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A B S T R A C T   

As sea levels continue to rise, coastal agroecosystems have become more vulnerable to saltwater intrusion (SWI). 
Saltwater intrusion is the landward movement of sea salts, which 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 the size of C pools along a salinity transect; (2) determine how soil C 
is occluded through levels of physical protection in soil aggregates; (3) examine relationships between indicators 
of SWI and soil C measures in coastal farm fields. We collected soils (to a depth of ~140 cm) along a transect 
from the edge of a salt-damaged field (high salinity and frequently inundated) to the center (low salinity and 
drier). We measured bulk soil C pools and the amount of C stored in large macroaggregates, small macroag
gregates, microaggregates, and silt+clay size classes. Soil C pools were largest in the edge of field and ditch bank 
soils compared to the center of the field (P = 0.01). In ditch bank soils, most of the C was stored in large 
macroaggregates; however, in the center of the field, most C was stored in silt+clays. We suggest that frequent 
wetting events may lead to increased C storage along the edges of farm fields both as a result of suppressed 
decomposition rates and increased clay flocculation leading to macroaggregate formation. Further, a vegetation 
shift from annual, shallow-rooted crops to perennial, deeply rooted marsh grasses along field edges likely 
contributed to higher soil C levels as well as increased aggregation. An improved understanding of soil C dy
namics can help inform management strategies that support farm and environmental wellbeing as our coastlines 
change.   

1. Introduction 

Coastal landscapes are on the forefront of climate change as global 
sea levels are projected to rise 0.5–1 m (1.8–3.2 ft) by 2100 (Church 
et al., 2013). A major consequence of sea level rise is saltwater intrusion 
(SWI), the landward movement of seawater. As 37% of the human 
population lives within 100 km of a coast (CIESEN SEDAC, 2020), SWI 
has the potential to impact coastal communities (e.g. plant, animal, and 
human) and agricultural systems across the world. For example, in 
Vietnam, SWI damages coastal rice paddies and sugarcane fields 
throughout the Mekong Delta, threatening the economy and local food 
security (Thanh, 2016; Gopalakrishnan et al., 2019). In the United 
States, both the east and west coasts are experiencing SWI from water 
withdrawal for agriculture and sea level rise (Barlow and Reichard, 
2010; Wichelns and Qadir, 2015; Tully et al., 2019a). 

Saltwater intrusion may also greatly alter the balance of carbon (C) 

additions and losses to soils. Soil organic matter (SOM) is the largest 
global reservoir of terrestrial organic C and plays an integral role in 
ecosystem function, soil fertility, and climate regulation (Paul et al., 
2015). In the United States, agricultural soils are very low in soil C (~16 
mg C g− 1 soil from 0 to 40 cm; Martens et al., 2004) as compared to 
high-C soils in tidal wetlands (~150 mg C g− 1 soil from 0 to 50 cm; 
Morris et al., 2016). Indeed, the practices of clearing for agriculture and 
tillage have released ~124 Pg of C to the atmosphere between 1850 and 
1990 (Houghton and Hackler, 2008; Syswerda et al., 2011). However, 
SWI may create hotspots of C storage within farm fields as areas are 
exposed to variation in salinity, soil moisture, pH, and vegetation type, 
which may have an impact on aggregate formation and therefore C 
storage. This research investigates the potential for salt-intruded agri
cultural fields to become a C sink as SWI advances inland. 

Until the late 20th century, the paradigm of soil organic C stabili
zation (maintaining C sequestration and storage in a given area) focused 
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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 (Ågren 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, redox conditions, and the spatial inaccessibility of C 
inside soil aggregates (Jastrow et al., 2007; Sarkar et al., 2018; Sollins 
et al., 1996; von Lützow et al., 2007, 2006). Our research focuses on the 
spatial inaccessibility of C to microbial degradation. Soil C may be 
inaccessible to microbes and enzymes due to occlusion within aggre
gates at multiple levels of physical protection. The levels of physical 
protection are considered hierarchical (Six et al., 2000; Tisdall and 
Oades, 1982), suggesting that microaggregates (250–53 µm) are formed 
when silt+clay particles (< 53 µm) 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 µm; Six et al., 2000). The C associated with 
each aggregate size class becomes progressively more protected as 
smaller size classes are encapsulated inside larger aggregate size classes. 

