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ABSTRACT 

 

Black mangroves (Avicennia germinans) are becoming increasingly common in coastal 

wetlands along the Gulf of Mexico (USA). As mangroves displace salt marsh vegetation, there 

may be consequences for predator-prey interactions in these wetland ecosystems. The overall 

objective of my dissertation was to determine if and how mangrove expansion may affect 

predator-prey interactions along the Texas coast. I investigated the effects of vegetation type on 

predation success of the blue crab (Callinectes sapidus) and the prey refuge value for penaeid 

shrimp (Family Penaeidae) in a lab study. Additionally, I investigated the potential impacts of 

mangrove expansion on prey refuge for a vertically migrating snail, the marsh periwinkle 

(Littoraria irrorata), in a series of field studies. Lastly, I determined if the presence of 

mangroves influenced foraging habitat selection of wading birds in coastal wetlands of 

Galveston County, Texas. 

In the lab study, a matrix of rigid dowels emulating mangrove aerial roots reduced 

predation success of blue crabs compared to the flexible, artificial marsh vegetation. 

Additionally, shrimp preferred the artificial mangrove structures relative to the simulated marsh 

vegetation in the presence of a predator. In the field studies, more snails survived in the 

mangroves at the benthos where blue crabs were the primary predator. However, more snails 

survived in the marsh when they were tethered higher up in the canopy where they were 

accessible to wading birds. The presence of mangroves did not influence wading bird foraging 

habitat selection. The factor that most affected wading bird abundance was distance to a nesting 

island. These results indicate that mangroves have complex effects on predator-prey interactions, 

and may alter foraging activities of key predators in coastal wetlands. 
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CHAPTER I  

INTRODUCTION 

 

1.1 Background 

Predators have direct and indirect effects on community structure. Direct effects include 

prey consumption, and indirect effects include changes in prey behavior seeking refuge (Creel 

and Christianson, 2008). By affecting prey density through consumption (i.e., density-mediated 

interaction), resources and competing predators can also be impacted (Preisser et al., 2005). 

Simulations have shown that in areas with a high predation risk, some prey will increase 

movement, decrease reproduction, and suppress foraging activity compared to conditions with 

low predation risk (Khater et al., 2016). Additionally, models suggest that predation risk can 

induce prey defense strategies that are costly, namely changes in foraging behavior which are 

more substantial than predation risk effects on fecundity, growth, or survivorship (Preisser and 

Bolnick, 2008). 

Structural habitat characteristics influence predator-prey interactions at both fine and 

large spatial scales (Chacin and Stallings, 2016). At a fine spatial scale, effects include changes 

in plant canopy matrix, which could change predator and/or prey mobility. For example, habitat 

characteristics that interfere with predator movements can result in lower predation rate (Kaiser, 

1983). Different vegetation types can change refuge value of a given environment (Valinoti et 

al., 2011). Assemblage-level effects that may be observed at larger scales include altering habitat 

use and foraging behavior of groups composed of different species across entire landscapes. For 

example, in patchy seagrass there is increased predation resulting in reduction of infaunal 

bivalves compared to continuous seagrass habitats (Irlandi, 1994). The presence and structure of 
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plants therefore can have many potential impacts within their community. The level of influence 

that habitat complexity may have on trophic interactions is largely dependent on the refuge value 

of the physical habitat, as demonstrated by varying habitat complexities in oyster reefs 

(Grabowski, 2004). Additionally, increased structural complexity of Texas estuarine habitats 

relative to nonvegetated areas is associated with lower prey vulnerability (Stunz and Minello, 

2001). Emergent vegetation also plays a role in providing prey refuge, and it has been observed 

that predation of fiddler crabs was lower in the presence of Spartina alterniflora stems compared 

to in its absence (Lee and Kneib, 1994). 

Predator-prey interactions can play an important role in shaping estuarine communities. 

Effects of predation in estuarine environments on community structure include decreased prey 

abundance, as well as changes in prey distribution independent of their abundance (Posey and 

Hines, 1991). The functional diversity of predators and grazers can also influence estuarine 

assemblages (Lefcheck and Duffy, 2015). In estuarine communities, features of the canopy and 

roots of plants are positively correlated with the abundance of many epifauna and infauna, which 

influence predator-prey relationships due to the refuge value these features introduce to the 

environment (Orth et al., 1984). Additionally, in these environments, vegetated habitats such as 

marshes can serve as corridors for predators, including the blue crab Callinectes sapidus, which 

could enhance predation (Micheli and Peterson, 2001). 

A major landscape change that may influence these interactions is mangrove expansion. 

Mangrove expansion is occurring within marsh-mangrove ecotones at multiple locations, 

including five different continents (Saintilan et al., 2014). Climate change is rapidly altering 

many landscapes, and understanding how it is impacting coastal ecology and economy in areas 

such as the Texas coast is crucial for improving management practices. Sea level rise is 
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contributing to a decrease in salt marsh area along the Texas coast, while in contrast mangroves 

have not been as negatively affected in terms of areal extent (Armitage et al., 2015). In some 

ecotones, sea level rise, precipitation, as well as other hydrological alterations are the major 

factors driving mangrove expansion (Rogers et al., 2006; Saintilan et al., 2020; Saintilan and 

Williams, 1999). Additionally, in the Gulf coast, mangrove stands are expected to continue 

expanding in size due to a forecasted reduction of severe freeze events that normally would stunt 

their growth (Comeaux et al., 2012; Osland et al., 2013). As temperatures increase globally, it is 

expected that mangroves will continue to migrate to higher latitudes in certain locations (Dodd 

and Rafii, 2002). As a result, mangroves are displacing marshes in some areas of the Texas coast, 

and model predictions suggest that mangroves will dominate coastal wetlands across the Texas 

coast within the next 100 years (Osland et al., 2013). The ecological consequences of this 

mangrove expansion on wetland-associated fauna in Texas are largely unknown. 

 
 

1.2 Objectives 

My broad objective was to quantify individual- and assemblage-level differences in 

predator-prey interactions between mangrove and marsh habitats. My overall hypothesis was that 

predator-prey interactions would be different in marsh and mangrove stands, such that predator 

movement would be inhibited by the presence of this rigid, woody plant. I hypothesized that 

vegetation type would be linked to changes in the rate and amount of prey captured at the 

individual level, and would change predator habitat selection at the assemblage level.  
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1.2.1 Chapter 2 Questions and Objectives 

1) How does vegetation type alter predator-prey interactions at the individual scale? 

Interactions between shrimp from Family Penaeidae and the blue crab (Callinectes 

sapidus) served as a model system to answer this question. 

2) Do marsh and mangroves provide different prey refuge values for penaeid shrimp? 

 

1.2.2 Chapter 3 Questions and Objectives 

1) Are predation rates higher in marsh microhabitats than mangrove microhabitats? 

2) Is the survival rate/refuge value of the marsh periwinkle between marsh and mangrove 

also affected by vertical location (basal vs. canopy) or horizontal location (edge vs. 

interior), and do these factors interact with vegetation type? 

 

1.2.3 Chapter 4 Questions and Objectives 

1) What assemblage-level effects does the presence of mangroves have on coastal wetland 

predators, particularly in relation to wading bird foraging habitat selection?  

2) How do other the foraging suitability factors such as nesting distance and landscape 

development influence bird compare to the effects of vegetation type? 
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CHAPTER II 

MANGROVES ALTER PREDATOR-PREY INTERACTIONS BY ENHANCING 

PREY REFUGE VALUE IN A MANGROVE-MARSH ECOTONE1 

2.1 Introduction 

In aquatic habitats, plant canopy characteristics influence predator-prey interactions 

through multiple mechanisms (Chacin and Stallings, 2016). From the prey’s perspective, 

vegetation features including plant stem density and canopy complexity are often positively 

related to the refuge value of a given environment (Irlandi, 1994; Valinoti et al., 2011). Dense, 

intricately branched macrophyte canopies can reduce predation success rates by offering prey 

more places to effectively hide from predators (Crowder and Cooper, 1982). Plant rigidity can 

also influence how prey select refuge habitat, with prey generally preferring more rigid, dense 

plant canopies (Grutters et al., 2015). Stem rigidity could be especially important for benthic 

organisms, as these assemblages rely on the plant-sediment interface more so than nektonic or 

larger organisms such as wading birds. In estuarine communities, more complex, dense plant 

canopies and root masses are positively correlated with epifauna and infauna abundance (Orth et 

al., 1984), likely due in part to increased protection from predation.  

Features that are linked to prey refuge value vary among plant species; therefore, the 

influence of plants on predator-prey interactions is closely linked to plant identity. In many 

wetland ecosystems, plant assemblages are in a state of rapid change in response to climate 

change and anthropogenic alterations of the landscape. A major change in dominant vegetation 

1 Reprinted from “Mangroves alter predator-prey interactions by enhancing prey refuge value in a 
mangrove-marsh ecotone,” by Rachael Glazner, Jade Blennau, and Anna R. Armitage, 2020. Journal of 
Experimental Marine Biology and Ecology, Volume 526, Page 151336, Copyright (2020) with permission 
from Elsevier. 
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type within wetland ecosystems that may influence predator-prey interactions is mangrove 

expansion. Mangrove expansion is occurring within marsh-mangrove ecotones at multiple 

subtropical locations where mangroves co-exist with graminoid and succulent marsh species 

(Saintilan et al., 2014). A number of region-specific drivers are contributing to this change. On 

the Gulf of Mexico coastline, recent and projected future increases in black mangrove (Avicennia 

germinans) are primarily linked to warmer winter temperature minima and relative sea level rise 

(Armitage et al., 2015; Comeaux et al., 2012; Osland et al., 2013). Black mangroves are salt-

tolerant trees with rigid aerial roots, contrasting with many species of marsh vegetation, which 

are typically shorter, herbaceous, and relatively flexible. The rigidity and height of the plant 

canopy may be directly linked to prey refuge value (Grutters et al., 2015).  Therefore, the prey 

refuge value of wetland vegetation may be substantially altered in areas where mangroves are 

displacing marsh vegetation. 

