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Abstract
Background and aims The water storage properties
of plant residues play an important role in the
regulation of water retention and water transport
in no-till agricultural soils. The objective of this
work was to understand how the characteristics of
crop residues determine their water absorption and
retention properties.
Methods A range of eleven undecomposed crop resi-
dues and maize stem residue of different particle sizes
at three stages of decomposition were characterized
regarding their physical and chemical features. Water

immersion for varying periods of time was used to
determine the kinetics of water absorption and the
maximal water storage for each type of residue.
Results The immersion time required to reach an equi-
librium moisture content varied greatly according to
the residue type, ranging from 6 to 30 h at 20 °C. The
maximal water content ranged from 1.28 to 3.81 g
H2O g−1 dry residue for undecomposed residues and
increased with increasing decomposition. The propor-
tions of cellulose, hemicellulose and lignin in the plant
cell walls did not explain the water storage capacities.
Differences in porosity, resulting from different tissue
densities and the creation of pores during decomposi-
tion, were highly correlated with differences in water
storage properties.
Conclusions The tissue density of plant residues,
which can be inferred from simple characteristics of
residue mass and volume, is a relevant criterion for
explaining the maximal water storage capacity of plant
residues.

Keywords Chemical composition
Decomposition .Mulch .Moisture content . Porosity

Introduction

Water harvesting is one of the most important problems
in agriculture, especially in semi-arid regions, but also in
many other crop production systems. Conservation ag-
riculture is based on agricultural practices involving
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minimum disturbance of soil, retention of crop residues,
such as mulch, and the improvement of crop rotations.
In these systems, crop residues that are retained as
mulch at the soil surface increase the C retained in the
top soil, modulate the soil temperature, enhance water
infiltration, reduce the loss of soil through erosion,
capture rain water and decrease the loss of water from
the soil through evaporation (Bussiere and Cellier 1994;
Baumhardt and Jones 2002; Fuentes et al. 2011). Savabi
and Stott (1994) demonstrated that mulch crop residues,
an organic porous type of media, can store significant
amounts of water, while Coppens et al. (2007) showed
that the water storage capacity of rye and rape residues
was modified during their decomposition. Crop residues
vary strongly in their physical and biochemical features
according to the plant species, plant organ and environ-
mental conditions during plant growth. Several authors
(Bartholomew and Norman 1946; Myrold et al. 1981;
Quemada and Cabrera 2002) have observed differences
in the maximum water contents of different plant resi-
dues. However, there are few studies addressing the
relationship between the maximum water content and
crop residue characteristics in agricultural systems
(Quemada and Cabrera 2002). In plant ecology, litter
characteristics (morphological, anatomical and chemical
traits) are used to explain the water content of leaves or
roots in annual and perennial grass species (Garnier and
Laurent 1994; Cornelissen et al. 2003). In other
domains, such as biocomposites and wood technolo-
gies, it is well understood that plant cells are com-
posed of hydrophilic (hemicelluloses and cellulose)
and hydrophobic (lignin) compounds combined in a
cohesive network, which influences water retention
characteristics (Pejic et al. 2008; Callum et al. 2009).
At the molecular level, these biopolymers can harbor
chemical structures that facilitate water retention due
to variations in the hygroscopy of the biopolymers, as
illustrated for hemicellulose (Zhang et al. 2011). At the
cell wall level, water retention can be influenced by the
presence of micro- and mesopores that occasionally
open or close and become saturated with water. Finally,
at the tissue or organ level, macrovoids, which are
typically cell wall lumina, influence water retention
(Almeida and Hernandez 2006).

It is well established that the chemical composition
of plant residues changes during decomposition in soil
(Trinsoutrot et al. 2000; Bertrand et al. 2006); howev-
er, there are few studies addressing the water retention
properties of plants during decomposition (Dresboll

and Magid 2006). The water storage characteristics of
crop residues are extremely important parameters for
modeling the decomposition of crop residues, particu-
larly when residues are left at the soil surface under no-
till conditions (Findeling et al. 2007). Changes in water
storage characteristics could be the result of both struc-
tural and chemical transformations that occur during
decomposition.

Therefore, the objectives of this study were to un-
derstand the relationship between the water storage
properties of crop residues and their intrinsic charac-
teristics. We hypothesized that either physical proper-
ties (morphology, size and density) or chemical
features (biochemistry of the plant cell wall), or both,
would determine water storage properties. We chose to
work with a variety of crop stems representing resi-
dues of eleven different plants that vary according to
their botanical family, morphology and maturity stage.
We also investigated the effects of changes in the
chemical and physical characteristics of stems due to
decomposition in soil and how these characteristics
change the water storage properties of plants.

Materials and methods

Selection of crop residues

The range of crop residues was chosen from con-
servation agriculture fields in four areas: intensive
agriculture in northern France, organic farming in
the Rhône-Alpes region of France, family farming
in a Cerrados area (Minas Gerais, Brazil), and
upland rice cropping systems in the Central High-
lands of Madagascar. We selected residues from
eleven crops as representatives of these cropping
systems: Maize (Zea mays), Wheat (Triticum aes-
tivum), Pea (Pisum sativum), Soybean (Glycine
max), Sunflower (Helianthus annus), Stylosanthes
(Stylosanthes guianense), Dolichos (Vigna unguicu-
lata), Alfalfa (Medicago sativa), Brachiaria (Bra-
chiaria ruziziesens), Canola (Brassica napus) and
Rice (Oriza sativa). Rice and Brachiaria were sam-
pled previously at an experimental site in Brazil
and chemically characterized (Abiven et al. 2005).
Dolichos and Stylosanthes were sampled at an
experimental site of Alaotre Lake in Madagascar.
The other residues were sampled on farmers’ plots
in France.
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Preparation and chemical characterization of crop
residues

