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Abstract

Mid-Atlantic tidal salt marshes provide a number of ecosystem services including the storage of phosphorus (P) within
their soils, which reduces nutrient export to estuaries. The storage of P in marsh soils is vegetation-specific, and man-
agement efforts targeting the removal of the invasive common reed, Phragmites australis may reduce the P ecosystem
service. The use of prescribed burns to remove P. australis introduces biochar into marsh soils, which has been shown to
sorb excess P in agricultural and wastewater systems. Biochar additions with burning may thus recoup P storage services
lost via P. australis replacement. Organic and inorganic total P content and relative P mobility (determined by sequential
extraction) were measured along with a suite of physical and biogeochemical parameters in field collected soil cores from
a marsh that had been recently burned and two comparator marshes. Neither burn frequency nor quantities of black carbon,
a biochar proxy, were positively associated with P content in any of the P pools indicating that burns are not enhancing
P storage in these marshes. Biochar added to experimental plots similarly showed no P storage benefit over control plots.
Instead, environmental (e.g., hydrological, vegetation, soil pH, metal content) factors dominated P concentration variations
in this work. The lack of an added P storage observed in these data is indicative that biochar properties vary depending on
their production conditions, and low temperature (<400 °C) prescribed burns of P. australis are unlikely to yield biochars
with pH and cation exchange properties favorable for the enhanced P sorption.
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Introduction

Salt marshes are highly productive coastal habitats that are
valued for a variety of ecosystem services like providing
faunal habitat, limiting erosion by flood abatement and
wave attenuation, reducing pollution and sediment loads,
and providing recreational opportunities (Barbier et al.,
2011; Cahoon et al., 2010; Fischer et al., 2000; Leonard et
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al., 2002; Reboreda & Cagador, 2007; Teuchies et al., 2013).
Salt marshes also provide biogeochemical benefits by storing
carbon (C), nitrogen (N), and phosphorus (P) in soils, which
reduces atmospheric carbon dioxide (CO,) and nutrient pol-
lution into estuaries (Giblin et al., 2013; Henton et al., 2013;
Kutcher et al., 2018; Wigand et al., 2017; Yao et al., 2018).
Because P, the focus of this study, is an important part of
biochemical compounds (e.g. DNA, phospholipids), excess
amounts can lead to water quality problems. Watersheds
with anthropogenic activities like urbanization, deforesta-
tion, and agriculture, have excess P input which could lead
to eutrophication upon delivery to coastal waterways where
P can be seasonally limiting (Fisher et al., 1992; Schafer &
Mack, 2018; Sharp et al., 2009; Volk et al., 2012). This can
lead to negative downstream impacts such as hypoxia and
harmful algal blooms (Paerl et al., 1998; Sharp et al., 2009).
Further, nutrient enrichment in marshes has been associated
with decreases in belowground biomass production and
increases in microbial decomposition yielding destabilized
peat and decreased accretion rates (Darby & Turner, 2008;
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Kutcher et al., 2018), both of which can contribute to marsh
loss. It is estimated that salt marshes bury 0.8—1.3 g P m>
yr ! across the United States, and in the Mid-Atlantic region
specifically, a New Jersey marsh was found to accumulate
0.13-2.6 g Pm 2 yr ! (Craft, 2007; Velinsky et al., 2017).

Disturbances like the invasion of Phragmites australis
alter marshes’ ability to provide ecosystem services like P
storage. P. australis grows in tall, dense, monotypic stands
that often outcompete native grasses, reduce habitat qual-
ity, and alter soil conditions (Ruggeri, 2014; Sun et al.,
2006). Notably, P. australis provides some benefits com-
pared to the native salt marsh grasses including greater
sediment trapping to support higher accretion rates, and
important to this study, P. australis uptakes and stores
more CO, and nutrients (N, P) due to their large aboveg-
round biomass, rapid growth, and extensive root systems
(Kutcher et al., 2018; Meyerson et al., 2009; Ruggeri,
2014; Windham & Meyerson, 2003), which enhance the P
storage capacity of marshes.

In Mid-Atlantic United States marshes, prescribed burn-
ing is employed as a management mechanism to remove P,
australis and promote the growth of native marsh grasses
that provide better habitat and more nutritious food sources
for marsh fauna (Cahoon et al., 2010; Geatz et al.,2013; Hen-
ton et al., 2013; Leonard et al., 2010; Sun et al., 2006; Tail-
lie & Moorman, 2019). This prescribed burning introduces
biochar, which has been known to effectively sorb P (Bolton
et al., 2019; Faridullah et al., 2012; Zhang et al., 2019) and
may consequently enhance P storage in marsh soils thereby
mitigating or negating the reduction of sequestration ser-
vices expected to accompany the replacement of P. australis
with native vegetation. Biochar, which is an artifact of the
incomplete combustion of biomass such as P. australis, has
a variable composition but is typically composed of con-
densed aromatic carbon compounds with high porosity and
surface acidic functional groups that give it a high sorption
potential (Zhang et al., 2019). Lab-created biochars created
from a range of starting materials and produced over a range
of temperatures have been shown to adsorb excess P in agri-
cultural (poultry litter biochar, 600 °C, Faridullah et al.,
2012), wastewater treatment (hemp biochar, 400425 °C,
Bolton et al., 2019), and marine sediment (peach tree wood
biochar, unreported temperature; Zhang et al., 2019) experi-
ments, and increased soil P has been observed after the con-
trolled burning of agricultural fields (finger millet, ground
nuts, cassava, unreported temperature; Stremgaard, 1992).

While biochar has been shown to sorb P in previous
work, it is unclear whether biochar from prescribed burns
and/or the influence of environmental factors within salt
marshes will yield the same results. Biochar molecular com-
position and properties (e.g., pH, cation exchange capacity,
surface area) are influenced by pyrolysis conditions like
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temperature, feedstock material, metal enrichment, and
chemical activation (Dugdug et al., 2018; Ghodszad et al.,
2021; Jassal et al., 2015; Keiluweit et al., 2010; Oliveira et
al., 2017; Tesfaye et al., 2021; Wozniak et al., 2020; Zhang
et al., 2017). Since temperature is unable to be controlled
during prescribed burning, biochar formed by prescribed
burning will have inherently different properties than lab-
created biochar (which can include chemically activated
biochar; Bolton et al., 2019; Faridullah et al., 2012; Zhang
et al., 2019), that could influence the biochar’s P sorption
capacity. Because P sorption depends on soil properties like
pH and cation content (Devau et al., 2009; Daly et al., 2015),
the ability of a biochar to sorb P very likely also depends on
its production conditions (temperature, feedstock material).