Mobile predators and prey are likely to be influenced by a shift from marsh to mangrove 

vegetation. Of particular interest on the Texas Gulf Coast are the numerous commercially and 

recreationally important invertebrates and fishes that rely on salt marsh habitats for some or all 

of their life cycle, including blue crabs (Callinectes sapidus). Blue crabs forage on a variety of 

organisms, including crustaceans, molluscs, vascular plants, and benthic algae, in both marsh and 

mangrove habitats at high tide and in tidal pools (Alexander, 1986; Laughlin, 1982; Zimmerman 

et al., 2002). Aerial roots (pneumatophores) from black mangroves often extend away from the 

base of individual trees and spread into tidal pools, which may alter the suitability of these pools 

as blue crab foraging habitat. Blue crabs are benthic organisms and thus most likely to be 

affected by changes in features of the plant-sediment interface, such as rigidity of aerial root 

complex. Given the importance of blue crabs as predators and as prey for higher order consumers 
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such as fishes (Paolisso, 2002), it is important to understand if mangrove displacement of marsh 

plants will alter blue crab trophic interactions. 

The objective of this study was to compare the prey refuge value of rigid aerial roots of 

black mangroves and flexible marsh vegetation. Using artificial vegetation (AV) matrices to 

create controlled simulations of different plant canopies, I hypothesized that the rigid structure of 

simulated pneumatophores would restrict blue crab movement, thus providing more effective 

refuge for prey (penaeid shrimp), relative to the flexible structure of a simulated salt marsh 

vegetation matrix. Specifically, I expected that (1) predator capture success would be lower in 

rigid than flexible AV matrices and (2) prey would select the more rigid mangrove treatment as 

refuge when a predator was present. 

 

2.2 Materials and Methods 

2.2.1 Animal Capture and Care 

 Experiments were conducted in summer 2017 and 2018 in the Texas A&M University at 

Galveston Sea Life Facility. Adult blue crabs (both male and female with carapace width 13-15 

cm) were caught from Galveston Bay using baited traps. Crabs were held for 3-7 days in indoor 

acclimation tanks of filtered water (salinity 20-25 ppt) at ambient temperature (~22°C), and were 

fed two frozen, peeled shrimp daily. Crabs were kept well fed, and then starved for 24 hours 

immediately prior to the experiment. We collected adult penaeid shrimp (Family Penaeidae) with 

carapace lengths of 40-80 mm from a bait shop in Galveston, Texas. Shrimp were acclimated for 

1-4 days and were fed aquarium food pellets daily. Approximately 80% crabs utilized were 

males, with some females randomly distributed across trials and treatments. Although males and 

females may have different cheliped sizes, shrimp exoskeletons are relatively pliable, so 



 

 8 

predation potential was likely similar between male and female blue crabs due to lower crushing 

strength needed for capture and consumption of this organism. No crabs or shrimp were re-used 

after trials, so that learned behaviors could be avoided. 

 

2.2.2 Predation Experiment  

To test the hypothesis that blue crab prey capture success would be lower in more rigid 

AV matrices, predation trials were conducted in 75-liter tanks that simulated either rigid 

mangrove or flexible marsh vegetation. The flexible AV matrix contained plastic aquarium 

plants that morphologically resembled short-stature marsh grasses such as Spartina patens and 

Distichlis spicata. The rigid treatment contained plastic dowels (diameter 0.64 cm) that emulated 

Avicennia germinans aerial roots (pneumatophores). Aquarium plants or dowels were spaced 8 

cm apart in a 61 cm x 33 cm array with a shoot/pneumatophore density of 143 stems/ square 

meter; this relatively sparse plant canopy arrangement was within the range of densities found in 

Galveston Bay to serve as a conservative density estimate (Glazner, pers. obs.). Water depth was 

10 cm for all treatments. A GoPro Hero+ was placed above each tank to record all animal 

activity during each trial. 

Due to space constraints, feeding trials were replicated temporally over a period of 16 

days in 2017; a total of five three-hour trials were conducted. Each trial included one replicate of 

the rigid AV matrix and one replicate of the flexible matrix; tanks were separated by panels to 

prevent visual cues from neighboring tanks. During each trial, one adult blue crab and five 

penaeid shrimp were placed into each of the two tanks. New crabs and shrimp were used for each 

trial in order to avoid learned behaviors. Predation was reported as the number of penaeid shrimp 

consumed during the three-hour trial.  
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Video footage was reviewed to determine the times of each consumption event, and the 

time between each prey capture was calculated as a proxy for relative encounter rate. 

Consumption events were the most clearly identifiable aspects of the crab-shrimp interactions, so 

I focused my analyses on that objective and reliable measure. Other elements of the interactions 

(e.g., initial encounter rates or pursuit duration) were noted but were not clearly identifiable in 

the video footage and were too subjective to include in quantitative analysis.  

In order to quantify blue crab movement, video footage was analyzed using the software 

Ethovision. This software located a center point of the carapace using the dark coloration of the 

crab against the light background of the tank. This center point then tracked the total distance 

each blue crab moved within the tank, as well as the average velocity over the duration of each 

trial. 

All statistical analyses were conducted using the software programs JMP Pro 12 and R 

Studio 3.6.0. For the predation study, t-tests were used to determine if the total number of shrimp 

consumed was different between treatments, as well the pooled difference in time between 

captures in different treatments. Differences in crab velocity and distance moved in rigid and 

flexible treatments were compared with t-tests. Only three trials of each AV matrix were 

analyzed for crab movement due to technical issues associated with the video footage. 

 

2.2.3 Prey Refuge Study 

 To test the hypothesis that shrimp would prefer refuge in mangroves in the presence of a 

predator, we conducted a set of mesocosm experiments in a 2-m diameter tank with three equal 

areas of each AV matrix: open (no vegetation), flexible marsh (as above), and rigid mangrove 

(wooden dowels, as above). All animals were able to move freely among the open, flexible, and 
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rigid treatments (Fig. 2.1). A GoPro Hero+ was placed above the tank to record all animal 

activity during trials. 

 As in the predation study, prey refuge trials were temporally replicated over a periods of 

21 days in 2018, resulting in ten 3-hour trials. Five shrimp were added to the tank at the start of 

each trial. In five of the trials, one crab was added to the tank at the start of the trial; the 

remaining five trials had no crab present. Each trial was recorded with a GoPro as described 

above. The amount of time the blue crab spent in each of the treatment types (open, flexible, or 

rigid) was recorded using the software Ethovision. 

 

Fig. 2.1. Experimental array used to assess prey refuge value of three treatments: open, flexible, 

and rigid. 

Shrimp vegetation preference was calculated by determining the percentage of shrimp 

that were located in each treatment every 200 seconds. The average percent shrimp occurance for 
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each trial was calculated based on these observations. There was occasional predation during this 

experiment, which was accounted for in the analysis by excluding the consumed shrimp after the 

crab had captured it and reporting the proportion (not absolute number) of shrimp in each AV 

matrix type. Additional aspects of shrimp-crab interactions were not clearly and consistently 

observable in the video footage. Therefore, I focused the analysis on the average percent 

occurrence of shrimp in each habitat AV matrix treatment (open/flexible/rigid). The expected 

average value of shrimp in each treatment was 1/3, since there were 3 treatments within the tank. 

Repeated G-tests were used to compare the fraction of shrimp in each habitat type when a crab 

was present vs. absent. The null model assumed no shrimp habitat preference, where the shrimp 

would be evenly distributed among all three treatments. A pooled G-value determined if overall 

shrimp preference differed significantly from the null across treatments (Johnston and Caretti, 

2017; Sharpe, 2015). An additional repeated G-test determined if the amount of time crabs spent 

in each treatment differed significantly from the null (with an expected value of 1/3 for each of 

the 3 treatments); only four of five trials were analyzed due to technical errors in the video 

footage for one trial. 

 

2.3 Results 

2.3.1 Predation Study 

 Blue crabs captured more than twice as many penaeid shrimp in the flexible treatments 

than in the rigid treatment (t-test, t = -1.9385, p = 0.0166; Fig. 2.2). 
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Fig. 2.2. Average number of shrimp consumed within each treatment. Asterisk indicates that 

significantly fewer shrimp (at p < 0.05) were captured in the rigid than in the flexible treatment. 

Error bars represent ± 1 standard error (SE). 

 

The time between captures was nearly twice as long in the rigid treatment than the flexible 

treatment (t-test t = 3.9623, p = 0.0002, Fig. 2.3). Crabs covered nearly twice the distance and 

moved at close to twice the rate in flexible relative to rigid treatments, though there was 

substantial variability among individuals and no statistically significant differences between 

treatments (Table 2.1).  
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Fig. 2.3. Average time between captures for both vegetation types. Asterisk indicates that 

capture time was significantly longer (at p < 0.05) in the rigid than the flexible treatment. Error 

bars represent ± 1 SE. 

