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Abstract Coastal soils are a significant but highly uncertain component of global biogeochemical cycles.
These systems experience spatial and temporal variability in biogeochemical processes, driven by marsh‐to‐
upland gradients and hydrological fluctuations. These fluctuations make it difficult to understand and predict
biogeochemical processes in these highly dynamic systems. We studied coastal soil biogeochemistry and its
variability (a) at regional scales and (b) across transects from upland forest to marsh, in two contrasting regions
—Lake Erie, a freshwater lacustrine system, and Chesapeake Bay, a saltwater estuarine system. Salinity‐related
analytes were a key source of variability in soil biogeochemistry, not just in the saltwater system, but
surprisingly, also in the freshwater system. We had hypothesized linear trends in biogeochemical parameters
along the TAI—however, contrary to expectations, transition soils were not consistently intermediate between
upland and marsh endmembers; the non‐monotonic trends of C, P, Fe along our transects suggest that these do
not behave as expected and may be difficult to model and predict—thus these are key analytes to study in our
regions. Rapidly changing soil factors across coastal gradients (e.g., Ca, K, CEC, and TS) may act as precursors
to ecosystem shifts. Our comprehensive soil characterization represents a snapshot of a single timepoint of
surface soils and provides essential data for mechanistic modeling of ecosystem dynamics across coastal
transects.

Plain Language Summary Coastal soils are important for global cycles of nutrients and chemicals,
but their behavior is not well understood. These soils vary greatly both over space and time, influenced by
changes from marsh to upland areas and by water movement and disturbances. We studied soil variability in two
different regions: Lake Erie, a freshwater system, and Chesapeake Bay, a saltwater system. We found that salt‐
related factors significantly affected soil variability in both areas, which was unexpected for the freshwater
system. Surprisingly, transition zones between upland and marsh did not always have intermediate soil
properties. Elements such as carbon (C), phosphorus (P), and iron (Fe) showed complex patterns in these
transition zones. Understanding the rapid changes in these soil factors can help predict shifts in ecosystems. Our
detailed study of coastal soils provides essential information for modeling and understanding how these
ecosystems function and change.

1. Introduction
Coastal terrestrial aquatic interfaces (TAIs) include a wide range of upland and marsh ecosystems that are
exposed to inundation of varying salinity on diel to seasonal, or even decadal timescales. Coastal TAI soils are
responsible for globally significant carbon pools and fluxes but remain a key unknown in our understanding of the
global carbon cycle (Friedlingstein et al., 2022; Regnier et al., 2022; Rosentreter et al., 2021; Saunois et al., 2020,
2024). Future sea level rise and large lake level variability are expected to shift both the spatial (e.g., shifting
coastal forests into marshes, McDowell et al., 2022; Molino et al., 2023) and temporal attributes (e.g., extreme
hydrological events such as storm surges, Yan et al., 2020) of these ecosystems. Coastal TAI soils exhibit strong
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spatial gradients arising from the hydrogeomorphic features of their associated estuaries or lakes (Hoitink &
Jay, 2016). Increases in soil saturation, and changes in redox potential and nutrient levels can affect the estab-
lishment of plants (Crain et al., 2004) and microbial communities (Córdova‐Kreylos et al., 2006; Ramírez‐
Flandes et al., 2019), ultimately influencing biogeochemical cycles (Guimond et al., 2025; Machado‐Silva
et al., 2024; Noe et al., 2013; Patel et al., 2024; Wilson & Megonigal, 2025). However, understanding how
these gradients and hydrological fluctuations influence regional biogeochemistry remains a crucial question to be
addressed.

The consequences of these hydrological disturbances across TAI soils and their outcomes for carbon and nutrient
transformations remain poorly understood (O’Meara et al., 2024; Ward et al., 2020), in part because research
efforts have historically focused on either marsh or upland systems in isolation and less so on the dynamic
transitional zone between the two (Byrd et al., 2016; Morris et al., 2022; A. J. Smith & Goetz, 2021; Vahsen
et al., 2024). Moreover, aside from coastal flooding, terrestrial hydrological inputs from adjacent upland systems
can exert a strong control on redox patterns in coastal marshes (Machado‐Silva et al., 2024; Montalvo
et al., 2024). Temporally dynamic redox conditions and steep spatial gradients make coastal soils bio-
geochemically distinct from inland soils (Regier et al., 2021; Ward et al., 2020), yet the degree and extent of this
difference, and possible range of soil biogeochemical variability across coastal TAI gradients, remain unclear.

Coastal transitional systems such as ghost forests represent a functional intermediate between upland and marsh
endmembers and are a crucial but challenging location to constrain biogeochemical function (Seyfried
et al., 2023). These forests experience strong hydrodynamic fluctuations and gradually rising water levels that can
cause tree die‐off and inward migration of marsh vegetation over longer timescales (Ding et al., 2023; Kirwan &
Gedan, 2019; Langston et al., 2017; McDowell et al., 2022; W. Wang et al., 2022). These changes can have drastic
effects on soil biogeochemical processes, including loss of nutrients (Herbert et al., 2015; Noe et al., 2013) and
shifting greenhouse gas balances (Petrakis et al., 2017; F. Wang et al., 2019). The unique mix of degraded forests
(dead/dying trees), fluctuating hydrology, and invading marsh vegetation can result in distinct biogeochemical
characteristics in transitional forests. Indeed, some studies have found increased soil carbon and nitrogen con-
centrations in these “ghost forests” (H. Chen et al., 2023), and increased emissions of greenhouse gases (F. Wang
et al., 2019), although these patterns are inconsistent across studies (Craft, 2012; Noe et al., 2013).

Knowledge of coastal transitional forest biogeochemistry is an important component of understanding and scaling
the functional consequences of rapidly changing ecosystems. At the scale of individual field sites, assumptions
about unmeasured biogeochemical parameters and rates (Shiklomanov et al., 2020) often underpin models of
interconnected hydrology across upland to marsh gradients (Li et al., 2024; Ward et al., 2020). Important
unanswered questions include: what amount of bias is introduced into model projections of ecosystem carbon
cycling by using spatially invariant values for soil parameters governing biogeochemical process rates and plant
physiology (Sinha et al., 2023) across the upland‐to‐marsh gradient? Do freshwater versus saltwater systems have
different dominant drivers? And do key processes in transitional systems differ from those of gradient end
members? Answering these questions and improving confidence in models' projections of coastal transitional
forests, requires spatially detailed observational data across a wide range of coastal ecosystems, both saline and
freshwater, and gradients in between.

Here, we quantified soil biogeochemical patterns and sources of variability across the coastal TAI in two con-
trasting coastal regions—Western Lake Erie (a freshwater lacustrine system, hereafter referred to as “Erie”) and
Chesapeake Bay (a saltwater estuarine system, referred to as “Chesapeake”)—to examine how coastal TAI soils
varied (a) at regional scales and (b) across forest‐to‐marsh gradients. We generally use the term “coastal” to refer
to both the estuarine and lacustrine systems because they share similar upland to marsh hydrologic gradients and
represent the shoreline of continental‐scale water bodies. To capture TAI spatial gradients comprehensively, we
sampled surface soils across transects spanning coastal marshes and forests and their intermediate transition areas
(Figure 1). We quantified 20 soil analytes describing carbon and other macronutrients, micronutrients, miner-
alogy, and marine or agricultural‐related elements (Appendix A2) to determine how similar or different soils were
from the two regions. Our goal was to understand patterns and soil biogeochemistry at TAIs in two strongly
contrasting coastal systems; identify key sources of variability; and determine if there were unique sources for
Erie versus Chesapeake regions. We hypothesized that: (H1) sources of the variability in soil biogeochemical
parameters would differ for saltwater (Chesapeake Bay) versus freshwater (Lake Erie) coastal soils, with
pedogenic and agriculture‐related variables (e.g. Al, Ca, N, P) more important in Erie, and salinity‐related
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variables (e.g., Na, Cl, SO4) more important in Chesapeake; and (H2) transition soil characteristics would be
quantitatively intermediate between marsh and upland end members for each region. The experimental design
represents a snapshot of a single timepoint, but it provides a useful framework to track ecosystem function and key
variables in our study regions.

2. Materials and Methods
2.1. Site Description

This research was conducted at six sites in the Chesapeake Bay and the Western Lake Erie Basin (Ward
et al., 2025) (Figure 1a). These two regions were selected because of their extensive coastlines and contrasting
TAI systems—Lake Erie represents a freshwater, lacustrine coastal system, whereas Chesapeake Bay represents
an estuarine coastal system. As such, these regions help us understand biogeochemical processes occurring in
contrasting environments, including different salinities, hydroperiods, land use histories, and nutrient loads. All of
our sites are characterized by shallow elevation gradients from healthy upland forest, through a transitional zone
with a mix of live and dying and dead trees (ghost forests), to a coastal marsh, with coastal surface waters

Figure 1. (a) Site locations described in this paper. Lake Erie sites: (1) CRC—Crane Creek and (2) PTR—Portage River are in
the Western Basin, and (3) OWC—Old Woman Creek is in the Central Basin of Lake Erie. Chesapeake Bay sites:
(4) GCW—Global Change Research Wetland, (5) MSM—Moneystump Marsh, and (6) GWI—Goodwin Islands.
(b) Transverse coastal transect, with upland, transition, and marsh zones. At each zone, soils were collected from the surface
(O or A horizon, n = 8).

