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1  | INTRODUC TION

Mangroves are shifting their range poleward on at least five con‐
tinents, mostly due to relief of temperature thresholds (Saintilan, 
Wilson, Rogers, Rajkaran, & Krauss, 2014). This coastal biome shift 
usually entails mangroves, which are halotolerant, tropical, woody 
wetland plants, displacing the existing temperate herbaceous salt 
marsh plants. In some sites in Australia and New Zealand, increases 
in mangrove abundance are driven by nonclimatic processes such 

as sediment delivery and subsidence (Lovelock et al., 2007; Rogers, 
Saintilan, & Heijnis, 2005; Swales, Bentley, & Lovelock, 2015) as 
well as changes in rainfall patterns (Eslami‐Andargoli, Dale, Sipe, & 
Chaseling, 2009). In some sites in Florida, USA, and Mexico, this ex‐
pansion is thought to be due to sea‐level rise (Krauss, From, Doyle, 
Doyle, & Barry, 2011; López‐Medellín et al., 2011) and changes 
in freshwater inputs (Howard et al., 2017; Krauss et al., 2011). 
However, in other regions, like in China, the cause of expansion re‐
mains unknown (Durango et al., 2012). Along the Atlantic and Gulf 
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Abstract
1.	 Climatic warming can change how coastal wetland plants grow, thus altering their 

capacity to build land and keep pace with rising seas. As freeze events decline 
with climate change, mangroves expand their range to higher latitudes and dis‐
place salt marsh vegetation. Warmer air temperatures will likely alter above‐ and 
below‐ground plant dynamics as this dramatic coastal wetland biome shift pro‐
ceeds, which in turn may result in changes in ecosystem function such as sediment 
building.

2.	 We used a large scale in situ warming experiment in a subtropical wetland to in‐
crease both marsh and mangrove ecosystem air temperatures. We assessed how 
2 years of continuous warming influenced above‐ and below‐ground plant growth 
and surface elevation relative to sea level.

3.	 We found that chronic warming doubled plant height and accelerated the expan‐
sion of mangrove into salt marsh vegetation, as indicated by a sixfold greater in‐
crease in mangrove cover in warmed plots compared to ambient temperature 
plots and a corresponding loss in salt marsh cover. Surface elevation gain, a meas‐
ure of soil‐building capacity, increased due to warming over a 2‐year period and 
these changes in surface elevation were driven by increased mangrove root pro‐
duction in warmed plots.

4.	 Synthesis. Our findings suggest that, in some coastal wetlands, warming can facili‐
tate plant community changes from marsh to mangrove, with corresponding in‐
creases in growth that help coastal wetlands to keep pace with sea‐level rise.
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coasts of the United States, mangrove expansion outside its range is 
most often attributed to a reduction in the severity and frequency of 
discrete freezing events (Cavanaugh et al., 2014; Osland, Day, Doyle, 
& Enwright, 2013). Where they are encroaching, mangroves can in‐
crease in abundance rapidly, with potential implications for biogeo‐
chemical processes and ecological interactions (Barreto, Morrissey, 
Wykoff, & Chapman, 2018; Cavanaugh et al., 2014; Doughty et al., 
2016; Giri & Long, 2016; Osland et al., 2013). For example, at the 
Kennedy Space Center (KSC) in Florida, mangrove cover increased 
by 69% in only 7 years (2003–2010) (Doughty et al., 2016) and was 
accompanied by a 25% increase in above‐ground wetland carbon (C) 
storage, although other studies show either no effect of mangrove 
expansion (McKee & Vervaeke, 2018; Perry & Mendelssohn, 2009) 
or effects constrained to specific locations (Comeaux, Allison, & 
Bianchi, 2012; Yando et al., 2016). While the impacts of this climate‐
driven range shift on wetland ecosystems are being studied, the ef‐
fect of chronic warming on these dynamic ecosystems is relatively 
unknown (Saintilan & Rogers, 2015).

The dramatic plant‐range shift that is occurring as mangroves 
encroach into marshes can alter ecosystem services of these habi‐
tats. Both salt marshes and mangrove forests improve water quality, 
maintain food webs, provide coastal protection through wave atten‐
uation and surface elevation stability, and sequester C; however, the 
extent of these services varies with regard between habitat, spe‐
cies, and location (Barbier et al., 2011). Woody plant encroachment 
into other herb‐dominated ecosystems alters a number of important 
below‐ground processes such as root productivity, organic matter 
(OM) decomposition, and microbial carbon cycling (Jackson, Banner, 
Jobbágy, Pockman, & Wall, 2002; Knapp et al., 2008; Rundel, Dickie, 
& Richardson, 2014). Mangrove encroachment into salt marsh hab‐
itats can alter below‐ground C storage, due to increased root pro‐
duction (Kelleway et al., 2016; Yando et al., 2016). However, effects 
are not consistent across locations and above‐ and below‐ground 
biomass capacity of C storage can differ (Feher et al., 2017; McKee 
& Vervaeke, 2018; Perry & Mendelssohn, 2009; Yando et al., 2016). 
Both salt marshes and mangroves can exhibit high levels of root 
production and sediment trapping, processes that can maintain 
biome position with respect to sea levels (Langley, McKee, Cahoon, 
Cherry, & Megonigal, 2009; McKee, Cahoon, & Feller, 2007). As 
mangroves expand into salt marsh habitat, their relative contribu‐
tion to sediment accretion will likely have strong implications for 
habitat persistence and dominance. In Louisiana, USA, salt marsh 
and mangrove habitats have shown equivalent accretion rates, sug‐
gesting that mangrove encroachment will not alter surface elevation 
of salt marshes (McKee & Vervaeke, 2018; Perry & Mendelssohn, 
2009). However, in Texas, USA, mangroves had a 4‐cm greater el‐
evation gain than salt marshes in one site (Comeaux et al., 2012). 
These studies have considered how these ecosystem services of 
salt marsh change with mangrove expansion as a result of reduced 
freeze frequency but have not investigated how the coupling of 
chronic warming may further alter these interactions.