Salt marshes also experience environmental factors like
tidal exchange as well as variations in salinity and soil pH
that differentiate them from terrestrial systems where the
interactions of biochar and P have been more extensively
studied. P is often particle-bound, but greater porewater
salinity reduces the affinity of P adsorption to soil, allow-
ing it to instead be released to porewaters (Sundareswar
& Morris, 1999; Tobias & Neubauer, 2019; Upreti et al.,
2015; Zhang & Huang, 2011), due to the decoupling of iron
(Fe)-P associations in favor of Fe-sulfur (S) associations
(Upreti et al., 2015). Phosphorus and metal reactions can
also be pH dependent; at low pH (<6.5), hydrogen sulfide
is produced, and S outcompetes P to bind with soluble
Fe(Il), releasing or preventing P from precipitation in soils
(Kim et al., 2016; Paludan & Morris, 1999; Reimold &
Daiber, 1970; Rozan et al., 2002; Sundareshwar & Mor-
ris, 1999; Upreti et al., 2015). Once released from soil to
the porewaters, this soluble reactive phosphate is available
for biological uptake or export from the marsh. P can still
be soluble at higher pH in the absence of cations (>8; Fox
et al., 2014; Gao & DeLuca, 2020), but particulate soil P
concentrations tend to be enhanced because precipitation
reactions with aluminum (Al), calcium (Ca), magnesium
(Mg), and/or Fe become favorable due to the absence of
competition from sulfide (Bolton et al., 2019; Rozan et al.,
2002; Shen et al., 2016).

The export of P, particularly mobile P, into estuarine
systems is important to understand so the effects of altera-
tions to biogeochemical processes can be predicted. Thus,
understanding the role that biochar produced during pre-
scribed burning events plays in P cycling is important for
assessing the impacts of invasive vegetation management.
The dominant P form is negatively charged orthophosphate
which can bind with available metals or be incorporated in
organic matter. While organic P (OP) is presumed to be
unavailable for plant uptake, inorganic P (IP) includes a
spectrum of mobility from soluble, plant-available P that
can contribute to coastal algal blooms, to stable mineral



Estuaries and Coasts (2026) 49:78

Page3of 15 78

and Ca-associated P (Tobias & Neubauer, 2019; Zhang
et al., 2019). While specific P forms have varying envi-
ronmental interactions, functionally separating them
into groups based on their mobility allows us to evaluate
whether the presence of biochar shifts the distribution of P
to less mobile forms and could in turn effect the stability of
soil P in the marsh environment.

To evaluate the effects of biochar from prescribed burning
to remove P. australis on P storage in salt marshes, the cur-
rent study uses three years of field collection data in marshes
with and without histories of prescribed burning to evaluate
the influences of biochar on soil P concentrations and rela-
tive mobility within the context of environmental interac-
tions. The interaction between biochar and P is also isolated
from environmental variation using sorption experiments
including biochar amended field manipulation plots and a
laboratory sorption experiment. Because the high porosity,
positive surface charge, and acidic functional groups char-
acteristic of biochar are thought to promote P sorption, it is
hypothesized that sorption and retention would be enhanced
in soils with (a) a history of prescribed burning and (b)
biochar sediment additions. Further, we expect greater P
concentration ([P]), especially less mobile forms of P, to be
positively correlated with black C concentration, a proxy for
biochar input. Analysis of bulk organic and inorganic P con-
centrations (hereafter bulk P fractions) as well as P mobility
by sequential extraction (hereafter mobility fractions) will
improve our understanding of P cycling between marshes
and adjacent coastal waters. The results of this study aim to
provide salt marsh managers with information that will aid
decisions on the use of prescribed burns, particularly since
post-burn comprehensive nutrient assessments are not fre-
quently conducted.

Methods

Two experimental strategies were used to evaluate the influ-
ence of environmental variation distinct to salt marsh envi-
ronments on biochar influenced P sorption. Field samples
were collected from marshes of varying burn history to cap-
ture environmental variation within marsh sites (and thus
different elevation and hydrological influence) and between
marsh sites (to include variations in salinity, vegetation,
external watershed inputs). This gives context to the relative
strength of environmental and biochar influence on P sorp-
tion in our analyses. A second approach was to conduct a
biochar sorption experiment in the field. Variability in envi-
ronmental parameters is removed to clearly examine any
effect of biochar on soil P storage, but the biochar amended
soil is still exposed to the marsh environment, which is novel
to the existing studies. Finally, a simple isolated laboratory

experiment was conducted to compare the P-sorption of the
study biochar to the existing research.

Field Collections from Marshes of Different Burn
Histories

Soil samples were collected from three marshes with vary-
ing histories of burning (hereafter referred to as the ‘field
collected samples’). A total of 62 soil cores were collected
from three marshes over three sampling seasons (January
2022, November 2022, November 2023; Fig. 1). Roberts
Farm (RF; Townsend, DE; n=23) has a recent burn history
with several burns between 2017 and 2021. Rocks Tract
(RT; Townsend, DE; n=20) has not been burned in at least
20 years (Eric Ludwig, DNREC Delaware Fish and Wild-
life, personal communication), but it is located adjacent to
Roberts Farm and may have hydrological or atmospheric
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Fig. 1 Locations of core collection sites in the (a) St. Jones (SJ) and (b)
Roberts Farm (RF) and Rocks Tract (RT) study marshes. Inset shows
the marsh locations along the western coast of Delaware Bay. Made
with QGIS
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transport/deposition of biochar from the more recent pre-
scribed burns in that marsh. The marsh at St. Jones Reserve,
part of the Delaware National Estuarine Research Reserve
(SJ; Dover, DE; n=19) is directly adjacent to Dover Air
Force Base and has never been burned due to its use as
a research site as well as potential effects on power lines
over the marsh. SJ is about 25 mi south of RF and RT and
should be unaffected by prescribed burn deposition from RF
and RT. SJ has an annual average salinity of 10.8+7.0 ppt
while the average salinity in both RF and RT is 2.0£2.1 ppt
(Kelly, 2023 using https://cdmo.baruch.sc.edu//). Spartina
alterniflora and P. australis dominate SJ, while RF and RT
contain S. alterniflora, Spartina patens, Spartina cynosur-
oides, P. australis, and some Typha spp. S] is thus a useful
comparison to evaluate the importance of site-specific con-
ditions and give context to any influence of biochar on soil
P storage relative to the influence of environmental factors.

