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 I examined the impact of Hurricane Ivan on dune erosion and changes in spatial 

distribution of beach mice (Peromyscus polionotus leucocephalus) in two dune habitats 

on Santa Rosa Island, FL.  Foredunes (i.e., frontal dunes) and secondary (i.e., scrub) 

dunes were mapped and surveyed for the presence of beach mice before and after the 

hurricane using polyvinyl chloride (PVC) tracking tubes.  I also collected data on 

physical structure, vegetation, and landscape context for each dune during these two time 

periods.  Regression trees were used to evaluate structural features of dunes that 

explained patterns in dune erosion as a result of Hurricane Ivan for the two dune types.  I 

used site-occupancy models and an information-theoretic approach to evaluate predictors 

of occupancy for beach mice in frontal and secondary dune habitats before and after the 

hurricane.  Hurricane Ivan removed 68.2% of frontal dune area surveyed for beach mice 

(Chapter 3) and 76.8% of all frontal dune area mapped (Chapter 2).  Secondary dunes 
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surveyed for beach mice only lost 14.8% of their total area (Chapter 3) and all secondary 

dunes surveyed lost 19.3% of their area (Chapter 2).  Dune erosion for frontal dunes was 

related inversely to distance from where the eye of Hurricane Ivan passed over the island, 

dune height, and dune width.  Dune erosion for large secondary dunes was reduced when 

dunes were located behind foredunes.  Erosion of small secondary dunes increased with 

distance of the dune from where the eye of the hurricane passed over the island.  The 

reason for this pattern is unknown, but it may be related to spatial distribution of storm 

surge in the Santa Rosa Sound.  Dune erosion decreased with increasing length and area 

of small secondary dunes.  Beach mice occupied 100% of frontal dunes before the 

hurricane and 59% of these dunes after the hurricane.  Occupancy of scrub habitat by 

beach mice was not statistically different before and after the hurricane, but was higher 

(~70% of sites) than frontal dune occupancy after the storm.  Frontal dune occupancy 

was influenced largely by percent cover of woody vegetation and distance to nearest 

occupied dune.  Probability of occupancy by beach mice in scrub habitat increased with 

an increase in dune area and amount of dune habitat surrounding the dune within 200 m.  

This study indicates that scrub habitat, which currently is not protected for beach mice, is 

important for mice because of the stochastic and severe impacts of storms on frontal 

habitat.  With further removal of frontal dune habitat, scrub could become essential for 

long-term persistence of beach mice.  The study suggests that restoration programs for 

frontal dunes set targets for the construction of dunes that are tall and wide.  Dunes with 

these two features likely will mitigate storm surge associated with hurricanes and protect 

coastal dunes, mouse habitat, or infrastructure located further inland.
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CHAPTER 1 
INTRODUCTION 

Beach Mice and Threats to Survival 

Beach mice (Peromyscus polionotus spp.) are a complex of eight subspecies of the 

oldfield mouse, which occupy the coastal dunes of Alabama and Florida (Holler 1992).  

Two subspecies along the Atlantic coast of Florida are federally protected and one is 

extinct.  Gulf Coast populations of beach mice comprise five subspecies, four of which 

are listed as threatened or endangered (Potter 1985; Milio 1998).  The remaining 

subspecies along the Gulf coast, the Santa Rosa beach mouse (Peromyscus polionotus 

leucocephalus), is not yet listed because its geographic range includes several federally 

managed lands (Gore and Schaffer 1993).  All populations of beach mice suffer from 

severe habitat loss from coastal development and habitat disturbance from hurricanes 

(Gore and Schaffer 1993; Swilling et al. 1998).  Additional threats to beach mice include 

predation by feral cats (Felis silvestris), competition with house mice (Mus musculus) in 

dunes around coastal development, and low population levels in late summer when 

hurricane activity is most prevalent (Humphrey and Barbour 1981; Oli et al. 2001).   

Habitat Use by Beach Mice 

Beach mice are considered habitat specialists on dune habitats with burrow 

locations strongly correlated to these habitat types (Blair 1951; Humphrey and Barbour 

1981).  Foredunes or frontal dunes, located immediately adjacent to the Gulf of Mexico, 

are believed to be optimal habitat for beach mice (USFWS 1987).  Mice also occur in 

secondary dunes (also known as scrub), which are located farther from the shoreline and 
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are characterized by increased dominance of woody vegetation.  Although densities of 

beach mice generally are highest in frontal habitat (Swilling et al. 1998), abundance of 

beach mice in scrub can increase after hurricanes.  Prior to Hurricane Opal, population 

abundance of Alabama beach mice (P. p. ammobates) on trapping grids in scrub habitat 

was less than frontal dune habitat (Swilling et al. 1998).  Four months after the storm, 

abundance in scrub habitat was almost twice that of frontal dune habitat.  Despite use of 

scrub by beach mice, this habitat is not designated as critical habitat under USWFS 

recovery plans for Gulf coast beach mouse populations (USFWS 1987).  Additionally, 

little is known about what features define suitable scrub habitat for beach mice or how 

much of this habitat is utilized by mice. 

Although hurricanes are a natural feature of coastal disturbance, their impacts work 

in concert with coastal development and anthropogenic habitat loss to impact habitat 

availability for beach mice (Holler 1992).  Population models suggest that hurricane 

impacts pose a significant threat to all subspecies of beach mice (Oli et al. 2001).  

Hurricanes, in addition to directly destroying dunes, fragment remaining dunes and 

potentially change features of dunes that make them suitable for beach mice.  

Fragmentation of dunes from hurricanes may require beach mice to travel more 

frequently between remaining dune patches, exposing them to predators.  Habitat loss and 

fragmentation also may reduce landscape connectivity for beach mice, limiting their 

ability to recolonize frontal dunes after storm impacts or force them to utilize more 

marginal habitats. 

Coastal Dunes, Development, and Erosion 

 The coastal dunes that beach mice occupy are valued for their fauna and flora, 

natural beauty, and ability to protect human-made infrastructure (Nordstrom et al. 2000; 
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Martinez et al. 2005).  Despite this, many coastal dune ecosystems have been changed 

irreversibly as a result of exploitation of natural resources and anthropogenic 

development (Martinez et al. 2005).  Increases in storm severity and frequency are 

predicted and storm impacts will continue to alter dunes, reduce infrastructure protection 

and disturb habitat for wildlife.  As a result, interest has increased in the creation or 

restoration of dunes that will withstand storm impacts.   

Coastal dunes are formed from aeolian processes with dune development occurring 

where sediment is trapped by existing vegetation (Hesp 2004; Psuty 2005).  Foredunes, 

located closest to the shoreline, are dynamic structures that are influenced greatly by the 

flow of water, wind, and sediment with normal environmental fluctuations and periodic 

storm events (Psuty 2005).  Secondary dunes are created by sediment flows from existing 

foredunes or they may be old foredunes.  These dunes are no longer maintained by the 

processes that drive foredune morphology. 

 Hurricanes alter dune ecosystems by burying native vegetation under centimeters 

of deposited sand and also change the configuration or presence of dune structures 

(Ehrenfeld 1990).  Dune erosion occurs as a result of storm surge and waves repeatedly 

narrowing the dune face to cause an eventual breach or when storm surge overwashes a 

dune and pushes sediment landward (Hesp 2002; Judge et al. 2003).  Dune erosion is 

influenced by duration and intensity of a storm event; however, structural features of the 

dune also alter the risk of erosion.   

Dune Restoration and Protection for Beach Mice 

 Increasing the amount of protected beach mouse habitat generally is not an option 

as most coastal dunes in Florida already are in public lands or have been developed (Bird 

2002).  Therefore, other approaches such as habitat restoration may be important for 
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long-term maintenance of beach mouse populations.  Although habitat restoration is cited 

as critically important for the recovery of beach mouse populations (USFWS 1987; Oli et 

al. 2001), little work has been conducted to identify habitat and landscape features that 

influence use of frontal or secondary dune habitat by beach mice.  Restoration techniques 

have been developed to promote regeneration of physical structure to dunes after storms 

(Miller et al. 2001; 2003).  These techniques can be used to create dunes with particular 

structural features (e.g., tall and wide), but identification of structural features of dunes 

that confer resistance against storm-related erosion is limited.   

Restoration techniques that promote creation of dunes and dunes with key habitat 

requirements of beach mice may aid in management of existing protected habitats for 

these mice.  My study contributes to this effort in the following ways: 

•Examining the relationship between dune erosion as a result of Hurricane Ivan and 

the physical structure of frontal and secondary dunes (Chapter 2) 

•Assessing the impact of Hurricane Ivan on the overall occupancy of frontal and 

secondary dune habitat by beach mice (Chapter 3) 

•Identifying habitat variables at the patch and landscape scale that influence 

occupancy of frontal and secondary dunes by beach mice (Chapter 3).   

Chapter 2 and 3 are written as stand-alone papers for publication.  Therefore, some 

background material is repeated in each chapter.
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CHAPTER 2 
INFLUENCE OF DUNE STRUCTURE ON STORM-RELATED EROSION FOR 

FOREDUNES AND SECONDARY DUNES ON SANTA ROSA ISLAND, FLORIDA 

Introduction 

Coastal dunes are valued for their aesthetic beauty and their ability to protect 

human-made structures during storms (Nordstrom et al. 2000; Nordstrom and Mitteager 

2001).  Dunes absorb wave energy, block storm surge, and reduce damage to 

infrastructure.  Coastal dunes also are important wildlife habitat (Martinez et al. 2005).  

Hurricanes and tropical storms have altered coastal dunes on barrier islands along the 

northern portion of the Gulf of Mexico in the last decade (Stone et al. 2004).  Increases in 

the severity and frequency of tropical cyclones are predicted and will further modify dune 

configuration, reduce infrastructure protection, and disturb wildlife habitat (Emmanuel 

2005).  As a consequence, creation and restoration of dunes has become an important 

issue in coastal management strategies (Nordstrom et al. 2000).  Strategies for dune 

protection and restoration could benefit from information on physical and spatial factors 

that influence storm impacts on dunes. 