 

Table 2.1  

Results from t-tests for distances and velocities of blue crabs in flexible and rigid treatments. 

 Flexible 

Mean ± SE 

Rigid     

Mean ± SE 

t df p-value 

Distance (cm) 9251 ± 3561 5455 ± 2303 -0.895 2 0.429 

Movement Rate 

(cm/s) 

9.4 ± 3.0 5.2 ± 2.2 -1.129 2 0.328 
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2.3.2 Prey Refuge Study 

 When blue crabs were absent, penaeid shrimp displayed no preference for any AV matrix 

treatment (Pooled G test: n = 5, df = 2, p = 0.1589; Fig. 4). When blue crabs were present, 

shrimp selected the flexible treatment less often and the rigid treatment more often (Pooled G 

test, n = 5, df = 2, p = 0.0127, Fig. 2.4). The use of open areas by penaeid shrimp did not change 

in the presence of blue crabs. Blue crabs spent a similar amount of time in each vegetation type 

(20-50% of the time in each habitat type; Pooled G test, n = 4, df = 2, p = 0.8467). 

 

 

Fig. 2.4. Average percentage of the shrimp in each vegetation type when a crab was present or 

absent. Error bars represent ± 1 SE. 
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2.4 Discussion 

Habitat structure had a strong influence on crab predation success in that crabs captured 

more shrimp in the flexible vegetation matrix than in the rigid matrix. In the rigid matrix 

simulating mangrove pneumatophores, blue crabs consumed fewer penaeid shrimp and took 

longer to capture shrimp, suggesting that prey capture may have been limited by the physical 

constraints of the environment. The direct mechanism of reduced capture may have been 

attributable to decreased encounter rates or a lower incidence of successful attacks, though this 

information could not be quantified based on our video footage. Regardless, the lower prey 

capture rates were likely linked to plant rigidity, consistent with previous work in aquatic 

habitats showing that prey refuge value is affected by less flexible vegetation (Grutters et al., 

2015). Lower predation rates occurred around the buttressing aerial prop roots of red mangroves 

(Wilson, 1989), and our results suggest that black mangrove pneumatophores may provide 

similarly enhanced prey refuge by reducing prey capture rates. 

High variability in predator movement among individual crabs resulted in a lack of a 

statistically significant difference among AV matrix treatments. However, there was a striking 

difference in crab behavior among AV matrix types that may be biologically relevant to their 

foraging efficiency. Crabs travelled nearly twice the distance in rigid matrices than in flexible 

matrices, and crab velocity was up to twice as fast in the flexible matrices. With the same 

amount of variability but greater number of samples, the results may have shown statistical 

significance; however, the low power in my study was not able to reveal such a difference. The 

trend does still show biological meaning in the results. Therefore, in flexible matrices, crabs 

moved faster and covered shorter distances, but had higher capture rates, suggesting that the rigid 

structural environment made foraging overall more difficult for the crabs. These movement 
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measures serve as proxies for energy expenditure (Ansell and Trueman, 1973; Blickhan and Full, 

1987) and suggest that blue crab investment of energy into foraging may be higher in mangrove 

habitats compared to marsh habitats. Because blue crabs captured fewer shrimp in the rigid 

treatment, there was a lower reward for that energy investment in the mangrove vegetation 

matrix.  

Energy expenditure can directly influence diet, and blue crabs have been shown to 

optimize energy investment by focusing on specific species and size ranges of prey (Seed, 1980; 

West and Williams, 1986). My results suggest that there was higher energy expenditure when 

crabs foraged in an environment with more rigid plant structures, as there was a lower prey 

capture in the same amount of time foraging compared to the flexible treatment. Therefore, in the 

field, blue crabs may alter foraging strategies in the mangrove pneumatophore complex as marsh 

habitat is displaced by mangrove encroachment. For example, an increase in energy expended 

during predation may force blue crabs to shift their diet towards less mobile invertebrates such as 

bivalves in non-vegetated subtidal or creek habitats (Seitz et al., 2003). Additionally, blue crabs 

may shift their diet to include greater amounts of plant matter when they cannot capture active 

prey as effectively (Reichmuth et al., 2009). A shift to a diet of plant matter reduces blue crab 

fitness, which may result in increased mortality rates (Belgrad and Griffen, 2016).  

 Penaeid shrimp also used rigid and flexible vegetation matrices differently, particularly in 

the presence of predators. When provided with a choice, shrimp used the artificial (rigid) 

pneumatophore complex more often when predators were present. This could indicate that in the 

field, penaeid shrimp will be more likely to select patches of mangrove habitat over adjacent 

patches of marsh vegetation in the presence of predators. This pattern of refuge selection in 

response to the presence of predators is commonly observed in aquatic habitats. In general, prey 
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select more complexly branched or rigid refuge in the presence of predators (Crowder and 

Cooper, 1982; Grutters et al., 2015; Valinoti et al., 2011). However, patterns of refuge selection 

are taxon-specific, linked to the foraging strategy and mobility of both the prey and the predator. 

For example, in Florida, when predators (portunid crabs) were absent, juvenile blue crabs were 

found with equal frequency in stands of marsh, black mangroves and red mangroves; however, 

when a predator was present, they preferred the marsh (Johnston and Caretti, 2017).  

In the absence of acute predation risk, prey will often select habitat based on foraging 

potential rather than refuge (Shervette and Gelwick, 2008). In situations of high-risk, prey will 

devote more efforts to predator evasion, and in situations of low-risk, prey will devote greater 

effort toward feeding (Lima and Bednekoff, 1998). Penaeid shrimp primarily consume benthic 

and epiphytic microalgae (Gleason and Zimmerman, 1984), which are widely available in both 

mangrove and marsh ecosystems (Gatune et al., 2012; Ronnback et al., 1999; Stoner and 

Zimmerman, 1988; Zimmerman et al., 1984). Therefore, habitat selection for foraging is likely to 

be density dependent (Perez-Castaneda and Defeo, 2005). In my study, the shrimp were evenly 

distributed among AV matrices in the absence of a predator. Since foraging resources were not 

available in a laboratory setting, each treatment had equal value to the shrimp when predation 

pressure was removed.  

While mesocosm studies are important for understanding specific elements of an 

environment, it is important to acknowledge their potential to inflate predation rates. This effect 

ranges from minor (Johnston and Caretti, 2017) to major (Burks et al., 2001), depending on 

species-specific morphology and mobility. In general, these artifacts are relatively minor for 

studies with crab predators, as general predation trends can still be readily observed. Crabs do 

not markedly modify their typical predation behaviors in novel environments (Shervette and 
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Gelwick, 2008). Additionally, tanks of similar size (56 cm in diameter) have not presented a 

major artifact in previous blue crab predation studies (Eggleston et al., 1992). In my study, 

predation rates were relatively low; more than 30 minutes often elapsed before the crabs caught 

their first shrimp. The interactions were forced in order to evaluate the influence of habitat 

characteristics, and not to approximate actual predation rates in the field. 

Other vegetation features (for example, the taller and dense canopies of plants such as 

Spartina alterniflora that have flexible leaves higher above the water line relative to 

pneumatophores) are likely to be more relevant to nektonic or larger organisms such as 

waterbirds (Gan et al., 2009). Parsing out the combined and individual effects of each plant 

feature that influence predator-prey interactions in benthic and nektonic assemblages would have 

required a logistically challenging and complex series of experiments. Given those constraints, 

and that our organisms of interest are benthic, not nektonic, we elected to focus on the features 

that would most likely be variable at the plant-sediment interface – namely, stem rigidity. 

Mangrove expansion has been linked to shifts in wetland-associated assemblages (Diskin 

and Smee, 2017; Johnston and Gruner, 2018; Scheffel et al., 2017; Smee et al., 2017). As 

mangroves become more common, the edge habitat is particularly prone to changes in character, 

transforming from a grassy matrix to a pneumatophore complex. Transformation of this water-

vegetation interface carries implications for the many organisms that use edge habitat as critical 

nursery habitat in both mangroves (Robertson and Duke, 1987) as well as marshes (Baltz et al., 

1993). In addition, estuarine environments, vegetated habitats such as marshes can serve as 

corridors for predators, acting as an edge habitat between feeding grounds and vegetation. These 

corridors can enhance predation for animals such as the blue crab (Micheli and Peterson, 2001). 

With an increasing abundance of mangroves, these corridors may create a more rigid and 
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obstructive pathway around which crabs must navigate for prey, thus restricting movement and 

reducing prey capture by crabs. In the scenario of mangrove expansion within marsh-mangrove 

ecotones, an increase in mangroves could result in a change in character of these transition areas, 

thus shifting food web composition. Increased aggregations of prey seeking refuge in these 

mangrove environments may further alter the dynamics of these predator-prey relationships. The 

mechanistic drivers of these shifts are not yet fully understood, nor are the implications for 

trophic interactions or carbon flow through the food web, but my study is an important first step 

demonstrating that mangrove expansion has the potential to shift food web structure by altering 

predator-prey interactions. 

