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SUMMARY

Alpine mires in the Pyrenees are remarkable ecosystems for the singularity of their plant communities and for
their occurrence at a southern distribution limit. However, the structure of their organic soils and their
contribution to carbon (C) dynamics are largely unknown. In this study, we aimed to map and quantify organic
C stocks and peat thickness in Pyrenean mires for the first time. In four mire sites located on the Iberian side
of the central Pyrenees, we took more than a hundred soil core samples encompassing the vegetation mosaics
found at each site and analysed their organic matter content along the soil profile. We then mapped overall C
stock and peat thickness in the sites using interpolation techniques and analysed the relationship between soil
properties and vegetation units. Peat thickness and organic C stocks varied greatly within and amongst mires,
with average values increasing with elevation from 31.1 to 43.2 cm and from 14 to 21.3 kg m?, respectively.
Only part of the peat layer in each mire was thicker than 30 cm, and this part increased with elevation. Our
results showed that the variation within and among sites is related to the complexity of the alpine physiography,
where some drivers (like topoclimatic variables) operate at larger scale and others (such as topography and
hydrology) at smaller scales coupled with complex vegetation mosaics. The complexity of the spatial patterns
in C stocks observed, along with their relationship to vegetation, highlights the need for future research in

mountain peatlands focused on disentangling the distinct factors that contribute to peat formation.
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INTRODUCTION

Peatlands are key ecosystems for the global carbon
(C) cycle due to their capacity for storing large
amounts of soil organic matter which is subject to
very slow mineralisation. Indeed, although they
cover only around 3 % of the world’s land area,
peatlands contain roughly 21 % of the total soil
organic C (SOC) (Joosten 2010, Scharlemann et al.
2014). Under increasing exploitation, drained
peatlands are responsible for ~5% of the
anthropogenic C emissions contributing to climate
change (Joosten 2015, Leifeld & Menichetti 2018).
Because of their capacity to store C, the restoration
and conservation of peatlands has become a focal
point for scientific research and nature conservation,
particularly within the nature-based climate solutions
framework aimed at limiting global temperature rise
(UNEP 2019, Loisel et al. 2021). In order to reduce
greenhouse gas emissions, it is a top priority to
acquire deeper and broader knowledge on peatlands
and on the related mire ecosystems. Since, at present,
we have better spatial knowledge on mire ecosystems
than on peatland properties (Moen et al. 2017),
unveiling the relationships between mire types and

peat characteristics becomes a promising way to
improve our peatland knowledge.

In this respect, SOC mapping has become a
crucial tool to identify, quantify and evaluate the
contribution of mire ecosystems to global C storage
(Jiménez-Alfaro et al. 2023). Peat thickness and its C
content - both being highly variable in space - are still
unknown for most mire ecosystems, which limits the
accuracy of C stock estimations (Weissert & Disney
2013). Since most peatland cover estimates are made
at a global scale (Minasny et al. 2019), translating
these values to local and regional scales results in
large uncertainties. Therefore, understanding the
spatial variability of SOC at local scale is essential
for assessing soil quality, C dynamics and ecosystem
functioning, as well as for natural resource
management (Zhang et al. 2018).

In the European context, and particularly in recent
decades, there has been a growing focus on mapping
and quantifying C stocks and greenhouse gas
emissions in peatlands and mires (Tanneberger et al.
2017a). Acquiring this knowledge poses increasing
difficulties when shifting from Boreal or Atlantic
regions to mountain regions in southern Europe,
since their high environmental and biogeographic
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heterogeneity leads to a variety of distinct mire types.
In parallel, these mountain mires have rarely been
studied in terms of peatland properties and
functioning (Moen et al. 2017).

In the case of mountain mires such as those in the
Pyrenees or the Alps, the rough physiography found
at mid and high elevations leads to the formation of a
large variety of mire habitats with distinct
hydrological and ecological characteristics, including
valley-bottom and spring fens, Sphagnum bogs,
quaking mires and wet meadows. These mire habitats
may be isolated like small islands within drier
landscapes, or combined into mosaics of hydrophilic
vegetation showing sharp gradients over short
distances. Furthermore, as mountain ecosystems,
these mires are subject to geomorphic dynamics. In
any given case, parts of the mire may be slowly
growing into ponds or alpine lakes through loamy-
sandy shorelines, while other parts may be
undergoing erosion by stream courses or drying out
due to hydrological changes (Pérez-Haase & Ninot
2017, Colomer et al. 2019). Therefore, the thickness
of the peat layer may not be coupled with the
vegetation of mountain mires at fine scale.
Understanding the relationship between mire
vegetation and peat properties is a current research
gap within mountain ecology. In this regard, and
given the poor knowledge currently available on peat
extent in mountain mire systems, we use the term
‘mire’ primarily for ecosystems bearing mire
vegetation. Following established criteria (cf. Joosten
et al. 2017), we consider peatland to be an area where
peat forms a layer at least 30 cm thick, and we define
a soil layer with at least 30 % dry mass of organic
matter as peat.

Pyrenean mires occur scattered throughout the
subalpine and alpine vegetation belts (i.e., 1600—
2700 m a.s.l.), being favoured by mild to cold
bioclimates and by alpine topography, and profiting
from ancient infilling lakes, moraine-related springs
and seepages, and rivulet margins (Ninot et al. 2017).
These mountain mires are well-known in terms of
vegetation and habitat characterisation, as well as
their main drivers, which include water chemistry,
hydrology and bioclimate (e.g., Cholet & Magnon
2010, Pérez-Haase et al. 2012, Carreras et al. 2015,
Pérez-Haase & Ninot 2017, Peralta et al. 2018).
Biogeographically, Pyrenean mire vegetation
belongs to the Boreal and Atlantic type - the plant
communities are classified as fens of the
Scheuchzerio-Caricetea class and bogs of the
Oxycocco-Sphagnetea class - and are considered to
be relict assemblages remaining from the cold
Pleistocene periods (Jiménez-Alfaro et al. 2012).
Pyrenean mires are mostly small landscape units, yet
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they include distinct habitats in the form of complex
mosaics or systems dominated by cyperaceous fens
(Pérez-Haase & Ninot 2017). For instance, in a
1:10,000 habitat map of the Catalan Pyrenees, more
than 4,500 mire patches pooled together barely reach
277 ha, and only a dozen of the patches exceed 5 ha.
The most highly represented habitats are the Acidic
Carex nigra fens (91 ha) and the Rich fens with
Carex davalliana (51 ha) (data from GEOVEG
2023). Given the small area covered by these mire
systems, their diversification in terms of habitat type,
and their location at the southernmost range limits of
most of the habitats and specialist species, Pyrenean
mire systems have acquired great conservation
priority within the EU Natura 2000 network and the
Ramsar Convention (Carreras et al. 2015, Julve &
Muller2017, Ramil-Rego & Rodriguez Guitian2017).

In contrast to the good knowledge of plant species
composition and regional distribution in Pyrenean
mire systems, their soil properties remain under-
studied, even compared to mires in other alpine
regions (Bortoluzzi et al. 2006, Tanneberger et al.
2017a, Tanneberger et al. 2017b, D’Angelo et al.
2021). Both the SOC distribution and the extent to
which the mire vegetation actually corresponds to
peatland are largely unknown. This knowledge gap
hampers our understanding of their contribution to C
dynamics at local and regional scales. Although
alpine mires do not occupy large areas, and the
related peaty soils do not reach notable depths, they
are relatively frequent in the central sector of the
Pyrenean range (Pérez-Haase et al. 2020), and thus
their contribution to the C dynamics at regional scale
should not be neglected. Moreover, alpine mires
exhibit greater plant diversity and soil properties at
the landscape level compared to similar ecosystems
in higher latitudes. This makes analysing their
response to climatic variations and predicting their
future under current climate change critically
important (Colomer et al. 2019, Carbognani et al.
2023).

