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Abstract

Coastal wetlands are among the most productive and carbon‐rich ecosystems on

Earth. Long‐term carbon storage in coastal wetlands occurs primarily belowground

as soil organic matter (SOM). In addition to serving as a carbon sink, SOM influences

wetland ecosystem structure, function, and stability. To anticipate and mitigate the

effects of climate change, there is a need to advance understanding of environmen-

tal controls on wetland SOM. Here, we investigated the influence of four soil forma-

tion factors: climate, biota, parent materials, and topography. Along the northern

Gulf of Mexico, we collected wetland plant and soil data across elevation and zona-

tion gradients within 10 estuaries that span broad temperature and precipitation

gradients. Our results highlight the importance of climate–plant controls and indicate

that the influence of elevation is scale and location dependent. Coastal wetland

plants are sensitive to climate change; small changes in temperature or precipitation

can transform coastal wetland plant communities. Across the region, SOM was

greatest in mangrove forests and in salt marshes dominated by graminoid plants.

SOM was lower in salt flats that lacked vascular plants and in salt marshes domi-

nated by succulent plants. We quantified strong relationships between precipitation,

salinity, plant productivity, and SOM. Low precipitation leads to high salinity, which

limits plant productivity and appears to constrain SOM accumulation. Our analyses

use data from the Gulf of Mexico, but our results can be related to coastal wetlands

across the globe and provide a foundation for predicting the ecological effects of

future reductions in precipitation and freshwater availability. Coastal wetlands pro-

vide many ecosystem services that are SOM dependent and highly vulnerable to cli-

mate change. Collectively, our results indicate that future changes in SOM and plant

productivity, regulated by cascading effects of precipitation on freshwater availabil-

ity and salinity, could impact wetland stability and affect the supply of some wetland

ecosystem services.

K E YWORD S

carbon, climate change, coastal wetland, mangrove, plant productivity, precipitation, salinity,
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1 | INTRODUCTION

Soils contain the largest terrestrial carbon pool on Earth and store

more carbon than the global vegetation and atmospheric carbon

pools combined (Houghton, 2007; Jackson et al., 2017; Jobbágy &

Jackson, 2000; Schlesinger & Bernhardt, 2013). To anticipate and

mitigate the effects of climate change, there is a pressing need to

advance understanding of the fate and storage of carbon in soil

organic matter (SOM). Clarifying the factors that control SOM is par-

ticularly important for ecosystems that are carbon rich, climate sensi-

tive, and have the potential for large carbon fluxes to and from the

atmosphere (Atwood et al., 2017; Howard, Hoyt, Isensee, Tel-

szewski, & Pidgeon, 2014; Lovelock, Atwood, et al., 2017; Rovai

et al., 2018; Twilley, Chen, & Hargis, 1992). Mangrove forests and

salt marshes are coastal wetland ecosystems that support highly pro-

ductive vascular plant communities, and a large amount of the

organic matter produced by these plants accumulates belowground

as SOM due to the presence of abiotic conditions that constrain

decomposition (Chmura, Anisfeld, Cahoon, & Lynch, 2003; Men-

delssohn & Morris, 2000). Furthermore, coastal wetlands accrete

sediment and organic matter as sea‐level rises (McKee, Cahoon, &

Feller, 2007; Reed, 1995), providing continuously increasing accom-

modation space for SOM accumulation and burial. As a result, the

belowground carbon stocks and carbon burial rates in coastal wet-

land ecosystems are among the highest on Earth (Donato et al.,

2011; Mcleod et al., 2011). The effects of climate change on wetland

soil carbon have been of great concern, partly due to the potential

for feedbacks that could alter carbon fluxes to the atmosphere and

amplify climate change impacts (Bradford et al., 2016; Chapin, Sturm,

& Serreze, 2005; Kirwan & Mudd, 2012; Wang, Richardson, & Ho,

2015).

Knowledge of the effects of climate change on SOM is particu-

larly important in ecosystems like coastal wetlands, where relatively

small changes in climate can lead to ecosystem loss or trigger land-

scape‐scale changes in ecosystem structure and function (i.e., ecolog-

ical regime shifts sensu Scheffer, Carpenter, Foley, Folke, and

Walker (2001)). In coastal wetlands, foundation plant species play an

important functional role; for example, mangrove and salt marsh

plants create habitat, modulate ecosystem functions, and support

entire ecological communities (Bruno & Bertness, 2001; Ellison et al.,

2005). These foundation plant species also support many ecosystem

goods and services (Barbier et al., 2011; Ewel, Twilley, & Ong,

1998). Foundation plant species contribute to coastal wetland stabil-

ity in the face of rising sea levels through biogeomorphic feedbacks

between inundation, plant growth, SOM accumulation, and sedimen-

tation (Kirwan & Megonigal, 2013; Krauss et al., 2014; McKee &

Vervaeke, 2018; Morris, Sundareshwar, Nietch, Kjerfve, & Cahoon,

2002). However, coastal wetland foundation species are highly sensi-

tive to ecological regime shifts induced by climate change (Gabler

et al., 2017; Osland et al., 2016a). For example, near the transition

between tropical and temperate climates, warming temperatures can

lead to mangrove forest expansion at the expense of salt marsh

ecosystems (Cavanaugh et al., 2014; Osland, Enwright, Day, & Doyle,

2013; Saintilan, Wilson, Rogers, Rajkaran, & Krauss, 2014). Likewise,

near the transition between arid and humid ecosystems, changes in

precipitation and salinity can trigger large changes in the coverage

and performance of foundation plant species; for example, drought

can lead to mangrove contraction, salt marsh contraction, and/or salt

flat expansion (Duke et al., 2017; Dunton, Hardegree, & Whitledge,

2001; Eslami‐Andargoli, Dale, Sipe, & Chaseling, 2009; Lovelock,

Feller, Reef, Hickey, & Ball, 2017; McKee, Mendelssohn, & Materne,

2004).

Our understanding of climatic controls on coastal wetland plant

communities and aboveground ecosystem properties has been

improving rapidly in recent years (Feher et al., 2017; Gabler et al.,

2017; Osland, Feher, et al., 2017); however, there is still much to

learn about the influence of climatic drivers on soil and belowground

ecosystem properties (Doughty et al., 2016; Henry & Twilley, 2013;

Kelleway et al., 2017; Perry & Mendelssohn, 2009; Simpson,

Osborne, Duckett, & Feller, 2017). In Figure 1, we illustrate the

effects of climate on coastal wetland plant communities in the north-

ern Gulf of Mexico and show with question marks that the corre-

sponding effects on soil properties are not fully understood. In

Figure 2, we present hypotheses from the terrestrial and coastal

wetland literature regarding the influence of climate on carbon‐re-
lated soil properties. In terrestrial ecosystems, there can be positive

relationships between mean annual precipitation and soil organic car-

bon (Burke et al., 1989; Jobbágy & Jackson, 2000; Klopfenstein, Hir-

mas, & Johnson, 2015; Luo, Feng, Luo, Baldock, & Wang, 2017;

Waldrop et al., 2017) and negative relationships between mean

annual temperature and soil organic carbon (Fissore et al., 2008;

F IGURE 1 Although the influence of climate on coastal wetland
vegetation has been quantified (upper and middle panels), the
corresponding effects of climate and vegetation on soil properties
have not been quantified (see lower panel question marks). Data in
upper and middle panels are from the northern Gulf of Mexico
(Gabler et al., 2017; Osland et al., 2013, 2014)
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Schimel et al., 1994; see solid lines in Figure 2; left and right panel

respectively). However, in coastal wetlands, there are several alterna-

tive hypotheses regarding the influence of climatic drivers on car-

bon‐related soil properties (see caption and dashed lines in Figure 2).

Analyses of literature‐derived data indicate that there may be no

relationship between temperature and soil carbon density or soil car-

bon accumulation in coastal wetlands (Chmura et al., 2003; Feher

et al., 2017; Figure 2, straight dashed line in right panel) and that

there may be a positive relationship between precipitation and

coastal wetland belowground carbon stocks (Sanders et al., 2016;

Figure 2, dashed line in left panel). However, the absence of field‐
based data collected systematically and strategically across regional

climatic gradients has hindered our ability to test these hypotheses

and advance understanding of the influence of climatic drivers on

soil carbon storage and cycling in coastal wetlands (Feher et al.,

2017; Osland et al., 2016a).

In a seminal communication regarding soil development, Jenny

(1941) identified five critical factors that control soil formation in all

ecosystems: climate, biota, topography, parent materials, and time.

Here, we evaluate an integrative hypothesis for how four of these

soil formation factors might influence SOM in coastal wetlands (Fig-

ure 3). Time was not included in our analyses due to the lack of tem-

poral data. However, coastal wetlands are dynamic and ephemeral

ecosystems that must adjust to sea‐level fluctuations via vertical or

horizontal movement across the landscape. As a result, soil proper-

ties at the wetland surface are often indicative of recent conditions,

and soil organic matter development can occur very rapidly in these

ecosystems (i.e., much faster than in terrestrial ecosystems; Craft,

Reader, Sacco, & Broome, 1999; Osland et al., 2012; Walcker et al.,

2018).

Based upon the literature and prior analyses (Chmura et al.,

2003; Feher et al., 2017; Yando et al., 2016), we hypothesized that,

in our study area, the influence of temperature on SOM in coastal

wetlands is small or not significant (Figure 2, straight dashed line in

right panel), though we include the potential for a temperature effect

in our models for evaluation purposes. We hypothesized that there

would be strong direct and indirect effects of precipitation, salinity,

and plant productivity on SOM (Feher et al., 2017; Gabler et al.,

2017; Osland, Enwright, & Stagg, 2014; Yando et al., 2016; Figure 2,

nonlinear dashed line in left panel). More specifically, we expected

that productive communities (especially mangrove forests and grami-

noid‐dominated salt marshes) would have higher SOM than less pro-

ductive ones (especially salt flats without vascular plants or salt

marshes dominated by succulent plants). We also expected that

SOM would be higher in wetlands that receive minimal terrigenous

sediment input (i.e., biogenic wetland soils that develop on carbonate

platforms would have higher SOM than minerogenic soils that

receive high terrigenous sediment input; Breithaupt et al., 2017;

McKee et al., 2007). Since topography affects inundation, sediment

supply, and salinity, which all affect plant productivity, we hypothe-

sized that elevation would have a large influence on SOM (Hayes

et al., 2017; Saintilan, Rogers, Mazumder, & Woodroffe, 2013).

Finally, we expected that salinity influences would be directly tied to

precipitation variations, which regulate the degree of dilution and

concentration of salts.

Our research was designed to address the above‐described multi-

part hypothesis. In addition to bivariate analyses at the regional,

estuary, and transect level, we used structural equation modeling to

investigate how the data relationships relate to the overall hypothe-

sis (Grace, 2006; Grace, Anderson, Olff, & Scheiner, 2010). As a first

step, we developed general and coastal wetland‐specific structural

equation metamodels (Figure 3) as a bridge between the general

ideas of Jenny (1941) and the observable expectations for our study.

The generalized metamodel (Figure 3, upper metamodel) describes

the expected influences of four factors (i.e., climate, biota, topogra-

phy, and parent materials) on soil formation (sensu Jenny, 1941).

The coastal wetland‐specific metamodel (Figure 3, lower metamodel)

specifies particular variables to serve as indicators for each of these

four factors as well as an additional variable (salinity) known to play

a critical role in coastal wetlands. In Table 1, we describe the field

and geospatial data‐derived variables used to represent the various

components of the structural equation modeling. Our field‐based
data included wetland plant and soil data collected across elevation

and zonation gradients within 10 estuaries that span ecologically rel-

evant temperature and precipitation gradients in the northern Gulf

of Mexico (Figure 4).

2 | MATERIALS AND METHODS

2.1 | Study area and study design

This study was conducted along the United States’ northern Gulf of

Mexico coast, which is a region of the world where coastal wetlands

are abundant and diverse (Gosselink, 1984; Odum, McIvor, & Smith,

1982; Tunnell & Judd, 2002; Figure 4). The northern Gulf of Mexico

spans two climatic gradients that greatly influence the structure and

functioning of coastal wetlands. Whereas a gradient in winter

F IGURE 2 Alternative hypotheses regarding the influence of
climate on carbon (C)‐related soil properties. Solid lines represent
relationships from terrestrial ecosystems. Dashed lines represent
hypotheses from the coastal wetland literature: (1) ↑↓
precipitation ═ nonlinear ↑↓ plant coverage, nonlinear ↑↓ plant
productivity, nonlinear ↑↓ aboveground C, nonlinear ↑↓ belowground
C, respectively; (2) ↑ temperature ═ mangrove replacement of
marsh, nonlinear ↑ aboveground C, nonlinear ↑ belowground C; and
(3) ↑ temperature ═ mangrove replacement of marsh, nonlinear ↑
aboveground C, no change in belowground C

OSLAND ET AL. | 3



F IGURE 3 A generalized structural
equation metamodel of the influence of
climate, biota, topography, and parent
materials upon soil formation (sensu Jenny,
1941) (upper), and our structural
equation metamodel for coastal wetlands
(lower). Variables are described in Table 1

TABLE 1 Description of variables used in the structural equation model and elsewhere

Factor Variable Source Details Range

Climate Mean annual precipitation (m) Derived from geospatial data 1981–2010; PRISM 0.7 to 1.7

Climate Mean annual temperature (°C) Derived from geospatial data 1981–2010; PRISM 19.6 to 23.7

Climate Minimum temperature (°C) Derived from geospatial data Absolute minimum temperature;

1981–2010; PRISM
−15.2 to −4.0

Salinity Salinity (index) Derived from field data Plant cover‐weighted salinity score;

higher score indicates higher

salinity

0.1 to 1.0

Topography Elevation (relativized) Derived from field data Relativized elevation; higher score

indicates higher elevation

0.0 to 1.0

Parent materials Sediment input (MS*10−7 m3/kg) Ellwood et al., 2006 Sediment magnetic susceptibility, a

proxy for terrigenous sediment

input; higher score indicates higher

sediment input

0.0 to 3.5

Biota Plant productivity (index) Derived from field data Functional group‐ and plant height‐
based productivity score; higher

score indicates higher productivity

0.0 to 1.0

Soil formation Soil organic matter (%) Derived from soil samples Soil organic matter in samples

collected to 15‐cm depth beneath

the soil surface

0.4 to 74.0

4 | OSLAND ET AL.



temperature extremes governs the distribution of cold‐sensitive
mangrove forests and cold‐tolerant salt marsh graminoids (Cava-

naugh et al., 2014; Lugo & Patterson‐Zucca, 1977; Osland et al.,

2013), a gradient in precipitation governs total plant coverage, plant

height, the abundance of succulent plants, and the coverage of

microbial mats (Gabler et al., 2017; Longley, 1994; Osland et al.,

2014). To characterize the influence of climate on the targeted eco-

logical properties, we collected data from 10 estuaries (Figure 4;

Supporting Information Figure S1), which were selected to span the

region's ecologically relevant temperature and precipitation gradients.