It remains unknown how chronic warming will impact marsh 
conversion into mangrove forest and subsequent soil‐building 

processes, which play a key role in determining the long‐term sta‐
bility of these ecosystems. Recent predictions suggest that the 
sediment accretion of many salt marshes will not keep pace with 
sea‐level rise, resulting in potential losses of salt marsh habitat of 
over 60% (Crosby et al., 2016). Mangrove wetlands too are threat‐
ened by rising sea levels and lack of sediment (Lovelock et al., 
2015). However, other effects of global change may also influence 
coastal wetlands ability to keep pace with sea level. Elevated car‐
bon dioxide and temperatures may accelerate salt marsh growth 
and subsequently enhance elevation gains (Charles & Dukes, 
2009; Cherry, McKee, & Grace, 2009; Coldren et al., 2016; Kirwan, 
Guntenspergen, & Morris, 2009). Elevated temperature may also 
increase wetland OM decomposition rates which have the poten‐
tial to counter the positive effects of accelerated growth on eleva‐
tion change (Kirwan & Blum, 2011).

Canopy height, above‐ground biomass, and productivity in 
coastal wetlands are likely to increase with increases in mini‐
mum and mean annual temperatures (Feher et al., 2017). In situ 
warming studies performed in temperate salt marshes found that 
warming increases salt marsh standing biomass (Charles & Dukes, 
2009; Gedan & Bertness, 2010). We might expect that warming 
in wetland soils could speed up OM decomposition, but microbial 
responses to altered temperatures in low‐oxygen wetland soils are 
poorly characterized (Gill, Giasson, Yu, & Finzi, 2017). Warming 
experiments in the tropics are extremely rare even though tropical 
organisms can exhibit more sensitivity to warming than temperate 
counterparts given the relative stability of tropical temperatures 
over evolutionary time (Cavaleri, Reed, Smith, & Wood, 2015). In 
a small‐scale warming study targeted at assessing the response 
of mangrove seedlings and salt marsh plants to warming in a tem‐
perate‐tropical transition area, we recently found that chronic 
warming enhanced salt marsh biomass but had little effect on as‐
sociated mangrove seedlings (Coldren et al., 2016). However, as 
mangrove seedlings have small root systems, we would not expect 
mangroves at an early life stage to mediate effects of warming 
on soil elevation gain. Larger mangroves, which may have the ca‐
pacity to alter surface elevation to keep pace with sea‐level rise, 
have not been subjected to in situ experimental warming despite 
their likelihood to be heavily impacted by climatic warming (Ward, 
Friess, Day, & MacKenzie, 2016).

We hypothesized that experimental warming will alter man‐
grove and salt marsh growth and that changes in growth will alter 
surface elevation. To test this hypothesis, we deployed a large‐
scale (14.6 m2 plots) warming experiment in a subtropical coastal 
wetland at the transition latitudes of salt marsh and mangroves 
at the KSC inside the Merritt Island National Refuge, Florida, 
USA. Over a 2‐year experiment, we measured plant above‐ground 
growth and root biomass to assess plant responses to warming. 
We also assessed changes in surface elevation and linked those 
to changes in root biomass. Using this experiment, we tested the 
predictions that warmer temperatures will increase salt marsh and 
mangrove (a) above‐ground growth, (b) below‐ground growth, and 
(c) surface elevation gain.
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2  | MATERIAL S AND METHODS

2.1 | Study site description

We performed this experiment at the KSC within the Merritt Island 
National Wildlife Refuge (MINWR) on Merritt Island, Florida, USA. 
This ecosystem is part of the Indian River Lagoon (IRL), which 
spans 260 km of the east coast of Florida and represents an impor‐
tant subtropical transition zone between temperate and tropical 
species, such as salt marsh and mangroves. Because of its posi‐
tion at the ecotone of these two wetland biomes (marshes and 
mangroves), KSC is an ideal location to test the effects of chroni‐
cally elevated temperatures on wetland plant growth and mainte‐
nance of surface elevation. The MINWR area is undergoing rapid 
encroachment of tropical species into areas historically dominated 
by subtropical species as a result of shifts in climatic patterns. The 
reduction in the frequency of severe freeze events since a series 
of freeze events in 1982, 1983, 1985, and 1989 has resulted in 
significant shifts from salt marsh‐ to mangrove‐dominated areas 
(Lonard & Judd, 1991; Osland et al., 2017; Provancha, Schmalzer, 
& Hall, 1986). At KSC, coastal wetlands and sand dunes help pro‐
tect NASA’s $5.6 billion of low‐lying infrastructure against rising 
seas (Doughty et al., 2016; Doughty, Cavanaugh, Hall, Feller, & 
Chapman, 2017). Recently, Hurricane Matthew highlighted this 
area’s vulnerability to storm surge, a threat that is compounded by 
ongoing sea‐level rise and increased frequency of strong storms 
(Nicholls & Cazenave, 2010; Nicholls, Hoozemans, & Marchand, 
1999).

Sea levels at the KSC are projected to rise by 13–20 cm by 2050 
(the middle 67% of modelled values using seven Global Circulation 
Models and three emissions scenarios; Rosenzweig et al., 2014). 
Downscaled climate projections predict 1.5–2.6°C (summer–winter) 
of warming at KSC by 2050 (Rosenzweig et al., 2014). Due to the 
availability of such precise projections, we targeted our warming 
experiment to meet these levels of warming.

