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Abstract: In peat research, the question often arises as to how similar/different the records
of cores collected in the same mire are. This has been addressed for some metals (e.g., Pb and
Hg), but the question remains open for the molecular composition of organic matter (pOM).
Here, we explore this issue by analysing two cores from a raised bog, combining FTIR-ATR,
mid-infrared (MIR) indices, and principal component analysis (PCA), and support the
interpretation with multilinear regression (MLR) modelling of peat physical (colour) and
elemental (C, N, and C/N) properties. The MIR indices and principal components showed
depth patterns mainly related to long- and short-term peat decomposition, as well as other
secondary changes involving some compounds (e.g., lignin). The depth records of the
two cores are remarkably similar, indicating they were synchronously affected by the same
processes and to almost the same degree. Cellulose crystallinity was the only property
that showed differences in intensity. The good-to-excellent fitting of the MLR models
supports the usefulness of FTIR-ATR in peat research. Further studies in a larger number
of cores, from the same peatland and from different types of peatlands, are needed to better
understand the spatio-temporal responses of the pOM and the factors involved.

Keywords: FTIR-ATR; raised bog; peat organic matter

1. Introduction
Peatlands, which cover only 3% of the Earth’s land surface, are key ecosystems in the

global carbon cycle, representing nearly one-third of global soil carbon stocks [1–3]. They
perform critical ecological functions, helping to mitigate global warming, and act as carbon
sinks due to peat accumulation in waterlogged, anaerobic conditions, which promotes their
function as climate archives [3]. Additionally, peatlands are well-known natural archives
that enclose a detailed record of Earth’s climate history based on proxies for environmental
conditions associated with plant and animal remains, isotopes, and pollen grains [4–6], as
well as record archaeological information, e.g., metal pollution [7–9]. However, human
activities such as drainage and peat extraction can disrupt peatlands’ ecological functions,
affecting their crucial role in biogeochemical cycles, particularly in the carbon cycle [2,10].
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Thus, understanding peatland functioning and the impacts of anthropogenic activities is
vital for developing effective climate mitigation strategies.

Peat is formed through the slow accumulation of partially decomposed plant mate-
rial in waterlogged, anaerobic environments typically found in wetlands (e.g., bogs, fens,
and swamps). Its composition is primarily organic matter resulting from plant material
(e.g., mosses, sedges, and shrubs), which comprises carbohydrates, lignin, and humic sub-
stances [11–13]. In addition, part of the peat composition is associated with a relatively low
mineral content influenced by factors related to underlying geology [11,12,14]. Its chem-
istry is shaped by factors such as vegetation type, hydrological conditions, seasonality, and
climate, which together determine the preservation of organic compounds and the input
of dissolved inorganic solutes [1,2,10,11]. Over the past years, advances in studies of peat’s
chemical composition have been crucial for understanding various characteristics, including
peat type, decomposition processes, forming vegetation, and environmental responses [15–17].

Among the variety of techniques that are employed to investigate peat’s chemical
composition, infrared spectroscopy (IR) is widely applied for its ability to detect both
organic and inorganic components, offering a direct and cost-effective approach [18–20].
More recently, Fourier-transform infrared spectroscopy with attenuated total reflectance
(FTIR-ATR) has gained significant attention due to its high accuracy, minimal sample
preparation, and the capacity to process large sample sets quickly [20–22]. Combined with
multivariate statistical analyses, FTIR-ATR provides valuable insights into peat’s chemical
variability, though challenges remain in interpreting overlapping vibrational bands [17,19].
Present FTIR research conducted on peatlands is predominantly focused on changes in
peat composition and decomposition processes. However, the versatility of FTIR data
makes a suitable tool to also study spatial, ecological, hydrological, and microtopographical
variations in a single peatland.

Most current studies are based on single cores as representative of total peatland
variability in depth, ignoring the fact that responses might vary inside the same peatland.
Factors related to the damage caused to peatlands during sampling, the analytical costs,
research time, and the complexity of results prevent researchers from exploring the spatial
variability in depth inside the same peatland. A few studies have investigated the spatial
variation in metal content by analysing multiple short cores (few tens of centimetres) from
the same bog (e.g., references [23,24]) or assessing carbon stocks (e.g., references [25,26]),
but, to our knowledge, no previous investigations have focused on comparing the molecular
composition of the peat on replicate cores despite the many factors that can affect it (e.g.,
temporal and spatial variations in vegetation communities, peat decomposition, dust
accumulation, etc.). Notwithstanding, how peat’s chemical composition might vary in
depth within a single peatland remains underexplored.

The present study aims to investigate the chemical variability within a single peatland.
To achieve this, FTIR-ATR is applied to two peat cores collected from the dome of Tremoal
do Pedrido, located in O Xistral (Lugo, Galicia, NW Spain). The cores were already available,
and new sampling was not needed for this study, avoiding further damage to the peatland.
By examining variability in the depth records, this research seeks to deepen our knowledge
on whether chemical composition varies between locations in the peatland and in depth
within the peat deposit (i.e., with time), ultimately contributing to a more comprehensive
characterization of peatland ecosystems and their ability to record past changes.

