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• Mobile carbon and nitrogen accumulate
in mangrove surface soil.

• Fine sediment accumulation in man-
groves may account for mobile C and N
accumulation.

• Fine sediment and mobile C and N
stocks are smaller in more landward
saltmarsh.

• Total C and N pools are similar between
mangrove and saltmarsh surface soils.

• Mangrove replacement of saltmarsh
may accelerate coastal wetland exports
of C and N.
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In the subtropics, climate change is pushing woody mangrove forests into herbaceous saltmarshes, altering soil
carbon (C) and nitrogen (N) pools, with implications for coastal wetland productivity and C and N exports. We
quantified total C and N pools, and mobile fractions including extractable mineral N, extractable organic C and
N, and active (aerobically mineralizable) C and N, in surface soils (top 7.6 cm) of adjacent mangrove (primarily
Avicennia germinans) and saltmarsh (Juncus roemerianus) vegetation zones in tidal wetlands of west-central
Florida (USA). We tested whether surface-soil accumulations of C, N, and their potentially mobile fractions are
greater inmangrove than in saltmarsh owing to greater accumulations in themangrove zone of soil organicmat-
ter (SOM) and fine mineral particles (C- and N-retaining soil constituents). Extractable organic fractions were
39–45% more concentrated in mangrove than in saltmarsh surface soil, and they scaled steeply and positively
with SOM and finemineral particle (silt + clay) concentrations, which themselveswere likewise greater inman-
grove soil. Elevationmay drive this linkage.Mangrove locationswere generally at lower elevations, which tended
to have greater fine particle content in the surface soil. Active C and extractable mineral N were marginally (p<
0.1) greater inmangrove soil, while active N, total N, and total C showed no statistical differences between zones.
Extractable organic C and N fractions composed greater shares of total C and N pools in mangrove than in
saltmarsh surface soils, which is meaningful for ecosystem function, as persistent leaching of this fraction can
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perpetuate nutrient limitation. The active (mineralizable) C and N fractions we observed constituted a relatively
small component of total C and N pools, suggesting that mangrove surface soils may export less C and N than
would be expected from their large total C and N pools.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Under a changing climate, temperature warming andwater redistri-
bution are causing globally pervasive shifts in plant species ranges and
associated changes in biogeochemical cycles. This intersection of cli-
mate, vegetation, and biogeochemical change is particularly important
in marine coastal wetlands owing to their dynamic plant communities
and large carbon (C) and nitrogen (N) stores. Coastal wetlands are
highly productive ecosystems that trap tidal inputs of organic matter
and accumulate disproportionately large masses of C (Mcleod et al.,
2011; Saintilan et al., 2014; Van de Broek et al., 2018; Sanderman
et al., 2018). This wetland C inventory is an essential piece of themarine
blue C reservoir, itself critical to the global C balance (Nellemann et al.,
2009), and is particularly concentrated in soil organic matter (SOM)
(Donato et al., 2011; Doughty et al., 2016; Johnson et al., 2000). Nitrogen
is likewise stored in SOM, so coastal soils serve as massive blue N sinks,
as well. Indeed, soils may hold 90% or more of total ecosystem N stocks
in coastal wetlands such as saltmarshes and mangrove forests (Haines
et al., 1977; Alongi et al., 2003; Ramos e Silva et al., 2007). Given their
massive size, mobilizing even small fractions of coastal soil C and N
pools can produce large fluxes of these elements to the atmosphere
and adjacent coastal waters (Boto and Wellington, 1988; Twilley et al.,
1992; Childers et al., 2002; Dittmar et al., 2006; Bouillon et al., 2008),
where they take forms that adversely impact air and water quality.
Yet, themobilization of soil C and N through depolymerization, dissolu-
tion, and mineralization also liberates the organic energy and mineral
nutrients that drive soil microbial activity and plant growth within
coastal wetlands, thereby giving rise to the many ecosystem services
for which these habitats are valued (Teal, 1962; Robertson et al., 1992;
Nedwell et al., 1994; Anderson et al., 1997; Alongi et al., 2002; Barbier
et al., 2011). An examination of the potential mobility of soil C and N
will thus contribute to understanding ecological function in coastalwet-
lands aswell as theirmaterial exports to air and adjacent surfacewaters.

One source of variation in soil nutritional pools is vegetation assem-
blage. Plant productivity and functional traits regulate flows of energy
and matter, thereby shaping soil conditions that feed back to define
site suitability for plant species (McKee, 1993; Chapman et al., 2006;
Kulmatiski et al., 2008; van der Putten et al., 2013). This coupling be-
tween soil conditions and vegetation form is conspicuous in coastal en-
vironments, where plant communities are arrayed in distinct zones
across edaphic gradients (Pennings and Callaway, 1992; McKee, 1993;
Matthijs et al., 1999; Cui et al., 2011; Osland et al., 2018). Plant zonation
is not simply an outcome of edaphic gradients, but also helps create
them through numerous plant influences on soil. Coastal plants accrete
soil by depositing autochthonous organic material and by trapping par-
ticulatematter delivered in tides and other currents (Morris et al., 2002;
McKee et al., 2007; Fagherazzi et al., 2012; Kirwan and Guntenspergen,
2012; Kelleway et al., 2017; Van de Broek et al., 2018). They also regu-
late soil loss by forming barriers that slow erosive currents, binding
soil with roots, and mediating soil respiration (Augustinus, 1995;
Reed, 1995; Simpson et al., 2019a). Plants further imprint coastal soils
by hosting distinct microbial and animal communities with varying
metabolic functions and engineering behaviors (Barreto et al., 2018;
Scheffel et al., 2018). Differences in soil biogeochemistry are accordingly
observed between the various plant formations that occupy different
coastal zones (Adams, 1963; Sherman et al., 1998; Lewis et al., 2014a;
Kelleway et al., 2017) and successional states (Craft et al., 2003;
Osland et al., 2012; Dontis et al., 2020).
2

Associations between plants and soils assume heightened impor-
tance as plant geographical distributionsmove in response to global en-
vironmental change. As plant species advance on new areas, they may
encounter limiting soil conditions that inhibit further encroachment
(Huenneke et al., 1990), or may cause biogeochemical change as they
replace previously dominant species (Blank, 2008), both of which char-
acterize woody plant encroachment into herbaceous communities
(Archer et al., 2017). These possibilities compel efforts to understand
how soils vary across ecotones that are moving in response to climate
change, such as ecotones on subtropical coastlines where woody man-
grove forests are expanding into herbaceous saltmarshes (Krauss
et al., 2011; Saintilan et al., 2014).Mangrove expansion increases C stor-
age both above and below ground (Bianchi et al., 2013; Kelleway et al.,
2016; Krauss et al., 2017; Lamont et al., 2020; Alongi, 2020). Themagni-
tude of this effect is variable (Perry and Mendelssohn, 2009; Henry and
Twilley, 2013; Yando et al., 2018; Raw et al., 2019), as mediated by cli-
mate setting, the C reservoir type being examined, and other contextual
factors (Yando et al., 2016; Rogers and Krauss, 2019; Macy et al., 2020).
Variation across the mangrove-saltmarsh ecotone in soil C storage is
linked to patterns in soil enzyme activity, nutrient mineralization, de-
composition, and dissolution (Lewis et al., 2014a; Charles et al., 2020;
Simpson et al., 2020; Steinmuller et al., 2020). These depletive processes
act on particular fractions of SOM (Grandy and Neff, 2008), and are car-
ried out by soil microbial communities that differ phylogenetically and
metabolically between mangrove and saltmarsh sediments (Barreto
et al., 2018). The increased storage of soil C often observed with man-
grove encroachment suggests that soil N and the potentially mobile
fractions of both elements increase in parallel.