Our salt marsh and mangrove experimental ecotone was lo‐
cated in the Mosquito Control Impoundment C20‐C (28.4889°N, 
80.5778°W), which is open to natural tidal flow, and experiences 
microtidal tides similar to those found in the surrounding IRL, be‐
tween 0.1 and 0.7 m (Smith, 1987). This site has hydric sandy soils 
with an average organic layer of 10 cm. Mean monthly air tempera‐
tures at this site range from 10°C in winter and 33.3°C in summer. 
The heaviest rainfall occurs in the late summer (June–September), 
with a mean annual precipitation of 137 cm and soil pore water sa‐
linity that ranges from 30.0 to 50.8 ppt. The dominant salt marsh 
plant species, located in the middle to high intertidal zone, at this site 
was Distichlis spicata, mixed with low densities of Juncus roemerianus, 
Salicornia virginica, and Batis maritima. Other associated salt marsh 
grasses, Spartina alterniflora and Spartina patens, and succulents in‐
cluding Sesuvium portulacastrum, also occur, but these plants are not 
found within the experimental plots. The dominant mangrove spe‐
cies in the experimental plots was Laguncularia racemosa; however, 
Avicennia germinans does occur in the local vicinity. Laguncularia is 
found throughout the tropical and subtropical regions, occupying 
similar geographic limits as Rhizophora mangle and is predicated 
to have similar expansion potential under warming conditions 
(Cavanaugh et al., 2014). Within the KSC and our site, L. racemosa 
was found consistently interacting with D. spicata along an invasion 
front.

2.2 | Experimental design

The warming experiment was initiated in August 2014 and contin‐
ued for 22 months. To provide a chronic warming treatment, we 
deployed large‐passive warming chambers on plots where juvenile 
mangroves had established in the marsh (Figure 1). Six plots were 
located along a front of mangrove expansion. A minimum 2 m buffer 
zone between plots was established to minimize root interaction be‐
tween plots as trees were c. 2 m in height at experiment initiation. 
The study was only performed for 22 months in part to minimize 

F I G U R E  1   Location of the study site, 
which occurs at the intersection of the 
mangrove‐dominant and marsh‐dominant 
zones on the East Coast of Florida [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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root interaction between plots as the trees grow in size. Open‐top 
passive warming chambers (2.4 m × 6.1 m × 2.4 m height) were built 
to cover three of six plots. Disturbance to the plots during installa‐
tion was minimized with the use of temporary platforms when work‐
ing inside plots.

Each plot was positioned so that it incorporated a mangrove‐
dominated area (“mangrove zone”) and a salt marsh‐dominated area 
("salt marsh zone") (Figure 1, Supporting Information Figure S1). Salt 
marsh zones of plots were primarily composed of D. spicata. Adult 
and juvenile mangroves did not occur in the salt marsh zone and 
seedlings occurred rarely accounting for less than 1% of vegeta‐
tion cover. Mangrove zones contained large juvenile (~2 m height) 
L. racemosa mangrove trees. These two vegetation zones allow for 
direct comparison between warming effects on salt marsh versus 
mangrove vegetation.

Thus, the experimental design encompassed two treatments, 
temperature (warmed and control), and vegetation type (mangrove‐ 
and salt marsh‐dominated “zones”). We designed the experiment 
using a split‐plot design. The whole plot treatment was temperature 
with vegetation zone as subplots within each whole plot treatment 
(Supporting Information Figure S1). The whole plot treatments were 
replicated three times for a total of six plots with two zones each (2 
temperatures × 2 vegetation zones × 3 replicates). A split‐plot design 
was chosen as it allowed both mangroves and salt marsh to occur 
inside each plot, which allowed for the measurements of change in 
plot cover and dominance between the two vegetation types.

In line with the downscaled projections for KSC in 2050 
(Rosenzweig et al., 2014), the passive warming chambers we con‐
structed generated average air temperatures 1.8°C higher than ad‐
jacent control plots. The chambers consisted of reinforced PVC and 
SUNTUF clear corrugated polycarbonate panels (Parlam Americas, 
PA, USA; Figure 1) that allow 90% full light transmission. The 
warming chambers enclosed wetland vegetation on all sides in a 
2.4 × 6.1 × 2.4 m rectangle. To minimize effects of shading, precipi‐
tation, and gas exchange, the tops of the chambers were left uncov‐
ered (modified from Charles & Dukes, 2009; Coldren et al., 2016). 
This resulted in an average 95% PAR transmission into the experi‐
mental chambers. Each chamber had a 5‐cm gap between the base 
of the frame and the soil surface to allow natural tidal flow between 
plots. Control treatment (nonwarmed) plots were marked with PVC 
stakes and contained the same vegetation composition as warmed 
plots.

We recorded air and soil temperatures at 30‐min intervals to 
assess relative warming throughout the experiment using HOBO 
pendant data loggers (Onset Computer Corporation, Bourne, MA, 
USA). Shielded sensors were attached to PVC poles at 20 cm above 
the sediment surface to record air temperature. Soil temperature 
sensors were buried at 10 cm below the sediment surface to record 
soil temperature. No freezes were recorded during the experiment 
by the temperature loggers, and a NASA weather station within 
0.2 km of the experimental site confirmed that no freezes occurred 
during the study. Over the entire study, the air temperature in the 
passive warming treatment was 1.8°C warmer on average; however, 

the difference between control and warmed ranged from +0.04 to 
+15.6°C. Soil temperatures, relative humidity, and soil pore water sa‐
linity were unaffected by the passive warming treatment (Supporting 
Information Table S1).

2.3 | Above‐ground plant growth

We measured mangrove and salt marsh growth in summer and win‐
ter of each year. For mangrove growth assessments, we measured 
mangrove height, canopy volume and area, leaf abundance (number 
of leaves per a 50 cm branch), leaf surface area (for a subset of 10 
leaves per tree), leaf mass (for a subset of 10 leaves per tree), branch 
length (for a subset of 10 branches), branch density, and leaf scar 
abundance (on a subset of 10 branches). For salt marsh vegetation 
assessments, we measured canopy height, percent cover, and shoot 
density. Salt marsh height was determined from averaging the height 
of the four tallest stems of the dominant salt marsh, D. spicata from 
the subsampled plots. Percent cover of salt marsh was estimated 
visually for both vegetation zones. Shoot density of salt marsh was 
measured for all observed salt marsh species (primarily D. spicata 
with J. roemerianus, S. virginica, and B. maritima) in two 10 × 10 cm 
randomly subsampled areas within each zone of the plot (two per 
salt marsh zone and two per mangrove zone; total four per plot). 
These same subsampled areas were collected for salt marsh biomass 
in each sampling period. Within each 10 × 10 cm subsampled area, 
all live above‐ground salt marsh was collected (clipped and gathered) 
and sorted by species. All biomass was dried at 70°C until a constant 
mass was achieved. The above‐described plant growth measure‐
ments have been used in many coastal wetland studies and provide 
a comprehensive picture of growth of these wetland plants (Morris, 
2007).