The aim of this study was to determine the
distribution of SOC in typical Pyrenean mire
systems. More specifically, we wanted to:

a) quantify SOC stocks in four Pyrenean mire
systems which are examples of the mires found in
the central Iberian Pyrenees where plant
communities and ecological drivers are well
known;

b) describe peat and SOC distribution and extent in
these mire systems; and

¢) search for patterns of SOC distribution related to
habitat types and physiographic variables.
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METHODS

The mire sites studied

We selected four sites that are representative of the
larger mire systems on the Iberian side of the central
Pyrenees (GEOVEG 2023). Three of them - Pallerols,
Rubio and Sotllo - lie on Cambro-Ordovician acidic
pelite and sandstone, making the soils mostly
siliceous and base poor. The fourth site, Estanyeres,
is surrounded by colluvial calcium-rich slate (ICGC
2023; Table 1). The selected mires occupy flat or
gently sloping areas associated with spring and
stream systems, and thus are fed by minerotrophic
waters. We based site delimitation on the cover of
mire vegetation units. Although the sizes of these
mires (ranging from 10,888 to 25,906 m?) are
moderate, each of them encompasses strong variation
in hydrological conditions and vegetation units
(Pérez-Haase et al. 2020, and own data from the
projects GREEN 2023 and LIMNOPIRINEUS 2023).
The dominant vegetation in all of them corresponds
to Cyperaceae fens, which vary between sites and
include patches of specific units (Figure 1).
Altogether, we sampled six habitat types, namely:
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1) acidic Carex nigra fens, dominant in Pallerols and
Rubio;

2) acidic Trichophorum cespitosum fens, dominant in
Sotllo;

3)rich fens with Carex davalliana, dominant in
Estanyeres;

4) Sphagnum hummocks, sparsely present in all of
the sites except Pallerols;

5) semi-aquatic habitats (i.e., Glycerio-Sparganion
and transitional communities); and

6) meso-hygrophile grasslands co-occurring with and
densely interspersed within the previous units.

Another vegetation unit - Pinus uncinata bog
woodland - is occasional in Estanyeres and notable in
Rubid; but since this habitat corresponds to open pine
stands interspersed within herbaceous mire
communities, we positioned our sampling points in
the herbaceous communities. The study sites span the
altitude range from low to high subalpine belt (1670—
2186 m a.s.l.), where the potential vegetation is
(mesophile) mountain pine (P. uncinata) forest.

Table 1. Main descriptors of the mire sites studied. The water properties (water table level, pH and electrical
conductivity) are averages of July data collected at some sampling points for each site (n="7-12); plant growth
period is derived from local topoclimatic variables (cf. Ninot ef al. 2013); standing biomass refers to dry weight
of aboveground parts of higher plants at end of summer in plots with grazing excluded. High standard deviation
values (in brackets) indicate the high within-site variability in water table depth and standing biomass.
Ecological data come from the previous projects LIFE+ Limnopirineus and POCTEFA Green (GREEN 2023,
LIMNOPIRINEUS 2023). The value for standing biomass in the last column does not come from Sotllo, but
from a location at similar elevation in a nearby valley; thus it is only indicative.

Descriptors Pallerols Rubid Estanyeres Sotllo
Elevation (m a.s.l.) 1,670 1,980 1,937 2,186
Coordinates (E, N) 1.72355332, 1.23940609, 1.05999704, 1.38132411,
’ 4239937169  42.41211623 42.60840519 42.64399035
Size (m?) 10,888 18,005 12,438 25,906
Acidic pelite Acidic pelite . Acidic pelite
Bedrock and sandstone  and sandstone Lime slate and sandstone
Water table depth (cm) -4.9 (+4.4) -16.5 (£11.1) -13.6 (£16.5) -5.7 (£8.2)
pH 6.1 (£0.4) 6.1 (£0.5) 6.2 (£0.6) 5.0 (£0.2)
Conductivity (uS cm™) 133.4 (£62.2)  175.6 (£66.6) 249.6 (£76.2) 63.4 (£24.5)
. . Acidic fen of  Acidic fen of Rich fen with A?ldlc fen of
Main habitat . . . Trichophorum
Carex nigra Carex nigra Carex davalliana ;
cespitosum
Plant growth period (months) 6.5 6 5 5
Standing biomass (g m?) 360 (+84) 278 (x63) 253 (x103) 226 (+65)
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Indeed, Rubid and Pallerols are surrounded by pine Most Pyrenean mires have been subject to
forest, and the other two sites are not far from forest  anthropogenic grazing since ancient times, but
patches. In any case, the mires are surrounded by  grazing by cattle and horses has become more intense
slopes with drier soils, and are covered by diverse in some areas during recent decades. At present,
grassland vegetation types together with pinewoods  livestock herding occurs only sporadically at Sotllo
(GEOVEG 2023; Figures Al to A4 in the Appendix).  (the most remote of our study sites) and more
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Figure 1. Locations of the four mire systems in the Pyrenees and cover of the main habitats in each study site.
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frequently at the other three sites. Within the mire
conservation projects mentioned above, the four
study sites have been previously assessed in terms of
vegetation (i.e., species composition, cover, height),
plus water table level, pH and conductivity (Table 1).

Sampling and laboratory procedures

In each study site we took numerous soil samples to
encompass the variety of plant communities and
hydrological units found within the mire mosaic.
Most (65-87 %) of the samples were collected from
the predominant habitat and two or three in each less-
common habitat. Nearly half of the sampling points
coincided with plots that were previously assessed
for hydrological and vegetation features (i.e., water
table level, pH, electrical conductivity and plant
species composition). Overall, we took 104 soil core
samples distributed across the distinct mire habitat
types (see Table 2). We took a few additional cores
from peripheral mesophile grassland units to inform
adjustments to the cartographic distribution of peat
variables. All of the sampling points were classified
in terms of habitat type and percentage cover of
Sphagnum or other mosses, and their geographic
coordinates were recorded.

We extracted soil samples using a semi-
cylindrical gouge with diameter 25 mm and length
1 m (Eijkelkamp single gouge auger). Thus, we could
reach the whole of the peat layer when its depth was
less than 85-90 c¢cm. In the vast majority of cases, the
samples obtained were shorter and included the entire
peaty soil profile plus part of the deeper mineral
layer. At the a few sampling points where the peat
layer was thicker, the total peat depth was
incompletely sampled. In the field we cut and sorted,
from each semi-cylindrical sample, up to seven
subsamples from the following depths: 0 to -5 cm,
-5to-10cm,-10to-15cm,-20to-30cm, -40to-50 cm,
-60to-70 cmand -80 to -90 cm (labelled, respectively,
asa,b,c,d, e, fand g; see Figure AS). The subsamples
were stored in sealed plastic bags in a portable
coolbox until laboratory processing.

The original volume of each subsample was
calculated as the product of its length and the near-
semi-circular area delivered by the gouge (6.3 cm?).
Where the deepest subsample obtained was
incomplete, we measured and used its actual length.
Since the gouge sampling introduced apparent
compression of the upper soil layer in most cases, we
carefully re-shaped this part of the sample to its
original length prior to cutting and separating the
subsamples.

In the Ilaboratory, we oven-dried the soil
subsamples at 105 °C for at least 72 hours and
weighed them (in g). This dry mass was the basis for
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calculating the bulk density (BD) and the proportions
of organic matter and C for each subsample. We then
put the subsamples into a muffle furnace at 450 °C
for four hours to burn off the organic matter (loss on
ignition method following Bisutti et al. 2004) and
thus obtain the proportion of soil organic matter
(SOM, in g kg!). In addition, we sieved the
remaining (mineral) part of each subsample through
a 2 mm mesh to remove gravel, and deducted the
gravel mass from the initial dry mass for the
calculations of SOM.

Data elaboration

For each subsample we estimated the total SOC as
0.5 of SOM, following general soil science procedures
and specific peat-related studies (Schumacher 2002,
Bisutti et al. 2004, KlingenfuB3 et al. 2014). Using the
values of SOM, SOC and BD for the subsamples
analysed, we calculated the same metrics for the
discarded intermediate segments of each core by
interpolating between the two adjacent subsamples.
Finally, we calculated the organic C stock per unit
area at each sampling point (in kg m™) as the sum of
C stocks (the product of SOC in kg kg™ and dry mass
in kg) for all (retained and discarded) core segments
divided by the area drilled (6.3 x 10*m?).

To standardise further calculations, and following
generalised definitions of peat (Joosten & Clarke
2002, Rydin & Jeglum 2013), we classified as peat
those subsamples with SOM >300 g kg and thus
with SOC >150 g kg™! (i.e., greater than 30 % and
15 % of dry mass, respectively). This allowed us to
estimate the peat thickness at each sampling point
from the SOM values per subsample and their
variation with depth. While SOM decreased from one
subsample to the next deeper one in most cores, for a
few sampling points the SOM values revealed
intermediate non-peat layers between shallower and
deeper peat. In these cases, we calculated peat
thickness as the sum of the peat layers, discarding the
SOM-poor intermediate material.

We converted the SOC and peat thickness data
into maps to visualise the spatial variation of peat
characteristics within each mire site studied. To do
this and derive a global estimate for each of the sites,
we used the deterministic spatial interpolation
method ‘Inverse Distance Weighted’ (IDW). IDW is
one of the most widely applied interpolation
techniques in soil science (Bhunia et al. 2018), and
was considered as optimal for our study given the
density and spatial distribution of the sampling
points. Its estimates are based on known nearby
locations, where closer points are afforded more
weight than distant points. Moreover, IDW adjusts
the relative weighting of the nearby points in each
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interpolation, which makes this method appropriate
for distinct data types and non-uniform spatial
distributions. Calculations of IDW were performed in
the Geostatistical analyst extension of ArcGIS software
(ArcGIS Pro 2023). The accuracy of interpolation
was estimated in terms of the Root Mean Square
Error (RMSE), which evaluates the average deviation
of predicted values from measured ones.