Soil samples (=10 per site) were collected and pro-
cessed similarly to Dunne et al. (2010) using 10.5 cm diam-
eter push cores. Three transects running perpendicularly to
the main tidal creek toward the upland-marsh ecotone were
established to capture a range of creek influences and soil
elevations. Three cores were collected along each transect,
and a 10th core was collected within a P. australis stand at
each site. Whole sealed cores were frozen upon returning to
the lab, then were later thawed and sectioned to 5 cm incre-
ments in a glove bag of N, gas to preserve redox-sensitive
analytes for analyses not reported in this study. These sec-
tions were re-frozen, freeze dried, then sieved at 500 um
to remove large biomass particles. Sieved, homogenized
samples were placed in glass jars, topped with N, gas, and
frozen until analysis.

A variety of environmental factors could lead to spatial
and temporal variations in P fractions within and between
sites including tidal inundation, salinity, pH, Fe and S inter-
actions, and the microbial and plant cycling of P (Rozan et
al., 2002; Sundareswar & Morris, 1999; Tobias & Neubauer,
2019; Upreti et al., 2015). We monitored several physical
and biogeochemical marsh soil properties to account for
some of these potential environmental influences in the
field study. Organic carbon (OC) and total nitrogen (TN)
were measured using an adaptation of Menzel and Vaccaro
(1964) and Ehrhardt and Koeve (1999) by CHNS elemental
analysis using a COSTECH ECS 4010. Since OC concen-
trations are positively correlated with plant biomass (Zhang
et al., 2015), OC and TN concentrations were used as bio-
mass proxies and were tested for correlation with [P]. Black
C (hereafter referred to BCCTO to identify the operational
measurement used to quantify black carbon) is a quantifi-
able proxy for biochar input and was determined by Kelly
(2023) using the CTO-375 method in which acidified, dry
samples are combusted in the presence of oxygen at 375
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°C for 24 hours to remove non-pyrogenic carbon before
elemental analysis (Gustafsson et al., 2001).

Elevation and position of sampling times within diurnal
and spring tidal cycles were used to describe tidal inunda-
tion. Logistical challenges (e.g., hunting/trapping periods,
the need to sample during daylight hours, availability of
personnel, number of sites and cores) precluded the sam-
pling of marsh soils at consistent positions within diur-
nal and neap-spring tide cycles. The position of sampling
time within tide cycles was assessed as the number of days
between sampling and the last spring tide (spring tides) and
the number of hours between sampling and the last high tide
(diurnal tides). There was no correlation between sampling
time within tide cycles and [IP] or [OP] (Kendall’s tau coef-
ficient test: T = -0.07-0.08, p=0.13-0.78; Fig S5) Eleva-
tion data from LiDAR were provided by Daniel Warner
(Delaware Geological Survey; McKenna et al., 2018) and
used as a 3 X3 m average plotted in QGIS. Dry soil pH was
measured in a 1:5 soil: water mixture (5 g:25 mL) using a
handheld pH meter (Hanna Instruments, 1991003; Faria et
al., 2023; Faridullah et al., 2012).

Biochar Sorption Experiments

Field and lab biochar sorption experiments were conducted
to reduce the impact of environmental variability on the
interaction of biochar and P and to highlight differences in
P storage between native and invasive marsh grass species.
For the field amendment experiment, five 1x1 m experi-
mental plots were installed at St. Jones Reserve in June
2022. Untreated wood frames were placed in native S. alter-
niflora and invasive P. australis stands, and vegetation was
trimmed to the soil base (<5 cm height) to help simulate
burn conditions and allow for even distribution of sediment
applications. There were two plots (one S. alterniflora, one
P. australis) amended with estuarine sediment (~ 8 cm thick)
and two plots (one S. alterniflora, one P. australis) amended
with a sediment and biochar mixture (9 sediment: 1 bio-
char by volume, ~8 cm thick; Raposa et al., 2023). The bio-
char used for these experiments is a custom biochar from P,
australis biomass made by Sustainable Material Solutions
using a custom-built pyrolyzer. The detailed biochar prop-
erties are listed in Table 1. The applied estuarine sediment
was collected from a nearby tidal creek and homogenized in
a small, manual cement mixer before application. The ini-
tial creek sediment and 10% biochar amended mixture were
analyzed for bulk and sequential P concentrations to deter-
mine if P sorption occurred during the experiment.

Three cores were collected from each plot in July 2023
using a similar procedure as described above, except cores
were sectioned in the field to separate the applied sediment
from the original sediment, which is now in the root zone.
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Table 1 Physicochemical properties of the P. australis biochar as
analyzed by Control Laboratories in Watsonville, CA according to
the International BioChar Initiative Laboratory Tests for Certification
Program

Property Value Method

H: C 0.46 Dry Combustion-ASTM
D 4373

pH 8.43 4.11USCC: dil. Rajkovich

% Ash 24.6% ASTM D-1762-84

Surface Area 233m?>g! Butane activity surface
area correlation

[Fe] 3442 mg kg ™! EPA 3050B/EPA 6010

[P] 857 mg kg ! EPA 3050B/EPA 6010

The applied sediment remained visibly different in color
and texture than the original. Cores were similarly frozen,
freeze-dried, sieved, and preserved. An oxidation reduction
potential (ORP) meter (Hanna Instruments, 1991003) was
used to collect in situ porewater pH measurements at each
core location in triplicate.

A small-scale laboratory experiment was also con-
ducted to determine if P australis biochar effectively
sorbs P without environmental interaction. 0.5 g of dried,
homogenized P. australis biochar was added to 0, 0.2, 0.5,
1, and 2 mg P L™! solutions of dihydrogen phosphate and
shaken for 24 h. Adsorption rates (%) were calculated as

(—[Ph"fg]‘ﬁ‘f[?l“"“l) * 100 (Dugdug et al., 2018).

Phosphorus Analysis

To quantify total organic and inorganic P, referred to as bulk
OP and IP respectively, homogenized soils were first dried
at 105 °C to a constant mass. An aliquot of each sample was
ignited at 550 °C for 2 h to oxidize organic material for total
P analysis (Aspila et al., 1976). All unignited and ignited
aliquots were extracted 16—18 h in 1 M hydrochloric acid on
a shaker table at 200 RPM (1:100 w: v). Samples were cen-
trifuged for 20 min at ~2,500 RPM to separate the extracts.
This technique was conducted on all field collected samples
and amendment experiment samples.