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG008978

PATEL ET AL. 3 of 31

 21698961, 2025, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JG

008978 by N
 C

ritchley - B
attelle M

em
orial Institute Pacific N

orthw
est D

ivision , W
iley O

nline L
ibrary on [29/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



connected to the lake or estuary. These gradients, including the presence of ghost forests, are ubiquitous in low‐
lying TAIs in both the Great Lakes and the Mid‐Atlantic. Specific sites, transects, and zones were chosen based on
criteria that included hypothesis testing and logistical considerations. In Chesapeake Bay, the primary criterion
for sites was the salinity of the adjacent estuary, while in Lake Erie, it was soil mineralogy (see below). Chief
among secondary criteria was site access and security to support extensive monitoring equipment for related
aspects of the present study. All sites were deemed sufficiently representative of their respective regions based on
local expert knowledge.

2.1.1. Lake Erie

Western Lake Erie is the most dynamic part of the lake because it is the shallowest region and receives the largest
inflows of water, sediments, and nutrients from the Detroit, Maumee, Sandusky, and other rivers (Moorhead
et al., 2008). The TAI across this region has coastal marshes surrounded by tile‐drained agricultural lands. Coastal
marshes are located within conservation areas dominated by native and invasive herbaceous species (Herdendorf
et al., 2006), shrubs, and broadleaf trees.

In the Western Lake Erie region, we selected three sites that span an east‐west gradient in soil mineralogy,
allowing us to examine how soil water retention affects biogeochemical and ecological processes. Old Woman
Creek (OWC), the furthest‐east site, is in the western edge of Lake Erie's Central Basin and has better drained soils
containing more sand than the more clayey soils of Portage River (PTR) and Crane Creek (CRC) in the Western
Basin. The Erie soils were all Entisols, Inceptisols, or Alfisols with surface A horizons and no O horizons. The soil
order and horizon type efficiently capture and summarize features such as texture, organic matter (OM) content,
chemical characteristics, and site history that strongly influence the ecology and biogeochemical properties of our
systems. This information is also the basic contextual data necessary to build a transferable understanding of
coastal soils. All three sites are considered to be within the Huron‐Erie Lake Plains Ecoregion and consist of
poorly drained glacial and lacustrine deposits overlying Silurian and Devonian carbonate bedrock (Ehosioke
et al., 2024; Ohio, 2012). Glacial advance and retreat during the late Wisconsinan glacial period have caused this
region to be primarily flat and uniform. Elevation gradients are relatively shallow (Table 1), potentially inhibiting
groundwater discharge into adjacent coastal marshes, although this may vary between sites in fine‐textured soils
that retain water (PTR and CRC) and better‐drained sandy soils (OWC). Terrestrial habitats in the OWC Reserve
are former agricultural fields in various stages of succession and hardwood forests (Herdendorf et al., 2006).

2.1.2. Chesapeake Bay

The Chesapeake Bay is one of the largest estuaries in the world, with 18,804 km of convoluted fractal shoreline
arising from its origin as a drowned river valley. The western shore of the Chesapeake Bay has relatively steep
topographic gradients, fine‐textured soils, and broad‐leaf forests in contrast to the eastern shore which is relatively
flat with sandy soils and evergreen forests (Lowrance et al., 1997; Maryland‐DNR, 2015). Similar contrasts in
topography, soils, and dominant tree species exist on the western shore with subestuaries near the head of the Bay
or headwaters of major tributaries having relatively steeper topography, finer soils, and broadleaved vegetation.
The Chesapeake Bay has over 100 subestuaries, which have relatively shallow bathymetry and have high ratios of
TAI shoreline to estuarine water volume, resulting in strong TAI coupling. These systems are hotspots of bio-
logical and biogeochemical activity; are sensitive to extreme rainfall events that transport nearly the entire annual
load of nutrient‐laden sediments from land into the Chesapeake Bay (Jordan et al., 1997; Palinkas et al., 2014);
and are also where the impacts of storm surges and sea level rise are most severe (Noe et al., 2020).

In the Chesapeake Bay, we selected three sites along the Bay's surface water salinity gradient that range from
oligo‐ to meso‐haline (Global Change Research Wetland, GCW and Moneystump Marsh, MSM), and polyhaline
(Goodwin Islands, GWI). The two mesohaline sites differ in their geomorphic setting with GCW located on the
western shore and MSM on the eastern shore. The two western shore sites also differ with GCW toward the head
of the Bay and GWI toward the mouth of the Bay. The GCW soils were Inceptisols and Ultisols under deciduous
vegetation with surface A horizons and relatively poorly developed O horizons. By contrast, the other two
Chesapeake sites were Ultisols under pine vegetation, with well‐developed surface O horizons. The Chesapeake
marshes in this study are tidal marshes dominated by C3 sedges and C4 grasses, with root‐dominated Oe horizons
for the top 20 inches.
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2.2. Transect Design and Soil Sampling

Each site was characterized by a distinct elevation gradient (Figure 1b) across which we established a transect for
soil and vegetation sampling. The transect consisted of three distinct zones: upland forest with relatively deep water
tables, dry soils, healthy trees, and oxic soils; transitional forest with occasional inundation due to storm surges and
extreme high tides, and characterized by higher water tables, periods of hypoxic or anoxic soils, and stressed or dead
trees (ghost forests); and marsh, which is characterized by long periods of soil saturation or flooding, dominantly
anoxic soils, and herbaceous plant species adapted to such conditions. The upland‐to‐marsh transects spanned 100–
200 m in length across the six sites, except for CRC, at 1,000 m (Tables 1 and 2, Appendix A1).

Soils were sampled from all Erie sites in December 2021 and from Chesapeake sites MSM‐GWI in May 2022 and
from Chesapeake site GCW in September 2022. Samples were collected across the three transect locations for
each site. At each transect location, soil samples were collected from 8 to 9 spatially distributed discrete locations
over an area of 200–1,000 m2 to account for spatial variability. Samples were collected from the surface (O or A
horizon, top 5–10 cm). The samples were shipped to the laboratory on blue ice and kept refrigerated at 4°C until
ready for processing and analysis.

2.3. Laboratory Processing, Extractions, and Analyses

In the laboratory, the soil samples were sieved and homogenized (4 mm mesh for A and B horizons, 6 mm mesh
for O horizons). The marsh samples from CB had extremely high root content and were therefore not sieved. All
samples were then processed and extracted for the various analyses described below. These analyses are also
summarized in Appendix A2.

Gravimetric water content was determined by drying field‐moist samples for 24 hr (105°C for A and B horizons
and 60°C for O horizons). Gravimetric water content was calculated as the percentage weight loss following
drying, normalized to oven‐dry weight. Organic matter content was determined using the loss on ignition method.
Oven‐dry samples were combusted in a muffle furnace at 450°C for 12 hr. Organic matter content was calculated
as the percentage weight loss following combustion, normalized to oven‐dry weight. Total C, N, S were deter-
mined on freeze‐dried samples by catalytic combustion using elemental analyzers VarioMax Cube (total C, N)
and Rapid CS Cube (total S (TS)) (Elementar Analysensysteme GmbH). pH and specific conductance were
determined by shaking freeze‐dried soil with deionized MilliQ water (1:10 w:v) for 30 min and then measuring
with a Milwaukee MW802 PRO probe. Exchangeable base cations (Ca, Mg, Na, K) and acid cations (Al) were
extracted using 1 M NH4Cl (1:5 w:v ratio). Samples were shaken with the extracting solution at 200 rpm for 1 hr,
followed by centrifuging at 7,000 rcf and 20°C for 15 min, and then vacuum‐filtering using Büchner funnels with
Whatman 42 filter paper. The elemental concentrations were measured using ICP‐OES (PerkinElmer Optima
8300) and normalized to the dry weight of soil used. Effective cation exchange capacity (meq/100 g soil) was
calculated as the sum of charges for Ca, Mg, Na, K, and Al.

Extractable inorganic N (NH4‐N and NO3‐N) was obtained by shaking soil samples with 2 M KCl (1:5 w:v ratio)
at 200 rpm for 1 hr, followed by centrifuging at 7,000 rcf and 20°C for 15 min, and then vacuum‐filtering using
Büchner funnels with Whatman 42 filter paper. NH4‐N was measured using a Lachat FIA QuikChem and NO3‐N
was measured colorimetrically using Griess reagent at the Oregon State University Soil Analytical Laboratory.
Water extractable organic C (WEOC) was obtained by shaking soil with deionized MilliQ water (1:5 w:v ratio) at
200 rpm for 1 hr, followed by centrifuging at 7,000 rcf and 20°C for 15 min, and then filtering using 0.45 μm PES
syringe filters. WEOC was measured as non‐purgeable organic carbon using a Shimadzu TOC‐L analyzer. These
water extracts were also used for WEIC (water extractable inorganic carbon) measurements (Shimadzu TOC‐L)
and water‐extractable anion measurements for chloride and sulfate (Dionex ICS‐3000 chromatograph).