To date, the potential of agricultural fields undergoing SWI to 
accumulate and physically stabilize C via aggregation has not been 
investigated. However, there is a large body of research focused on the 
impacts of SWI on C in tidal freshwater wetlands indicating a range of 
responses. In freshwater wetlands, SWI can lead to increased organic C 
mineralization and thus accelerated soil organic C loss (Weston et al., 
2006, 2011; Chambers et al., 2013). Other studies show the suppression 
of carbon dioxide (CO2) emissions (suggesting C storage; Ardón et al., 
2018; Herbert et al., 2018) in freshwater marshes exposed to salinity, 
perhaps as a result of microbial salt stress and overall declines in 
ecosystem productivity. Other research indicates that SWI into fresh
water systems can decrease transport of dissolved organic C to coastal 
estuaries (Ardón et al., 2016) with consequences for detrital food webs 
and C cycling. The movement of saltwater onto agricultural landscapes 
occurs via hydrologically connected ditch networks and the ground
water table (Tully et al., 2019a). In the Mid-Atlantic (USA), the exten
sive 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 
frequent wetting with high salinity water, while soils further inland 
(center of fields) do not experience frequent wetting. Frequent soil 
wetting creates anaerobic conditions, which may slow decomposition 
rates of soil organic C compared to aerobic soils, resulting in increased C 
storage (Bridgham et al., 2006; Mitsch and Gosselink, 2015). We hy
pothesize soils closest to the saltwater source (near agricultural ditch) 
will store more C than soils in the center of agricultural fields because of 
slower decomposition rates and suppressed CO2 emissions as soils are 
wetter and saltier. Our work is the first study to investigate the potential 
of agricultural soils to store C as they undergo SWI and, more specif
ically, the degree to which that C is protected and stabilized. 

The main objectives of this study were to: (1) quantify the size of soil 
C pools along a SWI gradient in coastal farm fields; (2) determine how 
soil C is occluded through levels of physical protection; (3) examine 
relationships between indicators of SWI and soil C measures in coastal 
farm fields. We established transects on six agricultural fields on the 
Lower Eastern Shore of Maryland that spanned a SWI gradient from the 
ditch bank (salty and frequently inundated) to the center of the agri
cultural field (fresh and drier). We hypothesize that larger soil C pools in 
soils closest to the saltwater source (e.g. ditch bank). Further, we hy
pothesize that the soil C would be associated with large macroaggregates 
in ditch bank soils, and that changes in C would be related to variations 
in soil moisture and salinity across the transect. 

2. Methods 

2.1. Study sites 

Our study sites are located on the Lower Eastern Shore of the Ches
apeake Bay in Maryland (Fig. 1). Salinity is high in the mouth of the 
Chesapeake Bay (~25 ppt) and declines northward; salinity in moni
toring stations close to our study region in March 2018 ranged from 10.2 
to 12.5 ppt (Chesapeake Bay Program, 2021). Sea level rise rates in the 
region have increased from ~1–3 mm per year in the 1930s to ~4–10 
mm year in 2011 (Ezer and Corlett, 2012). The mean elevation of our 
study sites is 1 m above sea level (Table 1), and it is estimated that sea 
levels will rise by 0.3–0.6 m (0.9–2.1 ft) by 2050 (Boesch et al., 2013), 
making coastal farms in the Chesapeake Bay highly vulnerable to salt
water intrusion. 

