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ABSTRACT 

 

The need to find a simple method for measuring soil aggregate porosity () is justified by the 

growing interest of researchers in this important parameter of soil physical status. The aim of this 

study is to present a simple method (AM) for estimating the total  of a single soil aggregate. In this 

case, soil aggregate  is calculated as the quotient between the pore volume, estimated from the 

weight of the aggregate saturated with ethanol, and the total volume (VT) of aggregate, calculated 

from the particle density and dry aggregate weight. The VT estimated with AM was compared with the 

corresponding volume measured with the photogrammetry (PHM) technique by using soil aggregates 

of 8--16 mm in diameter and collected from three different tillage systems: conventional tillage (CT), 

reduced tillage (RT), and no tillage (NT). Next, the AM was used to study the effects of the tillage 

system on soil aggregate . Although a strong relationship (R2 = 0.99, P < 0.000 1) between aggregate 

VT measured with PHM and that estimated with AM was obtained, AM tended to underestimate 

aggregate VT with an average deviation of 2.85%. This difference may be due to ethanol evaporation 

during the first 10 s before the ethanol-saturated aggregate was weighed. The use of AM to determine 

the effects of different tillage systems on aggregate  showed that this method was sensitive to detect 

significant differences among the tillage treatments. The results showed that AM could be an 

accurate, simple, and inexpensive alternative to estimate  of a single soil aggregate. 
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INTRODUCTION 

 

A good soil structure, defined as architectural organization of soil aggregates to create a stable 

and continuous pore system, is essential to ensure sustainable agriculture. Soil structure affects root 
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growth, liquid and gas permeability, soil biological activity, and aggregate formation (Horn et al., 

1994; Nunan et al., 2006). Total soil porosity can be arranged in two structural levels: the 

macrostructural level, which is composed of global arrangements of soil aggregates with pores 

between them (inter-aggregate porosity), and the microstructural level, which corresponds to the pores 

within soil aggregates (intra-aggregate porosity) (Sánchez et al., 2005). In principle, the water located 

within the pores between aggregates (macrostructural water) might have a chemical potential that 

differs from that of the water stored inside the aggregates (microstructural water). To date, most 

studies have evaluated the properties of bulk soil rather than of the individual aggregates (Blanco-

Canqui et al., 2005a). Soil aggregates are critical determinants of the structural condition of the whole 

soil (Horn et al., 1994). Understanding of the structural properties of aggregates is crucial for 

explaining the macroscale functions of the soil (Blanco-Canqui et al., 2005b). For instance, the intra-

aggregate structural properties can influence seedling emergence and root growth, water and gas 

transfer, organic matter protection and dynamics, and soil susceptibility to wind and water erosion 

(Blanco-Moure et al., 2012a). More specifically, the intra-aggregate porosity is of great importance 

for microbial activity, C sequestration, and aggregate stability (Park et al., 2007; Bach and 

Hofmockel, 2014). Therefore, a method for determining soil aggregate porosity is required, and 

researchers are studying this important parameter of the soil physical status (Munkholm et al., 2007).  

The structure of soil aggregates can be measured from the amount, size, configuration, or 

distribution of soil pores. Often, information on pore space rather than soil particles is most useful for 

characterizing the soil as a medium for plant growth or other uses (Danielson and Sutherland, 1986). 

Porosity (, %) is the feature of a porous medium that encompasses the pathway and volume available 

for fluid and gas flow and transport as well as for storage and retention of water (Flint and Flint, 

2002). Porosity is defined as the soil internal volume (Vi) per total volume (VT). Soil VT can be 

expressed as the sum of soil Vi plus soil particle volume (Vr), which is defined as the ratio of the mass 

of dry material (M) to particle density (r). Currently, several methods to estimate the aggregate  are 

available. Most of them are based on the measurement of aggregate volume and r of the soil, which 

is approximately equal to 2.65 g cm-3 (Blake and Hartge, 1986). Aggregate VT can be estimated using 

different methods. The reference procedure is the clod method. According to the clod method, the 

aggregate is coated with a water-repellent substance, and VT is measured using Archimedes’ principle. 

