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ABSTRACT

The application of liquid dairy manure (LDM), which is an effluent generated in dairy production 
facilities from a mixture of feces, urine, milking-parlor wash water, and feed residues, can be a 
sustainable alternative to improve soil quality. This study aimed to determine the effect of different 
LDM doses on chemical and physical fertility indicators and overall quality of a silt loam Typic 
Argiudoll cultivated under no-till. The experiment was conducted using a randomized block design 
with three blocks and four treatments (LDM doses): D0, no application; D1, 60 m3 ha‑1; D2, 120 m3 

ha‑1; and D3, 180 m3 ha‑1. LDM was applied five days before sorghum planting, in November 2019. 
Chemical properties were evaluated 10 days later. Physical properties and aboveground biomass 
were assessed in March 2020. Global index of soil physical quality (GISPQ) and least limiting water 
range (LLWR) were also obtained as indicators of overall quality. Increasing LDM dose resulted in 
progressively lower soil bulk density (from 1.40 in D0 to 1.37 g cm‑3 in D3), penetration resistance, 
effective stress, and higher organic matter (+29% from D0 to D3), biomass (up to +26%), nutrient 
concentrations and electrical conductivity (from 0.6 to 2.0 dS m‑1), while pH remained unaltered. 
GISPQ and LLWR reflected significant differences between D0 and D1 compared to D2 and D3. 
LDM doses D2 and D3 improved short-term soil structural quality, mainly due to their greater 
contribution of organic matter, supporting the hypothesis that appropriate LDM application rates 
can enhance soil physical quality in the short term despite the associated increase in soluble salts. 
The results suggest that LDM is a viable alternative for the sustainable management of agricultural 
systems and for reducing their negative environmental impact. However, the observed increase in 
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electrical conductivity indicates that soil salinity should be monitored to prevent potential long-term 
risks to crop yield.

Keywords: chemical properties, physical properties, global physical quality index, least limiting 
water range.

INTRODUCTION

The application of liquid dairy manure (LDM) 
to soil is gaining relevance in Argentina due to 
the intensification of dairy and beef production, 
the transition to confined systems, and the need 
for sustainable waste management (Lazzarini 
et al., 2019). In pastoral systems, some of the 
nutrients extracted from pastures by animals 
are returned to the soil via excreta (feces and 
urine), but a large proportion accumulates in 
milking facilities, corrals, and watering points. 
These residues, along with food scraps and wash 
water, constitute LDM, which is generally stored 
in lagoons near milking facilities, potentially 
causing contamination and sanitary issues 
(Alegbeleye et al., 2020; Pandey et al., 2024). These 
sanitary risks are commonly mitigated through 
storage or retention periods that allow partial 
pathogen die-off prior to land application, as 
well as by respecting minimum intervals between 
LDM application and crop harvest or grazing (Al-
Wadaey et al., 2010; Richter et al., 2025). 

Particularly in Santa Fe Province, Argentina, the 
decreasing number of dairy farms coupled with a 
constant cattle population has concentrated LDM 
production into fewer establishments (Lazzarini 
et al., 2019; SENASA, 2021), potentially creating 
localized pollution hotspots. Nevertheless, 
when properly managed, surface application is 
an effective strategy to reuse LDM, mitigating 
contamination risks while supplying organic 
matter (OM) and essential nutrients for plant 
growth (Whalen et al., 2019; Rayne and Aula, 
2020). Previous studies have shown that LDM 
can enhance nutrient cycling, improve chemical 
and biological fertility, increase infiltration and 
water storage capacity, enrich soil organic matter 
(SOM), contribute to aggregate stability, and 
reduced bulk density (Ds) (Ghiberto et al., 2020; 
2022; Rayne and Aula, 2021; Han et al., 2023). 
Such improvements are particularly relevant 
for the Santa Fe region, where productive soils 
are experiencing SOM loss, nutrient depletion, 
and physical degradation due to agricultural 
intensification (Montico et al., 2019; Alvarez et al., 
2022; González et al., 2022).

Although the long-term benefits of manure 
application are well documented (e.g., Meng 
et al., 2019; Fu et al., 2022; Han et al., 2023; 
Sangotayo et al., 2023), short-term evaluations are 
notably scarce (Goldberg et al., 2020), particularly 

in the Pampas region (Ghiberto et al., 2020; 2022). 
Given the high soluble salt content of animal 
manure, which can increase the risk of soil 
structural degradation (Guo et al., 2018), short-
term assessments are essential for identifying 
appropriate application rates that prevent 
structural degradation and for determining when 
positive effects on soil physical quality begin to 
emerge.

Understanding the short-term effects of 
varying LDM doses on soil physical properties 
will enhance LDM use as a nutrient source and 
soil amendment while reducing its contamination 
potential. Therefore, the hypothesis of this work 
is that, despite possible initial challenges related 
to soluble salt content, the proposed LDM 
doses will improve soil physical quality in the 
short-term, as reflected in fertility indicators, 
structural properties, and soil quality indices. 
Sorghum (Sorghum bicolor L. Moench) was used 
as the test crop because of its widespread use in 
regional forage and grain production systems 
and its recognized tolerance to moderate salinity 
and water deficit (Carcedo and Gambin, 2019; 
Guimarães et al., 2022), making it a suitable 
indicator species for evaluating the short-term 
agronomic response of soils amended with LDM. 
The objective of this work was to determine the 
effect of different LDM doses (60, 120, and 180 m3 

ha‑1) on chemical and physical indicators within 
the 0 to 0.15 m soil layer of a silt loam Typic 
Argiudoll after one crop cycle.

MATERIALS AND METHODS 

Description of experimental conditions
The experiment was conducted on a dairy 

farm near Cavour, Santa Fe Province, Argentina 
(31º21’59” S; 61º00’28” W), in the region known as 
“Pampa Llana Santafesina”, which has flat relief. 
The climate is subhumid-humid mesothermal 
(c2b’3ra’), with an average annual temperature of 
18.05°C and average annual precipitation of 967 
mm. The soil, a Typic Argiudoll of the Rincón de 
Ávila series (Soil Survey Staff, 2014), has silt loam 
texture in the A horizon (0-0.20 m), a silty clay 
loam texture in the BA horizon (0.20-0.30 m), and 
silty clay texture in the Bt horizon (0.30-0.55 m). It 
has been managed under no-till with a ryegrass/
sorghum-alfalfa rotation since 1995.

