FINAL REPORT

APRIL 2016

Dr. Loretta L. Battaglia
Southern Illinois University Carbondale

This document has been cleared for public release

Py SERDP

DOD = EPA = DOE




Page Intentionally Left Blank



This report was prepared under contract to the Department of Defense Strategic
Environmental Research and Development Program (SERDP). The publication of this
report does not indicate endorsement by the Department of Defense, nor should the
contents be construed as reflecting the official policy or position of the Department of
Defense. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the Department of Defense.



Page Intentionally Left Blank



F A d
REPORT DOCUMENTATION PAGE OME No. 6704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
30/04/2016 Final 05/21/2009-11/30/2015
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

W912HQ-09-C-0028

Assisted migration as a management tool in coastal ecosystems threatened by climate change | 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Battaglia, Loretta L. 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Southern Illinois University

Office of Sponsored Projects Administration
Mail Code 4709, Woody Hall C-206,

900 S. Normal Avenue,

Carbondale, IL 62901-4302

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

SERDP, 4800 Mark Center Drive SERDP

Suite 17D08

Alexandria, VA 22350 11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT
Coastal ecosystems are among the first directly impacted by hurricane disturbance and chronic sea-level rise. Studies that explore responses
of coastal biota to climate change are needed to develop adaptation strategies, but mechanisms underlying upslope establishment are poorly
understood. The hypothesis tested in this study was that inland migration of downslope species is impeded by upslope vegetation. These
barriers can be disassembled by hurricane storm surge, providing opportunities for seaward species to establish inland. Results indicate that
inland communities are more vulnerable to storm surge, particularly when surges are more sustained and lead to sediment deposition.
“Ecologically naive” vegetation will be impacted most by these events, leading to compositional changes. Where dispersal is limited,
upslope and inland establishment of species can be expedited through assisted migration. Vegetation cover is helpful for new transplants,
but its removal appears to benefit later survival of transplants when competition may pose a bigger challenge. Species that are transplanted
must be tolerant of disturbances, such as fire, that are typical in their new, upslope habitats. Deliberate, assisted migration can be
prescriptive and futuristic if these management efforts are matched with climate change projections; it may be necessary where dispersal is
limited by natural and anthropogenic barriers.

15. SUBJECT TERMS
Assisted migration, Climate change, Coastal ecosystems, Hurricane, Storm surge

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER [ 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Loretta L. Battaglia
a. REPORT b. ABSTRACT c. THIS PAGE uu 19b. TELEPHONE NUMBER (include area
uu uu uu code)
618-521-4863

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




Page Intentionally Left Blank



Table of Contents

Page(s) Contents
i Table of Contents
ii - ii List of Tables
IV - Vi List of Figures
Vi List of Acronyms
il Keywords and Acknowledgements
1-2 Abstract
3 Objective
4 Background
5 Milestones
6-12 Materials and Methods
13-43 Results and Discussion
44 Conclusions and Implications for Future Research/Implementation
45-46 Literature Cited
47-49 Appendices (Supporting Data)
50-52 Appendices (List of Scientific/Technical Publications)




List of Tables

Table 1. Summary of the plot allocation and layout of the four field experiments.

Table 2. Results of repeated measures PERMANOVA comparing 2009 (pre-treatment) and
2012 (two years following the second surge treatment) composition of plots from
Experiment #1, arrayed along the most seaward transect (transect 1).

Table 3. Results of repeated measures PERMANOVA comparing 2009 (pre-treatment) and
2012 (two years following the second surge treatment) composition of plots from
Experiment #1 (transect 2).

Table 4. Results of repeated measures PERMANOVA comparing 2009 (pre-treatment) and
2012 (two years following the second surge treatment) composition of plots from
Experiment #1 (transect 3).

Table 5. Results of repeated measures PERMANOVA comparing 2009 (pre-treatment) and
2012 (two years following the second surge treatment) composition of plots from
Experiment #1 (transect 4).

