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Abstract

Accelerated sea-level rise and intensifying hurricanes highlight the need to better understand surface elevation change in
coastal wetlands. We used the surface elevation table-marker horizon approach to measure surface elevation change in 14
coastal marshes along the northwestern Gulf of Mexico, within five National Wildlife Refuges in Texas (USA). During the
2014-2019 study period, the mean rate of surface elevation change was 1.96 +0.87 mm yr~! (range: -1.57 to 8.37 mm yr™ ).
Vertical accretion rates varied due to landscape proximity relative to sediment inputs from Hurricane Harvey. At most sites,
vertical accretion offset subsurface losses due to shallow subsidence. However, net elevation gains were often lower than
recent relative sea-level rise rates, and much lower than rates expected under future sea-level rise. Because these marshes
are not keeping pace with recent sea-level rise, it is unlikely that they will be able to adjust to future accelerations. Climate
change threatens these Texas coastal wetlands and the ecological and economic services they provide. By characterizing
the status and prospective loss of coastal marshes, our study reinforces the value of identifying local and landscape-level
adaptation mechanisms that can enhance the ability of coastal marshes to adapt to threats posed by climate change.
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Introduction quality, provide wildlife habitat, protect coastal communi-
ties, and offer popular recreational opportunities (Barbier
Coastal wetlands provide critical ecosystem services, et al. 2011). However, due to their position at the land-sea

making them one of the most valuable ecosystems on the  interface, coastal wetlands are threatened by climate change
planet (Daily et al. 1997; Costanza et al. 2014). Coastal ~ (Kirwan and Megonigal 2013; Gabler et al. 2017; Osland
wetlands store carbon, support fisheries, improve water et al. 2018). In particular, accelerated sea-level rise (Sweet
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et al. 2017) and hurricane intensification (Kossin et al. 2017, striking example of wetland loss due to high rates of rela-
Seneviratne et al. 2021) threaten coastal wetlands and the tive sea-level rise can be found in Louisiana where rates
ecosystem services they provide. Maintaining and enhanc- of coastal wetland loss have been high during the last cen-
ing the ecological and economic contributions of coastal  tury (Couvillion et al. 2017; Toérnqvist et al. 2020). Altered
wetlands in the face of climate change requires informa-  hydrology, reduced sediment delivery, and high rates of

tion regarding surface elevation change dynamics, as these  erosion have prevented many coastal marshes in Louisiana
dynamics underpin the stability of wetland ecosystems. In  from building sufficient elevation to counteract high rates
this communication, we examine surface elevation change  of subsidence and relative sea-level rise (Blum and Roberts
within coastal marshes in Texas along the northwestern Gulf 2009; Day et al. 2000; Couvillion et al. 2017; Tornqvist
of Mexico coast (USA; Fig. 1). et al. 2020). The Texas coast also experiences high rates of

Coastal wetlands are resilient ecosystems that have the  subsidence and relative sea-level rise, especially near the
potential to build elevation to adjust to moderate rates  Louisiana border (Sweet et al. 2017). When compared to
of sea-level rise via positive feedbacks between inunda-  Louisiana, wetland loss (i.e., wetland conversion to open
tion, plant growth, and sedimentation (Morris et al. 2002;  water) and surface elevation dynamics within coastal wet-
Woodroffe et al. 2016). However, higher rates of sea-level ~ lands in Texas have not been as thoroughly investigated
rise can overwhelm the ability of coastal wetlands to build (Cahoon et al. 2004; Cahoon et al. 2011; McKee and Grace
elevation, leading to wetland loss due to conversion to 2012; Swanson 2020; Cressman 2020; see also regional
open water (Saintilan et al. 2020; Torngvist et al. 2020). A inventory in Osland et al. 2017).
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Fig. 1 Map showing the locations of the 14 coastal marsh surface ele- symbol. NWR =National Wildlife Refuge; SET-MH =surface eleva-
vation change study sites within five coastal Texas National Wildlife tion table — marker horizon
Refuges (USA). Hurricane Harvey landfall is shown with a hurricane
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Beyond accelerated sea-level rise (Sweet et al. 2017),
coastal wetlands in the northwestern Gulf of Mexico are
also highly vulnerable to hurricanes. In the coming century,
global warming is expected to increase the frequency of the
most intense hurricanes (i.e., major hurricanes), increase
rainfall rates produced by hurricanes, increase the poleward
distribution of hurricanes, and increasingly lead to the rapid
intensification of hurricanes (Kossin et al. 2017; Seneviratne
et al. 2021). The effects of hurricanes on wetland surface
elevation change are variable and often hurricane specific
(Cahoon 2006; Krauss and Osland 2020). Intense storms
have the potential to lead to vegetation dieback, peat col-
lapse, and conversion of wetlands to open water (Cahoon
et al. 2003; Osland et al. 2020; Stagg et al. 2021). However,
hurricanes can also provide an important source of sedi-
ment and nutrients for coastal wetlands increasing elevation
capital, and thereby enhancing their ability to adjust to sea-
level rise (Cahoon et al. 1995a; Feher et al. 2020; McKee
et al. 2020). In the face of hurricane intensification, there is
a need to advance understanding of the effects of hurricanes
on wetland surface elevation dynamics.

This study was conducted within 14 coastal marsh sites
located within five National Wildlife Refuges along the
northwestern Gulf of Mexico (USA; Fig. 1). Hurricane Har-
vey affected this area in 2017, enabling us to also investigate
hurricane effects on wetland surface elevation change. We
specifically investigated the following questions: (1) How
do rates of surface elevation change, vertical accretion, and
subsurface change vary in Texas coastal marshes within
five National Wildlife Refuges?; (2) What are the effects of
Hurricane Harvey on marsh vertical accretion and surface
elevation change?; and (3) How do rates of surface elevation

change in coastal marshes compare with recent and expected
future rates of relative sea-level rise? Collectively, the data
and information from this study build foundational knowl-
edge to better anticipate and prepare for coastal wetland
responses to accelerating sea-level rise and intensifying
hurricanes.