Mangrove, relative to saltmarsh, soil could store largermasses of po-
tentially mobile C and N if they accumulate larger masses of SOM and
fine mineral particles (silt and clay particles <53 μm). Both of these
soil constituents retain potentially mobile material that might other-
wise be exported. On sandy coastal hillslopes, for example, C and N
are poorly retained and thus rapidly exported, whereas hillslopes with
finer mineral particle sizes retain larger amounts of extractable C and
N in situ (Castellano et al., 2013). Fine mineral sediments retain C and
N by forming aggregates that encase and protect organic C and presum-
ably its associated N (Six et al., 2004; Kleber et al., 2007), and by provid-
ing ion exchange sites that fix charged forms of N (Young and Aldag,
1982). This role of fine mineral particles in C and N protection is well-
established in terrestrial soils (Hassink and Whitmore, 1997), and
while it is less commonly examined in coastal wetlands, stable aggre-
gate formation and the protection of organic C by fine mineral sedi-
ments do occur in coastal wetlands under a variety of plant taxa
(Caravaca et al., 2005; Sun et al., 2019). Tidal inundation pumps
sediment particles into mangrove forests where finer particles prefer-
entially settle at slack tide (Furukawa and Wolanski, 1996), and sedi-
ment deposition onto soil surfaces is accordingly higher in mangrove
forests than in the saltmarshes behind them (Adame et al., 2010).
Carbon and N are principal constituents of SOM owing to its biological
origin, so SOMmay likewise hold large potentially mobile C and N frac-
tions. The quality of SOM may differ between vegetation zones, how-
ever, so the relatively greater accumulation of soil C often observed in
mangrove forests may not translate into larger mobile C fractions.
Terrestrial soils can show this behavior. In some settings, for example,
urban surface soils store more total N but similar masses of potentially
mobile N as stored in nearby agricultural surface soils (Lewis et al.,
2014c). In this study, we accordingly evaluate how surface-soil C and
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N are allocated into fractions of various mobility across a mangrove-
saltmarsh ecotone that is migrating in response to climate change and
sea-level rise.

Here, we work across an ecotone in a region of well-documented
mangrove range expansion (Raabe et al., 2012; Osland et al., 2013).
Our objective is to investigate whether and why C and N pools and
their potentially mobile fractions are greater in mangrove than in
saltmarsh surface soils. Potentially mobile fractions of organic matter
are most highly concentrated in the top 5–10 cm (Chen and Twilley,
1999; Kristensen et al., 2011). Surface accumulation of potentially mo-
bile material results in part because the liberation of dissolved organic
matter by tidally cyclic drying and rewetting of soils would be most
expressed at the soil surface (Li et al., 2020), and in part because root
mass, a source of organic exudates, is likewise concentrated at shallow
depths (Barreto et al., 2018). Moreover, the increased soil C storage
resulting from mangrove encroachment is particularly evident in the
top 10 cm on account of rapid litter input (Simpson et al., 2019b).
Encroaching plant propagules must first contend with this soil horizon,
and it is the mobile fractions of this horizon that provide nutrients nec-
essary for germination and early growth. Of course, far more C and N is
stored throughout the full soil profile of coastal wetlands than what is
found in the surficial soil layer (Donato et al., 2011) and aboveground
biomass also stores abundant C and N. Much excellent work exists on
full accountings of ecosystem C and N stocks in coastal wetlands
(e.g., Liao et al., 2007; Wang et al., 2013; Charles et al., 2020; Macy
et al., 2020; Alongi, 2020), so here we turn our attention to better un-
derstanding potentially mobile forms of C and N in the context of
encroaching vegetation, orienting our focus on the surface horizon.

We test the hypothesis (1) that surface-soil accumulations of C, N,
and their potentially mobile and non-mobile fractions are greater in
mangrove than in saltmarsh owing to greater accumulations of C- and
N-retaining soil constituents (organicmatter and finemineral particles)
in the mangrove zone. This hypothesis is tested by evaluating whether
surface-soil concentrations of C, N, and their various fractions correlate
with concentrations of SOM and fine mineral particles, and whether
these response and predictor variables are both greater in mangrove
than in saltmarsh.We also test the hypothesis (2) thatmangrove forests
store larger fractions of potentially mobile C and N in surface soils sim-
ply on account of storing larger total C and N pools, versus the alterna-
tive that surface-soil C and N pools are inherently more or less mobile
in mangrove forest. This hypothesis is tested by comparing mangrove
and saltmarsh zones with regard to the proportions of their C and N
pools that are potentially mobile. Finally, we test the hypothesis
(3) that the biogeochemical cycling of C and N are coupled similarly in
mangrove and saltmarsh surface soils. This hypothesis is tested by eval-
uating whether the stoichiometric ratios (C:N) of the total, non-mobile,
and potentiallymobile fractions are similar between the two vegetation
zones.

2. Material and methods

2.1. Site description

We studied blackmangrove (Avicennia germinans) dominated forest
and black needlerush (Juncus roemerianus) saltmarsh along the Gulf of
Mexico coastline in peninsular west-central Florida, USA (Fig. 1). This
location has a humid subtropical climate with mean monthly tempera-
tures ranging from 15.6 °C in January to 28.5 °C in August (1991–2020
monthly normals, U.S. NOAA National Centers for Environmental Infor-
mation, stationGHCND:USC00088824, Tarpon Springs, Florida), and an-
nual precipitation of 1379 mm (annual mean 1991–2020, Tarpon
Springs station). Precipitation falls as rain, with 60% falling during June
through September, and 40% evenly distributed among other months.
Monthly mean relative humidity ranges from 67% in April and May to
76% in August and September (1948–2018, U.S. NOAA Comparative
Climate Data for the United States through 2018, station GHCND:
3