Table 6. Results of repeated measures PERMANOVA comparing 2009 (pre-treatment) and
2012 (two years following the second surge treatment) composition of plots from
Experiment #1, arrayed along the most inland transect (transect 5).

Table 7. Results of repeated measures PERMANOVA comparing 2010 (pre-treatment) and
2013 (two years following the second surge treatment) composition of plots from
Experiment #2, arrayed along the most seaward transect (transect 1).

Table 8. Results of repeated measures PERMANOVA comparing 2010 (pre-treatment) and
2013 (two years following the second surge treatment) composition of plots from
Experiment #2 (transect 2).

Table 9. Results of repeated measures PERMANOVA comparing 2010 (pre-treatment) and
2013 (two years following the second surge treatment) composition of plots from
Experiment #2 (transect 3).

Table 10. Results of repeated measures PERMANOVA comparing 2010 (pre-treatment) and
2013 (two years following the second surge treatment) composition of plots from
Experiment #2 (transect 4).

Table 11. Results of repeated measures PERMANOVA comparing 2010 (pre-treatment) and
2013 (two years following the second surge treatment) composition of plots from
Experiment #2 arrayed along the most inland transect (transect 5).

Table 12. Results of Indicator Species Analysis for Experiment #2 plots on Transect #1.
ii



Table 13. Results of Indicator Species Analysis for Experiment #2 plots on Transect #2.
Table 14. Results of Indicator Species Analysis for Experiment #2 plots on Transect #3.
Table 15. Results of Indicator Species Analysis for Experiment #2 plots on Transect #4.
Table 16. Results of Indicator Species Analysis for Experiment #2 plots on Transect #5.
Table 17. Post-treatment mortality and soil water conductivity for Experiment #3.
Appendix 1. Soil texture profile by transect and elevation.

Appendix 2. Vertical and lateral infiltration times by transect and elevation.



List of Figures

Figure 1. Map of Eglin Air Force Base, northwestern Florida with transect locations indicated.
Figure 2. Steps in experimental storm surge treatment are shown.

Figure 3. Steps in the Storm Surge + Sediment Deposition treatment are shown.

Figure 4. Plot setup for the Habitat Modification experiment.

Figure 5. Two-dimensional NMDS ordination of pre-treatment vegetation across all transects
and elevation zones (Experiment #1).

Figure 6. Two-dimensional NMDS ordination of the Experiment #1 plots along transect #1
(most seaward). Pre-treatment and post-treatment (2 years after the final 2x surge
treatment) composition is compared across elevation zones and by surge treatment
frequency.

Figure 7. Two-dimensional NMDS ordination of the Experiment #1 plots along transect #2 over
time. Pre-treatment and post-treatment (2 years after the final 2x surge treatment)
composition is compared across elevation zones and by surge treatment frequency.

Figure 8. Two-dimensional NMDS ordination of the Experiment #1 plots along transect #3 over
time. Pre-treatment and post-treatment (2 years after the final 2x surge treatment)
composition is compared across elevation zones and by surge treatment frequency.

Figure 9. Two-dimensional NMDS ordination of the Experiment #1 plots along transect #4 over
time. Pre-treatment and post-treatment (2 years after the final 2x surge treatment)
composition is compared across elevation zones and by surge treatment frequency.

Figure 10. Two-dimensional NMDS ordination of the Experiment #1 plots along transect #5
(most inland) over time. Pre-treatment and post-treatment (2 years after the final 2x
surge treatment) composition is compared across elevation zones and by surge treatment
frequency.

Figure 11. Two-dimensional NMDS ordination of the Experiment #2 plots along transect #1
(most seaward) over time. Pre-treatment and post-treatment (2 years after the final 2x
surge treatment) composition is compared across elevation zones and by surge treatment
frequency.