Across the study estuaries, minimum air temperature ranges from

−15.2 to −4.0°C, mean annual temperature ranges from 19.6 to

23.7°C, and mean annual precipitation ranges from 0.7 to 1.7 m

(Table 1; Supporting Information Figure S1). Tidal ranges in these

estuaries are microtidal, ranging from approximately 0.3 to 0.6 m

(Great Diurnal Range; https://tidesandcurrents.noaa.gov). Across ele-

vation and salinity gradients within each estuary, we collected plant,

soil, and elevation data from 1,020 1‐m2 plots. Field‐based data were

collected during a single visit to each plot in 2013 (September to

December) or 2014 (May to December). The tidal saline wetland

data were collected from 66 transects. The methods for data collec-

tion are described in more detail in Gabler et al. (2017). Here, we

present results from 599 plots that were located within the tidal sal-

ine wetland zone; in other words, we excluded 421 plots that were

either upslope or downslope of the tidal saline wetland zone, as

described in Gabler et al. (2017).

2.2 | Plant data

Within each 1‐m2 plot, we measured mean plant height and species‐
specific plant cover for two height strata (<1.4 m and >1.4 m above

the soil surface). The species‐specific cover data were used to calcu-

late coverage of the following four plant functional groups:

graminoid, mangrove, succulent, and unvegetated (i.e., no vascular

plants; Gabler et al., 2017). These data were used to assign a domi-

nant plant functional group category to each 1‐m2 plot. Plots with

less than 25% total plant cover were considered unvegetated. If total

plant cover was greater than 25%, dominance was defined by the

functional group (i.e., mangrove, graminoid, or succulent) with the

greatest cover. Of the 599 plots, the graminoid, mangrove, succu-

lent, and unvegetated categories were assigned to 239, 161, 100,

and 99 plots respectively. Whereas coastal wetland plant communi-

ties in the hot and wet estuaries (i.e., Tampa Bay and Ten Thousand

Islands) were dominated by mangrove plant species, plant communi-

ties in the cold and wet estuaries (i.e., Weeks Bay, Grand Bay, and

Lake Pontchartrain) were dominated by graminoid salt marsh species.

Coastal wetlands in the drier estuaries (i.e., Lower Laguna Madre,

Upper Laguna Madre, Mission‐Aransas Bay, San Antonio Bay, and

Galveston Bay) were either unvegetated or dominated by a mixture

of succulent salt marsh, graminoid salt marsh, and mangrove plant

species (Gabler et al., 2017).

We created a plant productivity index for each plot using the

plant height data. Plant productivity is not always correlated to

height; however, across large abiotic and plant productivity gradients

like those examined in this study, coastal wetland plant height has

been found to be correlated with both aboveground biomass and

productivity (Alongi, 2009; Castañeda‐Moya, Twilley, & Rivera‐Mon-

roy, 2013; Cintrón, Lugo, Pool, & Morris, 1978; Clough, 1992; Lugo

& Snedaker, 1974; Mendelssohn & Morris, 2000; Morris & Haskin,

1990; Radabaugh, Powell, Bociu, Clark, & Moyer, 2017; Reef, Feller,

& Lovelock, 2010; Rovai et al., 2016; Smith, 1992). To justify our

approach for creating this index, we provide examples from the man-

grove and salt marsh literature of positive relationships between

plant height and productivity (Supporting Information Figure S2),

using data from: (a) mangrove forests in Everglades National Park

(Castañeda‐Moya et al., 2011, 2013); (b) salt marshes in the USA

F IGURE 4 Map of the 10 northern Gulf of Mexico estuaries included in this study. The estuaries, denoted by stars, span ecologically
relevant gradients in mean annual precipitation (0.7 to 1.7 m), minimum temperature (−15.2 to −4.0°C), and mean annual temperature (19.6 to
23.7°C)
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and Australia (Clarke & Jacoby, 1994; Dame & Kenny, 1986;

Kruczynski, Subrahmanyam, & Drake, 1978; Reidenbaugh, 1983,

1983); and (c) a global review of mangrove forests (Komiyama, Ong,

& Poungparn, 2008). Mangrove forests and salt marshes can both be

highly productive ecosystems despite large differences in vegetation

height and aboveground biomass (Feher et al., 2017); for this reason,

we created an index for mangroves and a separate index for the

three nonforest groups (i.e., the graminoid, succulent, and unvege-

tated categories) to make the data as internally consistent as possi-

ble. For plots where mangroves were dominant, we divided the

mean plant height of the plot by the maximum mean plant height

for all mangrove plots. For plots where the graminoid, succulent, or

unvegetated functional groups were dominant, we divided the mean

plant height of the plot by the maximum mean plant height for all

graminoid, succulent, and unvegetated plots. Our calculations pro-

duced a plant productivity index that ranged from 0 to 1, and the

conditions represented by this index range from low productivity to

high productivity, respectively.

2.3 | Soil data

Within each 1‐m2 plot, we collected a soil sample to 15‐cm depth

beneath the soil surface using a custom‐made, stainless steel coring

device (4.7‐cm diameter, split cylinder corer with a piano hinge; Osland

et al., 2012). While in the field, samples were stored in a cooler with

ice packs. Upon return to the laboratory, samples were stored at 4°C

until processing. In the laboratory, soils were dried at 60°C to a con-

stant mass, homogenized with a mortar and pestle, and sieved through

a 2‐mm screen. Samples were then further homogenized using a plan-

etary mill (Fritsch Pulviresette, New York, NY, USA). Soil bulk density

was determined as the dry weight to volume ratio (Blake & Hartge,

1986). SOM was determined via loss on ignition in a muffle furnace at

475°C for 16 hr (Karam, 1993; Wang, Li, & Wang, 2011).

2.4 | Elevation data

We measured the horizontal position and soil surface elevation relative

to the North American Vertical Datum of 1988 (NAVD88) of each 1‐m2

plot using a high‐precision Global Navigation Satellite System (GNSS;

Trimble R8 and TSC3, Trimble Inc, Sunnyvale, CA, USA), in combination

with real‐time Continuously Operating Reference Station (CORS) net-

works where available (i.e., LSU's GULFNet network, Texas’ TxDOT

network). For each estuary, the vertical distance between the upper

and lower boundaries of the tidal saline wetland zone, as defined and

described in Gabler et al. (2017), was divided into four equal tidal eleva-

tion quartiles, and each plot was assigned to one of the four quartiles.

Within each estuary, we also relativized the elevation data using these

estuary‐specific upper and lower zone boundaries.

2.5 | Climate data

Climate data were obtained for the 30‐year period extending from

1981–2010. For precipitation and temperature, we obtained

continuous gridded climate data created by the PRISM Climate Group

(Oregon State University; https://prism.oregonstate.edu) using the

PRISM (Parameter‐elevation Relationship on Independent Slopes

Model) interpolation method (Daly et al., 2008). We used the horizon-

tal coordinates and the 2.5‐arcmin resolution PRISM gridded data to

determine the 30‐year mean annual precipitation, 30‐year mean

annual temperature, and the 30‐year absolute minimum temperature

(i.e., the coldest temperature recorded during the 30‐year period) for
each of our study plots. The 30‐year absolute minimum temperature

variable was selected due to strong positive sigmoidal relationships

with the following response variables: (a) mangrove and salt marsh

dominance (Gabler et al., 2017; Osland et al., 2013; Osland, Feher,

et al., 2017); and (b) coastal wetland vegetation height and biomass

(Feher et al., 2017; Gabler et al., 2017). In this region, growing degree

days is highly correlated to 30‐year mean annual temperature, and the

30‐year mean annual temperature variable was selected due to a posi-

tive linear relationship with aboveground productivity (Feher et al.,

2017). The 30‐year mean annual precipitation variable was selected

due to its positive sigmoidal relationships with the following response

variables: (a) vegetation coverage in coastal wetlands (Gabler et al.,

2017; Osland et al., 2014); and (b) coastal wetland vegetation height

(Feher et al., 2017; Gabler et al., 2017). For more information regard-

ing the selection of these three climatic variables, see Osland et al.

(2013), Osland et al. (2014), Osland, Feher, et al., 2017, Gabler et al.

(2017), and Feher et al. (2017). For more information regarding the

influence of winter temperature extremes on century‐scale mangrove

expansion and contraction, see Osland, Day, et al., 2017.

2.6 | Salinity index

In coastal and freshwater wetlands, vegetation‐based indices can be

used to characterize long‐term abiotic conditions (e.g., hydrology,

salinity) that are too expensive or logistically difficult to measure in a

large number of sites (Schweiger, Grace, Cooper, Bobowski, & Brit-

ten, 2016; Tiner, 1991; Visser, Sasser, Chabreck, & Linscombe,

1998). It would have been prohibitively challenging and costly for us

to acquire long‐term salinity data from each of the 599 plots. Hence,

to characterize the salinity regime of each plot, we created a vegeta-

tion‐based salinity index. First, we assigned a salinity tolerance score

to each plant species using information contained in Visser et al.

(1998), Stutzenbaker (2010), Visser, Sasser, Chabreck, and Linscombe

(2002), and Lovelock, Krauss, Osland, Reef, and Ball (2016). We then

used the species’ salinity scores (Supporting Information Table S1)

and the species‐specific cover data to calculate a proxy index for

plot salinity (i.e., for each plot, the species‐specific cover data were

multiplied by the species’ salinity scores). The salinity index ranged

from 0 to 1, and the conditions represented by this index range from

low salinity (i.e., fresh) to high salinity (i.e., hypersaline). To justify

our approach for creating this index, we show the positive relation-

ship between a similar vegetation‐based salinity index and long‐term
salinity measurements using vegetation and salinity data from Louisi-

ana's Coastwide Reference and Monitoring System (Supporting Infor-

mation Figure S3).
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2.7 | Sediment input data

Soil organic matter concentrations are typically highest in biogenic

soils that develop on carbonate platforms with very little riverine

sediment input. Due to minimal allochthonous sediment and nutrient

inputs, biogenic soils are composed primarily of autochthonous plant

inputs, which can result in high SOM concentrations. In the Gulf of

Mexico region, carbonate platforms and biogenic soils are most com-

mon along the coasts of Florida, Cuba, and the Yucatan Peninsula of

Mexico. To distinguish between coastal wetlands growing on sedi-

ment‐rich terrigenous substrates (i.e., minerogenic soils with high

sediment input) and coastal wetlands growing on calcareous carbon-

ate‐rich substrates (i.e., biogenic soils with low sediment input), we

used a Gulf of Mexico‐wide sediment magnetic susceptibility dataset

contained within Ellwood, Balsam, and Roberts (2006). For each of

our 10 estuaries, we assigned a sediment magnetic susceptibility

measurement from Ellwood et al. (2006) and used that measurement

as a proxy for terrigenous sediment input. We used these data to

distinguish between coastal wetlands that receive low terrigenous

sediment input (i.e., magnetic susceptibility values less than or equal

to 1 MS × 10−7 m3/kg) versus high terrigenous sediment input (i.e.,

magnetic susceptibility values greater than 1 MS × 10−7 m3/kg).

2.8 | Data analyses

Regression analyses, using estuary means and equations to represent

the hypothesized relationships shown in Figure 2 (i.e., linear, sig-

moidal, or exponential rise to maximum equations), were evaluated

and used to quantify the relationships between climatic variables (i.e.,

mean annual precipitation and mean annual temperature) and the fol-

lowing dependent variables: salinity, plant productivity, and SOM.

Regression analyses, using estuary means, were also used to quantify

the relationships between: (a) salinity and plant productivity; and (b)

plant productivity and SOM. Our data include minerogenic and bio-

genic wetland soils, which vary greatly in sediment input and SOM

content. For SOM, we present regression analyses for three different

sediment input categories: (a) all coastal wetlands; (b) coastal wetlands

that receive low terrigenous sediment input; and (c) coastal wetlands

that receive high terrigenous sediment input, as defined by the mag-

netic susceptibility data. Our data lack information from arid coastal

wetlands that also receive low terrigenous sediment input. Hence, for

the low terrigenous sediment input regression, we assumed that SOM

in arid climates is comparatively low and similar regardless of whether

the wetland is growing on a carbonate platform and receives high or

low terrigenous sediment input.

We used analysis of variance to compare SOM within each of

the following three plant functional group categories: salt flat with-

out vascular plants, succulent salt marsh plants, and a combined cat-

egory that included graminoid salt marsh and mangrove plants. The

decision to combine the mangrove and graminoid groups was based

upon: (a) the absence of consistent differences between SOM in the

mangrove and graminoid salt marsh groups within an estuary (Sup-

porting Information Figure S4); and (b) results from previous studies

in Louisiana and north Florida that measured similar bulk soil proper-

ties in mangrove forests and the adjacent graminoid‐dominated salt

marshes (Doughty et al., 2016; Henry & Twilley, 2013; Perry & Men-

delssohn, 2009; Yando et al., 2016; Yando, Osland, & Hester, 2018).

Post hoc mean comparisons of these functional groups were con-

ducted using Tukey's Studentized Range (HSD) tests.

In addition to the region‐level analyses, we also conducted analy-

ses at the estuary and transect level. For each estuary, we used

Spearman rank correlations to evaluate the relationships between

elevation, salinity, plant productivity, and soil organic matter. At the

transect level, we used Spearman rank correlations to identify the

number of transects with positive, negative, or nonsignificant rela-

tionships between elevation and the following three response vari-

ables: salinity, plant productivity, and SOM. We compared the

effects of elevation within the following three transect categories:

(a) transects with minimal change in salinity; (b) transects with an

increase in salinity (i.e., at least a 0.25 increase in the salinity index)

with elevation; and (c) transects with a decrease in salinity with ele-

vation.

To address the overall hypothesis associated with Figure 3 (bot-

tom subfigure), we used structural equation modeling procedures,

following the guidelines presented in Grace et al. (2012). Descrip-

tions of the variables evaluated for inclusion in the model are shown

in Table 1. Mean annual temperature and minimum temperature

were observed to be highly correlated in this region (R2 = 0.83).

Based upon a comparison of the effect of these two variables in ini-

tial models and after considering the primary nature of the influence

of mean annual temperature on plant productivity (Feher et al.,

2017), we decided to use mean annual temperature, rather than min-

imum temperature, to represent air temperature in the model. Esti-

mation and evaluation were conducted using local estimation

procedures to allow for more detailed model specifications. In this

approach, each endogenous (response) variable constitutes a sub-

model within the SE model, and each was estimated separately using

mixed‐effect models that were specified and evaluated using the

lmerTest package (Kuznetsova, Brockhoff, & Christensen, 2017).