From the mid 1600s to the early 1700s, the region was heavily 
forested with a small portion of the land (~5%) in low-intensity tobacco 
and corn cultivation that included long (~20 year), regenerative fallow 
periods (Benitez and Fisher, 2004). However, by 1800, ~80% of the 
land was converted to agriculture (tobacco and wheat) with shorter 
fallows (~2 year) and little primary forest remained (Benitez and Fisher, 
2004). Indeed, many farm fields in our study region have been culti
vated for the last 400 years. The typical crop rotation in the region is 
corn (Zea mays)-soybean (Glycene max)-wheat (Triticum aestivum), and 
no-till techniques have been utilized for the last 40 years (Huggins and 
Reganold, 2008). We selected five actively managed salt-intruded farm 
fields in Somerset Co. and one in Dorchester Co., Maryland on which to 
conduct this study (Table 1; Table S1; Appendix A). The majority of soils 
in Somerset Co. are Quindocqua silt loams with little to no slope and in 
Dorchester Co. are frequently flooded Honga peat (USDANRCS, 2020; 
Fig. S1). Study sites are located within 540 m of tidal creeks, and we 
observe daily fluctuations of 6 cm in groundwater levels (daily max 
recorded = 44 cm), a signature of diurnal tidal variation (Jones, un
published data). The effects of SWI on soil chemical changes were 
described in detail for three of the 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 (USDANRCS, 2020; Table 1; 
Fig. S1). Preliminary studies show that soils are fairly acidic, and that 
soil pH does not vary strongly by depth or across the intrusion transect 
(pH range of 4.6–6.3). All six farms show evidence of SWI, with saltier 
soil near the agricultural ditch (~10 ppt). Towards the center of the 
fields, each farm has a relatively healthy crop stand and low soil salinity 
(~1 ppt). The intrusion area is characterized by five distinct zones: ditch 
bank, field edge, bare, crop edge, and crop (Tully et al., 2019b). Ditch 
banks tend to be dominated by Phragmites australis (invasive reed spe
cies). Field edges contain a mixture of herbaceous marsh species (e.g. 
Aster subulatus, Spartina patens) and agricultural weeds (e.g. Erigeron 
canadensis and Sorghum halepense). The bare zone separates the field 
edge and crop edge and is characterized by a complete lack of plant 
growth, cracked soil, and visible salt deposits. Incomplete crop germi
nation or stunted plants pepper the crop edge zone. The crop zone has 
evenly spaced, healthy crop plants. As farms in this region are rapidly 
converting to tidal marshes (Gedan et al., 2020), these transects can be 
considered a space-for-time substitution with which we can evaluate the 
effect of SWI on soil C dynamics as a farm converts to a wetland. At each 
farm, we identified a SWI transect, which ranged from 26 to 78 m long 
across each field (Table 1) the fall prior to soil collection. 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 and unstable soils 
along the ditch banks. 

2.2. Soil collections 

We collected soil samples in early-March 2018 before cash crops 
were planted and following a winter fallow/cover crop in all cases. We 
collected soils early in the season as both plant and microbial activity 
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were suppressed at this point, allowing us to control for the effect of 
actively growing vegetation on SOC pools. Soils were collected to 
~140 cm with a 7-cm diameter bucket auger in each field at each zone 
along the intrusion transect. Soil horizons were described in the field 
and compared to the series mapped by Web Soil Survey (USDA NRCS, 
2020). Then, soil samples were homogenized by horizon, which were 
visually distinct across the transect. Separating soils by horizon rather 
than a prescribed depth allowed us to maintain standard protocols 
across the entire transect. A sub-sample (~200 g) of the homogenized 
soil was used for aggregate size separation. An additional subset was 
weighed wet, oven-dried at 105 ◦C for 48 h and then reweighed to 
determine gravimetric soil moisture content. The remaining soil (herein 
referred to as “bulk soil”) was sieved through a 4.75 mm mesh and 
air-dried. 

Initial tests confirmed that there was no inorganic C present, and 
thus air-dried soils were analyzed for %C using dry combustion (LECO 
TruMac N, St. Joseph, MI). Soil bulk density cores were collected along 
the intrusion transect every 10 cm in the top 50 cm and dried at 105 ◦C 
for 7 days. For bulk density values below 50 cm, we used a bulk density 
estimate from the Web Soil Survey based on the soil series type and 
horizon for that sample (USDA NRCS, 2020). We confirmed horizon 
structure in the field to Web Soil Survey and then calculated a weighted 
average of bulk density for each horizon depth of interest. 

2.3. 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− 1), which was calculated by multiplying the C concen
tration of bulk soil (mg C g− 1; Fig. S2) by the bulk density (g cm− 3), 

and the soil depth segment (cm; Table S2; Eq. (1)). These values were 
summed for all segments up to 100 cm. 