USW00012842, Tampa International Airport). Tides are semi-diurnal,
with 0.57 m median amplitudes during the 12-month period prior to
sampling (U.S. NOAANational Ocean Service, Clearwater Beach, Florida,
station 8726724). Sea-level rise is 4.0 ± 0.6 mm per year (1973–2020
trend, mean ± 95% confidence interval, NOAA NOS Clearwater Beach
station). The A. germinans mangrove zone is either adjacent to water
or fringed on the seaward side by a narrow band of red mangrove
(Rhizophoramangle). A near-monoculture of J. roemerianus is often adja-
cent to and immediately landward of the A. germinans zone (see supple-
mental images S1-S5). The transition from the mangrove to the
J. roemerianus zone is variable in our study area. An abrupt edge be-
tween closed-canopy mangrove and J. roemerianus monoculture may
extend for up to several hundred meters in some locations, while
other stretches of ecotone present a gradual transition where smaller,
widely spaced trees are interspersed into the herbaceous marsh (cf.
Yando et al., 2018; Steinmuller et al., 2020). Juncus roemerianus then ex-
tends landward to a high marsh patchwork of succulent halophytes
(including Salicornia bigellovi, Sesuvium sp., and Batis maritima),
scattered dwarf mangrove, and salt pans, followed in turn by upland
vegetation that includes Pinus sp. and Serenoa repens. Other work in
our study region (Osland et al., 2012) demonstrates that in the lower
tidal frame where mangrove forests and graminoid marshes co-occur,
soil pH is slightly acidic (6.0–6.8), while porewater salinity varies nar-
rowly (30–33 ppt), does not differ between mangrove forest and
graminoid marsh zones, and is uncorrelated with soil organic matter,
C, N, and sediment particle size at 0–10 and 10–30 cm soil depths.

2.2. Field design and sample collection

We established three study sites spaced at approximately 5 km in-
tervals along the western coastline of the central Florida peninsula
(Figs. 1 and S3–S5). The sites consisted of the Salt Springs (28.3298°,
−82.7274°), Energy Marine Center (28.2903°, −82.7278°), and Green
Key (28.2530°, −82.7496°) sites on the Gulf of Mexico coastline in
Pasco County, Florida, USA. At each site, we established three plot
pairs, each consisting of one saltmarsh plot and one mangrove plot.
Plots were 50 m2 in size. Plots pairs within a site were separated by
230–1070 m, and the mangrove and saltmarsh plots composing a pair
were 70–170 m apart. All plot pairs consisted of directly adjacent
patches of mangrove forest and J. roemerianus saltmarsh, with theman-
grove forests exhibiting a closed canopy and a tree architecture (height
4–6 m, crown width 1.5–3 m). Mangrove plots were located at approx-
imately the midpoint between the seaward edge (water-mangrove in-
terface) and landward edge (mangrove-saltmarsh interface) of the
mangrove zone. Saltmarsh plots were located 20–25 m away from any
mangrove trees and into the J. roemerianus zone (i.e., landward from
the mangrove-saltmarsh interface). Plot pairs were coarsely similar in
geomorphic setting, as all were located on the Gulf of Mexico coastline,
rather than within major sheltering formations like Tampa Bay, and all
plot pairs fit the tide-dominated domain of the Woodroffe (2002) clas-
sification, given their conspicuous semi-diurnal tides. There was never-
theless some geomorphic variation, as some plot pairs were directly
open to the Gulf of Mexico while others sat behind keys and spits or
along small tidal creeks (Figs. S3–S5). Our use of a plot-pair approach
is intended to control for this geomorphic variation. Plot center eleva-
tions (cm above mean sea level, NAVD 88) were estimated by overlay-
ing the plot locations determined with a global positioning system
(Garmin GPS 60, Olathe, KS, USA) on a LiDAR-derived bare-earth digital
elevationmodel (Dewberry, Inc., 2019). The digital elevationmodel had
a vertical accuracy of ±10 cm (95% CI) and a horizontal accuracy of ±
116 cm (95% CI).

Soil sampleswere collected via coring at low tide in June 2011. From
each plot, we collected a composite soil sample consisting of three dis-
crete 5.1-cm diameter soil cores taken at equidistant points to 7.6 cm
depth. Cores were taken by tapping a sleeve into the soil until its top
was flushwith the soil surface, sliding a hand under the core, and lifting



Fig. 1. Study region map.
Location of study sites on the west-central coast of the Florida, USA, peninsula. At each site, three plot pairs consisting of a mangrove forest (triangles) and saltmarsh (circles) plot were
sampled. Aerial images of the sites are available in the supplemental material.
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it up. Coreswere then capped and transferred on ice to our laboratory at
the University of South Florida (Tampa, Florida, USA), where they were
combined in plastic zipper bags, and homogenized by hand into plot-
level composite samples on the day they were collected. A damp soil
subsample was immediately taken from each composite sample to ini-
tiate 1-y incubations for determination of active C and N (see below).
The remainder of each composite sample was then placed in a drying
oven (60 °C) for 1 week with frequent mixing of the soil to prevent ag-
gregation and liberatewater. Organicwetland soils are sometimes dried
at 70 °C (Simpson et al., 2019b), however high drying temperatures can
volatilize non-water liquids and oxidize and decompose organicmatter,
so 50 °C is also a common drying temperature for organic soils
(Gardner, 1986); we accordingly chose 60 °C as a compromise between
sufficient water removal and avoidance of non-water mass loss. Bulk
density was determined as soil dry mass per core volume (adding
back the dry mass equivalent of the damp subsample removed prior
to drying). Dried subsamples were obtained for determination of
4

SOM, mineral texture composition, and extractable and total C and N
within the following week.

2.3. Sample analyses

A dried subsample was apportioned from each composite sample to
determine SOM as mass loss on ignition at 550 °C for 4 h. After organic
matter was removed from soil via ignition, mineral particle size compo-
sition was determined using a combination of wet sieving and density
separation in 49 mM (3%) sodium hexametaphosphate ((NaPO3)6) fol-
lowing procedures in Kettler et al. (2001). The percentage of dry soil
mass composed of silt and clay particles (hereafter, fines) was calcu-
lated as the mass lost from dispersed mineral soil after sieving
(0.053 mmmesh sieve). Fines could have been slightly underestimated
if any clay particleswere burned off during the preceding ignition of soil.
An additional subsample was taken from each composite sample to de-
termine extractable N and organic C concentrations via 0.5M potassium

Image of Fig. 1
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sulfate (K2SO4) extractions (as in Dail et al., 2001; Kaye et al., 2002;
McDaniel et al., 2014). We combined soil and extractant (ratio of 1 g
dry soil:5 mL extractant) in plastic bottles, reciprocally shook the slurry
for 1 h at 120 rpm, and then gravity filtered it through Fisher G6 (1.6 μm
pore size) glass fiber filters, followed by colorimetric detection of nitrite
(NO2