Within the mixed models, estuary was treated as a random effect to

account for nesting. Evaluation of parameter significance was per-

formed using the Satterthwaite method (Fai & Cornelius, 1996).

Once the three submodels (soil organic matter, plant productivity,

and salinity) that make up the full structural equation model were

estimated, conditional independence among submodels was tested.

Data analyses were conducted in R (R Core Team, 2017) and Sigma

Plot (Systat Software, San Jose, CA, USA). Spatial analyses were con-

ducted in Esri ArcGIS (Environmental Systems Research Institute,

Redlands, CA, USA).

3 | RESULTS

3.1 | Region‐level relationships using estuary means

Our analyses of estuary means reveal strong linear bivariate relation-

ships between precipitation and: (a) salinity (−); (b) plant productivity
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(+); and (c) SOM (+) (Figure 5, upper, middle, and lower left panels,

respectively), but no significant bivariate relationships between tem-

perature and these same three response variables (Figure 5, right

panels). In general, the drier estuaries (i.e., those in Texas, especially

along the south and central Texas coast) had higher salinities, lower

plant productivity, and lower SOM (Figure 5). Conversely, estuaries

in Louisiana, Mississippi, Alabama, and Florida, which received higher

rainfall and freshwater inputs, had lower salinities, higher plant pro-

ductivity, and higher SOM (Figure 5). We suspect that the positive

effect of precipitation on plant productivity was due primarily to

increased productivity in the graminoid salt marsh and mangrove

plant functional groups (Supporting Information Figure S5). For the

relationship between precipitation and SOM, we present linear

regressions for the three sediment input groups: low terrigenous

sediment input, all data, and high terrigenous sediment input (Fig-

ure 5, lower left panel; dotted, solid, and short dash lines, respec-

tively). The slopes of these three lines are: 22.9, 13.4, 5.3%/m,

respectively. There was a strong linear relationship between salinity

and plant productivity (−) (Figure 6, upper panel) and a strong linear

relationship between plant productivity and SOM (+) (Figure 6, lower

panel). For the relationship between plant productivity and SOM, we

present linear regressions for the three sediment input groups (Fig-

ure 6, lower panel; dotted, solid, and dashed lines). The low terrige-

nous sediment input group had the highest rate of increase in SOM

per increase in plant productivity or precipitation (Figures 5 and 6).

SOM is often inversely correlated with soil bulk density, and in

Supporting Information Figures S6 and S7, we show relationships

similar to those shown in Figures 5 and 6 but with soil bulk density

as the response variable rather than SOM.

As mentioned previously, there were no consistent differences in

SOM between the mangrove and graminoid salt marsh groups (Sup-

porting Information Figure S4). However, SOM in the combined

mangrove and graminoid salt marsh plant group was about threefold

higher than the other two plant functional groups; in other words,

SOM in the combined mangrove and graminoid salt marsh plant

group was higher than in: (a) the salt flat without vascular plant

group; or (b) the succulent salt marsh plant group (Figure 7).

3.2 | Estuary‐level relationships

Within estuaries, the relationships between elevation, salinity, plant

productivity, and soil organic matter were variable. Of 60 Spearman

rank correlations conducted for the relationships between these four

variables within the 10 estuaries, just over half (i.e., 53%, 32

F IGURE 5 Bivariate relationships between climate and salinity
(upper panels), plant productivity (middle panels), and soil organic
matter (lower panels). Each point represents an estuary‐level
mean ± SE. NS = not significant. For the lower‐left panel, three
regression lines are shown: low terrigenous sediment input (dotted
line: R2 = 0.84), all data (solid line: R2 = 0.40), and high terrigenous
sediment input (short dash line: R2 = 0.80)

F IGURE 6 Bivariate relationships between: (upper) salinity and
plant productivity; and (lower) plant productivity and soil organic
matter. Each point represents an estuary‐level mean ± SE. For the
lower panel, three regression lines are shown: low terrigenous
sediment input (dotted line: R2 = 0.92), all data (solid line: R2 = 0.67),
and high terrigenous sediment input (short dash line: R2 = 0.92)
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relationships) were significant (Supporting Information Table S2). In

four of the 10 estuaries, there were positive relationships between

plant productivity and SOM. In three of the 10 estuaries, there were

negative relationships between salinity and SOM. In general, drier

estuaries (i.e., those in Texas) had positive relationships between ele-

vation and salinity (4 of 5 estuaries) and negative relationships

between salinity and plant productivity (3 of 5 estuaries). In contrast,

there were negative relationships between elevation and salinity in

three of the five wetter estuaries (i.e., estuaries not in Texas).

3.3 | Transect‐level relationships

At the transect level, the influence of elevation on SOM was clearly

important in some areas but highly variable (Table 2; Supporting

Information Table S3, Figures S8 and S9). In more than two‐thirds of

the transects, the relationships between elevation and salinity, plant

productivity, or SOM were not significant (70%, 74%, and 73% of all

transects respectively) (Table 2; Supporting Information Table S3,

Figure S9, right panels). However, in some transects, there were

strong positive or negative relationships between elevation and

salinity, plant productivity, and/or SOM (Table 2; Supporting Informa-

tion Table S3, Figure S9, left and middle panels). For transects that

were close to ground or surface freshwater inputs and where salinity

decreased across the transect (e.g., some transects within the Weeks

Bay [Alabama] and Lake Pontchartrain [Louisiana] estuaries), the rela-

tionships between elevation and salinity, plant productivity, and

SOM had the potential to be negative, positive, and/or positive,

respectively (Table 2; Supporting Information Figure S9, middle pan-

els). However, in certain transects that spanned large elevation gradi-

ents and/or were not close to large freshwater inputs (e.g., transects

in drier estuaries in Texas as well as some transects in wetter estuar-

ies that spanned large gradients and transitioned into salt pannes at

higher elevations), salinity increased across the transect and the rela-

tionships between elevation and salinity, plant productivity, and

SOM had the potential to be positive, negative, and/or negative

respectively (Table 2; Supporting Information Figure S9, left panels).

3.4 | Structural equation model results

Of the 15 pathways in the initial structural equation metamodel (Fig-

ure 3, lower panel), five nonsignificant pathways (as judged by signif-

icance tests using the Satterthwaite method) were excluded from

the final model (Figure 8). The final model accounted for 34% of the

variation in SOM, 57% for plant productivity, and 55% for salinity.

Relative effect strength for individual pathways was computed based

on the relevant range standardization method (Grace, Johnson, Lef-

check, & Byrnes, 2018). Note that as with all standardized partial

effects, values are not constrained to fall between +1 and −1. The

inference from the final model is that the variable having the great-

est effect on SOM is plant productivity, which is, in turn, influenced

by precipitation and salinity. Results further indicate that precipita-

tion also affects SOM positively via an indirect pathway that passes

through salinity and plant productivity (indirect effect = −1.15 ×

−0.23 = +0.26; Figure 8). Salinity has direct effects on plant pro-

ductivity, and thus has a negative indirect effect on SOM

F IGURE 7 Mean ± SE soil organic matter within three plant
functional groups. Different letters denote significant differences
across categories

TABLE 2 Number of transects with positive, negative, or nonsignificant relationships between elevation and three response variables
(salinity, plant productivity, and soil organic matter) within the following three transect groupings: (a) transects with minimal change in salinity;
(b) transects with an increase in salinity (i.e., at least a 0.25 increase in the salinity index) with elevation; and (c) transects with a decrease in
salinity with elevation. Percentages represent the percent of the total number of transects within a transect group

Transect category Response variable Positive relationship Negative relationship Nonsignificant

Minimal change in salinity Salinity 5 (16%) 0 (0%) 26 (84%)

Plant productivity 3 (10%) 2 (6%) 26 (84%)

Soil organic matter 4 (13%) 2 (6%) 25 (81%)

Salinity increase Salinity 11 (50%) 0 (0%) 11 (50%)

Plant productivity 0 (0%) 8 (36%) 14 (64%)

Soil organic matter 1 (5%) 7 (32%) 14 (64%)

Salinity decrease Salinity 0 (0%) 4 (31%) 9 (69%)

Plant productivity 3 (23%) 1 (8%) 9 (69%)

Soil organic matter 4 (31%) 0 (0%) 9 (69%)
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(−0.23 × 0.33 = −0.08; Figure 8). Temperature, elevation, and sedi-

ment input also have direct and/or indirect effects on SOM in the

final model; however, the total effects of precipitation via direct and

indirect pathways mediated by plant productivity appear to be the

more important and largest drivers of SOM variation across the

study region.

4 | DISCUSSION

One of our overarching objectives was to clarify how SOM in northern

Gulf of Mexico coastal wetlands is influenced by the following four soil

formation factors: biota, climate, parent materials, and topography

(sensu Jenny, 1941). Our analyses show that the relative influence of

each of these factors is scale and location dependent. For example, at

the local scale, inundation, salinity, and sediment supply greatly influ-

ence physical and biological processes, which can affect local‐scale
variation in SOM (Hayes et al., 2017; Kelleway, Saintilan, Macreadie, &

Ralph, 2016; Saintilan et al., 2013; Stagg, Schoolmaster, Krauss, Cor-

mier, & Conner, 2017). Hence, at transect and estuary scales, topogra-

phy and biota have the potential to greatly influence SOM. However,

at the regional scale, our results indicate that climate (i.e., precipitation,

including its influence on salinity) and biota (i.e., plant productivity)

have the potential to have a very large influence on SOM. In the sub-

sequent paragraphs, we discuss the role of climatic and biotic controls

on SOM in more detail. We also examine the importance of parent

materials (i.e., sediment input) and topography (i.e., elevation). Follow-

ing each subsection heading, we included the relevant soil formation

factor(s) in parentheses.

4.1 | Precipitation, salinity, and plant productivity
(Climate and Biota)

Across precipitation gradients that span the transition from humid to

arid climates, there is often: (a) a decrease in the coverage of coastal

wetland plants (Bucher & Saenger, 1994; Gabler et al., 2017; Long-

ley, 1995; Montagna, Gibeaut, & Tunnell, 2007; Osland et al., 2014;

Osland, Feher, et al., 2017); (b) a decrease in coastal wetland plant

canopy height (Feher et al., 2017; Gabler et al., 2017; Lot‐Helgueras,

Vázquez‐Yanes, & Menéndez, 1975; Méndez‐Alonzo, López‐Portillo,
& Rivera‐Monroy, 2008); (c) a decrease in aboveground biomass

(Gabler et al., 2017; Hutchison, Manica, Swetnam, Balmford, &

Spalding, 2014; Rovai et al., 2016); and (d) a shift in coastal wetland

plant functional group dominance, from plant communities domi-

nated by graminoid and/or mangrove plants to plant communities

dominated by succulent salt marsh plants and/or microbial mats (i.e.,

wetlands that lack vascular plants; unvegetated salt flats) (Gabler

et al., 2017; Saenger, 2002; Yando et al., 2016).

Salinity is the abiotic factor that is often primarily responsible

for these shifts in plant community composition and structure

across precipitation gradients. In arid and semi‐arid climates that

receive little precipitation, high evaporation rates that exceed

freshwater inputs can lead to hypersaline conditions as oceanic,

tidally delivered salts become concentrated (Lovelock, Feller, et al.,

2017; Zedler, 1982). From a physiological perspective, hypersaline

conditions affect water uptake, transport, and loss; hence, plants

growing in these stressful conditions must employ water acquisi-

tion strategies that are energetically costly (Ball, 1988; Nguyen

et al., 2017; Reef & Lovelock, 2014). As a result, there are only a

small number of vascular plant species that can tolerate the high

salinities and low osmotic water potentials present in hypersaline,

arid, and semiarid coastal wetlands (Ball, 1998; Clough, 1992; Love-

lock et al., 2016).

Despite a growing understanding of the effects of precipitation

and salinity on aboveground plant community composition, height,

and coverage (Buffington, Dugger, & Thorne, 2018; Feher et al.,

2017; Gabler et al., 2017; Osland, Feher, et al., 2017), the effects of

precipitation and salinity on soil and belowground ecosystem proper-

ties have not been thoroughly investigated. To our knowledge, there

F IGURE 8 Final structural
equation model of environmental controls
on SOM. Path arrow thickness reflects the
strength of the relationship
(thicker = stronger relationship). The
numbers next to the path arrows indicate
the standardized effect estimates and the
direction of their relationship (+ or −). The
R2 for the three endogenous variables
(salinity, plant productivity, and SOM) are
shown within their respective boxes. All
relationships shown were statistically
significant (p < 0.05)
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is only one other regional or global‐scale study that has evaluated

the influence of precipitation on carbon‐related soil properties in

coastal wetlands. Using a combination of literature‐derived and field‐
collected data from different regions, Sanders et al. (2016) identified

a positive linear relationship between precipitation and belowground

carbon stocks in mangrove forests. Due to a nonlinear response of

plant coverage across the precipitation gradient in our study region

(Gabler et al., 2017; Osland et al., 2014) and the expectation of a

similar relationship for plant productivity (Feher et al., 2017; Yando

et al., 2016), we had hypothesized that there would be a positive

nonlinear relationship between precipitation and SOM in the north-

ern Gulf of Mexico (Figure 2, dashed line in left panel). However,

our examinations of the data and analyses identified a strong, posi-

tive linear relationship between precipitation and SOM. Our results

imply that, across the northern Gulf of Mexico precipitation gradient,

there may be a 1.3% increase in SOM for every 100 mm increase in

precipitation; however, our results also show that the rate of change

may be affected by sediment input (Figure 5).

Our findings indicate that the effects of precipitation on SOM

occur primarily through indirect pathways that involve salinity and

plant productivity. Across the study region, SOM was greatest in

highly‐productive mangrove forests and graminoid‐dominated salt

marshes compared to less productive succulent‐plant dominated salt

marshes or salt flats without vascular plants. We isolated strong link-

ages between precipitation and salinity (−), between salinity and

plant productivity (−), and between plant productivity and SOM (+).

In other words, our results indicate that low precipitation leads to

higher salinities, higher salinities lead to decreases in plant productiv-

ity, and decreases in plant productivity lead to decreases in SOM.

Our structural equation modeling results indicate that there may also

be strong direct effects of precipitation on plant productivity. Yet,

one limitation of our study is the use of indices to represent long‐
term salinity and plant productivity, and there is a need for mecha-

nistic field‐ and greenhouse‐based studies that further elucidate the

direct and indirect effects of precipitation, salinity, and plant produc-

tivity on soil carbon cycling and storage in coastal wetlands. Another

limitation stems from our reliance on spatial rather than temporal

variation, and our understanding would benefit from experimental

and long‐term studies to verify these relationships and quantify the

temporal linkages between changes in precipitation, salinity, plant

productivity, and SOM.