Based on the spatial distribution of C stock values
(in kg m™) for each mire site, we stratified the mire
area into categories with each category
corresponding to one interval of 5 kg m?. We then
calculated the average C stock value for the area
covered by each category, multiplied this value by the
category area to obtain the corresponding partial C
stock value, and calculated the C stock for the entire
mire as the sum of the partial values.

Statistical analyses

First, we looked for relationships between SOC and
habitat type or mire site. For this we used SOC values
for the upper soil layers (the average of a, b and ¢
subsample values per core) as the response variable,
as these shallower levels are most closely related to
the functioning of extant vegetation. Since the
normality assumption was not met for some (habitat
type or site) groups, we opted for a non-parametric
test for differences between groups. Thus, we ran
Kruskal-Wallis tests using the kruskal function from
the agricolae package in R® 4.1.1. Then we
performed post-hoc pairwise comparisons adjusted
for multiple testing using the Bonferroni correction
method to identify groups that differed significantly
from one another.

To analyse the strength of the relationship
between the variables measured for the soil
subsamples, we constructed a similarity distance
matrix based on the Pearson correlation index. For
each sample we considered the variables obtained for
all sampling points - specifically the SOC values for
a, b, ¢ and d subsamples because some cores did not
include deeper levels, the C stock per unit area, and
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the peat thickness. Additionally, given the
physiographical heterogeneity within each mire site,
we added the terrain slope at each sampling point as
a potential explanatory variable. We derived the
slope data from a digital elevation model (DEM) with
a resolution of 2 m per pixel provided by ICGC
(2023).

Finally, we evaluated the relative influence of the
soil variables on the habitat types. To do this we
conducted a Principal Components Analysis (PCA)
using all of the soil samples from all habitat types and
mire sites. To obtain a more balanced result, we used
in the PCA only one of the three more-strongly
correlated variables (Pearson value >0.8) by
retaining SOC at level a and discarding SOC at levels
b and c. Additionally we log-transformed the values
of the remaining variables. The ordination solution
was computed using the precomp r- function of the
stats package in R® 4.1.1, and we visualised it on the
two first axes of the PCA.

RESULTS

Most of the core samples obtained reached mineral
substrata at levels shallower than -85 cm, while only
four (three from Pallerols and one from Estanyeres)
were composed entirely of peat. Supplementary
estimates of peat depth obtained by probing with a
graduated steel rod at these two sites only rarely (in
about 3 % of cases) indicated depths greater than
85 cm, with a maximum of 120 cm.

The main properties measured in the subsamples
are presented in Tables S1 to S4 in the Supplement
(Excel file), and average values are provided in
Table 2. There was a general decreasing trend of
SOC with increasing depth (Figure 2), and a strong
inverse relationship between (decreasing) SOC and
(increasing) BD (Figure A6), coupled with increasing
depth. In most samples the shift occurred gradually
through the peat layers, where SOC remained >15 %
and BD <0.25, then there was a sharp change to

Table 2. Summary of soil data for the mire sites studied, expressed as average values and standard deviations
(in brackets) calculated from values measured for the individual soil samples.

Descriptors Pallerols Rubio Estanyeres Sotllo
Sample points 23 39 25 17

Bulk density (g cm™) 0.315(£0.146)  0.299 (x0.161)  0.179 (£0.114)  0.173 (£0.073)
SOC of the peat layer (gkg')  244.7 (£53.8) 286.6 (£64.6) 329.9 (£67.9) 334.0 (£62.0)
Peat thickness (cm) 31.1 (£27.3) 32.6 (£20.5) 443 (£22.2) 432 (£12.3)
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higher BD and lower SOC when entering the deeper
mineral layers. This sharp transition occurred
between 25 and 40 cm depth in most cases, except at
Pallerols where it mostly occurred between 10 and 20
cm depth. The Pallerols site also stands out because
we found a mineral layer occurring between shallow
and deep peat layers in nine out of 23 samples. This
pattern was rarely found at Rubid and never found at
the other two sites.

The primary data on organic matter derived from
the soil samples showed an average peat thickness
greater than 30 cm in all of the sites, and exceeding
40 cm in two of them (Table 2). Focusing on the SOC
at shallower levels (from 0 to -15 c¢cm), the Kruskal-
Wallis and post hoc tests revealed significant
differences between sites, with Pallerols and Rubid
showing significantly lower values and greater
within-site heterogeneity than the other two sites
(Figure 3).
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In fact, there was noticeable heterogeneity
between the samples from each site in terms of SOC,
BD and their variation with depth, as well as peat
thickness (Tables S1-S4). This heterogeneity was
evident when mapping the values of C stock per unit
area (Figure 4) and even more obvious when
mapping peat thickness (Figure A7), since each mire
site tightly encompassed patches with shallow or
weak peat layers, average areas and deeper deposits
in favourable patches. Thus, in Pallerols and Rubio,
peat thickness and C stocks showed higher values
along parts of the main watercourse fed by diffuse
water springs. These patches of thicker peat
contrasted with the rest of the mire, which had
developed on gentle slopes and where peat thickness
was moderate or low. In Estanyeres the overall
picture looked similar, with the thickest peat denoting
the location of an infilled small alpine lake. The
present rivulets were not related to peat and, in fact,
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Figure 2. Distribution of soil organic carbon (SOC) proportion (g kg!) with depth in the samples obtained from
the four mire systems. Zero values of SOC indicate missing sample segments, thus assumed to be mineral.
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test at a = 0.05, between sites (F = 32.7, p = 3.70e""7) and between habitats (F = 39.92, p = 4.49¢%).
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Figure 4. Distribution of soil C stock (in kg m™) in the four mire systems studied, showing sharp gradients
within each system.
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they seemed to partly prevent its development. Sotllo
also included old small alpine lakes, but the peat
development looked rather uniform, with moderate
thickness and high C concentrations across most of
the mire (Figures 4 and A7).

Mapping the soil data enabled us to obtain
integrated values of the distributions of C and peat
thickness in the mires (e.g., Table Al). In a rough
comparison between the sites, the average values of
SOC per unit area, which increase from Pallerols to
Sotllo, and the relative peat extension within each
site, which increases in the same direction, stand out
(Table 3). In the case of peat extension, the higher
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percentage of peatland found in Estanyeres and
Sotllo was due to the general increase of C
concentration values and decrease of spatial
heterogeneity (Figures 2 and 3).

The Pearson correlation tests revealed positive
relationships between all the C-related variables,
while the attribute terrain slope correlated negatively
with all of them at similar strength (Table A2). The
PCA performed to evaluate relationships among soil
samples, soil variables and mire habitats after removing
two of the most highly correlated variables (SOC of
layers b and c) accumulated 62 % of the variance on
the first axis and 15 % on the second axis (Figure 5).

Table 3. Global organic carbon and peat figures for the studied mires, according to GIS calculations.

Descriptors Pallerols Rubid Estanyeres Sotllo
C per area (kg m?) 14.04 15.94 19.50 21.26
Total C stock (kg) 152,863 286,911 238,868 550,856
Peat area extent (%) 27 41 59 97
| Habitat
® Acidic fen C. nigra
& ® Acidic fen T. cespitosum
0.2+ .. ' ® Rich fen C. davalliana
@
e e Sphagnum hummock
= ® Semiaquatic habitat
N @
8 ° ® Mesohygrophile grassland
w 0.0- pe o
x e
= &
U ® [ .
Q- Peat.thickness B
-0.2-
]
d
®
Total.C
@
‘0.4' T T T T T
-0.2 -0.1 0.0 0.1 0.2

PC1 (62.15%)

Figure 5. Principal Components Analysis (PCA) of the samples taken from the four mire systems, identified
according to the habitat types by different colours. Vectors correspond to the factors used for the ordination:
total C per area unit (Total.C), peat thickness, C proportion in the soil subsamples (a: 0 to -5 ¢cm; d: -20 to

-30 cm), and terrain slope.
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Within this space, variables describing C-related soil
properties were distributed through the negative part
of Axis 1, from SOC at layer a (related to vegetation
and recent processes) to SOC at layer d and total C
(expressing deep - i.e., ancient - soil characteristics.

