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Freshwater availability and coastal wetland foundation species:

ecological transitions along a rainfall gradient

MICHAEL J. OSLAND,1 NicHoLAS ENWRIGHT, AND CAMILLE L. STAGG

'U.S. Geological Survey, National Wetlands Research Center, Lafayette, Louisiana 70506 USA

Abstract. Climate gradient-focused ecological research can provide a foundation for
better understanding critical ecological transition points and nonlinear climate—ecological
relationships, which is information that can be used to better understand, predict, and manage
ecological responses to climate change. In this study, we examined the influence of freshwater
availability upon the coverage of foundation plant species in coastal wetlands along a
northwestern Gulf of Mexico rainfall gradient. Our research addresses the following three
questions: (1) What are the regional-scale relationships between measures of freshwater
availability (e.g., rainfall, aridity, freshwater inflow, salinity) and the relative abundance of
foundation plant species in tidal wetlands; (2) how vulnerable are foundation plant species in
tidal wetlands to future changes in freshwater availability; and (3) what is the potential future
relative abundance of tidal wetland foundation plant species under alternative climate change
scenarios? We developed simple freshwater availability-based models to predict the relative
abundance (i.e., coverage) of tidal wetland foundation plant species using climate data (1970—
2000), estuarine freshwater inflow-focused data, and coastal wetland habitat data. Our results
identify regional ecological thresholds and nonlinear relationships between measures of
freshwater availability and the relative abundance of foundation plant species in tidal
wetlands. In drier coastal zones, relatively small changes in rainfall could produce
comparatively large landscape-scale changes in foundation plant species abundance that
would affect some ecosystem good and services. Whereas a drier future would result in a
decrease in the coverage of foundation plant species, a wetter future would result in an
increase in foundation plant species coverage. In many ways, the freshwater-dependent coastal
wetland ecological transitions we observed are analogous to those present in dryland
terrestrial ecosystems.

Key words:  climate change; coastal wetlands; ecological thresholds, ecological transitions, foundation
species, freshwater availability; mangrove; nonlinear ecological response, precipitation; rainfall gradient, salt
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INTRODUCTION

Ecological investigations conducted across climatic
gradients have greatly improved our understanding of
how climate influences ecosystem structure and function
(Whittaker 1960, Dunne et al. 2004). Climate gradient-
focused ecological research can provide a foundation for
better understanding critical ecological transition points
and climate—ecological relationships, which is informa-
tion that can be used to evaluate ecological sensitivity
and vulnerability to climate change. The rate of
ecological change across climatic gradients is an
important metric. Across some climatic transition zones,
the rate of ecological change is gradual and occurs in a
linear fashion. Across other climatic transition zones,
the rate of ecological change can be abrupt and occur in
a nonlinear threshold-like manner. Ecosystems that are
located in or near critical transition zones where
climate—ecological relationships are nonlinear are likely
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to be especially sensitive to climate change. In such
areas, small changes in climatic drivers could prompt
landscape-scale ecological changes akin to a state
change or regime shift (sensu Scheffer and Carpenter
2003, Folke et al. 2004).

The rate of ecological change across climatic gradients
is especially rapid within dryland climates (i.e., arid,
semiarid, and dry subhumid climatic zones), where
rainfall and freshwater resource variability lead to
abrupt transitions and nonlinear climate—ecological
relationships. Although freshwater is an important
resource in all ecosystems and biomes (Holdridge
1967, Whittaker 1970), the influence of rainfall and
freshwater resources upon ecosystem structure and
function is especially strong in dryland climates (Noy-
Meir 1973, Ward 2009). Freshwater availability controls
dryland plant productivity (Sala et al. 1988), nutrient
cycling (Austin et al. 2004), and biotic interactions
(McCluney et al. 2012). Ecologists have long noted that,
at global and regional scales, rainfall and temperature
patterns govern the relative coverage and spatial
distribution of unvegetated lands, grasslands, shrub-
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Fic. 1. Simplified illustrations of potential climate—coastal wetland relationships. Whereas a linear relationship is shown in

panel (A), we expected to find a positive nonlinear sigmoidal relationship (B) between measures of freshwater availability (e.g.,
rainfall, aridity, estuarine freshwater inflow) and the relative abundance (i.e., coverage) of foundation plant species in tidal
wetlands. In panel (B), the threshold zone is represented by the inflection point and the upper and lower boundaries of the area of
maximum rate of change (AMRC), which are calculated from the first and second derivatives of the sigmoid function, respectively.

lands, and forests (Holdridge 1967, Whittaker 1970).
Dryland terrestrial ecosystems (e.g., deserts, steppe,
shrublands) have been historically classified according
to the extent and structure of plant cover relative to
open space (Shmida 1985). In recent decades, experi-
mental research and landscape-level spatial analyses
have better quantified these differences and shown that
dryland ecosystem state transitions are often abrupt,
nonlinear, and replete with positive feedback mecha-
nisms (e.g., Schlesinger et al. 1990, Scheffer et al. 2001,
Rietkerk et al. 2004). Findings like these not only
improve our understanding of the distribution of
ecosystems, they also quantify important ecosystem
transition points (e.g., ecological thresholds or tipping
points) and provide information that can be used to
better understand, predict, and manage nonlinear
ecological responses to climate and land use change.

