lower amplitude of tides in Texas.  Tidal schedule and amplitude might 

affect plant distribution patterns by creating abiotic conditions that vary over time as 

much or more than over space, thereby altering competitive relationships between plant 

species. 

 I quantified diversity patterns (richness and relative abundance) on transects 

across elevation at 59 salt marsh sites in Georgia and 49 sites in Texas.  Diversity was 

measured at global, regional, site, and plot scales to consider processes occurring at all 

levels.  Species pools were similar between regions.  Texas had greater diversity at the 

site and plot scales, which was primarily due to processes occurring at the site level.  The 
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greater diversity of Texas was partially explained by the fact that Texas marshes had 

more middle marsh (a high diversity zone) and less low marsh (a low diversity zone) than 

Georgia marshes, and by the fact that most species were more widely distributed across 

the marsh landscape in Texas than in Georgia (i.e., zones were less discrete).  Biomass 

data from a subset of plots and sites suggested that high diversity in Texas was not caused 

by lower productivity; instead, Texas marshes had greater standing biomass than Georgia 

marshes.  Irregular flooding of Texas marshes might allow more species to exist in the 

marsh by making abiotic conditions more variable over time, thereby making the 

outcome of competitive interactions less predictable and rapid. 

 This work suggests that Gulf Coast marshes may function differently in some 

ways than Atlantic Coast marshes.  Managers of Gulf Coast marshes should not assume 

that paradigms based on the Atlantic Coast will automatically apply.  In addition, because 

salt marsh diversity is determined by site-scale processes, protection efforts should focus 

on maintaining a range of different marsh types rather than simply maximizing the total 

marsh acreage protected in a region. 
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INTRODUCTION 

 

 Ecologists have long been interested in understanding the mechanisms that 

mediate patterns of biodiversity (MacArthur 1972, Huston 1994, Rosenzweig 1995).  

Despite a great deal of recent attention, both the causes and consequences of biological 

diversity remain controversial (Abrams 1995, Oksanen 1996, Stevens & Carson 2002, 

Chase & Leibold 2002, Rajaniemi 2003).  Diversity is composed of both richness, the 

number of species present, and evenness, the relative abundance of species.  In general, 

richness of a particular area is determined by which species are able to persist, given the 

abiotic conditions, and their particular tolerances to those conditions.  Additionally, biotic 

interactions may either reduce or expand the range of abiotic conditions that a species can 

tolerate (Bertness et al. 1992, Callaway & Walker 1997, Bertness & Hacker 1999).  The 

interaction between biotic and abiotic mechanisms controls which species are present in a 

given environment and how they are distributed, resulting in patterns of diversity.  By 

examining diversity patterns and how they differ among communities, we can begin to 

understand which mechanisms are important for shaping these patterns.   

 One of the more problematic aspects of biodiversity research has involved the 

scale at which a system is studied.  Approaches at different scales have yielded 

dramatically different results (Huston 1999, Mittelbach et al. 2001), stimulating debate 

over whether diversity of a target community is determined by the species pool (Ricklefs 

1987, Zobel 1992, Eriksson 1993, Gough 1994) or by local processes such as competition 

(Grime 1973b, Tilman 1982, see reviews in Crawley 1994, Palmer 1994).  Because the 

species pool sets the upper limit of the number of species that can occur locally, 
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processes at both scales are ineluctably linked, and recent studies have obtained a deeper 

understanding of diversity patterns by studying these at a range of spatial scales (Pärtel et 

al. 1996, Harrison et al. 2006, Rajaniemi et al. 2006).  In particular, by comparing 

diversity patterns at multiple scales and the contributions from one scale to the next, we 

can determine the scale at which differences in diversity are produced, and thereby begin 

to infer the responsible mechanisms mediating diversity.   

 Here, I compare plant diversity in salt marshes of Georgia and Texas.  Salt 

marshes are ideal for diversity studies because their plant communities are comprised of a 

modest number of widespread species.  The Atlantic and Gulf Coasts of the United States 

share many abiotic influences, but their salt marshes differ in local patterns of plant 

diversity.  By comparing these two geographic regions, I was able to focus on local 

diversity patterns while minimizing effects of species pool size and composition, factors 

that would confound many geographic comparisons of diversity patterns. 

 Understanding the processes that maintain diversity in coastal marshes is 

important.  The factors that mediate diversity are poorly understood for any natural 

system, and salt marshes provide a tractable system in which ecologists can begin to 

identify the drivers of biotic diversity.  In addition, it is important to understand the 

ecology of coastal marshes because of the wide variety of ecosystem services that they 

provide (Mitsch & Gosselink 1993, Keddy 2000).  Coastal marshes accumulate 

sediments and expand barrier islands that protect coastlines from wave action.  They are 

important filters for nutrients moving between terrestrial and aquatic systems.  They are 

also important nursery and feeding grounds for a variety of ecologically and 

economically important shrimp, crab, fish and bird species (Peters et al. 1978).  Finally, 
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they are used extensively for human recreation.  In fact, Costanza et al. (1997) estimate 

the economic value of coastal and marine ecosystem services to be half the value of all 

global ecological services combined. 

 There are many general abiotic influences shared between Georgia and Texas 

Coastal regions of both states have similar temperature and rainfall patterns (Hargrove et 

al. 2006) and their coasts experience similar patterns of tidal inundation at seasonal and 

annual time scales (Coastal assessment and data synthesis system 1999, Flick et al. 

2003).  These general abiotic conditions create a similar plant species pool in marshes of 

each geographic region (Duncan & Duncan 1987).  But while the patterns of plant 

diversity and the factors mediating these patterns are relatively well understood for 

marshes of the northern and southern Atlantic Coast, few studies have examined plant 

diversity patterns in the Gulf Coast marshes of Texas. 

 Atlantic Coast salt marshes have been well studied for decades (Ganong 1903, 

Kurz & Wagner 1957, Chapman 1960, Adams 1963).  Salt marsh plant diversity patterns 

are well documented in Rhode Island, Georgia, and other Atlantic Coast locations 

(Bertness & Ellison 1987, Bertness 1991ab, Pennings & Bertness 2001, Pennings & 

Moore 2001, Ewanchuk & Bertness 2004, Pennings et al. 2005).  The dominant influence 

on vegetation pattern in salt marshes is the gradient of waterlogging and salinity created 

by tidal inundation (Adams 1963, Ewing 1983).  Atlantic Coast tides operate on a 

regular, lunar, diurnal flooding schedule, with tidal amplitudes typically 2-3m from the 

low to high water mark (Dardeau 1992).  Edaphic conditions change gradually with 

increasing elevation across the intertidal zone (Wiegert & Freeman 1990, Pennings & 

Callaway 1992).  Highest elevations are flooded only at seasonal spring tides, middle 
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elevations are infrequently flooded, and lowest elevations are regularly flooded.  Like 

most Atlantic Coast salt marshes, marshes of Georgia have fairly discrete zones of 

vegetation that form across the edaphic elevational gradient (Bertness & Ellison 1987, 

Pennings & Bertness 2001, Pennings & Moore 2001, Pennings et al. 2005).  Each plant 

species is limited to a portion of this gradient, depending on its ability to tolerate abiotic 

stress.  In some cases, different species may have similar abiotic tolerances, and these 

species co-occur in predictable vegetation associations, or “zones”.  In addition to abiotic 

forces, biotic interactions such as competition and facilitation also play a role in creating 

zonation patterns (Bertness 1991ab, Callaway & Walker 1997, Hacker & Gaines 1997, 

Hacker & Bertness 1999, Davy et al. 2000).  Each species’ competitive ability depends 

on its tolerance to the local abiotic environment (Bertness & Ellison 1987, Castillo et al. 

2000, Liancourt et al. 2005).  When competition is strong, competitive dominants 

exclude subordinates from favorable marsh zones, creating abrupt transitions from one 

vegetation type to another, which further defines vegetation zones (Grace & Wetzel 1981, 

Keddy 1984, Snow & Vince 1984, Bertness & Ellison 1987, Pennings et al. 2005).  At 

the same time, stands of dense vegetation may ameliorate harsh abiotic conditions, 

thereby extending the distribution of species sensitive to abiotic stress and increasing 

local diversity (Bertness & Shumway 1993, Bertness & Callaway 1994, Castellanos et al. 

