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_______________________________________________________________________________________ 

 

SUMMARY 

 

Peatland soils can store large amounts of water and their retention capacity depends upon soil structure, 

vegetation type and degree of decomposition. In the Serra do Espinhaço Meridional (south-eastern Brazil), 

numerous peatlands occur in the headwaters of several watercourses that feed rivers of uttermost importance. 

The present study aimed to characterise the water retention curves for two peatlands under forest and grassland 

vegetation. Four peat cores were collected, then sampled every 15 cm. Undisturbed samples were used for 

water retention analysis and disturbed samples for organic matter characterisation. Water retention data fitted 

well to bimodal sigmoid retention curves, indicating that the porous system is composed of at least two 

subsystems with different retention behaviours. One subsystem follows a smooth sigmoid trend at higher 

matric potentials, while the other subsystem accounts for the steep decrease in water content beyond matric 

potentials around -7,000 cm. The pore size distribution also reflected this bimodal behaviour, with two distinct 

peaks around 50 and 0.4 µm. Water retention was predominantly affected by bulk density, which reflected the 

differences in mineral and organic matter content. The degree of decomposition and lignocellulosic 

composition of the organic matter also significantly affected water retention, especially at lower matric 

potentials. 
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_______________________________________________________________________________________ 

 

INTRODUCTION 

 

Peatlands are ecosystems originating from the 

accumulation of organic matter wherever the decay 

of plant residues is restricted, most often by 

waterlogging (Takada et al. 2016). Their enormous 

ecological importance stems from their ability to 

store large amounts of water and organic carbon 

(Bispo et al. 2016, Leng et al. 2019). Peatlands are 

responsible for as much as one fifth to one third of the 

global soil carbon pool (Yu et al. 2010, Treat et al. 

2019). In addition to storing water, peatlands regulate 

the flow of watercourses, as they slowly release the 

water stored during rainy seasons throughout the 

drier periods of the year (Bispo et al. 2016). Because 

organic residues accumulate through time, peatlands 

also store several elements that can be used as proxies 

for assessing past climate and ecological conditions, 

such as stable isotopes (Horák-Terra et al. 2014, 

2015; Kock et al. 2019), plant phytoliths and pollen 

(Horák-Terra et al. 2020, Kelly et al. 2020), and 

preserved organisms (van Bellen et al. 2016). 

The great importance of peatlands as water 

reservoirs can be attributed to two major factors. As 

wetlands, peatlands occur in depressions within the 

landscape that receive surface and subsurface water 

fluxes from upslope (Finlayson & Milton 2018, 

Lindsay 2018). In addition to receiving much of the 

water flowing in the landscape, the organic materials 

that form peatlands can hold as much water as 17 

times their own weight (Campos et al. 2011). This 

“sponge-like” behaviour (Silva et al. 2013a) is 

particularly important under climates with strong 

seasonality in rainfall distribution since it allows 

peatlands to store water during the rainy season and 

release it during dry periods. 

Water retention in peatlands is affected by the 

origin and degree of decomposition of the organic 

residues (Gnatowski et al. 2010, Kurnain 2019, Liu 

& Lennartz 2019), which exhibit distinct differences 

in behaviour between the less decomposed and more 

porous acrotelm (surface layers) and the more 
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decomposed and less porous layers of the deeper 

catotelm (Dimitrov & Lafleur 2021). The 

aboveground vegetation also influences the hydraulic 

behaviour of peatland soils, with differences in water 

retention depending on the predominance of moss, 

grassland, or woody vegetation (Kurnain 2019, Liu 

& Lennartz 2019). 

Assessing water retention in peatland Histosols is 

important for accurate hydrological modelling in 

these ecosystems (Dimitrov & Lafleur 2021, Taufik 

et al. 2019). Water retention characteristics strongly 

affect the specific yield (change in water table depth 

resulting from precipitation) on peatlands with 

slightly deeper water tables, e.g. below 15 cm 

(Dettmann & Bechtold 2016). Because of the shallow 

water table, hydraulic equilibrium can be assumed 

and thus the water table depth can be used to estimate 

water content if the water retention characteristics of 

the soil are known (Dimitrov & Lafleur 2021). The 

sigmoid water retention curve from van Genuchten 

(1980) is often applied to peat retention data (e.g. Liu 

& Lennartz 2019, Dimitrov & Lafleur 2021), but 

multimodal models have also been used, frequently 

yielding better results due to the bimodal (Dettmann 

et al. 2014) or even trimodal (Weber et al. 2017) pore 

size distribution of peat. Other challenges for 

assessing water retention in peatland soils include 

shrinking and increased hydrophobicity upon drying 

(Bechtold et al. 2018), and extremely high porosity, 

which make collecting undisturbed samples 

particularly difficult (Weber et al. 2017). 

