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A B S T R A C T   

Peatlands store a significant portion of the global carbon (C) budget. Peatland drainage triggers soil subsidence 
and is a threat to soil conservation. Differences in C composition as soils get shallower in drained peatlands are 
not clearly understood. Soil C quality has been considered as one of the possible causes for changes in soil 
subsidence rates in drained peatlands. The purpose of this research was to characterize soil C in drained peats 
experiencing soils subsidence by using a fractionation procedure and 13C Nuclear Magnetic Resonance (13C NMR) 
spectroscopy. The study was done in the Everglades Agricultural Area (EAA), located south of Lake Okeechobee 
in south Florida, US. The EAA is a subtropical peatland that has been drained for more than 100 years. Subsi-
dence rates at the EAA have shown a reduction in recent decades possibly due to higher water tables and in-
creases in inorganic and recalcitrant C (Shih et al., 1998). Analyses were performed for the top and bottom of 
sampled peat soils collected from shallow and deep soil areas within the EAA. Hot water (80 ◦C) and acid ex-
tractions were used to determine operational C fractions with residues characterized by magic angle spinning 
(MAS) 13C NMR spectroscopy before and after extraction to quantify C compound classes. Recalcitrant C is the 
dominant C pool in EAA soils with 85% of total carbon (TC) on average, while acid extracted C, hot water 
extracted C, and inorganic C comprise 19%, 1%, and 0.7% of TC, respectively. Shallow soils had significantly less 
organic matter (OM), hot water extracted C, and recalcitrant C, and showed a reduction of OM and C fractions 
deeper in the soil profile. The 13C NMR spectra analyses indicate that average C compounds in EAA peats are O- 
alkyl C (36.9%), followed by alkyl C (28.2%), aromatic C (24%), and carboxyl C (10.8%), with shallow and deep 
soils having a similar distribution of these C compounds. Extracted recalcitrant C fractions of both shallow and 
deep soils showed an increase in aromatic C (34.3%) and a reduction in O-alkyl C (26.6%). Subsidence reduced 
OM in shallow soils and can reduce soil C, including the recalcitrant C pool, which might affect N cycling and 
nutrient availability. Addition of fresh biomass into the soil (e.g. sugarcane crop residue) might increase labile C 
reducing subsidence and improving soil conservation in the EAA and other drained peatlands.   

1. Introduction 

Soils store between 1500 and 2400 Pg C, which is a significant 
portion of the global carbon budget (Ciais et al., 2014). Estimates 
indicate that 529 Pg C are stored in wetlands worldwide, this significant 
amount of C can potentially be released to the atmosphere due to human 
activities such as land use change (Bridgham et al., 2006). Many of these 
organic soil wetlands developed during the deglaciation period 

(8000–12,000 years ago), although most peatlands are in boreal high 
latitudes, coastal areas that experienced sea level rise, and flooding, such 
as Florida, also contain histosols (organic rich soils) (Armentano and 
Menges, 1986). The slow rates of decomposition in wetlands are 
conducive to the formation of peat soils. Peat soils have high organic 
matter content; due to slow decomposition, dark color, low bulk density, 
large porosity that decreases with increasing degree of decomposition, 
high nutrient storage capacity seen by high cation exchange capacity, 
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and generally low pH (Lucas, 1982; Stephens et al., 1984; Kasimir- 
Klemedtsson et al., 1997). Peat accumulation in peatlands occurs 
when organic soils increase in mass by lateral spread or vertical accre-
tion (Armentano, 1980). Peat accumulation rates of peatlands vary 
depending on climate conditions, being generally higher in tropical re-
gions; for example, rates between 0.54 and 1.89 mm yr− 1 have been 
reported for Southeast Asia (Dommain et al., 2011), compared to esti-
mates of 0.2 to 1 mm yr− 1 for temperate peatlands and 0.2 to 0.8 mm 
yr− 1 for boreal peatlands (Page et al., 2006). Under flooded conditions, 
slower oxygen diffusion rates into the soil limit the availability of 
electron acceptors and aerobic bacterial activity, which slows down 
organic matter decomposition and is conducive to peat accumulation 
(Tate, 1980; Reddy and DeLaune, 2008). Therefore, peatland drainage 
reverses these conditions and triggers soil subsidence, which is the 
reduction in elevation in the soil resulting from a combination of 
leaching (due to water erosion), burning, compaction (due to the use of 
machinery and tillage), shrinkage (occurring to peats above the water 
table), consolidation (which occurs below the water table due to the loss 
of buoyancy), and oxidation (decomposition under aerobic conditions) 
processes in the soil (Stephens et al., 1984; Pronger et al., 2014). 

Soil subsidence might change soil C composition in drained peat-
lands by degrading labile C compounds and enriching soils with recal-
citrant C, more resistant to oxidation, therefore lowering subsidence 
rates (Shih et al., 1998). The Everglades Agricultural Area (EAA) located 
in south Florida, U.S. is a subtropical drained peatland that has experi-
enced a reduction in subsidence rates from 2.5 cm yr− 1 in the 1950s to 
1.45 cm yr− 1 (Shih et al., 1998; Snyder, 2005). The EAA comprises 
approximately 36% of the original Everglades ecosystem (Daroub et al., 
2011). Peat accumulation in the EAA began 5000 years ago (Gleason 
and Stone, 1994), and occurred at an average rate of 0.08 cm yr− 1 before 
human intervention (McDowell et al., 1969). Peat deposits in the EAA 
are deeper in the north and shallower at its southern edge (Aich et al., 
2013). Drainage of the EAA began in 1917 with the construction of four 
major canals (Light and Dineen, 1994). Because of drainage, EAA peats 
have experienced soil subsidence for more than 100 years. The initial 
drainage of the EAA produced accelerated subsidence controlled by 
shrinkage and compaction of the drained peats (Stephens et al., 1984). A 
more constant subsidence rate of 2.5 cm yr− 1 controlled by oxidation 
took place afterwards (Stephens, 1956; Stephens and Speir, 1970). From 
1978 subsidence rates have been reduced possibly due to an increase in 
inorganic and recalcitrant C content, and higher water tables (water 
tables kept closer to the soil surface) due to the implementation of best 
management practices for phosphorus reduction, such as flooding fallow 
fields, and a longer retention of rainwater in the fields before being 
drained (Shih et al., 1998; Snyder, 2005; Daroub et al., 2011). 