1994, Bertness & Leonard 1997, Hacker & Gaines 1997, Hacker & Bertness 1999, 

Callaway & Pennings 2000) 

 Although marshes of Georgia and Texas experience similar tidal conditions on a 

seasonal and yearly basis, daily fluctuations and average tidal amplitudes are quite 

different.  Tides in Texas are only 0.37-0.52m in amplitude (Zetler & Hansen 1970).  
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These low-amplitude astronomical tides are routinely overshadowed by tidal forcing from 

meteorological conditions, such as seasonally-changing wind directions and summer 

tropical storms (Eleuterius & Eleuterius 1979, Stout 1984, Wang 1997).  The 

unpredictable flooding that results can cause irregular hydrology, for example, weeks of 

waterlogged conditions followed by weeks of drier conditions.  Although Gulf Coast 

brackish marshes have been extensively studied by Gough and Grace (Grace & Wetzel 

1981, Brewer & Grace 1990, Grace 1993, Gough et al. 1994), there are relatively few 

studies of plant diversity patterns and the factors creating these patterns in Gulf Coast salt 

marshes (Alexander & Dunton 2002, Dunton et al. 2001).  Since the physical gradient 

created by the diurnal tides along the Atlantic results in predictable zones of vegetation, 

however, it is reasonable to assume that an absence of regular tides in the Gulf could 

result in less ordered vegetation patterns.  In fact, preliminary observations suggested that 

although Texas salt marshes had species pools similar to Georgia marshes (in both 

richness and species composition) they differed in local (plot-level) diversity (Kunza, 

personal observation).  Marshes of Texas have the same general vegetation zones as those 

of the Atlantic (Webb 1982), but species overlapped broadly, creating areas of high local 

diversity (Kunza, personal observation).  These preliminary observations suggested that 

important differences in salt marsh plant diversity patterns might exist between Georgia 

and Texas despite the similar climactic conditions of the two regions.   

 The purpose of this study was to determine if there are quantifiable differences in 

diversity patterns between salt marshes in Georgia and Texas, and if so, to document to 

nature of these differences.  By examining these patterns, we can begin to infer how the 

factors that create diversity patterns may differ geographically.  To gain a fuller 
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understanding of diversity patterns, I compared marsh diversity patterns between the two 

regions at 4 spatial scales: global, regional, site, and plot.  Although it was outside the 

scope of this project to rigorously investigate all the potential mechanisms that might 

mediate local diversity patterns, I also collected data on several factors (salinity, 

landscape position, and productivity) that might shed some light into what mechanisms 

are likely causes of diversity differences between the two regions. 
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MATERIALS AND METHODS 

 

Study sites 

 To compare diversity patterns of Georgia and Texas salt marshes, I sampled 49 

sites in Texas and 59 in Georgia in the spring (April-May) and summer (June-July) of 

2005, respectively.  Sites were chosen to include a range of landscape positions such as 

mainland, barrier island, and back-barrier hammock island locations (Appendix A).  All 

sites were dominated by salt marsh plant species, primarily Spartina alterniflora.  Sites 

dominated by freshwater or brackish marsh vegetation were avoided.  To provide a 

general indication of the salinity conditions prevailing at each site, I measured the salinity 

of the nearest body of water with a refractometer on the date that the site was sampled.  

Although a one-time salinity measurement fails to characterize temporal variability in 

salinity, it was impossible to sample individual sites repeatedly due to the large number 

of sites studied. 

 

Transect sampling 

 Plant diversity was documented along a single 5.0m wide transect at each site.  

Each transect began at the lower elevational limit of vegetation and continued 

perpendicular to the water’s edge up to the shrub community at the upper marsh border.  

At each 1m interval along the transect, I located a 1.0 x 5.0m plot, with the long axis of 

the plot parallel to the water’s edge.  Each 1.0 x 5.0m plot contained nested subplots of 

0.5 x 0.5m and 1.0 x 1.0m (Appendix B).  To document patterns of species richness, I 

recorded the presence of each plant species within each plot at 1m intervals.  The upper 



 8

marsh border was operationally defined by the presence of a non-stunted shrub 

(Borrichia frutescens, Iva frutescens or Lycium carolinianum), in the 1.0 x 1.0m subplot.   

 Because species richness is a crude measure of diversity, I also visually scored the 

percent cover of each plant species in each 0.5 x 0.5m subplot on a 5-point scale as 

follows: 1, less than 5% cover; 2, between 5% and 12% cover; 3, between 12% and 25% 

cover; 4, between 25% and 50% cover; 5, greater than 50% cover.  The midpoint of the 

percent cover estimate was used for diversity calculations.  For example, for a score of 2, 

which indicated a cover of between 5% and 12%, a value of 8.5% was used.  Using these 

midpoints, I calculated evenness, the Shannon diversity index, and the Simpson diversity 

index (Appendix C).   

 

Amplitude and richness  

 For each transect, the total number of 1.0 x 5.0m plots indicated the length of the 

transect and therefore the width of the marsh sampled.  I defined this as site amplitude.  

The number of 1.0 x 5.0m plots in which a particular species occurred divided by site 

amplitude was defined as species amplitude and is reported as a proportion.  I compared 

species amplitudes between geographic regions for 13 plant species that occurred in both 

geographic regions.  Three additional species occurred in both regions, but I did not 

compare their amplitudes because they occurred at 2 or fewer sites in one or both regions.  

To determine whether differences in diversity between Georgia and Texas were due to 

large-scale marsh zonation patterns, I also calculated the zone amplitude of three general 

marsh zones: 1) low marsh- defined by more than 50% cover of S. alterniflora, 2) middle 

marsh- typically dominated by the succulents Batis maritima and Salicornia virginica, 
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with <50% cover of S. alterniflora or shrub species (B. frutescens, I. frutescens or L. 

carolinianum), and 3) high marsh- more than 50% cover of shrub species.  For species 

and zone amplitudes, sites from which a species or zone was totally absent were not 

included in calculations.  Amplitude proportions were arcsin (squareroot) transformed for 

analysis to improve normality. 

 Species richness was determined at 4 spatial scales: 1) global pool richness (all 

species encountered in both regions), 2) regional pool richness (all species encountered 

within a region), 3) site pool richness (all species encountered at a site), and 4) plot 

richness (the average number of species in all 1.0 x 5.0m plots within a site).  In addition 

to comparing richness values at each scale, I calculated the contributions of each pool to 

the next scale (e.g., the percent of species from the larger scale present at the next lowest 

scale, sensu Rajaniemi 2006).   

 In order to examine plot scale diversity in more detail, I also compared diversity 

patterns between regions based on the frequency of plot richness values.  For each region, 

plot richness frequency was the percent of 1.0 x 5.0m plots with each possible number of 

species present out of the total number of plots.  For example, if there were 300 plots that 

contained only 1 species out of a region total of 1000 plots, then the frequency of plots 

with a species richness of 1 was 30%.  Frequencies were calculated for plot richness 

values of 0 to 10, which was the maximum richness found.  Frequency distributions from 

each region were compared with a Kolmogorov-Smirnov test. 
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Biomass 

Because productivity is often used to predict diversity, I measured biomass as an 

indicator of productivity in both regions.  At the scale of individual plots, species richness 

typically rises and then falls along a gradient of increasing biomass, although other types 

of relationships also occur (Grime 1973ab, Mittlebach et al. 2001).  The typical “hump-

shaped” relationship is usually explained as resulting from the interaction between 

resource limitation and/or physical stress (limiting both biomass and diversity at one end 

of the relationship) and competition (limiting diversity when biomass is high).   

