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As sea levels continue to rise, coastal ecosystems are vulnerable to saltwater intrusion
(SWI), the landward movement of sea salts. Specifically, in coastal farmlands, we expect
SWI to drive changes in plant species composition and carbon (C) storage. As soils
salinize, standard crops (i.e. corn, soybean, and wheat) can no longer survive and farmers
must consider alternatives. Further, transitioning agricultural fields may become C sinks
as SWI advances inland and farmlands begin to resemble tidal wetlands. My objectives
were to determine: (1) the effect of SWI on the germination of standard and alternative
crop species, and (2) the C storage potential of salt-intruded farmlands. Most standard
and alternative crops were intolerant to high levels of osmotic and ionic stress at the
germination stage. However, sorghum and salt-tolerant soybean showed promise in field
experiments. | show that agricultural fields exposed to SWI have a high potential to store

C in soils.
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Chapter 1: Resist or adapt: farming in the face of sea level rise

and saltwater intrusion

Abstract

Rising sea levels pose a threat to coastal agroecosystems as they become more
vulnerable to saltwater intrusion (SWI). Saltwater intrusion is the landward movement of
sea salts, which can salinize coastal farmlands and affect crop yields. Salt stress reduces a
plant’s ability to absorb water (osmotic stress) and causes an ion imbalance within the
plant (ionic stress), ultimately resulting in decreased crop growth and even mortality.
Two management strategies available to farmers wishing to continue farming in the face
of sea level rise and SWI are to continue growing the standard crops as long as they can
(resist) or grow salt-tolerant crops adapted to the Eastern Shore of Maryland (adapt). Our
objectives were to (1) determine how osmotic and ionic stress levels affect seed
germination in the standard crops and alternative salt-tolerant crops in a controlled
environment experiment and (2) determine the germination success of alternative crops
planted in salt-intruded farm fields on the Eastern Shore of Maryland. Standard crop
species include corn (Zea mays), soybean (Glycine max), and wheat (Triticum aestivum);
alternative salt-tolerant species include sorghum (Sorghum bicolor), salt-tolerant
soybean, barley (Hordeum vulgare), and quinoa (Chenopodium quinoa). All of these
species germinated in a controlled environment experiment under different levels of ionic
and osmotic stress (measured in MPa of water potential) ranging from 0 to -4 MPa.
Under controlled conditions, sorghum and corn successfully germinated at -0.8 MPa

(22.2 dS m™*) under osmotic stress; standard soybean and salt-tolerant soybean seeds had



an equal tolerance of ionic stress during germination. Overall, there was no significant
difference in percent germination between the standard crop species and the alternative
crop species under osmotic or ionic stress in controlled environmental conditions. We
also established a trial on two salt-intruded farms on the Eastern Shore of Maryland to
determine the success of sorghum and salt-tolerant soybeans under field conditions.
Overall, germination percent was two times higher in salt-tolerant soybean than sorghum
in the field (P=0.001). Sorghum field germination declined with increasing ionic stress
levels, but salt-tolerant soybean declined with increasing osmotic stress levels. This
research provides the groundwork for assessing the success of an alternative, salt-tolerant
cropping rotation on farms experiencing SWI. Understanding the germination success of
crop species experiencing SWI is critical to developing informed farm management

strategies in coastal agricultural regions.

Introduction

Soil salinization is a global problem affecting at least 75 countries and more than
20% of global irrigated land (Ghassemi et al. 1995, Metternicht and Zinck 2003, Qadir et
al. 2014). The extent of soil salinization is projected to increase due to climate change,
specifically as a result of more variable weather conditions and rising sea levels (Zaman
et al. 2018). For instance, salts may concentrate in soil as water evaporates during
prolonged droughts (saltwater incursion; Ardén et al. 2013, Tully et al. 2019a). In arid
regions, such as California and Colorado, fields can salinize following irrigation as
groundwater is naturally high in salts (e.g. sulfate, sodium, and chloride) due to its flow

through soils with easily weatherable minerals (Wichelns and Qadir 2015, Foster et al.



2018). These regions require large quantities of water to meet crop water demands, and
soils salinize as water evaporates (Munns and Tester 2008). However, in our focal region
of the Eastern Shore of Maryland, soils are salinizing via saltwater intrusion (SWI).
Saltwater intrusion, the landward movement of sea salts, is driven by rising sea levels,
water withdrawals from coastal aquifers, the frequency and duration of droughts,
hydrological connectivity of agricultural ditches, and the frequency of storms and tides
(Tully et al. 2019a). Although a great deal of research has focused on the effects of
salinization on crop germination, yield, and plant performance (Z6rb et al. 2019), SWI-
induced salinization is a unique phenomenon comprised of high salinity levels and

periods of saturation.

Salt tolerance in plants

Salt stress reduces a plant’s ability to absorb water (osmotic stress) and causes an
ion imbalance (e.g. ionic stress due to excess sodium [Na*] and chloride [CI]). These
imbalances can suppress growth and limit productivity, ultimately resulting in plant death
(Zhu 2001, Parida and Das 2005, Roy et al. 2014, Parihar et al. 2015). Osmotic stress
occurs when there is a reduction in the absorption of water by plants (Parihar et al. 2015),
which can suppress the rate of shoot growth, cell expansion, and causes stomatal closure
(Munns and Tester 2008). lonic stress, on the other hand, occurs when there is an
accumulation of Na* and CI" at toxic concentrations within plant tissues (Parida and Das
2005, Munns and Tester 2008, Roy et al. 2014). When concentrations of Na* and CI
reach toxic levels, plants experience premature leaf death, reduced photosynthesis, and

suppressed growth rates (Munns and Tester 2008). Further, these stressors are not



mutually exclusive as ionic stress is the combination of ion toxicity (both Na™ and CI")
and lowered osmotic potential (Igartua et al. 1994, Shani and Dudley 2001).

Salt tolerance is the ability of a plant to complete its life cycle on a substrate with
high concentrations of soluble salts (Parida and Das 2005, Z6rb et al. 2019). Plants utilize
biochemical strategies to manage salt exposure, including selective accumulation or
exclusion of ions, control of ion uptake by roots and transport into leaves, and re-
translocation of Na* and CI- from the leaves to the roots (Erdei and Taleisnik 1993,
Koyro 1997, Netondo et al. 2004, Parida and Das 2005, Roy et al. 2014). Halophytes
(e.g. Salicornia, Taeniatherum, Chenopodium) are plants adapted to growing in saline
conditions and commonly exhibit salt tolerance through biophysical mechanisms. First,
the plant compartmentalizes Na* in the vacuole in order to prevent toxicity in the cytosol
(Zhu 2001, Flowers et al. 2010). Second, they suppress ion concentrations in the xylem
through reducing movement of solution through the apoplast in order to reduce the
amount of salt reaching the leaves (Flowers and Colmer 2008, 2015). However,
halophytes may be sensitive to high levels of salinity (~25 dS m™*; Colmer and Flowers
2008) during germination or seedling emergence stages, even if they can tolerate these
levels as a mature plant (Malcolm et al. 2003, Debez et al. 2004, Adolf et al. 2013,
Panuccio et al. 2014, Zorb et al. 2019). On the other hand, many mature glycophytes
(salt-intolerant plants; e.g. Triticum, Maize, Necotiana) are unable to regulate ions
entering the xylem at salinity levels >4 dS m™ in mature stages because they do not have
the biochemical mechanisms to cope with salt stress (Munns and Tester 2008, Flowers
and Colmer 2015). Most common agricultural crops are glycophytes and exhibit 50-80%

declines in productivity when salinity reaches between 4-8 dS m™ (2 ppt and 4 ppt,



respectively; Tanji and Kielen 2002, Munns and Tester 2008, Ventura et al. 2015, Zorb et
al. 2019). Although a large body of research examines salt tolerance, it generally focuses
on seedling or mature plant life stages when saline irrigation water is applied. However,
in salt-intruded fields, farmers plant seeds that are frequently exposed to (and saturated
by) saline water. Our work quantifies the germination success of agricultural crop species
under osmotic and ionic stress in both a controlled environment experiment and in salt-
intruded fields.

Successful seed germination requires the absorption of water through the seed
wall via diffusion and capillary action as water moves from outside the seed wall (higher
water potential) to inside the seed wall (lower water potential; Woodstock 1988). Salt
may affect germination through osmotic, ionic, or a combination of the toxicities
(Welbaum et al. 1990, Huang and Redmann 1995). Salinity lowers the water potential of
the germination medium, giving the medium a lower water potential than inside the seed
(Khan and Weber 2008, Parihar et al. 2015), slowing the absorption of water. As water
prefers to move from higher to lower water potentials, seeds have difficulty imbibing
when salt is present. In a controlled environment, we expect standard crop seeds (e.qg.
corn, soybean, wheat) to require more time to germinate than alternative crop seeds (e.g.
sorghum, salt-tolerant soybean, barley). Furthermore, we expect alternative crop seeds to
have a higher germination threshold at higher ionic and osmotic stress levels than
standard crop seeds.

Plant breeders have been working for decades to develop salt-tolerant crop
varieties, especially those adapted to the arid and semi-arid regions experiencing

salinization due to irrigation demands (Ashraf and Akram 2009). However, breeding for



salt-tolerance is difficult because it is a multigenetic trait (Flowers 2004, Flowers et al.
2010), and while the genes used for ion exclusion (e.g. CI") are well-established and
manipulated, the mechanisms of osmotic tolerance remain unknown (Roy et al. 2014,
Munns and Tester 2008). Thus, crops bred for salt-tolerance may remain vigorous when
experiencing ionic stress, but not osmotic stress. Other crops, such as barley (Hordeum
vulgare L.), sorghum (Sorghum bicolor L.), and rapeseed (Brassica napus L.; Table 1.1),
are naturally salt-tolerant due to the activation of salt-induced genes of the Lea gene
family, which are responsible for the efficient transport of ions across vacuole and cell
membranes (Chandra Babu et al. 2004, Roychoudhury and Chakraborty 2013, Li et al.
2013, Gdrel et al. 2016, Chen et al. 2019). Our research examines the germination
success of crops with natural and bred salt-tolerance in fields experiencing SWI. We
expect crops bred for salt-tolerance (e.g. salt-tolerant soybean) will have higher

laboratory and in-field germination than natural salt-tolerant crops (e.g. sorghum).

Standard vs. alternative crop species

The low-lying topography of the Eastern Shore of Maryland (2.7 m above sea
level) allows saline water to move into ground- and surface water. The rates of sea level
rise in the region are three times the global average (Sallenger et al. 2012), pushing
saltwater further inland each year. Unsurprisingly, we have observed dramatic declines in
the productivity of crops on salt-intruded agricultural fields (Jarrod Miller and Larry
Fykes, personal communication). Two management strategies available to farmers
battling SWI are (1) to resist change, and continue growing the standard crop rotation
(corn [Zea mays L.], soy [Glycine max (L.) Merr.], and wheat [Triticum aestivum L.]) as

long as they can or (2) to adapt to change, and grow salt-tolerant crops economically-



appropriate for the region (sorghum, salt-tolerant soybean, and barley). Our objectives
were: (1) to determine how osmotic and ionic stress levels affect seed germination in the
standard crops and alternative salt-tolerant crops; and (2) to determine the germination
success of alternative crop species planted on salt-intruded farm fields. We hypothesized
that: (H1) in the controlled environment experiment, alternative crop species (sorghum,
salt-tolerant soy, and barley) will have a higher germination threshold at elevated ionic
and osmotic stress levels than the standard crop species (corn, soybean, and wheat); (H2)
in the field experiment, soybean bred for salt-tolerance will have higher in-field

germination success than sorghum.

Methods

Controlled environment experiment
Effect of osmotic and ionic stress on crop germination

We grouped crop species by their utility into two farmer management scenarios:
resist and adapt. In the Mid-Atlantic US, standard (resist) crops like corn (Zea mays L.),
soy (Glycine max (L.) Merr.), and wheat (Triticum aestivum L.), all have salinity
thresholds of 2, 5, and 6 dS m™, respectively (Tanji and Kielen 2002; Table 1.1), and are
typically grown in rotation. These thresholds are far below salinity levels observed in the
fields on the Eastern Shore of Maryland where this research was conducted (12 dS m™;
Tully et al. 2019b). Alternative (adapt) crop species include: sorghum (Sorghum bicolor),
salt-tolerant soybean (Glycine max), barley (Hordeum vulgare), and quinoa
(Chenopodium quinoa), which have salinity thresholds of 7, 11, 8, 30 dS m™, respectively

(Table 1.1). We designed a 10 x 7 factorial experiment at George Washington University



(Washington, D.C.) to test the effect of osmotic and ionic stress on seed germination
(Table 1.2). We created ten osmotic potentials using mixtures of Polyethylene Glycol
8000 (PEG) and distilled water and ten ionic potentials using mixtures of sodium chloride
(NaCl) and distilled water. The ten potentials were the same for osmotic and ionic stress:
0,-0.2,-05,-0.8,-1.1,-1.4,-1.8, -2, -3, -4 MPa.

When PEG has a molecular weight greater than or equal to 6000, it cannot
penetrate the cell wall of seeds (Carpita et al. 1979, Verslues et al. 1998), thus mimicking
osmotic stress. The concentration of PEG used to create each solution was calculated
using Eq. 1 (Hardegree and Emmerich 1990).

Y = 0.130[PEG]?T — 13.7[PEG]? Eq. 1
Where, W is the water potential in MPa, PEG is grams of PEG per gram of water, and T
is temperature in degrees Celsius. In this study, T=25°C because seeds in solution were
kept in an incubator set to 30°C and 20°C for equal amounts of time. The concentration

of NaCl was calculated using Eq. 2 (Lang 1967).