In this study, we applied analogous analyses to the
coastal zone and examined freshwater-dependent coastal
wetland ecosystem transitions across a dramatic semi-
arid to humid regional climatic gradient along the
northwestern Gulf of Mexico coast. Our study focused
upon tidal wetland ecosystems. Ecological thresholds
and nonlinear ecological responses are common in tidal
wetlands (e.g., Marani et al. 2010, Jiang et al. 2012,
Osland et al. 2013) and in other ecosystems that are
governed by dramatic and extreme abiotic regimes
(Didham et al. 2005). Hence, we expected to find
ecological transition points (i.e., thresholds) and non-
linear relationships across the rainfall gradient (see
illustration in Fig. 1B).

Due to their position at the land—sea interface, tidal
wetlands are among the most productive, dynamic, and
physically stressful ecosystems on earth. Tides, waves,

oceanic salts, rain, sun, and wind interact to create harsh
conditions that most plant and animal species cannot
tolerate. Of the many plant species found globally, only
a small number of species are able to survive and thrive
in tidal wetland environments (e.g., mangrove trees, salt
marsh graminoids, and succulents; see photos in Fig. 2
and Plate 1). These plants have been called foundation
species (sensu Dayton 1972) because of their important
functional role. In physically stressful tidal environ-
ments, foundation plant species create habitat, modulate
ecosystem dynamics, and enable the development of
highly productive ecological communities (Bruno and
Bertness 2001, Ellison et al. 2005), which support coastal
food webs, store carbon, provide important fish and
wildlife habitat, improve water quality, and protect
coastlines (Barbier et al. 2011). Foundation plant species
enable many tidal wetland ecosystems to keep pace with
sea-level rise via stabilizing positive ecogeomorphic
feedbacks (Morris et al. 2002, Kirwan and Megonigal
2013).

The functional role and abundance of foundation
plant species in tidal wetlands is greatly influenced by
freshwater availability (Adam 1990). Tidal wetlands that
receive sufficient rainfall or freshwater inputs (i.e.,
surficial or groundwater inputs) often support highly
productive woody and/or herbaceous-dominated plant
communities (e.g., mangrove forests and/or salt marsh-
es, respectively). However, where evaporation exceeds
freshwater inputs, ocean salts can become concentrated,
producing hypersaline tidal flats (i.e., salt pans, salt flats,
sabkahs, salinas) that can support highly productive
algal mat communities (Zedler 1980, Pulich and
Rabalais 1986, Ridd et al. 1988), but are too stressful
for foundation plant species (Longley 1995, Pennings
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Fic. 2. Photos of several types of tidal wetland ecosystems found within the study area: (A) a tidal flat (i.e., salt flat, salt pan)
where hypersaline edaphic conditions are inhospitable to many foundation plant species; (B) a salt marsh, dominated primarily by
woody succulent foundation plant species; (C) a salt marsh, dominated primarily by graminoid foundation plant species; and (D) a
mangrove forest, dominated by woody foundation plant species. Photos (A) and (B) were taken in Texas. Photos (C) and (D) were
taken in Louisiana. Photo (B) was provided by individuals at the Mission Aransas National Estuarine Research Reserve.

and Bertness 1999, Montagna et al. 2007). Experimental
research and local long-term monitoring have greatly
improved our understanding of the ecological effects
and importance of freshwater inputs in arid and
semiarid tidal wetlands (e.g., Zedler and Beare 1986,
Forbes and Dunton 2006, Rasser et al. 2013, Stachelek
and Dunton 2013). However, to our knowledge, the
regional-, continental-, or global-scale relationships
between freshwater availability and the abundance of
foundation plant species in tidal wetlands have not been
quantified.

In Australia, several studies have elucidated the
important effects of climate and regional rainfall
variability upon the relative abundance and diversity
of salt marsh and mangrove forest plant communities
(e.g., Smith and Duke 1987, Bucher and Saenger 1994,
Saintilan 2009, Semeniuk 2013); however, plant cover-

age or the spatial distribution of wetlands without
foundation plant species (i.e., tidal flats) were not
explicitly or independently included in those analyses.
Within the United States, Longley (1994, 1995) and
Montagna et al. (2007) identified regional relationships
between estuarine freshwater inflows and the relative
abundance of estuarine habitat types across the Texas
coast; however, their analyses did not explicitly quantify
the effects of rainfall or aridity patterns upon the
abundance of intertidal wetland plants.