In order to determine the nature of the relationship between productivity and 

diversity, I documented aboveground biomass and richness at 4 sites in each region in 

2004.  I scored all plant species present in 0.5 x 0.5m plots (GA: n=24/site, TX: n=24-

30/site, stratified among marsh zones).  I harvested all aboveground material from a 0.25 

x 0.25m subplot centered within each 0.5 x 0.5m plot.  Biomass was dried at 60o to a 

constant weight, and weighed.  To establish a relationship between height and biomass, I 

measured vegetation height at the four corners of the 0.5m x 0.5m plot, and averaged 

these values to yield a single height value for each plot.  Because height was correlated 

with biomass, and was much faster to measure, I sampled richness and vegetation height 

in additional plots at each site (GA: n=144-164, TX: n=80-100, including plots sampled 

for biomass, stratified among marsh zones).  In Georgia, I also included additional height 

and biomass calculations from a previous study using comparable methods that was 

conducted in 2001 (Wielgus & Pennings, unpublished). 
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RESULTS 

 

Salinity 

The salinity of the water column adjacent to study sites ranged from 1 to 37 PSU 

(Appendix A).  Salinity did not differ between the two regions (GA=20 PSU, TX=23 

PSU, P=0.11, t-test).  Within each region, however, higher salinities were measured at 

seaward versus mainland sites, which is consistent with oceanic inputs of saltwater and 

terrestrial inputs of freshwater into these water bodies (Appendix A).  In addition, salinity 

differences among Texas bays reflected the magnitude of freshwater inputs to each bay 

(Blackburn 2004, Appendix A). 

 

Amplitude and frequency 

 Site amplitudes were greater in Georgia than Texas (GA=121m, TX=85m, 

P=0.02, Appendix D).  S. alterniflora had the greatest species amplitude in both regions, 

extending over 50% of the horizontal extent of the marsh (Fig. 1).  Six species (Aster 

tenuifolius, B. frutescens, B. maritima, Distichlis spicata, I. frutescens, and Salicornia 

biglovii) had significantly greater amplitudes in Texas than Georgia.  In contrast, two 

species (Juncus roemerianus and S. alterniflora) had significantly greater amplitudes in 

Georgia.  J. roemerianus also occurred at sites more frequently in Georgia while B. 

maritima, S. bigelovii, and Scirpus robustus occurred more frequently in Texas (Table 1). 
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Fig. 1.  Species amplitudes of 13 plant species in Georgia and Texas.  Species amplitudes are 
presented as a proportion of site amplitudes (+1 SE).  Amplitude proportions were arcsin 
(squareroot) transformed before t-tests to improve normality.  
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Table 1.  Frequency of occurrence of 13 plant species in Georgia and Texas.  Species 
frequencies are presented as the number of sites at which the species occurred within each 
region.  Expected frequencies for Chi-squared analysis were for occurrence at all sites within a 
region (GA=59, TX=49). 

Species Georgia Texas P-value 
Aster tenuifolius 11 15 0.36 
Batis maritima 26 44 0.03 
Borrichia frutescens 40 45 0.37 
Distichlis spicata 60 44 0.09 
Iva frutescens 20 7 0.11 
Juncus roemerianus 44 11 <0.01 
Limonium carolinianum 23 11 0.25 
Salicornia bigelovii 2 25 <0.01 
Salicornia virginica 36 49 0.12 
Scirpus robustus 4 17 <0.01 
Spartina alterniflora 57 45 0.97 
Spartina patens 14 24 0.09 
Sporobolus virginicus 3 3 1 
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 In both regions, the low marsh zone had the greatest amplitude, accounting for 

more than 50% of the total marsh amplitude (Fig. 2A).  The amplitude of the low marsh 

was greater in Georgia than Texas, but the amplitude of the middle marsh zone was 

greater in Texas than Georgia.  The low marsh zone had the lowest species richness in 

both regions (Fig. 2B).  Species richness of all zones was greater in Texas, and this 

difference was significant in the low and high marsh.   

 

Diversity 

 At the largest scale examined, the global pool, I found a total of 43 species (Table 

2).  Of these, 16 occurred in both regions.  All species are either commonly found in salt 

marshes according to Duncan and Duncan (1987) or, for those with information available 

in the USDA plants database, are listed as obligate or facultative wetland species with 

some degree of salinity tolerance (http://plants.usda.gov/index.html).  Rare species (those 

found only at one site) accounted for a high percentage (64%) of the species exclusive to 

a region (Table 2).  

 Of the 43 species found in the global pool, similar numbers (27-32) and 

percentages (63-74%) were found in each regional pool (Fig. 3).  Richness at the site and 

plot level, however, was almost twice as high in Texas as in Georgia (Fig. 3).  The 

contribution from the regional scale to the site scale differed between regions, but a 

similar proportion of species found at the site scale was found at the plot scale (Fig. 3).  

These results indicate that processes at the site scale were the most important in 

determining differences in diversity patterns between regions.   
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Fig. 2.  Graphs of A) zone amplitude and B) richness values for the three marsh zones.  Data are 
means + 1 SE.  Letters indicate significantly different means within regions (ANOVA, followed by 
Kruskal-Wallis one-way nonparametric comparison for amplitude and Tukey comparison for 
richness). 
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Table 2.  All plant species encountered in the study. Eleven species occurred only in Georgia, 16 in  
Texas, and 16 species were shared, for a global pool of 43.  Asterisks denote rare species, defined  
as those species occurring at only one site. 

Species found only in Georgia Shared species Species found only in Texas 
Baccharis halimifolia Aster tenuifolius Agalinis maritima* 
Fibristylis castanaea Batis maritima Aster sp.* 
Juncus sp.* Borrichia frutescens Avicennia germinans* 
Lilaeopsis chinensis* Cynanchum angustifolium Cuscuta indecora 
Scirpus americanus* Distichlis spicata Eustoma exaltatum* 
Solidago sempervirens* Iva frutescens Helianthus annuus.* 
Spartina bakeri* Juncus roemerianus Lycium carolinianum 
Spartina cynosuroides Limonium carolinianum Machaeranthera phyllocephala 
unknown Poaceae Salicornia bigelovii Monanthochloe littoralis 
unidentified 1* Salicornia virginica Opuntia humifusa* 
unidentified 2* Scirpus robustus Sabatia arenicola 
  Spartina alterniflora Sesuvium portulacastrum* 
  Sporobolus virginicus unidentified 1* 
  Spartina patens unidentified 2* 
  Spartina spartinae unidentified 3* 
  Suaeda linearis unidentified 4* 
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Fig. 3.  Filter model comparing richness between 2 geographic regions at 4 spatial scales.  
Richness values are given within boxes.  Contributions of species from larger scales through 
“filters” to lower scales are given as percentages. Statistical comparisons were made using t-tests 
except where indicated by an asterisk.  In this case, significance was assessed assuming a 
binomial distribution based on a mean (68.5%) probability of a species from the global pool 
entering the regional pool.  Generated species pools (n=1,000,000) indicate a greater than 20% 
chance that the regional pool would deviate from the mean (29.5) by less than 6 species, 
therefore the regional pools found in this study are well within the range one would expect by 
chance. 
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 Examination of more detailed indices of diversity patterns supported the 

conclusion that diversity at the plot scale was greater in Texas than Georgia.  Both the 

Shannon and Simpson diversity indices were greater in Texas, despite greater evenness in 

Georgia (Table 3).  When diversity (Shannon) and evenness were broken down by marsh 

zone, results were similar.  Evenness was greater in Georgia for all marsh zones, but 

diversity in the low and high zones was greater in Texas.  Diversity in the middle zone 

showed a non-significant trend towards being higher in Texas.  

 To further clarify diversity patterns at the plot scale, I compared the frequency 

distributions of plot richness values.  In Georgia, individual plots were most likely to 

have only one species (Fig. 4).  In contrast, individual plots in Texas plots were most 

likely to have 3 species, and plots with 1, 2, 3, or 4 species all occurred at roughly similar 

frequencies. 
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Table 3.  Evenness (Even) and diversity indices (Shannon and Simpson) for Georgia and Texas marshes.  Calculations were made at the 
level of the whole site and broken down by zones.  Formulas for each index are given in Appendix C.  Data were compared between 
geographic regions with t-tests. 