[NaCl] = S& Eq. 2

Where, W is the water potential in atm, T is temperature in Kelvin, and R is the ideal gas

Lxatm

constant (0.8206 * ) In our case, T=25°C as the solutions were in an incubator for

mol*K
equal amounts of time at both 30°C and 20°C.

To mimic field conditions where seeds are regularly saturated with saltwater, we
placed 25 seeds per species on one 85 mm Grade 1 Whatman filter paper, 11 pm pore
size, in 100 x 20 mm glass petri dishes and moistened with 3.2 mL of deionized water,
PEG solution, or NaCl solution. Each species x solution combination was replicated four

times (total of 100 seeds per species x solution combination). The petri dishes were



tightly covered and wrapped with parafilm to prevent evaporation and were incubated in
a Percival Incubator (Percival Scientific, Perry, I1A) on a diurnal cycle of 30°C for 12
hours light and 20°C for 12 hours dark. If the filter paper appeared to be drying or there
visibly was no solution in the petri dish, we replaced the filter paper and added 3.2 mL of
solution to the petri dish. Due to the large seed size of corn, larger petri dishes and filter
paper were used (150 and 125 mm diameter, respectively), and 7.8 mL of solution was
added to fill the larger volume. Germination counts were made in ~6 hour intervals in the
first 48 hours of experiment initiation and then in ~2-4 hour intervals for the following
two days. After four days, a daily single count was made until there was no new
germination observed for 14 consecutive days. A seed was considered germinated, if a
radical was present.

We used germination data to calculate the time to 50% germination (Eg. 3).

(? _Ni)(Tj -T;) Eqg. 3

tso = Ti + =
Where, tso is the median germination time, N is the final number of germinated seeds, N;
and Nj are the total number of seeds germinated in adjacent counts at time T; and Tj,
respectively (Farooq et al. 2005). The time to 50% germination standardizes germination
rates so that they are comparable among studies (Scott et al. 1984, Ranal and Santana
2006). Within a species seed lot or across different species, seeds can germinate at
varying rates, and data is not normally distributed, making it challenging to draw
comparisons. Time to 50% germination is a measurement that provides a central

tendency to the data, which is comparable to the mean of normal distribution (Scott et al.

1984, Ranal and Santana 2006).



Field experiment
Study location

Our study sites are near Crisfield, Maryland in Somerset Co. (37.983436° N, -
75.854527° W) and Cambridge, Maryland in Dorchester Co. (38.5632° N, 76.0785° W);
farm fields in the region have been no-till for at least 40 years (Huggins and Reganold
2008). The majority of soils in Somerset Co. are Quindocqua silt loams with little to no
slope (USDA NRCS 2019). The focal farm located in Somerset Co. sits on
predominantly Othello-Fallsington complex sandy loam soils and has a mean elevation of
1 m above sea level. In 2018, Somerset Co. received 1110 mm of rainfall and the mean
temperature was 21.8°C over the growing season (April to October; NOAA 2018; Table
1.3). A second farm is located in Dorchester Co., received 1022 mm of rainfall, and the
mean temperature was 21.4°C during the 2018 growing season (NOAA 2018). The
majority of soils in Dorchester are very frequently flooded Honga peat soils (USDA
NRCS 2019). The Dorchester Co. farm sits on predominantly Elkton silt loam soils and
has a mean elevation of 1 m above sea level (Table 1.3). Saltwater moves onto
agricultural fields via hydrologically connected ditch networks and the groundwater table
(Tully et al. 2019a). The extensive agricultural ditch network designed to drain excess
water from farms often serves the reverse purpose by acting as a conduit for saltwater to

reach the fields during high tides and storms (Bhattachan et al. 2018, Tully et al. 2019a).

Experimental design
To determine the effect of SWI on germination in situ, experimental plots were
established in a randomized complete block design with four replicates per treatment at

farms in Somerset Co. and Dorchester Co. (herein referred to as “Somerset farm” and
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“Dorchester farm”). Treatments consisted of: (1) a natural recruitment control (colonized
by species in the seed bank, predominantly agricultural weeds and locally sourced
species); and (2-4) a sorghum-salt tolerant soybean-barley rotation with each entry point
present each year (total of three plots per block). Each plot was 3 m wide by 20 m long
and established within 2 m of the field edge with evidence of SWI. Plots were made
intentionally long so as to span a natural salinity gradient, from high salinity near the
field edge (0-5 m) to low salinity towards the center of the field (15-20 m). There were
0.5-1 m buffers between each plot and four replicates of each treatment for a total of 24
plots per farm.

Porous cup lysimeters (22 mm diameter; Soil Solution Access Tubes, Irrometer
Riverside, California, USA) were installed to 60 cm depth at 5 m (near salt source) and
15 m from the edge of the plot (far from salt source). Lysimeters were installed using a
soil probe and a slurry made with the deepest soil was poured into the hole before
inserting the lysimeter to ensure good soil contact. Finally, lysimeters were sealed at the
soil surface with a bentonite/clay mixture to avoid preferential flow of water down the
side of the tube. Pilot studies confirmed that soil solution collection was only possible
following rain events that were greater than or equal to 6 mm, thus soil solution was only
collected following rain events of this level. For this study, we used soil solution
collected on August 8, 2018 and June 21, 2019. The day before sampling, lysimeters
were purged of any water, and an internal pressure of -60 to -70 kPa was applied. Soil
solutions were collected, filtered (Whatman No. 42; 2.5 um), and stored in a freezer at

-20°C until further analysis for electrical conductivity. Electrical conductivity (EC) was
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measured on a Thermo Scientific Orion Versa Star Advanced Electrochemistry Meter
probe (Waltham, MA).

Prior to planting, plots were sprayed with glyphosate [N-(phosphonomethyl)
glycine] (~0.91 kg active ingredient per acre) in early-May 2018. Sorghum (var. Dekalb
DKS 2805) and salt-tolerant soybean seeds (Pioneer P42a52x; Cl-excluder) were sown
once in mid-May 2018 using a 1.52-m Tye drill and again in mid-June 2018 due to poor
germination as a result of heavy rainfall (328 mm) between May 16 and June 16, 2018.
Sorghum and salt-tolerant soybean were planted in 38.1 cm rows at a rate of 197,600
seeds ha and 481,650 seeds ha™l, respectively. Salt-tolerant soybean plots received 39 kg
hat of K* in the form of potash (K2SO4) and sorghum received 84 kg ha* as urea in late-
June 2018. In early August 2018, salt-tolerant soybean was sprayed with glyphosate
(~0.45 kg active ingredient per acre) and fomesafen sodium salt [5-[2-chloro-4-
(trifluoromethyl)phenoxy]-N-methylsulfonyl-2-nitrobenzamide (~0.32 kg active
ingredient per acre). All plots were sprayed with glyphosate [N-(phosphonomethyl)
glycine] (~0.91 kg active ingredient per acre) in early-May 2019. Sorghum and salt-
tolerant soybean were sown in early-June 2019 using a 1.52-m Tye drill. Sorghum was
planted with the same row width and seeding rate as in 2018. In 2019, salt-tolerant
soybean was planted in 19 cm rows at a rate of 481,650 seeds ha™. Sorghum received 84
kg ha! as urea and salt-tolerant soybean received 67 kg ha* of K in the form of potash in
early-June 2019. Due to poor germination, sorghum and salt-tolerant soybean were re-

sown, with the same seeding practice, in late-June 2019.
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Field germination surveys

In late July 2018 and 2019, plots were surveyed in order to determine the percent
germination in each field. On July 24, 2018, every sorghum plant was counted in each 0-
5m, 5-15 m, and 15-20 m segment of each plot. We also recorded the percent cover of
salt-tolerant soybean in each plot as the stands were too dense to easily identify
individuals without damaging plants. We conducted germination studies slightly
differently in 2019. On July 18, 2019, three out of six rows were randomly selected from
each plot and every sorghum and salt-tolerant soybean plant was counted along the row
in each 0-5 m, 5-15 m, and 15-20 m plot segment. For each plot segment, we summed
counts of the 3 rows and multiplied by two because we assumed that three rows were a
representative sample of the six rows. Seedling emergence of sorghum and salt-tolerant
soybean was used as a proxy for field germination as they were planted as seeds. Percent
germination for each plot was calculated based on the known seeding rate and the number
of plants surveyed (Eq. 4).

# of plants in plot after ~30days  Eq. 4

field germination rate (%) seeding rate (seeds per plot)

Statistical analysis
Controlled environment experiment

First, we tested the effect of osmotic and ionic stress on percent germination using
a linear mixed-effects (LME) model (Ime4 package for R; Bates et al. 2013) where water
potential and species were fixed effects and replicate was a random effect (total of two
LME models: osmotic stress and ionic stress). There was a significant interaction

between water potential and species for both osmotic stress and ionic stress, but the
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model did not provide us the level of detail needed to compare percent germination of
species at every water potential. Therefore, to test the effects of salinity (as a function of
osmotic vs. ionic stress) on species germination, we used a non-parametric test (Mann-
Whitney) to determine differences in percent germination in planned comparisons
between standard and alternative crop species, which represent parallel points in a
rotation at each salinity stress (osmotic or ionic) and water potential (stats package in R;
R Development Core Team 2019). Specifically, we compared the percent germination of
barley to wheat, salt-tolerant soybean to standard soybean, sorghum to corn, and quinoa
to every species. Given a large number of comparisons generated, a Bonferroni-corrected
a was used to reduce Type I error (Sedgwick 2012). Significance was determined at
P<0.0002. We tested for effects of each osmotic stress and ionic stress on the time for
each species to reach 50% germination (Eq. 3) using an unpaired Mann-Whitney test.
Significance was determined at P<0.0002 in all cases.

To test the effects of salinity stress at the same water potential on the percent
germination of crop categories (standard vs. alternative), we ran one Mann-Whitney test
without quinoa and a second with quinoa included as a species of the alternative crop
category. Initially, we excluded gquinoa because we wanted to compare the standard crops
in rotation to the alternative crops farmers would grow in the region. We then included
quinoa as a species of the alternative crop category because we wanted to assess how it
compared to the standard crops. Given a large number of comparisons generated, a
Bonferroni-corrected o was used to reduce Type I error. Significance was determined at

P<0.003 in all cases.
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Field experiment

At Somerset farm and Dorchester farm, we did not manipulate ionic or osmotic
stress. In order to evaluate the levels of osmotic and ionic stress in the field, we used EC
(measured in dS m™) of soil porewater collected from lysimeters located 5 m and 15 m
from the plot edge in the SWI fields (installed 60 cm below ground surface) on August 8,
2018 and June 21, 2019. To test if there was a difference in porewater EC between the
two locations on the SW1 transect, we used a LME model with distance (5 m vs. 15 m
from plot edge) as the main effect and block as the random effect. We conducted separate
LME models for each farm and each year (total of four LME models: Somerset farm in
2018, Dorchester farm in 2018, Somerset farm in 2019, Dorchester farm in 2019).

To determine if sorghum germination differed with distance from the saltwater
source (5 mvs. 15 m) in 2018, we conducted LME models with distance as the main
effect and block as the random effect (total of two LME models: Somerset farm and
Dorchester farm). To determine if sorghum germination differed between 2018 and 2019,
we conducted LME models with year and distance from plot edge (5 m vs. 15 m) as main
effects and block as the random effect.

To evaluate if in-field germination was better explained by ionic or osmotic
stress, we used a generalized linear model (GLM) with ionic or osmotic stress levels as a
fixed effect and controlled environment sorghum or salt-tolerant soybean germination as
the response variable (total of 4 GLMs: sorghum germination by ionic stress; sorghum
germination by osmaotic stress; salt-tolerant soybean germination by ionic stress; salt-
tolerant soybean germination by osmotic stress; Ime4 package for R; Bates et al. 2013).

Upon inspection, patterns appeared to be non-linear, suggesting threshold responses.
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Thus, we tested non-linear models (e.g. quadratic and logistic regression). We conducted
an AIC model comparison to determine which model better fit the data (MASS package
for R; Venables and Ripley 2002; Table S1.1). The germination responses in-field in
relation to the 95% confidence intervals of the model (on controlled environment
germination response) were used to evaluate if in-field germination was better explained
by ionic or osmotic stress.

We used Box-Cox transformations (Box and Cox 1964) prior to analysis when
necessary to satisfy the assumptions of the statistical model. All analyses were conducted

in the R environment for Macintosh (v1.2.1335).

Results

Controlled environment experiment: the effect of osmotic and ionic stress on seed
germination

Across all seven species, we observed variable tolerance to osmotic stress
(reduced ability to absorb water; Fig 1.1). Barley and wheat were the only species to
germinate at osmotic stress levels below -1.1 MPa. However, there was no significant
difference between wheat and barley percent germination at every osmotic stress levels.
Surprisingly, standard soybean and salt-tolerant soybean had very similar germination
responses to osmotic stress (Fig 1.1). Quinoa was able to germinate to -0.8 MPa (osmotic
stress) but did not have higher percent germination at -0.8 MPa than corn, sorghum, and
barley. When grouped, we found no difference in percent germination between the
standard crops and alternative crops at any osmotic stress level (Fig 1.2 & 1.3). In
addition, there was no difference in time to 50% germination between the standard crops

and the alternative crops at any osmotic stress levels (Fig 1.4).
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Salt-tolerant soybean, soybean, and quinoa were the only species able to
germinate under ionic stress levels. Salt-tolerant soybean was able to germinate at high
ionic stress levels (-2 MPa; 36.9 ppt), which is equivalent to levels found in seawater (Fig
1.1). Standard soybean was also surprisingly tolerant of ionic stress; it was able to
germinate at -1.8 MPa (32.9 ppt). There was no difference in percent germination
between standard soybean and quinoa or salt-tolerant soybean and quinoa at any ionic
stress level. We found no difference in percent germination between salt-tolerant soybean
and standard soybean at any ionic stress level. When grouped, we found no difference in
percent germination between the standard crops (corn, soybean, and wheat) and
alternative crops (sorghum, salt-tolerant soybean, barley, quinoa) at any ionic stress level
(Fig 1.2 & 1.3). We also found no difference in time to 50% germination between

standard crops and alternative crops experiencing ionic stress (Fig 1.5).