2. Materials and Methods
2.1. Location, Sampling, and Sample Preparation

Tremoal do Pedrido (43.450◦ N, 7.529◦ W) is an ombrotrophic mire located at an
elevation of 695 m a.s.l. in the Serra do Xistral, at approximately 30 km inland from the



Soil Syst. 2025, 9, 14 3 of 19

northern coast of Galicia (NW Iberian Peninsula), in the Spanish province of Lugo (Figure 1).
This mire features the typical morphology of a raised dome surrounded by a lower elevation
minerotrophic peat belt [27]. The area where the mire is located is characterized by a mean
annual temperature of 9.5 ◦C and a mean annual precipitation of 1500 mm, with low
seasonal variability [28]. Geologically, Tremoal do Pedrido lies on metamorphic rocks,
primarily paragneiss and schist. Within a local radius of 1 to 10 km, additional lithological
units are present, including two-mica granites to the north and south, quartzites to the
west, and granodiorites to the east, creating a complex geological setting [29]. The surface
vegetation of the mire is highly diverse, consisting of a wide range of species that vary in
distribution between the central dome and the fen lag. The central dome is predominantly
characterized by a community of sedges, grasses, and mosses, with a limited presence of
heathers. While the fen lag is dominated by grasses, it has a lower abundance of mosses
and displays a notable presence of rushes [24,27,29].
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Figure 1. Location map of the Serra do Xistral Mountains (Lugo, Galicia, NW Spain) and the two peat
cores collected in the dome of the Tremoal do Pedrido mire.

Two peat cores, designated in the present research as TPD-1 and TPD-2, were collected,
at approximately 30 m distance, in 2012 and 2013, respectively. The upper meter of the peat
cores was collected using a Waardenar corer of a 10 × 10 cm square section and 110 cm
in length; in TPD-1, coring below 1 m was conducted using a Russian peat corer (50 cm
long and 10 cm in diameter). TPD-1 was cored to a depth of ca. 4 m for an investigation on
atmospheric dust deposition [29], while TPD-2 was sampled to a depth of ca. 1 m for an
investigation on microbial carbon consumption [27]. The cores were immediately wrapped
in plastic film to preserve their integrity, protected in PVC hemi-tubes, and transported
to the laboratory. The cores were sliced into 1 cm sections using a stainless-steel knife,
dried at 35 ◦C, and subsequently milled to achieve homogenization using a Retsch mixer
mill MM301 (Retsch GmbH, Haan, Germany) before further analysis. For this study, since
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the TPD-2 core is only 1 m deep, we also used the upper meter of the TPD-1 core for
comparison, as they were both sampled with the same technique.

2.2. FTIR-ATR Analysis

Fourier-transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR)
was employed to analyse a total of 205 samples (105 from TPD-1 and 100 from TPD-2) in
the mid-infrared (MIR) region using a Cary 630 spectrometer (Agilent Technologies Inc.,
Santa Clara, CA, USA) hosted at the EcoPast research group laboratory of the Universi-
dade de Santiago de Compostela. Spectra were recorded within the wavenumber range
of 4000–400 cm−1 with a resolution of 4 cm−1 and an average of 100 scans per sample
to enhance the signal-to-noise ratio and ensure data reproducibility. Baseline correction
was performed using Orange Data Mining (version 3.38.0; [30]) to avoid bias in the spec-
troscopic signal due to scattering, reflection, temperature, concentration, or instrument
anomalies [31].

2.3. Data Analysis

The first step in the data analysis was to calculate the average, standard deviation,
and second-derivative spectra (also using Orange Data Mining) for each of the studied
peat cores. This aimed to provide a general description of the spectra, identify the most
important absorption peaks, and determine visual differences between TPD-1 and TPD-2.
Furthermore, twelve MIR indices commonly used in the literature (Table 1) were calculated
and used to determine relative changes in functional groups/peat compounds in relation
to the depth/age of the peat samples. In fact, these MIR ratios aim at assessing changes in
the molecular structure of the studied peat cores. Some of these indices (LG/PS and CCr)
are commonly used to assess changes in the molecular composition of wood and, to our
knowledge, are used here for the first time to research peat organic matter composition.

Table 1. Infrared indices used for data analysis.

ID MIR Ratios (cm−1) Explanation and Indication References

PS/AL 1030/2920 Polysaccharides/Aliphatics: indicator of the
degree of peat decomposition

[32–34]
PS/AR 1030/1600 Polysaccharides/Aromatic:

indicator of the degree of peat decomposition

CB/AR (1705 + 1730)/1600
Carboxyl/Aromatics: indicator of the relative

abundance of carbonyl-rich compounds versus
aromatic groups

[32,35]

CCr-1 1370/2920 Crystallinity indices: indicators of the degree of
crystalline structure in the molecular structure of

cellulose
[36–39]

CCr-2 1425/895

AL/AR (2960 + 2920 + 2870 +
2850)/1600

Aliphatics/Aromatics: indicator of alphaticity
versus aromaticity [35]

G/S-1 1265/1311
Guaiacyl/Syringyl lignin: indicators of the

evolution of lignin (guaiacyl and syringyl moieties) [40–43]G/S-2 1265/1230

G/S-3 1505/1590

LG/PS-1 1505/1730 Lignin/Polysaccharides: indicators of relative
abundance of lignin versus polysaccharides [44,45]