−) + nitrate (NO3
−) and ammonium (NH4

+) in the filtrate (Hood-
Nowotny et al., 2010) using a microplate spectrophotometer (Biotek
Epoch, Winooski, VT, USA). Filtrate was also analyzed for dissolved or-
ganic C (referred to hereafter as extractable organic C) and total dis-
solved N via combustion and oxidation followed by detection of the
evolved CO2 and N oxide gases on a Formacs HT TOC/TN analyzer
(Skalar, Breda, The Netherlands). Extractable organic N was then com-
puted as total dissolved N in filtrate minus extractable mineral N (itself
the sum of extractable NH4-N and NO2-N + NO3-N). We determined
soil total C and N from dried, milled subsamples subjected to elemental
analysis (ECS 4010, Costech, Inc., Valencia, CA, USA) at the University of
South Florida Stable Isotope Laboratory. Median concentration of inor-
ganic C in unvegetated surface soil at our sites is 0.5% of soil mass
(Anderson, 2019, viamethods inWang et al., 2011). Inorganic C concen-
trations are likely even lower in our samples from under vegetation,
where organic matter would dilute the contribution of inorganic C to
soil mass. Nevertheless, the presence of a small inorganic C pool in our
soils may be counted in the total C valueswe report. Extractable organic
C is necessarily of organic C origin given themethod (spargingwithHCl)
used in detection.

Active C and N represent the fractions of organic C and N that are
mineralizable by soil microorganisms under aerobic conditions in
long-term soil incubations (Paul et al., 1999). To quantify active C and
N, 60 g of field-moist soil were apportioned from each composite sam-
ple, placed in a filtration apparatus, and incubated in the dark at 25 °C
and field capacity moisture for 365 d (as in Kaye et al., 2002; Lewis
et al., 2014b, 2014c). Moisture levels were maintained by frequently
weighing incubated soil and wetting them up to target mass. Daily
CO2 flux was quantified on 29 occasions at 0.5–3 week intervals during
the incubation period (with shorter intervals earlier in the incubation),
and these per-day flux rates were integrated over the 365-d period to
compute an estimate of active C. Observations of per-day flux were
made by sealing samples overnight in airtight chambers fitted with
septa and quantifying headspace CO2 accumulation by injecting head-
space samples (obtained through the septa via needle and syringe)
into an infrared gas analyzer (PP Systems EGM-4, Amesbury, MA,
USA). To estimate active N, each incubated sample was leached with a
C- and N-free, 35 psu solution containing micronutrients (Nadelhoffer,
1990) on 19 occasions at increasing 1–6 week intervals during the
365-d incubation, and then extracted in 0.5MK2SO4 at the end of the in-
cubation in order to remove any residual mineral N. Active N was then
quantified as the total mass of mineral N leached and extracted. Mineral
N in leached and extracted solutionswas detected asNH4-N andNO2-N+
NO3-N via colorimetry as above. This incubation technique precludes new
C and N inputs and persistently leaches mineral N, forcing microorgan-
isms tomeet demand bymineralizing existing pools, and thereby directly
assays the potential activity of soil organic C and N pools present at the
time of soil sampling (Robertson and Paul, 2000). Because this analysis
commences with disrupting soil physical structure, it is biased toward
higher estimates of active fractions.

2.4. Statistical analysis

Henceforth, in reference to our data,wewill use the term poolswhen
referring to the C and N concentrations determined via elemental anal-
ysis (total C and N), andwill use the term fractionswhen referring to the
various portions of these pools (extractable mineral N, extractable or-
ganic C and N, active C and N, and non-mobile C and N). Non-mobile C
and N fractions were computed as total C and N concentrations minus
the extractable and active fractions of each element. Surface-soil con-
stituents (fines, SOM, and C and N pools and fractions) are reported in
5

areal units of mass per cm2 to facilitate their comparison between
zones. Areal concentrations were computed as X × D × 7.6, where X is
the gravimetric concentration of a soil constituent (mass constituent/
mass dry soil),D is soil bulk density (g dry soil / cm3), and 7.6 is the sam-
pling depth in cm. Gravimetric concentrations are reported for each
zone in the supplemental information (Table S1). We also calculated
each C and N fraction as a proportion of total C and N pools (e.g., mg ac-
tive N / g total N). Finally, stoichiometric C:N ratios are reported on a
molar basis for the extractable organic, active, and non-mobile fractions,
and for total C and N pools.

We preliminarily used one-way ANOVA to investigate whether
fines, SOM, or any soil C and N pools and fractions significantly differed
between sites (n = 18 plots, 6 per site). We performed this analysis to
address the possibility that any soil C or N correlation with fines or
SOM (predicted by hypothesis 1) may be an outcome of a site-level ef-
fect on both response and predictor variables. Some variables were log
or arcsin-square-root transformed to obtain normal distributions (con-
firmedwith Shapiro-Wilk tests p>0.05). Sample data for SOMwerenot
normalized by transformation (Shapiro-Wilk p = 0.021), so SOM was
compared among sites using a Kruskal-Wallis test. Three soil variables
exhibiting unequal variance among sites (Bartlett test p < 0.05) were
compared among sites using Welch's ANOVA. These modifications are
noted in Tables S2 and S3.

To test hypothesis 1, that surface-soil C and N pools and fractions are
greater in mangrove than in saltmarsh owing to greater accumulations
of organicmatter andfinemineral particles in themangrove zone,we fit
linear regressions (n = 18 plots) between soil C and N fractions and
pools, on the one hand, and their hypothesized predictors of fines and
SOM, on the other. Significance was determined using one-tailed tests
predicting positive correlations. Active, non-mobile, and total N values
were log-transformed for regression on either SOM or fines, while
those of other variables remained in linear units. Residuals from all
models were normally distributed (Shapiro-Wilk tests). We also con-
ducted a paired t-test to determine whether the mean difference
between zones in each soil constituent was zero (n = 9 paired man-
grove and saltmarsh plots). Difference values (values in mangrove
plots minus values in paired saltmarsh plots) were normally distributed
(Shapiro-Wilk p > 0.05), except in the case of bulk density, for which a
Wilcoxon signed-rank test was used to compare bulk density between
zones. Significance was determined using one-tailed tests predicting
greater concentrations in mangrove than in saltmarsh surface soil.
This directional prediction is based on the growing understanding that
mangroves store more soil organic matter and C than do other coastal
wetland types (reviewed above), and on our interest in whether soil N
and the fractions of soil C and N are entrained in this pattern. For
fines, this directional prediction is based on the expectation that man-
grove soil will receive greater deposition of fine mineral particles
owing to the lower elevation of this zone and its closer proximity to
openwater. To seek auxiliary support for this expectation, we evaluated
whether the difference in fines between plots in a pair was correlated
with the elevation difference between plots (i.e., ρ of Δ fines between
plots in a pair with Δ elevation between plots; n = 9 plot pairs).
Hypotheses 2 (that mangrove surface soils hold larger fractions of po-
tentially mobile C and N on account of storing larger total C and N
pools) was tested with paired t-tests to determine whether there was
zero difference between zones in the proportions of total C and N
pools that are potentially mobile. Hypothesis 3 (that C and N biogeo-
chemistry are coupled similarly in mangrove and saltmarsh surface
soils) was likewise tested with paired t-tests to determine whether
there was zero difference between zones in stoichiometric (C:N) ratios.
Difference values (value in mangrove plot minus value in paired
saltmarsh plot) for all variables examined under hypotheses 2 and 3
were normally distributed, with the two exceptions of extractable or-
ganic N as a proportion of total N, and total C:total N, which were com-
pared between vegetation zones using a Wilcoxon signed-rank test.
Significance was determined with two-tailed tests. In tests of surface-



Table 1
Concentration by zone.
Differences between zones in concentrations of surface-soil constituents (mean±95%C.I.,
n = 9 per zone).