4.2 | Temperature and plant productivity (Climate
and Biota)

Temperature has a large influence on coastal wetland vegetation

(Lugo & Patterson‐Zucca, 1977; Morrisey et al., 2010; Saenger,

2002). Across the temperature gradient that spans the transition

from tropical to temperate climates, there is often: (a) a nonlinear

sigmoidal decrease in the abundance of coastal wetlands dominated

by mangrove forests (Cavanaugh et al., 2014; Gabler et al., 2017;

Osland et al., 2013; Osland, Feher, et al., 2017); (b) a nonlinear

sigmoidal increase in the abundance of coastal wetlands dominated

by graminoid plants (Gabler et al., 2017; Osland et al., 2013); (c) a

nonlinear sigmoidal decrease in plant canopy height (Feher et al.,

2017; Gabler et al., 2017); (d) a nonlinear sigmoidal decrease in

aboveground biomass (Feher et al., 2017; Gabler et al., 2017); and

(e) a linear decrease in plant productivity (Feher et al., 2017; Kirwan,

Guntenspergen, & Morris, 2009).

Winter air temperature is the primary driver of the nonlinear

changes in vegetation observed across the tropical‐to‐temperate

transition zone in North America. Mangrove species are sensitive to

freezing and chilling temperatures, which can reduce metabolic rates,

induce membrane dysfunction, disrupt water transport, limit repro-

duction, reduce aboveground biomass, and lead to mortality

(Kozlowski & Pallardy, 1997; Larcher, 2003; Lovelock et al., 2016;

Markley, McMillan, & Thompson, 1982; Stuart, Choat, Martin, Hol-

brook, & Ball, 2007). The northern limit of mangrove forests is gov-

erned by the frequency and intensity of winter temperature

extremes, and mangroves are replaced by graminoid‐dominated salt

marshes in coastal wetlands that have temperatures cold enough to

cause mangrove mortality (Cavanaugh et al., 2014; Cavanaugh et al.,

in press; Osland et al., 2013).

One of our objectives was to quantify the influence of tempera-

ture on SOM in coastal wetlands that span the transition zone from

subtropical mangrove forests to temperate salt marshes. In Figure 2,

we presented two alternative hypotheses regarding the influence of

temperature on SOM in this transition zone. Our primary hypothesis

was that there would be no change in SOM across the temperature

gradient in our study region (Figure 2, straight dashed line in right

panel). We also presented a secondary hypothesis of positive non-

linear sigmoidal change in SOM that corresponds with the above-

ground vegetation shift from salt marsh to mangrove forest

(Figure 2, sigmoidal dashed line in right panel). Our results do not

support the secondary hypothesis of nonlinear sigmoidal change but

they do provide support for the hypothesis of minimal change in

SOM across the temperature gradient. This result is also reinforced

by: (a) two reviews of literature‐derived data that found no differ-

ence in soil carbon density or accumulation rates between mangrove

forests and salt marshes (Chmura et al., 2003; Feher et al., 2017);

and (b) studies in Louisiana and Florida that found no difference in

soil properties of mangrove forests and adjacent graminoid‐domi-

nated salt marshes (Doughty et al., 2016; Henry & Twilley, 2013;

Perry & Mendelssohn, 2009; Yando et al., 2016, 2018). Mangrove

forests and graminoid‐dominated salt marshes can both be highly

productive ecosystems with the potential for high rates of soil car-

bon accumulation (Chmura et al., 2003; Feher et al., 2017). In our

study region, the positive linear relationship between temperature

and productivity may be offset by a comparable positive linear rela-

tionship between temperature and decomposition (Feher et al.,

2017; Kirwan & Blum, 2011; Mueller et al., 2018), which could

explain the lack of change in SOM across the temperature gradient

or between mangrove forests and graminoid‐dominated salt

marshes.
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4.3 | Sediment input (Parent materials)

Parent materials, sediment supply, and geomorphological setting

greatly influence the structure and function of coastal wetlands

(Lugo & Snedaker, 1974; Rovai et al., 2018; Woodroffe et al., 2016).

In our analyses, we distinguished between coastal wetlands growing

on sediment‐rich terrigenous substrates (i.e., minerogenic soils with

high sediment input) and coastal wetlands growing on carbonate

platforms (i.e., biogenic soils with low sediment input). Along the

Gulf of Mexico coast, SOM is typically highest in wetlands that have

developed on top of carbonate platforms (e.g., in Florida, Cuba, and

the Yucatan Peninsula of Mexico). As a result of low sediment

inputs, wetland soils in these karstic coastal landscapes are com-

posed primarily of plant‐derived, autochthonous materials (Breithaupt

et al., 2017; McKee, 2011; Rovai et al., 2018). In contrast, coastal

wetlands growing on sediment‐rich terrigenous substrates (e.g., Tex-

as, Louisiana, Mississippi, western Alabama) typically have lower

SOM due to the inclusion of large mineral sediment inputs. Our anal-

yses indicate that the relationships between precipitation, salinity,

plant productivity, and SOM are likely affected by sediment input,

with a higher rate of increase and higher potential maximum SOM

found in biogenic wetlands that receive minimal terrigenous sedi-

ment input (Figures 5 and 6).

4.4 | Elevation (Topography)

Small changes in elevation can result in large changes in wetland

ecosystem structure and function. Elevation affects inundation, salin-

ity, sedimentation, and nutrient regimes, which govern biogeochemi-

cal processes that influence plant productivity and SOM

development (Mendelssohn & Morris, 2000; Morris et al., 2002;

Twilley & Day, 2012). However, the influence of elevation on SOM

is complex and can be positive, negative, or neutral depending upon

the influence of other factors (e.g., geomorphic setting, climate,

nutrient limitation, hydrology, salinity, disturbance regimes; Feller,

Whigham, McKee, & Lovelock, 2003; Hayes et al., 2017; Kelleway

et al., 2016; Lovelock, Sorrell, Hancock, Hua, & Swales, 2010). In this

study, the region‐scale influence of elevation on SOM and other fac-

tors was not as large as we had hypothesized. However, our estuary

and transect‐level analyses indicate that this muted regional effect is

partly due to the presence of local‐scale positive, neutral, and nega-

tive effects of elevation. For example, at the estuary scale, the effect

of elevation on salinity was often positive in drier estuaries but had

the potential to be negative in wetter estuaries. For transects where

salinity decreased across the transect due to the role of large fresh-

water inputs, there was the potential for strong relationships

between elevation and salinity (−), plant productivity (+), and SOM

(+). However, in transects where salinity increased across the tran-

sect due to lack of freshwater inputs, there was the potential for

strong relationships with elevation in the opposite direction (i.e.,

salinity [+], plant productivity [−], and SOM [−]). These contrasting

results illustrate that the influence of elevation on SOM is clearly

important, highly variable, and scale and location dependent.

4.5 | Climate change implications

Mangrove expansion is a phenomenon that has been observed

across the world in response to many different aspects of global

change. In the last two decades, there has been increasing interest

in the ecological implications of climate change‐induced mangrove

expansion into salt marsh (Kelleway et al., 2017; Osland et al.,

2016a; Perry & Mendelssohn, 2009; Saintilan et al., 2014). Future

climate projections for eastern North America include warmer winter

temperature extremes (Vose, Easterling, Kunkel, LeGrande, & Weh-

ner, 2017), which is expected to result in mangrove northward

expansion at the expense of salt marsh in parts of Texas, Louisiana,

and Florida (Cavanaugh et al., 2014; Gabler et al., 2017; Osland

et al., 2013). In general, mangrove expansion results in large

increases in aboveground biomass and carbon stocks, which are

changes that would have large effects on certain ecosystem services,

including avian habitat, fisheries, protection of coastal communities

from storms, and human recreational opportunities; however, the

effects of mangrove expansion on soil carbon stocks and soil proper-

ties are diverse and context dependent. A portion of these differ-

ences may be attributed to differences in the salt marsh that is

being replaced.

Our comparisons of SOM in different plant functional groups

provide support for considering the role of plant productivity and

plant functional group when assessing the ecological implications

of mangrove expansion. As in terrestrial ecosystems (Eldridge

et al., 2011; Jobbágy & Jackson, 2000), plants are important dri-

vers of SOM development and accumulation in coastal wetlands.

Our analyses identify strong relationships between plant produc-

tivity and SOM. SOM was lowest in coastal wetlands that lacked

vascular plants and in coastal wetlands that were dominated by

succulent salt marsh plants. In contrast, SOM was highest in wet-

lands dominated by productive graminoid salt marsh and mangrove

plants. There was a strong relationship between SOM and the

productivity of graminoid salt marsh and mangrove plants. These

results suggest that in wetter portions of the northern Gulf of

Mexico (e.g., Louisiana and Florida), the belowground implications

of mangrove expansion into the existing graminoid‐dominated salt

marshes may not be as high as in drier estuaries (e.g., south Tex-

as) where mangrove expansion may occur at the expense of salt

marshes dominated by succulent plants (Yando et al., 2016, 2018).

Despite these differences in the belowground implications of man-

grove expansion, the aboveground implications of mangrove

expansion are expected to be large across the entire region (i.e.,

in Texas, Louisiana, and Florida).

In addition to changing winter temperature regimes, future cli-

mate projections for the northern Gulf of Mexico indicate that the

frequency and intensity of precipitation extremes are expected to

increase; in other words, more frequent and intense flooding and

drought are expected (Easterling, Kunkel, & Arnold, 2017). Previ-

ous studies have shown that changes in precipitation are expected

to alter salinity regimes, modify the abundance and coverage of

vegetation, and change the functional group composition of
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coastal wetland plant communities (Diop, Soumare, Diallo, &

Guisse, 1997; Dunton et al., 2001; Eslami‐Andargoli et al., 2009;

Gabler et al., 2017; Osland et al., 2014). Our results imply that

changes in precipitation and salinity could also affect plant pro-

ductivity and SOM. Whereas increases in precipitation are

expected to result in lower salinity, higher plant productivity, and

higher SOM, decreases in precipitation are expected to result in

the converse (i.e., higher salinity, lower productivity, and lower

SOM). There is a need to investigate the mechanisms that may be

responsible for these expected changes as well the effects of

these changes on wetland stability and the supply of ecosystem

goods and services.

Drought is an aspect of climate change that merits more

attention from coastal wetland scientists. Given the expectation

of future increases in drought frequency and intensity, there is a

pressing need to advance understanding of the effects of drought

on salt marshes, mangrove forests, and salt flats. In the south-

eastern USA, previous droughts, in combination with trophic

interactions, have contributed to acute marsh diebacks know as

brown marsh events (McKee et al., 2004; Silliman, Koppel, Bert-

ness, Stanton, & Mendelssohn, 2005). In Australia, drought, in

combination with elevated temperature and lowered sea levels,

contributed to large mangrove die‐offs in 2015–2016 (Duke et al.,

2017; Lovelock, Feller, et al., 2017). Drought has also been linked

to mangrove die‐off events in Senegal (Diop et al., 1997), shifts

in marsh plant community composition in the northwestern Gulf

of Mexico (Dunton et al., 2001), declines in marsh belowground

production in the northern Gulf of Mexico (Stagg, Schoolmaster,

Piazza, et al., 2017), and shifts in marsh biomass in the north-

western USA (Buffington et al., 2018). In tropical regions that

have a long dry season (i.e., a tropical wet and dry climate),

changes in the timing, intensity, and duration of the dry season

can have large effects on wetland ecosystem structure and func-

tion (Barr et al., 2010; Fosberg, 1961; Malone, Starr, Staudham-

mer, & Ryan, 2013; Osland, González, & Richardson, 2011). In

addition to a need to advance our knowledge of the effects of

drought on salinity and plant productivity, our results indicate

that there is a need to advance understanding of the effects of

drought on soil organic matter, soil‐surface elevation change, car-

bon storage, carbon cycling, and peat collapse. Peat collapse,

which can occur in response to rapid vegetation die‐off events

(Cahoon et al., 2003), is a serious concern in coastal wetlands

due to: (a) the large amount of carbon that can be released from

the system (Lane et al., 2016; Lovelock, Ruess, & Feller, 2011);

and (b) the large changes in surface elevation that decrease wet-

land stability and hinder the potential for ecosystem recovery or

restoration (Baustian, Mendelssohn, & Hester, 2012). What are

the potential conditions and mechanisms that would lead to

drought‐induced peat collapse in coastal wetlands? Due to the

potential impact on wetland stability and wetland ecosystem ser-

vices, the potential for drought‐induced peat collapse deserves

more attention (McKee et al., 2004). Our results indicate that the

effects of changes in precipitation and salinity are likely

modulated by sediment input. In other words, ecological

responses to changes in precipitation and salinity in biogenic wet-

lands growing on carbonate platforms are expected to be differ-

ent than in minerogenic wetlands. However, research in arid

minerogenic and biogenic wetlands is scant, and there is a need

for research that elucidates the mechanisms and conditions that

lead to peat formation or degradation in these hypersaline

ecosystems. In many estuaries, the effects of drought could be

amplified by increases in upstream human water use, which often

result in saltwater intrusion and reduced freshwater inputs to

downstream coastal wetlands (Alber, 2002; Howard et al., 2017;

Longley, 1994; Montagna, Palmer, & Pollack, 2013). Hence, there

is also a need to consider the simultaneous and interactive

effects of future changes in land use and anthropogenic manage-

ment of the rivers that deliver water to estuaries.

Accelerated sea‐level rise and saltwater intrusion are two aspects

of climate change that will have a tremendous impact on coastal

wetland ecosystems across the world (Conner, Doyle, & Krauss,

2007; Doyle, Krauss, Conner, & From, 2010; Kirwan & Megonigal,

2013; Scavia et al., 2002; Thorne, MacDonald, & Guntenspergen,

2018), and many of the effects of changes in temperature or rainfall

will be modulated by these two drivers. For example, in arid, hyper-

saline estuaries, rising sea levels would be expected to push eleva-

tion‐controlled salinity gradients upslope. As a result, salinities in

some hypersaline wetlands may decrease due to more frequent

inundation by euhaline waters; however, the salinities of higher‐ele-
vation uplands would be expected to increase and result in a transi-

tion from coastal upland vegetation to hypersaline salt flats or

succulent‐dominated marshes.