All residues were collected at the time of harvesting
(at physiological maturity), with the exception of al-
falfa, which was harvested at the green stage (this crop
represented a cover crop). The residues were dried at
40 °C until constant weight was achieved, then stored.
Only the stem of each residue was selected for exper-
imental use. The internodes were recovered after dis-
carding the nodes to minimize the biochemical and
physical heterogeneity of the residue fragments. The
internodes were cut into 5 cm pieces using scissors.
The 5 cm size reflected the decimeter range in straw
length encountered under field conditions (Angers and
Recous 1997). While cutting the stems, we took care
that the stem morphology was respected, as we hy-
pothesized that the stem morphology plays an impor-
tant role in water absorption.

A sub-sample of each residue was ground and
analyzed to determine chemical and biochemical char-
acteristics. The soluble fraction was determined using
hot water extraction (100 °C) for 30 min followed by
extraction with a neutral detergent (100 °C) for 60 min
(Lineres and Djakovitch 1993). The hemicellulose,
cellulose and lignin fractions were subsequently deter-
mined using proximate analysis (Goering and Van
Soest 1970). From these analyses, the NDF fraction
was calculated as the sum of the hemicelluloses, cel-
lulose and lignin present. The Lignocellulose Index
(LCI) was calculated as the ratio between the lignin
fraction and the sum of the cellulose, hemicellulose
and lignin fractions (Herman et al. 2008). This index
expresses the proportion of lignin in the plant cell
wall. The residue quality was also expressed as the
ratio of the soluble and the lignin fractions. The total C
and N contents of the plant residues were determined
via total combustion using an elemental analyzer (NA
2000, Fisons Instruments, Milan, Italy).

Physical characterization of crop residues

Geometry was assigned to each residue stem particle
(e.g., cylinder, parallelepiped) to calculate the particle
volume and density. In Fig. 1, a schematic diagram of
maize internodes is presented as an example. The
diagram shows that the internodes are composed of
two portions, consisting of porous pith or core and
rigid bark. The particles were assigned the geometrical

shape of a cylinder with ellipsoid-shaped ends. The
geometrical shapes of dolichos, stylosanthes, soybean,
alfalfa, brachiaria, sunflower, rice and canola were
considered as cylinders, while wheat and pea were
considered as hollow cylinders.

The volume of the maize stem particle was calcu-
lated using the formula for the volume of an ellipsoid
form:

V ¼ pabL ð1Þ
where a and b represents the dimension of the section,
and L is the length of the particle (Fig. 1).

The volume of cylinders was calculated using the
following formula:

V ¼ pr2h ð2Þ
where r is the radius of the cylinder, and h is the length
of the residue particle.

The volume of the hollow cylinders was calculated
using the following formula:

V ¼ ph R2 � r2
� � ð3Þ

where R is the radius of the outer surface; r is the
radius of the inner surface; and h is the length of the
residue particle.

The mass and volume of the stem residues were
expressed per unit length (in meters).

Experimental design for decomposition incubation

Due to the presence of maize crop in most of the
agricultural situations studied, maize stems were se-
lected as an experimental model to study the effect of
decomposition on water storage properties,. The maize
internodes were cut into fragments of three different
sizes: 5 cm in length (T5), 2 cm in length (T2) and
0.5 cm in length (T0.5). The original morphology was
preserved for all samples. The particles of the three
different sizes were incubated in soil to obtain residue
particles at different degrees of decomposition at the
same sampling time. Incubation was performed under
controlled conditions. The soil used in these experi-
ments, sampled from the 0–10 cm layer at the INRA
experimental station in northern France (49°80′N, 3°
60′E), was a silty loam comprised of 17.8 % clay,
77.3 % silt, 3.8 % sand, and 0.95 % organic C, with
a pHH2O of 7.6 (Machinet et al. 2009). The moist soil
was sieved through a 2-mm mesh-size sieve and stored
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at 4 °C until the initiation of incubation. The maize stem
particles were incorporated into wet soil at a rate of 4 g C
kg−1 of dry soil and incubated for 105 days at 25±1 °C
in 3 L glass jars. The stem particles were removed by
hand from the soil at day 0 (undecomposed residue), day
49 and day 105 after the initiation of incubation. The
adhering soils were gently cleaned from the residues
using a soft brush, so that the surface of the particles
would not be altered during manipulation. The particles
were dried at 40 °C for 1 week (to avoid altering their
chemical composition during drying).

Maximal and minimal water content measurements

In accordance with previous studies addressing the
water retention of fibers (e.g., Ferrero 2003), the equi-
librium moisture content (EMC) was defined as the
moisture content after which a given residue does not
absorb more water at a given temperature and humid-
ity (Bartholomew and Norman 1950). The capillary
rise method was used to check the wettability of
synthetic fibers; however, this method is not suitable
for an intact stem because it would take several days to
reach the equilibrium moisture content, favoring de-
composition, which would modify the storage proper-
ties. Therefore we used an immersion principle method.
The time required for each type of residue to reach this
equilibrium moisture content is referred to as the im-
mersion time (IT). The maximal water content
(MaxWC) was calculated from the EMC as the differ-
ence between the initial particle weight (determined at
40 °C) and the maximal wet weight after immersion,
expressed per g of dry residue at 40 °C. The minimal
water content (MinWC) was calculated as the difference
between the water content of particles dried at 40 °C and
120 °C, expressed per g of dry residue at 40 °C.