Figure 12. Two-dimensional NMDS ordination of the Experiment #2 plots along transect #2
over time. Pre-treatment and post-treatment (2 years after the final 2x surge treatment)
composition is compared across elevation zones and by surge treatment frequency.



Figure 13. Two-dimensional NMDS ordination of the Experiment #2 plots along transect #3
over time. Pre-treatment and post-treatment (2 years after the final 2x surge treatment)
composition is compared across elevation zones and by surge treatment frequency.

Figure 14. Two-dimensional NMDS ordination of the Experiment #2 plots along transect #4
over time. Pre-treatment and post-treatment (2 years after the final 2x surge treatment)
composition is compared across elevation zones and by surge treatment frequency.

Figure 15. Two-dimensional NMDS ordination of the Experiment #2 plots along transect #5
(most inland) over time. Pre-treatment and post-treatment (2 years after the final 2x
surge treatment) composition is compared across elevation zones and by surge treatment
frequency.

Figure 16. Soil water conductivity profile one month following the 2010 surge.

Figure 17. Post-treatment mortality of vegetation following application of the experimental
storm surge + sediment application treatments.

Figure 18. Two-dimensional NMDS ordination of storm surge + sediment plots arrayed along
the most seaward transect (#1).

Figure 19. Average community dissimilarity between control vs. surge + sediment plots through
time along the most seaward transect (#1).

Figure 20. Two-dimensional NMDS ordination of storm surge + sediment plots arrayed along
transect #2.

Figure 21. Average community dissimilarity between control vs. surge + sediment plots through
time along transect #2.

Figure 22. Two-dimensional NMDS ordination of storm surge + sediment plots arrayed along
transect #3.

Figure 23. Average community dissimilarity between control vs. surge + sediment plots through
time along transect #3.

Figure 24. Two-dimensional NMDS ordination of storm surge + sediment plots arrayed along
transect #4.

Figure 25. Average community dissimilarity between control vs. surge + sediment plots through
time along transect #4.

Figure 26. Two-dimensional NMDS ordination of storm surge + sediment plots arrayed along
the most inland transect (#5).



Figure 27. Average community dissimilarity between control vs. surge + sediment plots through
time along the most inland transect (#5).

Figure 28. Initial survival and plant condition of Cladium mariscus, Juncus roemerianus, and
Spartina alterniflora transplants in early Spring 2012 across the estuarine (vertical axis)
and elevation gradients (horizontal axis).

Figure 29. Average survival of Cladium mariscus in the final census (Summer 2014) across
seaward to inland transects and elevation zones.

Figure 30. Average survival of Juncus roemerianus in the final census (Summer 2014) across
seaward to inland transects and elevation zones.

Vi



List of Acronyms

AFB - Air Force base

NMDS - non-metric multidimensional scaling

PC-ORD - software package for conducting multivariate statistical analysis
PERMANOVA - permutational analysis of variance

PRIMER - software package for conducting multivariate statistical analyses
PVC - pipe made from polymerized vinyl chloride

SAS - software package for statistical analyses

Keywords

Assisted migration, Climate change, Coastal ecosystems, Hurricane, Storm surge

Acknowledgements

I would like to thank the following people for assistance in the field: Jerrod Looft, Anthony
Tate, Hannah Whitehurst, Joey Weber, Lorien Lemmon, Gary Grimes, Bill Platt, Matt Abbott,
Amanda Thalhammer, Shishir Paudel, Chelsey Hiller, Jesse Fruchter, Adam Chupp, Diane
Harshbarger, and Brook Krings. | thank Peter Minchin for assistance with Indicator Species
Analysis. The staff at Eglin AFB, particularly Brett Williams and Bruce Hagedorn, provided
valuable logistical assistance. Finally, I would like to thank Dr. John Hall for his guidance and
support during this project and SERDP for funding this research.

vii



Abstract

Objective —Low-lying coastlines are among the first ecosystems directly impacted by hurricane
disturbance and chronic sea-level rise. Studies that explore responses of coastal biota to climate
change are needed to develop adaptation strategies. Coastal species may cope with
environmental changes over the short term, but eventually they will be eliminated unless inland
migration can occur. The mechanisms underlying successful upslope establishment are poorly
understood. The main hypothesis tested in this study was that inland migration of downslope
species is impeded by upslope vegetation composed of species largely intolerant of salinity and
deposition pulses. These biological barriers can be disassembled by hurricane-generated storm
surge, followed by a reshuffling of community assemblages, and opening of opportunities for
species from seaward positions to establish further inland.

