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ARTICLE INFO ABSTRACT

Handling Editor: Haly Neely Increasing studies indicate that long-term experiments (LTEs) involving manure application and optimal crop-
ping systems can significantly improve soil physicochemical properties, which may also affect the soil water
retention curve (WRC) in the wet region (pF < 4.2). However, few studies have explored the effect of long-term
manure application and cropping systems on soil WRC in the dry region (water vapour sorption isotherms, WSIs)
(pF > 4.2) as well as the associated soil physicochemical properties. To overcome this knowledge gap, we
investigated the effect of long-term manure application (24 to 177 years) and different cropping systems (71 to
82 years) on soil organic carbon (SOC) content, WSIs, hysteresis, and specific surface area (SSA). Soil samples
were collected from five long-term manure experiments in Sweden, the United Kingdom, Spain, Germany, and
Denmark, and two long-term cropping systems experiments in the United Kingdom. The five manure LTEs
comprised three soil textures (silty clay, silt loam, and sandy loam) with one to four crops grown in the fields,
including wheat, barley, maize, and grass/clover. The cropping system LTEs comprised silt loam and sandy loam
including bare fallow (BF), arable rotation, ley—arable rotation, and permanent grass. Results showed that long-
term manure application increased SOC content in each site, but it had little effect on the soil WSIs, hysteresis,
and SSA in silty clay soils. The changes of soil WSIs, hysteresis, and SSA in silt loam and sandy loam arising from
manure application largely depend on the crops grown in the field. For the long-term cropping systems exper-
iments, permanent grass had the most significant effect in increasing SOC content, soil WSIs in silt loam and
sandy loam, and hysteresis and SSA in silt loam compared to other treatments. Compared to BF, arable rotation
and ley-arable rotation had no effect on SOC and soil WSIs in silt loam, and on hysteresis and SSA in silt loam and
sandy loam. Multiple linear regression models including SOC, clay, and silt contents sufficiently explained the
variabilities observed in the soil WSIs, hysteresis, and SSA for both manure and cropping systems LTEs.

Keywords:

Soil organic carbon

Water vapour sorption isotherms
Hysteresis

Soil specific surface area

1. Introduction

Manure application and crop rotation are two common agricultural
practices that reportedly improve soil physicochemical properties (Fu
et al., 2022). However, changes in some soil physiochemical properties
may require several years or even decades before significant effects are
observed (Bai et al., 2018). Hence, long-term experiments (LTEs) serve
as important platforms for evaluating the effect of agricultural practices
on soil physiochemical properties (Rasmussen et al., 1998; Liu et al.,
2020).

Several studies have demonstrated that long-term manure applica-
tion improves soil organic matter (SOM) content (Blanco-Canqui et al.,
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2015; Triberti et al., 2016; Maillard et al., 2016). Meanwhile, other
studies have shown that the enhancement of soil organic carbon (SOC)
content influences other soil properties (Tisdall & Oades, 1982). For
example, increasing SOC content may decrease soil bulk density (Yu
etal., 2020), improve soil porosity and aggregation (Yagiie et al., 2016),
cation exchange capacity (Ashworth et al., 2020), and nutrient cycling
(Tiessen et al, 1994). Changes in some of these physiochemical prop-
erties are reported to have direct or indirect effects on soil water
retention (Stoof et al., 2010). Therefore, it is important to evaluate the
impact of manure application on SOC content and in turn, on soil water
retention responses.

The changes in the SOC content under different cropping systems
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vary with the crop type in the sequence. For example, Liu et al. (2020)
showed that legume crops-based rotation leads to higher SOC content
than wheat monoculture. King and Blesh (2018) reported that soils with
perennial and cover crops had higher SOC content than grain-only ro-
tations, but cereal-legume grain rotations decreased SOC content. Other
studies reported that perennial grasses maintain or increase SOC content
compared to annual crops (Culman et al., 2010; Albers et al., 2020; Chen
et al., 2022b). In addition to this, Albizua et al. (2015) and Chen et al.
(2020b) reported that specific crop species and crop sequences in the
cropping systems also affect SOC content. Therefore, a comprehensive
assessment of how SOC content varies among different cropping systems
and crop sequences is necessary for evaluating the changes in soil water
retention.

The soil water retention curve (WRC) is a crucial soil property that
reflects the ability of soil to provide water for plant growth, biological
aspects, and other ecosystem services (e.g., buffering against flooding)
(Robinson et al., 2019). The WRC can be partitioned into two: wet re-
gion (pF < 4.2; > —1.5 MPa) and dry region (pF > 4.2; < —1.5 MPa). The
dry region of the WRC can be referred to as soil water vapour sorption
isotherms (WSIs) (Arthur et al., 2014). The majority of studies that
evaluate the effect of manure or cropping systems LTEs on the WRC have
focused on its wet region. For example, Nyamangara et al. (2001) and
Arriaga and Lowery (2003) found that long-term manure application
significantly increased hydraulic properties in sandy soils and soil-water
retention capacity in eroded soils. Fu et al. (2022) also indicated that
long-term manure application treatments had significantly higher soil
water content than no manure application treatments in clayey and silty
loam soils, but the improvements in soil water content depended on the
crops grown in sandy loam soils. In addition, for cropping systems,
Rachman et al. (2004) showed that soil under perennial vegetation such
as grass retained more water moisture than in the row crop corn area.
Cercioglu et al. (2019) reported that cover crop inclusion in a crop
rotation improved the hydraulic properties in clayey soils and signifi-
cantly enhanced soil water retention after 5 years.

There are very limited studies on the long-term manure application
or cropping systems’ effect on the dry region water retention beyond the
permanent wilting point (pF = 4.2). The dry region water retention, also
known as water vapour sorption isotherms (WSIs), is important for
characterizing and simulating water vapour transport, and volatilization
of organic compounds during dry spells or in dry regions (Arthur et al.,
2013) and knowledge of the effect of long-term management effects is
needed. In a previous study, Zhou et al. (2020) reported that 33-year
manure application did not affect soil water content at pF > 5.5 in
Vertisol. Different soil textures may contain various clay mineralogy and
content and SOC content, which may significantly affect soil WSIs
(Arthur et al., 2014). However, few studies reported the effect of long-
term manure or different cropping systems effects on the soil WSIs in
different soil textures.

Soil WSIs exhibit hysteresis between adsorption and desorption of
the sorption isotherm (Prunty & Bell, 2007; Arthur et al., 2013 & Arthur
et al., 2015a; Arthur et al., 2015b). This hysteresis also affects the pro-
cesses of soil evaporation and water vapour flow abilities in dry regions
(Bittelli et al., 2008; Arthur et al., 2013). Usually, the soil WSIs and
hysteresis are also linked to soil clay content and specific surface area
(SSA) (Chen et al., 2022a). Thus, knowledge about these soil physi-
ochemical properties is important to understanding the soil water
sorption characteristics and water vapour flow in dry regions. Based on
experimental data from soil samples taken from five long-term manure
applications and two long-term cropping systems in five European
countries, we aimed to (1) investigate how long-term manure and
cropping systems affect WSIs characteristics of different soil textures; (2)
explore the interaction between crop type and manure on WSIs char-
acteristics; (3) explain variations in WSIs characteristics of LTEs based
on soil texture and SOC content.
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2. Methodology
2.1. Field site and sampling

2.1.1. Long-term manure sites

The study utilized five long-term manure experimental field sites
(LTEs) (Fig. 1a), which had contrasting soil textures and crop types in
rotation. In the first three sites (below), we collected the soil samples
under wheat plots, but in the other two sites, we collected the soil
samples under different crop types. The sites listed below follow the
descending order of clay content.