Methods
Study Area

We conducted this study within the following five National
Wildlife Refuges (NWR) spanning an approximate 360-km
section of the Texas coast (USA): Aransas, San Bernard,
Brazoria, Anahuac, and McFaddin (listed in geographic
order from south to north; Fig. 1). The area has a humid,
subtropical climate with a strong maritime influence. The
tides along this coastline are microtidal, mixed diurnally and
semidiurnally, generally ranging from 30-60 cm (NOAA
2019a). The mean annual precipitation ranges from 1010 to
1360 mm, and the mean growing season length is 250 days
(NOAA 2019b). Coastal wetlands in the northern portion
of the study area receive more precipitation and freshwater
inputs than the south, which results in lower salinities in the
north and much higher salinities (i.e., hypersaline condi-
tions) in the south (Longley 1994, 1995; Osland et al. 2014,
2016, 2019). Thus, the northern marshes are more produc-
tive (Gabler et al. 2017; Osland et al. 2018) and dominated
primarily by grass-like plants including Spartina patens,
Spartina spartinae, Bolboschoenus robustus, Schoenoplec-
tus americanus, and Distichlis spicata (Table 1). In contrast,

Table 1 Descriptions for each

. Refuge Site Site abbreviation ~ Dominant vegetation'
of the 14 coastal marsh sites
within the five coastal Texas Aransas Aransas-Intracoastal Waterway AR-ICWW BAMA, MOLI, SADE
i\i}‘;‘z‘)‘a}x‘lﬁlviegg;flﬁ“ Matagorda Island MI SPAL, BAMA
column, plant species are listed Blackjack BJ DISP, SPAL, BAMA
in order of dominance San Bernard San Bernard-Barrier Island SB-BI BAMA, SPAL
San Bernard-Intracoastal Waterway SB-ICWW DISP, BAMA, SPAL
Cow Trap CT DISP, BAMA
Brazoria Brazoria-Barrier Island BR-BI BAMA, SADE, AVGE, SPAL
Alligator Lake AL DISP, BAMA,
North Peninsula BNP BAMA, DISP
Anahuac Alice Jackson White AJW SCRO, DISP
Yellow Rail YR SPSP, SPPA, DISP
Jackson Ditch JD SPPA
McFaddin Willow-Barnet WB SPPA, SCRO
10 Mile Cut 10MC SPPA

lSpecies abbreviations: AVGE =Avicennia germinans, BAMA = Batis maritima, DISP = Distichlis spicata,
MOLI = Monanthochloe littoralis, SADE = Salicornia depressa, SCRO = Scirpus robustus, SPAL=Spar-
tina alterniflora, SPPA = Spartina patens, SPSP = Spartina spartinae
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the higher salinity regimes in the southern marshes lead to
an increase in coverage of succulents and salt-tolerant plants,
including Batis maritima, Salicornia depressa, Salicornia
bigelovii, Monanthochloe littoralis, and Borrichia frutescens
(Table 1) (Dunton et al. 2001; Gabler et al. 2017; Osland
et al. 2019; Stagg et al. 2021). Across much of the study
area, Spartina alterniflora occupies the lowest and most
inundated tidal saline wetland zones (Rasser et al. 2013;
Gabler et al. 2017; Stagg et al. 2021). The study area spans
a tropical-temperate transition zone where extreme freeze
events are sporadic, occurring once every two to three
decades (Osland et al. 2021). These freeze events govern
the northern range limit of mangrove forests, which are
freeze-sensitive (Sherrod and McMillan 1985; Armitage
et al. 2015; Weaver and Armitage 2018). Sparse and freeze-
stunted black mangrove individuals (Avicennia germinans)
are present near and within several of the sites (e.g., Aransas,
San Bernard, Brazoria).

Site Selection

We used the U.S. Fish and Wildlife Service (USFWS)
National Cadastral Layer along with marsh habitat data
from Enwright et al. (2015) to limit our area of interest to
only intermediate, brackish, and salt marshes within the
five NWRs. We generated a labeled 0.5-ha fishnet over each
NWR and then randomly selected marsh locations for site
visits. Field evaluations were necessary because the resolu-
tion of available geospatial data are often too imprecise for
final determination of the suitability of a given sampling
location. Initial site visits were conducted between June and
August 2013. Upon arrival at a random field location, the
site was evaluated to ensure it met study criteria. These cri-
teria included: 1) site located in a tidal marsh with uniform
vegetation community and cover dominated by graminoid
or succulent vegetation; 2) site without obvious signs of
disturbance (e.g., trampling and other vegetation impacts
from disturbance); 3) site at least 25 m from nearby water-
bodies; 4) sites required to be at least 25 m away from and
have minimal influence from spoil banks, levees, roads, or
any other human-induced landscape alteration; and 5) sites
required to have reasonable access via airboat, boat, truck,
and/or foot. If a field site did not meet all of the five criteria,
it was excluded from the study and the next random loca-
tion was visited for assessment. Searches continued until the
appropriate number of sites within each of the five NWRs
were met.

Study Design and Surface Elevation Change
Measurements

We measured changes in surface elevation at each of the
five refuges using the SET-MH approach [surface elevation
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table (SET) — marker horizon (MH)] (Cahoon et al. 2002a, b;
Callaway et al. 2013; Lynch et al. 2015; Cahoon et al. 2020).
The SET is a portable mechanical leveling device providing
repeated, high-resolution measurements of elevation change
in wetland sediments or shallow water bottoms relative to the
depth of a permanent benchmark that has been anchored into
the soil until refusal. We installed deep rod SETs to depths
ranging from 7.6 to 37.8 m (mean+SE=16.0+1.9 m;
Table S1). During measurements, the SET arm is attached
to the permanent SET benchmark and extended over the
marsh surface at four fixed positions. The SET arm is care-
fully leveled to rest horizontally to the ground, and each of
nine fiberglass pins are lowered through the arm to the soil
surface. The height of each pin above the arm is measured
on repeated sampling events. Changes in the height of the
pins between sampling events are used to quantify soil sur-
face elevation change over time relative to the permanent
benchmark (Cahoon et al. 2002a). Marker horizons are arti-
ficial soil layers (e.g., feldspar) established on the surface
of wetland or shallow water bottoms to measure subsequent
surface sediment accretion (Baumann et al. 1984; Cahoon
and Turner 1989). Cores are taken with a soil corer from the
soil surface to this layer on repeated sampling events, and
the thickness of the sediment accumulated above the layer
is measured as vertical accretion.