Extractable phosphorus was obtained by shaking soil samples with Mehlich‐III reagent (1:5 w/v ratio) at 200 rpm
for 1 hr, followed by centrifugation at 7,000 rcf and 20°C for 15 min. The supernatant was pipetted out and
analyzed for ortho‐phosphate colorimetrically using the Murphy‐Riley ascorbic acid method (ammonium
molybdate+ antimony potassium tartrate+ ascorbic acid), with absorbance measured at 880 nm on a plate reader
(Mehlich, 1984). Extractable iron was obtained by shaking soil samples with 0.5 M HCl (1:10 w/v ratio) at
200 rpm for 1 hr, followed by centrifuging at 7,000 rcf and 20°C for 15 min. The supernatant was pipetted out and
analyzed for iron colorimetrically using the ferrozine method (ferrozine reagent + 10% ascorbic acid), with
absorbance measured at 562 nm on a plate reader (Huang & Hall, 2017; Viollier et al., 2000).
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Mineralogy was determined using X‐ray diffraction (XRD) analysis at the Environmental Molecular Sciences
Laboratory. Samples were freeze‐dried and then ground in a ball mill. The quantitative XRD patterns (QXRD) of
bulk samples were collected from powders packed into zero‐background well holders using a Rigaku SmartLab
SE diffractometer, employing a Bragg‐Brentano geometry with a Cu X‐ray source (λ = 1.5418 Å), a variable
divergence slit, and a high‐speed D/teX Ultra 250 1D detector. The samples were scanned between 2 and 100°2θ
at intervals of 0.01°2θ, scanning at 2°2θ/min. The proportion of minerals was quantified by the Rietveld method
using TOPAS (v6, Bruker AXS). This method combines calculated XRD patterns from the substituent minerals to
provide the best fit with the observed pattern. For each mineral the scale factor, cell parameters (constrained
within ca. 0.5% of the expected values), and crystallite size (constrained between 50 and 500 nm) were refined.
For platy minerals (e.g., mica minerals), a preferred orientation correction was also refined. The scale factors from
the Rietveld refinement were used to determine the relative quantities of the minerals, which are presented scaled
to a total of 100%. Unidentified or amorphous compounds were ignored.

Bulk density was calculated using intact soil rings (5 cm height × 5 cm diameter), as the ratio of oven‐dry mass of
soil to its volume in the ring. Water retention curves were generated using the HYPROP device (METER Group).
Intact soil cores (HYPROP rings, 5 cm height × 5 cm diameter) were saturated with water and placed on
HYPROP devices fitted with tensiometers. The tension and soil weight were continuously recorded as the
samples were air‐dried at room temperature. Water retention curves were fitted using the Van Genuchten equation
(van Genuchten, 1980), and additional readings for the dry end of the curve were determined using the WP4C Soil
Water Potential Sensor. Particle size analysis was performed using the hydrometer method. 40 g of soil was
subjected to chemical (50 mg/L sodium hexametaphosphate, HMP) and physical dispersion, after which the
volume was made up to 1,000 mL. Hydrometer measurements were taken at 90 min and 24 hr to calculate the clay
fraction. The sample was then sieved through a 53 μm sieve to determine the sand fraction. The soil texture was
determined based on the percentage of sand‐silt‐clay. Prior to the particle size analysis, OM was removed using
30% hydrogen peroxide. Because of the high organic content in O horizon soils (from Chesapeake Bay), we did
not perform particle size analysis on these. This analysis was performed only on the mineral soils (A horizon).

2.4. Data and Statistical Analysis

2.4.1. Exploratory Analysis

We used multivariate Principal Components Analysis (PCA), PERMANOVA, and hierarchical clustering
analysis to determine overall groupings in the chemistry data across the regions, sites, and transects (Figures 2 and
3). We used the PC1 loadings data to determine significant factors that explained variability for each region
(Figure 4). We performed correlation analysis as part of the data exploration and excluded highly correlated
variables from the PCA, PERMANOVA, and cluster analysis (Appendix A3). The variables we excluded were
SO4, NO3‐N, CEC, K, total N, Mg, and OM, leaving us with 13 variables in our analysis.

2.4.2. Analyzing Individual Analytes

To determine general trends in analyte concentrations along the transect, we scaled each analyte for each site to a 0–
1 range (Figure 5). We did this to easily detect and compare various analytes across a range of units and magnitudes.
Where analytes followed a trend of upland < transition < marsh (e.g., TS at all sites), the upland received a value of
0 and marsh 1, with transition intermediate. For the reverse trend (upland > transition > marsh), the upland received
a value of 1 and marsh 0, with transition intermediate. In some cases, however, the analytes did not follow a
monotonic trend, and the transition values were in fact greater than upland and marsh; in those instances, the
transition received a value of 1, identifying it as a hotspot (e.g., Fe, WEOC, P, Figure 5).

We used linear mixed‐effects models (LME) and ANOVA to determine trends in each analyte across the transect
and sites (Appendix A7). For LMEs, we used site as the random variable. Statistical significance was determined
at α = 0.05.

2.4.3. Software and Packages Used

All data analysis was performed using R v4.21, with packages dplyr v1.1.4 for data cleaning and processing,
ggplot2 v3.5.1, PNWColors v0.1.0, and soilpalettes v0.1.0 for data visualization. We used the package ggcorrplot
v0.1.4 for correlation analysis; factoextra v1.0.7, stats, vegan v2.6‐4, and ggbiplot v0.55 for multivariate analyses;
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Figure 3. Principal component analysis for all surface soil samples, split by region. (a) Sites from the Lake Erie and (b) Chesapeake Bay regions. The ellipses represent
95% confidence intervals for the three transect positions (upland forest, transitional forest, and marsh).

Figure 2. Principal components analysis for all surface soil samples. The three shaded regions represent the three hierarchical clusters. Cluster 1 contains all soils from
Lake Erie, and upland and transition soils from GCW in Chesapeake Bay; Cluster 2 contains MSM and GWI upland and transition soils; Cluster 3 contains all
Chesapeake marshes.
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and agricolae v1.3‐5 for univariate analyses. All data and R scripts are
available on GitHub (https://github.com/COMPASS‐DOE/cmps‐soil_char-
acterization) and archived on ESS‐DIVE (Patel et al., 2025).

3. Results
3.1. Regions Vary in Soil Biogeochemical Patterns

Overall, region (Chesapeake Bay vs. Lake Erie) accounted for 29% of total
variation in soil biogeochemical analytes (F = 173), whereas soil horizon (O
vs. A) accounted for 16% (F = 96.7) and transect position (upland vs. tran-
sition vs. marsh) accounted for 9% of the variation (F = 28.6) (PERMA-
NOVA, p < 0.001 for all). In a 2D ordination space using PCA (Figure 2),
PC1 accounted for ∼40% of the total variability, associated mostly with
salinity‐related analytes (Na, TS, specific conductance, Cl) and carbon (TC).
The secondary axis of variability, PC2, explained 19% of the variability and
was driven primarily by Ca, pH, Al (analytes associated with acidity/alka-
linity), and P (agricultural inputs). From hierarchical cluster analysis, the Erie
soils formed a single cluster, whereas the Chesapeake soils showed greater
dispersion across both axes, suggesting overall greater variability among the
Chesapeake soils (Figure 2). Interestingly, upland and transition soils at GCW
(a Chesapeake site) clustered with the Erie soils. The other two Chesapeake
sites were split across clusters, with upland and transition soils grouped
together and marshes grouped together (Figure 2).

Given the strong differences between the two regions, we analyzed transect‐
scale patterns in each region separately to determine how the transition zones
compared with their respective upland and marsh end‐members. The two
regions exhibited clear separation by transect position (Figure 3), but also
different sources of variability in soil biogeochemical parameters (Figure 4).
For Erie, the upland and marsh soils formed two distinct groups in the PCA
ordination space, with the transitional soils occupying the space between
them (Figure 3a). In contrast, for Chesapeake, there was notable overlap
between the upland and transitional soils, which were grouped together.
Meanwhile, the marshes formed a separate distinct group (Figure 3b). The
sole exception were a few samples from the GWI marsh that grouped with the
upland and transition soils.

We quantified the relative contribution of each analyte to the overall variability in soils, inferred using PC1
loadings (Figure 4). Analytes with a higher loading contributed more to overall variability—Na, TS, and Cl
(salinity related) strongly contributed to overall variability for both regions. Ca and Fe were stronger contributors
of variability in the PCA of Erie soils; whereas Al and P were the main contributors in the Chesapeake soils.

3.2. Transitions Are Not Always the Intermediate Value

We investigated biogeochemical patterns at the site level to determine how the transitional soils compared with
the upland and marsh endmembers, and to see if these patterns were consistent across analytes and regions.
Within‐transect patterns were not consistent across all the analytes (Figures 5 and 6). Analytes such as TS and Na
followed a linear trend along the transect, with upland < transition < marsh, for both regions (i.e., upland received
a normalized value of 0 and marsh had a normalized value of 1). Cl followed a similar pattern for four of the six
sites; notably, at GWI, which is the most saline of our Chesapeake sites, marsh soils had the lowest Cl con-
centrations along the transect (Figure 5, Appendix A6). In some cases, the analytes did not follow a linear trend,
and the transition values were greater than upland and marsh. Examples of this pattern included WEOC in the Erie
soils, Fe in the Chesapeake soils, and P in OWC, an Erie site (Figures 5 and 6). NH4‐N trends were inconsistent
across the Chesapeake sites—upland < transition < marsh in MSM, but upland < marsh < transition in GWI and
transition < upland < marsh in GCW.