Field experiment: the effect of saltwater intrusion on field germination compared to lab
germination

Salt-tolerant soybean and sorghum were grown on Somerset farm and Dorchester
farm in 2018 and 2019 however, due to a change in survey protocol (see field
germination surveys in Methods), we only have in-field germination percent for salt-
tolerant soybean in 2019 but germination percent for sorghum in both 2018 and 2019.

At Somerset farm, there was no significant difference in EC of soil solutions (60
cm below ground surface) with distance from saltwater source (5 m vs. 15 m from the
plot edge). As there was no effect of year on EC (2018 vs. 2019), the mean EC of soil
solutions at 60 cm at Somerset farm was 5.44 + 0.61 dS m™ (-0.2 MPa) across 2018 and

2019. At Dorchester farm, there was no effect of year on the EC of soil solutions.
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However, in both years, the EC of soil solutions was significantly higher 5 m from the
plot edge (6.49 + 0.35 dS m™; -0.23 MPa) than at 15 m from the plot edge in Dorchester
farm (4.92 + 0.42 dS m'*; -0.18 MPa; P=0.02 for both years).

In 2018, we observed no significant effect of distance from the plot edge (SWI
effect) on sorghum germination at either Somerset or Dorchester farm (Table 1.4A). In
2019, percent germination did not differ between sorghum and salt-tolerant soybean at
Somerset farm (Table 1.4B). Further, there was no difference in salt-tolerant soybean and
sorghum percent germination with distance from the plot edge (SWI effect). In 2019 at
Dorchester farm, salt-tolerant soybean percent germination was two times higher than
sorghum (P=0.001).

We observed no significant effect of year (2018 vs. 2019) on sorghum
germination at Somerset farm. However, at Dorchester farm, sorghum germination in
2018 was two times higher than in 2019 (P=0.001; Table 1.4A & 1.4B).

We combined in-field germination of sorghum in 2018 and 2019 to evaluate if in-
field germination was better explained by ionic or osmotic stress. As we only had salt-
tolerant soybean in-field germination for 2019, we paired that data with the controlled
environment salt-tolerant soybean germination data. The decline in sorghum germination
was best explained by increasing ionic stress levels (Fig 1.6A), but declines in salt-

tolerant soybean were better explained by increasing osmotic stress levels (Fig 1.6B).

Discussion

This is the first study to determine the effect of SWI on crop seed germination by

(1) determining how osmotic and ionic stress levels affect seed germination in standard
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and alternative salt-tolerant crops in a controlled environment experiment and (2)

determining the germination success of alternative crop species planted on salt-intruded
farm fields. We focused on the germination phase of crop species because it is the initial
determinant of plant success and because farmers plant seeds, thus relying on successful

germination to have productive yields.

Standard vs. alternative crop species

In our controlled environment experiment, we observed lower percent
germination under ionic stress compared to osmotic stress, which is in contrast to many
studies that report higher percent germination under ionic than osmotic stress (Francois et
al. 1984a, Prado et al. 2000, Radic et al. 2007, Carpic1 et al. 2009, Khayatnezhad et al.
2010, Zhang et al. 2010, Ruiz-Carrasco et al. 2011, El Naim et al. 2012, Kirmiz1 and Bell
2012, Panuccio et al. 2014, Faijunnahar et al. 2017). We propose that the difference is
due to the way we assessed the effect of ionic and osmotic stress, which was meant to
closely resemble the salt-intruded field conditions where farmers are planting seeds.
Farmers seed fields that are regularly inundated with saltwater and experience saline soil
conditions, resulting in seeds germinating under high salinity stress, at the soil surface,
and under saturated conditions. Therefore, we germinated seeds on saturated filter paper
(Radic et al. 2007, Carpici et al. 2009, Khayatnezhad et al. 2010, Kirmiz1 and Bell 2012)
because seeds drilled into the soil at a shallow depth often float to the surface following
an influx of saltwater via a storm or high tide (personal observation). Most studies use
sand or soil as a germination medium because they report salt-tolerance at several life

stages and/or they report the effect of saline irrigation water on plant survival, which
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provides an episodic input of salt, that drains rapidly through the soil matrix (Zhao et al.
2010, Maas et al. 1983, Peterson and Murphy 2015, Maas et al. 1986, Ghassemi-Golezani
and Taifeh-Noori 2011, Zheng et al. 2008). Of note is that we did not include the most
salt-tolerant crop varieties available to growers, but instead used alternative crop varieties
farmers of the Mid-Atlantic region would purchase and plant (as determined after
extensive stakeholder meetings). It was important that our research was designed to
answer questions relevant and applicable to the farmers in the region and under the
current market and environmental conditions.

Nevertheless, we were curious to document how quinoa would germinate under
the same salinity conditions imposed on the standard and alternative crop species because
quinoa is a halophyte and tolerant of salinity levels approaching those of seawater (Adolf
et al. 2013, Adolf et al. 2012, Shabala et al. 2012). Furthermore, quinoa can grow in
drought-prone and marginal soils (Jacobsen et al. 2003, 2005, 2007, Sun et al. 2014) such
as those found on the Eastern Shore, MD. Quinoa germination was similar to other
studies (Maas et al. 1983, Almansouri 2001, Panuccio et al. 2014), and germinated at
high levels of ionic stress (-0.2 to -0.5 MPa), outperforming barley, wheat, corn, and
sorghum. However, we did not include quinoa in the field experiment because our farmer
partners stated they would not plant quinoa due to the cost of new equipment (e.g. new
seed plates) and the non-existent market. Further research is needed to assess if there
could be a market for quinoa in the region and if it would be advantageous for farmers to
plant quinoa on their salt-intruded farm fields.

Markets on the Eastern Shore, MD support the cultivation of sorghum, salt-

tolerant soybean, and barley, all of which past research indicated should have a higher
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salt tolerance than corn, soybean, and wheat (Rani et al. 2012, Munns et al. 2006, Munns
and Tester 2008; Table 1.1). For example, barley seeds are capable of absorbing Na*,
which facilitates imbibition and germination under salt stress as water is able to pass
through the cell wall (Zhang et al. 2010). Although we hypothesized the alternative crop
species (e.g. sorghum, salt-tolerant soybean, and barley) would have higher ionic and
osmotic stress levels than the standard crops (e.g. corn, soybean, and wheat), our data
does not support the hypothesis. Instead, we observed no difference in germination (Fig
1.2 & 1.3) or time to 50% germination (Fig 1.4 & 1.5) between the alternative and
standard crop species in the controlled environment experiment. Based on the controlled
environment data alone, one might assume there would be no reason for a farmer to
switch from the standard crops to alternative crops. However, farmers on the Eastern
Shore, MD are already switching to sorghum on salt-intruded farm fields instead of corn
because corn cannot produce profitable yields (Jarrod Miller, personal communication),
further highlighting the importance of pairing controlled environment experiments with

field trials.

Field germination of salt-tolerant soybean and sorghum

Overall, we observed reduced percent germination in areas near the field edge,
where salinity was highest. Although the plot edge soil solution salinity levels were
within the threshold range of sorghum and salt-tolerant soybean (Table 1.1), the soil
surface (0-10 cm) salt concentrations were higher (-0.4 MPa; 6.4 ppt; unpublished data)
likely as a result of capillary rise, drawing water up the profile where it evaporates and

leaves salts behind (van Hoorn 1991; Barica 1972). In addition, it can be difficult for
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roots to establish in salt-encrusted soils because the seed radicle cannot penetrate the soil
(Hanks and Thorp 1957). Therefore, the reduced germination on salt-intruded farm fields
is likely due to the fact that seeds germinate on the soil surface where the salinity level is
above the threshold of sorghum and salt-tolerant soybean.

Germination success at Dorchester farm in 2019 supported our hypothesis that
salt-tolerant soybean would have higher germination than sorghum, which is likely due to
the greater sensitivity of sorghum to salinity at the seedling phase compared to soybean
(Maas et al. 1986, Igartua et al. 1995, Hosseini et al. 2002). Lower sorghum germination
at Dorchester farm in 2019 compared to 2018 may be a result of fluctuations in weather
(e.g. rainfall and drought; Table 1.3). Following sorghum planting, Dorchester farm
received ~220 mm of rainfall in July 2018 (more than double the rainfall in June; SERCC
2018). Freshwater inputs from heavy rainfall could dilute soil salinity, allowing seeds to
germinate in freshwater conditions. However, in July 2019, Dorchester farm received less
rainfall (~60 mm) than June (160 mm) when sorghum was planted. Increased evaporative
demand could have elevated soil salinity and thus suppressed in-field germination.
Annual variability in the frequency of storms and droughts with climate change will drive
saltwater further inland and keep it there for longer (Tully et al. 2019a) with clear
implications for crop germination and survival. For instance, both Somerset and
Dorchester farm required reseeding in 2018 and 2019 because of poor germination as a
result of heavy rainfall. Both Somerset and Dorchester farm, in 2018 and 2019, received
between100 and 200 mm at the time of initial seeding. Over the growing season in 2018
(April to October), Somerset farm received 1110 mm of rainfall, 518 mm higher than the

historical average of 592 mm of rain; Dorchester farm received 1022 mm of rainfall, 330
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mm more rain than the historical average of 692 mm (Table 1.3). Over the growing
season in 2019, Somerset farm received 655 mm of rain, only 63 mm higher than the
historical average and Dorchester farm received 626 mm of rain, which was 66 mm less
than the historical average (Table 1.3). As reseeding fields is an additional expense to
farmers, finding the window of time in which weather and soil conditions are favorable to

germination success is key.

Comparing controlled environment and field experiments

Saltwater intrusion causes ionic and osmotic stress in crop plants. Saltwater can
transport Na™ and CI ions, initially in the form of flooding, high groundwater tables, or
high tides. These salts can also concentrate as water recedes and evaporates from the soil
surface (e.g. during droughts). We did not manipulate for ionic or osmotic stress in the
field but did so in the controlled environment experiment. We compared field and lab
germination to determine whether field germination of sorghum and salt-tolerant soybean
was driven by osmotic stress or ionic stress.

The decline in salt-tolerant soybean germination in-field was better explained by
increasing osmotic stress rather than ionic stress (Fig 1.6B), suggesting that germinating
salt-tolerant soybeans were more sensitive to reduced water availability than Na*and CI
toxicity. This is likely due to the fact that the cultivar we planted was bred to exclude CI
(Pioneer Co®), making it more resistant to changes in ionic strength. Additionally,
soybean germination tends to decline sharply in response to reduced water availability
(e.g. under drought conditions), which osmotic stress imitates (Dornbos et al. 1989). In

addition, studies show that soybean has poor performance following flooding events
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(Wuebker et al. 2001). Thus, it follows that field observations on farms across the Eastern
Shore of MD indicate no difference in overall performance of standard vs. salt-tolerant
soybean (Jarrod Miller, personal communication), possibly due to the fact that neither
cultivar tolerates fluctuating inundation-drought conditions, a feature of SWI (Tully et al.
2019a). Therefore, we suggest that there is little reason for farmers facing SW1 to switch
to salt-tolerant soybean because, although the salt-tolerant cultivar shows resistance to
ionic stress, it cannot tolerate inundation and drought.

In contrast to soybeans, the decline in sorghum germination (in-field) was better
explained by increasing ionic stress than osmotic stress (Fig 1.6A), suggesting that
sorghum germination was more sensitive to Na*and CI toxicity than water availability
(e.g. inundation and drought). This pattern is supported by research that shows sorghum
is sensitive to ionic stress at the seedling life stage (Geressu and Gezaghegne 2008,
Francois et al. 1984b). In addition, sorghum is a well-known drought-tolerant crop as it
was first domesticated in arid regions of Africa (Bibi et al. 2012, Patane et al. 2013, Tari
et al. 2013). Sorghum’s response to inundation is less clear with some studies indicating
flood tolerance (Ejeta and Knoll 2007, Tari et al. 2013) and others flood-intolerance
(Orchard and Jessop 1984, Promkhambut et al. 2011). However, all of these studies
report sorghum survival and/or productivity and no studies to date have reported sorghum
seed germination (or seedling emergence) in response to flooding. Our data suggest that
sorghum germination in-field was a response to changes in ionic stress (Na* and CI
toxicity) rather than osmotic stress. Coastal farmers facing SWI have already started
planting sorghum (Jarrod Miller and Larry Fykes personal communication), which we

show may be tolerant to osmotic stressors induced by SWI. Therefore, we see no reason
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to advise farmers to stop planting sorghum, as it is successfully germinating on salt-
intruded fields and outperforming its competitor, corn (Jarrod Miller and Larry Fykes
personal communication).

The fact that sorghum and salt-tolerant soybean show sensitivity to different
stressors associated with SW1 highlights the complexity and challenges of identifying
crop species capable of germinating on salt-intruded farm fields. Of note, is that this
study focused only on germination and not crop yield (of greater importance to farmers).
Therefore, more research is needed to understand if sorghum and salt-tolerant soybean
are productive and provide profitable yields to farmers. Additionally, as weather
conditions become variable (e.g. frequency in storms and droughts) and sea level
continues to rise due to climate change, SWI will only move further inland. Emphasis
should be placed on the potential of halophytic crops (e.g. quinoa) or restoration species
(e.g. Spartina patens and Panicum virgatum) to be planted on salt-intruded farm fields as

a means of ameliorating salt damage or promoting coastal wetland restoration.