In this study, we used climate and wetland habitat
data to investigate the variability in the abundance (i.e.,
coverage) of foundation plant species in tidal wetlands
across a rainfall and freshwater inflow gradient along
the northwestern Gulf of Mexico coast. Since the best
available spatial data sets for this region do not yet
consistently distinguish between foundation plant spe-
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FiG. 3. Map of the study area identifying the gradient in: (A) mean annual precipitation and (B) Global Aridity Index (AI)

values. Global aridity was calculated by Zomer et al. (2006) as the ratio of mean annual precipitation to mean annual potential
evapotranspiration. U.S. state abbreviations are: TX, Texas; LA, Louisiana; MS, Mississippi; AL, Alabama; and FL, Florida.

cies functional groups (e.g., mangroves, succulents,
graminoid plants), our analyses focus on the abundance
of these groups as a whole (i.e., vegetated areas) relative
to their absence (i.e., unvegetated areas). Our research
addresses the following three questions: (1) What are the
relationships between measures of freshwater availabil-
ity (i.e., rainfall, aridity, estuarine freshwater inflow,
estuarine freshwater replacement time, estuarine salini-
ty) and the relative abundance (i.e., coverage) of
foundation plant species in tidal wetlands, (2) how
vulnerable are foundation plant species in tidal wetlands
to future changes in freshwater availability, and (3) what
is the potential future relative abundance of tidal
wetland plant foundation species under alternative
climate change scenarios?

METHODS

Due to the scale of our research questions and the
spatial resolution and suitability of the various data
sources employed, our analyses were conducted at two
spatial scales: (1) a finer scale, cell-based 1/8-degree

resolution (i.e., ~144 km?); and (2) a coarser scale,
estuarine-level resolution. Whereas the 1/8-degree anal-
yses form the core of our study and were used to
evaluate alternative future scenarios, the estuarine-based
analyses are used to illustrate and quantify the
relationships between rainfall, estuarine freshwater
inflow, estuarine salinity, and the relative abundance
of foundation plant species. ESRI ArcMap 10.1 (ESRI
2012) was used to create maps and perform spatial
analyses.

Study area (1/8-degree analyses)

For the finer scale cell-based analyses, our study area
included coastal reaches with tidal wetlands in four
northwestern Gulf of Mexico U.S. states: Texas,
Louisiana, Mississippi, and Alabama (Fig. 3). These
states were selected because they span a dramatic
precipitation and aridity gradient (Fig. 3A and B,
respectively) that can only be found along coastlines
that cross humid to semiarid climate zones (e.g., western
Australia, western Mexico, northern Arabian Sea,
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northwestern Africa, northwestern South America). The
extent of our study area was initially determined using
the extent of tidal wetlands from the U.S. Fish and
Wildlife Service National Wetlands Inventory (NWI).
We divided the study area into a grid of cells for
obtaining climate, tidal range, and coastal wetland data.
Both the cell size (1/8 degree) and the spatial registration
of the study grid matched that of the gridded
precipitation data used in the study and the U.S.
Geological Survey 7.5-minute quadrangles. Initially,
the study area contained 383 cells. However, we
removed cells that lacked precipitation data and/or
where tidal wetland abundance was low (i.e., where non-
intertidal habitats covered >98% of the cell area). These
two culling steps removed 38 and 128 cells, respectively.
The resultant data matrix contained 217 cells and
covered an area of 36 539 km” (Fig. 3).

Climate data (1/8-degree analyses)

Since long-term rainfall patterns across regional
rainfall gradients are best quantified at multi-decadal
scales, we chose the following two 30-year time intervals
to evaluate modern and projected future precipitation:
(1) 1970-2000 (the modern climate) and (2) 2070-2100
(the projected future climate). For the modern climate,
we obtained daily observed precipitation data for each
cell from a data set produced by Maurer et al. (2002).
We used this modern climate data set to calculate the
mean annual precipitation (MAP) for each cell. For the
projected future climate, we obtained output from four
downscaled atmosphere—ocean general circulation mod-
els (AOGCMs) that were part of the World Climate
Research Programme’s (WCRP) Coupled Model Inter-
comparison Project phase 3 (CMIP3) multi-model data
set (Meehl et al. 2007). The output from these
downscaled AOGCMs is part of a climate data set
developed for the U.S. Geological Survey that uses a
statistical asynchronous regression approach to better
reflect the distribution of daily temperature and
precipitation extremes (Stoner et al. 2012; see applica-
tion and discussion of this data set in Terando et al.
2012). We obtained daily precipitation future projec-
tions for the following four downscaled AOGCMs for
the AI1FI greenhouse gas emissions scenario (IPCC
Special Report on Emissions Scenarios [Nakicenovic et
al. 2000]): NCAR-CCSM3, UKMO-HadCM3, GFDL-
CM2.1, and NCAR-PCM. These AI1FI projections
represent a high greenhouse gas emissions scenario
where the world has very rapid economic growth and a
fossil fuel intensive technological emphasis (Nakicenovic
et al. 2000).