BulkCpool=Σ(Cconcentration *bulkdensity *depthsegment *100)
(1)  

2.4. Aggregate size and C metrics 

The 200 g sub-sample of soil was passed through a 4.75 mm sieve 
and a 100 g sub-sample was fractionated into five size classes using the 
slaking method developed by Six et al. (2000). All aggregate sizes were 
force air-dried in an oven at ~65 ◦C for at least 4 days. Rocks larger than 
250 µm were removed from the large and small macroaggregates. Large 
macroaggregates, small macroaggregates, and microaggregates were 
measured for sand content using the pipette method to avoid over
estimating C pools (see Appendix B), as sand is not defined as an 
aggregate (Six et al., 2000). Soils (without rocks) were ground for %C 
using dry combustion. 

To determine the sand-free aggregate mass (g), the sand mass (g) was 
subtracted from the total aggregate mass (g; Table S2; Eq. (2)). 

Sand free aggregate mass = total aggregate mass − sand mass (2) 

In order to determine the proportion of each aggregate size class 
within a soil sample, we calculated the aggregate distribution (g 
aggregate g− 1 soil) by dividing the sand-free aggregate mass (g) by the 
sum of the sand-free aggregate mass of the soil sample (g; Fig. S3; Eq. 
(3)). 

Agg distribution =
sand free aggregate mass

Σ(sand free aggregate mass of soil sample)
(3) 

We calculated total aggregate C of sand-free aggregates (g C) by 

Fig. 1. (A) Map of the Chesapeake Bay region, United States. Study area is outlined by the dotted rectangle; (B) map of the study area and agroecosystem site 
locations (blue dots) in Somerset County and Dorchester County, Maryland; (C) satellite imagery of one of the study sites with labeled transect points along the 
intrusion zone. Panel C imagery taken from Google Earth (Google Earth, 2020). 

Table 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 

(2017) 
Corn-soybean Soybean-winter rye 

cover crop 
Sorghum Fallow Fallow Sorghum 

Texture class Silt loam Silt loam Sandy loam Silt loam Silt loam Silt loam 
Soil type Mesic Typic 

Hapludults 
Mesic Typic Hapludults Mesic Typic 

Endoaquults 
Mesic Typic 
Endoaquults 

Mesic Typic 
Endoaquults 

Mesic Typic 
Endoaquults 

Soil series Queponco Queponco Othello-Fallsington 
complex 

Quindocqua Quindocqua Elkton 

Length of transect (m) 56 78 71 34 26 27 
Elevation (m) 2 1 1 2 2 1  
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multiplying C concentration (mg C g− 1) by sand-free aggregate mass 
(g) and then dividing by 1000 (conversion factor; Eq. (4)). 

Total aggregate C =
C concentration * sand free aggregate mass

1000
(4) 

In order to determine the proportion of aggregate C within soil, we 
calculated the normalized total aggregate C (g C g− 1 C) by dividing the 
total aggregate C of sand-free aggregates (g C) by the sum of the total 
aggregate C of the large macroaggregates, small macroaggregates, 
microaggregates, and silt+clay in a given sample (Eq. (5)). 

Norm agg C =
Total aggregate C

Σ (total aggregate C of LM, sM, m, sc in a given sample)
(5)  

Where, LM stands for large macroaggregate, sM stands for small 
macroaggregate, m stands for microaggregate, and sc stands for 
silt+clay. 

2.5. Indicators of saltwater intrusion 

In order to examine the effects of SWI on soil C, we examined a suite 
of proxy drivers: soil pH (cation bridging), electrical conductivity 
(salinity), and changes in wetness (soil moisture). Soil EC and pH were 
measured using a conductivity probe and pH probe attached to a 
multiparameter benchtop meter (Orion Versa Star Pro, Thermo Fisher 
Scientific, Hampton, NH, USA). As previously mentioned (Section 2.2), 
we measured gravimetric soil moisture content in all bulk soils and used 
this as our proxy for field wetness. We acknowledge that gravimetric soil 
moisture only allows for a “snapshot” of field conditions at the time of 
soil collection. Ideally, we would have installed redox probes or IRIS 
films (Rabenhorst, 2008) to measure fluctuations in redox conditions 
along the SWI transect. However, as all of the sites selected were located 
on working agricultural fields, farmers expressed concerns about per
manent equipment installations. Further, pilot experiments resulted in 
the destruction of instrumentation by farming equipment. Thus, we 
decided to use gravimetric soil moisture, a more crude, but consistent 
measurement for soil wetness in this study. 