Although this method is used worldwide, the procedure is tedious, time-consuming, and destructive, 

since the aggregate cannot be used for further physical or hydrological tests (Sander and Greke, 

2007). Sarli et al. (2001) and later Subroy et al. (2012) determined VT with a combination of two 

immiscible liquids by saturating the aggregate with one of the liquids and measuring buoyancy while 

the aggregate was submerged in the second one. Rossi et al. (2008) and Stewart et al. (2011) 

estimated VT with an automated three-dimensional laser scanning technology and the photogrammetry 

(PHM) technique, respectively. Alternatively,  can be estimated using the gas pycnometer technique; 

however, this method may result in errors if wet or partially wet samples are used (Flint and Flint, 

2002). Finally, X-ray computer-assisted microtomography (micro-CT) in combination with image 

processing technique has been recently used as a non-destructive method for studying soil structure, 

as it allows the quantification of pore-size distribution and total porosity (Hainsworth and Aylmore, 

1983). However, in many cases, the high cost of the equipment makes this technique unviable.  

Given the importance of estimating soil aggregate , new inexpensive and non-destructive 

techniques are required to determine this parameter. The aim of this study was to present a simple 
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method (AM) for estimating  of a single soil aggregate. To validate the method, the aggregates of 8--

16 mm diameter were collected from three different tillage systems (conventional, reduced, and no 

tillage). The AM was tested to detect differences in aggregate  due to soil tillage treatment.  

 

MATERIALS AND METHODS 

 

Method description 

 

To estimate aggregate  with AM, each soil aggregate should be air-dried over several weeks, 

weighed, and immersed in ethanol. The low surface tension (22.75 mN m-1) of ethanol prevents 

aggregate disintegration by slaking while the liquid is occupying the internal pores of the aggregate 

(Le Bissonnais, 1996a). The slight bubbling observed on the aggregate surface immersed in ethanol 

indicates that the air entrapped into the aggregate is escaping. This step is complete when no bubbling 

is observed around the aggregate (approximately 20 min), which indicates the aggregate is saturated. 

Once saturated, the aggregate is placed on a paper towel saturated with ethanol and immediately 

weighed at room temperature (20--25 °C). This process takes less than 10 s. The pore volume (i.e., Vi) 

of the aggregate is calculated as follows: 

 

ag-al ag
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                                                                                                                     (1) 

 

where Mag and Mag-al are the masses of the dry aggregate and the aggregate saturated with ethanol, 

respectively, and al is the density of ethanol (g cm-3). The al should be corrected according to the 

temperature. The aggregate saturated with ethanol is then dried at 40 °C for 8 h and weighed again to 

ensure no soil mass has been lost during the process. The aggregate VT is calculated as the sum of soil 

aggregate Vi and Vr, where Vr is the ratio of the aggregate mass, dried at 105 °C over 24 h, to the 

aggregater. Aggregate r is determined using the pycnometer method (Flint and Flint, 2002) from 10 

g subsamples of air-dried crushed soil aggregates. The aggregate  value is finally calculated as the 

ratio of Vi to VT of the aggregate.  

A preliminary laboratory experiment was performed to check the influence of the ethanol 

evaporation rate on the aggregate mass measurements. A soil aggregate was saturated with ethanol 

and placed on a 0.001 g precision balance. The aggregate mass was then recorded over 3 min at 

different time intervals (5 s during the first 30 s, followed by larger time intervals). The aggregate 

weighing error at time t (Et) due to ethanol evaporation was calculated using the following equation: 
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where (Mag-al)t is the mass of the ethanol-saturated aggregate at time t. 

