Soil Architecture and Biophysical Functions:
Interrelated effects of texture, organic matter, and
response to anthropogenic stresses

This dissertation is dedicated to

Mr & Mrs Douglas Arthur-Mensah

For all you have done and continue to do

“All natural resources … are soil or derivatives of soil. Farms, ranges, crops, and livestock, forests,
irrigation water and even water power resolve themselves into questions of soil. Soil is therefore the
basic natural resource.”

–

Aldo Leopold (1924)

Preface
This dissertation is submitted in partial fulfilment of the requirements for the Doctor of Philosophy
(Ph.D.) degree at the Faculty of Science and Technology, Aarhus University. The dissertation presents
a synthesis of research conducted at the Department of Agroecology between November 2009 and
January 2013. The study was part of the larger Soil Infrastructure, Interfaces and Translocation
Processes in Inner Space (SOIL-IT-IS) project which is financed by the Danish Research Council for
Technology and Production Sciences. The completion of this work would not have been possible
without the constant support of my supervisors, Lis Wollesen de Jonge, Per Moldrup, Per Schjønning,
Anne Winding and Philipp Mayer. I enjoyed the freedom to explore all options during the various
studies and the subsequent fruitful discussions and disagreements. I am grateful to external supervisor
Professor Markus Tuller from The University of Arizona for hosting me during my stay abroad. You
ensured that my stay in the desert went smoothly without a scorpion bite.
The various sampling and laboratory work conducted during the study were ably assisted by Bodil B.
Christensen, Bodil Stensgaard, Jørgen M. Nielsen, Stig Rasmussen, Michael Koppelgaard, Palle
Jørgensen, Morten Skov, Fatemeh Razzaghi, Dr. Mercer Meding (UofA), and a host of others. Thank
you all for your kind help, especially when it was on short notice. Additionally, I am grateful to Martin
Holmstrup for help during sampling, to Peter Sørensen for advice on microbial enzyme assays, and to
Mogens Nicolaisen for assisting with DNA extraction, PCR amplification, and sequence analyses for
the copper gradient study.
The daily interaction with my fellow students went a long way to make the research environment an
enjoyable one – all the social afternoons and lunch time ping pong ensured that studying and working
in Foulum did not become a routine boring endeavour. A special thanks goes to my office mate Feto E.
Berisso for assisting with all the thorny mathematical issues and for providing a good office
atmosphere. To my short-term office mate, Aditya Kumar Verma and other graduate students at UofA,
thanks for the nice discussions and social events which made my time in the Grand Canyon state a
memorable one. I am also grateful to Trine Nørgaard for proof-reading the final text.
I am also thankful to my family back home for the constant support and encouragement. Most
importantly, I am grateful to God for giving me a thoughtful, patient and understanding wife (Gladys
Arthur) who was willing to give up her job in order to provide me with much needed support during
the PhD period. To our son, Aaron Arthur – this will all make sense in due time.
Emmanuel Arthur
© February 2013, Foulum

i

Summary
Soils provide vital ecosystem services such as water filtration, provision of habitats for biota,
waste disposal, carbon sequestration, and many more. The sustained provision of these
services depends on maintenance of healthy soil architecture. Unfortunately, soil degradation
arising from intensive mechanisation, industrial pollution, and soil erosion is on the increase
globally. Accurate knowledge on how soils respond to these human-induced stresses is needed
for their sustainable management and use. Also, decreasing arable land area indicates the
need to evaluate legacy contaminated fields to determine their suitability and possible
remediation for agriculture and other purposes.
The objectives of the work presented in this dissertation as part of the SOIL-IT-IS project
were to link the two soil architectural components - particles and pores - to each other, and to
soil-gas transport; to investigate the interrelated effects of texture and organic matter on soil
(structure and microbial) resilience to disturbances (mechanical and chemical) and on soil
structure regeneration; and to accurately measure the liquid phase of soil architecture at low
saturations using novel instrumentation (Vapor Sorption Analyzer, VSA) which utilises the
well-known chilled-mirror dew-point technique.
To achieve these objectives, soils were sampled either as intact soil cores or bulk soil from four
countries, across clay (quantity and type), organic carbon, and copper contamination
gradients, and with different management histories.
Soil particles and pores were linked by parameters of the Rosin-Rammler model
(characteristic particle size, α, and degree of sorting, β) and the Campbell pore size
distribution parameter, b, respectively. Increasing α and decreasing clay content were
associated with a narrower pore size distribution (smaller b). The β and b parameters were
positively and negatively correlated, respectively, to pore tortuosity quantified by soil-gas
transport. Soil-water sorption isotherms (–10 to –480 MPa) were successfully measured at
high data resolution (~140 data points), and in a relatively short time (1–3 days) using the
VSA apparatus. The data obtained provided accurate estimations of soil specific surface area.
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Architectural stability, quantified as amount of water-dispersible clay, aggregate tensile
strength and friability, were all positively affected by OC. For low-OC soils, aggregate tensile
strength increased under dry conditions as a result of increased cementation of dispersed clay.
Additionally, the presence of competing OC-complexing ions like copper was shown to limit
the ability of OC to glue soil particles and reduce clay dispersibility. Although there was no
clear effect of OC on soil compression resistance, bulk density and gravimetric water content
(both affected by OC) were identified as the main drivers of compression resistance. Soil
resilience to compression was mainly affected by climate cycles (wet-dry > freeze-thaw), with
greater resilience observed for soils with higher clay contents. Furthermore, soil
microorganisms (characterised in terms of enzyme activity, species richness and diversity)
and by extension soil architecture showed exceptional resilience to legacy copper
contamination levels of ~500 mg Cu kg–1 soil. This was attributed to microbial resistance
mechanisms, aging, and the complexation of the copper ions by OC.
Structurally disturbed (2 mm-sieved) soils, amended with exogenous OC, and exposed to
natural climate cycles and periodic tillage showed significant macro-aggregation, decreased
bulk density, and increased pore diameter and tortuosity after 20 months. The magnitude of
regeneration depended on clay type (smectite > illite > kaolinite) and native OC content
Addition of exogenous OC significantly improved soil microbial activity throughout the
regeneration period, but showed very little effect on physical properties.
The relations observed between soil architecture components and gas transport points to the
possibility of developing new gas transport models. Accurate water sorption data at low
saturations will assist in extending and improving existing soil-water retention models from
saturation to oven-dryness. Knowledge obtained on soil texture and OC effects on soil
response to stress will facilitate development of sustainable soil management strategies to
ensure food security. Microbial resilience to such high Cu levels can facilitate soil remediation
strategies by considering the role of contamination age on toxicity. Finally, the significant
structure regeneration observed in the study points to the possibility of reclaiming physically
degraded sites.
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Sammendrag (Danish summary)
De øverste få centimeter eller meter af landjorden mellem atmosfæren og grundvandet er
ansvarlig for en lang række livsnødvendige funktioner for mennesker, miljø og klima.
Eksempler er vækstmedie for mikroorganismer, dyr (bl.a. regnorme) og planter, filter for
rensning af regnvand før det bliver til grund- og drikkevand, sikker affaldsdeponering af ikkebrændbart materiale, samt optag af klimagasser og indlejring af kulstof. Disse funktioner
afhænger alle af en sund og funktionel jordstruktur, også kaldet jordarkitektur. Stærke
påvirkninger fra intensiv jorddyrkning og -bearbejdning, forurening fra industrien og
jorderosion er blandt de største trusler imod bevaring af en sund jordarkitektur. Viden om
hvordan jord og dens arkitektur reagerer på disse menneske- og klima-skabte påvirkninger er
nødvendig for at opnå en bæredygtig og produktiv udnyttelse af jorden. Desuden betyder det
hastigt aftagende areal af dyrkbart land på vores klode, at det er nødvendigt med viden og
strategier for at regenerere (”helbrede”) jord der er blevet udpint og unyttiggjort af
overdyrkning og kemisk forurening.
Dette PhD studie er en del af det overordnede forskningsprojekt ”Soil-it-is” og havde til
hovedformål at undersøge, forstå og kvantificere jordarkitektur, herunder specifikt at
kvantificere og sammenkæde de to hovedkomponenter i jordstrukturen (pore- og
partikelnetværk) til hinanden og til en række vigtige jordfunktioner som vandtilbageholdelse
og gastransport. Studiet undersøgte de sammenhængende effekter af jordtekstur og organisk
stof på jordstruktur og dens modstandsdygtighed overfor fysiske og kemiske påvirkninger
(bl.a.

mekanisk

jordbearbejdning

og

tungmetalforurening).

Til

kvantificering

af

vandtilbageholdelse under meget tørre jordbundsforhold og vandaktivt overfaldeareal blev et
såkaldt Vanddamp-Sorptions-Analyse (VSA)-apparatur for første gang introduceret og brugt
til jordvidenskabelige undersøgelser. 8
For at opfylde studiets målsætninger blev både intakte jordprøver og løs jord udtaget i 4
forskellige lande med fokus på en række naturlige gradientsystemer, hvor der var stigende
indhold af hhv. ler, organisk stof og kobberforurening henover marker med forskellig
dyrkningsbaggrund og -historie.
En række vigtige funktionelle parametre blev bestemt på jordprøverne. Partikel- og
porestørrelsesfordelinger blev kvantificeret ud fra klassiske modeller (Rosin-Rammler for
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partikler og Campbell for vandretention/porestørrelse). Rosin-Rammler’s karakteristiske
partikeldiameter

og

sorteringsgrad

(a

og

β)

korrelerede

med

Campbell’s

porestørrelsesfordelings-index (b) og med snoetheden af det luftfyldte porenetværk (T)
bestemt ud fra gasdiffusions-målinger på intakte jordprøver. Vandtilbageholdelse indenfor
porevandstryk-intervallet mellem-10 og -480 MPa blev målt med høj dataopløsning (ca. 140
målepunkter) og på kort tid (1-3 dage) ved hjælp af det nye VSA apparatur, og data kunne
bruges til nøjagtig bestemmelse af jordens specifikke overfladeareal.
Arkitektur-stabilitet blev kvantificeret ud fra jordens indhold af vanddispergerbart ler,
trækstyrke af aggregater samt jordens friabilitet (”sprødhed”). Alle 3 parametre var positivt
påvirkede af jordens indhold af organisk kulstof (OC). Trækstyrke af aggregater steg under
tørre forhold for jorde med lavt OC indhold på grund af stærkere sammenbinding
(cementering) af partikler. Stigende indhold af kobber-ioner påvirkede vanddispergerbart ler,
formentlig grundet øget kompleksbinding af OC. Jordens modstandsstyrke overfor
kompaktering kunne ikke direkte relateres til OC men kunne indirekte påvises via effekter af
vandindhold og volumenvægt (begge delvist styret af OC). Jorde med højt lerindhold viste
relativ

højere

klimaforhold

modstandsdygtighed
(vådtning/tørring

og

overfor
frost/tø).

kompaktering
Jordens

skabt

bioaktivitet

under

varierende

viste

exceptionel

modstandsdygtighed overfor kobber op til koncentrationer på 500 mg kobber per kg jord.
Dette skyldes en kombination af mikrobiel modstandsdygtighed for kemisk stress og
inaktivering af skadeligt kobber over en lang tidshorizont (aging), herunder kompleksbinding
af kobber til OC.
Syv strukturelt forstyrrede jorde (siet igennem 2-mm sigte) med hhv. ingen eller ekstra
tilsætning af organisk kulstof blev pakket i lysimetre og udsat for naturlige klimavariationer
og periodisk jordbehandling over 20 måneder. Alle jorde udviste markant indhold af
makroaggregater, faldende volumenvægt og stigende karakteristisk porediameter og snoethed
af porenetværk (T) efter de 20 måneder. Denne regenerering af funktionel jordstruktur
(jordarkitektur) afhang især af lertype og det naturlige indhold af OC. Tilsætning af ekstra OC
gav stigende mikrobiel aktivitet igennem måleperioden, mens påvirkningen på en række
jordfysiske parametre var minimal.
De fundne sammenhænge mellem de basale komponenter i jordens arkitektur (porer og
partikler og deres størrelsesfordeling) og funktionelle parametre såsom gasdiffusionsv

koefficienter og snoethed af de luftfyldte porenetværk peger frem mod udvikling af bedre og
mere kausale modeller for transportprocesser i naturlig, intakt jord. Den nye mulighed for at
måle vandtilbageholdelse (vandretention) i den tørre ende af retentionskurven ved hjælp af
VSA giver nye muligheder for at måle og forstå vandaktivt overfladeareal og teste og forbedre
eksisterende modeller for vandretention fra vandmætning til meget tør (”hyper-dry”). Den
nye viden om effekter af jordtekstur og organisk kulstof på jordens modstandsdygtighed
overfor fysisk/mekanisk og kemisk stress vil hjælpe os frem mod bedre og mere bæredygtige
strategier for jordanvendelse og bearbejdning. Den høje mikrobielle modstandsdygtighed
overfor kemisk stress sammenholdt med den ny viden om effekter af ler (type og indhold) og
organisk kulstof på gendannelse af jordarkitektur vil hjælpe hen i mod udvikling af nye
teknologier for regenerering af arealer med udpint eller forurenet (disfuktionel) jord.
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1.1

Introduction
Soil architecture

Soil, the thin layer encrusting the earth surface, is of utmost importance to the survival of
mankind. As aptly put by Kellogg (1938), “essentially, all life depends upon the soil, there can
be no life without soil and no soil without life; they have evolved together”. The past few
decades have seen increased realisation of importance of soils in all facets of life other than
the traditional “soil is used to grow crops” concept. Soils are important for water purification,
provision of habitats for biota, filtration of pollutants, storage and conditional release of
rainwater, and sequestration of carbon to reduce greenhouse gas emissions.
The terms soil architecture and soil structure are synonymous, and both reflect the
state of the soil from nano to pedon scale. Soil structure has been variously defined. Dexter
(1988) defined it as the “spatial heterogeneity of the different components or properties of
soil”. Later, Letey (1991) provided a more comprehensive definition as “the size, shape and
arrangement of the solid particles and voids which is highly variable and associated with a
complex set of interactions between mineralogical, chemical and biological factors”. These two
soil structure definitions focus on the internal arrangement of the components of structure,
with little reference to how it is impacted by external factors. Recently, soil architecture has
been defined to include the impact of human activities as “the pore and particle networks and
their interfaces which are created by interactions between biotic and abiotic solids, water and
solutes, and influenced by man during soil use and management” (de Jonge et al., 2009). A
conceptual road map to soil architecture inner space is presented in Fig. 1 to facilitate
understanding of the parameters responsible for the creation, breakdown and resilience of soil
architecture. The map shows two primary building blocks, pores and particles. Although these
two components are important, the transient nature of soil architecture depends mostly on
their arrangement and the ensuing highways which determine how fluids (air and gas),
colloids, and microbes are distributed in the system. The spatial arrangement, transport and
distribution of mobile constituents of the road map often involve processes such as diffusion,
convection, dispersion, sorption, etc.
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Fig. 1. Schematic road map to soil inner space. CC, complexed clay; NCC, non-complexed
clay; COC; complexed organic carbon; NCOC, non-complexed organic carbon.
Adapted from de Jonge et al. (2009).

The first building block in the road map - the particles - play a major role in the
creation of architecture, it is suggested that the ideal composition of this block for plant
growth, relative to the whole system is 45 % mineral fraction (clay, silt, sand) and 5 % organic
matter, with the remaining 50 % occupied by the second primary component (pores) (Hillel,
1998). Also, it is not necessarily the total amounts of the individual soil components that are
important but also the relative proportions of the mineral fraction (particle size distribution),
its association with the organic fraction, and the distribution of the pores that are developed
as a result (pore size distribution). This has led to concepts such as clay saturation (de Jonge
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et al., 2009; Dexter et al., 2008), or fines (clay + silt) saturation (Schjønning et al., 2012) by
organic carbon (OC). The clay saturation theory was original proposed by Hassink et al. (1997)
and modified by Dexter et al. (2008). The theory suggests that it is the content of complexed
organic carbon and by extension the content of non-complexed clay (NCC) which controls
stability or breakdown of architecture (typified by movement of the mobile soil constituents
such as dispersible clay). The concept assumes that for optimal conditions for soil strength
and stability related to agricultural activities to exist, 10 g of clay should be
associated/complexed with 1 g of OC, yielding a ratio of 10. In simple terms, the amount of
NCC can be estimated from the clay and OC fraction with the relation in Eq. [1].

NCC= Clay − [10 × OC ]

[1]

Soils having NCC > 0 are deemed OC-unsaturated and exhibit unfavourable properties and
those having NCC ≤ 0 are OC-saturated and have passed their capacity for carbon
sequestration. This concept was further modified by Schjønning et al. (2012) to include soil
particles up to a size of 20 µm (silt) – and the optimal ratio modified to 20. In addition to
showing the applicability of the new ratio to water-dispersible clay, they also showed the
impact of past and present mechanical energy input (seen in Fig. 1 as an external input) on the
breakdown of larger aggregates (friability). These concepts only relate to the specific parts of
the map. To fully understand the processes which dictate the arrangement and stability of the
soil components (pores, particles, and associated fluids, microbes etc.), proper quantification
of the whole architectural system is needed. However, as noted by Letey (1991), soil
structure/architecture does not lend itself to quantification because its transient nature makes
proper quantification a challenging task. This is especially true when one considers the
susceptibility of architecture and its various components to climate-induced gradients of
matric potential/water content (wet-dry cycles) and temperature (freeze-thaw cycles),
mechanical energy input (e.g. tillage-induced compaction, mining activities), and nutrient
mining from intensive cropping systems. These constraints notwithstanding, previous studies
have tried to quantify both the “state” and “stability” of architecture using soil properties such
as bulk density, total porosity, air-filled porosity, pore size distribution (derived from either
the soil-water retention curve, measured directly using mercury porosimetry (Lawrence,
1978), or from thin sections), particle/aggregate size distributions (e.g. from parameters of the
Rosin-Rammler model), aggregate stability, friability (from tensile strength measurements),
and a host of others. More recent quantification approaches involve the use of soil-gas
3

transport properties to estimate pore tortuosity/connectivity and organisation (Ball, 1981;
Moldrup et al., 2001), and X-ray computed tomography (CT) scans for visualizing spatial
configuration of pores and differentiation of the solid, liquid, and gas phases (e.g., Peth et al.,
2008). The majority of these quantification methods/models exist in isolation, and few
studies have attempted to link, for example, particle/pore size distribution parameters to gas
transport parameters, or CT scans to laboratory-derived measurements. These are important
steps in achieving a more complete picture of the envisioned road map presented above.
1.2 Soil biota
Other important components of soil architecture are soil macro- and micro-organisms.
Interactions of soil micro- and macro-organisms with the mineral and organic fractions play a
key role in both the creation and stabilisation of architecture. These contributions of soil
organisms and plants roots in soil structure formation and stabilisation has been extensively
studied (e.g., Chenu, 1995a; Oades, 1984; Oades, 1993) and a comprehensive review of how
biological activities affect macro-aggregation was conducted by Degens (1997). Soil fungi,
bacteria, and plant roots assist in soil aggregation by processes ranging from enmeshment,
entanglement, physical binding/gluing of soil particles and micro-aggregates by hyphae,
mucilages or extracellular polymeric substances (EPS). This important role of microbes in
soils is often constrained by soil properties such as pore geometry, developed from the
arrangement of the various mineral and organic components, and the moisture status (see Or
et al. (2007) for further details). Soil architecture is negatively affected (in terms of reduced
porosity and breakdown of stability) when microbial activity significantly reduces. This
unfavourable soil structure further limits microbial activity. This feedback mechanism is
similar to the self-organisation process in the soil-microbe system proposed in recent studies
(Crawford et al., 2012; Young and Crawford, 2004). Self-organisation is a process where the
organisation of a system spontaneously increases with time, i.e. without this increase being
controlled by the environment or an encompassing or otherwise external system (Heylighen,
2001). Applying this concept to soil ecosystems, Crawford et al. (2012) showed that the
organisation of the pore-scale structure arises spontaneously from the interaction between
soil microbes, particle aggregation and resource flows in soil, and they indicated that fungi
plays a major role in this self-organisation process (at pore scales < 53 μm). Although, not
mentioning “self-organisation” explicitly, the review of Or et al. (2007) hints at the possibility
of the same feedback mechanism for soil bacteria. The presence of EPS helps maintain an
4

open soil structure, which facilitates storage and transport of water and gases, and will in turn
increase bacterial activity. The brief discussion above further underlines the importance of
soil microbial activity in the road map to soil inner space.
1.3 Anthropogenic stresses affecting soils
An important component of the soil architecture definition of de Jonge et al. (2009) is the
“influence of man during use and management”. When soil architecture is created and there
exists optimal amounts of mineral and organic fractions with associated pore spaces and fluid
contents, micro- and macro-organisms flourish and soils function as expected. However, in
reality this is not the case. Externally-imposed stresses are causing degradation of soils at an
alarming rate: arable lands are being cleared to make way for infrastructure; erratic climate
and unsustainable farming practises are increasing soil fertility losses by water/wind erosion;
intensive farming systems are depleting organic matter pools as well as creating unfavourable
structure through heavy traffic; and spillage of organic/inorganic pollutants are destroying
substantial amounts of soil biota. In 1991, the Global Assessment of Soil Degradation
estimated that about 40 % of agricultural land are affected by human-induced degradation
(Oldeman et al., 1991). A little over a decade later, the EU Thematic Strategy for Soil
Protection report showed further degradation: An estimated 45 % of European soils have low
organic carbon (< 2 %), 36 % have high or very high susceptibility to compaction, about 3
million sites are contaminated by heavy metals or mineral oil, 16 % are affected by water
erosion, and salinization reportedly affects 3.8 million ha of agricultural land (EC, 2006).
While low organic matter, compaction and erosion directly affects soil ecosystem functions,
the detrimental effect of heavy metal contamination is reflected in unfavourable changes in
functions linked to soil biota.
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The ability of soils to either resist or
recover from these stresses will depend on
several factors: origin of the mineral
fraction (clay mineralogy); quantity of both
clay and organic carbon fractions; nature
and

magnitude

of

the

disturbance,

environmental factors involved in the
recovery, etc. Some stresses are inevitable
(e.g. compaction arising from increasing
use of agricultural machinery) and it is
important to quantify the level of resistance
and resilience of different soils to different

Fig. 2. Three soils with varying degrees of
resistance and resilience to an applied stress.
Source: (Tugel et al., 2005)

stresses. For example, a soil with low
resistance but high resilience to a specific stress can sustain its functions while a soil with low
resistance and low resilience is most vulnerable (Fig. 2).
In the case of extreme structural disturbances (e.g. mining activities, grading and
filling) which results in disaggregated soils with no recognizable macro-aggregates or
arrangements thereof, the soil’s ability to recover depends on texture, the environmental
conditions it is exposed to, levels of microbial activity, and the organic carbon fraction. Few
studies have quantified this gradual recovery or regeneration of soil architecture following
structural disturbance (Oyedele et al., 1999; Schjønning et al., 1999). The above-mentioned
studies used soils of different mineralogy, incubated them for different times, and measured
different parameters – making them difficult to compare with each other. Denef and Six
(2005) also compared the macro-aggregation potential of an illitic and a kaolinitic soil and
concluded that the effect of added organic matter is prominent in the illite soil with physical
or electrostatic attractions playing a major role in the kaolinite soil. But then again, the two
soils had very large variation in clay content (27 and 85 %) and it is interesting to re-examine
their conclusions using soils with similar clay contents. Examining the ability of soils with
different clay minerals (and similar clay contents) to recover their structure after exposure to
similar experimental conditions will provide further insight into the structure regeneration
process and the factors involved.
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1.4 Project context and objectives
The work presented in this dissertation is part of the larger SOIL-IT-IS project, which
envisions a schematic road map to soil inner space (Fig. 1), and aims to explore pore-particle
networks and processes in the solid, liquid, and gas phase in order to gain a holistic
understanding of soil functionality and its resilience to disturbance. In line with these aims,
previous work within the project focused on identifying gas transport-based structural
fingerprints (Eden, 2011), and assessing soil texture and organic matter effect on colloid
mobilization and transport (Vendelboe, 2011) .The present work contributes to the overall aim
of the project by adapting the gas transport-based structural fingerprints developed by (Eden,
2011) and linking it to the solid phase. It also evaluates new instrumentation for measuring
the soil-liquid phase, investigates the interrelated effects of texture and organic matter on
both soil resilience to human-induced stresses, and soil structure regeneration.
Specifically, the objectives were to:
•

clarify the link between soil texture parameters (particles) and soil architecture
quantified by pore size distribution (water retention) and gas transport using soils from
two natural clay gradients (Paper 1 & 2);

•

assess a novel measurement method for soil-water retention (water phase) at low
saturations (Paper 3);

•

examine the roles of texture, organic carbon, and bulk density in the resistance and
resilience of soils to mechanical stresses (Paper 4–6);

•

elucidate the resilience of soil biota to chemical stress (legacy copper pollution) and
how this is translated into functional soil architecture (Paper 6); and

•

reveal the interrelated roles of clay mineralogy, texture and exogenous organic matter
on regeneration of soil structure following extreme structural disturbance (Paper 7).

1.5 Dissertation outline
The previous sections (Chapter 1) provide a brief overview of soil architecture, the factors
responsible for its creation and sustenance and the various stresses soils are exposed to, and
finishes off with the objectives of the work. Chapter 2 gives a brief description of the field
sites, sampling strategies, and methods used during the study. Chapter 3 provides a synthesis

7

of the outputs from the various studies and links them to current knowledge. Chapter 4
concludes the work and Chapter 5 provides perspectives and suggestions for future studies.
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2 Methodology
2.1 Field sites
Appropriate selection of field sites in any experimental study is paramount to the success of
any scientific endeavour. Studies involving gradients are challenging because natural field
sites rarely exhibit steep gradients in texture or organic matter. Although, soil organic matter
gradients can be obtained by long-term fertilisation studies (e.g., Bad Lauchstädt in Germany,
or Rothamsted in the U.K.), field with texture gradients are mostly natural. In order to
identify the role of texture on any soil property or process, sampling from field sites with
natural clay gradients provides an ideal platform. Since the influence of clay on soil
architecture is also driven by clay type, investigations into processes such as structure
regeneration by default should include soils of different clay mineralogy. The bioavailability of
soil pollutant ions are affected by almost all soil properties (pH, organic matter content, clay
etc.), and a gradient in pollution is rarely available, which is why most ecotoxicological studies
are carried out in the laboratory. Field studies attempting to look at pollution effects of
pollution should ideally be conducted on soils with similar properties with the only difference
being the levels of the pollutant.
The soils used in various components of this work were obtained from field sites
located in four countries (Denmark, Germany, Ghana, and USA). The Danish soils (primarily
illites) comprised two natural clay gradients (Aarup, and Saeby), three arable fields identified
by their cropping systems (Mixed Forage Cropping, MFC; Mixed Cash Cropping, MCC; and
Cereal Cash Cropping II, CCC2 1), a field-pair (Dairy Farm and Grass, DFG; and Continuous
Cereal Cash Cropping I, CCC1) and a copper-contaminated field (Hygum). The remaining soils
were a Vertisol (VER) and a kaolinitic soil (OY) from Ghana, soils from Bad Lauchstädt (BL)
in Germany, and a reference set of 21 source soils from the University of Arizona Soil, Water
and Environmental Sciences Department (AZ). Texture and further details on the soils are
presented in Fig. 4, Table 1, and in the papers stated in brackets below:
•

The Aarup and Saeby fields represented a natural gradient in clay and or organic
carbon. These two fields were used to assess the link between soil texture parameters
and architecture via pore size distribution and soil-gas transport (Paper 1 & 2).

1

Note that CCC2 is the same as the CCC soil in Paper 4
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•

The AZ soils were collected from different locations in Arizona and are regularly used
for soil judging practice. These soils were used as a first test set for assessing a new
methodology for soil-water retention at low saturations (Paper 3).

•

The three arable fields (MFC, MCC and CCC2) were similarly textured with a gradient
in organic carbon due to differences in soil management. These soils were used to
examine the drivers of resistance and resilience of soils to mechanical stresses (Paper
4).

•

The Hygum field has a gradient in copper from background concentration (< 30 mg Cu
kg–1 soil) to ~3800 mg Cu kg–1 soil, emanating from historical contamination (Fig. 3)
and was used to assess resilience of microbial activity and diversity and the influence
on soil architecture (Paper 5).

a

b

c

Fig. 3. A view of the Hygum field with vegetation at the time of sampling indicating areas
with approximate copper concentrations of (a) 50, (b) 500, and (c) 3800 mg Cu kg–1 soil.

•

The Bad Lauchstädt long–term “Static Fertilisation Experiment” was established in
1902 and modified in 1978 to examine the effect of animal manuring and mineral
fertilisation (NPK) on soil properties. The gradient developed in organic carbon for the
field site was employed in further assessing the influence of organic carbon, bulk
density and water content on soil resilience to compressive stresses (Paper 6).

•

The DFG and CCC1 are adjacent fields that have been managed differently for the last
twenty years, resulting in organic matter differences.

•

The VER and OY soils were taken from a fallow forested area and an agricultural field,
respectively.
Structurally disturbed samples of VER, OY, DFG, CCC1, MFC, MCC and CCC2 soils

were together used to study soil architecture regeneration in the field over a period of 20
months (Paper 7).
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Table 1. Overview of investigated soils.
Field site

Soil class (FAO)

Dominant clay
mineralogy

MAT
°C

MAP
mm

Aarup
Saeby
Hygum
BL
OY
VER
DFG
CCC1
MFC
MCC
CCC2
AZ

Stagnic Luvisol
MollicLuvisol
Gleyic Phaeozem
Haplic Chernozem
Acrisol
Calcic Vertisol
Glossic Phaeozem
Glossic Phaeozem
Mollic Luvisol
Mollic Luvisol
Mollic Luvisol
–

illite
illite
illite
–
kaolinite
smectite
illite
illite
illite
illite
illite
kaolinite/illite

7.5
5.2
8.5
9.7
27.2
31.0
8.2
8.2
7.0
7.0
7.0
–

400
454
531
585
900
1100
521
521
570
570
570
–

Organic
carbon
g 100g-1
1.21–1.97
0.84–1.67
1.56–2.98
1.53–2.37
0.88
1.29
2.03
1.42
2.1
1.4
1.0
0.1–4.0

Bulk
density
g cm3
1.26–1.43
1.29–1.67
1.19–1.34
1.44–1.64
n.d.
n.d.
1.34
1.48
1.40
1.45
1.44
n.d.

MAP, mean annual precipitation; MAT, mean annual temperature; n.d. not determined – only bulk soil was
sampled.

Fig. 4. USDA texture triangle with investigated soils.
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2.2 Sampling
Apart from selection of appropriate field sites, intelligent sampling is a necessary pre-requisite
to obtain results that are repeatable and testable. Since soil architecture is transient and easily
affected by sampling method, careful and accurate sampling methods are required to ensure
that results obtained are as close to field conditions as possible. Studies have shown that
sample treatment prior to analyses can confound the effects of soil properties on soil functions
determined in the laboratory. For most studies involving quantification of soil architecture,
sampling of intact soil cores, or careful selection of aggregates is recommended. The time of
sampling determines the influence of short-term effects of activities like fertilisation and
tillage on soil properties. Hence, it is recommended that field sampling is done at or near field
capacity (–10 or –33 kPa), at a time when microbiological activity is at rest (e.g. spring time in
temperate regions), and prior to activities such as ploughing or fertilisation.
The sampling for the work presented here is two-fold; field sampling (Paper 1, 2, 4–6) and
sampling for structure regeneration (Paper 7).
2.2.1 Field sampling
Soil sampling (except the VER and OY soil) was done in spring
either as bulk soil, soil aggregates or as intact soil cores (100
cm3, inner diameter of 6.10 cm and height of 3.42 cm) at a
depth of 5–10 cm (Fig. 5). Intact soil cores and bulk soil were
refrigerated (2 °C) immediately upon arrival in the laboratory.
When needed, the bulk soil and aggregates were air-dried in a
ventilated room (20 °C) followed by sieving of the bulk soil to
< 2 mm. The VER and OY soils were sampled only as bulk soil, Fig. 5. Field sampling of
air-dried, and sieved to 2 mm prior to transport to Denmark.

soil cores.

2.2.2 Sampling for structure regeneration
The soil structure regeneration study involved incubating 2 mm-sieved soils (+/– organic
amendment) from seven field sites in the field for 20 months (further details in Paper 7).
During the incubation period, small amounts (~50 g) of bulk soil were sampled at several time
steps to measure water content, water-dispersible clay content, and microbial enzyme activity.
At the end of incubation, bulk soil, intact soil cores, and soil aggregates were sampled.
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Thereafter, soil-water retention, gas transport, water-dispersible clay, microbial activity, and
aggregate strength measurements were conducted. An example of the surface structure of the
soil at different stages during incubation is shown in Fig. 6.
a

b

c

Fig. 6. Example of the structure of the soil (a) prior to incubation, (b) during
incubation (10 months old), and (c) at final sampling of soil cores.

2.3 Methods for studying soil architecture
A holistic understanding of soil architecture requires accurate quantification of all the
components presented in the road map (pore sizes, particle size and arrangement, organic
fraction, strength and stability of developed structure units, microbial activity, etc.). Basic soil
characteristics (texture, organic carbon, carbonates, particle density etc.) are often
determined on bulk soil using well-established standard procedures and this was adhered to
in this study. Soil pore sizes are often derived from the soil-water retention curve (SWR,
which describes the amount of water retained in a soil at a given matric potential). The “wet
region” of the SWR was measured for all soil cores using sand boxes/tension tables [0 to –10
kPa] and ceramic plates [–30 to –100 kPa]. For assessing SWR at low saturations (dry
region), a novel instrumentation which employs the chilled-mirror dew-point technique was
used (details in Section 3.1.2 and Paper 3).
In addition to estimating pore sizes from SWR, configuration and connectivity of the
pore space may be achieved using soil-gas transport properties (e.g. gas diffusivity and air
permeability). Gas diffusion is the movement of molecules along concentration gradients and
is the principal mechanism for gas interchange between the soil and atmosphere.
Concentration gradients in soils are created by respiration of plant roots, biological reactions
(fermentation, nitrification), and incorporation of materials which change soil-oxygen
concentration. In soils, gas diffusion can be described by Fick’s 1st and 2nd Law (see Allaire et
al., 2008 for details). The soil-gas diffusion coefficient (Dp, m2 s–1) can be measured in-situ in
the field or in the laboratory. In the laboratory, this is done at specific matric potentials often
13

in conjunction with SWR measurements. Challenges associated with measuring Dp in the
laboratory range from small sample volume, structure disturbances during sampling and
equilibration during SWR measurements, by-pass flow through gaps between the soil and
sampling core, sample drying for heavy-textured soils with longer measurement durations.
For the work presented here, Dp was estimated using the non-steady state method
(Schjønning et al., 2002a). Relative gas diffusivity (Dp/Do) was obtained by scaling Dp with the
gas diffusion coefficient in free air (Do = 2×10–5 m2 s–1). The fraction of the pore space
occupied by air (ε, m3 m–3) is a major determinant of Dp/Do, as shown by numerous models.
The classical Buckingham (1904) model takes the form Dp/Do = εX, where X = 2, and
represents the connectivity of the pore space. The X parameter can thus be considered an
estimate of the tortuosity of the pore space in soil architecture (e.g. Paper 1). Tortuosity is
defined as the ratio of the average capillary tube length to the length of the porous media.
Highly tortuous soils have less connective pores and vice versa. An additional soil architecture
parameter (T) based on Dp/Do was proposed by Moldrup et al. (2001) and shown here in
Eq. [2]:

T=

ε Do

[2]

Dp

Similar to X, the T parameter is able to identify differences in soil architecture based on the
tortuosity or connectivity of the pore space.
Soil air permeability (ka, m2) is the ability of soil to conduct air by convective flow. The
ka is an estimate of intrinsic permeability and is theoretically fluid-independent. Darcy’s law
adequately describes this kind of air flow based on the proportionality between the rate of
flow and the pressure gradient (Ball and Schjønning, 2002). Air permeability measurement in
the laboratory is a relatively fast process, but its dependence on macropore flow means that
the measurement is often constrained by the presence of large macropores in small sample
volumes. Another major challenge is the risk of introducing turbulence (flow velocities with
Reynolds number > 1 (Bear, 1972) when high pressures are applied during measurements.
Measurement of ka was determined at a constant pressure head of –0.5 kPa using the steadystate method detailed by Iversen et al. (2001). To reduce errors due to by-pass flow mentioned
above, soil samples were gently tightened at the edges of the cores prior to measurement of
both ka and Dp, to minimize the chance of leakages.
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Decades ago, Kirkham et al. (1958) noted that soil ka at field capacity (–10 kPa) can
provide information on changes and differences in pore structure among soils. Also,
Groenevelt et al. (1984) used pore-organisation (PO = ka/ε) to compare the pore system of two
differently cropped soils. Ball (1981) suggested the equivalent pore diameter (dB, μm) as
structure characterising parameter using measurements of Dp/Do and ka (Eq. [3]). The dB
parameter was derived independently by both Millington and Quirk (1964) and Ball (1981) by
considering soil pores as being uniform, tortuous, and disjointed tubes of similar diameter
and by combining Fick’s law for diffusive transport with Poiseuille’s law for convective fluid
transport.
dB = 2

8ka
Dp / Do

[3]

Moldrup et al. (2001) and Paper 4 used dB and PO, respectively, at –10 kPa as parameters for
identifying the effects of texture, structural disturbance and organic carbon on soil structure.
Quantifying the strength and stability of the aggregate components of soil is important
because it helps identify factors which are responsible for stabilising soil architecture.
Aggregate tensile strength (Y, kPa) of soils can be estimated from their compressive stress
(from an indirect tension test) based on work done by Dexter and Kroesbergen (1985). Since
soil moisture plays a major role in aggregate strength, it is important to report the matric
potential at which such tests are done. For work presented here, differently sized aggregates
were crushed in an indirect tension test at air-dry condition and –100 kPa matric potential,
and Y was estimated using Eq. [4] by Dexter and Kroesbergen (1985).
Y = 0.576 F / d 2

[4]

where F (N) is the polar force required to fracture the aggregate and d (m) is the mean
aggregate diameter.
Quantification of the effect of soil compaction on soil architecture is best done in the
field. However, using undisturbed samples to assess compaction effects in the laboratory also
provides fundamental information on the effects of various properties, soil management and
magnitude of compaction on soil architecture. Soil compaction data obtained from the
laboratory is often modelled to obtain an index of compressibility (Paper 4–6). Additionally,
the direct effect of compaction on architectural components such as porosity, aeration status,
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and changes in SWR can be estimated (e.g. Paper 4). Applying compression stresses at
magnitudes of 200–300 kPa accurately simulates what is encountered in the field (Lamandé
and Schjønning, 2008), and gives an indication of the strength of aggregates. At much higher
magnitudes (> 400 kPa), soil compressibility may point to the strength of the basic mineral
component of architecture. Uniaxial confined compression tests (UCC, maximum load of 200
kPa, or 800 kPa for the structure regeneration experiment) on soil cores were used to assess
the effect of soil compaction on soil functional properties. The tests involved a quick, straincontrolled stress application (Koolen, 1974) and results modelled with the Gompertz (1825)
model (Eq. [5]) and the index of compressibility (Cc) obtained by Eq. [6].
e0 =
a + c exp[ − exp(b(log 10 σ − m))]

[5]

where e0 is the void ratio, and a, b, c, and m are fitted parameters. The value of a corresponds
approximately to the lower (final e) asymptote, while a+c is the upper (initial e) asymptote.
The compression index (Cc) was estimated as the modulus of the slope at the inflection point
(log10 σ = m) as defined by Gregory et al. (2006).
Cc =

bc
exp(1)

[6]

Soil fragmentation (data only presented in the thesis) was determined on field moist cube
samples using the modified drop-shatter fragmentation method of Hadas and Wolf (1984)
described by Schjønning et al. (2002b).
Dispersibility of colloids in soil is an indication of the stability of soil architecture and is
of great environmental significance. Increased colloid/clay dispersibility in water is associated
with unfavourable soil conditions such as higher soil erodibility, lower infiltration,
cementation of aggregates upon drying etc. Several methods exist to determine waterdispersible colloids (WDC) in soil. Some of these are the classical end-over-end shaking
method, low energy dispersion measurements, and more recently, dispersion measured by
laser diffraction. Comparison of results from these different methods is challenging due to the
different ways of WDC estimation. Even for the classical end-over-end method, different
studies employ different sample pre-treatments, shaking, and sedimentation times. The work
presented does not focus on the various colloid dispersibility methodologies but rather
quantifies the effects of soil mineral and organic fractions on WDC with the classical endover-end method for 1–2 mm aggregates (see details in Paper 3).
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Soil microbial activity and its influence on soil functions are determined using a range
of methods. Methods often involve estimation of microbial biomass (e.g. chloroform
fumigation, substrate-induced respiration), use of signature molecules (e.g. adenosine
triphosphate, fatty acids, ergosterol), analyses based on physiological processes in soil (e.g.
nitrification, mineralization, enzyme measurements). Two methods used for enzyme activity
measurements

are

dehydrogenase

activity

and

fluorescein

diacetate

hydrolysis.

Dehydrogenases (DHA) are intracellular enzymes which catalyse oxidation-reduction
reactions and can be detected using a water soluble tetrazolium salt which forms a reddish
formazan product after several hours of incubation. This enzyme represents the total oxidative
activities of microorganisms during initial stages of organic breakdown (Dick, 1997; von Mersi
and Schinner, 1991). Fluorescein diacetate (FDA), on the other hand is a measure of the global
hydrolytic capacity of soils and a broad spectrum indicator of soil microbial activity (Adam
and Duncan, 2001; Schnürer and Rosswall, 1982). Both methods were together used to
evaluate the impact of contamination on soil microbial activity (Paper 5), and the dynamics
of biological activity during soil structure regeneration (Paper 7).
The following methodology was used to obtain soil bacterial species richness and
diversity: DNA extraction, PCR amplification and pyrosequencing, sequence processing and
analyses.
DNA Extraction: Freeze dried soil samples were homogenized. DNA was extracted from a 250
mg sub-sample using the PowerLyzer PowerSoil DNA Isolation Kit (Mo Bio Laboratories, Inc.,
Carlsbad, CA, USA) according to the manufacturer’s instructions. DNA was checked on a 1 %
agarose gel.
PCR amplification and pyrosequencing: To generate amplicons from a portion of the 16S
small subunit ribosomal gene for 454 pyrosequencing, primers F515 and R806 (Bates ISME J
5: 908) were used for amplification and the product purified. The purified product was
sequenced by Eurofins MWG on a GS Junior 454 Sequencer (Roche Diagnostics) and
sequence data were delivered as MID tag-sorted sequences.
Sequence processing and analysis: After an initial quality filtering at MWG, taxonomic
assignment and clustering were performed on the freely available computational resource
Vamps (http://vamps.mbl.edu/resources/software.php) (Huse et al., 2010).

17

After obtaining the different species of fungi and bacteria, the biodiversity of soil
bacterial species was estimated using the Shannon Diversity Index, H′ (Shannon and Weaver,
1949) presented in Eq. [7].