The Lanna manure LTE started in 1996 at the Lanna agriculture
research station in Sweden (denoted SEL) (58°21'N, 13°08'E, 75 m
above mean sea level). The average annual temperature is 7.3 °C and the
average annual rainfall is 636 mm (Katterer et al., 2014). The soil is silty
clay (Fig. 1b), classified as Augic Haplocryept (Soil Survey Staff, 1999),
and the clay mineralogy is characterised by mica/illite and traces of
kaolinite (Eriksson et al., 2016). The crop rotation consisted of oat (10
years), spring barley (4 years), spring wheat (1 year), and winter wheat
(3 years) were grown between 2002 and 2019. Thus, the field had winter
wheat at the time of sampling. The two treatments considered were an
unfertilized arable field (UNF) and the manured (MN) treatments. The
MN treatment was done by adding 38 t ha~! of farmyard manure (fresh
cattle manure with straw bedding containing approximately 4 t ha™.C)
every two years before ploughing (Katterer et al., 2014). Each treatment
had four replicates, and the area of each plot was 112 m? (8 m wide and
14 m long).

The Broadbalk manure LTE started in 1843 at Broadbalk in the
United Kingdom (denoted UKB) (51°49'N, 0°22'W, 125 m above mean
sea level). The average annual temperature is 9.8 °C and the average
annual rainfall is 733 mm (Macholdt et al., 2020). The soil is silt loam
(Fig. 1b), classified as an Augic or Typic Paleudalf (Soil Survey Staff,
1999), and the clay mineralogy is dominated by smectite, kaolinite and
subsidiary mica (Blake et al., 1999). The crop rotation consists of beans,
wheat, wheat, oat and wheat since 2019, before which forage maize and
potatoes were in the sequence. The 4.8-ha field is divided into 20 strips
and 10 sections, and the size of each plot is 138 m? (6 m wide and 23 m
long). The two treatments were UNF (strip 3, section 2) and MN which
comprised 35 t ha™! year ! farmyard manure (fresh cattle manure)
(MN) (strip 2, section 2). The added 35 t ha! farmyard manure con-
tained about 3 t ha''C (Macholdt et al., 2020).

The La Higueruela manure LTE started in 1985 at the La Higueruela
experimental field station in Spain (denoted ESL) (40°03'N, 04°24'W,
450 m above mean sea level). The average annual temperature is 15.5 °C
and the average annual rainfall is 468 mm (Kautz et al., 2006). The soil is
sandy loam or a sandy clay loam (Fig. 1b), classified as a Calcic Hap-
loxeralf (Soil Survey Staff, 1999), and the clay fraction is characterised
by 57% illite, 19% smectite and traces of kaolinite (Plaza et al., 2013).
The crop rotation consists of sorghum, spring barley, and winter wheat.
Two treatments which were UNF and 30 t ha™! 3 years™! farmyard
manure (2-year old cattle manure containing 9.6 t ha’lC) arable field
(MN) were selected (Kautz et al., 2006). Each treatment had three
replicate plots measuring 6 m wide and 8 m long.

The Bad Lauchstddt manure LTE started in 1902 at the UFZ Research
Station Bad Lauchstédt in Germany (denoted DEB) (51°24'N, 11°53'E,
121 m above mean sea level). The average annual temperature is 8.7 °C
and the average annual rainfall is 484 mm (Merbach & Schulz, 2013).
The soil is silt loam (Fig. 1b), classified as a Typic Mollisol (Soil Survey
Staff, 1999) and the clay fraction is dominated by illite with some
kaolinite (Séquaris et al. 2010). The crop rotation consisted of spring
barley, maize, and wheat. Both crops are grown in parallel fields so that
they are permanently present in the experiment. The two treatments
which were UNF and 30 t ha™! 2 years™! farmyard manure (cattle barn
containing 5 tha'1C) arable field (MN) were selected (Merbach & Schulz
2013). The LTE has no field replicate plots as each treatment plot was 10
m wide and 27 m long.
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Fig. 1. (a) Location of the investigated samples in the seven field sites. (b) The distribution of the investigated samples in the seven field sites displayed on the USDA
soil textural triangle. SEL, Lanna; UKB, Broadbalk; ESL, La Higueruela; DEB, Bad Lauchstddt; DKA, Askov; UKH, Highfield; UKW, Woburn.

The Askov manure LTE started in 1894 at the Askov research station
in Denmark (denoted DKA) (55°28'N, 09°07’E, 56 m above mean sea
level). The average annual temperature is 7.7 °C and the average annual
rainfall is 869 mm (Jensen et al., 2016). The soil texture is sandy loam
(Fig. 1b), classified as a Typic Hapludalf (Soil Survey Staff, 1999) and
the clay mineralogy is primarily illite, smectite and kaolinite (Barré
et al., 2010). The crop rotation consisted of winter wheat, silage maize,
spring barley, and grass/clover mixture. All the crops are grown in
parallel fields so that they are permanently present in the experiment.
The treatments considered for this work were UNF and 37.5 t ha™! yr~!
farmyard manure (cattle slurry containing 0.8 t ha™lC) arable field (MN)
in the four different fields (Jensen et al., 2022). The manure of the MN
treatments was added in March or April to the surface of wheat plots,
and before ploughing for maize and barley plots. The grass was under-
sown with barley and when the barley was harvested, the grass/clover
mixture was left in the field as a rotation element until August of the
following year. Each treatment had three replicate plots, and the area of
each plot of winter wheat was 63 m? (7 m wide and 9 m long), and silage
maize, spring barley, and grass/clover mixture plots were 108 m? (12 m
wide and 9 m long) each.

Soil sampling took place from July through August 2020 for the SEL,
DEB and DKA sites, and from July through August 2021 for the UKB and
ESL sites. The soil samples were collected under wheat in SEL, UKB, and
ESL, under barley and maize in DEB, and under wheat, silage maize,
barley, and grass/clover in DKA, respectively. All the soil samples were
extracted at a depth of 5 - 15 cm and stored in a 2 °C room until further
analyses.

2.1.2. Long-term cropping systems field site and sampling

In addition to the five manure LTEs, we included two cropping sys-
tems LTEs (Highfield and Woburn) from Rothamsted Research in the
United Kingdom (Fig. 1a), which had contrasting soil textures. Sampling
for the two sites was carried out in August 2021.

The Highfield cropping systems LTE started in 1949 and is denoted
UKH (51°48'N, 00°36'W, 127 m above mean sea level). The average
annual temperature is 10.2 °C and the average annual rainfall is 718 mm
(Scott et al., 2014). The soil is a silt loam (Fig. 1b), classified as an Aquic
Paludalf (Soil Survey Staff, 1999), and the clay mineralogy is dominated
by smectite, kaolinite and subsidiary mica (Blake et al., 1999). We
selected five treatments from this site: (1) BF: continued bare fallow, but
regular tillage maintained free of plants; (2) wheat (arable) (WA): arable
crops rotation consists of winter wheat (3-year), fallow (1 year) and
winter oats (1 year) fertilized with 220 kg N ha—! year !, 65 kg Pha™! 3
years’1 and 250 kg K ha™'3 years’l; (3) wheat (ley — arable) (WLA) and
(4) ley (ley — arable) (LLA): 6 years rotation with 3 years grass/clover ley

followed by 3 years wheat. The grass/clover ley had no N fertilizer but
was fertilized with 65 kg P ha™! 3 years ! and 250 kg K ha™! 3 years ™.
The last treatment was grass: permanent grassland which was estab-
lished in 1949, and the grass was managed the same as ley (Jensen et al.,
2019). Each treatment had four replicates, and the area of each plot of
WLA and LLA was 350 m? (7 m wide and 50 m long), and the other plots
were 60 m? (6 m wide and 10 m long).

The Woburn cropping systems LTE started in 1938 and is located in
Husborne Crawley, Bedford and denoted as UKW) (51°59'N 0°37'W, 99
m above mean sea level). The average annual temperature is 9.4 °C and
the average annual rainfall is 640 mm (Johnston et al., 2017). The soil
texture is sandy loam (Fig. 1b), classified as a Quartzipsammetric
Haplumbrept (Soil Survey Staff, 1999) and the dominant clay mineral is
vermiculite (Jenkinson, 1977). We selected five treatments from this
site: (1) BF: continuous bare fallow; (2) wheat (arable) (WA): rye beans,
oats and two test crops: wheat and rye; (3) wheat (ley — arable) (WLA)
and (4) ley (ley — arable) (LLA): 3 years grass/clover ley followed by 1-
year wheat, 1-year rye. (5) permanent grass. Fertilizers, lime, and pest
control were applied according to standard farm practice (Johnston
et al., 2017). Each block has eight pairs of plots, and each plot was 180
m? (9 m wide and 20 m long).