We measured surface elevation change at 14 sites across
the five refuges (i.e., 2-3 sites per refuge; Table 1). In April
2014, we established three permanent SET-MH stations at
each of the 14 sites, for a total of 42 SET-MH stations. Each
station consisted of a single SET benchmark and three or
more marker horizon plots. In 2019, orthometric height rela-
tive to the North American Vertical Datum of 1988 (NAVD
88) was determined for each benchmark using digital leve-
ling in combination with repeated, overlapping static Global
Positioning System (GPS) surveys (Table S2). The GPS sur-
veys were post-processed with the National Geodetic Survey
OPUS Projects service (Gillins et al. 2019). The orthometric
height of each benchmark was then used to convert the SET-
derived relative surface elevation change data from each
sampling date to an orthometric marsh elevation in NAVD
88. Three feldspar marker horizon plots (0.25 m?; 0.5 m by
0.5 m) were established in the immediate vicinity of each
SET benchmark in April 2014, and three additional marker
horizon plots were added to each benchmark in November
2017 following the landfall of Hurricane Harvey. We estab-
lished the second set of marker horizons because the 2014
marker horizons had deteriorated at some sites and were no
longer visible.

During each sampling event, surface elevation measure-
ments were made for nine pins on four fixed measurement
positions (compass bearings) around each benchmark, for a
total of 36 elevation measurements per benchmark per sam-
pling event. Vertical accretion was determined by measuring
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the depth to the feldspar layer within cores collected from
each marker horizon (i.e., from the 2014 and/or 2017 marker
horizons, where available), using a “mini-Macaulay” corer
(custom fabrication, Nolan's Machine Shop, Lafayette, LA,
USA), which cuts a core (2 cm) without vertical compres-
sion (McKee and Vervaeke 2018). Surface elevation dynam-
ics at each SET-MH station were measured roughly twice
per year across the 5.5-year period between June 2014 and
December 2019 (i.e., 9-12 total SET sampling events per
site). Vertical accretion at each SET-MH station was meas-
ured roughly once per year except for 2015 (i.e., 4-5 total
MH sampling events per site).

Recent and Future Sea-level Rise (SLR) Rates

Recent SLR rates for each refuge were estimated using rela-
tive sea-level rates from nearby NOAA tide gauge stations
(NOAA 2020) for the most recent tidal epoch (2001-2019).
SLR rates derived from the most recent tidal epoch are here-
after referred to as recent tidal epoch-based SLR rates. We
determined the recent tidal epoch-based rates with linear
regressions applied to the monthly mean sea-level data with
the average seasonal cycle removed, with the data provided
by NOAA (2020).

Future projected relative SLR (RSLR) rates for the study
area were estimated using alternative SLR scenarios pro-
duced by Sweet et al. (2017) for the 4" National Climate
Assessment. We selected three global mean SLR scenarios
(Intermediate-Low, Intermediate, and Intermediate-High),
which respectively correspond to global mean SLR increases
of 0.5 m, 1.0 m, and 1.5 m by 2100. To approximate the
RSLR rate by 2100 for the study area under each of the three
scenarios, we used the data provided by Sweet et al. (2017)
to calculate RSLR rates for the 2090-2100 decade from the
refuge-specific RSLR projections. We used the five refuge-
specific RSLR rates to calculate the following range in
RSLR rates for each of the three selected SLR scenarios for
the 2090-2100 decade: 8-10, 19-22, and 34-36 mm yr‘l,
respectively, for the Intermediate-Low, Intermediate, and
Intermediate-High scenarios.

Hurricane Harvey

In August of 2017, Hurricane Harvey made landfall along
the central coast of Texas, becoming the first major hur-
ricane to impact the state since Hurricane Ike in 2008.
Hurricane Harvey developed in the Gulf of Mexico, strik-
ing the Texas coast from a southeasterly direction, mak-
ing landfall on San Jose Island near Rockport, Texas on 26
August 2017 as a Category 4 storm with sustained winds of
213 km/h (Blake and Zelinsky 2018). Storm surge depths
during Harvey were estimated as 1.8 to 3.0 m within the
back bays between Port Aransas and Matagorda and 0.6 to

1.2 m from Matagorda through the upper Texas coast (Blake
and Zelinsky 2018). Hurricane Harvey was a slow-moving
storm that produced heavy precipitation (> 1000 mm) and
prolonged freshwater flooding in some areas (Blake and
Zelinsky 2018). The combination of high storm surge and
high surface water inputs produced dynamic patterns in the
deposition of marine and/or terrigenous sediments in coastal
marshes and estuaries (Du et al. 2019; Williams and Liu
2019; Yao et al. 2020; Kuhn et al. 2021). On the first sam-
pling event following Harvey (November 2017), we meas-
ured the depth of deposited sediments left by Harvey within
the same cores taken from the marker horizon plots. Within
these cores, the sediments deposited by Hurricane Harvey
were easily distinguished from surrounding soil layers by
color, texture, and absence of fine roots (McKee and Cherry
2009; McKee et al. 2020).

Data Analyses: Data Organization and Preparation

Prior to all data analyses, we converted the pin-level SET data
to station-level SET data. First, we subtracted the elevation
reading of each individual pin on each sampling date from its
initial value to determine cumulative elevation change (Lynch
et al. 2015). The pin-level elevation change values for each
measurement date were averaged to obtain the mean station-
level data for each date. For the accretion data, we averaged
the plot-level marker horizon data to obtain mean station-level
marker horizon data (Lynch et al. 2015).