Since freshwater availability is affected by the balance
between freshwater inputs (e.g., precipitation) and water
losses (e.g., evapotranspiration), we also sought to
quantify our results in terms of aridity. An aridity index
is a numerical representation of freshwater availability
and represents the balance between rainfall and evapo-
transpiration. We obtained mean annual potential
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evapotranspiration (PET) and Global Aridity Index
(AI) data from a global data set produced by Zomer et
al. (2006). Al in this data set represents the MAP to PET
ratio. Since the PET and Al data sets did not contain
data for areas with open water and had a finer resolution
than our study grid cells, we resampled the 30-second Al
and PET data to match the study grid extent and
calculated the mean value for each 1/8-degree cell in our
data matrix.

Coastal wetland habitat data (1/8-degree analyses)

Coastal wetland habitat data for each cell were
obtained from the NWI. Because coastal wetland spatial
data sets for this region do not yet distinguish between
plant functional groups (e.g., mangroves, succulents,
graminoid plants), our analyses focused on the relative
abundance of unvegetated and vegetated wetlands. For
each cell, we determined the area of unvegetated tidal
wetlands and the area of vegetated tidal wetlands using
NWI habitat classes (Cowardin et al. 1979). Unvege-
tated tidal wetland areas were determined using the
Estuarine, Intertidal, Unconsolidated shore NWI class.
Vegetated tidal wetland areas were determined as the
sum of the following four NWI classes: (1) Estuarine,
Intertidal, Emergent; (2) Estuarine, Intertidal, Scrub-
shrub; (3) Estuarine, Intertidal, Forested; and (4)
Estuarine, Intertidal, Aquatic Bed. From these two
groups (i.e., unvegetated tidal wetland areas and
vegetated tidal wetland areas), we determined the
relative abundance of vegetated tidal wetlands within
each cell by dividing the area of vegetated tidal wetlands
by the total area of tidal wetlands (i.e., the sum of the
unvegetated and vegetated tidal wetland classes).

Since the mid-1970s, the NWI mapping program has
produced standardized wetland maps throughout the
United States. Over time, many areas have been updated
with newer maps developed from higher resolution
aerial photography. These maps are updated at different
time intervals; as a result, the best available NWI data
for our entire study area is not temporally synchronized
(see years noted with a B in Appendix A). Since our
intent in this study was to quantify large differences
across a broad regional climate gradient, we decided to
use the best available NWI data for our analyses even
though the date of the source imagery was not always
concurrent (see differences in Appendix A). Our
rationale was based on the fact that NWI mapping has
been improved in recent years through advances in
remote sensing and photogrammetry, particularly due to
greater availability of source data at a larger spatial scale
or a higher resolution. Older NWI maps were produced
with smaller scale analog aerial photography (1:40000
or 1:80000) than more recent mapping efforts, which
were produced with either high-resolution digital aerial
photography or analog aerial photography with a larger
scale (e.g., 1:12000 or 1:24 000). These scale ratios refer
to the area represented by the photograph (e.g., 1:40 000
indicates that 1 m on the photograph represents 40 km
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on the ground). In order to test whether the temporal
differences in the best available NWI data would affect
our interpretations, we conducted a temporal compar-
ison for 83 cells that had data from three different time
periods (Appendix A). Historical NWI data were
obtained from these cells for three time periods
(Appendix A). We used these temporal data to: (1)
assess the multi-decadal temporal variability in plant
coverage across the rainfall gradient, and (2) determine
whether our analyses with the best available but
temporally asynchronous NWI data are justified. Since
the relationships between MAP and the relative abun-
dance of vegetated tidal wetlands within each cell were
similar for all three time periods (Appendix B), we
determined that our use of the best available NWI data
was appropriate for our study objectives, and we did not
pursue shorter temporal scale (e.g., 5 or 10 year)
climate—coastal wetland analyses. While short-term
climatic and freshwater inflow fluctuations clearly affect
the abundance and composition of wetland plants at
local scales (e.g., McKee et al. 2004, Zedler and West
2008, Stachelek and Dunton 2013), our analyses focus
on the effects of multi-decadal climate patterns at the
regional scale rather than shorter term annual and
multi-annual temporal fluctuations at local scales.

Tidal range data (1/8-degree analyses)

Since tidal range can influence relative wetland plant
coverage, we also estimated the mean tidal range within
each cell. We calculated the Great Diurnal Range
(GDR), which represents the difference between mean
higher high water (MHHW) and mean lower low water
(MLLW). A 200-m resolution MHHW surface in
NAVDS8 was obtained from the National Oceanic
and Atmospheric Administration (NOAA; Marcy et al.
2011). Using VDatum 3.2 and NOAA methods, we also
developed a MLLW surface. VDatum is a vertical
datum transformation tool that uses tide station data
and hydrodynamic models to transform between ortho-
metric (e.g., NAVDSS), ellipsoid, and tidal datums (e.g.,
MHHW, MLLW) (Parker et al. 2003). To produce a
200-m resolution GDR raster, we subtracted the MLLW
surface from the MHHW surface. Then, we determined
a mean GDR (hereafter, tidal range) for each of the 1/8-
degree study cells. There was a weak but significant
linear relationship between tidal range and the relative
abundance of foundation plant species in tidal wetlands
(R*=0.14).