The difference between WLA and LLA was the standing crop during
sampling. The soil sampling time of WLA and LLA was the wheat growth
period and grass/clover ley growth period, respectively. All soil samples
were taken from a depth of 5 — 15 cm and stored in a 2 °C room until
further analyses.

2.2. Laboratory measurements

2.2.1. Soil texture and organic carbon

The samples were air-dried, crushed, and passed through a 2 mm
sieve. The soil texture of the soil samples was analyzed by combined
hydrometer and wet sieving methods (Gee & Or, 2002). SOC content
was determined on milled subsamples by dry combustion using a Vario
MAX cube (Elementar Analysensysteme AG, Langenselbold, Germany).

2.2.2. Soil water vapour sorption isotherm

Soil WSIs were determined with an automated vapour sorption
analyzer (METER Group Inc., Pullman, WA, USA) on samples that were
air-dried to a stable relative humidity (RH) of 45%. The isotherms
covered an RH range from 3% to 93% with a measurement resolution
and temperature of 2% RH and 25°C, respectively. After the measure-
ments, the samples were oven-dried for 48 h to determine the water
contents at the respective RH values. Full details about the measurement
methodology can be found in Arthur et al. (2014).
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2.2.3. Hysteresis and specific surface area

Hysteresis (Hys) of the soil WSIs were computed for the adsorp-
tion—desorption data between 10 and 80% RH by summing up the dif-
ference in hygroscopic water content (wy,) between adsorption (w,) and
desorption (wq) as described in Equation (1) (Arthur et al. 2020):

i=10
Hys = [(de—wu>/n:| x 100 €Y
i=80

where n is the number of data points (n = 36).

Soil specific surface area (SSA) was estimated by parameterizing the
Tuller-Or model (Tuller & Or, 2005) model with the water vapour
desorption data. The TO model relates the equilibrium soil water con-
tent, w (kg kg’l) to matric potential y (m H,0) and SSA (m? kg’l) as:

Ay,
w= [ ———sA @)
6XmXp, XgXY

where Ag1 (J) denotes the Hamaker constant for solid—vapor in-
teractions through the intervening liquid, set to — 6 x 1072° J as re-
ported by Tuller and Or (2005) and Macek et al. (2013), py is the density
of 2Water (1000 kg m~3) and g is the acceleration due to gravity (9.8 m
s™9).

The model was parameterized with the sorption data (adsorption and
desorption separately) by employing the Levenberg-Marquardt
nonlinear least-squares algorithm implemented in the “minpack.lm”
package (Elzhov et al., 2016) in R v4.0.2 (R Core Team, 2020).

2.3. Data analysis

Excel 2010 was used for data compilation and analysis. SPSS Sta-
tistics 18.0 (SPSS Inc. Chicago, IL, USA) was used for statistical analysis,
and Origin 2021 was used to create the figures. Before statistical anal-
ysis, we first assessed the normality (Shapiro-Wilk test) and constant
variance (Brown-Forsythe test) of the data. The statistical significance of
the difference between the UNF and MN treatments for each manure LTE
was tested by the Student’s t-test (P < 0.05). Statistical comparison of
the treatments in the crop rotation LTE was done using One-way ANOVA
followed by Tukey’s HSD test for mean separation. Due to the lack of
field replicates at the DEB site, the site was excluded from the statistical
tests. The clay content of the ESL site ranged from 11 to 23%, and it is
known that clay content is linearly correlated to water vapour sorption
(Schneider and Goss, 2012; Arthur et al., 2015a; Arthur et al., 2015b).
Consequently, the analysis of manure effect on soil WSIs characteristics
for the ESL site was conducted using One-way analyses of covariance
(ANCOVA) with clay content as the covariate. The measured and
derived water vapour sorption variables were adjusted to the average
clay content of the manure dataset (17%). Considering the correlation
between soil properties and water vapour sorption variables, we selected
SOC, clay, and silt content for building multiple linear regression models
of soil WSIs, hysteresis, and SSA.

3. Results
3.1. Soil organic carbon

Compared to the UNF treatments across the LTEs, long-term manure
application significantly increased SOC content by 19% — 265%, and this
positive effect was consistent regardless of the prevailing crop or soil
texture (Table 1). The largest increase (265%) was at the silt loam UKB
site while the smallest increase occurred at the silty clay SEL site.
Considering the DKA site, there was no effect of crop type on the SOC
increase after manure addition.

For the cropping systems LTEs, the SOC content at the silt loam UKH
site was in the order BF < WA < WLA < LLA < Grass, with a similar
trend for the sandy loam UKW site except for similar SOC contents for
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Table 1
Soil organic carbon content (%) of samples from the five long-term manure
application field sites.

Site (soil texture) Crop UNF MN
SEL (SiC) Wheat 1.93 + 0.02b 2.30 £ 0.06a
UKB (SiL) 0.75 + 0.02b 2.74 + 0.08a
ESL (SL) 0.58 + 0.03b 0.93 + 0.09a
DEB (SiL) Maize 1.64 2.23
Barley 1.57 2.32
DKA (SL) Wheat 1.13 + 0.02b 1.54 + 0.10a
Maize 1.10 + 0.08b 1.48 £ 0.10a
Barley 1.06 + 0.03b 1.35 + 0.05a
Grass 1.19 + 0.04b 1.63 + 0.01a

Data reported as mean =+ standard error (SE). The lowercase letters in the same
row indicate a significant difference (P < 0.05) between treatments. For the DEB
site, the SE of replicates within one plot, so the data were excluded from the t-
test. UNF, unfertilized arable field; MN, manure arable field; SEL, Lanna; UKB,
Broadbalk; ESL, La Higueruela; DEB, Bad Lauchstadt; DKA; Askov; SiC, silty clay;
SiL, silt loam; SL, sandy loam.

the WLA and LLA site. The grass treatments had the most significant
effect in increasing SOC content compared to other treatments, which
increased by 171% in silty loam UKH and 287% in sandy loam UKW
sites, respectively (Table 2).

3.2. Soil water vapour sorption isotherm

To evaluate the effect of manure and cropping systems on the WSIs,
we used the isotherm curves and the total water sorbed for the RH range
considered. Despite the large increases in SOC, there was no significant
difference in soil desorption WSIs between the UNF and MN treatments
at the silty clay SEL, sandy loam ESL, and sandy loam DKA maize and
barley sites (Fig. 2). However, the MN treatment at the silt loam soils
(UKB, DEB-barley) had larger soil WSIs relative to the UNF treatment
(Fig. 2b & d). For the sandy loam DKA site, there was a strong effect of
the prevailing crop on the soil WSIs. Manure application increased soil
WSIs significantly under the wheat crop (Fig. 2f), increased under the
grass crop (Fig. 2i), but did not affect the soil WSIs under the maize
(Fig. 2g) and barley crops (Fig. 2h).

Regarding the cropping systems LTEs, there was little difference in
soil WSIs of the BF, LLA, WLA, and WA treatments of the silt loam UKH
site, while the grass treatment had significantly higher soil WSIs than the
BF treatment (Fig. 3a). In the silt loam UKH site, all the treatments
exhibited larger soil WSIs than the BF treatment at higher RH levels
(>50%) (Fig. 3b), but the total water sorbed was not significantly
different among the treatments.

3.3. Hysteresis

Across all LTEs with manure treatments, there was a general trend of
increased hysteresis on the manure treatments. The significance of this
increase, however, depended on soil texture and crop type. For example,
there was no significant difference in hysteresis between UNF and MN

Table 2
Soil organic carbon content (%) of samples from the two long-term crop rotation
field sites.