Conclusion

The purpose of this study was to (1) determine how osmotic and ionic stress
levels affect seed germination in standard crops and alternative salt-tolerant crops in a
controlled environment experiment and (2) determine the germination success of
alternative crops planted in salt-intruded farm fields on the Eastern Shore of Maryland.
Overall, there was no significant difference in percent germination between the standard
and the alternative crop species under osmotic or ionic stress in controlled environmental

conditions. Under field conditions, germination percent was two times higher in salt-
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tolerant soybean than sorghum. The in-field germination patterns of sorghum and salt-
tolerant soybean were explained by increasing ionic stress and osmotic stress,
respectively. The fact that sorghum and salt-tolerant soybean show sensitivity to different
stressors associated with saltwater highlights the complexity and challenges of
identifying crop species capable of germinating on salt-intruded farm fields. Farmers
facing SW1 have to decide whether to resist change and continue growing the standard
crops or adapt and begin planting alternative crop species. Understanding the germination
success of crop species experiencing SWI is critical to developing informed farm
management strategies in coastal agricultural regions. This research provides the
groundwork for assessing the success of an alternative salt-tolerant cropping rotation on

farms experiencing SWI.
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Tables and Figures

Table 1.1. Salinity thresholds (dS m™ and ppt) at mature plant stage of focal plant species.

Common name Botanical name Crop group Threshold  Threshold References
(EC)dS m? (salinity) ppt

Corn Zea mays L. Standard 1.8 0.9 Tanji and Kielen 2002
Soybean Glycine max (L.) Merrill Standard 5.0 2.7 Tanji and Kielen 2002
Wheat Triticum aestivum L. Standard 6.0 3.3 Tanji and Kielen 2002
Sorghum Sorghum bicolor (L.) Alternative 6.8 3.7 Tanji and Kielen 2002

Moench
Salt-tolerant Salt-tolerant Glycine max Alternative  10.6 6.0 Tanji and Kielen 2002
soybean cultivar  (L.) Merrill
Barley Hordeum vulgare L. Alternative 8.0 4.4 Tanji and Kielen 2002
Quinoa Chenopodium quinoa Alternative 30 18.9 Adolf et al 2013
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Table 1.2. Water potentials (MPa) used in the study and their equivalent electrical
conductivity (dS m™)T, salinity (ppt)*, and sodium chloride (NaCl) concentration (mM).

Water potentials Electrical Salinity (ppt) NaCl (mM)
(MPa) conductivity (dS m')

0 0 0.0 0
-0.2 5.6 3.0 40.3
-0.5 13.9 8.2 100.9
-0.8 22.2 13.6 161.4
-1.1 30.6 19.3 222.0
-1.4 38.9 25.0 282.5
-1.8 50.0 32.9 363.3
-2 55.6 36.9 403.6
-3 83.3 57.3 605.4
-4 111.1 78.4 807.2

" To convert from water potentials (MPa) to electrical conductivity (dS m™, we used the
following equation, EC (dS m™) = MPa + -0.036 (U.S. Salinity Laboratory Staff).

 The conversion from electrical conductivity (dS m™) to salinity (ppt) was based on the
following equation, ppt = (dS m™)%78 * 0.4665, assuming the temperature was 25°C
(William 1986).
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Table 1.3. Characteristics of Somerset farm and Dorchester farm on the Eastern Shore of
Maryland where we conducted the field experiment.

Somerset farm Dorchester farm
County Somerset Dorchester
Historical growing 592 692
season rainfall
(mm)ﬂ:
2018 growing season 1110 1022
rainfall (mm)
2019 growing season 655 626
rainfall (mm)
Historical growing 20.6 20.2
season mean
temperature (°C) ¥
2018 growing season  21.8 21.4
mean temperature
(°C)
2019 growing season  22.0 22.0
mean temperature
(°C)
Texture class sandy loam silt loam
Soil type mesic Typic Endoaquults mesic Typic Endoaquults
Soil series Othello-Fallsington Elkton
complex

T Growing season in Maryland is April to October
* Data from 1971-2000 (SRCC 2018)

29



Table 1.4. Percent germination of (A) sorghum at Somerset and Dorchester farm in 2018
and (B) sorghum and salt-tolerant soybean at Somerset and Dorchester farm in 2019 field
water potential (MPa; mean + SE).

(A) Somerset farm Dorchester farm
Water potential (MPa) Sorghum
-0.18 61+2.7
-0.20 20+ 24
-0.23 45+ 6.7
(B) Somerset farm Dorchester farm
Water potential (MPa)  Sorghum Salt-tolerant  Sorghum  Salt-tolerant
soybean soybean
-0.18 24+ 4.4 54+4.72
-0.20 12 £ 3.7 14+1.7
-0.23 26 £ 0.5 43 +5.0
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Figure 1.1. Percent germination of corn, soy, wheat, sorghum, salt-tolerant soy, barley,
and quinoa along a water potential gradient of ionic stress (red circles) and osmotic stress
(blue triangles). Error bars are standard error of the mean.
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Figure 1.2. Percent germination of standard crop species — corn (blue), soy (gray), wheat
(orange) — along a water potential gradient of ionic stress (circles) and osmotic stress
(triangles). Error bars are standard error of the mean.
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stress (circles) and osmotic stress (triangles). Error bars are standard error of the mean.
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Figure 1.4. Time to 50% germination (hours) of all seven focal species — corn, soy,

wheat, sorghum, salt-tolerant soy, barley, quinoa — along a water potential gradient
(osmotic stress). Error bars are standard error of the mean.

34



corn soy wheat
600

f

200 +

(=]

sorghum salt-tolerant soy barley

[o2]
o
(=)

Y
o
[=]

N
o
o

(=}

Time to 50% germination (hours)
=
e
°

quinoa
600

400

200 +

lonic stress water potential (-MPa)
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stress). Error bars are standard error of the mean.
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Figure 1.6. Percent germination of field studies (both farms; purple squares) (A) sorghum in 2018 and 2019, and (B) salt-tolerant
soybean in 2019 and controlled environment experiment. Osmotic stress indicated by blue triangles and ionic stress indicated by red
circles and both in units of -MPa. Response to osmotic stress is indicated by solid black line fitted to logistic regression model and
95% confidence interval (dark grey shading). Response to ionic stress is indicated by the dashed black line fitted to logistic regression
model and 95% confidence interval (light grey shading). The large confidence interval for salt-tolerant soybean response to ionic
stress was driven by the standard error of the mean at water potential -0.2 MPa, which is why field germination of salt-tolerant
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soybean feel within the ionic stress confidence interval as well as the osmotic stress confidence interval.
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Supplemental Material

Supplemental figures S1.1, S1.2, and S1.3 are controlled environment germination data
for rapeseed (Brassica napus) and switchgrass (Panicum virgatum).

Table S1.1. Model parameter fit statistics for relationship between sorghum or salt-
tolerant soybean percent germination and osmotic or ionic stress levels.

AlIC Adjusted r?
Sorghum germination by osmotic stress (Fig 1.6A; dark grey shading)
Quadratic 54.8 0.89
Logistic 357.7 0.96
Sorghum germination by ionic stress (Fig 1.6A; light grey shading)
Quadratic 67.2 0.22
Logistic 66.5 0.99
Salt-tolerant soy germination by osmotic stress (Fig 1.6B; dark grey shading)
Quadratic 62.0 0.57
Logistic 219.7 0.99
Salt-tolerant soy germination by ionic stress (Fig 1.6B; light grey shading)
Quadratic 64.35 0.46
Logistic 302.1 0.90
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Figure S1.1. Percent germination of rapeseed and switchgrass along a water potential
gradient of ionic stress (circles) and osmotic stress (triangles). Error bars are standard
error of the mean.
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Figure S1.2. Time to 50% germination (hours) of rapeseed and switchgrass along a water
potential gradient (osmotic stress). Error bars are standard error of the mean.
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Figure S1.3. Time to 50% germination (hours) of rapeseed and switchgrass along a water
potential gradient (ionic stress). Error bars are standard error of the mean.
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Chapter 2: Farming carbon: the link between saltwater
intrusion and carbon storage in coastal agricultural fields

Abstract

As sea levels continue to rise, coastal agroecosystems have become more
vulnerable to saltwater intrusion. Saltwater intrusion (SWI) is the landward movement of
sea salts, which can force ecosystem shifts. Among other changes to coastal farmlands,
SWI can alter carbon (C) storage. Transitioning agricultural fields have the potential to
become C sinks as SWI advances inland and turns farms to marshes. The objectives of
our study were to (1) quantify changes in the size of C pools along a salinity transect and
(2) understand the degree to which soil C along the salinity transect was physically
protected from microbial degradation (via soil aggregates). To determine the effect of
SWI on soil C, we collected soils (to a depth of ~140 cm) along a transect from the edge
of a salt-damaged field (high salinity) to the center (low salinity). We measured bulk soil
C pools and the amount of C stored in large macroaggregates, small macroaggregates,
microaggregates, and silt+clay size classes. Soil C pools were largest in the edge of field
and ditch bank soils (high salinity) compared to the center of the field (P=0.01). Over
70% of soil C was stored in the top 50 cm. In high saline soils (near field edges), most of
the C was stored in large macroaggregates (physically protected); however, in the center
of the field, most C was stored in silt+clays (not physically protected). We propose five
main drivers for the patterns seen in the saline soils: wetting events; organo-metal
complexation; increased salinity; vegetation type, structure, and management; and soil

management activities. This research is the first to identify the C storage potential of
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agricultural soils transitioning into marshes as a result of SWI. Understanding the
mechanisms of C stabilization is critical to develop informed conservation strategies that

support farm and environmental wellbeing.

Introduction

Soil organic matter (SOM) is the largest global reservoir of terrestrial organic
carbon (C) and plays an integral role in ecosystem function, soil fertility, and climate
regulation (Paul et al. 2015). Agricultural practices have contributed ~124 Pg of C to the
atmosphere between 1850 and 1990 through forest clearing and tillage (Houghton and
Hackler 2008, Syswerda et al. 2011). In the United States, agricultural soils are very low
in C (~16 mg C g soil from 0-40 cm; Martens et al. 2004) as compared to high-C soils
in tidal wetlands (~150 mg C g soil from 0-50 cm; Morris et al. 2016). As sea levels rise
along the North American Coastal Plain, both tidal wetlands and agricultural fields are at
the leading edge of climate change. A major consequence of sea level rise is saltwater
intrusion (SWI), the landward movement of sea salts, which may greatly alter the balance
of C additions and losses to soil. The movement of saltwater onto agricultural landscapes
occurs via hydrologically connected ditch networks and the groundwater table (Tully et
al. 2019a). In the Mid-Atlantic (USA), the extensive agricultural ditch network was
designed to drain excess water from farm fields, but is often serving the reverse purpose
by acting as a conduit for saltwater to reach farm fields during high tides and storms
(Bhattachan et al. 2018, Tully et al. 2019a). As saltwater moves onto agricultural fields,
soils closest to agricultural ditches experience repeated wetting with high salinity water

while soils further inland, away from ditches, do not experience wetting due to saltwater.
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Repeated soil wetting leads to anaerobic soils, which experience slower decomposition
compared to anaerobic soils, which results in increased C storage (Bridgham et al. 2006,
Mitsch and Gosselink 2015). This research investigates the potential for salt-intruded
agricultural fields to become a C sink as SW1 advances inland.

To date, the effect of SWI on C storage in active agricultural fields has not been
investigated. However, there is a large body of research focused on the impacts of SWI
on C in tidal freshwater wetlands. In freshwater wetlands, SWI can lead to increased
organic C mineralization and accelerated soil organic C loss (Chambers et al. 2013,
Weston et al. 2006, 2011), decreased transport of dissolved organic C to coastal estuaries
(Ardon et al. 2016), and suppressed carbon dioxide (CO2) emissions (suggesting C
storage; Ardon et al. 2018, Herbert et al. 2018). We expect soils closest to the saltwater
source (e.g. ditch bank) to store more C than soils in the center of agricultural fields
because of slower decomposition and suppressed CO. emissions due to SWI. Our work is
the first study to investigate the potential of agricultural soils to store C as they undergo
SWI and, more specifically, the degree to which that C is protected and stabilized.