The diverse compounds that comprise soil organic matter can be 
separated using different fractionation techniques (Swift, 1996). Some 
of these techniques include density fractionation (Golchin et al., 1994; 
Helfrich et al., 2006), aggregate size fractionation (Wright and Inglett, 
2009), and acid hydrolysis. By separating organic matter into labile 
compounds, that experience fast biodegradability (e.g., carbohydrates, 
and proteins), and recalcitrant compounds, that experience slower 
biodegradability (e.g., lignin, and humic substances), it is possible to 
determine how easily organic matter can be degraded (Rovira and 
Vallejo, 2000). The acid hydrolysis method has been widely used to 
determine labile and recalcitrant organic C pools (Oades et al., 1970; 
Silveira et al., 2008; Belay-Tedla et al., 2009; Knox et al., 2015), most 
commonly 6 M Hydrochloric acid (HCl) is used to separate labile (hy-
drolyzed compounds) from recalcitrant (unhydrolyzed compounds). The 
hot water extraction obtains labile C, which includes soluble carbohy-
drates and amines (Ghani et al., 2003), and has been found to be highly 
correlated with microbial biomass carbon and total carbon (Sparling et 
al, 1998; Gregorich et al., 2003). 

The chemical composition of C compounds in organic soils has been 
studied with techniques such as Fourier Transformed Infrared spec-
troscopy (Normand et al., 2017), Pyrolysis-gas chromatography-mass 

spectroscopy (Zhang et al., 2019), and with 13C NMR spectroscopy 
(Golchin et al., 1994; Kögel-Knabner, 1997; Knicker and Skjemstad, 
2000). Solid-state 13C NMR spectroscopy allows determination of the 
chemical moieties present in soils and organic matter based on the in-
tensities observed over the measured 13C chemical shift range. In soil 
studies, five chemical regions have been defined: alkyl region (0–45 
ppm), which represents aliphatic C in fatty acids, amino acids or 
paraffinic structures; methoxyl region (45–60 ppm); carbohydrate re-
gion (60–110 ppm); aryl (aromatic) region (110–160 ppm), which in-
cludes aromatic and phenolic compounds, and carboxyl region 
(160–220 ppm), which represents aliphatic esters and carbonyl-C of 
lignin, hemicelluloses, lipids, and proteins (Kögel-Knabner, 1997). The 
use of 13C NMR spectroscopy allows determination of the degree of 
decomposition in soils by comparing changes in spectral regions (Gol-
chin et al., 1994; Helfrich et al., 2006; Normand et al., 2017). The 
relative abundance of the 13C NMR spectral regions has also been used to 
establish the origin of the C inputs going into the soil (Helfrich et al., 
2006), and to identify the effect of fires in soil organic matter (Knicker 
and Skjemstad, 2000; Rovira et al., 2012). The application of 13C NMR 
spectroscopy along with C fractionation procedures allows the charac-
terization of C pools. Studies that have combined these two techniques 
have shown changes in spectral regions such as increases in the alkyl-C 
region (Rovira and Vallejo, 2002; Silveira et al., 2008), and the aromatic 
C region (Silveira et al., 2008; Dodla et al., 2012) after acid extraction. 
On the other hand, the carbohydrate (O-alkyl C) region has been found 
to decrease after acid extraction (Silveira et al., 2008). 

Differences in C composition as soils get shallower in drained peat-
lands are not clearly understood. The determination of the labile and 
recalcitrant C pools in drained peats can be useful to assess the soils’ 
vulnerability, and to better understand the role of C composition in 
oxidation changes that can contribute to subsidence. The detailed 
identification of C compounds in drained peats using 13C NMR spec-
troscopy can provide information on the impact of drainage to these 
soils, and changes in soil depth to C composition. The understanding of C 
fractions and C composition in subsiding EAA peats is important to assist 
in the development of soil conservation strategies to minimize oxidation 
and nutrient transport out of the EAA. Additionally, the composition of 
the labile and recalcitrant soil C pools and how they change with soil 
depth in the EAA is unknown. The objectives of this study were to: (1) 
compare C pools on shallow and deep drained peats using a C frac-
tionation procedure, and (2) characterize organic C pools by using 13C 
NMR spectroscopy in drained EAA peats. We hypothesize that shallow 
soils will have higher recalcitrant and inorganic C compared to deep 
soils due to the complete drainage under cultivation and proximity to 
the bedrock of shallow soils compared to deep soils. After more than 
100 years of drainage, C composition in EAA peats is expected to be 
enriched in alkyl C while the more labile C components such as the 
carbohydrates are expected to be less represented in the 13C NMR 
spectra. 

2. Materials and methods 

2.1. Study area 

The EAA encompasses an area of 280,000 ha located in south Florida 
between Lake Okeechobee in the north, and the water conservation 
areas in the south and the east. The EAA coordinates are: 26◦ 25′

16′′–26◦ 57′ 01′′ N, 80◦ 22′ 46′′–80◦ 56′ 57′′ W (Fig. 1). The EAA peats 
originated from sawgrass (Cladium mariscus (L.) Pohl ssp. jamaicense 
(Crantz) Kük) deposits and are known as Everglades peats (Gleason and 
Stone, 1994; Aich et al., 2013). The majority of the EAA (56% of its area) 
is cultivated with sugarcane (Glaz and Lingle, 2012) with the remaining 
being used for vegetables, pasture, and rice production (Bottcher and 
Izuno, 1994; Daroub et al., 2011; Bhadha et al., 2016). Peat soils in the 
EAA are classified according to the Soil taxonomy key by the Soil Survey 
Staff of the United States Department of Agriculture as euic hypothermic 
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haplosaprists, with a high degree of decomposition, a lack of horizon 
development, relatively high pH (5.5 to 8) (Snyder, 1994) compared to 
other peat soils (3.7 to 7.8) (Lucas, 1982), and mean annual soil tem-
peratures higher than 22 ◦C with a fluctuation of more than 6 ◦C be-
tween summer and winter (Rice et al., 2005). This study was done in 
soils from the Dania, Lauderhill, and Pahokee series, which are all un-
derlain by limestone rock, have a mineral content less than 35%, and 
differ based on O horizon depth: Pahokee (91–130 cm), Lauderhill 

(51–91 cm), and Dania (<51 cm) (Rice et al., 2005). 