The experiment was established in November 
2019, five days before sowing sorghum at a seed 
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density of 12 kg ha‑1, following the standard 
practice for forage/grain sorghum in the region 
(Carrasco et al., 2011). Dual-purpose sorghum 
was established under no-till (direct drilling), 
with 0.52 m row spacing, following  a previous 
annual ryegrass (Lolium multiflorum) cover crop 
that had been mechanically grazed for dairy herd 
feeding. The experiment followed a randomized 
complete block design, with three replications 
and four treatments: D0, control with no LDM 
application (0 m3 ha‑1); D1, low LDM dose (60 m3 

ha‑1); D2, medium LDM dose (120 m3 ha‑1); and D3, 
high LDM dose (180 m3 ha‑1). The experimental 
plots were 20 m long and 3 m wide, with a 2 m 
border surrounding each plot. No additional 
fertilizer was applied. Effective rainfall during 
the crop cycle was 418 mm, which was lower 
than the regional average of 595 mm. The trial 
was conducted under rainfed conditions, without 
supplemental irrigation.

The LDM was treated in a facultative lagoon 
(20 m wide × 40 m long × 2.5 m deep) on the farm, 
sized to provide a retention period of 120 days. 
A composite sample of the effluent was collected 
from the surface layer – within the aerobic 
zone and well above the bottom sediment and 
refrigerated. The samples were then sent to the 
laboratory to determine dry matter (DM) and the 
concentrations of essential nutrients, including 
nitrogen (N), phosphorus (P), calcium (Ca), 
magnesium (Mg), and potassium (K), as well as 
sodium (Na). Sodium was considered separately 
given its role as a potential indicator of salinity 
and sodicity risk rather than as a beneficial plant 
nutrient (Demo et al., 2025). Following Horwitz 
and Latimer (2007), total N and P concentrations 
were determined by spectrophotometry, whereas 
Ca, Mg, Na and K concentrations were determined 
by atomic absorption. The LDM (liquid fraction, 
homogenized by agitation before extraction) was 
applied as a liquid slurry and sprayed onto the 

plots using a 3-m-wide manure spreader three 
days before sowing sorghum. The amounts of 
DM, nutrients, and Na provided by treatments 
D1, D2, and D3 (Table 1) were calculated based 
on the concentrations of DM and nutrients in the 
effluent and the doses used in each treatment. 
Three effluent subsamples were additionally 
collected directly from the spreader for each plot 
to verify the applied volume. The LDM had a pH 
of 7.4 and an electrical conductivity (EC) of 7.32 
dS m‑1.

Dry biomass production of sorghum
Harvesting was carried out at grain maturity 

(118 days after sowing). At this stage, one-square-
meter samples of aboveground biomass (AGB) 
were collected from each plot and weighed 
to determine green biomass mass. Then, a 
subsample from each sample was placed in an 
oven at 60°C until a constant weight was reached 
to determine dry AGB.

Soil chemical properties
Ten days after the LDM application, when 

the LDM had completely infiltrated into the soil 
and its consistency was suitable for sampling, 
disturbed soil samples were collected from depth 
of 0.00 to 0.15 m. This depth was selected because 
the wetted depth, calculated based on the highest 
dose (180 m3 ha‑1) and the soil moisture content 
(0.20 cm3 cm‑3), was 0.13 m. Therefore, the 0.00 to 
0.15 m soil layer was considered the depth most 
directly influenced by LDM application and, 
importantly, the zone with the greatest crop root 
development (Adu et al., 2022). This depth is also 
agronomically relevant for assessing nutrient 
availability and root-related physical constraints, 
in accordance with the objectives of this study. 
Samples from the three field replicates of the same 
treatment were combined in equal proportions 
to form a single composite sample, following 

Table 1. Amount of dry matter (DM) and nutrients provided by liquid dairy manure (LDM) in 
different doses. 

Treatment	 DM	  N	  P           Ca        Mg          K	          Na
	                  ----------------------------- kg ha‑1 ------------------------------

D1	 4002	 58	 5	 184	 130	 460	 236
D2	 8004	 116	 10	 368	 260	 920	 473
D3	 12006	 174	 15	 551	 389	 1381	 709
LDM             ------------------------------ g L‑1 --------------------------------

(effluent)¹	         66.7	 0.97	 0.08	 3.07	 2.16	 7.67	 3.94

¹LDM (effluent): Estimated effluent concentration (amount applied ÷ volume 
applied). D1: low dose (60 m3 ha‑1); D2: medium dose (120 m3 ha‑1); D3: high dose 
(180 m3 ha‑1); N: nitrogen; P: phosphorus; Ca: calcium; Mg: magnesium; Na: 
sodium; K: potassium. LDM pH: 7.4; LDM electrical conductivity (EC): 7.32 dS m-1.
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standard soil-sampling and sample-conditioning 
procedures (Pilatti et al., 2022; IRAM, 2009). The 
samples were then air-dried and sieved (< 2 mm) 
to measure the following properties, according to 
the procedures described in the Methodological 
Support System for Soil Analysis Laboratories 
(SAMLA, 2004): pH (1:2.5 ratio); EC of the 
saturation extract; organic carbon by the Walkley-
Black method, subsequently converted to OM; 
exchangeable Na and K by flame photometry; 
exchangeable Ca and Mg by complexometric 
titration; cation exchange capacity (CEC) after 
extraction with ammonium acetate at pH 7.0 
(Sumner and Miller, 2009); total nitrogen (Nt) by 
distillation using the Kjeldahl method; available P 
by the Bray and Kurtz (1945) method; and sulfur 
(S-SO4) by turbidimetry.