Sequential extractions were conducted following Hed-
ley et al. (1982) as adapted by Faridullah et al. (2012) and
Gu et al. (2020). Sequential extraction protocols operation-
ally define P fractions based on their mobility (Anton et al.,
2021), in this case from immediately available to recalcitrant
P with IP and OP quantified in each fraction. Homogenized,
dry samples were first extracted by a solution of MilliQ
water and artificial seawater (Instant Ocean) to match the
salinity of the sampled marsh during sampling time (5 ppt
for RF and RT; 10 ppt for SJ). The water extraction removed
immediately plant available P which is presumably available
for plant uptake. After separation by centrifugation, the soil

residue was rinsed with the previous extract solution (MilliQ
water for step 1) by shaking for 1 h to reverse any secondary
adsorption (Song & Liu, 2015). After centrifuging the rinse,
the residue was dried as described above. Next, the soil resi-
due was similarly extracted in sequence using 0.5 M sodium
bicarbonate (to isolate the easily exchangeable P), followed
by 0.1 M sodium hydroxide (to isolate the intermediately
available P), then by 1 M hydrochloric acid (to isolate the
recalcitrant P). The extract to soil ratio was increased from
60 (used for the subset of field collected samples) to 100
for the field manipulation plot samples to improve the yield
of OP based on trials. Organic P was determined for each
sequentially separated P pool using wet chemical oxidation
by adding 0.18 M potassium persulfate to the extracts and
autoclaving at 121 °C for two hours, the duration needed to
maximize P release (Ridal & Moore, 1990). This procedure
was conducted for all amendment experiment samples as
well as a subset of 27 field collected samples from all three
sites and depth increments which were selected to represent
arange in [BCqro]-

To quantify phosphorus from each of the experimental
isolates, the molybdate blue method was adapted (Aspila
et al., 1976; Murphy & Riley, 1962). Calibration standards
of 020 uM P were created using a potassium dihydrogen
phosphate stock. Bulk P samples were diluted by a factor
of 100 and sequential P samples were diluted by a factor
of 1-2 for water extracts and 30 for the other extracts to
ensure that concentrations were in the linear range of the
standard curve trend between absorbance values and P con-
centration (Aspila et al., 1976). A mixed reagent of sulfuric
acid, ammonium heptamolybdate tetrahydrate, and potas-
sium antimony tartrate was made daily. The mixed reagent
and an ascorbic acid solution were then added to the stan-
dards and the samples. The color was developed and ready
for analysis on a Horiba Aqualog using a quartz cuvette
at a wavelength of 880 nm after 10 min. The absorbance
data were converted to mg P kg ! soil. Inorganic P data
were derived from measurements made on the unignited/
unoxidized samples with organic P calculated as P from the
unignited/unoxidized samples subtracted from that of the
ignited/oxidized samples. An external sediment P standard
was used to verify the P concentrations (CRM BCR-684;
Fig. S1). Attempts to measure the raw biochar [P] by the
molybdate blue method resulted in falsely high values likely
due to high silica content in the biochar (Aspila et al., 1976).
Biochar was found to have greater [silica] than its rice husk
feedstock (15-20% vs. 1-5%; Karam et al., 2022; Nguyen,
2021), and P. australis has been found to accumulate silica
in its biomass (Struyf et al., 2005). The silica artifact found
for P measurements of the biochar is not thought to have
impacted P measurements in the soils. When the raw bio-
chars were ignited, they changed color from black to white
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suggestive of this silica interference; the same color change
was not found upon igniting the soil samples.

Statistical Analyses

Most data distributions were found to be not normal by
Shapiro-Wilk tests; examinations of box, q-q, and histogram
plots; and sample sizes are generally small, so non-para-
metric statistical tests were chosen (Table S2). Kendall’s t
correlation coefficients tests give p-values that indicate if
linear relationships between studied variables exist. Mann-
Whitney tests for two independent samples were used to
investigate differences between sampled groups. Kruskal-
Wallis and Dunn’s post hoc tests evaluated differences
between the three sampled marshes. A correlation matrix
showing Kendall’s t correlation and p values was created
to examine the effects of multicollinearity (Table S3). While
p values indicated that correlations exist between some
variables, all correlation values are less than 0.5 indicating
that these correlations should have a weak impact on model
predictions. Linear mixed-effects models describing the
influence of the measured environmental parameters on IP
and OP were created using the R package /merTest to deter-
mine the influence of environmental factors on P concen-
trations in the field collected samples of all three marshes
combined. The fixed effects were environmental variables
depth, elevation, [BCcrg], [organic C], [N], time since
diurnal high and spring tides, and distance to the center of
the nearest primary or secondary tidal creek (The primary
creek is defined as the St. Jones River at the SJ site and
Blackbird Creek at the RF and RT sites. Secondary creeks
are defined as an initial branch from the primary creek).
The marsh site (SJ, RF, and RT) was a random effect. All
combinations of modeled fixed effects were compared by
determining Akaike information criterion scores corrected
for small sample sizes (AICc) using the dredge function in
the MuMin package (Barton, 2020). The AICc of the base
model (includes all variables), the lowest AICc scores, and
the null model are shown in Table S4. If the model with the
lowest AICc included environmental variables that were not
significant predictors of [P], those variables were removed
from the linear mixed-effect model. Values are reported as
mean+ SE unless stated otherwise. There was no change in
OP or IP concentrations between collection years one and
two (January vs. November 2022 collections) for each sam-
pled marsh and all marshes grouped by Wilcoxon Signed-
Rank Test for Paired Samples (All marshes: IP: z=0.541,
p=0.591 and OP: z=0.110, p=0.269; Individual marshes:
z=1.51-0.228, p=0.822—-0.132). Thus, year one and two
data are pooled together when applicable. To account for
potential differences in mineral to organic content of marsh
sediments between sites, the analysis was repeated with P
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concentrations normalized to OC ([P(yg/kg))/[OCmgie)])-
This normalization did not affect the results (Fig. S2) and is
not discussed further.