Crop UKH (SiL) UKW (SL)

BF 1.51 + 0.06b 0.39 + 0.05¢
WA 1.64 + 0.06b 0.86 + 0.03b
WLA 1.80 + 0.05b 1.02 £ 0.05b
LLA 2.03 +0.17b 0.97 + 0.04b
Grass 4.09 + 0.26a 1.51 £ 0.10a

Data reported as mean =+ standard error (SE). The lowercase letters in the same
column indicate a significant difference (P < 0.05) among treatments. BF, bare
fallow, WA, wheat (arable); WLA, wheat (ley — arable); LLA, ley (ley — arable);
UKH; Highfield; UKW; Woburn; SiL, silt loam; SL, sandy loam.
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Fig. 2. Soil water vapor desorption isotherms of samples from the five long-term manure field sites and different crops. The error bars represent the standard error
(SE) of the mean. UNF, unfertilized arable field; MN, manure arable field; SEL, Lanna; UKB, Broadbalk; ESL, La Higueruela; DEB, Bad Lauchstadt; DKA, Askov. SiC,
silty clay; SiL, silt loam; SL, sandy loam. Numbers in the legend represent the total amount of sorbed water (%); An asterisk indicates a significant difference between

the manure and unfertilized treatments.

treatments at the silty clay SEL under wheat (Fig. 4a), and the sandy
loam DKA under maize and grass (Fig. 4b). However, manure applica-
tion significantly increased hysteresis in the silt loam UKB and sandy
loam ESL under wheat (Fig. 4a), and in the sandy loam DKA under wheat
and barley (Fig. 4b). Although the DEB site data was not statistically
evaluated, the trend of increased hysteresis after manure application
was also observed.

In the cropping systems LTEs, the grass treatment had significantly
larger hysteresis than other treatments, and the hysteresis of WLA was
significantly lower than that of WA in the silt loam UKH site (Fig. 4c).
However, cropping systems had no significant effect on hysteresis at the
sandy loam UKW site (Fig. 4c).

3.4. Soil specific surface area (SSA)

Across all LTEs, there was a general trend of increased SSA after
manure application. The significance of this increase also depended on
soil texture and crop type. For example, there was no significant dif-
ference in SSA between UNF and MN treatments at the silty clay SEL and
sandy loam ESL under wheat (Fig. 5a), and the sandy loam DKA under

maize and barley (Fig. 5b). However, manure application significantly
increased SSA in the silt loam UKB under wheat (Fig. 5a), and in the
sandy loam DKA under wheat and grass (Fig. 5b). For the silt loam DEB
site, the trend of increased SSA under barley plot after manure appli-
cation was also observed.

In the cropping systems LTEs, the grass treatment had significantly
larger SSA than BF, WLA, and LLA, and no significant difference in SSA
was observed among BF, WA, WLA, and LLA in the sandy loam UKH site
(Fig. 5¢). The cropping systems had no significant effect on SSA at the
silt loam UKW site (Fig. 5c¢).

3.5. Relations between SOC, hysteresis, SSA, and soil water vapour
sorption.

The relationship between SOC, clay and silt contents, and soil WSIs
(e.g., RHsp), hysteresis, and SSA could be accurately described with
multiple linear regression across all LTEs (P < 0.001). In general, higher
SOC, clay, and silt contents were linked to higher soil WSIs, hysteresis,
and SSA in soils (Fig. 6).
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Fig. 3. Soil water vapor desorption isotherms of samples from the two long-term crop rotation field sites. BF, bare fallowed, WA, wheat (arable); WLA, wheat (ley —
arable); LLA, ley (ley — arable); UKH; Highfield; UKW; Woburn; SiL, silt loam; SL, sandy loam. Note: the data points for BF and LLA overlap each other in (a). Numbers
in the legend represent the total amount of sorbed water (%); Different letters after the number indicate a significant difference among treatments.

4. Discussion

Very few studies have investigated the effect of soil management
practices (organic amendments or cropping systems) on the dry region
of the water retention curve (WSIs), and the limited studies available
only utilized data from one field site (e.g., Arthur et al., 2015a; Arthur
et al., 2015b; Zhou et al., 2020). The novelty of this study is the eval-
uation of the manure and cropping systems’ effect on WSI in seven LTEs
under different edaphic and climatic conditions.

4.1. Effect of long-term manure application on WSIs

Our results showed that long-term manure application significantly
increased SOC content regardless of soil texture and crop type. In this
study, the average C added per year to the LTEs ranged from 0.8 t C ha™!
in the DKA to 3.2 t C ha™! in the ESL field. Thus, this observed increase
directly results from the high amount of C added to the field through the
manure application. This has been documented in several studies for
different kinds of manures (e.g., Sommerfeldt et al., 1988; Gerzabek
et al., 1997; Lin et al., 2019; Zhou et al., 2020).

The effect of long-term manure application on soil WSIs varied
depending on soil texture and crop type (Fig. 2a, b). The clay mineralogy
of the manure LTEs was primarily dominated by illite/mica clay min-
erals, except UKB which had a mixture of mica, smectite and kaolinite.
Consequently, the role of clay mineralogy across the different LTEs is
expected to be minimal. The variation in clay content among the sites is
much larger (10 to 45%) and significantly influenced how the manure
addition affected the WSIs. For example, the non-significant effect of
manure on the silty clay SEL site is likely due to the high clay and silt
contents. The relatively higher surface area of the illite clay particles
may be blocked by the low-surface SOC particles (Arthur et al., 2023),
resulting in a small net effect on water sorption. For samples that con-
tained appreciable amounts of illite or montmorillonite, the removal of
organic matter from soil samples led to increased water sorption and
surface area (Feller et al., 1992; Arthur et al., 2023). This was attributed
to the removal of the organic coatings from the clay particles, and the
further division of the clay particles that were initially bound together
by organic matter. Another reason for the lack of an effect of manure on
WSI at SEL may be the originally high SOC content of the soil (1.93%),.
This is supported by other studies, which showed that the net effects on
soil WSIs largely depend on their initial SOC content (Arthur et al., 2020;
Chen et al., 2014 & 2022a). Meanwhile, the high clay content in the silty
clay SEL site can help to stabilize SOM and limit its decomposition (Six

et al., 2002), which makes the soil WSIs less sensitive to changes in SOC
content (Rawls et al., 2003).

Furthermore, the soil WSIs in half of the fields in the sandy loam DKA
site were much more sensitive to long-term manure application as
compared with silt loam UKB and DEB and silty clay SEL sites. These
results concur with the experiment of Rawls et al. (2003), who found
that the sensitivity of water retention characteristics to changes in SOC
content in lower clay content was higher than that of higher clay con-
tent. This is because an increase in SOC leads to larger SSA (Pennell
et al., 1995), especially for coarse-textured soils, which have a positive
contribution to soil WSIs at small saturations and in the absence of water
repellency (de Jonge et al., 2000). There was no observed water repel-
lency in the samples because the clay plus silt contents were>10% in
almost all the samples. For such samples, the adsorptive forces of the fine
clay and silt particles easily overcome the hydrophobic tendencies of the
organic matter due to the relatively low SOC content (>5%) (Arthur
et al., 2023).

Finally, The characteristics of the organic matter from the prevailing
crop input can interact with the soil texture to affect the WSIs. For the
same soil type (DEB), the tendency of higher water sorption for the
barley plots compared to maize, despite similar increases in SOC from
manure, may be attributed to the quality of SOC. For samples taken from
wheat, there was a tendency for increased SSA regardless of soil texture
(Fig. 5), while maize plots did not affect the WSIs or SSA. The high SOC
input from the grass was the reason for the higher WSI and SSA for the
manure compared to the control. Studies showed that increased SOC can
contribute positively to soil WSIs (Arthur et al., 2018; Chen et al.,
2022a), particularly in soils that have low clay contents such as the DKA
site. Altogether, our findings underline that the change of soil WSIs from
long-term manure application depends on the soil texture and crop
types, however, caution is required when comparing and interpreting
these results for other soil textures and crop types.