LG/PS-2 1505/1370

LGTh/RMf (2920 + 2850)/(2960 + 2870)
Length/Degree of ramification of aliphatic chains:
indicator of length versus degree of ramification of

aliphatic chains
[35,46]
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Afterward, a principal component analysis (PCA) was applied to FTIR bands selected
from the second-derivative spectra. The PCA was performed on the correlation matrix
using a varimax rotation. This rotation usually leads to clearer patterns and enables the
identification of underlying factors influencing peat composition [17]. We also computed
multilinear regression (MLR) models for physical (colour) and elemental (C, N, and C/N)
peat properties available for core TPD-1. We used stepwise mode to obtain the smallest
set of variables needed to fit the data and to avoid redundancy (i.e., collinearity) in the
predictors set. We used <1% of the explained variance as a stop criterion for predictor
inclusion, i.e., when including a new variable resulted in a <1% increase in the explained
variance, the modelling was stopped, and the previous step was selected as the final model.

2.4. Additional Data

As mentioned above, we also used additional data from the TPD-1 core described and
discussed in a previous investigation [29]. These include the following: CIELab colour
parameters (lightness (L*), the green-red component (a*), the blue-yellow component (b*)),
organic elemental data (C %, N %, and C/N), and the inorganic composition (ash content
%, Titanium mg kg−1, and Rubidium mg kg−1). The depth records of these properties
can be found in the Supplementary Materials (Figure S1). The objective is to support the
usefulness of the MIR data (i.e., molecular composition of the peat) to understand changes
in physical (i.e., colour) and chemical properties of the peat.

3. Results
3.1. Spectral Signal

The FTIR spectra of the measured peat samples, as well as their average, standard
deviation, and average second-derivative spectra are presented in Figure 2. As it is readily
apparent, the spectral signals of the analysed samples from the two peat cores (TPD-1 and
TPD-2) look very much alike and are indicative of typical FTIR absorbance spectra of peat
material. All the spectra have many features in common, such as the broad absorption
occurring between 3400 and 3200 cm−1, two well-defined peaks at bands around 2919 and
2850 cm−1, and numerous individual peaks within the fingerprint region between 1800
and 700 cm−1, representative of peat organic matter (pOM) [19,21,47,48].

Some of the most stand-out peaks are presented in Table 2, with their assignments
corresponding to the type of chemical bond. The listed absorption bands are character-
istics of the molecular structure in polysaccharides (i.e., 3288, 1733, 1031, and 839 cm−1),
aliphatics (2919, 2850, 1377, and 721 cm−1), lignin and other aromatic compounds (i.e.,
1590, 1510, and 1263 cm−1), and nitrogenated (i.e., proteinaceous) compounds (1657 and
1463 cm−1) [14–16,42]. An overall comparison using the average and standard deviation
spectra helps to emphasize the quite similar molecular composition of the two peat cores
and to conveniently identify the possible differences between them in relation to a few
specific bands (i.e., 3288, 2919, 2850, 1590, 1263, and 1031 cm−1). Furthermore, the average
second-derivative spectra enable the resolution of a larger number of individual peaks.
These resolved peaks are further investigated through a chemometric FTIR data analysis to
shed light on the molecular structure of the two peat cores’ organic chemical constituents.
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Table 2. Main FTIR absorption bands of TPD-1 and TPD-2 peat samples.

Bands Assignments References

3298 hydroxyl (O–H) groups in cellulose, alcohols, phenols and water molecules [16,47]

2918 Asymmetric stretching of aliphatic C–H in fats, wax, lipids [14,16,47]

2849 Asymmetric stretching of aliphatic C–H, in fats, wax, lipids [15,16,47]

1733 C=O stretching of carbonyl functions, particularly aldehydes, ketones, and carboxyl
groups; in hemicellulose [47]

1705 C=O stretch of COOH (free organic acids) [16]

1681 C=O stretch aromatic ketones [48]

1653 aromatic C=C vibrations and COO− groups, C=O of amide I in proteinaceous origin [15,16,47]

1629 aromatic C=C vibrations and COO− groups [15,47]

1593 C=C stretching, lignin [48]

1543 Secondary amide N–H bending, C–N stretching [48]

1509 aromatic skeletal vibrations, conjugated C=N systems and amino functionalities,
lignin or phenolic backbone [47]

1461 (amide II) aromatic skeletal vibrations, conjugated C=N systems and amino
functionalities, lignin or phenolic backbone [48]

1420 typically ascribed to O–H deformations of phenolic and aliphatic groups [47]

1373 typically ascribed to O–H deformations of phenolic and aliphatic groups [47]

1265 C–O stretching of ethers and/or carboxyl groups, indicative of lignin backbone [16,47]

1157 C–O stretching of polysaccharide structures, cellulose [19]

1123 C-O stretching vibrations in polysaccharide, and aromatic C-H deformation
vibrations in syringyl units, lignin [14]

1077 C–O stretching of polysaccharide structures, cellulose [47]

1030 C–O stretching of polysaccharide structures, cellulose [47]

987 C–O stretching of polysaccharide structures [47]

896 O–H, carbohydrates [28]

833 Aromatic CH out of plane, lignin [14,16]

719 Aliphatic groups, CH2 wag [14,16]

3.2. MIR Indices

The records of the MIR indices are shown in Figure 3, grouped in seven main depth
patterns based on their similarities. The first pattern is shown by PS/AL, PS/AR, and
CB/AR, indices that are highly correlated (Pearson correlation coefficient r 0.73–0.95,
p < 0.01; Table S1) between them. They show a rapid decrease in the upper 20 cm of the
cores and almost constant or slightly decreasing values with depth. Values do not differ
much between TPD-1 and TPD-2 (Figure 3). Apart from the main trend, the CB/AR ratio
also shows a secondary pattern of shorter cycles of variation.
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from the Tremoal do Pedrido mire.