The highlands of the Serra do Espinhaço 

Meridional in south-eastern Brazil harbour numerous 

peatlands, owing to the combined effects of resilient 

organic matter, waterlogging and lower temperatures 

associated with high altitude (Silva et al. 2019, 

2020). These peatlands cover more than 142 km2 

(1.2 % of the Serra do Espinhaço Meridional) and 

store, in an average depth of 1.19 m, 428 Mg ha-1 of 

carbon and almost 1,000 mm (994.8 L m-2) of water 

(Silva et al. 2013a). Although several studies have 

been conducted to assess their potential as carbon (C) 

and water reservoirs (Campos et al. 2011, 2012; Silva 

et al. 2013a, Bispo et al. 2016), these peatlands have 

not yet been properly characterised in terms of their 

water retention characteristics. 

We hypothesised that water retention and pore 

size distribution in mountain peatland soils is 

affected by soil structure and organic matter 

composition. The objectives of the present study 

were to assess the total water holding capacity and 

the water retention characteristics of tropical 

mountain peatlands under forest and grassland 

vegetation, and to investigate the influence of organic 

matter composition upon water retention. 

METHODS 

 

Study sites and sampling 

The sampled peatlands are located in the Serra do 

Espinhaço Meridional, a proterozoic orogenic belt 

that stretches longitudinally across Minas Gerais and 

Bahia states in eastern Brazil (Figure 1). The 

Espinhaço Range is composed mostly of quartzites 

and phyllites, from which shallow, sandy and poor 

soils develop, mostly Entisols and Inceptisols 

(Silva 2005). In several depressions and headwaters, 

the prevailing hydromorphic conditions favour the 

accumulation of organic deposits, initiating the 

formation of peatlands (Horák-Terra et al. 2014, 

Campos et al. 2017). These peatlands store large 

amounts of water, releasing it throughout the year to 

the countless watercourses that originate there (Bispo 

et al. 2016). 

Two peatlands were selected for the present study, 

one located in the Pinheiro district (called Pinheiro 

peatland) at 1,220 m a.s.l., and the other in the São 

João da Chapada district (called Chapada peatland) at 

1,330 m a.s.l., both in the municipality of Diamantina 

in Minas Gerais state (Figure 1). Average annual 

temperature is 18.7 °C, with average minimum 

temperature 11.3 °C in July and average maximum 

temperature 26 °C in February (INMET 2022). 

Average annual rainfall is 1,375 mm, 89 % of which 

is concentrated during the rainy season which lasts 

from October to March (INMET 2022). 

At each peatland, two cores were collected, one 

under grassland vegetation and the other under forest 

vegetation. Grassland (campo úmido) is the main 

vegetation type in these peatlands, but forest 

fragments occur as patches (called capões) dispersed 

throughout the peatlands (Figure 2). The campo 

úmido vegetation is dominated not only by grasses 

(Poaceae) but also by species from the families 

Cyperaceae, Xyridaceae and Eriocaulaceae which are 

typical of these waterlogged environments (Silva et 

al. 2013b, Silva et al. 2019). The capões are 

composed of a mixture of Atlantic rainforest species, 

mainly from the semideciduous seasonal forest and 

the montane forest phytophysiognomies. These 

capões are thought to be remnants of more extensive 

forests that developed under colder and wetter 

climates in the Quaternary Period (Silva et al. 2019, 

Horák-Terra et al. 2020). 

The peat cores were collected in 3.0 m long 

aluminium tubes of 76 mm external diameter (wall 

thickness 3.2 mm). These tubes were inserted 

vertically into the peatlands with vibration provided 

by a stationary engine, causing minimum disturbance 

to the sampled material (Martin et al. 1995). When 

the  basal  layer  of  the  peat  deposit  was  reached  (90–
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Figure 1. Locations of the studied peatlands (Pinheiro and Chapada) in the Serra do Espinhaço Meridional, 

Minas Gerais (MG) state, south-eastern Brazil. 

 

 

135 cm depending on the site), the vibration ceased 

and a sealing cap was placed on the upper end of the 

tube. The core was then hoisted using a tripod-

mounted pulley and the lower end was also covered 

with a cap (Figure 2). The core was transported in a 

semi-vertical position to prevent mixing of different 

layers. 

 

Laboratory analysis 

In the laboratory the aluminium tubes were cut 

longitudinally with an electric saw to expose the peat 

cores. Undisturbed samples for evaluation of the 

water retention curve were collected from the cores 

at 15 cm depth intervals using PVC rings (4.8 cm 

height and 4.7 cm internal diameter on average), that 

were carefully inserted into the exposed face of the 

core. Samples were collected only from the organic 

layers, as indicated by the morphological description 

of the core, meaning that sampling continued to 

different depths in different cores depending on the 

thickness of the organic layer. During this process, 

disturbed samples were also collected for chemical 

characterisation of the peat layers. Analytical 

procedures followed Brazilian standards (Teixeira et 

al. 2017). 

A nylon cloth was attached to the bottom of the 

ring containing each undisturbed sample to prevent 

loss of material. The samples were then placed in 

plastic trays and saturated by slowly filling the trays 

with distilled water. After saturation, the samples 

were weighed and equilibrated at a range of water 

tensions  (100, 1000, 3,000, 7,000 and 15,000 cm)  in
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Figure 2. Top left: Peatland vegetation in the Serra do Espinhaço is dominated by grassland (campo úmido) 

with patches of forest vegetation (capões). Top right: Peat core being hoisted using a pulley mounted on a 

tripod. Bottom: Peat core exposed after cutting the aluminium tube open (notice the yellowish mineral basal 

layer at the bottom). 