2.6. Statistical analysis 

First, we tested the effect of soil depth on soil C concentration 
(mg C g− 1) in bulk soils because bulk soil C pools and aggregate C are 
subsets of (or calculated from) the bulk soil C concentration. Based on 
these preliminary tests, we grouped soil horizons into four categories of 
increasing depth: 0–20 cm, ~20–50 cm, ~50–80 cm, and ~80+ cm. 

Upon initial inspection, we found that soil C concentrations were 
most variable across the transects in the upper 20 cm of soil. Therefore, 
we examined the relationship between soil C concentration and in
dicators of SWI (EC, pH, and soil moisture) in the topsoil (0–20 cm) 
across the whole transect (all points included) and at each point along 
the transect using Pearson correlations. Given the number of compari
sons generated for each soil variable (n = 6), a Bonferroni-corrected α 
(P < 0.008) was used to reduce Type I error. We did not observe strong 
relationships between continuous soil variables and soil C indicating 
that using a point measurement of soil EC, pH, or soil moisture fails to 
accurately represented the long-term effects of SWI. Thus, we used the 
categorical variable of transect point to represent the sustained effects of 
SWI on soil C. 

To examine the effect of SWI on total bulk soil C pools (to 100 cm), 
we ran linear mixed-effects (LME) models (lme4 package for R; Bates 
et al., 2015) 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 S3). 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 S4). We used Tukey post hoc tests using the multcomp package 
in R (Hothorn et al., 2008) to examine the effect of transect location on 
soil C pool size. Significance was determined at P < 0.05. 

As with bulk soil C concentrations, we examined the relationships 
between total aggregate C at each size class and indicators of SWI (EC, 
pH, and soil moisture; 0–20 cm) at each point along the transect using 
Pearson correlations. Given a large number of comparisons generated 
(n = 20), a Bonferroni-corrected α (P < 0.0025) was used to reduce 
Type I error. Similar to bulk soil C concentrations, a lack of strong re
lationships between continuous soil variables and total aggregate C led 
us to use categorical variable of transect point to represent the sustained 
effects of SWI. 

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 
(Tables S5–S12). In each case, we used Tukey post hoc tests to examine 
differences in aggregate size class or location on the SWI transect using 
the multcomp package in R. Significance was determined at P < 0.05. 

When necessary, we used Box-Cox transformations (Box and Cox, 
1964) prior to analysis to satisfy the assumptions of the statistical 
models. Statistical analyses were conducted in the R environment for 
Macintosh (v1.2.1335; R Core Team, 2019). 

3. Results 

3.1. Ditch bank soils have the largest bulk soil C pool 

As soil C pool size would differ by the size of the depth segment (e.g. 
10 cm segment is smaller than a 30 cm segment), we analyzed 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). Soil C 
pools in field edge soils (19.7 Mg C ha− 1) were 1.2 times larger than 
the crop, crop edge, and bare soils at 0–20 cm (16.1 Mg C ha− 1 on 
average) and 2 times larger at ~20–50 cm depth categories 
(22 Mg C ha− 1 compared to 11.5 Mg C ha− 1 on average), 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), 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 bank soils (85.9 Mg C ha− 1) and lowest in 
crop soils (36.5 Mg C ha− 1). Total bulk C pools in field edge soils 
(48.1 Mg C ha− 1) were 1.5 times larger in the crop, crop edge, and bare 
soils (36.2 Mg C ha− 1 on average), but still ~2 times smaller than the 
ditch bank soil C pools (Fig. 2). 

3.2. 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, the large 
macroaggregates contained the lowest total aggregate C (g C) at the 
crop, crop edge, and bare locations, but the highest aggregate C at the 
field edge and ditch bank locations (compared to microaggregates and 
silt+clays; Fig. 3A). At 0–20 cm, aggregate C in the large and small 
macroaggregate size classes comprised 65% of the total aggregate C in 
the field edge soils and 70% of the total aggregate C in ditch bank soils 
(Fig. S4A). 