2.2. Sample collection 

Soils from six farms were sampled within the EAA. Farms were 
selected based on average soil depth data collected between 2013 and 
2016 to represent the dominant depths, and soil series found in EAA 
peats. Shallow soils (Dania soil series, average soil depth: 25 cm) were 

Fig. 1. Map of Florida (top right) and the Everglades Agricultural Area showing soil sampling locations. Colors indicate different farms. Each location is a 40- 
acre field. 

Fig. 2. Diagram of (a) experimental design of a deep soils farm. Red rectangles are selected 40-acre fields, yellow X mark 20 soil cores collected at each 40-acre field, 
and (b) Carbon fractionation. Hot water extraction based on Ahn et al. (2009), HCl extraction based on Silveira et al. (2008). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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collected from three farms located south of the EAA, while deep soils 
(Lauderhill and Pahokee soil series, average soil depth: 85 cm) were 
collected from three farms located north of the EAA (Fig. 1). At the 
moment of sampling, all soils were drained and under sugarcane culti-
vation. In each farm, five 40-acre fields were sampled in a zigzag pattern 
across the entire field, obtaining 20 soil cores, these 20 cores were 
separated in increments and combined into composite samples (one per 
increment for each 40-acre field) (Fig. 2a). Cores were collected keeping 
a buffer zone of 30 m from canals, roads, and ditches. Soil cores were 
separated in two increments (0–10 cm, and 10–30 cm) for shallow soils, 
and three increments (0–10 cm, 10–30 cm, and 30–60 cm) for deep soils, 
if soils were less than 30 cm (for shallow soils) or 60 cm (for deep soils), 
coring stopped upon hitting the bedrock. A total of 75 samples were 

collected, 30 samples from shallow soils: (3 farms X 5 40-acre fields X 2 
increments), and 45 samples from deep soils: (3 farms X 5 40-acre fields 
X 3 increments). Soil samples were immediately stored on ice upon 
collection. At the laboratory, soil samples were air dried (72 hrs. at 
21 ◦C), homogenized, sieved (2 mm), and visible plant materials were 
removed following the procedure described by Silveira et al. (2008). Soil 
samples were then refrigerated in airtight polyethylene containers at 
4 ◦C until extractions were performed. 

2.3. Soil analyses 

Organic matter content (OM) was determined with the loss on igni-
tion method using a muffle furnace at 550 ◦C (Nelson and Sommers, 
1996). Soil pH was determined using a standard electrode (Orion 
8157BNUMD, Thermo Fisher Scientific) in 1:1 soil/deionized water (DI) 
slurries (USEPA, 2004). Total carbon (TC) and total nitrogen (TN) 
contents in soil samples were determined using a CHNS-O elemental 
analyzer Costech ECS 4010 (Costech Analytical Technologies, Valencia, 
CA, USA). Inorganic carbon (IC) was determined using the pressure 
calcimeter method (Loeppert and Suarez, 1996). Solubilized solutions 
from the C fractionation procedure described below were analyzed for 
total organic C (TOC) with a TOC-VCPH/CPN (Shimadzu Corp., Kyoto, 
Japan). 

2.4. Carbon fractionation 

An extraction procedure using hot water and Hydrochloric acid 
(HCl) was used to determine two labile C pools (hot water extracted C 
and HCl extracted C), and a recalcitrant C pool (Fig. 2b). The hot water 
extraction was performed using a modified procedure described by Ahn 
et al. (2009). Three grams of air-dried soil were mixed with 30 ml of DI 
in centrifuge tubes and mixed in a shaker for 30 min. at 30 rpm. Tubes 
were then placed in a hot water bath at 80 ◦C for 16 hrs. Thereafter, the 
tubes were shaken for 10 min. and centrifuged for 10 min. at 8,000 rpm. 
After centrifugation, the solubilized extract was filtered using 0.7 μm 
pore size filters. The residue of the extraction was dried in an oven at 
60 ◦C for 24 hrs and preserved at room temperature, while the solution 
was acidified and stored at 4 ◦C until analyzed for TOC. 

The HCl extraction was performed based on the procedure described 
by Silveira et al. (2008). One gram of air-dried soil was mixed with 25 ml 
of 6 M HCl and set in a block digester for 4 hrs at 105 ◦C. After digestion, 

the content was centrifuged for 10 min. at 6,037 rpm. The centrifugation 
residue was washed four times with DI water and centrifuged. The 
combined solution containing the solubilized solution and the washings 
was then filtered and diluted to 100 ml with DI water. The residue after 
extraction (designated as the Recalcitrant C) was oven dried at 60 ◦C for 
24 hrs and stored at room temperature until analyzed for TC and C 
structure and composition using 13C NMR. The solution was stored at 
4 ◦C and analyzed for TOC (HCl extracted C). 

A recalcitrant C index was calculated to correct for the mass of 
mineral material lost in the HCl extraction based on Paul et al. (2006) 
using the following calculation:   