Data Analyses: Station-level Rates

Rates of surface elevation change derived from SET data (y)
have historically been quantified from linear relationships
using simple regression where it is assumed that observed y
is a linear function of a parameter vector . However, due in
part to the effects of Hurricane Harvey, the elevation change
patterns at our sites included a diverse combination of linear
and nonlinear relationships (see panels in Figs. 2 and 3). Thus,
generalized additive models (GAMs) that are more flexible
than standard linear models were used to quantify rates of
surface elevation change and vertical accretion for each of the
14 sites. Initially, we fit GAM models to each site using the
general form given by

g(m) =B+ D fi(X;) +¢
i=1

where u is the conditional mean related to a one-to-one
function g, f, is the intercept term, X/ is the main effect
of station and a penalized thin-plate regression spline term
for the interaction between time and station (i.e., factor-
smooth interaction term), £ is the random residual error, and
Y f](X]) are smoothers of covariates. Each smoother is
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Fig.2 Surface elevation change 55[J. Aransas: ICWW 45[K. Aransas: Matagorda Island{ 45fL. Aransas: Blackjack
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represented by a sum fixed basis function by, multiplied by
a coefficient g, which needs to be estimated as

K
£(X) = D Bubux)
k=1

where K is the basis size and determines the maximum
complexity of each smoother. The basis size represents the
maximum possible degrees of freedom for each model term
(Wood 2017).

The factor-smooth interaction without a global smooth
term was included so that a different smooth would be gener-
ated for each station at a site, thereby allowing comparisons
to be made between sites and refuges.

We used restricted maximum likelihood (REML) to
estimate the smoothing parameters of the spline in each
model. Specifically, we used the penalized regression

@ Springer

smoothing method from the Mixed GAM Computation
Vehicle (mgcv) R package (Wood 2000; Wood 2020;
see Couvillion et al. 2017 for an application of this
approach). Given the relatively low number of surface
elevation and vertical accretion measurements for each
site, each site-level GAM model was initially parameter-
ized with a maximum basis size (K) of three to minimize
over-fitting. To determine if the initial K value of three
was adequate to represent any non-linear patterns in the
data, function ‘gam.check’ from the ‘mgcv’ package was
used to ensure that each model conformed to the model
assumptions and to evaluate the K-index values for each
level of the factor-smooth interaction between time and
station. K-index values less than one can indicate that K
may be too small to adequately capture the non-linear pat-
terns (Wood 2017, 2020). When the K-index values for a
model indicated that the initial K value of three was too
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Fig.3 Vertical accretion from 8fA. Aransas: ICWW 8/'B. Aransas: Matagorda Island | 8[C. Aransas: Blackjack
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low for the factor-smooth interaction term, we increased
K until the model fit had stabilized, up to a maximum K
of five. The model was considered stabilized when subse-
quent increases to K did not affect the value of the mod-
el’s smoothing parameter selection score or the effective
degrees of freedom for the factor-smooth interaction term
(Wood 2020).

To account for potential correlation among repeated
observations from the same SET-MH station, we then plot-
ted the autocorrelation function (ACF) and partial autocor-
relation function (PACF) of the Pearson residuals of each
site-level model against different lag periods to examine the
presence of residual autocorrelation. If the ACF or PACF
plots indicated the presence of residual autocorrelation for
a particular site-level model, the model was updated using
the ‘gamm’ function from the ‘mgcv’ package to include a
1.8 order autocorrelation structure with a site-specific lag-1

Year

autocorrelation value using the ‘corAR1’ function from the
‘nlme’ package (Pinheiro et al. 2021) with model form

n P n
g(u) =bo+ 2 5(X)+ Dol alvey) = DXy |+
i=1 =1 i=1

where Y| ¢;(g(vij) = X1, X,.f;) are the autoregressive
terms (AR1) that control the degree with which the random
walk reverts to the mean as part of the AR time series.

The parameters for the site-level models of surface ele-
vation change are shown in Table S3, whereas parameters
for the site-level models of vertical accretion are shown in
Table S4. Using the site-level fitted GAM models, we then
calculated the rate of surface elevation change and vertical
accretion at each station as the mean of 200 equally-spaced
first derivatives of the function representing the factor-
smooth interaction term in each model. The first derivatives
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of the factor-smooth interaction terms were estimated by
finite-difference approximation via the ‘derivatives’ function
from the R package ‘gratia’ (Simpson 2021; see Simpson
2018 for an application of this approach). Subsurface change
at each station was calculated as the difference between ele-
vation change (i.e., surface elevation change) and vertical
accretion (Lynch et al. 2015; Cahoon et al. 2020). Station-
level rates of elevation change, vertical accretion and sub-
surface change are provided in Table S1.

Data Analyses: Refuge and Site Comparisons

Linear mixed-effects models were used to compare rates of
surface elevation change, vertical accretion, and subsurface
change between refuges via the ‘Imer’ function from the R
package ‘lme4’ (Bates et al. 2020). To account for correla-
tion due to the nested nature of the sites within the refuges,
we fit a simple linear-mixed effects model of the form

)/i = ﬁo + ﬂlaj + 8i(]')

where Y; represent the station-level rates of elevation change,
vertical accretion, or subsurface change for the i’ station,
p's are fixed effects regression parameters with the refuge
as a main effect, and E(j) is the random error associated with
site i in refuge factor level j'. For comparisons between
sites, we used a linear model where the station-level rates
of surface elevation change, vertical accretion, or subsur-
face change were the dependent variables and site was the
independent variable. The R package ‘ImerTest’ was used to
determine F and p values while correcting the denominator
degrees of freedom using the Kenward-Rogers approxima-
tion (Kuznetsova et al. 2013). If there were significant dif-
ferences between refuges or sites, post-hoc Tukey HSD tests
were used to assess pairwise comparisons between refuges
or between sites using the function ‘cld’ from the R package
‘multcomp’ (Torsten et al. 2021). Site-level rates were cal-
culated as the average of the three station-level rates at each
site, and refuge-level rates were calculated as the average of
the site-level rates at each refuge.

Data Analyses: Hurricane Harvey Effects

We used a series of simple linear regressions to assess the
effects of the distance from the landfall of Hurricane Harvey
on sediment deposition and elevation dynamics, where the
straight-line distance from the point of landfall to each site
was the independent variable, and depth of the storm layer,
rate of vertical accretion, and rate of elevation change at each
site were the dependent variables. We also used a series of
simple linear regressions to determine the influence of storm
sediment deposits from Hurricane Harvey on rates of verti-
cal accretion and elevation change, where the depth of the

@ Springer

storm layer at each site was the independent variable, and
the vertical accretion or elevation change rate at each site
were the response variables. The site-level rates of elevation
change and vertical accretion used in the linear regressions
were derived from fitted GAM models as described in the
previous section. All data analyses were conducted in R (R
Core Team 2019) and maps were created in ArcGIS (Esri,
Redlands, California, USA). Error terms throughout the
manuscript are standard errors.