Soil constituent Saltmarsh Mangrove p-Value

Bulk density (g dry soil / cm3) 0.174 ± 0.023 0.199 ± 0.051 0.500
Soil organic matter (mg / cm2) 494 ± 34 582 ± 75 0.011
Fines (mg / cm2) 192 ± 31 248 ± 48 0.027
Elevation (cm a.m.s.l. NAVD 88) 50.7 ± 9.8 34.1 ± 10.2 0.023
Extractable mineral N (mg / cm2) 0.0519 ± 0.0124 0.0610 ± 0.0145 0.086
Extractable organic N (mg / cm2) 0.165 ± 0.048 0.239 ± 0.058 0.031
Active N (mg / cm2) 0.776 ± 0.272 0.837 ± 0.132 0.312
Non-mobile N (mg / cm2) 19.2 ± 3.0 21.9 ± 4.3 0.112
Total N (mg / cm2) 20.2 ± 3.1 23.0 ± 4.4 0.111
Extractable organic C (mg / cm2) 1.52 ± 0.30 2.12 ± 0.37 0.019
Active C (mg / cm2) 18.7 ± 5.5 22.1 ± 4.3 0.054
Non-mobile C (mg / cm2) 255 ± 21 276 ± 47 0.139
Total C (mg / cm2) 275 ± 24 300 ± 48 0.118

Notes: Abbreviations—a.m.s.l., above mean sea level. Areal concentrations reported here
are integrated through the sampling depth of 7.6 cm. The p-value reports result of a
one-tailed paired t-test of the null hypothesis that values are similar between zones, ver-
sus the alternative that values are greater in mangrove forest than in saltmarsh surface
soil.
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soil differences between zones, and of correlations among surface-soil
properties, we took p values ≤0.05 as significant and > 0.05–0.1 asmar-
ginally significant. Analyses were conducted using Matlab (R2018b and
R2019a).

3. Results

3.1. Regional and site-level variation

Surface-soil C and N pools and fractions all exhibited notable varia-
tion, although the potentially mobile (extractable and active) fractions
varied more than the non-mobile fractions and total pool sizes did.
Potentially mobile fractions varied approximately 3-fold across all 18
plots, while the non-mobile fractions and total pools varied approxi-
mately 2-fold. Extractable mineral, extractable organic, and active N
concentrations varied over ranges of 32.4–102.3, 108–340, and
450–1619 μg N / cm2 ground surface area (integrated to 7.6 cm
depth), respectively, while non-mobile N concentrations spanned the
proportionally narrower range of 15.1–31.1 mg N / cm2 (Table S2).
Likewise, extractable organic and active C concentrations varied over
ranges of 0.98–2.84 and 11.6–35.7 mg / cm2, respectively, while non-
mobile C concentrations spanned the range 205–390 mg C / cm2

(Table S2).
Surface-soil C and N pools and fractions also varied among plots

within sites. Within-site patterns of variation mimicked study-wide
patterns. Potentially mobile fractions (extractable mineral N, extract-
able organic C and N, active C and N) varied among plots within a site
(coefficient of variation [CV] = 0.11–0.50 depending on site and frac-
tion) more than non-mobile C and N fractions and total C and N pools
did (CV = 0.08–0.27). Among-plot variation was dampened at one
site (Energy Marine Center, Table S2), where all the various C and N
pools and fractions we quantified exhibited among-plot CV values in
the range 0.08–0.32. Conversely, among-plot CV in C and N pools and
fractions were in the higher ranges of 0.12–0.47 at the Green Key site,
and 0.21–0.50 at the Salt Springs site. Surface-soil C and N pools and
fractions, and their predictor variables (SOM and fines), did not differ
between sites (ANOVA, Welch's ANOVA, or Kruskal-Wallis p > 0.1),
with the exception of active C, which was greater at the Green Key
site than at the other sites (ANOVA p = 0.010) (Table S2). Detrending
active C of this “site effect” did not alter its distinction between zones
or relationships (or lack thereof) with SOM and fines, so we used the
original active C data in subsequent analyses. Because soil C and N
pools and fractions, SOM, and fines generally do not vary among sites,
correlations among these soil properties (reported in Section 3.3) do
not result from site effects on these variables.

3.2. Differences between mangrove and saltmarsh zones

To varying degrees, and with varying statistical significance, areal
concentrations of all soil C andN fractions and poolsweremore concen-
trated in mangrove than in saltmarsh surface soil (Table 1). Extractable
organic C and N concentrations exhibited large differences between
vegetation zones, as extractable organic C was 39% greater in mangrove
than in saltmarsh surface soil (p = 0.019), while extractable organic N
showed even greater difference, being 45% more concentrated in man-
grove than in saltmarsh surface soil (p=0.031; Fig. 2). Extractablemin-
eral N (p = 0.086) and active C (p = 0.054) were both 18% (and
statistically marginally; p < 0.1) greater in mangrove than in saltmarsh
soil. Active N (by 8%), total N (by 14%), and total C (by 9%) were greater
in mangrove surface soil, but not at statistical significance. Mangrove
surface soil had 18% greater SOM (p = 0.011) and 29% greater fines
(p = 0.027) concentrations than did saltmarsh surface soils, although
bulk density of surface soil did not statistically differ between vegeta-
tion zones (p=0.5) (Fig. 3, Table 1). In sum, the potentiallymobile frac-
tions of extractable organic C andN and,marginally, extractablemineral
N and active C exhibited greater concentrations in mangrove surface
6

soils than in saltmarsh soils, as did the soil properties (SOM and fines)
expected to contribute to the retention of these potentially mobile C
and N fractions.. Total C and N pools and the non-mobile fractions that
dominated them did not statistically differ between zones (p > 0.1), al-
though exhibited a trendof being greater inmangrove than in saltmarsh
surface soil.

The range in elevation among the nine saltmarsh plots was
30–70 cm (± 10 cm, 95% CI) above mean sea level, while elevation
range among the nine mangrove plots was 12–51 cm (± 10 cm).
Elevation tended to be higher for saltmarsh plots than for mangrove
plots (Fig. 3, Table 1). However, the mangrove plot was higher than
the saltmarsh plot at two, and elevation was nearly equal between veg-
etation zones at one, of the nine plot pairs. The elevation difference be-
tween plots within a pair ranged from−16 cm (mangrove plot higher)
to +41 cm (saltmarsh plot higher).