Soil water retention curve 
In March 2020, ten days after the sorghum 

harvest and four months after LDM application, 
undisturbed soil samples were collected from a 
depth of 0.05 to 0.10 m using cylinders (0.05 × 0.05 
m). These samples were used to determine the 
soil water retention curve (SWRC) and the least 
limiting water range (LLWR). 

Three undisturbed samples per plot were 
saturated by gradually raising the water table. 
The samples were weighed to determine the 
volumetric water content at saturation (θs), and 
then sequentially equilibrated at the following 
Ψm: ‑0.5, ‑1, ‑2, ‑3, ‑4, ‑5, ‑6, ‑7, ‑8, ‑9, ‑10 kPa on 
a handmade sand tension table (Lima and Silva, 
2008); ‑33, ‑50, ‑100 kPa in pressure chambers (Soil 
Moisture Equipment Corp., Santa Barbara, CA) 
according to Klute (1986); and ‑300, ‑600, and ‑1500 
kPa in a WP4-T (Decagon Devices, Inc., Pullman, 
WA, USA) according to Scanlon et al. (2002). 
Once the samples reached equilibrium at each 
Ψm, they were weighed. After the measurements 
were completed, the samples were oven-dried at 
105°C to determine soil bulk density (Ds) (Blake 
and Hartge, 1986). Using this information, the 
volumetric water content (θ) was calculated to 

develop SWRCs. The data were fitted to the van 
Genuchten (1980) equation with the Mualem 
(1976) restriction (Equation 1, Supplementary 
Material) using the RETC Version 6.0 program 
(van Genuchten et al., 1998). The SWRCs were 
then compared with a regional reference curve 
(Ghiberto et al., 2015). 

Pore distribution curve 
The normalized frequency of the pore 

distribution curves (PDC) was calculated for 
each SWRC from the first derivative of the van 
Genuchten equation (1980) [Sv(h)] (Equation 2, 
Supplementary Material), assuming that the 
effective pore diameter (de) can be described by 
the capillarity equation (Libardi, 2018; Equation 3, 
Supplementary Material). The tangent slope at the 
SWRC inflection point [Svi(h)] was then calculated 
(Equation 4, Supplementary Material). To make 
the curves comparable, the normalized pore 
distribution [S*(h)] was obtained by dividing Sv(h) 
by Svi(h) (Equation 5, Supplementary Material). 
The pore-size frequency curves (PSFCs) were 
compared using measures of central tendency, 
dispersion, skewness, and kurtosis. In addition, 
these curves were compared with the regional 
reference curve reported by Ghiberto et al. (2015).

Global index of soil physical quality 
The global index of soil physical quality 

(GISPQ) proposed by Ghiberto et al. (2015) was 
calculated from the following attributes: OM, Ds, 
S index (Sgi) (Dexter, 2004), macropore domain 
porosity >300 µm (PORp), total soil air capacity 
(ACt), available water capacity (AWC), fraction of 
pores with a diameter less than 30 µm (θ10/PORt), 
and structural stability index (SI) (Reynolds et al., 
2009; Equation 6, Supplementary Material). Each 
attribute was assigned a value between 0 (most 
limiting condition) and 1 (optimal condition), 
according to Table 2. The GISPQ was obtained 
by summing the values of the eight attributes. 
Thus, the maximum possible value was 8 (eight 
attributes with a value of 1), equivalent to 100%. 

Table 2. Reference ranges of values used to calculate the global index of soil physical quality (GISPQ).

OM	                  Ds	    PORp	                 ACt	        AWC	            θ10/PORt	        SI	                   Sgi

g kg-1	               g cm-3        ------------------------------------ m3 m-3 ---------------------------------	         %	                     -
>50 (1)	 <1.41 (1)	 >0.07 (1)	 >0.15 (1)	 >0.2 (1)	 0.6-0.7 (1)	 >9.0 (1)	 >0.05 (1)
50-30 (0.7)		  0.07-0.04 (0.5)	 0.15-0.10 (0.5)	 0.15-0.2 (0.7)		  7.0-9.0 (0.7)	 0.035-0.05 (0.7)
30-20 (0.3)		  <0.04 (0)	 <0.1 (0)	 0.1-0.15 (0.3)		  7.0-5.0 (0.3)	 0.02-0.035 (0.3)
<20 (0)					     <0.1 (0)		  <5.0 (0)	 <0.02 (0)

Values in parentheses indicate the score assigned to each attribute. OM: organic matter; Ds: soil bulk density; PORp: 
porosity in the macropore domain; ACt: total air capacity; AWC: available water capacity; θ10/PORt: fraction of pores 
with a diameter less than 30 µm; SI: structural stability index; Sgi: S index.
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For further details on the determination of the 
attributes considered, see Ghiberto et al. (2015). 

Least limiting water range
Two undisturbed samples per plot were used 

to determine a second SWRC and penetration 
resistance (PR), and subsequently the LLWR. The 
samples were saturated by gradually raising the 
water table and equilibrated at the following Ψm: 
‑3, ‑6, and ‑10 kPa on a tension table; ‑33, ‑100, 
and ‑500 kPa in pressure chambers (Klute, 1986); 
and ‑1500 kPa in a WP4-T (Scanlon et al., 2002). At 
equilibrium, each sample was weighed, and PR 
was measured using an electronic penetrometer 
with a 60° cone angle and a 4 mm base diameter. 
Finally, the samples were oven-dried at 105°C 
to determine Ds (Blake and Hartge, 1986) and 
calculate θ.