H ' = −∑ pi ln pi

[7]

where pi is the relative abundance of each bacterial species.
Table 2. Overview of measurements carried out for the various soils.
Field site
Aarup [6=30]
Saeby [15=75]
Hygum [7=70]
Bad Lauchstädt [6=72]
Oyarifa [6*]
Vertisol [6*]
DFG [6*]
CCC1 [6*]
MFC [9=18, 6*]
MCC [9=18, 6*]
CCC2 [9=18, 6*]
AZ [21 locations]

SWR

SWRD

+
+
+
+
+
+
+
+
+
+
+
–

+
+
+
+
+
+
+
+
+
+
+
+

ka
+
+
+
+
+
+
+
+
+
+
+
–

Dp
+
+
–
–
+
+
+
+
+
+
+
–

Y
–
–
–
–
+
+
+
+
+
+
+
–

UCC

DNA

WDC

FDA

DHA

–
–
+
+
+
+
+
+
+
+
+
–

–
–
+
–
–
–
–
–
–
–
–
–

–
–
+
–
+
+
+
+
+
+
+
–

–
–
+
–
+
+
+
+
+
+
+
–

–
–
+
–
+
+
+
+
+
+
+
–

Numbers in parenthesis indicates number of sampling locations and total soil cores sampled, e.g. [6=30] for
Aarup indicates six sampling locations, five soil cores per location, totalling 30 soil cores. Numbers with asterisk
indicates total number of cores sampled from the incubation experiment. SWR, soil-water retention curve;
SWRD, soil-water retention at low saturation; ka, soil air permeability; Dp, soil-gas diffusion coefficient; Y, tensile
strength; DNA, gene sequencing; UCC, uniaxial confined compression; WDC, water-dispersible clay; FDA,
fluorescein diacetate activity; DHA, dehydrogenase activity.
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3 Soil architecture
Soil structure/architecture can be considered from four different fundamental aspects; form,
stability, resiliency and vulnerability (Kay, 1998). In subsequent sections, results from the
various studies will be combined and discussed under loose variants of the four architectural
aspects and linked back to components of the road map presented in Fig. 1.
3.1 Architectural form and its relation to soil functionality
3.1.1

Relating particle and pore size distributions to gas transport

The term “architectural form” encompasses the soil mineral fraction occupying the solid space
and the heterogeneous arrangement of voids (pores) therein. To fully understand how the
solid fraction influences soil functions, the fractions of the individual components (clay, silt
and sand) as well as their distribution should be considered. The clay fraction in soils is
probably the most active component of the mineral fraction, and can be considered as the
base-level structural element in the conceptual hierarchical organisation of soil structure
(Dexter, 1988). However, the fractions of silt and sand determine how the clay fraction is
arranged in the soil matrix, underlying the importance of also considering the distribution
rather than just clay content. At low clay content (< 10 %), the soil matrix is formed by sand
and silt, with the clay deposited with the pores between the sand grains. When clay content
increases from 10 to 20 %, the clay particles coat the sand and silt particles. At high clay
content (> 20 %), the clay particles completely coat the structural units of sand and silt and
clay bridges dictate the arrangement of the soil matrix (Dalrymple and Jim, 1984).
As indicated in earlier sections, several methods have been put forward to quantify soil
structure/architecture. Since architecture comprises the particles and pores, quantification
methods/models often include each of these separately or together. Considering the content
and distribution of the mineral fraction (particles), the particle size distribution can be
parameterized by the Rosin and Rammler (1933) distribution function. This function
(Eq. [8]), originally developed for use with coal material is used to characterize aggregate size
distributions (Marshall and Quirk, 1950; Perfect et al., 1993), and recently for characterizing
particle size distribution of fertilisers (Allaire and Parent, 2003) and soils (Berisso et al., 2012;
Keller et al., 2011; Paper 1 & 2)
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  x β 
P ( X < x ) =1 − exp  −   
  α  

[8]

where P (X < x) is the weight percentage of particles smaller than x, α represents the
characteristic particle size (63.22 percentile of the cumulative probability distribution which is
similar to the 50th percentile of the normal distribution), and β is an empirical parameter
which controls the shape of the function indicates the degree of sorting. Small values of β
denote a wide spread of fragment/particle mass-sizes and vice versa.
The distribution of soil pores, on the other hand, can be derived by parameterising
models which use SWR data. The Campbell (1974) model (Eq. [9]) uses a power law function
to express the degree of saturation (θ/θs) of soil pores as a function of air-entry potential (ψe)
and a factor b which is related to clay content (Clapp and Hornberger, 1978; Paper 1 & 2).

ψ θ 
= 
ψ e  θs 

−b

[9]

where θ is the volumetric water content, θs, the water content at saturation. The exponent b
can also be considered as an estimate of the pore size distribution (Brooks and Corey, 1964).
Since the Campbell model is valid only within a relatively narrow soil-water potential range,
typically –3 to –300 kPa, b only serves as a useful index for the medium part of the SWR.
Fields with natural texture (clay gradients) are excellent means of exploring the
relationship between the two main soil architectural components (particles and pores), and
the effect of this relationship on several soil functions. For example, Vendelboe et al. (2011)
used the Aarup field (mentioned in Section 2.1) to identify the effect of clay content on
colloid and phosphorus leaching. Another clay gradient in Denmark (Lerbjerg) was also used
to isolate texture effects on soil structure changes following disturbances (Schjønning et al.,
1999). Linking parameters obtained from particle size distribution data and SWR data for two
natural clay gradients (Aarup and Saeby) further confirmed the known positive correlation
between clay content and b. Further, it revealed that inclusion of bulk density to obtain
volumetric clay content was a better variable dictating changes in b since b was pore-size
distribution dependent. Additionally, when relating pore size distribution to particle size
distribution, it was observed that both α and β parameters of the R-R model were negatively
correlated with b. This suggests that although clay content was important in determining soil
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pore size distribution, the distribution of the different particle size fractions also plays a major
role (Paper 1).
Quantification of the soil functional pore space via gas transport can be done using
relative gas diffusivity (Dp/Do) and air permeability (ka) (Paper 1 & 2). These soil properties
as indicators of soil function are critical in soil aeration (important to soil microbial
communities), greenhouse gas emissions, and transport of volatile compounds in soils (Kruse
et al., 1996; Petersen et al., 1996). As noted earlier in Section 2.3, Dp/Do provides basic
information on the effective, tortuous pathways of the gas phase in soils (Millington and
Quirk, 1964) while ka has been used to characterize the configuration of large air-filled pores
(Groenevelt et al., 1984).
The index of pore connectivity/tortuosity (X) from Eq. [2] can be derived from Dp/Do
and ka data referenced at -50 kPa, (denoted Xd and Xa, respectively in Paper 1). Soils with X
= 1 indicate that all available air-filled pores are involved in diffusive gas transport with no
bends and corners in the pore system (maximum connectivity), and X > 1 points to a situation
where diffusive gas transport encounters tortuous pore spaces, slowing down movement of
gases, and resulting in a proportional lower Dp/Do for the available air-filled pore space. The
two parameters (Xd and Xa) show negative correlations to both volumetric clay content and b
(Paper 1 & 2; Kawamoto et al., 2006b), and positive correlations to β. Thus, while increasing
clay content tends to result in soils with less tortuous pore pathways, this is associated with
narrower particle size distributions. The trend observed for clay and soil pore tortuosity can
be attributed to the fact that although high clay soils generally exhibit higher bulk densities,
lower total porosity with correspondingly lower ε, the associated Dp/Do values are
proportionally higher than for coarse-textured soils.
Studies have highlighted conflicting conclusions on influence of soil bulk density on
soil gas transport (Deepagoda et al., 2011a). Fujikawa and Miyazaki (2005) noted that Dp
increased with bulk density at similar air-filled porosities, whereas Xu et al. (1992) reported
similar Dp-ε relationships independent of bulk density. The current study (Paper 1), in
consonance with Deepagoda et al. (2011b) showed that higher bulk densities were associated
with faster gas transport rates. This is initially surprising, but can be attributed to a relative
increase in the volume of conducting pores at the expense of inactive pores as well as
differences in pore configuration (Fujikawa and Miyazaki, 2005). Dense soils tend to have less
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tortuous pore configuration than less dense soils resulting in higher diffusion and convective
gas transport. The partitioning of water and air in soil pores (arising from gradients in matric
potential) play a major role in soil gas transport. Generally, Xd exhibits a clear decrease with
decreasing soil-water content (for the same soil) (Deepagoda et al., 2012) ), whereas Xa is
independent of changes in water content (Paper 2). The differences in the influence of soilwater content on Xa and Xd is because while diffusion in soils occurs in all available soil pores,
convective flow is largely concentrated in macropores and changes in water content of small
pores (following successive drainage) does not play a significant role on the Xa value.
Modelling of soil gas transport provides a quicker cost-effective way of obtaining
information on gas movement in soil pores. Predictive models for ka are limited due to its
heavy dependence on soil architectural form, specifically, macropore structure. This strong
dependence of ka on soil structure means that existing ka models still require an additional
‘clue’ on soil structure before accurate ka predictions can be made. Typical ka models use a ka
value at a matric potential of either –10 kPa (Kawamoto et al., 2006a) or –100 kPa (Eden et
al., 2012) as the reference point to provide a clue on the existing soil structure. In Paper 2,
this reference ka value was set at –100 kPa (ka,100). The ability to predict ka,100 eliminates the
need to measure this as well and facilitate rapid estimation of ka. In Paper 2, expressions
were developed to link clay content, ka,100, and ε,100. The study showed the possibility of
predicting ka,100 from measured values of ε, and Xa derived from the clay fraction. This
provides a sound basis for predicting ka for variably textured soil when only texture and ε are
available.
The clay saturation concept of Dexter et al. (2008) was briefly examined in
Paper 1 & 2 for the trends observed in the pore and particle size distributions. After the
analyses, it was observed that soils which have all of its clay complexed by OC (Aarup) show
stronger relations between b and β when compared with soils having non-complexed clay
(Saeby). This is probably due to the stabilisation of clay against dispersion by water during the
saturation and drainage processes – resulting in a more “accurate” representation of the
existing pore space. Relocation of dispersed clay can fill existing soil pores “clouding”
estimates of the pore size distribution.
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3.1.2 Water retention at low saturations and its applicability
Soil-water retention in soils affects a myriad of activities and processes in soils. In the
architectural road map (Fig. 1), it has a major impact on microbial activity, gas transport (as
discussed above), availability of water to plants, and in arid regions, on the volatilisation of
pesticides. The impact of soil-water content on soil microbial activity can be direct or indirect
depending on the matric potential range. At high soil-water potentials (> –600 kPa), the
effect of water content is indirect and related to availability of substrate. The direct effect of
soil moisture is more prominent at low saturations where adverse physiological effects
associated with cell dehydration become the rate-limiting factor (Stark and Firestone, 1995).
Although soil microorganisms are much less active at low water saturations, it is important to
accurately quantify soil moisture status when considering organisms existing in soils found in
arid areas. Also, understanding water vapour flow dynamics and other biogeochemical
processes in arid areas requires knowledge of the SWR. Currently, several methods exist to
accurately measure SWR from saturation to oven-dryness. However, at much lower soil water
potentials (< –10 MPa), it is challenging to obtain accurate measurements due to the
limitations associated with instrumentation and long equilibration periods. Hence, limited
SWR data under relatively dry conditions is currently available. One may wonder why it is
necessary to measure SWR at such low saturations considering the very limited number of
microorganisms found under such conditions and the difficulty encountered in the
measurements. Three reasons may be advanced for this: First, it will provide a means of
assessing the impact of soil water on microbial dynamics in soils found in arid areas. Second,
it will provide much needed data to evaluate existing SWR models and develop new models
for low saturations (which until recently were based on only the classical dataset of Campbell
and Shiozawa (1992)). Third, it will allow the estimation of soil properties (e.g. clay content,
specific surface area, cation exchange capacity) which are strongly dependent/determine the
SWR at low saturations.
Examples of methods/instrumentation used for estimating SWR at low saturations
include the traditional pressure plate apparatus, psychrometers, water activity meter, vacuum
microbalance technique, humidity sensors, WP4-T dew-point Potentiameter, equilibration
over salt solutions, finger-sized chilled-mirror hygrometer etc. Among the above-mentioned
methods, those that employ the chilled-mirror dew-point technique (e.g. WP4-T) are more
accurate than the rest (Scanlon et al., 2002). It should also be noted that Gubiani et al. (2013)
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reported that the accuracy of the WP4-T decreases drastically at soil-water potentials above –
0.7 MPa. For the pressure plate apparatus, Bittelli and Flury (2009) revealed that using it for
SWR measurements beyond –100 kPa is fraught with challenges such as hydraulic decoupling
and lack of plate–soil contact resulting in overestimation of soil-water content when
compared to the chilled-mirror dew-point technique. They therefore suggested a combination
of both methods to ensure accurate measurements. Although the WP4-T dew-point
Potentiameter provides rapid measurements, it requires careful mixing of soil with water and
equilibration requires up to a couple of weeks depending on the texture. Humidity sensors
(e.g. the sensor Hydro Clip S used by Schneider and Goss (2012)), also provide accurate water
activity readings, but are prone to operator errors because it requires manual wetting/drying
and equilibration prior to the measurement. Hysteresis of the SWR for the wet region has
been documented in several studies (e.g. Davis et al., 2009; Pham et al., 2005; Shvarov and
Koreneva, 2008). Due to the difficulty in obtaining SWR data at low saturations, hysteresis
under such conditions is less studied.
It is of interest to address the above-mentioned difficulties in obtaining SWR data at
low saturations. An automated instrumentation (AquaSorp/Vapor Sorption Analyser by
Campbell Scientific), used frequently in the food industry, which utilises the well-known
chilled-mirror dew-point technique (Gee et al., 1992) can be adapted for porous media
research to provide much needed SWR data at low saturations and address most of the
challenges noted above (Paper 3).
The Vapor Sorption Analyzer automatically creates water adsorption and desorption
isotherms for the soil-water potential range of –10 to –480 MPa. The risk of operator error is
eliminated since the instrument automatically wets or dries the soil based on pre-selected
soil-water potentials and tracks the water content and soil-water potential automatically. As a
first test for soils, the instrumentation successfully measured soil moisture isotherms at high
resolution (~140 data points), with a high degree of repeatability, and within a reasonably
short time (1–3 days) (Paper 3). An example of the water sorption isotherms for 3 soils is
shown in Fig. 7a).
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Fig. 7. (a) Soil-water retention curves at the dry region for three soils with varying clay
contents (provided in brackets; unpublished data) and (b) comparison of soil specific
surface area (SSA) estimates from the EGME procedure and the Tuller and Or (2005) model
for 21 AZ soils (Paper 3).

Isotherms obtained from this instrument are comparable to those obtained by existing
methods when the relationship between the slopes of the adsorption branch of the isotherms
is compared with their clay content (Paper 3). As noted above, obtaining such isotherms in a
rapid manner can also facilitate the estimation of other soil properties such as soil specific
surface area (SSA, m2 g–1). The SSA derived from the Tuller and Or (2005) equation using
data from the generated adsorption isotherms shows remarkable comparison with SSA
measured with the ethylene glycol monoethyl ether (EGME) method (Fig. 7b). The possibility
of predicting soil clay content from data from such isotherms (in this case water content at a
relative humidity of 50 %) has recently been reported (Wuddivira et al., 2012). This
instrument presents a quantum leap in our perception of how to accurately obtain SWR at low
saturation, and as noted above, the applicability of such data is limitless. This
notwithstanding, it is worthwhile to point out that several issues still need to be addressed for
the instrumentation. Several options such as the flow rate, and time-out settings for
equilibration still need to be tested to obtain an optimum for soils and if possible for different
textures as well.
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3.2 Architectural stability and strength: the role of texture and organic carbon
Knowledge of factors affecting the stability and strength of larger components of the
architectural road map is essential to understanding what strengthens or has the potential to
collapse the “map”. Soil architectural stability and strength describes the ability of soils to
retain the configuration of pores and arrangement of particles when exposed to different
stresses. Although the concept of soil resistance is embedded in this definition of stability, this
study will treat the two concepts separately by considering different soil properties. It is
important to note, however, that the two concepts are not mutually exclusively. Stability and
strength of soil aggregates can be assessed by properties such as the amount of waterdispersible clay, aggregate friability, tensile strength, and fragmentation. These soil properties
are affected by texture, organic matter content, nature and quantity of ions present, clay
mineralogy and water content (Paper 4 & 5).
As mentioned in Section 2.3, studies on WDC with the classical end-over-end shaking
need to specify the experimental conditions (sample pre-treatments, shaking and
sedimentation time, etc.) under which measurements were conducted. This facilitates
comparison among different studies and helps explain discrepancies that may exist among
different studies. The amount of WDC is directly correlated with soil stability in water and
contributes to soil erodibility (Brubaker et al., 1992) and unfavourable soil structure upon
drying. The WDC is significantly dependent on clay content (Curtin et al., 1994) and water
content (Paper 4; Pojasok and Kay, 1990); greater WDC is observed for soils with higher clay
and water contents. To assess the role of organic matter, and avoid the confounding
interaction between texture and OC, soils that are used must ideally have similar texture but a
gradient in OC (Paper 4). The amount of WDC is lower for high-OC soils (e.g. MFC in Paper
4), although high-OC soils often have higher water content compared to similarly-textured
low-OC soils. This is attributed to the gluing effect of OC on mineral particles. Dexter et al.
(2008) showed that the complexation of clay by OC controls soil physical properties. Soils
with clay/OC ratios greater than 10 are theorised to have clay that is not complexed with OC
(non-complexed clay, NCC) and readily dispersible while soils with ratios < 10 are resistant to
dispersion by water. It is interesting to note, for other studies, soils having ratios < 10 still
show substantial amounts of WDC (Paper 4 & 5; Vendelboe et al., 2012a), casting doubt on
the universal cut-off ratio of 10. For example, in Paper 4, the MFC soil which had a ratio of
~8 (NCC = 0), and showed WDC amounts similar to another soil with a ratio of ~12 (NCC >
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0). Also, Vendelboe et al. (2012a) found that only two sites out of their dataset showed
significant correlation of WDC (determined using laser diffraction) and NCC. In that study, an
analyses to find another optimal ratio (where WDC = 0) yielded ratios ranging from 2.5–5.5.
They suggested that consideration of the quality of OC may help improve the identification of
the effect of OC on WDC. Additionally, the mechanical pre-treatment of soils (during tillage
and other agricultural operations) also affect the amount of WDC. For example, Schjønning et
al. (2012) showed that increased clay dispersibility (measured by end-over-end shaking for
two matric potentials) could be attributed to wet conditions during harvest and tillage in the
year preceding sampling. Moreover, when considering contaminated soils, the clay-OC
saturation concept may not apply. For similarly-textured copper contaminated soils, areas
with high OC (with ratio < 10) showed greatest WDC for both field moist and air-dry
aggregates (Fig. 8). This seems surprising at first, but is most likely due to either OC
complexation by copper ions, thereby decreasing the ability of OC to glue together the clay
particles, or reduced biological binding of aggregates – resulting in greater dispersibility
(Paper 5).

Fig. 8. Water-dispersible clay (WDC) as a function of copper concentration for (a) field moist
and (b) air-dry aggregates. Circles indicate aggregates (moist/dry) equilibrated at –10 kPa.
Bars indicate standard error of the mean. Differently lettered means are significantly different at
p=0.05 (Paper 5).

A comparison between measurements done on field-moist and air-dried aggregates as
well as their –10 kPa-equilibrated counterparts can be made to assess the role of antecedent
water content and sample pre-drying on WDC (Fig. 8). As noted earlier by Keen and Hall
(1926), the amount of WDC was lower (2–12 times) for air-dried aggregates compared to field
moist. In addition, re-equilibration of both field moist and air-dry aggregates to –10 kPa does
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not resolve this; similar to what was observed by Dexter et al. (2011) for readily dispersible
clay (measured using a turbidimeter). This is attributed to the removal of inter-particle layers
of water between clay particles upon drying. This process is largely irreversible due to the
dominance of the attractive van der Waals forces over repulsive forces emanating from the
electrical double layer.
In addition to quantifying the architecture stability via the WDC, aggregate tensile
strength is a good indicator of soil strength, and when combined with soil friability it
describes the ease with which soil can be tilled. Friability is traditionally defined as “the
tendency of a mass of unconfined soil to break down and crumble under applied stress into a
particular range of smaller fractions” (Utomo and Dexter, 1981). Recently, Munkholm (2011)
suggested a modification of the definition of a “friable soil” to one that is “characterized by an
ease of fragmentation of undesirably large aggregates and a difficulty in fragmentation of
minor aggregates into undesirable small elements”. Friability can be estimated from tensile
strength measurements. For example, by using the coefficient of variation method suggested
by Watts and Dexter (1998), scaling aggregate tensile strength with aggregate volume (Utomo
and Dexter, 1981), or the drop-shatter fragmentation test of Hadas and Wolf (1984).
The strength and fragmentation of soil is largely dependent on clay content, clay
mineralogy, water content (matric potential), and organic matter. For soils having identical
clay fractions, greater tensile strength was found for the high-OC soil at -100 kPa, while at airdry conditions, there was no significant difference between soils (Paper 4). The similar
tensile strength for the soils at air-dry conditions is due to the higher WDC of the low-OC soil
shown earlier –higher WDC leads to cementation of dispersed clay and greater strength
(Chan, 1989). This phenomenon has also been referred to as “hardsetting” (Mullins et al.,
1987). Friability estimated with the coefficient of variation method showed a similar trend
(Paper 4). Evaluating soil friability using the drop-shatter test showed that the high-OC soil
(MFC) had a greater proportion of aggregates > 32 mm compared to the other two soils; the
low-OC soil had the lowest proportion (Fig. 9). Dropping the aggregates did not substantially
change the aggregate size distribution of the high-OC soil but increased the proportion of
smaller aggregates for the other two soils.
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Fig. 9. Aggregate size distribution of three soils when subjected to the drop–shatter
fragmentation test at field capacity. Bars indicate standard error of the mean (Unpublished
data).

Considering the revised definition of friability, it can be said that the low-OC soil had a
substantially high amount of aggregates < 2 mm both before and after dropping – so while it
easily fragmented undesirable large aggregates, it also fragmented into undesirable smaller
aggregates making it less friable than the other two soils. This explanation shows that the
trend in fragmentation for the soils agrees with the friability results discussed earlier.
Stronger aggregates with greater resistance to fragmentation for high-OC soils can be
attributed to enmeshment of primary particles and micro-aggregates by fungal hyphae and
roots as well as the bonding by polysaccharides excreted from roots and microorganisms
(Degens, 1997). Roots and fungal hyphae act as strings which entangle and bind micro
aggregates into coherent macro aggregates. The extent of this entanglement is dependent on
soil texture and hyphae distribution. Since all three soils under considerations had identical
texture – this could be ruled out. Hyphae distribution depends on availability and location of
substrates and in a mixed cropping management system (as in the high-OC MFC soil), a wider
distribution is expected.
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Table 3. Median values of tensile strength
(Y, kPa) of regenerated soils for 1–2 and
8–16 mm air-dry aggregates.

The effect of clay mineralogy on
tensile strength can be assessed using 1–2
and

8–16

mm

air-dry

aggregates

of

structure-regenerated soils (Paper 7, Table
3).

Smaller

aggregates

exhibit

greater

strength than larger ones for all soils due to
the

increased

failure

zones

in

larger

aggregates. The kaolinite-rich soil (OY) had
the lowest strength among all soils – 4 times
lower than the CCC2 which had similar clay
and organic carbon contents (Table 1) as also

Soil

1–2 mm

8–16 mm

OY

688ab

32b

VER

1371a

292a

DFG

494b

68b

CCC1

855ab

107ab

MFC

893ab

58b

MCC

582ab

116c

CCC2

1037a

138c

Differently lettered medians in the same column are
significantly different (Kruskal Wallis One Way
ANOVA, Tukey test) at p=0.05. Unpublished data.

shown by Barzegar et al. (1995). This can be
explained by weaker individual contact
points and weaker bonds between soil
particles for the OY soil.

Soils containing smectite clay minerals often have the greatest aggregate strength
(Barzegar et al., 1995; Lugo et al., 1975). In this case, however, greater strength of the VER
cannot be attributed solely to the presence of smectite because the clay content was much
higher than the rest of the soils. As noted by Barzegar et al. (1995), when clay content
increases beyond 20 %, the change in arrangement of the mineral particles (structural units of
sand and silt completely coated by clay particles) results in dramatic increase in soil strength.
Increased strength with higher clay content is also due to presence of more contact points. For
8–16 mm aggregates, the hardsetting phenomena mentioned earlier was clearly evident when
comparing the Danish soils. The low-OC soils (CCC1 and CCC2) had greater strength than
their high-OC counterparts (DFG, MFC and MCC).
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3.3 Stress resistance/resilience
Imposition of stress in soils alters several properties and functions depending on the nature
and magnitude of the stress. Human-induced stresses often encountered in soils originate
from activities such as tillage, traffic, pollution, etc. Tillage and agricultural traffic activities
impose compressive stresses on soils and ultimately lead to a re-arrangement of architectural
components detailed in the road map (Fig. 1). This re-arrangement results in unfavourable
changes in processes/functions such as water storage, and distribution, soil aeration, and gas
transport (Berisso et al., 2012; Viklander, 1998). Chemical stresses in soils (e.g. oil pollution
arising from underground storage tanks, and heavy metal pollution from smelters and timber
impregnation facilities) often directly affect soil biological and chemical processes with
indirect effect on soil physical processes and properties. In all the above-mentioned instances,
quantification of the capacity of any soil to continue to function without change throughout
the disturbance [resistance], as well as the capacity to recover its functional and structural
integrity after the disturbance [resilience] is paramount. The reader is referred to Seybold et
al. (1999) and Schjønning et al. (2004) for further details on the definition of the concepts and
importance of assessing resistance and resilience in soil ecosystems. The subsequent sections
synthesises results obtained from Paper 4 & 5 and give a broad assessment of the effect of
organic carbon, bulk density, water content, and climate cycles on soil resilience. Soil
resistance can be evaluated after exposure of soil cores to compressive stress using both
compression indices and changes in soil properties. Soil resilience was assessed either as
resilience to physical stress (compression) after exposure to climate cycles or resilience of the
microbial population to chemical stress.
3.3.1 Compressive stress resistance
Soil compression is a reduction in the volume of pores in a given mass of soil, i.e. decrease in
void ratio and porosity and consequent increase in bulk density. Substantial literature exists
on ways to quantifying soil compressive stress resistance in terms of changes in bulk density
or void ratio with applied pressure (Imhoff et al., 2004; Keller et al., 2011; Rucknagel et al.,
2007; Smith et al., 1997a; Smith et al., 1997b). Comparatively less literature exist on
identifying changes in specific soil functions like gas or water transport following soil
compaction (Berisso et al., 2012; Paper 4 & 5). Quantification of soil compression resistance
can be evaluated by modelling the stress-strain data obtained during compression (and
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estimating indices of compression such as the compression index as detailed in Eq. [5] and
[6]), or a resistance index based on changes in soil properties. The compression index (Cc),

obtained from the Gompertz model has been used to compare compression resistance among
soils and evaluate the effect of organic matter, bulk density, and water content (Paper 4 &
6). In addition to the Cc, specific soil properties (air permeability, void ratio, and air-filled
porosity) can be monitored before and after compression tests to quantify the direct effect on
soil functions. The response of the soil (specifically soil organisms) to chemical stress is
discussed solely under the “resilience” section because the experimental site used for the
study was contaminated decades ago and it is not possible to quantify the immediate response
of soil microbial and physical properties to contamination.
The Cc is estimated as the modulus of the slope of the virgin compression curve – it
represents the compressibility of soil structural units not having received stresses in the range
used for experimentation (Gregory et al., 2006; Larson et al., 1980). Note that a small Cc value
indicates that a particular soil is more resistant to compression and vice versa. There is a
significant positive correlation between Cc and void ratio (e0) (Keller et al., 2011; Paper 4 &
5). Collating all results from Paper 4–6 yields the following relation for Cc and e0:

Cc =
−0.116 + 0.240 × e0
r =0.81; p < 0.001; n =151

[10]

The increase in Cc (decreasing compression resistance) with increasing e0 is greater for
low-OC soils than high-OC soils having similar texture probably due to the buffering effect of
OC and water content (Paper 5). It should be noted that the effect of OC on Cc is conflicting
due to confounding effects of texture, bulk density, and water content. Smith et al. (1997b)
noted that the relatively high SSA of high-clay (clay > 25 %) soils may limit the extent to which
OC can interfere with mineral particle surfaces to influence soil compressibility. This was
confirmed in Paper 4 & 5; OC significantly reduced Cc for soils with clay < 18 % while Cc for
soils with clay > 25 % showed no major differences. There is also conflicting information in
literature on how gravimetric water content prior to compression (wi) influences soil
compressibility. The Cc is reported to be independent of (Larson et al., 1980), negatively
correlated with (Zhang et al., 1997), or positively correlated with wi (Paper 6). This confusion
can be cleared partly by examining the net negative suppression effect of bulk density (BD) on
wi as shown in Paper 6, and also in Eq. [11] below. Although the range of wi used in Paper 6
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was rather narrow (0.18–0.22 kg kg–1), it is possible to identify this suppression effect. To
further clarify this, the same multiple regression exercise was repeated for all the soils with a
wider range in wi (0.17–0.31 kg kg–1). Again, Cc was positively correlated with wi alone (r =
0.27; p<0.001; n = 151), BD was negatively correlated with wi (r = –0.57; p<0.001; n = 151)
and Cc (r = –0.87; p<0.001; n = 151) and this indirectly influenced the relationship between Cc
and wi in a multiple regression (Eq. [11]).

C=
0.774 − 0.655 × wi − 0.378 × BD
c
r =0.91; p < 0.001; n =151

[11]

Therefore, for variably dense soils the strongly negative correlation between BD and Cc
suppresses the positive effect of wi on Cc (due to the negative correlation between BD and wi).
A correlation of the BD-adjusted Cc values (evaluated at BD = 1.55 Mg m−3) and wi revealed a
significant negative correlation (r=−0.82; p<0.05), confirming the trend discussed earlier.
This may help explain some of the disagreements in literature on the effect of wi on Cc. Since
soils with high OC generally have lower BD and higher wi, it can be postulated that the effect
of OC on Cc is indirect and depends on its effect on these two soil properties.
The second aspect of soil compression is the direct effect on specific soil functions.
Quantification of this effect is done by considering either the absolute values of the property
(e.g. saturated hydraulic conductivity, air permeability, air-filled porosity) (Gregory et al.,
2007; Zhang et al., 2005), or by scaling the value after compression with the pre-compressed
value (Griffiths et al., 2000). The scaling method is preferred since it considers the precompressed level of the soil function rather than just the compressed state. High-OC soils
tend to have lower resistance to changes in air permeability, air-filled porosity, and void ratio
(Paper 4 & 5) and such soils generally have lower BD and wi as mentioned earlier. The
reduction in ka observed following compression is due to distortion of vertical pores and the
preferential loss in volume of structural pores relative to textural pores. The net suppression
effect discussed above for the effect of wi on compression resistance is also evident for the
properties considered when the scaled resistance index was used (Paper 6).
3.3.2 Resilience to compressive stress
Soil resilience is defined as the ability of the soil to recover to its original state after imposition
of stress or the extent to which it recovers from its stressed state. Soil resilience can be
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quantified in three ways: first, by estimating the amount of recovery regardless of the original
state; second, referencing the recovery to the original state; and last, by referencing to the
stressed state. The first method can only be used to assess the resilience of a particular soil or
ecosystem and is inadequate for comparison purposes. The last two methods of quantification
provide a sound basis for comparison as well as assessment of the effect of various stressmitigating mechanisms. The two indicators which involve referencing to a specific stage are
shown in Eq. [12] and Eq. [13]. In Eq. [12], the resilience (RL1) is referenced to the original
state/level of the soil property or function, and it gives an indication of how much recovery
has occurred relative to the unstressed situation (used in Paper 4). In Eq. [13] resilience
(RL2) is referenced to the stressed condition, and it provides a way of knowing how much
recovery has occurred as a percentage of the stressed state (used in Paper 5 & 6).
 C 0 − Dx 
 × 100
C
0



[12]

 Dx − Dc 
 × 100
 Dc


[13]

=
RL1 

RL2 
=

where C0 is the original value, Dc is the stressed value, and Dx is the value after recovery.
Soil architecture resilience to compression occurs due to processes related to thermal
gradients (e.g. free-thaw cycles, FT), gradients in soil matric potential (e.g. wet-dry cycles, WD), or biological activity. Regardless of which resilience index is used to monitor changes in
air permeability, air-filled porosity, and void ratio, W-D cycles showed a much stronger effect
on resilience compared to F-T (Paper 4–6). The magnitude of recovery was always in the
order: air permeability > air-filled porosity > void ratio. The F-T and W-D cycles affect soil
resilience via different mechanisms. After exposure of a compressed soil to F-T, the existing
pore water turns to ice leading to a 9 % volume change. The ice lenses that form at the
freezing front causes fractures and cracks which do not close completely upon thawing – the
extent of closure depends on soil cohesion since such “ice pores” are not stable and disappear
during thawing (Kay et al., 1985). This brings to light the effect of OC on the F-T mechanism –
high OC may stabilize the “ice pores” during the thawing process leading to a higher
magnitude of resilience. The volume of water present prior to freezing plays a major role in
the extent of expansion and formation of the ice lenses. In effect, similarly textured soils with
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varying OC and wi will show varying levels of resilience – greater resilience for soils with high
OC and wi. When compressed soils are exposed to W-D cycles, the wetting processes results in
an expansion of the electrical double layer, increased contact between clay particles and soil
aggregates, and in some cases slaking can occur. During the drying process, the particles
retract and modify their orientation, finer particles differentially settle between coarser ones
with associated modifications in pore structure and volume. These mechanisms involved in
the W-D cycles are stronger than those involved in the F-T cycles (as observed for
improvements in ka; Paper 4–6).
How

does

texture

influence

soil

compaction resilience? To answer this, the
resilience of void ratio was used. The
swelling, shrinkage and realignment of clay
particles especially during the W-D process
are expected to be of a higher magnitude for
finer textured soils. Gregory et al. (2009)
reported that improving effects of both F-T
and W-D on void ratio was prominent for

Fig. 10. Resilience of void ratio after freezethaw (F-T) and wet-dry (W-D) cycles as a
function
of clay content. Resilience estimated
paper, the soils had similar clay content, so
from Eq. [13] (Unpublished data).

soils with clay fraction > 26 g 100g–1. In each

this test was not possible. Collating resilience

(using Eq. [13]) estimates for all soils in Paper 4–6 showed that coarser textured soils (clay <
18 g 100 g–1) show significantly lower levels of resilience for both cycles – with the difference
between cycles only becoming obvious for soils with clay ~26 g 100 g–1 (Fig. 10). This trend
might be because the mechanisms discussed above for W-D and F-T are dominant in the clay
fraction of soils – and higher clay contents will lead to higher recovery.
3.3.3 Resilience of soil biota to chemical stress
The importance of soil organisms to soil architecture outlined in Section 1.2 indicates that
changes in the population, activity and dynamics of soil organisms have a direct effect on soil
physical properties. Hence, any form of stress which negatively impacts soil microorganisms
will have reverberating effects on the whole soil ecosystem. Soil microbial community
resilience to chemical pollution discussed in this section will focus on comparing existing
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levels/diversity of microbial populations for different soil copper (Cu) concentrations at the
Hygum field site. The site provides a gradient in Cu pollution from ~30–3800 mg total Cu kg–
1

(0.17–50 mg CaCl2-Cu kg–1). The gradient in Cu concentration is from timber impregnation

activities which ceased 80 years ago (Paper 4).
Copper is required in small amounts for normal functioning of microorganisms
because it is a cofactor for numerous enzymes and copper-containing microbial proteins are
important electron carriers. However, when soil Cu concentrations are elevated above normal
levels (> 60 mg total Cu kg–1 or .> 0.6 mg CaCl2-Cu kg–1; Loneragan (1975)), it exerts lethal
toxic effects on microorganisms. Copper toxicity on soil organisms results from processes
such as displacement of essential metals from native binding sites, through ligand
interactions, decline in membrane integrity, alteration in structure of nucleic acids and
proteins and interference with phosphorylation and osmotic balance (Kim et al., 2000;
Ohsumi et al., 1988).
The Hygum field site used in Paper 4 was unique in that it provided the appropriate
context to evaluate the resilience of populations and diversity of soil organisms to Cu
contamination in a field with identical texture and pH (ruling out their effects on speciation
and solubility of Cu ions). Since only copper was the existing contaminant, interactive effects
of other contaminants could also be disregarded. Previous studies on the same site revealed
the resilient nature of larger soil organisms (earthworms and enchytraieds). Both organisms,
responsible for creation of soil pores, had population densities for concentrations lower than
500 mg Cu kg–1 similar to populations at background concentration levels (Holmstrup and
Hornum, 2012; Maraldo et al., 2006). Analyses of total microbial activity using two nonspecific enzyme assays (fluorescein diacetate and dehydrogenase) for the various locations
sampled showed that after a 20 year fallow period, microbial activity levels were fairly
constant until Cu concentrations reached ~500 mg Cu kg–1 (Paper 5). Beyond this
concentration, a significant decrease in total microbial activity was observed for both enzyme
assays. As mentioned in Section 2.3, these assays only provide an estimate of total microbial
activity with no indication on the type or number of species (richness) present or the
distribution of different species (diversity).
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Preliminary

results

of

DNA

sequencing of bacterial species for the
Hygum field are presented in Fig. 11.
Bacterial species richness and diversity
(defined by Shannon Diversity Index,
Eq. [7]) showed trends similar to what is

observed for total microbial enzyme
activity (Fig. 11). This suggests that soil
microbes exhibit remarkable resilience
to legacy copper contamination as long
as the concentration was lower than 500

Fig. 11. Soil bacterial species richness and
diversity (Eq. [7]) as a function of copper
concentration (Unpublished data).

mg Cu kg–1. Factors responsible for this
high level of resilience can be attributed to the aging effect on Cu, complexation by organic
matter and various mechanisms employed by the microorganisms to resist Cu toxicity. Aging
is the process by which the mobility and bioavailability of heavy metals added to soil decrease
with time. The process of aging is controlled by precipitation/nucleation of Cu in soils and has
significant influence on the extent to which Cu affects soil microorganisms (Ma et al., 2006).
Presence of organic matter in Cu-contaminated soils induces chelation reactions and forms a
soluble complex with Cu (Campbell, 2010). This organo-metallic complex is not bioavailable
and hence not toxic to soil organisms. Mechanisms responsible for resilience of the
microorganisms to Cu pollution are of various forms: alterations in the cell wall, or membrane
to create a permeability barrier to exclude the Cu ions; export of toxic ions from the cytoplasm
using active transport mechanisms; and intracellular sequestration of Cu ions to prevent
exposure to essential cellular components (Lu et al., 2003; Rouch et al., 1995).
The discussion above suggests that a tentative threshold of 500 mg Cu kg–1 exists for
this soil type – and beyond this threshold the resilience of soil microorganisms (in terms of
enzyme activity, species richness and diversity) significantly reduces. Beyond 500 mg Cu kg–1,
the complexing effect of organic matter is no longer enough to counter the negative effects of
Cu ions. Hence the significant decrease in soil biota (both macro- and microorganisms). How
is this translated into soil architectural form? This can be considered in two ways: through soil
density and porosity, and the stability of aggregates. Decreased soil density and increased
porosity is generally associated with higher organic matter content – all other factors being
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equal (Ekwue, 1990). However, for the Hygum field, increasing OC was associated with higher
densities and lower porosities – this is attributed to significant decreases in the population of
endogeic and anecic earthworm species [species which increase soil porosity by their
burrowing activities (Lamandé et al., 2011)] and lowered plant biomass (Strandberg et al.,
2006). The architectural stability (quantified by WDC) was also significantly lower for areas
with higher OC (and Cu) content (Fig. 8). Increased copper concentration (although associated
with higher OC) negatively affected microbial enzyme activity with subsequent impacts on
their ability to strengthen soil aggregates via binding and bonding mechanisms – lowered
microbial activity was thus translated to lowered soil stability and higher dispersibility
(Paper 5).
To place these results in a broader perspective it is important to note that the Hygum
field was tilled yearly for agricultural purposes until 1993 from when it has remained fallow. It
is safe to assume, considering the relatively small size of the field, that the bulk density of the
top soil and plant species distribution did not differ widely at the time. Processes occurring
during the fallow period and leading up to when sampling was done in 2012 could be
described by the “self-organisation” concept of Young and Crawford (2004). The absence of
external disturbances (during fallow) would imply the soil-microbe system of the field selforganised based on available substrates and conditions (contamination levels). As the soil
consolidated over the years as a result of natural wet-dry and freeze-thaw cycles it can be
speculated that plants and soil organisms flourished in the less contaminated parts of the
fields, providing adequate aeration for further growth of soil biota. The highly contaminated
part of the field on the other hand, will experience decreased plant germination and growth
rates, and increased migration of existing soil macro-organisms like earthworms to less
contaminated parts of the field resulting in a more compact structure. This more compact
structure will initiate migration of other organisms due to reduced aeration. The cycle would
be endless and would conform to the feedback mechanism suggested by proponents of selforganisation in such ecosystems.
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3.4 Structure regeneration
An important aspect of gaining a holistic understanding of soil architecture is the
quantification of changes that occur when soils are subjected to extreme structural
disturbance (e.g. ground and sieved to micro-aggregates < 2 mm). The term structure
regeneration hereafter refers to the process of creation and organisation of macro-aggregates
and associated pore spaces from “disaggregated” soil material with only primary particles and
micro-aggregates (< 2 mm). It is also essential to examine this regeneration for soils with
different characteristics (e.g. clay mineralogy, OC content). To this end, seven soils of varying
clay mineralogy (OY = kaolinite; VER = smectite; DFG, CCC1, MFC, MCC and CCC2 = illites;
see Section 2.1 for further details of the soils used) were ground and sieved to 2 mm. The
soils were divided into two groups and one group amended with ground rape at a rate of 7.5 t
ha–1. Both groups (9 kg each) were packed in lysimeters at a dry bulk density of 1.4 g cm–3 and
incubated in the field for 20 months, exposing them to natural W-D and F-T cycles. Periodic
measurements of WDC and FDA were conducted, and at final sampling, aggregates and intact
soil cores were taken for aggregate characterization, gas transport and water retention
measurements. Further details on the various methodologies are provided in Paper 7. Gas
transport and water retention measurements followed the same procedures outlined in
Section 2.3. Subsequent discussions will be divided into aggregate characteristics, and
microbial activity (reported in detail in Paper 7), and soil-water retention, and soil-pore
characteristics derived from gas transport (solely presented here).
3.4.1 Aggregate characteristics and microbial activity
Formation of macro-aggregates and associated pore structures in soil is significantly
influenced by W-D (Kay and Dexter, 1992; Rajaram and Erbach, 1999) and F-T cycles
(Pawluk, 1988). These two climate cycles, together with tillage significantly changed the
aggregate size distribution of 2 mm-sieved soils. Large aggregates (up to 16 mm) were
obtained after final sampling. Prevailing weather conditions during incubation controlled the
dynamics of soil-water content and moisture levels were determined by clay mineralogy and
OC contents. The kaolinitic and smectitic soils had the lowest and highest soil-water contents,
respectively; for the illitic soils, greater OC was associated with higher water contents.
Surprisingly, despite the well documented effect of OC on soil-water content, organic
amendment had no effect on soil-water content for all soils. The earlier discussion in Section
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3.2 on the effect of water content on WDC was evident with fluctuations in WDC mainly
determined by water content fluctuations. Field-moist samples taken during the incubation
period showed low amounts of WDC for high-OC soils. There was no effect of organic
amendment on WDC for the kaolinitic soil. For the other soils, non-significant decreases in
WDC ranging from 18 % to 33 % were recorded for the amended soils relative to the
unamended pairs. Since all soil pairs had similar water content, the only factor accounting for
this decrease is the effect of the added OC which increased microbial enzyme activity two-fold
(estimated by FDA) for all soils. This will improve biological binding mechanisms associated
with increased microbial populations. The effect of OC on stability of aggregates is dependent
on the clay mineralogy (Denef and Six, 2005; Oades and Waters, 1991; Six et al., 2000a). Soils
dominated by 1:1 clay minerals are less affected by changes in OC compared with soils
dominated by 2:1 clays. This may account for lack of effect of OC amendment on WDC of the
kaolinite-rich soil despite the increases observed in enzyme activity (Paper 7). The absence of
any changes in WDC for OY can be due to the fact that the stability of the aggregates induced
by the binding capacity of iron oxides and 1:1 minerals was greater than the impact of OC
(Denef and Six, 2005)
Previous studies have shown that soil microbial activity, determined by the DHA assay,
increases with increasing clay contents (Emmerling et al., 2001; Kubista and Novakova, 1987).
It was surprising, therefore, to note the lowest level of microbial activity for the VER soil
considering that it had the highest clay content. The presence of smectites may partly explain
this trend, since the activities of other enzymes such as glucose oxidase and beta-amylase are
severely inhibited by montmorillonitic clay minerals (Ross and McNeilly, 1972).
Another aspect of examining structure regeneration is to move up the aggregate scale
and consider characteristics of recently formed aggregates (aggregates > 2 mm). Formation of
macro-aggregates and associated pore structures in soil is significantly influenced by W-D
(Kay and Dexter, 1992; Rajaram and Erbach, 1999) and F-T cycles (Pawluk, 1988). These two
climate cycles, together with tillage significantly changed the aggregate size distribution of 2
mm-sieved soils after 20 months (Paper 7), with aggregates as large as 16 mm being formed,
regardless of soil type or OC content. How then, do we identify the effects of clay mineralogy
and OC on aggregation? Soil friability, obtained by scaling tensile strength with aggregate
volume (Utomo and Dexter, 1981), showed very little differences among soils. Interestingly,
40

combination of friability and the characteristic aggregate strength (defined as the strength of a
4-mm aggregate) yielded a promising index of workability. Soil workability is often defined as
the ease with which a soil can be tilled without the occurrence of smearing (Rounsevell, 1993).
Clay mineralogy had a clear effect on soil workability, the smectite-rich soil had the lowest
workability (due to increased aggregate strength) and the kaolinitic soil had the highest
workability. Among the illitic soils, soil workability increased with increasing OC content. Low
workability for low-OC soils can be related to stronger aggregates cemented by dried
dispersed clay particles (Dexter, 1988). The supposed lower effect of added OC on aggregation
on kaolinitic soils compared to illitic or smectitic soils (Denef and Six, 2005) could not be
clarified due to lack of a clear effect of exogenous OC on soil friability or workability. Further,
intact soil cores obtained from structure-regenerated soils and subjected to uniaxial confined
compression showed decreased soil compressive strength relative to the sieved-repacked
condition. Addition of exogenous organic material significantly increased the compression
resistance (quantified as change in bulk density per unit of stress applied) of the regenerated
soils at low compressive stress ranges (50–100 kPa). As the magnitude of stress increased, the
differences among soils and the effect of OC disappeared (Paper 7).
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3.4.2 Soil-water retention and soil-pore characteristics
The incubated soil cores, together with sieved-repacked ones (initial condition) were used to
assess the regenerated structure from three perspectives, soil density/porosity, water
retention/pore size distribution, and the configuration of the pore space. Soil bulk density
significantly decreased following incubation for most of the soil types (Table 4). The low bulk
density of the sieved-repacked samples for VER and MFC is due to swelling of the samples
after saturation and equilibration. Prior to measurements of gas transport parameters the
samples had to be trimmed to fit the cores and the densities recalculated, taking into
consideration the amount removed.
Table 4. Dry bulk density for investigated soils in the sieved-repacked condition (i),
incubated (–), and their organically amended counterparts (+).