2.4 | Plant cover and dominance

We also assessed above‐ground plant changes using percent cover 
and dominance to establish changes in plant composition across the 
mangrove‐salt marsh interface established in each plot (Supporting 
Information Figure S1). Percent cover by species group (salt marsh, 
mangrove, and bare ground) was estimated across the whole plot 
treatment. Change in percent cover by species group was deter‐
mined from the difference in percent cover from experiment ini‐
tiation and after 22 months. To determine species expansion and 
contraction across the zones, we also used a metric that we termed 
“percent dominance.” To assess changes in species expansion and 
retraction at this interface, we assessed percent dominance as a 
change in relative cover along the horizontal extent of the cham‐
bers (similar to Yando, Osland, & Hester, 2018). This was measured 
as an average of the maximum and minimum horizontal extent (m) 
of dominance by salt marsh, mangroves, and bare areas across the 
chamber (Supporting Information Figure S2). Dominance by species 
group was assigned based on the species group with the greater 
proportion of cover in any given area within the plot. From this, 
percent dominance was calculated as the proportion of the average 
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horizontal extent across the 6.6 m length of the chamber. At the time 
of initiation, each chamber was established with c. 35% dominance 
by mangroves (average 2.3 m horizontal extent across the chamber), 
with the remainder of the plot dominated by salt marsh and bare 
ground. However, bare ground accounted for less than 5% of the 
horizontal extent of plots. Change in percent dominance by species 
group (salt marsh, mangrove, and bare ground) was determined from 
the differences between horizontal extents established at experi‐
ment initiation and measurements after 22 months. This approach 
provides a measurement of change in dominance due to mangrove 
expansion and/or retraction and a corresponding decrease and/or 
increase in salt marsh.

2.5 | Below‐ground plant mass

In October 2014 and again in March 2016, we took soil cores (60 cm 
depth, 6.2 cm diameter) to obtain total below‐ground plant mass 
in warming and control plots across the two vegetation zones. We 
term this variable “belowground plant mass” in the text because we 
include both roots and rhizomes in this measurement. We only sam‐
pled below‐ground plant mass two times over the course of the ex‐
periment in order to avoid excess coring in plots where soil elevation 
tables were deployed (see below). Soil cores were taken in all plots 
(6 plots × 2 vegetation zones) to a depth of 60 cm using a stainless 
steel gouge auger (AMS sampling, American Falls, ID) and sectioned 
into 0–20 cm, 20–40 cm, and 40–60 cm segments. The majority of 
the roots and rhizomes (>80%) were in the top 20 cm, so we report 
below‐ground plant mass from 0 to 20 cm. After washing through a 
2 mm sieve, roots and rhizomes were sorted into fine (<2 mm) and 
coarse (>2 mm) diameter categories, oven dried, and weighed. Live 
versus dead and mangrove versus grass roots were distinguished 
visually. Below‐ground plant mass bulk density was determined 
using wet and dry tissue masses and volume via water displacement. 
Because any change in mass (live or dead) could contribute to soil 
elevation change, we report the total below‐ground plant mass by 
zone here. Using the two sampling dates, we estimated net below‐
ground plant mass change over time. Roots could have died and de‐
composed during this time period, so we report these data as “net 
change in mass.”

2.6 | Surface elevation change

To determine how warming and vegetation type affect soil build‐
ing, changes in surface elevation were assessed using shallow rod 
surface elevation tables (shallow RSETs) positioned across the salt 
marsh‐ and mangrove‐dominated zones of each plot. RSETs are a 
technique developed for wetland ecosystems to provide precise as‐
sessments of sediment surface elevation changes (Cahoon, Lynch, 
Hensel, et al., 2002; Cahoon, Lynch, Perez, et al., 2002; McKee, 
2011). We chose to only use shallow RSETs to evaluate the changes 
within the rooting depth of salt marsh and mangrove zones, as this 
technique is designed to measure elevation changes over the soil pro‐
file, integrating below‐ground plant growth and other geomorphic 

processes. The shallow RSETs, however, will not provide insight to 
subsidence processes that may occur below the root zone (Cahoon, 
Lynch, Hensel, et al., 2002). In each plot, we installed a shallow RSET 
with four aluminium legs to a benchmark depth of 2 m to encompass 
the plant‐rooting zone (McKee, 2011). We determined that the plant‐
rooting depth in the plots at KSC was a maximum of 1 m through 
sediment cores at experimental initiation. Our shallow RSETs were 
designed to be placed at the transition between salt marsh and man‐
grove zones within the plots and thus allow paired measurements of 
each zone. This design (Supporting Information Figure S1) provided 
a total of eight distinct positions from the shallow RSET with four in 
the mangrove and four in the salt marsh portions of each plot.

The shallow RSETs were measured at 0, 12, and 22 months. 
RSETs measure the relative elevation change over time in up to eight 
distinct positions around a permanently anchored RSET, encompass‐
ing approximately a 1.5 m2 area (McKee, 2011). In each position, a 
portable levelling device (hereafter “RSET arm”) was horizontally ex‐
tended from the RSET. From the RSET arm, nine‐pin readings were 
made by lowering the pins to the sediment surface. The difference 
in the length of the pin remaining above the RSET arm is measured 
to the nearest millimetre. A shallow RSET measured in eight posi‐
tions yields a total of 72 observations in a single‐sampling period. 
The stable benchmark of the RSET allows for repeat measurements 
at precise locations over time. The change in the height of pins over 
time reflects changes in the elevation of the sediment surface. In our 
study, the elevation change was averaged across the four positions 
per vegetation zone in each temperature treatment plot to provide 
the sediment elevation at each sampling period. Sediment elevation 
change was change from experiment initiation to 22 months. This 
design allowed for accurate assessment of how surface elevation 
changes within salt marsh and mangrove zones under warmed and 
control temperature conditions.