Until the late 20" century, the paradigm of soil organic C stabilization,
maintaining C sequestration and storage in a given area, focused on the importance of
chemical recalcitrance (Schmidt et al. 2011, Dungait et al. 2012, Lehmann and Kleber
2015). The theory proposed that recalcitrant compounds would decompose more slowly
and thus were more stable compared to simple C compounds (Agren and Bosatta 2002,
Dungait et al. 2012). However, subsequent systematic reviews have shown that C
stabilization is also mediated by adsorption of C to clay minerals through cation bridging,

the interaction of metal ions with organic matter, and the spatial inaccessibility of C
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inside soil aggregates (Sollins et al. 1996, von Liitzow et al. 2006, Jastrow et al. 2007,
von Lutzow et al. 2007, Sarkar et al. 2018). These stabilization mechanisms are likely
affected by SWI and the salinization and inundation of soils. First, alkaline saltwater
introduces both multivalent and monovalent cations (e.g. calcium, sodium, potassium)
into solution, which can induce cation bridging (Tully et al. 2019a) and enhance soil C
stabilization. For instance, calcium (Ca?") and magnesium (Mg?*) are polyvalent cations
able to neutralize negatively charged soil surfaces (e.g. clay minerals) and organic matter,
acting as a bridge between the two (von Litzow et al. 2006). Second, the wetting and
drying of intruded soils can change the structure of metals present in the system with
implications for increased C storage (Wahid and Kamalam 1993, Sollins et al. 1996,
Denef et al. 2001, Sodano et al. 2017). For instance, frequent SWI can cause iron (Fe) to
shift from crystalline to poorly-crystalline forms and thus increase SOM pools through
organo-metal complexation (Tully et al. 2019b). Finally, SWI may affect soil aggregation
through sodium (Na)-induced clay dispersion or repeated wetting and drying of soil,
which can impact the spatial inaccessibility of soil C (Oades 1984, Denef et al. 2001,
Ben-Hur et al. 2009). Soil C may be inaccessible to microbes and enzymes due to
occlusion within aggregates at multiple levels of physical protection. The levels of
physical protection are considered hierarchical (Tisdall and Oades 1982, Six et al.
2000b), suggesting that microaggregates (250-53 pm) are formed when silt+clay particles
(<53 um) are bound by fungi, bacteria, and plant debris. Microaggregates are then bound
together by plant-derived polysaccharides, roots, and fungal hyphae to form
macroaggregates of varying size classes (>250 um; Six et al. 2000b). The C associated

with each aggregate size class becomes progressively more protected as smaller size
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classes are encapsulated inside larger aggregate size classes. As SWI advances inland,
plant community composition changes annual crops to more perennial wetland
vegetation, which has a high density of roots (Gedan and Fernandez-Pascual 2019,
USDA NRCS 2017). As roots enmesh particles and hold microaggregates together, thus
forming macroaggregates, we expect higher abundance of and C associated with large
macroaggregates closest to the saltwater source where the vegetation is predominantly
perennial wetland species (e.g. ditch bank).

Past research has focused on macroaggregate turnover time in agroecosystems
(Six et al. 2000a, Plante and McGill 2002), seasonal dynamics of macroaggregation
(Coote et al. 1988, Angers and Mehuys 1988, Perfect et al. 1990a, 1990b), and the effect
of land use on soil aggregation (Six et al. 1998, 2000b, Grandy and Robertson 2007).
However, there has been no research to date on the potential of agricultural fields
undergoing SWI to accumulate and stabilize C. The main objectives of this study were to:
(1) quantify the size of C pools along a SWI transect; and (2) to understand how C is
occluded through levels of physical protection in coastal farms. We established transects
on six no-till farm fields on the Lower Eastern Shore of Maryland that spanned a SWI
gradient from the ditch bank (saline) to the center of the agricultural field (fresh). We
expect to see larger soil C pools in soils closest to the saltwater source (e.g. ditch bank).
Further, we expect a higher proportion of large macroaggregates and more C associated

with large macroaggregates in ditch bank soils, due to change in vegetation type.
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Methods

Study sites
Study sites were located near Princess Anne, Maryland in Somerset Co.

(38.2029°N, 75.6924°W) and Cambridge, Maryland in Dorchester Co. (38.5632°N,
76.0785°W); all sites have an approximate elevation of 1 m above sea level. Somerset
Co. is the southernmost county in Maryland, bounded by the Chesapeake Bay to the west,
Virginia to the south, and Worcester Co., MD to the east. Both counties are major
producers of poultry, grains, and soybean (USDA 2017). Somerset Co. has 1,780 km of
coastline and about 64% of the land area is in cropland (Hennessee et al. 2003, USDA
2017). The majority of soils in Somerset Co. are Quindocqua silt loams with little to no
slope (USDA NRCS 2019). Dorchester Co. lies 82 km north of Somerset Co., has 1,476
km of coastline, and has about 73% of the land area in cropland (Hennessee et al. 2003,
USDA 2017). The majority of soils in Dorchester Co. are very frequently flooded Honga
peat (USDA NRCS 2019).

We selected five salt-intruded farm fields in Somerset Co. and one in Dorchester
Co. on which to conduct this study, all of which have been no-till for at least 40 years
(Huggins and Reganold 2008). The effects of SWI on soil chemical changes were
described in detail for three of these farms by Tully et al. (2019b). Farms 1, 2, 4, 5, and 6
are predominantly silt loam soils, while Farm 3 is predominantly a sandy loam soil
(Table 2.1; USDA NRCS 2019). All six farms show evidence of SWI, with saltier soil
near the agricultural ditch (little to no crop growth). Towards the center of the fields, each
field has a relatively healthy crop stand. Due to poor field germination of crops, fields

often require reseeding (de la Reguera et al. in prep). The intrusion area is characterized
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by five distinct zones: ditch bank, field edge, bare, crop edge, and crop (Tully et al.
2019b; Fig 2.1). At each farm, we established a transect along the intrusion zone, which
ranged from 26 to 78 m long (Table 2.1). All five zones were sampled from Farms 3, 4,
and 5. In Farms 1, 2, and 6, only four zones were sampled due to impenetrable vegetation

along the ditch banks.

Soil collections

On 19 and 20 March 2018, soils were collected (to ~140 cm) with a 7-cm
diameter bucket auger in each field at each zone along the intrusion transect. We
randomly selected four locations within each zone, collected soils from 0-10 cm, 10-20
cm, and 20-30 cm in those zones, and composited the four soil core samples at each
depth. Then, we randomly selected one of the four holes and augered down to ~140 cm.
As we cored, soil horizons were described in the field and compared to the series mapped
by Web Soil Survey (USDA NRCS 2019). Because soil horizons varied along the
transect (even within a farm), the number of soils collected per core varied at each zone
and each farm with a range of four to nine depths per 140 cm core (Table 2.1). Soil
samples were homogenized by soil horizon, and horizon depth was recorded. A sub-
sample (~200 g) of the homogenized soil was placed into a bag for aggregate size
separation. The remaining soil (herein referred to as “bulk soil”’) was stored on ice and
brought to the University of Maryland College Park laboratory for additional soil
analyses, including soil %C.

Bulk density was determined in Farms 1, 2, and 3 in May 2018 using a 15-cm
core and an AMS compact slide hammer (Core Sampler Complete, AMS, American

Falls, ID, USA). Soil bulk density cores were collected from the crop, crop edge, bare,
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field edge, and ditch bank zones every 15 cm in the top 60 cm. We collected soil samples
for bulk density on Farms 4, 5, and 6 in July of 2019 by digging pits to 55 cm at the crop,
crop edge, bare, field edge, and ditch bank zones. A 5-cm aluminum core was pushed
horizontally into the side of the pit at 0-10 cm, 10-20 cm, 20-30 cm, and 30-50 cm. In
both cases, soils were returned to the University of Maryland College Park and dried at

105°C for 7 days. Core volume was used to calculate bulk density (g cm).

Percent C

Following collection, soils cores were immediately returned to the lab and air-
dried for 5 days. A sub-sample of approximately 0.25 g was ground, oven-dried at 60°C
for 2 days, and analyzed for %C using dry combustion (LECO TruMac N, St. Joseph,

MI).

Bulk soil C metric

Because cores varied in depth along the transect and among farms, we used a
consistent soil depth of 100 cm to calculate bulk total soil C pool (Mg C ha'), which was
calculated by multiplying the C concentration of bulk soil (mg C g*) by the bulk density
(g cm), and the soil depth segment (cm). These values were summed for all segments up
to 100 cm (Table 2.2; Eq. 1).

Bulk C pool = X(C concentration * bulk density * depth segment * 100) Eq. 1

Aggregate size separation

The 200 g subsample of soil was fractionated into five size classes using the
slaking method developed by (Six et al. 2000b). Briefly, 200 g of fresh soil was air-dried

for at least 7 days and passed through a 4.75 mm sieve. A 100 g sub-sample was placed
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on a 2000 um sieve and submerged in ultrapure water for 5 min. Soil was slaked at 25
repetitions over 2 min by moving the sieve up and down at an angle through the ultrapure
water. Soil remaining on top of the 2000 um sieve (large macroaggregates) was
transferred to a pre-weighed tin. Floating particulate organic matter was skimmed from
the water surface. Soil that passed through 2000 um was sequentially passed through 250
pum, and 53 pum sieves and the soil that remained on the sieve was identified as small
macroaggregates and microaggregates, respectively. Floating particulate organic matter
was also skimmed from the water surface of the small macroaggregate size class. Soil
that passed through 53 um was identified as silt+clay. All aggregate sizes were force air-
dried in an oven at ~65°C for at least 4 days. Oven-dried size classes were weighed and
scraped from the tins into coin envelopes to store for later analysis. Large
macroaggregates and small macroaggregates were passed through a 250 pum sieve to
remove rocks, which were weighed separately. Soils (without rocks) were ground with a
mortar and pestle to ensure they easily passed through a 250 pum sieve for C analysis.
Approximately 0.25 g of ground, oven-dried soils were analyzed for %C using dry

combustion (LECO TruMac N, St. Joseph, Ml).

Sand particle analysis

Large macroaggregates, small macroaggregates, and microaggregates were
measured for sand content using the pipette method to avoid overestimating C pools, as
sand is not defined as an aggregate (Six et al. 2000b). Briefly, 5 g of oven-dried large
macroaggregates, small macroaggregates, and microaggregates were placed in a pre-
weighed beaker followed by 10 mL of distilled water and 5 mL of 30% hydrogen

peroxide. Beakers rested for 1 hour and then were placed on a hot plate, set to 80°C, for
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an additional 1 hour. Then, beakers received an additional 5 mL of 30% hydrogen
peroxide and placed back on the hot plate for another hour. After the second hour of
boiling, the hot plate was reduced to ~30°C, and samples rested overnight. The following
day, the solution was transferred to a 50 mL centrifuge tube to which 5 mL of Calgon
(sodium hexametaphosphate [(NaPOs)s] and sodium carbonate [Na2COz]) was added.
Tubes were topped with deionized water to 50 mL and centrifuged at 270 RPM for 40
min. The samples were then sieved through a 53 pum sieve. Remaining sand was returned
to its original beaker, oven-dried at 105°C for 24 hours, and weighed.

Initial tests determined that samples could not be composited for sand particle
analysis across transect points or across depths. Thus, sand particle analysis was
determined for every sample that contained at least 5 g of oven-dried large
macroaggregates, small macroaggregates, or microaggregates. We assumed that size

classes containing less than 5 g out of 100 g of soil had negligible sand content.

Aggregate soil C metrics

Total aggregate mass (aggregate fraction mass) was calculated based on the air-
dried weight of aggregates after removing rocks but still containing sand (Table 2.2; Eq.
2).

Total aggregate mass = oven dried aggregate mass — tin mass — rock mass  EqQ. 2
After we conducted the sand particle analysis on large macroaggregates, small
macroaggregates, and microaggregates, we calculated the proportion of sand within each

aggregate size (Fig S2.2). We then calculated the mass of sand (g) from each of those
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samples was calculated by multiplying the proportion of sand by the total aggregate mass
(9) (Eq. 3).

Sand mass = proportion of sand * total aggregate mass Eq. 3
To determine the sand-free aggregate mass (g), the sand mass (g) was subtracted from the
total aggregate mass (g) (Eq. 4).

Sand free aggregate mass = total aggregate mass — sand mass Eq. 4
In order to understand the proportion of each aggregate size class within a soil sample,
we calculated the aggregate distribution as the g aggregate per g of soil (Eq. 5).

sand ree a regate mass E 5
Agg distribution = free aggreg q

YX(sand free aggregate mass of soil sample)
We calculated total aggregate C of sand-free aggregates (g C) by multiplying C
concentration (mg C g*) by sand-free aggregate mass (g) and then dividing by 1000
(conversion factor; Eq. 6).

C concentration * sand free aggregate mass Eqg. 6
1000

Total aggregate C =

Statistical analysis

First, we tested the effect of soil depth on soil C concentration (mg C g1) in bulk
soils because bulk soil C pools and aggregate C are subsets of (or calculated from) the
bulk soil C concentration. Ultimately, we grouped soil horizons into four categories of
increasing depth: 0-20 cm, ~20-50 cm, ~50-80 cm, and ~80+ cm based on preliminary
tests of C changes with depth.

To test the effect of SWI and soil depth on bulk soil C concentration, we used a
linear mixed-effects (LME) model (Ime4 package for R; Bates et al. 2013) where location

on the transect and soil depth category were fixed effects and farm was a random effect.
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We used Tukey post hoc tests (multcomp package for R; Hothorn et al. 2008) to examine
the differences of bulk soil C concentration with either transect location or depth. Full
model results are presented in Supplemental Material (Table S2.1).

To examine the effect of SW1 on total bulk soil C pools (to 100 cm), we ran LME
models with transect point (i.e. crop, crop edge, bare, field edge, and ditch bank) as the
main effect and farm as a random effect (Table S2.2). In addition, we examined the size
of the bulk C pools at the four depth categories to determine if different soil depths were
more sensitive to the effects of SWI. Therefore, we used a similar LME model with
transect as the main effect and farm as a random effect to look at changes in soil C pools
across the transect for each depth category separately (total of four LME models: 0-20,
~20-50, ~50-80, ~80+ cm; Table S2.3). We used Tukey post hoc tests to examine the
effect of transect location on soil C pool size.

To determine the aggregate distribution (g aggregate g bulk soil!) within each
depth segment, we used four LME models (one for each depth category) with transect
and aggregate size class as main effects and farm field as a random effect. To determine
if total aggregate C (g C) is stored in different size classes (a measure of physical
protection) along a SWI transect, we used four LME models (one for each depth
category) with transect point and aggregate size class as main effects and farm as a
random effect. In each case, we used Tukey post hoc tests to examine differences in
aggregate size class or location on the SWI transect.