Soil

Bulk density [g cm–3]
i

–

+

OY

1.40

1.21

1.16

VER

1.30

1.10

1.10

DFG

1.40

1.21

1.22

CCC1

n.d.

1.42

1.29

MFC

1.31

1.05

1.11

MCC

1.40

1.15

1.20

CCC2

1.40

1.17

1.23

n.d.; not determined due to unavailability of samples.

After incubation, the VER and MFC had the lowest bulk density and the low-OC CCC1
soil had the highest density. Considering the high clay content of the VER, the low bulk
density can be attributed to relatively higher intensity of swelling and shrinkage during the WD cycles which occurred in the field. The low density of MFC is due to the high OC content.
The CCC1 soil, previously described as a poorly structured soil in its natural state (Schjønning
et al., 2002b) was significantly dense, even after 20 months incubation with periodic tillage.
Organic amendment had very little effect on bulk density for most soils, except the CCC1 soil
which showed a 10 % decrease in bulk density for amended soil cores.
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Sieved-repacked
exhibited

samples

water

retention

curves that were dependent
on their inherent properties,
specifically clay mineralogy
and OC contents. Considering
clay

mineralogy,

kaolinite-rich

OY

the

1:1

and

2:1

smectite-rich VER had the
lowest

and

highest

water

content, respectively, at all
matric potentials (Fig. 12).
The effect of pre-incubation
OC was evident when the
CCC2 (having the lowest OC
and

correspondingly

water

contents)

compared

with

the

low
was
other

Danish soils.
The incubated samples,
regardless of soil type showed
lower water retention than the
sieved-repacked

pairs,

especially at lower soil-water
potentials (Fig. 12). Below –

Fig. 12. Soil-water retention curves for sieved-repacked and
incubated samples (Unpublished data).

30 kPa, there was no difference between incubated and repacked pairs – implying that the
fraction of pores < 10 μm were not affected by the incubation process. The low water retention
of the incubated samples was attributed to the high porosity/low density after incubation
(Table 4). Organic amendment did not result in any significant changes in the pore size
distribution of any of the soil types. So in general, incubation increased total porosity as well
as volume of large pores for all soils and consequently decreased water retention for soil-water
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potentials < –30 kPa. This observation has also been reported by Schjønning et al. (1999) who
used soils of similar mineralogy along a clay gradient.
To evaluate changes in configuration of pore space after structure regeneration, two soil
structure parameters were used: diffusion-based pore tortuosity (T) and equivalent pore
diameter (dB) at –10 kPa
presented in Eq. [3] and [4],
respectively.
Changes
tortuosity
similar

with
for

all

in

pore

ε

were
sieved-

repacked samples, except
for OY and DFG soils.
Generally, there was a rapid
decline in T with increasing
ε until ε ~0.10 m3 m–3.
Beyond this ε value, when
the effect of water blockage
was minimal, T declined
gradually.

However,

the

reverse was the case for
sieved-repacked samples of
OY which had a very low T,
even at low ε, and a gradual
decline in T with the initial
decline in ε (Fig. 13). At the
same value of ε, T was
higher for incubated soils
than for the sieved-repacked

Fig. 13. Diffusion-based tortuosity as a function of air-filled
pore space for sieved-repacked and incubated samples.
Note different scales on y-axis (Unpublished data)

pairs possibly due to localscale zones with higher-than-average bulk density (Moldrup et al., 2001). This suggests
significant complexity in the regenerated structure after incubation. Additionally, some
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interesting trends among soil types/clay content was observed. The smectite-rich VER had the
highest T values (2–16) compared with the illitic soils or tropical OY (3–5). This is largely due
to the high clay content as well as the self-mulching nature of the VER soil. Organic
amendment did not show any clear trends in soil pore tortuosity – although slight decreases
in T was observed for VER, DFG, and CCC1 soils and slight increases for MFC, MCC, and
CCC2. The tortuosity of the OY soil was not affected by organic amendment.
The equivalent pore diameter (dB) at
–10 kPa was suggested as a comparative
structure index by Moldrup et al. (2001). At
this soil-water potential, dB will represent all
pores

of

tube

equivalent

“theoretical

diameter > 30 μm. The dB for the sievedrepacked samples ranged from 33 μm (VER)
to 120 μm (OY). Structure regeneration after
20 months resulted in significant increase of
dB for all soils (100–421 μm) (Fig. 14). The
smectite-rich VER showed much lower dB Fig. 14. Equivalent pore diameter at a soil-water
compared to the rest of the soils. This was

potential of –10 kPa for sieved-repacked and
incubated samples (Unpublished data).

due to the much higher water retained at –
10 kPa, resulting in lower amounts of pores available for gas transport. The kaolinite-rich OY
was generally comparable with the illitic soils. Addition of organic material showed significant
increases in dB only for CCC1, with similar trends observed for VER and CCC2. For the rest of
the soils, organic amendment tended to decrease dB. Similar trends discussed above were
observed when the pore continuity [ka/ε] was estimated (data not shown).
On the whole, 20-month field incubation of structurally disturbed samples resulted in
significant macro-aggregation, decreased bulk density, equivalent pore diameter, and
tortuosity. The effect of clay mineralogy was evident with significantly lower workability of the
aggregates, and higher tortuosity observed for the smectite-rich soil and vice versa for the
kaolinite-rich soil. The regenerated properties of the illitic soils were intermediate between
the tropical soils and reflected differences in pre-incubation OC contents. The effect of added
organic material was only reflected in microbial enzyme activity for all soils – translation of
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this to soil physical properties was minimal at best. That notwithstanding, the CCC1 soil which
in its natural state was poorly structured, showed significant decreases in bulk density and
greater pore diameter for gas transport due to the added organic matter.
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4 Conclusions
This PhD work identifies the linkage between the soil mineral fraction and the pore system
and also evaluates a unique instrumentation to measure the soil-liquid phase. It also identifies
the role of soil texture and organic matter in the temporal dynamics of soil architecture under
varying gradients and stresses. The conclusions and implications of the results obtained from
the work are presented below:
•

Using soils from two natural clay gradients, soil pore size distribution represented by the
Campbell b parameter and particle size distribution represented by the Rosin-Rammler β
parameter were significantly correlated to soil-gas diffusivity and permeability via the pore
connectivity/tortuosity parameter, X. Higher X values were associated with lower b and
higher β values. The strong correlations obtained would facilitate improved predictive
models for soil-gas transport based on either of these parameters and aid in soil
remediation methods such as soil vapour extraction and bioventing.

•

Soil-water retention at low saturations was measured successfully at much better data
resolution using instrumentation new to soil and porous media research (the equipment
employs the chilled-mirror dew-point technique). The rapid and automated nature of the
new instrumentation resolves the long equilibration time and human error associated with
current methods. Although this is restricted to the dry region of the water retention curve,
the data obtained provides a solid platform for accurate estimation of difficult-to-measure
soil properties (e.g. specific surface area, clay content, and cation exchange capacity) as
well as parameterisation and development of predictive soil-water retention models.

•

Results confirmed the positive effect of organic carbon (OC) on soil aggregates
stabilisation. This led to reduced content of water-dispersible clay, increased soil aggregate
friability and strength. Although the use of the clay-OC concept to derive the amount of
non-complexed clay explains further the dynamics of WDC, application of the optimal
clay-OC ratio of 10 was constrained by clay type, presence of competing OC-complexing
cations, and in previous studies, by mechanical pre-treatment. This ratio, as recently noted
by some studies needs further investigation for specific conditions.

47

•

The effect of OC content on soil compression resistance was indirect (for soil clay contents
of 16–26 %) – OC affected compactibility by its influence on pre-compression bulk density
(high OC associated with low bulk density). Conversely, soil resilience after compaction
(following freeze-thaw and wet-dry cycles) was positively correlated with OC, and clay
content. Consideration of this indirect role of OC on soil resilience will assist in developing
sustainable soil management strategies for mechanised intensive agriculture.

•

Significant resilience (in terms of enzyme activity, richness and diversity) of soil organisms
to legacy copper contamination in a fallow field was observed for concentrations < 500 mg
Cu kg–1 soil. This biological resiliency was evident in the physical fertility status of the soil
– and is postulated to be instigated by self-organisation mechanisms in the soil-microbe
complex. This high threshold value of 500 mg Cu kg–1 soil for this soil type suggests a reevaluation of ecotoxicological thresholds for such legacy contaminated fields and may
facilitate remediation of previously abandoned contaminated fields.

•

There was significant regeneration of soil structure (macro-aggregation, improved pore
diameter, pore size distribution, and tortuosity) after 20-month field incubation. The
magnitude of the regeneration was controlled primarily by clay mineralogy (smectite >
illite > kaolinite), and the pre-incubation soil OC. Addition of exogenous plant material
increased microbial enzyme activity throughout the incubation period and decreased the
compression susceptibility of the regenerated structure, but had no significant impact on
the regeneration process itself. This indicates the possibility of reclaiming sites that are
physically degraded by exposing them to natural climate cycles coupled with addition of
organic amendment.
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5 Perspectives for future studies
During and at the end of the PhD study, experimental constraints and opportunities for
further research identified are detailed below:
•

The possibility of using the new instrumentation to accurately measure soil-water
retention (SWR) at low saturations opens up the possibility of combining traditional
measurement methods (tension tables/pressure plates), and chilled-mirror dew-point
instruments like the WP4-T to obtain SWR from saturation to oven dryness for a wide
range of soils. Additionally, increasing temperatures and decreased precipitation
associated with climate change means that topsoils will more frequently experience such
low saturations and this should be explored. The identification of effects of interrelated
factors such as equilibration method, soil texture, moisture flow rate, measurement time,
presence of salts, and clay type on measurement accuracy of the instrument also provides
an interesting research frontier.

•

The clarification of the effect of OC, bulk density and water content on soil compression
resistance and resilience should be tested using soils having a wider range in properties
such as texture, geological origin, mineralogy, and organic matter quality

•

The lack of a clear effect of organic amendment on soil structure regeneration may be due
to the type of material used (ground rape), considering that most of the added OC
disappeared after 20 months. Different organic materials with varying levels of
degradability should be tested to determine the ideal substrate for the regeneration
processes. This work did not consider the role of plant roots in assessing structural
regeneration. Considering the major role of plant roots on soil aggregation, any future
study on soil structure regeneration should include “root growth” as an additional
treatment.

•

Further investigations should also be carried out to identify the specific microbial species
which are prevalent at the different copper contamination levels. This will provide insights
into which species (fungi/bacteria) are more resilient to the contamination.

•

Assessment of soil structure using indices derived from water retention and gas transport
measurements provide very useful information but are fraught with assumptions that may
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not always be applicable. Methods like X-ray computed tomography which provides more
direct measurements of soil inner space can serve as an accessory tool in addition to
laboratory/field measurements to help create an actual road map into soil inner space
a

b

c

Fig. 15. X-ray Computed Tomography scans of intact soil cores from the Hygum field for
copper (Cu) concentrations of (a) 22, (b) 500, and (c) 3830 mg Cu kg–1 soil.
(picture courtesy: Muhammed Naveed)

For example, in Fig. 15, preliminary scans of soil cores from the Hygum copper
contaminated field gives a visual impression of the pore system which can be correlated
with the aeration status and microbial activity observed and discussed in the present
study.
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Accurate estimation of soil gas diffusivity (Dp/Do, the ratio of gas diffusion
coefficients in soil and free air) and air permeability (ka) from basic texture and
pore characteristics will be highly valuable for modeling soil gas transport and
emission and their field-scale variations. From the topsoil of two Danish arable
fields representing two natural clay gradients, Dp/Do and ka were measured
at soil water matric potentials between −1 and −100 kPa on undisturbed soil
cores. The Rosin–Rammler particle size distribution parameters α and β (characteristic particle size and degree of sorting, respectively) and the Campbell
water retention parameter b were used to characterize particle and pore size
distributions, respectively. Campbell b yielded a wide interval (4.6–26.2) and
was highly correlated with α, β, and volumetric clay content. Both Dp/Do and
ka followed simple power-law functions (PLFs) of air-filled porosity (εa). The
PLF tortuosity–connectivity factors (X*) for Dp/Do and ka were both highly
correlated with all basic soil characteristics, in the order of volumetric clay
content = Campbell b > gravimetric clay content > α > β. The PLF water blockage factors (H) for Dp/Do and ka were also well (but relatively more weakly)
correlated with the basic soil characteristics, again with the best correlations
to volumetric clay content and b. As a first attempt at developing a simple Dp/
Do model useful at the field scale, we extended the classical Buckingham Dp/
Do model (εa2) by a scaling factor based on volumetric clay content. The scaled
Buckingham model provided accurate predictions of Dp(εa)/Do across both
natural clay gradients.
Abbreviations: PSD, particle size distribution; PoSD, pore size distribution; R-R, Rosin–
Rammler model.

K

nowledge of the processes involved in the diffusion and convection of gases in soils is important when predicting the emission of greenhouse gases
(Kruse et al., 1996) and volatile compounds (Petersen et al., 1996a) from
various layers of the soil profile into the atmosphere. These processes are largely
governed by the differences in texture and organic matter content of soils. Soil
gas diffusivity, Dp/Do, is dependent on the air-filled porosity, εa, the bulk density,
and the tortuosity and connectivity of the available pores. Although Dp/Do was
reported in the past not to be affected by bulk density and soil texture (Grable and
Siemer, 1968), recent studies have shown the opposite (Currie, 1984; Schjønning
et al., 1999; Eden et al., 2011). Differences observed in Dp/Do for differently textured soils are due to the higher εa for coarse-textured soils at the same matric potential (Osozawa, 1998). Higher bulk density reduces εa, leading to a subsequent
reduction in Dp/Do at the same soil water potential. At similar air-filled porosities,
however, denser soils usually have higher Dp/Do due to a decrease in the volume
of ineffective pore space (pores not involved in gas transport) and the subsequent
relative increase in the effective pore space (Fujikawa and Miyazaki, 2005).
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Soil air permeability, ka (μm2), gas transport by convective
flow, is also influenced by soil texture and structure. In poorly
structured soil, finer textures are less permeable than coarse textures. Additionally, for structured soils, as the clay content increases, ka decreases more rapidly with decreasing air-filled porosity
(McCarthy and Brown, 1992; Schjønning et al., 1999). Structured
soils usually have a higher ka than poorly structured soils due to the
larger interaggregate flow channels characteristic of structured soils
(McCarthy and Brown, 1992). Due to the dependence of ka on the
soil pore size, length, and continuity, the relationship between ka
and εa is relatively poorer than that for Dp/Do (Ball, 1981; Ball and
Schjønning, 2002). Both gas transport parameters (Dp/Do and ka)
are greatly affected by the soil water content. Increasing the soil water content reduces εa and blocks flow paths at bottlenecks between
pores, thereby inducing changes in the pore space, shape, configuration, and tortuosity, with a consequent reduction in gas transport (Moldrup et al., 2000; Hamamoto et al., 2009). Modeling
of Dp/Do and ka usually follows power-law functions based on εa
(Buckingham, 1904; Millington and Quirk, 1961; Moldrup et
al., 2005). Also, in recent studies, the effect of the particle size distribution and soil density on the two gas transport properties has
been examined (Hamamoto et al., 2009). The basis of the powerlaw models is Dp/Do = εaX where X, the pore connectivity factor,
is inversely related to the connectivity of the air-filled pore space.
Studies have reported a decreasing X with decreasing soil water content or increasing soil matric potential (Currie, 1984; Resurreccion
et al., 2008). To account for the reductive effect of water on Dp/
Do, a water-induced linear reduction (H) term was introduced
(Hamamoto et al., 2009; Resurreccion et al., 2010; Eden et al.,
2011). Thus X and H can be considered as descriptive parameters
that can be obtained from measured Dp/Do, and in this study, ka
data as well. Because previous studies have underscored the effect
of the soil texture (particle size distribution) and pore size distribution on Dp/Do and ka (described by X and H), it is interesting
to investigate if parameters representing the soil texture and pore
size distribution can be linked to X and H for both Dp/Do and ka.
In this study, we used the clay content (volumetric basis) for the
soil texture, the Campbell (1974) water retention model for the
pore size distribution (PoSD), and the Rosin and Rammler (1933)
model (R-R) for the particle size distribution (PSD). The specific
objectives of the study were to: (i) explore the relationship between
the parameters representing soil PoSD and PSD and their linkages
with parameters of a power-law model for both Dp/Do and ka; and
(ii) improve the prediction accuracy of the existing Buckingham
model using a scaling function with basic soil properties.
The conceptual hypothesis was that there is a relationship between the Campbell water retention parameter, b, and the parameters of the R-R model (α and β for the characteristic size and spread
of the PSD, respectively) and that these three parameters (b, α, and
β) are linked to soil gas transport via the X and H parameters.

MATERIALS AND METHODS
Two fields, Aarup and Saeby, with clay contents from 0.10 to
0.49 kg kg−1, were used for this study. The Aarup site (56°28´ N,
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9°43´ E) developed on diluvial clay and is classified as a Stagnic
Luvisol. The soils at the Saeby site (57°19´ N, 10°30´ E), classified mainly as associations of Mollic Stagnic Cambisols and Mollic
Stagnic Luvisols, developed on glacial till interspersed with a large
clay lens of dislodged Older Yoldia marine deposits. The fields
were moldboard plowed in the autumn and soils were sampled
at springtime (close to field capacity). Six and 15 sampling points
were selected at the Aarup and Saeby sites, respectively. At each
sampling point at both sites, five soil cores (100 cm3, inner diameter of 6.10 cm, and height of 3.42 cm) were taken at the 5- to
10-cm depth for soil water retention, gas diffusivity, and air permeability measurements. The metal soil cores were held in position by
a special flange to ensure only vertical movement within the soil.
After careful removal, the end surfaces were trimmed with a knife.
Soil characteristics (Table 1) were determined on bulk soil sampled at the same depths adjacent to the core sampling locations.

Laboratory Measurements and Calculations
Soil texture was determined by a combination of wet-sieving
and hydrometer methods. Total C was determined on ball-milled
subsamples using a FLASH 2000 organic elemental analyzer coupled to a thermal conductivity detector (Thermo Fisher Scientific,
Waltham, MA). Each sample was tested for the CO3–C content.
To obtain the soil water retention curve, the samples were saturated and drained on sandboxes with capillary water from beneath.
The cores were then drained stepwise to matric potentials of −1,
−3, −5, −10, −30, −50, and −100 kPa using sandboxes and ceramic plates. The soil cores were finally oven dried at 105°C for 24 h.
The weights of the samples at each matric potential and after oven
drying were recorded. The total soil porosity was estimated from
the measured bulk density and a particle density of 2.65 Mg m−3.
The volumetric soil water content, θ, at each matric potential was
taken as the respective difference in weight of the oven-dried
samples multiplied by the bulk density. The value of εa at a given
matric potential was calculated as the difference between the total
porosity and θ at the specific potential.
The values of Dp/Do and ka were determined on undisturbed and
sieved, repacked cores at all the matric potentials mentioned above.
The Dp/Do was measured using a non-steady-state method suggested
by Taylor (1950), using equipment described by Schjønning (1985)
and O2 as the diffusing gas. The measurement chambers were flushed
with an O2–free N2 gas before measurements. The ka of the samples
was measured by the steady-state method described by Iversen et al.
(2001). At lower matric potentials (less than −10 kPa), the soils were
pressed at the very edge of the metal rings to minimize the risk of air
leakage along the boundary between the soil and ring.
The volumetric clay content (Clv, m3 m−3) was estimated as

Cl v = ρ b

Cl g

[1]

2.7

where ρb is field bulk density (Mg m−3), Clg is the gravimetric clay
content (kg kg−1 soil), and 2.7 is the particle density of clay (Mg m−3).
The texture, organic matter content, bulk density, and total
porosity of the soils at the sampling points are shown in Table 1.
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Table 1. Soil characteristics of Aarup and Saeby soils.
Soil
Aarup 1
Aarup 2
Aarup 3
Aarup 4
Aarup 5
Aarup 6
Saeby 1
Saeby 2
Saeby 3
Saeby 4
Saeby 5
Saeby 6
Saeby 7
Saeby 8
Saeby 9
Saeby 10
Saeby 11
Saeby 12
Saeby 13
Saeby 14
Saeby 15

Clay (<2 μm)

Silt (2–50 μm)

Sand (50–2000 μm)

Organic matter

———————————— g kg−1 ————————————
97
151
731
21
111
180
688
21
146
237
590
27
168
282
518
33
189
309
470
33
223
375
369
34
98
209
667
26
114
295
563
28
154
190
635
21
168
241
574
18
207
224
552
18
207
213
558
23
208
264
512
15
233
288
456
24
263
302
410
24
275
331
372
22
307
305
367
21
411
329
246
14
414
235
330
22
471
240
267
22
491
233
253
23

Bulk density

Total porosity

Mg m−3
1.27 ± 0.031†
1.40 ± 0.014
1.26 ± 0.010
1.33 ± 0.027
1.43 ± 0.013
1.34 ± 0.006
1.39 ± 0.009
1.29 ± 0.015
1.52 ± 0.022
1.53 ± 0.007
1.64 ± 0.012
1.56 ± 0.009
1.67 ± 0.005
1.61 ± 0.008
1.51 ± 0.017
1.57 ± 0.011
1.54 ± 0.014
1.50 ± 0.013
1.50 ± 0.010
1.48 ± 0.007
1.49 ± 0.008

m3 m−3
0.52 ± 0.012
0.46 ± 0.005
0.52 ± 0.004
0.50 ± 0.010
0.46 ± 0.005
0.49 ± 0.002
0.48 ± 0.003
0.51 ± 0.006
0.44 ± 0.009
0.42 ± 0.003
0.39 ± 0.004
0.42 ± 0.003
0.38 ± 0.002
0.40 ± 0.003
0.43 ± 0.006
0.40 ± 0.004
0.42 ± 0.005
0.42 ± 0.005
0.44 ± 0.004
0.45 ± 0.002
0.44 ± 0.003

† Standard error of the mean.

The Aarup soils had a narrower clay gradient (0.10–0.22 kg kg−1)
than the soils from Saeby (0.10–0.49 kg kg−1). The numbering of
the Aarup and Saeby soils is in order of increasing clay content.
The bulk densities of the first two Saeby soils (Saeby 1 and 2)
were more similar (ρb < 1.44) to those of the Aarup soils than to
the other Saeby soils. Consequently, in all subsequent figures involving these two clay gradients, Saeby 1 and 2 are represented by
open square symbols instead of the open circles used for the rest
of the Saeby soils to allow easy comparison with the Aarup soils.

Models
The Rosin–Rammler distribution function (Rosin and
Rammler, 1933; Perfect et al., 1993), frequently used to describe
fragment mass-size distributions, was used to characterize the PSD,
as suggested by Keller and Håkansson (2010). It can be written as

é æ x öβ ù
P ( X < x ) = 100 -100exp ê - ç ÷ ú
ë èαø û

[2]

where P(X < x) is the percentage by weight of particles less than
size x, and α and β are adjustable parameters related to the characteristic size (mm) and spread of the particle sizes, respectively.
The goodness of fit of the function to the data was quantified using the R2, slope, and intercept of the linear regression between
the measured and predicted PSD values as well as the RMSE.
The values of the goodness-of-fit parameters averaged for the
21 sampling points were as follows: R2 = 0.980, RMSE = 0.037,
slope = 0.99, and intercept = 0.012.
The Campbell (1974) model was fitted to the data and the water
retention parameter (b) of the model used to characterize the PoSD:

ψ æ θ ö
=ç ÷
ψ e è θs ø

[3]

where ψ is the soil water potential (kPa), ψe is the air-entry water
potential (kPa), θ is the volumetric soil water content (m3 m−3),
θs is the volumetric soil water content at saturation (m3 m−3),
and b is the Campbell water retention parameter. The values of
ψe and b are determined by fitting a straight line through the log–
log plot of the water retention data. The slope and intercept of
the best-fit line are used to estimate b and ψe, respectively. The
value of ψe was not used as an index of PoSD because it varied
stochastically between matric potentials of 0 and −0.1 kPa.
To describe single Dp/Do measurement points, the Buckingham
(1904) model was used for Dp/Do and also applied to ka via a factor
P [ka/(Dp/Do)] as suggested by Kawamoto et al. (2006a):

Dp

= ε aX

[4]

k a = Pε aX

[5]

Do

where X is the pore connectivity–tortuosity factor.
To describe the entire Dp/Do(εa) curves, we applied the Eden
et al. (2011) model with a reference soil water potential of −50 kPa:
H

Dp æ ε a ö d
X d*
[6]
=ç
÷ ( ε a* )
Do è ε a* ø
At the reference soil water potential, X becomes Xd*, with
Xd* defined as

X d* =
20

-b

log ( D p* Do )
log ( ε a* )

[7]
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nectivity, and minimum pore tortuosity. If X is >2, a tortuous
pore system with lower pore connectivity is implied.
A new equation based on Eq. [6] is proposed for ka as well:

⎛ε ⎞
ka = ⎜ a ⎟
⎝ ε a* ⎠

Ha

( ε a* )

X a*

[8]

where Ha is the water-blockage factor for convective transport
and Xa* (pore connectivity–tortuosity factor for ka at the reference soil water potential) was calculated similar to Eq. [7]. After
logarithmic transformations of Eq. [6] and [8], Hd and Ha values
were calculated as the slope of the best-fit line of a log–log plot of
Dp/Do or ka vs. the relative air-filled pore space (εa/εa*).
Finally, to evaluate the possibility of scaling the Dp/Do data
using the classical Buckingham (1904) model, we propose a new
relation for predicting Dp/Do. The ideal soil property (q) for
scaling was determined using RMSE analyses by testing gravimetric clay, volumetric clay, and field bulk density. The scaled
Buckingham model is

⎛ q ⎞
=ε ⎜ ⎟
Do
⎝ q* ⎠

Dp

Ω

2
a

[9]

where (q/q*)Ω is the scaling function, q* is the reference q, and Ω
is the scaling exponent. The reference q is obtained by first modeling the Dp/Do data with the original Buckingham model. The
mean q value for soils that closely follow the Buckingham model
denotes q* for the data set.

RESULTS AND DISCUSSION
Soil Particles, Pores, and Relations

Fig. 1. (a) Examples of Rosin–Rammler model fits for Aarup (A) and
Saeby (S) soils depicting the derivation of the α and β parameters; (b)
plot of α and β for soils, showing the categorization of coarseness and
degree of sorting; and (c) linearization of soil water retention curves
for select Aarup and Saeby soils for estimation of the Campbell water
retention parameter b (numbers above curves are the b values of the
respective soils).

where εa* is εa in the interaggregate pore space (m3 m−3), X is
the pore connectivity–tortuosity factor, Hd is the water blockage
factor for diffusive transport, and Dp*/Do is the relative gas diffusivity in the interaggregate pore space. An X value of 1 suggests
an εa composed of parallel, straight pores, maximum pore conSSSAJ: Volume 76: Number 1 • January–February 2012

The characterization of the PSD using the R-R function
is shown in Fig. 1a. The derivation and meaning of α and β are
shown in the plot. The α parameter represents the particle size
corresponding to the 63rd percentile of the cumulative probability distribution, assuming a lognormal distribution, and β is
derived from the slope of the distribution. A small α value denotes a distribution dominated by small particles, while a small β
(steeper slope) denotes a wide spread of particle sizes. For example, Fig. 1b shows that Saeby 15 had a wider spread of particles
and was dominated by small particles compared with Aarup 3,
which had a narrow range of particle sizes and was dominated by
large particles. The Aarup soils had a large gradient in the characteristic particle size (α) and almost similar spread of the particles
(β), whereas for the Saeby soils, there was a large gradient in β
and a comparably smaller gradient in α (Fig. 1b).
There was an increase in volumetric water content at each
soil water potential with increasing clay content for both Aarup
and Saeby. The PoSD was characterized by linearizing the soil
water retention curves to obtain the Campbell b parameter
(slope of the best-fit line). Examples from four of the soils are
shown in Fig. 1c. There was a wide range of b in both gradients: 4
to 15 for Aarup and 8 to 26 for Saeby. This range in b was expected because other studies have shown similar values. For instance,
Clapp and Hornberger (1978) found b values of 2 to 16 using
1446 soils with clay contents between 0.03 and 0.63 kg kg−1;
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Fig. 2. Plots of Campbell water retention parameter b vs. (a) gravimetric clay content, (b) volumetric clay content, (c) the Rosin–Rammler model
α (RR-alpha), and (d) the Rosin–Rammler model β (RR-beta). **Significant at the 0.01 probability level.

Moldrup et al. (1999) also found b values of 4.3 to 12 using 20
data sets from different studies having clay contents of 0.11 to
0.46 kg kg−1. Petersen et al. (1996b) studied 29 soils from the
Danish Soil Library and reported b values of 1.5 to 20.4. There
was a significant positive correlation between the gravimetric
clay content and b, as reported in other studies (Cosby et al.,
1984; Petersen et al., 1996b; Rolston and Moldrup, 2002). This
is because higher clay contents give larger surface areas for water
retention at any given soil water potential, resulting in steeper
slopes in the log–log plot for clay-rich soils than for soils with
low clay contents (Fig. 2a). Also, since no significant correlation
(r = 0.33) was found between bulk density and clay content for
either clay gradient, we used the volumetric clay content (Clv) as
defined in Eq. [1]. This showed a significant positive correlation
with b for both Aarup and Saeby (Fig. 2b); however, the slope
of the regression curves was steeper for the Aarup soils than for
the Saeby soils. This could be due to the wider range in clay content of the Saeby soils. Additionally, there was a significant correlation between Clv and b for the whole data set (Table 2). The
PoSD of soils is ideally a reflection of the PSD. There was a de22

creasing b with an increase in α for both gradients (Fig. 2c). This
means that a smaller α, denoting a domination of small particles,
leads to a larger number of small pores, which in turn results in
higher water retention. Similarly, b decreased with increasing β,
with the rate of decrease more pronounced for Aarup than for
Saeby; however, the slopes could essentially be the same if Saeby 1
and 2 were excluded. This relation is especially interesting for the
Aarup soils, which had a narrow range in β but showed a significant correlation between the two parameters (Fig. 2d). This is
because both parameters (b and β) are distribution parameters, b
being a distribution parameter for soil pores and β a particle size
distribution parameter. It is important to also note that, because
α was slightly correlated with β, the observed trend between b
and β could be affected by the associated α values.

Relationships between Particles
and Pores and Soil Gas Transport
The evolution of Dp/Do with εa alongside a plot of the
Buckingham (1904) model is shown in Fig. 3a. As expected,
there was an increase in Dp/Do with increasing εa. This deSSSAJ: Volume 76: Number 1 • January–February 2012

Table 2. Correlation matrix of particle and pore size distribution parameters and soil gas transport parameters for the whole data set.†
α
β
Clg
Clv
b
Xd*
Hd
Xa*
Ha

α

β

Clg

Clv

b

Xd*

Hd

1
0.44*
−0.73**
−0.75**
−0.82**
0.72**
−0.42
0.77**
−0.53*

1
−0.79**
−0.78**
−0.74**
0.77**
−0.27
0.51*
−0.50*

1
0.99**
0.91**
−0.75**
0.39
−0.76**
−0.66**

1
0.93**
−0.79**
0.41
−0.81**
0.66**

1
−0.90**
0.44*
−0.87**
0.66**

1
−0.30
0.78**
−0.52*

1
−0.535*
0.68**

Xa*

1
−0.52*

Ha

1

*Significant correlation at the 0.05 probability level.
**Significant correlation at the 0.01 probability level.
† α, Rosin–Rammler α (μm); β, Rosin–Rammler β (dimensionless); Clg, gravimetric clay content (m3 m−3); Clv, volumetric clay content (m3 m−3); b,
Campbell water retention parameter; Xd*, gas diffusivity pore connectivity factor; Hd, gas diffusivity water blockage factor; Xa*, air permeability
pore connectivity factor; Ha, air permeability water blockage factor.

pendence of Dp/Do on εa has been shown in almost all studies
involving measurements of Dp/Do at different soil water potentials (Buckingham, 1904; Currie, 1983; Schjønning, 1989;
Moldrup et al., 2000; Fujikawa and Miyazaki, 2005; Rolston
and Moldrup, 2011) and has been the basis for most Dp/Do
models. Additionally, the effect of bulk density or soil compaction due to textural differences is clearly seen after modeling the
data with the Buckingham model. The Buckingham model approximately splits the soils based on their bulk densities: low-

density soils, defined in this study as ρb < 1.44 Mg m−3, lie below the Buckingham prediction line and high-density soils (ρb >
1.44 Mg m−3) lie above the line (Fig. 3a). Between εa values of
0 and 0.15 m3 m−3 there was a higher Dp/Do at any given εa for
the high-density soils relative to the low-density soils. This can,
in principle, be related to the study by Fujikawa and Miyazaki
(2005), where an increasing bulk density resulted in higher Dp/
Do for any given εa. This, according to Fujikawa and Miyazaki
(2005), is due to the changes in the soil pore configuration,

Fig. 3. Plots of (a) relative gas diffusivity (Dp/Do) and (c) air permeability (ka) as a function of air-filled pore space (εa) and prediction lines using the
Buckingham (1904) and Kawamoto et al. (2006a) models with a soil structure index P [ka/(Dp/Do)] = 700 and 3500, and examples of linearization of
(b) Dp/Do and (d) ka data to obtain the water blockage factors for gas diffusivity (Hd) and permeability (Ha) for select Aarup (A) and Saeby (S) soils.
SSSAJ: Volume 76: Number 1 • January–February 2012
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where an increasing bulk density leads to a reduction in the
total porosity and alteration of the pore shape. A reduction in
the total porosity, however, would not explain the higher Dp/
Do at a given εa. Hence, the increase in Dp/Do is due to a relative increase in the volume of pores responsible for diffusive gas
transport (effective pore space) at the expense of inactive pores
(ineffective pore space), which decrease more drastically as the
bulk density increases. Also, Deepagoda et al. (2011), using soil
types ranging from clay to sand textures, showed enhanced Dp/
Do in the dense soils compared with the less dense ones at similar εa. Furthermore, at any given εa, soils with higher densities
hold less water compared with lower density soils. This leads to
decreased water blockage, resulting in increased Dp/Do.
The evolution of ka with εa was similar to that of Dp/Do (Fig.
3b) but with more scatter in the data. This is due to the high dependence of ka on the soil structure. Broken lines in the figure follow Kawamoto et al. (2006a), where they suggested a soil structure
index (P) value of 700 for Danish loamy soils. This P value, however, did not perform well with our data. When P was changed
to 3500 (dotted lines), the model showed similar behavior to the
original Buckingham (1904) model for Dp/Do, with high-density
soils above the line and low-density soils below. A high P value is
indicative of a well-connected large pore system, which translates
into higher ka relative to Dp/Do (Eden et al., 2011).

The effect of added water on gas transport was quantified using
the water-blockage factors (Hd and Ha for diffusive and convective
flow, respectively). Eden et al. (2011) derived Hd in a similar way;
in this study, we applied it to ka, and Fig. 3d shows that the linearization worked well. For gas diffusion, the Aarup soils showed
significant water blockage effects with increasing Clv compared
with the Saeby soils, for which the slope of the regression was less
steep (Fig. 4a). This trend was also observed for the relationship between Hd and Campbell b (Fig. 4b). Relating Hd to PSD via the
R-R β showed that the narrower the spread of the PSD, the smaller
the effect of added water on diffusive gas transport (Fig. 4c). These
trends were also found for the relation between Ha and Clv, b, and
β; however, the correlations were much weaker for ka than for Dp/
Do (Fig. 4d–4f ). Aside from five Saeby soils (clay > 0.3 kg kg−1 or
b > 18), all the soils showed a lower Ha than Hd, implying a smaller
decrease in ka due to water blockages compared with Dp/Do. This
was also the case in the study of Moldrup et al. (2001); the H value
in this study is analogous to their η factor. This is probably because
air permeability is mostly dependent on the larger, well-connected,
and well-aligned pores while gas diffusivity in principle is equally
dependent on all air-filled pore spaces (Moldrup et al., 2001).
Considering the whole data set, we observed a weakly significant
positive correlation of both Hd and Ha with b (Table 2). The R-R α
and β were not significantly correlated with Hd but were negatively
correlated with Ha for the whole data set (Table 2).

Fig. 4. Relationship between the water blockage factors for gas diffusion (Hd) and permeability (Ha) and (a,d) volumetric clay content, (b,e) the
Campbell water retention parameter b, and (c,f) the Rosin–Rammler model β (RR-beta). *Significant at the 0.05 probability level. **Significant at
the 0.01 probability level.
24
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Fig. 5. Relationship between the pore connectivity–tortuosity factors for gas diffusion (Xd*) and air permeability (Xa*) and (a,d) volumetric clay
content, (b,e) the Campbell water retention parameter b, and (c,f) the Rosin–Rammler model β (RR-beta). *Significant at the 0.05 probability level.
**Significant at the 0.01 probability level.

The connectivity of pores responsible for gas transport is described by the pore-connectivity tortuosity factor (X). The value
of Xd* ranged from 1.9 to 2.5 and 1.5 to 23 for Aarup and Saeby,
respectively, suggesting a fairly tortuous air-filled pore space for
both fields (Fig. 5). This is in the range reported in the literature
(Moldrup et al., 2004). A significant negative correlation was
seen between Xd* and Clv as well as b with the low-density soils
(Aarup and Saeby 1 and 2) having a more tortuous pore structure
than the high-density Saeby soils. The decrease in pore connectivity with increasing Clv and b was identical for the whole data
set (Fig. 5a and 5b). Increasing Xd* was induced by higher β for
both Aarup and Saeby (Fig. 5c). The Xa* values ranged from 2.3
to 4.3 for Aarup and 1.0 to 3.6 for Saeby. A decreasing trend of
Xa* with increasing Clv and b, similar to that of Xd*, was observed.
In both cases, however, the negative correlation was not significant for Aarup, unlike for Saeby where it was significant. For the
whole data set, however, we found a strong negative correlation
between Xa* and Xd* on the one hand and Clv and b on the other
(r > 0.8). Soils with a narrow spread of particles (higher β) had
higher air-filled pore tortuosity for both ka and Dp/Do (Fig. 5c
and 5f ). The correlation with β was weaker for Xa*, however, due
to the stochastic nature of ka deriving from the dependence of
this parameter on both pore size and configuration. Summarily,
it can be deduced from Table 2 that Xd* and Xa* were also significantly positively correlated with α. This will, in principle, mean
lower pore connectivity for sorted soils dominated by coarse
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particles. This is in agreement with Kawamoto et al. (2006b),
who reported smaller X values for finer textured soils.

Improving the Buckingham
Model for Relative Gas Diffusivity
The strong relations between the PoSD (characterized by
b) and gas transport (characterized by X and H) has been the
basis for a couple of gas transport models (Moldrup et al., 2001;
Hamamoto et al., 2009); however, we also noted the near-perfect
relation between b and clay content as well as Clv (Fig. 2). The
importance of bulk density was also underscored when the data
were modeled with the Buckingham model (Fig. 3a). Because the
clay content is readily obtained, however, compared with b, which
ideally requires the full water retention curve, we explored the possibility of improving the original Buckingham model for only Dp/
Do by scaling with Clg , ρb, or Clv. The model after modification is
shown in Eq. [9]. Four soils were used to obtain q*: Aarup 3, Aarup
5, Saeby 3, and Saeby 7. The q* values obtained were 0.174 kg kg−1
for Clg*, 0.104 m3 m−3 for Clv*, and 1.470 Mg m−3 for ρb*. The
scaling exponent, Ω, was optimized for the least RMSE using the
SOLVER tool in Excel. The use of Clg and ρb as scaling parameters
yielded unrealistic Ω values for soils with Clg between 0.20 and
0.30 kg kg−1, while for Clv, a reasonable optimum Ω of 0.80 was
obtained. This suggests that Clv, rather than Clg or ρb individually,
provides a more robust scaling of the Dp/Do data for the two transects. The result of the RMSE analyses for the Clv–scaled model
gave an optimal Ω of 0.80 for the two transects separately, as well
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as together (Fig. 6a). It should be noted that when Ω = 0, the scaling function equals the original Buckingham model. A scatterplot
of the predicted and measured Dp/Do for the new Clv–scaled
model (Ω = 0.8) is shown in Fig. 6b.
The Buckingham model generally predicted the data well, with
RMSE of 0.014, but it had a tendency to underestimate the clayrich Saeby soils and overestimate the Aarup and Saeby soils with
clay <0.22 kg kg−1 (Fig. 3a). This underestimation of Dp/Do by the
Buckingham model has been reported by Moldrup et al. (2005) for
clay-rich repacked samples. Conversely, Deepagoda et al. (2011)
showed that the Buckingham model generally overestimated Dp/Do
for 150 undisturbed Danish soils with clay contents similar to those
of Aarup in this study (0.05–0.22 kg kg−1). The scaled Buckingham
model showed an improvement over the original model. It had a lower RMSE (0.0058) and predicted the Aarup soils quite well. Similarly,
the Saeby soils were predicted well, with slight overestimation, at
low Dp/Do values. This suggests that inclusion of a simple scaling
factor derived from the clay content and bulk density in the original
Buckingham model improves the prediction accuracy. We note that
a similar clay-based scaling procedure could, in principle, also be applied to ka but this was beyond the scope of the present study.
In perspective, the strong links between basic soil parameters
related to texture and PoSD and both main soil gas transport parameters should facilitate improved predictive models for Dp/Do and
ka linked to potential soil structure forming parameters such as clay
content. Particularly, Campbell b (Moldrup et al., 2001) and Clv
(this study) seem highly promising for such model developments.
Because emerging nondestructive, on-site soil sensing measurement
methods such as visible–near infrared spectroscopy (Sørensen and
Dalsgaard, 2005; Knadel et al., 2011) or electromagnetic induction
(Greve and Greve, 2004) allow detailed, field-scale characterization
of the spatial variation in clay content, new clay-based models for
Dp/Do and ka could be highly valuable to be able to use the results
from these novel measurement methods to predict the spatial variation in diffusive and convective gas fluxes. Because ka is also intricately linked to the saturated hydraulic conductivity (Loll et al., 1999;
Iversen et al., 2004), this could be further promising toward rapid
evaluation of spatial variations in infiltration and runoff, and thereby
help identify potential high-risk areas for, e.g., climate gas emissions
and chemical leaching at the field scale.