Using the θ and Ψm data, the SWRCs were fitted. 
In this case, the model proposed by Silva and 
Kay (1997) was used (Equation 7, Supplementary 
Material). In addition, the functional relationship 
among PR, θ, and Ds was determined by fitting 
the nonlinear model proposed by Busscher (1990) 
to the data. This model was used to determine 
the θ at which a PR value of 3 MPa is reached 
(θPR), considered restrictive for normal root 
growth in most crops (Boone and Veen, 1982). 
The θ at an air-filled porosity of 15% (θAP) was 
determined from Ds and particle density (Dp), 
considering an average value of 2.58 g cm‑3 for 
the latter, representative of the study area (Pilatti 
and Imhoff, 2008; Equation 8, Supplementary 
Material). The LLWR was calculated according to 
Silva et al. (1994) for each measured Ds. The water 
contents corresponding to field capacity (θFC) and 
permanent wilting point (θPWP) were obtained 
for Ψm = ‑10 and ‑1500 kPa, respectively, from the 
model of Silva and Kay (1997). In addition, the 
critical soil bulk density (Dsc), at which the LLWR 
is 0, was determined.

Effective stress and PR-σ relationship 
To understand the influence of PR on LLWR, 

effective stress (σ) was determined for unsaturated 
soils using the model proposed by Mullins and 
Panayiotopoulos (1984), which combines θ and 
Ψm (Equation 9, Supplementary Material). The 
relationship between σ and PR was fitted using 
a linear model (Equation 10, Supplementary 
Material) that considers cohesion parameters 
associated with aggregating substances and the 
effect of soil compaction (Vepraskas, 1984).

Statistical analysis
The comparison of the SWRC coefficients used 

to determine the pore-size distribution function 
(PSDF) and GISPQ was performed according to 

Glantz and Slinker (1990), using a significance 
level of 5% (α = 0.05). The GISPQ attributes 
and sorghum AGB production were subjected 
to analysis of variance (ANOVA), and when 
the differences were significant at the 5% level, 
Tukey’s test was applied (α = 0.05). All statistical 
analyses were performed using R (R Core Team, 
2023), and contrasts were set up using the R 
package ‘emmeans’ (Lenth, 2023).

Because chemical determinations were 
performed on a single composite sample per 
treatment, formal statistical comparisons 
(ANOVA/Tukey) among treatments were not 
conducted for these variables. The measured 
values were interpreted as descriptive treatment 
means, and treatment effects were assessed 
relative to the untreated control (D0).

RESULTS AND DISCUSSION

The application of LDM significantly 
increased (p<0.05) sorghum AGB production 
(Fig. 1). Compared with the control (D0), doses 
D1, D2 and D3 increased production by 5%, 20% 
and 26%, respectively, reaching a maximum of 
23,437 kg ha‑1. Productivity responded positively 
to increasing LDM doses, as indicated by the 
positive linear relationship (R2 = 0.96).

This result is consistent with previous studies 
in sorghum (Charlón et al., 2007; Gambaudo et 
al., 2014). Charlón et al. (2007) applied amounts 
of N similar to those used in the present study, 
using a treated, solid effluent. This suggests that 
the amount of nutrients supplied (Table 3), rather 
than the physical form of the effluent (liquid 
slurry in the present study versus treated solid 
effluent in Charlón et al., 2007) may be the main 
factor driving the biomass response. Nonetheless, 
an additional contribution from the OM added 
with LDM (Table 3) cannot be ruled out, since 
OM can indirectly improve nutrient availability 
and soil physical conditions (Han et al., 2023). 

The low rainfall during the crop cycle (418 
mm, 29.8% below the zonal average) may have 
negatively affected AGB (Moreira et al., 2023). 
However, the nutrients and OM supplied by 
the LDM (Table 3) had a positive effect on 
AGB. Further studies under different soil and 
precipitation conditions are needed to better 
understand the interactions between LDM, soil, 
and climate. Because the trial was conducted 
under rainfed conditions and evapotranspiration 
was not measured, the potential interaction with 
LDM-derived nutrient and water dynamics could 
not be quantified here and it is recommended as 
a focus for future research combining effluent 
application with direct evapotranspiration 
monitoring. 
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LDM application increased OM by 29% from 
D0 to D3 (Table 3), with associated increases in 
P (79%), Nt (41%), S-SO4 (50%). CEC increased 
by 9%, while the contributions of Ca, Mg, Na 
and K to CEC were small (0.8; 5.3; 1.3 and 3.5%, 
respectively), with Mg and K predominating. 
These results agree with previous reports 
showing increased OM and nutrients availability 
after LDM application (Cavalcante et al., 2019, 
Rayne and Aula, 2020; Han et al., 2023). EC 
increased with LDM dose, while pH remained 
unchanged due to the soil’s buffering capacity 

(Jansen van Rensburg et al., 2009). The EC rise 
was associated with the added cations, especially 
K, as also observed in other studies (Rayne and 
Aula, 2020; Han et al., 2023).

An increase in monovalent cations, especially 
Na, may cause rapid soil disaggregation 
and decrease infiltration rates and hydraulic 
conductivity due to their highly dispersive 
characteristics (Farahani et al., 2018). This 
highlights the need to know the effluent chemical 
composition and the soil properties prior to 
LDM application to determine the appropriate 
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Fig. 1. Production of dry aboveground biomass (AGB) as a function of LDM treatments: 
D0, control without LDM application (0 m3 ha‑1); D1, low LDM dose (60 m3 ha‑1); D2, 
medium LDM dose (120 m3 ha‑1); and D3, high LDM dose (180 m3 ha‑1). Different letters 
indicate significant differences (Tukey’s test, α = 0. LDM 05). 
 

 

Table 3. Soil chemical properties of the Typic Argiudoll of the Rincón de Ávila soil series, 
evaluated at a depth of 0 to 0.15 m, 10 days after the application of different liquid dairy 
manure (LDM) doses. 