AL/AR and CCr-1 show a second pattern of depth variation (r 0.72, p < 0.019). The
trend shows four main peaks/troughs and no depth dependency (Figure 3). The values for
TPD-1 and TPD-2 are quite similar or almost identical for AL/AR, but for CCr-1, TPD-1
has consistently higher values than TPD-2.

LGth/RMf, representing a third depth pattern, shows an overall increase with depth
but with some wiggles that are opposite to those of the indices of the second pattern but
like those of the secondary variations of CB/AR (Figure 3).

Two of the lignin indices (G/S-1 and G/S-3) share a fourth pattern of depth variation
(r 0.68, p < 0.01; Table S1), with a sharp sub-superficial peak (5–6 cm), a strong decrease
until 13 cm, and values increasing slowly until 56 cm that decrease again until 105 cm
(Figure 3). Both cores share the same pattern, although in the lower section, the TPD-1
values do not decrease as apparently as in TPD-2, at least until 80 cm.
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The lignin/polysaccharide indices (LG/PS-1 and LG/PS-2) show a fifth pattern of
depth variations (r 0.93, p < 0.01; Table S1) (Figure 3). Three main sections can be distin-
guished: in the upper 22 cm the values are lower, with LG/PS-2 showing a sub-superficial
peak (4 cm); from 22 to 30 cm, the values increase abruptly; and below that, the depth
values show much smaller variations—although LG/PS-1 values seem to increase in two
steps, 30–39 and 54–64 cm. The TPD-1 core values lag behind those of TPD-2 by about 5 cm
in the transition section (22–30 cm).

The sixth pattern of depth variation of the G/S-2 index is characterized by low and
constat values in the upper 6 cm, a rapid increase with depth until 25 cm, and almost
constant values below that depth (Figure 3). Both cores have rather similar values.

The seventh pattern is that of CCr-2, characterized by two step increases, from the
top to a depth of 24 cm and from there to a depth of 57 cm, with smaller variations in the
section below (Figure 3).

These MIR indices also show negative correlations between them, reflecting opposite
trends. The most notable ones are those between the indices of the first depth pattern
(PS/AL, PS/AR, and CB/AR) and the third (LGth/RMf), fifth (LG/PS-1, LG/PS-2), sixth
(CCr-2), and seventh (G/S-2) patterns of depth changes (Table S1).
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3.3. Principal Component Analysis (PCA)

For the PCA, we selected 59 MIR absorbances based on the second-derivative spectra
of the samples of the two peat cores (Figure 2). The PCA extracted eight main components
that explain 97.4% of the MIR variance, with absorbances’ communalities being between
0.92 and 1.00 (i.e., 92 to 100% of the variance of the absorbances are captured by the
eight extracted principal components). The first component, Cp1 (43.7% of total MIR
variance), is dominated by polysaccharide (i.e., cellulose) absorbances, which have large
positive loadings (>0.75), and aromatic (i.e., lignin) and carboxylic absorbances, which have
large negative loadings (Table S2). The component reflects a balance between fresh (i.e.,
polysaccharides) and resistant (i.e., lignin) peat organic matter (pOM). The depth record
of the variation in Cp1 scores is quite similar for both cores, TPD-1 and TPD-2, showing
a rapid decrease in fresh pOM and an increase in resistant pOM in the upper 20 cm and
almost stable scores with depth—with small wiggles (Figure 4).
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The second component, Cp2 (24.6% of total MIR variance), is dominated by large posi-
tive loadings of absorbances of nitrogenated compounds (amide I and amide II vibrations,
Table S2) and large negative loadings of absorbances related to lignin. The component
reflects a gradient of depletion of nitrogenated pOM compounds versus enrichment in
lignin. The record of scores shows a rapid increase with depth until 10 cm, stable values
between 10 and 20(25) cm, a rapid decrease until 30–35 cm, and almost stable values to
105 cm (Figure 4). The overall changes are the same for both cores, but TPD-1 seems to lag
behind TPD-2 by about 5 cm.

The third component, Cp3 (13.3% of total MIR variance), is related to variations in
phenolic and aliphatic (methyl and methylene) absorbances (Table S2). The depth record
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of scores shows two negative excursions (i.e., depletion in phenolics and aliphatics), at
20–32 cm and 45–56 cm, with little variation in the rest of the cores. TPD-1 seems to be
slightly decoupled from TPD-2 in the uppermost excursion (Figure 4).