CONCLUSIONS
This study, using two fields with natural clay gradients, examined the relationship between parameters representing the PSD
(R-R α and β) and PoSD (Campbell b) as well as the Clv of soils and
how they are linked to descriptors of diffusive and convective gas
transport in soils (X and H). The results of the study indicate that:
· the soil pore size distribution, parameterized by
Campbell b, was highly correlated with the soil PSD,
parameterized by the R-R α and β as well as Clv;
· there was a link between soil particles and gas
transport, with the connectivity–tortuosity parameter
(X*) for both convective and diffusive gas transport
increasing with increasing characteristic particle size
26

Fig. 6. (a) Root mean square error analyses for the optimization of
the scaling factor (Ω) for relative gas diffusivity using volumetric clay
content for the Aarup and Saeby soils and all the soils together (ALL), and
(b) scatterplot comparison of predicted and measured gas diffusivities
(Dp/Do) for volumetric-clay-scaled model with an optimal Ω of 0.8.

and spread of the distribution, and decreasing with
increasing Campbell b;
· Campbell b and Clv were well correlated with the
water-blockage factor (H) for both diffusive and
convective gas transport; and
· extending the Buckingham model with a simple scaling
function using Clv provided accurate prediction of soil
gas diffusivity for both fields.
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1

ABSTRACT

2

Understanding soil-gas phase properties and processes is important for finding solutions to critical

3

environmental problems such as greenhouse gas emissions and transport of gaseous-phase contaminants in

4

soils. Soil-air permeability, ka (μm2), is the key parameter governing advective gas movement in soil and is

5

controlled by soil physical characteristics representing soil texture and structure. Models predicting ka as a

6

function of air-filled porosity (ε) often use a reference-point measurement, e.g., ka,1000 at ε1000 (where the

7

measurement is done at a suction of -1000 cm H2O). Using ka measurements from two Danish arable fields,

8

each located on natural clay gradients, this study presents a pore tortuosity-disconnectivity analysis to

9

characterize the soil-gas phase. The main objective of this study is to investigate the effect of soil-moisture

10

condition, clay content and other potential drivers of soil texture and structure on soil-gas phase

11

characteristics based on a ka-based pore tortuosity parameter, Xa [= log(ka/ka,1000)/ log(ε/ε,1000)]. Results

12

showed that Xa did not vary significantly with soil matric potential (in the range of -10 to -1000 cm H2O), but

13

the average Xa across moisture conditions showed a strong linear relation (R2 = 0.74) to clay content. The Xa,

14

further showed promising relations to specific surface area, Rosin-Rammler particle size distribution indices,

15

α and β (representing characteristic particle size and degree of sorting, respectively), and the Campbell water

16

retention parameter, b. Considering clay as a main driver of soil-gas phase characteristics, we developed

17

expressions linking clay content and ka,1000 at ε1000 and discussed the effect of clay content on general ka-ε

18

behavior.

19
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1

INTRODUCTION

2

Characterization of key subsurface gas transport processes is an essential prerequisite for finding long-term

3

solutions for soil-related climate and environmental issues such as atmospheric emissions of greenhouse

4

gases (Kruse et al., 1996), volatile compounds (Petersen et al., 1994; Poulsen et al., 1999), and agricultural

5

fumigants (Ashworth and Yates, 2007). In the absence of induced movement, subsurface migration of gases

6

becomes diffusion-limited (Buckingham, 1904; Penman, 1940) and soil-gas diffusivity, Dp/Do (where Dp and

7

Do are gas diffusion coefficients in soil and free air, respectively), is the key controlling parameter of gas

8

movement in soils. However, with wind- or temperature-induced near-surface pressure fluctuations, gas

9

movement will be dominated by advection (Poulsen et al., 2001) and is controlled by soil-air permeability, ka

10

(μm2), particularly in the top layers of the profile. Further, ka is a useful parameter in many engineering

11

design applications, for example when designing soil vapor extraction strategies for cleanup of contaminated

12

soil sites (Dupont, 1993) and designing biofilters for purifying gaseous contaminants (Carlson and Leiser,

13

1966). In addition, the strong relations observed between ka and other important soil physical properties

14

such as hydraulic conductivity (Loll et al., 1999; Fischer and Celia., 1999; Iversen et al., 2001a and b; Dane et

15

al., 2011) show that ka measurements, in general, can provide useful insights into soil physical functions.

16

Characterization of differently-textured and structured soils based on Dp/Do or other Dp/Do-derived

17

parameters (e.g., parameters representing pore tortuosity, discussed later) has been studied in many

18

previous articles (Kawamoto et al., 2006b; Resurreccion et al., 2008; Chamindu Deepagoda et al., 2012a)

19

while fewer studies have focused on ka-based characterizations (e.g., Kawamoto et al., 2006a). Both Dp/Do

20

and ka are soil texture- and structure-dependent to varying degrees and Dp/Do, in particular, has been found

21

useful to show unique soil texture and structure fingerprints across widely different soils. Knowing that ka is

22

largely a structure-dependent parameter due to the macropore-dominant flow under induced movement, its

23

dependency on soil texture and also on other potential drivers (soil-organic matter, for example) is rarely

24

highlighted and hence not widely discussed in literature. However, less complexity, inexpensive apparatus,

25

and rapid measurements make ka an easier-to-measure parameter than Dp, and thus ka-based indices more

26

convenient and useful for characterizing different soil textures and structures (Blackwell et al., 1990).

27

Clay is a major component in soil texture, and also is the base-level structural element in the conceptual

28

hierarchical organization of soil structure (Dexter et al., 1998). Therefore, clay content may be a key driver of

29

important soil physical properties as well as essential soil functions, including those related to the soil-air

30

phase. Based on the measurements of air permeability along a naturally occurring clay gradient (clay content

31

ranging from 11-46 %), Moldrup et al. (2001) discussed the effect of clay on soil structure and highlighted the

32

potential of clay content for the formation of soil structure. The potential for complexing with soil-organic

33

matter (SOM) has been recognized as another key role of clay in soil, which can significantly improve the

34

physical properties of soils. In a recent study, Dexter et al. (2008) described the clay/OC (= n) ratio as the

35

‘capacity factor’ and noted that n ≈ 10 when clay is ‘saturated’ with organic carbon. They further observed

36

that for arable soils, n < 10 (i.e., below capacity) and hence can hold more organic carbon in complexed form,

37

and they discussed its implications for carbon sequestration. Despite several studies observing the effect of
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1

texture on gas transport parameters (e.g., Tang et al., 2011), important relations between the clay content

2

and soil-gas phase functions still remain to be missing.

3

Using ka measurements from two agricultural fields, each located on distinct natural clay gradients, this

4

study presents a tortuosity-disconnectivity analysis to characterize the functional soil-gas phase. We note

5

here that Arthur et al. (2012a) presented the basic Dp/Do and ka data from these fields and recognized useful

6

relationships for characterizing soil-gas phase properties while highlighting the importance of further

7

analyses, especially linking to ka measurements, for more detailed characterization of soils. The main

8

objective of this study is to examine potential links between ka-derived tortuosity-discontinuity parameter

9

(Xa) and soil-matric potential (ranging between -10 to -1000 cm H2O; Note: 1cm H2O ≈ 0.1 kPa) ) as well as

10

the key parameters controlling soil texture-structure potential (clay content, specific surface area, Campbell

11

(1974) pore size distribution index, b, and the Rosin-Rammler particle size distribution indices, α (μm) and β

12

(Rosin and Rammler, 1933)). Considering clay content as a key driver in soil texture and structure, we

13

further investigated useful links between clay and soil-air phase characteristics to discuss the effect of clay

14

content on general ka predictions. Following a multiple linear regression analysis, we observed the potential

15

for improved Xa predictions when more than one of the key parameters is known.

16

Parametric Models

17

Characterizing soil-air phase

18

Both Dp/Do and ka are strongly linked to air-filled porosity, ε (cm3 soil-air cm-3 soil), and therefore typical

19

Dp/Do and ka models are functions of ε. In general, Dp/Do−ε relations can be expressed by power law models,

20

for example the Buckingham (1904) model which, in generalized form, can be presented as:

21

Dp / Do = ε X d

22

Re-arranging Eq. [1] yields:

23

Xd =

[1]

log( Dp / Do )

[2]

log(ε )

24
25

where the power exponent, Xd, represents the diffusivity-based gas-phase tortuosity-connectivity. Note that

26

since Dp is essentially not pore size-dependent (broadly within the pore domain related to Fickian diffusion),

27

Xd should not be strongly dependent on soil structure.

28

However, due to strong dependence of ka on soil structure, ka (ε) models often demand additional

29

knowledge (or a ‘clue’) on soil structure for more accurate predictions. This is generally provided by

30

combining with a reference point (or a matching point) measurement. Typical ka models, therefore, take the

31

form of (Moldrup et al., 1998; 2001):
78

1

 ε 
ka = ka , R  
 εR 

Xa

[3]

2

where ka,R is the reference air permeability measured at the corresponding air-filled porosity, εR, and Xa is

3

the power exponent. The reference measurement can be made at a specific matric suction, for example at -

4

100 cm H2O (Moldrup et al., 1998 and 2003; Kawamoto et al., 2006b) or -1000 cm H2O (Eden et al., 2012).

5

The Xa for -1000 cm H2O can be calculated by:

6

Xa =

log(ka / ka ,1000 )

[4]

log(ε / ε 1000 )

7

where ka,1000 and ε1000 are, respectively, soil-air permeability and air filled porosity at -1000 cm H2O

8

suction. Note that by scaling with a reference-point measurement, we account for the additional soil

9

structure effects that may obscure soil texture effects, thereby making Xa a useful soil gas phase parameter to

10

investigate both soil type/texture and soil structure effects.

11

Based on soil gas diffusivity measurements, Chamindu Deepagoda et al. (2012a) observed a promising

12

non-linear variation of Xd with soil matric potential (Ψ) expressed as pF (= log |-Ψ, cm H2O|; after Schofield,

13

1935) and noted that the suggested Xd-pF relation could be used to generalize or differentiate the soil-gas

14

phase characteristics in different soils. Following the same approach, we use an analog expression to examine

15

the Xa behavior with pF as follows:

16

 1 + 1/ pF 
Xa = X 

 1 + 1/ pF * 

17

where Xa* is the reference parameter corresponding to the reference pF denoted by pF*, and A is the model

18

shape factor.

A

*
a

[5]

19
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1

Characterizing particle and pore size distributions

2

The classical Rosin-Rammler distribution function (Rosin and Rammer, 1933) relates the percentage (by

3

weight) of passing particles, P (%), to the corresponding particle size, x (mm), as follows;

4

  x β 
P ( X < x ) =1 − exp  −   
  α  

5

where α (μm) and β (-) are adjustable model parameters representing the characteristic size and spread of

6

the distribution, respectively. As implied by Arthur et al. (2012a), the two parameters indicate the potential

7

for soil structure formation and hence become useful for characterizing the soil structure. Due to its

8

simplicity and few parameter requirements, the function has conveniently been used for representing

9

particle size distribution in many previous studies (Perfect et al., 1993; Keller and Håkansson, 2010).

10

[6]

The classical Campbell (1974) model was used to characterize the pore size distribution (PoSD). The

11

model takes the form of:

12

θ ψ 
= 
θs  ψ e 

13

where ψ (cm H2O) is the soil-matric potential, ψe (cm H2O) is the air-entry matric potential, θ (m3 m-3) is the

14

soil-water content, θs (m3 m-3) is the soil-water content at saturation, and b (-) is the Campbell water

15

retention parameter, reflecting the PoSD of the soil (Moldrup et al., 1999).

b

[7]

16
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1

Statistical Analyses

2

To compare the different model performances statistically, we used the root mean square error, RMSE, and

3

its log-transformed form, RMSElog. The RMSE indicates the closeness (or lack of it) of the predicted data to

4

the observed data as follows:

5

=
RMSE

2
1 n
d p − do )
(
∑
n i =1

[8]

6

where dp and do are, respectively, the predicted and observed values, and n is the number of measurements

7

involved. In RMSElog, dp and do are replaced by their corresponding log-transformed values.

8
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1

MATERIALS AND METHODS

2

The soils considered in this study came from two agricultural sites in Denmark: Aarup (56o28’ N, 9o 43’ E)

3

and Saeby (57o19’ N, 10o30 E). A brief description of the geological formation and the agricultural practices

4

on the two sites is given in Arthur et al. (2012a). A notable feature of the two sites in relation to the present

5

study is that the sites are located along naturally occurring clay gradients with the clay content varying in the

6

ranges of 9.7%−22.3% (at Aarup) and 9.8−49.1% (at Saeby) (Table 1). Annular sampling cores, each 100-cm3

7

in volume, were retrieved from 21 sampling points from Aarup (15 points) and Saeby (six points) sites at 5-10

8

cm depth for the measurements of soil-water retention (SWC) and soil-air permeability (ka). At least five

9

replicate samples were collected from each sampling point.

10

The initially saturated soil samples were successively drained to matric potentials of -10, -30, -50, -

11

100, -300, -500, and -1000 cm H2O using a sandbox or ceramic plate. At each drainage step, ka was

12

measured using the steady-state method of Iversen et al. (2001a) before proceeding to the next step. Briefly, a

13

small pressure gradient (approximately 5 cmH2O) was applied across the soil sample placed in an air

14

permeameter and the resulting air flow was measured. To prevent the likely by-pass flow at the annular wall

15

when the soil is dry (less than -100 cm H2O matric suction), the soils were gently kneaded to close the gaps at

16

the edge of the sample before measurement. Under steady state, the ka was calculated following Darcy’s law.

17

Total organic carbon was determined on ball-milled subsamples using a FLASH 2000

18

organic element analyzer coupled to a thermal conductivity detector (Thermo Fisher

19

Scientific, Waltham, MA). The specific surface area (SA) was estimated using the Ethylene

20

Glycol Monoethyl Ether (EGME) method (Petersen et al., 1996; Pennell, 2002; Cerato and

21

Lutenegger, 2002). The basic physical properties of the soils are given in Table 1.

22

(Additional details for physical characteristics of the same soils can be found in Arthur et

23

al., 2012a).

24

For model tests, we further used literature data on four Japanese soils: Memuro (15-,

25

45-, 65, - 100 -, and 120-cm depths), Fukushima (5-, 15-, 60-cm depths), Aichi (5-, 15-, 20-,

26

40-cm depths), and Okinawa (0-, 10-cm depths) (data from Hamamoto et al., 2012). For

27

the physical characteristics of these soils, see Hamamoto et al. (2012).

28
29

RESULTS AND DISCUSSION

30

The results from the physical and numerical characterization of the Aarup and Saeby soils are shown in Table

31

1. The parameter α in the Rosin-Rammler (1933) model, Eq. [6], indicates the particle size (in μm)

32

corresponding to the 63rd percentile of cumulative proportion of particles (i.e., by setting x = α in Eq. [6]),

33

while β, representing the spread of the distribution; can be found by the model fitting. In general, a larger
82

1

value for α denotes a distribution dominated by coarse-textured particles, while a larger β value denotes a

2

better sorted soil (Arthur et al., 2012a). We further parameterized the soil-water characteristics (not shown)

3

using the Campbell (1974) model, Eq. [7], to obtain b values. Due to enhanced water retention in fine-

4

textured soils, an increase in b with increasing clay content is commonly seen, and Arthur et al (2012a)

5

noticed very strong linear correlations between clay content and b for the same soils.

6

The soil-air characteristics for Aarup and Saeby soils are shown in Fig. 1. As expected, for the given

7

range of matric potential, the high-clay soils (with increased water retention) have a narrower span of air

8

content compared to the low-clay soils. This, in turn, affects the air permeability as shown by the semi-log

9

plot of ka against pF in Fig. 2a. Note that ka varied by several orders of magnitude when the clay content

10

ranged from ~10−40% for Saeby soils, showing very clear texture effects. However, when the same ka data

11

were plotted against ε, no such clear variation with clay could be seen (Fig. 2b), particularly below ε < 0.1 cm3

12

cm-3, as we will also see later. The lack of soil type effects in ka−ε variation compared to ka−pF variation was

13

also discussed in previous studies (e.g., Chamindu Deepagoda et al., 2011), thus corroborates the observation

14

in this study.

15

Figure 3 shows the variation of Xa, Eq. [5], as a function of soil-matric potential expressed by pF in the

16

range of 1 ≤ pF ≤ 2.7 for Aarup soils. Notably, there was no significant change in Xa across different moisture

17

conditions (i.e., A = 0), despite having different Xa* (reference) values based on their structure. The trends

18

are similar for Saeby soils and hence not shown here. Importantly, this observation differs from the general

19

trends shown by the analog gas diffusivity-based tortuosity-disconnectivity parameter, Xd, (Eq. [2]), which

20

showed a distinctly non-linear behavior with pF for a wide range of soils (Chamindu Deepagoda et al.,

21

2012a). This is mainly because gas diffusion occurs in all pore regions and Xd decreases with increasing pF

22

(or progressive drainage of smaller pores) due to a lesser effect of water blockage. Air permeability, on the

23

other hand, is dominated by macropore flow, and the presence (or absence) of water in small pores does not

24

play a significant role for the magnitude of Xa. Due to apparent stability of Xa across the moisture conditions

25

under consideration, we used an average value of Xa (across moisture conditions), for each soil in the further

26

analyses below.

27

Figure 4 shows the Xa, plotted against four different parameters, reflecting the texture or structure

28

characteristics of the selected soils: (a) Clay content (kg kg-1), (b) EGME surface area (m2/g), (c) cumulative

29

content of clay, silt and organic matter (CSO; kg kg-1), and (d) Campbell b. The standard deviation at each Xa

30

is also shown by error bars. A model with a constant Xa = 2, as suggested by Moldrup et al. (1998), is shown

31

as a reference (dotted horizontal line). We observed a striking linear relationship between Xa, and each of the

32

above parameters, which could be useful for making Xa, predictions. The relation between Xa, and clay

33

content (Eq. [9]), in particular, is very promising and very useful since gravimetric clay content is a basic soil

34

physical property often measured in soil texture analyses.

35

X a = 0.015 + 7.44 × Clay (kg kg −1 )

[9]

36

Fig. 5 shows the variation of Xa,with the Rosin-Rammler particle size distribution parameters, α (5a)

37

and β (5b). As Expected, Xa declined with increasing α and β, implying that a well-sorted (larger β) coarse83

1

grained (larger α) medium has less tortuous and better connected pores for advective flow. This has wide

2

implications for engineering applications, for example for the design of an optimal biofilter, where efficient

3

removal of contaminants in a gas with minimum energy input (smallest pressure drop across the filter) is a

4

key design criterion. In fact, due to the large operational and maintenance cost associated with biofilter

5

resistivity (i.e., high tortuosity and discontinuity), recent studies have highlighted the importance of particle

6

size and distribution in the optimization of filter design (Andreasen and Poulsen, 2012). It should also be

7

noted that, in contrast to the linear relationships we observed before in relation to texture and pore-size-

8

based parameters, Xa, showed a non-linear decrease with both α and β, which could be approximated to the

9

power-law relations as shown (Fig. 5). Interestingly, the macropore tortuosity-discontinuity of the air phase

10

appeared better correlated to the spread of the particle sizes (β) than to the characteristic particle size (α) of

11

the distribution. The observed relations, although not very strong, provide valuable information on the worth

12

of particle size distribution for characterizing the soil air-phase, which has not been widely discussed in

13

literature.

14

It is important to emphasize here that the clay content, specific surface area (typically related closely

15

to clay content), and Rosin-Rammler α and β are all considered to represent the soil structure-forming

16

potential, while the parameter Campbell b (based on measurements on intact cores) reflects the actual

17

structure formation. In the sieved, repacked state this structure-forming potential is not "used", and the

18

parameters derived from ka and Dp/Do (e.g., the equivalent pore diameter for gas transport, deff ; Ball (1981))

19

at given moisture condition and bulk density can be quite similar even across a steeper clay gradient. This

20

is shown for the Lerbjerg natural clay gradient (11-43% clay) in Moldrup et al. (2001). They also showed how

21

the soil structure-forming potential is "activated" with much higher ka, as well as a marked increase in ka with

22

clay content after (i) preliminary soil structure formation after 18 months in small lysimeters, and (ii) long-

23

term soil structure formation represented by intact samples from the field site.

24

Figure 6 shows the scatterplots for observed and predicted ka using the observed relations with clay

25

(6a), Campbell b (6b), and Rosin-Rammler α (6c). Predictions from the constant Xa, (= 2) model are also

26

shown as a reference (6d). The dashed and the dotted lines, 1:10 and 10:1, show the range for an order-of-

27

magnitude uncertainty in the predictions. This degree of uncertainty is typical to air permeability

28

measurements and has been observed in previous studies as well (e.g., Chamindu Deepagoda et al., 2011).

29

Note that, as we discussed above, clay content-based predictions were the most promising with the smallest

30

RMSE and RMSElog values.

31

In the foregoing discussion, we presented useful relations between Xa,and each of the selected

32

parameters. However, we may at times have measured/or have access to more than one of the parameters of

33

interest. Can we make improved predictions when more than one of these parameters is known? And if we

34

have the option of choosing/measuring two or more of the given parameters, which of the parameters would

35

give us the most accurate predictions? In order to evaluate this, we made a multiple linear regression analysis

36

by testing the probable combinations of the parameters to identify the optimal combinations yielding the

37

best predictions (minimum RMSE). The results showed that, of all the parameter pairs, clay and organic

84

1

matter yielded the best results (Fig. 7a), while a combination of SA, Campbell b, α, and β (Fig. 7b) also looked

2

promising.

3

Having estimated Xa, as discussed above, in the next step we need to know the reference-point

4

values, ka,1000 and ε1000 (Eq. [3]), for the predictions of ka. The recommended approach here is to use the

5

measured ε1000 and the corresponding ka,1000 in Eq. [3], but functional relationships linking ka,1000 and ε1000 to

6

the basic properties (e.g., clay content) would also be helpful in the absence of measured data. Groenevelt et

7

al. (1984) suggested ka/ε as a useful index to describe soil-gas phase continuity, analogous to the gas

8

diffusivity-based continuity factor, (Dp/Do)/ε (Ball, 1981). Later, Blackwell et al. (1990) re-introduced ka/ε as

9

a ‘pore organization’ index (PO) for characterizing the gas phase in differently-textured soils, and this has

10

been successfully used in many later studies (e.g., Arthur et al., 2012b and c). Following the same approach

11

and assuming that the pore organization index at reference-point PO1000 (= ka,1000/ε1000) can be a function of

12

clay content, we hypothesize that PO1000 exhibits a Langmuir type relation to the clay content as follows:

13



Clay
PO1000 = PO1000,max 

 K m ,clay + Clay 

14

where PO1000,max (set here at 1000 μm2) is the ka,1000/ε1000 at maximum structure formation in terms of

15

increasing clay content, and Km, clay (kg kg-1) is the clay content corresponding to the ‘half–saturation’ point of

16

structure formation (i.e., at ½ ×PO1000,max). We used the measurements for Aarup and Saeby soils and also

17

for selected Japanese soils (data from Hamamoto et al., 2012) to test this hypothesis. Interestingly, by fitting

18

separately to the measured data, we observed a best-fit Km, clay value close to 0.24 kg kg-1 for the three

19

individual soil groups, yielding good overall predictions (Fig. 8a). However, we still need to know the values

20

for ε1000 to complete the analysis. By considering the ε1000 measurements for the same soils as in Fig. 8(a), we

21

examined the relation between ε1000 and volumetric clay content (Clayv; cm3 cm-3) (note that we considered

22

here the volumetric clay content instead of gravimetric clay content to be consistent with ε1000). Except for a

23

few Japanese soils, we saw a very promising exponential variation of ε1000 with Clayv as follows:
 Clay v 
−

*
 Clay v 

[10]

24

*
+e
ε 1000 = ε 1000

25

where Clayv* (cm3 cm-3) is the critical volumetric clay content above which the ε1000 showed an exponential

26

decrease, and ε1000* (cm3 cm-3) is the minimum ε1000 measured, irrespective of clay content. We noticed here

27

that ε1000* ≈ 0.1 cm3 cm-3, meaning that we observe clear effects of clay content above ε1000 ≈ 0.1 cm3 cm-3,

28

which is in good agreement with the previous observations from general ka vs. ε plot (see Fig. 2a). We further

29

noticed that Clayv * = 0.038 cm3 cm-3 well described the observed data (Fig. 8b). Note that the deviation

30

observed for Japanese soils in Fig. 8 (a and b) can be attributed to their higher organic matter content

31

(ranging between 11-28%) which has likely played an additional role in soil structure formation.

[11]

32

Finally, by combining all the observed relations between clay and other soil-gas phase parameters,

33

Xa, (Eq. [9]), ka,1000 and ε1000 (Eq. [10] and [11]), we carried out a sensitivity analysis of the effect of clay on
85

1

ka−ε behavior. A series of simulated ka vs. ε curves for varying clay contents (10% to 50%) are shown in Fig.

2

9, together with measured data from selected Saeby soils with corresponding clay contents. The figure shows

3

a distinct effect of clay content on air permeability and therefore provides useful information for air-

4

permeability-based applications as well as valuable insights for soil-air phase characterization.

5

86

1

CONCLUSIONS

2

Based on air permeability (ka) measurements along two naturally-occurring clay gradients, this study

3

presented a pore tortuosity-discontinuity analysis for characterizing the soil-gas phase in differently textured

4

and structured soils. Using a ka-based pore tortuosity-disconnectivity parameter, Xa, to characterize the soil-

5

gas phase, we examined the effect of soil moisture, clay content, and particle and pore size distribution on

6

soil-gas phase tortuosity-disconnectivity. Xa did not show significant variation with soil-matric potential (in

7

the range of -10 to -1000 cm H2O). The average Xa in the selected range of potentials, however, showed

8

strong linear relations to clay content (kg kg-1), surface area (m2 g-1), cumulative content of clay, silt, and

9

organic matter (kg kg-1), and Campbell (1974) pore size distribution parameter, b. Promising relationships

10

between Xa and Rosin-Rammler particle size distribution indices, α (µm) and β, were also observed. We

11

further developed useful relations to predict air permeability as a function of air-filled porosity (ε) and

12

discussed the effect of clay content on general ka−ε behaviour.

13
14
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Table1: Physical and numerical characterization of Aarup and Saeby soils

Physical characterization
Soil

Type

Aarup 1
Aarup 2
Aarup 3
Aarup 4
Aarup 5
Aarup 6

Sandy loam
Sandy loam
Sandy loam
Sandy loam
Loam
Loam

Bulk
density
g cm–3
1.27
1.40
1.26
1.32
1.43
1.34

Saeby 1
Saeby 2
Saeby 3
Saeby 4
Saeby 5
Saeby 6
Saeby 7
Saeby 8
Saeby 9
Saeby 10
Saeby 11
Saeby 12
Saeby 13
Saeby 14
Saeby 15

Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy clay loam
Sandy clay loam
Sandy clay loam
Loam
Loam
Clay loam
Clay loam
Clay
Clay
Clay
Clay

1.39
1.29
1.52
1.53
1.64
1.56
1.67
1.61
1.51
1.57
1.54
1.50
1.50
1.48
1.49

Parameterization
Rosin-Rammler
Campbell
(1933)
(1974)

Sand

Organic
Matter

EGME
SA
m2 g–1

15.1
18.0
23.7
28.2
30.9
37.5

73.1
68.8
59.0
51.8
47.0
36.9

2.1
2.1
2.7
3.3
3.3
3.4

12.4
12.2
22.3
32.4
45.6
45.5

20.9
29.5
19.0
24.1
22.4
21.3
26.4
28.8
30.2
33.1
30.5
32.9
23.5
24.0
23.3

66.7
56.3
63.5
57.4
55.2
55.8
51.2
45.6
41.0
37.2
36.7
24.6
33.0
26.7
25.3

2.6
2.8
2.1
1.8
1.8
2.3
1.5
2.4
2.4
2.2
2.1
1.4
2.2
2.2
2.3

17.8
20.2
21.6
24.3
32.4
38.1
37.1
29.2
46.3
38.5
48.3
65.6
81.1
103.0
93.7

101.2
75.2
159.8
78.4
104.6
103.4
74.1
69.4
55.2
45.5
41.2
14.9
23.7
11.7
9.3

Clay

Silt

9.7
11.1
14.6
16.8
18.9
22.3
9.8
11.4
15.4
16.8
20.7
20.7
20.8
23.3
26.3
27.5
30.7
41.1
41.4
47.1
49.1

%
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β

b

µm

(–)

(–)

275.6
232.4
140.8
106.2
80.7
48.8

0.64
0.59
0.51
0.48
0.45
0.45

4.2
7.2
NA
10.1
13.7
NA

1.01
0.95
0.53
0.78
0.47
0.48
0.58
0.42
0.39
0.38
0.35
0.33
0.27
0.25
0.24

9.3
NA
12.0
11.0
16.3
15.3
14.2
17.9
17.2
19.4
18.7
NA
18.5
21.1
26.2

α
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The dry end of the soil water characteristic (SWC) is important for modeling vapor flow dynamics and predicting soil properties such as specific
surface area (SSA) and clay content (CL). Verification of new instrumentation for rapid measurement of the dry end of the SWC is relevant to avoid
long equilibration times and potential for hydraulic decoupling. The objectives of this study were to measure both adsorption and desorption branches
of the dry end of the SWC for 21 variably-textured Arizona soils using new,
fully automated instrumentation (AquaSorp); apply the data to parameterize the Tuller and Or (TO) and new single-parameter non-singularity (SPN)
models; and evaluate estimates of SSA from water sorption, ethylene glycol
monoethyl ether (EGME), and N2–BET methods. The AquaSorp successfully
measured water sorption isotherms (~140 data points) within a reasonably
short time (1–3 d). The SPN model well described the distinct non-singularity between the adsorption and desorption branches, while the TO model
captured the adsorption data reasonably well (<5% deviation from measurements), except for matric potentials below –200 MPa. The SSA derived from
water sorption and the TO model were comparable to SSAEGME for all soils.
The matric potential at “zero” water content was confirmed as the widely
accepted value of around –800 MPa. A non-singularity coefficient based on
water adsorption at monolayer coverage was positively correlated with CL.
Obtained results show the potential of the AquaSorp to accurately measure
the dry region of the SWC, providing a rapid determination of SSA.
Abbreviations: CL, clay content; EGME, ethylene glycol monoethyl ether; OC, organic
carbon; OM, organic matter content; SPN, single-parameter non-singularity model; SSA,
specific surface area; SSAEGME, soil specific surface area measured by ethylene glycol
monoethyl ether; SSAN2, soil specific surface area measured by means of N2–BET; SWC,
soil water characteristic; TO, Tuller and Or.

A

ccurate description of the SWC at low water contents is essential for
understanding and modeling of water and vapor flow dynamics as well
as biogeochemical vadose zone processes in arid and semiarid regions.
Consideration of the particularly dry region of the SWC is especially important
for simulations of water vapor transport and prediction of volatile organic compounds and pesticide volatilization (Petersen et al., 1996; Chen et al., 2000; Chen
and Rolston, 2000). Instruments used to measure the SWC in the dry region are
defied by long equilibration times, and potential for hydraulic decoupling when
the standard Richard’s pressure plate apparatus is used (Gee et al., 2002; Bittelli
and Flury, 2009). The chilled-mirror WP4-T dewpoint potentiameter (Decagon
Devices Inc., Pullman, WA) provides faster water potential measurements at predetermined moisture contents, yet pre-measurement sample equilibration still
requires up to a few weeks depending on the sample texture. Therefore, it is of
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interest to test and evaluate a new, fully-automated measurement
method with potential for rapid (<72 h) measurements of the
SWC for its applicability to soil research.
An alternative to direct measurement of the dry end of the
SWC is to measure only the wet end and apply existing models
to predict the dry region. Classical SWC models (Brooks and
Corey, 1964; Campbell, 1974; van Genuchten, 1980) were typically conceptualized for matric potentials between 0 and –1.5 MPa
(wilting point), primarily due to lack of available measurements
below –1.5 MPa. For example, the van Genuchten (1980) model assumes that for water contents below the wilting point, the
water potential approaches infinity at residual water content.
Over the last decades, extensions of these models and development of new modeling approaches have been advanced to more
accurately capture the dry end of the SWC (Ross et al., 1991;
Rossi and Nimmo, 1994; Fayer and Simmons, 1995; Webb,
2000; Resurreccion et al., 2011). Many of these models use a
linear relationship between the logarithm of the matric potential and the gravimetric water content as proposed by Campbell
and Shiozawa (1992) to extend the SWC to very dry conditions.
Zhang (2011) extended the van Genuchten (1980) SWC model
based on the Campbell and Shiozawa (1992) relationship to describe the linear decrease of the residual water content to zero at
a finite matric potential corresponding to oven-dry conditions.
And as noted by Lu et al. (2008), the majority of these models
are either based on a few measured data points below –1.5 MPa,
the limited dataset of Campbell and Shiozawa (1992), or in the
case of Resurreccion et al. (2011) on WP4-T dewpoint potentiameter data. Continuous (moisture content vs. matric potential) data for the SWC at the dry end is therefore needed to
further validate existing models, develop new models, and help
derive soil properties that are correlated with water sorption in
the dry region. One such property is the soil SSA. The SSA can
be directly quantified by physical measurement of particle shape
and size (Borkovec et al., 1993). However, the most widely ap-

plied SSA approach involves an indirect estimation by adsorption of non-polar probe molecules (e.g., N2) from either gas or
aqueous phases, or the retention of polar liquids such as ethylene
glycol monoethyl ether, ethylene glycol, methylene blue, or water
(Hang and Brindley, 1970; Newman, 1983; Carter et al., 1986;
Amali et al., 1994; Quirk and Murray, 1999; Pennell, 2002;
Wuddivira et al., 2012). Estimation of SSA from water adsorption data at low saturations using a general scaling relationship
has also been proposed (Tuller and Or, 2005). The Tuller and Or
(2005) SWC model, hereafter referred to as TO model, provides
a general scaling relationship for the SWC under dry conditions,
relating matric potential, adsorbed water film thickness and SSA.
The TO model was previously evaluated based on measured data
for 41 Danish soils and six datasets presented in Campbell and
Shiozawa (1992), covering a wide range of textures and soils with
different organic carbon (OC) contents (Tuller and Or, 2005;
Resurreccion et al., 2011). The TO liquid film adsorption model
captured the SWC quite well, except near oven-dry conditions
where deviations from measured data were observed. Despite
this discrepancy, the TO model predicted SSA based on measured
adsorption isotherms reasonably well (Resurreccion et al., 2011).
Motivated by the lack of continuous data for the dry part of
the SWC and the possibility of further appraising existing methods for SSA estimation, the objectives of the present study were to:
1. apply sophisticated instrumentation, new to soil and porous
media research, to measure soil water retention for both the
wetting (adsorption) and drying (desorption) branches for
matric potential values between –430 MPa < y < –10 MPa
for 21 Arizona soils;
2. parameterize the Tuller and Or (2005) model based on the
measured adsorption isotherms, predict soil specific surface
area for all 21 soils, and compare predictions with SSA
measured by means of the ethylene glycol monoethyl ether,
water and N2–BET adsorption methods; and
3. propose a new, empirical, SPN model to capture the nonsingularity of liquid retention under dry conditions.

MATERIALS AND METHODS
Description of Soil Samples

Fig. 1. The USDA textural triangle showing the 21 Arizona soils used
in the study.
44

A reference set of 21 source soils from the University of
Arizona Soil, Water, and Environmental Sciences (SWES)
Department was used for this study. The soils were collected
from different locations in Arizona and are regularly used for soil
judging practice. The soils encompass a wide range of textures
from coarse sand to clay (Fig. 1), and also vary in organic carbon content (Fig. 2). The major clay minerals present in these
soils are kaolinite, and illite/mica. The soils were further classified based on the ratio of CL and OC, with a threshold value of
CL/OC = 10, (Fig. 2) as proposed by Dexter et al. (2008). This
ratio, denoted “n”, is an effective index to group soils due to the
amount of complexed clay that controls soil physical processes
and properties such as water retention, hydrophobicity, and soil
self-organization (de Jonge et al., 2009). Of the 21 investigated
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soils, nine, with high OC content, had n < 10, and the remaining
12 soils, with low OC content, had n values from 11 to 64.
Particle size distribution was measured in quadruplicate
for each sample by means of the pipette/sieve method as described by Gee and Bauder (1986). Total organic matter content
(OM) was determined in triplicate for subsamples by means of
oxidation with sodium hypochlorite (NaOCl) ( Jackson, 2005).
Organic carbon was estimated to be approximately 60% of the
OM (Romano and Santini, 1997). Soil specific surface area was
measured in triplicate by means of N2–BET (SSAN2) as well as
EGME adsorption (SSAEGME) (Heilman et al., 1965; Petersen
et al., 1996; Pennell, 2002). For SSAN2, a gas adsorption analyzer (Beckman Coulter SA 3100) with N2 as the adsorbent
gas was used. The BET theory (Brunauer et al., 1938) was applied to determine SSA from the N2 adsorption isotherms. For
all measurements, between 1 and 2 g of dry soil was used. The
soils were not pretreated to remove OM because Cihacek and
Bremner (1979) investigated effects of OM removal (oxidation)
on SSAEGME and found no distinct difference in SSAEGME between samples with and without pretreatment.

Moisture Isotherm Measurements
Water adsorption as well as desorption isotherms were
measured with a fully-automated and highly sensitive AquaSorp
Moisture Sorption Isotherm Generator (Decagon Devices Inc.,
Pullman, WA), an instrument commonly applied in food industry. The AquaSorp creates isotherms using a water potential
and gravimetric analysis method called Dynamic Dewpoint
Isotherm (DDI). Neither the water content nor the water potential are controlled, but the instrument dries or wets the sample
and measures water potential and water content during the wetting or drying process. Water content is determined continuously by weighing the sample with a high precision magnetic force
balance. The water potential measurement principle is based on
the chilled-mirror dewpoint technique (Gee et al., 1992), where
the water potential of a soil sample is assumed to equilibrate with
the measured relative vapor pressure of the air within a sealed
chamber. The relative vapor pressure (e/e0) is related to soil water
potential (yw) via the well-known Kelvin equation:

yw =

RT r w  e 
ln  
Mw
 e0 

Soil Water Characteristic Models
The Tuller and Or Model
The TO SWC model was previously used to describe the
soil water retention for matric potentials of less than –10 MPa,
where water mainly exists in form of thin adsorbed films (Tuller
and Or, 2005). Adopting a physically-based expression for film
thickness (Iwamatsu and Horii, 1996), the TO model is given as:

 r SSA  A svl
y = w

 q m  6pr w g

[2]

where y [m H2O] is the matric potential, θm [kg kg–1] is the
gravimetric water content, ρw [kg m–3] is the density of water,

[1]

where e is water vapor pressure, e0 is saturated vapor pressure
at the same temperature, Mw is the molecular weight of water
(0.018 kg mol–1), R is the ideal gas constant (8.31 J K–1 mol–1
or 0.008314 kPa m3 mol–1 K–1), T is absolute temperature (K),
and rw is the density of water (1000 kg m–3 at 20°C). Note that
the soil water potential is equivalent to the matric potential only
when the osmotic potential is negligible. Otherwise, yw is equivalent to the sum of matric and osmotic potentials. Drying of the
sample is achieved by streaming dry air from a desiccant tube
across the sample surface. Sample wetting is accomplished by
saturating the air with water vapor before it enters the chamber
www.soils.org/publications/sssaj

and flows across the sample. The AquaSorp is capable of generating robust isotherms with hundreds of data points within 1 to
3 d dependent on texture of the investigated soil. The measurement range of the AquaSorp is from 0.03 to 0.95 relative vapor
pressure, which corresponds to an approximate water potential
range from –483 to –7 MPa. Also for these measurements OM
was not removed from the samples. About 3 to 5 g of air-dry soil
previously sieved with a 2-mm sieve are transferred to a stainless
steel sampling cup that is placed in the sample chamber, which
is subsequently sealed airtight. The AquaSorp is connected to a
computer with SorpTrac software that controls the measurement
process. After calibration and specification of the measurement
parameters (e.g., temperature, number of adsorption/desorption
loops) the measurement is initialized and automatically controlled until the isotherms are measured. After the measurement,
the sample is oven-dried at 105°C for 2 d to determine the reference oven-dry water content. For this project two adsorption/
desorption loops were measured for each sample at 25°C. The
chilled-mirror dewpoint method has distinct advantages over
other standard methods such as the Richard’s pressure plate apparatus where equilibration times for low water contents can be
in excess of several weeks and where there is potential for hydraulic decoupling and measurement failure in presence of active clay
minerals (Bittelli and Flury, 2009).

Fig. 2. Organic carbon (OC) and clay content (CL) for investigated
soils. n = CL/OC.
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SSA [m2 kg–1] is the soil specific surface area, g [m s–2]is the
acceleration due to gravity, and Asvl [ J] is the Hamaker constant
for solid-vapor interactions through the intervening liquid. This
SWC model, Eq. [2], contains two parameters, namely SSA and
the Hamaker constant (Asvl). The Hamaker constant represents
interactions between macro-objects such as mineral surfaces and
liquid due to short-range (<100 Å) van der Waals forces (Ackler
et al., 1996; Bergström, 1997). In this study, the TO model with
the effective Hamaker constant set to –6 × 10–20 J, was parameterized with the measured adsorption isotherms using nonlinear
regression analysis (Wraith and Or, 1998). The determined SSA
is thereafter denoted SSATO.