4.6 | Blue carbon implications

Coastal wetland scientists across the world have been working to

better quantify the carbon pools and fluxes present in coastal wet-

lands. The term “blue carbon” has been designated to describe and

communicate the importance of the large carbon stocks and high

belowground carbon‐sequestration rates present in mangrove for-

ests, salt marshes, and seagrass ecosystems (Howard et al., 2014;

Mcleod et al., 2011). In the last decade, an increasing number of

above‐ and below‐ground carbon inventories have been conducted

for salt marshes, mangrove forests, and tidal freshwater forests at

global, national, regional, and local scales (Hamilton & Friess, 2018;

Hinson et al., 2017; Krauss et al., 2018; Macreadie et al., 2017;

Owers, Rogers, & Woodroffe, 2018; Sanderman et al., 2018). Our

precipitation‐focused results highlight the importance of considering

precipitation, salinity, and plant productivity as drivers of blue carbon

variation (Etemadi, Smoak, & Sanders, 2018; Sanders et al., 2016;

Schile et al., 2017). Our parent‐material focused results reinforce the

importance of distinguishing between coastal wetlands growing on

sediment‐rich terrigenous substrates (i.e., minerogenic soils with high

sediment input) and coastal wetlands growing on calcareous carbon-

ate‐rich substrates (i.e., biogenic soils with low sediment input; Rovai

et al., 2018).
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4.7 | Beyond the Gulf of Mexico: the global
significance of our results

Our analyses use data from the Gulf of Mexico, but our results can

be related to coastal wetlands across the globe. Our findings provide

a foundation for predicting the ecological effects of future reduc-

tions in precipitation and freshwater availability. Our precipitation‐
and salinity‐driven results are especially relevant for coastal wetlands

located along coasts that currently receive low rainfall. In addition to

the western Gulf of Mexico, coastal wetlands located within and

near arid and semi‐arid climates in the following areas are likely to

be highly sensitive to changes in precipitation and freshwater avail-

ability: (a) western North America, (b) western South America, (c)

Caribbean; (d) central Brazil; (e) southeastern South America; (f) Eur-

ope; (g) northwestern Africa; (h) southwestern Africa; (i) southeastern

Africa; (j) Madagascar; (k) northeastern Africa; (l) Middle East; (m)

eastern India; (n) northeastern Asia; (o) western Australia; (p) north-

ern Australia; (q) eastern Australia; (r) southern Australia; and (s)

New Zealand (Figure 9). These are climate‐sensitive areas where

there is a need for ecologists to advance understanding of climate

and land use change effects on coastal wetland ecosystems.

Collectively, our results indicate that the most important drivers

of regional wetland SOM variation in the northern Gulf of Mexico

are precipitation, salinity, and plant productivity. Topographic varia-

tion in elevation plays a very important but variable role across the

region, and sediment input appears to modulate the effects of pre-

cipitation on SOM. Precipitation in this region appears to have a

greater effect on SOM than temperature. The effects of precipitation

on SOM, however, appear to be indirect. SOM was greatest in

mangrove forests and in salt marshes dominated by graminoid plants.

SOM was lower in salt flats that lacked vascular plants and in salt

marshes dominated by succulent plants. Low precipitation leads to

higher salinity, which limits plant productivity and appears to con-

strain SOM accumulation. Conversely, our results indicate that high

precipitation decreases salinity, increases plant productivity, and

increases SOM. Our analyses provide a foundation for future investi-

gation, and there is a need for studies that evaluate the mechanisms

that may be responsible for the identified relationships between pre-

cipitation, salinity, productivity, and SOM. There is also a need to

test our findings across prominent precipitation gradients in other

parts of the world (e.g., western North America, eastern and western

South America, Europe, China, western and eastern Africa, Australia)

(Figure 9). Within the context of climate change, our results indicate

that changes in SOM and plant productivity, due to changes in pre-

cipitation, freshwater availability, and salinity, could impact wetland

stability and affect the future supply of some wetland ecosystem

services.

ACKNOWLEDGEMENTS

This research was supported primarily by the U.S. Department of

the Interior South Central Climate Adaptation Science Center, which

is managed by the USGS National Climate Change and Wildlife

Science Center. Additional support was provided by the U.S. Depart-

ment of the Interior Southeast Climate Adaptation Science Center,

USGS Ecosystems Mission Area, USGS Land Change Science R&D

Program, EPA Gulf of Mexico Program, and USGS Greater Ever-

glades Priority Ecosystems Science Program. Any use of trade, firm,

F IGURE 9 Areas where coastal wetlands are expected to be especially sensitive to changes in precipitation and freshwater availability
(identified with the S symbol). In these areas, future changes in SOM and plant productivity, regulated by cascading effects of precipitation on
freshwater availability and salinity, could impact wetland stability and affect the supply of some wetland ecosystem services. Precipitation data
are from Hijmans, Cameron, Parra, Jones, and Jarvis (2005)

14 | OSLAND ET AL.



or product names is for descriptive purposes only and does not

imply endorsement by the U.S. Government. Data from this project

are available via Osland et al. (2016b).

ORCID

Michael J. Osland http://orcid.org/0000-0001-9902-8692

Christopher A. Gabler http://orcid.org/0000-0001-9311-7248

James B. Grace http://orcid.org/0000-0001-6374-4726

Richard H. Day http://orcid.org/0000-0002-5959-7054

Meagan L. McCoy https://orcid.org/0000-0003-2759-3793

Jennie L. McLeod http://orcid.org/0000-0002-2998-7449

Andrew S. From http://orcid.org/0000-0002-6543-2627

Nicholas M. Enwright http://orcid.org/0000-0002-7887-3261

Laura C. Feher http://orcid.org/0000-0002-5983-6190

Camille L. Stagg http://orcid.org/0000-0002-1125-7253

Stephen B. Hartley http://orcid.org/0000-0003-1380-2769

REFERENCES

Alber, M. (2002). A conceptual model of estuarine freshwater inflow

management. Estuaries, 25, 1246–1261. https://doi.org/10.1007/

BF02692222

Alongi, D. M. (2009). The energetics of mangrove forests. New York, NY:

Springer.

Atwood, T. B., Connolly, R. M., Almahasheer, H., Carnell, P. E., Duarte, C.

M., Ewers Lewis, C. J., … Lovelock, C. E. (2017). Global patterns in

mangrove soil carbon stocks and losses. Nature Climate Change, 7,

523–528. https://doi.org/10.1038/nclimate3326

Ball, M. C. (1988). Ecophysiology of mangroves. Trees, 2, 129–142.
https://doi.org/10.1007/BF00196018

Ball, M. C. (1998). Mangrove species richness in relation to salinity and

waterlogging: A case study along the Adelaide River floodpain, north-

ern Australia. Global Ecology and Biogeography Letters, 7, 73–82.
Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman,

B. R. (2011). The value of estuarine and coastal ecosystem services. Eco-

logical Monographs, 81, 169–193. https://doi.org/10.1890/10-1510.1
Barr, J. G., Engel, V., Fuentes, J. D., Zieman, J. C., O'Halloran, T. L., Smith,

T. J., & Anderson, G. H. (2010). Controls on mangrove forest‐atmo-

sphere carbon dioxide exchanges in western Everglades National

Park. Journal of Geophysical Research: Biogeosciences, 115, G02020.

https://doi.org/10.1029/2009JG001186

Baustian, J. J., Mendelssohn, I. A., & Hester, M. W. (2012). Vegetation's
importance in regulating surface elevation in a coastal salt marsh fac-

ing elevated rates of sea level rise. Global Change Biology, 18, 3377–
3382. https://doi.org/10.1111/j.1365-2486.2012.02792.x

Blake, G. R., & Hartge, K. H. (1986). Bulk density. In A. Klute (Ed.), Meth-

ods of soil analysis. Part 1. Physical and mineralogical methods (pp.

363–375). Madison, WI: American Society of Agronomy.

Bradford, M. A., Wieder, W. R., Bonan, G. B., Fierer, N., Raymond, P. A.,

& Crowther, T. W. (2016). Managing uncertainty in soil carbon feed-

backs to climate change. Nature Climate Change, 6, 751–758.
https://doi.org/10.1038/nclimate3071

Breithaupt, J. L., Smoak, J. M., Rivera‐Monroy, V. H., Castañeda‐Moya, E.,

Moyer, R. P., Simard, M., & Sanders, C. J. (2017). Partitioning the rel-

ative contributions of organic matter and mineral sediment to accre-

tion rates in carbonate platform mangrove soils. Marine Geology, 390,

170–180. https://doi.org/10.1016/j.margeo.2017.07.002

Bruno, J. F., & Bertness, M. D. (2001). Habitat modification and facilita-

tion in benthic marine communities. In M. D. Bertness, S. D. Gaines,

& M. E. Hay (Eds.), Marine community ecology (pp. 201–218). Sunder-
land, MA: Sinauer Associates.

Bucher, D., & Saenger, P. (1994). A classification of tropical and subtropi-

cal Australian estuaries. Aquatic Conservation: Marine and Freshwater

Ecosystems, 4, 1–19. https://doi.org/10.1002/aqc.3270040102
Buffington, K. J., Dugger, B. D., & Thorne, K. M. (2018). Climate‐related

variation in plant peak biomass and growth phenology across Pacific

Northwest tidal marshes. Estuarine, Coastal and Shelf Science, 202,

212–221. https://doi.org/10.1016/j.ecss.2018.01.006
Burke, I. C., Yonker, C., Parton, W., Cole, C., Flach, K., & Schimel, D.

(1989). Texture, climate, and cultivation effects on soil organic mat-

ter content in US grassland soils. Soil Science Society of America Jour-

nal, 53, 800–805. https://doi.org/10.2136/sssaj1989.0361599500

5300030029x

Cahoon, D. R., Hensel, P., Rybczyk, J., McKee, K. L., Proffitt, C. E., &

Perez, B. C. (2003). Mass tree mortality leads to mangrove peat col-

lapse at Bay Islands, Honduras after Hurricane Mitch. Journal of Ecol-

ogy, 91, 1093–1105. https://doi.org/10.1046/j.1365-2745.2003.

00841.x

Castañeda‐Moya, E., Twilley, R. R., & Rivera‐Monroy, V. H. (2013). Alloca-

tion of biomass and net primary productivity of mangrove forests

along environmental gradients in the Florida Coastal Everglades, USA.

Forest Ecology and Management, 307, 226–241. https://doi.org/10.

1016/j.foreco.2013.07.011

Castañeda‐Moya, E., Twilley, R. R., Rivera‐Monroy, V. H., Marx, B. D.,

Coronado‐Molina, C., & Ewe, S. M. L. (2011). Patterns of root dynam-

ics in mangrove forests along environmental gradients in the Florida

Coastal Everglades, USA. Ecosystems, 14, 1178–1195. https://doi.

org/10.1007/s10021-011-9473-3

Cavanaugh, K. C., Kellner, J. R., Forde, A. J., Gruner, D. S., Parker, J. D.,

Rodriguez, W., & Feller, I. C. (2014). Poleward expansion of man-

groves is a threshold response to decreased frequency of extreme

cold events. Proceedings of the National Academy of Sciences of the

United States of America, 111, 723–727. https://doi.org/10.1073/pna
s.1315800111

Cavanaugh, K. C., Osland, M. J., Bardou, R., Hinijosa‐Arango, G., López‐
Vivas, J. M., Parker, J. D., & Rovai, A. S. (in press) Sensitivity of man-

grove range limits to climate variability. Global Ecology and Biogeogra-

phy. https://doi.org/10.0.4.87/geb.12751

Chapin, F. S. (2005). Role of land‐surface changes in Arctic summer

warming. Science, 310, 657–660. https://doi.org/10.1126/science.

1117368

Chmura, G. L., Anisfeld, S. C., Cahoon, D. R., & Lynch, J. C. (2003). Global

carbon sequestration in tidal, saline wetland soils. Global Biogeochemi-

cal Cycles, 17, 1111. https://doi.org/10.1029/2002GB001917

Cintrón, G., Lugo, A. E., Pool, D. J., & Morris, G. (1978). Mangroves of

arid environments in Puerto Rico and adjacent islands. Biotropica, 10,

110–121. https://doi.org/10.2307/2388013
Clarke, P. J., & Jacoby, C. A. (1994). Biomass and above‐ground produc-

tivity of salt‐marsh plants in south‐eastern Australia. Marine and

Freshwater Research, 45, 1521–1528. https://doi.org/10.1071/

MF9941521

Clough, B. F. (1992). Primary productivity and growth of mangrove for-

ests. In A. I. Robertson, & D. M. Alongi (Eds.), Tropical mangrove

ecosystems (pp. 225–249). Washington, DC: American Geophysical

Union.

Conner, W. H., Doyle, T. W., & Krauss, K. W. (2007). Ecology of tidal

freshwater forested wetlands of the southeastern United States. Dor-

drecht, the Netherlands: Springer.

Craft, C., Reader, J., Sacco, J., & Broome, S. (1999). Twenty‐five years of

ecosystem development of constructed Spartina alterniflora (Loisel)

marshes. Ecological Applications, 9, 1405–1419.
Daly, C., Halbleib, M., Smith, J. I., Gibson, W. P., Doggett, M. K., Taylor,

G. H., … Pasteris, P. P. (2008). Physiographically sensitive mapping of

climatological temperature and precipitation across the conterminous

OSLAND ET AL. | 15

http://orcid.org/0000-0001-9902-8692
http://orcid.org/0000-0001-9902-8692
http://orcid.org/0000-0001-9902-8692
http://orcid.org/0000-0001-9311-7248
http://orcid.org/0000-0001-9311-7248
http://orcid.org/0000-0001-9311-7248
http://orcid.org/0000-0001-6374-4726
http://orcid.org/0000-0001-6374-4726
http://orcid.org/0000-0001-6374-4726
http://orcid.org/0000-0002-5959-7054
http://orcid.org/0000-0002-5959-7054
http://orcid.org/0000-0002-5959-7054
https://orcid.org/0000-0003-2759-3793
https://orcid.org/0000-0003-2759-3793
https://orcid.org/0000-0003-2759-3793
http://orcid.org/0000-0002-2998-7449
http://orcid.org/0000-0002-2998-7449
http://orcid.org/0000-0002-2998-7449
http://orcid.org/0000-0002-6543-2627
http://orcid.org/0000-0002-6543-2627
http://orcid.org/0000-0002-6543-2627
http://orcid.org/0000-0002-7887-3261
http://orcid.org/0000-0002-7887-3261
http://orcid.org/0000-0002-7887-3261
http://orcid.org/0000-0002-5983-6190
http://orcid.org/0000-0002-5983-6190
http://orcid.org/0000-0002-5983-6190
http://orcid.org/0000-0002-1125-7253
http://orcid.org/0000-0002-1125-7253
http://orcid.org/0000-0002-1125-7253
http://orcid.org/0000-0003-1380-2769
http://orcid.org/0000-0003-1380-2769
http://orcid.org/0000-0003-1380-2769
https://doi.org/10.1007/BF02692222
https://doi.org/10.1007/BF02692222
https://doi.org/10.1038/nclimate3326
https://doi.org/10.1007/BF00196018
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1029/2009JG001186
https://doi.org/10.1111/j.1365-2486.2012.02792.x
https://doi.org/10.1038/nclimate3071
https://doi.org/10.1016/j.margeo.2017.07.002
https://doi.org/10.1002/aqc.3270040102
https://doi.org/10.1016/j.ecss.2018.01.006
https://doi.org/10.2136/sssaj1989.03615995005300030029x
https://doi.org/10.2136/sssaj1989.03615995005300030029x
https://doi.org/10.1046/j.1365-2745.2003.00841.x
https://doi.org/10.1046/j.1365-2745.2003.00841.x
https://doi.org/10.1016/j.foreco.2013.07.011
https://doi.org/10.1016/j.foreco.2013.07.011
https://doi.org/10.1007/s10021-011-9473-3
https://doi.org/10.1007/s10021-011-9473-3
https://doi.org/10.1073/pnas.1315800111
https://doi.org/10.1073/pnas.1315800111
https://doi.org/10.0.4.87/geb.12751
https://doi.org/10.1126/science.1117368
https://doi.org/10.1126/science.1117368
https://doi.org/10.1029/2002GB001917
https://doi.org/10.2307/2388013
https://doi.org/10.1071/MF9941521
https://doi.org/10.1071/MF9941521