 

2.4.1 Conclusion 

Predation strongly influences the structure of estuarine communities, and anything that 

alters predator-prey dynamics could have implications across the food web. Effects of predation 

in estuarine environments on community structure include decreased prey abundance, as well as 

changes in prey distribution in response to the presence of predators (Posey and Hines, 1991). 

An increase in black mangrove cover may decrease suitable recruitment habitat for juvenile blue 

crab populations (Johnston and Caretti, 2017), and our study suggests that mangroves could have 

alter trophic dynamics among  these and other faunal species. Blue crabs and penaeid shrimp are 

important ecologically as well as economically, and thus their responses to these environmental 

changes could have a broad range of population- and community-level consequences. 
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CHAPTER III 

MARSH AND MANGROVE VEGETATION PROVIDE DIFFERENT REFUGE VALUES 

FOR THE VERTICALLY MIGRATING MARSH PERWINKLE LITTORARIA IRRORATA 

 

3.1 Introduction 

Coastal habitats are heterogeneous and contain variability across vertical and horizontal 

scales. Vertically, heterogeneity exists in the form of short and tall vegetation, and horizontally, 

heterogeneity exists in topography features such as elevation and inundation based upon distance 

to open water sources (Hovel et al., 2001). These forms of heterogeneity affect food webs, 

particularly predator-prey interactions. Prey will adjust their vertical location up a plant (Warren, 

1985) or burrowing within sediment (Roberts et al., 1989) to seek refuge, and predators will 

often avoid horizontal locations where vegetation density negatively impacts movement and prey 

capture (Minello and Zimmerman, 1983).  

In coastal wetlands, escape responses to predators include movements vertically up into 

the canopy or down below the sediment (Hovel et al., 2001; Roberts et al., 1989; Warren, 1985). 

Vertical migration is a behavior exhibited by a variety of aquatic species such as clams (Roberts 

et al., 1989), copepods (Bollens and Frost, 1989), and snails (Warren, 1985) to avoid predators 

(Gabriel and Thomas, 1988). The marsh periwinkle (Littoraria irrorata) vertically migrates up 

smooth cordgrass (Spartina alterniflora) stems in flood tides to avoid predators in the water 

(Hovel et al., 2001; Vaughn and Fisher, 1988; Warren, 1985; West and Williams, 1986).  

Coastal wetlands also provide different levels of horizontal refuge based on features such 

as hydrology, particularly when comparing higher vs. lower elevations. For example, smooth 

cordgrass found at higher elevation has been found to provide greater refuge for marsh 
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periwinkles than smooth cordgrass found closer to the wetland edge (Hovel et al., 2001).  At the 

benthos, interior cordgrass can become too dense for aquatic predators to continue as the animal 

moves further from open water (Minello and Zimmerman, 1983), indicating that being further 

from the water’s edge is in part a function of vegetation density. 

A shift in foundation species within coastal wetlands could influence prey refuge values. 

These refuge values are linked to the presence of vegetation, and if that vegetation changes then 

refuge could also change as a result. Along the Texas coast, marsh-mangrove ecotones are 

changing in response to a changing climate. Due to sea level rise and increases in minimum 

winter temperatures, the black mangrove (Avicennia germinans) is displacing salt marshes 

previously dominated by smooth cordgrass (Armitage et al., 2015; Comeaux et al., 2012; Osland 

et al., 2013). As mangroves become more common, they may change the features associated with 

prey refuge such as structural rigidity at the benthos and differences in canopy cover along 

wetland edges.  

The transition from an herbaceous wetland to one dominated by woody vegetation has 

many implications for food webs, especially predator-prey interactions. Although predation 

studies on the marsh periwinkle have focused on the refuge interaction between the periwinkles 

and the marsh vegetation (Hovel et al., 2001; Vaughn and Fisher, 1988; Warren, 1985), as 

wetlands change, these animals may seek refuge among other species of plants such as the black 

mangrove. The refuge value of black mangroves for the marsh periwinkle has not yet been 

explored. The differing rigidity of some flexible marsh vegetation vs. rigid mangrove vegetation 

can influence predation success of benthic predators, with lower prey capture rates documented 

in more rigid vegetation in a lab setting (Glazner et al., 2020). Rigid vegetation restricts predator 

movement and suppresses prey capture for benthic organisms (Glazner et al. 2020), but field 
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assays are needed to determine if the effects from mesocosm studies also affect predation in 

natural wetland environments. Therefore, my goal was to quantify if and how predation pressure 

differs across vertical and horizontal scales between marsh and mangrove vegetation for the 

marsh periwinkle. Because mangroves restrict predator movement and differ in morphology 

from marsh vegetation, I hypothesized that predation intensity in the field would be different 

between marsh and mangrove. 

 

3.2 Methods 

3.2.1 Study site description 

All experiments were conducted at East End Lagoon in Galveston, Texas (29.331565, -

94.753593). This site is a mangrove-marsh mix, dominated by the marsh vegetation Spartina 

alterniflora (smooth cordgrass) and black mangrove (Avicennia germinans).  

 

3.2.2 Experimental array 

I conducted a series of trials, each using a similar array of a series of randomly placed 2-

m2 plots at least one meter apart. In the winter, six plots were placed in areas of the marsh 

vegetation, and six plots were among mangroves, all placed along the edge of the wetland at the 

vegetation-water interface. In the summer, plots were placed along two elevation contours – one 

along the water’s edge and another 20-m away from the water’s edge. In the summer, five plots 

were in the marsh at the wetland edge and five plots in the mangrove at the wetland edge for 

each trial. In the interior, five marsh plots and five mangrove plots were also established. There 

was similar stem/pneumatophore density between the marsh and mangrove plots, and higher 

canopy cover in marsh plots compared to mangrove plots (3.5 Supplemental Material). In each 
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plot, five snails were tethered at the base of either smooth cordgrass stems or black mangrove 

pneumatophores (basal). In the two summer trials, five snails were tethered 25-45 cm above the 

benthos (canopy), following Warren (1985). Within each plot, individual snails were tethered a 

minimum of 20 cm apart to avoid overlapping tethers. 

3.2.3 Snail tethering 

My general approach was to compare relative predation pressure in marsh and mangrove 

environments by conducting a series of tethering experiments using the marsh periwinkle snail 

(Littoraria irrorata) as a prey item. Snails with shell lengths of 17-22 mm were selected for 

tethering, so that all snails were within the same adult size class (Vaughn and Fisher, 1988). 

Each snail was collected from East End Lagoon the same day that they were tethered for 

experimentation. Tethers were created using a 10 cm monofilament line; this length allows snails 

to move and exhibit natural foraging behaviors with the exception of vertical and horizontal 

migration (Silliman and Bertness, 2002). On one end, the line was attached to galvanized steel 

wire, which was used to secure the tether to a plant. On the other end, the line was attached to the 

shell of the snails with cyanoacrylate glue (Fig. 3.1).  

I conducted a pilot study to confirm that the tethers were functional. The pilot study in 

caged plots further supported this functioning of the tethers. The proof of concept study was 

conducted where two control cages of the size 1m2 were established with tethered snails on 

January 17, 2019. One cage was for the marsh and one was for the mangrove pneumatophores. 

In each cage, 10 snails were tethered at the base of the plant, and 10 snails were tethered at least 

25cm above the base of the plant. After 19 days, all 40 snails in control cages were present, 

indicating that snail absences outside of cages would be due to predation. Tethering is a method 
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that does not record exact predation rates, but instead allows for a comparison of relative 

predation. 

 

 

Fig. 3.1. Marsh periwinkle tethered to smooth cordgrass stem. 

 

3.2.4 Phase 1: Seasonal Comparison  

The objective of this phase was to compare predation intensity between winter and summer 

seasons, and between vegetation types (marsh vs. mangrove). Three trials focused on basal 

predation at the wetland edge: the first in winter 2019 and the remaining two in summer 2019. 

Cumulative snail survival was recorded after nine days in the winter and seven days in the 

summer trial. 

 Snail survival was reported as the percent of snails in each plot that remained on their 

tethers after the conclusion of the monitoring period. If a tether was attached to the plant but the 

snail was missing, this was marked as a predation event, as predators such as blue crabs have 
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been observed removing snails from tethers for consumption (Hovel et al. 2001). If broken 

fragments of shell were still attached to the tether but the snail itself was missing, this was also 

documented as a predation event. If the tether was completely missing from the plant (including 

the galvanized steel wire), then the snail was excluded from analysis as it was deemed a 

tether/user failure (Glazner, personal observation). If three or more tethers were missing in a 

plot, that plot was excluded from analysis when statistically analyzed at the plot-level to avoid 

misrepresentation of survival proportion.  

 

3.2.4.2 Phase 2:Vertical and Horizontal Comparisons  

The second phase of this study explored vertical and horizontal heterogeneity in refuge 

value in marsh and mangrove vegetation. Five marsh and five mangrove plots were established 

at the wetland edge, and an additional five marsh and five mangrove plots were established at the 

wetland interior (Fig. 3.2).  

In the first trial, cumulative predation was determined by documenting percent snail 

survival for each plot after seven days. In the second trial, snail survival was recorded daily over 

a seven-day period. 
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Fig. 3.2. Experimental setup for Phase 2 summer trials. Each plot was approximately 2 m2, and 

there was a minimum of one meter between plots (illustration not to scale). 