 

 

porous plate extractors (Teixeira & Bhering 2017). 

Following each step, the samples were weighed to 

determine water content (θ, m3 m-3). After the final 

step, the samples were oven-dried (50 °C for 48 h) 

and weighed to enable calculation of the soil bulk 

density (ρ, Mg m-3). 

The disturbed samples were dried (50 °C for 12 h) 

and sieved (2 mm) prior to analysis. Organic and 

mineral matter content were determined by 

combustion of the samples in a muffle furnace at 

500 °C for 3 h (Fontana 2017). Mineral matter 

content was considered equal to the residue following 

combustion, whereas the organic matter content was 

considered equal to the amount of material lost (loss 

on ignition). The organic and mineral matter contents 

were multiplied by the bulk density values of the 

respective layers to express the soil composition in 

terms of specific weight (mass of organic material per 

unit volume of peat). 

Weight distribution of humic substances was 

determined by the standard alkali-acid extraction 

procedure (Benites et al. 2017). Initially, the fulvic 

and humic acids fraction was extracted with NaOH 

(0.1 mol L-1). Following centrifugation, the 

supernatant (fulvic acids + humic acids fraction) was 

acidified (HCl; 6 mol L-1) and centrifuged, thus 

separating the fulvic acids fraction (supernatant) 

from the humic acids fraction (precipitate). The 

soluble fractions were oven dried (45 °C) and 

weighed. The precipitate from the alkali extraction 

contained the soil minerals and the humin fraction. 

This precipitate was calcinated at 600 °C for 4 h and 

the weight loss was considered equal to the weight of 

the humin fraction. 

Rubbed and unrubbed fibre contents were 

determined according to Lynn et al. (1974). The 

moist organic material was packed into a 5 mL 

syringe cut in half longitudinally (volume 2.5 mL) 

then washed with water into a 0.149 mm (100 mesh) 

sieve. The retained material was repacked into the 

half-syringe and its volume, corresponding to the 

fraction of unrubbed fibre, was measured. This 

material was washed again in the sieve whilst being 

gently rubbed between the fingers. The remaining 

material was again packed into the half syringe and 

its volume corresponded to the fraction of rubbed 

fibre. 

Organic elemental composition (C and N content) 

was determined by combustion in an elemental 

analyser (LECO TruSpec) according to Fontana & 

Bianchi (2017). The C and N contents were 

expressed as proportions of total organic matter 
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content (proportion of C and N in the organic matter) 

to better represent degree of decomposition. The C 

and N contents were also expressed in relation to each 

other as a quotient (C:N ratio). 

For isotope determination, the dried samples were 

crushed in an agate mortar and weighed in metallic 

capsules. The content of 13C was determined in a 

mass spectrometer and expressed as δ13C (isotopic 

abundance of 13C in relation to 12C). More negative 

δ13C values are linked to a predominance of C3 plants 

(trees and herbaceous plants of wet environments), 

while less negative δ13C values are linked to a 

predominance of C4 plants (grasses from open and 

drier environments). 

Lignocellulosic composition of the organic 

material was determined according to the method 

proposed by van Soest (1994) for bromatological 

analysis of forage materials. The lignin and cellulose 

were extracted with an acid detergent that solubilises 

other cellular components. Cellulose content was 

determined after oxidation of lignin with acetic acid 

and potassium permanganate. Lignin content was 

determined following oxidation of cellulose with 

sulfuric acid. The lignin and cellulose contents were 

determined following digestion by combustion of the 

residues in a muffle furnace (500 °C for 3 h). 

 

Statistical analysis 

Water retention data were fitted to bimodal van 

Genuchten water retention curves (van Genuchten 

1980, Durner 1994). 

 

θ =  θr +  (θs − θr) ∑ wi
1

[1+ (αi|h|)ni]mi

k
i=1    [1] 

 
where: 

- θ is the volumetric water content (m3 m-3); 

- θr is the residual water content (m3 m-3), defined as 

the water content at water potential -15,000 cm; 

- θs is the water content at saturation (m3 m-3); 

- k is the number of subsystems in the multi-modal 

water retention curve - given the restricted number 

of observations (six ordered pairs of θ, h), k was 

fixed at 2, making the water retention curves 

bimodal (composed of two subsystems); 

- wi is the relative weight of each of the k subsystems 

(an adjusted parameter of the fitting procedure) - 

since the water retention was bimodal and the sum 

of wi values was unity, only w1 was fitted and w2 

was calculated as w2 = 1 - w1; 

- |h| is the modulus of matric potential (pressure 

head) (cm); 

- αi and ni are adjusted parameters for each of the 

subsystems; and 

- mi is also an adjusted parameter, but we adopted 

m = 1 - (1/n) following Mualem (1976). 

The fitting procedure was performed with the Solver 

tool in Microsoft Excel, by minimising the sum of 

squared errors. The target value (sum of squared 

errors) was minimised by changing the values of the 

adjusted parameters. The parameters θr and θs were 

not fitted and their observed values were used, as 

only five adjusted parameters (w1, α1, α2, n1, n2) were 

allowed (given that there were six observations per 

curve). The quality of the fitted equations was 

assessed in terms of root of mean-squared error 

(RMSE) and R2 (square of the correlation coefficient 

between observed and fitted values). 