 Site Low Zone Middle Zone High Zone 
 Even Shannon Simpson Even Shannon Even Shannon Even Shannon 
Georgia 0.9 0.17 0.11 0.92 0.15 0.8 0.4 0.82 0.41 
Texas 0.76 0.47 0.27 0.79 0.37 0.74 0.51 0.73 0.83 
P-value <0.001 <0.001 <0.001 <0.001 <0.001 0.04 0.1 <0.001 <0.001 
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Georgia frequency distribution of plot richness
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Texas frequency distribution of plot richness
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Fig. 4.  Frequency distributions for plot richness in 0.1m x 0.5m plots.  The frequency distributions 
were significantly different between regions (Kolmogorov-Smirnov non-parametric test, P<0.01).   
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Biomass 

 Aboveground biomass and height were generally greater in Texas than in 

Georgia, whether results were averaged over the whole marsh or broken down by marsh 

zone (Fig. 5).  The only exception to this pattern was biomass within the high marsh 

zone, which was similar between regions.  

 The relationship between height and biomass was positive in both regions (linear 

regression, GA: P<0.001, TX: P=0.003).  Using height as an indicator of biomass, Texas 

had greater diversity at all levels of biomass and slopes were not different (Fig. 6).  The 

slopes of both regression lines were significantly different from zero and the y-intercepts 

were different (Fig. 6).  

 



 22

 

Vegetation biomass

Marsh zone

Site average Low Middle High 

M
as

s 
(g

/.0
62

5m
2 )

0

20

40

60

80

100
GA
TX

P<0.001
GA n=48
TX n=48

P<0.001
GA n=16
TX n=24P<0.001

GA n=96
TX n=108

P=0.72
GA n=32
TX n=36

A

a

B

b

A
a

Vegetation biomass

Marsh zone

Site average Low Middle High 

M
as

s 
(g

/.0
62

5m
2 )

0

20

40

60

80

100
GA
TX

P<0.001
GA n=48
TX n=48

P<0.001
GA n=16
TX n=24P<0.001

GA n=96
TX n=108

P=0.72
GA n=32
TX n=36

A

a

B

b

A
a

 

Fig. 5.  Aboveground biomass (grams per 0.0625 m2) of marsh vegetation.  Data (means +1 SE) 
are presented averaged over the whole marsh (site average) and broken down by zones.  Data 
were compared between regions using t-tests.  Letters indicate significantly different means 
within regions (ANOVA, followed by Tukey means comparisons). 
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Fig. 6.  The relationship between biomass and richness in Georgia and Texas.  Height (cm) was 
used as an indicator of biomass. 
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DISCUSSION 

 

 Our general understanding of diversity patterns in salt marshes is primarily based 

on plant zonation research conducted in regularly flooded marshes of the Atlantic Coast 

of the U. S. (Bertness & Ellison 1987, Bertness 1991ab, Pennings & Bertness 2001, 

Pennings & Moore 2001, Ewanchuk & Bertness 2004, Pennings et al. 2005).  On the 

Atlantic Coast, the combination of physical conditions created by diurnal tidal inundation 

and interactions among plant species form predictable zones of vegetation (Bertness 

1991ab, Callaway & Walker 1997, Hacker & Gaines 1997, Hacker & Bertness 1999).  

Because salt marsh plant diversity of the Texas Gulf Coast is relatively unstudied, it is 

not known if and to what extent similar processes are operating.  A useful way to study 

diversity patterns is to consider how diversity changes within a set of nested scales (Pärtel 

1996).  A variety of processes reduce diversity from larger to smaller scales (Rajaniemi 

2006).  By examining changes from one scale to the next, we can determine which 

processes are filtering species.  Below, I review similarities and differences in diversity 

patterns between salt marshes of Georgia and Texas at each scale examined, and then I 

explore possible mechanisms responsible for the differences. 

 General plant diversity patterns between regions found in this study support past 

research concerning plant zonation and diversity patterns as a function of the abiotic 

elevational gradient.  In this study I found that both regions had relatively low diversity in 

the low marsh zone, where flooding creates stressful physical conditions, and high 

diversity in the high marsh zone, which experiences relatively infrequent flooding.  

Despite these similarities in diversity patterns between the two regions, upon closer 
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inspection the results of this study indicate that there are quantifiable differences in 

diversity patterns between salt marshes of Georgia and Texas.  Although global and 

regional pools were similar, Texas salt marshes were more diverse at the site and plot 

scale.  Furthermore, the results of this study indicate that diversity differences were likely 

a result of mechanisms operating at the site scale.   

 

Global diversity 

 The largest scale examined in this study, the global pool, included all species 

capable of coexisting in the two regions that had similar geography and climate (Pärtel et 

al. 1996).  Because I sampled only in salt marshes, the global pool was limited by 

wetland conditions, such as flooding and salinity, which are stressful to most plants.  As a 

result, the global pool was almost exclusively composed of halophytic plants that one 

would expect to find in salt marsh habitats.  For this reason, despite the large geographic 

area covered, the global pool was small compared to that of other ecosystems, such as 

forests or grasslands.  For example, Towne listed 576 plant species, 13 times more 

species than found in this study, in the Konza prairie community (2002). 

 

Regional diversity 

 Regional climate patterns and dispersal barriers act as a filter that prevents some 

species found in the global pool from occurring at the regional scale (Rajaniemi 2006).  

In this study, effects of this filter were modest (removing about one third of the global 

pool) and similar between regions, leading to regional pools of similar sizes.  Although 

coastal Texas and coastal Georgia have similar climates (Hargrove et al. 2006), USDA 
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databases (http://plants.usda.gov/index.html) indicate that some of the species 

encountered have geographic ranges that do not include both regions.  For example, of 

the 16 species occurring only in Texas, at least 8 do not occur near the Georgia study 

sites.  Similarly, of the 11 species exclusive to Georgia, two (Spartina bakeri and Scirpus 

americanus) do not occur near the Texas study sites.  In other cases, a lack of overlap 

between regional pools was more likely due to incomplete sampling of rare species.  For 

example, one of the species encountered exclusively in Texas, Opuntia humifusa, occurs 

in Georgia but was simply not encountered in the sampling effort there.  Similarly, of the 

species encountered exclusively in Georgia, three (Baccharis halimifolia, Solidago 

sempervirens, and Spartina cynosuroides) occur in Texas but were not found in the 

sampling effort there.  In sum, when comparing Georgia and Texas marshes, we see some 

effects of a climate/dispersal filter, but in general the floras are quite similar in richness 

and composition. 

 

Site diversity 

 The local abiotic environment acts as a filter that prevents some of the species 

found in the regional pool from occurring at the site scale (Rajaniemi 2006).  This filter 

was strong in both regions, but especially in Georgia, where only 22% of species from 

the regional pool were found at any particular site.  The flora of any particular salt marsh 

site can be quite variable (Jacobson and Jacobson 1989).  Steep gradients in salinity and 

waterlogging that are characteristic of salt marshes vary in intensity from site to site and 

can mediate which species are ultimately present.  At either end of the spectrum of 

salinity and flooding regimes, the species able to tolerate a site’s conditions are limited.  
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For example, species able to tolerate conditions at a commonly flooded site may not be 

able to persist at a site prone to dessication.  Because this study deliberately sampled a 

range of salt marsh sites that might be expected to vary environmentally, it is not 

surprising that only a modest proportion of the regional pool was present at any one site.  

The fact that a smaller proportion of the regional pool was found at Georgia sites than at 

Texas sites could indicate that a wider range of sites with a wider range of abiotic 

conditions was sampled in Georgia than Texas.  Alternatively, since competitive 

exclusion is known to limit diversity in Atlantic Coast marshes (Hacker & Bertness 

1999), the larger proportion of the regional pool found at Texas sites could indicate that 

the irregular flooding in Texas alters competitive interactions across the physical 

gradient, which decreases local competitive exclusion and allows greater diversity.  