Technical Approach—In early Summer 2009 five transects were established at points along
East Bay River, a tidal river ecosystem on Eglin Air Force Base in northwestern Florida that
encompasses saline to fresh water conditions. Each transect was surveyed for elevation and
extended perpendicular to the river into upland habitat to include 1-meter, 2-meter, and 3-meter
changes in relative elevation from river’s edge. In August 2009 nine vegetation plots were
located haphazardly in each of the three elevation classes alongside each transect (n = 135).
Three plots were designated controls, three were assigned to a single surge treatment, and three
plots were assigned to a double surge treatment with a two-year interval separating the surge
applications (Experiment 1). In 2010 a second set of plots (n = 135), similarly organized with
random assignments to the three surge treatments, was established along each of the transects.
Plots established and initially surged in 2010 also received propagule additions of dominant
native species from across the estuarine gradient. In addition, the volume of saline water applied
for the second surge application in 2012 was doubled (Experiment 2). All vascular plant species
were identified and their cover estimated in each plot prior to experimental storm surge
treatments and annually thereafter through the 2013 growing season. In 2010, a third set of plots
was established (n = 75) to test the effects of storm surge that included sediment deposition
(Experiment 3). Composition was surveyed on an annual basis in control and treatment plots
following the surge treatments (2010 to 2013). In 2011, a reciprocal transplant experiment
(Experiment 4) was initiated to investigate the feasibility of upslope, assisted migration of
dominant species representing different parts of the gradient, with and without removal of
standing vegetation (n = 135 plots).

Results—Compositional trajectories differed significantly among years and elevation zones but
communities were largely resilient to experimental storm surge disturbances and showed no
significant differences between surge treatment levels, except along one of the inland transects
(Experiment 1). In contrast, plant composition exhibited significant change with surge treatment
effects, which were part of higher order interactions that included time and elevation in
Experiment 2. Propagule additions had no discernible effect on post-disturbance recovery. In
general, community disassembly was less pronounced near the bay where halophytes adapted to
regular tidal inundation dominate; disassembly was greatest in upslope and upstream
communities. Trajectories of the high and intermediate elevation communities, located along the
two most inland transects, were also influenced by two prescribed fires in Experiments 1-3.
Disassembly was greatest and vegetation recovery slowest in plots that received a second,
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double-volume storm surge (Experiment 2) and where sediment was added to the surge waters
(Experiment 3). Compositional shifts were largely driven by in situ mortality and reduced
abundance of species intolerant of the surges, rather than upslope migration of species. Several
species emerged as key indicators of elevation-specific responders (e.g., winners and losers) to
storm surge treatments. Two of the transplanted species, the brackish marsh dominant Juncus
roemerianus and fresh marsh dominant Cladium mariscus, exhibited multi-year survival in plots
spanning the estuarine and elevation gradients (Experiment 4), including habitats that received
prescribed burns.

Benefits—Collectively, Experiments 1-3 indicate that inland communities are more vulnerable
to the effects of storm surge, particularly when the surges are more sustained and lead to
sediment deposition. Taken together with climate change models that project increasingly
common intense tropical storms, these results suggest that “ecologically naive” vegetation will
be impacted most by these events, leading to substantial compositional changes. The initial
winners will be species that are resilient to these events, and the losers will be ones that are
sensitive. Where mortality is high and recovery is limited or slow, regeneration windows may be
longer lived such that some downslope species are capable establishing in upslope habitat.
Distance from source population and dispersal distance will be factors that influence the rate of
inland migration.