Referring to the six habitat types considered, we
found significant differences in terms of soil
characteristics. Three of the habitats were
characterised by greater SOC in the shallow soil
layers (Figure 3). These were: Sphagnum hummocks
(average 409.3 g kg! at depth 0 to -15 cm); Acidic
fens of Trichophorum cespitosum (383.7 g kg!); and
Rich fens with Carex davalliana (375.4 g kg™). All
of these corresponded to flat or poorly sloping areas
with noticeable or great peat thickness (Figure 5).
Acidic fens of Carex nigra and Meso-hygrophile
grasslands exhibited lower and more heterogeneous
SOC values in the shallow soil levels (261.54 g kg™
and 215.44 g kg'!, respectively) and occurred on flat
to sloping areas - the first of these habitat types being
found more frequently in flatter areas with thicker
peat (Figure 5). In contrast, the two samples from
semi-aquatic habitats were C-poor (68.5 g kg™!).

As for the total moss cover, we found a weak
positive correlation (R*=0.25) with SOC in the
shallow soil layers (Figure AS8).

DISCUSSION

Peatland distribution and SOC at the locations
studied and in the Pyrenees

In this study, we have estimated the total
belowground organic C stocks in four typical
Pyrenean mires. We measured SOC and peat
thickness in many sampling points, and we spatially
interpolated these variables for each mire site. The
spatial distribution of SOC was very variable within
each mire site depending on local physiographic and
habitat characteristics. In fact, the indicator RMSE of
the interpolation procedure for mapping C stocks
showed relatively high values for the four mire
systems (i.e., Pallerols, 10.21; Rubid, 9.04;
Estanyeres, 11.39; Sotllo, 11.48; cf. Bhunia et al.
2018). This indicates that noticeable differences may
occur even between neighbouring points, for instance
between a flat fen area and a small Sphagnum
hummock nearby. This variability also means that the
studied mire systems qualify only partly as peatland
(27-97 % of the area of mire vegetation in the study
sites).

Although supported by only four cases, the
variability in SOC and in peatland extent at fine scale
may be extrapolated to most high-mountain Pyrenean
mires that share similarly rugged physiography. In
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the Pyreneces, the extent of peatland seems to be
neatly lower than that of mire vegetation, in contrast
to other regions where peatland area exceeds the area
of mire vegetation - mainly due to anthropic use of
peatland as arable land or tree plantations
(Tanneberger et al. 2017b). On the one hand,
intensive anthropic uses of peatland, other than
livestock herding, are scarce in high-mountain
landscape. On the other hand, Pyrenean mires are
dynamic systems where parts of the peat layer have
not yet achieved sufficient thickness, depending on
local physiography and hydrology. In this sense, it is
likely that most Pyrenean mires became established
in the mid-Holocene (i.e., 50007000 yr cal BP; Jalut
et al. 1982, Gonzalez-Sampériz ef al. 2006), although
some are much younger (Pérez-Obiol et al. 2012) and
a few are older (Garcés-Pastor et al. 2017). Thus,
their present condition is a product not only of the
geomorphic dynamics characterising alpine systems,
but also of current soil and peat building processes
which vary at small scale within the mire mosaic as
well as over time, such as litter accumulation,
grazing, and erosion.

Our calculations of SOM may incorporate
moderate underestimates for patches where the entire
peat layer could not be sampled, which may represent
less than 3 % of the peatland area. Moreover, we
presume that some additional organic matter occurs
in deeper non-peaty layers, i.e., in mineral layers
harbouring older or migrated organic matter
(Harrison et al. 2011 and own data). Nonetheless, we
estimate that the reported mires contain 171.7 Mg
ha! of SOC, with per-site values increasing from the
lowest elevation (Pallerols: 140 Mg ha') to the
highest (Sotllo: 213 Mg ha™'). These values are
certainly much lower than for peatlands formed on
gentler reliefs in arctic and subarctic regions, which
average 1275 Mg ha! (Loisel et al. 2014); the Zoige
peatlands on the high-elevation Tibetan Plateau,
averaging about 1036 Mg ha! (Chen et al. 2014); or
the deep German bogs with an average of 1400 Mg
ha! (RoBkopf ef al. 2015). Our Pyrenean values are
very similar to those for shallow German bog soils,
with 170 Mg ha™! (RoBkopf et al. 2015); hill peatlands
in the British Isle of Man, with range 147-224 Mg
ha! (Weissert & Disney 2013); and peatlands in a
north Italian alpine valley, approaching 210 Mg ha!
(Agaba et al. 2024). On the other hand, a detailed
study of a large alpine mire in the Austrian Tyrol
gave an average value of only 40 Mg ha'! (Egger et
al. 2025). Compared with other high-altitude
Pyrenean habitats, these mires had higher average
SOC density than most grasslands, with range 59—
299 Mg ha! and mean 153 Mg ha'!' (Garcia-Pausas et
al. 2007); and certainly more SOC than the sparsely
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vegetated areas such as scree and rocky summits. The
moderate C stock values for the mires we studied
reinforce the impression that mountain relief prevents
great peat accumulations, owing to more active
erosive processes, lower propensity for regular
flooding, and younger peatland systems (Liu et al.
2018, Agaba et al. 2024), in addition to reduced
primary production under colder climates.

The soil C stock of Pyrenean mires represents
only a small contribution to regional C storage, since
the mires are small with dispersed occurrence across
hydrological catchments, as is usual for these
landscape units in alpine regions (Patterson &
Cooper 2007, Chimner et al. 2010, Wiist-Galley et al.
2015). In the case of the Catalan Pyrenees,
considering only the area of mire habitats mapped
(277 ha) and the average C stock density estimated in
this study, the regional C stock would amount to
about 49,000 Mg (neglecting uncountable small and
tiny mires). Therefore, although the upscaling from
our case studies is still not reliable enough, the
contribution of high mountain mires to the Pyrenean
C budget is not negligible. In any case, the detailed
knowledge of C dynamics in our alpine peatlands
may be an indicator of the processes and patterns
occurring in other high elevation peatlands
occupying larger areas (e.g., Chen et al. 2014, Wiist-
Galley et al. 2015).

Mire habitats and peat development

Some of the mire habitats included in our study
showed a strong correspondence with peat
characteristics (Figures 3 and 5). More specifically,
the Sphagnum hummocks, the Acidic Trichophorum
cespitosum fen and the Rich fen with Carex
davalliana were usually found on noticeable peat
layers where the shallower soil levels contained large
proportions of organic matter (with SOC values
mostly in the range 370-430 Mg ha™).

The Sphagnum hummocks, occurring in three of
the four mires studied, always related to noticeable
peaty soils, thus reinforcing the correlation of
Sphagnum-dominated habitats with noticeable peat
layers found in other studies, irrespective of the
location (Weissert & Disney 2013). As the two fen
types mentioned in the previous paragraph were
found in only one mire site each, their peat
characteristics may be partly due to particular site
conditions. In contrast, the Acidic Carex nigra fen
showed remarkable heterogeneity in  peat
characteristics and C stocks. Although mostly
corresponding to peatland, it also developed in peat-
poor soils. This could be due to the relatively
ubiquitous nature of this fen type at various scales,
since it is the most widespread fen type in the Central
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Pyrenees (GEOVEG 2023) and in our study. At fine
scale, it was found on young developing peatland or,
contrarily, as remaining plant cover on ancient
peatland undergoing erosion (own observation and
Tables S1 and S2 in the Supplement). The semi-
aquatic vegetation units - only considered in Pallerols
- occurred on peat-poor layers bordering small
watercourses where fluvial dynamics would prevent
peat accumulation. The meso-hygrophyle grassland
was found mostly in marginal parts of all of the mires
or in domed spots, and was thus related to peat-poor
soils subject to less flooding. Therefore, the
hydrological dynamics limit the spatial development
of peatland in our study mires, through an irregular
flooding regime in sloping or marginal parts or
through erosive processes along small watercourses.

The relationship between moss cover and peat
properties was weak, with no correspondence
between SOC and moss cover in a number of samples
(Figure A8). This finding may be partly due, firstly,
to the diverse composition of the moss layer. While
Sphagnum bogs and carpets are known to promote
peat development, looser carpets of Sphagnum or
other moss types - such as the brown mosses
frequently found in our study (see Tables S1 to S4) -
do not seem to exert this effect (Thormann et al.
1999, Weissert & Disney 2013, this study). Secondly,
the moss cover may be both a driver for mire
functioning and a response to the density of the
herbaceous layer or the grazing intensity (Taylor et
al. 2020). In three of the mires studied, monitoring
during recent years has revealed that grazing prevents
the development of dense cyperaceous swards and,
thus, may indirectly favour the growth of non-
Sphagnum moss carpets (own data, related to
GREEN 2023).