2.5. Solid state 13C NMR 

Soil samples from two farms (one representing shallow soils and one 
representing deep soils) were selected, based on their consistent soil 
depth (23.3 ± 11.5 cm for shallow soils farm, and 85 ± 20 cm for deep 
soils farm; mean ± SD), for 13C NMR analyses. Composite samples ob-
tained by combining the five 40-acre plots sampled in each farm were 
used for the analyses. For shallow soils two soil depths (0–10, and 10–30 
cm) were analyzed, while for deep soils three soil depths (0–10, 10–30, 
and 30–60 cm) were analyzed. The 13C NMR analyses were performed 
on soils prior to extraction, after hot water extraction, and after HCl 
extraction (Fig. 2). A total of 15 samples were analyzed by magic angle 
spinning (MAS) solid state 13C NMR spectroscopy. Analyses were per-
formed using a 600 MHz Bruker Avance III spectrometer with a 3.2 mm 
E-free MAS H/C/N probe. Between 25 and 30 mg of dried and finely 
ground soil samples were packed into zirconia rotors for the analyses. 
Spectra were collected using Cross Polarization with Total Sideband 
Suppression (CPTOSS) (Dixon et al., 1982) and referenced using an 
external adamantine standard. The MAS rate was regulated to 8 kHz and 
4.8 µs π-pulses were used for sideband suppression with delays set to 
appropriately rotor synchronize the TOSS pulses. Ramped 1H cross po-
larization (Metz et al., 1994) from 43.7 to 62.5 kHz, a static 62.5 kHz 13C 
field, and a 1.5 ms contact time was utilized prior to the TOSS pulses for 
optimal signal enhancement. Proton decoupling (100 kHz) was applied 
during the 20 ms of signal acquisition time. Spectra were collected at 
− 20 ◦C to enhance the Boltzmann distribution, averaging 8,192 scans 
with a 2 s recycle delay. Spectra was normalized dividing it by the mass 
of soil and adding 100 to scale them. To determine the percentage 
contribution of the major C functional groups the spectral regions were 
integrated as follows: alkyl C (0–45 ppm), O-alkyl C (45–110 ppm), 
aromatic C (110–160 ppm), and carboxyl C (160–220 ppm), based on 
Kögel-Knabner (1997) and Knicker (2011). 

2.6. Statistical analyses 

Statistical analyses were performed in the SAS 9.4 software (SAS 
Institute, 2015). A nested design (soil depth nested within location) 
linear mixed model was used to perform comparisons between C frac-
tions and soil physicochemical parameters. The model considered farms 
and the 40-acre plots at each farm as random factors. The Tukey mul-
tiple comparison procedure was used to determine significant 

Rec. C index =

(
Recalcitrant C conc.(g kg− 1) ∗ Mass of soil after HCl extraction(g)

C conc. prior to HCl ext. (g kg− 1) ∗ Mass of soil prior to HCl ext. (g)

)

∗100 (1)   

A.F. Rodriguez et al.                                                                                                                                                                                                                           



Geoderma 382 (2021) 114758

5

differences between means. Data for comparisons of pH and recalcitrant 
C index was squared root transformed and log transformed, respectively, 
to meet model assumptions. Pearson correlation and multiple regression 
analyses were performed among C fractions and soil parameters. The 
multiple regression model used the same random factors (farms and 
plots) as the nested design described above. Differences were considered 
significant if p < 0.05. 

3. Results 

The dominant C fraction in both deep and shallow soils at all soil 
depths was recalcitrant C (Fig. 3), accounting for 85 ± 10% (mean ± SD) 
of the TC for all soils combined. The second most dominant C fraction for 
both soils and all increments was HCl extracted C which represented an 
average of 19 ± 2% of the TC. The hot water extracted C accounted for 
an average of 1 ± 0.2% of the TC, and was the second lowest fraction in 
all soils and increments, except for the shallow soils in the 10–30 cm 
increment, where inorganic C was higher than hot water extracted C. 
Inorganic C was the smallest of all fractions in deep soils at all soil in-
crements, and in shallow soils at the 0–10 cm increment accounting for 
an average of 0.7 ± 0.8% of the TC. 

Deep soils had higher OM content compared to shallow soils 
(Table 1). Similarly, hot water extracted C and recalcitrant C concen-
trations were higher in deep soils compared to shallow soils. TC, HCl 

extracted C and IC concentrations were not statistically different be-
tween deep and shallow soils. The recalcitrant C index was not statis-
tically different between deep and shallow soils despite the observed 
differences in recalcitrant C concentration between the shallow and 
deep soils. There were no statistical differences between shallow and 
deep soils with respect to pH: 7.35 ± 0.15 (shallow soils) compared to 
7.07 ± 0.16 (deep soils), and C:N ratio: 14.3 ± 1 (shallow soils) 
compared to 13.5 ± 1 (deep soils) (Table 1). 

Comparisons between soil increments in shallow soils showed that 
TC, OM, HCl extracted C, and recalcitrant C concentrations are signifi-
cantly higher in the 0–10 cm (386 ± 20 g kg− 1, 75 ± 3%, 78 ± 3 g kg− 1, 
and 330 ± 10 g kg− 1, respectively ; means ± SE) compared to the 10–30 
cm increment (335 ± 20 g kg− 1, 61 ± 3%, 64 ± 3 g kg− 1, and 249 ± 10 g 
kg− 1; means ± SE), while IC concentration was higher in the 10–30 cm 
(4.9 ± 1 g kg− 1) compared to the 0–10 cm increment (1 ± 1 g kg− 1) 
(Fig. 4). The hot water extracted C concentration did not show a sig-
nificant difference between soil increments in shallow soils. For deep 
soils there are differences in soil increments for TC in which the 30–60 
cm increment (398 ± 18 g kg− 1) had a lower concentration compared to 
the 0–10 and 10–30 cm (414 ± 18, and 406 ± 18 g kg− 1, respectively), 
and in IC in which the 30–60 cm increment (3.3 ± 0.9 g kg− 1) had a 
higher concentration compared to the 0–10 and 10–30 cm (1.6 ± 0.9, 
and 1.4 ± 0.9 g kg− 1, respectively). There were no significant differences 
between soil increments for HCl extracted C, recalcitrant C, hot water 
extracted C, and OM concentrations (Fig. 5). 

Results from Pearson correlation analyses show that OM content has 
a strong positive correlation with TC and all C fractions’ concentrations 
and a negative correlation with IC concentration (Table 2). Similarly, 
total C concentration, hot water extracted C, HCl extracted C, and 
recalcitrant C concentrations have positive correlations with each other. 
In contrast, IC concentration was negatively correlated with both HCl 
extracted C and recalcitrant C concentrations. Soil pH exhibited a pos-
itive correlation with IC concentration, and negative correlations with 
OM, TC, and the other C fractions’ concentrations, except for HCl 
extracted C concentration with which there was no statistically signifi-
cant correlation. The C:N ratio has a positive correlation with OM, TC, 
and all C fractions’ concentrations except for HCl extracted C, and a 
negative correlation with pH. The recalcitrant C index has a positive 
correlation with OM, hot water extracted C, HCl extracted C, and the 
recalcitrant C concentrations, and a negative correlation with pH. 