When necessary, we used Box-Cox transformations (Box and Cox 1964) prior to

analysis to satisfy the assumptions of the statistical models. Significance was determined
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at P<0.05 in all cases. Statistical analyses were conducted in the R environment for

Macintosh (v1.2.1335).

Results

Ditch bank soils have the largest soil C pool and highest C concentration

There was no significant interaction between location on the SWI transect and
depth category on bulk soil C concentration (mg C g!), so we discuss these effects
separately (Table S2.1A). In general, soil C concentrations in ditch bank soils were 4.5
times higher than in crop, crop edge, and bare soils (P=0.003; Fig 2.2A; Table S2.4). Soil
C concentrations were ~2 times higher in field edge soils than in the crop, crop edge, and
bare soils, but still 2 times lower than in ditch bank soils. Soil C concentrations were
significantly higher in top soils (0-20 cm) than deep soils (~80+ cm; P<0.0001).

As C pool size would differ by the size of the depth segment (e.g. 10 cm vs. 30
cm), we looked at depth categories separately. We found significantly larger soil C pools
in the ditch bank soils than all other locations on the transect in the 0-20 cm and ~20-50
cm depth categories (P=0.04 in both cases; Fig 2.2B; Table S2.5). Soil C pools in field
edge soils were 1.5 times larger than the crop, crop edge, and bare soils at 0-20 cm and
two times larger at ~20-50 cm depth categories, but still smaller than the ditch bank soil
C pools. In deep soils (~50-80 and 80+ cm), we observed no effect of transect location on
bulk total C pools.

Total bulk soil C pools (0-100 cm) varied significantly across the SWI transect
(P=0.009; Table S2.1B), and trends were driven by the patterns observed in the upper two

depth categories (0-20 cm and ~20-50 cm). Overall, soil C pools were highest in ditch
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bank soils (85.9 Mg C ha) and lowest in crop soils (36.5 Mg C ha*). Total bulk C pools
in field edge soils (48.1 Mg C ha*) were 1.5 times larger in the crop, crop edge, and bare
soils (36.2 Mg C ha! on average), but still ~2 times smaller than the ditch bank soil C

pools (Fig 2.2B).

Soil C is stored in different aggregate size classes across a SWI transect

Because soil C concentrations varied significantly across the transect with depth
category (0-20 cm, ~20-50 cm, ~50-80 cm, ~80+ cm), we examined the effect of transect
location and aggregate size class at each depth category separately. In the 0-20 cm depth
category, there was a significant interaction between location on the transect and
aggregate size class on aggregate distribution (g aggregate per g bulk soil; P=0.002;
Table S2.6A). The significant interaction was driven by a change in the large
macroaggregate mass, which comprised the smallest proportion of the aggregate
distribution in crop, crop edge, and bare soils, but was equal to all the other size classes in
the field edge and ditch bank soils (Fig 2.3A; Table S2.7A). There was also a significant
interaction between location on the transect and aggregate size class on total aggregate C
(g C) at the 0-20 cm depth category (P=0.006; Table S2.6B). Similar to aggregate
distribution, this pattern was driven by changes in the large macroaggregate size class.
Large macroaggregates contained the lowest aggregate C at the crop, crop edge, and bare
locations, but the highest total aggregate C at the field edge and ditch bank locations
(compared to microaggregates and silt+clays; Fig 2.4A; Table S2.7B). At 0-20 cm,

aggregate C in the large and small macroaggregate size classes comprised 75% of the
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total aggregate C in the field edge soils and 80% of the total aggregate C in ditch bank
soils (Fig S2.1A).

In the ~20-50 cm depth category, there was no significant interaction between
location on the transect and aggregate size and no effect of transect location alone on
class on aggregate distribution (Table S2.9). However, there was a significant effect of
size class (P<0.0001; Table S2.8A), whereby the aggregate distribution of
microaggregates and silt+clays were significantly greater compared to the large
macroaggregates at all five transect locations (P=0.001) and larger than small
macroaggregates at crop, crop edge, and bare zones (P=0.01; Fig 2.3B; Table S2.9A).
There was a significant interaction between location on the transect and aggregate size
class on total aggregate C at the ~20-50 cm soil depth (P=0.04; Table S2.8B). This
pattern was driven by changes in the large macroaggregate size class alone, whereby
large macroaggregates had the lowest total aggregate C at the crop, crop edge, and bare
locations, but an equal amount of total aggregate C to all other size classes in the field
edge and ditch bank soils (Fig 2.4B; Table S2.9B). Aggregate C of large and small
macroaggregates comprised ~78% of the total aggregate C found in the field edge soils
and ~60% in the ditch bank soils at ~20-50 cm (Fig S2.1B).

In soils from ~50-80 cm, there was no significant interaction between the location
on the transect and aggregate size class and no effect of transect location alone on
aggregate distribution (Table S2.10A). There was a significant effect of size class
(P<0.0001), whereby the aggregate distribution of small macroaggregates,
microaggregates, and silt+clays were significantly greater compared to the large

macroaggregates at all five transect locations (P=0.001; Fig 2.3C; Table S2.11A).
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Additionally, the aggregate distribution of microaggregates and silt+clays were
significantly greater compared to the small macroaggregates at all five transect locations,
except the field edge (P=0.004). There was also no significant interaction between the
location on the transect and aggregate size class and no effect of transect location alone
on total aggregate C in soils ~50-80 cm. There was a significant effect of size class on
total aggregate C (P<0.0001; Table S2.10B), whereby the total aggregate C of silt+clays
was significantly greater compared to small macroaggregates at all five transect locations
(P=0.001; Fig 2.4C; Table S2.11B). Additionally, the total microaggregate C (g) was
significantly greater compared to small macroaggregates C (g) at the bare, field edge, and
ditch bank zones (P=0.02). Total aggregate C in silt+clay size class comprised 50% of the
total aggregate C found in crop, crop edge, bare, field edge, and ditch bank soils at ~50-
80 cm (Fig S2.1C).

In the deepest soils (~80+ cm), there was no significant interaction between the
location on the transect and aggregate size class or transect location alone on aggregate
size distribution, but there was a significant effect of size class (P<0.0001; Table
S2.12A). The aggregate distribution of microaggregates and silt+clays was significantly
greater compared to the large macroaggregates and small macroaggregates at all five
transect locations (Fig 2.3D; Table S2.13A). There was no significant interaction between
the location on the transect and aggregate size class or location alone on total aggregate
C, but there was a significant effect of size class on total aggregate C (P<0.0001). The
total aggregate C of silt+clays was significantly greater compared to large and small
macroaggregates at all five transect locations (P=0.001; Fig 2.4D; Table S2.12B; Table

S2.13B). Total aggregate C of silt+clays was also significantly greater compared to
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microaggregates at all transect locations except crop edge (P=0.001). Silt+clay total
aggregate C comprised over 50% of the total aggregate C found in the crop, crop edge,

bare, field edge, and ditch bank soils in the deepest soils (Fig S2.1D).

Discussion

This study is the first to explore the effects of SWI on soil C in agricultural soils
by (1) quantifying the size of C pools along a SWI transect and (2) understanding how C
is protected within aggregate size classes. Overall, we found larger soil C pools (and
higher bulk C concentrations) in the ditch banks. We also observed higher total aggregate
C in large macroaggregates at field edge and ditch bank soils in the top 50 cm of the soil
profile. We suggest five main drivers of these patterns: wetting events; organo-metal
complexation; increased salinity; vegetation type, structure, and management; and soil

management activities (Fig 2.5).

Largest soil C pool in ditch bank

It is well-established that salt marshes have high rates of soil C storage compared
to agricultural soils because microbial decomposition is slower in anaerobic soils than
aerobic soils (Bridgham et al. 2006, Mitsch and Gosselink 2015). Therefore, repeated
wetting events of field edges and ditch banks may lead to increased C storage as a
function of suppressed microbial decomposition (Fig 2.2A & B). In addition, wetting
events can dissolve crystalline Fe oxides into poorly-crystalline structures under anoxic
conditions (Wahid and Kamalam 1993). Tully et al. (2019b) showed the structure of Fe
changed from crystalline to poorly-crystalline along a SW1 transect on coastal

agricultural fields, and others have shown that poorly-crystalline Fe forms organo-metal
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complexes under fluctuating redox conditions (Wahid and Kamalam 1993, Sodano et al.
2017). Amorphous or poorly-crystalline metal oxides form complexes with organic
matter, thus stabilizing soil C (Torn et al. 1997, Mikutta et al. 2006, Lalonde et al. 2012,
Huang et al. 2016), and likely contributing to high levels of organic matter in the field
edges and ditch banks (Fig 2.5).

We have previously shown soil salinity in the crop zone to be around 3 ppt (5.6
dS m; Tully et al. 2019b). Comparatively, soil salinity at the ditch bank is around 7 ppt
(12 dS m%; Tully et al. 2019b), which is about a quarter the strength of ocean water.
Although such a dramatic change in salinity will impact biogeochemical cycling (Tully et
al. 2019a), the effect of salinity on soil C storage remains unclear. Research reports
contrasting results on the relationships between salinity levels and C decomposition. For
instance, Arddn et al. (2018) and Herbert et al. (2018) both showed suppressed CO>
emissions following SWI (suggesting C storage), yet other studies showed increased
microbial mineralization and decomposition with increased salinity (suggesting C loss;
Weston et al. 2006, Craft 2007, Weston et al. 2011, Wang et al. 2019). Additionally, a
study on tidal marshes indicated no relationship between salinity and decomposition rates
(no change in C storage; Mendelssohn et al. 1999). Although greenhouse gas emissions
(e.g. CO2) and decomposition rates were outside the scope of our research, we found
larger C pools on the edges of farm fields and ditches, suggesting that C storage may be
facilitated by the influx of saline water in our system. Thus, several abiotic drivers (e.g.
wetting events, poorly-crystalline Fe oxides, and salinity) interact synergistically to

facilitate the formation of large C pools in field edges and ditch banks (Fig 2.2A & 2.5).
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In addition to abiotic drivers, the patterns in C pools can also be explained by
biotic factors such as changes in vegetation type, structure, and management. The SWI
transect is characterized by a dramatic change in vegetation over a short distance (30-80
m). The center of the farm field is dominated by a monoculture agricultural crop (e.g.
corn, soybean, wheat), the crop edge is characterized by a patchy, poorly performing
crop, and the bare area has no vegetation (Fig 2.5). Although the field edge is still
actively managed (e.g. planted, sprayed with herbicides, mowed), crops (i.e. corn,
soybean, and wheat) are unable to grow. Instead, perennial wetland plants and native
forbs dominate the field edge (Gedan and Fernandez-Pascual 2019). Farmers battling
SWI will mow and spray the field edge and ditch bank in order to manage the growth and
invasion of wetland species. However, the vegetation is too dense for herbicide
application to be effective (Larry Fykes, personal communication), and mowing the
vegetation does not remove the belowground biomass. Compared to annual crops (which
must be replanted every year), perennial wetland plants will provide a greater source of
organic C to soils in the form of residues. As SWI continues to advance inland, perennial
wetland species will likely outcompete annual crop species as repeated wetting events
and soil salinity have indirectly selected for plant species that can tolerate water and salt
stress. Wetland perennial species have a deeper rooting system (15-51 cm; USDA NRCS
2017) than standard annual crops (10-20 cm; Fan et al. 2016), which may trap sediments
and their associated organic C, thereby increasing soil C pools (Mcleod et al. 2011, Kell
2012). Therefore, the type of vegetation at the field edge and ditch banks may facilitate
the accumulation of C (Fig 2.5). Soil salinity levels on intruded fields are far above the

salinity tolerance of standard crops grown in the region (mean of 4 dS m*; Tanji and
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Kielen 2002), but within the range of wetland plant species (32-72 dS m™; Hester et al.
1996, Lissner and Schierup 1997, Mauchamp and Mésleard 2001, Konisky and Burdick
2004, Achenbach et al. 2013). Therefore, the type, structure, and management of marsh
vegetation at the field edges and ditch banks may facilitate the accumulation of soil C
(Fig 2.5).

Finally, soil management activities (e.g. no-till, animal manure application) may
affect soil C pools on salt-intruded fields. Maryland farmers have practiced no-till
farming for the last four decades, but for centuries, conventional mechanized tillage was
common in the region (Huggins and Reganold 2008). Conventional tillage breaks the soil
surface in order to increase soil aeration, incorporate plant residues into the soil, and
accelerate decomposition (Mikha and Rice 2004). No-till farming allows plant residues to
remain on the soil surface resulting in slower SOM turnover and decomposition,
therefore building soil C (Beare et al. 1994b, Six et al. 1998, West and Post 2002, Grandy
and Robertson 2007). Studies show the conversion from conventional-till to no-till results
in an increase in soil C within ten years (Angers et al. 1992, Beare et al. 1994b, West and
Post 2002, Grandy and Robertson 2006). We reported C concentrations in the crop, crop
edge, and bare zones to 50 cm (mean 15.8 mg C g!) that were similar to that of
conventional-till soils (mean 16 mg C g*; Fig 2.2B; Martens et al. 2004) despite years of
no-till. In contrast, C concentrations in the top 50 cm at the field edge and ditch bank
(mean 65 mg C g*) were 4 times higher than in the center of the field, but still lower than
in tidal wetland soils (mean 180 mg C g to 50 cm; Morris et al. 2016). Finally, the
Eastern Shore, MD is a major producer of poultry, and local agricultural fields use

poultry manure as a fertilizer (Kleinman et al. 2007, 2012). Despite large inputs of
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poultry manure annually, soil C concentrations were not higher compared to other studies
(Aoyama et al. 1999b, Watts et al. 2010). Therefore, we suggest the legacy of soil tillage

was a more important driver of soil C across the transect than manure application.