Results

Field Collected Samples from Marshes of Different
Burn Histories

Inorganic and organic P concentrations did not vary between
sites with an overall mean of 628.3 + 28.09 mg IP kg-1 and
566.8 = 23.43 mg OP kg-1 (n = 162; Table S1.) By site, the
mean concentrations were 601.9 + 48.48 mg IP kg-1 and
695.4 +£40.20 mg OP kg-1 at SJ (n=157), 745.1 + 53.57 mg
IP kg-1 and 506.3 + 48.09 mg OP kg-1 at RT (n = 54), and
534.2 + 37.78 mg IP kg-1 and 487.0 = 20.57 mg OP kg-1
at RF (n = 51). Comparison of P concentration between the
marshes binned by depth by Kruskal-Wallis shows the only
differences in P concentration with burn history to be [OP]
at the 2.5 cm and 7.5 cm depth (H2, 56 = 15.0, 8.35; p =
0.0005, 0.015; respectively). Dunn’s post hoc found greater
[OP] at the 2.5 cm depth in SJ than RF and RT (p = 0.01
and p = 0.0001, respectively) and greater [OP] at the 7.5 cm
depth at SJ than RT (p = 0.005; Fig. 2)

Correlations between P concentrations and biochar input
were evaluated using BCpq as a proxy. There is no rela-
tionship between [OP] and [BCqrp] (Kendall’s tau coeffi-
cient test: t=0.014, z=0.198, p=0.84), but there is a weak
(t = -0.20) negative relationship between [IP] and [BCpq]
(Kendall’s tau coefficient test: z= -2.82, p=0.005). BC¢1q
concentrations were higher at SJ than RF and RT (Kruskal-
Wallis: H, 14, = 18.06, p=0.0001; Dunn’s post hoc SJ>RF,
SJ>RT: z=2.42, 4.23; p=0.016, 0.00002; Table 2). The
high [BCqpo] at SJ indicates an abundant, unforeseen,
non-prescribed burn source of pyrogenic C to this marsh
(e.g., from the more urbanized St. Jones watershed and/or
atmospheric deposition from regional or local sources like
the nearby Dover Air Force Base). [P] in RF and RT were
compared directly and revealed no enhanced P storage in
the recently burned RF soils. RF and RT have similar OP
distributions (Mann-Whitney Test: z,03=1.62, p=0.11), but
RT has more IP than RF (Mann-Whitney Test: z;,;=2.64,
p=0.009).

Correlations between soil BCqp concentrations and IP
and OP mobility fraction concentrations were tested to eval-
uate the influence of biochar concentration (and, therefore,
the influence of burning) on P mobility (Fig. 3). From most
to least mobile, mean [IP] and [OP] were 2.01£0.57 mg IP
kg ! and 10.53+1.76 mg OP kg ! for immediately avail-
able, 121.4+11.66 mg IP kg ! and 82.55+5.95 mg OP
kg ! for easily exchangeable, 251.0+26.42 mg IP kg !
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Fig.2 Box and whisker plots of organic (green) and inorganic (orange)
P concentrations (mg kg™!) in the field collected samples from the 3
marshes binned by increments of 5 cm depth below the soil surface.
Box borders represent the lower and upper quartiles of concentrations,

Table 2 Soil black C concentration (mg BCeo ¢ ') summary statistics
at all marsh sites

Site Name Mean Standard Error Minimum Maximum n
SJ? 1.87 0.14 0.28 4.54 57
RT 1.22  0.08 0.38 345 54
RF 1.31 0.06 0.43 2.28 51
Total 148 0.06 0.28 4.54 162

[BCcro] is greater at SJ than RF and RT (Kruskal-Wallis: H(2,
161)=18.06, p=0.00012; Dunn’s post hoc SJ>RF, SI>RT: z=2.42,
4.23; p=0.016, 0.00002)

and 128.0+8.29 mg OP kg™ ! for intermediately available,
and 337.4+23.95 mg IP kg ! and 35.02+4.41 mg OP kg !
for recalcitrant P pools (Table 3). While the relationships
between [BCrp] and less mobile [P] appear to be negative,

Fig.3 Concentrations (mg P kg-1
soil) of organic phosphorus (OP,

a) Immediately Available

and horizontal lines within boxes represent the median of all cores
from years 1 and 2 (n=17-19). Whiskers indicate minimum and maxi-
mum [P] excluding outliers, which are represented by black dots

Kendall’s correlation coefficients indicate that there is no
relationship between BCqrq and any of the P pools (1 =
-0.18-0.21, p=0.13-0.93).

Since the field collected samples indicate that burning or
biochar are not strong influences on P fractions, a suite of
additional environmental variables was examined to deter-
mine if other factors could be overshadowing an interaction
between P and biochar. Results from linear mixed-effects
analysis demonstrate that soil depth, [BCpg], [OC], and
elevation uniquely contribute to explaining the variation in
soil [IP] with a conditional and marginal R? of 0.35 and 0.30,
respectively. Depth, [BCqrp], [OC], time since the most
recent diurnal high tide (hereafter referred to as high tide),
[N], and distance to the nearest creek uniquely contribute to

b) Easily Exchangeable
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Table 3 Summary statistics for IP and OP concentrations (mg P kg™!)
in each sequentially extracted soil P fractions at a subset of the marsh
sites (n=27)

Mean Stan- Minimum Maxi-
dard mum
Error
IP (mg/kg) Immediately 201 057 0.15 14.94
Available
Easily 1214 11.66 46.93 331.9
Exchangeable
Intermediately 251.0 26.42 48093 628.9
Available
Recalcitrant 3374 2395 1526 574.2
OP (mg/kg)  Immediately 10.53 1.76  1.02 42.34
Available
Easily 82.55 595 25.15 165.6
Exchangeable
Intermediately 128.0 829  70.76 267.2
Available
Recalcitrant 35.02 441 2.77 94.84

[OP] variation with a conditional and marginal R? of 0.71
and 0.71, respectively. Estimated effect values shown in
Table 4 describe the strength of the relationship between the
specified variable and its influence on P variability. In sum,
the measured environmental variables explain soil [OP]
variability well, but [IP] variability is influenced by vari-
ables not measured here.

Another important environmental factor to con-
sider is the influence of native vs. invasive grass spe-
cies on soil P storage since a goal of these prescribed
burns is to reduce the invasive vegetation in favor of the
native. Mean OP and IP concentrations in native Spartina
spp. stands were similar to those in invasive P. australis
(Mann-Whitney Test: z=0.27, p=0.78; z=0.67, p=0.095,
respectively), with [OP] of 570.2+24.08 mg OP kg ! in
Spartina spp and 548.8+47.08 mg OP kg™ ! in P. australis
and [IP] of 627.2+28.52 mg IP kg~ ! in Spartina spp. and
741.2+84.31 mg IPkg ! in P. australis.