The fourth component, Cp4 (8.5% of total MIR variance), is almost exclusively related
to variations in the aliphatic absorbances in the 3000–2800 cm−1 region (Table S2). The
depth records of scores of the two cores show no distinctive pattern, with small variations
and a somewhat slight increase in values from the top to 30–35 cm, which is more evident
in TPD-2 (Figure 4). In that section, the TPD-1 and TPD-2 scores are quite similar, but below
that depth, TPD-1 shows consistently lower scores than TPD-2.

The fifth component, Cp5 (2.6% of total MIR variance), accounts for the variance of two
carboxylic absorbances of free organic acids and salts of organic acids (Table S2). Higher
Cp5 score values are shown in the upper 56 cm of the TPD-2 core, and much lower negative
values are shown below that depth (Figure 4). TPD-1 has a similar depth distribution, but
the section of higher scores extends a bit further in depth (63 cm); the decrease in the section
below is not as pronounced as in TPD-2, and the values recover below 95 cm.

The sixth component, Cp6 (2.4% of MIR variance), accounts for most of the variation
in only one absorbance (Table S2) related to guaiacyl (G) lignin units. The depth records of
the scores are quite similar for the two cores, peaking at 10, 44, 59, 80, and 91 cm, with the
first peak being the largest (Figure 4). TPD-1 shows an additional peak at 26 cm.

The other two components, Cp7 (1.4% of MIR variance) and Cp8 (1.0% of MIR vari-
ance), are related to minor amounts of variance of polysaccharides and aliphatics, respec-
tively (Table S2). TPD-1 and TPD-2 show quite similar depth records of scores (Figure 4).
The Cp7 and Cp8 records are largely opposite, with the Cp7 records being similar and the
Cp8 records being opposite to that of Cp6.

Regarding the relationship between the extracted components and the MIR indices
(Table 3), Cp1 is positively correlated with PS/AR (r 0.93, p < 0.01), PS/AL (r 0.83, p < 0.01),
and CB/AR (r 0.65, p < 0.01) and negatively correlated with G/S-2 (r −0.83, p < 0.01), CCr-2
(−0.78, p < 0.01), LG/PS-1 (−0.53), and LG/PS-2 (−0.50). Cp2 is negatively correlated
with LG/PS-1 (r −0.75, p < 0.01), LG/PS-2 (r −0.76, p < 0.01), and G/S-3 (−0.68). Cp4 is
negatively correlated with CCr-1 (r −0.821, p < 0.01), and Cp8 is positively correlated with
AL/AR (r 0.63, p < 0.01) and negatively correlated with LGth/RMf (r −0.67, p < 0.01).

Table 3. Correlation (Pearson coefficient) between the principal components and MIR indices. For the
meaning of the codes of the MIR indices, see Table 1.

PS/AR PS/AL AL/AR LGth/RMf CB/AR G/S-1 G/S-2 G/S-3 LG/PS-1 LG/PS-2 CCr-1 CCr-2

Cp1 0.93 0.83 0.43 −0.48 0.65 −0.11 −0.80 0.28 −0.50 −0.53 0.09 −0.78
Cp2 0.12 0.14 0.17 −0.28 0.36 −0.40 −0.13 −0.68 −0.75 −0.76 0.06 −0.38
Cp3 0.01 0.10 0.14 −0.05 −0.45 −0.09 −0.21 0.09 0.38 0.14 0.26 0.18
Cp4 −0.20 −0.44 −0.42 0.38 −0.34 −0.38 0.03 −0.34 0.16 0.00 −0.87 −0.25
Cp5 0.19 0.25 0.14 −0.12 0.47 0.29 −0.05 0.23 −0.29 −0.08 0.31 0.06
Cp6 −0.09 −0.12 −0.20 0.21 −0.02 0.00 −0.07 −0.15 −0.01 −0.04 −0.14 0.03
Cp7 −0.13 −0.17 −0.12 0.16 −0.21 0.00 −0.28 −0.20 0.11 0.06 −0.26 0.08
Cp8 0.30 0.35 0.63 −0.67 −0.02 0.00 −0.25 0.13 0.01 −0.02 0.25 −0.20

3.4. Multilinear Regression Analysis (MLR): MIR and Peat Properties

We computed MLR models using as response variables (L*, a*, b*) the peat OM (C,
N, and C/N) properties of the TPD-1 core and as predictors the scores of the extracted
principal components (Cps). All models showed high correlation coefficients (0.77 to 0.98,
Table 4), and four to five Cps were needed to model the response variables. Nitrogen
content required the smallest set (four) of predictors. In general, the first three Cps were
included in all the models, with the exception of Cp1 for redness (a*), and have the largest
regression coefficients.
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Table 4. Summary statistics of the multilinear regression models using MIR indices and the PCA
extracted components to fit colour (lightness, L*; redness, a*; and yellowness, b*) and peat organic
matter composition (C %, N %, and C/N ratio). R, correlation coefficient; error, error of the estimate;
and regression coefficients.