Results
Recent Sea-level Rise Rates

For Aransas NWR, the recent tidal epoch-based SLR rate
(9.74 +1.78 mm yr~!) was estimated from the Rockport
gauge (ID: 8774770). For San Bernard and Brazoria NWRs,
the recent tidal epoch-based SLR rate (6.81 +1.72 mm yr™!)
was estimated from the Freeport gauge (ID: 8772447). For
Anahuac NWR, the recent tidal epoch-based SLR rate
(11.68+1.75 mm yr") was estimated from the Galveston
Pier-21 gauge (ID: 8771450). For McFaddin NWR, the
recent tidal epoch-based SLR rate (11.36+1.89 mm yr~')
was estimated from the Sabine Pass gauge (ID: 8770570).
The long-term historical relative sea-level rise rates from
these tide gauges range from 4.21 to 6.55 mm/yr (NOAA
2020) as follows: Rockport gauge: 5.77 +0.49 mm yr~!
for 1937-2019; Freeport gauge: 4.21 +0.72 mm yr~! for
1954-2020; Galveston Pier-21 gauge: 6.55+1.22 mm yr~!
for 1904-2019; Sabine Pass gauge: 6.05 +0.74 mm yr~! for
1958-2019.

Surface Elevation, Subsurface Elevation,
and Vertical Accretion

Refuge-level comparisons are presented in Tables 2 and
S5. Station-level surface elevation change data, analyses,
and rates are shown in Tables S1 and S3 and Figs. 2 and
S1-S3. There was a significant difference in surface eleva-
tion change between sites (F; ,3=9.54, p <0.001, ?=0.73;
Table 2; Fig. 2). Site-level rates of elevation change ranged
from a low of -1.57+0.69 mm yr~! at Yellow Rail to a
high of 8.37+0.77 mm yr~! at SB-Barrier Island (Table 2;
Fig. 2). Station-level vertical accretion data, analyses, and
rates are shown in Tables S1 and S4 and Figs. 3 and S4-
S6. There was a significant difference in vertical accretion
between sites (Fy3,3=6.95, p<0.001, >=0.65; Table 2;
Fig. 3). Site-level rates of vertical accretion ranged from
a low of 3.00+1.70 mm yr~! at Jackson Ditch to a high of
10.52+0.71 mm yr_1 at SB-Barrier Island (Table 2; Fig. 3).
Station-level subsurface change rates are shown in Table S1.
There was a significant difference in subsurface change
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Table 2 Site- and refuge-
level comparisons of rates

of elevation change, vertical
accretion, and subsurface
change (mean + SE). Within
each column, site-level means
with different lowercase letters
are significantly different at
p<0.05. Within each column,
refuge-level means with
different uppercase letters are
significantly different at p <0.05

Fig.4 Rates of surface eleva-
tion change, vertical accretion,
and sub-surface elevation
change at the 14 coastal marsh
sites. Sub-surface elevation
change represents the differ-
ence between surface elevation
change and vertical accretion.
Red points represent rates

of surface elevation change
(mean =+ standard error). The
gray area represents the range
of recent local sea-level rise
rates 2001-2019 from tide
gauges on the Texas coast. The
colored areas represent the
range of estimated future local
sea-level rise rates by 2100 for
the Intermediate-Low (0.5 m;
blue), Intermediate (1.0 m;
orange), and Intermediate-High
(1.5 m; red) global sea-level rise
scenarios defined by Sweet et al.
(2017). See Table 1 for defini-
tions of site abbreviations

Refuge Location Elevation change Vertical accre- Subsurface
(mm yr._l) tion (mm yr.‘l) change (mm
yr. ")
Aransas AR-ICWW (Site-level) 1.38+£1.92% 6.69+0.84% -5.31£1.08%
Matagorda Island (Site-level) 2.24+0.76® 9.40+0.45 -7.16+1.18*
Blackjack (Site-level) 1.13£1.21% 7.25+0.65% -6.12+1.79%
Refuge-level 1.58+0.714 7.78+0.5348  -6.20+0.70*
San Bernard SB-Barrier Island (Site-level) 8.37+£0.77¢ 10.52+0.71°¢ -3.324+1.03%®
SB-ICWW (Site-level) 7.86+1.54° 10.47 +1.60° -2.61£2.69%
Cow Trap (Site-level) -0.38+0.38* 5.57+0.50% -5.95+0.52%
Refuge-level 529+1.514 8.85+0.98%4 -3.96+0.994
Brazoria BR-Barrier Island (Site-level) 5.26+1.24" 3.79+0.82% 147+1.61°
Alligator Lake (Site-level) 0.13+0.14* 5.87+0.30% -5.74+0.41%
North Peninsula (Site-level) -0.44+0.51% 5.43+0.97* -5.87+1.48%®
Refuge-level 1.65+0.994 5.03+£0.498C  .338+1.374
Anahuac Alice Jackson White (Site-level) 1.24+1.14% 3.73+1.29% -2.4942.43%®
Yellow Rail (Site-level) -1.57+0.69* 3.01+0.43? -4.58 +0.40%
Jackson Ditch (Site-level) 1.07 +£0.48% 3.00+1.70% -1.92+2.17%
Refuge-level 0.25+0.614 3.25+0.64€ -3.00+£1.034
McFaddin Willow-Barnet (Site-level) 0.93+0.75% 4724170  -3.80+1.71%
10 Mile Cut (Site-level) 0.20+0.63%® 3.40+0.37° -3.20+£0.82%
Refuge-level 0.56+0.474 4.06+0.83¢  -3.50+0.86"
40
304
s
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between sites (F13728 =2.18, p<0.05, 2 =0.27; Table 2;
Fig. 4). Site-level rates of subsurface change ranged from a
low of -7.16+ 1.18 mm yr~! at Matagorda Island to a high of
1.47 +1.61 mm yr~! at BR-Barrier Island (Table 2; Fig. 4).