Aggregate soil C across a SWI transect

In the soil aggregate hierarchy, silt+clay particles are considered the building
blocks of microaggregates, which comprise small macroaggregates and, finally, large
macroaggregates (Tisdall and Oades 1982). Thus, it is unsurprising that silt+clays
comprised the greatest proportion of aggregate mass across the intrusion transect at each
depth category (Fig 2.3). Further, soil C is considered to be more physically protected
from microbial degradation as you move up the soil aggregate hierarchy, with the greatest
physical protection conferred by macroaggregates (Six et al. 2002, 2004). We observed
large amounts of aggregate-associated C in large and small macroaggregates in the ditch
bank soils, suggesting that C in these soils is physically protected from microbial
degradation. We believe that high amounts of large macroaggregate-associated C in the
ditch bank zone compared to other size classes was likely due to wetting events, organo-
metal complexes, vegetation, and to a lesser extent, soil management activities.

Wetting events associated with SWI can both support and suppress soil
aggregation depending on the clay mineralogy (Singer et al. 1992, Attou et al. 1998,
Bronick and Lal 2005). For instance, SWI can lead to sodium-induced clay dispersion,
which could reduce aggregate stability if soils do not flocculate when dispersed (Mehnert
and Jennings 1985, Rengasamy et al. 1984, Rengasamy and Olsson 1991). Aggregation

may be further suppressed if the soil has predominantly swelling clays (e.g. smectite),
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which naturally disperse and disassociate from one another under wet conditions (Singer
et al. 1992). In soils containing non-swelling clays (e.g. kaolinite), clay particles will
disperse when wet but form clay bridges and coatings among silt particles as they dry,
thus supporting flocculation and aggregation (Attou et al. 1998). Focal fields contain
primarily kaolinitic clays (Wilson 1999), suggesting the soils tend to disperse when wet
but aggregate when they dry (Weil and Brady 2016). Therefore, the aggregation in the
ditch bank soils were likely a result of the positive effect of clay dispersion and
flocculation following repeated wetting events (Fig 2.3).

As previously mentioned, the structure of Fe changes from crystalline to poorly-
crystalline along a SWI transect and under fluctuating redox conditions (Tully et al.
2019b, Wahid and Kamalam 1993, Sodano et al. 2017), thus forming complexes with
organic matter and stabilizing soil C (Torn et al. 1997, Mikutta et al. 2006, Lalonde et al.
2012, Huang et al. 2016). Higher concentrations of poorly-crystalline Fe can contribute to
the physical proteection of aggregate-associated C as it binds organic matter to clay
particles via cation bridging to form microaggregates (Huang et al. 2016). As larger
aggregates form, the C associated with each size class becomes progressively more
protected because smaller size classes are encapsulated inside larger aggregate size
classes. Organo-metal complexation may confer additional stabilizing mechanisms
because they aid in binding aggregates together.

The field edges and ditch banks are dominated by wetland perennial grasses and
the invasive reed, Phragmites australis, all of which have deep fibrous rooting systems
(Hoagland et al. 2001, Scholz and Lee 2005, Dhote and Dixit 2009). Previous work has

shown that a high density of roots and hyphae enmesh particles and release organic
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compounds that hold microaggregates together, thus forming highly stable
macroaggregates that store more C than smaller size classes (Tisdall and Oades 1982, Six
et al. 2000b, Grandy and Robertson 2007, Perfect et al. 1990a, Drury et al. 1991, Bronick
and Lal 2005). Further, macroaggregate C is often derived from plant material residues
(Tisdall and Oades 1982, von Lutzow et al. 2006). Therefore, the high distribution and
amount of C associated with large macroaggregates in the field edge and ditch bank soils
were likely a result of the positive effect of high density, perennial wetland vegetation on
aggregate formation.

Finally, the focal farms are not tilled and receive heavy poultry manure additions,
two soil management activities that are likely to support macroaggregate formation in
cultivated soils. For example, many studies indicate that no-till management increases the
distribution and physical protection of C within macroaggregates (Beare et al. 19944,
Grandy and Robertson 2006, 2007). As the focal farms have been in no-till for over four
decades (Larry Fykes, personal communication), we expected to a higher distribution of
large and small macroaggregates in the crop, crop edge, and bare soils compared to
conventionally tilled soils. However, this was not the case as we observed
macroaggregate distributions under 0.2 g per g bulk soil, which is more comparable to
conventional-till fields (0.3 g macroaggregate per g bulk soil), than no-till fields (0.5 g
macroaggregate per g bulk soil; Beare et al. 1994b, Six et al. 2000b, Grandy and
Robertson 2007). In addition, we expected that the application of poultry manure would
enhance macroaggregate formation in the focal farm soils overall (Angers and
N’Dayegamiye 1991, Aoyama et al. 1999a). Poultry manure additions may facilitate the

formation and stabilization of macroaggregates through the decomposition of particulate
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organic matter from manure, which leads to the production of hyphae, a binding agent for
macroaggregates (Tisdall 1994, Aoyama et al. 1999a). Despite poultry manure
applications to the crop, crop edge, and bare regions of the farms, we observed the lowest
amount of C associated with large macroaggregates in these soil zones. We propose that
repeated passes of heavy machinery across the farms disrupted the formation of
macroaggregates in these parts of the field. For instance, farmers battling SW1 often must
plant fields several times due to poor crop germination (de la Reguera et al. in prep).
Therefore, any positive effects of no-till and manure additions may have been muted by
farmer management in the face of SWI: and higher levels of aggregation at the field edge
and ditch banks were due to the positive influence of wetting events with saltwater
intrusion, organo-metal complexation, and vegetation type, structure, and management on

aggregate formation (Fig 2.5).

Farmland to wetland?

As SWI continues to move inland and onto agricultural fields, promoting the
physical protection of C will be critical to soil long-term C storage (Jastrow et al. 2007).
The focal farm fields have been experiencing SWI for at least a century, but the effects
have worsened within the last five decades (Larry Fykes, personal communication).
Understanding and quantifying the change in soil C pools and how C is protected in soils
is imperative in fields experiencing SW1 as they have the potential to become C sinks
and, ultimately, “blue carbon” ecosystems (Fig S2.3). Blue C ecosystems (e.g.
mangroves, tidal wetlands, seagrass meadows) are highly efficient C sinks because the
soil does not become saturated with C due to vertical accretion and dense vegetation with

complex rooting systems (Chmura et al. 2003, Mcleod et al. 2011). The change in
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vegetation type and structure and the larger C pools in the ditch bank soils have the
potential to sequester and store C at the same scale as blue C ecosystems. Farmers can
enroll in the Conservation Reserve Enhancement Program (CREP) to take their farmland
out of production for at least a decade and establish wetlands, thus changing the
vegetation type and structure with the potential to store more C. It is important to start

managing salt-intruded farm fields now so they can continue to sequester C in the future.

Conclusion

The purpose of this study was to (1) quantify how C pools changed along a SWI
transect and (2) understand the degree to which soil C was physically protected via soil
aggregates in coastal farm fields. Overall, we found the largest soil C pools in the ditch
bank soils compared to all other locations on the SWI transect. Additionally, most of the
C was stored in the top 50 cm and in the large macroaggregate size class in the ditch bank
soils. The patterns we observed in soil C were explained by five main drivers: wetting
events; organo-metal complexation; increased salinity; vegetation type, structure, and
management; and soil management activities. Farmlands experiencing SW1 are at the
forefront of climate change and rising sea levels. The management of these lands is

crucial if we want to preserve soil C now and sequester more C in the future.
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Tables and Figures

Table 2.1. Characteristics of the six no-till focal farms on the Eastern Shore of Maryland.

Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6
County Somerset Somerset Somerset Somerset Somerset Dorchester
Previous crop rotation corn-soy soy-winter rye  sorghum fallow fallow sorghum
(2017) cover crop
Texture class silt loam silt loam sandy loam silt loam silt loam silt loam
Soil type mesic Typic mesic Typic mesic Typic mesic Typic  mesic Typic  mesic Typic
Hapludults  Hapludults Endoaquults Endoaquults  Endoaquults  Endoaquults
Soil series Queponco Queponco Othello- Quindocqua  Quindocqua  Elkton
Fallsington
complex
Length of transect (m) 56 78 71 34 26 27
Crop 9 7 8 7 8 6
T(;?Qfseg:] q Crop edge 7 7 7 8 8 6
ot oy BT 6 7 7 8 8 6
cofe P Field edge 7 5 6 8 9 5
Ditch bank 4 8 8
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Table 2.2. Carbon calculations and metrics used in analysis.

Name Units Description Calculation Equation no.
Bulk C pool Mg C hat Total pool of C (g) to 100 cm Y'(C concentration (mg C g* 1
depth scaled to ha bulk soil) * bulk density (g cm"
%) * soil depth chunk (cm) *
100)
Total aggregate mass @ Weight of aggregates after air oven dried agg wt (g) - tin wt 2
(aggregate fraction drying without rocks (contains (9)- rock wt (g)
mass) sand)
Sand mass g Weight of sand in each aggregate  proportion of sand * total 3
class aggregate mass ()
Sand-free aggregate g Weight of aggregates without Total aggregate mass (g) - sand 4
mass sand mass (g)
Aggregate g aggregate g soil  Proportion of sand-free aggregate  Sand-free aggregate mass (g) + 5
distribution mass normalized to the total > (sand-free aggregate mass of
sand-free soil mass large macroaggregate, small
macroaggregate,
microaggregate, silt+clay of the
given sample)
Total aggregate C g C in sand-free Amount of C in each aggregate (C concentration * sand-free 6

aggregate

normalized by sand-free
aggregate mass
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Figure 2.1. Aerial view of SW1I in Farm 1-6 and locations of transition zones along the
transect.
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Figure 2.2. Bulk soil C (A) concentration (mg C g*) and (B) pool (Mg C ha) in bulk soils (not fractionated by size class) along the
SWI transect at 0-20 cm, ~20-50 cm, ~50-80 cm, and ~80+ cm. Error bars are the standard error of the mean. Values above horizontal
bars indicate the size of the total bulk soil C (A) concentration for each transect location and (B) C pool for each transect location.
Different letters are statistically significant at P<0.05 in Tukey post hoc pairwise comparison.
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Figure 2.3. Aggregate distribution (g sand-free aggregate g* soil) in (A) 0-20 cm, (B)
~20-50 cm, (C) ~50-80 cm, and (D) ~80+ cm along the SWI transect. Error bars are the
standard error of the mean. Transect location within depth categories are statistically
significant at P<0.05 in Tukey post hoc pairwise comparisons. Asterisk (*) indicates

significance by class within a transect point at *P<0.05, **P<0.01, ***P<0.005 in Tukey
post hoc pairwise comparisons.
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Figure 2.4. Total aggregate C (g C sand-free aggregate) in (A) 0-20 cm, (B) ~20-50 cm,
(C) ~50-80 cm, and (D) ~80+ cm along the SWI transect. Error bars are the standard
error of the mean. Values above horizontal bars indicate the total aggregate C for each
transect location. Different letters are statistically significant at P<0.05 in Tukey post hoc
pairwise comparisons. Asterisk (*) indicates significance by class within a transect point
at *P<0.05, **P<0.01, ***P<0.005 in Tukey post hoc pairwise comparisons.
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Figure 2.5. Drivers of soil C pools and physically protected soil C. Red text indicates drivers (wetting events, increased salinity,
organo-metal complexation, changes in vegetation type, and soil management activities). Crop, crop edge, bare, field edge, and ditch
bank are zones along the SWI transect. White circles in soil are silt+clays and light brown circles surrounding silt+clays are
microaggregates. The orange circles surrounding microaggregates are small macroaggregates and dark brown circles surrounding

small macroaggregates are large macroaggregates.
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Supplemental Material

Table S2.1. Summary statistics of global linear mixed-effect (LME) model for bulk soil C concentration. Summary statistics of
reduced LME model (no interaction effect between location on the transect and depth category) for bulk soil C concentration. Fixed
effects are location on the transect, depth category, and the interaction between location on the transect and depth category.

(A) LME model on bulk soil C concentration
Global model Reduced model
Fixed effects df F-statistic P df F-statistic P
(dfnum, dfden) (dfnum, dfden)
Transect (4, 155.45) 8.16 5.31e-06 (4,170.98) 4.28 0.003
Depth category (3, 155.22) 118.75 <2.2e-16 (3,171.49) 111.41 <2.2e-16
Transect * depth category (12, 154.93) 1.02 0.43
(B) LME model on bulk soil C pool
Global model Reduced model
Fixed effects df F-statistic P df F-statistic P
(dfnum, dfden) (dfnum, dfden)
Transect (4, 145.98) 3.12 0.017 (4, 161.41) 3.48 0.009
Depth category (3, 146.06) 96.05 <2e-16 (3, 163.97) 16.60 1.83e-09
Transect * depth category (12, 144.86) 1.13 0.34
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Table S2.2. Summary statistics of linear mixed-effect (LME) model to examine the effect of SWI on total bulk soil C concentration
and pool (to 100 cm). Degrees of freedom numerator and denominator and P-value for each transect point and for model reported.

Crop Crop edge Bare Field edge Ditch bank  ANOVA, Tukey’s HSD

C concentration (3, 34.50) (3, 30.89) (3, 33.083) (3, 26.23) (3, 14.00) F(4, 170.98)=4.28, P=0.003
2.17e-14 1.07e-07 4.94e-11 1.24e-08 2.37e-05

C pool (3, 36) (3,27.231) (3, 31.352) (3, 25.45) (3,14.089) F(4, 161.41)=3.48, P=0.009
5.41e-09 2.08e-06 0.0007 1.04e-07 4.75e-06
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Table S2.3. Summary statistics of linear mixed-effect (LME) model to examine the size of the bulk C concentration and pool at the
four depth categories. Degrees of freedom numerator and denominator and P-value for each depth category and for model reported.