The Single-Parameter Non-Singularity Model
To capture the non-singularity of water retention at low
water contents, we propose a flexible, nonlinear, empirical SWC
model (SPN) with a single free parameter. The SPN model was
parameterized separately for the measured adsorption and desorption isotherms. The SPN model relates the logarithm of the
matric potential (pF) and gravimetric water content within the
matric potential range that covers one adsorption/desorption
loop. Note that the matric potential is expressed in terms of pF
units defined as the logarithm of the absolute value of the matric
potential (in cm H2O) (Schofield, 1935). The SPN model is a
simple power function with sufficient flexibility to capture adsorption as well as desorption isotherms:

 q -q 
pF=pF1 - ( pF1 - pF2 )  m ,1 m 
 q m ,1 - q m ,2 

N

[3]

where pF1 and pF2 are the measured boundary pF values, and
θm,1 and θm,2 are the corresponding gravimetric water contents
in kg kg–1. The flexibility of the SPN model is manifested in the
shape parameter, N. The two data points (θm,1, pF1) and (θm,2,
pF2) are the driest and wettest data points measured for the adsorption isotherm and the wettest and driest data points for the
desorption isotherm. When the shape parameter is 1, the SPN
model reduces to the linear Campbell and Shiozawa (1992)
model. The N for adsorption and desorption isotherms are denoted Na and Nd, respectively. A non-singularity index (a) defined as Nd/Na, was used to account for apparent hysteresis in
the measured SWCs.
The Campbell and Shiozawa (1992) linear relationship
yielded promising results for describing adsorption isotherms of
41 Danish soils with varying CL and OC contents (Resurreccion
et al., 2011). Although the N value slightly exceeded unity in
two cases (soils 1 and 6), we in general found the Campbell and
Shiozawa relationship to be robust across the texture ranged considered. Consequently, a general linear model (Eq. [4]) was fitted
to the 21 measured adsorption isotherms from –10 MPa (pF 5.0).

pF = pF0 + SL × θm

[4]

where θm [kg kg–1] is the gravimetric water content at the corresponding pF (–log cm H2O), pF0 is the pF at zero water con46

tent, and SL is the slope. Equation [4] is similar to the Bradley
(1936) adsorption isotherm that was used by Rossi and Nimmo
(1994) to develop their SWC model for distinctively dry conditions. Additionally, Eq. [4] was fitted to literature data (>pF 5.0)
from Campbell and Shiozawa (1992), Sokolowska et al. (2002),
Resurreccion et al. (2011), and Schneider and Goss (2012), to
allow comparison of the SL and pF0 values obtained from the
AquaSorp to previous studies which employed other measurement methods to obtain water sorption isotherms.

Soil Specific Surface Area from Water Sorption
The SSA was estimated with Eq. [5], assuming that water
monolayer coverage occurs at a relative vapor pressure (e/e0) of
0.20 (Newman, 1983; Quirk and Murray, 1999):

SSA =

qm
×N A × A
Mw

[5]

where θm [kg kg–1] is the gravimetric water content at e/e0 =
0.20 (221.5 MPa or pF 6.35 from Eq. [1]), Mw is the molecular weight of water (0.018 kg mol–1), NA is Avogadro’s number
(6.023 × 1023 mol–1), and A is the area covered by one water
molecule (10.8 × 10–20 m2). The SSA was estimated for both the
adsorption (SSAa) and desorption (SSAd) isotherms. A second
non-singularity index (b) was defined as:

b=

q m .des
q m .ads

[6]

where θm,des [kg kg–1] and θm,ads [kg kg–1] are the gravimetric
water contents at pF 6.35 for the desorption and adsorption
branches, respectively.

RESULTS AND DISCUSSION
Water Sorption Isotherms

The water sorption isotherms for the 21 soils are presented
in Fig. 3. Each figure shows the two adsorption/desorption loops
which are almost identical, except for slight differences observed
for soils 1 and 2 (CL < 0.03 kg kg –1) which may be due to the
uncertainties associated with measuring extremely low water
contents (<0.005 kg kg–1); suggesting that isotherms measured
with the AquaSorp are reproducible across soil types. The distinct non-singularity between desorption and adsorption isotherms was clearly visible for the captured matric potential range
of –430 MPa < y < –10 MPa (6.6 < pF < 5.0). A critical aspect
of all water sorption isotherm measurements (and also for high
saturation water retention measurements) is the time required
to reach equilibrium. For most traditional methods, equilibration between the sample and vapor source requires time periods
longer than practically feasible. Hence, an apparent equilibrium
is commonly defined when the rate of sample weight change
reduces to a predefined tolerance. The DDI isotherm method
used by the AquaSorp is different from traditional methods. The
method does not depend on equilibration to a known water potential since it measures the potential while gravimetrically tracking the weight; resulting in faster measurement times. However,
Soil Science Society of America Journal

for soils with very slow vapor diffusion
rates, potential problems can arise when
isotherms obtained with the DDI method
are compared to other methods. This is
because the rapid manner in which the
measurements are obtained could impede
complete adsorption of moisture into the
sample, thus increasing the levels of apparent rate-dependent hysteresis. Higher conformity to other isotherm methods may be
achieved by reducing the sample size and
lowering the flow rate to allow more moisture penetration into internal pore spaces.
In view of the fact that all isotherm methods used do not achieve true equilibrium
states, the DDI method may be considered
a more accurate representation of field
conditions since soils are rarely exposed
to water potential or moisture changes in
stepwise progression, but rather in dynamic progression.

Model Performance and pF0

The fits of the TO model to the adsorption isotherms and SPN model to
the adsorption and desorption isotherms
are shown in Fig. 3. The TO model, using an effective Hamaker constant of –6
× 10–20 J, described the adsorption curves
reasonably well (mean R2 = 0.97; RMSE
= 0.0019; bias = –0.0001; see full details
in Supplementary material), except for
matric potentials below –200 MPa where
predicted water contents were 10 to 50%
higher than expected (greater errors associated with finer-textured soils). This
is supported by findings for 41 Danish soils
(Resurreccion et al., 2011). Despite the deviations observed for very dry conditions, the
TO model was used to predict SSA (Table 1).
The SPN model (Eq. [3]) well described both adsorption (mean R2 = 0.99;
RMSE = 0.0196; bias = 0.0019) and
desorption (mean R2 = 0.99; RMSE =
0.0328; bias = 0.0042) isotherms for all 21
soils (Fig. 3). The SPN model captured the
non-singularity of soil water retention exceptionally well (Fig. 3). The calculated value of the nonlinearity coefficient (N) of the
SPN model varies depending on the shape
of the isotherm. For most of the adsorption
isotherms, the Na values were close to 1, indicating the linearity of the adsorption data
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Fig. 3. Water adsorption/desorption isotherms for investigated soils. Also shown are the fits of the
Tuller-Or (2005) model to the adsorption isotherms, and the Single-Parameter Non-singularity
(SPN) model for both adsorption and desorption isotherms.
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Table 1. Soil specific surface areas (SSAs) measured with ethylene glycol monoethyl ether (EGME) (SSAEGME) and N2 (SSAN2),
estimated using the Tuller and Or (TO) model (SSATO) and from water sorption (SSAa and SSAd), model parameters of the SPN
model (Na, Nd) and linear model (slope, SL, pF0) and non-singularity indices (a, b) for the 21 investigated soils.
Soil ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Soil specific surface areas
SSAEGME

SSAN2

Model parameters

SSAa
SSAd
2
–1
m g ––––––––––––––

Na

Nd

8.09
6.38
22.32
20.22
22.53
35.98
36.70
26.59
56.42
106.70
52.39
54.39
43.44
57.94

1.20
0.99
0.97
0.97
1.02
1.10
0.95
0.90
1.00
0.96
1.00
1.04
1.03
0.90

0.66
0.80
0.61
0.71
0.68
0.65
0.70
0.76
0.63
0.56
0.68
0.65
0.65
0.72

SSATO

–––––––––––––
6.55
1.52
8.39
6.51
1.12
7.80
10.01
2.50
25.27
19.69
6.25
24.86
24.65
5.10
27.44
38.84
7.40
41.25
38.95
19.74
47.26
28.10
7.17
33.42
62.35
9.96
67.86
92.21
10.05 123.57
61.36
14.86
64.19
74.32
31.12
71.10
66.89
26.17
57.11
56.99
21.18
74.99

8.52
7.08
26.30
22.34
25.66
40.10
41.01
30.26
67.58
131.53
60.12
62.17
49.60
66.53

SL
–497.0
–426.9
–146.0
–130.7
–120.6
–86.5
–64.9
–93.4
–50.2
–29.5
–51.3
–42.7
–53.3
–40.5

Non-singularity indices
Intercept, pF0

b(qm des/qm ads) †

a (Nd/Na)

7.44
7.10
7.25
7.07
7.10
7.20
7.00
7.02
7.13
7.23
7.09
6.99
6.99
6.99

1.05
1.11
1.18
1.10
1.14
1.11
1.12
1.14
1.20
1.23
1.15
1.14
1.14
1.15

0.55
0.80
0.62
0.74
0.67
0.59
0.73
0.85
0.63
0.58
0.69
0.63
0.63
0.79

15
78.03
35.04
88.50
69.27
85.37
1.00
0.61
–36.7
7.07
1.23
16
90.57
29.07 111.17
87.74 106.09
0.92
0.67
–28.9
7.06
1.21
17
78.71
26.47
80.55
58.92
71.24
0.87
0.71
–35.9
6.93
1.21
18
157.95
35.68 143.49 107.62 133.44
0.96
0.66
–21.2
6.99
1.24
19
129.44
52.10 142.97
92.75 115.36
0.78
0.71
–17.8
6.80
1.24
20
104.31
38.05
97.69
69.56
89.48
0.94
0.62
–29.8
6.94
1.29
21
24.44
6.15
24.74
19.12
22.89
0.87
0.71
–123.0
6.99
1.20
† qm des and θm ads (kg kg–1) are the gravimetric water contents at pF 6.35 for the desorption and adsorption branches, respectively.

(Fig. 3, Table 1) whereas Nd values were always lower than 1 with
an average of 0.7, indicating nonlinearity.
Since the adsorption isotherm was apparently linear for all
investigated soils, Eq. [4] was parameterized via linear regression to determine the water potential at oven-dry condition,
pF0, and slope, SL. Additionally, Eq. [4] was fitted to literature
data (Campbell and Shiozawa, 1992; Sokolowska et al., 2002;
Resurreccion et al., 2011; Schneider and Goss, 2012) from pF
5.0 to the pF of the final measurement (pFm), without fixing
pF0. The SWC data obtained from literature employed different

Fig. 4. Examples for soil water characteristics for selected soils with
variable textures, and fitted linear model (Eq. [4]). Soil number,
textural class and clay content (kg kg–1) are given in the legend.
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0.61
0.73
0.81
0.69
0.90
0.66
0.82

measurement methods: Campbell and Shiozawa (1992) used
a water activity meter, Sokolowska et al. (2002) used a vacuum
microbalance technique, Resurreccion et al. (2011) measured
with the WP4-T dewpoint potentiameter, and Schneider and
Goss (2012) used the Hydro Clip S relative humidity sensor.
Examples for the SWC for 7 of the 21 soils with the best fit lines
are presented in Fig. 4; the parameters (pF0 and SL) of all 21 fits
are given in Table 1. The SL values for the 21 soils ranged from
–18 to –500 (Table 1). The relationship between SL–1 and CL
for the 21 soils used in this study, together with the literature
data, was strongly linear (Fig. 5) and one regression line could
be fitted for all the soils. As reported in a recent study, CL is the
main factor affecting water sorption in the dry region (Schneider
and Goss, 2012), the effect of other factors are negligible; fixing
the intercept at 0 for the relation in Fig. 5 did not decrease the
strength of the correlation. Soils with high CL (and higher SSA)
had more moderate slopes than low CL soils. Such a strong relationship between SL–1 and CL, regardless of used instrumentation, confirms the basis of the recent pedotransfer function presented by Schneider and Goss (2012), and points to the possibility of its
usefulness in development of new SWC models for the dry region.
Numerous studies used a fixed pF0 of 6.91 or 7.0 for parameterization of the SWC under dry conditions (Ross et al., 1991;
Fayer and Simmons, 1995; Rossi and Nimmo, 1994; Webb,
2000), and this has proved useful for several applications. Silva
and Grifoll (2007) outlined the challenges of defining a water
potential for completely dry conditions, especially since “ovenSoil Science Society of America Journal

dry” does not necessarily mean “devoid of water”, but rather that
the present water molecules are bound so tightly that they are
not accessible for plants. Nevertheless, it is important to define
pF0 because it eases SWC modeling at low saturations, and because it is common to refer to oven-dry conditions in soil science research. A revision of pF0 from 7 to 6.8 has recently been
proposed based on a study involving 18 variably textured soils
(CL 0.05–0.45 kg kg–1) (Schneider and Goss, 2012). The authors pointed out that fixing pF0 at 7.0 resulted in worse correlations for majority of their soils than setting it at 6.8. It is of
interest to examine if this assertion to revise pF0 is valid for our
soils, considering that the texture is similar to the soils used by
Schneider and Goss (2012). As shown above, the fits of Eq. [4]
to the adsorption data, to derive pF0 were near-perfect (Fig. 4).
Fig. 5. Linear relationship between the inverse of the slope of the
The variation of the derived pF0 with CL is shown in Fig. 6a.
log-linear function (SL–1) and clay content (CL) for 21 Arizona soils
Three of the five considered studies had fairly constant pF0 ~7
and literature data.
(Campbell and Shiozawa [1992], Sokolowska et al. [2002], and
this study had mean pF0 of 6.97,
6.98 and 7.07, respectively). Data
from Resurreccion et al. (2011),
and Schneider and Goss (2012)
yielded mean values of 6.85 and
6.75, respectively. An important
factor worth considering is the final
matric potential at which the last
water content was measured (pFm).
There was a trend of higher pF0 with
increasing pFm until a pFm of ~6.6
(Fig. 6b). Since the pFm values of
Schneider and Goss (2012) ranged
from 6.0 to 6.4, this may explain why
they found poorer correlations for
their soils when they fixed pF0 at 7.0. Fig. 6. Variation of the pF at “zero” water content, pF0 with (a) clay content (CL) and (b) the pF of the
last measurement, pFm.

Table 2. Correlation matrix of selected soil properties and model parameters for the 21 investigated soils.†
CL
CL
OC
n
SSAEGME

n

OC

1
0.37
1
0.60** –0.40

SSAEGME

SSAN2

SSATO

SSAa

SSAd

Na

Nd

SL–1

pF0

a

b

1

0.96** 0.32
0.65** 1
SSAN2
0.88** 0.33
0.49*
0.86**
1
SSATO
0.94** 0.36
0.60** 0.97**
0.81** 1
SSAa
0.88** 0.32
0.61** 0.94**
0.73** 0.99**
1
SSAd
0.88** 0.31
0.61** 0.94**
0.73** 0.99**
1.00** 1
Na
–0.52* –0.36 –0.10
–0.40
–0.45* –0.46*
–0.40
–0.40
1
Nd
–0.22
0.02 –0.37
–0.33
–0.17
–0.38
–0.45* –0.46* –0.32
1
SL–1
–0.97** –0.41 –0.55** –0.97** –0.88** –0.98** –0.94** –0.94** 0.53*
0.27
1
pF0
–0.62** –0.32 –0.27
–0.53
–0.71** –0.47*
–0.37
–0.37
0.78** –0.36
0.57**
1
0.23
0.27 –0.17
0.07
0.21
0.08
–0.01
–0.01
–0.82** 0.79** –0.20
–0.70 1
a
0.75** 0.32
0.41
0.77**
0.66** 0.78**
0.76** 0.79** –0.55* –0.43 –0.77** –0.45* 0.09 1
b
* Significant correlation at the 0.05 probability level.
** Significant correlation at the 0.01 probability level.
† CL, clay content (kg kg–1); OC, organic carbon content (kg kg–1); n, CL/OC; SSA, soil specific surface area measured with ethylene glycol
monoethyl ether (SSAEGME), BET N2 (SSAN2), estimated using the Tuller and Or model (SSATO) and from water sorption (SSAa, SSAd) (m2 g–1); Na,
non-singularity coefficient for adsorption isotherm; Nd, non-singularity coefficient for desorption isotherm; SL–1, inverse of slope of linear model;
pF0, intercept of linear model; a, non-singularity index (Nd/Na); β, non-singularity index (θm des/θm ads).
www.soils.org/publications/sssaj
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The mean pF0 for all the studies considered here was 6.90±0.17.
Based on these analyses, it is suggested that the existing pF0 used
for SWC modeling in dry soils be kept at 6.91 or 7.0 as previously reported (Ross et al., 1991; Groenevelt and Grant, 2004;
Khlosi et al., 2006), pending further investigations with soils of
varyingα clay mineralogy.

SSAN2, SSATO, SSAa, and SSAd) are shown in Table 1. There
was a strong positive correlation between CL and all SSA estimates (Table 2). The SSAN2 was expectedly lower than all other
estimates because N2 molecules are too large to diffuse into micropores and inter-platelet spaces of clay minerals. The relationship between SSAEGME on the one hand, and SSATO, SSAa, and
SSAd on the other hand is shown in Fig. 7. The soils were classiSoil Specific Surface Area
fied into two groups based on Dexter-n values. For all three SSA
Accurate quantification of SSA is important due to the nuestimates, soils with n < 10 (higher OC relative to CL) showed a
merous roles soil surfaces play in processes such as contaminant
very strong correlation with SSAEGME (r2 ³ 0.94), with the readsorption, microbial attachments, colloid filtration, heat transmaining soils showing a slightly lower correlation SSAEGME (r2
fer, and soil aggregation (Pennell, 2002). The total surface area
³ 0.75). The SSAa and SSAd were much lower than SSAEGME
of expandable clay minerals comprises an external surface area
for soils with n > 10. Cation solvation, dissolution of EGME
(representing the exposed or outer surface of the clay, and often
into OM, and changes in OM solid density are some of the reameasured by the N2–BET method), and an internal surface area
sons given for the apparent effect of OM on SSAEGME (Tiller
(corresponding to the crystallographic interlayer surfaces). The
and Smith, 1990; Pennell et al., 1995; de Jonge et al., 2000). That
total SSA is often measured by retention of polar liquids such
notwithstanding, it was reported that OC does not significantly
as EGME, ethylene glycol, or water. These polar liquids are able
affect SSAEGME (Cihacek and Bremner, 1979; Thompson et al.,
to penetrate the interlayer space of expandable clay minerals
1989). Results of the current study suggest that while the role of OC
due to the attractive force between the polar molecules and exin the observed SSAEGME is not clear, its relationship with CL (n) dicchangeable cations. The different estimates for SSA (SSAEGME,
tates the discrepancy between SSAEGME and SSAa or SSAd. Further
investigations are obviously required to
clarify this relationship.
The
SSATO
predicted
SSAEGME much better (lower
RMSE and higher R2 values; Fig. 7)
than the other two estimates using
water sorption despite the inability of the TO model to sufficiently
capture the drier (<–200 MPa)
part of the water adsorption isotherms. The SSATO and SSAa were
almost perfectly correlated (r2 =
0.997) for soils with n < 10 and
strongly correlated with the rest
of the soils (Fig. 7d). Nevertheless,
SSATO estimates were higher than
SSAa for all 21 soils with bias values
of 5.37 and 21.6 for n < 10 and n >
10 soils, respectively. The challenge
in making these comparisons is the
fact that none of the SSA estimates
can be unequivocally considered as
the “correct” SSA. Each of the measurement methods has its disadvantages and merits. The SSA estimates
based on monolayer completion by
polar molecules (EGME or water)
is constrained by the proper identification of when a monolayer is
completed and obscuration of reFig. 7. Scatter plot of soil specific surface area (SSA) measured with ethylene glycol monoethyl ether sults due to capillary condensation.
(EGME) (SSAEGME) plotted against SSA derived from water held at –221.5 MPa (pF 6.35) for the (a) The mass of the liquid adsorbed at
adsorption (SSAa) and (b) desorption (SSAd) isotherm, and against (c) SSA derived from the equation of
monolayer coverage (if achieved)
Tuller and Or (2005) (SSATO) (d) SSATO plotted against SSAa, n = CL/OC.
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depends on the amount and type of exchangeable cations,
micropore volume, and the partial pressure of the adsorbed
molecules (Chiou and Rutherford, 1997; Quirk and Murray,
1999). For the EGME method, Quirk and Murray (1999) note
that capillary condensation (largely ignored for the measurement method) may influence measurement. For water sorption, Tuller and Or (2005) suggests that capillary condensation
can be considered negligible beyond –10 MPa. However, the
influence of exchangeable cations on water sorption cannot be
ignored; at low saturations, polar molecules tend to cluster and
form multilayers around charge sites rather than a uniform layer. The magnitude of the cation charge as well as cation size has
also been noted to play a role in water adsorption at low saturations, with the amount of water adsorbed directly related to
the hydration energy of the cation (Orchiston, 1959; Pennell et
al., 1992). The influence of exchangeable cations on the various
estimates of SSA will be addressed in ongoing research.
One shortcoming of the TO SSA model emanates from the
assumed specified Hamaker constant (Asvl) of –6 × 10–20 J. Though
Fig. 8. Relation between soil specific surface area (SSA) determined
by the N2–BET method (SSAN2) and SSA derived from water held at
an apparent Hamaker constant commonly ranging between
–221.5 MPa (pF 6.35) of the adsorption isotherm (SSAa) for the 21
be –10–19 to –10–20 J can be defined (Or and Tuller, 1999),
Arizona soils (AS) and 23 Danish soils (DS), n = clay/organic carbon
there is no single Asvl value for all soils (Tuller and Or, 2005;
(CL/OC). An outlier (Soil 10) was excluded from the regression analysis.
Resurreccion et al., 2011). This challenge of using a uniform Asvl
is evident from the relatively poor fits of the TO model to some
in Fig. 8. An outlier (soil 10) was excluded from the analyses due
of the soils (e.g., soils 1, 6, 10, and 19).
to its low SSAN2 value. An interesting trend observed in Fig. 8
Summarizing the arguments above, it is generally agreed that
is that the fraction of the total SSA (in this case SSAa) measured
both water and EGME have access to the “entire” surface area of
by N2 was related to the n value of the soils. While SSAN2 repsoils. However, the fact that the EGME measurement method is
resented ~42% of total SSA for soils with n > 10, it captured
tedious and time consuming, coupled with the availability of new
only ~16% of total SSA for soils with n < 10. Studies have shown
devices for quick measurement of water sorption isotherms tilts the
that increase in SSAN2 following pretreatment to remove OM
balance in favor of deriving SSA from water sorption rather than
is due to exposure of mineral surfaces covered by OM and/or
EGME. Moreover, as noted by Newman (1983), water is present
the division of mineral particles held together by OM bridging
in natural soils and most likely represents field behavior and its
(Burford et al., 1964; Feller et al., 1992). Thus, soils with high OC
relatively high vapor pressure at ambient temperature is relatively
(n < 10) will have part of their surfaces “hidden” by the binding of
easy to control. We therefore propose the use of SSA from the TO
clay particles by OM. These findings need to be further clarified,
model when the full water adsorption isotherm is available; when
the full curve is lacking or the TO
model shows extremely poor fits, the
use of SSAa or SSAd from single point
measurement at pF 6.35 (221.5 MPa)
is recommended.
The N2–BET method is widely used to estimate external SSA.
For soils with non-expandable clay
minerals, SSAN2 and estimates of
total SSA are often in agreement.
However, natural soils often have a
mix of different clay minerals and
SSAN2 is usually low compared to
other estimates using polar molecules. A comparison between SSAa
and SSAN2 for the 21 Arizona soils
as well as 23 Danish soils from
Resurreccion et al. (2011) is shown Fig. 9. Variation of the non-singularity indices (a) a and (b) b with clay content n = clay/organic carbon
(CL/OC).
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but should be considered when using the N2–BET method to
estimate SSA.

Apparent Non-Singularity and
Parameter Correlations
The nonlinearity parameter of the SPN model for the adsorption isotherms (Na) was weakly negatively correlated with
CL and all estimates of SSA, with much weaker similar correlations observed between Nd and CL (Table 2). This is likely because there was very little variation in Na or Nd for all 21 soils.
The shape of the curves is thus mostly independent of basic soil
properties. This leads to the similar apparent non-singularity for
all 21 soils when using the non-singularity index (a). This index,
which attempts to capture non-singularity along the full curves,
was clearly independent of CL or EGME (Fig. 9a, Table 2) with
very low correlation coefficients. The second non-singularity index (b) was defined using the moisture content at relative vapor
pressure of 0.20 (monolayer coverage). This specific point on the
isotherm was chosen for convenience; it represents monolayer
completion and was also used for SSAa and SSAd. We concede
that other specific points on the isotherms could also be used to
define b. For this specific point, there was a positive correlation
between b and CL and EGME (Fig. 9b, Table 2). Although b
is a simple index, it reflected the larger difference between the
adsorption and desorption curves for soils with higher CL content. This agrees with the work of Globus and Neusypina (2006)
who used electronic microhygrometry and psychrometry for the
pF range of 4.0 to 4.8 and revealed that hysteresis increases with
increasing CL and SSA derived from water sorption.

CONCLUSIONS
The AquaSorp Moisture Sorption Isotherm Generator was
used in this study to automatically measure water adsorption and
desorption isotherms (–430 to –10 MPa) for 21 Arizona source
soils with varying textures and OC contents. The measured isotherms showed distinct non-singularity between adsorption and
desorption branches. The previously introduced TO model captured the adsorption data reasonably well (<5% deviation from
measurements), except for matric potentials below –200 MPa,
whereas a new empirical, SPN model was flexible enough to
capture both the adsorption and desorption isotherms. The relationship between the slope of a log-linear function relating matric potential to the adsorption branch water content, and clay
content confirmed that isotherms measured with the AquaSorp
are comparable with existing instrumentation (e.g., water activity meter, vacuum micro-balance, humidity sensor). The study
also showed that soil SSA derived from EGME and water sorption was strongly correlated. After considering the challenges involved with various SSA measurement methods, we suggest that
use of water sorption to derive SSA is a better estimate since it is
more reflective of field conditions and less tedious. The fraction
of total SSA measured by the N2–BET method depends on the
ratio of clay to OC. A simple non-singularity index relating water content at pF 6.35, for desorption and adsorption branches
52

was linearly correlated with the clay content and the estimates of
SSA. The introduced instrumentation for measuring water sorption isotherms under dry conditions has the potential to provide much needed data for validation of existing water retention
models and development of new models. Future studies should
focus on the role of exchangeable cations and soil mineralogy on
the water sorption SSA estimates.
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a b s t r a c t
To improve our understanding of how clay-organic carbon dynamics affect soil aggregate strength and physical
resilience, we selected three nearby soils (MFC, Mixed Forage Cropping; MCC, Mixed Cash Cropping; CCC, Cereal
Cash Cropping) with identical clay content and increasing contents of organic carbon (CCC b MCC b MFC). The objective was to assess the resistance and resilience of the three soils to compaction using air permeability (ka), void
ratio (e) and air-ﬁlled porosity (ε) as functional indicators and to characterise aggregate stability, strength and
friability. Aggregate tensile strength measurements were done at −1000 hPa and in the air dried state. Soil
cores were subjected to uniaxial conﬁned compression (200 kPa) followed by a period of natural recovery and
wet–dry or freeze–thaw cycles. The MFC soil displayed greater tensile strength, speciﬁc rupture energy and friability at both soil-water potentials than the MCC and CCC soils possibly due to higher biotic binding of soil particles by the greater organic carbon content. The water dispersible clay was negatively correlated with the level of
clay saturation by organic carbon. The resistance of the soils to compaction, quantiﬁed by both the compression
index and a proposed functional index, was signiﬁcantly greater for the MFC soil compared to the other two soils.
The change in compression index with initial void ratio was signiﬁcantly less for the MFC than the other soils.
Plastic reorganisation of the soil particles immediately after compaction, prior to removal of the load, was greatest for the high organic soil. Physical resilience after natural recovery followed the organic carbon gradient
(MFC > MCC > CCC). After wet–dry cycles, the MFC soil showed a signiﬁcantly greater resilience for all three indicators (ka, e and ε). Resilience (ka, and e) after freeze–thaw cycles was signiﬁcantly lower for the CCC soil than
the MFC and MCC soils. A signiﬁcant positive correlation between resistance and resilience was observed for ka
and e but not for ε. Resilience to compaction was found to be independent of the soil properties monitored.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Wheel trafﬁc in mechanised agriculture imposes compaction stress on
soils. The ability of soils to recover from such anthropogenic stresses depends on soil properties such as texture, organic carbon content, and
the consequent effects of these properties on aggregate strength and
pore characteristics. Together, the terms resilience and resistance describe

Abbreviations: MFC, Mixed Forage Cropping; MCC, Mixed Cash Cropping; CCC, Cereal Cash Cropping; Y, aggregate tensile strength; OC, organic carbon; E, rupture energy; q, constant; f, aggregate fracture force; d, mean aggregate diameter; Esp, speciﬁc
rupture energy; g, mass of aggregate; F, aggregate friability; , relative strain at rupture;
ka, soil air permeability; ε, air-ﬁlled porosity; e, void ratio; e0, initial void ratio; Ф, soil
total porosity; θ, soil volumetric water content; θm, soil gravimetric water content; σ,
applied stress; Cc, compression index; σpc, precompression stress; PO, pore organisation; n, ratio of clay to organic carbon; WDC, water dispersible clay; Y/, Young's modulus; ρb, soil bulk density; FI, functional index; SPR, stress following plastic
reorganisation for three minutes; I, initial stage; RR, rebound recovery; FT, freeze–
thaw induced recovery; WD, wet–dry induced recovery.
⁎ Corresponding author. Tel.: + 45 8999 1208.
E-mail address: emmanuel.arthur@agrsci.dk (E. Arthur).
0016-7061/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.geoderma.2012.01.007

the ability of a (soil) system to cope with external disturbances or stresses. Resistance can be deﬁned as the ability of a system to retain its functional capacity upon imposition of stress, whereas resilience is the
capacity to return to an equilibrium following displacement in response
to disturbances or recover its initial function upon removal/reduction of
the applied stress (Gregory et al., 2007; Schjønning et al., 2004; Seybold
et al., 1999). Different studies have quantiﬁed soil resistance and/or resilience to compaction by monitoring soil properties such as pore volume
(Zhang et al., 2005), soil strength (Munkholm and Schjønning, 2004),
void ratio (Gregory et al., 2009; Keller et al., 2011) and soil vertical movement in-situ (Tobias et al., 2001). The resistance and resilience of soils to
stresses are governed by properties such as soil texture where clay soils
are more resilient to compaction stress than sandy loam and sandy clay
loam soils (Gregory et al., 2007) and soil organic carbon content; greater
organic carbon increases soil resilience to compaction (Gregory et al.,
2009). The effect of organic carbon (labile C, fungal hyphae, rootderived substances) on soil resilience is mainly through binding and
bonding mechanisms (Degens, 1997; Elmholt et al., 2008) which decreases a soil's resistance to compaction but signiﬁcantly increases the resilience (Zhang et al., 2005) However, there were occasions when OC
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showed no clear effect on soil resilience (Zhang et al., 1997). Dexter et al.
(2008) suggested a re-examination of the role of organic carbon in regulating soil physical properties. They proposed the use of non-complexed
clay (NCC, amount of clay not associated with organic carbon) as a driver
of soil properties such as bulk density and clay dispersion, rather than
total organic carbon, OC. The ratio of clay to OC, n, was used as an index
of clay saturation, with 11 ≤n≥8 being optimal, n=10 is used for simplicity. This theory was conﬁrmed by de Jonge et al. (2009), who suggested that the clay saturation concept may also govern functional soil
architecture with regard to processes such as water repellency and ﬁngered ﬂow. Recent studies also support the concept that the degree of saturation with OC of mineral ﬁnes (clay or clay plus 2–20 μm silt) is decisive
for dispersibility of clay from soils (Schjønning et al., in press; Vendelboe
et al., 2011). It is therefore paramount to ﬁnd the link between the clay
saturation theory and the resistance and resilience of soils to soil compression. Soil compression studies usually relate an applied stress to a
soil volumetric parameter e.g. void ratio (Gregory et al., 2006). The compression characteristic is derived from this relation and has two deﬁning
features; the compression index, Cc and the precompression stress, σpc.
The Cc and σpc deﬁne a soil's susceptibility to compaction and the soil
load capacity, respectively (Baumgartl and Kock, 2004; Horn, 2004;
Imhoff et al., 2004). The bulk soil is composed of a hierarchy of aggregates
(e.g. Dexter, 1988). Aggregate tensile strength and friability are important
indicators of the ease with which a soil can be tilled. Tensile strength, Y, is
the maximum amount of tensile stress a soil can take before failure while
friability is the tendency of a mass of unconﬁned soil to disintegrate and
crumble under applied stress into a particular size range of smaller fragments (Utomo and Dexter, 1981). Tensile strength is affected by moisture
content and organic carbon content. There is a marked decrease in Y with
increasing soil water content (Munkholm et al., 2002) and high organic
carbon content strengthens wet aggregates and weakens dry ones
(Causarano, 1993; Rahimi et al., 2000). Soil friability generally increases
with increasing organic carbon (Watts and Dexter, 1997). The objective
of this study was to investigate resistance and resilience to physical stresses applied to three differently managed Danish soils with comparable
texture but with signiﬁcant differences in soil OC. We hypothesized that
the ability of soils to resist and recover from changes induced by compaction is controlled by the amount of OC relative to clay content and that
this ability will be reﬂected in any monitored soil property (in this
study, air permeability, void ratio and air-ﬁlled porosity).
2. Materials and methods
2.1. Soils
Soil was collected from three ﬁelds (denoted Mixed Forage Cropping, MFC; Mixed Cash Cropping, MCC and Cereal Cash Cropping,
CCC) located at Research Centre Flakkebjerg, Aarhus University
(55°19′N, 11°23′E). The MFC and MCC ﬁelds are separated by approximately 200 m and the CCC ﬁeld located approximately 2 km away.
The soil at all three ﬁelds is freely drained and classiﬁed as Mollic
Luvisols according to the WRB (FAO) system (Krogh and Greve,
1999). The ﬁelds were selected based on their variable clay–OC ratios.
All three ﬁelds had sandy loam texture but variable organic carbon
contents (Table 1). The MFC ﬁeld is a dairy farm managed with typically 4–5 years of grass followed by 1–2 years of maize and
Table 1
Basic characteristics of the three soils. ± standard error (n = 9).
Soil parameter
Clay (b2 μm)
Silt (2–63 μm)
Sand (63–2000 μm)
Organic carbon (OC)
Clay/OC (n)
Bulk density

g 100 g

−1

Mg m− 3

MFC

MCC

CCC

16±0.15
28±0.86
52±0.67
2.1 ± 0.03
7.6 ± 0.03
1.40 ± 0.02

17 ± 0.25
25 ± 0.32
55 ± 0.51
1.4 ± 0.02
12.1 ± 0.01
1.45 ± 0.03

18 ± 0.46
25 ± 0.37
50 ± 0.25
1.0 ± 0.02
18.4 ± 0.02
1.44 ± 0.02
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application of animal manure (cattle slurry). The MCC ﬁeld has previously been grown in a forage cropping system but is now under
Mixed Cash Cropping for the last 15 years (cereals, rape and sugar
beets) without the application of animal manure. The CCC soil has
been grown continuously with annual cash crops (primarily small
grain cereals) for decades. The MFC and the MCC ﬁelds have a ﬂat topography while the CCC soil has undulating topography. The sampling at the CCC ﬁeld took place at a local elevated area, implying
that most probably the low content of soil OC for this soil in addition
to the management history relates to tillage erosion; B-horizon soil
material being mixed into the topsoil by tillage operations. All three
ﬁelds were ploughed in autumn 2009. The CCC soil was harrowed
to ~ 5 cm depth and a winter wheat crop established shortly after
ploughing. The MFC and MCC ﬁelds were harrowed for seedbed
(~5 cm depth) in spring 2010 and crops of maize and sugar beet
established, respectively, with cattle slurry applied to the MFC ﬁeld
prior to planting.
2.2. Sampling and measurements
2.2.1. Field sampling
For each ﬁeld, a grid of nine points was made (5 m apart) far from
ﬁeld edges and locally variable areas. Soil aggregates and intact soil
cores were taken from each grid point. The top soil (5 cm depth)
was gently raked and the soil placed on a nest of sieves with diameters of 4–8 mm and 8–16 mm. After gentle sieving, about 50–70
pieces of aggregates were hand-picked from the 8–16 mm sieve. Intact soil cores (100 cm 3, 6.1 cm diameter and 3.4 cm height) were
taken from a depth of 5–10 cm using a special ﬂange placed on a
sharpened steel sample ring and the latter gently driven into the
soil by hammering gently. Samples were then dug out and the cores
trimmed. In total, 18 core samples (2 per grid point) and approximately 500 hand-picked aggregates were taken from each ﬁeld. Afterwards, bulk soil was taken from the same grid points using a shovel.
Care was taken to avoid smearing or compaction of the soil on its
way to the lab. At the lab, the bulk soil was gently spread out in a
20 °C room to air dry. During the drying process, the large clods/
aggregates were gently broken into smaller pieces to facilitate the
process. The soil was then mechanically crushed and sieved to b2 mm.
2.2.2. Texture and organic carbon
Soil texture was determined on b2 mm sieved soil by a combination of wet sieving and hydrometer methods. Total carbon as well
as carbonate-C content was determined on ball-milled sub-samples
using a FLASH 2000 organic elemental analyser coupled to thermal
conductivity detector (Thermo Fisher Scientiﬁc, Massachusetts, USA).
2.2.3. Aggregate characteristics
For aggregate tensile strength measurements, we randomly selected about forty of the aggregates hand-picked from each grid
point. Half of them were slowly saturated and drained on a sandbox
before placing them on pressure plates at − 1000 hPa. The other
half were air dried at 20 °C. The tensile strength of the drained
(−1000 hPa) and air-dried aggregates was measured using an indirect tension test (Dexter and Kroesbergen, 1985). Each aggregate
was crushed individually between two ﬂat parallel plates at a constant rate of displacement of 2 mm min − 1 until the aggregate fractured. The compressive force was measured 30 times per second by
a load cell (100 N for aggregates at −1000 hPa and 500 N for airdried aggregates) and recorded on an adapted computer.
The aggregate tensile strength, Y (kPa), was calculated from
Eq. (1) (Watts and Dexter, 1997)


2
Y ¼ q  f =d

ð1Þ
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where q is a constant; f (N) is the polar force required to fracture the
aggregate and d (m) is the mean aggregate diameter (12 mm). The
constant, q, depends on the relationship between the compressive
and tensile stress in the centre of the aggregate. The value used for
q in this study was 0.576 to allow comparability of results with literature (Dexter, 1975).
The rupture energy, E, which has been proposed as a statistical
characterization of aggregate strength (Perfect and Kay, 1994) was
derived by calculating the area under the stress–strain curve
(Eq. (2)).
E ¼ Σf ðsi ÞΔsi

ð2Þ

where f (si) is the mean force at the ith subinterval and Δsi is the displacement length of the ith subinterval. The weight of the aggregates
was measured and the aggregates were oven-dried to enable the calculation of the oven-dried weight. The speciﬁc rupture energy, Esp is
deﬁned as:
Esp ¼ E=g

ð3Þ

where g is the mass of the individual aggregate.
The friability, F, of the aggregates was quantiﬁed using the coefﬁcient of variation method following Watts and Dexter (1997):
σY
ﬃ
F ¼ σ Y Y  pﬃﬃﬃﬃﬃﬃﬃ
Y 2nr

ð4Þ

where σY is the standard deviation of the measured values of tensile
strength, Y, Y is the mean of the tensile strength measurements and
nr is the number of replicates. The second term of the equation denotes the standard error.