In general terms, the moderate correspondence
between vegetation units and peat accumulation (at
least in the case of Carex nigra fen) may be explained
by the contrast between a faster development of mire
vegetation following environmental changes and a
much slower development of peaty soils. In mountain
areas, changes in hydrology such as slope colluvium
dynamics or variations in the pathways of streams
may have led to changes in the spatial distribution of
mire plant species in a faster way than peat
development and accumulation (Patterson & Cooper
2007, Ehnvall et al. 2024, Egger et al. 2025).
Moreover, although we have no precise
documentation on the development of peatland at the
study sites, paleoecological studies in two Central
Pyrenean mires (Pérez-Obiol et al. 2012, Garcés-
Pastor et al. 2017) show intense anthropogenic
landscape changes around these ecosystems. Apart
from forest clearing by wildfires beginning seven
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millennia ago, grazing pressure would have affected
the mires and neighbouring grasslands increasingly
through time, mainly in the late Bronze era, in the
Roman era, and in the Middle Ages. Suppression of
the tree cover, together with grazing activity, could
have changed the soil hydrology and favoured mire
expansion from a few millennia ago to some decades
ago. Presently, under a low-intensity grazing regime
and surrounded by forest, mires in the Central
Pyrenees experience a trend of area reduction by pine
encroachment (own data from LIMNOPIRINEUS
2023).

Therefore, human activities in combination with
mountain dynamics could explain why some of the
mire vegetation was found on non-peat or peat-poor
soils (Egger et al. 2025); and why soil layers that
were very poor in organic matter - expression of
colluvia or alluvia - were found covering older peat
layers in some places. Evidence of fluvial dynamics
driving changes, in the form of mineral soil layers
covering older peat layers, was observed frequently
in Pallerols (located in the mid-course of a mountain
stream) and more rarely in Rubio (closer to a
headwater area).

Peatland through Pyrenean landscapes
Hydrogeomorphology drives plant community
composition and SOC distribution patterns in mires
through multiple gradients operating at different
spatial scales. Therefore, peat development and
accumulation must be understood as a multifactorial
result of several drivers, namely plant primary
production, litter decay and mineralisation, and soil
erosion (Bridgham ez al. 1996, Chadde et al. 1998,
Grootjans ef al. 2006, Gerdol ef al. 2011). The first
driver largely depends on bioclimate, which mostly
varies with elevation in mountain areas; the second
comes from topoclimate and hydrology at local scale;
and the third correlates with small-scale topography
and hydrology, and is thus peculiar to the individual
mire system. Analysing the different patterns of peat
distribution found within the studied mire sites could
help to disentangle the roles of these drivers in
Pyrenean landscapes.

In Pallerols and Rubio, fluvial morphology may
have shaped sharp gradients in soil C stocks. Patches
with large peat thickness and C stock, coinciding
with lateral diffuse water springs, may be found at
short distances from peat-poor soils in the marginal
parts of the mire where flooding vanishes through
summer, or in the edges of water courses subject to
erosive processes. However, the two sites showed
different patterns, which we attribute partly to
different locations within the fluvial network, and
partly to differences in topoclimate. Thus, the higher
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temperatures and greater incorporation of new
mineral sediment characterising Pallerols would
explain a longer plant growth period and larger
standing biomass (i.e., primary production, Table 1)
than in Rubid, together with the absence of
Sphagnum hummocks from Pallerols.

The sites Estanyeres and Sotllo, located in
glacially-shaped valleys, are subject to colder
topoclimates, which lead to lower primary
production (Table 1) together with slower
mineralisation of organic matter. Presumably, the
second effect counterbalances the first, which in
distinct alpine vegetation types leads to greater SOM
accumulation with increasing elevations (Korner
2021). Indeed, our highest mire site (Sotllo) showed
the most C-rich shallow soil layers, which were
found even in the marginal parts of the mire.
Moreover, both Estanyeres and Sotllo include old
alpine ponds whose terrestrialisation would have
contributed to peat accumulation over time (Chadde
et al. 1998). Thus, in these two sites, the combination
of colder bioclimates with glacial morphology
(including former small lakes) would promote SOC
accumulation.

While this study focuses on only four cases, it
represents the first mapping effort based on peat
distribution, C stocks and habitats, for Pyrenean
mires. As a contribution to the understanding of SOC
stocks and dynamics in southern European peatlands,
it should be expanded through additional research
that provides more data from such heterogeneous
localities, under varying human influence. Our
results reveal how peatland patterns and processes
vary across the Pyrenean landscape, and help to
improve our understanding of mire diversity and
functioning at the southern edge of the Palaearctic
temperate region.

ACKNOWLEDGEMENTS

For technical assistance in distinct aspects of the
work, we acknowledge our colleagues Nuria Roca
(advice on soil sampling and procedures), Albert
Ferré (cartographic facilities), Pol Izquierdo (field
sampling) and Alba Anadon-Rosell (style revision of
the manuscript). The manuscript improved
significantly thanks to thorough scrutiny by two
anonymous referees. The study developed within the
projects ALFAwetlands (European Union, 9P2CLS5 -
HE - Climate, Energy and Mobility, 101056844),
LIFE RESQUE ALPYR (European Commission,
LIFE20 NAT/ES/000369) and PyrePeat (Spanish
Ministry of Science and Innovation, TED2021-
132083 A-100).

Mires and Peat, Volume 32 (2025), Article 20, 21 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/001¢.144690

12



J.M. Ninot et al.

AUTHOR CONTRIBUTIONS

JMN originated and planned the work, conducted
field sampling and laboratory work, wrote the first
draft, and is the lead author; MM conducted field
sampling and laboratory work, and performed all
calculations for peat mapping; VMA performed the
statistical analyses and contributed to the first draft;
EC contributed to field sampling; EPI and APH
contributed to planning of the work and in general
assessment of the study. All authors contributed to
building and revision of the manuscript.

REFERENCES

Agaba, S., Ferré, C., Musetti, M., Comolli, R. (2024)
Mapping soil organic carbon stock and
uncertainties in an alpine valley (northern Italy)
using machine learning models. Land, 13(1), 78.
https://doi.org/10.3390/1and13010078

ArcGIS Pro (2023) Using cross validation to assess
interpolation results. Online at:
https://pro.arcgis.com/en/pro-
app/3.1/help/analysis/geostatistical-
analyst/performing-cross-validation-and-
validation.htm, accessed Feb 2024.

Bhunia, G.H., Shit, P.K., Maiti, R. (2018)
Comparison of GIS-based interpolation methods
for spatial distribution of soil organic carbon
(SOC). Journal of the Saudi Society of
Agricultural  Sciences, 17(2), 114-126.
https://doi.org/10.1016/j.jssas.2016.02.001

Bisutti, 1., Hilke, 1., Raessler, M. (2004)
Determination of total organic carbon - an
overview of current methods. Trends in Analytical
Chemistry, 23(10-11), 716-726.
https://doi.org/10.1016/j.trac.2004.09.003

Bortoluzzi, E., Epron, D., Siegenthaler, A., Gilbert,
D., Buttler, A. (2006) Carbon balance of a
European mountain bog at contrasting stages of
regeneration. The New Phytologist, 172, 708-718.
https://doi.org/10.1111/1.1469-
8137.2006.01859.x

Bridgham, S.D., Pastor, J.J., Janssens, J.A., Chapin,
C., Malterer, T.J. (1996) Multiple limiting
gradients in peatlands: A call for a new paradigm.
Wetlands, 16(1), 45-65.
https://doi.org/10.1007/BF03160645

Carbognani, M., Tomaselli, M., Petraglia, A. (2023)
Interactions and covariation of ecological drivers
control CO, fluxes in an alpine peatland.
Wetlands, 43, 44, 1-16.
https://doi.org/10.1007/s13157-023-01692-5

Carreras, J., Ferré, A., Vigo, J. (eds.) (2015) Manual

INTRICATE SPATIAL SOIL CARBON DISTRIBUTION IN FOUR PYRENEAN MIRES

dels Habitats de Catalunya. Volum VII, 5
Molleres i Aiguamolls, 6 Roques, Tarteres,
Glaceres, Coves (Manual of the Habitats of
Catalonia. Volume VII, 5 Fens and Mires, 6
Rocks, Scree, Caves). Generalitat de Catalunya,
Barcelona, 221 pp. (in Catalan).
http://atzavara.bio.ub.edu/Manual CORINE/Volu
m_VII 2a.pdf

Chadde, S.W., Shelly, J.S., Bursik, R.J., Moseley,
R.K., Evenden, A.G., Mantas, M., Rabe, F.,
Heidel, B. (1998) Peatlands on National Forests
of the Northern Rocky Mountains: Ecology and
Conservation. General Technical Report RMRS-
GTR-11, Forest Service of the United States,
Utah, 76 pp.