Upslope and inland establishment of some species can be expedited through assisted migration.
Vegetation cover may be beneficial for newly transplanted individuals, but removal of standing
vegetation appears to have positive effects on later survival of transplants when competition may
pose a bigger challenge. Species that are transplanted must be tolerant of disturbances, such as
fire, that are typical in their new, upslope habitats.

This research can inform management regarding ecological scenarios consistent with climate
change forecasts and provide a potential tool for intervention. Chronic and acute disturbances
(i.e., sea level rise, storm surge, fire) are drivers that have complex effects on movement of
coastal species. As disturbance regimes are altered by climate change, they are likely to cause
shifts in species’ distributions in unpredictable ways. Movement of species is also influenced by
barriers in the landscape; methods to overcome these obstacles will be increasingly important as
the climate envelopes of species change spatially. Deliberate, assisted migration can be a
prescriptive and effective approach if management efforts are matched with climate change. This
type of intervention may be especially necessary when dispersal is limited by natural and
anthropogenic barriers.



Objective

Low-lying coastlines are among the first ecosystems directly impacted by hurricane disturbance
and chronic sea-level rise. Coastal species may cope with environmental changes over the short
term, but eventually they will be eliminated unless inland migration can occur. Unfortunately,
the mechanisms by which species successfully migrate inland/upslope are poorly understood.
This gap in our understanding limits development of effective and appropriate management
strategies for adaptation to climate change. The objective of this research is to test the effects of
potential migration drivers using a series of integrated field experiments, with the goal of filling
some of those knowledge gaps.

The main hypothesis tested in this study was that inland migration of downslope species is
impeded by upslope vegetation composed of species largely intolerant of salinity and deposition
pulses. These biological barriers can be disassembled by hurricane-generated storm surge,
followed by a reshuffling of community assemblages, and opening of opportunities for species
from seaward positions to establish further inland. A secondary, related hypothesis is that
assisted migration can be a viable tool for moving species inland and that establishment success
of transplanted species will be greater where existing vegetation cover is removed/reduced. This
study is designed to explore responses of coastal biota to the projected impacts of climate change
and provide crucial information that will be needed to develop effective adaptation strategies.



Background

Studies that explore potential responses of coastal biota to climate change are needed to gain a
better understanding of how species cope or fail to cope with these changes. Unfortunately,
coping mechanisms are poorly understood but a working understanding is needed to inform
management and to provide the foundation for adaptation strategies. The main objective of this
research was to test the effects of shifting tropical storm regimes, in the context of global
warming and sea level rise, on coastal plant community disassembly and reassembly. Previous
work indicates that squeezing of coastal vegetation may occur if landward vegetation constitutes
a barrier to upslope migration (Shirley and Battaglia 2006, 2008). However, natural disturbances
may remove these barriers (Tate and Battaglia 2013) and promote reestablishment in situ,
landward expansion of distributions (Pivovaroff et al. 2015), or establishment of new
assemblages (Platt et al. 2015). Following canopy disturbance by Hurricanes Ivan (2004) and
Katrina (2005), upslope establishment of several marsh species (e.g., Cladium mariscus and
Solidago sempervirens) was observed along the coastal transition at Weeks Bay National
Estuarine Research Reserve in Alabama. These findings suggest that competition, particularly
for light, is a strong filter that limits establishment of herbaceous marsh species at the leading,
landward edge of their distributions (Crain et al. 2004). The overarching hypothesis of this study
is that hurricane-generated storm surge disassembles landward communities dominated by
species intolerant of high salinity pulses, which may enable species from seaward positions to
establish further inland. For some species that are dispersal limited, assisted migration (or
managed relocation) may be necessary for them to persist in the system (Hoegh-Guldberg et al.
2010).