 OM Nt P S-SO4  EC  Ca Mg Na K CEC 

Treatment g kg-1 pH dS m-1  cmolc kg-1 

D0 31.0 1.7 23.3 20.7 6.1 0.6  9.7 1.3 1.0 1.3 15.3 

D1 32.3 1.8 25.0 22.3 6.2 1.1  9.8 1.3 1.2 1.7 15.6 

D2 35.0 2.1 34.7 27.0 6.2 1.5  10.0 2.3 1.2 1.7 15.9 

D3 39.7 2.4 40.3 31.0 6.2 2.0  10.7 2.3 1.3 2.0 16.7 
D0: control dose (0 m3 ha‑1); D1: low dose (60 m3 ha‑1); D2: medium dose (120 m3 ha‑1); D3: high dose (180 m3 ha‑1); OM: 
organic matter; Nt: total nitrogen; P: phosphorus; S-SO4: sulfur; EC: electrical conductivity; Ca: exchangeable calcium; Mg: 

Fig. 1. Production of dry aboveground biomass (AGB) as a function of LDM treatments: D0, control 
without LDM application (0 m3 ha‑1); D1, low LDM dose (60 m3 ha‑1); D2, medium LDM 
dose (120 m3 ha‑1); and D3, high LDM dose (180 m3 ha‑1). Different letters indicate significant 
differences (Tukey’s test, α = 0. LDM 05).

Table 3. Soil chemical properties of the Typic Argiudoll of the Rincón de Ávila soil series, evaluated 
at a depth of 0 to 0.15 m, 10 days after the application of different liquid dairy manure (LDM) 
doses.

	              OM       Nt          P         S-SO4                  EC	        Ca	     Mg	    Na	   K      CEC
Treatment                       g kg-1	                      pH	 dS m-1		                 cmolc kg-1

D0	 31.0	 1.7	 23.3	 20.7	 6.1	 0.6	 9.7	 1.3	 1.0	 1.3	 15.3
D1	 32.3	 1.8	 25.0	 22.3	 6.2	 1.1	 9.8	 1.3	 1.2	 1.7	 15.6
D2	 35.0	 2.1	 34.7	 27.0	 6.2	 1.5	 10.0	 2.3	 1.2	 1.7	 15.9
D3	 39.7	 2.4	 40.3	 31.0	 6.2	 2.0	 10.7	 2.3	 1.3	 2.0	 16.7

D0: control dose (0 m3 ha‑1); D1: low dose (60 m3 ha‑1); D2: medium dose (120 m3 ha‑1); D3: high dose (180 m3 ha‑1); 
OM: organic matter; Nt: total nitrogen; P: phosphorus; S-SO4: sulfur; EC: electrical conductivity; Ca: exchangeable 
calcium; Mg: exchangeable magnesium; Na: exchangeable sodium; K: exchangeable potassium; CEC: cation 
exchange capacity. Values are means from a single composite sample per treatment; no statistical comparison is 
presented for this table.
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application rates. Monitoring is also important to 
understand the EC and pH evolution, and avoid 
excessive accumulation of nutrients, such as P 
and N, which can cause environmental pollution 
at certain levels (Ozlu and Kumar, 2018). For 
instance, EC increased by a factor of 1.36 from 
D1 to D2, 1.82 from D1 to D3, and 3.33 from 
D0 to D3 (Table 3), reflecting a dose-dependent 
salinization trend that reinforces the need for 
continuous EC monitoring to prevent long-term 
risks to soil and crop productivity. Additionally, 
given the combined effects of evaporation and 
leaching on solute movement, monitoring Na 
concentrations at various soil depths over time 
is recommended to better track its redistribution 
and potential long-term accumulation risk under 
LDM application (Öztürk and Özkan, 2004; Dong 
et al., 2026).

The SWRCs (Fig. 2), and the van Genuchten 
fitting parameters did not differ (p>0.05) among 
LDM doses (Table 4), indicating that LDM did 
not alter soil water retention capacity during 
the evaluated sorghum crop cycle. Parameter 
α, which is related to the average pore size and 
the air entry point, and the parameters m and n, 
associated with the pore size distribution (Farooq 
et al., 2024; Usowicz et al., 2024), were also 
unaffected, confirming no short-term changes in 
pore distribution.

However, SWRCs differed markedly from 

the regional reference curve (Fig. 2). The α 
parameter of the reference was 12.9 times greater 
than the average value across treatments (Table 
4), indicating later air entry due to smaller 
macropores, a common characteristic of fine-
textured or poorly structured soils (Schwenk 
et al., 2023). Likewise, the larger n and m in the 
treatments (1.12 and 1.54 times greater than those 
in the reference, respectively) suggest faster 
water release as Ψm decreases, consistent with the 
higher Ds (1.40 to 1.37 g cm‑3) compared to the 
reference (1.24 g cm‑3) (Ghiberto et al., 2015).

Given the similarity among SWRCs (Fig. 2 
and Table 4), PDCs were also very similar, with 
only a slight rightward shift in D3 toward the 
reference curve (Fig. 3). Despite this slight trend, 
all treatment curves differed from the regional 
reference curve. Measures of central tendency 
and shape confirmed the predominance of small 
pores: wide distributions (SD > 16), leptokurtic 
behavior (skewness < ‑0.3), with values 
concentrated around the mean compared to a 
log-normal distribution (kurtosis = 1.11 to 1.50). 
The predominance of these small pores may 
cause aeration and water drainage problems in 
the soil (Du et al., 2023; Silva et al., 2022), leading 
to aeration problems for soil organisms and roots 
(Miretti et al., 2011).

In all treatments, means (0.8 to 0.9 µm), 
medians (1.2 to 1.5 µm), and modes (3.0 to 4.0 

 
Fig. 2. Soil water retention curves (SWRC) corresponding to a Typic Argiudoll of the 
Rincon de Ávila soil series, evaluated at a depth of 0.05 to 0.10 m, after application of 
different liquid dairy manure (LDM) doses: D0, control dose (0 m3 ha‑1); D1, low dose (60 
m3 ha‑1); D2, medium dose (120 m3 ha‑1); and D3, high dose (180 m3 ha‑1). The reference 
curve (REF) estimated by Ghiberto et al. (2015) is also presented. 
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µm), were below the reference ranges (1.2 to 
3.0; 3.4 to 6.8; and 31.0 to 39.0 µm¸ respectively). 
The low magnitude of these measures suggests 
limitations in soil physical quality (Osooli et al., 
2025). This finding is consistent with the SWRCs 
(Fig. 2), because, at the same Ψm, the treatments 
showed higher θ than the reference, which is 
directly linked to the PDCs (Fig. 3). 