Chen, H., Yang, G., Peng, C., Zhang, Y. and 15
others (2014) The carbon stock of alpine
peatlands on the Qinghai-Tibetan Plateau during
the Holocene and their future fate. Quaternary
Science Reviews, 95, 151-158.
https://doi.org/10.1016/j.quascirev.2014.05.003

Chimner, R.A., Lemly, J.M., Cooper, D.J. (2010)
Mountain fen distribution, types and restoration
priorities, San Juan Mountains, Colorado, USA.
Wetlands, 30, 763-771.
https://link.springer.com/article/10.1007/s13157-
010-0039-5

Cholet, J., Magnon, G. (2010) Tourbiéres des
Montagnes Frangaises, Nouveaux Eléments de
Conaissance, de Reflexion et de Gestion
(Peatlands of the French Mountains, New
Elements of Knowledge, Reflection and
Management). Pdle-relais tourbieres/Fédération
des Conservatoires d’espaces naturels, Besangon,
187 pp. (in French).

Colomer, J., Pérez-Haase, A., Carrillo, E., Ventura,
M., Ninot, J.M. (2019) Fine-scale vegetation
mosaics in Pyrenean mires are driven by complex
hydrological regimes and threatened by extreme
weather events. FEcohydrology, 12(2), ¢2070,
11 pp. https://doi.org/10.1002/ec0.2070

D’Angelo, B., Leroy, F., Guimbaud, C., Jacotot, A.,
Zocatelli, R., Gogo, S., Laggoun-Defarge, F.
(2021) Carbon balance and spatial variability of
CO; and CHy4 fluxes in a Sphagnum-dominated
peatland in temperate climate. Wetlands, 41, 5.
https://doi.org/10.1007/s13157-021-01411-y

Egger, G., Paul, M., Kollmann, Schonegger, A.,
Schletterer, M. (2025) Carbon storage in alpine
mires: A case study from Platzertal (Austria).
Mires and Peat, 32, 15.
https://doi.org/10.19189/001¢.143991

Ehnvall, B., Ratcliffe, J.L., Nilsson, M.B., Oquist,
M.G., Sonseller, R.A., Grabs, T. (2024)
Topography and time shape mire morphometry

Mires and Peat, Volume 32 (2025), Article 20, 21 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/001¢.144690

13


https://doi.org/10.3390/land13010078
https://pro.arcgis.com/en/pro-app/3.1/help/analysis/geostatistical-analyst/performing-cross-validation-and-validation.htm
https://pro.arcgis.com/en/pro-app/3.1/help/analysis/geostatistical-analyst/performing-cross-validation-and-validation.htm
https://pro.arcgis.com/en/pro-app/3.1/help/analysis/geostatistical-analyst/performing-cross-validation-and-validation.htm
https://pro.arcgis.com/en/pro-app/3.1/help/analysis/geostatistical-analyst/performing-cross-validation-and-validation.htm
https://doi.org/10.1016/j.jssas.2016.02.001
https://doi.org/10.1016/j.trac.2004.09.003
https://doi.org/10.1111/j.1469-8137.2006.01859.x
https://doi.org/10.1111/j.1469-8137.2006.01859.x
https://doi.org/10.1007/BF03160645
https://doi.org/10.1007/s13157-023-01692-5
http://atzavara.bio.ub.edu/ManualCORINE/Volum_VII_2a.pdf
http://atzavara.bio.ub.edu/ManualCORINE/Volum_VII_2a.pdf
https://doi.org/10.1016/j.quascirev.2014.05.003
https://link.springer.com/article/10.1007/s13157-010-0039-5
https://link.springer.com/article/10.1007/s13157-010-0039-5
https://doi.org/10.1002/eco.2070
https://doi.org/10.1007/s13157-021-01411-y
https://doi.org/10.19189/001c.143991

J.M. Ninot et al.

and largescale mire distribution patterns in the
northern  boreal landscape. Jowrnal of
Geophysical Research: Earth Surface, 129,
€2023JF007324.
https://doi.org/10.1029/2023JF007324

Garcés-Pastor, S., Canellas-Bolta, N., Pelachs, A.,
Soriano, J.M., Pérez-Obiol, R., Pérez-Haase, A.,
Calero, M.A., Oriol, A., Escola, N., Vegas-
Vilarrtbia, T. (2017) Environmental history and
vegetation dynamics in response to climate
variations and human pressure during the
Holocene in Bassa Nera, Central Pyrenees.
Palaeogeography, Palacoclimatology, Palaeo-
ecology, 479, 48—60.
https://doi.org/10.1016/j.palaco.2017.04.016

Garcia-Pausas, J., Casals, P., Camarero, L., Huguet,
C., Sebastia, M.-T., Thompson, R., Romanya, J.
(2007) Soil organic carbon storage in mountain
grasslands of the Pyrenees: effects of climate and
topography. Biogeochemistry, 82, 279-289.
https://doi.org/10.1007/s10533-007-9071-9

GEOVEG (2023) SEMHAVEG. Habitats and
vegetation map server, Geobotany and Vegetation
Mapping Research Group (GEOVEG), Department
of agriculture, livestock, fisheries and food,
Generalitat de Catalunya, Barcelona. Online at:
https://agricultura.gencat.cat/ca/serveis/cartografi
a-sig/bases-cartografiques/habitats/, accessed 25
Nov 2023.

Gerdol, R., Pontin, A., Tomaselli, M., Bombonato,
L., Brancaleoni, L., Gualmini, M., Petraglia, A.,
Siffi, C, Gargini, A. (2011) Hydrologic controls
on water chemistry, vegetation and ecological
patterns in two mires in the South-Eastern Alps
(Italy). Catena, 86(2), 86-97.
https://doi.org/10.1016/j.catena.2011.02.008

Gonzalez-Sampériz, P., Valero-Garcés, B.L.,
Moreno, A., Jalut, G., Garcia-Ruiz, J.M., Marti-
Bono, C., Delgado-Huertas, A., Dedoubat, J.J.
(2006) Climate wvariability in the Spanish
Pyrenees during the last 30,000 yr revealed by the
El Portalet sequence. Quaternary Research,
66(1), 38-52.
http://dx.doi.org/10.1016/j.yqres.2006.02.004

GREEN (2023) Gestion et Mise en Réseau des
Espaces Naturels des Pyrénées (Management and
Networking of the Natural Areas of the Pyrenees).
Projet POCTEFA GREEN (2014-2020). Online
at : https://www.green-biodiv.eu/, accessed 25
Nov. 2023 (in French and Spanish).

Grootjans, A.P., Adema, E.B., Bleuten, W., Joosten,
H., Madaras, M., Jandkova, M. (2006)
Hydrological landscape settings of base-rich fen
mires and fen meadows: an overview. Applied
Vegetation Science, 9, 175-184.

INTRICATE SPATIAL SOIL CARBON DISTRIBUTION IN FOUR PYRENEAN MIRES

https://doi.org/10.1111/1.1654-
109X.2006.tb00666.x

Harrison, R.B., Footen, P.W., Strahm, B.D. (2011)
Deep soil horizons: contribution and importance
to soil carbon pools and in assessing whole-
ecosystem response to management and global
change. Forest Science, 57(1), 67-76.
https://doi.org/10.1093/forestscience/57.1.67

ICGC (2023) Vissir3. Interactive map, Institut
Cartografic i Geologic de Catalunya (ICGC),
Barcelona. Online at: http://srv.icgc.cat/vissir3/,
accessed Nov 2023.

Jalut, G., Delibrias, G., Dagnac, J., Mardones, M.,
Bouhours, M. (1982) A palacoecological
approach to the last 21 000 years in the Pyrenees:
The peat bog of Freychinéde (alt. 1350 m, Ariege,
South  France). Palaeogeography, Palaeo-
climatology, Palaeoecology, 40(4), 321-359.
https://doi.org/10.1016/0031-0182(82)90033-5

Jiménez-Alfaro, B., Fernandez-Pascual, E., Diaz
Gonzalez, T.E., Pérez-Haase, A., Ninot, J.M.
(2012) Diversity of rich fen vegetation and related
plant specialists in mountain refugia of the Iberian
peninsula. Folia Geobotanica, 47, 403—419.
https://link.springer.com/article/10.1007/s12224-
012-9125-1

Jiménez-Alfaro, B., Aunina, L., Carbognani, M.,
Dité, D. and 14 others (2023) Habitat-based
biodiversity responses to macroclimate and
edaphic factors in European fen ecosystems.
Global Change Biology, 29, 6756-6771.
https://doi.org/10.1111/2cb.16965

Joosten, H. (2010) The Global Peatland CO: Picture.
Peatland  Status and Drainage Associated
Emissions in all Countries of the World. Wetlands
International, Ede, 36 pp.

Joosten, H. (2015) Peatlands, Climate Change
Mitigation and Biodiversity Conservation. Nordic
Council of Ministers, Copenhagen, Denmark, 9 pp.

Joosten, H., Clarke, D. (2002) Wise Use of Mires and
Peatlands. International Mire Conservation
Group and International Peat Society, Saarijérvi,
Finland, 304 pp.