In the ~20–50 cm depth category, there was a significant interaction 
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between location on the transect and aggregate size class on total 
aggregate C at the ~20–50 cm soil depth (P = 0.04). 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 in the field edge and ditch bank soils, 
macroaggregates held an equal amount of total aggregate C to all other 
size classes in the field edge and ditch bank soils (Fig. 3B). Aggregate C 
of large and small macroaggregates comprised ~55% of the total 
aggregate C found in the field edge soils and ~45% in the ditch bank 
soils at ~20–50 cm (Fig. S4B). 

In soils from ~50–80 cm and ~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 total aggregate C. There was a 
significant effect of size class on total aggregate C (P < 0.0001) at both 
~50–80 and ~80+ cm, whereby the total aggregate C of silt+clays was 
significantly greater compared to small macroaggregates at all five 
transect locations (P = 0.001; Fig. 3C, D). Total aggregate C in silt+clay 
size class comprised 45% of the total aggregate C found in crop, crop 
edge, bare, field edge, and ditch bank soils at ~50–80 cm and at the 
deepest soils (Fig. S4C, D). 

3.3. Soil C levels increase with soil moisture in wet parts of the field 

Across the fields, in the top 20 cm of soil, we found positive corre
lations between soil C concentration and EC (r = 0.60, P < 0.0001; 
Fig. S5). However, we did not observe significant correlations (at 
α < 0.008) between EC and soil C concentrations (0–20 cm) at any of the 
zones along the SWI transect. We found an overall increase in soil C 
concentrations with soil moisture (r = 0.88, P < 0.0001; Fig. S6), driven 
by multiple zones on the SWI transect. Soil C concentrations at the field 
edge (r = 0.85, P = 0.0009) and ditch bank (r = 0.97, P = 0.002) zones 
showed a strong positive correlation with soil moisture (Fig. 4D, E). 
There was no correlation between soil C concentration and pH (a proxy 
for cation bridging) at any location on the SWI transect. 

When examining relationships between total aggregate C for each 
size class and indicators of SWI, we observed a strong positive correla
tion between soil moisture and the total aggregate C of large macroag
gregates, small macroaggregates, and microaggregates at the ditch bank 

zone (r = 0.99 in all cases, P < 0.002 in all cases; Fig. 5E, J, and O). 
There was also a strong positive correlation between soil moisture and 
the small macroaggregates at the field edge (r = 0.84, P = 0.002; 
Fig. 5I). We found no significant relationships between the total aggre
gate C of silt+clay and soil moisture along the intrusion transect. There 
were no significant relationships between soil EC or pH at any point 
along the transect and total aggregate C in any of the size classes. 

4. Discussion 

This study is the first to explore the effects of SWI on soil C in agri
cultural soils by (1) quantifying the size of C pools along a SWI transect; 
(2) understanding how soil C is protected within aggregate size classes; 
(3) examining relationships between indicators of SWI and measures of 
soil C. Overall, we found larger soil C pools (and higher bulk C con
centrations) in the ditch banks than in the center of salt-intruded fields. 
We also observed large amounts of total aggregate C in large and small 
macroaggregates in the ditch bank soils in the top 50 cm of the soil 
profile, suggesting that C in these soils is likely physically protected from 
microbial degradation. Finally, we found that one-time measurements of 
soil EC, moisture, and pH were not strongly correlated to soil C mea
sures. However, among these variables, measures of soil C increased 
most strongly with soil moisture. 

4.1. Moisture and salinity effects on soil C 

We observed the largest soil C pools in soils on the edges and ditch 
banks of salt-intruded farm fields (Fig. 2), likely due to the combined 
effect of SWI on abiotic and biotic factors (e.g. moisture levels and 
vegetation). For example, frequent soil wetting creates anaerobic con
ditions, which may slow decomposition rates of soil organic C compared 
to aerobic soils, resulting in increased C storage (Bridgham et al., 2006; 
Mitsch and Gosselink, 2015). Offering further support, we observed an 
overall strong positive relationship between soil moisture and topsoil C 
concentrations (Fig. S6). Wetting events can also dissolve 
strongly-crystalline iron oxides into poorly crystalline structures under 
anoxic conditions (Wahid and Kamalam, 1993; Hall et al., 2018); Tully 
et al. (2019b) showed the structure of Fe changed from strongly crys
talline to poorly crystalline along a SWI transect on coastal agricultural 
fields (Farms 1, 2, and 3 in this study). We were unable to either directly 
(Eh probes) or indirectly measure soil redox (IRIS films; Rabenhorst, 
2008) as the fields were still under active management. However, future 
studies should attempt to locate recently abandoned agricultural fields 
to determine the effect of SWI on redox condition and its consequences 
for soil C storage. 