The hysteresis of soil WSIs can be attributed to the difference be-
tween the energy required during the water adsorption and desorption
processes (Lu & Khorshidi, 2015). Long-term manure application did not
significantly affect hysteresis in the silty clay SEL site, which was similar
to the phenomenon of soil WSIs (Fig. 3a). The high clay and high initial
SOC contents may have masked the effect of manure application on the
differences between the heat of evaporation (desorption) and the heat of
liquefaction (adsorption) (Chen et al., 2022a). Thus, the hysteresis
values did not differ greatly after long-term manure application in the
silt clay SEL site. In addition, we found that long-term manure appli-
cation increased hysteresis in the silt loam UKB and DEB, and sandy



F. Yan et al.

0.6

(a) Wheat UNF

Ralt N

0.4

SEL (SiC) UKB (SiL)  ESL (SL)

0.6

UNF
MN

(b) Maize
Barley [ ]

0.4

Wheat
* Maize

Barley
* QGrass

Apparent hysteresis, o (-)

0.0

DEB (SiL) DKA (SL)

1.0

0.8

0.6

0.4

0.2

0.0

UKH (SiL)

UKW (SL)

Fig. 4. Apparent hysteresis of samples from the seven field sites. Asterisks (*)
and lowercase letters indicate the significant difference between treatments (P
< 0.05). The bars without letters or * indicate no significant difference between
treatments (P > 0.05). The error bars represent the standard error (SE) of the
mean. For the DEB site, error bars represent the SE of replicates within one plot,
so the data were excluded from statistical analysis. For the ESL site, clay content
varies greatly between the treatments, so the data were analyzed by ANCOVA
analysis. UNF, unfertilized arable field; MN, manure arable field; BF, bare fal-
lowed, WA, wheat (arable); WLA, wheat (ley — arable); LLA, ley (ley — arable);
SEL, Lanna; UKB, Broadbalk; ESL, La Higueruela; DEB, Bad Lauchstddt; DKA,
Askov; UKH, Highfield; UKW, Woburn; SiC, silty clay; SiL, silt loam; SL,
sandy loam.

Geoderma 436 (2023) 116533

100
(a) Wheat UNF
MN
80
I
60 ]
—] —I——I—
40 |
20
SEL (SiC) UKB(SiL)  ESL (SL)
o (b) UNF
N: Barlg M_alze MN
= 60F —
e
m —
3
& 40 F Wheat Barley
E * Maize Grass
3 *
b=
3 20 F
7
3 o
DEB (SiL) DKA (SL)
120
(©)
90
60 -
30 -
0

UKH (SiL)

Fig. 5. Soil specific surface area of samples from the seven field sites. Asterisks
(*) and lowercase letters indicate the significant difference between treatments
(P < 0.05). The bars without letters or * indicate no significant difference be-
tween treatments (P > 0.05). The error bars represent the standard error (SE) of
the mean. For the DEB site, error bars represent the SE of replicates within one
plot, so the data were excluded from statistical analysis. For the ESL site, clay
content varies greatly between the treatments, so the data were analyzed by
ANCOVA analysis. UNF, unfertilized arable field; MN, manure arable field; BF,
bare fallowed, WA, wheat (arable); WLA, wheat (ley — arable); LLA, ley (ley —
arable); SEL, Lanna; UKB, Broadbalk; ESL, La Higueruela; DEB, Bad Lauchstédt;
DKA, Askov; UKH, Highfield; UKW, Woburn; SiC, silty clay; SiL, silt loam; SL,
sandy loam.

UKW (SL)



F. Yan et al.

Geoderma 436 (2023) 116533

X DEB ODKA @UKH AUKW

I~
S

(c) 1:1

2 -1

1:1
100 -

80 -
60
40 5

20 A /Y

OSEL OUKB A ESL
4 1.0
S () 1:1 0 (b)
] % 08
g 3 @ 2
g e @ | 2
X )
5 ) £ 061
] =
2] ]
g N £ 041
3 JA 3
g g 024 o
g (A4 Z
0 T T T 0.0 T T
0 1 2 3 4

Measured soil water content (%)
WCsy=-0.34+0.29 SOC™ '+ 0.04 Clay” +0.02 Silt”
R%,; = 0.80; P <0.001

00 02 04 06 08 1.0

Measured apparent hysteresis (—)

Estimated specific surface area (m” g )

0

0 80 100 120

0 20 40 6
Measured specific surface area (m2 g’l)

SSA =-6.81 +8.62 SOC™+ 1.11 Clay™ + 0.60 Silt™
R*,;=0.81; P <0.001

Hys =-0.05 +0.10 SOC™"+ 0.002 Clay™+ 0.01 Silt™

R%,; = 0.81; P <0.001

Fig. 6. Models for (a) soil water content at relative humidity of 50% (RHso), (b) apparent hysteresis (Hys), and (c) soil specific surface area (SSA) based on soil
organic carbon (SOC), clay and silt contents in multiple linear regression. SOC, clay and silt contents are all in %. All regressions models had an overall P < 0.001. ***
(P < 0.001) and ns (P > 0.05) represent the statistical significance of SOC, clay, and silt in multiple linear regression, respectively. Rﬁdj, r-squared adjusted for the
number of model variables. SEL, Lanna; UKB, Broadbalk; ESL, La Higueruela; DEB, Bad Lauchstadt; DKA, Askov; UKH Highfield; UKW, Woburn.

loam DKA in wheat and barley. This phenomenon might be due to the
conformational changes in the structure of SOM during the two sorption
processes (Arthur et al., 2020). In general, hysteresis is expected to in-
crease as the SOC content increases (Arthur et al., 2020) so it is unclear
why the significantly increased SOC did not lead to larger hysteresis on
the maize and grass in the sandy loam LTEs (Fig. 3b).

4.2. Effect of long-term cropping systems on WSIs

Long-term cropping systems are initiated to improve both soil
properties and crop yield. After decades of different crop management
interventions, the SOC and water sorption of the soils were affected only
by the perennial grass treatment. Several possible reasons may help to
explain the highest SOC content under grass treatment in silt loam UKH
and sandy loam UKW LTEs. First, perennial grass had higher root
biomass and longer growing seasons, which increases plant residue in-
puts and belowground C allocation by plants (Chen et al., 2022b). Sec-
ond, harvesting biomass from crop rotation reduced a portion of plant-
derived C inputs, which may limit soil C sequestration (Manevski
et al., 2017). The two explanations are consistent with several other
studies that showed that the SOC content is determined by the balance
between plant residue that is decomposed and transformed into SOM
versus the amount that is mineralized (Kallenbach et al., 2016; Chen
et al., 2020a, b & 2022b). Third, the reduced soil disturbance of
perennial grass rather than with crop rotation may also contribute to
increasing SOC content (Carlsson et al., 2017).

Although we expected higher SOC in the ley-arable rotation, there
was no difference between arable rotation and ley-arable rotation. The
difference was observed between BF and croplands in the UKW site but
not in the UKH site. One plausible explanation would be that the silt
loam UKH site was characterized by relatively high initial SOC content,
which may obscure significant changes (Table 2). Before converting to
croplands, the UKH site was under perennial grass while the UKW site
had been croplands for a long time. So, this land use history could also be
the reason why it had high initial SOC content. This is consistent with
other studies that reported that the net effects of various cropping sys-
tems on SOC content largely depend on their initial SOC content
(McDaniel et al., 2014; Johnston et al., 2017; Chen et al., 2022b).

Compared to BF, permanent grass increased soil WSIs in the silt loam
UKH and the sandy loam UKW sites, and arable rotation and ley-arable
rotation increased soil WSIs in the sandy loam UKW site. The soil WSIs

responses reflect different cropping systems-induced changes in SOC
content. Since there was no significant difference in SOC among BF, WA,
WLA, and LLA treatments in the silt loam UKH site, there was no sig-
nificant effect on soil WSIs among the treatments.

We found that the soil WSIs in permanent grass were much higher
compared with arable rotation and ley-arable rotation in the silt loam
UKH site. One plausible explanation would be that permanent grass
increased SOC by a larger amount compared to other treatments, which
makes the soil WSIs more sensitive to changes in SOC content in the
permanent grassland in both soil textures. However, we found that there
was no significant difference in SOC content and soil WSIs, between
arable rotation and ley-arable rotation, and between two crop types in
the ley-arable rotation in both sites. Thus, although in the long-term
manure application experiments, the effect of manure application
seemed to depend on the crop type and soil texture, the crop type in the
arable rotation and ley-arable rotation did not affect SOC content and
soil WSIs regardless of the texture.