 

Plot diversity 

 Although plot scale diversity of Texas salt marshes is greater than that of Georgia, 

contributions of species from the site to the plot scale were similar between regions 

(removing about two thirds of the site pool), indicating that diversity differences between 

regions are not determined at this scale.  For years, ecologists have agreed that plant 

biomass, which drives competitive exclusion, can limit diversity at small scales (Grime 

1973b, Tilman 1982, Rajaniemi 2006, and reviewed in Crawley 1994, Palmer 1994).  

Thus, one possible explanation for greater diversity in Texas at the plot scale would be 

that biomass of Texas marshes, and hence the intensity of competition, was less than that 

of Georgia marshes.  According to Grime’s unimodal theory of the productivity-diversity 

relationship, species richness is limited at high biomass by competition and at low 
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biomass by stress (Grime 1979).  Georgia marshes are highly productive (Mitsch & 

Gosselink 1993), with relatively low richness.  The difference between Georgia and 

Texas marshes would be consistent with Grime’s theory if Texas marshes had lower plant 

biomass (Fig. 7A).  In fact, however, Texas marshes were more productive than Georgia 

marshes and diversity in Texas marshes was greater than diversity in Georgia marshes at 

any given level of biomass (Fig. 7B).  The inability of Grime’s unimodal theory to 

predict productivity in Texas indicates that productivity is not limiting diversity in Texas 

in the same manner as in Georgia.  Also, the similarity of the productivity-diversity 

relationships of Georgia and Texas (Fig. 6) implies that although similar processes may 

be operating, they are doing so at different levels of productivity. 
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Fig. 7.  Grime’s unimodal productivity-diversity relationship theory.  The theory predicts that 
diversity is limited by stress at low biomass and by competition at high biomass (A).  Given the 
greater diversity of Texas marshes, graph A shows the expected relationship between Georgia 
and Texas.  In fact, Texas has greater richness at all levels of biomass as shown in graph B. 



 30

Site scale processes are responsible for regional differences in plant diversity patterns 

 Because diversity differences between regions were most apparent at the site 

scale, it is likely that the mechanisms mediating diversity operate at this scale.  In 

particular, I suggest that overall zonation patterns and patterns of species amplitude are 

important in determining diversity at this scale, because they are functions of conditions 

experienced by individual marsh sites.  Physical conditions along the elevational gradient 

at a site create individual species amplitudes which in term determine the amplitude of 

marsh zones (marsh zones are operationally defined by the vegetation present).  Species 

amplitudes and marsh zones are further limited by interspecific competition.  The relative 

influence of physical conditions and competition depends on where along the elevational 

gradient processes are occurring.  Studies of salt marshes of the Atlantic Coast have 

shown that the diversity of low marsh elevations is limited by abiotic conditions, 

particularly flooding and salinity, while competitive dominants limit diversity at higher 

marsh elevations where physical conditions are less stressful (Snow & Vince 1984, 

Bertness & Ellison 1987, Bertness 1988, Bertness 1991ab).  Since the incremental nature 

of tidal flooding creates the abiotic gradient on which these processes occur, and the 

primary abiotic difference between regions is the difference in tidal schedule, it is 

reasonable to assume that temporal differences in tidal schedule may play a role in 

affecting diversity patterns.  In particular, temporal variability in tidal flooding might 

increase diversity in Texas by providing longer periods of milder physical conditions in 

the low marsh and shifting the outcome of competitive interactions in the high marsh. 

 Both geographic regions were similar in that they had more low marsh than other 

zones, which means that differences in diversity in the low zone had the greatest effects 
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on total site diversity.  A large part of the overall lower species richness of Georgia 

versus Texas marshes is explained by the fact that the low marsh was both more 

extensive and less diverse in Georgia than in Texas.  The presence of low zones 

dominated by S. alterniflora in both regions indicates that marshes of both regions 

experience similar flooded conditions.  In low marsh zones of Georgia, where flooding 

and salinity limit diversity, marshes are composed primarily of monospecific S. 

alterniflora (Chapman 1974).  S. alterniflora dominates the low marsh zones because it is 

one of the only species capable of tolerating regular flooding with salt water (Bertness 

1991b, Crain et al. 2004).  In areas without these stressful physical conditions, S. 

alterniflora is quickly displaced by other marsh species (Bertness & Ellison 1987).  In 

contrast to Georgia, however, low marsh zones of Texas tended to have more than one 

species.  Because Texas marshes are flooded less regularly, stressful conditions occur for 

shorter periods of time, and other marsh species are able to compete with S. alterniflora, 

resulting in greater diversity.   

 In the high marsh zone, although different processes limit diversity, it again 

appears that infrequent flooding produces greater diversity in Texas.  In Atlantic Coast 

salt marshes, high marsh zones are commonly composed of monocultures of J. 

roemerianus (Wiegert & Freeman 1990).  J. roemerianus dominates because it is a 

superior competitor that excludes other species from zones of lower stress (Pennings et 

al. 2005).  J. roemerianus occurred less frequently at Texas sites than Georgia sites, and 

had a lower amplitude in Texas than Georgia when it did occur.  The scarcity of J. 

roemerianus in Texas could be the result of irregular flooding on competitive interactions 

in Texas marshes.  Hutchinson (1959) speculated that, in temporally variable 
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environments, competition is prevented from reducing local diversity.  Fluctuating 

conditions favor first one species, then another, allowing no one species to dominate over 

time.  J. roemerianus requires consistently moderate salinities in order to flourish and 

form monocultures.  In Georgia, J. roemerianus exists in areas that are either flooded 

daily for brief periods (in low marsh zones) or infrequently flooded but receive 

freshwater runoff (in high marsh zones).  High marshes in Texas can experience periods 

of high salt stress either during extended emergence in salt water or when a lack of tidal 

flushing increases salinity levels due to desiccation.  The inability of J. roemerianus to 

persist in the changing physical environment of Texas marshes results in a lack of 

competitive exclusion, which allows for greater richness.  In another study, Costa et al. 

(2003) takes Huston’s theory a step further by explaining why no competitive exclusion 

occurs in temporally variable marshes.  Costa et al. (2003) found that there was no 

physical gradient in an irregularly flooded salt marsh in Brazil, and therefore argued that 

no competitive hierarchy among plant species existed.  The low abundance of J. 

roemerianus, a high marsh competitive dominant, in Texas suggests that competition 

does not limit diversity in irregularly flooded marshes, which helps explains the overall 

greater diversity in Texas.   

 

Conclusions 

 In sum, this comparison of diversity patterns at multiple scales provides some 

insight into the different mechanisms influencing diversity in salt marsh ecosystems in 

two geographic regions.  The results of this study indicate that forces at smaller scales are 

more important in determining the diversity of salt marshes than are forces at larger 
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scales.  This is contrary to the species pool hypothesis, which states that community 

diversity is determined partially or in its entirety by the size of the associated species pool 

(Erickson 1993).  In contrast to the species pool hypothesis, others suggest that plot scale 

effects determine local diversity (Grime 1973, Tilman 1982, Rajaniemi 2006, and 

reviewed in Crawley 1994, Palmer 1994).  In this study, effects at the site scale were the 

most influential, although processes at the plot level may also influence diversity.  

Additionally, it appears that differences in diversity at the site scale are primarily due to 

the effect of tidal flooding on zonation patterns and species amplitudes. 

 Tidal schedule and amplitude might affect plant distribution patterns by creating 

abiotic conditions that vary over time as much or more than over space, thereby altering 

competitive relationships between plant species.  Irregular flooding in Texas increased 

diversity by altering competition between species in two ways.  First, less stressful 

conditions from the lack of regular flooding in the low marsh zone allowed additional 

species to compete with S. alterniflora, colonize, and persist in the marsh during any 

short term sampling period.  Long term sampling might reveal similar results in richness, 

but the composition of additional species might be different depending on recent 

conditions experienced in the marsh.  Second, irregular abiotic conditions do not create 

the same elevational physical gradient with its well established competitive hierarchy that 

we see in regularly flooded marshes.  The absence of the competitive hierarchy did not 

allow high marsh competitive dominants to reduce diversity by growing in monocultures.   