Figure 4. PC1 loadings from Figure 3. The x‐axis represents the PC1
loadings from the Principal Components Analysis (PCA) of soil chemistry,
where a higher value on the x‐axis signifies a larger weight in the PCA and
represents a greater contribution of that analyte to the overall variability
within the PCA biplots in Figure 3. Analytes such as Na, TS, and Cl were
strong contributors of variability in the PCA for both Chesapeake and Erie;
Al and P were stronger contributors in Chesapeake, whereas Ca, NH4‐N, and
Fe were stronger contributors in Erie.
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4. Discussion
4.1. Soil Characteristics Modified by Salinity and Vegetation Drive Biogeochemical Patterns

Our PERMANOVA and PCA results highlight the strong importance of region in understanding coastal
biogeochemical patterns. While salinity is an obvious difference between the Chesapeake and Erie regions, there
could be other factors at play, such as soil and vegetation type, as we discuss below.

Our initial analyses (Figure 2) suggest a strong influence of salinity on overall biogeochemistry patterns, although
soil type may also play an important role. Despite their proximity to the saline Chesapeake Bay, GCW upland and
transition soils were more similar to the freshwater Erie soils than to other Chesapeake soils (cluster 1 in Figure 2).
Among the Chesapeake sites, GCW experiences low salinity (∼6 psu), and therefore this result may not be

Figure 5. Scaled values of select analytes across transect positions. Each line represents a single site. Values shown here represent scaled median concentrations to show
relative trends along the transect. All values were scaled to 0–1, and the relative values reflect trends within each transect. For some analytes (e.g., TS) the upland soils
had a value of 0 and the marsh 1, indicating progressive trends along the transect (upland < transition < marsh). Whereas others (P, Fe, WEOC) showed non‐monotonic
trends, with transition concentrations significantly greater than in the upland and marsh. Raw (un‐scaled) values are available in Appendix A7.
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surprising despite its physical location. GCW is also distinct among Chesapeake sites because the upland and
transition sites occur on a steep elevation gradient (Appendix A4) resulting in little influence of estuarine water
beyond the marsh. GCW soils are fine‐textured and the site is dominated by deciduous vegetation; characteristics
shared by all upland and transition zones in Erie. By contrast, the forested sites at MSM and GWI are relatively
coarse‐textured and dominated by evergreen conifer vegetation. These results illustrate that the interplay of
geomorphic, hydrologic, and ecological factors is necessary to consider for spatial scaling and modeling of coastal
soils.

Dominant tree type may have also influenced soil horizon development at our sites, with relatively well‐
developed surface O horizons under evergreen species compared with mineral A horizons under deciduous
species (Weil & Brady, 2016). Further, soil horizon characteristics can influence additional physical properties

Figure 6. Concentrations of extractable Fe and P across transect zones. Multiple sites are grouped per transect positions.
Extractable Fe in the Erie soils showed a linear increase along the transect, with upland < transition < marsh. In the
Chesapeake soils, however, Fe concentrations in the transitional soils were significantly greater than in upland and marsh.
Extractable P in the Erie also showed non‐monotonic trends, with concentrations in the transition greater than in the upland
and marsh. Positions labeled with different letters are statistically different (Τukey HSD, α = 0.05).
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such as bulk density and water retention; these analyses were not part of our PCAs, but we observed strong
differences between O and A horizon soils for these properties (Appendix A5). The fact that soil horizon
influenced soil chemistry is not surprising, but our analysis highlights horizons as an important source of vari-
ability and necessary to consider in coastal soil modeling (De Feudis et al., 2022; Patel et al., 2021).

Patterns of soil biogeochemistry across the marsh‐upland gradient also differed strongly between the two regions.
Transitional forests in Erie showed properties intermediate between the upland and marsh endmembers, whereas
for the Chesapeake soils, transition soils were more similar to the upland (Figure 3). This pattern in the Ches-
apeake soils was unexpected; we expected greater distinctions between upland and transition soils in this region
because the exposure of transitional forests to saltwater is known to impact soil chemistry (Hopple et al., 2022;
Morrissey et al., 2014; Weissman & Tully, 2020). One explanation lies in the assumption, based on our space‐for‐
time‐substitution design, that transition zone soils were upland soils relatively recently and retain certain soil
characteristics that change slowly. This suggests that the legacy of soil forming factors is a fundamental constraint
on the rate at which certain soil characteristics respond to hydrologic and biogeochemical change (Oliver
et al., 2021; Tank et al., 2020; Walker et al., 2010).

4.2. Regions Differ in Sources of Soil Biogeochemical Variability

The PC1 loadings in Figure 4 allow us to identify analytes with the most variability in our soils. Interestingly, the
analytes that contributed the most to PC1 in each region were all associated with salinity (Na, Cl, TS). This is
expected for the Chesapeake soils where salinity is a strong factor in these estuarine water‐adjacent ecosystems.
In these sites, the marshes, which are closest to the estuary, have the highest concentrations of these analytes
(Appendix A7).

The Erie soils had lower concentrations of Na, Cl, TS, but these analytes still followed similar ordering by transect
position: upland < transition < marsh. In the Lake Erie region, fluvial sources (rivers) have higher salinity than
the lake (Baker et al., 2014; Kane et al., 2022; Krieger, 2003) which would make a reverse gradient from the saline
dominated Chesapeake perhaps more logical (i.e., upland > transition > marsh). The observed gradient in Erie
soils may therefore reflect inputs from terrestrial sources that feed into rivers; the Erie sites also have sulfate in
groundwater (Howard & Lopez, 2019; Michalovicz et al., 2002), so the higher concentrations in marshes may
reflect greater groundwater influence. The salts may further be leached from the upland soils and retained in the
marshes because of higher cation and anion exchange capacity (see Appendix A7).

The statistically important analytes for each region (Figure 4; Ca, Fe, NH4‐N for Erie and Al, P for Chesapeake)
generally represented the parent material and environment, which influences soil development. The carbonate
bedrock in Erie is a strong source of Ca while the high muscovite content in Chesapeake contributes to Al
(Appendix A7). Agricultural activities and relatively high atmospheric N‐deposition rates in the western Lake
Erie basin may also be associated with the high NH4‐N concentrations in these soils (Choquette et al., 2019;
Knorr et al., 2023; NADP, 2022).

We emphasize that these analytes are strong contributors of variability in our data and may not have a
commensurate ecological or biogeochemical relevance to the systems. For instance, an analyte such as P may be
highly relevant in the Erie region because of agricultural inputs (Maccoux et al., 2016; Ohio, 2016), but P is not a
strong source of variability observed among our Erie samples. In contrast, the lower P values in Chesapeake
coupled with high variability make it a stronger source of overall variability in the Chesapeake soils. Overall, our
results provide support for our first hypothesis that freshwater and saltwater environments have variable sources
of soil biogeochemical properties.

4.3. Transitions as Soil Biogeochemical Hotspots

Our second hypothesis that transitional coastal soils would show properties intermediate between the upland and
marsh was supported by analytes such as TS, Na, and Cl (Figure 5), but not others. In particular, WEOC, P, and Fe
had non‐monotonic trends.

High WEOC concentrations in the Erie transition soils may be due to increased tree die‐off and a concurrent
increased input of carbon‐rich organic debris to transition zone soils, which then accumulates under flooded
conditions (I. M. Smith et al., 2021; Theuerkauf & Braun, 2021). P retention in marsh areas has been shown to be
primarily due to sedimentation and adsorption (Bridgham et al., 2001; Messina & Conner, 1997), and we suggest
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that the bidirectional hydrodynamic flow in the transitional zone means that the large quantities of water‐
mobilized nutrients may move back and forth along the coastal transect. As a result, some of these nutrients
may be precipitated or deposited in the transitional soils (i.e., the bathtub ring effect) (Bridgham et al., 2001). Our
data are generally consistent with this hypothesis. For example, P retention is influenced by pH, Ca, SOM, and
redox conditions (Carter et al., 2022; Gibbons & Bridgeman, 2020; Holford & Patrick, 1979; Sah & Mikkel-
sen, 1989) and the frequent redox fluctuations of these systems (Patel et al., 2024; Regier et al., 2023) may
promote precipitation of poorly crystalline Fe‐oxides with fresh surfaces for binding phosphate (Darke & Wal-
bridge, 2000; Herndon et al., 2019).

In the Chesapeake soils, Fe peaked in the transition zone at concentrations 2–3× higher than the upland and marsh
values (Figures 5 and 6). Fe is more soluble and therefore more mobile in anoxic marsh soils compared with oxic
upland soils (Deng & Stumm, 1993; Lindsay, 1988). Iron cycling may be most dynamic in transition zones
because redox shifts from water fluctuations cause Fe reductive dissolution with anaerobiosis and oxidation and
precipitation of poorly crystalline Fe‐oxides under oxic conditions (Ellery et al., 2024). There may also be Fe
inputs from groundwater or estuarine water that oxidize and accumulate in the transition zone. These transition
zones, where biogeochemical processes such as Fe cycling are particularly intensified, may function as
biogeochemical control points—locations where the rates of such processes are disproportionately high relative to
the surrounding environment (Bernhardt et al., 2017). Even though rates are not directly measured here, elevated
concentrations of redox‐sensitive analytes such as Fe, C, and P may serve as indicators of heightened biogeo-
chemical activity, pointing to the likelihood of these zones functioning as hotspots. However, the inconsistency of
these patterns between and within our study regions suggests that site‐specific contributors remain important
moderators of biogeochemical activity in transitional zones.