3.3. Soil C and N correlations with SOM and fines

The surface-soil concentrations of several C and N fractions and
pools correlated with surface-soil concentrations of SOM (Fig. 4). The
strongest relationship was between total C and SOM. If the intercept
of this relationship is set to zero (which is within the intercept CI), the
slope is 0.53 ± 0.03 (estimate ±95% CI), suggesting that C composes
about half themass of SOM, as expected. Total N also exhibited a strong
positive relationshipwith SOM. Setting the intercept of this relationship
to zero (within intercept CI), the slope of the total N-SOM relationship is
0.040 ± 0.004 (estimate ±95% CI), suggesting that N constitutes about
4% of the mass of SOM. Total C and total N were primarily composed of
their non-mobile fractions (see below), so non-mobile C and N fractions
also exhibited strong positive relationships with SOM. Among the po-
tentially mobile fractions, active N and extractable organic C and N
scaled significantly (p<0.05), and extractablemineral N scaledmargin-
ally (p=0.067), with SOM (Fig. 4). The 77% increase in SOM across the
range we observed (448–792 mg / cm2; Table S2) corresponded with a
proportionally similar increase (77%) in least-squares-predicted ex-
tractable organic C, a proportionally greater (93%) increase in extract-
able organic N, and a 54% increase in active N. Active C did not appear
to correlate with SOM.

Extractable organic C and N concentrations exhibited positive rela-
tionships with concentrations of fine (silt + clay) mineral particles
(Fig. 5). The 170% increase in the concentration of surface-soil fines
across the range we observed (125–337 mg / cm2; Table S2)
corresponded with a near doubling (90–100% increases) in least-
squares-predicted extractable organic C and N. Total and non-mobile
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Fig. 2. C and N fractions and pools by zone.
Variation in fractions and total pools of C andN in surface soils of saltmarsh andmangrove forest vegetation zones. Data are presented using standard box plots in units of mg element per
cm2 integrated through the sampling depth of 7.6 cm. The p values report results of paired t-tests comparing soil properties between vegetation zones.
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C also scaled positively with fines, increasing by 31% across the fines
concentration gradient. Active C and N fractions did not significantly
correlate with fines, nor did extractable mineral, non-mobile, or total
N concentrations.
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between vegetation zones.
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In relationships of C and N with SOM (Fig. 4) and fines (Fig. 5), both
predictor and response variables tended to be lower in saltmarsh than
in mangrove surface soils. Accordingly, the strength of these relation-
ships is revealed through pooling data from both vegetation zones. In
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Fig. 4. C and N pools and fractions vs. SOM.
Correlations of C and N fractions and pools with SOM in surface soil. Units are mg element or SOM per cm2 integrated through the sampling depth of 7.6 cm. Least-square fits (solid lines)
are to data from both vegetation zones pooled. Dotted lines bound 95% confidence intervals. The correlation statistics (r and p values) for active, non-mobile, and total Nwere determined
with these variables log transformed to normalize regression residuals, although they are plotted in linear units for consistency with other variables.
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some cases, the global relationship is recapitulated within one of the
vegetation zones. For example, the relationships of total C and N with
SOM (Fig. 4) are also evident within the mangrove, but not the
saltmarsh, zone (Table S4). Conversely, the relationship between total
C and fines (Fig. 5) is not independently evident in either zone taken
alone (Table S4).

Surface-soil concentrations of fine mineral particles appear to re-
spond to soil-surface elevation. In seven of the nine plot pairs, the
lower plot had a greater fines concentration. Fines concentrations dif-
fered more dramatically between paired plots that were more widely
separated in elevation (Fig. 6). Fines concentration was greater in the
higher-elevation plot in one pair, and was nearly indistinguishable be-
tween plots in the one instance where the paired plots sat at about
the same elevation. In two plot pairs where the saltmarsh plot was at
a lower elevation than the mangrove plot, the saltmarsh plots had
greater fines concentrations in the surface soil.

3.4. Fraction allocation and stoichiometry

Extractable organic C makes up a larger share of the total C pool in
mangrove surface soil than it does in saltmarsh surface soil. Inmangrove
surface soil, the proportional concentration of extractable organic C was
7.1 mg / g total C, whereas it was 5.6 mg extractable organic C / g total C
in saltmarsh surface soil (Table 2). As expected, non-mobile fractions
constituted the majority of total C and N pools. However, the total N
pool was more heavily dominated by its non-mobile fraction
(0.91–0.97 g non-mobile N / g total N) than was the total C pool
(0.88–0.95 g non-mobile C / g total C) (Table S3). Expressed as fractions
of their total element pool sizes, non-mobile N exceeded non-mobile C
8

in 17 of 18 plots, and was similar in one plot, (paired t-test p < 0.001,
n=18) indicating greater potential mobility of surface-soil C than of N.

The C and N stoichiometric ratios did not differ between the surface
soil of mangrove and the surface soil of saltmarsh (Table 2). The molar
C:N ratio of the total C and N pools was 16.2 ± 1.7 (mean ± 95% CI)
in saltmarsh and 15.4 ± 0.7 in mangrove surface soil, not a significant
difference. The stoichiometric ratios of the various fractions (extractable
organic, active, and non-mobile) likewise did not differ significantly be-
tween vegetation zones.

4. Discussion

Temperature and hydrological changes that symptomize climate
change are rearranging plant distributions with potential impacts on
carbon and nutrient cycles. Associations between vegetation form and
biogeochemical processes under a changing climate are particularly im-
portant in coastal wetlands, where temperature warming and sea-level
rise are provoking woody mangrove encroachment into herbaceous
saltmarshes across a landscape with highly concentrated pools of soil
C and N. Effects of vegetation change on the size and mobility of these
large pools have implications for C and N exports to the atmosphere
and coastal open waters, and for the productivity and ecosystem ser-
vices of coastalwetlands.We accordingly examined the total and poten-
tially mobile fractions of C and N, as well as properties that promote C
andN retention, in surface soils (top 7.6 cm) ofmangrove and saltmarsh
vegetation zones.