Sediment deposition can also impact surface elevation through 
“vertical accretion.” In order to account separately for sediment 
dynamics and thus determine the impact of root dynamics on sur‐
face elevation, two feldspar horizon markers were established in 
each vegetation zone (salt marsh and mangrove) within each plot to 
assess vertical accretion (four per plot). Markers were established 
and measured in conjunction with RSETs. For each a marker, ~2 cm 
deep feldspar layer was laid on the wetland surface in 25 × 25 cm 
plots. However, the plots experienced no measurable deposition, as 
none of the horizon markers were buried through the course of our 
experiment. Therefore, we report no vertical accretion occurred. 
See Supporting Information Figure S1 for an illustration of SET and 
marker horizon design in plots.

2.7 | Statistical analysis

Mangrove growth data were analysed using a one‐way analysis of 
variance (ANOVA) with warming treatments (two levels: warmed 
and control). The mangrove growth response variables were change 
in height (cm), canopy volume (m3), canopy area (cm2), leaf abun‐
dance, leaf surface area (cm2), leaf mass (g), branch length (cm), 
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branch density, and leaf scar abundance. Canopy area was based on 
the area of an ellipse, using maximum and minimum canopy widths. 
Canopy volume was based on the volume of an ellipsoid using 
the maximum and minimum canopy widths and maximum canopy 
height. A one‐way ANOVA was used as the adult mangroves were 
constrained to the mangrove‐dominated zones as per the split‐plot 
design. Therefore, a direct comparison of mangrove growth in both 
vegetation zones was not possible. To meet the assumptions of nor‐
mality and homogeneity of variances, all mangrove variables were log 
transformed except leaf mass, which was square root transformed.

Surface elevation change, salt marsh growth, above‐ground 
biomass, and change in below‐ground plant mass were analysed 
using split‐plot ANOVA with temperature treatments (two levels: 
warmed and control) as whole plot and vegetation zone (two lev‐
els: salt marsh and mangrove) as subplot factor within the whole 
plot. Salt marsh growth and biomass response variables were plant 
height (cm), percent cover, density (per m2), and above‐ground 
biomass (g/m2) at 22 months. To meet assumptions of normal‐
ity and homogeneity of variances, salt marsh height, density, and 
biomasses were log transformed. Surface elevation and salt marsh 
percent cover were not transformed.

Percent change in cover and dominance were both calculated as 
the difference in salt marsh, mangroves, and bare ground at exper‐
iment initiation (0 month) and termination (22 months). As change 
in percent cover and dominance were measured across the whole 
plot, each group (salt marsh, mangrove, bare ground) was analysed 
as separate one‐way ANOVAs with warming treatments (two lev‐
els: warmed and control). Both percent cover and dominance met 
the assumptions of normality and homogeneity of variances and did 
not need to be transformed. All statistical analyses were performed 
using sas version 9.3 (SAS Institute Inc., 2011).

3  | RESULTS

3.1 | Mangrove response

Final mangrove height was double in warmed plots compared 
to control plots (Warming F1,5 = 7.95, p < 0.0479; Figure 2a and 
Table 1). Mangrove canopy volume increase was nearly dou‐
ble in warming plots compared to control plots (Volume warming 
F1,5 = 8.30, p < 0.0450; Supporting Information Figure S3, Table 1) 
corresponding with the increases in mangrove cover in warming plots 

F I G U R E  2    Response of mangroves and salt marshes to warming conditions: (a) mangrove height (cm), where chronic warming accelerates 
vertical growth, (b) percent change in cover, where areal expansions of mangrove shade out salt marsh plants, (c) change in below‐ground 
plant mass (g/m2), where increased root productivity and areal coverage of individual mangroves result in greater below‐ground growth, and 
(d) change in elevation (mm), which is largely determined by the changes in below‐ground biomass. Warming treatments included ambient 
(control) and warming chamber. Data are M ± SE [Colour figure can be viewed at wileyonlinelibrary.com]

(a)(b)

(c) (d)
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(Figure 2b). Canopy area had a marginally significant effect, with in‐
creased area under warming conditions (Table 1). The changes in 
canopy volume in warmed plots corresponded with a 400% greater 
increase in percentage of plot dominated by mangroves than control 
plots (Supporting Information Figure S4 and Table S2). Leaf abun‐
dance and leaf surface area were also positively impacted by chronic 
warming (Abundance warming F1,5 = 8.95, p < 0.0402; Surface area 
warming F1,5 = 16.04, p < 0.0161; Supporting Information Figure S5 
and Table 1). However, leaf mass, branch length, branch density, and 
leaf scar abundance were unaffected by warming (Table 1).

3.2 | Salt marsh response

Chronic warming positively affected salt marsh percent cover and 
shoot density and had a marginally significant positive effect on 
height (Cover warming F1,11 = 26.74, p < 0.0009, Shoot density warm‐
ing F1,11 = 32.29, p < 0.0005, Height warming F1,11 = 5.06, p < 0.0546; 
Table 2). The effect of chronic warming on salt marsh biomass was 
not significant; however, a trend towards warming increasing biomass 
existed (Supporting Information Figure S6 and Table 2). Although not 
statistically significant, a consistent trend of salt marsh in the man‐
grove‐dominated zones having a reduced response to warming com‐
pared to salt marsh in the salt marsh‐dominated zone existed (Table 2).

3.3 | Changes in plant cover and dominance

Chronic warming altered relative plant cover and dominance. Percent 
mangrove covered significantly increased, with a corresponding de‐
crease in salt marsh cover (Mangrove F1,5 = 25.00, p < 0.0075, Marsh 
F1,5 = 10.00, p < 0.0341; Figure 2b and Table 3). Percent change in 
bare area did not significantly changed with warming conditions 
(F1,5 = 3.27, p = 0.1448; Figure 2b and Table 3). Percent dominance 
followed similar patterns as percent cover. Percent mangrove domi‐
nance significantly increased by 25% in warmed plots with an average 
1.62 m increase in linear extent (Supporting Information Figure S4 and  

Table S2). Salt marsh dominance showed a corresponding decrease of 
26%, with an average 1.74 m loss in warmed chambers compared to 
control plots (Supporting Information Figure S4 and Table S2). Change 
in percent dominance of bare areas between warmed and control 
plots was not significantly different (Supporting Information Figure S4 
and Table S2).