Biochar Sorption Experiments

Samples collected during the amendment experiment setup
were used to determine that bulk [IP] and [OP] in the
unamended creek sediment measured 456.2 and 410.7 mg P
kg !, respectively. There were greater [P] in the creek sedi-
ment amended with 10% biochar (v/v; 636.4 mg IPkg ! and
585.7mg OPkg ") likely due to the biochar which contained
857 mg TP kg ! (Table S5). After 13 months of incubation,
[TP] in the amended sediment (top section of the biochar-
amended plots) decreased by 250.7 mg IP kg ! 801l gry weight
while [OP] increased by 221.1 mg OP kg ™! 801l gry weight- The
unamended (top section of creek sediment only plots) soil
[IP] decreased by 36.05 mg IP kg ! 801l4ry yeigne While [OP]
increased by 287.1 mg OP kg ™! 801l 4y yeigne (Fig. S4).

At the end of the experiment, Mann-Whitney tests show
there was no relationship between bulk P concentrations at
unamended vs. amended plots (z=0.08-1.46, p=0.15-0.93).
Average [P] from the plots with biochar amendment was
385.7+32.66 mg IP kg ! and 806.8+56.85 mg OP kg ! in
the top of the cores (applied sediment) and 341.1+48.14 mg
IPkg ! and 1092.4+98.13 mg OP kg ! at the bottom of the
cores (original sediment). Average [P] from the plots with-
out biochar amendment was 420.1+27.74 mg IP kg~ ! and
697.9+£54.55 mg OP kg ! in the top of the cores (applied
sediment) and 320.8+21.81 mgIPkg ! and 1249+ 163.8 mg
OP kg ! at the bottom of the cores (original sediment; Table
S5). There was also no difference between P mobility frac-
tions in the amended vs. unamended plots except for less
immediately available OP in the root zone section of the
biochar-amended plots (Mann-Whitney Test: z=0.21-1.46,
p=0.15-0.84 vs. z=2.80, p=0.002), a short-lived and very
small portion of TP (2.6%; Fig. 4). Mean [P] of each frac-
tion is shown in Table S6.

The laboratory biochar sorption experiment revealed the
biochar to release P as evidenced by the negative adsorp-
tion rates for all [P] (-520 to -78%; Fig. S3) suggesting

Table4 Summary of linear regression analysis of the contribution of the measured environmental factors on IP and OP variability. The models best

suited to the data are reported with additional models in Table S4

Conditional R? Marginal R2 Significant Variables Estimated Effect SE p

IP 0.348 0.302 Intercept 840.39 114.69 3.78x107%8
[BClero -116.82 39.44 0.004
Depth -15.81 6.09 0.010
[0C] -3.06 1.03 0.004
Elevation 340.89 93.12 3.47x107%

oP 0.707 0.707 Intercept 199.84 47.93 7.72x107%
[BClero -58.28 21.98 0.009
Depth -8.51 3.40 0.013
[0C] 7.05 0.67 2.00x10716
High Tide -10.78 433 0.014
[N] 18.21 5.52 0.001
Creek Distance 0.35 0.12 0.004
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much of the P in the biochar to be readily dissolvable into
water. There is no evidence that the study biochar, which
was designed to mimic a low pyrolysis temperature natural
biochar resulting from prescribed burning, is effective at P
sorption on the timescale of these experiments. Instead, it
may act as a source of mobile and bioavailable P.

An additional finding is that while biochar did not influ-
ence P concentrations in the field experimental plots, Mann-
Whitney Tests show that grass species did in the bottom
section of the cores (root zone/original marsh soil), where
there was more bulk IP in the P. australis stands than in
the native S. alterniflora stands (z=2.80, p=0.002). There
was 398.1+29.75 mg IP kg ! and 1357 mg OP kg ! in
the P australis plots and 263.8+12.04 mg IP kg™ ! and
984.5+59.12 mg OP kg ! in the S. alterniflora plots (Table
S5). More specifically, there was more Easily Exchangeable
and Intermediately Available IP and OP in the bottom sec-
tion from the P. australis stands than from S. alterniflora
stands (z=2.48-2.80, p=0.002—0.009; Table S6, Fig. 4).

Discussion

This study revealed no evidence for enhanced biochar-facil-
itated P storage in field collected samples from marshes with
more recent burning. The expectations of greater [IP], [OP],
and portion of recalcitrant P at RF were not observed. Fur-
ther, positive correlations between [BC1g] and more recal-
citrant P pools did not exist (Fig. 4). [BC1o] was negatively
correlated with [IP] and [OP] using linear mixed-effect
models (Table 4), and Kendall’s tau agreed that [BCqrp]
and [IP] are weakly negatively correlated (p=0.005, © =

-0.20) in the field collected samples, but [BCyg] and [OP]
were not (p=0.84). Relationships between BC 1o and P
were hypothesized to be positive given the expectation that
biochar contains BCrpq with surface chemical properties
allowing it to sorb P and transform it into lower mobility
forms. Similarly, the amendment experiment provided no
evidence for enhanced P storage in the biochar amended
plots as well as no difference in [P] or P mobility in the
biochar-amended vs. unamended plots. The OP pool did
increase after 13 months of application in the amended sedi-
ments suggesting a potential immobilization of IP into the
organic pool; however, the same observation was made in
the unamended plots suggesting no added P storage benefit
from the biochar amendment. Similarly, the lab experiment
revealed no benefit in P storage as added biochar resulted in
the release of P into solution. This indicates that the biochar
in the plots serves as a source of bioavailable and mobile
P that could be taken up in biomass or exported from the
marsh into the estuary. As described below, the reasons for
a lack of a positive P sorption in these experiments likely
results from a combination of environmental influences on
soil P and biochar properties that differ from those used in
other work (Stromgaard et al., 1992; Faridullah et al., 2012;
Zhang et al., 2019).