 

Method validation 
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The soil aggregates used in the validation were collected from research plots of a long-term 

conservation tillage experiment initiated in 1989 at the dryland research farm of the Estación 

Experimental de Aula Dei (Consejo Superior de Investigaciones Científicas), located in Zaragoza 

Province, Northeast Spain. Details about the site and soil characteristics, crop management practices, 

and experimental design have been provided previously (López et al., 1996); therefore, only the 

relevant aspects are repeated here. Three different tillage treatments under the traditional cereal-fallow 

rotation in the study area were compared: conventional tillage (CT) and two conservation tillage 

systems, reduced tillage (RT) and no tillage (NT). The CT treatment consisted of mouldboard 

ploughing to a soil depth of 30--40 cm. The RT treatment consisted of chisel ploughing to a depth of 

25--30 cm (non-inverting action). The NT plots were not tilled, and weeds were controlled using 

herbicides. A randomized complete block design with three replicates per tillage treatment was 

established (three plots per tillage treatment) (López and Arrúe, 1995). The mean annual precipitation 

is 355 mm. The soil at the research site is a loam (fine-loamy, mixed thermic Xerollic Calciorthid 

according to the USDA soil classification) (Soil Survey Staff, 1975), alkaline and with low organic 

carbon content (Table I). Soil samples were collected from the 0--5 cm soil layer. Each composite 

sample was obtained from each of the three plots per treatment (CT, RT, and NT). In the laboratory, 

the soil samples were air-dried at room temperature (20--25 °C) and sieved to obtain aggregates with 

diameter in 8--16 mm. Two 10-g soil subsamples per experimental plot were also collected for 

aggregate r determination. Within each plot, soil bulk density (b) was determined using the core 

method (Grossman and Reinch, 2002) with stainless steel rings (5 cm in height and 5 cm in diameter) 

and two replicates per plot.  

 

TABLE I 

 

Selected propertiesa) of the soils collected at 0--5 cm depth from three different tillage systems, conventional 

tillage (CT), reduced tillage (RT), and no tillage (NT), at the study site in Zaragoza Province, Northeast Spain  

Treat- 

ment 

Bulk density Particle 

density 

Porosity pH 

(1:2.5) 

EC 

(1:5) 

Sand Silt Clay CaCO3 OC 

 ————— g cm-3 ———— %  dS m-1 —————— g kg-1 ————— 

CT 1.28 ± 0.08b)bc) 2.68 ± 0.05a 0.52 ± 0.03a 8.4 0.23 287 463 250 642 10.7 

RT 1.20 ± 0.07b 2.69 ± 0.01a 0.55 ± 0.03a 8.4 0.19 318 439 243 466 11.1 

NT 1.49 ± 0.09a 2.67 ± 0.03a 0.44 ± 0.04b 8.3 0.31 313 451 236 473 13.3 

a)EC = electrical conductivity; OC = organic carbon. 

b)Means ± standard deviations (n = 3). 

c)Means followed by the same letter within each column are not significantly different at P < 0.05. 

 

To validate AM, the VT estimated with AM (VT-AM) was compared to the corresponding volume 

measured using the PHM technique (VT-PHM) (Taconet and Ciarletti, 2007; Aguilar et al., 2009; 

Taconet et al., 2010; Stewart et al., 2011; Moret-Fernández et al., 2015). Eighteen aggregates (6 per 

treatment) were used. To measure the VT with PHM, each individual aggregate was placed on a 

rotating-imaging stand with a microcontroller that controls the number of photos per rotation. The soil 

aggregate was photographed with a 6MP Nikon D80 camera with a 105-mm lens (Micro Nikkor 1:2.8 
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G), and the photos were automatically transferred and saved in a computer. A total of 40 images per 

rotation were collected by aggregate. A 3D reconstruction of the aggregate was performed using 

Agisoft PhotoScan and Meshlab software. The VT was calculated by searching for the best fit between 

the aggregate mesh and the corresponding volume made with infinitesimal boxes. The details of this 

procedure can be found in Moret-Fernández et al. (2016). The same aggregates used in PHM were 

then immersed in ethanol, according to AM, to estimate the aggregate Vi. Then, the saturated 

aggregates were dried at 40 °C for 8 h, weighed, and placed again on the rotating-imaging to measure 

the external volume [VT]. This second measurement allowed us to check for the possible influence of 

ethanol on the aggregate volume. The external volumes [VT] values measured with AM and PHM 

were compared using the following equation: 

 

T

T-PHM T-AM

T-PHM

100%V

V V
E

V

 
  
 

                                                                                                 

(3) 

 

where EVT is the error between VT-AM and VT-PHM. 