Results from the multiple regression analyses (Eqs. (2) to (6)), which 

Fig. 3. Average percentage of total carbon for carbon fractions for deep and shallow soils at all soil increments.  

Table 1 
Comparison of soil parameters and carbon fractions between deep and shallow 
soils.  

Parameter (units) Deep soils Shallow soils p value 

OM (%) 79 ± 2 68 ± 2 0.01 * 
Total C (g C kg− 1) 404 ± 18 361 ± 20 0.17 
HW ex. C (g C kg− 1) 4.4 ± 0.2 3.3 ± 0.2 0.01 * 
HCl ex. C (g C kg− 1) 74 ± 2 71 ± 2 0.35 
Rec. C (g C kg− 1) 357 ± 6 289 ± 9 < 0.01 * 
Inorganic C (g C kg− 1) 3 ± 0.9 2.1 ± 0.8 0.5 
pH 7.07 ± 0.16 7.35 ± 0.15 0.27 
Rec. C index 88.5 ± 2.7 80.4 ± 3.3 0.09 
C:N ratio 13.5 ± 1 14.3 ± 1 0.57 

All soil depths combined. Values are estimated means ± standard error. Sig-
nificant differences are marked with a star. Abbreviations: Organic matter (OM), 
hot water extracted carbon (HW ex. C), HCl extracted carbon (HCl ex. C), 
recalcitrant carbon (Rec. C). 
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were performed based on correlations, indicate that OM content is the 
most useful predictor of TC and the C fractions. The TC concentration 
has a small negative relation with hot water extracted C concentration 
and pH and a strong positive relation with OM content. For HCl 
extracted C concentration, besides OM content, the recalcitrant C con-
centration is also important to explain about 65% of changes in HCl 
extracted C concentration. Similarly, recalcitrant C concentration is also 
explained by HCl extracted C concentration. The IC concentration has a 
strong negative relation with OM content, a moderate positive relation 
with HCl extracted C concentration, and a positive relation with pH. 

TC = -0.169(HW ex.) + 0.723(OM)- 0.187(sqrt pH ) (2)  

HW ex. = 0.722(OM) (3)  

HCl ex. = 0.653(Rec C) + 0.679(OM) (4)  

Rec C = 0.363(HCl ex.) + 0.488(OM ) (5)  

IC = 0.27(HCl ex.)- 0.977(OM) + 0.402(sqrt pH ) (6) 

The 13C NMR spectra depicted in Fig. 6 shows that soils with lower 
TC content have lower intensities in the spectra. In this study, shallow 
soils, and particularly the 10–30 cm increment, had lower intensities 
compared to deep soils. Shallow and deep soils at all soil increments did 

not differ in the peak distribution seen in the spectra. However, the 
lower peak height in shallow soils compared to deep soils is more 
evident in the aromatic region (110–160 ppm) (Fig. 6a). The 13C NMR 
spectra of the soil prior to extraction and the residue after hot water 
extraction do not differ in their distribution (Fig. 6a and b). These 
spectra have peaks in the total alkyl region (0–45 ppm) with a small 
contribution from the terminal methyl region (0–25 ppm). There are 
also peaks in the methoxyl region (45–60 ppm), two peaks in the car-
bohydrate region (60–90 and 90–110 ppm), two peaks in the aromatic 
region (110–140 and 140–160 ppm), with the 140–160 ppm repre-
senting phenolic compounds, and a peak in the carboxyl region 
(160–220 ppm). The 13C NMR spectra of the recalcitrant C (Fig. 6c) 
showed differences with respect to the spectra of the soils prior to ex-
tractions and the residue after hot water extraction; the two carbohy-
drate peaks were considerably reduced as was the terminal methyl 
region, while there were gains in the aromatic peaks. 

The O-alkyl C region was the dominant spectral region both in the 
soil prior to extractions, at 36.9 ± 0.4% of the total spectrum (mean ±
SD), and in the residue after hot water extraction, 36.4 ± 1.5% of the 
total spectrum (Table 3). The second dominant region in the 13C NMR 
spectra for these two soils was the alkyl-C region, comprising 28.2 ±
1.1%, and 28 ± 1.7% of the total spectrum for the soil prior to extraction 
and the hot water extracted residue, respectively. For recalcitrant C, the 
dominant region was the total aromatics (110–160 ppm) with 34.3 ±

Fig. 4. Total carbon, organic matter and C fractions for shallow soils at different soil depths. Total C (A), organic matter (B), hot water extracted C (C), HCl extracted 
C (D), inorganic C (E), recalcitrant C (F). Letters indicate significant differences between soil depths at p value < 0.05. 
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0.9%, while the O-alkyl C was 26.6 ± 0.4%. The alkyl C showed a slight 
reduction in the recalcitrant C spectra with respect to the soil prior to 
extraction and the hot water extracted residue, while the carboxyl re-
gion in the recalcitrant C spectra showed a slight increase with respect to 
the other two soils (Table 3). 

4. Discussion 

Most of the C in the studied peats at all soil depths was found to be in 

the recalcitrant C pool. The dominance of this pool over labile pools in C 
fractionation procedures using acid hydrolysis has been reported for 
several soils. A comprehensive study by Paul et al., (2006) which 
included data from different types of soils found that recalcitrant C 
ranged between 30 and 80% of the total organic C. In a group of Florida 
soils including histosols, Knox et al. (2015) found recalcitrant C con-
centrations between 50 and 96% of the TC. Additionally, dominance of 
recalcitrant C concentrations over labile C pools have also been found in 
wetland soils (Dodla et al., 2012). Isotopic studies in the EAA found that 

Fig. 5. Total carbon, organic matter and C fractions for deep soils at different soil depths. Total C (A), organic matter (B), hot water extracted C (C), HCl extracted C 
(D), inorganic C (E), recalcitrant C (F). Letters indicate significant differences between soil depths at p value < 0.05. 