Impacts of storms on dune erosion are a function of storm characteristics and 

structural features of dunes.  Dune erosion occurs when storm surge and waves 

repeatedly narrow a dune face, causing irregular slumping of sediment and an eventual 

breach, or when overtopping by storm surge completely overwashes a dune and pushes 

sediment landward (Hesp 2002; Judge et al. 2003).  Although severity and length of a 

storm influence dune erosion (Kriebel et al. 1997; Sallenger 2000), key structural features 
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of dunes (e.g., height, width) also provide protection against dune erosion (Judge et al. 

2003).  Laboratory research and numerical models of dune erosion are extensive 

(Vellinga 1982), but few studies have evaluated importance of dune structure in storm-

related erosion in the field (but see Judge et al. 2003).  Additionally, past evaluations of 

dune erosion often have been limited to foredune structures (i.e., dunes nearest to the 

high tide line). 

Coastal foredunes are formed from aeolian processes with dune development 

occurring where sediment is trapped by vegetation (Hesp 2004; Psuty 2005).  Secondary 

dunes generally are found landward of foredunes and develop from sediment originating 

on foredunes or they may be relict foredunes that are no longer controlled by aeolian 

processes (Hesp 2004).  Foredunes are differentiated as either incipient or established.  

Incipient foredunes are low-lying developing dunes associated with pioneer plant 

communities.  Established foredunes evolve from incipient dunes and are distinguished 

by presence of an intermediate plant community, including woody species.  These dunes 

have greater height and width than incipient dunes (Hesp 2002).  Although the location 

and development of incipient dunes may change annually, development of large 

established foredunes takes decades, and these dunes remain in a relatively fixed position 

unless removed by storms or anthropogenic disturbance.  Evolution and maintenance of 

established foredunes is not determined solely by sediment flows but rather by a suite of 

additional factors like vegetation density and the frequency of wave and wind forces 

(Hesp 2004).   

Established foredunes and secondary dunes, by way of their size, should provide 

greater resistance to increased tide levels and storm events than incipient dunes.  
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However, storm surge and waves associated with hurricanes of category 3 or above on 

the Saffir-Sampson scale can cause even large (> 3 m tall) established foredunes to return 

to a more erosional form or to be destroyed (Hesp 2002).  Effects of strong hurricanes on 

secondary dunes are less well documented.  Impact of storm surge on secondary dunes 

may be less severe as these structures are no longer governed by sand exchange, storm 

tides or wave activity associated with foredune development (Hesp 2004).  Additionally, 

as a result of their spatial location behind wave-absorbing foredunes, dune erosion from 

storm events may be lower for secondary dunes. 

I assessed dune erosion along a barrier island ecosystem in the Gulf of Mexico after 

Hurricane Ivan.  The objectives of this study were to examine impacts of Hurricane Ivan 

on established foredune and secondary dunes and to evaluate structural features of dunes 

as predictors of dune vulnerability for these two dune types.  I also examined dune 

erosion as a function of the landscape context of the dune, including island width at the 

location of the dune, distance to neighboring dunes and distance of the dune from the 

position where Hurricane Ivan passed over the island.  Identification of structural features 

that allow dunes to resist storm-related erosion and evaluation of landscape attributes that 

influence erosion are important for future manipulation of coastal dunes in a restoration 

context.   

Methods 

Study Area 

The study was conducted on Santa Rosa Island, which is a barrier island 

approximately 60 km long and 0.5 km wide, in the Gulf of Mexico.  The study site is 

located on property owned and managed by Eglin Air Force Base (30°24' N, 81°37' W).  

This portion of the island is approximately 20 km long and includes the island’s entire 
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width (Fig. 2-1).  This area contains several military structures and a paved road for 

military traffic but otherwise is undeveloped.   

A thorough description of Santa Rosa Island’s geomorphology can be found in 

Stone et al. 2004.  Foredunes are found near the high tide line and, in the absence of 

hurricane activity, can run continuously the length of the island.  Prior to Hurricane Opal 

(1995), mean dune height was 3.8 m (Stone et al. 2004).  These dunes are dominated by 

sea oats (Uniola paniculata), cakile (Cakile spp.), beach morning glory (Ipomoea 

imperati), and seashore elder (Iva imbricata) but various woody species can be present on 

foredunes in the absence of frequent disturbance.  Secondary dunes are located behind 

foredunes on the bayside of the island.  Woody species dominate these dunes, including 

false rosemary (Ceratiola ericodes), woody goldenrod (Chrysoma pauciflosculosa), 

scrubby oaks (Quercus geminata) and sand pine (Pinus clausa).  Between these two types 

of dunes is grassland dominated by maritime bluestem (Schizachrium maritimum) and 

bitter panic grass (Panicum amarum), interspersed with densely vegetated ephemeral 

wetlands. 

Characteristics of Hurricane Ivan 

 Hurricane Ivan made landfall as a category 3 hurricane on 16 September 2004, 

west of Gulf Shores, Alabama, and approximately 100 km west of our study site.  Storm 

surge from the hurricane was estimated at 3 – 4.5 m from Mobile, AL to Destin, FL 

(Stewart 2005), which encompassed all of Santa Rosa Island.  Ivan was the most 

destructive hurricane to make landfall along the Gulf coast in 100 years with a majority 

of damage resulting from wave action associated with unusually high storm surge 

(Stewart 2005). 
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Dune Mapping 

Established dunes (foredunes, N = 93, and secondary dunes, N = 484) were 

delineated in the field after Hurricane Opal (1995).  Because established dunes change 

very slowly over time, except when they are impacted by storms, these data could be 

used as a baseline for dune structure prior to Hurricane Ivan.   Dunes were mapped again 

after Hurricane Ivan (2004).  Geographic location of dune perimeters were recorded with 

a TRIMBLE GPS unit in UTMs (Universal Tranverse Mercator) and differentially 

corrected for < 1 m accuracy.  Dunes were included if they were greater than 1.0-m high 

with woody vegetation or greater than 1.5-m high with grasses or other herbaceous 

vegetation.  Dunes were considered distinct if they were separated by more than 3.0 m of 

sand.  Dune height (m) was measured every 15 m along the long axis of each dune using 

a telescoping pole.   Dune perimeters were incorporated into ArcView 3.2 (ESRI 1996) 

and the following variables were calculated: dune area (ha), dune width (perpendicular to 

the shoreline), length (parallel to the shoreline), and distance of each dune from the 

position where Hurricane Ivan made landfall.  Coordinates for the position where 

Hurricane Ivan made landfall were obtained from the National Oceanic and Atmospheric 

Association (Stewart 2005).  Aerial photographs taken in 1995 were overlaid on dune 

location in ArcView 3.2 to calculate island width at each dune location.  I also recorded 

presence or absence of foredunes located seaward of secondary dunes before Hurricane 

Ivan.  Gap distance for each dune was calculated as the average of the distance between 

the closest dunes located immediately to the west and east of the target dune. 

After Hurricane Ivan all remaining foredunes (N = 26) were remapped or recorded 

as completely destroyed (100% loss) if not found during remapping (N = 67).  A random 

subset of small secondary dunes (< 0.25 ha, N = 34) were remapped after Hurricane Ivan.  
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All large secondary dunes (≥ 0.25 ha, N = 61) were remapped.  The percentage of each 

foredune or secondary dune lost from Hurricane Ivan was calculated by subtracting the 

dune’s area after Hurricane Ivan from the post-Opal dune area and by dividing this value 

by the post-Opal dune area.    

Statistical Analyses 

 For statistical analysis, I used data from all foredunes and all secondary dunes 

prior to Hurricane Ivan, and I used all foredunes and a subset of secondary dunes sampled 

after the hurricane.  Because all small secondary dunes were not remapped after 

Hurricane Ivan, I determined the proportion of the landscape occupied by large dunes (≥ 

0.25 ha) and small dunes (< 0.25 ha) prior to Hurricane Ivan.  I used these proportions to 

determine the sample size for large and small dunes in analyses.  The total area of scrub 

dunes prior to Hurricane Ivan was 131.55 ha with large dunes making up 109.99 ha 

(83.6%) of this total.  To maintain the proportional area of the two dune types, I used the 

34 small dunes randomly chosen for remapping after Hurricane Ivan and I randomly 

selected 18 large dunes from the larger pool we mapped. 

I used Pearson correlation coefficients to examine relationships among structural 

variables for dunes, spatial location, and island width for all frontal dunes and secondary 

dunes.  Variables were examined for normality prior to examining correlations between 

variables.  For frontal and secondary dunes, data on percentage of dune loss were 

transformed using arcsine transformation, and dune area and dune height prior to 

Hurricane Ivan and dune area after Hurricane Ivan were transformed using log-

transformation (Zar 1998).  I used t-tests to examine differences in dune area and dune 

height between dune types before Ivan.  Univariate linear regression initially was used to 

identify structural or spatial variables that were important predictors of the percentage of 
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dune erosion after Hurricane Ivan for foredunes and secondary dunes, and I used logistic 

regression to evaluate the importance of presence of foredunes on dune erosion in 

secondary dunes.    Changes in dune area of frontal and secondary dunes with the impacts 

of Hurricane Ivan were examined with paired t-tests.    All univariate tests were 

conducted in SPSS version 13.0 (SPSS Inc., 2004) and I rejected null hypotheses of no 

influence on dune loss when p < 0.05.  

Traditional multiple regression techniques may not work well when variables do 

not meet parametric assumptions or when relationships between variables are complex or 

non-linear (Bourg et al. 2005).  I wanted to simultaneously assess the influence of all 

predictor variables on dune erosion from Hurricane Ivan and examine relationships 

between physical features of dunes and spatial location on dune erosion.  I used 

classification trees to assess how multiple predictor variables explained the impacts of 

Hurricane Ivan on dune structure.  This non-parametric approach splits the dataset into 

smaller groupings with relatively homogeneous values of response variables (Breiman et 

al. 1984).  An advantage of classification trees is that they are simple to create, provide 

intuitive descriptions of complex relationships, and explain variance in a dataset in a 

manner similar to multiple regression or analysis of variance procedures (De’ath and 

Fabricius 2000).   