R Error Constant Cp1 Cp2 Cp3 Cp4 Cp6 Cp7 Cp8

L* 0.87 1.9 27.2 2.40 1.56 −1.07 −0.55 0.43

a* 0.77 0.5 7.5 0.32 −0.33 −0.22 0.12 −0.19

b* 0.89 0.9 15.0 1.00 1.07 −0.91 −0.44 0.37

C 0.98 0.4 50.7 −1.58 −1.31 0.41 0.10 −0.30

N 0.97 0.1 1.7 0.20 0.29 −0.04 0.06

C/N 0.98 1.2 31.1 −4.01 −4.60 1.21 −0.86 0.85

As for the colour parameters, lightness (L*) increases with increasing Cp1, Cp2, and
Cp8 values and decreases with increasing Cp3 and Cp4 values. Cp2 and Cp6 have a
positive effect and Cp3, Cp4, and Cp7 have a negative effect on redness (a*). Cp1, Cp2,
and Cp6 have a positive effect on yellowness (b*) and Cp3 and Cp4 have a negative effect.
Overall, the first four components are the ones more largely related to peat colour changes
in the TPD cores. The fitting between observed and predicted values is better for L* and b*
than for a* (Figure 5).
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The models of the elemental composition (C, N, and C/N) of pOM are the ones with
the largest correlation coefficients (Table 4) and, thus, the better fitting between observed
and predicted values (Figure 5). Carbon content is negatively related to Cp1, Cp2, and Cp8
and positively related to Cp3 and Cp4. Nitrogen content is positively related to Cp1, Cp2,
and Cp6 and negatively related to Cp3. The C/N ratio is positively related to Cp3 and Cp7
and negatively related to Cp1, Cp2, and Cp6.
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4. Discussion
4.1. Changes in the Molecular Composition of the Peat

Both the MIR indices and the extracted principal components on selected peaks of the
MIR spectra reflect intense depth changes in the molecular composition of the pOM of the
studied cores (TPD-1 and TPD-2). The main change in pOM composition is represented
by two opposite trends: that of PS/AL, PS/AR, CB/AR, and Cp1, and that of LGth/RMf,
LG/PS-1, LG/PS-2, CCr-2, and G/S-2. This implies that as polysaccharides and carbonyl-
rich compounds are depleted, the pOM is enriched in lignin, aliphatics, and guaiacyl lignin
moieties (versus the syringyl ones), and the length of the aliphatic chains and cellulose
crystallinity tend to increase as well. This overall dominant pattern is driven by long-
term peat decomposition that produces exponential depletion of labile pOM compounds
and results in the accumulation of resistant pOM compounds. These results agree with
previous investigations that also found that the decay of polysaccharides was accompanied
by the accumulation of lignin and aliphatic compounds [33,47,49–52]. Despite this, lignin
showed a more complex evolution than that of aliphatics, in part because they seem to be
active in the process of accumulation (i.e., they can inhibit peat decomposition), while the
accumulation of the aliphatics is more passive and directly related to the depletion of the
more labile organic compounds [53–55].

AL/AR, CCr-1, and Cp8 also show similar depth records, opposite to that of Cp6.
CB/AR and LGth/RMf also show these opposite variations, as a secondary trend over-
imposed on the variation related to long-term peat decomposition. These represent a series
of alternating short-term changes, which typically include four main cycles of higher and
lower values. Increases in aliphaticity (AL/AR and Cp8) and cellulose crystallinity (CCr-1)
are accompanied by decreases in carbonyl-rich compounds (CB/AR), the length of the
aliphatic chains, and guaiacyl lignin moieties (Cp6), and vice versa. These variations may
be coupled to short-term variations in bog surface wetness and related oxygen availability
in the superficial sections of the peatland, which, in ombrotrophic mires, have been related
to variations in rainfall [17].

The G/S indices (G/S-1 and G/S-3) and Cp7 also share a similar depth record: gua-
iacyl lignin moieties and some polysaccharides show a rapid increase in the upper few
centimetres of the peat deposit, followed by a sharp decrease and slower recovery with
depth. As found in our study, different lignin functionalities have different susceptibili-
ties to degradation, with syringyl units being more prone to degradation than guaiacyl
units [56,57]. In a previous investigation in a boreal peatland, we found that G/S was only
partially related to long-term peat decomposition [17]. Thus, changes in G/S certainly
reflect both changes in plant communities and in peat decomposition.

Cp2 also shows a depth record characterized by a significant sub-superficial enrich-
ment, followed by a rapid depletion, which involves the opposite depth distribution of
bands associated with nitrogenated compounds versus bands associated with lignin vi-
brations. These two kinds of compounds overlap in the 1700–1500 cm−1 region and are
sometimes difficult to disentangle. Cp2 scores are highly correlated to the total nitrogen
content of the peat for the TPD-1 core (r 0.77, p < 0.01), which supports the interpretation of
the bands with positive loadings as reflecting nitrogenated compounds. Nitrogen is rapidly
recycled in the upper sections of the peat deposit through microbial activity due to the
decomposition of plant remains and the assimilation of nitrogen-rich compounds [27,58,59].
This is consistent with the rapid turnover of labile nitrogen pools observed under aerobic
conditions [60]. While many peatlands are characterized by slow decomposition rates
due to their acidic conditions, the recycling of nitrogen stimulates microbial processes,
enhancing the breakdown of organic matter [61].
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The other two main changes reflected by the principal components, but not by the
MIR indices, are those shown by Cp3 and Cp5. As indicated above, a secondary variation
in phenolic and aliphatic compounds (Cp3) is characterized by two negative excursions at a
depth of between 20 and 56 cm, while a secondary carboxylic signal (Cp5) shows relatively
elevated values in the upper 56 cm and lower values below that depth. As a preliminary
hypothesis, we suggest that these patterns may reflect changes in the source of the pOM,
i.e., primarily resulting from variations in vegetation composition. Research based on plant
macrofossils has shown that plant community changes are closely linked to fluctuations in
hydrology and microtopography. These shifts, in turn, influence plant productivity and
decomposition rates, ultimately affecting pOM composition [62–64].