Table 2 
Pearson correlation coefficients for soil parameters and carbon fractions.  

Parameter † TC HW HCl Rec C IC C:N OM Sqrt pH 

HW 0.59 ***        
HCl 0.46***  0.37*       
Rec C 0.73***  0.63***  0.69***      
IC − 0.12  − 0.14  − 0.34** − 0.38***     
C:N 0.5***  0.27*  0.07 0.25*  0.43***    
OM 0.86***  0.71***  0.66*** 0.89***  − 0.35**  0.36**   
Sqrt pH − 0.64***  − 0.46***  − 0.1 − 0.48***  0.23*  − 0.28* − 0.52***  
Log rci 0.08  0.33**  0.6*** 0.73***  − 0.43***  − 0.13 0.48*** − 0.03 

†: total carbon (TC), hot water extracted carbon (HW), HCl extracted carbon (HCl), recalcitrant carbon (Rec C), inorganic carbon (IC), organic matter (OM), pH square 
root transformed (Sqrt pH), recalcitrant carbon index log transformed (Log rci). * significant at p = 0.05, ** significant at p = 0.01, *** significant at p < 0.001. 
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current peat originated mostly from Sawgrass (Wright and Inglett, 
2009), dominance of recalcitrant C shows that current peat is mostly the 
humified product of the original peat with little contribution of crop 
residues. The proportion of recalcitrant C has been found to increase at 
the expense of the labile C pools in cultivated soils (Guimarães et al. 
2013), and to vary depending on agricultural practices with tilled soils 
having less recalcitrant C compared to no till soils (Paul et al., 2006). 
The high abundance of recalcitrant C in the EAA soils is possibly a 
consequence of the prolonged drainage and cultivation of these soils. 
Peatland drainage is conducive to the loss of younger topsoil and the 
exposure of older and recalcitrant OM (Leifeld et al., 2012). Manage-
ment practices, such as tillage, that affect recalcitrant C should be 
minimized to preserve this C and soil. 

Reported values for hot water extracted C as percentage of TC vary 
depending on soil type and land use. Estimates of hot water extracted C 
for wetland soils range between 1 and 4% for Georgia, US (Silveira et al. 

2008), 1.2 to 4.3% for Louisiana, US (Dodla et al., 2012), and 0.5 to 
0.9% for the Everglades’ marshland (Sihi et al., 2016). Results from this 
study (1 ± 0.2%) are close to the Everglades’ values reported by Sihi 
et al. (2016). For HCl extracted C, studies in wetlands have found values 
between 16 and 49% of the TC (Dodla et al., 2012), and between 24 and 
32% of the TC (Silveira et al., 2008). Results from this study (19 ± 2%) 
are closer to the lower range of these reported values. The low per-
centage of IC found is due to the high OM content of these peats which 
can be as high as 79% in deep soils. In general, the two labile C pools 
studied in the EAA soils are lower compared to natural wetlands, an 
observation that may be due to the intense cultivation of these soils, 
which can affect soil aggregation exposing previously protected OM to 
microbial oxidation, reducing this way labile C (Guimarães et al., 2013) 
or to the low input of fresh biomass into the soils. For example, Zhang 
et al. (2019) found that the transition from marsh to sugarcane crops in 
the EAA (which decreases biomass input to the soils) reduced water 
extracted organic C (a component of the labile C pools). It is a common 
practice to burn the sugarcane crop prior to harvest in the EAA mini-
mizing residual biomass. Incorporating sugarcane residue may increase 
labile C pools in these soils, although this practice can also make sug-
arcane crops more vulnerable to freezing (Gilbert et al., 2010) and delay 
growth (Sandhu et al., 2017). 

The TC concentrations found in this study (189 to 456 g C kg− 1) are 
similar to concentrations previously reported for EAA soils (316 to 431 g 
C kg− 1) (Hu et al., 2017), for the Everglades (404 to 438 g C kg− 1) (Sihi 
et al., 2016), and for other peatlands: (308 to 517 g C kg− 1) (Kalisz et al. 
2015) and (418 to 476 g C kg− 1) (Sparling et al., 1998). The shallow and 
deep EAA soils did not differ in TC concentrations. Both shallow and 
deep soils showed a reduction of TC concentration with depth, possibly 
due to the incorporation of bedrock fragments closer to the bedrock. The 
reduction of TC with depth has also been reported in EAA peats (Hu 
et al., 2017) and in cultivated soils (Paul et al., 2001). The progressive 
subsidence will make these soils shallower, thereby reducing TC con-
centrations, this will also reduce the labile and recalcitrant C fractions’ 
concentrations which are strongly correlated with TC. Lower availability 
of labile material can have implications in the cycling of other nutrients, 
such as N; drained peatlands that experience subsidence and C oxidation 
have been found to have lower C:N ratios, which can result in higher N 
leaching (Tiemeyer and Kahle, 2014; Brown et al., 2017). This could also 
be the case in the EAA, particularly in shallow soils. 

Hot water extracted C concentrations (1.5 to 5.9 g C kg− 1) are similar 

Fig. 6. Nuclear Magnetic Resonance spectra of a) soils prior to extraction b) 
soils after hot water extraction, and c) soils after HCl extraction (recalcitrant C). 
Different colors indicate different soils (shallow or deep) at different soil depths 
(0–10 cm, 10–30 cm, and 30–60 cm). Overlaid spectra were normalized to the 
total weight of each soil sample. 

Table 3 
Abundance of major carbon functional groups in Nuclear Magnetic Resonance 
spectra.  