 I used the RPART package in R (R Development Core Team, 2003) to build and 

evaluate classification trees.  Trees for foredunes were constructed with the percentage of 

dune lost as the response variable and the following predictor variables: dune area (ha), 

dune width (m), dune height (m), island width (km), gap distance (m), distance from 

where the eye of Hurricane Ivan made landfall (km).  All data except distance from the 
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eye of the hurricane were from measurements made prior to the hurricane. Classification 

trees for secondary dunes used the same response and predictor variables as trees for 

foredunes, but also included presence or absence of a foredune before Ivan.  I used a 

cross-validation procedure to evaluate the rate of misclassification as a function of tree 

size (e.g., number of groupings) to select trees that were not over-fit (Breiman et al. 

1984). 

Results 

Conditions before Hurricane Ivan 

Before Hurricane Ivan, small dunes (< 0.25 ha) were numerous comprising 80 of 

the 93 (86.1%) foredunes and 403 of the 484 (83.3%) secondary dunes.  Secondary dunes 

were larger in area but not taller than foredunes prior to Hurricane Ivan (dune area - t = -

2.265, df = 575, p = 0.03; dune height - t = 1.020, df = 575, p > 0.10; Table 2-1).  

Foredune area was correlated highly with dune height (r = 0.63, p < 0.01), but was not 

correlated with west-east location as might be expected because Hurricane Opal made 

landfall west of the study site (r = 0.06, p > 0.5).  Correlations only considering foredunes 

0.25 ha or larger also indicated no relationship between dune area and position on the 

island’s landscape (r = -0.05, p > 0.5).  Similarly, dune area for secondary dunes was 

correlated with dune height (r = 0.65, p < 0.01) and not correlated with west-east location 

on the landscape (r = 0.02, p = 0.69). 

Hurricane Ivan’s Impact on Foredunes and Secondary Dunes 

Dune area for foredunes and secondary dunes was reduced significantly by 

Hurricane Ivan (foredunes, - t = 5.160, df = 92, p < 0.01; secondary dunes, - t = 3.267, df 

= 51, p < 0.01, Table 2-1).  Hurricane Ivan’s storm surge physically removed 76.8% of 

the foredune area.  Of the original 93 foredunes measured, 67 were destroyed completely.  
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The 34 small secondary dunes sampled lost 42.1% of their total area.  The 61 large dunes 

lost 14.8% of total area.  Based on the proportion of the area occupied by small and large 

dunes on the pre-Ivan landscape, the total estimated loss of secondary dune area with 

Hurricane Ivan is 19.3%.  Reduction in dune area to these dunes was significantly less 

than to foredunes (t = -9.953, df = 143, p < 0.01).   

Univariate analyses of the relationship between dune structure, dune location, 

island width, and dune loss for foredunes indicated that all variables except gap distance 

were related significantly to dune loss (Table 2-2).  However, many of these variables 

were highly correlated making these tests difficult to interpret (Appendix E).  In contrast, 

for secondary dunes only dune height, dune width, dune length, and the presence of a 

foredune were related to dune loss.  Distance from the eye of Hurricane Ivan was an 

important predictor of dune loss in foredunes, but not in secondary dunes (Table 2-2).   

Regression Trees 

 Cross validation indicated the smallest classification trees to fit data from 

foredunes and secondary dunes without an increase in misclassification error rate each 

had 5 branches (Fig. 2-2).  Regression trees for foredunes and secondary dunes indicated 

that a different set of structural features were linked to dune erosion for dunes on the 

oceanfront and bayside of the island (Fig. 2-3).   

 Percent of dune lost in foredunes after Ivan was related to dune structure (e.g., 

height and width) and the distance from where the eye of Ivan made landfall (Fig. 2-3a).  

The amount of variance (R2) in dune erosion explained by the classification tree was 

78.9%.  The regression tree for foredunes indicated that structural features influencing 

dune erosion in foredunes changed with distance of the dune from the location where 

Ivan passed over the island (Fig. 2-3a).   
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 The regression tree for secondary dunes sampled to represent proportional area of 

small and large dunes on the landscape indicated that dune erosion of secondary dunes 

was related to structural features of the dune, their position on the landscape, and the 

presence of foredunes (Fig. 2-3b).  This tree explained 76.3% of the variance in dune 

erosion for secondary dunes.  The tree first divided dunes by the width of a dune.  For 

wider dunes, the presence or absence of a foredune was important in determining dune 

erosion.  Dune erosion was lowest where foredunes were present.  Where foredunes were 

absent, dune erosion increased as distance from where Hurricane Ivan made landfall 

increased.  For narrow secondary dunes, island width was the only important factor 

influencing dune erosion.  Dune erosion was greater where the island was wide.  Island 

width and distance from where Hurricane Ivan made landfall are correlated (r = 0.46) 

and, thus, may provide some of the same information (Appendix F).   

When large (N = 61) and small (N = 34) secondary dunes were analyzed separately 

with regression trees, results were easier to interpret.  The presence of foredunes reduced 

dune erosion for large secondary dunes and this was the only important variable (Fig. 2-

4a).  However, this tree explained only 19.7% of the variance in dune erosion for large 

secondary dunes.  Erosion of small secondary dunes was lowest for dunes nearer to 

where Hurricane Ivan made landfall, and no other variable appeared to be important in 

predicting dune erosion for these dunes (Fig. 2-4b).  Dune length and area were related 

negatively to dune erosion for dunes at greater distances from where Hurricane Ivan 

made landfall.  This tree explained 76.6% of the variance in dune erosion for small 

secondary dunes. 
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Discussion 

 My field study and mechanistic research in the laboratory (Vellinga 1982) 

indicate that dune structure plays an important role in resistance of dunes to storm 

damage.  In addition, this study clearly demonstrates the influence of landscape context 

of dunes on their vulnerability to dune erosion, including spatial location relative to a 

hurricane’s eye and presence of other dune structures.  Identification of features that 

promote resistance to storm-related erosion can aid agencies in the classification of 

coastal areas that are especially vulnerable to future storm events.  This information also 

can assist in defining targets for coastal restoration. 

 Larger dunes on Santa Rosa Island experienced less erosion than smaller dunes 

from Hurricane Ivan.  However, the importance of location of the dune on the landscape, 

and the specific structural features of dunes important in describing amount of erosion 

were different for foredunes and secondary dunes, suggesting the processes that act upon 

dunes during storms are different depending on distance from the shoreline.  Much of the 

erosion for foredunes probably is a result of storm surge.  Foredunes that remained after 

Hurricane Ivan showed signs of sediment slumping, dead or uprooted vegetation, and 

blowouts; all of which are common effects of storm surge, wave action, and overwash.  

Under these conditions height of a dune is likely to play a key role in resistance of dunes 

to erosion, as demonstrated by the importance of this variable in our regression trees for 

foredunes.  Along exposed oceanfront beaches, the magnitude of storm surge and wave 

action decreases with distance from the edge of the hurricane’s eyewall and damage to 

foredunes follows a similar spatial pattern. 

Secondary dunes on the island that experienced erosion lost sediment along dune 

edges from passing storm surge and not from continual wave action.  Dune erosion for 
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secondary dunes likely is influenced by storm surge from the Gulf of Mexico merging 

with rising water levels in the Santa Rosa Sound, located behind the island.  The presence 

of foredunes substantially reduces erosion of secondary dunes.  This observation 

reinforces the importance of foredunes as buffers of storm surge for coastal features 

located further landward and for protection of human-made structures. 

One non-intuitive result of this research is that small secondary dunes that were 

father from the eye of the hurricane and that were on the widest part of the island were 

subject to more erosion that small secondary dunes nearer to the eye of Hurricane Ivan 

and on the narrower part of the island.  Storm damage on small secondary dunes 

increased from west to east.  The island widened from west to east, and the Santa Rosa 

Sound narrowed as the island widened.  When the flow of storm surge is confined and 

water is shallow, high penetration distances have been observed for washover (Morton 

and Sallenger 2003).  I hypothesize that as the sound became narrower, the magnitude of 

storm surge on the bayside of the island increased and smaller secondary dunes were 

impacted more strongly, resulting in an inverse relationship between storm damage and 

distance from the hurricane and an inverse relationship between storm damage and island 

width.   

Previous research on coastal dune systems has suggested that dune systems exist in 

two opposing states: one where dune structure and vegetation communities are arranged 

by environmental gradients generated from normal wind and wave activity and one 

dominated by periodic but high levels of disturbance (e.g., hurricanes and tropical storms; 

Synder and Boss 2002; Stallins and Parker 2003).  I believe that coastal dunes on Santa 

Rosa Island are beginning to shift towards the latter state, though assessment of dune 
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erosion after additional storms is needed to evaluate this statement.  Prior to hurricane 

Opal in 1995, the island’s shoreline contained continuous foredunes (Stone et al. 2004).  

Repeated hurricane activity has eroded or destroyed many foredune structures.  My 

analysis indicates that foredunes are important in protecting secondary dunes and thus, 

further storm impacts may begin to affect secondary dunes more severely.  The 

consequences of this changing coastal landscape are large for maintenance of human-

developed infrastructure, success of restoration projects, and conservation of wildlife 

species that depend on coastal dune habitat. 
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Table 2-1.  Means and standard errors for structural variables measured to explain dune 
erosion in foredunes and secondary dunes on Santa Rosa Island from 
Hurricane Ivan. Differences between means before and after Hurricane Ivan 
were compared using paired-t tests adjusted with Bonferroni’s correction for 
multiple tests ** p < 0.05. 