 Additional studies are necessary to gain better understanding of how tidal 

schedule affects the elevational abiotic gradient and subsequent competitive interactions.  

The results of this study are based primarily on examination of plant composition as a 
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response to the general abiotic conditions of a region.  Future work should include 

rigorous sampling of abiotic data at each scale to accompany diversity data, such as 

elevation, pore water salinity, and soil water content.  Abiotic sampling would increase 

the ability to classify the physical characteristics of each site, and of vegetation zones 

within a site.  Also, replicate transects within each marsh could give insight into variation 

in patterns within a site.  Although analysis of scale to scale contributions could have 

been improved by randomizing existing data sets to provide alternate results in diversity 

patterns for comparison, the validity of the results could be questioned due to the highly 

non-random nature of marsh plant species assemblage.  A combination of abiotic data 

collection and improved analysis could provide insight into the mechanisms contolling 

plant diversity patterns in tidal salt marshes. 

 This work suggests that Gulf Coast marshes function differently in some ways 

than Atlantic Coast marshes.  Managers of Gulf Coast marshes should not assume that 

paradigms based on the Atlantic Coast will automatically apply.  Because site scale 

effects determine salt marsh diversity, protection efforts should focus on maintaining a 

range of different marsh types rather than simply maximizing the total marsh acreage 

protected in a region.  The plant composition of each marsh is different, therefore each 

may provide a slightly different function to the coastal ecosystem. 
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APPENDICES 

 

Appendix A: Study sites and landscape traits  

 Plant diversity patterns might be affected by site salinity, proximity to freshwater 

or saltwater source, and the amount of runoff received from upland areas.  To determine 

whether diversity patterns were influenced by any of these factors, landscape traits of 

sites in Georgia (Table A-1, Fig. A-1) and Texas (Table A-2) were documented to 

examine the influence of 1) position- connection to the mainland (barrier island, 

hammock, or mainland), 2) upland- the morphology of the marsh-upland interface (scale 

of 1-5, marsh located in a bay (5) vs. off a peninsula (1)), and 3) freshwater inputs (TX 

only).  Freshwater inputs were not examined in Georgia because the complex coastal 

landscape, with multiple river inputs into extensive marsh systems, precluded any simple 

measure.  For freshwater input classification in Texas, sites were classified by bay system 

(Montagna & Kalke 1995): Galveston, Matagorda, Aransas: and position within the bay: 

primary- external portion of the bay closest to the Gulf, secondary-internal portion closest 

to river source, and tertiary- small bodies of water within the bay system that could not be 

qualified as either primary or secondary (Table A-2).  Sites were scored for these 

variables using direct observations and USGS topography maps. 

 In Georgia although site richness was not affected by position or upland 

influence, plot richness was greater at mainland sites.  Texas sites also did not differ in 

site or plot richness as a function of position or upland influence; however, plot richness 

in Texas was different among bay system and bay position.  Each bay system has a 

different freshwater river source, and the rivers vary in discharge rates; therefore river 
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source is more important in determining salinity patterns than is proximity to the Gulf of 

Mexico (Blackburn 2004).  These patterns were not investigated further in this study, but 

deserve attention from future investigators. 
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Table A-1.  Georgia study sites and landscape traits.  Upland was scored on a scale from 1-5 
where sites located in a bay were given a 5, and those on a peninsula were given a 1. 

Site Name Code Site Coordinates Position Upland PSU 
Airport G1  31° 25.13 N, 81° 17.38 W island 3 19 
Apex West G2 31° 31.59 N, 81° 13.84 W island 2 36 
Back River G3 31° 09.93 N, 81° 26.95 W hammock 2 15 
Bakers Creek G4 31° 38.20 N, 81° 20.23 W mainland 5 9 
Baywood G5 31° 26.13 N, 81° 22.80 W mainland 2 7 
Belle Bluff Marina G6 31° 33.80 N, 81° 21.71 W mainland 5 26 
Belleville Road  G7 31° 31.74 N, 81° 21.61 W mainland 3 20 
Black Island G8 31° 22.15 N, 81° 24.08 W mainland 5 3 
Blue-n-Hall Marina G9 31° 24.48 N, 81° 23.78 W mainland 3 6 
Bourbon Field West G10 31° 29.90 N, 81° 13.57 W island 3 30 
Buck Hill Swamp G11 31° 32.39 N, 81° 25.44 W mainland 4 2 
Cabretta North G12 31° 26.45 N, 81° 14.50 W island 4 35 
Cabretta South G13 31° 26.29 N, 81° 14.36 W island 3 35 
Chocolate G14 31° 30.09 N, 81° 15.28 W island 3 26 
Creighton Island G15 31° 29.81 N, 81° 19.60 W hammock 1 24 
Culvert G16 31° 29.73 N, 81° 21.51 W mainland 5 2 
Dean Creek Lower G17 31° 23.54 N, 81° 16.25 W island 2 12 
Dean Creek Upper G18 31° 23.36 N, 81° 16.84 W island 2 12 
DNR Brunswick G19 31° 07.61 N, 81° 28.68 W mainland 4 22 
Golden Isles Marina G20 31° 10.15 N, 81° 25.04 W hammock 3 24 
Hampton Point G21 31° 17.73 N, 81° 20.67 W island 1 20 
Harris Neck NWR G22 31° 37.46 N, 81° 17.33 W mainland 4 16 
Hunt Camp NW G23 31° 28.85 N, 81° 16.27 W island 3 23 
Hunt Camp SE G24 31° 28.70 N, 81° 16.22 W island 4 23 
I-95 G25 31° 38.57 N, 81° 23.66 W mainland 4 5 
Jekyll ISP Bike Path G26 31° 04.96 N, 81° 25.48 W island 3 30 
Jekyll ISP Boathouse G27 31° 03.08 N, 81° 25.30 W island 4 25 
Jekyll ISP Pier G28 31° 06.84 N, 81° 24.99 W island 2 31 
Kenan Field G29 31° 27.10 N, 81° 16.70 W island 4 21 
Kittles Island G30 31° 27.64 N, 81° 21.24 W mainland 5 24 
Lakefront RV G31 31° 38.84 N, 81° 23.38 W mainland 3 1 
Lighthouse G32 31° 23.33 N, 81° 17.13 W island 1 35 
Lighthouse Pan G33 31° 23.35 N, 81° 16.87 W island 2 35 
Lil Sapelo West G34 31° 26.06 N, 81° 18.05 W hammock 3 25 
LTER Northend G35 31° 31.16 N, 81° 13.76 W island 3 31 
Marsh Landing G36 31° 24.97 N, 81° 17.73 W island 2 19 
Meridian G37 31° 27.52 N, 81° 21.96 W mainland 4 23 
Meridian VC G38 31° 27.20 N, 81° 21.91 W mainland 3 22 
North River 1 G39 31° 24.48 N, 81° 19.27 W hammock 1 20 
Old Beach G40 31° 24.52 N, 81° 15.72 W island 5 37 
Old Shellman G41 31° 36.41 N, 81° 19.67 W mainland 5 5 
Old Teakettle Creek G42 31° 27.66 N, 81° 19.28 W hammock 1 23 
Patterson Island G43 31° 27.38 N, 81° 20.69 W hammock 1 23 
Piling Hammock G44 31° 30.95 N, 81° 17.86 W hammock 1 25 
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Site Name Code Site Coordinates Position Upland PSU
Pumpkin Hammock G46 31° 27.28 N, 81° 17.26 W hammock 1 20 
Riverside G47 31° 10.57 N, 81° 27.91 W mainland 4 26 
Sapelo Golf Club G48 31° 33.63 N, 81° 19.74 W mainland 5 17 
Sapelo Golf SBP G49 31° 33.06 N, 81° 20.06 W mainland 2 22 
Sea Island G50 31° 10.74 N, 81° 21.78 W island 1 30 
Shell Hammock G51 31° 24.05 N, 81° 17.35 W island 3 21 
Shell Ring G52 31° 30.89 N, 81° 14.66 W island 3 26 
St. Andrews Cemetery G53 31° 22.75 N, 81° 24.68 W mainland 4 5 
Timber Dock G54 31° 27.48 N, 81° 16.66 W island 3 21 
Valona G55 31° 28.79 N, 81° 20.95 W mainland 5 25 
Village Creek G56 31° 12.25 N, 81° 21.73 W island 3 28 
Webster's G57 31° 26.87 N, 81° 22.54 W mainland 5 14 
White Chimney G58 31° 35.03 N, 81° 21.59 W mainland 4 5 
Youngman G59 31° 37.57 N, 81° 19.63 W mainland 3 12 
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Table A-2.  Texas study sites and landscape traits.  Upland was scored on a scale from 1-5 where sites located in a bay were given a 5, and 
those on a peninsula were given a 1.  Within a bay system, sites were designated as primary- external portion of the bay, secondary-internal 
portion, and tertiary- small bodies of water within the bay system that could not be qualified as either primary or secondary. 