The pore size distribution was expressed as 

discrete pore size classes and as a continuous 

distribution. The classification of pore sizes was 

modified from de Jong van Lier (2020) and included 

macropores (equivalent pore diameter > 30 µm), 

mesopores (equivalent pore diameter 3–30 µm), 

micropores (equivalent pore diameter 0.2–3 µm) and 

cryptopores (equivalent pore diameter < 0.2 µm). 

Although arbitrary, these size classes are related to 

different pore functions (aeration and water 

infiltration, retention of readily available water, 

retention of less available water, and retention of 

unavailable water, respectively). The continuous 

pore size distribution was obtained from the first 

derivative of the water retention curve. 

The matric potential values were transformed to 

equivalent pore diameters using the capillarity 

equation that, in a simplified form, can be expressed 

as: 

 

⌀eq =
2976

|h|
       [2] 

 

where ⌀eq is the equivalent pore diameter (equivalent 

to the diameter of a capillary) in µm, h is the water 

potential in cm, and 2976 comprises the constants 

(contact angle = 0°, surface tension = 0.073 N m-1, 

specific weight = 1,000 kg m-3 and acceleration due 

to gravity = 9.81 m s-2) and conversion factor. 

The relationships between soil attributes and 

between these and water retention were investigated 

by constructing correlation matrices in R (R Core 

Team 2021) using the package corrplot (Wei & 

Simko 2021). A t test was applied to each correlation 

coefficient at 5 % significance using the package 

Hmisc (Harrel 2021). To compare the different 

peatlands (Chapada and Pinheiro) and vegetation 

types (grassland and forest), principal component 

analysis was conducted on the soil attributes using 

the packages FactoMineR (Le et al. 2008) and 

factoextra (Kassambara & Mundt 2020). 
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RESULTS 

 

Mass and volume relationships 

Bulk density and organic matter content varied 

between depths, peatlands and vegetation (Table 1). 

Organic matter comprised 13.5–75.0 % of the organic 

layers in the sampled cores. Mineral matter content 

was usually higher under capão (woody) vegetation 

and in the deeper peat layers. Peatlands under campo 

(grassland) vegetation often presented higher organic 

matter content and lower bulk density, ranging from 

0.10 to 0.77 Mg m-3, whereas bulk density values under 

capão vegetation ranged from 0.19 to 1.11 Mg m-3. 

Bulk density was strongly affected by the mineral 

and organic matter contents, with correlation 

coefficients of 0.907 and -0.907, respectively (not 

shown). Bulk density values > 0.4 Mg m-3 were 

observed only in layers with more than 38 % mineral 

matter, and bulk density values > 0.6 Mg m-3 occurred 

only in layers with more than 63 % mineral matter. 

Organic matter characterisation 

The results for humic substances fractionation 

(fulvic  and humic acids and humin fractions), 

rubbed and unrubbed fibre contents, cellulose and 

lignin contents, C:N ratio, chemical composition 

(C and N contents) and isotopic C content are 

provided in the Supplementary Material (as an 

Excel  file). These results have been discussed by 

Horák-Terra et al. (2014) and Silva et al. (2019), so 

our main focus here is on the relationships of these 

properties with the water retention characteristics of 

the peat. 

Only a few significant correlations were obtained 

amongst these attributes (Figure 3). The chemical 

fractionation of humic substances was poorly related 

to the other attributes and significant correlations 

were observed only between the different humic 

fractions. The rubbed and unrubbed fibre contents did 

not present significant correlations to any other 

evaluated attributes. 

 

 

Table 1. Organic and mineral matter content (loss on ignition) and bulk density for the evaluated depths of the 

Chapada and Pinheiro peatlands under campo (grassland) and capão (forest). 

 

S
it

e 

campo (grassland vegetation) capão (forest vegetation) 

Depth 

(cm) 

Organic 

matter 

(%) 

Mineral 

matter 

(%) 

Bulk 

density 

(Mg m-3) 

Depth 

(cm) 

Organic 

matter 

(%) 

Mineral 

matter 

(%) 

Bulk 

density 

(Mg m-3) 

C
h
ap

ad
a 

 0–15 69.9 30.1 0.11  0–15 63.6 36.4 0.24 

15–30 48.2 51.8 0.18 15–30 66.4 33.6 0.27 

30–45 33.6 66.4 0.61 30–45 49.7 50.3 0.45 

45–60 51.1 48.9 0.24 45–60 36.6 63.4 0.60 

60–75 22.4 77.6 0.77 60–75 13.5 86.5 1.11 

75–90 20.3 79.7 0.74 75–90 21.0 79.0 0.96 

 90–105 33.9 66.1 0.22  90–105 16.3 83.7 1.01 

    105–120 15.1 84.9 0.93 

    120–135 16.4 83.6 0.98 

P
in

h
ei

ro
 

 0–15 75.0 25.0 0.10  0–15 63.3 36.7 0.19 

15–30 68.6 31.4 0.11 15–30 68.8 31.2 0.29 

30–45 62.0 38.0 0.18 30–45 67.1 32.9 0.24 

45–60 64.0 36.0 0.20 45–60 34.3 65.7 0.49 

60–75 59.2 40.8 0.23 60–75 21.3 78.7 0.77 

75–90 61.5 38.5 0.46 75–90 15.0 85.0 0.29 
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The soil and organic matter attributes reflected the 