 

Treatments 

 

The AM method was finally used to study the effects of the three different tillage systems on 

aggregate ; thirty-six 8--16-mm aggregates (12 aggregates per tillage treatment) were used. The R 

software V3.1.1 was used to compare the VT and  values estimated with AM and PHM. Analysis of 

variance for a randomized complete block design was used to compare the influence of the three 

tillage systems on the different soil parameters. 

 

RESULTS AND DISCUSSION 

 

The value of the aggregate weighing error at timet(Et) due to ethanol evaporation (Eq. 2) within 

thefirst 10 s after the aggregate was removed from theethanol was 0.57%. The non-significant 

relationship be-tweenφandEtatt= 10 s (Et= 0.006 7φ+ 0.005 3)(R2= 0.008 7;P <0.613) indicated that 

the error onthe estimate of the aggregateφdue to ethanol evapo-ration was negligible. These results 

demonstrated thatthe AM method could be a viable alternative to mea-sureViand, consequently, 

aggregateφ. However, theEtvalue could be minimized by weighing the aggregatein a chamber at low 

temperature. The average valuesand standard deviations ofρrmeasured in the differenttillage systems 

(Table I) were within the range foundin the literature (Blake and Hartge, 1986). 

The strong relationships between the aggregate M and VT measured with PHM before and after 

the aggregate was immersed in ethanol (Fig. 1) indicated that the soil losses during the aggregate 

management were negligible and that the ethanol did not have any significant effect on the VT 

determination. These results are consistent with those of Le Bissonnais (1996a), who reported that the 

low surface tension of ethanol prevents aggregate disintegration while the liquid is occupying the 

internal pores of the aggregate. Although a significant relationship was observed between the VT 

values measured with PHM and AM (Fig. 2), the VT values from AM were slightly lower. The 

average VT estimated using PHM and AM was 0.72 and 0.70 cm3, respectively, which means an error 
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of 2.85%. These differences may be due to ethanol evaporation during the first 10 s before the 

ethanol-saturated aggregate was placed on the balance. This meant that the aggregate  estimated with 

AM was slightly greater than that measured with PHM (Fig. 2). The non-significant relationship 

between VT-PHM and EVT (Fig. 3) indicated that the discrepancy between PHM and AM could not be 

explained by the effect of aggregate size on ethanol evaporation. If ethanol evaporation had been a 

factor, then the difference between VT-PHM and VT-AM should have increased as the aggregate volume 

increased. This result shows that AM can be a promising, accurate, simple, and inexpensive 

alternative for estimating  of a single aggregate. 

 

 

Fig. 1  Relationships between the aggregate mass (M) measured before and after the aggregate was immersed in 

ethanol (MB and MA, respectively) with the photogrammetry (PHM) and between aggregate volume (V) 

measured before and after the aggregate was immersed in ethanol (VB and VA, respectively) with PHM. 

 

 

Fig. 2  Relationships between total aggregate volume (VT) measured with the photogrammetry (PHM) and a 

simple method (AM) (VT-PHM and VT-AM, respectively) and between aggregate porosity () measured with PHM 

and AM (PHM and AM, respectively). 
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Fig. 3  Relationship between total aggregate volume (VT) measured with the photogrammetry (PHM) (VT-PHM) 

and the error between VT measured with a simple method and PHM (EVT, Eq. 3). 