While this study found no evidence for biochar facili-
tated P storage, mean P concentrations of nearly 1,200 mg
Pkg !soil (628.3+28.09 mg IPkg ' and 566.8+23.43 mg
OP kg !) found in the field collected soil samples are
higher than values reported in other east coast marshes
but within the range of values reported in a global survey
of marsh soils (Li et al., 2023). TP concentrations aver-
aged 588-635 mg P kg ! 8Oilyry weigne 10 three brackish
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marshes in Georgia (Loomis & Craft, 2010), 697 mg TP
kg ! 801l weight 10 921 mg TP kg ! 801l yry weight I @ South
Carolina marsh (Sundareshwar & Morris, 1999), and an
average of 710 mg TP kg ! 801l yry weight (Up to 3,900 mg
TP kg 801l yry weignt) 10 @ tidal New Jersey marsh affected
by urban and agricultural runoff (Velinsky et al., 2017).
OP represented about 42—-55% of TP in the current study,
which is within the wide expected range of 30—90% OP for
wetland soils (DeLaune et al., 2013).

Sequentially extracted P fraction reports are rare in wet-
land literature. Thus, this study provides important data on
P mobility in marshes and offers insights into OP contri-
butions to the sequentially extracted pools. While 2-9% of
the TP in the field collected soil samples was found to be
immediately available, previous work has found this frac-
tion to be 10-20% (Alvarez—Rogel et al., 2007; White et al.,
2008). The low values in the current study are similar to the
data from Fox et al. (2014) who reported plant available P
to be <1% of TP in agricultural soils. 21% of soil P in the
sampled marshes is found to be easily exchangeable, similar
to reports for South Carolina marshes (up to 24%; Paludan
& Morris, 1999; Tobias & Neubauer, 2019). Recalcitrant P
was reported to comprise 13-38% of TP in brackish South
Carolina marshes, and our observations fall at the high end
of that range (35% recalcitrant P in SJ, 39% recalcitrant
P in RF and RT; Paludan & Morris, 1999). Notably, most
studies of sequentially extracted P fractions do not measure
the OP portion within each pool. OP is typically only mea-
sured at the end of the extraction sequence after igniting or
digesting the sample residue (Alvarez-Rogel et al., 2007;
Ruttenberg, 1992; Zhang et al., 2019). This study detected
OP in all sequentially separated P fractions, which sug-
gests that the traditional quantification of OP at the end of
the extraction sequence is likely missing more mobile OP.
This finding is consistent with the growing recognition of
the molecular complexity of soil organic matter with impli-
cations for a range of influences and fates (e.g., microbial
lability, mineral associations; Kogel-Knabner & Rumpel,
2018; Bahureska et al., 2021). Additionally, the sum of OP
fractions was not equal to the bulk [OP] (Fig. S4), indicating
that the wet chemical oxidation method of OP determination
may not as fully convert OP as the ignition method.

Importance of Environmental Factors on
Phosphorus Fractions

Results of the linear mixed-effect analysis suggest that bio-
mass ([N] and [OC]) and hydrological (time since high tide,
distance to creek, elevation) factors exert a greater control
on P variability than any effects of biochar and/or may have
impacted the interaction between P and biochar (Table 4).
BCg¢ro is identified as an independently significant variable
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for the IP and OP models, but in each case, BCcr is neg-
atively correlated with the P parameter suggesting it may
negatively impact P retention in marshes.

Relationships between P and [OC] and [N] indicate an
influence of vegetation on P fractions (Table 4). [IP] is nega-
tively correlated with [OC] likely due to IP uptake increas-
ing vegetative growth and associated soil [OC]. Similarly,
[OP] is positively correlated with [OC] and [N], a somewhat
intuitive result given that each are important biomass com-
ponents that are released during decomposition. Field obser-
vations of the study marshes found vegetation near the SJ
core sites to be strongly dominated by dense monocultures
of S. alterniflora with some P. australis stands while vegeta-
tion at RF and RT was more variable (mixed S. alterniflora,
S. cynosuroides, S. patens, and P. australis). The high stem
density of S. alterniflora (Coleman et al., 2023; Leonard et
al., 2002) in SJ could be contributing to the larger concen-
trations of OM at that site and the associated influence on P
concentrations.

[IP] is positively correlated with elevation signifying that
a land source like stormwater runoff could deliver P to the
study marshes. However, [OP] is negatively correlated with
time since diurnal high tides, which may suggest OP deliv-
ery or enhanced OP production with the high tide intrusions
and/or that OP is decomposed after tides recede. [IP] and
[OP] are both negatively correlated with depth, which was
also observed by Alvarez-Rogel et al. (2007) and Tobias and
Neubauer (2019).

There are additional factors (e.g., watershed P loading,
salinity, pH, metals content) not evaluated in the linear
mixed-effect models that could be influencing soil P vari-
ability in this study, especially [IP] variability given the
low R? values in that model. Differences in allochthonous
P sources in the watersheds could influence soil P concen-
trations between sites. Water quality stations near our sites
measured average P concentrations of 0.19 mg/L in St. Jones
River that are >25% higher than those at Blackbird Creek
(0.15 mg/L) in 2022 (https://cema.udel.edu/applications/
waterquality/). The St. Jones Watershed has greater urban
land use compared to the Blackbird Creek watershed that
influences the RT and RF sites (33% vs. 3%). That urban
land use delivers higher amounts of nutrient pollution due
to more impervious landcover (DNREC, 2012, 2022). Addi-
tionally, while the Blackbird Creek Watershed currently has
more agricultural use than St. Jones (44% vs. 37%), earlier
land use reports define 53% of the St. Jones watershed as
agricultural, so historical fertilization application could be
enhancing soil P and N (DNREC, 2005; Dunne et al., 2010;
Kennedy et al., 2017) at SJ compared to RF and RT. Though
no differences were observed between sites, enhanced
watershed P loading in SJ may balance lesser influences of
other factors. Loomis and Craft (2010) and Sundareshwar
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and Morris (1999) suggest that a reduction in anions in
lower salinity marshes can limit competition with P for
sediment sorption yielding higher P concentrations in more
oligohaline marshes. Salinity differences are also likely not
a controlling factor in P fractions between our sites since the
lower salinity RF and RT do not have greater P concentra-
tions than SJ (Fig. 2; Table S1).