differences between peatlands and vegetation 

(Figure 4). Although the first two principal 

components of the principal components analysis 

accounted for only about half of the data variability, 

they related well to most of the variables. The humic 

fractions and the rubbed/unrubbed fibre contents 

related more strongly to the third and fourth principal 

components, which accounted for 13.4 % and 9.2 % 

of the total variance. The first principal component 

reflected the influence of soil structure (bulk density) 

and composition (organic and mineral matter 

content), while the second principal component 

reflected the effect of vegetation, being strongly 

influenced by lignin content and δ13C. 

The average points for the peatlands under forest 

vegetation (larger circles in Figure 4) were closely 

clustered together and indicated a greater similarity 

between these sites than between the others. The 

second principal component was especially 

important for separating the points under capão 

(higher lignin content and more negative δ13C 

values), but these sites also tended to present higher 

bulk density, higher mineral matter content (Table 1) 

and a more advanced stage of organic matter 

decomposition, as indicated by the higher organic 

matter specific weight and higher C:N ratio 

(Supplementary Material). 

 

 

 
 

Figure 3. Correlation matrix between soil and organic matter attributes from the studied peatlands. Non-

significant correlations are marked ‘×’. 
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Figure 4. Biplot of the principal component analysis for soil and organic matter attributes from the studied 

peatlands (Pinheiro and Chapada) under grassland (campo) and forest (capão) vegetation. ρb = bulk density; 

ρOM = organic matter bulk density; C/OM = carbon content in the organic matter; N/OM = nitrogen content 

in the organic matter. 

 

 

Water retention 

Water retention was very high under higher matric 

potentials (less negative and closer to zero), and the 

water retention curves presented an initially smooth 

decrease in water content followed by a sharp 

decrease for water potentials (Ψ) beyond -7,000 cm 

(Figures 5 and 6). The water retention data fitted well 

to the bimodal curves, with RMSE values ranging 

from < 0.001 to 0.030 m3 m-3 (Table 2). 

The bimodal water retention curves (Figure 6) 

indicated that the pore structure of the organic soils 

was heterogeneous (Durner 1994) and that two 

distinct behaviours occurred within the evaluated 

range of water potentials. For water tensions up to 

7,000 cm, the retention curves showed a smooth 

sigmoid behaviour. Beyond this, the curves 

descended very steeply until a new asymptote was 

reached close to -12,000 cm matric potential. This 

behaviour was reflected in the variation of the 

adjusted parameters for each of the subsystem curves 

(Table   2).  For   the   parameter   n,   which   controls   the 

 
 

Figure 5. Example of the adjusted bimodal water 

retention curves based on the van Genuchten 

model. The bimodal retention curve (blue line) 

results from the sum of the two others (w1 and w2). 
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Figure 6. Bimodal water retention curves for the evaluated layers from both peatlands (Chapada and 

Pinheiro) under forest and grassland vegetation (campo and capão, respectively). 

 

 

steepness of the curve (de Jong van Lier 2020), 

the  smooth sigmoid parts of the curves at higher 

matric potentials presented much lower values 

(n2=1.52–2.89) than the steeper parts of the curves 

corresponding to the lower matric potentials 

(n1=12.6–36.7). 

The individual contributions of the two 

subsystems that described the entire water retention 

behaviour of the evaluated soils were distinctive 

(Table 2). These were measured by the parameters w1 

and w2, which sum to unity (w1 + w2 = 1). The 

parameter w1, which described the drier part of the 

retention curve, ranged from 0.39 to 0.84. The higher 

its value, the greater the proportion of total water 

content that was retained in this drier subsystem of 

the curve; and the lower its value, the higher the w2 

value and the higher the amount of water retained in 

the subsystem corresponding to higher matric 

potentials. 

 

Pore size distribution 

Total porosity, as indicated by the water content at 

saturation (Table 2), varied from 59 % to 95.5 %. The 

discrete pore size distribution according to classes of 
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Table 2. Water retention at saturation (θs), residual water content (θr), fitted parameters (w1, α1, n1, w2, α2, n2) 

for the water retention curves, R2 and RMSE values. 