The EMC of the plant stems was measured using
methodology based on the immersion principle fol-
lowing Tostado (1996), Myrold et al. (1981) and Que-
mada and Cabrera (2002), with some modifications.

Tostado (1996) immersed plant residues in water for
15 h, while Myrold et al. (1981) and Quemada and
Cabrera (2002) immersed the residues overnight.
However, as the characteristics of the different resi-
dues varied greatly and might affect the rate of water
absorption, it was necessary to check the protocol for
all residues to ensure that the immersion time was
sufficiently long to reach an equilibrium moisture
content. Initially we determined the duration of im-
mersion for each type of residue. The dry residue
particles (with 2 replicates per type of residue) were
placed at 40 °C for 24 h to standardize the initial
humidity conditions; subsequently, the particles were
weighed, and their volume was determined. The stems
were immersed in deionized water for increasing peri-
ods of time and weighed periodically to determine the
kinetics of water absorption until a constant wet
weight was obtained. The wet weight was measured
after gentle shaking by hand to remove excess water.
Next, we applied the protocol to each type of residue,
using 8 replicates to accurately calculate the mean
value and standard error of the MaxWC. The minimal
water content of residue particles was obtained by
placing the wet particles at MaxWC in an oven at
40 °C until reaching constant weight, then at 120 °C
until constant weight was achieved again (Table 1).

Water retention curves determination
using the pressure extractor method

The residue particles were dried at 40 °C for 24 h to
standardize the initial water content. Then, the particles
were immersed in an NaClO solution (0.05M) for 2 h at
4 °C for sterilization to avoid decomposition during the
measurement period (Garnier et al. 2004). After this
treatment, the particles were immersed in deionized
water until they reached their maximum water retention.
The saturated particles were placed on a saturated po-
rous plate inside a pressure chamber. The porous plate
was covered with kaolinite to ensure hydraulic

L=0.5 cm

b

a

L=2 cm

bark

pith

L=5 cm

bark

pith

Fig. 1 Schematic diagram
representing the geometry
of maize stem particles 0.5,
2 and 5 cm in length
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conductivity between the residue particles and the porous
plate (Garnier et al. 2004). Once the particles reached
equilibrium with the water pressure head, they were
weighed. The water retention curve was constructed us-
ing the mean values of the water contents measured at
−50 cm, −100 cm, −500 cm, −1,000 cm, −3,160 cm and
−15,000 cm of water for approximately 24 h using 3
replicates. Because of the large range of water potential,
the values obtained for the water retention curve are often
expressed logarithmically using the common unit pF,
which is equal to the decimal logarithm of the absolute
value of the head of water expressed in centimeters.

Pore size distribution

Cloutier and Fortin (1991) calculated the water pres-
sure head according to the pore size distribution
(Young- Laplace equation) in wood material, using:

Ψm ¼ � 2gVw cos θ
r

ð4Þ

where Ψm0the water pressure head (J/kg); γ0the sur-
face tension of water (N/m); Vw0the specific volume of
water (m3/kg); r0the radius of curvature of the air-water
interface into the capillaries (m); and θ0the contact
angle between the liquid and the surface of the capillary.
In the formula given above, each water pressure head

represents a certain class of water pores: −50 cm
(>29.12 μm), −100 cm (14.56–29.12 μm), −500 cm
(2.91–14.56 μm), −1,000 cm (1.45–2.91 μm),
−3,160 cm (0.46–1.45 μm) or −15,000 cm (0.097–
0.46 μm).

Calculation of porosity (p) from relative density

The plant stem is a cellular and porousmaterial, similar to
wood (Kollmann and Cote 1968), composed of cell wall
substances and cavities containing air and extracavities
(Tsoumis 1991). The relative density (without cavities
and intercellular spaces) of the cell wall materials is
virtually constant for all timbers with a specific gravity
of 1.53 gcm−3. This value is a potential physical value for
a lignified cellulosic cell wall, which is completely non-
porous (Usta 2003).We adopted the formula proposed by
Kellog and Wangaard (1969) to calculate porosity using
the relative density. They assumed that the mass of cell
wall material (K) can be calculated as a function of the
wood density (d) as

K ¼ d=1:53 ð5Þ

The porosity was calculated from the mass of the
actual cell wall material as

P ¼ 1� K ð6Þ

Table 1 Chemical and physical characteristics of crop residue
particles. NDF is the sum of three cell wall components (cellu-
lose+hemicellulose+lignin). The lignocellulose index (LCI) is
calculated as the ratio of lignin to the cellulose+hemicellulose

+lignin fractions. SOL/LIG is the ratio of soluble fraction to the
lignin fraction. Determination of dry mass, volume and density
of residue particles was performed with 8 replicates per treat-
ment (mean±standard errors)