We suggest that the effects of different cropping systems on hyster-
esis and SSA are also caused by the changes in SOC content, because of
the positive relationship between SOC and hysteresis and SSA (Arthur
etal., 2018 & 2020). The higher hysteresis and SSA in grassland than the
other cropping systems in the UKH site seemed to agree with our hy-
pothesis. However, the difference in hysteresis between arable rotation
and ley-arable rotation in the UKH site seemed not to agree with the
trend of SOC content in the two cropping systems. Moreover, the hys-
teresis and SSA in the arable rotation and ley-arable rotation were not
significantly different from the BF in the sandy loam UKW site, despite
the significant difference in SOC content. This may be because the
changes in SOC content caused by cropping management might not be
enough to document significant changes in hysteresis and SSA. Thus,
future studies are still required to further clarify the role of SOC content
in altering soil hysteresis and SSA in sandy loams under different crop-
ping systems LTEs.

4.3. Relationship between soil WSIs, hysteresis, SSA and SOC, clay and
silt contents

The positive effects of long-term manure application on soil WSIs
were consistent with the positive effects of SOC, clay, and silt contents,
indicating that long-term manure application led to positive feedback to
soil WSIs in a given type of soil via enhanced SOC content. The
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magnitude of sorbed water in the soil can be related to the contents of
SOC and clay, fine silt, and clay mineralogy (Rawls et al., 2003; Arthur
et al., 2015). This explanation is supported by the positive relationship
between the SOC, clay, and silt contents and soil WSIs (Fig. 6a). In
addition, a significant positive relationship between the SOC, clay, and
silt contents and hysteresis (Fig. 6b) suggested that for soil samples with
identical clay mineralogy (at a given clay content), hysteresis tends to
increase with SOC content (Arthur et al., 2020). Finally, the significant
positive relationship between the SOC, clay, and silt contents and SSA
(Fig. 6¢) suggested that SOC, clay, and silt contents may be the primary
contributors to SSA, which is similar to the findings of Arthur et al.
(2018). Altogether, the equations can be used to estimate the hygro-
scopic water content, hysteresis, and SSA of LTEs in different soil tex-
tures, crop types, and agricultural practices.

5. Conclusions

This study investigated the effect of long-term manure and different
cropping systems on SOC content, soil WSIs, hysteresis, and SSA with
different soil textures under different crop types. For the LTEs with
manure treatments, manure application increased SOC content regard-
less of soil texture and crop type compared to the UNF. Due to the high
clay and initial SOC content in the clayey soil, long-term manure
application had no significant effect on soil WSIs, hysteresis, and SSA.
However, the improvements in soil WSIs, hysteresis, and SSA in silt loam
and sandy loam soils arising from manure application largely depended
on the crop type. For the LTEs with different cropping systems, the
rotation practice and permanent grass significantly increased SOC con-
tent compared to the BF in the sandy loam soil. Yet, there was no dif-
ference in hysteresis and SSA between the cropping systems in the sandy
loam soils. On the contrary, permanent grass significantly increased SOC
content, soil WSIs, hysteresis, and SSA compared to the BF in the silt
loam soil, although there was no significant difference in the above-
mentioned properties among the two rotation strategies and the BF. The
WA treatment had significantly higher hysteresis than WLA. Across the
whole dataset, we found that the soil WSIs, hysteresis, and SSA can be
explained by the SOC, clay, and silt contents regardless of crop type and
agricultural practices.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

The research was supported by the Danish Council for Independent
Research, Technology and Production Sciences via the project: Bio-
physical drivers of soil resilience in a changing climate [grant number
9041-00107B]. We especially thank Dr Ines Merbach, Dr Thomas Reitz
and the staff from UFZ, Dr Sofia Delin from SLU, Ian Clark from Roth-
amsted Research, Dr Yolanda Jalvo and Sergio Gonzalez from CSIC for
supporting sampling and providing relevant information on various
LTEs. We also acknowledge the China Scholarship Council’s support to
Fulai Yan (No. 202006300074) for his study at Aarhus University.

References

Albers, A., Avadi, A., Benoist, A., Collet, P., Hélias, A., 2020. Modelling dynamic soil
organic carbon flows of annual and perennial energy crops to inform energy-
transport policy scenarios in France. Sci. Total Environ. 718, 135278.

Geoderma 436 (2023) 116533

Albizua, A., Williams, A., Hedlund, K., Pascual, U., 2015. Crop rotations including ley
andmanure can promote ecosystem services in conventional farming systems. Appl.
Soil Ecol. 95, 54-61.

Arriaga, F.J., Lowery, B., 2003. Soil physical properties and crop productivity of an
eroded soil amended with cattle manure. Soil Sci. 168, 888-899.

Arthur, E., Tuller, M., Norgaard, T., Moldrup, P., Chen, C., Rehman, H.U., Weber, P.L.,
Knadel, M., de Jonge, L.W., 2023. Contribution of organic carbon to the total specific
surface area of soils with varying clay mineralogy. Geoderma 430, 116314.

Arthur, E., Tuller, M., Moldrup, P., Resurreccion, A.C., Meding, M.S., Kawamoto, K.,
Komatsu, T., de Jonge, L.W., 2013. Soil specific surface area and non-singularity of
soil-water retention at low saturations. Soil Sci. Soc. Am. J. 77 (1), 43-53.

Arthur, E., Tuller, M., Moldrup, P., de Jonge, L.W., 2014. Evaluation of a fully automated
analyzer for rapid measurement of water vapour sorption isotherms for applications
in soil science. Soil Sci. Soc. Am. J. 78, 754-760.

Arthur, E., Tuller, M., Moldrup, P., de Jonge, L.W., 2015a. Effects of biochar and manure
amendments on water vapor sorption in a sandy loam soil. Geoderma 243-244,
175-182.

Arthur, E., Tuller, M., Moldrup, P., Jensen, D.K., De Jonge, L.W., 2015b. Prediction of
clay content from water vapour sorption isotherms considering hysteresis and soil
organic matter content. Eur. J. Soil Sci. 66 (1), 206-217.

Arthur, E., Tuller, M., Moldrup, P., Greve, M.H., Knadel, M., de Jonge, L.W., 2018.
Applicability of the Guggenheim-Anderson-Boer water vapour sorption model for
estimation of soil specific surface area. Eur. J. Soil Sci. 69 (2), 245-255.

Arthur, E., Tuller, M., Moldrup, P., Jonge, L.W., 2020. Clay content and mineralogy,
organic carbon and cation exchange capacity affect water vapour sorption hysteresis
of soil. Eur. J. Soil Sci. 71 (2), 204-214.

Ashworth, A.J., Owens, P.R., Allen, F.L., 2020. Long-term cropping systems management
influences soil strength and nutrient cycling. Geoderma 361, 114062.

Bai, Z., Caspari, T., Gonzalez, M.R., Batjes, N.H., Mader, P., Biinemann, E.K., de
Goede, R., Brussaard, L., Xu, M.G., Ferreira, C.S.S., Reintam, E., Fan, H.Z.,
Miheli¢, R., Glavan, M., Téth, Z., 2018. Effects of agricultural management practices
on soil quality: A review of long-term experiments for Europe and China. Agric.
Ecosyst. Environ. 265, 1-7.

Barré, P., Eglin, T., Christensen, B.T., Ciais, P., Houot, S., Katterer, T., Oort, V.F.,
Peylin, P., Poulton, P.R., Romanenkov, V., Chenu, C., 2010. Quantifying and
isolating stable soil organic carbon using long-term bare fallow experiments.
Biogeosciences 7, 3839-3850.

Bittelli, M., Ventura, F., Campbell, G.S., Snyder, R.L., Gallegati, F., Pisa, P.R., 2008.
Coupling of heat, water vapor, and liquid water fluxes to compute evaporation in
bare soils. J. Hydrol. 362 (3-4), 191-205.

Blake, L., Goulding, K.W.T., Mott, C.J.B., Johnston, A.E., 1999. Changes in soil chemistry
accompanying acidification over more than 100 years under woodland and grass at
Rothamsted Experimental Station. UK. Eur. J. Soil Sci. 50, 401-412.

Blanco-Canqui, H., Hergert, G.W., Nielsen, R.A., 2015. Cattle manure application reduces
soil compactibility and increases water retention after 71 years. Soil Sci. Soc. Am. J.
79 (1), 212-223.