Data analyses (1/8-degree data)

We used nonlinear sigmoidal regression and frequen-
cy distribution analyses to quantify the bivariate
relationships between climate (i.e., MAP, Al, PET),
tidal range, and the relative abundance of vegetated tidal
wetlands. We also evaluated general additive models
(GAMs) that included all combinations of the abiotic
independent variables (i.e., Tidal Range, PET, and
either MAP or Al). MAP and Al were highly correlated
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and not included together within models to avoid
multicollinearity (Appendix C). Since tidal range and
PET were insignificant variables when included in
GAMs with either MAP or Al, these two variables
(i.e., tidal range and PET) were excluded from
subsequent analyses. The nonlinear sigmoidal relation-
ships between the coastal wetland data and MAP or Al
were selected as the best models for these data. To
identify thresholds differentiating between vegetated and
unvegetated wetlands, we used the first and second
derivatives of the sigmoidal models to determine: (1) the
inflection point that represents the location of maximum
rate of change (7') and is the local maxima of the first
derivative of the sigmoidal model, and (2) the area of
maximum rate of change (AMRC) that was determined
as the area between the local maxima and minima peaks
of the second derivative of the sigmoidal model.
Whereas AMRC represents a threshold zone where the
rate of change in foundation plant species abundance is
highest, T represents a discrete threshold and the
absolute location of the highest rate of change. For
additional information regarding the application of
sigmoidal models, inflection points, and AMRC thresh-
old zones for evaluating ecological transitions, see
Wilson and Agnew (1992), Timoney et al. (1993),
Hufkens et al. (2008), and Frazier and Wang (2013).
General additive model analyses were conducted in SAS
Version 9.3 (SAS Institute 2011) using the GAM
procedure (i.e., PROC GAM). Nonlinear sigmoidal
regression and frequency distribution analyses were
conducted in Sigma Plot Version 12.0 (Systat Software
2010). Derivative equations were determined in R
Version 3.0.1 (R Development Core Team 2013) using
the Ryacas package.

Foundation plant species vulnerability to climate change:
evaluating future scenarios

Rainfall (i.e., MAP) and aridity were identified as the
most important climatic predictors of foundation plant
species coverage in tidal wetlands at the 1/8-degree
resolution of this study. We used the modern climate—
coastal wetland model for MAP to predict the future
probability of changes in the relative abundance of tidal
wetland foundation plant species under two types of
climate change scenarios: (1) region-wide single-value
scenarios representing drier or wetter futures and (2)
AOGCM-based future climate projections (i.e., based
upon the four AOGCM projections for 2070-2100 for
the A1FI emissions scenario).

For the region-wide single-value warming scenarios,
we evaluated the effect of precipitation change scenarios
ranging from a 600 mm/yr increase (i.e., a wetter future)
to a 600 mm/yr decrease (i.e., a drier future). For each
cell and each scenario, we used the MAP-based climate—
coastal wetland model to determine whether a cell would
be above or below the identified MAP threshold window
(i.e., the AMRC; Fig. 1B). Then, for each scenario, we
calculated the relative change in the number of grid cells



October 2014

across the entire study area that would be above the
identified modern climate precipitation threshold win-
dow and expressed that value relative to the modern
climate.

For the AOGCM-based future climate scenarios (i.e.,
four AOGCM projections for 2070-2100 for the A1FI
emissions scenario), we determined the projected MAP
for each cell. Then, we derived an ensemble MAP
projection by calculating the mean of the four
AOGCMs. We used the four individual AOGCM
MAP projections, the ensemble AOGCM MAP projec-
tion, and the modern climate MAP-based coastal
wetland model to determine the future projected
percentage of tidal wetlands covered by foundation
plant species. Then, for each cell, we calculated the
future projected change, relative to the modern climate,
in the percentage of tidal wetlands covered by founda-
tion plant species.