                Dunes were sub-sampled to represent proportional area of large (83.6%) and small (16.4%) dunes on the  
          landscape (N =  52 with 34 small dunes and 18 large dunes). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variable Foredunes Secondary Dunes1 

 Before Ivan 
(N = 93) 

After Ivan 
(N = 93) 

Before Ivan 
(N = 52) 

After Ivan 
(N = 52) 

Dune area (ha) 0.14 (0.03)** 0.05 (0.01) 0.37 (0.09)** 0.26 (0.07) 
Dune height (m) 2.84 (0.15)** 0.89 (0.16) 3.28 (0.18)** 2.81 (0.15) 
Dune length (m) 42.2 (5.8)** 12.1 (2.9) 80.6 (14.5)** 64.3 (11.3) 
Dune width (m) 29.9 (2.6)** 10.7 (2.2) 56.6 (6.2)** 44.3 (6.4) 
Gap distance (m) 95.6 (25.9) NA 50.8 (6.8) NA 
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Table 2-2.  Statistics for evaluation of dune characteristics as predictors of dune loss as a 
result of Hurricane Ivan. Variables were assessed along a 20-km stretch of 
Santa Rosa Island, FL prior to the hurricane. The significance of a variable’s 
role as a predictor of dune loss was evaluated using univariate linear 
regression or a two sample t-test when examining the presence of absence of a 
foredune before a secondary dune. Hypotheses of no association were rejected 
at p < 0.05. 

Variable t p-value R2 
Foredunes (N = 93)    
Dune area (ha) - 5.21 <0.01 0.21 
Dune height (m) - 5.43 <0.01 0.25 
Dune length (m) -2.08 0.04 0.05 
Dune width (m) -5.03 <0.01 0.22 
Gap distance (m) 0.40 0.68 0.01 
Island width (km) 3.08 <0.01 0.09 
Distance from Ivan’s eye (km) - 6.09 <0.01 0.25 
    
Secondary Dunes1 (N = 52)    
Dune area (ha) -1.65 0.10 0.05 
Dune height (m) -2.39 0.02 0.10 
Dune length (m) -2.35 0.02 0.10 
Dune width (m) -3.50 0.01 0.20 
Gap distance (m) 0.78 0.40 0.02 
Island width (km) 1.05 0.30 0.02 
Distance from Ivan’s eye (km) -0.24 0.81 0.01 
Presence / absence of foredune 2.47 0.02 NA 

                                         Dunes sub-sampled to represent proportional area of large (83.6%) and small (16.4%) 
                              dunes on the landscape (N = 52 with 34 small dunes and 18 large dunes). 
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Fig. 2-1.    Map of Santa Rosa Island, FL.  The study area encompasses the section 

between Navarre and Fort Walton Beach. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•
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a) 

 
b) 

 
Fig 2-2.     Cross validation relative error for regression trees for (a) foredunes and (b) 

secondary dunes to explain dune loss from Hurricane Ivan in relation to 
measured predictor variables.  I used the 1-SE rule (Breiman et al. 1984) to 
identify regression trees that had the smallest number of branches but were 
closest to the overall minimum misclassification error (dotted line). Arrows 
point to the best sized regression tree for each dune type. The complexity 
parameter, cp, represents a balance between the complexity of a tree (i.e., 
more branches) and the costs of utilizing a simpler tree.   
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a) 

 
b) 

 
Fig. 2-3.    Regression trees relating percentage of dune lost from Hurricane Ivan for (a) 

foredunes (N = 93) and (b) secondary dunes (N = 52) to physical features of 
dunes, spatial location of dunes with respect to where Hurricane Ivan made 
landfall, and width of island.  Data for secondary dunes are based on sampling 
of small (<0.25 ha) and large dunes (≥0.25 ha) according to their proportional 
area on the landscape.  Numbers at the ends of terminal nodes are the average 
percentage of dune lost for all observations in that group.  N is the number of 
observations within that group. 
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a) 

 
b) 

 
Fig. 2-4.    Regression trees relating percentage of dune lost from Hurricane Ivan for (a) 

secondary dunes ≥ 0.25 ha (N = 61) and (b) secondary dunes <0.25 ha (N = 
34) to dune features, spatial location, and island width.  Numbers at the ends 
of terminal nodes are the average percentage of dune lost for all observations 
in that group.  N is the number of observations within that group.
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CHAPTER 3 
INFLUENCE OF HABITAT AND LANDSCAPE FEATURES ON SPATIAL 

DISTRIBUTION OF SANTA ROSA BEACH MICE IN TWO DUNE HABITATS 
BEFORE AND AFTER A HURRICANE 

Introduction 

Identification and protection of habitat are critical for species conservation and an 

integral part of many conservation programs.  GAP analysis, for example, utilizes 

information on land cover and predicted species distributions to identify habitats that are 

poorly represented in reserves (Flather et al. 1997).  Habitat suitability index (HSI) 

models establish relationships between a species’ distribution and habitat variables to 

create an index of suitable habitat that can be used to evaluate suitability of other areas 

for habitat management or protection (UWFWS 1981).  To aid in species recovery, the 

Endangered Species Act provides for designation of critical habitat, which is the 

geographic area that contains physical and biological features necessary for conservation 

of the species (16 U.S.C. § 1531 et seq.).  However, the effectiveness of critical habitat 

designation is controversial as critical habitat often is defined using limited data or only 

anecdotes, or found to be not determinable (Hoekstra et al. 2002; Taylor et al. 2005).   

Habitat models are a common tool used to examine the role of habitat features in 

explaining the spatial distribution, density, or diversity of species occurring on a 

landscape and these models aid in the development of conservation strategies (Segurado 

and Araujo 2004; Guisan and Thuiller 2005).  Incorporation of spatial structure of habitat 

(e.g., size, shape and spatial distribution of habitat patches) along with traditional 

assessments of habitat quality has improved the functionality of models (Cox and 



25 

 

Engstrom 2001).  However, one problem with application of habitat models to 

conservation problems is that their conclusions are based upon a limited range of 

conditions because they generally are developed over short time periods (Pearce and 

Ferrier 2000).  Habitat availability and quality can shift rapidly with stochastic events 

(VanHorne et al. 1997; Carlsson and Kindvall 2001), and key features that determine 

spatial distribution or population density could change.   Designation of protected 

habitats often does not consider impacts of environmental stochasticity on distribution 

and persistence of species even though disturbance may influence habitat turnover and 

ultimately impact population persistence through impacts on habitat (Oli et al. 2001; 

Jonzen et al. 2004; Frank 2005; Schrott et al. 2005). We demonstrate this issue with an 

analysis of beach mouse habitat along the Gulf Coast of Florida before and after 

Hurricane Ivan which made landfall in September 2004. 

Coastal dunes are among the most dynamic and threatened habitats world-wide 

(Martinez et al. 2005).  Gulf Coast populations of beach mice comprise 5 subspecies, all 

of which are subject to extreme stochastic events in the form of tropical storms and 

hurricanes (e.g., Hurricanes Opal, 1995; Ivan, 2004; Dennis, 2005).  Four of these 

subspecies are listed as threatened or endangered (Potter 1985; Milio 1998).  The 

remaining subspecies, the Santa Rosa beach mouse (Peromyscus polionotus 

leucocephalus), is not yet listed because its geographic range includes several federally 

managed lands (Gore and Schaffer 1993).  All subspecies suffer from severe habitat loss 

from destruction of coastal sand dunes by development, and this habitat loss is 

exacerbated greatly by hurricanes (Swilling et al. 1998). Optimal habitat for beach mice 

is believed to be frontal dune habitat with sparse vegetative cover of sea oats (Uniola 



26 

 

paniculata) adjacent to the high tide line (USFWS 1987).  Mice also occur in scrub 

dunes, which are located farther from the beach and are characterized by increased 

dominance of woody vegetation.  These dunes provide refugia for mice during and 

immediately after storms but are viewed as marginal habitat because of lower population 

density in this habitat (Swilling et al. 1998). Three subspecies of beach mice on the Gulf 

Coast are covered under the same federal recovery plan.  This plan calls for protection of 

dune communities within 152 m (500ft) of the high tide line and includes all frontal 

dunes but excludes scrub habitat in most areas (Potter 1985; Swilling et al. 1998).  The 

St. Andrews beach mouse (P. p. peninsularis) is protected under its own recovery plan, 

which states designation of critical habitat is not necessary for conservation of this 

species (Milio 1998). 

I examined impacts of Hurricane Ivan on the structure of frontal and scrub dunes, 

compared occupancy patterns of beach mice in these two habitats, and determined how 

these occupancy patterns changed after the hurricane.  I also developed habitat models for 

predicting dune occupancy by Santa Rosa beach mice and evaluated whether the factors 

that influenced patterns of habitat occupancy were similar for frontal (optimal) and scrub 

(marginal) habitats.  I examined whether predictors of habitat occupancy changed after 

the hurricane.  My study demonstrates problems associated with narrowly defining 

critical habitat as optimal habitat, particularly in systems characterized by high 

stochasticity.   

Methods 

Study Area and Habitat Mapping 

The study was conducted on Santa Rosa Island, a barrier island approximately 46-

km long and 0.5-km wide, located in the Gulf of Mexico near Fort Walton Beach, FL 
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(30°24' N, 81°37' W).  My study area incorporated a 15-km section of the island on Eglin 

Air Force Base (EAFB) and a 10-km section of the island on Gulf Island National Sea 

Shore (GINS).  Dune habitat was similar in these two areas and both sections contain a 

single paved road and only a few structures.  Frontal dunes were oriented parallel to high 

tide line and were dominated by sea oats (Uniola paniculata), cakile (Cakile spp.), beach 

morning glory (Ipomoea imperati), and beach elder (Iva imbricata), and various woody 

species in the absence of frequent disturbance.  Scrub dunes were located on the bayside 

of the island and woody species dominate scrub habitat, including false rosemary 

(Ceratiola ericodes), woody goldenrod (Chrysoma pauciflosculosa), scrubby oaks 

(Quercus geminata) and sand pine (Pinus clausa).  The area between frontal and scrub 

dunes consisted of gently rolling grasslands interspersed with densely vegetated 

wetlands. 

EAFB dunes were mapped in the field before and after Hurricane Ivan by recording 

their perimeters using a TRIMBLE GPS unit and then differentially corrected for < 1 m 

accuracy.  GINS dunes were mapped only after the hurricane.  Data were incorporated 

into a cover layer in ArcView 3.2 (ESRI 1996).   