United States. International Journal of Climatology, 28, 2031–2064.
https://doi.org/10.1002/joc.1688

Dame, R. F., & Kenny, P. D. (1986). Variability of Spartina alterniflora pri-

mary production in the euhaline North Inlet estuary. Marine Ecology

Progress Series, 32, 71–80. https://doi.org/10.3354/meps032071

Diop, E. S., Soumare, A., Diallo, N., & Guisse, A. (1997). Recent changes

of the mangroves of the Saloum River Estuary, Senegal. Mangroves

and Salt Marshes, 1, 163–172.
Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham,

M., & Kanninen, M. (2011). Mangroves among the most carbon‐rich
forests in the tropics. Nature Geoscience, 4, 293–297. https://doi.org/
10.1038/ngeo1123

Doughty, C. L., Langley, J. A., Walker, W. S., Feller, I. C., Schaub, R., &

Chapman, S. K. (2016). Mangrove range expansion rapidly increases

coastal wetland carbon storage. Estuaries and Coasts, 39, 385–396.
https://doi.org/10.1007/s12237-015-9993-8

Doyle, T. W., Krauss, K. W., Conner, W. H., & From, A. S. (2010). Predict-

ing the retreat and migration of tidal forests along the northern Gulf

of Mexico under sea‐level rise. Forest Ecology and Management, 259,

770–777. https://doi.org/10.1016/j.foreco.2009.10.023
Duke, N. C., Kovacs, J. M., Griffiths, A. D., Preece, L., Hill, D. J. E., van

Oosterzee, P., … Burrows, D. (2017). Large‐scale dieback of man-

groves in Australia’s Gulf of Carpentaria: A severe ecosystem

response, coincidental with an unusually extreme weather event.

Marine and Freshwater Research, 68, 1816–1829. https://doi.org/10.
1071/MF16322

Dunton, K. H., Hardegree, B., & Whitledge, T. E. (2001). Response of

estuarine marsh vegetation to interannual variations in precipitation.

Estuaries and Coasts, 24, 851–861. https://doi.org/10.2307/1353176
Easterling, D. R., Kunkel, K. E., Arnold, J. R., Knutson, T., LeGrande, A. N.,

Leung, L. R., … Wehner, M. F. (2017). Precipitation change in the

United States. In D. J. Wuebbles, D. W. Fahey, K. A. Hibbard, D. J.

Dokken, B. C. Stewart, & T. K. Maycock (Eds.), Climate science special

report: Fourth national climate assessment (Vol. I, pp. 207–230). Wash-

ington, DC: U.S. Global Change Research Program.

Eldridge, D. J., Bowker, M. A., Maestre, F. T., Roger, E., Reynolds, J. F., &

Whitford, W. G. (2011). Impacts of shrub encroachment on ecosystem

structure and functioning: Towards a global synthesis. Ecology Letters,

14, 709–722. https://doi.org/10.1111/j.1461-0248.2011.01630.x
Ellison, A. M., Bank, M. S., Clinton, B. D., Colburn, E. A., Elliott, K., Ford,

C. R., … Webster, J. R. (2005). Loss of foundation species: Conse-

quences for the structure and dynamics of forested ecosystems.

Frontiers in Ecology and the Environment, 3, 479–486. https://doi.org/
10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2

Ellwood, B. B., Balsam, W. L., & Roberts, H. H. (2006). Gulf of Mexico

sediment sources and sediment transport trends from magnetic sus-

ceptibility measurements of surface samples. Marine Geology, 230,

237–248. https://doi.org/10.1016/j.margeo.2006.05.008

Eslami‐Andargoli, L., Dale, P., Sipe, N., & Chaseling, J. (2009). Mangrove

expansion and rainfall patterns in Moreton Bay, southeast Queens-

land, Australia. Estuarine, Coastal and Shelf Science, 85, 292–298.
https://doi.org/10.1016/j.ecss.2009.08.011

Etemadi, H., Smoak, J. M., & Sanders, C. J. (2018). Forest migration and

carbon sources to Iranian mangrove soils. Journal of Arid Environ-

ments, Advance online publication. https://doi.org/10.1016/j.jaridenv.

2018.06.005

Ewel, K. C., Twilley, R. R., & Ong, J. E. (1998). Different kinds of man-

grove forests provide different goods and services. Global Ecology

and Biogeography Letters, 7, 83–94. https://doi.org/10.2307/2997700
Fai, A. H. T., & Cornelius, P. L. (1996). Approximate F‐tests of multiple degree

of freedom hypotheses in generalized least squares analyses of unbal-

anced split‐plot experiments. Journal of Statistical Computation and Simu-

lation, 54, 363–378. https://doi.org/10.1080/00949659608811740
Feher, L. C., Osland, M. J., Griffith, K. T., Grace, J. B., Howard, R. J.,

Stagg, C. L., … Rogers, K. (2017). Linear and nonlinear effects of

temperature and precipitation on ecosystem properties in tidal saline

wetlands. Ecosphere, 8, e01956. https://doi.org/10.1002/ecs2.1956

Feller, I. C., Whigham, D. F., McKee, K. L., & Lovelock, C. E. (2003).

Nitrogen limitation of growth and nutrient dynamics in a disturbed

mangrove forest, Indian River Lagoon, Florida. Oecologia, 134, 405–
414. https://doi.org/10.1007/s00442-002-1117-z

Fissore, C., Giardina, C. P., Kolka, R. K., Trettin, C. C., King, G. M., Jur-

gensen, M. F., … Mcdowell, S. D. (2008). Temperature and vegeta-

tion effects on soil organic carbon quality along a forested mean

annual temperature gradient in North America. Global Change Biology,

14, 193–205.
Fosberg, F. R. (1961). Vegetation‐free zone on dry mangrove coasts. U.S.

Geological Survey Professional Paper, 424‐D, 216–218.
Gabler, C. A., Osland, M. J., Grace, J. B., Stagg, C. L., Day, R. H., Hartley,

S. B., … McLeod, J. L. (2017). Macroclimatic change expected to

transform coastal wetland ecosystems this century. Nature Climate

Change, 7, 142–147. https://doi.org/10.1038/nclimate3203

Gosselink, J. G. (1984). The ecology of delta marshes of coastal Louisiana:

A community profile. Washington, DC: U.S. Fish and Wildlife Service,

FWS/OBS‐84/09.
Grace, J. B. (2006). Structural equation modeling and natural systems. Cam-

bridge, UK: Cambridge University Press.

Grace, J. B., Anderson, T. M., Olff, H., & Scheiner, S. M. (2010). On the

specification of structural equation models for ecological systems.

Ecological Monographs, 80, 67–87. https://doi.org/10.1890/09-0464.1
Grace, J. B., Johnson, D., Lefcheck, J., & Byrnes, J. K. (2018). Quantifying

relative importance: Computing standardized effects in models with

binary outcomes. Ecosphere, 9, e02283. https://doi.org/10.1002/

ecs2.2283

Grace, J. B., Schoolmaster, D. R. Jr, Guntenspergen, G. R., Little, A. M.,

Mitchell, B. R., Miller, K. M., & Schweiger, E. W. (2012). Guidelines

for a graph‐theoretic implementation of structural equation modeling.

Ecosphere, 3, 73. https://doi.org/10.1890/ES12-00048.1

Hamilton, S. E., & Friess, D. A. (2018). Global carbon stocks and potential

emissions due to mangrove deforestation from 2000 to 2012. Nature

Climate Change, 8, 240–244. https://doi.org/10.1038/s41558-018-

0090-4

Hayes, M. A., Jesse, A., Hawke, B., Baldock, J., Tabet, B., Lockington, D.,

& Lovelock, C. E. (2017). Dynamics of sediment carbon stocks across

intertidal wetland habitats of Moreton Bay, Australia. Global Change

Biology, 23, 4222–4234. https://doi.org/10.1111/gcb.13722
Henry, K. M., & Twilley, R. R. (2013). Soil development in a coastal

Louisiana wetland during a climate‐induced vegetation shift from salt

marsh to mangrove. Journal of Coastal Research, 29, 1273–1283.
Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A.

(2005). Very high resolution interpolated climate surfaces for global

land areas. International Journal of Climatology, 25, 1965–1978.
https://doi.org/10.1002/joc.1276

Hinson, A. L., Feagin, R. A., Eriksson, M., Najjar, R. G., Herrmann, M.,

Bianchi, T. S., … Boutton, T. (2017). The spatial distribution of soil

organic carbon in tidal wetland soils of the continental United

States. Global Change Biology, 23, 5468–5480. https://doi.org/10.

1111/gcb.13811

Houghton, R. A. (2007). Balancing the global carbon budget. Annual

Review of Earth and Planetary Sciences, 35, 313–347. https://doi.org/
10.1146/annurev.earth.35.031306.140057

Howard, R. J., Day, R. H., Krauss, K. W., From, A. S., Allain, L., & Cormier,

N. (2017). Hydrologic restoration in a dynamic subtropical mangrove‐
to‐marsh ecotone. Restoration Ecology, 25, 471–482. https://doi.org/
10.1111/rec.12452

Howard, J., Hoyt, S., Isensee, K., Telszewski, M., & Pidgeon, E. (2014).

Coastal blue carbon: methods for assessing carbon stocks and emissions

factors in mangroves, tidal salt marshes, and seagrasses. Arlington, VA:

Conservation International, Intergovernmental, Oceanographic Com-

mission of UNESCO, International Union for Conservation of Nature.

16 | OSLAND ET AL.

https://doi.org/10.1002/joc.1688
https://doi.org/10.3354/meps032071
https://doi.org/10.1038/ngeo1123
https://doi.org/10.1038/ngeo1123
https://doi.org/10.1007/s12237-015-9993-8
https://doi.org/10.1016/j.foreco.2009.10.023
https://doi.org/10.1071/MF16322
https://doi.org/10.1071/MF16322
https://doi.org/10.2307/1353176
https://doi.org/10.1111/j.1461-0248.2011.01630.x
https://doi.org/10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2
https://doi.org/10.1016/j.margeo.2006.05.008
https://doi.org/10.1016/j.ecss.2009.08.011
https://doi.org/10.1016/j.jaridenv.2018.06.005
https://doi.org/10.1016/j.jaridenv.2018.06.005
https://doi.org/10.2307/2997700
https://doi.org/10.1080/00949659608811740
https://doi.org/10.1002/ecs2.1956
https://doi.org/10.1007/s00442-002-1117-z
https://doi.org/10.1038/nclimate3203
https://doi.org/10.1890/09-0464.1
https://doi.org/10.1002/ecs2.2283
https://doi.org/10.1002/ecs2.2283
https://doi.org/10.1890/ES12-00048.1
https://doi.org/10.1038/s41558-018-0090-4
https://doi.org/10.1038/s41558-018-0090-4
https://doi.org/10.1111/gcb.13722
https://doi.org/10.1002/joc.1276
https://doi.org/10.1111/gcb.13811
https://doi.org/10.1111/gcb.13811
https://doi.org/10.1146/annurev.earth.35.031306.140057
https://doi.org/10.1146/annurev.earth.35.031306.140057
https://doi.org/10.1111/rec.12452
https://doi.org/10.1111/rec.12452


Hutchison, J., Manica, A., Swetnam, R., Balmford, A., & Spalding, M.

(2014). Predicting global patterns in mangrove forest biomass. Con-

servation Letters, 7, 233–240. https://doi.org/10.1111/conl.12060
Jackson, R. B., Lajtha, K., Crow, S. E., Hugelius, G., Kramer, M. G., & Piñe-

iro, G. (2017). The ecology of soil carbon: Pools, vulnerabilities, and

biotic and abiotic controls. Annual Review of Ecology, Evolution, and

Systematics, 48, 419–445. https://doi.org/10.1146/annurev-ecolsys-

112414-054234

Jenny, H. (1941). Factors of soil formation: A system of quantitative pedol-

ogy. New York, NY: McGraw‐Hill.

Jobbágy, E. G., & Jackson, R. B. (2000). The vertical distribution of soil

organic carbon and its relation to climate and vegetation. Ecological

Applications, 10, 423–436. https://doi.org/10.1890/1051-0761(2000)
010[0423:TVDOSO]2.0.CO;2

Karam, A. (1993). Chemical properties of organic soils. In M. R. Carter &

For Canadian Society of Soil Science (Eds.), Soil sampling and methods

of analysis (pp. 459–471). London, UK: Lewis Publishers.

Kelleway, J. J., Cavanaugh, K., Rogers, K., Feller, I. C., Ens, E., Doughty,

C., & Saintilan, N. (2017). Review of the ecosystem service implica-

tions of mangrove encroachment into salt marshes. Global Change

Biology, 23, 3967–3983. https://doi.org/10.1111/gcb.13727
Kelleway, J. J., Saintilan, N., Macreadie, P. I., & Ralph, P. J. (2016). Sedi-

mentary factors are key predictors of carbon storage in SE Australian

saltmarshes. Ecosystems, 19, 865–880. https://doi.org/10.1007/

s10021-016-9972-3

Kirwan, M. L., & Blum, L. K. (2011). Enhanced decomposition offsets

enhanced productivity and soil carbon accumulation in coastal wet-

lands responding to climate change. Biogeosciences, 8, 987–993.
https://doi.org/10.5194/bg-8-987-2011

Kirwan, M. L., Guntenspergen, G. L., & Morris, J. T. (2009). Latitudinal

trends in Spartina alterniflora productivity and the response of coastal

marshes to global change. Global Change Biology, 15, 1982–1989.
Kirwan, M. L., & Megonigal, J. P. (2013). Tidal wetland stability in the

face of human impacts and sea‐level rise. Nature, 504, 53–60.
https://doi.org/10.1038/nature12856

Kirwan, M. L., & Mudd, S. M. (2012). Response of salt‐marsh carbon

accumulation to climate change. Nature, 489, 550–554. https://doi.
org/10.1038/nature11440

Klopfenstein, S. T., Hirmas, D. R., & Johnson, W. C. (2015). Relationships

between soil organic carbon and precipitation along a climosequence

in loess‐derived soils of the Central Great Plains, USA. Catena, 133,

25–34. https://doi.org/10.1016/j.catena.2015.04.015
Komiyama, A., Ong, J. E., & Poungparn, S. (2008). Allometry, biomass,

and productivity of mangrove forests: A review. Aquatic Botany, 89,

128–137. https://doi.org/10.1016/j.aquabot.2007.12.006
Kozlowski, T. T., & Pallardy, S. G. (1997). Growth control in woody plants.