Estuarine-level data and analyses

For the estuarine-scale analyses, we obtained data
from the following seven Texas estuaries: Laguna
Madre, Corpus Christi Bay, Aransas Bay, San Antonio
Bay, Matagorda Bay, Galveston Bay, and Sabine Lake.
These estuaries cover the majority of the rainfall
transition represented by the gradient in Fig. 3 and
form a consistent data set since long-term freshwater
inflow balance data is readily available for the state of
Texas. See Longley (1994) and Powell et al. (2002) for
discussions of the history and importance of long-term
inflow data in Texas. For each of the seven estuaries, we
compiled the following data: (1) estuarine volume, (2)
estuarine freshwater inflow balance, (3) estuarine
freshwater replacement time, (4) estuarine salinity, and
(5) the relative abundance of foundation plant species in
tidal wetlands. Estuarine volume was obtained from
NOAA (1990). Long-term mean annual estuarine
freshwater inflow balance data were obtained from the
Texas Water Development Board. Freshwater inflow
balance represents the estimated freshwater surface
inflow to the estuary (e.g., watershed contributions)
plus precipitation across the estuary minus the evapo-
ration from the estuary. Estuarine freshwater replace-
ment time was calculated as the ratio of freshwater
inflow balance to estuarine volume and coarsely
represents the number of times per year that freshwater
within an estuary gets replaced (sensu: Longley 1995,
Montagna et al. 2007). Estuarine salinity was obtained
from the U.S. EPA (1999). Estuarine-level coastal
wetland data were determined from NWI in the same
manner as described for the 1/8-degree data with the
exception that the data were determined at the estuarine-
level using NOAA'’s estuarine drainage area boundaries.
We used bivariate nonlinear regression to quantify the
sigmoidal relationships between the coastal wetland data
and the following estuarine-level abiotic variables:
estuarine freshwater inflow balance, estuarine freshwater
replacement time, and estuarine salinity. In order to
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evaluate multicollinearity and quantify the linkages
between MAP, Al, Freshwater Inflow Balance, Fresh-
water Replacement Time, Estuarine Salinity, and the
coastal wetland data, we converted and merged the
estuarine-level data to the 1/8-degree level for the study
cells within Texas and conducted Spearman rank
correlation analyses using Sigma Plot Version 12.0
(Systat Software 2010).

RESuULTS
Climate variability across the gradient

The northwestern Gulf of Mexico coast spans a
dramatic rainfall gradient; MAP in this region for the
modern climate ranged from ~700 mm/yr near the
Texas—Mexico border to 1600—1800 mm/yr in much of
Louisiana, Mississippi, and Alabama (Fig. 3). The range
in aridity across this gradient was also large, with a
minimum Al value of 0.47 near the Texas—Mexico
border and values greater than one in much of
Louisiana, Mississippi, and Alabama (Fig. 3). Based
on the Al climate classifications of Zomer et al. (2006),
686 (2%), 3268 (9%), and 32 584 (89%) km? of the study
area fell within the Semi-Arid (AI 0.2-0.5), Dry
subhumid (AI 0.5-0.65), and Humid (AI >0.65) climate
zones, respectively. Within the study area, PET ranged
from 1190 to 1480, and was less variable than MAP and
Al

Estuarine variability across the gradient

For the seven Texas estuaries examined, freshwater
inflow balance ranged from —677 to 17073 million m®/yr
(from Laguna Madre to Sabine Lake, respectively),
freshwater replacement time ranged from —0.65 to 28.71
times/yr (from Laguna Madre to Sabine Lake, respec-
tively), and average estuarine salinity ranged from 11 to
36 parts per thousand (ppt; from Sabine Lake to Laguna
Madre, respectively). Tidal ranges (i.e., Great Diurnal
Ranges) within the study area were all microtidal,
ranging from 0.10 to 0.68 m, with a mean of 0.37 =
0.01 m (all data shown are means * SE). Tidal range
variability is primarily due to location within a given
estuary; within estuaries, tidal ranges are generally
higher close to the ocean and decrease with distance
inland from the ocean.

Climate—coastal wetland and estuary—coastal
wetland relationships

Across the climate gradient, the relative abundance of
vegetated tidal wetlands ranged from a minimum of 7%
near the Texas—Mexico border to a maximum of 100%
in parts of Louisiana and Mississippi. MAP, Al,
estuarine freshwater inflow balance, estuarine freshwater
replacement time, estuarine salinity, and the relative
abundance of tidal wetland foundation plant species
were all highly correlated (Appendix C). There were
positive bivariate nonlinear sigmoidal relationships
between the relative abundance of vegetated tidal
wetlands and MAP and Al (Fig. 4A, B). The thresholds
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Fic. 4. The relationships between the relative abundance (i.e., coverage) of foundation plant species in tidal wetlands along the
northwestern Gulf of Mexico coast and (A) mean annual precipitation, and (B) the Global Aridity Index. Whereas the dashed
vertical lines represent the upper and lower boundaries of the area of maximum rate of change (AMRC; the threshold zone), the
solid vertical line represents the inflection point or discrete threshold level (7') differentiating between areas with high foundation
plant species coverage and areas with low foundation plant species coverage. The dotted and dashed regression lines represent the
95% confidence and prediction bands, respectively. See Methods for additional description.

differentiating between vegetated and unvegetated wet-
lands were identified as 765 mm/yr (AMRC = 535-995
mm/yr) and 0.61 (AMRC =0.36-0.72) for MAP and Al,
respectively (Fig. 4A, B). The temporal NWI analyses
indicated that the relationship between MAP and the
coastal NWI data across the study area is robust over
the multi-decadal study period (i.e., models across the
gradient for three different time periods were similar;
Appendix B). We evaluated the change in the frequency
distribution of foundation plant species cover within 200
mm/yr MAP increments across the gradient; these
analyses illustrate that the frequency of cells with high
plant cover is greater on the wet end of the gradient and
decreases with decreasing precipitation (Appendix D).
At the estuarine level (i.e., for the seven Texas estuaries),
there were strong nonlinear bivariate sigmoidal rela-
tionships between the relative abundance of vegetated
tidal wetlands and each of the following variables: (1)
estuarine freshwater inflow balance, and (2) estuarine
freshwater replacement (Fig. 5A, B). The relationship
between the relative abundance of tidal wetlands and
estuarine salinity was described by a linear model (Fig.
5C).