We tested three hypotheses. Our findings suggest that in the
surface-soil horizon,mangrove forests store largermasses of extractable
organic C and N than do saltmarshes owing to greater accumulations of
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Fig. 5. C and N pools and fractions vs. fines.
Correlations of C and N fractions and pools with fines in surface soil. Units are mg element or fines per cm2 integrated through the sampling depth of 7.6 cm. Least-square fits (solid lines)
are to data from both vegetation zones pooled. Dotted lines bound 95% confidence intervals. The correlation statistics (r and p values) for active N were determined with this variable log
transformed to normalize regression residuals, although it is plotted in linear units for consistency with other variables.
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finemineral sediments at the soil surface under mangroves (hypothesis
1). The extractable organic C fraction represents a larger share of the
total C pool in mangrove than in saltmarsh surface soils, suggesting
that mangrove surface soils store a larger mass of extractable organic
C in part because mangrove surface soils simply have a larger reservoir
of SOM, yet also because that material is allocated differently among
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represents one plot pair. Correlation r = −0.671 (p = 0.024). Without the outlier in the
upper right, r = −0.909, p < 0.001. Trendline is fit to all n = 9 points.
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fractions that vary in potential mobility (hypothesis 2). The coupling
of C and N in surface soils, insofar as stoichiometric ratios of stored ma-
terial indicate, does not appear to differ between mangrove and
saltmarsh zones, as molar C:N is similar between the two zones for
total pools and all fractions of C and N (hypothesis 3).

4.1. Faster turnover in mangrove soils?

We found that surface-soil C and N tend to be greater in mangrove
forest populated by A. germinans than in the adjacent, landward
J. roemerianus saltmarsh zone. Total C and N pools and their large non-
Table 2
Fractionation and stoichiometry by zone.
Comparison between zones in C and N fractions as proportions of total pools, and in stoi-
chiometric molar ratios of discrete fractions and pools (mean ± 95% C.I., n=9 per zone).

Variable Saltmarsh Mangrove p-Value

Extractable mineral N (mg / g total N) 2.6 ± 0.6 2.7 ± 0.7 0.787
Extractable organic N (mg / g total N) 8.2 ± 2.3 10.4 ± 1.6 0164†

Active N (mg / g total N) 38.9 ± 13.2 37.6 ± 7.5 0.793
Non-mobile N (g / g total N) 0.95 ± 0.01 0.95 ± 0.01 0.814
Extractable organic C (mg / g total C) 5.6 ± 1.3 7.1 ± 0.8 0.029
Active C (mg / g total C) 67.6 ± 15.6 75.3 ± 17.1 0.143
Non-mobile C (g / g total C) 0.93 ± 0.02 0.92 ± 0.02 0.085
C:N Extractable organic fractions 11.3 ± 1.5 10.7 ± 1.0 0.461
C:N Active fractions 29.6 ± 5.6 32.3 ± 10 0.581
C:N Non-mobile fractions 15.8 ± 1.7 14.8 ± 0.7 0.308
C:N Total pools 16.2 ± 1.7 15.4 ± 0.7 0.203†

Note: The p value reports result of a two-tailed paired t-test of the null hypothesis that
values are similar between zones, versus the alternative that values are not.

† Wilcoxon signed-rank test used in lieu of paired t-test.
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mobile fractionswere 8–14%greater inmangrove than in saltmarsh sur-
face soils, although statistically, these differences were not significant.
Potentially mobile fractions differed more clearly between zones.
Extractable organic C and N and active C fractions were larger in man-
grove than in saltmarsh surface soils. Likewise, our previous work
showed that the instantaneously available (i.e., in situ soil respiration)
and the rapidly mineralizable (via 7-d incubation) fractions of soil or-
ganic C were larger in the surface of mangrove soil than in saltmarsh
soil (Lewis et al., 2014a). These findings collectively suggest that the
small yet rapidly cycled mobile fractions of C and possibly N are larger
in mangrove than in saltmarsh surface soil. They accord with the pres-
ence of amicrobial community inmangrove surface soil that is more ef-
ficient at consuming labile substrates than are saltmarsh microbes
(Barreto et al., 2018), and suggest that biogeochemical turnover could
speed up in saltmarsh areas replaced by encroaching mangroves.
More generally, shifts to soil C with shorter residence times are also ob-
served with terrestrial woody plant encroachment into herbaceous
plant communities (Liao et al., 2006).

Extractable organic C and N, insofar as they are soluble fractions, are
potentiallymobile in both a biological and a geological sense. Dissolution
of organicmaterial is an important step toward acquisition of its constit-
uent elements by biota (Schimel and Bennett, 2004). Moreover, extract-
able organic C and N can be hydrologically mobilized and possibly
exported from coastal wetlands in pore seepage and tidal water, where
they contribute to dissolved organic matter budgets in open water
(Ray et al., 2018). The allocationwe observed of C and N into extractable
organic fractions (approximately 5–10 mg extractable organic C or N / g
total C or N) is on the large side. This allocation is similar to or somewhat
greater than soluble fractions typically seen across diverse ecosystems
such as tropical tidal wetlandswith 0.5–3.8, 0.6–6.4, and 2.4–4.4mg dis-
solved organic C (DOC) / g total sediment organic C (Alongi et al., 1996;
Feng et al., 2019; andWang et al., 2015, respectively), temperate forests
with 1.7–1.9 and 2.4–8.2 mg dissolved organic N (DON) / g total soil N
(Perakis and Hedin, 2001 and Lewis et al., 2014b, respectively), and
freshwater wetlands with 0.7–2.1 mg DON / g total soil N (Lewis and
Feit, 2015), although these studies use varied extraction or porewater
sampling approaches so comparisons should be taken qualitatively.
Nevertheless, the rather large allocations of soil C and N to extractable
organic fractions that we observed are relevant at ecosystem levels be-
cause leaching loss of dissolved organic matter can effectively perpetu-
ate nutrient limitation of ecosystem primary production (Vitousek
et al., 1998). Accordingly, the larger absolute sizes of extractable organic
C and N fractions, and the greater proportional allocation of total C into
its extractable organic fraction, in mangrove forests suggests that man-
grove replacement of saltmarsh could impact a functionally meaningful
mass of potentially mobile C and N.

The active fractions are also potentiallymobile, as they represent the
material susceptible to mineralization by microorganisms. They were
larger than the extractable organic fractions, with the active N pool
about 4× the size of the extractable organic N pool, and the active C
pool about 11× the size of the extractable organic C pool. This larger
size of active pools is not surprising, as they consist of all the C and N re-
leased in a year-long incubation, rather than instantaneously extracted.
Yet, the active C and N we observed constituted a relatively small frac-
tion of total C andNpoolswhen comparedwithfindings from terrestrial
soils. Here, active N represented <40 mg / g total N (Table 2). By con-
trast, proportional concentrations of active N are 60–110 mg / g total
N in urbanizing desert soils (Lewis et al., 2014c), 60–80 mg active N /
g total N in temperate forested ridge soils (Lewis et al., 2014b), and ap-
proximately 200 mg active N / g total N in temperate grassland plains
soils (Kaye et al., 2002) using equivalent methods. Similarly, while we
detected 68–75 mg active C / g total C, this fraction had proportional
concentrations of 110–150, 270–290, and 210–280 mg active C / g
total C in the urbanizing, forested, and grassland settings, respectively.
This smaller allocation of C andN into active fractions of coastalwetland
soils is somewhat surprising, as the organic matter of wetland soils is
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often portrayed as otherwise bioavailable material protected by anoxia.
Butwhen ourwetland soil was aerated (themethod for determining ac-
tive fractions), large proportions of the soil C and N pools were not con-
sumed, perhaps owing to the absence of key enzymes. This finding
suggests that coastal wetland C and N pools, at least in surface soil, are
more non-mobile than the C and N pools of terrestrial ecosystems,
and that their exports, while large, are not as large asmight be expected
from the sizes of their total C and N pools.