 

3.2.6 Statistical Analyses 

All statistical analyses were conducted using R Studio 3.6.0. In Phase 1, two-factor 

ANOVA was used to determine the effects of season (winter nine-day survival vs. summer 

seven-day survival) and vegetation type (marsh vs. mangrove) on snail survival. For cumulative 

survival of trials from Phase 2, a three-factor ANOVA was used to compare overall survival of 

snails after seven days. The three independent factors were vegetation type (marsh vs. 

mangrove), height (basal vs. canopy), and location (edge vs. interior). In the second trial of Phase 

2 where percent snail survival was recorded daily, survival analyses with Cox PH regressions 
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were used to determine if there were differences between vegetation types over seven days. One 

survival analysis was conducted for basal snails, and one survival analysis was conducted for 

canopy snails. The location (edge vs. interior) was integrated into each of these analyses. For the 

survival analysis, a status of “1” indicated that a snail was alive and a status of “2” was a status 

of not alive. Therefore, positive coefficients were interpreted as lower survival in the survival 

analyses, as the larger output of 2 was associated with snail mortality. Survival in each plot 

excluded snails with completely missing tethers. The response variable for all analyses was 

percent survival for each snail group within a plot.  

 

3.3 Results 

3.3.1 Phase 1: Seasonal Comparison 

 Vegetation type did not affect the survival of basal edge snails during either season, but 

snail survival was significantly higher in the winter than in the summer (Figure 3.3, Table 3.1).  

 

3.3.2 Phase 2: Vertical and Horizontal Comparisons 

 In the summer, cumulative snail survival was significantly different between heights and 

locations. Cumulative summer canopy snail survival was 60% compared to only 4% for basal 

snails. Additionally, 15% fewer snails survived in edge plots than interior plots (Table 3.2, Fig. 

3.4).  
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Fig 3.3. Cumulative tethered basal edge snail survival for winter (nine days) and summer (seven 

days). Bars represent standard error. 

 

Table 3.1 

Two-factor ANOVA comparing survival for basal edge snails in summer (n=20 plots) and winter 

(n=12 plots) for marsh vs. mangrove 

Factor Degrees of 
Freedom (Df) 

Mean Sq F value P-value 

Vegetation 1 172 0.791 0.381 

Season 1 39793 183.419 <0.001 

Vegetation: Season 1 61 0.279 0.602 

Residuals 28 217   
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Fig. 3.4. Summer snail survival for plots from both trials after seven days. Bars represent 

standard error. 
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Table 3.2 

Three-factor ANOVA of cumulative summer survival after seven days for both trials (n=40 

plots). Colons represent interactions. 

Source Df Mean Sq F value P-value 

Vegetation 1 551 2.509 0.1176 

Height 1 60566 275.667       <0.001 

Location 1 1328 6.046 0.0163 

Vegetation:Height 1 63 0.285 0.595 

Vegetation:Location 1 68 0.312 0.5785 

Height:Location 1 17 0.079 0.7798 

Vegetation:Height:Location 1 341 1.553 0.2168 

Residuals 72 220   

 

When survival was measured daily, snails were more vulnerable on the benthos when 

tethered to marsh than to mangrove vegetation. Additionally, more snails survived in the interior 

relative to the edge at the benthos (Survival Analysis, Table 3.3). In the canopy, snails were more 

vulnerable in the mangrove than the marsh. Horizontal location had no effect on snail survival in 

the canopy (Survival Analysis, Table 3.4, Fig. 3.5). 
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Table 3.3 

Survival analysis for snails at the benthos monitored daily during the summer for seven days 

(n=200 snails). Positive coefficient indicates lower survival, and negative coefficient indicates 

greater survival. 

 Coefficient Standard Error of 
Coefficient 

Z P-value 

Vegetation 
(Mangrove) 
 

-0.297 0.089 -3.331 <0.001 

Location (Edge) 0.213 0.089 2.393 0.017 
 
 

Table 3.4 

Survival analysis for snails in the canopy monitored daily during the summer for seven days 

(n=200 snails). Positive coefficient indicates lower survival, and negative coefficient indicates 

greater survival. 

 Coefficient Standard Error of 
Coefficient 

Z P-value 

Vegetation 
(Mangrove) 
 

0.583 0.150 3.903 <0.001 

Location (Edge) -0.034 0.144 -0.238 0.812 
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 Fig. 3.5. Summer snail survival for a) canopy edge, b) canopy interior, c) basal edge, and d) 

basal interior. Bars represent standard error. 
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3.4 Discussion 

Overall, the factor that most strongly affected prey refuge value was the vertical position 

of the prey. Snails tethered in the canopy survived more than snails tethered at the base of the 

plant regardless of location (edge vs. interior) or vegetation type (marsh vs. mangrove). This was 

likely due to differences in predator identity (aquatic vs. terrestrial) at basal and canopy 

locations. The primary aquatic predator of the marsh periwinkle is the blue crab Callinectes 

sapidus (Hovel et al., 2001; Stanhope et al., 1982; Vaughn and Fisher, 1988; West and Williams, 

1986). Blue crabs primarily forage underwater, focusing on snails and other prey items that are 

near the benthos (Hovel et al., 2001; Warren, 1985). However, crab movement may also be 

restricted by rigid vegetation such as mangrove pneumatophores (Glazner et al., 2020). In this 

study, benthic predation rates were lower among mangroves than in marsh vegetation, suggesting 

that the rigid pneumatophores likely inhibited crab foraging. 

In the canopy, marsh vegetation provided greater refuge value. Primary aerial predators 

of marsh periwinkles include Clapper Rails (Heard, 1982) and other wading birds. Relative to 

mangrove pneumatophores, the marsh vegetation canopy provides more coverage and may 

therefore obscure the visual foraging capacity of these wading birds. Greater canopy cover in the 

form of longer leaves is associated with increased prey refuge in aquatic environments (Farina et 

al., 2009), supporting our findings that greater leaf coverage in the marsh obscure line-of-sight 

foraging for terrestrial predators such as birds. These results indicate that the refuge value of a 

plant is influenced by the snail’s position on the plant. 

Horizontal refuge in the wetland was variable. When monitoring daily summer survival, 

more snails survived in the wetland interior than the edge when at the base of the plant, but there 

was no difference between edge and interior survival in the canopy. This effect occurred 
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regardless of whether the snail was located on a marsh stem or mangrove root. My results align 

with a previous finding that periwinkles tethered to high-elevation short-form cordgrass survive 

more than those tethered to tall-form, low-elevation cordgrass in salt marshes (Silliman and 

Bertness, 2002). In my study, this effect was seen to occur even when the additional vegetation 

type of mangrove was introduced. In wetlands, distance from the shore decreases aquatic 

predation pressure due to less inundation occurring inland (Stiven and Hunter, 1976). My study 

demonstrates that horizontal refuge remains heterogeneous at the benthos regardless of 

vegetation type on which periwinkles are located. 

There was temporal heterogeneity in predation intensity. In my experiment, more snails 

survived during the winter trial than the summer trials on both marsh and mangrove vegetation. 

This is likely due to lower intertidal predator activity during the winter compared to the summer 

(Jacobsen and Stabell, 1999). Lower predation intensity in the winter compared to the summer 

has been observed in other snail tethering wetland experiments (Warren, 1985). Predation 

intensity in estuarine environments can increase due to potential factors such as physiological 

stress in the winter as well as seasonal migration patterns of various aquatic predators (Moody, 

2001), which further explains the significant difference in periwinkle survival observed between 

seasons. This result indicates that in periods of low predation intensity, the mangroves do not 

provide significantly different refuge value than the marsh. Therefore, mangroves play a more 

important role in refuge during short-term periods of the summer when predation intensity is 

much higher. 

Mangroves affected prey refuge across a short-term period of time.  Daily summer 

survival indicated that predation intensity was high, particularly in the first three days of the trial. 

The predation during this short duration of two to four days is important in a coastal wetland 



 

 35 

environment because of the quickly changing nature of water levels. In marshes of the Gulf of 

Mexico, the microtidal water levels are largely driven by weather and wind patterns (Kim and 

Park, 2012; Schroeder and Wiseman, 1999). In a rapidly changing environment, the vegetation 

type on which the prey is located can determine its refuge if it does not immediately seek the 

canopy. 

External factors such as weather, tidal inundation, and wrack may have introduced some 

variability in predation. Wrack is a known source of refuge for coastal invertebrates (Rodil et al., 

2008), and is often present in marsh-mangrove ecotones (Smith et al., 2018). Wrack can also be 

colonized by crustaceans and additionally can provide refuge for predators from environmental 

stressors (Colombini et al., 2009). When observing presence vs. absence of wrack at our site, its 

presence was too patchy to determine a definitive role that it may have played in providing 

refuge, and is an important environmental feature that can be studied in the future. 

Due to the value of Spartina alterniflora and its detritus in the diet of these snails 

(Silliman and Bertness, 2002; Silliman and Zieman, 2001), the preference between marsh and 

mangrove vegetation could still vary depending on the optimal balance between food and refuge. 

While mangrove pneumatophores may provide more benthic refuge, the Spartina stem still 

provides some level of refuge, but with the added benefit of also being a reliable food source 

simultaneously. The snail’s proximity to a given vegetation type may also determine its selection 

for refuge. Given the marsh periwinkle’s important role in wetland ecosystems as an herbivore of 

marsh vegetation as well as their role as a food source for aquatic and avian species, 

understanding refuge value is an important first step in determining how climate change will 

continue to shape wetland communities, particularly in relation to mangrove expansion. Future 

studies regarding the value of a diet of Avicennia germinans compared to Spartina alterniflora 
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for the marsh periwinkle would further contribute to understanding the impacts of mangrove 

expansion on wetland food webs of the Texas coast. 