Coastal wetland vulnerability to future climate change

We used the modern climate MAP-based coastal
wetland model to evaluate the vulnerability of founda-
tion plant species in tidal wetlands to alternative future
precipitation scenarios. The region-wide single-value
scenarios illustrate that a wetter future is predicted to
result in an increase in the coverage of foundation plant
species, and a drier future is predicted to result in a
decrease in the coverage of foundation plant species (i.e.,
a transition from mostly vegetated to mostly unvege-
tated wetlands; Fig. 6). In addition to the region-wide

based scenarios, we also used the modern climate MAP-
based coastal wetland model to predict foundation plant
species coverage under four AOGCM projections for
2070-2100 with an A1FI emissions scenario. Since the
four AOGCM precipitation projections were highly
variable, we assessed the ensemble scenario projection
along with the wettest and driest AOGCM projections
(Fig. 7). Whereas NCAR-CCSM3 was the future
projection with the highest overall MAP increase
relative to the modern climate (i.e., the wettest
projection; mean 227 *= 5 mm/yr; range —7 to 587
mm/yr), GFDL-CM2.1 was the future AOGCM pro-
jection with the highest overall MAP decrease relative to
the modern climate (i.e., the driest projection; mean
—432 £ 6 mm/yr; range —591 to —126 mm/yr). The
ensemble AOGCM projection indicated an overall MAP
decrease relative to the modern climate (mean —119 * 4
mm/yr; range —259 to 57 mm/yr). In terms of the
predicted change in the percentage of tidal wetlands
covered by foundation plant species relative to the
modern climate, the ensemble projection suggests a
small decrease (—2.4% = 0.1%; range —10.3% to 2.9%),
GFDL-CM2.1 suggests a larger decrease (—20.4% =
0.7%; range —43.9% to —2.5%), and NCAR-CCSM3
suggests a small increase (4.4% = 0.4%; range 0.0% to
28.5%) across the study area. The largest future changes
in foundation plant species abundance are projected in
portions of Texas where the sensitivity to changes in
freshwater availability is high (see Figs. 3 and 4).

DiscussioNn

At regional and global scales, the cover of terrestrial
plants relative to open space is greatly influenced by
freshwater availability (Holdridge 1967, Whittaker 1970,
Staver et al. 2011). Our results indicate that similar
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The relationships between the relative abundance (i.e., coverage) of foundation plant species in tidal wetlands along the

northwestern Gulf of Mexico coast and (A) estuarine freshwater inflow balance, (B) estuarine freshwater replacement (i.e., number
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respectively. See Methods for more detail including the data sources for these abiotic variables. These figures build upon analyses

presented by Longley (1995) and Montagna et al. (2007).

large-scale climate—ecological patterns are present in
coastal wetland ecosystems.

We identified ecological thresholds and nonlinear
relationships between various measures of freshwater
availability (i.e., rainfall, aridity, estuarine freshwater
inflow balance, estuarine freshwater replacement time)
and the relative abundance (i.e., coverage) of foundation
plant species in tidal wetlands (Figs. 4 and 5; Appendices
B and D). The identified thresholds and nonlinear
climate—ecological relationships can be used to better
understand, predict, and manage coastal wetland
ecological responses to climate change and land use
change-induced freshwater availability alterations. This
information also provides a foundation for ecological
vulnerability assessments (sensu Glick et al. 2011). At

the regional scale of this study, we developed simple
climate-based models that, in combination with alter-
native future climate scenarios, can be used to predict
the percentage of tidal wetlands covered by foundation
plant species via mean annual precipitation (MAP) or
Global Aridity Index (AI) data (e.g., Fig. 7). We expect
that similar precipitation- and aridity-based coastal
wetland relationships are present in other dryland
coastal regions of the world (e.g., western Australia,
western Mexico, northern Arabian Sea, northwestern
Africa, northwestern South America). Improved inter-
tidal foundation plant species coverage data, within our
study area and along these other dryland coasts, would
help refine the thresholds and equations developed in
this study.
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PrATE 1.

Mangrove and salt marsh vegetation in Cedar Key, Florida (USA). This part of the northern Gulf of Mexico coast

receives sufficient freshwater inputs to support a high coverage of foundation plant species in tidal wetlands. The coverage of
foundation plant species is lower in tidal wetlands that are located in more arid parts of the Gulf of Mexico coast (e.g., near the
USA-Mexico border). In Cedar Key, the relative abundance of mangrove versus salt marsh vegetation is greatly influenced by
extreme winter air temperatures (Osland et al. 2013). Photo credit: M. J. Osland.