 

Site 
Depth 

(cm) 

θs θr 
w1 α1 n1 w2 α2 n2 R2 

RMSE 

 (m3 m-3) (m3 m-3) 

C
h

ap
ad

a 
–
 c

a
m

p
o
 

(g
ra

ss
la

n
d
) 

0–15 0.934 0.013 0.45 0.00014 26.4 0.55 0.0076 1.60 0.991 0.030 

15–30 0.942 0.020 0.63 0.00013 19.1 0.37 0.0085 1.61 0.997 0.017 

30–45 0.752 0.033 0.57 0.00013 18.8 0.43 0.0114 1.58 0.995 0.017 

45–60 0.939 0.022 0.56 0.00014 20.8 0.44 0.0089 1.57 0.992 0.027 

60–75 0.735 0.034 0.62 0.00013 17.1 0.38 0.0099 1.64 0.999 0.009 

75–90 0.763 0.039 0.75 0.00014 28.2 0.25 0.0120 2.89 0.999 0.001 

90–105 0.895 0.015 0.39 0.00014 18.1 0.61 0.0106 1.58 0.991 0.029 

C
h
ap

ad
a 

–
 c

a
p

ã
o
 

 (
fo

re
st

) 

0–15 0.878 0.037 0.78 0.00014 22.5 0.22 0.0148 2.76 0.999 0.007 

15–30 0.929 0.040 0.79 0.00013 12.6 0.21 0.0170 2.01 0.999 <0.001 

30–45 0.872 0.051 0.76 0.00013 20.8 0.24 0.0136 1.52 0.999 0.016 

45–60 0.767 0.049 0.82 0.00013 22.3 0.18 0.0067 1.60 0.999 0.009 

60–75 0.592 0.055 0.83 0.00013 21.8 0.17 0.0180 1.54 0.999 0.005 

75–90 0.643 0.056 0.82 0.00013 22.3 0.18 0.0321 1.52 0.999 0.006 

90–105 0.615 0.035 0.79 0.00013 20.8 0.21 0.0404 1.55 0.999 0.004 

105–120 0.641 0.032 0.78 0.00013 20.7 0.22 0.0384 1.57 0.999 0.004 

120–135 0.631 0.030 0.84 0.00013 14.3 0.16 0.0202 2.09 0.999 <0.001 

P
in

h
ei

ro
 –

 c
a
m

p
o
 

(g
ra

ss
la

n
d
) 

0–15 0.955 0.012 0.39 0.00014 27.8 0.61 0.0018 2.33 0.999 0.006 

15–30 0.854 0.013 0.51 0.00014 27.8 0.49 0.0017 2.03 0.993 0.027 

30–45 0.935 0.019 0.52 0.00013 20.6 0.48 0.0022 1.88 0.994 0.026 

45–60 0.919 0.022 0.65 0.00013 19.0 0.35 0.0106 1.55 0.994 0.023 

60–75 0.941 0.021 0.46 0.00013 27.5 0.54 0.0011 2.49 0.997 0.022 

75–90 0.900 0.025 0.60 0.00013 29.6 0.40 0.0042 1.71 0.997 0.016 

P
in

h
ei

ro
 –

 c
a
p
ã
o
 

(f
o
re

st
) 

0–15 0.922 0.025 0.55 0.00013 36.7 0.45 0.0016 2.22 0.999 0.013 

15–30 0.939 0.053 0.68 0.00013 22.8 0.32 0.0017 2.12 0.999 0.010 

30–45 0.933 0.040 0.64 0.00013 21.4 0.36 0.0016 2.17 0.999 0.011 

45–60 0.798 0.033 0.70 0.00013 21.3 0.30 0.0079 1.60 0.997 0.014 

60–75 0.752 0.026 0.67 0.00013 19.8 0.33 0.0135 1.59 0.998 0.010 

75–90 0.796 0.025 0.65 0.00013 28.0 0.35 0.0109 1.58 0.997 0.015 

 

 

pore diameter indicated a vast predominance of 

micropores (Figure 7), with equivalent pore diameter 

in the range 0.2–3 µm (matric potentials of -15,000 

and -1,000 cm, respectively), ranging from 0.34 to 

0.75 m3 m-3. These pores are related to the retention 

of plant available water, and are likely to allow for 

adequate water availability for the vegetation 

throughout the year, retaining from 590.8 to 777 mm 

of water in the evaluated peat cores. The volume of 

macropores was unexpectedly low for such porous 

soils, with an overall average of 0.07 m3 m-3. These 

pores, along with the mesopores (ranging from 0.03 

to 0.32 m3 m-3), would be more important for 

sustaining water flow throughout the year. 

Macropores and mesopores combined could provide 

150–256  mm  of   water  considering  the  depth  of  the 



D. Tassinari et al.   PORE WATER IN TROPICAL MOUNTAIN PEAT UNDER FOREST AND GRASSLAND 

 

Mires and Peat, Volume 28 (2022), Article 12, 18 pp., http://www.mires-and-peat.net/, ISSN 1819-754X 
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2022.OMB.StA.2374 

 

                                                                                                                                                                         11 

 
 

Figure 7. Discrete pore size distribution in the classes macropores, mesopores, micropores and cryptopores 

for the evaluated layers from both peatlands (Chapada and Pinheiro) under forest (campo) and grassland 

(capão) vegetation. 

 

 

sampled cores. The cryptopores (pore diameter 

< 0.2 µm, retained water unavailable to plants) were 

least abundant, occupying only 0.01–0.05 m3 m-3, 

because of the low bulk density and the 

predominance of sand in the mineral matter. 