Assisted migration efforts can include movement of propagules into more suitable habitat to
overcome dispersal limitation, as well as removal of upslope vegetation. This research is
innovative because it is the first to focus directly on mechanisms of coastal species migrations in
the context of climate change-driven shifts in disturbance regimes. Global warming has been
hypothesized to increase hurricane intensity in this region (Bender et al. 2010, Edenhofer et al.
2014), which could have strong effects on the ability of coastal species to maintain viable
populations along estuarine-upland coastal transitions. For example, communities that are part
of the coastal landscape but positioned farther inland rarely experience saline intrusions and are
therefore likely to harbor species that are particularly sensitive to these changing conditions
(Abbott and Battaglia 2015). Thus, disturbances that create opportunities for inland migration
may be critical for landscape fluidity and maintenance of biodiversity (Manning et al. 2009).



Milestones

All of the milestones associated with the Natural Regeneration Experiment (#1), the Propagule
Addition Experiment (#2), the Sediment/Surge Experiment (#3), and the Habitat Modification
Experiment (#4) were met.

Milestones for experiments #1 and #2 included establishment of transects and vegetation plots,
pre-treatment surveys of the plots, application of storm surge and propagule enhancement
treatments, annual post-treatment surveys from initiation of each study through 2013, data entry
and proofing, statistical analyses, and summaries of results.

Experiment #3 was an add-on study, initiated in Summer 2010. This work was developed to test
the effects of sediment application, in conjunction with storm surge, on vegetation assemblages
along the estuarine gradient. All tasks associated with this experiment were completed;
vegetation plots were established, surveyed, the storm surge + sediment treatments were applied,
and annual species composition surveys were conducted 2010-2013. Data entry, proofing,
statistical analyses and summaries of results were completed.

The habitat modification experiment (#4) was originally scheduled to begin in Summer 2010 but
was delayed until August 2011 because setup of the second surge study and the sediment
experiment took longer than expected and monopolized the 2010 field season. Sampling along
the most upstream transect was complicated and delayed due to a prescribed (but unexpected)
fire that occurred in early summer 2010. This fourth experiment was finally set up (n=135) in
August 2011. Nine 4m? plots were established and marked in each gradient/elevation
combination. Vegetation removal was completed, and herbicide was applied. In November
2011, plants were harvested from local populations, transplanted into the plots and individually
marked. Initial survival of transplants was assessed early spring 2012. Surveys of plant survival
and plant condition were conducted annually in the 2012, 2013, and 2014 growing seasons. Note
that the study was extended to 2014 to ensure collection of three years of data. Data entry,
proofing, statistical analyses and summaries of results were completed.

Lastly, a complementary study was conducted in Summer 2014 to quantify infiltration rates of
storm surge treatments into soils across the estuarine and elevation gradients (Appendix 2).



Materials and Methods

Descriptions of Plant Communities

Early reconnaissance and qualitative assessment of plant community composition indicated
substantial variation in vegetation across transects and with elevation changes relative to East
River. In general, the zones closest to East River were wetland communities; the intermediate
zones were transitional assemblages with some overlap in composition between the wetland and
upland habitats. The higher elevation communities were either a variant of the pine savannah or
scrub oak/slash pine woodland.

Vegetation spanning the transect closest to East River Bay (Transect #1) had pronounced
zonation correlated with topographic change. The lowest elevation zone was strongly influenced
by tides. The salt marsh, dominated by Spartina alterniflora, formed a narrow fringe along the
water’s edge; the brackish marsh was more expansive and was dominated by black needlerush
(Juncus roemerianus). The intermediate elevation zone was dominated by a mixture of
hardwoods (e.g., Acer rubrum), slash pine (Pinus elliottii) and a diverse understory layer (e.g.,
Arundinaria tecta, Chasmanthium laxum, and Woodwardia areolata). The highest elevation
zone was dominated by slash pine, turkey oak (Quercus laevis), live oak (Quercus virginiana)
and a sparse understory layer with occasional saw palmettos (Serenoa repens).