Crop stem
residue

Soluble Hemi-
cellulose

Cellulose Lignin NDF LCI SOL/LIG C/N Dry mass
at 40 °C

Volume Density

g/kg DM g/m cm3/m g/cm3

Wheat 75 271 510 143 924 0.15 1.24 109.1 0.97±0.23 2.86±0.84 0.35±0.08

Rice 306 352 301 40 693 0.06 7.66 30.3 1.74±0.63 6.22±1.09 0.28±0.07

Brachiaria 220 355 348 74 777 0.10 2.98 26.6 2.38±0.33 4.70±0.84 0.51±0.06

Maize 388 190 314 99 603 0.13 3.92 158.5 19.99±3.62 192.9±39.83 0.10±0.01

Soybean 183 171 414 230 815 0.28 0.80 63.1 5.03±0.82 14.29±2.47 0.35±0.03

Pea 321 152 422 103 677 0.15 3.12 56.5 0.87±0.37 5.23±1.57 0.17±0.05

Alfalfa 182 177 391 248 816 0.30 0.73 60.8 2.62±0.45 4.49±0.92 0.59±0.05

Dolichos 227 215 390 168 773 0.22 1.36 53.5 10.70±1.42 23.42±3.09 0.46±0.03

Stylosanthes 245 163 457 126 746 0.17 1.95 46.4 1.34±0.21 5.41±0.60 0.25±0.03

Sunflower 175 174 477 166 817 0.20 1.05 161.3 35.45±6.92 307.8±48.57 0.12±0.03

Canola 280 156 443 114 713 0.16 2.45 72.2 8.73±1.16 60.02±10.61 0.15±0.02
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Mathematical curve fitting for the rate of water
absorption

Little information is available regarding the pro-
pensity of plant residues to undergo water re-
charge, which is an important parameter in
modeling water dynamics (Findeling et al. 2007).
While it is possible to obtain information on the
maximum and residual water contents experimen-
tally, the propensity of a residue to undergo water
recharge can only be obtained via mathematical
fitting of the observed data. A non-linear equation
using a two-parameter single exponential rise to a
maximum was used:

f ¼ a 1� exp�bx
� � ð7Þ

where a represents the value of the plateau of the
curve (estimated MaxWC), and b represents the
propensity of a residue particle to undergo water
recharge.

Data treatment and analysis

One-way ANOVA was used to analyze the MaxWC
obtained from the different residues. To analyze the
effects of decomposition and particle size on MaxWC,
one-way ANOVA was used with Least Significant
Differences (LSD) at the 0.05 probability level. A
Pearson correlation was used to examine the relation-
ships between different chemical and physical charac-
teristics of the crop residue particles and their
MaxWC, MinWC and IT to reach maximum water
retention, estimated maximum water content (a) and
residue propensity to undergo water recharge (b).
These analyses were performed using SigmaPlot
software.

Results

Biochemical and physical characteristics of
undecomposed stem residues

The biochemical and physical characteristics of the
stem residue particles are given in Table 1. The chem-
ical composition varied widely, with the soluble frac-
tion representing from 75 g/kg DM (wheat) to 388 g/kg

DM (maize), hemicellulose content from 152 g/kg DM
(pea) to 355 g/kg DM (brachiaria), cellulose content
from 301 g/kg DM (rice) to 51 g/kg DM (wheat), and
lignin content from 4 g/kg DM (rice) to 248 g/kg DM
(alfalfa). The plant cell wall content (NDF) ranged
from 603 g/kg DM (maize) to 924 g/kg DM (wheat).
The lignocellulose index (LCI) and the soluble:lignin
ratio (SOL:LIG) ranked the stem residues differently
and inversely. The two indices were significantly
related, with a negative exponential relationship
(R20−0.67, p<0.05).

The crop stems also showed large differences in their
physical properties. The mean dry linear mass ranged
from 0.87 gm−1 (pea) to 35.45 gm−1 (sunflower) at
40 °C (Table 1). The volume of the stem particles ranged
from 2.86 cm3m−1 for wheat to 307.80 cm3m−1 for
sunflower stems. All stems exhibited a density of less
than 1 gcm−3, with the lowest density observed for maize
and sunflower and the highest density observed for alfalfa
and brachiaria (Table 1).

Kinetics of water absorption and maximum
and minimal water contents of residue particles

The kinetics of water absorptionwere determined for the
stems of each type of residue. Two contrasting examples
are shown in Fig. 2. For the alfalfa stems, the IT to reach
the EMC was 10 h, while for the canola stems, the IT
was 16 h. The IT required to reach saturation varied
greatly between the different residue stem particles,
ranging from 6 h for rice stems to 30 h for maize stems
(Table 2). The mathematical model used to fit the ob-
served data provided the parameters a, which represents
the value of the plateau of the curve (estimated
MaxWC), and b, which represents the propensity of
the residue particle to undergo water recharge (Fig. 2).
The maximum value for a was obtained for pea (a0
4.05), while the minimum value was obtained for alfalfa
(a01.01). The maximum value for b was obtained for
rice (b00.77), and the minimum value was obtained for
maize (b00.06) (Table 2). The best correlations between
the estimated and measured water absorption kinetics
were obtained for canola and brachiaria (r200.99 for
both), while the minimum r2 value was obtained for
sunflower (r200.58) (Table 2); these values were highly
significant for all treatments (P<0.0001), except for the
value of b parameter obtained for maize (p<0.0003).

The MaxWC differed significantly (p00.05) be-
tween the residue types, resulting in the formation of
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three groups (Table 3). The group presenting the high-
est values contained sunflower, pea, canola and maize
stems, which ranged from 3.10 to 3.81 g H2O g−1

residue DM, with no significant differences being
detected between them, and their values were signifi-
cantly higher than those of the other residues. The
second group contained wheat, rice, soybean, stylo-
santhes and brachiaria particles, for which the
MaxWC ranged from 1.81 to 2.33 g H2O g−1 residue
DM. The third group consisted of alfalfa and dolichos
particles, which showed the lowest values (1.28–

1.32 g H2O g−1 residue DM) (Table 2). The MinWC
ranged from 0.035 g H2O g−1 residue DM for rice to
0.067 g H2O g−1 residue DM for brachiaria. The
MinWC varied moderately among the crop residues;
a group composed of brachiaria, alfalfa, sunflower and
canola showed significantly higher values compared
with the other residues (Table 2).