My results suggest that as mangroves displace salt marshes, snails will be provided with 

greater basal refuge but less canopy refuge, which could impact coastal food web dynamics. This 

refuge from predation pressure plays an important role in regulating the marsh periwinkle 

Littoraria irrorata because without predation pressure, these snails can dramatically reduce the 

amount of salt marsh vegetation, thus reducing the potential for primary production, carbon 

storage and available habitat (Silliman and Bertness, 2002). The periwinkle is also a food source 

for aquatic animals including blue crabs, conchs, and fishes (Hovel et al., 2001; Vaughn and 

Fisher, 1988; Warren, 1985; West and Williams, 1986), as well as wetland birds such as the 

Clapper Rail (Heard, 1982). This study shows that mangroves play a role in prey refuge, 

particularly from benthic, aquatic predators. 

 

3.5 Supplemental Material 

3.5.1 Study site assessment 

Features of the study site were observed in summer 2019. A one-m2 quadrat was placed over the 

locations where each group was tethered. Species richness, stem density, canopy cover and the 

presence of wrack were recorded within each quadrat. Wrack was documented as present or 

absent because the water was too turbid for an accurate percent cover measurement. Light was a 

proxy for canopy cover in each quadrat, which was measured by placing a light meter under the 

visually determined densest cluster of Spartina alterniflora or Avicennia germinans 

pneumatophores to measure the amount of light permeating that area. Light was recorded in the 
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open at each location to calculate the percent of light covered relative to the light uncovered. 

Lower percentage of light indicated greater canopy cover.  

There was no difference in stem density between the marsh and mangrove plots. Species 

richness was greater in the mangrove plots than the marsh plots. Canopy cover was greater in the 

marsh plots than the mangrove plots, as indicated by a lower percent of light. More wrack was 

present in the mangrove plots than the marsh plots (Table 3.4). Camera traps did not document 

any predation events, but did record the presence of potential predators such as Clapper Rails and 

White Ibises. 

 

Table 3.5 

Means +/- standard errors of environmental factors. Asterisks indicate factors with significant 

differences between marsh and mangrove. 

 Marsh Mean (+/- SE) Mangrove Mean (+/- SE) 

Stem density (stems/m) 71.5 +/- 6.5 95.1 +/- 11.4 

Number of species* 1.5 +/- 0.3 2.7 +/- 0.4 

Percent light* 44.7 +/- 4.8 65.7 +/- 6.1 

Wrack presence* 0.1 +/- 0.1 0.8 +/- 0.1 
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CHAPTER IV 

INFLUENCE OF ANTHROPOGENIC CHANGES IN WETLANDS ON WADING BIRD 

FORAGING HABITAT SELECTION 

 

4.1 Introduction 

Wetlands are one of the most rapidly changing habitats globally due to habitat loss and 

encroaching development (Day Jr et al., 2003), sea level rise (Nicholls et al., 1999), as well as 

changes in foundation species (Osland et al., 2013). Along the northern Gulf of Mexico, coastal 

development such as construction of buildings and roads has largely contributed to wetland loss 

and decreased biodiversity (Burkett, 2008; Gibbs, 2000). These landscape-level alterations will 

likely have complex effects on faunal assemblages. 

Wading bird assemblages may be particularly sensitive to alterations to the coastal 

landscape. It is known that increasing anthropogenic development (DeLuca et al., 2004) and 

increasing distance to nesting islands (Brzorad et al., 2015) are associated with decreasing avian 

abundance at foraging habitats. What is not fully understood is how varying levels of 

development in combination with decreased nesting habitats and increasing mangrove cover act 

concurrently to affect critical habitats of wading birds and their populations. 

It is important to understand how wading birds respond to habitat alterations due to their 

valuable ecosystem functions. Wading birds are iconic species that include members of families 

Ardeidae (herons and egrets), Threskiornithidae (ibises and Roseate Spoonbills), and Ciconiidae 

(Wood Storks), within the order Ciconiiformes. Many wading birds forage in wetlands, making 

them regulators of energy flow through coastal food webs (Christy et al., 1981). Wading birds 

are also important contributors to coastal ecosystem nutrient recycling (Dusi et al., 1971). 
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Wading birds contribute to the vibrant birding ecotourism of the Texas coast; in Galveston 

County, the annual economic income generated by birding is estimated at $350,000 (Beidyk and 

Novosad, 2014). Moreover, ecotourism in Texas has been reported to be as high as $477 million 

annually, and birding is an important component of this travel industry (Redwine, 1997). 

The presence of foraging wading birds is assumed to be proxy for the quality of a wetland 

habitat (Beerens et al., 2015), and can help determine which environmental features most 

strongly affect the ecosystem. Many factors influence the selection of foraging habitats by 

wading birds, including water depth and tidal pond area (Beerens et al., 2011) and prey 

availability (Beerens et al., 2011; Gawlik, 2002). These factors are likely to interact with other 

aspects of habitat quality, including mangrove encroachment and development that alters the 

surrounding habitat and access to nesting areas (Knight et al., 2016). In highly anthropogenically 

altered ecosystems, such as the Galveston Bay ecosystem, many of these ecosystem changes are 

happening concurrently. Tracking the use of habitats and ecosystems by wading birds as a proxy 

for habitat quality may prove useful for identifying thresholds and tipping points of ecosystem 

decline. 

Urban development, such as residential buildings, commercial buildings, or industrial 

areas, could negatively impact the integrity of wetlands utilized by avian communities, with a 

reduction in the abundance and diversity of birds in marsh habitats as an indicator (DeLuca et al., 

2004). Human disturbance and how it interacts with available shallow water and prey density 

will influence the foraging habitat quality for wading birds (McKinney et al., 2010). Wetlands 

across Galveston Bay are in varying states of decline (Rozas et al., 2007) , and comparing bird 

abundances across different levels of Landscape Development Intensity (LDI) could better 
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inform if development is affecting the suitability of foraging habitats, and if this factor plays the 

greatest role in foraging habitat suitability. 

 Proximal nesting habitat may play an important role in wading bird foraging habitat 

selection. Wetland decline and anthropogenic disturbance could impact the relationship between 

foraging habitats and nesting habitats for wading birds. Ciconiiformes have large variability in 

foraging range, with colony abandonment occurring with foraging flights greater than 25-30 km 

(Brzorad et al., 2015; Gibbs, 1991; Parris and Grau, 1979; Romanach et al., 2011; Smith, 1995; 

Thompson, 1979). Wading birds experience a larger energy cost associated with traveling farther 

distances from nesting sites in order to forage compared to closer foraging sites (Brzorad et al., 

2004; Brzorad et al., 2015; Maccarone and Brzorad, 2007). As the nesting habitats are being lost 

in Galveston Bay (Houston Audubon, 2020), birds limited to specific nesting areas may be 

forced to forage in lower quality areas that have a closer nesting proximity . 

Along the northern coast of the Gulf of Mexico, the foundation species of wetlands are in 

a state of change, with increases in the minimum winter temperatures are working in tandem 

with sea level rise, contributing to black mangrove (Avicennia germinans) population growth in 

this region (Armitage et al., 2015; Comeaux et al., 2012; Osland et al., 2013). As mangroves 

encroach, dense clusters of pneumatophores (aerial roots) (Meyerriecks, 1971) can deter birds 

and reduce their abundance by creating areas where it is difficult to access prey items as they 

probe or strike water to forage along the vegetation-water interface (Sandilyan and Kathiresan, 

2015; Whitt, 2016).  In contrast, the presence of salt marsh species such as smooth cordgrass 

(Spartina alterniflora) is associated with higher wading bird abundance relative to mosquito 

ditches and stands of common reed (Trocki and Paton, 2006). Although these potential 

mechanisms of change have been inferred regarding black mangroves across entire regions, a 
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site-specific study observing bird use of foraging habitats near mangroves will improve our 

understanding of this relationship. 

The comparison of effects of nesting distance, LDI, and marsh-mangrove vegetation type 

on foraging habitat suitability for wading birds has yet to be explored in regions where black 

mangroves continue to expand into previously marsh-dominated wetlands. My overall objective 

was to determine effects of human development, distance to nesting habitat, and vegetation type 

on the selection of foraging habitat by wading birds to understand which factors influence habitat 

suitability at this location. My hypothesis was that wading birds would select foraging habitats 

with fewer mangroves. Additionally, I hypothesized that birds would select foraging habitats 

with less surrounding development and closer proximity to the nesting habitat. 

 

4.2 Methods 

4.2.1 Foraging Areas 

All foraging habitats in this study are located in Galveston County, Texas. The study sites 

include Sportsman Road, Bolivar Flats, East End Lagoon, and Reitan Point (Fig. 4.1). These sites 

were selected because they contained a combination of open water and nonvegetated sediment 

on which birds could wade, as well as tidal wetland vegetation (marsh and/or mangrove). 