The next transect upriver (Transect #2) also had pronounced zonation aligned with changes in
elevation. The zone closest to the river was frequently inundated. This community was
dominated by sawgrass (Cladium mariscus), swamp titi (Cyrilla racemiflora), and a mixture of
freshwater wetland species (e.g., Rhynchospora cephalantha). The highest elevation zone had a
sparse canopy of slash pine, with occasional turkey oak in the subcanopy, some dense patches of
saw palmetto, frequent Gaylussacia spp. in the understory, and infrequent patches of herbaceous
species.

On transect #3, the lowest zone next to East River was frequently inundated and contained a
mixture of freshwater obligate wetland species (e.g., Oxypolis filiformis, Dulichium
arundinaceum) and shrub layer dominated by swamp titi, with occasional Juniperus virginiana
and pond cypress (Taxodium ascendens) in the canopy. The intermediate elevation zone
contained a rich mixture of carnivorous plant species (e.g., Sarracenia leucophylla, S. psittacina,
S. purpurea, Drosera intermedia), numerous facultative and obligate wetland herbaceous
species, and a tall shrub layer dominated by swamp titi and black titi (Cliftonia monophylla). The
highest elevation zone contained scattered slash pine, live oak, and turkey oak with sparse
clumps of upland grasses and forbs.

The plant communities along Transect #4 also exhibited zonation to some degree. The lowest
zone by the East River was periodically inundated and dominated by a relatively dense canopy of
slash pine and pond cypress in the overstory; the understory layer was very sparse with
occasional patches of freshwater herbaceous species. The intermediate and higher elevation
zones were more similar in composition, with scattered slash pine in the overstory and a dense
layer of herbaceous species (e.g., Rhexia alifanus, Helianthus spp.) in the understory. The
pitcher plant species (Sarracenia spp.) were found occasionally in the intermediate zone.



Wiregrass (Aristida stricta) was most abundant in the intermediate zone but somewhat reduced
at the higher elevation.

Transect #5 was the most inland (upriver) location. The lower elevation zone had sparse pond
cypress in the overstory, patches of swamp titi and black titi in the shrub stratum, and a dense
herbaceous layer dominated by grasses (e.g., Dichanthlium scabriusculum) and sedges (e.g.,
Rhynchospora corniculata) adapted to periodic inundation from East River. The intermediate
zone was a true ecotone between this community and the higher elevation pine savanna zone. It
contained dense swamp titi, other evergreen shrubs (e.g., Lyonia lucida) and several shrubby
Hypericum species. The highest elevation zone was dominated by a sparse canopy of slash pine
and occasional longleaf pine (Pinus palustris), and infrequent patches of saw palmetto in the
shrub layer. The ground layer was dominated by moderately abundant dwarf live oak (Quercus
minima) and a highly diverse herbaceous community, including wiregrass and many forbs (e.g.,
Helianthus angustifolia, Polygala cruciata, Coreopsis linifolia).