Carlsson, G., Martensson, L.-M., Prade, T., Svensson, S.-E., Jensen, E.S., 2017. Perennial
species mixtures for multifunctional production of biomass on marginal land. GCB
Bioenergy 9 (1), 191-201.

Cercioglu, M., Anderson, S.H., Udawatta, R.P., Alagele, S., 2019. Effect of cover crop
management on soil hydraulic properties. Geoderma 343, 247-253.

Chen, J.i., Elsgaard, L., Groenigen, K.J., Olesen, J.E., Liang, Z., Jiang, Y.u., Larke, P.E.,
Zhang, Y., Luo, Y., Hungate, B.A., Sinsabaugh, R.L., Jgrgensen, U., 2020a. Soil
carbon loss with warming: New evidence from carbon-degrading enzymes. Global
Change Biol. 26 (4), 1944-1952.

Chen, J., Lerke, P.E., Jgrgensen, U., 2020b. Optimized crop rotations increase biomass
production without significantly changing soil carbon and nitrogen stock. Ecol.
Indic. 117, 106669.

Chen, J., Manevski, K., Larke, P.E., Jorgensen, U., 2022b. Biomass yield, yield stability
and soil carbon and nitrogen content under cropping systems destined for
biorefineries. Soil Tillage Res. 221, 105397.

Chen, C., Ren, T., Hu, K, Li, B., Wang, Y., 2014. Estimation of soil clay content using
hygroscopic water content at an arbitrary humidity. Soil Sci. Soc. Am. J. 78 (1),
119-124.

Chen, C., Jiang, Y., Sun, B., Zhou, H., Hallett, P.D., 2022a. Organic manure and lime
change water vapour sorption of a red soil by altering water repellency and specific
surface area. Eur. J. Soil Sci. 73, e13223.

Culman, S.W., DuPont, S.T., Glover, J.D., Buckley, D.H., Fick, G.W., Ferris, H., Crews, T.
E., 2010. Long-term impacts of high-input annual cropping and unfertilized
perennial grass production on soil properties and belowground food webs in Kansas.
USA. Agric. Ecosyst. Environ. 137 (1-2), 13-24.

Elzhov, T.V., Mullen, K.M., Spiess, A.N., Bolker, B., Mullen, M.K.M., Suggests, M.A.S.S.,
2016. Package ‘minpack. Im’. Title R interface levenberg-marquardt nonlinear least-
sq. Algorithm Found MINPACK Plus Support Bounds.

Eriksson, A.K., Hillier, S., Hesterberg, D., Klysubun, W., Ulén, B., Gustafsson, J.P., 2016.
Evolution of phosphorus speciation with depth in an agricultural soil profile.
Geoderma 280, 29-37.

Feller, C., Schouller, E., Thomas, F., Rouiller, J., Herbillon, A.J., 1992. No-BET specific
surface areas of some low activity clay soils and their relationships with secondary
constituents and organic matter contents. Soil Sci. 153 (4), 293-299.

Fu, Y.T., de Jonge, L.W., Moldrup, P., Paradelo, M., Arthur, E., 2022. Improvements in
soil physical properties after long-term manure addition depend on soil and crop
type. Geoderma 425, 116062.

Gee, G.W., Or, D., 2002. Particle-size analysis. In: J.H. Dane, G.C. Topp (Eds.), Methods
of soil analysis. Part 4. SSSA Book Series No. 5. SSSA, Madison, WI, pp. 255-293.


http://refhub.elsevier.com/S0016-7061(23)00210-0/h0010
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0010
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0010
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0015
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0015
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0025
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0025
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0025
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0030
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0030
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0030
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0035
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0035
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0035
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0040
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0040
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0040
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0045
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0045
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0045
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0050
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0050
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0050
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0060
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0060
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0060
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0060
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0060
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0065
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0065
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0065
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0065
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0070
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0070
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0070
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0075
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0075
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0075
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0080
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0080
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0080
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0085
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0085
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0085
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0090
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0090
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0095
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0095
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0095
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0095
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0110
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0110
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0110
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0115
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0115
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0115
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0120
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0120
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0120
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0120
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0130
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0130
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0130
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0135
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0135
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0135
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0140
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0140
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0140

F. Yan et al.

Gerzabek, M.H., Pichlmayer, F., Kirchmann, H., Haberhauer, G., 1997. The response of
soil organic matter to manure amendments in a long-term experiment at Ultuna.
Sweden. Eur. J. Soil Sci. 48, 273-282.

Jenkinson, D.S., 1977. Studies on the decomposition of plant material in soil. V. The
effects of plant cover and soil type on the loss of carbon from14c labelled ryegrass
decomposing under field conditions. Eur. J. Soil Sci. 28, 424-434.

Jensen, J.L., Beucher, A.M., Eriksen, J., 2022. Soil organic C and N stock changes in
grass-clover leys: Effect of grassland proportion and organic fertilizer. Geoderma
424, 116022.

Jensen, J.L., Schjgnning, P., Christensen, B.T., Munkholm, L.J., 2016. Suboptimal
fertilisation compromises soil physical properties of a hard-setting sandy loam. Soil
Res. 55, 332-340.

Jensen, J.L., Schjgnning, P., Watts, C.W., Christensen, B.T., Peltre, C., Munkholm, L.J.,
2019. Relating soil C and organic matter fractions to soil structural stability.
Geoderma 337, 834-843.

Johnston, A.E., Poulton, P.R., Coleman, K., Macdonald, A.J., White, R.P., 2017. Changes
in soil organic matter over 70 years in continuous arable and ley-arable rotations on
a sandy loam soil in E ngland. Eur. J. Soil Sci. 68, 305-316.

Jonge, L.W., Jonge, H., Moldrup, P., Jacobsen, O.H., Christensen, B.T., 2000. Sorption of
prochloraz on primary soil organomineral size separates. J. Environ. Qual. 29 (1),
206-213.

Kallenbach, C.M., Frey, S.D., Grandy, A.S., 2016. Direct evidence for microbial-derived
soil organic matter formation and its ecophysiological controls. Nat. Commun. 7,
13630.

Katterer, T., Borjesson, G., Kirchmann, H., 2014. Changes in organic carbon in topsoil
and subsoil and microbial community composition caused by repeated additions of
organic amendments and N fertilisation in a long-term field experiment in Sweden.
Agric. Ecosyst. Environ. 189, 110-118.

Kautz, T., Lopez-Fando, C., Ellmer, F., 2006. Abundance and biodiversity of soil
microarthropods as influenced by different types of organic manure in a long-term
field experiment in Central Spain. Appl. Soil Ecol. 33 (3), 278-285.

King, A.E., Blesh, J., 2018. Crop rotations for increased soil carbon: perenniality as a
guiding principle. Ecol. Appl. 28 (1), 249-261.

Lin, Y., Ye, G., Kuzyakov, Y., Liu, D., Fan, J., Ding, W., 2019. Long-term manure
application increases soil organic matter and aggregation, and alters microbial
community structure and keystone taxa. Soil Biol. Biochem. 134, 187-196.

Liu, K., Bandara, M., Hamel, C., Knight, J.D., Gan, Y., 2020. Intensifying crop rotations
with pulse crops enhances system productivity and soil organic carbon in semi-arid
environments. Field Crop. Res. 248, 107657.

Lu, N., Khorshidi, M., 2015. Mechanisms for soil-water retention and hysteresis at high
suction range. J. Geotech. Geoenviron. 141, 04015032.

Macek, M., Mauko, A., Mladenovi¢, A., Majes, B., Petkovsek, A., 2013. A comparison of
methods used to characterize the soil specific surface area of clays. Appl. Clay Sci.
83, 144-152.

Macholdt, J., Piepho, H.-P., Honermeier, B., Perryman, S., Macdonald, A., Poulton, P.,
2020. The effects of cropping sequence, fertilization and straw management on the
yield stability of winter wheat (1986-2017) in the Broadbalk Wheat Experiment,
Rothamsted. UK. J. Agr. Sci. 158 (1-2), 65-79.

Maillard, E., Angers, D.A., Chantigny, M., Lafond, J., Pageau, D., Rochette, P.,
Lévesque, G., Leclerc, M.L., Parent, L.E., 2016. Greater accumulation of soil organic
carbon after liquid dairy manure application under cereal-forage rotation than cereal
monoculture. Agric. Ecosyst. Environ. 233, 171-178.