Site Name Code Site Coordinates Position Upland PSU Bay  Bay Position 
45 Bridge T1 29° 18.57 N, 94° 54.52 W mainland 5 25 Galveston primary 
Allen's Landing T2 28° 38.96 N, 95° 57.74 W island 3 30 Matagorda primary 
Beach and Tackle T3 28° 57.70 N, 95° 18.13 W mainland 2 28 Galveston primary 
Beach Resort T4 28° 57.12 N, 95° 17.39 W island 3 30 Galveston primary 
Black Point T5 28° 04.66 N, 97° 13.30 W mainland 2 5 Aransas secondary 
Cedar Break T6 29° 02.17 N, 95° 10.77 W island 3 29 Galveston primary 
Clapper Rail GISP T7 29° 12.05 N, 94° 57.74 W island 4 26 Galveston primary 
Copano Pier North T8 28° 08.13 N, 96° 00.06 W mainland 4 11 Aransas secondary 
Copano Pier South T9 28° 06.68 N, 96° 01.53 W mainland 3 11 Aransas secondary 
Crabbing Pier T10 28° 58.45 N, 95° 15.75 W island 3 30 Galveston primary 
Dana Cove GISP T11 29° 12.72 N, 94° 57.30 W island 3 25 Galveston primary 
Egery Island T12 28° 04.22 N, 97° 13.16 W mainland 3 9 Aransas secondary 
Ernie's Too T13 29° 03.23 N, 95° 09.54 W island 2 31 Galveston primary 
Fireworks T14 29° 59.33 N, 94° 14.49 W island 3 30 Galveston primary 
Fort Travis T15 29° 21.91 N, 94° 45.64 W island 5 26 Galveston primary 
Golf Course T16 29° 15.29 N, 94° 51.86 W island 5 26 Galveston primary 
Goose ISP Boat  T17 28° 07.78 N, 96° 59.13 W mainland 3 12 Aransas primary 
Goose ISP Redfish1 T18 28° 07.70 N, 96° 59.36 W island 1 10 Aransas primary 
Goose ISP Redfish2 T19 28° 07.69 N, 96° 59.24 W island 2 10 Aransas primary 
Goose ISP Trout T20 28° 07.52 N, 96° 58.82 W island 1 10 Aransas primary 
Highway 136 T21 27° 03.55 N, 97° 13.29 W mainland 4 20 Aransas secondary 
Hitchcock T22 29° 19.89 N, 94° 56.89 W mainland 4 20 Galveston primary 
Holiday Inn Express T23 28° 01.85 N, 96° 02.78 W mainland 2 13 Aransas tertiary 
Indianola T24 28° 31.10 N, 96° 30.29 W mainland 5 25 Matagorda tertiary 
Magnolia Beach T25 28° 33.58 N, 96° 32.24 W mainland 4 25 Matagorda primary 
Matagorda 1 T26 28° 40.81 N, 95° 57.23 W island 3 35 Matagorda primary 
Matagorda 2 T27 28° 37.52 N, 95° 58.27 W island 3 28 Matagorda primary 
Matagorda 3 T28 28° 36.53 N, 95° 58.47 W island 3 32 Matagorda primary 
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Site Name Code Site Coordinates Position Upland PSU Bay  Bay Position 
Matagorda 4 T29 28° 38.47 N, 95° 57.95 W island 3 29 Matagorda primary 
Miller Point T30 29° 26.70 N, 94° 55.03 W mainland 4 25 Galveston primary 
No Dumping T31 29° 00.46 N, 94° 13.18 W island 2 30 Galveston primary 
Olivia West T32 28° 38.66 N, 96° 27.57 W mainland 2 23 Matagorda secondary 
Palacios East T33 28° 44.25 N, 96° 24.10 W mainland 4 16 Matagorda secondary 
Palacios West T34 28° 44.25 N, 96° 24.10 W mainland 4 16 Matagorda secondary 
Port Aransas T35 27° 52.01 N, 97° 05.06 W island 2 37 Aransas primary 
Port Bay T36 27° 59.65 N, 97° 10.02 W mainland 3 10 Aransas secondary 
Port O'Conner T37 28° 27.56 N, 96° 24.88 W mainland 3 35 Matagorda primary 
Powderhorn Lake T38 28° 30.60 N, 96° 30.51 W mainland 1 27 Matagorda tertiary 
Rockport Park T39 28° 02.03 N, 96° 02.17 W island 2 15 Aransas tertiary 
San Luis Pass T40 29° 04.16 N, 95° 07.89 W island 3 30 Galveston primary 
Shell Ridge T41 28° 00.15 N, 97° 03.63 W mainland 3 30 Aransas tertiary 
Spoonbill RV Park T42 29° 32.71 N, 94° 46.88 W mainland 4 16 Galveston secondary 
Steve's Landing T43 29° 28.00 N, 94° 38.69 W island 4 20 Galveston primary 
Stilt House T44 29° 00.96 N, 95° 12.42 W island 3 35 Galveston primary 
Surfside 1 T45 28° 57.60 N, 95° 16.70 W island 3 34 Galveston primary 
Tarpon Lane T46 28° 57.66 N, 95° 17.77 W island 3 31 Galveston primary 
Tiki Island T47 29° 17.94 N, 94° 05.51 W island 4 27 Galveston primary 
Waterman's Harbor T48 29° 27.46 N, 94° 58.42 W mainland 3 12 Galveston primary 
Yacht Basin T49 29° 30.75 N, 94° 30.70 W island 5 25 Galveston primary 
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Jekyll Island

Altamaha River Sapelo Island
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Fig. A-1.  Map of 59 study sites in Georgia.   
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Galveston Bay

Matagorda Bay

Aransas Bay

Galveston Bay

Matagorda Bay

Aransas Bay

Fig. A-1.  Map of 49 study sites in Texas.   
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Appendix B: Subplot design 
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Figure B-1.  Diagram depicting subplot design of sampling plots.  The entire plot measured 1.0 m 
x 5.0 m.  Each plot consisted of 9 nested subplots.  Subplot areas were; 1) 0.1 x 0.1m, 2) 0.1 x 
0.25m, 3) 0.25 x 0.25m, 4) 0.25 x 0.5m, 5) 0.5 x 0.5m, 6) 0.5 x 1.0m, 7) 1.0 x 1.0m, 8) 1.0 x 2.5m, 
and 9) 1.0 x 5.0m.  Plots were placed continuously along the site transect with 1.0m sides along 
the transect line and 5.0m sides perpendicular to the transect line.  Nested subplots were used to 
construct species-area curves for each 1m interval along each transect. 
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Appendix C: Site Amplitudes 

Table C-1.  Site amplitudes of Georgia and Texas.  Amplitudes were calculated as the number of 
continuous meter plots located along the length of the marsh transect.  Amplitude lengths in 
meters are reported as averages, maximum, and minimum for each state.  The standard error of 
the site average is also given.  Site averages were compared among geographic regions with a t-
test. 