Carbon pool Soil Depth 
(cm) 

Carbon functional group    

Alkyl 
C 

O- 
alkyl 
C 

Aromatic 
C 

Carboxyl 
C 

Prior to 
extractions 

Shallow 0–10 28.9 36.5 22.5 12.1 
Shallow 10–30 29.9 37.2 22.3 10.6 
Deep 0–10 26.9 36.3 25.1 11.7 
Deep 10–30 27.9 37.4 25.3 9.4 
Deep 30–60 27.3 37.3 25 10.3 

Residue after 
HW. 
Extraction 

Shallow 0–10 28.7 37.9 22.5 10.9 
Shallow 10–30 31 33.6 22 13.4 
Deep 0–10 27.1 37 24.9 11 
Deep 10–30 26.2 37.1 25.5 11.2 
Deep 30–60 27.1 36.4 25.3 11.2 

Recalcitrant C Shallow 0–10 27.2 26.2 34 12.6 
Shallow 10–30 29.2 26.2 32.6 12 
Deep 0–10 25.5 26.7 35.4 12.4 
Deep 10–30 25.5 26.5 34.8 13.2 
Deep 30–60 26.7 27.4 34.7 11.3 

Values represent abundance as percent of total spectra. Alkyl C: 0–45 ppm, O- 
alkyl C: 45–110 ppm, Aromatic C: 110–160 ppm, and Carboxyl C: 160–220 ppm 
of spectra, respectively. 
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to those reported by Kalisz et al. (2015) for a drained peatland, which 
were between 3.9 and 6.1 g C kg− 1, and lower than values reported for 
natural peatlands by Sparling et al. (1998), which were between 6.2 and 
12.2 g C kg− 1. Lower concentrations of hot water extracted C compared 
to natural peatlands can be explained by the mineralization of readily 
available C under aerobic conditions. The difference between deep soils, 
which have significantly higher hot water extracted C concentration, 
compared to shallow soils, indicates that as soils get shallower the most 
labile C pool is reduced. There is no clear trend in soils at different 
depths in hot water extracted C, however the highest concentrations 
were found in the 10–30 cm depth in the deep soils. This can be due to 
the influence of plant roots (Kalisz et al., 2015), or to the redistribution 
of harvest residue, which can be responsible for higher C concentrations 
in the subsurface of EAA soils (Wright and Inglett, 2009). Differences in 
management in cultivated lands produce differences in hot water 
extracted C (Ghani et al., 2003; Gregorich et al., 2003). An improved 
management of these peats, allowing the incorporation of fresh biomass 
inputs may potentially increase the concentration of this readily avail-
able C. 

Concentrations of acid extracted C found (30 to 87 g C kg− 1) are 
higher than concentrations reported for wetlands (6.4 g C kg− 1) (Ahn 
et al., 2009), and (1.4 to 26.6 g of C kg− 1) (Silveira et al., 2008). The 
higher HCl extracted C concentration found in these soils is due to their 
higher TC content compared to the wetlands studied by Ahn et al. (2009) 
and Silveira et al. (2008), and the strong positive correlations between 
TC, OM, and HCl extracted C concentrations. The presence of labile 
materials such as fatty acids, proteins, and polysaccharides, represented 
in the HCl extracted C pool (Paul et al., 2006), can partly be attributed to 
belowground biomass from crops (especially sugarcane) left after har-
vest and incorporated into the soil. The pattern found in shallow soils 
with lower HCl extracted C concentration in the 10–30 cm depth 
compared to the 0–10 cm depth is explained by a similar trend found in 
TC and OM. 

Concentrations of recalcitrant C found (84 to 270 g C kg− 1) are 
within the range of values reported by Knox et al. (2015) for a variety of 
Florida soils (0.67 to 502 g of C kg− 1). Recalcitrant C concentrations 
have a similar trend to HCl extracted C, with lower concentrations in the 
10–30 cm depth of shallow soils compared to topsoils. Recalcitrant C 
concentration has been found to strongly correlate with TC content 
(Paul et al., 2006; Knox et al., 2015). In this study, correlation analyses 
also show that recalcitrant C concentration is strongly correlated with 
TC and OM content (All of these showing a decline in the 10–30 cm 
increment of shallow soils) (Fig. 4), which explains the pattern found in 
recalcitrant C. Deep soils were found to have higher recalcitrant C 
concentrations than shallow soils. The recalcitrant C pool in these soils, 
which comprises most of the C, diminishes as soils get shallower. This 
can potentially affect C availability and biogeochemical processes. 

The reduction in the recalcitrant C pool in shallow soils results in 
lower recalcitrant C indexes for shallow soils, which was contrary to this 
study’s original hypothesis of higher recalcitrant C concentration in 
shallow soils. The recalcitrant C index has been found to decrease with 
depth in the soil profile (Paul et al., 2006; Rovira and Vallejo, 2007) due 
to higher mobility down the profile of labile C, and higher root input in 
deeper horizons (Rovira and Vallejo, 2007). The reduction of recalci-
trant C concentrations, particularly in the 10–30 cm increment of 
shallow soils, drives the difference in recalcitrant C index between 
shallow and deep soils. The negative correlation between inorganic C 
and recalcitrant C index shows how the reduction of organic C (here an 
increase in IC concentration) produces a decrease in the recalcitrant C 
index. 

The C:N ratio found in this study is within the range of C:N ratios 
reported by Kalisz et al. (2015), and similar to the ratio reported for EAA 
peats under sugarcane cultivation (15 ± 0.3) (Santos et al., 2020). Even 
though there were no significant differences between shallow and deep 
soils for C:N ratio, lower values generally were found in shallow soils 
which might be related to the lower C content in these soils. 

Additionally, lower N crop uptake found in shallow EAA peats (Jenne-
wein et al., 2020), can result in lower C:N ratios (Wright and Inglett, 
2009). The reduction of C concentration in shallow soils could poten-
tially produce differences in C:N ratios as it has been reported in other 
drained peatlands (Tiemeyer and Kahle, 2014; Wang et al., 2016; Brown 
et al., 2017). The results obtained in both the recalcitrant C index and 
the C:N ratio are possibly driven by C dynamics. 

Results from multiple regression analyses show that OM content is 
the most useful predictor of TC and all the studied C fractions. Organic 
matter content has a positive relationship with TC and all C fractions 
except IC concentration. A reduction of OM such as the one seen in 
shallow soils can therefore reduce TC, labile C pools, and recalcitrant C, 
and increase IC concentrations. Recalcitrant C and HCl extracted C 
concentrations have a reciprocal positive relation showing the impor-
tance that recalcitrant C can have on the availability of labile C pools, 
particularly HCl extracted C. As expected, pH had a positive relation 
with inorganic C concentration. Closer to the limestone bedrock there 
are more rock particles interacting with the soil, more IC, and a higher 
pH. The Increase in pH in EAA soils as they get progressively shallower 
(7.35 ± 0.15 for shallow soils, and 7.07 ± 0.16 for deep soils; mean ±
SD) is a concern because higher pH could affect nutrient availability, 
especially phosphorus and micronutrients. 