We observed the highest amounts of total aggregate C in the ditch 
banks zones (primarily stored in macroaggregates), likely due to the 
influence of fluctuating moisture conditions. Wetting events can lead to 
increased soil aggregation depending upon clay mineralogy (Singer 
et al., 1992; Attou et al.,1998; Bronick and Lal, 2005). 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 as they dry (Weil and Brady, 
2016). Thus, aggregation in the ditch bank soils was partially explained 
by clay dispersion and flocculation following repeated wetting events. 

The edges of farm fields and ditch banks had a higher salinity (~7 
ppt) than the center of the fields (3 ppt; Tully et al., 2019b), and we 
observed an overall increase in topsoil C concentrations with EC 
(Fig. S5), however this trend was not significant when we looked at 
individual transect points. This is likely because a point measurement of 
soil salinity is a poor predictor of soil C levels. Soil C can decline or 
accumulate on the order of years or decades (Grandy and Robertson, 
2007; Stockmann et al., 2013) and soil salinity can fluctuate on much 
shorter timescales in response to freshwater availability (Tully, 

Fig. 2. Bulk soil C pool (Mg C ha− 1) 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 pool for each transect location. Different 
letters are statistically significant at P < 0.05 in Tukey post hoc pairwise 
comparison. Background image is an aerial photograph of a transect. 
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unpublished data). Thus, future work should track soil C and salinity 
over multiple years to capture the long-term effect of fluctuations in soil 
salinity on C pools. Finally, although we expected soil C concentrations 
might increase with pH due to its influence on cation bridging, we saw 
no significant trends despite a rather large range of soil pH (4.3–6.3, 
Table S1), but as the soils are fairly acidic, it is likely that cation bridging 
may not exert a strong control on soil C in the focal farms. 

4.2. Vegetation effects of SWI on soil C 

In addition to abiotic drivers, the pattern in C pools and aggregate- 
associated C can also be explained by biotic factors such as changes in 
vegetation type, structure, and management. The center of the farm field 

is dominated by a monoculture agricultural crop (e.g. corn, soybean, 
sorghum), the crop edge is characterized by patchy, poorly performing 
crop, and the bare area has no vegetation. Although the field edge is still 
actively managed (e.g. planted, sprayed with herbicides, mowed), crops 
are unable to grow. As farm fields transition into wetlands, annual weed 
abundance (e.g. Erigeron canadensis, Sorghum halpense, and Setaria faberi) 
tends to decline, and they become increasingly dominated by native, 
perennial, and wetland species (Gedan and Fernández-Pascual, 2019). 
The edges of salt-damaged fields in the region are populated by 
salt-tolerant annual native forbs like Aster subulatus and Solidago sem
pervirens as well as perennial wetland grasses like Spartina patens and 
Distichlis spicata (Gedan and Fernández-Pascual, 2019). Wetland grasses 
species, which have deeper rooting systems (15–51 cm; USDA NRCS, 

Fig. 3. 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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Fig. 4. Correlation between soil C concentration (mg C g− 1) and soil moisture (%) from 0 to 20 cm across all sites (Farms 1–6) at transect points (A) crop, (B) crop 
edge, (C) bare, (D) field edge, and (E) ditch bank. Asterisk (*) indicates fewer samples at the ditch bank zone compared to other zones on the intrusion transect 
because only Farms 3, 4, and 5 were sampled in the ditch bank. 