The bimodal water retention curves fitted to the 

data resulted in pore size distributions showing two 

distinct peaks (Figure 8). Each peak in the continuous 

pore size distribution corresponds to a modal 

diameter (the most common equivalent pore 

diameter) and these peaks occur at the inflection 

points of the water retention curves. The deeper 

layers commonly peaked at larger pore diameters, 

even though these layers presented higher bulk 

density and higher mineral matter content than 

shallower layers (Table 1). 

The peaks relating to the smaller pores occurred 

within a narrow range of diameters, from 0.38 to 

0.41 µm. Although they may be perceived as causing 

just a small peak in the pore size distribution curves, 

these pores accounted for 39–84 % of the water 

retained   between   saturation   and   the   permanent 
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Figure 8. Continuous pore size distributions as given by the first derivative of the bimodal water retention 

curves for the evaluated layers from both peatlands (Chapada and Pinheiro) under forest (campo) and 

grassland (capão) vegetation. Vertical dashed lines indicate the limits between pore size classes (macropores 

> 50 µm; mesopores 3–50 µm; micropores 0.2–3 µm and cryptopores < 0.2 µm). 

 

 

wilting point, as indicated by the w1 values in 

Table 2. The peak relating to the larger pores varied 

much more broadly, ranging from 4.2 to 229 µm. 

 

Relating water retention to soil attributes 

As can be seen from the correlation matrix in Figure 9, 

water retention and pore size distributions in these 

peatland soils was significantly related to soil structure 

(bulk density), composition (mineral and organic 

matter content) and organic matter properties, which 

in turn were affected by degree of decomposition 

(organic matter specific weight, C:N ratio) and 

vegetation (lignin and cellulose contents). Chemical 

fractionation of humic substances (fulvic and humic 

acids and humin fractions) and physical fractionation 

of fibres (rubbed and unrubbed fibre contents) often 

presented weak and non-significant relationships 

with water retention and pore size distribution. 

(grassland) 
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Figure 9. Correlation matrix between water retention and pore size distribution and the soil and organic 

matter attributes from the studied peatlands. Non-significant correlations are marked ‘×’. 

 

 

Macroporosity in general did not correlate well to 

the variables that more strongly affected the water 

content at higher (less negative) matric potentials. 

It   was significantly related only to degree of 

decomposition and lignocellulosic composition (C:N 

ratio, lignin and cellulose content, C content in the 

organic matter), with negative correlations. On the 

other hand, mesoporosity, microporosity and available 

water capacity presented the same overall trends as 

water retention, with higher values related to lower 

bulk density and higher organic matter content. 

 

 

DISCUSSION 

 

Soil attributes 

On peatlands from the Espinhaço Range with 9.7–

40.2 % of organic carbon (the range was 7.6–36 % in 

the present study), Bispo et al. (2016) obtained 

similar bulk density values to those reported here, 

ranging from 0.09 to 1.09 Mg m-3 under grassland 

vegetation and from 0.14 to 0.55 Mg m-3 under forest 

vegetation. Our bulk density values are also similar 

to those observed by Horák-Terra et al. (2014) in 

histic horizons from several peatlands of this same 

region, which ranged from 0.08 to 1.14 Mg m-3.  

Although organic matter decomposition and 

compression of basal layers are important factors 

affecting bulk density in peatlands (Gnatowski et al. 

2010), Horák-Terra et al. (2014) also observed that 

mineral matter content was a major factor affecting 

bulk density in peatlands from the Espinhaço Range. 

According to Campos et al. (2017), the occurrence of 

sand layers is common in these peatlands because 

they often occupy flat valley bottoms that receive 

water and sediment flows from the shallow soils 

upslope. Erosion processes play an important role in 

the evolution of these Histosols, especially under 

drier climate (Horák-Terra et al. 2014), which affects 

their physical and hydraulic properties. 

The first principal component in Figure 4 

highlighted the difference between peatlands, with 
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the Pinheiro peatland presenting more organic matter 

and lower bulk density than the Chapada peatland. 

According to Campos et al. (2017), the Chapada 

peatland is a hanging bog, while the Pinheiro 

peatland is classified as a structural bog. A hanging 

bog was defined by the authors as a peatland 

occurring at the bottom of a valley in quartzite 

terrain, like the concept of valley fen from Lindsay 

(2018). A structural bog was defined as peatland that 

formed because of rock strata that hampered water 

drainage and could be interpreted as a percolation fen 

in the Lindsay (2018) classification. Given this 

classification, the higher bulk density and mineral 

matter content in the Chapada peatland could be 

related to its position at the valley bottom, where it 

would receive more sandy sediments from upslope 

areas than would the Pinheiro peatland. 

Rubbed and unrubbed fibre content and the 

chemical fractionation of humic substances resulted 

in poor correlations with other soil and organic matter 

attributes (Figures 3 and 9). The analysis of rubbed 

and unrubbed fibre content proposed by Lynn et al. 

(1974) has been adopted as an official technique for 

the characterisation of organic soils in Brazil (Santos 

et al. 2018). Rubbed and unrubbed fibre contents 

required laborious determination and yet failed to 

reflect the other attributes evaluated in the present 

study. Although the fractionation of humic 

substances may correlate well to some properties of 

soil organic matter such as degree of decomposition 

and cation exchange capacity (Hayes & Swift 2020), 

alkali extraction of humic substances can be 

misleading with regard to the wide range of 

decomposed and undecomposed molecules retained 

at each fraction (Kleber & Lehmann 2019). 