Dune Occupancy 

I surveyed for presence of beach mice in all frontal (N = 15) and scrub (N = 61) 

dunes equal to or larger than 0.25 ha on EAFB before Hurricane Ivan (June – September 

2004) and after the hurricane (October 2004 – December 2004).  Frontal dunes (N = 15) 

on GINS also were surveyed for beach mice after Hurricane Ivan (December 2004 – 

February 2005).   Presence of beach mice in each dune was determined with tracking 

tubes that register footprints of mice that enter the tube.  Tracking with tubes is less 

dependent upon weather and less labor intensive than live trapping and, therefore, 
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particularly useful for large scale surveys of distribution (Mabee 1998; Glennon et al. 

2002).  

Tracking tubes were constructed with PVC pipe (33-cm long x 5-cm diameter) and 

elevated 5-7 cm off the ground to prevent access by ghost crabs (Ocypode quadrata). 

Dowels placed at either end of the tube allowed mice, but not crabs, to climb to the tube.  

A paper liner was inserted into the bottom of each tube, and the tube was baited in the 

middle with rolled oats.  Felt inkpads located at each end of the paper liner were coated 

with a 2:1 mineral oil and carbon power solution (Mabee 1998).  Hispid cotton rats 

(Sigmodon hispidus) leave footprints that are substantially larger than footprints of Santa 

Rosa beach mice.  No other small rodents occur on undeveloped portions of the island 

(Gore and Schaffer 1993). 

 Dunes less than 0.50 ha received eight tubes; dunes > 0.50 ha < 2.00 ha received 

16 tubes; and dunes greater than > 2.00 ha received 32 tubes.  Tracking tubes were placed 

at 15-m intervals along transects that began and ended at the dune’s boundary and ran 

parallel to the long axis of the dune.  The starting point for the first transect was selected 

randomly and, when more than one transect was needed, parallel transects were 

established 15 m apart.  During each tracking session, tracking tubes remained in a dune 

for five nights and were checked after each night.  

For many species, probability of detection during presence/absence surveys is less 

than one resulting in underestimates of occupancy, biased parameter estimates for habitat 

models, and incorrect estimates of population persistence (Gu and Swihart 2004; Kéry 

2004).  Therefore, I used recent statistical approaches for analysis of site occupancy that 

build on traditional capture-recapture methods and used repeated censuses to calculate 
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detection probability (p) and to estimate the proportion of sites that are occupied (Ψ) after 

accounting for detectability (MacKenzie et al. 2002). To estimate detection probability 

within each habitat type, I re-sampled a random subset of scrub dunes (N = 30) with 

tracking tubes three times after initial pre-storm surveys, and I resurveyed another 

random subset of scrub dunes (N = 30) and all frontal dunes on EAFB three times after  

initial post-storm surveys.  Each repeat survey was conducted over 5 nights following the 

sampling protocol described above.  

Predictor Variables: Vegetation Cover and Landscape Structure 

I measured vegetation cover and dune height on scrub dunes before and after 

Hurricane Ivan. Surveys for these variables were not completed on frontal dunes before 

the hurricane hit and, therefore, data on these variables were analyzed for frontal dunes 

only post-hurricane. Vegetation cover was quantified using the line-intercept method 

(Bonham 1989) along three 50-m transects placed 20 m apart and perpendicular to the 

long axis of each dune.  I recorded distances (cm) that sea oats, other herbaceous 

vegetation, woody vegetation, and open sand occupied along each transect and divided 

the distance for each cover class by total length of the transect to obtain percent cover for 

each cover class.  I averaged data for the three transects prior to analysis.  Sea oats and 

many herbaceous species are important food sources for beach mice (Moyers 1996).  

Amount of open sand may be important for burrow construction and woody vegetation 

may stabilize dunes during storms and provides food and cover for foraging.   

  I recorded dune height (m) by measuring height every 15 m along the long axis of 

each dune using a telescoping pole and then averaged all values for each dune.  Height of 

a dune may influence perception of dune habitat by beach mice moving through the 

landscape or influence the impact of storm surge on dunes.  I calculated dune area and 
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amount of dune habitat surrounding each dune in ArcView 3.2 from the GIS database 

created from field mapping of dunes.  I also calculated the distance to the nearest 

occupied dune as a measure of isolation.  Habitat area may influence size of local 

populations (Hanski 1994).  We used the BUFFER function in ArcView 3.2 to estimate 

the total area of dune habitat surrounding each dune at the foraging (200 m) and dispersal 

(1 km) scales of beach mice (Bird 2002; Swilling & Wooten 2002). The east-west 

coordinate (UTM) at the center of each dune was included in habitat models to examine 

how spatial location relative to the eye of Hurricane Ivan influenced dune occupancy by 

mice. The eye of the hurricane passed approximately 75 km west of the western end of 

GINS and 100 km west of the western end of EAFB.   

Occupancy Models 

I created and ranked a series of models with the program PRESENCE to identify 

variables that influenced distribution of beach mice in frontal and scrub habitats 

(MacKenzie et al. 2003).  Correlations among variables were examined and correlated 

variables (│r│ > 0.60) were not included in the same model (Welch and MacMahon 

2005), or if correlated variables were used in the same model, a regression was conducted 

for the two variables and residuals were included in the model as an independent measure 

of one of the variables (Cooper & Walters 2002).  Correlated variables requiring this 

approach were pre-hurricane dune habitat within 1 km and pre-hurricane east-west 

coordinate for scrub dunes (r = 0.69), post-hurricane dune habitat within1 km and post-

hurricane east-west coordinate for scrub dunes (r = 0.70), post-hurricane dune habitat 

within 200 m and post-hurricane distance to nearest occupied dune for frontal dunes (r = - 

0.62), and post-hurricane dune habitat within 1 km and post-hurricane east-west 

coordinate for frontal dunes (r = 0.69). 
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Fifty-six candidate models were evaluated for scrub dunes using a combination of 

variables measured before Hurricane Ivan and similar models were created with post-

hurricane data. The first eight base models included a combination of patch-level features 

(e.g., dune area, % cover of woody vegetation, % cover of herbaceous vegetation, dune 

height).  An additional 24 models were created by adding distance to nearest occupied 

dune, the 200-m habitat buffer or 1-km habitat buffer to the original base models.  

Finally, I created another 24 models by including the east-west coordinate in the “base 

model + landscape context” models.   

I developed 40 candidate models for frontal dunes on EAFB and GINS after 

Hurricane Ivan.  All frontal dunes were occupied before Hurricane Ivan, so no model was 

created for this period.  To reduce risk of an over-parameterized model, I restricted the 

total number of variables in a model to three.  The first eight base models were the same 

as in scrub habitat (i.e., patch-level features).  An additional 32 models were created by 

including distance to nearest occupied dune, 200-m habitat buffer, 1-km habitat buffer, or 

spatial coordinate to base models.  I also modeled post-hurricane occupancy of frontal 

and scrub dunes on EAFB with pre-hurricane conditions to assess the role of pre-

hurricane conditions on post-hurricane occupancy.  Models were created using the same 

procedure as described above. 

 I used an Akaike Information Criterion (AICc) corrected for small sample bias to 

select the best model and rank the remainder.  I present AIC differences (Δi = AICci – 

minimum AICc), so that the best model has Δi = 0 (Burnham & Anderson 2002).  Models 

with Δi ≤ 2 are considered competitive models.  I also include Akaike weight (wi), which 

indicates relative likelihood that model i is the best model.  The relative importance of 
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each habitat variable (wsum) was obtained by summing wi for all models that contained 

this variable (Burnham & Anderson 2002).  I performed model averaging to obtain 

parameter estimates and unconditional standard errors for each habitat variable of interest 

to reduce the bias of estimating parameter effects from a single model (Burnham and 

Anderson 2002).  When the confidence interval around a model-averaged parameter 

estimate is > 0, an increase in the variable significantly increases the probability of 

occupancy, and a value < 0 indicates that an increase in the variable decreases the 

probability of occupancy (Buskirk 2005; Mazerolle et al. 2005).  Estimated probability of 

detection (p) and overall occupancy rate (Ψ) also were obtained using this approach.  

Results 

Hurricane Impacts on Habitat Availability at EAFB 

Hurricane Ivan significantly reduced mean area of both types of dunes (Table 3-1), 

but frontal dunes lost a much greater proportion of area.  Storm damage resulted in a loss 

of 68.2% of the total area of frontal dunes surveyed for beach mice, including complete 

destruction of four dunes.  No scrub dunes were destroyed entirely but the total area of 

scrub dunes surveyed for beach mice was reduced by 14.8%.  Dune height also was 

reduced significantly for both dune types (Table 3-1).  The amount of habitat within 200 

m and 1km of a dune was reduced significantly for scrub dunes but not frontal dunes.  

However, frontal dunes already had little habitat within 200 m prior to the hurricane 

(Table 3-1). 

Dune Occupancy 

Beach mice were detected in 100% of frontal dunes and 72.1% of scrub dunes prior 

to the hurricane, and in 51.8% of frontal dunes and 73.8% of scrub dunes after the 

hurricane.  Probability of detection was high in all surveys.  Site-occupancy models 
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suggest that before the hurricane 75.1 ± 5.5%  (model-averaged estimate  ± unconditional 

SE) of scrub dunes were occupied, with a detection rate of 88.6 ± 5.6%, and after the 

hurricane 78.6 ± 4.9% of sites were occupied, with a detection rate of 90.1 ± 3.1%.  

Differences in occupancy of scrub dunes before and after the hurricane were not 

significant (t = 0.5, df = 60, p > 0.10).  Occupancy in frontal dunes dropped to 59.7 ± 

5.1%, with a detection rate of 89.8 ± 5.5% after the hurricane, and occupancy in frontal 

dunes was significantly lower than occupancy of scrub dunes (t = 1.8, df = 42, p < 0.05). 