The Young's modulus was estimated as the gradient of the stress–
strain curve at the point of failure, Y/, assuming linearity up to that
point (Munkholm and Kay, 2002). The relative strain at rupture, ,
was calculated as the strain at rupture (mm) divided by the estimated
aggregate diameter (12 mm).
2.2.4. Clay dispersibility
Soil clay dispersibility was determined using an end-over-end
shaking method. Brieﬂy, 10 g of 1–2 mm air-dried aggregates was
weighed into a plastic shaking bottle and 80 ml of artiﬁcial rainwater
(0.012 mM CaCl2, 0.15 mM MgCl2 and 0.121 mM NaCl; pH 7.82; EC
2.24 × 10 − 3 S m − 1) was added. The mixture was immediately transferred to the shaking device (rotation speed ~ 33 rpm) for 2 min.
After shaking, the samples were removed and left undisturbed for
sedimentation for 3 h and 50 min. Afterwards, the top 60 ml of the
suspension corresponding to the particles b2 μm was transferred
into a beaker. 10 ml of the suspension was then transferred to a
pre-weighed glass vial followed by oven drying at 105 °C. The weight
of dispersed colloids was determined after oven drying.
2.2.5. Compression tests, air-ﬁlled pore space and air permeability
The procedure for soil compression followed the method described by Gregory et al. (2009) and is summarised in Fig. 1. We performed the compression tests at a soil-water potential of − 100 hPa
rather than −50 hPa as used by Gregory et al. (2009). Initially, all
core samples were drained on a sandbox at potentials of −10, −30,
−50 and −100 hPa to determine differences in water retention
among the three soils before compaction. Air permeability, ka was
measured at all the soil-water potentials using the steady state method of Iversen et al. (2001). At − 100 hPa, the mass and height (using a
specially constructed caliper with 6 replicate measurements) of the

Fig. 1. Flow chart showing number of cores used for the different stages before and after compression. Boxes with thicker lines show the variables measured at each stage (SWC, soil
water characteristic; ka, soil air permeability, ε, air-ﬁlled porosity; e0, initial void ratio; e, void ratio).
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soil were determined to enable the calculation of the initial void ratio,
e0. Four cores from each ﬁeld were replaced on the sandbox as uncompressed controls (initial stage). The remaining 14 cores were subjected to a uniaxial conﬁned compression test, taking the load to
200 kPa at a constant rate of 2 mm min − 1 (Koolen, 1974). The data
acquisition was equidistant on a time scale, with a constant strain of
0.03 mm s − 1, giving about 1300 data points for constructing the
stress–strain curve. This compression stress simulates that imparted
by agricultural machinery (e.g. Gregory et al., 2007). The stress following plastic reorganisation for three minutes, SPR, gives an indication of the immediate rearrangement of the soil particles after the
imposition of the stress is stopped (not removed). This was recorded
as the change in stress values per every 5 s for 3 min. This was followed by unloading of the cores at the same rate. The cores were
weighed again immediately and put in a sealed box for 24 h. The
cores were weighed and the soil height measured every 24 h until
the mean (n = 14) void ratio after consecutive measurements did
not differ signiﬁcantly (p > 0.05 by Student's t test). This stage was
the so-called rebound recovery stage (Gregory et al., 2009). Four soil
cores at rebound recovery were put back on the sandbox at
−100 hPa for the rest of the experiment. Five of the remaining 10
cores were subjected to a wet–dry cycle, comprising −5 hPa on a
sandbox for 24 h and 40 °C for 24 h followed by equilibration at
−100 hPa on a sandbox. The ﬁve remaining cores were subjected to
freeze–thaw conditions comprising freezing at −10 °C for 24 h and
re-equilibrating at − 100 hPa on a sandbox. All 10 cores were
weighed and the soil volume measured every 24 h until the mean
(n = 5) void ratio did not differ signiﬁcantly (p > 0.05 by Student's t
test). At this stage, the void ratio was compared with the rebound recovery void ratio. If a signiﬁcant increase in void ratio had occurred
following the freeze–thaw and wet–dry cycles, then the soil was subjected to a second cycle as described above. The comparison of the
void ratio and the repetition of the cycles were done until there was
no signiﬁcant difference between two successive freeze–thaw and
wet–dry cycles. However, if the void ratio of the ﬁrst cycle did not differ signiﬁcantly from the void ratio of the rebound recovery stage, the
soil was deemed to be at mechanism-induced recovery stage: maximum recovery achieved through structure-improving cyclic mechanisms (Gregory et al., 2009). The cores for the initial and rebound
recovery stages were pairs from four grid points, while the ﬁve
remaining pairs were used for the freeze–thaw and wet–dry cycles.
For each of the stages described above, the ka and ε were also measured to allow the calculation of the resilience and recovery based on
these two properties. To compare the changes in the soil water characteristics following compression and recovery, three soil cores
from each of the four stages (initial, rebound recovery, wet–dry
mechanism-induced recovery and freeze–thaw mechanism-induced
recovery) were equilibrated at − 100 hPa, −300 hPa, − 500 hPa
and − 1000 hPa on ceramic plates. At each of the measured potentials, the results from the different stages were compared. All soil
cores were ﬁnally oven-dried at 105 °C for 24 h. The weights of
the samples at each matric potential and after oven-drying were
recorded to obtain the water retention curve. Soil total porosity, Ф,
was estimated from measured bulk density, ρb, and a particle density
of 2.65 Mg m − 3. The soil volumetric water content, θ, at each matric
potential was taken as the respective difference in weight of the
oven-dried samples multiplied by ρb. Air-ﬁlled porosity, ε, at a given
matric potential was calculated as the difference between Ф and the
θ at the speciﬁc potential.
2.2.5.1. Model ﬁts and statistics. The soil compression data (applied
stress, σ and e) obtained were ﬁtted to the Gompertz (1825) equation
as suggested by Gregory et al. (2006) using non-linear least squares
ﬁtting:
e ¼ a þ c exp½− expðbð log10 σ−mÞÞ

ð5Þ
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where a, b, c and m are ﬁtted parameters. The compression index (Cc)
was estimated as the modulus of the slope at the inﬂection point
(log10 σ = m) as deﬁned by Gregory et al. (2006):
Cc ¼

bc
:
expð1Þ

ð6Þ

Since the estimation of Cc is erroneous when the inﬂection point is
outside the range of the measured data (Keller et al., 2011), we restricted m to m ≤ log10 200 kPa = 2.305. The precompression stress
(σpc) was estimated as the stress at maximum curvature of the compression curve (Gregory et al., 2006; Keller et al., 2011). The Gompertz equation is normally used to identify the σpc and Cc for soils at
much higher stresses (up to 800 kPa in Keller et al., 2011) than applied here. Strictly speaking, it is possible that stopping the load at
200 kPa may not provide standard ‘geotechnical’ estimates of both
parameters. However, the model ﬁts for all soil cores were quite
good and the estimates given are quite accurate for comparison purposes. To distinguish between the standard estimates of σpc and Cc,
we used the notations σpc* and Cc* when referring speciﬁcally to results from this study.
Due to the deviation from normality of some of the measurements
(ka, Y, Esp), the Kruskal–Wallis test was used to test for signiﬁcant differences (p b 0.05) in all variables for the three soils. The Kruskal–
Wallis test was chosen because it does not assume normality in the
data and is much less sensitive to outliers. When signiﬁcant difference occurred among the soils, the Mann–Whitney U test was used
to differentiate between them. These tests together with linear regression and analyses of covariance (ANCOVA) were done using
SPSS 17 (SPSS Inc., Chicago, USA).
3. Results and discussion
The three soils had similar texture with identical amounts of clay
but different organic carbon contents; resulting in different n values
of MFC = 7.6, MCC = 12.4 and CCC = 18.4. Despite this range in n,
the bulk densities of the three soils were not signiﬁcantly different
from each other and were all within normal ranges (Table 1). The
CCC soil had calcium carbonate content of 5.1 ± 0.8 g 100 g − 1 soil
while the MFC and MCC soils had no carbonates.
3.1. Pore characteristics (prior to compaction)
Soil water retention for the three soils before the compaction experiment shows a signiﬁcantly higher volumetric water content, θ,
for the MFC ﬁeld than the MCC and CCC soils at all suctions considered (Fig. 2a). The MCC ﬁeld also had a signiﬁcantly higher θ than
the CCC soil which retained the least amount of water at each matric
potential. This is expected due to the low organic carbon content of
the CCC ﬁeld (with lower saturation of clay with OC), although it
had a slightly higher clay content. This higher θ for the MFC is because
the higher organic carbon induces a sponge-like soil structure which
retains more water than strongly cemented clods that may be present
in the CCC soil (de Jonge et al., 2009; Schjønning et al., 2002). Generally, the ε for the four matric potentials was the inverse of the soil
water retention curve explained earlier (Fig. 2b). The greater airﬁlled pore space (greater volume of macro-pores) for especially the
CCC soil may be related to the poor friability (see later section) of
this soil, resulting in a collection of bigger clods during ploughing
the autumn prior to our sampling.
The ka for the MFC soil was not signiﬁcantly different from the
MCC ﬁeld; both being signiﬁcantly lower than the ka of the CCC soil
(Fig. 2c). This high ka is due to the greater ε for the CCC soil
(Fig. 2b). The relationship between the soil pore organisation, PO
(ka/ε; Blackwell et al., 1990) and ε for the four matric potentials is
shown in Fig. 3. Isolines of ka (5, 25 and 100 μm 2) are also added
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a

b

c

Fig. 3. Soil pore organization (air permeability/air-ﬁlled porosity) as a function of airﬁlled porosity at four matric potentials for the three soils (MFC, closed circles; MCC,
open circles; CCC, closed triangles). Air permeability (ka) isolines are shown. Error
bars indicate standard error of the mean.

space. We interpret the lower PO for the MFC and MCC soils as
being due to a sponge-like pore system which is more tortuous.
Also, the CCC soil with very high PO could have very low tortuosity
(Blackwell et al., 1990), possibly due to the development of a pipelike soil structure with poor contact between micro- and macropores
due to internal crusting of dispersed clay (de Jonge et al., 2009;
Schjønning et al., 2002). According to Ball et al. (1988) and also
shown by Schjønning et al. (2002), the intercept corresponding to
ka = 1 μm 2 of a log–log plot of ka and ε can be used as an estimate
of blocked air-ﬁlled pores not taking part in gas transport. Soils with
greater blocked air-ﬁlled pores can be interpreted to have more complex soil structural units. After similar analyses for this study (using
air-ﬁlled pore space calculated from bulk density, particle density
and water content), the estimates of blocked air-ﬁlled pores for
MFC, MCC and CCC, were 0.022, 0.014 and 0.005 m 3 m − 3, respectively, conﬁrming the sponge-pipe theory explained above.

3.2. Aggregate characteristics and structural stability

Fig. 2. Pore characteristics of soils before compaction: (a) soil water retention curve,
(b) air-ﬁlled porosity and (c) air permeability for soil water potentials of −10 hPa to
−100 hPa. Error bars indicate ± standard error of the mean. Different letters at each
soil-water potential denote statistically signiﬁcant differences at p b 0.05.

and emphasized the trends in ka already shown in Fig. 2c
(CCC > MCC > MFC). The MFC and MCC soils had lower PO than the
CCC soil at each matric potential. This trend of higher PO for low organic carbon soils (CCC in this case) has also been shown by
Schjønning et al. (2002). Generally, PO reﬂects the ability of a unit
volume of air-ﬁlled pores to conduct gas by convection. It is thus an
indicator of the arrangement, shape and tortuosity of the macropore

Aggregate properties at −1000 hPa and air-dried water contents together with water dispersible clay (WDC) at air dried water content are
presented in Table 2. Aggregates from the MFC soil had signiﬁcantly
higher gravimetric water content, θm, than aggregates from MCC and
CCC soils for both −1000 hPa and the air-dried state. The θm for the
MCC aggregates did not differ from the CCC at −1000 hPa, but was signiﬁcantly higher in the air-dried state.
The water dispersible clay (WDC) of soils is strongly inﬂuenced by
the clay content (Curtin et al., 1994; Vendelboe et al., 2011). However,
since all three soils used in this study had similar clay contents, this effect could be ruled out. The WDC of the 1–2 mm aggregate fraction was
signiﬁcantly greater for the CCC soil compared to the MFC and MCC
soils. This could be due to management induced effects which had led
to higher OC contents for the MCC and MFC soils compared to the
CCC. This decreased WDC with increased soil OC has been documented
by Czyz et al. (2002). Another dimension to this is the assertion by
Dexter et al. (2008) that the ratio of clay to OC, n, rather than the total
clay content or total OC, was an important determinant of soil properties such as WDC. We tested this by ﬁnding the relation between
WDC and OC as well as n. The n value seems to be a better predictor
of WDC than the OC; increasing n values increases WDC (Fig. 4). It
was also observed that when the fully saturated MFC (n b 10) was removed from the regression analyses, the relationship between WDC
and OC and n became stronger. This was because, in principle (assuming the optimum clay/OC= 10), soils with n b 10 should have zero

Author's personal copy
E. Arthur et al. / Geoderma 173-174 (2012) 50–60

55

Table 2
Gravimetric moisture content (θm), tensile strength (Y), speciﬁc rupture energy (Esp), strain, friability, Young's modulus (Y/ε) and water dispersible clay (WDC) for aggregates
(1–2 mm for WDC; 8–16 mm for others) from three soils. Values in the same row followed by the same letter for a given parameter are not signiﬁcantly different at the p b 0.05 level.
Parameter

−1000 hPa

Unit

MFC
θm
Y
Esp
Strain
Friability
Y/ε
WDC

g 100 g
kPa
J kg− 1
mm

−1

Air dry
MCC

a

13.7
17.7a
1.29a
0.81a
0.44a
262a

CCC
b

10.4
12.7b
0.81b
0.71b
0.39ab
216a

b

10.2
12.9b
0.75b
0.68b
0.38b
226a

mg g− 1 soil

non-complexed clay (clay not complexed by OC) and hence no WDC.
However, the MFC showed some WDC (Fig. 4B), indicating that other
factors may be in play in determining clay dispersion. One of such factors could be that non-complexed OC might have been in the supernatant which was taken for the determination of WDC. Another
explanation could be that the optimal n value of 10 may vary according
to the soil parameter considered, soil type, management as well as the
quality of organic carbon. For instance, Vendelboe et al. (2011) found
that the clay saturation concept has limited viability for very silty
soils. These factors were not considered in the present study and provide an interesting front for further research.
The range of tensile strength (Y) varied between 12.7–17.7 kPa for
−1000 hPa and 69.3–92.5 kPa for air-dried samples. These values are
in line with what is reported in literature. For instance, Munkholm
and Kay (2002) obtained average Y values of 16.1 kPa at −1000 hPa
and 113.5 kPa for air-dried samples for 8–16 mm aggregates. The
MFC soil had signiﬁcantly greater Y at − 1000 hPa than the other
two soils which had similar Y. This is possibly due to higher biological
binding in the aggregates (Elmholt et al., 2008). This higher Y for soils
with higher organic carbon content (higher clay saturation) has been
shown by several other studies. Munkholm et al. (2002) used three
ﬁelds with contrasting treatments of fertilization, and showed that
the unfertilised ﬁeld had the weakest aggregates (8–16 mm) at
−1000 hPa while the fertilized soils had the strongest aggregates.
Rahimi et al. (2000) also reported a clear increase in Y with increasing
organic carbon for similarly textured soils with a wide range in organic carbon content.

a

MFC

MCC
a

2.2
92.5a
4.93a
0.82a
0.54a
1354a
4.4a

CCC
b

2.1
69.3a
3.25b
0.69b
0.44b
1194a
4.5a

1.8c
81.8a
3.25b
0.73ab
0.35c
1355a
6.7b

In the air-dried state, despite the higher strength of the MFC soil, there
was no signiﬁcant difference between the three soils. The speciﬁc-rupture
energy, Esp, showed a good agreement with Y at −1000 hPa (r=0.89).
This conﬁrms the study of Munkholm and Kay (2002). The Esp air-dried
aggregates were signiﬁcantly higher for the MFC soil than the other two
soils. The high Y of the CCC soil in the air-dried state compared to the
MCC soil could be due to cementation of dispersed clay as shown by the
greater WDC, which was also found in a recent study by Schjønning
et al. (in press). Similar to the other aggregate parameters, the Young's
modulus (Y/) was higher for the air-dried aggregates compared to the
aggregates at −1000 hPa. As reported by Munkholm and Kay (2002),
there was a weak correlation (r=0.46) between Y/ and Esp. There was
no signiﬁcant difference in Y/ between the three soils at both soilwater potentials.
Friability, an indicator of how easily soil aggregates disintegrate
into a particular size range, was signiﬁcantly lower for the CCC soil
compared to the MFC soil at − 1000 hPa. The MCC soil was not significantly different from the other two soils. In the air-dry state, however, the three soils had signiﬁcantly different friability in the order,
MFC > MCC > CCC. Thus, the MFC soil had stronger aggregates,
which were likely due to biological binding, with greater Esp and
also fragmented much more easily than the aggregates from the
other two soils.
These results should also be understood in the context of the sampling conditions of the three soils; sampling was done in June and the
MFC and MCC soils had been tilled in the spring and were in maize
and sugar beets, respectively, and the CCC soil was in winter wheat

b

Fig. 4. Water dispersible clay (WDC) as a function of (a) organic carbon content, OC, and (b) ratio of clay to organic carbon, n. Solid regression lines and bolded R-square values are
for all three soils. Broken regression lines, normal font R-square values and regression equations are for two soils (excluding MFC).
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Table 3
Initial void ratio (e0) and compression index (Cc*) and precompression stress (σpc*) estimates as determined by the slope of the tangent through the inﬂection point, and the
point of maximum curvature of the ﬁtted Gompertz sigmoidal function, respectively,
and stress following plastic reorganisation for 3 min (SPR) of three soils. Values in
the same row followed by the same letter for a given parameter are not signiﬁcantly
different at the p b 0.05 level.
Parameter

Unit

MFC

MCC

CCC

e0
Cc*
Ccv*
σpc*
SPR

m3 m− 3

0.896a
0.086a
0.076a
51.92a
126a

0.810a
0.105a
0.116b
52.32a
134b

0.834a
0.142b
0.146c
43.14a
138b

kPa
kPa

Table 4
Parameters of linear regression of compression index (Cc*) and initial void ratio (e0)
and Cc* and bulk density (ρb) and estimates (I) of e0 and ρb when Cc* reaches zero.
Values in the same row followed by the same letter for a given parameter are not signiﬁcantly different at the p b 0.05 level.
Regression parameter
Slope–e0
I–e0
r–e0
Slope–ρb
I–ρb,
r–ρb

Unit

MFC

MCC
a

m3 m− 3

Mg m− 3

0.21
0.49a
0.91
−0.29a
1.70a
0.91

CCC
b

0.31
0.47b
0.99
−0.37a
1.75a
0.98

0.31b
0.36b
0.98
− 0.37a
1.84a
0.98

r = regression coefﬁcient.

Ccv*, calibrated compression index at initial void ratio of 0.847 m3 m− 3.

and had not received any spring tillage. This history is important because the aggregates used were taken directly from the top layer of
the soils. The CCC soil, with no spring tillage could be one reason for
the high aggregate tensile strength, while tillage may have relatively
weakened the MCC soil's aggregates. This could be the reason for the
similarity between the Y at − 1000 hPa for the CCC and MCC soils and
the greater Y in the air-dried state. Despite all these differences, the
increased biotic binding due to the greater OC content (higher clay
saturation) of the MFC soil outweighed any disruptive inﬂuence of
tillage and made the aggregates stronger than the CCC at both soilwater potentials.
3.3. Resistance and resilience to compaction
3.3.1. Curve ﬁtting
The Gompertz equation (Eq. (5)) ﬁtted the experimental data well,
with an average RMSE of 0.0026 (range 0.00008–0.02) and average R 2
of 0.998 (0.991–1.0). The values of the parameters in Eq. (5) were in
the range: a = 0.496–1.074, b = 1.287–2.822, c = 0.079–0.265 and
m = 1.763–2.305. The value of a corresponds approximately to the
lower (ﬁnal e) asymptote, while a + c is the upper (e0) asymptote
(Gregory et al., 2006). The initial void ratio (e0) of the three soils was
statistically similar, although the MFC soil had slightly greater e0 than
the other two soils.
3.3.2. Compression index, Cc*
The Cc* was in the range of 0.044–0.236, with a mean value of
0.117. The MFC soil had a signiﬁcantly lower Cc* than the CCC soil
(Table 3), suggesting a greater resistance to compression. This could

a

be due to one or more of three reasons: i) a lower initial void ratio,
e0; ii) higher water content or iii) differences in soil structural units
(aggregates) building up the bulk soil. The Cc has been shown to be
positively correlated with the void ratio (Keller et al., 2011). However, since all three soils had similar void ratio and there was no expulsion of water during compression, the most probable driving factor
for susceptibility to compaction would be the differences in aggregates strength. Based on the greater aggregate strength (both Y and
WDC) of the MFC soil, we can assume that the structural units of
this soil will be stronger and more resistant to deformation than the
weaker aggregates of the CCC soil. Linear regressions of Cc* and e0
and Cc* and ρb are shown in Fig. 5. The regression parameters as
well as the ρb and e0 values when Cc* reaches zero (maximum resistance to compaction) are shown in Table 4. As reported by Keller
et al. (2011), there was signiﬁcant negative correlation between the
Cc and ρb and a signiﬁcant positive correlation between Cc and e0
for all three soils. To eliminate the effect of e0 on Cc*, a void ratiocalibrated Cc* was estimated after Analysis of Covariance (using e0 as a
covariate) at an e0 of 0.847 m 3 m− 3 (Table 3). This showed signiﬁcant
increases in Cc* with decreasing organic carbon content. The signiﬁcantly lower slope of the Cc*–e0 regression for the MFC soil implies that its
compression resistance was signiﬁcantly less affected by changes in e0
than the other two soils possibly due the buffering effect of OC and
greater water content. However, when ρb was considered, there was
no signiﬁcant difference among the three soils. The e0 and ρb values
at which Cc* reaches zero ranged from 0.36–0.49 m 3 m − 3 and
1.70–1.84 Mg m − 3, respectively, for the three soils (Table 4). The e0 at
Cc* = 0 for the three soils is greater than the minimum possible void
ratio of 0.27 stated by Baumgartl and Kock (2004). The MFC soil had

b

Fig. 5. Compression index (Cc*) as a function of (a) initial void ratio and (b) bulk density. Lines represent linear regression ﬁtted for each of the three soils.
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the lowest ρb and highest e0 at which the soil becomes completely resistant to compaction, while the opposite was the case for the CCC soil.
The effect of OC and θ on the Cc was examined by pooling all three
soils together and ﬁrst, performing a correlation for the three variables. There was a signiﬁcant (p b 0.05) negative correlation between
Cc* and OC (r = 0.54) and Cc and θ (r = −0.69). However, studies are
contrasting on the effect of soil water content and OC on Cc. For instance, O'Sullivan (1992) used topsoil samples from three tillage
treatments and found a signiﬁcant effect of organic carbon on susceptibility to compaction. Also, Smith et al. (1997) indicated that a clear
effect of organic carbon on soil compaction behaviour is only evident
for clay contents less than 0.25 g g − 1 soil. On the contrary, Zhang
et al. (1997) showed no signiﬁcant effect of organic carbon on susceptibility to compaction of sand, silt loam and clay amended with peat.
Moreover, Imhoff et al. (2004), Larson et al. (1980) and Schjønning
(1999) indicated that Cc is rather stable across water contents, but
Silva et al. (2000) reported a strong inﬂuence of soil moisture on
the Cc of differently textured soils. In order to attempt to explain
the confounding effect of OC and θ, we tested the differences in Cc*
across soils using OC and θm as covariates. A one-way ANCOVA was
conducted using ‘soils’ as the independent variable, ‘Cc*’ as the dependent variable and either ‘OC’ or ‘θm’ as covariates. A preliminary analysis evaluating the homogeneity-of-regression assumption indicated
that the relationship between the covariate and Cc* did not differ signiﬁcantly as a function of ‘soil’ (p = 0.9 for both OC and θm). The
ANCOVA was signiﬁcant (p = 0.003) for only the θm as covariate,
however, only 21% of the total variance in Cc* was accounted for by
the different soils, controlling for the effect of water content. Pairwise
comparisons among the adjusted means showed that the MFC and
MCC soils had signiﬁcantly greater compression resistance, controlling for θm than the CCC soil. This supports the assertion that there
is no clear effect of organic carbon on susceptibility to compaction
for soils with similar clay content. However, the effect of water content on Cc* was signiﬁcant and should be tested further with soils having a wider texture range.
3.3.3. Precompression stress, σpc*
The precompression stress, σpc*, ranged from 22.8 to 70.3 kPa,
with a mean value of 47.4 kPa. This mean value is similar to other
studies. Krummelbein et al. (2008) used several loading steps up to
400 kPa and found σpc of 40 kPa for grassland soils and Keller et al.
(2011) also applied sequential loading of 10–800 kPa and reported a
mean σpc of 47.5 kPa for reduced tillage plots grown with cereals.
However, the σpc* from this study is low when compared to others.
Imhoff et al. (2004) and Rucknagel et al. (2007) showed mean σpc
of 138.5 kPa and 120 kPa, respectively. According to Horn and Fleige
(2003), the σpc* obtained in this study can be classiﬁed as ‘Low’.
There was no signiﬁcant difference in the σpc* of the three soils, indicating that the varying OC contents did not have an effect on σpc*.
There was a negative correlation between σpc* and the e0 for all
soils together (data not shown), with a linear regression equation of:
σ pc ¼ 75:38ð11:7Þ−32:36ð13:4Þe0
r ¼ −0:60:

ð7Þ

Other studies have reported similar correlations (da Veiga et al.,
2007; Keller et al., 2011; Veenhof and McBride, 1996).
3.3.4. Stress following plastic reorganisation, SPR
The SPR of the three soils is shown Fig. 6 and the ﬁnal stress values
after three minutes are presented in Table 3. After immediate cessation of the stress application, with the loading piston still in place,
the three soils showed similar plastic reorganisation for the ﬁrst ten
seconds, after which differences began to emerge. The MFC soil had
a lower stress value (higher plastic reorganisation) compared to the
other two soils after thirty seconds. This trend continued till the end
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Fig. 6. Changes in loading stress values after maximum load is reached and the position
of the loading piston held constant for 3 min.

of the time period when the stress was removed. At the end, the
MFC had a signiﬁcantly lower SPR compared to the MCC and CCC
soils. Although, the MCC constantly had a lower stress value than
the CCC, there was no signiﬁcant difference between them.
3.3.5. Resistance and resilience to compaction
Comparison of the resistance and resilience of the soils was done
in two ways; ﬁrst, we compared the absolute values of the three indicators (ka, e and ε) after compaction as suggested by Gregory et al.
(2009); second, we used a simple functional index (FI) which compares the relative changes in the three indicators. Results of this comparison are shown in Fig. 7. The simple index (Eq. (8)) used for
estimating RS and resilience RL is similar to what has been used in
previous studies (Grifﬁths et al., 2000; Wardle et al., 2000).

FI ¼

C 0 −Dx
C0

ð8Þ

where C0 is the value of the response variable at −100 hPa before
compression, Dx is the value of the response variable at a speciﬁc
stage (e.g. immediately after compression, after rebound recovery
after wet–dry cycles and after freeze–thaw cycles). When the result
of Eq. (8) was negative, it was assigned a value of 0 to make sure
that both indices are bounded by 0 and 1. A value of 0 implies that
the disturbance has no effect on the response variable (maximal resistance/resilience) and a value approaching 1 shows least resistance/resilience to the imposed stress. The use of these indices helps
to quantify the relative changes in the response variables rather
than the absolute changes/values, as suggested by several authors
(Gregory et al., 2009; Orwin and Wardle, 2004; Seybold et al., 1999).
Considering absolute values, the CCC showed signiﬁcantly greater
resistance and resilience following rebound recovery to changes in ka
(Fig. 7a). There was no signiﬁcant difference in ka for the three soils
after freeze–thaw and wet–dry induced recovery. However, the recovery of ka was quite remarkable for the MFC and MCC soils when
considering absolute values, increasing from b2 μm 2 to 15–25 μm 2.
On the other hand, when using the FI values all three soils showed
similarly low resistance to changes in ka (Fig. 7b). This is because
compaction ﬁrst reduced macropores (which conduct air by advection) and hence drastically reduced the ka. The relative ka following
rebound recovery and freeze–thaw cycles was signiﬁcantly greater
for the MFC soil than the CCC soil; the MCC soil was not different
from either soils. After the wet–dry cycles, the MFC and MCC soils
showed signiﬁcantly greater recovery of ka than the CCC soil.
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Fig. 7. Soil resistance and resilience [RL], using absolute (a, c, e) and relative [FI] values (b, d, f), following rebound recovery and mechanism-induced recovery to compaction with
air permeability (a, b), void ratio (c, d) and air-ﬁlled porosity (e, f) as indicators. Error bars indicate ± standard error of the mean. Different letters at each stage denote statistically
signiﬁcant differences at p b 0.05.

For resistance and all recovery stages except after the wet–dry cycles, the MFC soil had signiﬁcantly greater absolute void ratio, e,
values compared to the CCC soil. The absolute e values after wet–
dry cycles were similar for all three soils (Fig. 7c). Using relative
values, there was a signiﬁcant difference in the resistance and resilience
of the three soils in terms of e in the order MFC > MCC> CCC. It is interesting to point out here that conclusions obtained from the soil

resistance to changes in e after compression using the e0–calibrated
Cc* was exactly the same as what was obtained for the relative resistance values (Fig. 7d). Gregory et al. (2009) found that wet–dry and
freeze–thaw cycles only had improving effects on e recovery in soils
with clay contents of 0.26 g g − 1 or greater. All three soils in this study
had clay content less than 0.19 g g − 1, but still showed signiﬁcant recovery of e after imposition of the cycles. The water-ﬁlled pore space is
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important for resilience studies and it is necessary to note here that
water was not forced out of any of the cores during the compaction
treatment, making the general comparisons justiﬁed.
The absolute ε values immediately after compression were significantly lower for the MFC soil than the other two soils. However, for
the rebound and freeze–thaw stages, all three soils had comparable
ε (Fig. 7e). For relative ε, the MCC soil had signiﬁcantly lower resistance. The resilience after natural recovery and freeze thaw cycles
showed contrasting results with absolute values of ε; the MFC exhibited greater resilience to changes in ε (Fig. 7f).
In general, natural recovery did not result in signiﬁcant recovery
of macropores responsible for convective air transport in all soils considered, but it did recover some e translated in recovered ε. Also, the
freeze–thaw and wet–dry cycles had a more pronounced effect on the
MFC and MCC soils compared to the CCC soils for all variables considered despite the fact that the cores were taken from soils that were all
ploughed in the autumn the year before sampling (i.e. no difference
in ‘age-hardening’/‘tilth mellowing’).
There was a highly signiﬁcant positive correlation between resistance and resilience for ka (r = 0.66) and e (r= 0.99). The high correlation for e conﬁrms what was reported by Gregory et al. (2009) that soils
that are more resistant to compaction are also more resilient and is in
disagreement with Keller et al. (2011) when using their suggested alternative calculation of resistance. However, for ε, the correlation between resistant and resilience was low (r = 0.28). These observations
are interesting because while Gregory et al. (2009) suggest use of absolute values for resilience and Keller et al. (2011) advocate the use of a
combination of absolute (resilience) and relative values (resistance),
our results (using relative values) rather conﬁrm the observations of
the former authors. This could mean that the index used to deﬁne resistance or resilience determines if the two are signiﬁcantly different or
not. Also, compaction may affect the recovery of soil properties (e.g.
soil gas diffusion, microbial biomass and activity) other than considered
in this study differently; and may lead to different conclusions on the
relationship between resilience and resistance. This should be taken
note of in further studies on this subject.

the three soils in terms of resilience was in the order rebound recovery
>freeze–thaw> initial> wet–dry stages except for the CCC soil where
the water retained after wet–dry cycles was lower than the initial
stage (Fig. 8). This greater θ at rebound recovery compared to the initial
has been reported elsewhere and was attributed to a change from water
transmission to water retention with compaction (Gregory et al., 2009;
Whalley et al., 2006).

3.3.6. Water retention characteristics
After compaction and recovery cycles, soil water retention was measured for triplicate cores at −100, −300, −500 and −1000 hPa for all
stages (initial, rebound recovery, wet–dry and freeze–thaw). The MFC
soil had the highest θ in all the stages, and this might be the reason
for the increased resistance and resilience when the e was compared
among the three soil types. The general trend of water retention for
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Translocation Processes in Inner Space (Soil-it-is) project. We are also
grateful to two anonymous reviewers whose suggestions greatly improved the manuscript.

4. Conclusions and perspectives
The role of organic carbon in stabilising soil aggregates, regulating
soil structure hardening, and controlling the resistance and resilience
of soils to compaction stress is important in determining the level and
frequency of tillage activities on agricultural ﬁelds. The results imply
that when considering soils with identical clay content, the level of
saturation of the clay by OC is an important deﬁning parameter in
the behaviour of soil aggregates. The high organic (fully saturated)
MFC soil, with its greater aggregate tensile strength and friability,
and lower WDC compared with the low organic (unsaturated) CCC
soil, suggests that the absence of non-complexed clay increases the
strength of the aggregate bonds while making them easy to till. Agricultural tillage operations introduce the risk of soils losing their functionality in terms of air transport and water retention and transport.
It is therefore useful to know the rate at which the soil's resistance decreases at different void ratios and bulk densities. The MFC soil, despite having a higher void ratio (more porous), could still resist and
recover from changes in e than the other two soils. This suggests
that high organic soils are less susceptible to changes in bulk density
(initial void ratio) in terms of compression resistance. Also, soils with
high OC respond more to natural recovery mechanisms (wet–dry and
freeze–thaw cycles) than low OC soils. The implications of these results are valid for soils with similar clay contents and we suggest
that this is examined with differently textured soils to increase understanding of the role of clay content in these mechanisms.
Acknowledgments

Fig. 8. Soil water retention curves of three soils at initial, rebound recovery and wet–dry or freeze–thaw mechanism induced recovery stages after compaction.

Author's personal copy
60

E. Arthur et al. / Geoderma 173-174 (2012) 50–60

References
Ball, B.C., O'Sullivan, M.F., Hunter, R., 1988. Gas diffusion, ﬂuid ﬂow and derived pore
continuity indices in relation to vehicle trafﬁc and tillage. Journal of Soil Science
39, 327–339.
Baumgartl, T., Kock, B., 2004. Modeling volume change and mechanical properties with
hydraulic models. Soil Science Society of America Journal 68, 57–65.
Blackwell, P.S., Ringrosevoase, A.J., Jayawardane, N.S., Olsson, K.A., Mckenzie, D.C.,
Mason, W.K., 1990. The use of air-ﬁlled porosity and intrinsic permeability to air
to characterize structure of macropore space and saturated hydraulic conductivity
of clay soils. Journal of Soil Science 41, 215–228.
Causarano, H., 1993. Factors affecting the tensile-strength of soil aggregates. Soil Tillage
Research 28, 15–25.
Curtin, D., Campbell, C.A., Zentner, R.P., Lafond, G.P., 1994. Long-term management and
clay dispersibility in 2 haploborolls in Saskatchewan. Soil Science Society of America Journal 58, 962–967.
Czyz, E.A., Dexter, A.R., Terelak, H., 2002. Content of readily-dispersible clay in the arable layer of some polish soils. In: Pagliai, M., Jones, R. (Eds.), Sustainable Land
Management-Environmental Protection — A Soil Physical Approach: Advances in
Geoecology, 35. Catena Verlag, Germany, pp. 115–123.
da Veiga, M., Horn, R., Reinert, D.J., Reichert, J.M., 2007. Soil compressibility and penetrability of an Oxisol from southern Brazil, as affected by long-term tillage systems.
Soil Tillage Research 92, 104–113.
de Jonge, L.W., Moldrup, P., Schjønning, P., 2009. Soil infrastructure, interfaces & translocation processes in inner space (‘soil-it-is’): towards a road map for the constraints and crossroads of soil architecture and biophysical processes. Hydrology
and Earth System Sciences 13, 1485–1502.
Degens, B.P., 1997. Macro-aggregation of soils by biological bonding and binding mechanisms and the factors affecting these: a review. Australian Journal of Soil Research
35, 431–459.
Dexter, A.R., 1975. Uniaxial compression of ideal brittle tilths. Journal of Terramechanics
12, 3–14.
Dexter, A.R., 1988. Advances in characterization of soil structure. Soil Tillage Research
11, 199–238.
Dexter, A.R., Kroesbergen, B., 1985. Methodology for determination of tensile-strength
of soil aggregates. Journal of Agricultural Engineering Research 31, 139–147.
Dexter, A.R., Richard, G., Arrouays, D., Czyz, E.A., Jolivet, C., Duval, O., 2008. Complexed
organic matter controls soil physical properties. Geoderma 144, 620–627.
Elmholt, S., Schjønning, P., Munkholm, L.J., Debosz, K., 2008. Soil management effects
on aggregate stability and biological binding. Geoderma 144, 455–467.
Gompertz, B., 1825. On the nature of the function expressive of the law of human mortality, and on a new model of determining the value of life contingencies. Philosophical Transactions of the Royal Society of London 115, 513–585.
Gregory, A.S., Watts, C.W., Grifﬁths, B.S., Hallett, P.D., Kuan, H.L., Whitmore, A.P., 2009.
The effect of long-term soil management on the physical and biological resilience
of a range of arable and grassland soils in England. Geoderma 153, 172–185.
Gregory, A.S., Watts, C.W., Whalley, W.R., Kuan, H.L., Grifﬁths, B.S., Hallett, P.D., Whitmore,
A.P., 2007. Physical resilience of soil to ﬁeld compaction and the interactions with
plant growth and microbial community structure. European Journal of Soil Science
58, 1221–1232.
Gregory, A.S., Whalley, W.R., Watts, C.W., Bird, N.R.A., Hallett, P.D., Whitmore, A.P.,
2006. Calculation of the compression index and precompression stress from soil
compression test data. Soil Tillage Research 89, 45–57.
Grifﬁths, B.S., Ritz, K., Bardgett, R.D., Cook, R., Christensen, S., Ekelund, F., Sorensen, S.J.,
Baath, E., Bloem, J., de Ruiter, P.C., Dolﬁng, J., Nicolardot, B., 2000. Ecosystem response of pasture soil communities to fumigation-induced microbial diversity reductions: an examination of the biodiversity-ecosystem function relationship.
Oikos 90, 279–294.
Horn, R., 2004. Division S-1 — soil physics — time dependence of soil mechanical properties and pore functions for arable soils. Soil Science Society of America Journal 68,
1131–1137.
Horn, R., Fleige, H., 2003. A method for assessing the impact of load on mechanical stability and on physical properties of soils. Soil Tillage Research 73, 89–99.
Imhoff, S., Da Silva, A.P., Fallow, D., 2004. Susceptibility to compaction, load support capacity, and soil compressibility of Hapludox. Soil Science Society of America Journal 68, 17–24.
Iversen, B.V., Schjønning, P., Poulsen, T.G., Moldrup, P., 2001. In situ, on-site and laboratory measurements of soil air permeability: boundary conditions and measurement scale. Soil Science 166, 97–106.
Keller, T., Lamandé, M., Schjønning, P., Dexter, A.R., 2011. Analysis of soil compression
curves from uniaxial conﬁned compression tests. Geoderma 163, 13–23.
Koolen, A.J., 1974. A method for soil compactibility determination. Journal of Agricultural Engineering Research 19, 271–278.

Krogh, L., Greve, M.H., 1999. Evaluation of world reference base for soil resources and
FAO soil map of the world using nationwide grid soil data from Denmark. Soil
Use Manage 15, 157–166.
Krummelbein, J., Peth, S., Horn, R., 2008. Determination of pre-compression stress of a
variously grazed steppe soil under static and cyclic loading. Soil Tillage Research
99, 139–148.
Larson, W.E., Gupta, S.C., Useche, R.A., 1980. Compression of agricultural soils from
8 soil orders. Soil Science Society of America Journal 44, 450–457.
Munkholm, L.J., Kay, B.D., 2002. Effect of water regime on aggregate-tensile strength,
rupture energy, and friability. Soil Science Society of America Journal 66, 702–709.
Munkholm, L.J., Schjonning, P., 2004. Structural vulnerability of a sandy loam exposed
to intensive tillage and trafﬁc in wet conditions. Soil Tillage Research 79, 79–85.
Munkholm, L.J., Schjønning, P., Debosz, K., Jensen, H.E., Christensen, B.T., 2002. Aggregate strength and mechanical behaviour of a sandy loam soil under long-term fertilization treatments. European Journal of Soil Science 53, 129–137.
Orwin, K.H., Wardle, D.A., 2004. New indices for quantifying the resistance and resilience of soil biota to exogenous disturbances. Soil Biology and Biochemistry 36,
1907–1912.
O'Sullivan, M.F., 1992. Uniaxial compaction effects on soil physical-properties in relation to soil type and cultivation. Soil Tillage Research 24, 257–269.
Perfect, E., Kay, B.D., 1994. Statistical characterization of dry aggregate strength using
rupture energy. Soil Science Society of America Journal 58, 1804–1809.
Rahimi, H., Pazira, E., Tajik, F., 2000. Effect of soil organic matter, electrical conductivity
and sodium adsorption ratio on tensile strength of aggregates. Soil Tillage Research
54, 145–153.
Rucknagel, J., Hofmann, B., Paul, R., Christen, O., Hulsbergen, K.J., 2007. Estimating precompression stress of structured soils on the basis of aggregate density and dry
bulk density. Soil Tillage Research 92, 213–220.
Schjønning, P., 1999. Mechanical properties of Danish soils — a review of existing
knowledge with special emphasis on soil spatial variability. In: Van den Akker,
J.J.H., Arvidson, J., Horn, R. (Eds.), Experiences with the Impact and Prevention of
Subsoil Compaction in the European Community. Proceedings of the First Workshop of the Concerted Action ‘Experiences with the Impact of Soil, Crop Growth
and Environment and Ways to Prevent Subsoil Compaction’. 28–30 May 1998,
Wageningen, The Netherlands, pp. 290–303.
Schjønning, P., Munkholm, L.J., Moldrup, P., Jacobsen, O.H., 2002. Modelling soil pore
characteristics from measurements of air exchange: the long-term effects of fertilization and crop rotation. European Journal of Soil Science 53, 331–339.
Schjønning, P., Elmholt, S., Christensen, B.T., 2004. Soil quality management. Concepts
and terms. In: Schjønning, P., Elmholt, S., Christensen, B.T. (Eds.), Challenges in
Modern Agriculture. CAB International, pp. 1–15.
Schjønning, P., de Jonge, L.W., Munkholm, L.J., Moldrup, P., Christensen, B.T., Olesen, J.E., (in
press). Clay dispersibility and soil friability — testing the soil clay-to-carbon saturation
concept. Vadose Zone Journal. https://www.soils.org/publications/vzj/ﬁrst-look.
Seybold, C.A., Herrick, J.E., Brejda, J.J., 1999. Soil resilience: a fundamental component of
soil quality. Soil Science 164, 224–234.
Silva, V.R., Reinert, D.J., Reichert, J.M., 2000. Susceptibilidade a compactacao de um
Latossolo Vermelho-Escuro e de um Podzolico Vermelho-Amarelo. Revista Brasileira de Cienca do Solo 24, 239–250 (In Portuguese, with English abstract).
Smith, C.W., Johnston, M.A., Lorentz, S., 1997. Assessing the compaction susceptibility
of South African forestry soils. 1. The effect of soil type, water content and applied
pressure on uni-axial compaction. Soil Tillage Research 41, 53–73.
Tobias, S., Hennes, M., Meier, E., Schulin, R., 2001. Estimating soil resilience to compaction by measuring changes in surface and subsurface levels. Soil Use Manage. 17,
229–234.
Utomo, W.H., Dexter, A.R., 1981. Soil friability. Journal of Soil Science 32, 203–213.
Veenhof, D.W., McBride, R.A., 1996. Overconsolidation in agricultural soils. 1. Compression and consolidation behavior of remolded and structured soils. Soil Science Society of America Journal 60, 362–373.
Vendelboe, A.L., Moldrup, P., Schjønning, P., Oyedele, D.J., Jin, Y., Scow, K.M., de Jonge,
L.W., in press. Colloid release from soil aggregates: application of laser diffraction.
Vadose Zone J. doi:10.2136/vzj2011.0070.
Wardle, D.A., Bonner, K.I., Barker, G.M., 2000. Stability of ecosystem properties in response
to above-ground functional group richness and composition. Oikos 89, 11–23.
Watts, C.W., Dexter, A.R., 1997. The inﬂuence of organic matter in reducing the destabilization of soil by simulated tillage. Soil Tillage Research 42, 253–275.
Whalley, W.R., Clark, L.J., Gowing, D.J.G., Cope, R.E., Lodge, R.J., Leeds-Harrison, P.B.,
2006. Does soil strength play a role in wheat yield losses caused by soil drying?
Plant and Soil 280, 279–290.
Zhang, B., Horn, R., Hallett, P.D., 2005. Mechanical resilience of degraded soil amended
with organic matter. Soil Science Society of America Journal 69, 864–871.
Zhang, H.Q., Hartge, K.H., Ringe, H., 1997. Effectiveness of organic matter incorporation in
reducing soil compactibility. Soil Science Society of America Journal 61, 239–245.