Joosten, H., Moen, A., Couwenberg, J., Tanneberger,
F. (2017) Mire diversity in Europe: mire and
peatland types. In: Joosten, H., Tanneberger, F.,
Moen, A. (eds.) Mires and Peatlands of Europe.
Status, Distribution and Conservation.
Schweizerbart Science Publishers, Stuttgart, 5—64.

Julve, P., Muller, F. (2017) France. In: Joosten, H.,
Tanneberger, F., Moen, A. (eds.) Mires and
Peatlands of Europe: Status, Distribution and
Conservation. Schweizerbart Science Publishers,
Stuttgart, 395-402.

Klingenfuf3, C., Rofkopf, N., Walter, J., Heller, C.,

Mires and Peat, Volume 32 (2025), Article 20, 21 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/001¢.144690

14


https://doi.org/10.1029/2023JF007324
https://doi.org/10.1016/j.palaeo.2017.04.016
https://doi.org/10.1007/s10533-007-9071-9
https://agricultura.gencat.cat/ca/serveis/cartografia-sig/bases-cartografiques/habitats/
https://agricultura.gencat.cat/ca/serveis/cartografia-sig/bases-cartografiques/habitats/
https://doi.org/10.1016/j.catena.2011.02.008
http://dx.doi.org/10.1016/j.yqres.2006.02.004
https://www.green-biodiv.eu/
https://doi.org/10.1111/j.1654-109X.2006.tb00666.x
https://doi.org/10.1111/j.1654-109X.2006.tb00666.x
https://doi.org/10.1093/forestscience/57.1.67
http://srv.icgc.cat/vissir3/
https://doi.org/10.1016/0031-0182(82)90033-5
https://link.springer.com/article/10.1007/s12224-012-9125-1
https://link.springer.com/article/10.1007/s12224-012-9125-1
https://doi.org/10.1111/gcb.16965

J.M. Ninot et al.

Zeitz, J. (2014) Soil organic matter to soil organic
carbon ratios of peatland soil substrates.
Geoderma, 235-236,410-417.
https://doi.org/10.1016/j.geoderma.2014.07.010

Korner, C. (2021) Alpine Plant Life: Functional
Plant Ecology of High Mountain Ecosystems.
Third edition, Springer, Cham, 500 pp.
https://doi.org/10.1007/978-3-030-59538-8

Leifeld, J., Menichetti, L. (2018) The under-
appreciated potential of peatlands in global
climate change mitigation strategies. Nature
Communications, 9, 1071.
https://doi.org/10.1038/s41467-018-03406-6

LIMNOPIRINEUS (2023) Conservation of Aquatic
Habitats and Species in High Mountains of the
Pyrenees. Project LIFE+ Nature LIMNOPIRINEUS
(2014-2019). Online at:
http://www lifelimnopirineus.eu/en/project,
accessed Nov. 2023.

Liu, X., Chen, H., Zhu, Q., Wu, J., Frolking, S., Zhu,
D., Wang, M., Wu, N., Peng, C., He, Y. (2018)
Holocene peatland development and carbon stock
of Zoige peatlands, Tibetan Plateau: a modeling
approach. Journal of Soils and Sediments, 18,
2032-2043. https://doi.org/10.1007/s11368-018-
1960-0

Loisel, J., Yu, Z., Beilman, D.W., Camill, P. and 57
others (2014) A database and synthesis of
northern peatland soil properties and Holocene
carbon and nitrogen accumulation. The Holocene,
24, 1028-1042.

Loisel, J., Gallego-Sala, A.V., Amesbury, M.J,,
Magnan, G. and 66 others (2021) Expert
assessment of future vulnerability of the global
peatland carbon sink. Nature Climate Change, 11,
70-77. https://doi.org/10.1038/s41558-020-
00944-0

Minasny, B., Berglund, O., Connolly, J., Hedley, C.
and 16 others (2019) Digital mapping of peatlands
- A critical review. Earth Science Reviews, 196,
102870.
https://doi.org/10.1016/J.EARSCIREV.2019.05.
014

Moen, A., Joosten, H., Tanneberger, F. (2017) Mire
diversity in Europe: mire regionality. In: Joosten,
H., Tanneberger, F., Moen, A. (eds.) Mires and
Peatlands of Europe: Status, Distribution and
Conservation. Schweizerbart Science Publishers,
Stuttgart, 97-149.

Ninot, J.M., Ferré, A., Grau, O., Font, X., Pérez-
Haase, A., Carrillo, E. (2013) Environmental
drivers and plant species diversity in the Catalan
and Andorran Pyrenees. Lazaroa, 34, 89-105.
https://doi.org/10.5209/rev_LAZA.2013.v34.n1.
43277

INTRICATE SPATIAL SOIL CARBON DISTRIBUTION IN FOUR PYRENEAN MIRES

Ninot, J.M., Carrillo, E., Ferré, A. (2017) The
Pyrenees. In: Loidi, J. (ed.) The Vegetation of the
Iberian Peninsula, Volume [, Plant and
Vegetation 12, Springer, Cham, 323—-366.

Patterson, L., Cooper, D.J. (2007) The use of
hydrologic and ecological indicators for the
restoration of drainage ditches and water
diversions in a Mountain Fen, Cascade Range,
California. Wetlands, 217, 290-304.
https://doi.org/10.1672/0277-
5212(2007)27[290: TUOHAE]2.0.CO:2

Peralta, J., Biurrun, 1., Garcia-Mijangos, 1., Remon,
J.L., Olano, J.M., Lorda, M., Loidi, J., Campos,
J.A. (2018) Manual de Habitats de Navarra
(Manual of Habitats of Navarra). Gobierno de
Navarra, Pamplona, 576 pp. (in Spanish).

Pérez-Haase, A., Ninot, J.M. (2017) Hydrological
heterogeneity rather than water chemistry
explains the high plant diversity and uniqueness
of'a Pyrenean mixed mire. Folia Geobotanica, 52,
143-160.  https://doi.org/10.1007/s12224-017-
9291-2

Pérez-Haase, A., Carrillo, E., Batriu, E., Ninot, J.M.
(2012) Diversitat de comunitats vegetals a les
molleres de la Vall d'Aran (Pirineus centrals)
(Diversity of plant communities in the mires of
Val d’Aran (Central Pyrenees)). Acta Botanica
Barcinonensia, 53, 61-112 (in Catalan).

Pérez-Haase, A., Ninot, J.M., Batriu, E., Pladevall-
Izard, E., Espuny, J., Anadon-Rosell, A.,
Mercadé, A., Ferré, A., Carrillo, E. (2020)
Habitats of community interest in the mires of
Aigiliestortes and Alt Pallars: distribution, impacts
and threats. In: Carrillo, E., Ninot, J.M., Buchaca,
T., Ventura, M. (eds.) LIFE+ LimnoPirineus:
Conservation of Aquatic Habitats and Species in
High Mountains of the Pyrenees, Technical report,
CEAB-CSIC, Barcelona, 84-100. Online at:
http://www.lifelimnopirineus.eu/en/project/publi
cations

Pérez-Obiol, R., Bal, M.-C., P¢lachs, A., Cunill, R.,
Soriano, J.M. (2012) Vegetation dynamics and
anthropogenically forced changes in the Estanilles
peat bog (southern Pyrenees) during the last seven
millennia. Vegetation History and Archaeobotany,
21, 385-396.
https://link.springer.com/article/10.1007/s00334-
012-0351-5

Ramil-Rego, P., Rodriguez Guitidn, M.A. (eds.)
(2017) Habitats de Turbera en la Red Natura
2000: Diagnosis y Criterios para su Conservacion
v Gestion en la Region Biogeogrdfica Atlantica
(Peatland Habitats in the Natura Network 2000:
Diagnosis and Criteria for their Conservation and
Management in the Atlantic Biogeographic Region).

Mires and Peat, Volume 32 (2025), Article 20, 21 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/001¢.144690

15


https://doi.org/10.1016/j.geoderma.2014.07.010
https://doi.org/10.1007/978-3-030-59538-8
https://doi.org/10.1038/s41467-018-03406-6
http://www.lifelimnopirineus.eu/en/project
https://doi.org/10.1007/s11368-018-1960-0
https://doi.org/10.1007/s11368-018-1960-0
https://doi.org/10.1038/s41558-020-00944-0
https://doi.org/10.1038/s41558-020-00944-0
https://doi.org/10.1016/J.EARSCIREV.2019.05.014
https://doi.org/10.1016/J.EARSCIREV.2019.05.014
https://doi.org/10.5209/rev_LAZA.2013.v34.n1.43277
https://doi.org/10.5209/rev_LAZA.2013.v34.n1.43277
https://doi.org/10.1672/0277-5212(2007)27%5b290:TUOHAE%5d2.0.CO;2
https://doi.org/10.1672/0277-5212(2007)27%5b290:TUOHAE%5d2.0.CO;2
https://doi.org/10.1007/s12224-017-9291-2
https://doi.org/10.1007/s12224-017-9291-2
http://www.lifelimnopirineus.eu/en/project/publications
http://www.lifelimnopirineus.eu/en/project/publications
https://link.springer.com/article/10.1007/s00334-012-0351-5
https://link.springer.com/article/10.1007/s00334-012-0351-5

J.M. Ninot et al.