The primary factor affecting water retention 
and soil aggregate stability in soils of similar 
texture is OM (Lal, 2020; Giustiniani et al., 2024). 
This is consistent with the 29% increase in OM 
observed from D0 to D3 (Table 3). Because OM 

increased even after a single LDM application 
cycle, long-term effects on the soil physical 
and hydraulic properties can be expected (Yan 
et al., 2023). Continuous monitoring will help 
determine when such effects become detectable.

Average values of GISPQ attributes and the 
index itself are shown in Table 5. Ds decreased 
(p<0.05) in D3, likely due to its higher OM content 
(Table 2), as consistently reported for Argiudolls 
and Hapludolls of the Pampas region (Ghiberto 
et al., 2015; Imhoff et al., 2016; Rodríguez et al., 
2025), as well as in other soils globally (Fu et al., 
2022; Han et al., 2023).

Table 4. Adjustment parameters of the soil water retention curves (SWRC) for a Typic Argiudoll of 
the Rincón de Ávila soil series, evaluated at a depth of 0.05 to 0.10 m, after application of 
different liquid dairy manure (LDM) doses and of the reference curve (REF, Ghiberto et al., 
2015).

Trat.	       α (cm‑1)                 n		  m	
D0	 0.0044 a	 1.3279 a	 0.2462 a
D1	 0.0032 a	 1.3563 a	 0.2620 a
D2	 0.0042 a	 1.3516 a	 0.2591 a
D3	 0.0046 a	 1.3348 a	 0.2499 a
REF	 0.0530	 1.1988 	 0.1658 	

Different letters indicate significant statistical differences (Tukey, 
α = 0.05). D0, control dose (0 m3 ha‑1); D1: low dose (60 m3 ha‑1); D2: 
medium dose (120 m3 ha‑1); D3: high dose (180 m3 ha‑1).

Fig. 3. 	Normalized frequency of pore distribution curves (PDC) corresponding to a Typic Argiudoll 
of the Rincon de Ávila soil series, evaluated at a depth of 0.05 to 0.10 m, after application of 
different liquid dairy manure (LDM) doses: D0, control dose (0 m3 ha‑1); D1, low dose (60 m3 

ha‑1); D2, medium dose (120 m3 ha‑1); D3, high dose (180 m3 ha‑1). The reference curve (REF) 
estimated by Ghiberto et al. (2015) is also presented.
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All Ds values were below the Proctor- estimated 
Ds for typical Argiudolls from the same study 
region (1.58 and 1.62 g cm‑3; Masola et al., 2020). 
However, using the regional threshold of 1.40 g 
cm‑3

 for Argiudolls and Hapludolls in the Santa Fe 
province with comparable clay content (Imhoff et 
al., 2016), only D2 and D3 were below this value 
(Table 5), suggesting possible root limitations in 
D0 and D1. This root-growth limitation in D0 and 
D1 is consistent with their lower aboveground 
biomass production relative to D2 and D3 (Fig. 
1), supporting a mechanistic link between soil 
physical constraints and the observed differences 
in sorghum yield.

Although PORp values remained below the 
critical 0.04 m3 m‑3 (Reynolds et al., 2009), its 
increase in D3 indicates an early positive trend in 
microporosity, associated with the improvements 
in OM and Ds, that may become more pronounced 
with repeated LDM applications (Meng et al., 
2019; Sangotayo et al., 2023). ACt values (Table 5), 
which correspond to pores with diameter greater 
than 30 µm, were low and consistent with the 
previous results. However, ACt increased (p<0.05) 
in D3 compared to D0, suggesting improvements 
in aeration capacity.

The predominance of small pores (Fig. 2 and 3) 
was also reflected in high θ10/PORt, values, which 
indicate a high volume of pores retaining water 
at a Ψm of ‑10 kPa. Optimal θ10/PORt values are 
between 0.6 and 0.7 (Reynolds et al., 2002), which 
implies that the values measured in this study 
were almost 30% higher than the optimal ones. 
These results also indicate potential aeration 
constraints (Pragg et al., 2024), and a potentially 
greater susceptibility to denitrification under 
excessive moisture (Micucci et al., 2023), as 
inferred from the θ10/PORt values in Table 5 rather 
than from direct measurements. 

SI increased with LDM dose (Table 5), though 

values remained below 5%, indicating soil 
structural degradation (Reynolds et al., 2009), 
which is typical of these soils. This condition is 
related to the soil’s high silt, low sand, and non-
expansive clay content, as well as historical OM 
and Ca depletion due to long-term land use 
(Imhoff et al., 2018; Alvarez et al., 2022; González 
et al., 2022). Since OM and Ca promote soil 
aggregation (Safar and Whalen, 2023; Pessoa et 
al., 2024), the increase in SI with LDM is consistent 
with its contributions.

Sgi also increased with LDM dose (Table 
5). Dexter (2004) proposed this indicator as a 
measure of soil microstructure that controls key 
processes, such as water and air flow. This author 
proposed a value of 0.035 as a critical threshold, 
verifying that lower values were obtained in 
soils with compaction problems, sodicity, or 
low hydraulic conductivity (i.e., indicative of 
low structural quality) at the 0 to 0.15 m depth 
evaluated here. Because Sgi is positively related to 
OM and inversely to Ds (Fernández et al., 2021), 
these results align with the observed changes.

Based on GISPQ values, the overall soil 
physical quality increased with LDM dose (Table 
5). However, all treatments were classified as 
soils with problems with aeration and water 
percolation (ACt <15% and PORp <4%; Ghiberto 
et al., 2015). However, LDM did not deteriorate 
porosity, contrary to other amendments such as 
Na-rich irrigation water (Pilatti et al., 2006; Imhoff 
et al., 2010), and the observed early improvements 
indicate potential long-term benefits.