4.2. Potential drivers of mangrove-saltmarsh soil differences

Our findings suggest that potentially mobile C and N accumulates
more in the surface of mangrove than of saltmarsh soils on account of
greater surface accumulations of organic matter and fine mineral parti-
cles inmangrove soils. Extractable organic fractions provide the clearest
evidence of this linkage. Concentrations of extractable organic C and N
were substantially greater in mangrove than in saltmarsh surface soil.
They differed between zones by a proportionally greater magnitude
(39–45% greater in mangrove than in saltmarsh surface soil) than ex-
hibited by other C and N fractions. Additionally, concentrations of ex-
tractable organic C and N correlated steeply with SOM and fines,
showing large proportional increases per unit increase in SOM and
fines. Finally, SOM and fines concentrations in surface soils were greater
in mangrove than in saltmarsh, matching the zonation patterns exhib-
ited by the extractable organic fractions. Active C and extractable min-
eral N were 18% greater in mangrove than in saltmarsh surface soil,
but their concentrations were not correlated with SOM or fines concen-
trations, suggesting some other mechanism for their greater accumula-
tion under mangroves.

Fine mineral textures in coastal wetland soils may retain C and N by
binding potentially soluble organic molecules on exchange sites, and
through organo-mineral interactions that protect organic matter from
microbial attack (Cotrufo et al., 2013; Sun et al., 2019). The former
mechanism may be more operative in the soil we examined. Our ex-
tractable organic fractions consist of organic molecules liberated from
soil via ion-exchange and dissolution during vigorous shaking, so likely
reveal the fraction of organic molecules retained via ionic bonding. Our
active fractions are quantified in a year-long aerobic incubation to re-
veal the C and N that microorganisms can access. The extractable or-
ganic, but not active, fractions correlated with fines, so it seems
reasonable that fine particles were retaining potentially mobile and ex-
portable C and N through chemical binding rather than through protec-
tion of organic matter from microorganisms. Fine particles and their
retained C and N may accumulate more in the mangrove than the
saltmarsh zone because mangrove sites tend to sit at lower elevations
(Fig. 2D), which hold greater concentrations of fines (Fig. 6), perhaps
due to prolonged deposition during longer tidal inundations. Conversely,
adjacent mangrove and saltmarsh zones in another Gulf of Mexico loca-
tion accrete sediment and build vertically at similar rates (McKee and
Vervaeke, 2018), although that study is not entirely analogous to ours,
as it examined shorter-statured shrubmangroves that sat at a higher el-
evation than the saltmarsh zone.

Larger SOM reservoirs in mangrove than in saltmarsh surface soils
may also contribute to the greater concentrations of extractable organic
C and N that we observed in mangrove soil. Larger reservoirs of SOM
may hold greater concentrations of extractable organic C and N simply
because SOM is the source of these fractions. Additionally, the organic
matter of mangrove surface soils may be proportionally enriched in
these fractions. Extractable organic C represented a larger share of the
total C pool in mangrove surface soils than it did in saltmarsh surface
soils. This finding runs contrary to our null second hypothesis that C
pools of the two zones were similarly apportioned into the various
fractions.

Besides C andN retention byfinemineral particles and SOM, alterna-
tive or complementary explanations for C and N differences between
mangrove and saltmarsh surface soils may include functional traits of
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the vegetation and spatial zonation. The saltmarsh we investigated was
J. roemerianus marsh. This plant is a rush with hardened foliage and a
subsurface biomass composed primarily of rhizomes (de la Cruz and
Hackney, 1977) with densely-packed, cutin-covered cataphylls and su-
berized tissue (Eleuterius, 1976), so could be a poor source of soluble or-
ganic matter. Moreover, mangrove trees produce abundant litter that
can decompose faster than saltmarsh litter does (Simpson et al.,
2020), somay yieldmore leachable organicmaterial per unit of detritus.
Additionally,mangrove surface soilsmight accumulatemore soluble or-
ganic matter owing to their spatial position between open water and
the more inland saltmarsh, allowing them to receive allochthonous or-
ganic matter subsidies in both flood and ebb flows (Sasmito et al.,
2020) and relatively more autochthonous plant detritus from storm
damage (Smith et al., 2009). Finally, soil porewaters differ between
mangrove and marsh soils in a wide variety of electrochemical and dis-
solvedmineral properties (Patterson andMendelssohn, 1991; Comeaux
et al., 2012), possibly affecting the binding of extractable constituents
on soil.

Although the potentially mobile fractions we quantified can be re-
moved from soil via ion-exchange and dissolution (extractions) and
via amplifyingmicrobial activity (incubations), it is important to recog-
nize that these fractions are extant in soil. It may thus be tempting to
infer that, by retaining larger masses of these fractions, mangrove sur-
face soils export less C and N than do saltmarshes. Yet on the contrary,
faster rates of evasive CO2 efflux have been observed from the soil sur-
face of mangroves than of saltmarsh (Lewis et al., 2014a; Simpson
et al., 2019b) and mangroves export greater masses of particulate and
dissolved organic C to adjacent waters (Alongi, 2020). Accordingly, the
replacement of saltmarshes by mangrove forests may result in both
more C and N storage within, and export from, the coastal wetland
environment.Mangrove surface soils, andmangrove ecosystems in gen-
eral, may accumulate large C and N pools that accrue through non-
steady-state budgets in which high input rates sustain large stocks
against large exports.

5. Conclusions

The subtropical ecotone betweenmangrove forests and saltmarshes
is migrating both poleward and landward as the global climate warms
and sea levels rise, eliciting widespread interest in how and where
this shift will affect ecosystem C storage. Here we highlight the parallel
need tounderstandhowmangrove encroachmentwill influence thepo-
tentially mobile fractions of soil C and N that are ecologically important
because they can yield C and N outfluxes to the atmosphere and adja-
cent open waters, and because they support high rates of coastal wet-
land productivity. In comparing mangrove forest populated primarily
by A. germinans with the adjacent, more landward J. roemerianus
saltmarsh, we observed a trend of larger C and N pools and fractions
in surface soils (top 7.6 cm). Extractable organic C and N were particu-
larly more concentrated in mangrove than in saltmarsh surface soil,
likely because of a greater mass and solubility of source material, and
more opportunities for retention via binding to fine mineral particles.
Though rapidly cycled C and N in surface soils are small fractions of
total C and N pools, their larger concentration in mangrove than in
saltmarsh surface soils may account for greater exports frommangrove
forests.
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