128

Paper 5

Soil Microbial and Physical Properties and Their Relations along a Steep
Copper Gradient
Emmanuel Arthur, Per Moldrup, Martin Holmstrup, Per Schjønning, Anne Winding,
Philipp Mayer, and Lis W. de Jonge
Agriculture, Ecosystems and Environment (2012) 159:9–18, doi: 10.1016/j.agee.2012.06.021

Reprinted with permission from Elsevier

129

130

Author's personal copy
Agriculture, Ecosystems and Environment 159 (2012) 9–18

Contents lists available at SciVerse ScienceDirect

Agriculture, Ecosystems and Environment
journal homepage: www.elsevier.com/locate/agee

Soil microbial and physical properties and their relations along a steep copper
gradient
Emmanuel Arthur a,∗ , Per Moldrup b , Martin Holmstrup c , Per Schjønning a , Anne Winding d ,
Philipp Mayer d , Lis W. de Jonge a
a

Department of Agroecology, Faculty of Science and Technology, Aarhus University, Blichers Allé 20, P.O. Box 50, DK-8830 Tjele, Denmark
Department of Biotechnology, Chemistry and Environmental Engineering, Aalborg University, Sohngaardsholmsvej 57, DK-9000 Aalborg, Denmark
Department of Bioscience, Aarhus University, Vejlsøvej 25, DK-8600 Silkeborg, Denmark
d
Department of Environmental Science, Faculty of Science and Technology, Aarhus University. Frederiksborgvej 399, DK-4000 Roskilde, Denmark
b
c

a r t i c l e

i n f o

Article history:
Received 23 February 2012
Received in revised form 1 June 2012
Accepted 15 June 2012
Keywords:
Soil contamination
Dehydrogenase activity
Clay dispersibility
Air permeability
Compression
Resilience

a b s t r a c t
Copper (Cu) is accumulating in agricultural soils because it is an essential component of mineral fertilizers and pesticides. This could lead to toxic effects on soil macro- and micro-organisms and impact
soil structure development. We investigated the effect of historical Cu contamination (>80 years; from
background concentrations up to 3837 mg Cu kg−1 ) on soil microbial enzyme activity, physical properties and resilience to compression. Soil samples and cores were taken from a fallow sandy loam ﬁeld in
Denmark. Microbial activity was quantiﬁed using ﬂuorescein diacetate (FDA) and dehydrogenase (DHA)
assays. Water dispersible clay was measured on ﬁeld moist and air dried samples. For the resilience assay,
soil cores (drained to −100 hPa) were subjected to uniaxial conﬁned compression (200 kPa) followed by
wet–dry or freeze–thaw cycles. Microbial enzyme activity signiﬁcantly decreased with Cu concentration
500 mg kg−1 with the two microbial assays linearly correlated with each other as well as with the water
dispersible clay. An effect concentration causing a 50% reduction (EC50 ) in enzyme activity was observed
at 521 mg kg−1 for FDA and 542 mg kg−1 for DHA. Signiﬁcant increases in water dispersible clay, bulk
density and decreases in air-ﬁlled porosity and air permeability were observed from Cu  900 mg kg−1 .
The increased density of the contaminated soils led to greater compression resistance and resilience relative to the uncontaminated soil. The results suggest that a threshold level for Cu exists (∼500 mg kg−1
for this soil type) beyond which microbial activity decreases and soil structure becomes more compact
with reduced permeability to air.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The addition of contaminated waste materials, mineral fertilizers, and pesticides increases the concentration of heavy metals
such as copper (Cu) in agricultural soils. Although small amounts
of these heavy metals are required for essential processes in
living organisms, elevated levels are toxic to soil microbes and
other organisms (Bååth, 1989), causing a detrimental effect on all
soil processes in which they are involved. However, the age of
contamination is an important variable in ecotoxicological studies (Tom-Petersen et al., 2004). Soil contamination from recent
pollution or laboratory spiking has higher toxicity to soil microorganisms and plants than historically contaminated ﬁelds due to
the effect of ageing on toxicity (Ma et al., 2006). Microbial enzyme
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E-mail addresses: emmanuel.arthur@agrsci.dk, quamena2001@yahoo.com
(E. Arthur).
0167-8809/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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activity in soils is important for processes such as mineralisation
and transformation of organic carbon and plant nutrients (Burns,
1982). Pollutants affecting enzyme activity have an effect on both
soil development and plant growth (due to the role of enzymes
in decomposition of plant litter and roots). As a result, quantiﬁcation of enzyme activity using assays such as dehydrogenase (DHA)
and ﬂuorescein diacetate (FDA) hydrolysis is done to determine the
effects of contaminants on soil microorganisms (Xie et al., 2009).
The effect of a speciﬁc heavy metal on soil microbial populations
and associated processes is often difﬁcult to isolate in ﬁeld studies because most polluted sites have a mixture of heavy metals
(Spurgeon and Hopkin, 1995). Studies involving single-pollutants
are often conducted in the laboratory where spiked soil samples
are used making it difﬁcult to extrapolate to ﬁeld scenarios. A fallow sandy loam ﬁeld located at Hygum, Denmark offers a unique
opportunity to study the effect of a single pollutant (Cu) on soil
properties (physical and biological). For this ﬁeld, earthworms and
enchytraeids were adversely affected beyond Cu concentrations
of 200 mg kg−1 (Maraldo et al., 2006; Holmstrup and Hornum,
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2012), whereas Collembola (Folsomia ﬁmetaria) were not affected
at Cu concentrations as high as 2900 mg kg−1 for ﬁeld contaminated soils (Scott-Fordsmand et al., 2000). Plant biomass, species
richness and vegetation height also decreased with increasing Cu
content with plant community composition signiﬁcantly changing
at Cu concentrations >200 mg kg−1 (Strandberg et al., 2006). The
development of soil structure results from microbial activity, plant
roots proliferation and penetration, wetting and drying cycles, and
activities of oligochaete worms (earthworms and enchytraeids) in
combination with organic and inorganic cementing agents (Oades,
1984). Hence, contamination of soils with Cu indirectly affects soil
structure development by disrupting activity of microorganisms
(reduced organic material breakdown), soil fauna, and reducing
plant growth. Rapid soil structure quantiﬁcation involves measuring properties such bulk density, aggregate strength and stability,
and transport of water and gases (Six et al., 2000; Moldrup et al.,
2001). Quantifying the state of soil structure is not enough for
environmental policy makers, it is also important to identify how
the structure responds to common stresses it is exposed to (e.g.
mechanical stresses due to tillage and other operations).
Interestingly, studies evaluating soil contamination effects often
focus on biological activity (as shown in references above for
Hygum as well). However, to have a holistic view of the impact of
anthropogenic contaminants on the environment, all three components of soil quality (biological, chemical and physical) need
to be linked (de Jonge et al., 2009). Also, results obtained should
ﬁt into a broader soil ecosystem framework which will serve as
a decision-support tool for policy makers (Robinson et al., 2012).
Considering the wealth of information on the identiﬁed Cu transect in Hygum, we embark on the ﬁrst interdisciplinary study on
the possible effects of elevated Cu levels on soil ecosystem functions by applying basic soil physical, mechanical and biological
indexes. We hypothesise that elevated Cu levels resulting from
historical contamination decreases microbial enzyme activity (biological) and result in a more compact soil structure with weaker
aggregates (physical) and decreased resilience to soil compression
(mechanical). To test this hypothesis, the objectives were to:
(a) Examine how elevated concentrations of copper resulting from
historical contamination affects microbial enzyme activity, soil
physical properties (e.g. bulk density, clay dispersion and pore
organisation) and soil resilience to mechanical stress.
(b) Identify the Cu concentration level beyond which these effects
become signiﬁcant.
2. Materials and methods
2.1. Study site
The experimental site (7200 m2 ), situated at Hygum (55◦ 46 N,
9◦ 27 E), Denmark, is an abandoned agricultural ﬁeld contaminated
with copper sulphate used for timber preservation operations
between 1911 and 1924. Between 1924 and 1993, annual ploughing
and harrowing during agricultural operations led to a homogenous
mixing of the Cu in the upper 25 cm of the soil. Since 1993, the
ﬁeld has been under fallow (natural vegetation) with no further
tillage. Further information about the site is given in Strandberg
et al. (2006) and Holmstrup and Hornum (2012).
2.2. Sampling and measurements
2.2.1. Sampling
Sampling was done at seven selected areas in the ﬁeld representing a gradient in increasing Cu-concentrations. The sampling
along this gradient was based on a previous study (Holmstrup and

Hornum, 2012). The average distance between the sampling areas
was 15 m and the size of each sampling area was 0.5 m2 . From each
sampling area, seven intact soil cores (100 cm3 , 6.1 cm diameter,
and 3.4 cm height) were taken from a depth of 5–10 cm using a special ﬂange placed on a sharpened steel sample ring and the latter
driven into the soil by gentle hammering. Afterwards, bulk soil was
taken from the same area using a shovel. Care was taken to avoid
smearing or compaction of the soil on its way to the laboratory. At
the laboratory, the bulk soil was gently spread out in a 20 ◦ C room
to air-dry. During the drying process, the larger, clods/aggregates
were gently broken into smaller pieces to facilitate the process. The
soil was then mechanically crushed and sieved to <2 mm for further
analyses.
2.2.2. Basic soil physical and chemical properties
Soil texture was determined on <2 mm sieved soil by a combination of wet sieving and hydrometer methods (Gee and Bauder,
1986). Total carbon was determined on ball-milled sub-samples by
oxidation of carbon to CO2 at 1800 ◦ C using FLASH 2000 organic elemental analyser coupled to thermal conductivity detector (Thermo
Fisher Scientiﬁc, MA, USA). Soil Organic matter was estimated as
total carbon content multiplied by a factor of 1.724 (Nelson and
Sommers, 1996).
Total Cu concentration was determined using hot plate extraction in nitric acid as previously described (Pedersen et al., 1999).
Brieﬂy, 0.3 g dried soil was sifted through a 2 mm mesh and crushed
in a mortar. Two ml of 7 N HNO3 pro analysis (Merck, Damstadt,
Germany) was added followed by heating to 80 ◦ C for 17 h, and
ﬁnally the ﬂuid was heated to 110 ◦ C until dryness. Another 1 ml
7 N HNO3 was added to each sample and the procedure was
repeated. The samples were dissolved in 5 ml 0.1 M HCl and then
analysed by Atomic Absorption Spectrometry (AAS, Perkin Elmer
4100, Ueberlingen, Germany). A certiﬁed reference soil (VKIJ1,
Danish Hydraulic Institute, Denmark) was included as an external standard. Extraction with 0.01 M CaCl2 was used as a measure
of the available Cu fraction (Novozamsky et al., 1993). Twenty ml
0.01 M CaCl2 was added to 2 g dry, sifted soil and the sample was
shaken end-over-end for 20 h, and then centrifuged at 5000 rpm for
5 min at room temperature (Fischer Scientiﬁc, Osterode, Germany).
The supernatant was used for Cu analysis with AAS as previously
described (Pedersen and van Gestel, 2001).
For soil pH, 8 ml of air dried soil was taken and 30 ml of deionised
water added. The mixture was mechanically shaken for 10 min and
left to settle for another 10 min. An electrode was then used to
measure soil pH (Page et al., 1982).
2.2.3. Microbial activity
Microbial activity was estimated for air-dried aggregates in
triplicates using two methods: ﬂuorescein diacetate (FDA) [3 ,6 diacetylﬂuorescein] hydrolysis and dehydrogenase activity (DHA)
by iodonitrotetrazolium reduction.
Fluorescein diacetate hydrolysis activity was determined as
described by Schnürer and Rosswall (1982). Brieﬂy, 4 × 1.5 g of
2 mm-sieved soil was mixed with 20 ml of sodium phosphate buffer
60 mM, pH 7.6 in glass tubes, and the reaction was started with the
addition of 100 l 5.0 mM FDA. After 2 h incubation with mechanical shaking, the reaction was stopped by adding 3 ml of acetone. The
tubes were centrifuged for 5 min at 3000 rpm and the absorbance
read at 490 nm. FDA hydrolytic activity was expressed as g ﬂuorescein g−1 soil h−1 . Dehydrogenase activity was determined
by reduction of 2-p-iodo-nitrophenyl-phenyltetrazolium chloride
(INT) to iodo-nitrophenyl formazan (INTF) following the method of
García et al. (1993). Brieﬂy, 6 × 1.5 g of soil was weighed into tubes
placed on ice and 0.75 ml potassium phosphate buffer (0.2 M, pH
7.5) added. One ml of INT solution (0.4% INT in distilled water)
was added and the tubes incubated in the dark at 20 ◦ C for 4 h.
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Five ml of analytical grade ethanol was added and shaken for 10 s.
The solution was ﬁltered through a 0.7 m ﬁlter into cuvettes. The
absorbance was measured at 485 nm and DHA expressed as g INT
g−1 soil h−1 .

2.2.4. Clay dispersion and soil pore characteristics
The water dispersible clay content (WDC) was determined in
triplicate on 1–2 mm air-dried aggregates and ﬁeld moist samples
using the end-over-end shaking method (Schjønning et al., 2002).
Brieﬂy, a mixture of 10 g of the aggregates and 80 ml of artiﬁcial
rainwater (0.012 mM CaCl2 , 0.15 mM MgCl2 and 0.121 mM NaCl;
pH 7.82; EC 2.24 × 10−3 S m−1 ) was placed on a rotating shaking
device (diameter 213 mm; rotation speed ∼33 rpm) for 2 min. After
shaking, the samples were removed and left undisturbed for sedimentation for 230 min. Afterwards, the top 60 ml of the suspension
corresponding to the particles <2 m (according to Stokes’ Law)
was transferred into a beaker. 10 ml of the suspension was then
transferred to a pre-weighed glass vial followed by oven drying
at 105 ◦ C. The weight of dispersed colloids was determined on dryweight basis for both air-dried and ﬁeld-moist samples (mg clay g−1
dry soil).
Soil total porosity, Ф, was estimated from measured bulk density, b , and particle density, s , determined by the pycnometer
method (Flint and Flint, 2002a). Soil volumetric water content, ,
at −100 hPa matric potential was taken as the respective difference in weight of the equilibrated samples and oven-dried samples
multiplied by b . Total air-ﬁlled porosity, ε, was calculated as the
difference between Ф and the  (Flint and Flint, 2002b).
The effect of long term Cu pollution on the convective ﬂow of
gases and conﬁguration of the pore system was examined by measuring the air permeability, ka , and soil pore organisation (ka /ε), at
−100 hPa matric potential. The ka was measured by the steady state
method described by Iversen et al. (2001).

2.2.5. Soil compression and estimation of resistance and resilience
The resistance and resilience of the soil cores to uniaxial conﬁned compression was investigated using ka , void ratio, e, and ε
as functional indicators of structural resistance and recovery. After
equilibration of the soil samples at matric potential of −100 hPa,
the weight and height, H, (using a specially constructed calliper
with 6 replicate measurements) of the soil cores were determined to enable the calculation of the initial void ratio, e0 , using
Eq. (1)
Void ratio =

 H − d
s
b H

−1

(1)

where d is the displacement of the soil in cm after compression. For
e0 , d = 0.
The compression test involved subjecting soil cores to uniaxial
conﬁned compression to a maximum load of 200 kPa at a constant
rate of 2 mm min−1 (Koolen, 1974) followed by unloading at the
same rate. This compression stress simulates that imparted by agricultural machinery (Lamandé and Schjønning, 2008). The weight,
d and ka of the soil were measured immediately after compression. Afterwards, four of the seven cores were subjected to two
wet–dry cycles, comprising −5 hPa on a sandbox for 24 h and 40 ◦ C
for 24 h followed by equilibration at −100 hPa. The remaining three
cores were subjected to two freeze–thaw cycles comprising freezing at −10 ◦ C for 24 h and re-equilibrating at −100 hPa on a sandbox.
The freeze–thaw and wet–dry cycles were repeated once because
the d and ka of the soil did not differ signiﬁcantly (p > 0.05 by Student’s t test) between the two cycles. After the cycles, all soil cores
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were oven-dried at 105 ◦ C for 24 h. Functional resistance (RS) and
resilience (RL) were estimated using Eqs. (2) and (3), respectively.
RS = 100 −

RL =



C0 − Dc 
C0



Dx − Dc 
Dc

× 100

× 100

(2)

(3)

where C0 is the original (unstressed) value, Dc is the value immediately after compression and Dx is the value following wet–dry or
freeze–thaw cycles. For a given variable, the RS index is bounded
by 0 (no resistance) to 100 (full resistance); the RL index is bounded
by 0 (no resilience) to an indeﬁnite maximum (but interpretable as
a percentage of the stressed situation).
The compression index, Cc , was used to estimate the general
resistance to compaction. The estimation of Cc is brieﬂy explained
below:
First, the soil compression data (applied stress, , and e)
obtained was ﬁtted to the Gompertz (1825) equation using nonlinear least squares ﬁtting (Gregory et al., 2006):
e = a + c exp[−exp (b (log10  − m))]

(4)

where a, b, c and m are ﬁtted parameters. The value of a corresponds approximately to the lower (ﬁnal e) asymptote, while a + c
is the upper (initial e) asymptote. The compression index (Cc* ) was
estimated as the modulus of the slope at the inﬂection point (log10
 = m) as deﬁned by Gregory et al. (2006):
Cc∗ =

bc
exp(1)

(5)

Since the estimation of Cc* could be erroneous when the inﬂection point is outside the range of the measured data (Keller et al.,
2011), m was restricted to m ≤ log10 200 kPa = 2.305.
2.3. Statistics
For comparison of microbial activity and soil properties resulting from the copper gradient, the Kruskal–Wallis non-parametric
test in SPSS 19 (SPPS Inc., Chicago, USA) was used to test for signiﬁcant differences (p < 0.05) between the means of all variables
for the different Cu levels. This test was used because it does not
assume normality in the data and is much less sensitive to outliers.
When signiﬁcant differences occurred among the different Cu levels, the Mann–Whitney U test was used to differentiate between the
means. The Gompertz model was parameterised using the nonlinear regression analysis (solver) feature in Microsoft Excel. Other
linear and non-linear regression model tests were conducted with
SPSS 19. To obtain the effect concentration causing a 50% reduction
in microbial enzyme activity (EC50 ), data from both assays was normalised against enzyme activity in the control and the data ﬁtted to
a four-parameter logistic model using SigmaPlot version 11 (Systat
Software, Inc., San Jose – CA, USA).
3. Results and discussion
3.1. Basic soil characterisation and the copper gradient
The soil texture of the Hygum ﬁeld was a sandy loam, with similar clay contents across the seven study areas. However, higher
silt and lower sand contents were observed for the sampling areas
with high Cu levels. The total Cu concentration increased from
background levels of 21.5–3836.7 mg kg−1 . The CaCl2 extractable
Cu fraction was linearly correlated to the total Cu concentration (R2 = 0.99) for the ﬁeld as reported previously (Pedersen and
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Table 1
Basic soil characteristics.
Total Cu
(mg kg−1 )a
22
48
175
466
875
2228
3837
a

±
±
±
±
±
±
±

1
4
6
18
21
83
158

CaCl2 Cu
(mg kg−1 )a
0.17
0.48
1.64
5.27
8.97
26.42
49.50

±
±
±
±
±
±
±

0.01
0.02
0.11
0.27
0.46
2.30
4.45

Clay < 2 m
(kg kg−1 )

Silt 2–50 m
(kg kg−1 )

Sand 50–2000 m
(kg kg−1 )

Organic matter
(kg kg−1 )

Soil pH–H2 O
(kg kg−1 )a

0.11
0.11
0.10
0.11
0.12
0.11
0.12

0.22
0.23
0.22
0.27
0.29
0.36
0.28

0.64
0.62
0.65
0.58
0.54
0.48
0.57

0.033
0.035
0.034
0.037
0.042
0.051
0.027

6.1
6.2
5.9
6.2
6.2
6.3
6.6

±
±
±
±
±
±
±

0.04
0.01
0.07
0.07
0.01
0.02
0.00

Mean values ± standard error (n = 7).

van Gestel, 2001). Due to this correlation, the total Cu concentration was used throughout the paper. The mean soil pH–H2 O was
6.2 and showed no signiﬁcant variation between the study areas.
The content of soil organic matter (OM) increased with increase in
Cu except for the highest Cu concentration (Table 1).
3.2. Effect of copper contamination on microbial properties
Total soil microbial activity quantiﬁed by FDA and DHA along the
Cu concentration gradient is shown in Fig. 1. The FDA showed a bellshaped response to increasing Cu concentration up to a threshold
concentration of 466 mg kg−1 after which it decreased signiﬁcantly
with increasing Cu concentration. Similarly, signiﬁcant decreases in

A

B

Fig. 1. Effect of copper concentration on microbial activity (indicated by ﬂourescein
diacetate, FDA hydrolysis and dehydrogenase activity, DHA). Bars indicate standard
error of the mean (SEM). Differently lettered means are signiﬁcantly different at
p < 0.05.

DHA were observed at concentrations above 466 mg kg−1 . A similar decrease in DHA with increasing Cu content has been reported
by Kizilkaya et al. (2004). The two indicators (FDA and DHA) were
linearly correlated (R2 = 0.88; p < 0.05) with similar EC50 values
(521 ± 23 mg kg−1 for FDA and 542 ± 1.5 mg kg−1 for DHA). It has,
however been suggested that presence of Cu in soils interferes
with the measurement of DHA in soils, since other indicators (e.g.
biomass C, biomass speciﬁc respiration) in the same experiments
showed a signiﬁcantly lower decrease in microbial activity than
DHA (Chander and Brookes, 1991; Obbard, 2001). It must be noted
however, that in the study of Chander and Brookes (1991), soils
were artiﬁcially spiked in the lab and observations made over a
period of 7 days. Also, the study of Obbard (2001) did not include
soils and may be too simplistic for extrapolation to ﬁeld conditions. For the present study, the DHA assay was used because (i) the
contamination occurred 85 years ago, (ii) it includes soil, and (iii)
Current research (Chaperon and Sauvé, 2008; Fernández-Calviño
et al., 2010) have shown that enzyme activity measured using DHA
in Cu-contaminated soils is comparable to other assays (urease, ␤glucosidase, and phosphatase) This, however, does not nullify the
ﬁndings of Chander and Brookes (1991) and Obbard (2001) as far
as laboratory/greenhouse spiked experiments are concerned.
The effect of a speciﬁc heavy metal on microorganisms is
affected by soil pH (through speciation and solubility of metals),
organic matter (through chelation), presence of other ions (interfering with uptake) and soil texture (clay reduces availability by
chelation) (Giller et al., 1998). In the present study, effects of pH
and interfering ions can be ruled out since all the areas had similar
pH values (Table 1) and have background concentrations of other
heavy metals (Holmstrup and Hornum, 2012). The higher OM of
the high Cu concentration areas would ideally increase complexation and reduce the amount of bioavailable Cu ions. However, the
extreme concentrations of Cu appear to negate any signiﬁcant effect
that OM alone would have on the level of toxicity as can be seen
in Fig. 1. Further, the strong correlation between total and CaCl2 extractable Cu concentration (R2 = 0.99; p < 0.01) suggests that OM
in this soil type has little inﬂuence on Cu toxicity. Low levels of
microbial activity observed for the high OM areas (with high Cu)
must therefore be due to strong effects of Cu. The increase in
microbial activity from background levels to 175 mg kg−1 could be
because microfauna (protozoa and nematodes) that feed on bacteria are more sensitive to Cu than bacteria. As a result, bacteria
have an advantage at intermediate Cu concentrations until Cu levels become so high that toxic effects overshoot the beneﬁts from
reduced grazing by microfauna. Microarthropods from the same
ﬁeld also showed a similar trend: having higher numbers at intermediate concentrations (Pedersen et al., 1999). Brandt et al. (2010),
using a maximum Cu concentration of 500 mg kg−1 reported that
the soil bacterial community was resistant to a ﬁve-year ﬁeld
exposure to Cu. This may explain why signiﬁcant decreases in
microbial activity were observed only above Cu concentrations of
466 mg kg−1 . However, the continuous, though not statistically signiﬁcant, decrease in microbial activity after 875 mg kg−1 can be
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attributed to the decreased enzyme synthesis resulting from Cu
toxicity which is associated with inhibited microbial growth (Bååth,
1989).
When considering soils with identical geological origin, climatic
conditions and management practice, the OM content depends on
the balance between input and decay (turnover). The increase in
OM with increasing Cu concentration (until 2228 mg kg−1 ) together
with the decreasing biological parameters (FDA and DHA) can be
interpreted as an inhibition of microbial turnover of OM input leading to reduced decomposition of dead plant material (Sauve, 2006).
The low OM of the area with the highest Cu concentration is due to
reduced plant input emanating from low plant biomass (Strandberg
et al., 2006). This is conﬁrmed by the fact that when agricultural
activities ceased on the ﬁeld in 1994, plant biomass was largely
the same with the exception of the hot spot. Currently, woody
plants are more concentrated in intermediate Cu concentrations
and could also explain the higher OM contents (Holmstrup and
Hornum, 2012).
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3.3. State of soil structure after copper contamination
A history of Cu concentration resulted in increased bulk density, signiﬁcant at Cu concentrations >875 mg kg−1 (Table 2). This
increase, coupled with decreased particle density (data not shown)
also led to similar trends in the void ratio which generally decreased
with increasing Cu concentration (Table 2). Soil total porosity also
showed decreasing trends, with signiﬁcant decreases also observed
after 875 mg kg−1 . The volumetric water content,  was similar for
areas with Cu concentration <875 mg kg−1 followed by a signiﬁcant increase in the last two areas with the highest concentrations.
The higher  for the area with 2228 mg kg−1 concentration can be
explained by the greater OM content; this is however, not the case
for the most polluted area which had the least OM content.
Generally, increasing OM content is associated with decreasing bulk density and higher soil total porosity (Ekwue, 1990).
Seemingly contradictory results obtained here may be attributed
to lower microbial activity (Fig. 1), decreased plant cover and
biomass (Strandberg et al., 2006) and decreased earthworm activity (Holmstrup and Hornum, 2012). Studies conducted on the
same ﬁeld (and along the very same gradient) showed that earthworm total density decreased from 376 m−2 where Cu was at
background levels to 24 m−2 in the area having Cu concentration of 2227 mg kg−1 , and no earthworms at all in the area with
highest Cu concentrations (Holmstrup and Hornum, 2012). Specifically, the dominating endogeic and anecic earthworm species
of the Hygum site (Aporrectodea longa, Aporrectodea tuberculata
and Aporrectodea rosea), which generally increase the number of
soil pores due to their burrowing activities (Lee, 1985; Lamandé
et al., 2011), disappeared when Cu concentrations exceeded
300–500 mg kg−1 (Holmstrup and Hornum, 2012). The disappearance of these earthworm species and lowered plant root biomass
are likely contributing to the increasing bulk density and decreasing total porosity at higher Cu concentrations. Another previous
study on soil biota at Hygum has shown that enchytraeid (small
white earthworms) abundance and biodiversity decreased when
Cu concentrations exceeded ∼500 mg kg−1 (Maraldo et al., 2006).
Although the effects of enchytraeids on soil porosity are much
smaller than the effects of earthworms, these organisms may have
inﬂuence on soil microbial processes and formation of microaggregates (Didden, 1990).
An important measure of soil structural stability is the amount
of water-dispersible clay (WDC) in soil aggregates. The WDC of
2 mm-sieved aggregates increased consistently with increasing Cu
concentration for ﬁeld moist samples (Fig. 2a), whereas for the air
dried samples, signiﬁcantly higher WDC was observed for only the
last two areas with the highest Cu concentrations (Fig. 2b). Higher

Fig. 2. Water dispersible clay, WDC, as affected by copper concentration for (A) ﬁeld
moist and (B) air dried aggregates. Bars indicate SEM. Differently lettered means are
signiﬁcantly different at p < 0.05.

WDC reﬂects weaker soil aggregates that are more susceptible to
breakdown. Relocation of dispersed colloids (resulting from higher
aggregate breakdown) may ﬁll existing soil pores, increase bulk
density and lower air and water permeability (Dexter, 1988). Upon
drying, dispersed clay reduces soil friability as a result of cementation (Kay and Dexter, 1992). The WDC is largely inﬂuenced by clay
content (Vendelboe et al., 2012), OM (Czyz et al., 2002), short-term
management effects (Schjønning et al., 2002) and water content
(Kjaergaard et al., 2004). Several studies have shown that air-drying
of soil aggregates may introduce changes in chemical and physical characteristics that can inﬂuence the WDC (Reid and Goss,
1981; Dexter et al., 2011). However, conclusions drawn from results
from only ﬁeld moist samples may be complicated by the effect of
water content (when samples have different ﬁeld water contents)
and the inclusion of air-dried samples may help reduce this discrepancy. The similar clay contents of the study areas makes the
inﬂuence of the clay content negligible [R2 = 0.22 (ﬁeld moist); 0.15
(air dried)]. Additional regression analyses showed that soil organic
carbon (OC) and the clay/OC ratio were not signiﬁcant determinants
of WDC in this study [R2 = < 0.1 (OC) and <0.15 (clay/OC) for both
moisture contents]. This leaves soil water content and Cu as the two
factors with possible major effects on the WDC. Regression analyses using total Cu content always yielded higher correlation values
than when using the CaCl2 -extractable Cu. As a result, further analyses were done using only total Cu contents. For air dried samples,
separate regressions between WDC and total Cu concentration and
water content yielded R2 values of 0.81 and 0.62, respectively.
For ﬁeld moist samples, the R2 values were 0.98 for both total Cu
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Table 2
Effect of copper concentration on soil bulk density, total porosity, volumetric water content and void ratio (at −100 hPa matric potential).
Copper concentration (mg kg−1 )
22
48
175
466
875
2228
3837

±
±
±
±
±
±
±

1
4
6
18
21
83
158

Bulk density (g cm−3 )
1.19
1.22
1.15
1.34
1.26
1.27
1.28

±
±
±
±
±
±
±

a

0.02
0.03ac
0.04a
0.02b
0.03abc
0.02bc
0.01c

Total porosity
0.54
0.53
0.56
0.48
0.51
0.51
0.51

±
±
±
±
±
±
±

a

0.01
0.01ac
0.01a
0.01b
0.01abc
0.01bc
0.01c

Vol. water content (m3 m−3 )
0.27
0.27
0.28
0.27
0.28
0.33
0.34

±
±
±
±
±
±
±

a

0.005
0.006a
0.006a
0.006a
0.005a
0.003b
0.004b

Void ratio (m3 m−3 )
1.19
1.15
1.29
0.94
1.06
1.04
1.02

±
±
±
±
±
±
±

0.03a
0.06ac
0.07a
0.04c
0.05abc
0.02bc
0.02b

Mean values ± standard error (n = 7). Differently lettered means are signiﬁcantly different at p < 0.05.

content and water content. Obviously, these two factors had a signiﬁcant effect on WDC for both air dried and ﬁeld moist samples.
Multiple regressions using total Cu and water content,  as regressors (WDC = a + b1  + b2 Cu) yielded higher regression coefﬁcients
for both air dried (0.83) and ﬁeld moist (0.99) samples. Total Cu and
 both signiﬁcantly affected the WDC for both moisture contents,
and the combined effect of the two variables explains 83% and 99%,
of the variation of WDC for air-dried and ﬁeld moist aggregates,
respectively.
Soil air ﬁlled porosity, ε, air permeability, ka , and void ratio all
showed identical values for Cu levels up to 875 mg kg−1 (Fig. 3;
Table 2). When Cu concentration reached 2228 mg kg−1 and higher,
statistically signiﬁcant lower values were observed (Fig. 3). The
ka , and its derivatives, soil pore organisation, PO1 (ka /ε) and PO2
(ka /ε2 ) are useful for characterising soil pore geometry and hence

A

soil structure (Blackwell et al., 1990; Groenevelt et al., 1984), with
highly structured soils usually having greater ka and PO values.
The relationship between PO1 and ε for the seven study areas is
shown in Fig. 4. Isolines of ka (10, 30 and 60 m2 ) are also added
and emphasise the trends in ka already shown in Fig. 3b. Generally, PO reﬂects the ability of a unit volume of air-ﬁlled pores to
conduct gas by convection and is thus an indicator of the arrangement, shape and tortuosity of the macropore space. Groenevelt et al.
(1984) stated that differences in PO1 and PO2 reﬂect differences in
pore size distribution and continuity because any two soils with
similar pore size distribution and continuity will always have the
same PO1 and PO2 since any extra ε will contribute proportionally to ka . The areas with Cu < 176 mg g−1 had PO1 values above
the ka = 60 m2 isoline, and the greatest Cu concentrations showed
lowest PO1 . Additionally, similar trends observed for PO2 (data not
shown) with increasing copper content suggest that Cu contamination affects not just ε, but also the distribution and continuity of
the pores. However, the question here is whether the decreasing ka
(and PO) from Cu > 466 mg kg−1 is due to the direct effect of Cu or is
merely a result of decreased ε. This is because ka is highly dependent
on ε (McCarthy and Brown, 1992; Moldrup et al., 1998). The ka was
linearly related to ε when average data (for each study area) was
used (data not shown). The linear regression relationship obtained
from ka and ε (ka = 662ε − 98.9; R2 = 0.95) implies that at a ε value
below 0.15 m3 m−3 , gas transport by convection ceases completely.
It can be deduced from the above that increasing Cu concentrations
led to decreased ε (smaller pore sizes with a higher degree of discontinuity due to lower earthworm and plant root activity) which
resulted in lower ka and PO values.

B

Fig. 3. Effect of copper concentration on (A) soil air-ﬁlled porosity and (B) soil air
permeability at −100 hPa matric potential. Bars indicate SEM. Differently lettered
means are signiﬁcantly different at p < 0.05.

Fig. 4. Mean values of soil pore organisation, PO1 , (air permeability, ka /air-ﬁlled
porosity, ε) as a function of air ﬁlled porosity, ε, for seven copper concentration
levels in mg kg−1 (shown adjacent to data points). Air permeability, ka isolines are
shown. Bars indicate SEM.
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compared to more compact soils. There was no signiﬁcant correlation between Cc* and OM as also shown by Zhang et al. (1997)
possibly due to the confounding effect of Cu on the e0 and water
content (Table 1).
The relative changes in the three indicators following compression are shown in Fig. 5b. When looking at the relative changes, it
is important to consider the initial state of the soils before compression. There was no signiﬁcant difference in the changes in ka
and e for all seven study areas, although there was a trend of lower
resistance (for ka ) for the two areas with the highest Cu content.
This means that although there was a decreasing ka and ε with
increasing Cu content (Fig. 3), the reduction in the two parameters
was similar after compression. When considering e, there was a
signiﬁcantly higher resistance for the two highest Cu content areas
compared to the control. This is because contamination indirectly
increased soil density, decreasing ε and reducing its susceptibility
to compression. The general trend of e for all the study areas was
expectedly similar to that of Cc* , since Cc* is strongly dependent on
e. This also shows that the use of Cc* as an indicator of compression
resistance is accurate, even at low applied stresses (200 kPa in this
case).
3.5. Resilience of soil structure to compression

Fig. 5. (A) Compression index, Cc* obtained from the Gompertz model as a function of copper concentration and (B) compression resistance indicated by relative
), air ﬁlled porosity (
) and void ratio (
) for
changes in air permeability (
different copper concentration levels. Bars indicate SEM. Differently lettered means
are signiﬁcantly different at p < 0.05. NS indicates no signiﬁcant differences among
the different concentration levels for that variable.

3.4. Resistance of soil structure to mechanical stress
(compression)
The soil’s resistance to mechanical stress was quantiﬁed using
two methods. First, the general resistance (related to soil bulk density) was quantiﬁed by using the compression index, Cc* , obtained
using the Gompertz model (Eqs. (4) and (5)). Second, relative
changes in ka , ε and e following compression (Eq. (2)) were used
as an indicator of the soil’s resistance.
When using Cc* , soils with smaller values are more resistant to
compression and vice versa. The study areas with Cu contents up
to 175 mg kg−1 showed a lower resistance to compression compared to the areas with Cu contents from 466 mg kg−1 and above
(Fig. 5a). However, this lower general resistance to compression
may not be a direct result of the Cu concentration but rather through
the effect of Cu on soil bulk density/void ratio as explained above.
Other factors affecting Cc* are the water content; OM content and
strength of structural units (Smith et al., 1997; Keller et al., 2011;
Arthur et al., 2012). The Cc* was positively correlated with the initial void ratio, e0 , (R2 = 0.90; p < 0.05) and negatively correlated with
water content (R2 = 0.29; p < 0.05) in this study. The lower Cc* at
higher water contents coupled with lower e0 may be due to pore
water pressure which buffers the effect of the imposed stress. Also,
the signiﬁcant positive correlation between Cc* and e0 is because
soils with higher e0 have more pore space that can be removed

The resilience of the soil for the different study areas was
quantiﬁed as the relative recovery compared to the value after
compression (Eq. (3)). In natural environments, wetting–drying
and freezing–thawing cycles are essential mechanisms governing
soil structure recovery. Soil properties such as soil total porosity (Pires et al., 2005), permeability and soil volume (Viklander,
1998) are positively affected by wet–dry and freeze–thaw cycles.
As stated earlier, the recovery of structure should be understood
in the context of the original state of the soil, as well as its resistance to the stress. Recovery of structure following wet–dry cycles
arise from the expansion of the electrical double layer, differential swelling and slaking during saturation followed by differential
settling of ﬁner particles between coarser particles and particle reorientation during drying (Shiel et al., 1988). In this study, after
exposure to wet–dry cycles, there was a general trend of increasing recovery of ka with increasing Cu content and increasing OM
(Fig. 6). The areas with Cu ≥ 2228 mg kg−1 showed signiﬁcantly
higher resilience (>100%) increase compared to the rest. This could
be partly because ka was signiﬁcantly lower for these areas at the
beginning of the compression test. There was no clear trend for
resilience using ε, although the areas with intermediate Cu content had lower recovery. Recovery of e was less than 1 for all the
study areas, with no signiﬁcant differences between them, possibly
because the e was highly resistant to compression (Fig. 6).
Further, freeze–thaw cycles led to considerable recovery of ka
for all study areas. There was a trend of increasing recovery of
ka with increasing Cu content; however there was no signiﬁcant
difference between them. Increased recovery of ka may be due to
micro-ﬁssuring during the cycles and the pores that remain after
thawing of the ice crystals. Recovery of e and ε showed no clear
trend and generally increased less than 1% and 10% from the compressed state, respectively. Comparatively, wet–dry cycles resulted
in much higher recovery for all three parameters than freeze–thaw
cycles as reported in recent studies (Gregory et al., 2009; Arthur
et al., 2012).
3.6. Relations between microbial relations and soil structure
Linking microbial enzyme activity with soil structure is a necessary step to a holistic approach in assessing the impact of Cu
contamination on the soil ecosystem. It is likely that the signiﬁcant effect of Cu on WDC is through the effect of Cu on microbial
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Fig. 7. Relationship between water dispersible clay and microbial activity quantiﬁed
by dehydrogenase activity, DHA (䊉) and ﬂourescein diacetate and FDA () for air
dried samples.

permeability and higher complexity of the air-ﬁlled pore space
(indicated by the higher pore organisation). On the other hand, the
highly polluted areas will over time spontaneously develop a more
compact, dense structure emanating from the decreased plant
biomass and macro- and micro-organism activity. This dense structure facilitated increased resistance to mechanical stress. There
may, however be limits to how far self-organisation can account
for all observed differences over time in fallow ﬁelds. This will be
looked at in future studies.
4. Conclusions

Fig. 6. Resilience after soil compression indicated by relative changes in air per), air ﬁlled porosity (
) and void ratio (
) for different copper
meability (
concentration levels after (A) wet–dry and (B) freeze–thaw cycles. Bars indicate
SEM. Differently lettered means are signiﬁcantly different at p < 0.05. NS indicates
no signiﬁcant differences among the different concentration levels for that variable.

activity (Fig. 1). Low microbial activity (especially for DHA) was
associated with high WDC for air dried aggregates (Fig. 7). One
likely reason for this is that soil fungi signiﬁcantly contribute to
the formation and stabilisation of microaggregates by connecting
the soil particles with their hyphae and other components such as
ergosterol (Elmholt et al., 2008). Another possible reason are microbial extracellular polymeric substances and patchy organic material
from microbial cell envelopes (Miltner et al., 2011), which might
also connect and thus stabilise mineral particles. Higher microbial
enzyme activity will therefore mean more stable aggregates and
lower amounts of WDC. In the broader perspective, when tillage
operations ceased on the ﬁeld, with no further external disturbances, the soil–microbe system of the various parts of the ﬁeld
(different contamination levels) would have self-organised based
on the available substrates and conditions. This process spontaneously evolved the soil structure from the previous state to its
present state out of an interaction between microbial activity, soil
aggregation and ﬂow of water and air in the soil (Crawford et al.,
2011). Expectedly, areas with Cu < 466 mg kg−1 showed more proliferation of plant residues and roots, leading to higher microand macro-organism activity, further providing adequate aeration
for plant roots culminating in more stable aggregates, improved

A history of copper pollution (with total concentrations as high
as ∼3800 mg kg−1 soil) on a ﬁeld currently under fallow had signiﬁcant negative impact on total microbial activity with an effect
concentration causing a 50% reduction (EC50 ) in enzyme activity
observed at ∼500 mg kg−1 . The reduced microbial activity in the
polluted areas coupled with previously reported decreases in earthworm and plant populations resulted in a more compact structure
(higher bulk density and lower air permeability and pore organisation) composed of aggregates with greater susceptible to dispersion
by water. Copper pollution (Cu  500 mg kg−1 ) reduced the general susceptibility of the soil to laboratory-imposed compression
stress due to its indirect increasing effect on soil density. Both resistance and resilience to stress application were positively affected
by Cu pollution, due to the denser structure of the polluted soils.
In perspective, total Cu concentrations of ∼500 mg kg−1 can serve
as a tentative threshold concentration beyond which soil microbial activity and structural integrity are affected negatively. We
note that this copper threshold may apply only to long-term polluted ﬁelds with similar soil texture, and may have to be tested
against freshly polluted ﬁelds and for soils with different levels of clay and organic matter. Since elevated copper levels were
found to markedly affect a number of basic biological, physical, and
mechanical properties, there is likely an impact also on essential
soil ecosystem services such as the ability to transport and clean
inﬁltrating water, the transport and fate of oxygen and climate
gases, and the functional soil architecture and its physico-chemical
life support systems (de Jonge et al., 2009; Robinson et al., 2012).
On-going investigations at the Hygum site will attempt to further
address these issues.
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a b s t r a c t
Long-term ﬁeld trials provide an ideal means to assess effects of cultivation practises (e.g., fertilisation,
tillage, crop rotation etc.) on soil physical properties and soil fertility. To build upon the knowledge of the
role of organic carbon (OC) and other soil properties on soil response to compressive stress, undisturbed
soil cores were collected from a long-term fertilisation experiment in Bad Lauchstädt in Germany, including
combinations of animal manure and mineral fertilisers. The cores were drained to −100 hPa matric potential
and exposed to uniaxial conﬁned compression (200 kPa). Investigated indicators for compression response
included compression index, precompression stress, and resistance and resilience indices based on measured
soil physical properties (air permeability, and void ratio). Soil resilience was assessed following exposure of
compacted cores to freeze–thaw (FT) and wet–dry (WD) cycles. The OC content increased with increased
fertilisation and resulted in decreased initial bulk density, higher air-ﬁlled and total porosities, and increased
organisation of the pore space. Soil resistance decreased with increasing OC content but the correlation was
not signiﬁcant. However, initial bulk density (ρbi) and initial gravimetric water content (wi) were signiﬁcantly positively correlated to the indices of soil compression resistance, with the effect of ρbi being signiﬁcantly
stronger. Signiﬁcant recovery of air-ﬁlled void ratio and air permeability was observed following exposure to
FT and WD cycles, with the latter cycle showing higher recovery levels. The OC and ρbi signiﬁcantly
inﬂuenced the magnitude of recovery following FT cycles, with ρbi showing contrasting trends on void
ratio after both WD and FT cycles. It was concluded that the main drivers inﬂuencing soil response to compressive stress are ρbi and wi. No direct inﬂuence of OC was observed, rather the indirect effect of OC was
seen through lower ρbi and greater wi associated with higher OC levels. Further studies are required to differentiate the relative effects of OC, ρbi and wi for variably-textured soils.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Physical properties of soils only slowly change in response to cultivation practices like crop rotation and fertilisation; therefore
long-term ﬁeld experiments are essential for assessment of the
impact of agricultural management. For example, fertilisation studies
conducted over a period of 100 years in Askov in Denmark show a
23% increase in soil organic carbon (OC) relative to unfertilised conditions, a decrease in top-soil bulk density, and an increase in soil
strength following amendment with animal manure (AM) or mineral

Abbreviations: AM, animal manure; OC, organic carbon; ka, soil air permeability;
ε, air-ﬁlled porosity; eT, total void ratio; ea, air-ﬁlled void ratio; ew, water-ﬁlled void
ratio; Ф, soil total porosity; ρbi, initial dry bulk density; wi, initial gravimetric soil
water content; σ, applied stress; Cc, compression index; σpc, precompression stress;
PO, pore organisation index; RS, compression resistance index; RL, compression
resilience index.
⁎ Corresponding author. Tel.: +45 871 54756.
E-mail address: emmanuel.arthur@agrsci.dk (E. Arthur).
0016-7061/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.geoderma.2012.09.001

NPK fertilisers (Schjønning et al., 1994). Investigating samples from
the same site, Munkholm et al. (2002) revealed that aggregates
from AM amended plots were more stable when wet and less stable
when dry relative to aggregates from plots with no AM amendments,
which showed higher stability under dry conditions. They attributed
this to the differences in dispersible clay content. Additionally,
Watts and Dexter (1997) found that increased OC, arising from
47 years of different crop rotation practices, decreased the rate at
which clay dispersibility increased with water content. They also
showed that while aggregate stability decreased with declining OC,
aggregate tensile strength was comparatively insensitive to changes
in OC. For the more than 100 years old Broadbalk wheat experiment
at Rothamsted in the UK, Blair et al. (2006a) showed a signiﬁcant
impact of AM and mineral N fertilisation on soil aggregation and
unsaturated hydraulic conductivity of a silt loam soil. For the
105 years long ‘static fertilisation’ experiment in Bad Lauchstädt
(BL) in Germany, which involved application of different rates of
sole AM and AM in combination with mineral NPK fertiliser, Koppen
and Eich (1991) and Blair et al. (2006b) reported increasing soil OC
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and mean weight diameter of aggregates with increasing application
rates of AM. For the BL experiment, Eden et al. (2012) also found an
increase in air-ﬁlled pore space with increasing OC content for a
matric suction range of − 100 to − 1000 hPa, which they associated
to differences in fertilisation. This gave rise to higher gas diffusivities
for soils with high-organic carbon content.
Other long-term studies at various locations show similar results.
For example, Rasool et al. (2008) reported an increase in total soil
porosity and aggregation due to 32 years of fertilisation on a sandy
loam in India. Yang et al. (2011) showed an increase in water retention
in fertilised plots compared to control plots after 19 years in dry land
areas of the Chinese Loess Plateau. A recent study has emphasised the
importance of such long-term studies in improving our understanding
of mechanisms and processes in soils (Petersen et al., 2012). To further
increase our understanding of long-term effects on the physical state of
a particular soil, evaluation and analysis of the resistance of developed
physical properties to compaction stress and their recovery rate over
time is of essence. Soil compaction resulting from agricultural operations (tillage, fertiliser applications and harvesting with heavy machinery) leads to undesirable changes in soil physical properties with
signiﬁcant agronomic consequences (Soane and van Ouwerkerk, 1994).
In-depth knowledge about the effects of long-term fertilisation
and associated increases in OC on the compressive behaviour of
soils is crucial for prediction of the changes that might occur when
soils are subjected to stresses imposed by agricultural machinery
(McBride, 1989). Besides potential resistance to externally imposed
stress it is essential to also quantify the recovery (resilience) following stress cessation. Knowledge gained from studying OC effects on
soil resistance and resilience will serve as a basis for development
of indices for soil vulnerability. For example, soils with low compression resistance may be endured if the resilience—ability to recover—is
high, while low resistance in combination with a low resilience is
problematic (Gregory et al., 2007). The major soil properties identiﬁed as affecting compaction resistance and/or resilience are texture
(Horn, 1988; McBride, 1989), organic matter content (O'Sullivan,
1992; Soane, 1990; Zhang et al., 1997), moisture content (Larson et
al., 1980; McBride, 1989), and bulk density (Keller et al., 2011; Paz
and Guérif, 2000). Soil properties especially sensitive to compaction
are air permeability, gas diffusivity, and hydraulic conductivity
(Arthur et al., 2012a; Berisso et al., 2012; Viklander, 1998).
The objective of our study was to reveal long-term fertilisation
effects on pore characteristics of a loess soil and to identify the main
driver(s) controlling resistance and resilience of various soil physical
properties (bulk density, air-ﬁlled porosity, air permeability and components of the void ratio) to compaction stress based on samples collected from the Bad Lauchstädt site in Germany.
2. Materials and methods
2.1. Experimental site
The Bad Lauchstädt static fertilisation experiment is located in
Saxony-Anhalt, Germany (51° 24′ N, 11° 53′ E). The mean annual
temperature and precipitation for the years 1963–2008 were 9.7 °C
and 585 mm, respectively. The soil is a silt loam with 26% clay
(b2 μm), 65% silt (2–50 μm), and 9% sand (50–2000 μm) on average.
This long-term experiment on a Haplic Chernozem (Altermann et al.,
2005) was established in 1902 and modiﬁed in 1978. A detailed
description of all applied treatments is provided in Körschens and
Pfefferkorn (1998).
Sampling took place in spring 2008 in a ﬁeld (strip 3) with a
4-year crop rotation (winter wheat [Triticum aestivum], sugar beet
[Beta vulgaris], spring barley [Hordeum vulgare], and potato [Solanum
tuberosum]) during the winter wheat season. Tillage operations
included an offset disc plough (30-cm depth) followed by harrowing
prior to sowing of the winter wheat. The main ﬁeld is divided into
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three blocks differing in AM management (0, 20, and 30 t ha −1 per
2 years). Each block has six sub-treatments with different mineral
fertilisation strategies, which gives a total of 18 treatments. The
experiment has no true replicates. The present study addressed six treatments: the 3 rates of AM, and with or without NPK mineral fertiliser.
Note that, Mx denotes the amount of manure added and ± indicates if
NPK was added or not. For example, M2+ means 20 t ha−1 of AM in
combination with NPK and M3− indicates 30 t ha−1 of AM with no
NPK. Further details and a schematic of the sampling areas used for
this study are given in Eden et al. (2012) and Vendelboe et al. (2012).
2.2. Sampling and measurements
2.2.1. Soil properties before compression
For each plot, 12 undisturbed 100 cm 3 soil cores (height 3.5 cm;
diameter 6.1 cm) were taken next to each other from two sampling
locations (six from each location) about 7 m apart at a depth of 6 to
9.5 cm. Soil water retention (using tension tables), and air permeability (ka) (using the steady state method of Iversen et al. (2001)) were
measured for all core samples at matric potential of − 100 hPa. Bulk
soil sampled adjacent to cores sampling locations was analysed for
soil texture, particle density, and soil OC content (Eden et al., 2012).
The air ﬁlled porosity (ε) of each core was calculated from a combination of volumetric soil water content and total porosity (Φ)
which in turn was derived from soil bulk density (ρb) and particle
density. The soil pore organization index (PO) was calculated as ka/ε
at − 100 hPa.
2.2.2. Compression test
For the soil resistance and resilience to compression, the following
properties were used as functional indicators: ka, total void ratio (eT),
air-ﬁlled void ratio (ea) and water-ﬁlled void ratio (ew). After equilibration of the soil cores at − 100 hPa, their weight and height (H)
(using a specially constructed caliper with 6 replicate measurements)
were determined to enable the calculation of eT, ea, and ew using
Eqs. (1) to (3).