SWRC parameters from Silva and Kay (1997) 
and the parameters from Busscher (1990) (Table 
S1 and S2, Supplementary Material), confirmed 
that θ reduced PR, whereas Ds increased PR. 
The negative sign of parameter e indicates the 
magnitude by which θ decreases as Ψm decreases 
(i.e, becomes more negative). Increasing Ds 

Table 5. 	Average values of the attributes used to calculate the global index of soil physical quality 
(GISPQ) and GISPQ evaluated at a depth of 0 to 0.15 m for different liquid dairy manure 
(LDM) doses applied on a Typic Argiudoll, Rincon de Ávila soil series.

	    MO	       Ds	        PORp         ACt          AWD      θ10/PORt	    SI		
	   g kg‑1	    g cm‑3		               m3 m‑3	                                    %	     Sgi	    GISPQ
D0	 31.0 c	 1.40 a	 0.035 b	 0.061 b	 0.233 b	 0.9 a	 3.5 c	 0.038 c	 31.9 b
D1 	 32.3 c	 1.40 a	 0.030 c	 0.050 c	 0.249 a	 1.0 a	 3.6 c	 0.040 b	 31.6 b
D2 	 35.0 b	 1.39 a	 0.026 c	 0.053 c	 0.248 a	 0.9 a	 3.8 b	 0.041 ab	 35.2 ab
D3 	 39.7 a	 1.37 b	 0.039 a	 0.065 a	 0.243 a	 0.9 a	 4.3 a	 0.042 a	 38.9 a

D0: control dose (0 m3 ha‑1); D1: low dose (60 m3 ha‑1); D2: medium dose (120 m3 ha‑1); D3: high dose (180 m3 ha‑1). 
OM: organic matter; Ds: soil bulk density; PORp: porosity in the macropore domain; ACt: total air capacity; AWD: 
available water capacity; θ10/PORt: pore fraction with a diameter less than 30 µm; SI: structural stability index; Sgi: 
S index. Different letters indicate significant statistical differences (Tukey, α = 0.05).
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increased θPR and reduced θAP across treatments 
(Fig. 4), without affecting θFC or θPWP, indicating 
that available water content (θFC ‑ θPWP) remained 
unchanged, consistent with results reported for 
similar soils (Safadoust et al., 2014).

θPR limited LLWR from Ds ~ 1.27 g cm‑3 in D0, 
D2, and D3, and from 1.32 g cm‑3 in D1. Its effects 
were more severe in D0 and D1, as indicated 
by steeper slopes (Fig. 4), corroborating the 
beneficial effect of LDM on PR. This indicates 
that above these values the crop growth will be 
affected by the high soil PR before its θ reaches the 
permanent wilting point (PWP). Such limitations 
are common in compacted agricultural soils 
(Fernández et al., 2017; Iglesias et al., 2021), 
where high PR may restrict root elongation and 
reduce water and nutrient absorption, ultimately 
decreasing crop yields (Bengough et al., 2011).

θAP was the upper LLWR limit for all treatments 
and became restrictive at Ds ~ 1.27 g cm‑3 (Fig. 
4), indicating aeration constraints even near 
θFC. The limitation due to θAP increased with Ds. 
This pattern matches the physical characteristics 
highlighted earlier (Fig. 2 and 3; Table 5) and also 
reflects the dominance of small pores. In soils 
with similar texture, compaction, reflected in 
this study by the measured increase in Ds and PR 
(Table 5; Fig. 4 and 5), tends to induce aeration 
limitations at lower Ds (Imhoff et al., 2016), unlike 

clayey soils where θAP becomes a limiting factor 
at lower Ds (Moura et al., 2021).

Average LLWR values (i.e., 50% of the 
calculated LLWR values fall above and below 
these values) were 0.03, 0.06, 0.09, and 0.10 cm3 
cm‑3 for D0, D1, D2, and D3, respectively, with 
D0 showing the poorest condition, and D2 and 
D3 the best. Higher OM in D3 (Table 2) supports 
its wider LLWR, consistent with the findings of 
Imhoff et al. (2016). The smallest LLWR range 
implies a greater probability that plants will 
suffer stress conditions during their growth 
cycle, especially in production systems without 
irrigation (Silva and Kay, 1997). 

Dsc values were ~ 1.45 g cm‑3 for D0 and D1 and 
were not reached within the measured Ds range 
for D2 and D3 (Fig. 4). Projected values (1.48 g 
cm‑3 for D2 and 1.49 g cm‑3 for D3) suggest better 
structural quality in D2 and D3 (Reichert et al., 
2009). As Ds approaches Dsc, PR increases sharply, 
restricting root growth and reducing yield 
(Bengough et al., 2011), reinforcing the better 
physical environment in D2 and D3.

Treatments with higher LDM doses (D2 and 
D3) showed higher θ at a given Ψm, resulting in 
lower σ values. A positive linear PR-σ relationship 
was observed (Fig. 5). D2 and D3 differed from 
D0 and D1 by exhibiting higher parameter a and 
lower parameter b (Equation 10, Supplementary 

induce aeration limitations at lower Ds (Imhoff et al., 2016), unlike clayey soils where θAP 

becomes a limiting factor at lower Ds (Moura et al., 2021). 
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Material), indicating smaller PR increases per 
unit σ. This reflects increased cohesive forces 
(parameter a) due to the added OM and reduced 
frictional resistance between both the soil particles 
and the penetrometer (or root) and the adhesive 
forces between soil particles and water (meniscus 
effect; parameter b) due to Ds reduction and 
improved aggregation. 

These results indicate that OM and Ds were 
the most influential properties affecting the 
PR-σ relationship. As a result, roots in D2 and 
D3 would face less mechanical resistance at a 
given σ, allowing greater soil exploration and 
improved access to water and nutrients. The 
positive results of LDM identified by PR-σ and 
LLWR are consistent with the highest GISPQ in 
D2 and, especially, in D3, and help explain the 
higher AGB production in D3 (Fig. 1). Taken 
together, the results indicate that higher LDM 
doses (D2 and D3) positively modified the soil 
physical environment.