Wetland Elevation Change in Relation to Recent
and Future Sea-level Rise

Only two out of 14 sites had rates of elevation change greater
than the recent rate of sea-level rise (Fig. 2). Two of the sites
had a rate of elevation change close to the rate associated
with the Intermediate-Low future sea-level rise scenario for
the 2090-2100 decade (Fig. 4; see position of red circles
relative to horizontal blue line). Under the Intermediate-Low
sea-level rise scenario for the 2090-2100 decade, future pro-
jected local rates of relative sea-level rise are expected to
be lowest for Anahuac and McFaddin NWRs (8 mm yr'l),
intermediate for Aransas NWR (9 mm yr~!), and highest
for San Bernard and Brazoria NWRs (10 mm yr_l; Sweet
et al. 2017). Under the Intermediate sea-level rise scenario,
future projected local rates of relative sea-level rise for the
2090-2100 decade are expected to be lowest for Anahuac
and McFaddin NWRs (19 mm yr"), intermediate for Aran-
sas NWR (21 mm yr‘l), and the highest for San Bernard and
Brazoria NWRs (22 mm yr‘l; Sweet et al. 2017). No sites
had a rate of elevation change above the rates associated with
the future Intermediate and Intermediate-High scenarios for
the 2090-2100 decade. Under the Intermediate-High sea-
level rise scenario, future projected local rates of sea-level
rise for the 2090-2100 decade are expected to be lowest for
Aransas NWR (34 mm yr~!), intermediate for Anahuac and
McFaddin NWRs (35 mm yr~!), and highest for San Bernard
and Brazoria NWRs (36 mm yr~!; Sweet et al. 2017).

Hurricane Harvey Effects

Storm sediment deposits from Hurricane Harvey were
observed at 10 of the 14 sites and ranged from a station-
level high of 32.67 mm to a station-level low of 0.66 mm
(Table S1). Storm deposits were highest at sites within
San Bernard, Aransas, and Brazoria NWRs (Table S1),
which are the sites closest to the landfall of Hurricane Har-
vey. There was a significant negative linear relationship
between distance from the landfall of Hurricane Harvey
and storm deposit depth (F| ;,=5.49, ?»=0.26, p<0.05;
Fig. 5A). There was also a significant negative linear rela-
tionship between distance from the landfall of Hurricane
Harvey and vertical accretion rates across the 2014-2019
study period (F, ;,=10.28, *=0.42, p<0.01; Fig. 5B).
There was no relationship between the distance from the
landfall of Hurricane Harvey and rates of elevation change
across the 20142019 study period (F ;,=0.72, p=ns;
not graphed). However, there were significant, positive
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Fig.5 The relationships between the distance from the Hurricane
Harvey landfall and: (A) the depth of the deposit of suspended sedi-
ments from Hurricane Harvey, and (B) the rate of vertical accretion
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Fig.6 The relationships between the depth of the deposit of sus-
pended sediments from Hurricane Harvey and: (A) the rate of vertical
accretion, or (B) the rate of elevation change

linear relationships between the depth of the storm deposit
from Hurricane Harvey and rates of both vertical accretion
(Fy ,=12.03, #»=0.46, p<0.01; Fig. 6A) and elevation
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change (F, ,=12.11, »=0.46 p <0.01; Fig. 6B) across the
2014-2019 study period.

Discussion

We examined surface elevation dynamics in five U.S. Fish
and Wildlife Service National Wildlife Refuges that collec-
tively span over half of the Texas coast. As public lands,
these refuges are managed specifically to provide sustainable
habitats for fish and wildlife. Our results indicate that these
lands may be in jeopardy of loss or degradation because net
elevation gains during our study period were often lower
than recent relative sea-level rise rates and much lower than
rates expected under future sea-level rise scenarios. These
results raise substantial concern for the future of coastal
marshes in Texas. The long-term ramifications of coastal
marsh loss will be damaging not only to fish and wildlife,
but also to local and regional economies and the nearly
seven million Texans who live and work along the coast.
Our results also demonstrate the significance of infrequent
pulsing events — such as hurricanes — to the long-term resil-
ience of these coastal wetlands. In the subsequent sections,
we discuss coastal marsh surface elevation change dynamics
and examine the implications for marsh stability in the face
of rising seas and intensifying hurricanes.

How Do Rates of Coastal Marsh Surface Elevation
Change, Vertical Accretion, and Subsurface Change
Vary in Texas Coastal Marshes?

Across the Texas coast, there is variation in factors that
affect surface elevation dynamics in coastal marshes
(Longley 1994; Sweet et al. 2017; Osland et al. 2018). For
example, gradients in geomorphology, landscape position,
subsidence, relative sea-level rise, climate, salinity, and
freshwater inflow affect inundation, plant growth, and sedi-
mentation rates. In our study area, we documented large
site-level differences in rates of surface elevation change,
vertical accretion, and subsurface change (Figs. 2 and 3). For
example, while the mean rate of surface elevation change
was 1.96 +0.87 mm yr~', the range in site-level rates ranged
from -1.57 to 8.37 mm yr~! (Table 2). Vertical accretion
gains were largest in sediment-rich, high-energy zones near
Hurricane Harvey landfall.

The number and spatial extent of SET-MH stations
included in this study (i.e., 42 stations, 14 sites) builds foun-
dational knowledge of surface elevation dynamics in Texas
coastal marshes. Prior to this communication, only a hand-
ful studies had incorporated SET-MH data from Texas (i.e.,
Cahoon et al. 2004; Cahoon et al. 2011; McKee and Grace
2012, Cressman 2020, Swanson 2020; see also regional
SET-MH inventory in Osland et al. 2017). Advancing

understanding of the variation in wetland surface elevation
dynamics across this region will require a larger network of
sites spanning the entire state, including gradients in geo-
morphology, landscape position, subsidence, relative sea-
level rise, climate, salinity, vegetation composition, and
freshwater inflow. For comparison, the Louisiana Coastwide
Reference Monitoring System, which is the largest SET-MH
network in the world, contains 332 SET-MH stations across
an area roughly 1.6 times the size of our study area. Moreo-
ver, many other SET-MH stations in Louisiana are managed
by research groups outside of the CRMS (Coastal Reference
Monitoring System) network. The number of SET-MH sta-
tions in Louisiana outnumbers those in Texas by at least 5:1.
One weakness of the SET-MH approach is the small spatial
scale (i.e., several meters) that it directly represents. Thus,
the SET-MH approach can be combined with complemen-
tary approaches that measure surface elevation change at
larger spatial scales and higher spatial resolutions (e.g., Cain
and Hensel 2018; Kargar et al. 2021).