3.4 | Below‐ground response

Warming increased below‐ground plant mass, consistent with the 
changes in the above‐ground wetland plant growth, (Warming 
F1,11 = 9.33, p < 0.0157, Vegetation zone F1,11 = 8.00, p < 0.0222; 
Figure 2c and Table 4). Vegetation also influenced below‐ground 
plant mass and both mangrove and marsh plots gained roots over the 

TA B L E  1   Mangrove (Laguncularia racemosa) growth analysed 
using individual one‐way ANOVAs with warming treatments 
(warmed and control)

df MS F p

Height (cm) 1,5 2008.18 7.95 0.0479

Canopy volume (m3) 1,5 65.45 8.30 0.0450

Canopy area (cm2) 1,5 0.17 7.66 0.0504

Leaf abundance 1,5 797.98 8.95 0.0402

Per leaf surface area 
(cm2)

1,5 927.5267 16.04 0.0161

Leaf mass (g) 1,5 0.00 4.82 0.0932

Branch length (cm) 1,5 14.23 0.62 0.4743

Branch density 1,5 2.59 1.62 0.2723

Leaf scar abundance 1,5 0.12 0.0001 0.9777

Note. Significant differences are bolded (p < 0.05).
df : degrees of freedom; MS: mean squares; F: F‐statistic; p: p‐value.

TA B L E  2   Salt marsh (Distichlis spicata) growth analysed using a 
split‐plot ANOVA with warming treatments (warmed and control) as 
whole plot and vegetation type (salt marsh and mangrove) as 
subplot within warming treatments

df MS F p

Salt marsh above‐ground biomass (g)

Warming treatment 1,11 360.36 3.64 0.0927

Vegetation zone 1,11 166.95 1.69 0.2300

Vegetation × Warming 1,11 273.80 2.77 0.1347

Percent cover

Warming treatment 1,11 3,008.33 26.74 0.0009

Vegetation zone 1,11 33.33 0.30 0.6011

Vegetation × Warming 1,11 8.33 0.07 0.7924

Height (cm)

Warming treatment 1,11 1,240.33 5.06 0.0546

Vegetation zone 1,11 75.00 0.31 0.5952

Vegetation × Warming 1,11 280.33 1.14 0.3160

Shoot density (per m2)

Warming treatment 1,11 1,200.00 32.29 0.0005

Vegetation zone 1,11 12.00 0.32 0.5855

Vegetation × Warming 1,11 40.33 1.09 0.3280

Note. Significant differences are bolded (p < 0.05).
df: degrees of freedom; MS: mean squares; F: F‐statistic; p: p‐value.

TA B L E  3   Percent change in cover of salt marsh, mangroves, and 
bare areas were analysed using individual one‐way ANOVAs with 
warming treatments (warmed and control)

Percent 
change in 
cover df MS F p

Mangrove 1,5 416.67 25.00 0.0075

Salt Marsh 1,5 416.67 10.00 0.0341

Bare Ground 1,5 20.17 3.27 0.1448

Note. Significant differences are bolded (p < 0.05).
df: degrees of freedom; MS: mean squares; F: F‐statistic; p: p value.
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time of the experiment (Vegetation zone F1,11 = 8.00, p < 0.0222; 
Figure 2c and Table 4), but there was no interaction between warm‐
ing and vegetation. As is evident in Figure 2c, warming had a much 
larger influence on below‐ground plant mass in mangrove plots than 
in marsh plots. Specifically, warmed mangrove plots gained about 
1 kg/m2 of roots during the 22‐month experiment, more than man‐
grove control plots and salt marsh regardless of treatment.

3.5 | Sediment elevation response and correlation 
with root mass

Under ambient conditions, salt marsh and mangroves had similar 
amounts of elevation gain over the study period. This was reflected 
with similar annual rates of accretion in the control plots across 
vegetation types (control salt marsh: 6.98 mm/year; control man‐
grove: 6.56 mm/year). However, there was a significant interaction 
between warming and vegetation so that chronic warming caused 
mangroves to have significantly enhanced elevation gain compared 
to mangrove areas in ambient temperatures and salt marsh regard‐
less of temperature. Annual accretion rate in mangroves under 
warming was 12.24 mm/year; a threefold increase over the accre‐
tion rate of salt marshes under warming (4.46 mm/year). Salt marsh 
elevation gain was reduced in warmed plots compared to ambi‐
ent plots (Warming F1,11 = 9.28, p < 0.0159, Vegetation × Warming 
F1,11 = 5.35, p < 0.0495; Figure 2d, Supporting Information Figure 
S7 and Table 5). Surface elevation gain related positively to meas‐
ured change in below‐ground plant mass, particularly in warming 
plots (R2 = 0.565; Figure 3). Converting measured plant mass to 
plant volume using tissue bulk density yielded elevation estimates 
that closely match the magnitude of treatment effects on measured 
elevation (Figure 3).

4  | DISCUSSION

With climate change, annual average temperatures have increased, 
while the frequency of freeze events has declined, releasing man‐
groves from previous freeze‐limited distributions (Chen, Hill, 
Ohlemüller, Roy, & Thomas, 2011). As a result, mangroves are rapidly 
moving poleward, invading salt marsh habitat, and altering ecotonal 
wetland dynamics (Saintilan & Rogers, 2015). Displacement of salt 

marsh by mangroves is of growing concern and while the commu‐
nity and ecosystem impacts of this dramatic range shift are being 
assessed as a result of reduced freeze frequency (Doughty et al., 
2017; Guo et al., 2017; Perry & Mendelssohn, 2009), few studies 
have examined how ongoing chronic warming will affect plant spe‐
cies interactions and ecosystem resilience of coastal wetlands. Our 
overall hypothesis was supported in that warming temperatures al‐
tered mangrove and salt marsh growth which affected surface eleva‐
tion. Using this large‐scale in situ warming experiment, we showed 
that warming influences plant growth and enhances dominance of 
mangroves over salt marsh habitat. Mangrove dominance was asso‐
ciated with prolific root growth under warming, corresponding with 
increases in surface elevation. Chronic warming accelerated the con‐
version of salt marsh into mangrove habitat, altering the trajectory 
of habitat dominance in these critical ecosystems.