Experiment #1: Natural Regeneration Responses to Experimental Storm Surge

Field experiments were conducted to mimic two different frequencies and intensities of storm
surge (expansion to increasingly upslope communities). In Summer 2009, a transect was
established at each of five stations along East Bay River, a tidal river ecosystem in northwest
Florida (Figure 1). Each transect was surveyed for elevation and extended perpendicular to the
river into upland habitat to include 1m, 2m, and 3m changes in relative elevation from the river’s
edge. Community zonation and compositional turnover along such slight elevation gradients is
typical for coastal vegetation assemblages along the northern Gulf of Mexico (Battaglia et al.
2012). In this experiment, nine 2m x 1m plots were established haphazardly in each of the three
elevation zones alongside each transect (n = 135; Table 1). Plant species were identified and
their cover estimated prior to application of experimental storm surge treatments in late August
2009 (Figure 2). Three of the plots in each elevation class along each transect were not
manipulated; the remaining six plots received the surge application. Each plot assigned to the
surge treatment received ~757 L of saline water during the simulated surge event. The goal of
the surge treatment was to deliver an ephemeral pulse of highly saline water, mimicking a natural
storm surge, of sufficient volume to create standing water on the plot that could then infiltrate
into the soil. To my knowledge, an experiment of this magnitude has not been conducted before
in the field and therefore, there is no literature available to suggest appropriate volume for this
treatment. Three of the plots in each transect/elevation combination that were surged in 2009
were randomly selected for a second surge that was applied in late August 2011. Plots were re-
surveyed annually from 2010-2013 during the growing seasons to determine patterns of
community dynamics and whether the surges generated compositional shifts consistent with
landward migration of species.

Non-metric multidimensional scaling ordination, using abundance-based Bray-Curtis
dissimilarities (Minchin 1987), was used to explore and summarize compositional trends in the
data. Repeated measures PERMANOVA was used to test whether there were differences in plot
composition between before vs. after treatment plot composition (pre-treatment vs. two years
following the second surge treatment), elevation zones, and storm surge frequency (control, 1x
surge, and 2x surge) at each position of the estuarine gradient (i.e., transect location). These



analyses were conducted using PRIMER software (Clarke and Gorley 2001) with the
PERMANOVA add-on (Anderson et al. 2008).

C .00‘-_,§Ic

Figure 1. Map depicting location of five transects adjacent to the East River at Eglin AFB
in northwestern Florida. Transects are of variable length but encompass 3m change in
elevation relative to East River. Transects are enumerated from seaward (#1) to inland (#5).

Figure 2. Steps in the experimental storm surge treatment. In panel A, ~757 L of water is
pumped from the East Bay River into a holding tank. The holding tank is shown in panel B; here,
the salinity is measured and Instant Ocean™ marine salt is added and mixed to achieve 27 ppt.

In panel C, all water from the holding tank is being pumped into one of the vegetation plots.
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Each plot, including the controls that did not receive a surge treatment, was trenched at a 10 cm
depth along the plot boundary. The tank in panel C is bottomless and has been pounded 10 cm
into the ground prior to application of storm surge water. The tank remained in place until the

water completely infiltrated the soil.

Table 1. Number of vegetation plots established in each of the four field experiments. Plots
established for the first two experiments (Storm Surge and Storm Surge + Propagules) are 2m x
1m. For the Storm Surge + Sediment study, plot size was 0.81m?. The plots in the Habitat
Modification study were 4m?,

Storm Surge Storm Surge + Storm Surge Habitat
Propagules + Sediment Modification
Stations 5 5 5 5
Elevation Zones 3 3 5 3
Treatments 3 3 12 2°
Replicates 3 3 5 3
Total Plots 135 135 75 135

4 At each station/elevation zone combination, there is one plot that is designated as a control, and
it is left unmanipulated (no surge or sediment application).

b At each station/elevation zone combination, there are three plots that are designated as control
plots; vegetation was removed in the remaining six plots at the beginning of the experiment.

Experiment #2: Community Responses to Experimental Storm Surge and Propagule
Additions

This study is designed to evaluate whether propagules are limiting reassembly and ability of
species to establish upslope of their present position. In Summer 2010, a duplicate set of
vegetation plots (n = 135) was established in the same manner as the first set (Table 1). These
plots were designated to receive surge treatments, as well as propagule additions of key taxa
spanning the estuarine gradient. Species composition was recorded in each plot prior to
application of treatments.

A list of species from plots surveyed in the first year of Experiment #1 was used to select taxa
for the propagule additions. All species selected were sufficiently common that they were
considered representative of their particular vegetation assemblage (e.g., salt marsh) and
collection of seed or rhizomes would not have detrimental impacts on local populations.
Because degree of salinity toleranc