Additionally, selected sites were safely accessible by drone for bird observations (see Section 

4.2.4). I determined the boundaries of each foraging habitat based on the presence of a matrix of 

surface water and vegetation within each wetland. The boundary for that wetland was defined as 

the transition to developed land or other non-wetland landscape as determined from aerial 

imagery.  
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4.2.2 Target Species 

The target species for this study were the Great Egret (Ardea alba), White Ibis 

(Eudocimus albus), Great Blue Heron (Ardea herodias) and Roseate Spoonbill (Platalea ajaja). 

These four species were selected because they are representative of the apex predators in coastal 

wetlands of this region of Texas. Additionally, they could be consistently identified in 

Unmanned Aerial Vehicle (UAV) images. Smaller species of wading birds could not be reliably 

identified in the aerial images and were therefore excluded due to the element of subjectivity 

they would introduce. 

 

4.2.3 Site Characterizations 

To characterize site features that may be linked to bird foraging, habitat maps were 

created for each site using aerial images collected and imported to ArcMap 10.2. The land cover 

features assessed included mangrove cover, marsh cover, nonvegetated sediment, and open 

water. These were defined with the color band classification feature in ArcGIS, as each land 

cover type consisted of different ranges of color. I mapped coverage of marsh, mangrove, water, 

and sand flat habitat at a representative subset of the area (see Section 4.2.4). Three additional 

factors that may affect bird habitat selection were also derived from site imagery: foraging 

proximity to nesting habitat, landscape development, and percent mangrove cover. 
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Fig. 4.1. Study sites (filled symbols) and nesting site (open symbol) in Galveston County, Texas. 

Map data: Google Earth, Image Landsat/ Copernicus, SIO, NOAA, U.S. Navy, NGA, GEBCO, 

LDEO-Columbia, NSF. 
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In Galveston Bay, North Deer Island contained the most productive wading bird breeding 

colony, with 20,000-40,000 nesting pairs annually, inclusive of my target species (Houston 

Audubon 2020). Other smaller nesting colonies in Galveston Bay support a limited number of 

nesting birds due to habitat loss and decreasing size (Pitts, 2015). Given its major contribution as 

a nesting habitat in Galveston Bay, North Deer Island was selected as the primary nesting site for 

all proximity measurements. I measured the shortest possible distance from the border of each 

foraging wetland to the border of North Deer Island using the Measure tool in ArcMap 10.2 with 

satellite imagery obtained from the Texas Natural Resources Information System. 

Urban development surrounding each study area was characterized using the Landscape 

Development Intensity Index (LDI). This index classifies land types of a surrounding buffer into 

values that are then used to determine LDI as follows (Brown and Vivas, 2005): 

LDItotal = Σ(%LUi * LDIi) 

Where LDItotal is the overall LDI value assigned to a study area, %LUi is the percent of the area 

with land type I, and LDIi is the landscape development coefficient assigned to land type i. The 

coefficients were assigned on a scale of 1 to 10 (Table 4.1), with 10 being the least suitable 

landscape category, and these index values were obtained from Brown & Vivas (2005). Land 

types in the analysis were open water, natural area, residential buildings (at low or high density), 

highways (4 lane) and highways (2 lane). For each study site, a 50-m buffer (Mack, 2006) was 

established around each wetland for which the LDI was calculated. The LDI was estimated for 

the entire wetland using satellite imagery obtained from the Texas Natural Resources 

Information System. This scale could better account for the overall development occurring at 

each location. 
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Table 4.1 

LDI coefficients assigned to different land types, following Brown and Vivas (2005) 

Land Cover Type LDIi 

Natural land/Open water 1.00 

Residential buildings (low density) 6.9 

Residential buildings (high density) 7.55 

Highway (2 lane) 7.81 

Highway (4 lane) 8.28 

 

The UAV imagery of the 9-hectare survey area was used to determine mangrove cover, 

as this imagery provided greater resolution than satellite imagery for more precise values. Aerial 

maps created using the UAV imagery were analyzed by classifying color bands with ArcGIS. 

Multiple color bands were associated with some land cover types (Fig. 4.2). 

 

4.2.4 UAV Information 

The UAV model for this study was the DJI Phantom 3 Advanced. The UAV was used to 

survey nine hectares of land from an altitude of 46 m above ground level over a10-15 minute 

time period.  

Aerial transects were established for each survey using the application DroneDeploy. 

Since these surveys were subsamples of the whole area, appropriate coordinates were determined 

by selecting one representative site within each study site that was accessible by the UAV from a 

safe launch location and proximal to overall habitat features. All study areas selected were an 

area of nine hectares and contained a representative landscape matrix, as determined by the 

presence of emergent vegetation, open water, and nonvegetated sediment. Suitable water bodies 
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were defined as those with shallow water along the edge or center of the habitat for wading birds 

to walk in. Aerial photographs were automatically taken as the drone flew along each preset 

route, which was established using DroneDeploy (Fig. 4.2). Characterizations of vegetation type 

and bird use were collected from representative survey area, with each survey area being nine 

hectares in size (Fig. 4.3). The landscape analyses were conducted on one set of images for each 

survey area. Because the wetlands are microtidal, features such as water cover would be most 

affected by weather. Weather conditions such as rain and wind were consistent throughout 

sampling, and therefore this did not interfere with water cover estimates. The drone was only 

flown when winds were not strong and it was not raining. Because there was some variability 

across time at which the maps were created (from late February 2017 to late May 2017), the 

senescence of the marsh vegetation may have introduced some variability in estimates of percent 

cover for that vegetation type. This variability did not impact analyses, which focused on other 

land cover types and environmental factors. 

 

Fig. 4.2. Sample of preset aerial route for surveys established using DroneDeploy. Green lines 

represent flight path. 
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a       b 

   

  c      d 

  

 

Fig. 4.3. Survey areas assessed for landscape features and wading bird composition. Aerial 

imagery was obtained using UAV, and all study sites were approximately nine hectares. a) 

Bolivar Flats b) East End Lagoon c) Sportsman Road d) Reitan Point. 



 

 48 

4.2.5 Bird Counts 

To characterize bird presence, six replicate drone flights were flown over each survey 

area. These areas were surveyed from February 2017 – May 2017, the early breeding season for 

wading birds. All bird surveys were completed only when the wind was below 50.4 km/hour and 

when there was no fog or rain. Additionally, all surveys were conducted between 07:00-12:00, 

when wading birds most commonly forage (Kushlan, 1978). All flights were conducted at an 

altitude of 46 m to avoid disturbance. Two independent observers manually scanned each 

photograph taken by the UAV to search for the presence of wading birds. The species was 

determined by body and bill shape, size, and when possible, color (Fig. 4.4). For birds that were 

not clearly identifiable by these features, body and bill length measurements were obtained using 

the software Analyzing Digital Images (Bocher et al.) (Bull and Israel, 2016). This software uses 

the image resolution associated with altitude at which the photo was taken to calibrate 

measurements specific to that image. These measurements were then compared to those provided 

by Birds of North America Online to confirm species identification. In cases where the 

identification or counts did not match between the two independent observers, images were 

flagged and reviewed.  
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Fig. 4.4. Example of aerial imagery (from 46 m above ground level) obtained of a group of 

Roseate Spoonbills foraging, with distinguishing features/metrics emphasized. 

 

4.2.6 Statistical Analyses 

 All statistical analyses were conducted using R Studio 3.6.0. To analyze the relationship 

between bird abundance and foraging habitat features, a Generalized Linear Model (GLM) was 

developed with the Poisson regression and log link function. Interactions were not analyzed due 

to limited sample size. Nesting distance (Hoekman et al.), LDItotal, and percent mangrove cover 

for each study area were converted to z-scores and were used as predictor variables, and bird 

abundance pooled across all sampling dates was the response variable. Each date at which a 
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foraging habitat was surveyed was considered to be an independent replicate. Species were not 

analyzed separately due to the limited sample size and high variability among surveys. 

 

4.3 Results 

4.3.1 Study Site Characterization 

There was variability across study sites in land cover type and foraging suitability factors. 

Reitan Point and Sportsman Road were substantially closer to the nesting island than the other 

two sites. Reitan and East End had the most surrounding development. East End and Bolivar had 

mangroves, while Sportsman Road and Reitan Point did not (Table 4.2). Based on these 

subsamples, Bolivar Flats appeared to have the least water/sand flat foraging area, relative to the 

other sites (Fig. 4.5).  

 

Table 4.2 

Environmental features (nesting distance, development, and mangrove cover) associated with 

each foraging habitat. 

Foraging 
Habitat 

Distance 
from North 
Deer Island 
(Hoekman 

et al.) 

LDItotal % 
Mangrove 

Cover 

Total Site Size 
(hectares) 

Bolivar Flats 13.5 1.4 33.0 415.9 

East End Lagoon 15.8 4.0 4.9 220.4 

Sportsman Road 2.8 1.6 0 630.6 

Reitan Point 2.6 4.1 0 438.0 
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Fig. 4.5. Land cover composition (vegetation type, water, and substrate) of study sites. Each site 

for which land cover was analyzed was approximately nine hectares and was where birds were 

surveyed. 

4.3.2 Relative Bird Abundance 

Total bird abundance (all species pooled) was negatively associated with increasing 

distance from the nesting site but positively associated with increasing LDI. There was no 

significant relationship between bird abundance and mangrove cover (Table 4.3). The species 

observed the most often were Great Egrets and White Ibises, while the least frequently observed 

species was the Great Blue Heron (Fig. 4.7). 
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Table 4.3 

Generalized linear model output of habitat suitability factors. Total bird abundance of all target 

species pooled (n=24 surveys) was the response variable.  