 Site average SE mean Maximum Minimum 
Georgia 121.93 14.13 666 17 
Texas 85.06 6.02 197 26 
P-value 0.02    
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Appendix D: Diversity indices 

 Although species number, or richness, is the easiest indicator of diversity to 

measure, it assumes an equal abundance of each species and is therefore strongly affected 

by the presence of rare species.  Simpson proposed dual-concept diversity, also referred 

to as a heterogeneity index, which defines diversity as a function of both species number 

and the relative abundance of those species (Simpson 1949).  There are a variety of 

diversity measurements that weight richness and relative abundance in different 

proportions.  I report three diversity indices that are commonly used in the literature (Peet 

1974, Magurran 1988): 

 1) Shannon’s diversity index includes richness and relative abundance of each 

species in its calculation.  Of the indices chosen, this index is most sensitive to species of 

intermediate importance.  I used the formula: 

 

where p is the proportion of species belonging to species i, and S is the total species pool. 

 2) Simpson’s diversity index expresses the relative concentration of dominance.  

In other words, it measures the probability that two individuals selected at random from a 

sample will belong to the same species.  As such, it is most sensitive to the most 

abundant species.   The same variables from the Shannon’s diversity index calculation are 

used in Simpson’s formula: 
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In order for the value of Simpson’s diversity index to relate directly to heterogeneity, the 

value of C was subtracted from its maximum value of 1.  

 3) Evenness is the pure equitability of species independent of richness, and 

therefore not sensitive to species number.  Evenness can be calculated with most 

heterogeneity indexes.  In this study I used the the Shannon diversity index in the 

following formula: 

E = H / Hmax 

where H is the value for Shannon’s diversity index, and Hmax is the natural log of the total 

number of species in the sample. 
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Appendix E: Nestedness 

 A community is nested when the species present in less diverse fragments are also 

found in all more diverse ones.  Based on a presence and absence matrix, the degree of 

order within a community can be calculated with the Nestedness Calculator devised by 

Patterson and Atmar (1993).  Sites and their associated richness values were “packed,” by 

ranking sites from the most to least rich and ranking species from the most common to 

the least common (Kaufman et al. 2000).  The degree of nestedness is then reported as a 

“temperature” ranging from 0o-100o, with 100o being perfectly nested.  In this study, site 

pools were used for this calculation. 

 Georgia tended to have a lower nestedness temperature than Texas (GA=13o, 

TX=24o); however, no formal method exists for statistically evaluating the significance of 

this difference (Kaufman, personal communication).  Both of these values are more 

ordered than would happen by chance (P<0.001 in both cases), as determined by a 

probability analysis within the calculator which compared the data set to random 

communities.  Systems of both regions are ordered because the plant communities of 

each site are determined by the site’s particular abiotic conditions. 
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Appendix F: Species-area curve 

As plot size increases, the number of species observed first increases, then 

plateaus (Rozenzweig 1995).  This relationship between species richness and area within 

a series of nested plots is well-described and can be linearized by appropriate log 

transformations.  The intercept and slope of this relationship can be determined to 

document differences in the nature of the species-area curve.  The slope of this line 

indicates the rate of species accumulation with increasing area.  The y-intercept is the 

natural log of plot richness in the smallest subplot and therefore indicates diversity at the 

smallest scale examined. 

Along each sampling transect, each meter plot was one of a series of 9 nested 

subplots as described in Appendix B.  I recorded the cumulative richness from each 

subplot to determine the species-area relationship.  I compared the slopes and y-intercepts 

of the species-area relationship between regions and within three general marsh zones: 

low marsh, middle marsh, and high marsh.  Slope and y-intercept calculations disregard 

plots in which there were zeros due to salt pans (areas without vegetation) because slope 

calculation would have required taking the natural log of zero. 

 Site slopes and y-intercepts were greater in Texas, indicating a greater rate of 

species accumulation and greater small scale diversity in Texas (Table F-1).  When data 

were broken down by zones, slopes were not different between states for any zone, but y-

intercepts were greater in Texas in the low and high zones (Table F-2). 

 Greater slopes in Texas may be an artifact of sampling methods, but this artifact 

would still help explain the geographic difference in diversity patterns.  Crawley 

proposed one possible artifact inherent in calculating species-area curves.  He argued that 



 55

a “spatial segregation effect” occurs when species separated by ecological conditions 

within the same habitat occur together only in the largest plot areas.  According to this 

theory, the greater slope found in Texas might be explained by the “patchy” nature of 

vegetation zones in Texas.  It is possible that, in Texas, most species within a zone would 

be encountered by the 1.0 x 1.0m subplot, and when new species were encountered in the 

1.0 x 5.0m subplot, it may have been because the larger plot was encountering a patch of 

another vegetation zone.  This would have been more likely to occur in Texas due to the 

less ordered diversity patterns observed in this region. 

 When comparing sites, the species-area curve relationship does not predict site 

richness in salt marshes of either region: high-amplitude sites were not more diverse than 

low-amplitude sites (GA: R2=0.05, P=0.08, TX: R2=0.004, P=0.66).  Because salt 

marshes are relatively low-diversity communities, most species present at a site were 

sampled within a fairly small number of plots, and adding more plots did not increase the 

number of species observed.  In other words, the site pool was reached long before the 

entire marsh was sampled. 
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Table F-1.  Slopes and Y-intercepts of the species-area power law of Georgia and Texas salt 
marshes.  Data are means + 1 SE.  Slopes and y-intercepts were compared between regions 
using t-tests.   

 Site Average 
 Slope SE Y-intercept SE 
Georgia 0.04 0.0043 0.3 0.0305
Texas 0.08 0.0043 0.81 0.0404
P-values <0.01  <0.01  
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Table F-2.  Slopes and Y-intercepts of the species-area power law of zones in Georgia and Texas marshes.  Results are broken down by 
marsh zone.  Data are means + 1 SE.  Slopes and intercepts were compared between regions using t-tests. 

 Low Zone Middle Zone   High Zone   
 Slope SE Y-intercept SE Slope SE Y-intercept SE Slope SE Y-intercept SE 
Georgia 0.06 0.0272 0.22 0.0299 0.16 0.0526 0.71 0.0688 0.11 0.0304 0.68 0.0574
Texas 0.05 0.0051 0.61 0.0547 0.1 0.0056 0.91 0.0475 0.13 0.0078 1.3 0.0439
P-values 0.9  <0.01  0.27  0.02  0.6  <0.01  
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Appendix G: Cluster analysis 

 Cluster analysis groups objects of similar kind into categories based on the degree 

of association between them.  I used cluster analysis based on a similarity coefficient 

matrix to compare diversity among all sites of both regions.  I was interested in finding 

patterns in these associations that related to region and landscape position within the 

region (Appendix A).  Site pool pairwise comparisons were used to calculate Jaccard’s 

similarity index:  

CJ = a / (a + b + c) 

where a=shared species, b=species exclusive to one region, c=species exclusive to the 

other region.   

 I constructed three dendrograms with Systat 11: 1) all species included (Fig. G-1), 

2) rare species (defined as species which occurred at only one site) excluded (Fig. G-2), 

and 3) only shared species included (Fig G-3).  All three trees showed strong clustering 

by state, indicating that community composition differed consistently between states.  

Because associations were similar even when rare species were excluded (Fig. G-3), I 

conclude that rare species were not driving these differences.  In fact, clustering by state 

was still evident, although less marked, when only shared species were considered (Fig. 

G-3).  Such a result could occur if a number of species were shared between regions, but 

with each present at a high percentage of marshes in one region and absent at a high 

percentage of marshes in the other region.  For example, Juncus roemerianus was shared 

between regions, but was present at a high percentage of marshes in Georgia and absent 
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at a high percentage of marshes in Texas.  The trees did not show obvious patterns related 

to landscape position. 
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Fig. G-1.  Tree of all Georgia and Texas study sites with all species included.  Tree was 
constructed from cluster analysis based on Jaccard’s similarity matrix of species presence. 
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Fig. G-2.  Tree of all Georgia and Texas study sites with rare species excluded.  Tree was 
constructed from cluster analysis based on Jaccard’s similarity matrix of species presence. 
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Fig. G-3.  Tree of all Georgia and Texas study sites with only shared species.  Tree was 
constructed from cluster analysis based on Jaccard’s similarity matrix of species presence. 