Horreum-Ibader, Lugo, 427 pp. (in Spanish).

RofBkopf, N., Fell, H., Zeitz, J. (2015) Organic soils
in Germany, their distribution and carbon stocks.
Catena, 133, 157-170.

Rydin, H., Jeglum, J. (2013) The Biology of
Peatlands. Second Edition, Oxford University
Press, New York, 398 pp.

Scharlemann, J., Tanner, E., Hiederer, R., Kapos, V.
(2014) Global soil carbon: understanding and
managing the largest terrestrial carbon pool.
Carbon Management, 5(1), 81-91.
https://doi.org/10.4155/cmt.13.77

Schumacher, B.A. (2002) Methods for the
Determination of Total Organic Carbon (TOC) in
Soils and Sediments. United States Environmental
Protection Agency, Las Vegas, 23 pp.

Tanneberger, F., Joosten, H., Moen, A., Whinam, J.
(2017a) Mire and peatland conservation in
Europe. In: Joosten, H., Tanneberger, F., Moen,
A. (eds.) Mires and Peatlands of Europe: Status,
Distribution and Conservation. Schweizerbart
Science Publishers, Stuttgart, 173—196.

Tanneberger, F., Tegetmeyer, C., Busse, S,
Barthelmes, A. and 56 others (2017b) The peatland
map of Europe. Mires and Peat, 19, 22, 17 pp.

Taylor, N.G., Grillas, P., Sutherland, W.J. (2020)
Peatland conservation. In: Sutherland, W.J.,
Dicks, L.V., Petrovan, S.0., Smith R.K. (eds.)
What Works in Conservation 2020, Open Book
Publishers, Cambridge UK, 367—430.

Thormann, M.N., Szumigalski, A.R., Bayley, S.E.
(1999)  Aboveground peat and carbon
accumulation potentials along a bog-fen-marsh

INTRICATE SPATIAL SOIL CARBON DISTRIBUTION IN FOUR PYRENEAN MIRES

wetland gradient in southern boreal Alberta,
Canada. Wetlands, 19(2), 305-317.
https://doi.org/10.1007/BF03161761

UNEP (2019) Resolution 4/16. Conservation and
Sustainable Management of Peatlands -
Resolution Adopted by the United Nations
Environment Assembly on 15 March 2019.
UNEP/EA.4/Res. 16, United Nations Environment
Programme (UNEP). Online at:
https://wedocs.unep.org/20.500.11822/30675

Weissert, L., Disney, M. (2013) Carbon storage in
peatlands: A case study on the Isle of Man.
Geoderma, 204-205,111-119.
https://doi.org/10.1016/j.geoderma.2013.04.016

Wiist-Galley, C., Griining, A., Leifeld, L. (2015)
Locating Organic Soils for the Swiss Greenhouse
Gas Inventory. Agroscope Science 26, Federal
Department of Economic Affairs, Education and
Research (EAFR) Agroscope, Ziirich, 100 pp.
Online at:
https://www.wsl.ch/fileadmin/user_upload/WSL/
Projekte/wuest-galley c_gruenigaleifeldj2015-
1.pdf, accessed 15 Sep 2025.

Zhang, L., Liu, Y., Li, X., Huang, L., Yu, D., Shi, X.,
Chen, H., Xing, S. (2018) Effects of soil map
scales on simulating soil organic carbon changes
of upland soils in Eastern China. Geoderma, 312,
159-169.
https://doi.org/10.1016/j.geoderma.2017.10.017

Submitted 13 Jul 2024, final revision 17 Jul 2025
Editor: Gerald Jurasinski

Author for correspondence: Professor Josep M. Ninot, Institute of Research for Biodiversity (IRBio) and
Department of Evolutionary Biology, Ecology and Environmental Sciences, University of Barcelona,
Av. Diagonal 643, E-08028, Barcelona, Spain. Tel: 34 934021476, E-mail: jninot@ub.edu

Mires and Peat, Volume 32 (2025), Article 20, 21 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/001¢.144690

16


https://doi.org/10.4155/cmt.13.77
https://doi.org/10.1007/BF03161761
https://wedocs.unep.org/20.500.11822/30675
https://doi.org/10.1016/j.geoderma.2013.04.016
https://www.wsl.ch/fileadmin/user_upload/WSL/Projekte/wuest-galley_c_gruenigaleifeldj2015-1.pdf
https://www.wsl.ch/fileadmin/user_upload/WSL/Projekte/wuest-galley_c_gruenigaleifeldj2015-1.pdf
https://www.wsl.ch/fileadmin/user_upload/WSL/Projekte/wuest-galley_c_gruenigaleifeldj2015-1.pdf
https://doi.org/10.1016/j.geoderma.2017.10.017
mailto:jninot@ub.edu

J.M.Ninot et al. INTRICATE SPATIAL SOIL CARBON DISTRIBUTION IN FOUR PYRENEAN MIRES

Appendix

Figure Al. General view of the Pallerols mire, bounding a mountain stream course and surrounded by
Pinus sylvestris and P. uncinata woodland.

Figure A2. The Rubi6 mire is fed by a system of springs around a stream course. Pinus uncinata forms
mesophile woodland on the slopes and swamp forest is interspersed in the mire.
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Figure A3. Estanyeres, where the mire system has developed in the flat and gently sloping area,
surrounded by mesophyle pasture and Pinus uncinata pinewood on more pronounced slopes.

Figure A4. Mire of Sotllo, in the flat bottom of an alpine valley, interspersed with rocky landscape units
and sloping mesophyle pasture and woodland.
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Figure AS. Sampling procedure. Top: at each sampling point, we recorded geographic coordinates and
ecological features (habitat type, moss cover). Bottom: from each soil sample (core), we separated in the field
a number of subsamples, of which the shallower ones (a, b, ¢) were 5 cm long and contiguous, and the deeper
ones (e, f, g) were 10 cm long and separated from one another by 10 cm.
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Figure A6. Relationship between bulk density and C proportion in the soil subsamples taken in the four mires
(R’ = 0.8494, p < 2.25¢'°). The dashed line at SOC = 150 separates the non-peat subsamples (below) from

the peat subsamples (above).
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Figure A7. Thickness of the peat layer in the four mire systems studied. The dots indicate the sampling points.
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Figure A8. Relationship between total moss cover and C concentration in the 0 to -15 cm soil layer according
to the points sampled (squares).
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Table Al. Distribution of C stock within the four mire sites studied, each one split into areas corresponding to

distinct categories of C stock.

C stock Partial Mire Total C Average
. . C content
Location categories area (kg) area stock C stock
(kg.m?) (m?) (m?) (kg) (kg.m?)
4.67-5 162 784
5-10 4,742 35,564
10-15 1,914 23,930
15-20 1,508 26,387
Pallerols 20-25 1382 31,091 10,888 152,863 14.04
25-30 663 18,237
30-35 481 15,627
35-35.21 35 1,242
5.32-10 2,182 16,715
10-15 6,276 78,451
1520 5,983 104,711
Rubio 20-25 2,691 60,546 18,005 286,911 15.94
25-30 405 11,132
30-35 421 13,685
35-37.09 46 1,671
4.92-5 127 630
5-10 1,428 10,707
10-15 1,376 17,195
15-20 3,891 68,096
Estanyeres 20-95 2,760 62.301 12,248 238,868 19.50
25-30 1,391 38,258
30-35 1,083 35,187
35-35.49 184 6,494
10.8-15 379 4,888
15-20 9,222 161,382
20-25 13,148 295,826
Sotllo 2530 2.869 78.896 25,906 550,856 21.26
30-35 191 6,203
35-39.75 98 3,662

Table A2. Correlation matrix of the Pearson test indices of the variables considered for the soil samples: SOC
at distinct soil depths (a: 0 to -5 cm; b: -5 to -10 cm; c: -10 to -15 cm; d: -20 to -30 cm), total C in the entire
profile, peat thickness, and terrain slope. Coloured cells indicate correlation values over + 0.8 (dark green) or
between £0.8 and + 0.6 (pale green).

SOC a SOC b SOC ¢ SOC d Total C Peat
SOC a
SOC b 0.848
SOC ¢ 0.720 0.910
SOC d 0.597 0.676 0.801
Total C 0.342 0.425 0.468 0.492
Peat 0.540 0.678 0.730 0.707 0.780
Slope -0.318 -0.380 -0.328 -0.263 -0.238 -0.361
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