Factor Estimate Standard Error Z value p-value 

Nesting Distance 

 

-0.550 0.106 -5.174 <0.001 

LDI 

 

0.213 0.084 2.525 0.0116 

Mangrove Cover 0.122 0.131 0.930 0.3523 
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Fig. 4.6. Average number of birds per survey for target species of wading birds, a) Great Egret, 

b) Great Blue Heron, c) Roseate Spoonbill, and d) White Ibis. Bars represent standard error. 

Each survey was conducted in a study site of approximately nine hectares. 
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4.4 Discussion 

Bird use was variable over space and time, and was linked to surrounding landscape 

features, including urban development and proximity to nesting areas, rather than site-level 

characteristics (particularly mangrove cover) in the areas I studied. Nesting distance was closely 

associated with bird abundance, with significantly fewer birds at sites further from the nesting 

habitat. Energy investment to travel to a foraging habitat may have played a major role in its 

suitability for wading birds, with closer distances requiring less energy expenditure (Brzorad et 

al., 2015; Knight et al., 2016). Many wetland foraging locations are clustered for wading birds 

such as storks, which occurs as a result of habitat proximity to a colony (Gaines et al., 1998). As 

wetland loss occurs, nesting habitats and foraging areas may become progressively further apart, 

with potential negative consequences for wading bird nesting success. Fitness consequences of 

being further away from good nesting sites include increased energy demand to reach optimal 

sites (Brzorad et al., 2004; Brzorad et al., 2015; Maccarone and Brzorad, 2007). 

 Interestingly, landscape development intensity had a positive association with bird 

abundance, where more birds were observed where LDI was higher. Because LDI was assessed 

for the whole wetland, development could have been more heterogeneous at the survey area 

relative to the entire study site. Alternatively, when foraging resources are available without 

direct human interaction, passive disturbances such as roads and buildings can have a positive 

association with wading bird abundance as they are not deterred by these less intrusive 

anthropogenic factors (McKinney et al., 2010). In other ecosystems, passive disturbance from 

LDI can have a more distinctly negative effect on wildlife. For example, in forest ecosystems, 

increasing LDI is linked to declines in bird assemblages (Wardlaw et al., 2018). The lack of 

impacts of passive disturbance on wading birds in my study suggests that wading bird foraging 
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habitat selection is more strongly influenced by other factors such as water depth and prey 

availability (Lantz et al., 2011), which are independent of the surrounding urban development. 

Urban development surrounding a wetland may not strongly affect the quality of a 

foraging habitat for wading birds, but other forms of disturbance such as active disturbance may 

be in effect. Active disturbance, when human activities such as boating or fishing directly 

interfere with the environment (Antos et al., 2007), can have larger effects on these wading bird 

foraging habitat selection (McKinney et al., 2010). Although not quantified directly in my study, 

East End Lagoon is a location frequented by many recreational fishers and kayakers, and this site 

had the lowest total bird abundance. In contrast, the site with the highest LDI (Reitan) had the 

highest total bird abundance across all surveys. More birds may have been observed at that 

location potentially due to less active disturbance compared to East End Lagoon. For active 

disturbance, there was no source of reliable data, since quantifying the specific, direct human use 

of the wetlands in tandem with UAV surveys was outside of the scope of my initial study design. 

General human activities frequently conducted in these wetlands such as kayaking and fishing 

are known disturbances to avian communities (Korschgen and Dahlgren, 1992), and thus were 

likely to have played a role in Galveston county wetlands as well. 

 The presence of mangroves did not have a significant effect on bird abundance, but bird 

use was variable among sites, likely due to the heteregeneous distribution of vegetated, 

submerged, and nonvegetated habitat. Mangroves did not alter the availability of tidal pond 

foraging habitat for these birds. The site with the fewest birds, East End Lagoon, contained a 

fewer pools compared to sites with more birds. While edge habitat can be preferred by wading 

birds for prey capture (Lantz et al., 2011), pools within the matrix concentrate prey for wading 

birds, thus making prey more accessible (Bancroft et al., 2002). Other factors such as shallow 
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water and prey density likely had greater influence, which occurred across sites independent of 

vegetation type. All sites contained a unique mixture of open water and sediment on which 

wading birds could effectively forage, and landscape composition was less defined by the 

presence of mangroves compared to other land cover types. Therefore, the structural features of 

the mangroves themselves did not interact with the vegetation-sediment interface in a way that 

meaningfully impacted wading bird foraging behavior, as they did not stop selecting mangrove 

sites. 

Novel techniques, such as the use of Unmanned Aerial Vehicles (UAVs), are useful for 

exploring the response of these iconic birds. UAV surveying has been a more accurate method 

for bird assessments than surveys on the ground (Vallery, 2018). Researchers have used UAVs to 

study the presence of wading birds such as Great Egrets (Bako et al., 2014) and White Ibises 

(Jones et al., 2006), but little work has been published using this method to survey other species 

of wading birds such as the Great Blue Heron or Roseate Spoonbill. This method of surveying 

worked to cover larger areas, but provided low-resolution images with no information on smaller 

birds. Image processing was labor intensive, which additionally limited the number of 

observations that could be feasibility obtained. Given these pros and cons, it is recommended 

that this type of surveying being used for larger avian species, and UAV surveys might have 

greater accuracy in areas where these birds are less variable in their position, such as rookeries.  

Wading birds are crucial members of the coastal food web, and understanding how a 

changing landscape will influence their foraging habitats is critical for understanding the 

dynamics of the food web as a whole. While the presence of mangroves could have effects on 

foraging habits of benthic predators within the wetland vegetation matrix (Glazner et al., 2020), 

this study indicates that at an assemblage-level for avian predators, mangrove expansion will not 
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have the same effect. The presence of mangroves likely interacts with a greater variety of 

environmental features at this scale and trophic level. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

 

Predator-prey interactions shape coastal food webs, and these interactions may shift in 

response to environmental changes. I investigated how predator-prey interactions would be 

affected by mangrove expansion at different trophic and assemblage levels. 

 

5.1 Overall Results 

In the model system studying blue crabs as predators and penaeid shrimp as prey, plant 

rigidity affected predation and prey refuge value. The blue crabs captured fewer shrimp in the 

rigid treatment compared to the flexible treatment, which aligned with previous literature 

indicating that increased rigidity reduces predation success (Grutters et al., 2015). Additionally, 

when given the choice, more shrimp were observed in the mangrove treatment than the marsh 

treatment in the presence of a predator, indicating greater refuge value for this vegetation type. 

The increased rigidity of mangroves may restrict movement of benthic predators such as blue 

crabs, and provide greater refuge for benthic prey items such as penaeid shrimp. 

The field study observing survival rates of marsh periwinkles indicated that mangroves 

provided greater refuge from aquatic predators, but marsh provided greater refuge from predators 

that forage above the water surface. This aligns with findings from the mesocosm experiment, 

indicating that aquatic predators such as blue crabs will have lower predation success in the 

mangroves. The ability of snails to vertically migrate up a plant may better protect them from the 

aquatic predation, thus further emphasizing reduced predation success of aquatic predators in 

mangroves. 
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For assemblage level apex predators such as wading birds, mangroves did not play a 

significant role in foraging habitat selection, and instead other factors such as nesting distance 

were more important. These birds are likely to be more greatly affected by concentration changes 

of prey in wetland pools (Ma et al., 2010; Taft and Haig, 2005). Observing bird assemblages 

across larger spatial scales in combination with surveys of prey densities at differing vegetation 

types may better inform assemblage-level impacts of mangrove expansion in the future. Plant 

structure will likely most greatly impact benthic aquatic predator predation success. 

 

5.2 Implications of Mangrove Expansion 

Bottom-up effects of mangrove expansion include greater refuge value of coastal wetlands 

for aquatic prey items such as shrimp and snails. Greater refuge value could increase the 

abundance of these species within mangrove environments, but may negatively affect 

populations of benthic predators such as blue crabs. In a marsh-mangrove ecotone, wading bird 

foraging was largely unaffected by vegetation type, but nesting distance played a significant role 

in foraging habitat selection. Therefore, expansion of mangroves may potentially be more 

influential in areas where wading birds nest than areas where wading birds forage.  

 

5.3 Implications for Coastal Management 

Penaeid shrimp and blue crabs are ecologically and economically important coastal 

species, and it is therefore critical to understand how these animals will respond to a changing 

coastal wetland landscape. Wading birds contribute to the vibrant ecotourism of the Texas coast, 

particularly in Galveston, and are important contributors to avian energy flow and nutrient 

cycling. While mangrove expansion appeared to have fewer effects on bird assemblages 
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compared to benthic predators, monitoring how these wetlands continue to change will be critical 

to better understand impacts on avian communities. 

 

5.4 Final Remarks 

Mangrove expansion has the potential to alter predator-prey interactions and food web 

structure. This research is one component of a much larger and complex system that must be 

further explored, as the extent of this impact is still largely unknown. Other components of food 

web dynamics, including herbivory and nutrient cycling, will further inform how trophic levels 

will be affected and interact in this changing landscape. My dissertation suggests that mangroves 

will reduce predation success for benthic predators, particularly the blue crab Callinectes 

sapidus, and provide more refuge value for aquatic prey items. 
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