Dry soil pH was measured for a subset of field collected
samples (n=35) and yielded no correlation with any P
fractions (Kendall’s t: T = -0.20-0.20, p=0.16-0.88) sug-
gesting dry soil pH to not be an important factor describ-
ing P variability in these soils. However, the accuracy of
field pH measurements diminishes over time (Bartlett &
James, 1980; Blake et al., 2000). The expected association
of higher pH and less porewater P, and presumably more
soil P, was observed in the in situ amendment experiment
measurements. However, these plots were adjacent to each
other and had a very small range in pH (6.36-6.54). Mea-
surements of in situ soil pH and metal concentrations that
interact with P (Fe, Al, Ca, and/or Mg) could elucidate the
influence of precipitation reactions on P variability within
and between the sites.

Biochar Properties Influence Potential Phosphorus
Sorption

The properties of the biochar used in this study (Table 1)
likely help explain why no evidence for enhanced P storage
was observed in our burned sites. Biochar properties that
influence P sorption capacity like surface area and poros-
ity, ion exchange capacity, surface acidic functional groups,
and pH are largely determined by the feedstock material and
pyrolysis conditions (Dugdug et al., 2018; Ghodszad et al.,
2021; Jassal et al., 2015; Oliveira et al., 2017; Tesfaye et al.,
2021; Zhang et al., 2017). Biochars derived from prescribed
burning in marshes are produced at relatively low tempera-
tures (<400 °C) due to the high moisture content in tidally
inundated marsh soils (Geatz et al., 2013). This study’s P.
australis biochar was intentionally produced at similarly
low temperature to mimic biochar produced from prescribed
burns. These conditions contrast with previous studies that
used higher temperatures (400-600 °C) to yield biochars
with increased pH, cations, and surface area that were more
effective at P sorption (Eduah et al., 2019; Jassal et al., 2015;
Ngatia etal., 2017; Oliveira et al., 2017; Tesfaye et al., 2021;
Zhang et al., 2017). For example, Ngatia et al. (2017) found
that low temperature biochar (200-500 °C) with a similar
pH (8.43) to the study biochar are associated with minimal P
sorption or the release of P relative to higher pH and higher
temperature biochars (550-750 °C). Prescribed burns and
wildfires also tend to have more variable temperature and
oxygen availability than laboratory-controlled biochars

(Myers-Pigg et al., 2024). The higher oxygen availability
during pyrolysis in these open-air burns has been suggested
to yield oxygenated biochars with more soluble organic
matter components (including C and N; Myers-Pigg et al.,
2024) and may be less effective at P sorption.

P australis is not a well-documented biochar feedstock
in the literature, but its morphology suggests its biochar
properties would be more similar to those of maize straw
and switchgrass biochars relative to woody biochars. Stud-
ies have demonstrated those non-woody biochars to have
lower surface area (4.05 vs. 97.20 m? g ! BET surface area)
but higher pH (10.4 vs. 5.82) and ion exchange to facilitate
sorption of dissolved P to surface functional groups com-
pared to woody biochars (Chintala et al., 2014; Zhao et al.,
2017). Elevated concentrations of P-binding metals like Ca,
Mg, and Fe in the feedstock (and corresponding biochar) can
also increase P sorption capacity by providing P- binding
reactants on biochar surfaces (Dugdug et al., 2018; Ghod-
szad et al., 2021). The data show that [Fe] in the P. austra-
lis biochar used in the amendment experiment (3,442 mg
Fe kg™ ') was closer to pine wood char (4,470 mg Fe kg !;
Oustriere et al., 2017) than a corn husk biochar (620 mg Fe
kg !; Eduah et al., 2019), but the observed [Fe] may have
been immobilized by sulfide in the reducing marsh soils as
was discussed to occur in low pH salt marsh environments.
Calcium (Ca) and Magnesium (Mg) were not measured in
this work, but Dugdug et al. (2018) found wheat straw bio-
char (likely of similar morphology to P. australis) to have
lower Ca and Mg concentrations and sorb less P than a wil-
low wood derived biochar (1.4 vs. 19.6 mg Ca g '; 0.18 vs.
2.14mgMg g™ ).

We thus suggest that non-woody feedstocks, low tem-
perature, and heterogeneous open-air conditions of the pre-
scribed burns result in biochars of very different properties
than lab-created biochars from carefully selected feedstocks
produced at constant temperatures under low oxygen for
long durations. The key differences in pH, cation exchange
capacity, and surface area likely render marsh prescribed
burn-derived biochars ineffective for sorbing P.

Implications for Understanding the Impacts of
Prescribed Burns

The results of this work suggest that biochars produced
under prescribed burn-like conditions provide no added P
storage ecosystem services to tidal marshes. Potential losses
of P storage due to P. australis removal and replacement
with native vegetation thus remain a lost ecosystem service
regardless of management technique. Work with biochars
designed specifically to maximize P sorption in marshes is
needed to understand whether and how biochar production
conditions can be optimized for use in living shoreline or
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thin layer placement interventions as described in Raposa et
al. (2023). Such studies should employ lab-created biochars
produced at high temperatures as well as using or amending
the feedstock with high concentrations of P-binding met-
als like Fe, Mg, and Ca to maximize P sorption. Activation
by pyrolysis with steam and CO, can also enhance P sorp-
tion by increasing pH and P-binding metal concentrations
(Zhang et al., 2017).

While our work suggests no P ecosystem services, the bio-
geochemical mechanisms for potential carbon and nitrogen
ecosystem services differ from those of P. Whereas P reduc-
tion relies on sorption and uptake, N may be reduced via deni-
trification, and C is stored by being refractory and resistant to
degradation. Further work is needed to assess whether pre-
scribed burns provide C and N biogeochemical services.

Future studies monitoring salt marsh P fractions should
measure in situ soil and porewater pH, redox state, as well
as Fe, Al, Ca, and/or Mg concentrations to determine how
pH dependent P precipitation interactions are influencing P
compositions. Ratios of Al, Fe, and P can indicate P mobil-
ity (Joshi et al., 2015; Kleeberg et al., 2010). Quantifying
vegetation density and/or above and belowground biomass
to examine relationships to soil P concentrations would
also further elucidate the impacts of vegetation and grass
species on marsh P retention. Alternatively, mesocosm
experiments could be used to isolate the influence of these
environmental factors on P processes on marshes. Finally,
it should be noted that biochars designed specifically for
P sorption may provide added P sorption/storage ecosys-
tem benefits. More work is needed to understand how the
conditions of prescribed burning and wildfires impact the
properties of a resulting biochar and/or to optimize labo-
ratory-designed chars for P sorption. The use of biochars
in thin layer placements or living shorelines, for example,
may offer P ecosystem services with chars designed specifi-
cally for this purpose.
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