Habitat Models 

A combination of patch-level and landscape-level features ranked high in models of 

occupancy of scrub dunes before and after the hurricane (Table 3-2 and 3-3).  The 

strongest model for scrub dunes before the hurricane included dune area, percent woody 

vegetation cover, and amount of dune habitat within 200 m.  No other models were 

competitive.  After the hurricane, the same model was the strongest; however, the Akaike 

weight was much lower and several additional models were competitive (Table 3-3).  All 

models with Δi ≤ 2 contained some combination of the variables in the best model except 

dune height and total herbaceous cover were included in several models.  Ranking of 

variables based on the sum of their Akakie weights revealed that amount of dune habitat 

within 200 m of scrub dunes was the most important variable in explaining probability of 

occupancy of scrub dunes by mice before and after the hurricane (Table 3-3), followed 

closely by dune area, and percent woody vegetation cover.  Before and after the 

hurricane, probability of beach mice occupying a scrub dune increased as amount of 

habitat surrounding the dune within 200 m increased and dune area increased (Table 3-3).  

Occupancy of scrub habitat by beach mice also appeared to increase with increasing 

cover of woody vegetation before and after the hurricane, but this relationship was not 



34 

 

statistically significant.  Top models of post-hurricane occupancy in scrub dunes using 

pre-hurricane conditions retained the same suite of predictor variables (Table 3-2). 

The strongest model for occupancy of frontal dunes after Hurricane Ivan included 

percent woody vegetation cover and distance to nearest occupied dune (Table 3-2).  In 

contrast to scrub habitat, the amount of habitat surrounding a dune within 200 m was not 

a factor in any competitive models.  The likelihood of occupancy increased with 

increasing cover of woody vegetation and this variable was the top ranked variable in 

models of occupancy (Table 3-3).  Increasing distance to the nearest occupied dune also 

appeared to reduce the probability of occupancy after the hurricane but this relationship 

was not statistically significant (Table 3-3).  Dune height was the third ranked variable 

and an increase in dune height appears to increase occupancy by beach mice in frontal 

habitats but also was not statistically significant (Table 3-3).  When post-hurricane 

occupancy of frontal dunes on EAFB was modeled with variables related to the structural 

and landscape context of dunes prior to the hurricane, dune height and distance to the 

nearest occupied dune were the most important predictors of occupancy (Tables 3-2 and 

3-3).  The likelihood of occupancy of frontal dunes by beach mice after the hurricane 

increased with a greater dune height prior to the hurricane, and a greater distance to the 

nearest occupied dune prior to the hurricane decreased the likelihood of occupancy after 

the hurricane (Table 3-3).  Models for occupancy of frontal dunes, with pre and post-

hurricane habitat data, had a better fit than models of scrub dunes (Table 3-2). 

Discussion 

Frontal dunes near the high tide line are subjected to major impacts during 

hurricanes.  Prior to Hurricane Opal (1995), frontal dunes ran relatively continuously 

along the entire length of Santa Rosa Island (Stone et al. 2004).  This hurricane and 
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subsequent tropical storms fragmented frontal dunes.  Storm surge from Hurricane Ivan 

removed close to 70% of the remaining frontal dunes.  In contrast, no scrub dunes, which 

are located on the bay side of the island, were completely lost with Hurricane Ivan and 

reduction in area of scrub dunes occurred along dune edges from passing storm surge.  

Distance from the eye of the hurricane influenced dune lost for frontal and scrub dunes 

along this portion of Santa Rosa Island (Chapter 2).  Tropical storms and hurricanes are 

predicted to be increasing in number and severity (Emanuel 2005).  Frontal habitat for 

beach mice will continue to be fragmented and removed if the interval between 

hurricanes and other tropical storms remains shorter than the time required for dunes to 

develop.  In contrast, my results suggest that the amount and configuration of scrub dunes 

on this barrier island may remain relatively consistent.  However, as buffering capacity 

provided by frontal dunes is lost, scrub dunes may suffer more impacts.  Also, Hurricane 

Ivan was a category 3 hurricane; stronger hurricanes could have greater impacts.   

Predictors of occupancy for beach mice in frontal habitat after the hurricane were 

closely tied to local habitat features (e.g., percent cover of woody vegetation and dune 

height) and proximity to other occupied dunes.  Optimal beach mouse habitat generally is 

described as tall frontal dunes vegetated by sea oats and other herbaceous plants (Holler 

1992).  My habitat model indicates that woody vegetation cover also is important to mice, 

at least during hurricane cycles.  Foraging experiments demonstrate that mice consume 

more seeds under vegetation cover than in the open (Bird 2002). Woody plants provide 

cover for foraging, serve as a food source for mice, and also may promote dune stability 

during storms (Moyers 1996; Musila et al. 2001).  Similarly, dune height may be an 

important factor in dune stability, particularly in preventing overwash by storm surge.  
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Beach mice also are semi-fossorial and an increase in dune height may facilitate 

conditions appropriate for burrow construction.  For frontal dunes on EAFB where the 

impact was severe, dune height prior to the hurricane was a significant predictor of post-

hurricane occupancy, but after the hurricane the importance of this variable was not as 

clear.   

Isolation explained post-hurricane occupancy of frontal habitat, whether modeled 

with pre- or post-hurricane habitat conditions.  This observation likely reflects the history 

of disturbance and loss of frontal habitat on this island.  Beach mice occupying frontal 

dunes prior to Hurricane Opal experienced a fairly continuous habitat where habitat 

quality might have been determined largely by resource availability or appropriate 

burrow conditions.  The current fragmented frontal dunes are too small to support 

separate populations of beach mice, but rather may serve as resource patches for mice 

moving among dunes.  

The most important predictors of occupancy before and after the hurricane for 

beach mice in scrub habitat were landscape features related to habitat amount (i.e., dune 

area and amount of surrounding habitat).  Predictors of occupancy in scrub habitat were 

similar before and after the hurricane, presumably because the impact of the hurricane on 

the structure of these dunes was minimal.  Woody vegetation also may play a role in 

occupancy of scrub dunes by beach mice, but this relationship is not as clear as in frontal 

dunes.  The amount of dune habitat surrounding scrub dunes is greater than for frontal 

dunes, which may indicate less isolation for these dunes.  The importance of surrounding 

dune habitat for occupancy of scrub may reflect reduced habitat quality in scrub dunes.  

Alabama beach mice travel further distances to forage in scrub habitat than in frontal 
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habitat during the winter and spring (Sneckenberger 2002).  If habitat quality and 

population density are lower in scrub dunes, larger areas may be required to maintain 

mouse populations.   

Dune restoration after hurricanes primarily has focused on re-establishment of sea 

oats, which produces a lattice of rhizomes that accumulate sand and also is an important 

food plant for beach mice.  My results suggest that restoration programs for frontal dunes 

also should include re-establishment of woody plants and promote increases in dune 

height.  Beach mice also should benefit from restoration programs that reduce isolation of 

frontal dunes. 

The results of my study suggest that optimal habitat for beach mice differs under 

different environmental conditions.  Lower occupancy of scrub habitat than frontal 

habitat by beach mice prior to the hurricane, and documentation of lower density in scrub 

habitat from other studies, suggest that scrub habitat could be lower quality than frontal 

dunes under pre-hurricane conditions, though density is not always a good indicator of 

habitat quality (Van Horne 1983). However, persistence of scrub habitat and maintenance 

of occupancy levels by beach mice through the hurricane in this habitat versus the severe 

loss of habitat and significant reduction in occupancy of frontal habitat suggest scrub is 

an essential habitat.  Scrub was an important refugia habitat for Alabama beach mouse 

populations during Hurricane Opal and a source of dispersing individuals after the 

hurricane (Swilling et al. 1998).   Re-colonization of frontal habitats by beach mice after 

Hurricane Opal occurred within nine months (Swilling et al. 1998). I observed beach 

mouse tracks on previously unoccupied frontal dunes in March 2005, approximately six 

months after Hurricane Ivan.  These mice may have dispersed from scrub or neighboring 
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frontal dunes.  Given the inevitable loss of frontal dunes with hurricanes, incorporation of 

scrub habitat into conservation efforts for Gulf Coast beach mice is warranted to ensure 

long-term population persistence.  Scrub habitat, even as marginal habitat, will improve 

population persistence and lessen extinction risk as frontal habitat is further removed. 

  The role of stochasticity and uncertainty in management outcomes has been 

explored extensively with respect to impacts on population size and persistence of species 

of economic or conservation concern (Ellner and Fieberg 2003).  Our study demonstrates 

the need to incorporate these factors in habitat planning and protection.  Habitat 

availability for species in dynamic landscapes can change quickly and additional habitats 

may become critically important after stochastic events (Carlsson and Kindvall 2001; 

Biedermann 2004).  When the dynamics of landscape and population are not understood, 

protection of habitat should follow a conservative approach.  Failure to consider and 

protect habitats required under different environmental conditions may exacerbate the 

impacts of habitat loss and change on extinction risk. 
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Table 3-1.  Means and standard errors for structural and vegetation variables measured  
for modeling occupancy of frontal and scrub habitat by Santa Rosa beach 
mice on Eglin Air Force Base (EAFB) and Gulf Islands National Seashore 
(GINS) on Santa Rosa Island, FL. Variables were assessed before and after 
Hurricane Ivan made landfall on 18 September 2005. Differences between 
means before and after Ivan were compared for dunes on EAFB using paired 
t-tests adjusted with Bonfferoni’s correction for multiple tests. ** p < 0.05.  