In the Chesapeake sites, NH4‐N values showed inconsistent trends. Ammonium retention is dependent on surface
charge and is therefore highly influenced by SOM%, specific conductance, and CEC (Compton & Church, 2011);
further complicating this is the conversion of NH4‐N to NO3‐N. The lack of clear trends makes it difficult to
identify a common mechanism, but this highlights the need to further study retention and mobility of N across the
TAI (Wilson & Megonigal, 2025).

4.4. Soil Analytes as Indicators of Ecosystem Change

Our transect design represents a space‐for‐time substitution along the coastal continuum, with the assumption that
the transitional forests started as upland forests and are turning into marsh systems (Y. Chen & Kirwan, 2024).
Thus, a transition soil that is more similar to the marshes than to uplands may indicate a system that is further
along its conversion into a marsh. Similarly, our results can also provide insights into which soil analytes are most
responsive to ecosystem change driven by sea or lake level rise. For instance, in Chesapeake soils, transition zone
Na concentrations were numerically closer to the marsh than the upland with increasing estuarine salinity
(GCW < MSM < GWI). Similar trends were observed with Ca, K, CEC, and TS (Figure 5, Appendix A7). This is
not surprising because these are analytes commonly associated with seawater (Morcos, 1970), but we suggest that
Ca, K, CEC, and TS could be used as key indicator analytes to track how salinity‐stressed a system may be, or how
“far along” the ecosystem is in its transition phase.

With intensifying sea level rise and frequent inundation, there are shifts in soil salinity and oxygen availability
(Machado‐Silva et al., 2024; Patel et al., 2024; Regier et al., 2025), which in turn influence biogeochemical
transformations and nutrient availability, as seen in our results for C, P, and Fe. As marsh systems shift toward
uplands, salinity and hypoxia precede plant stress, hydraulic failure, and tree death (McDowell et al., 2022),
leading to ghost forest formation. While this forest retreat may occur on a decadal scale (Y. Chen & Kir-
wan, 2024), the belowground processes may occur at faster scales and could be considered precursors of tree
mortality and ecosystem shifts. Thus, soil biogeochemical and physical responses may be more indicative of early
ecosystem stress than aboveground responses.

5. Synthesis and Modeling Implications
The physical, chemical, and biological complexity of coastal TAIs makes them challenging to model, which is
necessary to gain predictive understanding of how such systems respond to environmental disturbances and other
ecosystem change (Li et al., 2024; O’Meara et al., 2024; Sulman et al., 2024; Ward et al., 2020). Efforts to
characterize the entire TAI are rare (Craft, 2012; Krauss et al., 2009), as most studies focus either on the terrestrial
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upland systems or the marsh systems, but not their interface (Golaz et al., 2019;
Sengupta et al., 2021; US‐DOE, 2017; Yu et al., 2021). Transition zones are not
simply upland forests that are wet; they represent a unique position along the
coastal TAI with distinct biogeochemical patterns and sources of variability. It
is the evolution of these transition zones that will help us better understand
ghost forest biogeochemistry and inland marsh migration. Model representa-
tion of the transition zones can also improve predictions of how upland
ecosystem processes may change in the future (Li et al., 2024). To better un-
derstand coastal TAI soils, we need to know where on the landscape to focus
measurements and which soil analytes and processes to represent in biogeo-
chemical models (O’Meara et al., 2024; Sulman et al., 2024).

Our results allow us to identify priority analytes based on two criteria: (a)
unique analytes that contribute strongly to variability in a given region
(Figure 4), and (b) analytes that show unexpected or unpredictable trends
along the TAI (Figure 5).

Identifying unique sources of variability in soils allows us to identify key
parameters that may be transferable across different coastal systems; analytes
such as Na, Cl, TS might be important parameters for any coastal system.

Transferable sources of variability may indicate common underlying processes across sites. In contrast, for vari-
ables that are more discriminatory between regions, we can determine which variables are most important for a
given region. Hence, an analyte such as extractable Al, which was below‐detection in most of the Erie soils, may be
less important for Erie coastal systems, but would need to be measured for the Chesapeake. Using such a frame-
work, we can identify priority variables instead of employing a broad‐spectrum “measure everything” approach.

Similarly, analytes such as Na, Cl, S may be easily modeled for these systems, as they follow linear and expected
trends along the TAI. In contrast, analytes such as Fe, P, C, NH4‐N, which do not follow clean trends, may need
more investigation and mechanistic understanding.

Based on our results, we suggest that C, Fe, Al and P are the most important elements to measure across upland‐to‐
marsh and fresh‐to‐saline coastal gradients (Table 3). A deeper investigation into these elements will improve our
understanding of biogeochemical cycling in the Chesapeake Bay and Lake Erie coastal regions and improve our
ability to model how these elements cycle in coastal regions. These three analytes may not be consistently relevant
across all ecosystems/regions, but we suggest that data‐driven approaches, such as that used here, may rapidly
generate new mechanistic hypotheses and understanding of ecosystem dynamics. Our region‐level inferences are
based on small sample size, so we need to be cautious when interpreting our results. However, related distributed
networks (Myers‐Pigg et al., 2023) could be leveraged to cover a larger spatial area while targeting these priority
analytes. Future investigations of investigations of seasonal variability in coastal soils could also use our results
and to prioritize target analytes. We especially expect redox‐related analytes to vary significantly between dry and
wet seasons, particularly in the transitions and marshes where ground water redox potential fluctuates seasonally
(Machado‐Silva et al., 2024).

It will be crucial to test such hypotheses through numerical modeling to complement experimental and obser-
vational studies. Only through such combined model‐experimental workflows and analyses (Hanson &
Walker, 2020) will we be able to fundamentally improve the predictability of the complex and crucial ecosystems
at the terrestrial‐aquatic interface.

Appendix A: Additional Characterization of the Sites
A1. Hydrologic Characteristics of the Sites

Soil water content was measured using TEROS 12 moisture sensor (Meter Group) at a 10‐cm depth for the period
January‐December 2023. Water level was measured using Aqua TROLL 600 Multiparameter Sondes (In situ Inc.)
during this period. A positive value of water level indicates water was above ground surface (i.e., site was
flooded), a negative value indicated water was below ground surface. Water level data are not available for GCW
upland and for OWC upland/transition.

Table 3
Priority Analytes Identified in This Paper as Sources of Variability in
Coastal Soil Biogeochemistry

Analyte Reason for priority Region of importance

Fe Strong contributor to regional
variability

Erie

Non‐linear trends along the TAI Chesapeake

P Strong contributor to regional
variability

Chesapeake

Non‐linear trends along the TAI Erie

WEOC Non‐linear trends along the TAI Erie

NH4‐N Non‐linear trends along the TAI Chesapeake

Al Strong contributor to regional
variability

Chesapeake

Note. We prioritize analytes that contribute to variability across regions
(Lake Erie and Chesapeake Bay), or across coastal terrestrial‐aquatic inter-
face (TAI) gradients (upland, transition, and marsh).
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Soil water level for January‐December 2023: Water level was measured using Aqua TROLL 600 Multiparameter
Sondes. Negative values indicate water level below the surface, positive values indicate water level above the
surface, that is, the soils were inundated. Data are not available for GCW upland and for OWC upland/transition.
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A2. List of Analyses Included in This Study

Summary of chemical analyses performed and included in this study.

Analyte Analyte category Measurement

Grab samples—freeze‐dried samples

TC (total carbon) Bulk chemistry Catalytic combustion

TN (total nitrogen) Catalytic combustion

TS (total sulfur) Catalytic combustion

SOM (soil organic matter) Loss on ignition

pH pH/SC meter

Specific Conductance pH/SC meter

Grab samples—field moist samples

WSOC Water‐extractable carbon Catalytic combustion

WSIC Catalytic combustion

NH4‐N (extractable ammonium) Extractable nutrients Colorimetric analysis

NO3‐N (extractable nitrate) Colorimetric analysis

P (extractable phosphorus) Mehlich‐III extraction, colorimetric analysis

Fe (extractable, poorly crystalline iron) HCl extraction, ferrozine colorimetric method

Soil water content for January‐December 2023: Volumetric water content was measured using TEROS 12
moisture sensor (Meter Group) at a 10‐cm depth. Data are not available for GCW upland.
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Table
Continued

Analyte Analyte category Measurement

Ca (calcium) Salt‐extractable cations 1M NH4Cl extraction, ICP‐OES

Mg (magnesium) 1M NH4Cl extraction, ICP‐OES

Na (sodium) 1M NH4Cl extraction, ICP‐OES

K (potassium) 1M NH4Cl extraction, ICP‐OES

Al (aluminum) 1M NH4Cl extraction, ICP‐OES

CEC (cation exchange capacity) Calculated index; sum of all extractable cations

SO4 (sulfate) Water‐extractable anions Ion chromatography

Cl (chloride) Ion chromatography

Summary of physical analyses performed.