Relationship between initial residue characteristics
and water content

The relationship between the initial characteristics of the
stems and their water storage properties were expressed
using Pearson correlations (Table 3). We did not find
any significant relationship between the MaxWC or IT
with any of the biochemical parameters, except for the
C/N ratio, whichwas positively correlatedwithMaxWC
(r200.65, P0<0.05). C/N was also positively correlated
with dry matter (r200.81, P0<0.01) and volume (r20
0.86, P0<0.001) of the stems, and this correlation main-
ly results from the high dry mass and volume of the
maize and sunflower stems, which also exhibit a high C/
N ratio. The dry matter and volume were positively
correlated with each other (r200.98, P0<0.001), and
the volume (r200.69, P0<0.05) and density (r20–0.90,
P0<0.001) were correlated withMaxWC. The b param-
eter, which was calculated via fitting, was closely and
negatively correlated with IT, as expected (r200.85,

Table 2 Maximal water content, minimal water content and
immersion time to reach the MaxWC value for crop residue
particles 5 cm in length immersed in deionized water at 20 °C.
The mean of 8 replicates per treatment and standard errors are
given. Estimated parameters of the model f0a (1-exp-b.x) fitted

to the experimental data on residue water absorption kinetics,
where a is the maximum water content (value reached at the
plateau of the curve), and b is the propensity of the residue to
undergo water recharge

Crop residue Maximal water content Minimal water content Immersion time a b r2

g H2O/g DM Hour g/g

Wheat 2.33±0.46 0.057±0.027 16 2.49±0.10 0.31±0.05 0.69

Rice 2.01±0.30 0.035±0.021 6 2.29±0.07 0.77±0.10 0.91

Brachiaria 1.81±0.30 0.067±0.005 16 1.98±0.03 0.18±0.01 0.99

Maize 3.10±1.12 0.042±0.004 30 3.21±0.17 0.06±0.01 0.97

Soybean 2.16±0.39 0.052±0.002 20 2.55±0.15 0.10±0.01 0.93

Pea 3.31±0.72 0.046±0.010 8 4.05±0.11 0.60±0.07 0.88

Alfalfa 1.28±0.04 0.058±0.002 10 1.01±0.02 0.35±0.02 0.92

Dolichos 1.32±0.11 0.048±0.004 24 1.12±0.03 0.16±0.01 0.94

Stylosanthes 2.04±0.22 0.044±0.007 16 2.19±0.05 0.22±0.02 0.90

Sunflower 3.81±1.03 0.064±0.004 20 3.42±0.10 0.33±0.05 0.58

Canola 3.26±0.50 0.066±0.003 16 3.66±0.03 0.33±0.01 0.99
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Fig. 2 Kinetics of water absorption of 5 cm particles of alfalfa
(Black Circle) and canola (White Circle) residues. Observed data
(symbols) and fitted curves (lines) using the equation f0a (1-exp-bx).
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P0<0.001), and positively correlated with the SOL:LIG
value (r200.61, P0<0.05) (Table 4). There was no rela-
tionship observed between the MinWC and any of the
chemical or physical characteristics. The closest relation-
ship was observed between MaxWC and the relative
density of the particles, which showed a negative linear

relationship in the range of 0.1 (sunflower) to 0.6 gcm−3

(alfalfa) (Fig. 3). The obtained porosity values rank the
stem particles inversely to density due to Eq. 6, and
porosity was strongly and positively correlated with
MaxWC in the range of 0.6 (alfalfa) to 0.9 (sunflower)
(y07.0175×–3.2281, R200.8013).

Table 3 Pearson correlation coefficients of different chemical
and physical characteristics of particles of 11 crop residues, their
maximum water content (MaxWC), minimal water content

(MinWC), time of diffusion to reach MaxWC and the propen-
sity of the residues to undergo water recharge (b)

MaxWC MinWC Immersion time Linear dry mass Linear volume Density b

Soluble 0.29 −0.52 0.09 0.08 0.14 −0.49 0.17

Hemicellulose −0.39 −0.06 −0.25 −0.29 −0.28 0.39 0.27

Cellulose 0.29 0.46 −0.02 0.09 0.08 −0.15 −0.11
Lignin −0.26 0.30 0.18 0.11 0.03 0.40 −0.41
NDF −0.31 0.51 −0.11 −0.10 −0.17 0.52 −0.15
LCI −0.26 0.26 0.17 0.10 0.01 0.37 −0.41
Sol/Lig 0.06 −0.58 −0.34 −0.17 −0.09 −0.28 0.61*

C/N 0.65* 0.14 0.60 0.81** 0.86*** −0.56 −0.31
MaxWC – – – 0.59 0.69* −0.90*** 0.13

MinWC – – – 0.23 0.19 0.21 −0.31
Immersion time – – – 0.58 0.53 −0.21 −0.85***
Linear dry mass – – – – 0.98*** −0.50 −0.26
Linear volume – – – – – −0.60 −0.21
Density – – – – – – −0.15

The numbers in bold indicate a significant correlation, with n011 and p0<0.05(*), <0.01(**) or <0.001(***). (−) not applicable