At global and national scales, the majority of SET-MH
studies have been conducted in graminoid-dominated salt
marshes and mangrove forests (Webb et al. 2013; Osland
et al. 2017). Fewer SET-MH studies have been conducted
in succulent plant-dominated salt marshes or unvegetated
salt flats (i.e., salt pannes, salt pans, salt barrens, sabkhas,
salinas), which are coastal wetland ecosystems that are more
common through the hypersaline conditions produced in
arid and semi-arid climates (Zedler 1982; Ridd et al. 1988;
Dunton et al. 2001; Withers 2002). Thus, this study fills an
important gap in the literature as it contains surface elevation
data from seven marsh sites that are dominated by succulent
plants (Table 2). Soil organic matter development greatly
influences wetland ecosystem structure, function, and stabil-
ity via effects on surface elevation dynamics (Morris et al.
2002; Kirwan and Megonigal 2013). Along the Texas coast,
soil organic matter development in coastal wetlands varies
greatly and is strongly influenced by the combined effects of
precipitation, freshwater inputs, salinity, and plant produc-
tivity (Osland et al. 2018). As a result, coastal Texas is an
outstanding natural laboratory for investigating the effects
of changing precipitation, freshwater inflow, and salinity
regimes on coastal ecosystems (e.g., Longley 1994, 1995;
Dunton et al. 2001; Alexander and Dunton 2002; Forbes
and Dunton 2006; Montagna et al. 2007; Osland et al. 2014,
2016, 2018, 2019; Gabler et al. 2017). Soil organic matter
development is typically lower in salt flats and succulent
plant-dominated salt marshes (Osland et al. 2018). While
this study begins to advance our understanding of the effects
of succulent plants on surface elevation change dynamics,
our study design was not developed to explicitly examine the
effects of gradients in rainfall, salinity, plant productivity,
and plant functional group dominance. Thus, there is still
a need for studies that examine surface elevation dynamics
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across these gradients and especially in the salt flats and
succulent plant-dominated wetlands that are abundant along
the southern and central Texas coast (i.e., within the Lower
Laguna Madre, Upper Laguna Madre, Nueces, Mission-
Aransas, Guadalupe, and Colorado-Lavaca estuaries).

What was the Effect of Hurricane Harvey Sediments
on Vertical Accretion and Surface Elevation Change
in Coastal Marshes?

Hurricane sediments can build elevation and increase eleva-
tion capital (Cahoon et al. 2019), enabling coastal wetlands
to better keep pace with sea-level rise (McKee and Cherry
2009; Baustian and Mendelssohn 2015; Feher et al. 2020;
Osland et al. 2020). However, storm-derived sediment
deposition in coastal marsh habitats is highly variable and
dependent upon storm intensity, landscape position, tidal
nexus, and sediment size (Du et al. 2019; Williams and Liu
2019; Yao et al. 2020; Kuhn et al. 2021). Williams (2010)
studied storm deposition from Hurricane Ike (2008) on
McFaddin National Wildlife Refuge and documented fine
storm sediments as far as 2.7 km inland from marine habi-
tats and found that the storm deposited a layer of sediment
approximately 10 cm thick in Clam Lake, a large brackish
wetland approximately 2 km inland. Williams and Denlinger
(2013) estimated an average of 30 cm of sedimentation from
Hurricane Ike along a transect between Clam Lake and the
beach on McFaddin National Wildlife Refuge. This consti-
tutes roughly 54% of the sediment deposition between 1950
to 2008, indicating that storm deposition can be a major
factor driving accretion rates in this region (Williams and
Denlinger 2013).

In an analysis of surface elevation trends along the Atlan-
tic coast of the United States following Hurricane Sandy,
Cahoon et al. (2019) and Yeates et al. (2020) used data from
a network of SET-MH sites to show that landscape position
relative to hurricane landfall greatly influences wetland sur-
face elevation dynamics. Our study reinforces this conclu-
sion. Within our study period, Hurricane Harvey provided
the most prolific and measurable effect on surface elevation
change dynamics at our study sites. During this event, many
of our study sites received substantial sediment inputs due
to a combination of storm surge and/or freshwater flooding
from high levels of storm-produced rainfall (Du et al. 2019;
Williams and Liu 2019; Yao et al. 2020; Kuhn et al. 2021).
In general, sediment deposition was highest in some sites
located close to Hurricane Harvey’s landfall; however, there
was much variation in sedimentation near landfall, indicat-
ing that landscape position and other factors influence spatial
patterns of sediment deposition within wetlands close to hur-
ricane landfall (Fig. 5A, B). Conversely, our sites that were
far from landfall had consistently lower sedimentation rates.
We also identified positive relationships between the Harvey
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sediment depth and rates of vertical accretion and surface
elevation change (Fig. 6A, B).

Despite the accretion events linked to tropical storm and
hurricane events, post-hurricane elevation losses can ensue
due to erosion, storm sediment compaction, and/or root zone
compaction (McKee and Cherry 2009). We documented
storm sediment compaction or erosion at some stations in
Aransas and Brazoria National Wildlife Refuges (Figs. S4
and S5). Compaction or erosion at the BR-Barrier Island site
was most pronounced with approximately 1.5 mm of change
occurring over a 2-year period post Hurricane Harvey. While
we did not measure root zone compaction, the lack of bio-
genic accretion at the majority of our study sites indicates
that the root zone is not expanding in most locations. Based
upon our results and those from other parts of the Gulf of
Mexico (e.g., Baumann et al. 1984; DeLaune et al. 1983;
Baustian et al. 2012; Cahoon and Reed 1995; Cahoon et al.
1995a, b; Reed 2002; McKee and Cherry 2009; Feher et al.
2020; Yao et al. 2020; Castafieda-Moya et al. 2020; McKee
et al. 2020), we expect storm events to continue to be impor-
tant drivers of surface elevation change dynamics in coastal
wetlands along the Texas coast.