Analyte Measurement

Intact soil cores

Bulk density Bulk density ring

Water retention curves HYPROP + WP4C devices

Grab samples—oven/freeze‐dried

Texture Hydrometer

Particle density Pycnometer

Mineralogy X‐ray diffraction
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A3. Correlations Among Measured Analytes

Correlation matrix for all analytes measured in this study. Green boxes represent significant positive correlations,
orange boxes represent significant negative correlations, and blank boxes represent correlations that were non‐
significant (p > 0.05). Correlation coefficient (R) is denoted for each comparison. We used a cutoff of
R ≥ 0.8 to indicate highly correlated variables.
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A4. Slopes/Elevation

CRC is a unique site with a discontinuous transect, where the upland forest location is on one side of the
river, and the transition/marsh locations are on the other side. All of the other sites had linear transects. This
decision was made because there were no “truly upland” areas in the marsh/transition containing plot; all trees
in the transition already showed signs of stress. Thus, we selected an unstressed upland forest nearby (∼1 km
away).
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A5. Water Retention Curves

Curves were fitted using the Van Genuchten equation, the fitted model parameters are provided below.

α is a scale parameter that is inversely proportional to the mean pore diameter, n is a shape parameter that controls
the slope of the soil‐water characteristic curve, θr is the residual water content, and θs is the saturated water
content.

CRC PTR OWC

Upland Transition Marsh Upland Transition Marsh Upland Transition Marsh

α 0.00903 0.00648 0.0176 0.4057 0.1482 0.0737 0.2344 0.115 0.0141

n 1.299 1.294 1.315 1.121 1.188 1.231 1.154 1.147 1.247

θr 0 0 0 0 0 0 0 0 0

θs 0.443 0.434 0.531 0.416 0.495 0.634 0.375 0.755 0.696

GCW MSM GWI

Upland Transition Marsh Upland Transition Marsh Upland Transition Marsh

α 0.0427 0.00871 0.0163 0.1691 0.0279 0.0926 0.1135 0.0129 0.0239

n 1.153 1.319 1.3 1.33 1.482 1.331 1.214 1.313 1.368

θr 0 0 0 0 0 0 0 0 0

θs 0.497 0.78 0.861 0.488 0.795 0.322 0.697 0.465 0.48

A6. GWI Case Study

The sites in each region were chosen to capture geological and/or biogeochemical gradients while zones within
transects were chosen based on a visual assessment of forest condition to include healthy trees (upland), stressed
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trees (transition), and tree absence (marsh). We could not control for other macroscale and microscale factors such
as slope, distance to water, tidal range, microtopography, and local hydrology that are required to explain some of
the patterns in our data.

For example, the GWI site is located in the highest salinity part of the Bay among our Chesapeake sites (∼25 psu)
yet had marsh samples with very low specific conductance (<100 μS/cm) and chloride (2.77 meq/100 g) values.
Similarly, specific conductance in GCW transition samples were near zero, showing no evidence of seawater
exposure. In both cases, the most likely explanation is dilution by fresh groundwater discharge, which is
consistent with the fact that these zones are located a large distance (∼200 m) from the estuary and therefore
relatively uncoupled from tidal flooding. These examples highlight the importance of geomorphology and
groundwater hydrology in regulating both microscale and macroscale variation that is crucial to capture for
spatiotemporal scaling and modeling.
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A7. Summary Tables of Chemical Analytes Included in the Analysis

Summary of bulk soil analytes: Data are presented as mean ± standard error for each site, followed by a mean
across all sites for the given transect position (highlighted in gray). Different lower‐case letters denote statistically
significant differences among sites for a given transect position. Different upper‐case letters denote statistically
significant differences among transect positions for a given region. Different Greek letters denote significant
differences among transect positions for a given site.

Summary of salt‐extractable cations: Data are presented as mean ± standard error for each site, followed by a
mean across all sites for the given transect position (highlighted in gray). Different lower‐case letters denote
statistically significant differences among sites for a given transect position. Different upper‐case letters denote
statistically significant differences among transect positions for a given region. Different Greek letters denote
significant differences among transect positions for a given site.

Erie Chesapeake

Upland Transition Marsh Upland Transition Marsh

Total C, % CRC 7.14 ± 0.42 a β 12.02 ± 0.96 a α 7.66 ± 0.33 a β GCW 4.22 ± 0.48 b ψ 7.63 ± 0.76 b β 30.76 ± 0.81 a α

PTR 7.27 ± 0.26 a α 10.08 ± 1.87 ab α 7.71 ± 0.25 a α MSM 32.64 ± 1.09 a α 29.67 ± 1.33 a α 32.86 ± 2.1 a α

OWC 5.11 ± 0.39 b α 6.48 ± 0.46 b α 6.5 ± 0.58 a α GWI 32.26 ± 1.67 a α 26.27 ± 1.53 a α 14.51 ± 2.83 b β

Mean 6.51 ± 0.28 B 9.64 ± 0.84 A 7.39 ± 0.22 B Mean 23.04 ± 2.85 A 20 ± 2.42 A 26.13 ± 2.1 A

Total N, % CRC 0.52 ± 0.03 a β 0.83 ± 0.05 a α 0.73 ± 0.04 a α GCW 0.23 ± 0.03 b ψ 0.41 ± 0.04 c β 1.61 ± 0.02 a α

PTR 0.57 ± 0.02 a α 0.81 ± 0.15 a α 0.68 ± 0.02 a α MSM 1.13 ± 0.07 a β 1.52 ± 0.08 a α 1.71 ± 0.09 a α

OWC 0.36 ± 0.02 b β 0.45 ± 0.03 b αβ 0.51 ± 0.04 b α GWI 1.26 ± 0.07 a α 1.22 ± 0.07 b α 0.73 ± 0.13 b β

Mean 0.48 ± 0.02 B 0.71 ± 0.06 A 0.65 ± 0.02 A Mean 0.87 ± 0.1 B 1 ± 0.12 B 1.35 ± 0.11 A

Total S, % CRC 0.05 ± 0 a ψ 0.15 ± 0.01 a β 0.21 ± 0.03 a α GCW 0.02 ± 0 b β 0.06 ± 0.01 c β 1.84 ± 0.08 a α

PTR 0.06 ± 0 a β 0.09 ± 0.02 b αβ 0.13 ± 0.01 b α MSM 0.19 ± 0.05 a β 0.43 ± 0.06 a β 1.74 ± 0.13 a α

OWC 0.03 ± 0 b β 0.04 ± 0 c β 0.09 ± 0.01 b α GWI 0.15 ± 0.01 a β 0.27 ± 0.02 b αβ 0.4 ± 0.08 b α

Mean 0.05 ± 0 C 0.09 ± 0.01 B 0.14 ± 0.01 A Mean 0.12 ± 0.02 B 0.22 ± 0.04 B 1.32 ± 0.15 A

pH CRC 6.71 ± 0.06 a α 6.51 ± 0.11 ab α 6.72 ± 0.15 a α GCW 5.22 ± 0.13 a α 4.6 ± 0.07 c β 5.5 ± 0.06 a α

PTR 6.01 ± 0.15 b α 6.03 ± 0.26 b α 6.57 ± 0.16 a α MSM 4.16 ± 0.08 b β 5.18 ± 0.16 b α 4.72 ± 0.23 b αβ

OWC 6.2 ± 0.18 b β 6.97 ± 0.1 a α 6.36 ± 0.1 a β GWI 4.61 ± 0.17 b ψ 6.55 ± 0.05 a α 5.92 ± 0.1 a β

Mean 6.31 ± 0.1 A 6.5 ± 0.12 A 6.56 ± 0.09 A Mean 4.67 ± 0.12 B 5.44 ± 0.18 A 5.36 ± 0.13 A

Specific
Conductance,
mS/cm

CRC 0.11 ± 0 ab β 0.2 ± 0.02 a β 0.63 ± 0.11 a α GCW 0.05 ± 0.03 b β 0.05 ± 0.01 b β 4.94 ± 0.2 b α

PTR 0.12 ± 0.01 a β 0.2 ± 0.09 a αβ 0.34 ± 0.04 b α MSM 0.61 ± 0.07 a ψ 1.79 ± 0.14 a β 6.12 ± 0.43 a α

OWC 0.08 ± 0.01 b β 0.08 ± 0.01 a β 0.19 ± 0.02 b α GWI 0.82 ± 0.24 a β 1.95 ± 0.13 a α 0.68 ± 0.17 c β

Mean 0.1 ± 0.01 B 0.16 ± 0.03 B 0.39 ± 0.05 A Mean 0.49 ± 0.1 B 1.26 ± 0.19 B 3.82 ± 0.52 A

% OM CRC 15.01 ± 0.82 a β 24.82 ± 2.15 a α 15.6 ± 1.05 a β GCW 7.7 ± 0.91 b ψ 14.04 ± 1.15 c β 66.41 ± 1.39 a α

PTR 15.05 ± 0.51 a α 21.14 ± 4.14 a α 17.26 ± 0.54 a α MSM 73.29 ± 4.89 a α 75.59 ± 1.68 a α 70.12 ± 2.04 a α

OWC 10.89 ± 0.76 b α 15.44 ± 2.21 a α GWI 64.23 ± 4.09 a α 62.47 ± 3.02 b α 26.38 ± 4.48 b β

Mean 13.65 ± 0.55 B 20.47 ± 1.82 A 16.64 ± 0.53 B Mean 48.41 ± 6.39 A 50.7 ± 5.64 A 54.94 ± 4.32 A
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Summary of water‐extractable anions: Data are presented as mean ± standard error for each site, followed by a
mean across all sites for the given transect position (highlighted in gray). Different lower‐case letters denote
statistically significant differences among sites for a given transect position. Different upper‐case letters denote
statistically significant differences among transect positions for a given region. Different Greek letters denote
significant differences among transect positions for a given site.