San Diego, CA: Academic Press.

Krauss, K. W., McKee, K. L., Lovelock, C. E., Cahoon, D. R., Saintilan, N.,

Reef, R., & Chen, L. (2014). How mangrove forests adjust to rising

sea level. New Phytologist, 202, 19–34. https://doi.org/10.1111/nph.
12605

Krauss, K. W., Noe, G. B., Duberstein, J. A., Conner, W. H., Stagg, C. L.,

Cormier, N. ,. … Whitbeck, J. L. (2018). The role of the upper tidal

estuary in wetland blue carbon storage and flux. Global Biogeochemi-

cal Cycles, 32, 817–839. https://doi.org/10.1029/2018GB005897
Kruczynski, W. L., Subrahmanyam, C. B., & Drake, S. H. (1978). Studies

on the plant community of a north Florida salt marsh. Part I. primary

production. Bulletin of Marine Science, 28, 316–334.
Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest

Package: Tests in linear mixed effects models. Journal of Statistical

Software, 82, 1–26. https://doi.org/10.18637/jss.v18082.i18613
Lane, R. R., Mack, S. K., Day, J. W., DeLaune, R. D., Madison, M. J., &

Precht, P. R. (2016). Fate of soil organic carbon during wetland loss.

Wetlands, 36, 1167–1181. https://doi.org/10.1007/s13157-016-

0834-8

Larcher, W. (2003). Physiological plant ecology: Ecophysiology and stress

physiology of functional groups. Berlin, Germany: Springer‐Verlag.
Longley, W. L. (1994). Freshwater inflows to Texas bays and estuaries: Eco-

logical relationships and methods for determination of needs. Austin,

TX: Texas Water Development Board and Texas Parks and Wildlife

Department.

Longley, W. L. (1995). Estuaries. In G. R. North, J. Schmandt, & J. Clark-

son (Eds.), The impact of global warming on Texas: A report to the task

force on climate change in Texas (pp. 88–118). Austin, TX: The Univer-

sity of Texas.

Lot‐Helgueras, A., Vázquez‐Yanes, C., & Menéndez, F. (1975). Physiog-

nomic and floristic changes near the northern limit of mangroves in

the Gulf Coast of Mexico. In G. E. Walsh, S. C. Snedaker, & H. J.

Teas (Eds.), Proceedings of the International Symposium on Biology and

Management of Mangroves (pp. 52–61). Gainesville, FL: Institute of

Food and Agricultural Sciences, University of Florida.

Lovelock, C. E., Atwood, T., Baldock, J., Duarte, C. M., Hickey, S., Lavery,

P. S., … Steven, A. (2017). Assessing the risk of carbon dioxide emis-

sions from blue carbon ecosystems. Frontiers in Ecology and the Envi-

ronment, 15, 257–265.
Lovelock, C. E., Feller, I. C., Reef, R., Hickey, S., & Ball, M. C. (2017).

Mangrove dieback during fluctuating sea levels. Scientific Reports, 7,

1680.

Lovelock, C. E., Krauss, K. W., Osland, M. J., Reef, R., & Ball, M. C.

(2016). The physiology of mangrove trees with changing climate. In

G. Goldstein, & L. S. Santiago (Eds.), Tropical tree physiology: Adapta-

tions and responses in a changing environment (pp. 149–179). New

York, NY: Springer.

Lovelock, C. E., Ruess, R. W., & Feller, I. C. (2011). CO2 efflux from

cleared mangrove peat. PLoS One, 6, e21279. https://doi.org/10.

1371/journal.pone.0021279

Lovelock, C. E., Sorrell, B. K., Hancock, N., Hua, Q., & Swales, A. (2010).

Mangrove forest and soil development on a rapidly accreting shore in

New Zealand. Ecosystems, 13, 437–451. https://doi.org/10.1007/

s10021-010-9329-2

Lugo, A. E., & Patterson‐Zucca, C. (1977). The impact of low temperature

stress on mangrove structure and growth. Tropical Ecology, 18, 149–
161.

Lugo, A. E., & Snedaker, S. C. (1974). The ecology of mangroves. Annual

Review of Ecology and Systematics, 5, 39–64. https://doi.org/10.1146/
annurev.es.05.110174.000351

Luo, Z., Feng, W., Luo, Y., Baldock, J., & Wang, E. (2017). Soil organic

carbon dynamics jointly controlled by climate, carbon inputs, soil

properties and soil carbon fractions. Global Change Biology, 23, 4430–
4439. https://doi.org/10.1111/gcb.13767

Macreadie, P. I., Ollivier, Q. R., Kelleway, J. J., Serrano, O., Carnell, P. E.,

Ewers Lewis, C. J., … Lovelock, C. E. (2017). Carbon sequestration by

Australian tidal marshes. Scientific Reports, 7, 44071. https://doi.org/

10.1038/srep44071

Malone, S. L., Starr, G., Staudhammer, C. L., & Ryan, M. G. (2013). Effects

of simulated drought on the carbon balance of Everglades short‐hy-
droperiod marsh. Global Change Biology, 19, 2511–2523. https://doi.
org/10.1111/gcb.12211

Markley, J. L., McMillan, C., & Thompson, G. A. Jr (1982). Latitidinal dif-

ferentiation in response to chilling temperatures among populations

of three mangroves, Avicennia germinans, Laguncularia racemosa, and

Rhizophora mangle, from the western tropical Atlantic and Pacific

Panama. Canadian Journal of Botany, 60, 2704–2715.
McKee, K. L. (2011). Biophysical controls on accretion and elevation

change in Caribbean mangrove ecosystems. Estuarine, Coastal and Shelf

Science, 91, 475–483. https://doi.org/10.1016/j.ecss.2010.05.001
McKee, K. L., Cahoon, D. R., & Feller, I. C. (2007). Caribbean mangroves

adjust to rising sea level through biotic controls on change in soil ele-

vation. Global Ecology and Biogeography, 16, 545–556. https://doi.

org/10.1111/j.1466-8238.2007.00317.x

OSLAND ET AL. | 17

https://doi.org/10.1111/conl.12060
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
https://doi.org/10.1111/gcb.13727
https://doi.org/10.1007/s10021-016-9972-3
https://doi.org/10.1007/s10021-016-9972-3
https://doi.org/10.5194/bg-8-987-2011
https://doi.org/10.1038/nature12856
https://doi.org/10.1038/nature11440
https://doi.org/10.1038/nature11440
https://doi.org/10.1016/j.catena.2015.04.015
https://doi.org/10.1016/j.aquabot.2007.12.006
https://doi.org/10.1111/nph.12605
https://doi.org/10.1111/nph.12605
https://doi.org/10.1029/2018GB005897
https://doi.org/10.18637/jss.v18082.i18613
https://doi.org/10.1007/s13157-016-0834-8
https://doi.org/10.1007/s13157-016-0834-8
https://doi.org/10.1371/journal.pone.0021279
https://doi.org/10.1371/journal.pone.0021279
https://doi.org/10.1007/s10021-010-9329-2
https://doi.org/10.1007/s10021-010-9329-2
https://doi.org/10.1146/annurev.es.05.110174.000351
https://doi.org/10.1146/annurev.es.05.110174.000351
https://doi.org/10.1111/gcb.13767
https://doi.org/10.1038/srep44071
https://doi.org/10.1038/srep44071
https://doi.org/10.1111/gcb.12211
https://doi.org/10.1111/gcb.12211
https://doi.org/10.1016/j.ecss.2010.05.001
https://doi.org/10.1111/j.1466-8238.2007.00317.x
https://doi.org/10.1111/j.1466-8238.2007.00317.x


McKee, K. L., Mendelssohn, I. A., & Materne, M. D. (2004). Acute salt

marsh dieback in the Mississippi River deltaic plain: A drought‐in-
duced phenomenon? Global Ecology and Biogeography, 13, 65–73.
https://doi.org/10.1111/j.1466-882X.2004.00075.x

McKee, K. L., & Vervaeke, W. C. (2018). Will fluctuations in salt marsh‐
mangrove dominance alter vulnerability of a subtropical wetland to

sea‐level rise? Global Change Biology, 24, 1224–1238. https://doi.org/
10.1111/gcb.13945

Mcleod, E., Chmura, G. L., Bouillon, S., Salm, R., Björk, M., Duarte, C. M., …
Silliman, B. R. (2011). A blueprint for blue carbon: Toward an improved

understanding of the role of vegetated coastal habitats in sequestering

CO2. Frontiers in Ecology and the Environment, 9, 552–560.
Mendelssohn, I. A., & Morris, J. T. (2000). Eco‐physiological controls on

the productivity of Spartina alterniflora Loisel. In M. P. Weinstein, &

D. A. Kreeger (Eds.), Concepts and controversies in tidal marsh ecology

(pp. 59–80). Dordrecht, the Netherlands: Springer.

Méndez‐Alonzo, R., López‐Portillo, J., & Rivera‐Monroy, V. H. (2008). Lat-

itudinal variation in leaf and tree traits of the mangrove Avicennia

germinans (Avicenniaceae) in the central region of the Gulf of Mexico.

Biotropica, 40, 449–456. https://doi.org/10.1111/j.1744-7429.2008.

00397.x

Montagna, P. A., Gibeaut, J. C., & Tunnell, J. W. Jr (2007). South Texas

climate 2100: Coastal impacts. In J. Norwine, & K. John (Eds.), The

changing climate of South Texas 1900–2100: Problems and prospects,

impacts and implications (pp. 57–77). Kingsville, TX: CREST‐RESSACA.
Texas A & M University.

Montagna, P. A., Palmer, T. A., & Pollack, J. B. (2013). Hydrological

changes and estuarine dynamics. New York, NY: Springer.

Morris, J. T., & Haskin, B. (1990). A 5‐yr record of aerial primary produc-

tion and stand characteristics of Spartina alterniflora. Ecology, 71,

2209–2217. https://doi.org/10.2307/1938633
Morris, J. T., Sundareshwar, P. V., Nietch, C. T., Kjerfve, B., & Cahoon, D.

R. (2002). Responses of coastal wetlands to rising sea level. Ecology,

83, 2869–2877. https://doi.org/10.1890/0012-9658(2002)083[2869:
ROCWTR]2.0.CO;2

Morrisey, D. J., Swales, A., Dittmann, S., Morrison, M. A., Lovelock, C. E., &

Beard, C. M. (2010). The ecology and management of temperate man-

groves. Oceanography and Marine Biology: an Annual Review, 48, 43–160.
Mueller, P., Schile‐Beers, L. M., Mozdzer, T. J., Chmura, G. L., Dinter, T.,

Kuzyakov, Y., … Nolte, S. (2018). Global‐change effects on early‐
stage decomposition processes in tidal wetlands–implications from a

global survey using standardized litter. Biogeosciences, 15, 3189–
3202. https://doi.org/10.5194/bg-15-3189-2018

Nguyen, H. T., Meir, P., Sack, L., Evans, J. R., Oliveira, R. S., & Ball, M. C.

(2017). Leaf water storage increases with salinity and aridity in the

mangrove Avicennia marina: Integration of leaf structure, osmotic

adjustment, and access to multiple water sources. Plant, Cell & Envi-

ronment, 40, 1576–1591.
Odum, W. E., McIvor, C. C., & Smith, T. J. III (1982) The ecology of man-

groves of south Florida: A community profile. Washington, DC: U.S. Fish

and Wildlife Service, Office of Biological Services, FWS/OBS‐81/24.
Osland, M. J., Day, R. H., Hall, C. T., Brumfield, M. D., Dugas, J. L., &

Jones, W. R. (2017). Mangrove expansion and contraction at a pole-

ward range limit: Climate extremes and land‐ocean temperature gra-

dients. Ecology, 98, 125–137.
Osland, M. J., Enwright, N., Day, R. H., & Doyle, T. W. (2013). Winter cli-

mate change and coastal wetland foundation species: Salt marshes

vs. mangrove forests in the southeastern United States. Global

Change Biology, 19, 1482–1494. https://doi.org/10.1111/gcb.12126
Osland, M. J., Enwright, N. M., Day, R. H., Gabler, C. A., Stagg, C. L., &

Grace, J. B. (2016a). Beyond just sea‐level rise: Considering macrocli-

matic drivers within coastal wetland vulnerability assessments to cli-

mate change. Global Change Biology, 22, 1–11.
Osland, M. J., Enwright, N., & Stagg, C. L. (2014). Freshwater availability

and coastal wetland foundation species: Ecological transitions along a

rainfall gradient. Ecology, 95, 2789–2802. https://doi.org/10.1890/

13-1269.1

Osland, M. J., Grace, J. B., Stagg, C. L., Day, R. H., Hartley, S. B., Enwright,

N. M., & Gabler, C. A. (2016b) U.S. Gulf of Mexico coast (TX, MS, AL,

and FL) Vegetation, soil, and landscape data (2013–2014): U.S. Geolog-
ical Survey data release. https://doi.org/10.5066/F7J1017G

Osland, M. J., Feher, L. C., Griffith, K. T., Cavanaugh, K. C., Enwright, N.

M., Day, R. H., & Rogers, K. (2017). Climatic controls on the global

distribution, abundance, and species richness of mangrove forests.

Ecological Monographs, 87, 341–359.
Osland, M. J., González, E., & Richardson, C. J. (2011). Coastal freshwater

wetland plant community response to seasonal drought and flooding

in northwestern Costa Rica. Wetlands, 31, 641–652. https://doi.org/
10.1007/s13157-011-0180-9

Osland, M. J., Spivak, A. C., Nestlerode, J. A., Lessmann, J. M., Almario, A.