The pattern found in the 13C NMR spectra of the soils prior to 
extraction dominated by the O-alkyl C region has also been found in peat 
soils in Sweden (Normand et al., 2017). An increase in recalcitrant C has 
been related to increases in alkyl and aromatic C (Bera et al., 2019), 
therefore, the result of aromatic C being dominant in the recalcitrant C 
pool was expected. Alkyl C has been found to increase with depth in 
peatland soils with a simultaneous reduction in O-alkyl C (Leifeld et al., 
2012; Normand et al., 2017). Leifeld et al. (2012) found that a peatland 
drained 140 years ago, did not show a pattern of reduction in abundance 
of O-alkyl C with depth. These findings are similar to the results of no 
change in spectra regions with depth in the EAA and indicate that the 
remaining peat is older OM enriched in recalcitrant C with no stratifi-
cation. An isotopic study of EAA peats with 15N by Wright and Inglett 
(2009) found that surface soils are more decomposed than subsurface 
soils, The 13C NMR results did not show differences in decomposition 
with depth, a solid state 15N NMR analysis would inform on changes in 
nitrogen (N) compounds in EAA peats and their relation with decom-
position as it has been suggested by studies with pyrolysis–gas 
chromatography-mass spectroscopy in EAA peats (Zhang et al., 2019). 

O-alkyl C, which have been associated with labile C increases in soils 
(Bera et al., 2019) is highly susceptible to changes due to land man-
agement. Well preserved peatlands exhibit a decline in O-alkyl C with 
depth (Leifeld et al., 2012), while rewetted drained peatlands show in-
creases in O-alkyl C in surface soils coming from the newly added plant 
material (Negassa et al., 2019). O-alkyl C does not show a pattern of 
decline at depth in EAA peats possibly due to the lack of fresh biomass 
returned to the soil during farming practices. The peak found in the 
carboxyl region of the spectra is similar to results from Wang et al. 
(2011) for Louisiana marshes. Heller et al. (2015) found a higher ratio of 
carboxyl to alkyl C in drained peatlands having a high degree of 
decomposition, which is also the case in the studied soils. The lower 
peak in the aromatic region of shallow soils compared to deep soils 
found in soils prior to extractions in this study, is in accordance with 
results from the C fractionation which show that recalcitrant C is 
significantly lower in shallow soils. Considering that aromatic C is a 
constituent of the recalcitrant C pool (Leifeld et al., 2012; Bera et al., 
2019) this result emphasizes that as soils get progressively shallower, 
the recalcitrant C pool is also diminished. 

The 13C NMR analysis of recalcitrant C (soils after HCl extraction) 
showed an enrichment in aromatic C, and a decline in O-alkyl C. This 
pattern was also found by Silveira et al. (2008) in wetland soils, addi-
tionally, the observed reduction in terminal methyl C found in recalci-
trant C might be due to the degradation of algal origin compounds 
(Silveira et al., 2008) or to the input of crop residues low in these 
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compounds (Courtier-Murias et al., 2013). On the other hand, the se-
lective enrichment of aromatic C can be due to the resistance to 
hydrolyzation of lignin and lignin-derived compounds (Rovira and 
Vallejo, 2002). Sugarcane residue has been found to contribute to sub-
surface soil C in the EAA (Wright and Inglett, 2009). The transition from 
marsh vegetation to sugarcane crops in the EAA has increased the 
contribution of aromatic and alkyl C compounds to the soil organic C, 
while reducing the contribution of carbohydrates (Zhang et al., 2019); 
Therefore, enrichment of aromatic C in the recalcitrant C pool can partly 
be attributed to sugarcane residue inputs into the soil. 

5. Conclusions 

This study’s hypothesis that shallow peats have higher recalcitrant C 
and inorganic C compared to deep peats was rejected because subsi-
dence affects all C pools including the recalcitrant C pool; as a result, 
recalcitrant C was actually lower in shallow peats. Our hypothesis of 
alkyl C being dominant in EAA peats was rejected, the dominant C 
functional group in EAA peats is O-alkyl C. The most dominant C pool in 
these drained peats is recalcitrant C, while the labile C pool is non- 
dominant. Recalcitrant C accounts for 85% of the TC on average, and 
is enriched in aromatic C compounds, and depleted in O-alkyl C. The 
dominance of this C pool is a consequence of the prolonged drainage and 
cultivation experienced by these peats during the last century. The 
recalcitrant C pool is however susceptible to be reduced due to soil 
subsidence as shown by lower recalcitrant C found in shallow soils 
compared to deep soils and in the 10–30 cm compared to the 0–10 cm 
increment in shallow soils. The labile C pools represent on average 1% 
(hot water extracted C), and 19% (HCl extracted C) of TC and were in the 
lower range of the reported values for other soils. Proximity to the 
bedrock increased inorganic C in both shallow and deep soils but no 
significant differences were found between shallow and deep peats. 
Deep peats are more homogeneous with less changes in C pools and OM 
with depth. For shallow peats, significant differences were found in OM, 
TC, recalcitrant C, HCl extracted C, and IC between the top (0–10 cm) 
and the bottom (10–30 cm) increments. Organic matter is the most 
important factor controlling C fractions in these peats. A reduction in 
OM can be considered an indicator of organic C reduction. The reduction 
of OM and C fractions, particularly recalcitrant C, as soils get shallower, 
shows that peatland soil C is vulnerable to subsidence even when the 
remaining peat is in proximity to the bedrock. The decrease in C pools 
can also affect C:N ratios, and pH which can also affect nutrient avail-
ability. Further research on the contribution of crop residues to C pools, 
and on changes in N compounds as soils get shallower, can contribute to 
understand C dynamics and composition on this and other drained 
peatlands. Management strategies e.g. adding crop residues into the soil, 
should be implemented to protect these peats from subsidence. 
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