Erie Chesapeake

Upland Transition Marsh Upland Transition Marsh

Al (meq/100 g) CRC 0 a α 0 a α 0 a α GCW 1.63 ± 0.77 ab β 4.01 ± 0.77 a α 0.06 ± 0.03 a β

PTR 0.02 ± 0 a α 0.04 ± 0.03 a α 0 a α MSM 2.59 ± 0.25 a α 0.44 ± 0.24 b β 0.26 ± 0.15 a β

OWC 0.03 ± 0.03 a α 0 a α 0 a α GWI 0.61 ± 0.17 b α 0.02 ± 0.01 b β 0.08 ± 0.03 a β

Mean 0.02 ± 0.01 A 0.02 ± 0.01 A 0 A Mean 1.61 ± 0.31 B 1.49 ± 0.45 B 0.14 ± 0.06 A

Ca (meq/100g) CRC 9.63 ± 0.41 a β 15.4 ± 1.09 a α 17.12 ± 1.71 a α GCW 3.84 ± 0.58 a β 1.02 ± 0.1 c ψ 8.76 ± 0.45 a α

PTR 8.67 ± 0.21 a ψ 10.82 ± 0.77 b β 14 ± 0.49 a α MSM 1.38 ± 0.2 b β 4.97 ± 0.56 b α 5.01 ± 0.48 b α

OWC 5.33 ± 0.46 b β 8.86 ± 0.58 b α 9.17 ± 0.97 b α GWI 3.01 ± 0.19 a β 9.26 ± 0.34 a α 3.21 ± 0.46 c β

Mean 7.88 ± 0.42 C 11.69 ± 0.71 B 13.67 ± 0.77 A Mean 2.74 ± 0.29 B 5.08 ± 0.73 A 5.5 ± 0.53 A

K (meq/100g) CRC 0.81 ± 0.06 b α 0.52 ± 0.06 a β 0.48 ± 0.07 ab β GCW 0.56 ± 0.07 b β 0.48 ± 0.04 c β 2.77 ± 0.15 a α

PTR 1.12 ± 0.09 a α 1.04 ± 0.24 a αβ 0.58 ± 0.08 a β MSM 0.48 ± 0.06 b β 0.73 ± 0.07 b β 2.87 ± 0.23 a α

OWC 0.77 ± 0.05 b α 0.73 ± 0.16 a α 0.2 ± 0.02 b β GWI 1.05 ± 0.08 a β 2.14 ± 0.08 a α 1.68 ± 0.26 b α

Mean 0.9 ± 0.05 B 0.76 ± 0.1 B 0.46 ± 0.05 A Mean 0.7 ± 0.07 C 1.12 ± 0.16 B 2.44 ± 0.17 A

Mg (meq/100g) CRC 3.62 ± 0.12 a β 5.55 ± 0.35 a α 4.68 ± 0.29 b α GCW 2.53 ± 0.46 a β 2.32 ± 0.21 c β 32.56 ± 0.81 a α

PTR 2.3 ± 0.16 b ψ 3.47 ± 0.37 b β 5.9 ± 0.29 a α MSM 8.47 ± 4.4 a β 17.02 ± 2.03 b αβ 24.85 ± 2.49 a α

OWC 1.94 ± 0.13 b β 3.18 ± 0.43 b α 2.87 ± 0.26 c αβ GWI 8.98 ± 0.67 a β 35.19 ± 1.33 a α 14.81 ± 2.45 b β

Mean 2.62 ± 0.16 C 4.07 ± 0.3 B 4.8 ± 0.28 A Mean 6.66 ± 1.55 B 18.18 ± 2.91 A 23.75 ± 1.91 A

Na (meq/100g) CRC 0.05 ± 0.01 a β 0.34 ± 0.05 a α 0.38 ± 0.03 a α GCW 0.04 ± 0 c β 0.49 ± 0.16 c β 81.46 ± 4.01 a α

PTR 0.06 ± 0.01 a ψ 0.16 ± 0.02 b β 0.38 ± 0.02 a α MSM 5.93 ± 0.44 b β 18.75 ± 0.79 b β 95.73 ± 9.81 a α

OWC 0.03 ± 0 b ψ 0.09 ± 0.01 b β 0.2 ± 0.01 b α GWI 14.78 ± 1.45 a β 39.72 ± 1.24 a α 47.38 ± 9.84 b α

Mean 0.05 ± 0 C 0.19 ± 0.03 B 0.34 ± 0.02 A Mean 6.92 ± 1.35 C 19.65 ± 3.37 B 75.45 ± 6.5 A

CEC (meq/100g) CRC 14.11 ± 0.46 a β 21.8 ± 1.38 a α 22.67 ± 1.93 a α GCW 8.61 ± 1.08 b β 8.32 ± 0.64 c β 125.6 ± 4.49 a α

PTR 12.17 ± 0.17 b ψ 15.53 ± 1.06 b β 20.86 ± 0.61 a α MSM 18.85 ± 4.54 ab β 41.92 ± 2.92 b β 128.72 ± 12.77 a α

OWC 8.1 ± 0.58 c β 12.87 ± 0.58 b α 12.44 ± 1.24 b α GWI 28.43 ± 2.31 a β 86.31 ± 2.66 a α 67.16 ± 12.9 b α

Mean 11.46 ± 0.55 C 16.73 ± 0.94 B 19.26 ± 0.98 A Mean 18.63 ± 2.37 C 45.52 ± 6.78 B 107.29 ± 8.65 A

Erie Chesapeake

Upland Transition Marsh Upland Transition Marsh

Chloride (meq/100 g) CRC 0.01 ± 0 a ψ 0.27 ± 0.04 a α 0.17 ± 0.03 a β GCW 0.02 ± 0 b β 0.15 ± 0.07 b β 104.7 ± 3.83 a α

PTR 0.01 ± 0 a ψ 0.09 ± 0.02 b β 0.19 ± 0.02 a α MSM 4.83 ± 0.67 a β 20.55 ± 1.55 a β 105.8 ± 20.94 a α

OWC 0 ± 0 a ψ 0.03 ± 0.01 b β 0.07 ± 0.01 b α GWI 6.13 ± 2.06 a β 22.34 ± 1.7 a α 2.77 ± 1.83 b β

Mean 0.01 ± 0 B 0.13 ± 0.02 A 0.15 ± 0.02 A Mean 3.66 ± 0.88 B 14.35 ± 2.22 B 72.48 ± 12.23 A

Sulfate (meq/100 g) CRC 0.04 ± 0 ab β 0.64 ± 0.21 a β 6.66 ± 0.93 a α GCW 0.01 ± 0 b β 0.13 ± 0.03 b β 42.56 ± 4.45 a α

PTR 0.05 ± 0.01 a β 0.14 ± 0.03 b β 2.67 ± 0.67 b α MSM 0.28 ± 0.03 ab β 2.17 ± 0.16 a β 24.04 ± 2.25 b α

OWC 0.03 ± 0 b β 0.07 ± 0.01 b β 1.87 ± 0.21 b α GWI 0.6 ± 0.2 a β 2.07 ± 0.17 a β 5.98 ± 1.69 c α

Mean 0.04 ± 0 B 0.28 ± 0.08 B 3.59 ± 0.53 A Mean 0.3 ± 0.08 B 1.46 ± 0.21 B 24.19 ± 3.41 A
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Summary of other extractable nutrients: Data are presented as mean ± standard error for each site, followed by a
mean across all sites for the given transect position (highlighted in gray). Different lower‐case letters denote
statistically significant differences among sites for a given transect position. Different upper‐case letters denote
statistically significant differences among transect positions for a given region. Different Greek letters denote
significant differences among transect positions for a given site.

Summary of water‐extractable forms of carbon: Data are presented as mean ± standard error for each site, fol-
lowed by a mean across all sites for the given transect position (highlighted in gray). Different lower‐case letters
denote statistically significant differences among sites for a given transect position. Different upper‐case letters
denote statistically significant differences among transect positions for a given region. Different Greek letters
denote significant differences among transect positions for a given site.