Regarding the pOM molecular composition, two final remarks can be made. On
one hand, some of the indices related to the same pOM compounds may show almost
identical depth variations, while others show quite different depth variations. The first is
the case for indices involving compounds affected by long-term peat decomposition, such
as PS/AR, PS/AL, LG-PS-1, LG-PS2, and Cp1, which points to decomposition as one of
the main factors driving pOM change. The second can be exemplified by the CCr indices:
the CCr-1 record seems to respond to short-term decomposition, while CCr-2 seems to
be mostly related to long-term peat decomposition. The increasing trend of CCr-2 may
be indicative of preferential degradation of the more amorphous phases of the cellulose,
producing a relative increase in the more crystalline phases. But plant composition may
also influence the molecular structure of the polysaccharide compounds, and this also plays
a role in cellulose crystallinity. This can be attributed to the different chemical signatures
and diagenetic properties of the mosses compared to vascular plants [65]. At the same
time, the microbial community and the decomposition rates of cellulose can influence
cellulose crystallinity, as suggested by the changes in the crystallinity indices. In this regard,
although specific environmental factors (i.e., the availability of oxygen and nutrients,
temperature, etc.) can play a significant role in microbial activity, it has been suggested that
the type of vegetation may favour the occurrence of specific cellulolytic microorganisms
that direct cellulose degradation [66,67]. Thus, the more complex pattern of CCr-1 and its
dependence on short-term changes point to a coupling of enhanced/decreased degradation
during dry/wet phases and the concomitant changes in bog vegetation and microbial
communities’ activity.

On the other hand, the depth variations of some compounds are related to more than
one MIR index and principal component, suggesting a more complex range of processes
driving their change. This is the case, for example, of lignin, which is affected by long-term
variations, short-term variations, and the differential evolution of the guaiacyl and syringyl
lignin moieties—possibly coupled to wetness phases.

4.2. Within-Bog Variability

TPD-1 and TPD-2 show quite similar records for the twelve MIR indices, with CCr-1
being the only index with a consistent difference in intensity between cores (at all depths,
values for TPD-2 are higher than values from TPD-1). PS/AL, PS/AR, LGth/RMf, and G/S-
2 present the highest similarity between the cores. With the exception already mentioned of
CCr-1, almost all indices show similar values in the upper section (0–22 cm) of both cores.
The section between 22 and 50 cm is also very homogeneous between cores, but in TPD-2
LG/PS-1 and LG/PS-2 TPD-1, the values lag behind those of TPD-2 by about 5 cm in the
transition section (22–30 cm). Slight decouples seem to be more common in the section
between 50 and 80 cm, where TPD-1 has consistently higher values than TPD-2 for the
secondary cycles of CB/AR, AL/AR, LGth/RMf, G/S-1, G/S-3, and LG/PS-2, while in
CCr-1, the higher values of TPD-1 start a few centimetres above (from 30 to 80 cm). The
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bottom section also seems to be very homogeneous, with the TPD-1 values being slightly
higher between 100 and 110 cm for CB/AR, LGth/RMf, G/S-3, and LG/PS-2.

According to our results, cellulose crystallinity (both CCr-1 and CCr-2) shows the
highest differences between cores. This may be related to small changes in vegetation com-
position between cores due to, for example, microtopography (e.g., hummocks vs. hollows)
or local differences in microbial activity. In the first case, the crystallinity of cellulose may
differ between different bog plants, since differences in crystal size have been detected
between algae and higher plants [68,69]. In the second case, the microorganisms may
tend to preferentially degrade the more amorphous (or smaller crystal size) components
of the cellulose, producing a secondary increase in the more crystalline (or higher crystal
size) cellulose (hydrolysis performance decreases with increasing crystallinity, as indicated
by [70]). In contrast, the indices traditionally linked to peat decomposition (PS/AL, PS/AR,
and LGth/RMf) display the most similar values between cores, suggesting that both cores
suffered from comparable and equally intense decomposition processes along depth/time.
The slight differences and similarities observed in the peat sections may respond to small
differences and similarities in vegetation composition, since small changes in the water
table exert a strong control on species abundance [71,72]. In fact, the section from 50 to
80 cm could be linked to a slightly higher abundance of mosses in TPD-1, indicated by
the relatively higher content of carboxylic compounds (CB/AR), as well as changes in the
amount and type of lignin (G/S-1, G/S-3, and LG/PS-2), since moss tissues and derived
soil OM differ in their aromatic and aliphatic signal from other vegetation [73]. However,
the “harmony” in the two cores regarding the MIR indices is the most important result.