 

The  values of the soil aggregates determined with AM ranged from 0.30 % to 0.45 % (Fig. 4). 

These results were comparable to those reported by Park and Smucker (2005), who studied soil 

aggregates of different sizes from NT soils (0.30 %--0.40 % for 2--9.5 mm aggregates). A mean  of 

0.33 %  was also estimated by Wertz et al. (2007) for agricultural soil aggregates of 2--4 mm. 

Similarly, Nunan et al. (2006) calculated mean porosities of 0.29 %--0.35% for 1--3 mm aggregates 

from a grassland soil. Lipiec et al. (2012) also estimated  within the same order of magnitude (i.e., 

between 0.31 %  and 0.38% ). The AM was sensitive enough to detect significant differences in  

between CT and the conservation tillage systems (RT and NT), with the lowest values found under 

CT (Fig. 4). These results are consistent with previous data for the tensile strength of aggregates from 

these soils (Blanco-Moure et al., 2012a) and indicate that the lowest  of the CT aggregates responds 

to tillage operations. Tillage disrupts soil aggregates, depleting soil organic carbon, and causes rapid 

post-tillage consolidation. In contrast, under conservation tillage and, especially, under NT, the lack 

of tillage can result in the formation and maintenance of a network of interconnected pores within the 

soil aggregates. Similarly, organic carbon enrichment in soil surface may lead to enhanced biological 

activity and more stabilizing organic compounds, thus contributing to soil aggregate stability with 

respect to CT systems (Blanco-Moure et al., 2012b, 2016). In fact, after 25 years of NT, besides 

greater biological activity, abundant earthworm casts, fine roots, and organic debris were easily 

observed in the NT soil than in the CT soil.  

 

 

Fig. 4  Comparison between the porosity () measured with a simple method for 8--16 mm soil aggregates 

collected from a loam soil under conventional tillage (CT), reduced tillage (RT), and no tillage (NT). Vertical 
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bars indicate standard deviations of the means (n = 6). Bars with the same letter(s) are not significantly different 

at P < 0.05. 

 

The aggregate  gradient observed was opposite to that obtained for soil b for the different 

tillage systems, in which NT showed the highest b and, consequently, the lowest b (Table I). Similar 

soil b gradients were observed by Evett et al. (1999), Lampurlanés and Cantero-Martínez (2003), 

Moret and Arrúe (2007), and Moret-Fernández et al. (2013). These results may indicate that, when 

compared with tilled soils, untilled soils show higher intra- and lower inter-aggregate . This soil 

behavior is commonly associated with the gradual consolidation of the soil matrix over time owing to 

rainfall and the absence of annual tillage-induced loosening (Moret and Arrúe, 2007). 

The high total carbonate content of these soils is a general characteristic of the Mediterranean 

soils, and its effect on soil aggregate stability seems to depend on other soil properties, such as 

organic matter content, clay mineralogy, and size distribution of the carbonate particles (Le 

Bissonnais, 1996b; Dimoyiannis et al., 1998; Bronick and Lal, 2005; Wuddivira and Camps-Roach, 

2007). A previous study of these soils showed that slaking, the dominant process of aggregate 

destabilization by water in the soils of the study region, was not affected by the presence of CaCO3 

(Blanco-Moure et al., 2012b). However, further studies are required to determine the possible 

influence of CaCO3 on the procedure of measuring  with AM. 

 

CONCLUSIONS 

 

This study shows that the proposed method (AM) can be considered as a promising alternative 

for the estimation of the total porosity () of individual soil aggregates due to its accuracy, simplicity, 

and low cost. The results indicate that AM is accurate and sensitive enough to detect significant 

differences in  between conventional and conservation tillage treatments. However, additional efforts 

should be made to study, for instance, the effect of the aggregate wetting process (slow of fast) on 

aggregate saturation, the maximum range of aggregate size allowed by the method, or complete 

ethanol saturation of larger pores, for the estimation of internal aggregate volume.  
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