Manevski, K., Lerke, P.E., Jiao, X., Santhome, S., Jgrgensen, U., 2017. Biomass
productivity and radiation utilisation of innovative cropping systems for biorefinery.
Agric. For. Meteorol. 233, 250-264.

McDaniel, M.D., Tiemann, L.K., Grandy, A.S., 2014. Does agricultural crop diversity
enhance soil microbial biomass and organic matter dynamics? A meta-analysis. Ecol.
Appl. 24 (3), 560-570.

Merbach, I., Schulz, E., 2013. Long-term fertilization effects on crop yields, soil fertility
and sustainability in the static fertilization experiment Bad Lauchstadt under
climatic conditions 2001-2010. Arch. Agron. Soil Sci. 59 (8), 1041-1057.

10

Geoderma 436 (2023) 116533

Nyamangara, J., Gotosa, J., Mpofu, S.E., 2001. Cattle manure effects on structural
stability and water retention capacity of a granitic sandy soil in Zimbabwe. Soil
Tillage Res. 62 (3-4), 157-162.

Pennell, K.D., Boyd, S.A., Abriola, L.M., 1995. Surface-area of soil organic-matter
reexamined. Soil Sci. Soc. Am. J. 59, 1012-1018.

Plaza, C., Courtier-Murias, D., Fernandez, J.M., Polo, A., Simpson, A.J., 2013. Physical,
chemical, and biochemical mechanisms of soil organic matter stabilization under
conservation tillage systems: a central role for microbes and microbial by-products in
C sequestration. Soil Biol. Biochem. 57, 124-134.

Prunty, L., Bell, J., 2007. Soil water hysteresis at low potential. Pedosphere 17 (4),
436-444.

R Core Team, 2020. R: A language and environment for statistical computing. R
Foundation for Statistical Computing.

Rachman, A., Anderson, S.H., Gantzer, C.J., Alberts, E.E., 2004. Soil hydraulic properties
influenced by stiff-stemmed grass hedge systems. Soil Sci. Soc. Am. J. 68 (4),
1386-1393.

Rasmussen, P.E., Goulding, K.W.T., Brown, J.R., Grace, P.R., Janzen, H.H.,

Kotschens, M., 1998. Long-term agroecosystem experiments: assessing agricultural
sustainability and global change. Science 282 (5390), 893-896.

Rawls, W.J., Pachepsky, Y.A., Ritchie, J.C., Sobecki, T.M., Bloodworth, H., 2003. Effect
of soil organic carbon on soil water retention. Geoderma 116 (1-2), 61-76.

Robinson, D.A., Hopmans, J.W., Filipovic, V., van der Ploeg, M., Lebron, 1., Jones, S.B.,
Reinsch, S., Jarvis, N., Tuller, M., 2019. Global environmental changes impact soil
hydraulic functions through biophysical feedbacks. Global Change Biol. 25 (6),
1895-1904.

Schneider, M., Goss, K.U., 2012. Prediction of the water sorption isotherm in air dry soils.
Geoderma 170, 64-69.

Scott, T., Macdonald, A.J., Goulding, K.W.T., 2014. The UK Environmental Change
Network, Rothamsted. Physical and Atmospheric Measurements: The First 20 Years.
Lawes Agricultural Trust Co. Ltd.,, Harpenden.

Séquaris, J.M., Guisado, G., Magarinos, M., Moreno, C., Burauel, P., Narres, H.D.,
Vereecken, H., 2010. Organic-carbon fractions in an agricultural topsoil assessed by
the determination of the soil mineral surface area. J. Plant Nutr. Soil Sc. 173,
699-705.

Six, J., Conant, R.T., Paul, E.A., Paustian, K., 2002. Stabilization mechanisms of soil
organic matter: implications for C-saturation of soils. Plant soil 241, 155-176.

Sommerfeldt, T.G., Chang, C., Entz, T., 1988. Long-term annual manure applications
increase soil organic matter and nitrogen, and decrease carbon to nitrogen ratio. Soil
Sci. Soc. Am. J. 52 (6), 1668-1672.

Soil Survey Staff., 1999. Soil taxonomy: A basic system of soil classification for making
and interpreting soil surveys. 2nd edition. Natural Resources Conservation Service.
U.S. Department of Agriculture Handbook 436.

Stoof, C.R., Wesseling, J.G., Ritsema, C.J., 2010. Effects of fire and ash on soil water
retention. Geoderma 159 (3-4), 276-285.

Tiessen, H., Cuevas, E., Chacon, P., 1994. The role of soil organic matter in sustaining soil
fertility. Nature 371 (6500), 783-785.

Tisdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in soils. Eur.
J. Soil Sci. 33, 141-163.

Triberti, L., Nastri, A., Baldoni, G., 2016. Long-term effects of crop rotation, manure and
mineral fertilisation on carbon sequestration and soil fertility. Eur. J. Agron. 74,
47-55.

Tuller, M., Or, D., 2005. Water films and scaling of soil characteristic curves at low water
contents. Water Resour. Res. 41, W09403.

Yagiie, M.R., Domingo-Olivé, F., Bosch-Serra, A.D., Poch, R.M., Boixadera, J., 2016.
Dairy cattle manure effects on soil quality: porosity, earthworms, aggregates and soil
organic carbon fractions. Land Degrad. Dev. 27 (7), 1753-1762.

Yu, G.H., Chen, C.M., He, X.H., Zhang, X.Z., Li, L.N., 2020. Unexpected bulk density and
microstructures response to long-term pig manure application in a Ferralic Cambisol
Soil: Implications for rebuilding a healthy soil. Soil Tillage Res. 203, 104668.

Zhou, H., Chen, C., Wang, D.Z., Arthur, E., Zhang, Z.B., Guo, Z.C., Peng, X.H., Mooney, S.
J., 2020. Effect of long-term organic amendments on the full-range soil water
retention characteristics of a Vertisol. Soil Tillage Res. 202, 104663.


http://refhub.elsevier.com/S0016-7061(23)00210-0/h0150
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0150
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0150
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0155
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0155
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0155
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0165
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0165
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0165
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0170
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0170
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0170
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0175
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0175
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0175
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0180
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0180
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0180
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0185
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0185
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0185
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0190
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0190
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0190
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0190
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0195
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0195
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0195
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0200
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0200
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0205
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0205
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0205
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0215
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0215
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0220
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0220
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0220
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0225
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0225
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0225
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0225
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0230
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0230
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0230
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0230
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0235
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0235
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0235
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0240
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0240
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0240
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0245
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0245
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0245
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0250
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0250
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0250
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0255
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0255
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0260
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0260
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0260
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0260
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0265
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0265
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0270
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0270
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0275
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0275
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0275
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0280
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0280
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0280
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0285
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0285
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0290
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0290
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0290
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0290
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0295
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0295
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0300
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0300
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0300
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0305
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0305
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0305
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0305
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0310
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0310
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0315
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0315
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0315
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0325
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0325
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0330
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0330
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0335
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0335
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0340
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0340
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0340
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0345
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0345
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0350
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0350
http://refhub.elsevier.com/S0016-7061(23)00210-0/h0350

	Long-term manure and cropping systems effect on soil water vapour sorption characteristics is controlled by soil texture
	1 Introduction
	2 Methodology
	2.1 Field site and sampling
	2.1.1 Long-term manure sites
	2.1.2 Long-term cropping systems field site and sampling

	2.2 Laboratory measurements
	2.2.1 Soil texture and organic carbon
	2.2.2 Soil water vapour sorption isotherm
	2.2.3 Hysteresis and specific surface area

	2.3 Data analysis

	3 Results
	3.1 Soil organic carbon
	3.2 Soil water vapour sorption isotherm
	3.3 Hysteresis
	3.4 Soil specific surface area (SSA)
	3.5 Relations between SOC, hysteresis, SSA, and soil water vapour sorption.

	4 Discussion
	4.1 Effect of long-term manure application on WSIs
	4.2 Effect of long-term cropping systems on WSIs
	4.3 Relationship between soil WSIs, hysteresis, SSA and SOC, clay and silt contents

	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