How Do Rates of Surface Elevation Change

in Coastal Marshes Compare with Historical, Recent,
and Expected Future Rates of Relative Sea-level
Rise?

Positive feedbacks between inundation, plant growth, and
sedimentation can enable some wetlands to adjust to moder-
ate rates of sea-level rise (Gough and Grace 1998; Cahoon
2006; Nyman et al. 2006; Stagg et al. 2020). However, there
are limits to coastal wetlands’ ability to build sufficient ele-
vation to adapt to rising seas (Saintilan et al. 2020; Torn-
qvist et al. 2020). There are several factors that make coastal
wetlands in Texas particularly vulnerable to sea-level rise.
These include comparatively high rates of subsidence and
relative sea-level rise (Sweet et al. 2017), small tidal ranges
(Kirwan et al. 2016), and anthropogenic land-use changes
that have reduced freshwater and sediment delivery to the
coast (Longley 1994).

Marsh surface elevation gains at our sites were often
lower than long-term historical relative sea-level rise rates
(NOAA 2020), local recent relative sea-level rise rates
(Fig. 2), and much smaller than accelerated sea-level rise
rates expected by the end of the twenty-first century (Sweet
et al. 2017; Fig. 4). The differences between rates available
for marsh surface elevation change in comparison with sea-
level rise further reinforce that site selection, marsh type,
and dominant vegetation are likely factors that warrant
careful consideration for development of future monitoring
efforts. Because our study indicates wetlands in our study
area are not keeping pace with recent sea-level rise rates, it is
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unlikely that they will be able to build elevation to keep pace
with future predicted accelerations in sea-level rise. While
tipping points for marsh conversion to open water are vari-
able, accelerated relative sea-level rise rates predicted within
our study area make wetland conversion to open water likely
within the twenty-first century (Paine 1993; Coplin and Gal-
loway 1999; Morton et al. 2006; Ramage and Shah 2019;
Stagg et al. 2020; Tornqvist 2020). Marsh drowning could
affect the many ecosystem services and societal benefits
provided by coastal wetlands, including storm surge protec-
tion, buffering flood damages, erosion regulation, fisheries
production, carbon sequestration, and water quality improve-
ments (Nicholls and Leatherman 1995; Engle 2011; Jad-
hav et al. 2013; Mendelssohn et al. 2017). Loss of coastal
wetlands to sea-level rise could have far-reaching implica-
tions to the nearly seven million Texans living adjacent to
the coastline (Texas Comptroller Office 2020).

The rates of elevation change measured in this study
are low relative to recent sea-level rise rates, indicating
that coastal wetland fragmentation and loss are possible in
this region. In Louisiana, spatial and temporal patterns of
coastal wetland loss are periodically measured at the state
level (e.g., Couvillion et al. 2017), which provides valuable
information for coastal restoration planning efforts. Our
results, along with the findings from other studies conducted
in Texas (e.g., Moulton et al. 1997; Armitage et al. 2015;
Entwistle et al. 2018; Stagg et al. 2020) indicate that state-
level analyses of wetland loss could inform resource man-
agement decisions in Texas. Given the high rates of recent
relative sea-level rise and the low rates of surface elevation
change in coastal marshes, there is a need to better measure
spatial and temporal patterns of coastal wetland fragmenta-
tion and loss in Texas.

Minimizing Wetland Loss in Texas

Our data highlight the importance of restoration, conser-
vation actions in coastal marshlands along Texas’ Gulf
of Mexico coast. Given the potential for coastal wetland
fragmentation and loss, proactive planning for mitigation
of impacts of various scenarios of predicted sea-level rise
may inform future resource management actions. Ecosys-
tem restoration can improve the structure, function, and
stability of coastal marshes in the face of rising sea-levels
and intensifying hurricanes. Strategies for building eleva-
tion capital and enhancing surface elevation change include:
(1) beneficial use of dredged material to increase marsh
elevation and decrease erosion (Turner and Streever 2002;
Ganju 2019); (2) providing conditions that maximize the
productivity of marsh foundation plants that can foster posi-
tive biogenic feedbacks (Boesch et al. 1994; Turner and
Streever 2002); (3) strategic placement of breakwaters,
ridges, or marsh terraces in high-energy environments to

reduce erosion (Steyer 1993; Boesch et al. 1994; Turner
and Streever 2002; Brasher 2015; Osorio et al. 2020); and
(4) restoration of tidal connectivity and freshwater inflows
to improve abiotic conditions (Boesch et al. 1994; Turner
and Streever 2002; Natural Resource Council 2014). For
some coastal wetlands, where fire has historically played an
important role in shaping coastal landscapes, there is a need
to investigate the influence of managed fires on marsh plant
productivity, wetland fragmentation, and surface elevation
dynamics (Cahoon et al. 2004; McKee and Grace 2012;
Braswell et al. 2019). Marsh restoration and management
actions can enhance marsh resilience, reduce wetland loss,
and improve plant community productivity and composition
(Chabreck 1989; Nyman et al. 1993; Boesch et al. 1994;
DeLaune et al. 1994; Nyman and Chabreck 2012; Natural
Resource Council 2014). Methods that increase elevation
and/or accelerate biogeomorphic processes can improve
marsh stability in the face of accelerated sea-level rise and
intensifying hurricanes. Where local marsh loss is expected
in response to high rates of relative sea-level rise, develop-
ment of landscape adaptation plans that proactively facili-
tate the landward migration of coastal marshes into adjacent
upslope and upriver ecosystems can be used to partially
mitigate for seaward wetland losses. Due to the low-lying
coastal topography in this region, there is some room for
tidal saline wetlands to move landward into adjacent fresh-
water wetland and upland ecosystems (Enwright et al. 2016;
Borchert et al. 2018).
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