Fig. 5. Correlation between total aggregate C (g C) of large macroaggregates and soil moisture (%) from 0 to 20 cm across all sites (Farms 1–6) at transect points (A) 
crop, (B) crop edge, (C) bare, (D) field edge, and (E) ditch bank; total aggregate C (g C) of small macroaggregates and soil moisture at (F) crop, (G) crop edge, (H) 
bare, (I) field edge, and (J) ditch bank; total aggregate C (g C) of microaggregates and soil moisture at (K) crop, (L) crop edge, (M) bare, (N) field edge, and (O) ditch 
bank. Asterisk (*) indicates fewer samples at the ditch bank zone compared to other zones on the intrusion transect because only Farms 3, 4, and 5 were sampled in 
the ditch bank. 
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2017) than standard annual crops (10–20 cm; Fan et al., 2016), may trap 
sediments and their associated organic C, thereby increasing soil C pools 
(Mcleod et al., 2011; Kell, 2012). Root depth distribution is one of the 
most important plant traits controlling root soil C storage (Poirier et al., 
2018; Sanaullah et al., 2010; Lorenz and Lal, 2005) and stabilization due 
to its influence on rhizodeposition (von Lützow et al., 2006; Jones et al., 
2009), root chemistry (Cotrufo et al., 2013, 2015), and sphere of in
fluence on soil minerals and metals (Feng and Simpson, 2007; Poirier 
et al., 2018; von Lützow et al., 2006; Watteau et al., 2006). For example, 
roots release exudates that are primary precursors of SOM formation as 
microbes utilize exudates efficiently, they are rapidly converted to sec
ondary products and biomass, which can be stabilized by soil minerals 
(Bradford et al., 2013; Cotrufo et al., 2013; Lehmann and Kleber, 2015). 
In addition, root-associated symbionts play a key role in SOC accumu
lation as they enmesh soil particles and release organic compounds that 
hold microaggregates together, thus forming highly stable macroag
gregates that store more C than smaller size classes (Bronick and Lal, 
2005; Drury et al., 1991; Grandy and Robertson, 2007; Perfect et al., 
1990; Six et al., 2000; Tisdall and Oades, 1982). Therefore, the type, 
structure, and management of vegetation (e.g. mowing, spraying her
bicide) at the field edge and ditch banks may alter the accumulation of 
soil C and thus, the amount of C associated with large macroaggregates. 
Future research should investigate how shifts in vegetation (and spe
cifically roots) may alter C dynamics as farmlands transition to 
wetlands. 

4.3. From farmland to wetland 

Sea levels continue to rise across the globe, pushing SWI further 
inland. Our agricultural systems are on the front-lines of climate change, 
and studies like this are critical for understanding (1) how they are going 
to respond and (2) if we can better manage them as they transition. That 
is, as SWI continues to move inland and onto agricultural fields, we may 
be able to manage these fields in such a way that they can store more C 
(through physical protection in soil aggregates). 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 communi
cation; Gedan et al., 2020). Understanding and quantifying the change in 
soil C pools and how C is protected in soils in fields experiencing SWI is 
crucial as they have the potential to become C sinks and, ultimately, 
“blue carbon” ecosystems. 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). Here, we show that soils on the edges of transitioning 
agricultural fields have the potential to sequester and store C at the same 
scale as blue C ecosystems. It is estimated that between 10% and 23% of 
agriculture in coastal countries such as Vietnam, Egypt, and Bangladesh 
are vulnerable to sea level rise (and likely SWI; Chen et al., 2012), 
perhaps we should consider practices that allow us to “farm” C in some 
coastal agricultural areas. 

In the US, there exist state- and federally-funded conservation pro
grams that pay farmers to take marginal land out production and 
establish buffers or wetlands, thus altering the vegetation type and 
structure with the potential to store more C (e.g. Conservation Reserve 
Program, Environmental Quality Incentives Program). In addition, 
wetland restoration projects may receive C credits on the voluntary C 
market if the project increases C sequestration and/or reduces C emis
sions. Understanding the abiotic and biotic factors that drive C seques
tration in coastal agricultural fields will help inform best management 
practices for coastal resiliency (MDP, 2019). 

5. Conclusion 

This is the first study to our knowledge that has quantified soil C 
pools and the degree to which soil C is physically protected in aggregates 

along a SWI transect 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. Finally, 
measures of soil C increased most strongly with soil moisture compared 
to soil EC and pH. Farmlands experiencing SWI 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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