Erie Chesapeake

Upland Transition Marsh Upland Transition Marsh

P (μg/g) CRC 42.06 ± 20.21 b αβ 19.21 ± 2.42 b β 98.89 ± 27.71 a α GCW 4.7 ± 0.65 b β 5.21 ± 0.83 b β 78.17 ± 23.41 a α

PTR 204.26 ± 13.9 a α 256.48 ± 58.33 a α 58.02 ± 12.19 a β MSM 3.54 ± 0.85 b β 6.24 ± 1.05 b β 42.88 ± 9.42 ab α

OWC 20.92 ± 4.11 b ψ 160.87 ± 17.34 a α 109.85 ± 9.38 a β GWI 29.24 ± 8.79 a α 11.74 ± 1.58 a α 21.4 ± 3.92 b α

Mean 74.68 ± 17.69 B 145.52 ± 27.31 A 82.47 ± 10.47 B Mean 12.88 ± 3.89 B 7.73 ± 0.89 B 47.3 ± 9.23 A

Fe (μg/g) CRC 70.17 ± 5.16 a β 125.33 ± 20.61 a β 217.76 ± 31.3 ab α GCW 27.02 ± 8.15 b β 160.38 ± 55.32 b α 71.78 ± 18.88 a αβ

PTR 44.43 ± 3.99 b β 100.32 ± 12.53 a β 239.89 ± 18.87 a α MSM 206.15 ± 48.38 a αβ 314.44 ± 38.4 ab α 105.57 ± 51.87 a β

OWC 22.35 ± 2 c β 96.64 ± 14.37 a α 130.98 ± 8.39 b α GWI 40.55 ± 18.91 b β 488.66 ± 82.05 a α 84.22 ± 22.21 a β

Mean 45.65 ± 4.41 C 107.43 ± 9.33 B 208.58 ± 14.78 A Mean 86.24 ± 22.99 B 313.88 ± 43.08 A 89.33 ± 21.62 B

NH4‐N (μg/g) CRC 13.11 ± 0.41 a β 21.67 ± 0.92 a α 23.88 ± 2.69 a α GCW 23.04 ± 1.16 b α 10.04 ± 3.79 b β 24.9 ± 3.61 b α

PTR 11.42 ± 0.44 a β 16.3 ± 2.5 ab β 25.07 ± 1.75 a α MSM 35.77 ± 2.64 a β 76.28 ± 11.55 a αβ 162.03 ± 47.19 a α

OWC 12.76 ± 0.85 a β 13.82 ± 0.7 b β 18.96 ± 0.89 a α GWI 22.94 ± 2.01 b β 94.56 ± 9.2 a α 37.95 ± 6.01 b β

Mean 12.43 ± 0.36 C 17.26 ± 1.09 B 23.21 ± 1.19 A Mean 27.25 ± 1.68 B 60.29 ± 8.99 AB 78.44 ± 20.9 A

NO3‐N (μg/g) CRC 67.73 ± 3.54 a α 81.33 ± 17.59 a α 89.41 ± 23.97 a α GCW 0.74 ± 0.02 c ψ 0.94 ± 0.06 b β 4.82 ± 0.07 a α

PTR 62.81 ± 8.87 a α 104.64 ± 49.04 a α 89.92 ± 14.27 a α MSM 2.3 ± 0.1 a α 3.39 ± 0.19 a α 11.56 ± 5.89 a α

OWC 47.15 ± 6.61 a α 30.17 ± 6.1 a αβ 24.42 ± 3.98 b β GWI 1.64 ± 0.14 b β 4.44 ± 0.96 a α 2.19 ± 0.31 a β

Mean 59.23 ± 4.1 A 72.05 ± 17.87 A 73.4 ± 10.56 A Mean 1.56 ± 0.14 B 2.92 ± 0.44 AB 6.4 ± 2.2 A

Erie Chesapeake

Upland Transition Marsh Upland Transition Marsh

WEOC (μg/g) CRC 59.99 ± 5.28 a α 74.44 ± 8.36 a α 65.89 ± 11.19 a α GCW 51.39 ± 8.31 b β 81.12 ± 10.06 b β 186.51 ± 9.32 b α

PTR 57.06 ± 12.28 a α 90.03 ± 27.16 a α 57.61 ± 5.78 a α MSM 757.13 ± 46.66 a α 644.88 ± 38.71 a α 334.37 ± 28.22 a β

OWC 69.42 ± 4.88 a α 78.73 ± 7.29 a α 49.48 ± 2.69 a β GWI 790.88 ± 95.92 a α 631.41 ± 31.9 a α 296.25 ± 59.36 ab β

Mean 62.16 ± 4.67 AB 81.07 ± 9.48 A 57.9 ± 4.21 B Mean 533.13 ± 78.83 B 452.47 ± 57.14 B 274.86 ± 24.41 A

WEIC (μg/g) CRC 5.17 ± 0.72 a β 33.32 ± 8.92 a β 127.33 ± 35.61 a α

PTR 2.1 ± 0.79 b β 5.32 ± 1.56 b β 92.44 ± 20.63 ab α MSM 0 α 4.82 ± 4.4 b α 10.33 ± 8.58 a α

OWC 6.2 ± 1.13 a α 24.06 ± 8.31 ab α 8.4 ± 3.18 b α GWI 0 β 86.98 ± 18.55 a α 17.75 ± 5.12 a β

Mean 4.42 ± 0.6 B 20.9 ± 4.55 B 81.24 ± 15.71 A Mean 0 B 45.9 ± 14.05 A 13.82 ± 5.07 B

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG008978

PATEL ET AL. 26 of 31

 21698961, 2025, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JG

008978 by N
 C

ritchley - B
attelle M

em
orial Institute Pacific N

orthw
est D

ivision , W
iley O

nline L
ibrary on [29/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Summary of physical properties: Values are reported as percentage (mean± se). Because soil texture is a property
of the mineral soil fraction, it was not performed on highly organic samples (O horizons).

Summary of mineralogy: Values are reported as percentage (mean± se), scaled to the total crystalline content and
do not reflect the amorphous content. Thus, quartz comprised 79% of the crystalline content and not the total
sample. Chesapeake soils were mostly O horizon and therefore had higher amounts of amorphous/OM.

CRC PTR OWC

Upland Transition Marsh Upland Transition Marsh Upland Transition Marsh

Bulk Density 0.87 0.39 0.29 0.87 0.71 0.4

Particle Density 2.7 ± 0.03 2.64 ± 0.06 1.92 ± 0.13 2.5 ± 0.03 2.35 ± 0.06 2.58 ± 0.05 2.45 ± 0.04 2.55 ± 0.01 2.34 ± 0.02

Texture

Sand (%) 9.9 ± 1.92 9.44 ± 0.5 4.46 ± 0.58 14.37 ± 0.46 12.73 ± 1.26 6.02 ± 1.1 28.3 ± 1.64 10.69 ± 2.14 3.22 ± 0.28

Silt (%) 69.77 ± 6.02 79.7 ± 5.39 31.74 ± 4.62 83.53 ± 2.41 67.63 ± 9.15 49.08 ± 6.4 57.75 ± 6.82 77.53 ± 9.22 90.3 ± 5.71

Clay (%) 20.33 ± 4.16 10.87 ± 5.04 63.8 ± 4.61 2.1 ± 1.95 19.64 ± 8.02 44.9 ± 7.35 13.96 ± 7.95 11.79 ± 11.37 6.48 ± 5.99

Texture class Silt loam Silt loam Clay Silt Silt loam Silty clay Silt loam Silt loam Silt

GCW MSM GWI

Upland Transition Marsh Upland Transition Marsh Upland Transition Marsh

Bulk Density 0.77 0.38 0.24 0.15 0.16 0.1 0.42 1.01 1.49

Particle Density 2.47 ± 0.02 0.64 ± 0.05 – 0.26 ± 0 0.35 ± 0.03 – 2.31 ± 0.04 2.65 ± 0.07 –

Texture

Sand (%) 47.27 ± 2.31 40.78 ± 9.31 – – – – – – –

Silt (%) 36.7 ± 3.6 32.16 ± 4.95 – – – – – – –

Clay (%) 16.04 ± 2.41 27.07 ± 4.36 – – – – – – –

Texture class Loam Clay loam Organic Organic Organic Organic Organic Organic Organic

CRC PTR OWC

Upland Transition Marsh Upland Transition Marsh Upland Transition Marsh

Albite 9.07 ± 0.55 8.03 ± 0.88 6.77 ± 0.09 7.93 ± 0.19 8.2 ± 0.95 7.6 ± 0.4 9.63 ± 0.7 10.43 ± 0.33 8.93 ± 0.26

Chlorite 0 0.47 ± 0.23 0.23 ± 0.23 0 0 0.83 ± 0.2 0.4 ± 0.4 0.1 ± 0.1 0.53 ± 0.27

Gypsum 0 0 0 0 0 0 0 0 0

Halite 0 0 0 0 0 0 0 0 0

Hornblende 0 0 0 0 0 0 0 0 0

Kaolinite 0 5.6 ± 0.1 6.7 ± 0.2 0 2.07 ± 2.07 7.23 ± 0.97 0 0 3.5 ± 1.75

Microcline 6.5 ± 0.8 7.83 ± 0.8 8.57 ± 0.29 6.37 ± 0.68 5.17 ± 0.27 9.03 ± 1.19 6.6 ± 1.19 5.68 ± 0.42 5.9 ± 1.15

Muscovite 20.33 ± 1.67 31.33 ± 1.76 39.67 ± 0.33 21.67 ± 0.88 29.33 ± 1.33 38 ± 1.53 18.33 ± 0.88 20.11 ± 0.75 24.33 ± 0.88

Pyrite 0 0 0 0 0 0 0 0 0

Quartz 63.67 ± 2.19 46.67 ± 1.76 38.33 ± 0.33 63.67 ± 0.88 55.67 ± 2.73 37.67 ± 2.67 65 ± 1.73 63.56 ± 0.53 57 ± 2.52

GCW MSM GWI

Upland Transition Marsh Upland Transition Marsh Upland Transition Marsh

Albite 1 ± 1 3.03 ± 1.86 1.13 ± 1.13 9.1 ± 1.07 3.37 ± 1.69 0 11.3 ± 2.22 5.83 ± 0.87 2.83 ± 1.5

Chlorite 0 0 0 0 0 0 0 0 0
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