 Scrub Dunes 
Mean (± SE) 

Frontal Dunes 
Mean (± SE) 

Variable1 

 

 

EAFB before 
hurricane 
(N = 61) 

EAFB after 
hurricane 
(N=61) 

EAFB before 
hurricane 
(N=15) 

EAFB after 
hurricane 
(N=11) 

GINS after 
hurricane 
(N=15) 

Dune area (ha) 1.82 (0.38) 1.55 (0.37) ** 0.59 (0.09) 0.26 (0.06) ** 0.15 (0.03) 
Dune height (m) 4.64 (0.3) 3.32 (0.17 ) ** 4.01 (0.33) 3.13 (0.35) ** 3.24 (0.20) 
Dune habitat within 
200 m (ha) 

2.21 (0.28) 1.71 (0.19)  ** 0.29 (.09) 0.22 (0.08) 0.24 (0.05) 

Dune habitat within 
1 km (ha) 

12.73 (1.19) 11.29 (1.03) ** 8.45 (1.48) 8.67 (1.44)  1.94 (0.29) 

Distance to nearest 
occupied dune (m) 

176.1 (38.3) 174.2 (37.6) 219.2 (54.7) 161.9 (25.9)2  126.2 (39.4) 

Percent woody 
cover 

19.6 (1.6) 19.9 (1.6) no data 6.5 (1.4) 3.3 (2.1) 

Percent total 
herbaceous cover 

14.1 (1.4) 7.4 (0.8) ** no data 24.5 (2.9) 19.2 (2.3) 

East-West 
Coordinate (UTM) 
(m) 

524519 (653) 524519 (653) 522959 (1337) 524208 (879) 506117 (1709) 

1 Dune perimeter was correlated highly (p < 0.01) with dune area and was omitted from analyses. 
2 Distance to nearest occupied dune dropped after the hurricane because the four dunes that were destroyed were very 
isolated (mean distance to nearest occupied dune for those dunes = 459.5 m).  Pre-hurricane mean for distance to 
nearest occupied dune for the 11 dunes to survive Ivan = 131.7 m. 
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Table 3-2.  AIC-based selection of site occupancy models of dune occupancy for Santa 
Rosa beach mice in frontal and scrub dune habitat.  K = the number of 
explanatory variables plus 1, Δi = AICci –minimum AICci, wi = Akaike 
weights.  Models with Δi  ≤ 2 are presented.   

Habitat and 
conditions 

 Period of 
occupancy Location Model K Δi wi R2a 

Scrub pre-
hurricane  Pre-hurricane  EAFB / 

N =61 
Dune area, habitat within 200 
m, percent woody cover 4 0.00 0.42 0.242 

        
Scrub post-
hurricane 

Post-
hurricane  

EAFB / 
N = 61 

Dune area, habitat within 200 
m, percent woody cover 4 0.00 0.18 0.264 

   Dune area, habitat within 200 m 3 0.25 0.16 - 
   Dune height, percent woody 

cover, habitat within 200 m 4 0.50 0.14 - 

   Percent woody cover, habitat 
within 200 m 3 0.94 0.12 - 

   Percent total herbaceous cover, 
habitat within 200 m 3 1.63 0.08 - 

   Dune height, habitat within 200 
m 3 1.69 0.08 - 

   
Dune area, percent total 
herbaceous cover, habitat within 
200 m 

4 1.98 0.07 - 

        
Scrub pre-
hurricane 

Post-
hurricane  

EAFB / 
N =61 

Dune area, habitat within 200 
m, percent woody cover 4 0.00 0.26 0.287 

   Dune habitat within 200 m 2 0.70 0.18 - 

   Percent woody cover, dune 
habitat within 200 m 3 1.53 0.12 - 

   Dune area, dune habitat within 
200 m 3 1.60 0.12 - 

   
Dune height, dune habitat 
within 200 m, percent woody 
cover 

4 1.91 0.10 - 

   
Dune area, percent total 
herbaceous cover, dune habitat 
within 200 m 

4 1.91 0.10 - 

        

Frontal post-
hurricane 

Post-
hurricane  

EAFB; 
GINS / 
N=27 

Percent woody cover, distance 
to nearest occupied dune 3 0.00 0.58 0.467 

        
Frontal pre-
hurricaneb 

 Post-
hurricane  

EAFB / 
N = 15 

Dune height, distance to nearest 
occupied dune 3 0.00 0.73 0.489 

a There is no R2 analogue for patch occupancy models, instead we used a max-rescaled R2 value as an approximate 
measure of strength of association for the top model in each candidate set (Nagelkerke 1991).  All top models provided 
a significantly better fit than a base model with no environmental predictors (p < 0.05). 
b This model was developed with data on the structure and landscape context of dunes and does not include vegetation 
variables that are in other models. 
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Table 3-3.  Relative importance (wsum), model-averaged parameter estimates, and      
        unconditional standard errors for variables used to model occupancy for      
        beach mice in frontal and scrub habitat before and after Hurricane Ivan. Wsum  
        was estimated by summing Akakie weights (wi) of all models with a variable    
        of interest. **Confidence intervals do not contain 0 and indicate variable   
        significantly influences occupancy. 

Habitat Wsum Parameter Estimate SE 90% C.I. 
Scrub pre-hurricane habitat      
   Pre-hurricane occupancy     
     Dune area (ha) ** 0.679 0.709 0.418 0.022 – 1.396 
     Dune height (m) 0.165 0.029 0.039 -0.035 – 0.093 
     Percent cover woody vegetation  0.642 1.717 1.221 -0.292 – 3.726 
     Percent cover herbaceous 0.128 0.003 0.182 -0.296 – 0.302 
     Distance to nearest occupied dune (m) 0.046 0.028 0.035 -0.03 – 0.086 
     Dune habitat within 200 m (ha) ** 0.888 0.719 0.351 0.142 – 1.296 
     Dune habitat within 1 km (ha) 0.017 0.003 0.007 -0.009 – 0.015 
     East coordinate (m) 0.000 - - - 
     
  Scrub post-hurricane habitat     
   Post-hurricane occupancy     
     Dune area (ha) ** 0.536 0.548 0.319 0.023 – 1.073 
     Dune height (m) 0.257 0.081 0.106 -0.093 – 0.255 
     Percent cover woody vegetation 0.498 1.024 0.943 -0.527 – 2.575 
     Percent cover herbaceous 0.197            -0.106 0.714 -1.281 – 1.069 
     Distance to nearest occupied dune (m) 0.023 0.009 0.012 -0.011 – 0.029 
     Dune habitat within 200 m (ha) ** 0.864 1.089 0.574 0.145 – 2.033 
     Dune habitat within 1 km (ha) 0.065 0.006 0.007 -0.006 – 0.018 
     East coordinate (m) 0.000 - -  
     
 Scrub pre-hurricane habitat     
    Post-hurricane occupancy     
     Dune area (ha) ** 0.524 0.516 0.298 0.026 – 1.006 
     Dune height (m) 0.162 0.036 0.045 -0.038 – 0.11 
     Percent cover woody vegetation 0.498 1.218 1.048 -0.506 – 2.942 
     Percent cover herbaceous 0.163 -0.305 0.377 -0.925 – 0.315 
     Distance to nearest occupied dune (m) 0.000 - - - 
     Dune habitat within 200 m (ha) ** 0.936 1.022 0.461 0.264 – 1.780 
     Dune habitat within 1 km (ha) 0.010 0.129 0.093 -0.024 – 0.282 
     East coordinate (m) 0.000 - - - 
     
Frontal post-hurricane habitat     
   Post-hurricane occupancy     
     Dune area (ha) 0.141 0.383 0.629 -0.652 – 1.418 
     Dune height (m) 0.652 1.027 0.893 -0.353 – 2.407 
     Percent cover woody vegetation** 0.969 16.355 9.854 0.146 – 32.564 
     Percent cover herbaceous 0.014 0.009 0.033 -0.045 – 0.063 
     Distance to nearest occupied dune (m) 0.769 -2.627 1.851 -5.672 – 0.418 
     Dune habitat within 200 m (ha) 0.032 0.013 0.068 -0.106 – 0.132 
     Dune habitat within 1 km (ha) 0.048 -0.055 0.089 -0.201 – 0.091 
     East coordinate (m) 0.071 0.006 0.009 -0.009 – 0.021 
     
Frontal pre-hurricane habitat     
   Post-hurricane occupancy     
     Dune area (ha) 0.067 0.032 0.098 -0.129 – 0.193 
     Dune height (m) ** 0.730 0.485 0.151 0.237 – 0.733 
       Distance to nearest occupied dune (m) ** 0.828 -0.015 0.008 -0.028 – -0.002 
       Dune habitat within 200 m (ha)  0.053 0.093 0.121 -0.106 – 0.292 
     Dune habitat within 1 km (ha) 0.025 0.050 0.060 -0.048 – 0.148 
     East coordinate (m) 0.000 - - - 
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CHAPTER 4 
CONCLUSIONS AND CONSERVATION IMPLICATIONS  

 Habitat loss and fragmentation from coastal development and hurricanes are 

believed to be major threats to the long-term population persistence of Gulf Coast beach 

mice (Holler 1992; Oli et al. 2001).   Frontal dunes are protected as critical habitat for 

Gulf Coast beach mice, but they are disturbed greatly by hurricanes (Chapter 2).  Scrub 

dunes (also known as secondary dunes), which are not currently protected under federal 

recovery plans, are impacted less by hurricanes and have been proposed to serve as 

important refugia habitat for beach mice during hurricanes (USFWS 1987; Swilling et al. 

1998). Although restoration techniques exist to promote regeneration of physical 

structure of coastal dunes after storms (Miller et al 2001; 2003), understanding of the 

features that confer resistance against storm erosion is limited.  Also, prior to this study, 

little quantitative information was available on: 1) how hurricanes impact habitat 

availability for beach mice, 2) utilization of scrub habitat by beach mice, 3) habitat 

features that predict occupancy of frontal and scrub dunes by beach mice, and 4) relative 

impacts of hurricanes on beach mouse occupancy of frontal versus scrub dunes.  My 

study contributes to filling these gaps. 

Dune Erosion and Loss of Beach Mouse Habitat 

Frontal dunes received much greater impacts from Hurricane Ivan than scrub 

dunes, and larger dunes in both frontal and scrub habitat experienced less erosion than 

small dunes.  Structural features that conferred resistance against storm erosion differed 

for frontal and scrub dunes, suggesting that different processes act upon these two dune 
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types.  For frontal dunes, tall and wide dunes experienced the least amount of erosion 

from Hurricane Ivan’s high storm surge.  Dune erosion for secondary dunes was 

influenced by storm surge from the Gulf and probably also by rising water levels in the 

Santa Rosa Sound, located behind the island.  Secondary dunes experience less erosion 

when located behind a frontal dune.  This observation highlights the importance of 

maintaining frontal dunes as buffers of storm surge.  Small secondary dunes located 

farther from the eye of Hurricane Ivan and located on the widest parts of the island 

experienced more erosion than small secondary dunes closer to the eye of Hurricane Ivan 

and on narrow parts of the island.  The reason for this pattern is unknown, but it may be 

related to storm surge in the narrow parts of the Santa Rosa Sound.  When the flow of 

storm surge is confined and water is shallow, high penetration distances have been noted 

for washover (Morton and Sallenger 2003).   