TA B L E  4   Effect on below‐ground plant mass (g) analysed using a 
split‐plot ANOVA with warming treatments (warmed and control) as 
whole plot and vegetation type (salt marsh and mangrove) as 
subplots within warming treatments

Change in the below‐ground 
plant mass change (g) df MS F p

Warming treatment 1,11 360.36 9.33 0.0157

Vegetation zone 1,11 166.95 8.00 0.0222

Vegetation × Warming 1,11 273.80 1.02 0.3422

Note. Significant differences are bolded (p < 0.05).
df: degrees of freedom; MS: mean squares; F: F‐statistic; p: p‐value.

TA B L E  5   Effect on sediment elevation change (mm) analysed 
using a split‐plot ANOVA with warming treatments (warmed and 
control) as whole plot and vegetation type (salt marsh and 
mangrove) as subplot within warming treatments

Change in sediment 
elevation (mm) df MS F p

Warming treatment 1,11 175.81 9.28 0.0159

Vegetation zone 1,11 4.33 0.23 0.6454

Vegetation × Warming 1,11 101.37 5.35 0.0495

Note. Significant differences are bolded (p < 0.05).
df: degrees of freedom; MS: mean squares; F: F‐statistic; p: p‐value.

F I G U R E  3   Relationship between below‐ground plant mass 
over the course of the study and measured elevation change for 
marsh (circle) and mangrove plots (square) under control (open) 
or warmed conditions (filled). The solid line represents the field 
data (Elevation change = 0.0077 [mass] + 12.992, R2 = 0.565). The 
dashed line represents treatment effects on elevation change 
that we would predict based on the bulk density of below‐ground 
plant mass (0.12 g/cm3) and changes in below‐ground plant mass 
(slope = 0.0083 mm [g m−2]−1)
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In agreement with our first prediction, we found that chronic 
warming increased both mangrove and marsh plant growth above‐
ground. Mangroves responded strongly to warming according to 
most of the growth parameters measured, including a doubling 
of height and canopy volume, which contributed to an increase in 
mangrove dominance. This is consistent with predictions by Feher 
et al. (2017) where increases in the minimum temperature were as‐
sociated with increased canopy height of coastal wetland species. 
However, we previously found that mangrove seedlings had minimal 
response to chronic warming, this study shows that once mangroves 
are established, their growth rate is enhanced in warmed conditions, 
which may help drive salt marsh habitat conversion to mangrove 
habitat (Coldren et al., 2016). Increased mangrove growth provides 
evidence that even tropical wetland species can respond strongly to 
chronic warming, similar to that observed in temperate wetland spe‐
cies (Charles & Dukes, 2009; Gedan & Bertness, 2010). In contrast 
to mangroves, salt marsh plants had varied responses to warming. 
In salt marsh‐dominated zones, salt marsh showed positive gains in 
cover and density under warming, which is consistent with other 
warming studies that showed increased above‐ground growth of 
wetland species (Charles & Dukes, 2009; Coldren et al., 2016; Gray & 
Mogg, 2001). However, we found a trend that the salt marsh plant, D. 
spicata, did not respond to warming when growing under mangroves, 
potentially pointing to competitive interactions between marshes 
and mangroves. Mangrove cover increased in all plots, with warmed 
chambers having a greater increase compared to control plots. Salt 
marsh cover changed very little in control plots but decreased in 
warmed plots, corresponding with the increase in mangrove cover. 
The percentage of the plot dominated by salt marsh declined across 
all temperature treatments; however, this decline was greater in 
warmed plots. Lack of differences in bare ground cover and domi‐
nance also support our claim that changes in relative mangrove and 
salt marsh are a result of the latter overtaking the former.

Taken together, enhanced mangrove growth and cover and de‐
cline of salt marsh cover in response to warming shows that con‐
version of salt marsh to mangroves was accelerated in chronically 
warmed plots. However, expansion and retraction of mangrove cov‐
erage have occurred multiple times in the last century, correspond‐
ing with minimum annual threshold events (Osland et al., 2017). Our 
results indicated that temperature between freezing events may 
also impact the rates of expansion between minimum temperature 
threshold events. Future studies should consider if the amount of 
expansion under increased temperatures carry through freeze 
events, such as by providing propagules sources for rapid recoloni‐
zation, thus altering community trajectories. As mangroves expand, 
they have strong effects on plant community structure and in in‐
tertidal wetlands outcompete salt marsh (Guo et al., 2017). Across 
salt marsh–mangrove interfaces, Yando et al. (2018) showed that the 
horizontal expansion of mangrove roots is positively associated with 
increases in relative height, which subsequently altered the extent 
of associated salt marsh cover. Our results also suggest that man‐
groves are likely to shade out marsh grasses, reducing available light 
for grasses and potentially suppressing their ability to respond to 

warming (Stevens, Fox, & Montague, 2006). This competition is likely 
to be maintained and potentially enhanced due to chronic warming 
as mangroves expand poleward, invading salt marsh habitat.