0-20 ~20-50 ~50-80 ~80+ ANOVA, Tukey’s HSD
C concentration (4, 197) (4,159.11) (4, 129.03) (4, 83.73) (3,171.49)=111.41, P<0.001
7.59-05 5.52e-05 0.51 0.33
C pool (4,47)0.006 (4,41.198) (4, 38.659) (4, 10.625) (3, 163.97)=16.595, P<0.001
0.008 0.22 0.99
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Table S2.4. Total bulk soil C concentration (mg C g™*) for each transect location (crop, crop edge, bare, field edge, and ditch bank) at
four depth categories (0-20 cm, ~20-50 cm, ~50-80 cm, and ~80+ cm; mean + SE). Different uppercase letters signify statistically
significant differences at P<0.05 among transect location within depth category. Lower case letters signify statistically significant
differences at P<0.05 among depth category within transect location.

Crop Crop edge Bare Field edge Ditch bank
0-20 cm 12.09 + 1.654B2 0.95 + 1.25%2 11.56 + 1.52A2 34.65 + 11.288¢a 69.02 + 31.15%
~20-50 cm 4,58 + 0.537 4.80 +0.937 4.60 +0.877° 10.01 + 3.70ABP 16.60 + 6.278°
~50-80 cm 1.96 + 0.25"¢ 2.60 + 0.55A¢ 3.40 + 1.07/° 2.39 + 0.60"° 4.37 + 1.14%¢
~80+ 1.07 + 0.13Ad 1.35 + 0.31A¢ 1.40 +0.36¢ 1.31 + 0.27A¢ 1.08 + 0.88A¢
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Table S2.5. Total bulk soil C pool (Mg C ha?) for each transect location (crop, crop edge, bare, field edge, and ditch bank) at four
depth categories (0-20 cm, ~20-50 cm, ~50-80 cm, and ~80+ cm; mean = SE). Different uppercase letters signify statistically

significant differences at P<0.05 among transect location within depth category. Lower case letters signify statistically significant
differences at P<0.05 among depth category within transect location.

0-20 cm
~20-50 cm
~50-80 cm
~80+

Crop Crop edge Bare Field edge Ditch bank
17.86 + 2.477% 14.57 +1.70" 15.92 + 2,174 19.71 + 2.22A82 35.98 + 8.97B®
12.49 + 2.36"° 11.84 +2.39" 10.25 + 1.687%® 21.96 + 6.16"52 35.75 + 12.0982
5.96 + 1.014° 7.56 + 1.85" 9.02 + 1.954b¢ 5.35 + 1.20°° 13.47 £5.20"°
1.23 £ 0.417¢ 1.23 £ 0.577° 0.77 £ 0.09%¢ 1.07 + 0.59%¢ 0.69 + 0.22A
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Table S2.6. Summary statistics of linear mixed-effect (LME) model of depth category 0-20 cm of (A) aggregate distribution (g

aggregate per g bulk soil) and (B) total aggregate C (g C).

(A)

Fixed effects

Transect
Aggregate size

Transect *
aggregate size

LME model at 0-20 cm

Aggregate distribution

df F- P
(dfnum, dfden) Statis'[iC
(4,196.87) 0.9 0.74
(3,195.36)  31.65 <2.2¢-16
(12, 195.36) 2.71 0.002

(B) LME model at 0-20 cm
Total aggregate C
Fixed effects df F-statistic P
(dfnum, dfden)
Transect (4,177.19) 7.48 1.38e-05
Aggregate size (3, 177.19) 6.11 0.0006
Transect * (12, 177.27) 2.44 0.006

aggregate size
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Table S2.7. (A) Aggregate distribution (g aggregate per g bulk soil) and (B) total aggregate C (g C) at depth category 0-20 cm for
each transect location (crop, crop edge, bare, field edge, and ditch bank) at four aggregate size classes (large macroaggregate, small
macroaggregate, microaggregate, silt+clay; mean + SE). Different uppercase letters signify statistically significant differences at
P<0.05 among aggregate size class within transect location.

(A) Crop Crop edge Bare Field edge Ditch bank
Large 0.06 +0.02 0.05 +0.02% 0.05 +0.03* 0.15 +0.05" 0.21 + 0.05"8
macroaggregates

Small 0.23+0.038 0.20 + 0.048 0.22 +0.038 0.21 +0.04"8 0.32 +0.028
macroaggregates

Microaggregates 0.22 +0.048 0.28 + 0.048 0.27 +0.048 0.23 +0.044 0.15 + 0.014
Silt+clay 0.30 +0.048 0.29 +0.038 0.30 +0.028 0.26 + 0.054 0.20 +0.034
(B) Crop Crop edge Bare Field edge Ditch bank
Large 0.09 +£0.03* 0.09 +0.03* 0.14 +£0.07° 0.69 + 0.314 1.31 +£0.69"8
macroaggregates

Small 0.25 + 0.048 0.23 +0.058 0.29 +0.068 0.55 + 0.244 1.26 +0.52*
macroaggregates

Microaggregates 0.18 +0.038 0.20 +0.038 0.17 +0.03"8 0.17 +0.024 0.44 +0.1978
Silt+clay 0.23 +0.028 0.22 +0.028 0.19 +0.01B 0.17 +0.024 0.22 +0.528
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Table S2.8. Summary statistics of linear mixed-effect (LME) model of depth category ~20-50 cm of (A) aggregate distribution (g

aggregate per g bulk soil) and (B) total aggregate C (g C).

(A) LME model at ~20-50 cm
Aggregate distribution
Fixed effects df F- P
(dfnum, dfden) Statis'[iC
Transect (4,192.52) 0.64 0.64

Aggregate size (3, 190.91) 158.06 <2.2e-16

Transect * (12, 190.91) 1.40 0.17

aggregate size

(B) LME model at ~20-50 cm
Total aggregate C
Fixed effects df F-statistic P
(dfnum, dfden)
Transect (4, 143.80) 12.99 4.68e-09

Aggregate size (3, 143.26) 13.48 8.50e-08

Transect * (12, 143.15) 1.89 0.04

aggregate size
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Table S2.9. (A) Aggregate distribution (g aggregate per g bulk soil) and (B) total aggregate C (g C) at depth category ~20-50 cm for
each transect location (crop, crop edge, bare, field edge, and ditch bank) at four aggregate size classes (large macroaggregate, small
macroaggregate, microaggregate, silt+clay; mean + SE). Different uppercase letters signify statistically significant differences at

P<0.05 among aggregate size class within transect location.

(A) Crop Crop edge Bare Field edge Ditch bank
Large 0.00 +0.00* 0.00 +0.00% 0.03 £0.02 0.08 +0.05" 0.04 +0.03"
macroaggregates

Small 0.07 £0.028 0.16 + 0.058 0.15 +0.04 0.17 £ 0.048 0.17 £ 0.058
macroaggregates

Microaggregates 0.35+0.03° 0.31 +0.05° 0.32 +0.04°¢ 0.30 + 0.06® 0.30 +0.088
Silt+clay 0.41 +0.04° 0.38 +0.04° 0.34 +0.04° 0.29 + 0.048 0.30 + 0.068
(B) Crop Crop edge Bare Field edge Ditch bank
Large 0.01 +0.00" 0.02 +0.017 0.02 +£0.02 0.81 +0.63 0.25 + 0.224
macroaggregates

Small 0.04 +£0.017 0.11 +0.04"8 0.10 +0.04® 0.29 +0.13* 0.28 +0.13"
macroaggregates

Microaggregates 0.09 +0.01° 0.10 +0.028 0.11 +0.0285¢ 0.15+0.03* 0.16 + 0.024
Silt+clay 0.13+0.01°¢ 0.15+0.028 0.13 +£0.02°¢ 0.15 + 0.024 0.21 +0.044
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Table S2.10. Summary statistics of linear mixed-effect (LME) model of depth category ~50-80 cm of (A) aggregate distribution (g

aggregate per g bulk soil) and (B) total aggregate C (g C).

(A) LME model at ~50-80 cm
Aggregate distribution
Fixed effects df F- P
(dfnum, dfden) Statis'[iC
Transect (4,177.51) 0.78 0.54

Aggregate size (3, 174.63) 270.47 <2e-16

Transect * (12, 174.63) 1.24 0.26

aggregate size

(B) LME model at ~50-80 cm
Total aggregate C
Fixed effects df F-statistic P
(dfnum, dfden)
Transect (4,117.59) 1.22 0.30

Aggregate size (3, 116.88) 32.77 1.92e-15

Transect * (8,116.83) 0.78 0.63

aggregate size
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Table S2.11. (A) Aggregate distribution (g aggregate per g bulk soil) and (B) total aggregate C (g C) at depth category ~50-80 cm for
each transect location (crop, crop edge, bare, field edge, and ditch bank) at four aggregate size classes (large macroaggregate, small
macroaggregate, microaggregate, silt+clay; mean + SE). Different uppercase letters signify statistically significant differences at
P<0.05 among aggregate size class within transect location.

(A) Crop Crop edge Bare Field edge Ditch bank
Large 0.00 +0.00* 0.00 +0.00% 0.00 +0.00* 0.06 + 0.06" 0.00 + 0.00%
macroaggregates

Small 0.04 +£0.018 0.19 +0.078 0.10 +£0.028 0.10 +0.03® 0.07 £0.018
macroaggregates

Microaggregates 0.40 +0.05°¢ 0.37 +0.06° 0.38 +0.05° 0.33 +0.06° 0.34 +0.07¢
Silt+clay 0.33 +£0.03° 0.41 +0.09¢ 0.35+0.03° 0.34 +0.068 0.36 +0.03¢
(B) Crop Crop edge Bare Field edge Ditch bank
Large 0.01%

macroaggregates

Small 0.01 +0.00" 0.02 +0.017 0.04 +£0.02 0.02 +0.017 0.02 +0.014
macroaggregates

Microaggregates 0.05+0.018 0.05 +0.02% 0.05+0.018 0.16 +0.03® 0.04 +0.018
Silt+clay 0.07 +0.01B 0.07 +0.01B 0.10 +0.038 0.28 +0.028 0.10 +0.03¢
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Table S2.12. Summary statistics of linear mixed-effect (LME) model of depth category ~80+ cm of (A) aggregate distribution (g

aggregate per g bulk soil) and (B) total aggregate C (g C).

(A) LME model at ~80+ cm
Aggregate distribution
Fixed effects df F- P
(dfnum, dfden) statistic
Transect (4,104.73) 2.11 0.08

Aggregate size (3, 102.97) 102.45 <2e-16

Transect * (12, 102.97) 0.46 0.93

aggregate size

(B) LME model at ~80+ cm
Total aggregate C
Fixed effects df F-statistic P
(dfnum, dfden)
Transect (4, 67.73) 2.35 0.06

Aggregate size (3, 65.17) 38.26 2.22e-14

Transect * (11, 64.92) 0.55 0.86

aggregate size
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Table S2.13. (A) Aggregate distribution (g aggregate per g bulk soil) and (B) total aggregate C (g C) at depth category ~80+ cm for
each transect location (crop, crop edge, bare, field edge, and ditch bank) at four aggregate size classes (large macroaggregate, small
macroaggregate, microaggregate, silt+clay; mean + SE). Different uppercase letters signify statistically significant differences at

P<0.05 among aggregate size class within transect location.

(A) Crop Crop edge Bare Field edge Ditch bank
Large 0.02 £0.017 0.02 +£0.02% 0.02 +£0.02 0.00 +0.00" 0.01 + 0.00%
macroaggregates

Small 0.06 +0.028 0.10 +0.03® 0.10 +0.048 0.06 +0.018 0.09 + 0.048
macroaggregates

Microaggregates 0.18 +£0.03° 0.27 +0.06° 0.23 +£0.07° 0.14 +0.04° 0.33 £0.10¢
Silt+clay 0.24 +0.05° 0.32 +0.07° 0.28 +0.05° 0.28 +0.06° 0.32+0.11¢
(B) Crop Crop edge Bare Field edge Ditch bank
Large 0.00 +0.00" 0.0078 0.00* 0.014
macroaggregates

Small 0.00 +0.00" 0.01 +0.00" 0.00 +0.00* 0.01 +0.00* 0.01 +0.014
macroaggregates

Microaggregates 0.01 +0.00" 0.03 +0.015€ 0.01 +0.00" 0.01 +0.00* 0.02 +0.028
Silt+clay 0.01 +0.01B 0.04 +0.01°¢ 0.04 +0.01B 0.06 +0.018 0.05 + 0.02¢
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Figure S2.1. Normalized total aggregate C (g C g C) in (A) 0-20 cm, (B) ~20-50 cm,
(C) ~50-80 cm, and (D) ~80+ cm along the SWI transect. Error bars are the standard
error of the mean. Transect locations within depth categories are statistically significant
at P<0.05 in Tukey post-hoc pairwise comparisons.

The calculation for normalized total aggregate C is as follows:

Total aggregate C

X(total aggregate C of LM,sM,m, sc in a given sample)

LM, large macroaggregate; sM, small macroaggregate; m, microaggregate; sc, silt+clay.
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Figure S2.2. Sand proportion (g sand g* aggregate) in (A) 0-20 cm, (B) ~20-50 c¢m, (C)
~50-80 cm, and (D) ~80+ cm along the SWI transect. Error bars are the standard error of
the mean. Transect locations within depth categories are statistically significant at P<0.05
in Tukey post-hoc pairwise comparisons.
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Figure S2.3. Soil C concentration (mg C g%) in the top 50 cm along the SWI transect and
an average tidal wetland (Morris et al. 2016).
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