Table 4 Effect of the decomposition of maize stem particles
0.5 cm in length (T0.5), 2 cm in length (T2) and 5 cm in length
(T5) that were undecomposed (day 0) or incubated in soil at 25 °
C and sampled after 49 and 105 days to determine their chem-
ical characteristics, total carbon (C), total nitrogen (N), Soluble,
Hemicellulose, Cellulose and Lignin fractions, NDF content,

lignocellulose index (LCI), physical characteristics and density.
The values were identical at time 0 for the 3 particle-size treat-
ments, except for particle density. The values are the mean of 3
replicates, except for density determination with 8 replicates
(±standard errors)

Duration incubation (days) Treatment C N C/N ratio Soluble Hemicel Cellulose Lignin NDF LCI Density
g/kg g/kg g/kg g/kg g/kg g/kg g/kg g/cm3

0 T0.5 464 2.9 160.0 136 258 489 117 864 0.13 0.13±0.01

T2 0.12±0.02

T5 0.10±0.02

49 T0.5 452 7.4 61.1 82 245 447 226 918 0.25 0.09±0.01

T2 481 7.4 65.0 89 255 461 195 911 0.21 0.08±0.01

T5 477 5.9 80.8 89 249 483 179 911 0.20 0.07±0.01

105 T0.5 489 9.0 54.3 166 177 326 331 834 0.40 0.07±0.01

T2 478 8.1 59.0 125 241 410 224 875 0.26 0.06±0.01

T5 484 9.3 52.0 121 243 437 199 879 0.23 0.07±0.01
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Effects of particle size and decomposition

Changes in maize stem characteristics during
decomposition

The chemical characteristics of the maize stem par-
ticles recovered from soils changed over the sampling
dates. The soluble NDS fraction decreased from 136 g/
kg DM at time 0 to 82–89 g/kg on day 49, regardless
of the particle size and was observed to increase again
on day 105. In the case of hemicellulose, the only
significant change was observed for the 0.5 cm parti-
cle size on day 105. For cellulose, the main fraction of
the maize stem initially represented 489 g/kg of the
DM and decreased significantly over time; the de-
crease was more pronounced for the 0.5 cm particle
size. As decomposition progressed, there was an in-
crease in the proportion of the lignin fraction, and the
increase was greatest for the 0.5 cm particles. As a
result of the concomitant changes in the different
fractions, the NDF (proportion of cell wall material)
decreased, while the LCI (the proportion of lignin in
the plant cell wall) increased with increasing decom-
position (Table 4).

The kinetics of water absorption was dependent on
particle length; the EMC was obtained in 2 h for
0.5 cm particles, 12 h for 2 cm particles and 30 h for
5 cm particles. The resulting MaxWC did not vary
significantly with particle size, with values of 2.4–
2.8 g H2O g−1 dry residue being obtained. The rela-
tionship between residue particle length and the im-
mersion time required to reach the EMC was linear

(y06.1905×–0.8095, R200.9993). The MaxWC of the
decomposed particles was higher compared to unde-
composed residues for the three particle sizes and
increased with increasing particle size (Fig. 4). The
standard deviations for MaxWC showed more vari-
ability for the decomposed particles compared with
the undecomposed particles. The water retention
curves obtained in the range of pF 0 to pF 4.2 showed
that undecomposed residues retained more water than
decomposed residues for the three particle sizes
(Fig. 5). At pF 3 and greater, the 0.5 cm decomposed
particles sampled at days 49 and 105 lost approximate-
ly 96 % of the initial water absorbed at pF 0, while for
the 2 and 5 cm particle sizes, the decomposed particles
lost only 53 % (day 49) and 59 % (day 105) or 65 %
(day 49) and 68 % (day 105) of their initial water,
respectively (Fig. 5). Using Eq. 5, we calculated the
distribution of the total porosity of the stem residues in
different pore diameter classes. Figure 6 shows the
5 cm particle size as an example. At t00, the distribu-
tion of pore size classes was fairly homogeneous. As
decomposition progressed, the proportion of the vol-
ume of water in the pores of the larger class
(>29.12 μm) increased from 11 % of the total water
volume at t00 to 37 % at t049 and 56 % at t0105
(Fig. 6c). This pattern was similar for the other particle
sizes (not shown).
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Relationships between maize particle characteristics
and water storage

The changes in the residue biochemical fractions due to
decomposition (Table 4) were considered individually,
but did not explain the observed changes in MaxWC
(data not shown). Conversely, the residue MaxWC
increased linearly with the LCI for a given particle
size, with a steeper slope associated with increasing
particle sizes from 0.5 to 2 and 5 cm (Fig. 7a). The
density of the particles decreased with increasing de-
composition (Table 4), showing a unique relationship
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with MaxWC, irrespective of the particle size and sam-
pling time (Fig. 7b). Density and porosity are linearly
correlated (Eq. 6), such that porosity increased with
increasing decomposition. Consequently, MaxWC in-
creased with increasing porosity, presenting a strong
correlation, irrespective of the particle size treatment
(Fig. 7c; y00.000e32.969×, R200.792).