Hurricanes will continue to fragment and reduce coastal dunes if the interval 

between hurricanes and other tropical storms remains shorter than the time required to 

redevelop dunes through natural processes or restoration.  Tall and wide frontal dunes are 

more resistant to storm erosion than smaller frontal dunes and may continue to provide 

suitable habitat for beach mice if they maintain appropriate habitat conditions.  However, 

Hurricane Ivan alone reduced the frontal dune habitat of beach mice by 76.8% in our 

study area.  As dunes become smaller with subsequent storms, erosion of frontal dunes 

may accelerate.  In contrast, secondary dune habitat was reduced by only 19.3% by 

Hurricane Ivan, indicating that, in periods of high hurricane activity, scrub dunes provide 

more stable habitat for beach mice than frontal dunes.  However, removal of frontal 

dunes is likely to increase impacts of hurricanes on secondary dunes as the buffering 
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capacity of frontal dunes is lost.  Given the inevitable loss of frontal dunes from 

hurricanes, incorporation of scrub habitat into conservation efforts for Gulf Coast beach 

mice is warranted.  Although scrub habitat has been considered marginal for beach mice, 

my data suggest that conservation of scrub habitat will promote population persistence 

and lessen extinction risk as frontal dunes continue to be removed from the landscape. 

Landscape-scale research is needed to understand the interdependency of subpopulations 

of mice in frontal and scrub dunes, the conditions under which either of these habitats is 

optimal or marginal, and the relative contributions of each of these habitats to long-term 

persistence of beach mice populations.  

Habitat Restoration for Beach Mice 

Dune restoration for frontal dunes after storms typically has focused on the re-

establishment of sea oats, which produces a lattice of rhizomes that can quickly trap and 

accumulate sand.  My results indicate that cover of woody vegetation is important for 

promoting occupancy of frontal dunes by beach mice and woody plants also may 

influence occupancy of scrub dunes.  This observation has important implications for 

conservation and management of beach mouse habitat, as optimal habitat for beach mice 

generally is believed to consist of tall frontal dunes vegetated by sea oats and other 

herbaceous species (Holler 1992).  My data suggest that restoration programs should 

incorporate the re-establishment of woody plants on frontal dunes.  Scrub dunes are 

dominated by woody vegetation, and habitat management strategies for beach mice 

should aim to maintain this vegetation.  We do not know the exact mechanism by which 

woody vegetation influences occupancy of dunes by mice, but woody species provide 

cover and food for mice and may stabilize dunes during storms.  More research will be 

required to understand these mechanisms and to identify key woody species for mice.    
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Results of my study indicate that landscape context is important for enhancing 

occupancy of dune habitats by beach mice regardless of dune type.  Isolation restricts 

occupancy of frontal dunes and amount of dune habitat surrounding scrub dunes 

influences occupancy of these dunes.  As dune systems are eroded by hurricanes, dune 

fragments become more widely separated by open sand that does not provide resources 

for beach mice (e.g., food and substrate for burrow construction) and mice are forced to 

move over large open areas to obtain resources in different patches. Movement of mice 

also is critical for recolonization of the landscape in areas where mice are extirpated 

during hurricanes and for recolonization of restored habitat.  These movements are likely 

to entail considerable risk (e.g., increased risk of predation).  Management efforts should 

aim to minimize isolation of dunes.  Restoration techniques that provide connectivity 

(i.e., facilitate movement) between fragmented frontal dunes or between frontal and 

secondary dunes also may benefit beach mice.  Vegetation cover facilitates foraging of 

beach mice (Bird et al. 2004) and, presumably, would enhance movement by reducing 

risks associated with moving between fragments of habitat that remain after hurricanes.  

Although my occupancy data provide general evidence that landscape connectivity is 

important for beach mice, factors limiting mouse movement (e.g., the degree to which 

large open sand gaps restrict movement) are unknown and this would be a fruitful area of 

research for understanding the long-term persistence of beach mice in dynamic 

landscapes.  Finally, restoration techniques to promote increases in dune height for 

frontal dunes also would be beneficial for beach mice as taller dunes are more resistant to 

storm-related erosion and may facilitate conditions appropriate for burrow construction.
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APPENDIX A 
DELINEATION OF DUNES IN THE FIELD  

 
Critical definition of dunes for delineation in the field: 
 
•Dunes were mapped if greater than 1 m high with woody vegetation or greater than 
1.5 m with grasses and other herbaceous vegetation. 
 
•Dune spurs were considered part of a dune if the cleft between dunes was less than 
1.5 m in height. 
 
•Dunes were considered to be separate if they were separated by more than 3 m. 
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APPENDIX B 
CORRELATION MATRICES FOR VARIABLES BY HABITAT 

Table B-1. Correlations for variables measured on 61 scrub dunes surveyed for beach 
mice before Hurricane Ivan (Jun. 2004 – Sep. 2004). 
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Table B-2. Correlations for variables measured on 61 scrub dunes surveyed for beach 
mice after Hurricane Ivan (Oct. 2004 – Jan 2005). 

 

Table B-3. Correlations for variables measured on foredunes (Eglin Air Force Base, 
N = 11, and Gulf Islands National Seashore, N = 15) surveyed for beach 
mice after Hurricane Ivan. (Oct. 2004 – Feb. 2005). 
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APPENDIX C 
COMPARISON OF FRONTAL DUNES AT EGLIN AIR FORCE BASE AND GULF 

ISLANDS NATIONAL SEASHORE 

Table C-1. Results of t-tests comparing vegetation, structure and landscape context for 
frontal dunes on Eglin Air Force Base and Gulf Islands National Seashore 
measured after Hurricane Ivan. 
Variable t df p 
Dune area (ha) 1.915 24 0.06 
Dune height (m) -0.287 24 0.77 
Dune habitat within 200 m (ha) -0.209 24 0.84 
Dune habitat within 1 km (ha) 5.305 24 <0.01 
% woody vegetation cover -2.260 24 0.03 
% total herbaceous cover -1.060 24 0.30 
Distance to nearest neighbor (m) 0.697 24 0.49 
Distance to nearest scrub dune (m) -1.975 24 0.06 
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APPENDIX D 
PREDICTORS OF CHANGE IN OCCUPANCY OF FRONTAL DUNES AFTER 

HURRICANE IVAN 

Table D-1. Mean values, standard errors, and t-test results for habitat variables on frontal 
dunes on EAFB that became unoccupied and for dunes that remained 
occupied after Hurricane Ivan. Where variances were found to not be equal (p 
< 0.05), a student t-test with the assumption of unequal variances was used.  
For all other variables, t-statistics and p-value are for student t-tests with the 
assumption of equal variances. 

Variable1 Unoccupied 
Mean (±SE) 

Occupied 
Mean (± SE)  t df p 

Before hurricane      
Dune Area (ha) 0.56 (0.12) 0.62 (0.16) -0.31 13 0.76 
East-west 
coordinate (UTM) 

522516 (1901) 523624 (1919) -0.39 13 0.70 

Dune height (m) 3.44 (0.32) 4.87 (0.53) -2.53 13 0.03 
Dune habitat within 
200 m (ha) 

0.25 (0.13) 0.37 (0.15) -0.61 13 0.55 

Dune habitat within 
1km (ha) 

6.59 (1.34) 11.24 (2.89) -1.63 13 0.13 

Distance to nearest 
occupied dune (m) 

317.57 (87.41) 106.61 (28.51) 2.16 13 0.05 

After hurricane2      
Dune Area (ha) 0.11 (0.06) 0.28 (0.07) -1.96 13 0.07 
East-west 
coordinate (UTM) 

522410 (2160) 525033 (793) -1.14 13 0.28 

Dune height (m) 1.52 (0.59) 3.18 (0.53) -2.06 13 0.06 
Dune habitat within 
200 m (ha) 

0.08 (0.03) 0.30 (0.12) -0.91 9 0.39 

Dune habitat within 
1 km (ha) 

7.56 (1.04) 9.29 (2.21) -0.44 9 0.67 

Distance to nearest 
occupied dune (m) 

210.12 (25.46) 134.34 (35.07) 1.49 9 0.17 

Percent cover of 
woody vegetation 

2.0 (1.4) 8.5 (4.8) -3.87 9 0.01 

Percent cover of 
total herbaceous 

23.0 (4.0) 25.0 (5.0) -0.33 9 0.75 

1  Habitat data are presented for variables measured before and after the hurricane.  Occupancy  
   data presented are data taken after the hurricane.  

 2 Analysis of dune area, dune height, and east-west coordinate for frontal dunes post-Ivan     
    included the four dunes that were completely destroyed. These four dunes, however, were not      
    included when assessing vegetation, distance to nearest occupied dune, or amount of       
    surrounding habitat.
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APPENDIX E 
CORRELATION MATRIX FOR STRUCTURAL FEATURES OF FRONTAL DUNES 

ON EGLIN AIR FORCE BASE 

Table E-1.  Correlations for structural and landscape context variables measured on 
frontal dunes (N = 93) on Santa Rosa Island prior to Hurricane Ivan.  
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APPENDIX F 
CORRELATION MATRIX FOR STRUCTURAL FEATURES OF SECONDARY 

DUNES ON EGLIN AIR FORCE BASE 

Table F-1.  Correlations for structural and landscape context variables measured on 
secondary dunes on Santa Rosa Island prior to Hurricane Ivan.  Dunes were 
sub-sampled to represent proportional area of large (83.6%) and small 
(16.4%) dunes on the landscape (N = 52 with 34 small dunes and 18 large 
dunes). 
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