The eight principal components show a very similar behaviour and intensity between
cores, except for Cp4 and Cp5, which maintain similarities but are less pronounced. Scores
of Cp4 are quite similar between cores, but below a 35 cm depth, TPD-2 shows consistently
higher scores than TPD-1. For Cp5, below 10 cm score values of TPD-1 tend to behave
similar with higher values than TPD-2; however, both behave opposite at ~60 cm and in
the lowest part (~100 cm). The two cores almost mimic their variation in Cp1, Cp7, and
Cp8. For Cp2, TPD-1 seems to lag behind TPD-2 by about 5 cm, most likely due to local
differences in peat accumulation; Cp3 variation only shows slight decouples around 10 and
30 cm, respectively, and TPD-1 shows an additional peak at 26 cm in Cp6.

Cp4 and Cp5 are related to aliphatic and carboxylic absorbances, respectively. The
observed differences between cores are opposite, since TPD-2 shows a higher intensity for
aliphatic bands, while TPD-1 shows a higher intensity for carboxylic ones. This fact agrees
with the observed changes between cores in the MIR indices. Since carboxylic compounds
can be related to moss abundance compared to grasses [74], or litter and shrubs [75], the
slight differences could be due to vegetation (mosses more abundant in TPD-1). But it
can also be related to differences in carboxylic microbial degradation between cores [76],
especially in the section from 50 to 80 cm. If any of those existed, they seem to have been
minor. As happened with the MIR indices, the principal component analysis results remark
the similarities between both cores, rather than differences.

4.3. Changes in pOM and Relationship to Peat Properties

To support the information content of the MIR data, we computed MLR models to fit
the physical and elemental properties of the pOM of TPD-1 core. All models resulted in
good-to-excellent fitting—for the elemental pOM composition in particular (Table 4). The
results of these models suggest that the depletion of labile pOM and the accumulation of
resistant pOM (Cp1), the depletion in N-compounds and the accumulation of lignin (Cp2),
and the depletion of phenolic and aliphatic pOM (Cp3) are the main drivers of colour and
elemental compositional (C, N, and C/N) change. These changes are essentially related to
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long-term peat decomposition: as decomposition progresses, the peak becomes darker and
redder, N is depleted, and C and C/N increase. The intensity of change is higher in the
upper 25–30 cm of the cores, which could be related to more intense aerobic decomposition
at the superficial section due to higher oxygen availability.

As for the secondary MIR signals (Cp4 to Cp8), related to shorter-term variations,
the specific variation in aliphatic pOM (Cp4) is significantly related to changes in peat
colour, but its weight on the elemental composition of the pOM (C, N, and C/N) is low or
negligible. The other molecular MIR components have low-to-moderate effects on some
colour parameters and elemental properties, but Cp5 was not loaded in any of the models.
In a previous modelling exercise of peat properties of a long (9000 years) record of a boreal
peatland, we obtained quite similar results. MIR data were highly efficient in modelling
peat C, N, and C/N [59].

5. Conclusions
The present study provides evidence of the homogeneity in pOM composition, at a

short distance (~30 m), within the dome of a single ombrotrophic mire. The two analysed
cores from Tremoal do Pedrido show very similar behaviour and intensity of changes with
depth. This “harmony” is attested even in those compounds that show intense variations
with depth. Indeed, MIR indices and the principal components exhibit profound changes
in the molecular composition of the pOM of the studied cores. A combination of long-term
decomposition processes and short-term modifications of the hydrology of the dome seems
to have driven the main changes in pOM. Changes in vegetation and microbial activity
may have also played a role on the accumulation of phenolic, aliphatic, and nitrogenated
compounds, respectively.

Spectroscopic techniques used to address peat variability have shown to be useful
in detecting changes in organic matter compound variation. The statistical approach
that combines MIR indices with the PCA obtained from second-derivative selected bands
complement each other. This combination of approaches is especially effective when
dealing with compound distributions that are affected by more than one process, such as
long- and short-term variations (e.g., lignin). While most indices show large similarities
between cores, cellulose crystallinity shows within-bog differences. Crystallinity indices are
commonly used in plant and wood research and, to our knowledge, are applied here for the
first time to investigate the molecular composition of pOM. Our study opens an interesting
question as to whether crystallinity variations are related to the source vegetation or to
microbial activity, or a combination of both, at the surface of the peatland or at depth in the
peat deposit.

Finally, the query of whether properties within a single peatland are maintained at
depth in different locations has been taken a step forward by our study, showing that they
appear to be maintained for ombrotrophic peatlands, or at least in this case study. More
research in other ombrotrophic peatlands, such blanket bogs, and minerotrophic peatlands,
such as fens, will be needed in order to explore in depth the spatio-temporal responses
of the pOM molecular composition. For the Tremoal do Pedrido dome, the two cores
researched by us sang a two-part harmony song during the last 1400 years, most of the
time with the same pitch.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/soilsystems9010014/s1, Figure S1: Depth records of the TPD-
1 core peat properties used in the modelling exercise; Table S1: Correlation (Pearson coefficient)
between MIR indices; Table S2: Loadings of the selected absorbances for the eight extracted principal
components; file FTIR-TPD.xlsx: standardized absorbance values of the selected bands used in the
principal components analysis.

https://www.mdpi.com/article/10.3390/soilsystems9010014/s1
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