Since spatial data sets for our study area do not yet
distinguish between plant functional groups, our anal-
yses here focus on the plant cover of all functional
groups as a whole (i.e., as a single vegetated wetland
class). However, ecologists have long noted that, in
addition to plant cover, the distribution and relative
abundance of tidal wetland plant functional groups
(e.g., mangroves, succulents, and graminoid plants)
along the Gulf of Mexico coast is greatly influenced by
macroclimatic drivers (see discussions in Montagna et
al. 2007, Osland et al. 2013). At the regional scale, we
expect that the relative coverage of plant functional
groups in tidal wetlands is affected primarily by the
interactions between freshwater resource availability
(i.e., rainfall, aridity, freshwater inputs) and winter
temperature regimes (i.e., the frequency and intensity of
extreme winter events). Tidal flats (e.g., Withers et al.

2002) and succulent-dominated marshes (e.g., Rasser et
al. 2013, Stachelek and Dunton 2013) are more
abundant in freshwater-limited estuaries like those
found in south and central Texas. Graminoid-dominat-
ed marshes (e.g., Eleuterius 1972, Visser et al. 1998,
Johnson et al. 2013) are more abundant in wetter
climates like those found along the Louisiana, Mis-
sissippi, Alabama, and northern Texas coasts. The
frequency and intensity of freeze events affects the
distribution and abundance of mangrove forests relative
to graminoid- and succulent-dominated salt marshes
(McKee et al. 2012, Osland et al. 2013, Cavanaugh et al.
2014). We expect that, along the Gulf of Mexico coast,
macroclimatic data (i.e., rainfall data in combination
with winter temperature data) could be used to model
and predict the presence and relative abundance of plant
functional groups and ecosystem types (e.g., tidal flats,
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mangrove forests, succulent-dominated marshes, and
graminoid-dominated marshes).

What are the implications of our findings for coastal
management and restoration? In the coming century,
climate change and increasing water demands will alter
the availability and distribution of freshwater resources
in many parts of the world (Vérésmarty et al. 2000,
Jackson et al. 2001, Millennium Ecosystem Assessment
2005). In preparation, coastal environmental managers
seek information that will help them better understand
and plan for the ecological effects of future changes in
freshwater availability. In drier coastal zones (e.g., parts
of Texas), relatively small changes in rainfall could
produce comparatively large landscape-scale changes in
the abundance of foundation plant species which would
affect some ecosystem good and services. The identified
climate—ecological models in combination with alterna-
tive future freshwater availability scenarios can be used
to illustrate regional patterns in: (1) foundation plant
species sensitivity and resilience to changes in freshwater
availability, and (2) the potential effects of changes in
freshwater availability upon foundation plant species
coverage in tidal wetlands (e.g., Figs. 6 and 7). Due to
the important functional role that coastal wetland
foundation plant species play, research and management
resources within dry coastal regions should be directed
towards improving our understanding and ability to
predict how freshwater availability fluctuations and
management practices affect the resilience and abun-
dance of tidal wetland foundation plant species and the
ecosystem functions that they support. Additional
research is needed to elucidate the relative importance
of different kinds of freshwater inputs (e.g., the relative
importance of local rainfall in comparison to watershed-
based freshwater inflows), as well as the influence of
landscape position (e.g., tidal position, geomorphology,
hydrologic connectivity). Such investigations would help
inform policy discussions regarding the allocation of
freshwater flows to support estuarine ecosystem goods
and services in dryland landscapes (e.g., Alber 2002,
Montagna et al. 2013). Collectively, our analyses
highlight the importance of evaluating the effects of
macroclimatic drivers (e.g., rainfall, temperature) within
future-focused coastal wetland management plans and
modeling efforts, especially along the Gulf of Mexico
coast where climate-driven ecological transitions and
thresholds are abundant. Looking more broadly and
beyond the coast, we expect that our results may be of
interest to terrestrial biogeographers and ecologists
because our analyses show that the general
regional- and global-scale nonlinear plant coverage
relationships observed in dryland terrestrial ecosystems
are also present in coastal wetland ecosystems.
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SUPPLEMENTAL MATERIAL

Appendix A
National Wetlands Inventory (NWI) data used in this study by state and year (Ecological Archives E095-242-A1).

Appendix B

The relationship between mean annual precipitation (MAP) and the percentage of tidal wetlands covered by foundation plant
species for three different time periods (Ecological Archives E095-242-A2).

Appendix C

Spearman rank correlations between climate (MAP, Global Aridity Index [Al], potential evapotranspiration [PET]), estuarine
freshwater inflow (Inflow, Freshwater replacement time [RT]), estuarine salinity, and the abundance of foundation plant species in

tidal wetlands (Ecological Archives E095-242-A3).

Appendix D

Histograms of foundation plant species cover at different precipitation levels in northwestern Gulf of Mexico tidal wetlands

(Ecological Archives E095-242-A4).
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