Taken together, the results point to a coherent, 
dose-dependent improvement in soil chemical 
and physical conditions. Some methodological 
limitations should nonetheless be acknowledged. 
Because chemical properties were assessed using 
a single composite sample per treatment, formal 
statistical testing could not be applied to these 
variables, representing a limitation of this short–
term assessment. Likewise, the assessment was 

restricted to the 0 to 0.15 m soil layer. Evaluating 
deeper horizons and hydraulic conductivity is 
recommended to determine the influence of LDM 
at greater depths.

CONCLUSIONS

This study demonstrates the positive short-
term (four-month) effects of liquid dairy manure 
(LDM) application on a Typic Argiudoll (Rincón 
de Ávila series) and on sorghum above-ground 
biomass production. LDM increased soil organic 
matter (+29%), extractable P (+79%), and total N 
(+41%) (D0 to D3), while reducing bulk density 
(from 1.40 to 1.37 g cm‑3 in D3), mechanical strength, 
and effective stress. Electrical conductivity also 
increased (0.6 to 2.0 dS m‑1), indicating a salinity 
risk that should be monitored over successive 
applications, particularly since the capacity of 
the crop to buffer this increase has not been 
established. These changes improved integrated 
indicators of soil structural quality (global index 
of soil physical quality and least limiting water 
range), particularly at the highest doses (D2 and 
D3). Overall, these results indicate that LDM use 
is a promising amendment for improving soil 
quality and supporting sustainable agricultural 
management. However, further evaluations are 
needed to confirm the persistence of these effects 
in the long-term, especially under conditions 

19 
 

from D0 and D1 by exhibiting higher parameter a and lower parameter b (Equation 10, 

Supplementary Material), indicating smaller PR increases per unit σ. This reflects increased 

cohesive forces (parameter a) due to the added OM and reduced frictional resistance between 

both the soil particles and the penetrometer (or root) and the adhesive forces between soil 

particles and water (meniscus effect; parameter b) due to Ds reduction and improved 

aggregation.  

 

 
Fig. 5. Soil penetration resistance (PR) as a function of effective stress (σ) corresponding 
to a Typic Argiudoll, Rincon de Ávila soil series, evaluated at a depth of 0.05 to 0.10 m, 
after application of different liquid dairy manure (LDM) doses: D0, control dose (0 m3 

ha‑1); D1, low dose (60 m3 ha‑1); D2, medium dose (120 m3 ha‑1); and D3, high dose (180 
m3 ha‑1). 
 

These results indicate that OM and Ds were the most influential properties affecting the PR-σ 

relationship. As a result, roots in D2 and D3 would face less mechanical resistance at a given σ, 

allowing greater soil exploration and improved access to water and nutrients. The positive 

results of LDM identified by PR-σ and LLWR are consistent with the highest GISPQ in D2 and, 

especially, in D3, and help explain the higher AGB production in D3 (Fig. 1). Taken together, 

the results indicate that higher LDM doses (D2 and D3) positively modified the soil physical 

environment. 

Taken together, the results point to a coherent, dose-dependent improvement in soil chemical 

and physical conditions. Some methodological limitations should nonetheless be acknowledged. 

Because chemical properties were assessed using a single composite sample per treatment, 

Fig. 5. 	Soil penetration resistance (PR) as a function of effective stress (σ) corresponding to a Typic 
Argiudoll, Rincon de Ávila soil series, evaluated at a depth of 0.05 to 0.10 m, after application 
of different liquid dairy manure (LDM) doses: D0, control dose (0 m3 ha‑1); D1, low dose (60 m3 

ha‑1); D2, medium dose (120 m3 ha‑1); and D3, high dose (180 m3 ha‑1).



Chilean J. Agric. Anim. Sci. (2026) 42(2):180 169-186

of poor water quality, which may alter LDM 
composition and its agronomic performance.
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where OM is the organic matter content. 

 

Equation proposed by Silva and Kay (1997) for fittin the SWRC: 
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 (7) 

where d and e are the adjustment parameters. 

 

Soil water content when aeration porosity is 15%: 
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where Ds is the soil density (g cm-3) and Dp is the particle density (g cm-3), for which a value of 2.58 g 
cm-3 was considered, which is representative of the study area (Pilatti and Imhoff, 2008). 
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Parameters	 D0	 D1	 D2	 D3
		   d	 0,167	 0,192	 0,187	 0,198
		   e	 -0,171	 -0,149	 -0,143	 -0,139

Tables

Table S1. Parameters of the soil water retention curve (θ = d ym
--e) for a Typic Argiudoll, Rincon de 

Ávila soil series, with application of liquid dairy manure (LDM), evaluated at 0-15 cm depth.

D0: control dose (0 m3 ha-1); D1: low dose (60 m3 ha-1); D2: medium dose 
(120 m3 ha-1); D3: high dose (180 m3 ha-1).

Parameters	 D0	 D1	 D2	 D3
	 a	 0,09	 0,03	 0,17	 0,13
	 b	 -1,18	 -1,33	 -1,27	 -1,48
	 c	 5,51	 7,78	 3,05	 3,23

Table S2. Adjusts parameters of the soil resistance curve (RP = a θ-b Ds
c) for a Typic Argiudoll, Rincon 

de Ávila soil series, with application of liquid dairy manure (LDM), evaluated at 0-15 cm 
depth.

D0: control dose (0 m3 ha-1); D1: low dose (60 m3 ha-1); D2: medium dose (120 
m3 ha-1); D3: high dose (180 m3 ha-1).
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Soil water content when aeration porosity is 15%:

where Ds is the soil density (g cm-3) and Dp is the particle density (g cm-3), for which a value of 2.58 g cm-3 was 
considered, which is representative of the study area (Pilatti and Imhoff, 2008).

Mullins and Panayiotopoulos (1984) model (effective stress for unsaturated soils):

where σ is the effective stress (kPa); and θsr is the relative saturation, i.e., ratio between the volumetric water 
content at the applied potential and the volumetric water content at saturation (θ/θvs).
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