E., Heitmuller, P. T., … Stagg, C. L. (2012). Ecosystem development

after mangrove wetland creation: Plant‐soil change across a 20‐year
chronosequence. Ecosystems, 15, 848–866. https://doi.org/10.1007/
s10021-012-9551-1

Owers, C. J., Rogers, K., & Woodroffe, C. D. (2018). Spatial variation of

above‐ground carbon storage in temperate coastal wetlands. Estuar-

ine, Coastal and Shelf Science, 210, 55–67. https://doi.org/10.1016/
j.ecss.2018.06.002

Perry, C. L., & Mendelssohn, I. A. (2009). Ecosystem effects of expanding

populations of Avicennia germinans in a Louisiana salt marsh. Wet-

lands, 29, 396–406. https://doi.org/10.1672/08-100.1
R Core Team (2017). R: A language and environment for statistical comput-

ing. Vienna, Austria: R Foundation for Statistical Computing.

Radabaugh, K. R., Powell, C. E., Bociu, I., Clark, B. C., & Moyer, R. P.

(2017). Plant size metrics and organic carbon content of Florida salt

marsh vegetation. Wetlands Ecology and Management, 25, 443–455.
https://doi.org/10.1007/s11273-016-9527-6

Reed, D. J. (1995). The response of coastal marshes to sea‐level rise: Sur-
vival or submergence? Earth Surface Processes and Landforms, 20, 39–
48. https://doi.org/10.1002/esp.3290200105

Reef, R., Feller, I. C., & Lovelock, C. E. (2010). Nutrition of mangroves. Tree

Physiology, 30, 1148–1160. https://doi.org/10.1093/treephys/tpq048
Reef, R., & Lovelock, C. E. (2014). Regulation of water balance in man-

groves. Annals of Botany, 115, 385–395. https://doi.org/10.1093/

aob/mcu174

Reidenbaugh, T. G. (1983). Tillering and mortality of the salt marsh cord-

grass, Spartina alterniflora. American Journal of Botany, 70, 47–52.
Reidenbaugh, T. G. (1983). Productivity of cordgrass, Spartina alterniflora,

estimated from live standing crops, mortality, and leaf shedding in a

Virginia salt marsh. Estuaries, 6, 57–65.
Rovai, A. S., Riul, P., Twilley, R. R., Castañeda‐Moya, E., Rivera‐Monroy,

V. H., Williams, A. A., … Pagliosa, P. R. (2016). Scaling mangrove

aboveground biomass from site‐level to continental‐scale. Global Ecol-
ogy and Biogeography, 25, 286–298. https://doi.org/10.1111/geb.

12409

Rovai, A. S., Twilley, R. R., Castañeda‐Moya, E., Riul, P., Cifuentes‐Jara,
M., Manrow‐Villalobos, M., … Pagliosa, P. R. (2018). Global controls

on carbon storage in mangrove soils. Nature Climate Change, 8, 534–
538. https://doi.org/10.1038/s41558-018-0162-5

Saenger, P. (2002). Mangrove ecology, silviculture and conservation.

Dodrecht, the Netherlands: Springer.

Saintilan, N., Rogers, K., Mazumder, D., & Woodroffe, C. (2013).

Allochthonous and autochthonous contributions to carbon accumula-

tion and carbon store in southeastern Australian coastal wetlands.

Estuarine, Coastal and Shelf Science, 128, 84–92. https://doi.org/10.
1016/j.ecss.2013.05.010

Saintilan, N., Wilson, N. C., Rogers, K., Rajkaran, A., & Krauss, K. W.

(2014). Mangrove expansion and salt marsh decline at mangrove

poleward limits. Global Change Biology, 20, 147–157. https://doi.org/
10.1111/gcb.12341

18 | OSLAND ET AL.

https://doi.org/10.1111/j.1466-882X.2004.00075.x
https://doi.org/10.1111/gcb.13945
https://doi.org/10.1111/gcb.13945
https://doi.org/10.1111/j.1744-7429.2008.00397.x
https://doi.org/10.1111/j.1744-7429.2008.00397.x
https://doi.org/10.2307/1938633
https://doi.org/10.1890/0012-9658(2002)083[2869:ROCWTR]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2869:ROCWTR]2.0.CO;2
https://doi.org/10.5194/bg-15-3189-2018
https://doi.org/10.1111/gcb.12126
https://doi.org/10.1890/13-1269.1
https://doi.org/10.1890/13-1269.1
https://doi.org/10.5066/F7J1017G
https://doi.org/10.1007/s13157-011-0180-9
https://doi.org/10.1007/s13157-011-0180-9
https://doi.org/10.1007/s10021-012-9551-1
https://doi.org/10.1007/s10021-012-9551-1
https://doi.org/10.1016/j.ecss.2018.06.002
https://doi.org/10.1016/j.ecss.2018.06.002
https://doi.org/10.1672/08-100.1
https://doi.org/10.1007/s11273-016-9527-6
https://doi.org/10.1002/esp.3290200105
https://doi.org/10.1093/treephys/tpq048
https://doi.org/10.1093/aob/mcu174
https://doi.org/10.1093/aob/mcu174
https://doi.org/10.1111/geb.12409
https://doi.org/10.1111/geb.12409
https://doi.org/10.1038/s41558-018-0162-5
https://doi.org/10.1016/j.ecss.2013.05.010
https://doi.org/10.1016/j.ecss.2013.05.010
https://doi.org/10.1111/gcb.12341
https://doi.org/10.1111/gcb.12341


Sanderman, J., Hengl, T., Fiske, G., Solvik, K., Adame, M. F., Benson, L.,

… Landis, E. (2018). A global map of mangrove forest soil carbon at

30 m spatial resolution. Environmental Research Letters, 13, 055002.

Sanders, C. J., Maher, D. T., Tait, D. R., Williams, D., Holloway, C., Sippo,

J. Z., & Santos, I. R. (2016). Are global mangrove carbon stocks driven

by rainfall? Journal of Geophysical Research: Biogeosciences, 121,

2600–2609. https://doi.org/10.1002/2016JG003510
Scavia, D., Field, J. C., Boesch, D. F., Buddemeier, R. W., Burkett, V.,

Cayan, D. R., … Titus, J. G. (2002). Climate change impacts on U.S.

coastal and marine ecosystems. Estuaries, 25, 149–164. https://doi.
org/10.1007/BF02691304

Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., & Walker, B. (2001).

Catastrophic shifts in ecosystems. Nature, 413, 591–596. https://doi.
org/10.1038/35098000

Schile, L. M., Kauffman, J. B., Crooks, S., Fourqurean, J. W., Glavan, J., &

Megonigal, J. P. (2017). Limits on carbon sequestration in arid blue

carbon ecosystems. Ecological Applications, 27, 859–874. https://doi.
org/10.1002/eap.1489

Schimel, D. S., Braswell, B. H., Holland, E. A., McKeown, R., Ojima, D. S.,

Painter, T. H., … Townsend, A. R. (1994). Climatic, edaphic, and biotic

controls over storage and turnover of carbon in soils. Global Biogeo-

chemical Cycles, 8, 279–293. https://doi.org/10.1029/94GB00993
Schlesinger, W. H., & Bernhardt, E. (2013). Biogeochemistry: An analysis of

global change. Oxford, UK: Academic Press.

Schweiger, E. W., Grace, J. B., Cooper, D., Bobowski, B., & Britten, M.

(2016). Using structural equation modeling to link human activities to

wetland ecological integrity. Ecosphere, 7, e01548. https://doi.org/10.

1002/ecs2.1548

Silliman, B. R. (2005). Drought, snails, and large‐scale die‐off of southern
US salt marshes. Science, 310, 1803–1806. https://doi.org/10.

1126/science.1118229

Simpson, L., Osborne, T., Duckett, L., & Feller, I. (2017). Carbon storages

along a climate induced coastal wetland gradient. Wetlands, 37,

1023–1035. https://doi.org/10.1007/s13157-017-0937-x
Smith, T. J. I. (1992). Forest structure. Washington, DC: American Geo-

physical Union.

Stagg, C. L., Schoolmaster, D. R., Krauss, K. W., Cormier, N., & Conner,

W. H. (2017). Causal mechanisms of soil organic matter decomposi-

tion: Deconstructing salinity and flooding impacts in coastal wetlands.

Ecology, 98, 2003–2018.
Stagg, C. L., Schoolmaster, D. R., Piazza, S. C., Snedden, G., Steyer, G. D.,

Fischenich, C. J., & McComas, R. W. (2017). A landscape‐scale assess-

ment of above‐and belowground primary production in coastal wet-

lands: Implications for climate change‐induced community shifts.

Estuaries and Coasts, 40, 856–879.
Stuart, S. A., Choat, B., Martin, K. C., Holbrook, N. M., & Ball, M. C.

(2007). The role of freezing in setting the latitudinal limits of man-

grove forests. New Phytologist, 173, 576–583. https://doi.org/10.

1111/j.1469-8137.2006.01938.x

Stutzenbaker, C. D. (2010). Aquatic and wetland plants of the western Gulf

Coast. College Station, TX: Texas A&M University Press.

Thorne, K., MacDonald, G., Guntenspergen, G., et al. (2018). U.S. Pacific

coastal wetland resilience and vulnerability to sea‐level rise. Science
Advances, 4, eaao3270.

Tiner, R. W. (1991). The concept of a hydrophyte for wetland identifica-

tion. BioScience, 41, 236–247. https://doi.org/10.2307/1311413
Tunnell, J. W., & Judd, F. W. (2002). The Laguna Madre of Texas and

Tamaulipas. College Station, TX: Texas A&M University Press.

Twilley, R. R., Chen, R. H., & Hargis, T. (1992). Carbon sinks in mangroves

and their implications to carbon budget of tropical coastal ecosys-

tems. Water, Air, and Soil Pollution, 64, 265–288. https://doi.org/10.
1007/BF00477106

Twilley, R. R., & Day, J. W. (2012). Mangrove wetlands. In J. W. Day, B.

C. Crump, M. W. Kemp, & A. Yáñez‐Arancibia (Eds.), Estuarine ecology

(pp. 165–202). Hoboken, NJ: John Wiley & Sons.

Visser, J. M., Sasser, C. E., Chabreck, R. H., & Linscombe, R. G. (1998).

Marsh vegetation types of the Mississippi River deltaic plain. Estuar-

ies, 21, 818–828. https://doi.org/10.2307/1353283
Visser, J. M., Sasser, C. E., Chabreck, R. H., & Linscombe, R. G. (2002). The

impact of a severe drought on the vegetation of a subtropical estuary.

Estuaries, 25, 1184–1195. https://doi.org/10.1007/BF02692215
Vose, R. S., Easterling, D. R., Kunkel, K. E., LeGrande, A. N., & Wehner,

M. F. (2017). Temperature changes in the United States. In D. J.

Wuebbles, D. W. Fahey, K. A. Hibbard, D. J. Dokken, B. C. Stewart,

& T. K. Maycock (Eds.), Climate science special Report: Fourth National

Climate Assessment (Vol. I, pp. 185–206). Washington, DC: U.S. Global

Change Research Program.

Walcker, R., Gandois, L., Proisy, C., Corenblit, D., Mougin, É., Laplanche, C.,

… Fromard, F. (2018). Control of “blue carbon” storage by mangrove

ageing: Evidence from a 66‐year chronosequence in French Guiana. Glo-

bal Change Biology, 24, 2325–2338. https://doi.org/10.1111/gcb.14100
Waldrop, M. P., Holloway, J. M., Smith, D. B., Goldhaber, M. B., Drenovsky,

R. E., Scow, K. M., … Grace, J. B. (2017). The interacting roles of climate,

soils, and plant production on soil microbial communities at a continental

scale. Ecology, 98, 1957–1967. https://doi.org/10.1002/ecy.1883
Wang, Q., Li, Y., & Wang, Y. (2011). Optimizing the weight loss‐on‐ignition

methodology to quantify organic and carbonate carbon of sediments

from diverse sources. Environmental Monitoring and Assessment, 174,

241–257. https://doi.org/10.1007/s10661-010-1454-z
Wang, H., Richardson, C. J., & Ho, M. (2015). Dual controls on carbon

loss during drought in peatlands. Nature Climate Change, 5, 584–587.
Woodroffe, C. D., Rogers, K., McKee, K. L., Lovelock, C. E., Mendelssohn,

I. A., & Saintilan, N. (2016). Mangrove sedimentation and response to

relative sea‐level rise. Annual Review of Marine Science, 8, 243–266.
https://doi.org/10.1146/annurev-marine-122414-034025

Yando, E. S., Osland, M. J., & Hester, M. W. (2018). Microspatial ecotone

dynamics at a shifting range limit: Plant‐soil variation across salt

marsh‐mangrove interfaces. Oecologia, 187, 319–331. https://doi.org/
10.1007/s00442-018-4098-2

Yando, E. S., Osland, M. J., Willis, J. M., Day, R. H., Krauss, K. W., & Hester,

M. W. (2016). Salt marsh‐mangrove ecotones: Using structural gradi-

ents to investigate the effects of woody plant encroachment on plant‐
soil interactions and ecosystem carbon pools. Journal of Ecology, 104,

1020–1031. https://doi.org/10.1111/1365-2745.12571
Zedler, J. B. (1982). The ecology of southern California coastal salt marshes:

A community profile. Washington DC: U.S. Fish and Wildlife Service,

Biological Services Program, FWS/OBS‐81/54

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Osland MJ, Gabler CA, Grace JB,

et al. Climate and plant controls on soil organic matter in

coastal wetlands. Glob Change Biol. 2018;00:1–19.
https://doi.org/10.1111/gcb.14376

OSLAND ET AL. | 19

https://doi.org/10.1002/2016JG003510
https://doi.org/10.1007/BF02691304
https://doi.org/10.1007/BF02691304
https://doi.org/10.1038/35098000
https://doi.org/10.1038/35098000
https://doi.org/10.1002/eap.1489
https://doi.org/10.1002/eap.1489
https://doi.org/10.1029/94GB00993
https://doi.org/10.1002/ecs2.1548
https://doi.org/10.1002/ecs2.1548
https://doi.org/10.1126/science.1118229
https://doi.org/10.1126/science.1118229
https://doi.org/10.1007/s13157-017-0937-x
https://doi.org/10.1111/j.1469-8137.2006.01938.x
https://doi.org/10.1111/j.1469-8137.2006.01938.x
https://doi.org/10.2307/1311413
https://doi.org/10.1007/BF00477106
https://doi.org/10.1007/BF00477106
https://doi.org/10.2307/1353283
https://doi.org/10.1007/BF02692215
https://doi.org/10.1111/gcb.14100
https://doi.org/10.1002/ecy.1883
https://doi.org/10.1007/s10661-010-1454-z
https://doi.org/10.1146/annurev-marine-122414-034025
https://doi.org/10.1007/s00442-018-4098-2
https://doi.org/10.1007/s00442-018-4098-2
https://doi.org/10.1111/1365-2745.12571
https://doi.org/10.1111/gcb.14376
https://www.researchgate.net/publication/326071586

	Climate and plant controls on soil organic matter in coastal wetlands
	Recommended Citation
	Authors

	Climate and plant controls on soil organic matter in coastal wetlands