Our second prediction was that warming would also increase 
mangrove and marsh plot below‐ground plant mass and this predic‐
tion was only partially supported. Because we could not sufficiently 
determine the difference between mangrove and marsh below‐
ground plant matter, we can only report whether mangrove‐domi‐
nated and marsh‐dominated plots respond differently to warming. 
Thus, we are assuming the majority of the below‐ground plant mat‐
ter is coming from the plants contained in the warming or control 
plots. Warming strongly increased below‐ground plant mass only in 
the mangrove zones, likely due to an increase in available photosyn‐
thate for allocation below‐ground (Michelsen, Rinnan, & Jonasson, 
2012; Rinnan, Michelsen, & Jonasson, 2008). Warmed mangrove 
plots gained about 1 kg/m2 of roots during the experiment, more 
than mangrove control plots and salt marsh regardless of treatment, 
none of which showed a significant change in below‐ground mass 
over 22 months. However, below‐ground plant matter gain mea‐
sured was a balance between root growth and root decomposition. 
With no significant changes in below‐ground plant mass between 
salt marsh in control and warmed plots, we suggest that warming‐
induced increases in salt marsh above‐ground growth were not suf‐
ficient to increase allocation to roots. This lack of a warming effect 
on below‐ground dynamics was somewhat surprising, given that 
studies of Spartina anglica showing increased below‐ground biomass 
under elevated temperatures (Gray & Mogg, 2001), but this study 
was done in a laboratory setting. Wetlands at KSC can be nutrient 
limited (data not published), and thus, root growth is likely advan‐
tageous for increasing growth. If mangroves continue to increase 
in abundance, chronic warming induced increases in below‐ground 
plant mass will likely support further above‐ground growth due to 
increased nutrient acquisition. However, coastal wetland nutrient 
availability will depend on site‐specific factors such as local tides, 
proximity to development, and soil fertility, texture, and OM.

We obtained support for our third prediction in our finding that 
the highest surface elevation gain occurred in warmed mangrove 
plots. Coastal wetland below‐ground plant matter is not only im‐
portant for nutrient provisioning but also is critical to allowing sur‐
face elevation increases necessary to keep pace with sea‐level rise 
(McKee, 2011; McKee et al., 2007), particularly in areas with low 
sedimentation but high plant biomass (Krauss et al., 2014), such as at 
KSC. Warming and vegetation both boosted surface elevation gain 
such that warmed mangrove plots gained more elevation than any 
other plots. Surface elevation gain related positively to measured 
change in below‐ground plant mass, particularly in warming plots, 
potentially highlighting the importance of biotic processes in reg‐
ulating elevation change in this system. In order to examine this 
idea further, we converted plant mass to plant volume using bulk 
density estimates, and we found that these conversions yielded el‐
evation estimates that closely matched the magnitude of treatment 
effects in measured surface elevation. This agreement between 
below‐ground plant dynamics and elevation change, along with the 
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lack of measurable surface sediment deposition supports the promi‐
nent role of endogenous OM in regulating elevation gain at this site. 
We suggests that in these sandy soils, root inputs may be critical to 
elevation increases to keep pace with sea‐level rise (McKee, 2011; 
Nicholls & Cazenave, 2010). Increased gains in surface elevation 
under chronic warming highlights the importance of multiple factors 
of climate change on ecosystem processes. Under reduced freeze 
scenarios, salt marsh and mangrove showed equivalent sediment 
accretion rates (McKee & Vervaeke, 2018; Perry & Mendelssohn, 
2009); however, these do not account for increased temperatures 
altering biomass production during the remainder of year.

Many coastal wetlands rely primarily on sediment inputs to drive 
surface elevation gain (Swales et al., 2015). In Indo‐Pacific man‐
groves, researchers have found that sediment supply and resultant 
accretion are essential for mangroves to maintain surface elevation 
and prevent submergence (Lovelock et al., 2015). The KSC wetlands 
we studied have low sediment inputs, indicated by a lack of mea‐
surable deposition of sediment on the feldspar marker horizons we 
deployed during the study period. Similarly, in Caribbean atoll man‐
groves, OM deposition drives surface elevation (McKee et al., 2007). 
The surface elevation increases, we report here, exceed many of the 
published rates, possibly owing to the pioneer status of the man‐
groves as they encroach into the marsh. However, our surface el‐
evation increases (up to 12 mm/year) are similar to those observed 
by (Krauss et al., 2017) across mangrove restoration sites, where we 
would expect mangrove organic inputs to be similarly high as young 
trees are rapidly growing. However, in areas of greater tidal regimes, 
these results may differ from our microtidal area in the KSC and 
the IRL. Our experimental findings advance our knowledge of the 
role biotic influences can play in driving warming‐induced changes 
in surface elevation in certain systems, especially where sediments 
are low and sandy soils are likely more resistant to compaction.

Our study showed significant warming effects on L. racemosa and 
D. spicata, which were the dominant species in the wetlands at KSC; 
however, wetland species composition can be quite variable. Among 
mangroves, A. germinans and R. mangle are predominant throughout 
Florida wetlands, with the former likely to have the widest poleward 
expansion among mangroves due its higher cold tolerance. Studies of 
A. germinans invasion into salt marshes have shown mixed responses 
under reduced freezes (Comeaux et al., 2012; Yando et al., 2016) 
and warming conditions (Coldren et al., 2016). However, L. racemosa 
is considered to have expansion potential up to 31° latitude, similar 
to R. mangle; providing an important baseline comparison to future 
R. mangle studies under these conditions (Cavanaugh et al., 2014). 
Differences among mangrove species and life stages (i.e., seedlings, 
juveniles, adults) will likely have important impacts on plant interac‐
tions under warming conditions (Coldren et al., 2016) as observed 
under freezing conditions (Coldren & Proffitt, 2017). As mangroves 
expand poleward, they will also encounter a variety of salt marsh spe‐
cies, including Spartina species in the lower intertidal zones (Osland 
et al., 2013). At higher latitudes, D. spicata showed a greater response 
to warming compared to co‐occurring S. patens and S. alterniflora 
(Charles & Dukes, 2009). This is consistent with D. spicata responses 

at the KSC site (lower latitudes) as observed in this study and in small‐
scale warming chambers in Coldren et al., (2016). Future studies are 
needed to further understand chronic warming effects on the range 
of potential wetland species and their interactions.

We found that chronic warming stimulates mangrove growth 
and accelerates mangrove expansion into salt marshes. We predict 
that chronic warming will act additively and perhaps synergistically 
with declining freeze events, which were previously shown to facili‐
tate the poleward expansion of mangroves (Cavanaugh et al., 2014; 
Osland et al., 2013). In the short term, mangrove expansion and in‐
creased growth at KSC under warming conditions may provide more 
resistance to storms (Doughty et al., 2017), and surface elevation 
responses may enhance the sustainability of these ecotonal coastal 
wetlands as they face accelerating sea‐level rise in a warmer future.
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