On the other hand, cellulose and lignin contents 

presented significant correlations with attributes that 

reflect the degree of decomposition of organic matter 

and the influence of different vegetation types. 

Cellulose content was the only attribute significantly 

related to δ13C (correlation coefficient of -0.48), 

indicating that it can reflect the influence of 

vegetation on soil organic matter. Cellulose content 

also presented significant correlations with organic 

matter specific weight and C:N ratio, which may 

reflect the degree of decomposition of soil organic 

matter (Horák-Terra et al. 2014). 

 

Water retention 

The observed water retention behaviour was captured 

by fitting bimodal water retention curves, which were 

the only equations capable of properly describing it. 

The overall forms of the curves can be regarded as a 

juxtaposition of two van Genuchten models (van 

Genuchten 1980), and this is precisely what the 

bimodal water retention curve does, by treating the 

water retention curve as the sum of two van 

Genuchten equations (Durner 1994, de Jong van Lier 

2020). According to Durner (1994), multimodal 

water retention curves are especially important for 

modelling hydraulic conductivity near saturation. 

Our results indicated that the bimodal retention curve 

was important for modelling the pore size 

distribution towards the drier portion of the curve, 

especially for water potentials lower than -7,000 cm. 

In this sense, the use of conventional unimodal 

retention curves could be appropriate for modelling 

the hydraulic conductivity of peatland soils from a 

hydrological perspective, as the fitted curve would 

depart strongly from the observed data only towards 

the drier portion of the curve. However, when the 

retention curve is to be used for evaluating plant 

available water, the multimodal pore size 

distributions ought to be better descriptors of the 

water retention behaviour of peatland soils. This may 

be especially relevant for peatlands (such as those in 

the present study) that have been affected by the 

erosional deposition of mineral particles, which 

promotes multimodal (particularly bimodal) pore 

size distributions. 

It is possible that this bimodal behaviour of the 

water retention curve and pore size distribution have 

been overlooked in previous studies because of the 

methodological procedures sometimes adopted, with 

a large gap between applied pressures towards the 

permanent wilting point. For example, John et al. 

(2021) applied 500 cm before 15,000 cm, while 

Kurnain (2019) applied 1,000 cm, usually resulting 

in smooth curves between these pressures and the last 

point at 15,000 cm. Nevertheless, Dettmann et al. 

(2014) also observed that bimodal water retention 

curves provided a better description of the hydraulic 

conductivity of peatland soils at different 

decomposition stages, because the bimodal model 

better captured the behaviour of macropore flow. 

Weber et al. (2017) observed a trimodal pore-size 

distribution in living and decomposed Sphagnum, 

within the range of matric potentials from -10,000 cm 

to saturation, considering this to reflect the different 

porous spaces within and between plant tissues. 

The tremendous water holding capacity of these 

tropical mountain peatlands has already been 

acknowledged in previous studies (Campos et al. 

2011, Silva et al. 2013a), and the present study 

further investigated the water retention behaviour of 

these organic soils. Despite their enormous water 

content at saturation (Table 2), the amount of water 

available to sustain river flow is only a fraction of 

this. The water retention curves (Figure 6) indicate 

that water content remains substantially high at 
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matric potentials down to -1,000 cm and this 

comprises the more loosely bound water. Although 

much water is still retained beyond this matric 

potential, its importance in sustaining water flow 

remains to be determined, as we did not evaluate 

saturated and unsaturated hydraulic conductivity. 

Given the bimodal nature of the porous system, we 

might expect a relatively smooth decrease in 

hydraulic conductivity along the smooth sigmoid 

portion of the retention curve, with a steep decline as 

the soil dries further. Therefore, to understand the 

hydrological behaviour of these soils it is imperative 

to assess their hydraulic conductivity. 

 

Relating water retention to soil attributes 

Water retention at higher potentials, from -1,000 cm 

to saturation, was more strongly affected by soil 

structure, with significant correlations to bulk density 

and mineral/organic matter content. These factors 

became less and less important for water retention at 

lower matric potentials, while degree of 

decomposition and lignocellulosic content of the 

organic matter became increasingly more important. 

For water retention at -15,000 cm, bulk density was 

also significant, but with a positive correlation 

coefficient. It was also observed by John et al. (2021) 

that bulk density was a better predictor for water 

retention at saturation and at the permanent wilting 

point, whereas fibre content was a better predictor at 

the intermediate matric potentials. 

The bimodal water retention curves were also 

significantly affected by soil attributes, as indicated 

by the correlations with the parameters w1 and w2. 

These parameters are related to the water retention at 

lower water potentials (w1) and higher water 

potentials (w2), respectively. The parameter w1 was 

positively related to bulk density, mineral matter 

content and degree of decomposition (organic matter 

specific weight and C:N ratio), reflecting higher 

water retention at lower water potentials in denser 

soil. The parameter w2 behaved inversely (as 

w1 + w2 = 1), indicating a greater contribution of this 

subsystem at higher organic matter contents. 
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