Discussion

Several studies have been performed to evaluate the
moisture-related properties of soil under mulch
(Todd et al. 1991; Findeling et al. 2003). A number
of studies have also evaluated the water retention
properties of soil residue mixtures (Garnier et al.
2004). However, little information is available re-
garding the maximum and minimum water storage
capacities of actual plant residues. It is important to
understand these properties because the ability of
crop residues to store water impacts water exchange
between the soil, residue layer and the atmosphere.
These exchanges influence both the water status of
soil and the kinetics of the decomposition of the
residues (Coppens et al. 2007). A limited number
of studies have been conducted on plant residues,
and consequently, different methods from different
research fields were used in this study to investigate
the water storage properties in “intact” plant stem
residues. Indeed, much work has been performed in
the wood and fiber industries examining the water
storage properties of plant tissues. Ferrero (2003)
adopted a capillary rise method to check the wetta-
bility of synthetic fibers; however, this method is
not suitable for an intact stem residue because it
would take several days to reach the equilibrium
moisture content favoring decomposition, which
would modify the storage properties. Therefore,
we adopted the immersion method (Myrold et al.
1981; Quemada and Cabrera 2002) to determine the
kinetics of absorption and the water holding capac-
ities of plant residues. The relationships between
the water storage characteristics and the physical
properties were studied by (i) calculating the total
porosity of plant tissues from the relative density,
as proposed by Kellog and Wangaard (1969) for
wood, and (ii) determining the subsequent effect of
decomposition on the modification of the plant
residue structure. The development of new pores
was calculated from the retention curves using the
pressure extractor method (Garnier et al. 2004),
which allowed us to calculate the pore size distri-
bution using the formula proposed by Cloutier and
Fortin (1991) and to understand the relationships
between decomposition and water storage.

In this study, we applied the principle of immersion,
but we did not use a standard time for water saturation
because underestimating the period of time would
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underestimate the MaxWC, while immersion for a
longer time than is strictly required would favor alter-
ation of the particles via decomposition. Obtaining the
kinetics of absorption for crop residues also provides
important parameters for modeling mulch residue de-
composition, i.e. the maximum water content, minimal
water content and the residue’s propensity to undergo
water recharge (Findeling et al. 2007). Calculation of
parameter b is of utmost importance in modeling stud-
ies addressing water dynamics in soils covered with
decomposing residues because it aids in understanding
the speed at which a given residue will absorb rain
water and reach (or not) an equilibrium moisture con-
tent in accordance with the duration and intensity of
rain. These characteristics are crucial to determine the
amount of rain retained by mulch or transported into
the soil by runoff. The ability of mulches to moisten
and retain water under actual conditions of rain
(amount and intensity), is to explore.

Impact of initial stem characteristics on water storage
properties

The rate of water diffusion (expressed by the immer-
sion time) varied greatly between the residues, and the
pattern observed while reaching an equilibrium mois-
ture content was not the same for all residues. Poly-
mers usually follow the general diffusion law, or
Fick’s second law of diffusion (Fick 1855). The typi-
cal Fickian absorption curve contains an initial linear
plot of M (penetrant mass) as a function of time t; with
increasing t, an equilibrium is reached, which is
smoothly equilibrated by the absorption curve (Van
der Wel and Adan 1999). Some residues followed
the typical Fickian absorption curve (e.g., Alfalfa and
Canola), while a few deviated from this typical curve
(e.g., Sunflower and Wheat). In the present study, it
was observed that deviation from this typical curve
(results not shown) could result from the biochemical
and physical complexity of the material examined.
This complexity arises from the heterogeneity induced
by morphological and anatomical differences among
the plant stems. Therefore, the organization of the
plant residues (the geometry and anatomy of the plant
organs), which is not considered in the present study,
is probably crucial in the determination of a plant
residue’s propensity to undergo water recharge (Shane
et al. 2000). The relationship between the immersion
time necessary to reach the equilibrium moisture

content and the 0.5, 2 and 5 cm particle sizes was
confirmed using Washburn’s equation, which pre-
dicted a linear relationship between the square of the
advanced distance (h) and time (t) (Washburn 1921),
further confirming the validity of the method used for
measuring maximum water retention in this study.

The undecomposed plant residues absorbed a sig-
nificant amount of water, and the maximal water con-
tent varied greatly between the eleven residue types,
ranging from 1.28 to 3.81 g H2O g−1 residue DM.
These values are consistent with the range of pub-
lished values for known crop residues. Bartholomew
and Norman (1946) observed that the maximum water
storage for oat straw was 2.5 g H2O g−1 residue DM,
while Myrold et al. (1981) obtained a value slightly
higher than 3 g H2O g−1 residue DM for chopped
wheat straw, and Quemada and Cabrera (2002)
obtained values of 3.5 and 1.9 g H2O g−1 residue
DM for clover and rye stems, respectively. The group
showing the highest MaxWC values in the present
study contained sunflower, pea, canola and maize
stems. The second group consisted of wheat, rice,
soybean, stylosanthes and brachiaria stems. Notably,
these residues neither belong to the same botanical
family nor exhibit the same morphological character-
istics. Therefore, it is not possible to define a typology
for the plant stems of these eleven residues based on
their plant families or biochemical characteristics to
explain the differences in the MaxWC values, which is
a major accomplishment of this work.

Quemada and Cabrera (2002) suggested that the
presence of soluble organic constituents in plant mate-
rials could determine their water storage characteris-
tics. Pejic et al. (2008) investigated the individual
influence of hemicellulose and lignin removal on the
water uptake behavior of hemp fibers. In contrast to
the findings of these researchers, we observed only
two biochemical characteristics (the C/N ratio and the
soluble to lignin ratio) that were related to the water
content properties of the residues. The C/N ratio was
positively correlated with MaxWC, but only because
the two residues with the highest MaxWC values
(sunflower and maize) also exhibited high C/N ratios,
and there was no significant difference in the C/N ratio
between the other residues. The C/N ratio was also
positively and strongly related to the dry mass and
volume of the residues for the same reasons mentioned
above. Wood and plant fibers containing cellulosic
materials are all porous to a greater or lesser extent
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(Strømdahl 2000), and density, which is measured
according to the quantity of the cell wall material
contained in a specific volume of wood, is an index
of the void volume or porosity (Hughes 1967). In this
work, porosity is the only factor that explains the
differences in the MaxWC between the stem residues.
These findings agree well with results obtained earlier
by Garnier and Laurent (1994) showing a close rela-
tionship between leaf water content and leaf density
for 14 grass species. Conversely, small differences
were observed between the crop residues based on
the MinWC. The MinWC reflects the water adsorbed
at accessible sites, rather than in cavities and intercel-
lular spaces present in the heterogeneous structures of
the crop residues filled with free water. The two
groups of crop residues distinguished based on their
MinWC do not correspond to any of the three groups
discriminated based on MaxWC (see above), and no
trend was detected regarding the MinWC level and the
biochemical or physical characteristics of the crop
residues. We propose that because MinWC primarily
reflects polymer hygroscopy (Merdas et al. 2002;
Bessadok et al. 2009), the contrast between the bio-
chemical compositions of the stem particles is proba-
bly not sufficiently great to engender major
differences. Therefore, a fixed value could potentially
be used for modeling, irrespective of the plant residue
type. Conversely, the MaxWC depends principally on
the cell wall pores, cavities and cell lumens, e.g.,
residue macrostructure.

Effect of decomposition on water storage
characteristics

In decomposition studies, it has been shown that
smaller residue particles decompose faster than larger
particles (Angers and Recous 1997; Matus et al.
1997). Thus, it is reasonable to hypothesize that
smaller particles would be more structurally modified
at a given sampling time during decomposition. Our
results are consistent with this hypothesis, as the
smaller particles (T0.5) were more physically and
chemically modified during the 105-day incubation
period. This increased decomposition of maize stems
translated into a higher lignocellulose index and a
lower density for the 0.5 cm particles than for the
larger particles at the end of the incubation. The
MaxWC increased with increasing decomposition for
all particle sizes. This increased water storage could be

explained by alteration of the physical and chemical
structure of the particles during decomposition. The
changes in physical and chemical features during decom-
position are linked, as the decreases in the cellulose and
hemicellulose contents arising through enzymatic pro-
cesses result in increase in porosity within plant tissues
(Maloney and Paulapuro 1999), which are susceptible to
increased water absorption. This assumption is consis-
tent with the increase in the volume of pores with larger
diameters (29.5 μm-max), as calculated using the water
retention curves. However, the free water contained in
the larger pores can be easily removed from the residues
at low water pressures because it is not strictly bound to
the residue.With the advancement of decomposition, the
structure of the residue particles changes, and the type of
interaction and the magnitude of the water interaction is
strongly dependent on the polymeric structure (Van der
Wel and Adan 1999). Dresboll and Magid (2006) also
stated that the water storage capacity could be influenced
by the extent of decomposition. We used the lignocellu-
lose index (LCI) proposed by Herman et al. (2008) to
express the concomitant changes in the plant polymers
and found that the LCI and water storage were closely
associated for a given maize-stem particle size. We hy-
pothesize that the correlation between the LCI and the
MaxWC was only indirect, as an increasing LCI reflects
the duration of decomposition, which is tightly coupled
to changes in the physical properties of the particles, i.e.,
their density and porosity. The results clearly showed
that the observed changes in porosity could explain the
changes in the MaxWC associated with increasing de-
composition, irrespective of particle size. The rate of
decomposition and the evolution of physical structure
of stem particles during the decomposition were related
specifically to the model “maize” in this experiment, and
these changes are dependent on initial residues character-
istics. But we believe that the conclusion regarding the
decrease in tissue density with decomposition is applica-
ble to all residues.

Conclusion

In this study, we identified the porosity of plant
stem residues as the primary factor explaining the
MaxWC across a range of chemical and physical
parameters of plant stem residues obtained via
varying the crop type, particle size or degree of
decomposition. Porosity appears to be a reliable
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indicator for both decomposed and undecomposed
residues. The porosity of stem residues was corre-
lated with the density of the plant tissues, which
varied greatly between residues, depending on the
type of stem, e.g., its morphology and structure,
which can be described qualitatively. For a given
residue such as maize stem, decomposition altered
the chemical and physical characteristics of the
residue particles, increasing the proportion of lig-
nin to other macromolecules and the maximal ca-
pacity to store water. Changes in density and
porosity due to decomposition were responsible
for this effect.

From an agricultural perspective, the results
obtained in this study showed rather large variabil-
ity in the plants’ ability to retain water. Mulch can
partially absorb rainfall water, depending on the
amount of rain and its intensity, the propensity to
undergo water recharge, and the biomass and
thickness of the mulch. Thus, absorption is
expected to increase with increasing mulch decom-
position within the first months of decomposition
according to our findings. This conclusion is con-
sistent with previous observations that the water
retained by decomposing residues be more avail-
able and free to undergo subsequent evaporation or
infiltration into the soil. These results are also
important from a modeling perspective. That
means that the prediction of water storage in crop
residues can be performed from a single variable
(density) for different residues and for a given
residue during decomposition, which also empha-
sizes the need for achieving a better understanding
and better modeling of the relationship between
the physical and chemical properties of plant res-
idues to predict plant residue decomposition.
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