ρs H−d
−1
ρb H

ð1Þ

ea ¼ eT −ðε 100 =ΦÞ

ð2Þ

ew ¼ eT −ea

ð3Þ

eT ¼

where d is the displacement of the soil in cm after compression. For initial eT, d = 0. The ε100 is the air-ﬁlled porosity at −100 hPa. The compression test involved subjecting soil cores at −100 hPa to uniaxial
conﬁned compression to a maximum load of 200 kPa at a constant
rate of 2 mm min−1 (Koolen, 1974) followed by unloading at the
same rate. The data acquisition was equidistant on a time scale, with a
constant strain of 0.03 mm s−1, giving about 1300 data points for
constructing the stress–strain curve. This compression stress simulates
that imparted by agricultural machinery (e.g. Gregory et al., 2007;
Lamandé and Schjønning, 2008). The weight, d and ka of the soil cores
were measured immediately (b2 min) after compression and
unloading. Thereafter, six of the 12 cores for each plot were subjected
to two wet–dry (WD) cycles, comprising −5 hPa in a sand tension
table for 24 h, and drying at 40 °C for another 24 h followed by saturation (via capillary rise for 24 h) and re-equilibration at −100 hPa. The
remaining six cores were subjected to two freeze–thaw (FT) cycles
comprising freezing at −10 °C for 24 h and saturation/re-equilibrating
at −100 hPa in a sand tension table. The FT and WD cycles were repeated once (total of two cycles) because the d, eT and ka of the soil did not
differ signiﬁcantly (p> 0.05 by Student's t test) between the two cycles.
After completion of the cycles, all soil cores were oven-dried at 105 °C
for 24 h.
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To estimate the general resistance to compression, the compression
index (Cc) was used. To obtain Cc, we modelled the soil compression
data (applied stress, σ, and eT) using the Gompertz (1825) model
(Eq. (4)) as suggested by Gregory et al. (2006) by non-linear regression
analysis.

long-term fertiliser application rates. The intra-plot variation
between individual soil cores was used as residual error in the
above-mentioned tests of differences between experimental plots.

eT ¼ a þ c exp½− expðbð log10 σ−mÞÞ

3.1. Organic carbon, bulk density and soil pore characteristics at ﬁeld
capacity

ð4Þ

where a, b, c and m are the free model parameters. Because of the
low stress applied (200 kPa) in the study, m was constrained at
m ≤ log10 200 kPa = 2.305 during model ﬁtting to avoid obtaining
erroneous values of Cc when the inﬂection point falls outside the
range of the measured data (Keller et al., 2011). The value of a
approximately corresponds to the lower (ﬁnal eT) asymptote, while
a + c is the upper (initial eT) asymptote (Gregory et al., 2006). The
Cc was estimated using Eq. (5) as suggested by Gregory et al. (2006).
Cc ¼

bc
expð1Þ

ð5Þ

Additionally, the pre-compression stress (σpc) was estimated as the
stress at maximum curvature of the compression curve (Gregory et al.,
2006; Keller et al., 2011).
When considering the speciﬁc soil properties (ka, eT, ea, ew), the
resistance (RS) and resilience (RL) of the measured variables for the
different treatments were estimated using Eqs. (6) and (7) as proposed by Arthur et al. (2012b).

RS ¼ 100−

RL ¼



jC 0 −Dc j
 100
C0



jDx −Dc j
 100
Dc

ð6Þ

ð7Þ

where C0 is the original (no load) value, Dc is the value immediately
after compression and Dx is the value following WD or FT cycles. For
a given variable, the RS index is bound by 0 (no resistance) and 100
(full resistance); the RL index is bound by 0 (no resilience) and an
indeﬁnite upper limit (interpretable as a percentage of the stressed
state). We used Eq. (7) as an estimate of RL because for soils with different initial functions/properties, we believe it better reﬂects how
the function/property in question has improved as compared to the
stressed situation. Other studies have used resilience indices taking
into account the pre-stressed soil property (e.g. Arthur et al., 2012a;
Grifﬁths et al., 2000). The RS and RL of various soil properties were
then related to soil organic carbon, initial bulk density, and gravimetric water content to establish the dominant driver (s).
2.3. Statistical analyses
For comparison of the soil properties before compaction, the
Kruskal–Wallis non-parametric test in SPSS 19 (SPPS Inc., Chicago,
USA) was used to test for signiﬁcant differences (p b 0.05) between
the means of all variables for the different experimental plots. This
test was used because it does not assume normality in the data and
is much less sensitive to outliers. When signiﬁcant differences
occurred among the experimental plots, the Mann–Whitney U test
was used to differentiate between the means. The Gompertz model
was parameterised using the non-linear regression analysis (solver)
feature in Microsoft Excel. Linear and non-linear regression model
tests were conducted with SPSS 19. The experimental design of the
ﬁeld trial with no true replicates prevents a real test of the effects of
fertilisation strategy on the soil parameters studied. Hence, we will
discuss our results primarily in relation to OC and the associated
soil bulk density, which displayed a true gradient mirroring the

3. Results and discussion

Application of organic and mineral fertiliser for more than a century resulted in a gradient in soil organic carbon (OC) from 1.5% to 2.4%
with increasing rates of fertiliser application (Table 1; Eden et al.,
2012) which is in close agreement with previous measurements
(Blair et al., 2006a; Koppen and Eich, 1991; Körschens, 2006). There
was a signiﬁcant negative correlation between OC and initial soil
bulk density (ρbi), with a corresponding increase in Φ with increasing
OC (Fig. 1) (Arvidsson, 1998; Ekwue, 1990; Soane, 1990). This was
expected due to the dilution effect caused by mixing of the added
organic material with the denser mineral fraction of the soil
(Bronick and Lal, 2005; Courtney and Mullen, 2008) and—more
importantly—the OC-facilitated aggregation of organo-mineral complexes in higher OC soils (Tisdall and Oades, 1982). However, as
reported earlier (Eden et al., 2012), the M3 + plot showed a higher
ρbi than expected from the general trend with OC, similar to the
M2 − plot. This is due to the location of that plot within the larger
ﬁeld. The M3 + was the outermost plot and was located close to a
farm road. Hence, the speed and perhaps depth of tillage operations
for this plot most probably were different from the other plots. In
addition, the speciﬁc sampling location was likely affected by trafﬁc
to and from the experimental ﬁeld. Because of this, the exceptionally
high ρbi of M3 + was considered an outlier and not used in subsequent regression tests where ρbi was expected to play a prominent
role. To put the ρbi of the present study in context, we compared
the ρbi with what was expected given the texture and OC content.
Heinonen (1960), based on analysis of 111 soils from Southern Finland, proposed a pedotransfer function for estimating the ρbi of ﬁelds
which have naturally settled for 2–4 years after the last tillage operation (Eq. (8)).
ρbi ¼ 1:40−0:072OC−0:0013 Clay þ 0:0014 Sand

ð8Þ

where OC, clay and sand contents are all in g per 100 g of soil. One
would normally expect that the ρbi values measured for the Bad
Lauchstädt soils will at least be equal to or lower than the predictions
from Eq. (8) because they were tilled (ploughed) just 6 months prior
to sampling. However, the ρbi values of all the plots were much higher
than expected (Fig. 1), suggesting that we are dealing with a special
soil with respect to natural density and structure. This is largely due
to the high silt content which gives the soil a massive structure with
a relatively low degree of aggregation (considering the clay content).
This makes the intact soils similar to sieved-repacked samples as also
observed by Eden et al. (2012) when they measured gas diffusivity
for the same soils.
Table 1
Soil texture, organic carbon contents, and bulk densities of investigated soils (Eden
et al., 2012).
Treatment

Clay
(b2 μm)

Silt
(2–50 μm)

Sand
(50–2000 μm)

Organic
carbon

Mg m−3

% by weight
M0−
M0+
M2−
M2+
M3−
M3+

26.4
26.5
26.6
26.6
25.7
25.6

Particle density

65.8
66.3
64.9
65.3
65.0
61.9

7.8
7.2
8.5
8.1
9.3
12.5

1.53
1.82
2.01
2.18
2.22
2.37

2.66
2.65
2.65
2.64
2.65
2.63
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3.2. Resistance to compaction

Fig. 1. Relationship between initial bulk densities and soil organic carbon contents
(regression excludes M3 +). Different symbols represent the different plots. △
M0 −, ▲ M0+, □ M2 −, ■ M2+, ○ M3 −, ● M3+. Error bars denote standard error
of the mean (SEM). Open diamonds denote predictions of natural bulk density from
Heinonen (1960).

At ﬁeld capacity (−100 hPa), volumetric soil water content, θ,
increased signiﬁcantly with increasing AM application rates. Further, ε,
eT, and ka increased signiﬁcantly when the fertilisation rate was above
20 t ha−1 of AM in combination with NPK (Table 2). The ka was especially low for the M3+ plot (signiﬁcantly lower than M0+), reﬂecting the
speciﬁc conditions for this plot. The ka, and pore organisation, PO (ka/ε)
are important indices for characterising soil pore geometry and hence
soil structure (Blackwell et al., 1990; Groenevelt et al., 1984; Moldrup
et al., 2001), with highly structured soils usually having greater ka and
PO values. The PO for the different plots as a function of ε is shown in
Fig. 2a, with isolines of ka (3, 6 and 9 μm2) added for comparison. The
two plots with OC>2.1% showed signiﬁcantly higher PO when compared to the rest with bulk densities above 1.55 Mg m−3 (Fig. 2a;
Table 2). This means that the two high-OC plots not affected by trafﬁc
(M2+ and M3−) have higher conductance of soil air per unit volume
of ε.
To identify the main driver behind the improved PO for the soils,
OC and ρbi were tested as predictors of PO by means of linear regression modelling (excluding M3 +). The ρbi was a stronger predictor of
PO (Fig. 2b; r 2 = 0.89; p = 0.017) than OC (r 2 = 0.70, p = 0.078). The
M3+, with trafﬁc-induced high ρbi had the lowest PO, and was
close to the other two high density plots, despite the higher OC; indicating a different soil structure compared to the other plots (Fig. 2b).
Thus, although the trend in ρbi resulted from the OC gradient (Fig. 1),
it was the ρbi, rather than OC which showed a clear relationship with
pore connectivity and arrangement. This negative relationship
between ρbi and pore connectivity was also observed by Dörner
et al. (2010) for an Ultisol for four different matric potentials.

Table 2
Soil density, porosity, water content, and pore characteristics (at -100 hPa matric
potential) of experimental plots.
Treatment

M0−
M0+
M2−
M2+
M3−
M3+

Initial bulk
density

Water
content

Mg m−3

m3 m−3

1.64a
1.61b
1.56c
1.48d
1.44e
1.54c

0.30b
0.31b
0.32a
0.32a
0.32a
0.33a

Air-ﬁlled
porosity

Total void ratio

0.076b
0.079b
0.087b
0.118a
0.135a
0.082b

0.61d
0.65c
0.69b
0.79a
0.85a
0.71b

Air permeability
μm2
2.59bc
3.54b
4.24b
7.71a
15.13a
1.83c

Different letters indicate that means are signiﬁcantly different (p b 0.05).

Analysis of the resistance to compaction was conducted in two
ways. First, the parameters (Cc and σpc) obtained from the Gompertz
model (Eqs. (4) and (5)) were used as general indicators for the soil's
compaction resistance. Second, the resistance of speciﬁc soil properties (ka eT, ea, ew) to compaction was assessed using Eq. (6). Afterwards, three soil properties (OC, ρbi, and initial water content, wi),
expected to have an inﬂuence on compaction resistance, were evaluated using correlation and multiple regression analyses. The results
are presented in Table 3, Figs. 3, 4 and Table 4.
Considering the parameters of the Gompertz model, a small Cc
value indicates that a particular soil is more resistant to compression
and vice versa, while a small σpc value reﬂects a low resistance. The Cc
index is normally interpreted as the strength of the ‘virgin’ part of the
soil structure when exposed to compressive stresses higher than previously experienced (e.g. Larson et al., 1980). The σpc index, in turn, is
regarded an estimate of this pre-compression threshold (Lebert and
Horn, 1991). The Gompertz equation is commonly used to identify
the σpc and Cc for soils at much higher stresses (up to 800 kPa in
Keller et al., 2011) than applied here. Strictly speaking, it is possible
that stopping the load at 200 kPa may not provide standard ‘geotechnical’ estimates of both parameters. However, since model ﬁts for all soil
cores were good (mean r2 = 0.99; root mean squared error = 0.0014),
the estimates given are accurate for comparison purposes.
The Cc values ranged from 0.018 to 0.177 with a mean of 0.05
(Fig. 3a). These values are on the low end when compared to previous
studies (Arthur et al., 2012a; Keller et al., 2011), implying a general
higher resistance of this soil to compression. The σpc ranged from 24
to 94 kPa, with an average of 60 kPa for all soils (Fig. 3b). There was
no signiﬁcant difference in σpc among the experimental plots (except
the M3-). Generally, pressures exerted on the topsoil by tyres on agricultural machinery range from 70 to 375 kPa with even higher stress
for some high-pressure tyres (Schjønning et al., 2012; Soane, 1986).
Thus, the σpc values obtained in this study can be considered as low,
but they are in agreement with other studies on recently tilled arable
land (Horn, 2004; Krümmelbein et al., 2010). Also, since sampling was
done 6 months after ploughing and the sites used for sampling had
not been wheeled, we do not interpret the σpc as classical estimates of
pre-compression by mechanical loads (which identiﬁes the highest
load the soil has been subjected to previously) but rather a reﬂection
of the strength of the “collection” of aggregates in the middle of the process of “age hardening”. “Age hardening” in soils occurs due to two
mechanisms: (i) formation of particle-particle bonds and (ii) reinforcement of the existing particle-particle bonds by cementation mechanisms (Dexter et al., 1988). Age-hardening increases compression
resistance (Utomo and Dexter, 1981) via increases in ρbi which subsequently accounts for the differences observed in Cc and σpc.
The ka, with RS values ranging from 12 to 40%, was most susceptible to compression. The RS of the remaining properties were in the
order ew > eT > ea. The RS values of the components of void ratio clearly showed that the decrease in eT was mainly due to decrease in ea,
rather than ew. The relatively low resistance of ka compared to ea
and eT has also been shown earlier by Arthur et al. (2012b) where
the range in RSka was between 20 and 40% for a copper contaminated
ﬁeld. Although ka depends on ea (McCarthy and Brown, 1992), the big
difference in the RS values of ka and ea is because the remaining pore
spaces are not interconnected and hence does not conduct air from
and to the atmosphere. The seemingly higher RS of ka for the M3+
plot is mainly because it already had very low ka at − 100 hPa
(Table 2) and the relative reduction was much lower compared to
the other plots.
3.2.1. Inﬂuence of OC
Mean values were used for examining the inﬂuence of OC on the
compression resistance of the soils since only one OC measurement
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Fig. 2. (A) Soil pore organisation (PO = air permeability/air-ﬁlled porosity) as a function of air ﬁlled porosity at −100 hPa. Air permeability (ka) isolines are shown. (B) Relationship
between PO and initial bulk density (regression excludes M3+). Different symbols represent the different plots. △ M0−, ▲ M0+, □ M2−, ■ M2+, ○ M3−, ● M3+. Error bars
denote SEM. Different letters indicate that means are signiﬁcantly different (p b 0.05).

was conducted per experimental plot. Again, the M3 + plot was
excluded the analysis due to reasons discussed above. For the ﬁve
remaining plots, there was a positive correlation between OC and Cc
and σpc, and negative correlations with all the other indicators of
compression resistance, RS (Table 3). Besides σpc and RSka, all other
indices had r values higher than 0.60, however, none of these correlations were signiﬁcant. This indicates a trend of decreasing compression resistance with increasing OC for all the indicators. Soane
(1990) reviewed studies on the effect of the amount, composition
and distribution of OC on soil compactibility and concluded that OC
should in principle reduce soil susceptibility to compaction. Also,
O'Sullivan (1992) applied static loads of 25–800 kPa on soils
(clay b 20%; OC 1.7–3.7%) from three tillage treatments and found a
signiﬁcant positive inﬂuence of OC on compaction resistance. However, Smith et al. (1997), using soils with a wide range in clay and OC
(clay 8-66%; OC, 0.3-5.8%) showed that the effect of OC on compaction behaviour (using Cc) of soils ceases to be signiﬁcant beyond
clay contents of 25%. Additionally, Zhang et al. (1997) and Arthur et
al. (2012a) using soils with clay contents ranging from 4.5 to 50%
also found no signiﬁcant effect of OC on soil compaction behaviour.
The effect of OC on soil compressive resistance is likely to be confounded by ρbi and wi as was also shown by Arthur et al. (2012a),
where they used covariate analyses to determine the effect of OC
while isolating the contribution of wi. The same could be done here
to isolate the effect of both ρbi and wi, but the absence of true replicates and the single measurements of OC per plot limits this option.
An alternative is to examine the inﬂuence of OC via the complexation

of clay based on the theory that 1 g of OC is associated with 10 g of clay
(Dexter et al., 2008). The clay in excess of OC complexation is termed
non-complexed clay (NCC). The NCC signiﬁcantly affects soil properties
such as aggregate strength and clay dispersibility (de Jonge et al., 2009;
Schjønning et al., 2012). The amount of NCC showed stronger negative
correlations with Cc and σpc, and positive correlations with the RS indices than OC. However, the correlations were still insigniﬁcant (Table 3).
A possible reason for the lack of a signiﬁcant effect of OC (or NCC) on the
measures of soil compression (especially Cc) could be due to the high
clay (>25% as noted by Smith et al., 1997) and high silt content of the
soil. Smith et al. (1997) found highest Cc values for ﬁne-textured soils
(clay + silt> 50%) with OC as high as 4.23% and their reasoning was
that the relatively high speciﬁc surface area of these soils limits the extent to which OC can interfere with the mineral particle interfaces to
limit compression.

Table 3
Correlation between soil organic carbon (OC), non-complexed clay (NCC), initial bulk
density (ρbi), and initial gravimetric water content (wi), and the compression index
(Cc), precompression stress (σpc) and indices of soil resistance (RS). Numbers in
table are correlation coefﬁcients (r).
Compression resistance
Cc
σpc
RSair permeability
RStotal void ratio
RSair-ﬁlled void ratio
RSwater-ﬁlled void ratio

OCa

NCCac
ns

0.78
0.65ns
−0.37ns
−0.76ns
−0.73ns
−0.76ns

ns

−0.82
−0.70ns
0.39ns
0.82ns
0.77ns
0.82ns

b
ρbi

wib

−0.88⁎⁎
−0.45⁎⁎
0.34⁎
0.87⁎⁎
0.78⁎⁎
0.87⁎⁎

0.66⁎⁎
0.36⁎
−0.31⁎
−0.59⁎⁎
−0.58⁎⁎
−0.58⁎⁎

Correlations exclude M3+; a averaged values used (n = 5); b values from individual
cores used (n = 60); c calculated according to Dexter et al. (2008), please consult
text; ns Correlation is not signiﬁcant; **. Correlation is signiﬁcant at the 0.01 level;
*. Correlation is signiﬁcant at the 0.05 level.

Fig. 3. (A) Compression index, Cc, and (B) precompression stress, σpc, for experimental
plots. Error bars denote SEM. Different letters indicate that means are signiﬁcantly different (p b 0.05).
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Fig. 4. Relationship between initial bulk density and the resistance (RS) of air permeability (A), total void ratio (B), air-ﬁlled void ratio (C), and water-ﬁlled void ratio (D) after
compaction. Regressions exclude M3+. Different symbols represent the different plots. △ M0−, ▲ M0+, □ M2−, ■ M2+, ○ M3−, ● M3+. Error bars denote SEM. The r2 and
p values given denote the signiﬁcance of the regression model.

3.2.2. Inﬂuence of initial bulk density and initial gravimetric water content
The assessment of the inﬂuence of these two variables (ρbi and wi)
was carried out in two steps. First, correlation analyses of the two variables with the Gompertz parameters and RS indicators were done
separately using individual soil core data excluding the M3 + plot
(Table 3) in addition to linear regression analysis between average
compression resistance and ρbi (Fig. 4). Second, both ρbi and wi
were used for multiple regression analyses as predictors of soil compression resistance (using all 72 individual cores including M3 +).
3.2.2.1. Initial bulk density. There was a signiﬁcant negative correlation
between ρbi and the Gompertz model parameters (Cc and σpc) and
signiﬁcant positive correlations with the RS indices (Table 3; Fig. 4).
The regression equations for the lines in Fig. 4 (excluding Fig. 4a)
showed that ρbi accounted for an average of 85% of the variation in
the RS for various variables. The weaker relationship for RSka is partly
due to the dependence of ka on other properties of the existing pore
space (pore conﬁguration and connectivity). The decrease in RSeT
with decreasing ρbi is primarily due to the decreasing RSea arising
from the loss in ε. Although RSew showed a signiﬁcant increase with
ρbi, the range was much smaller (94–98%). As shown above, increased
ρbi is associated with increased compression resistance (regardless of
which indicator is used). This trend is in agreement with several studies (Imhoff et al., 2004; Keller et al., 2011; Safﬁh-Hdadi et al., 2009)
where Cc was used to assess compression resistance. Soils with higher
Table 4
Relationship between compression index (Cc), precompression stress (σpc; kPa), and
other indices of compression resistance (RS; %), and initial bulk density (ρbi; Mg m−3)
and initial gravimetric water content (wi; g g−1).
Regression equation

r2

Signiﬁcance

Cc = 1.06 −0.51ρbi − 1.05wi
σpc = 237.7 − 109.1ρbi −40.1wi
RSka = –283.7 + 122.8ρbi + 553.1wi
RSeT = –118.5 + 98.3ρbi + 274.7wi
RSea = –254.3 + 154.9ρbi + 411.7wi
RSew = 28.12 + 32.29ρbi + 89.57wi

0.84
0.28
0.15
0.86
0.64
0.86

‡
†
‡
‡
‡
‡

ka, air permeability; eT, total void ratio; ea, air-ﬁlled void ratio; ew, water-ﬁlled void
ratio. †Regression model is signiﬁcant (p b 0.05), but wi is not signiﬁcant (wi added
no further improvement over modelling with ρbi). ‡Regression model (including
both variables) is signiﬁcant (p b 0.05).

ρbi and lower ε are less compressible than their less-dense counterparts. This is because denser soils have more intricate particle
arrangement, less pore space available for particle movement and
higher friction forces between particles. Thus, soil deformation
becomes more difﬁcult with increase in bulk density (Paz and
Guérif, 2000). The negative correlation between σpc and ρbi is in disagreement with previous studies (Arthur et al., 2012a; da Veiga et
al., 2007; Imhoff et al., 2004), which reported the opposite trend. As
stated elsewhere, we used σpc as an estimate of the strength of the
aggregates that had undergone age-hardening during the six months
following tillage. Low ρbi soils had higher OC content and this likely
improved the aggregate strength, hence the higher σpc. Similar to
this study, Krümmelbein et al. (2010) reported a negative correlation
between σpc and ρbi and noted the strength of the structure of recently tilled or re-levelled is largely deﬁned by inter-particle and
inter-aggregates forces, rather than the ρbi.
3.2.2.2. Initial gravimetric water content. There was a signiﬁcant positive correlation between wi and both Cc and σpc and negative correlations with the RS indices (Table 3). Higher water contents resulted in
lower compression resistance. Existing literature is conﬂicting on the
effect of wi on compression resistance (using Cc and σpc). Several
authors (Imhoff et al., 2004; Larson et al., 1980) have shown that Cc
is independent of wi across different soil textures. However, studies
by Safﬁh-Hdadi et al. (2009) and Zhang et al. (1997) reveal a negative
correlation between wi and Cc, especially for clayey soils. Moreover,
Arthur et al. (2012a) reported higher Cc, values for higher water contents
for three similarly textured soils. In contrast with the present study, several investigations have reported increased σpc with decrease in soil
water content and/or matric water potential (e.g. Arvidsson and Keller,
2004; Rücknagel et al., 2012; Safﬁh-Hdadi et al., 2009). The positive relationship between σpc and wi is attributed to a decline in cohesive forces
arising from an increase in wi. For this study, the very narrow range in wi
(0.18–0.22 kg kg−1) makes it difﬁcult to examine in detail the effect of
water content. We believe that in this case, the effect of wi reﬂects differences in ρbi (as explained in the subsequent section).
3.2.2.3. Bulk density and water content. Since both ρbi and wi were signiﬁcantly correlated with Cc, σpc and the RS indices, they were used
together in multiple regression as predictors of compression
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resistance. It must be noted that although the two predictor variables
(ρbi and wi) were signiﬁcantly correlated (r = -0.85), further analyses
of multicollinearity showed that the impact of collinearity among the
two variables was low enough (Variance Inﬂation Factor b4; analyses
not shown) for both of them to be used in the model. The regression
models for all indicators of compression resistance were signiﬁcant
(Table 4). The regression equations (Table 4) imply that the higher
the ρbi and wi, the higher the soil resistance to compaction. However,
we note that while the relationship between ρbi and the indicators
(Cc, σpc, and RS indices) was identical to the correlations seen earlier
(Table 3), the effect of wi shows an apparent contradiction to that
observed earlier in Table 3. This could be due to either increased
pore water pressure during the compression tests or net suppression
effects of ρbi on the inﬂuence of wi. To clarify, since there was a strong
negative correlation between ρbi and wi, it indirectly inﬂuenced the
relationship between the indicators and wi. For example, in Table 3,
there was a positive correlation between Cc and wi, and a negative
correlation between Cc and ρbi. However, after multiple regression
analyses (Table 4), there was a negative relationship between Cc
and wi implying that the simple correlation does not take into
account the indirect effect of wi via the ρbi. To conﬁrm this, a simple
one-way analysis of covariance using ρbi as a covariate was done. A correlation of the ρbi-adjusted Cc values (evaluated at ρbi = 1.55 Mg m −3)
and wi revealed a signiﬁcant negative correlation (r = −0.82; p b 0.05).
Similar analyses for the RS indices and wi revealed the same trend with
positive correlations (data not shown).
There are some factors which should be taken into account when
considering these results. First, all soils used in this study had the
same texture. Second, the effect of water content was only assessed
at a pre-compression matric potential of − 100 hPa (resulting in a
narrow range of wi). Third, the exceptionally high ρbi in comparison
with other soil densities, and ﬁnally the low maximum pressure
(200 kPa) used for compression. These results are valid for similarly
textured soils since the effect of soil texture cannot be ruled out. For
example, similar covariate analyses of ρb-calibrated Cc and wi for previously published data (Schjønning, 1999) with a wide range of soil
textures showed no effect of wi on soil compression. Also, in wetter
or dryer conditions, the effect of ρbi on wi will be different because
ρbi primarily affects the macropores and hence the water holding
capacity for less negative matric potentials. A higher or lower matric
potential other than used here could lead to different conclusions.
Further, other compression studies have used higher maximum pressures (up to 800 kPa), and this could also have an effect on the analyses of the factors affecting compression resistance.
To summarise this section, we note that the inﬂuence of OC content can generally be seen as indirect—affecting compaction resistance, mainly through its inﬂuence on ρbi. For the present soil,
increasing ρbi and wi is associated with higher compression resistance
of the ‘virgin’ soil structure, while the precompression threshold is
only dependent on ρbi. The suppression effect of ρbi on the effect of
wi on resistance implies that simple correlation analysis between wi
and compression resistance, while disregarding the effects of other
signiﬁcant variables (ρbi and maybe OC) could lead to erroneous conclusions. Nevertheless, due to previously mentioned reasons, a direct
effect of OC cannot be excluded and we suggest further studies to differentiate between the relative effects of OC, ρbi and wi.
3.3. Resilience to compaction
The resilience of the soils was estimated following exposure of the
samples to separate FT and WD cycles. This was done because in natural environments these cycles are dominating mechanisms for soil
structure recovery. For clariﬁcation of Eq. (7), a RL value of 100
means that the value for the measured variable after recovery was
twice the value (100% higher than) obtained immediately after compression. The imposition of the ﬁrst FT and WD cycles showed

considerable recovery for all variables for all experimental plots
(Figs. 5, 6), while the second cycle did not show any signiﬁcant difference in recovery state following the ﬁrst cycle. The RLka following WD
cycles showed remarkable recovery (>100%) compared to the RLea
(~ 40%) and RLeT (~12%). Similarly, after FT cycles, the RLka was
much higher than the RL of the other variables. Aside the effect of
the cycles on ka recovery, it is important to recognise that the measurement method used could pose a challenge in that ka is sensitive
to closure of pores at the very edge (top and bottom) of the soil
cores when being compacted and this may have contributed to the
higher recovery when the pores “opened” during the cycles. The remarkable recovery observed after imposing these cycles has been
shown in several studies, where improvements in ε (Pillai and
McGarry, 1999; Pires et al., 2005), ka (Arthur et al., 2012a;
Viklander, 1998) and soil volume (Pires et al., 2005; Viklander,
1998) were observed. However, previous studies are not in agreement on the minimum number of WD cycles required before signiﬁcant changes in soil structure are noticed. While Rajaram and Erbach
(1999) and the present study suggest that one WD cycle is enough to
signiﬁcantly change several soil properties, other studies have
suggested that a minimum of three WD cycles (Pardini et al., 1996;
Sarmah et al, 1996) are required. This disagreement could be due to
differences in methodology used for the wet-dry and freeze-thaw cycles (e.g. type, intensity and duration of the cycles), soil texture, extent of structural damage as well as the mineralogy of the soils
involved. The WD cycles facilitate recovery of soil structure through
mechanisms that occur during the two processes (wetting and drying). The saturation process used for wetting causes expansion of
the electrical double layer, and increased contact between clay particles and aggregates. Also, the capillary rise method used to saturate
the soils can cause slaking of the soil aggregates leading to modiﬁcations in structure (Pires et al., 2005). During drying, retraction of the
particles leads to reorientation and differential settling of ﬁner particles between coarser particles resulting in a change in pore structure
and increased porosity as shown by the RL values (Shiel et al., 1988;
Tessier et al., 1990). The mechanisms involved in the FT cycles are
not as strong as the WD cycles as seen from the magnitude of recovery (Fig. 6). When soils are subjected to FT cycles, pore water turns
into ice, resulting in a 9% volume change, and formation of ice lenses.
These lenses causes fractures and cracks in the soil matrix and upon
thawing the developed cracks do not fully close due to soil cohesion
(Viklander, 1998). Relocation of ﬁne particles out of large pores during thawing may also free blocked pores and cavities (Chamberlain
and Gow, 1979). These processes accounted for the increase in ka
after FT cycles.
3.3.1. Drivers controlling resilience in relation to recovery condition
For examining drivers controlling resilience of the soil following compaction, all 6 plots were considered, since the index used (Eq. (7)) only
considers the value immediately after compaction and after recovery—
without taking into account the original value. Although the results indicate that the structure of the M3+ soil is different from the other plots in
aspects other than just the ρbi (e.g. Figs. 2b and 4a), we regard the ρbi as
the main difference. The consideration of the compressed state rather
than the initial condition in estimating RL evens out the effects of the
high ρbi of the M3+ plot. The inﬂuence of OC or ρbi on RL due to WD
cycles was insigniﬁcant for all variables (Figs. 5, 6). There were no significant correlations between OC and the RL of ka or any of the void ratio
components (data not shown). Also, RLka showed no correlation with
OC or ρbi. Regression analyses (both linear and non-linear) of the components of e and ρbi showed interesting trends. While increasing ρbi tended
to increase RLea following WD cycles, the reverse was the case for FT
cycles. For RLew and RLeT following WD cycles, the relationship with ρbi
was non-linear, decreasing to a ρbi of about 1.55 g cm−3 and increasing
afterwards. On the other hand, for FT cycles, the same RL parameters
increased with ρbi to a similar value (1.55 g cm−3) and decreased
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Fig. 5. Effect of initial bulk density on the resilience (RL) of air permeability (A), total void ratio (B), air-ﬁlled void ratio (C) and water ﬁlled void ratio (D) after wet–dry cycles. Different
symbols represent the different plots. △ M0-, ▲ M0+, □ M2−, ■ M2+, ○ M3−, ● M3+. Error bars denote SEM. The r2 and p values given denote the signiﬁcance of the regression.

afterwards. This could indicate that the two cycles act in opposite directions in relation to ρbi and soil resilience. In both cases, however the
“threshold” ρbi of 1.55 g cm−3 seems to be the point where the effect
on soil RL reverses. This “threshold” ρbi also approximately relate to the
two signiﬁcantly different groups of PO (Fig. 2). Detailed explanation of
the mechanisms involved in these trends is constrained by the limited
number of treatments (six) and the non-signiﬁcance of the regressions.
There is therefore the need for further investigations into this using a
combination of a wider range in texture, ρbi, wi, and OC to ensure more
concrete conclusions.

4. Summary and conclusions
This study examined the dominant drivers affecting the resistance
(using measured soil properties and modelling of compression data)
and resilience of a loess soil to compressive stress using samples
obtained from a 105-year long fertilisation experiment. Long-term
fertilisation with organic and mineral fertilisers applied at different
rates resulted in a gradient of organic carbon content which was
reﬂected in decreased bulk density, greater air-ﬁlled porosity and
increased pore connectivity. The dominant drivers inﬂuencing the soil's

Fig. 6. Effect of initial bulk density on the resilience (RL) of air permeability (A), total void ratio (B), air-ﬁlled void ratio (C) and water ﬁlled void ratio (D) after freeze–thaw cycles. Different
symbols represent the different plots. △ M0−, ▲ M0+, □ M2−, ■ M2+, ○ M3−, ● M3+. Error bars denote SEM. The r2 and p values given denote the signiﬁcance of the regression.
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resistance to compaction were initial bulk density and gravimetric
moisture content, with increasing compression resistance observed
for soils with higher bulk densities and higher water contents. Climatic
conditions (freeze–thaw and wet–dry cycles) signiﬁcantly facilitated
recovery of soil properties following compaction. Additionally, the
effect of initial bulk density on recovery of components of void ratio
(total, air-ﬁlled and water-ﬁlled void ratio) was contrasting for the
two cycle types. The effect of OC was minimal for both resistance and
resilience to compaction. This suggests that although OC is important
in its effect on soil bulk density, it had no signiﬁcant direct effect on
the resistance and resilience to compaction. However, it is important
to note that factors such pre-compression water content, texture as
well as magnitude of the stress may be central in deﬁning the role of
OC and bulk density on soil response to compressive stress. Further
studies are therefore required to clearly differentiate these relative
roles.
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ABSTRACT
Soil structure formation is essential to all soil ecosystem functions and services. This
study examines the roles of clay mineralogy, natural cycles of freeze-thaw and wet-dry,
and added organic matter in the regeneration of structurally disturbed soils. Five soils
dominated by illites, one kaolinitic soil and one smectitic soil were sieved to 2 mm, each
soil divided into two parts and one part amended with ground rape as an organic
amendment. Afterwards, the samples were incubated in the field for 20 months
(exposed to natural freeze-thaw and wet-dry cycles) with periodic sampling to measure
water-dispersible clay (WDC) and fluorescein diacetate activity (FDA). After the
incubation period, WDC, FDA and dehydrogenase enzyme activity (DHA) were
measured on 1–2 mm aggregates, Aggregate tensile strength was measured on four
aggregate classes (1–2, 1–4, 4–8, and 8–16 mm) and the results used to assess soil
friability, characteristic tensile strength and a newly defined soil workability index.
Additionally, intact cores were sampled and the compressive strength determined.
During the incubation period, the amount of WDC depended on the prevailing moisture
content and pre-incubation soil properties –a 20–30 % decrease in WDC was observed
after organic amendment for all soils (except the kaolinitic-rich soil). Enzyme activity
(FDA) showed a two-fold increase following organic amendment for all soils. At the end
of incubation, air-dried aggregates showed similar trends for WDC and FDA for most
soils and DHA was negatively affected by high clay contents. While soil friability did not
depend on soil mineralogy, workability was highest for the kaolinite-rich soil and lowest
for the smectite-rich soil. Among the illitic soils, workability increased with increasing
pre-incubation organic carbon content. Addition of organic amendment showed no clear
effects on either friability or workability. Conversely, organic amendment decreased the
compression susceptibility (at low stress values) of the intact regenerated samples. This
positive effect of amendment decreased with increasing stress values. Results points to
the possibility of regenerating the structure of physically degraded soils by exposure to
natural climate cycles together with organic amendment. The additional role of plants
roots, and organic-amendment type should be considered in future studies.
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INTRODUCTION
Soil structure is central to most soil functions e.g. storage and transport of water and
gases and turnover of organic matter, and for habitation of soil organisms.
Quantification of soil structure is challenging due to its dynamic nature e.g. dependence
on time of year (moisture content, temperature), and vegetation, and also due to the fact
that the definition of the term is quite subjective (Dexter, 1988). The composition of the
mineral part of the solid phase of soil structure (proportion of clay, silt, and sand) is
generally fixed and except in the case of artificially created soils, research does not focus
on its modification. Nonetheless, studies involving soils of different origin ideally
account for the type of clay; clay mineralogy is reported to play a major role on the
extent of influence of organic matter on soil structure (Six et al., 2000a; Six et al.,
2000b).According to Six et al. (2000a), while organic matter plays a major role in
aggregate stabilization of 2:1 clay-dominated soils, its effect on 1.1 clay-dominated soils
is limited and aggregation is mainly controlled by electrostatic interactions between the
mineral components.
The influence of natural climate cycles (freeze-thaw, wet-dry cycles), and organic
substances (e.g. exudates from plants and microbes, earthworm activity) on structure
formation and disruption, has, however, been intensively studied (e.g. Horn et al., 1994;
Oades, 1984; Oades, 1993). These two factors are dominant drivers in determining how
the mineral components of structure are organized into aggregates to form associated
pore spaces and the stability of the aggregates. The stability of soil aggregates is assessed
either by aggregate stability (Le Bissonnais, 1996) or the amount of water-dispersible
clay (Seta and Karathanasis, 1996). In both cases, soil clay content(Vendelboe et al.,
2012b), water content (Kjaergaard et al., 2004) and organic carbon content (Czyz et al.,
2002) are known to play pivotal roles. In natural soils, the influence of climate cycles on
soil structure is largely dependent on the rate and magnitude of change in temperature
or moisture content (Kay, 1998). Also, soil biota is known to preferentially utilize and
stabilize soil pores already created by these climate cycles (Ritz and Young, 2004) while
micro-organisms such as fungi bind soil mineral particles to create and stabilize
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structure by physical entanglement by hyphae (Degens et al., 1996), and production of
extracellular polysaccharides to glue particle together (Chenu, 1995).
These mechanisms are expected to play a similar role in the regeneration of structurally
disturbed (remoulded) soils; however, very few studies have investigated how these
mechanisms occur in structurally disturbed soils in the long term (Crawford et al., 2012;
Schjønning et al., 1999). Schjønning et al. (1999) using samples from a clay gradient
showed that structurally disturbed soils that had been regenerated over a period of 17
months still showed weaker aggregates, with a greater volume of large pores relative to
their undisturbed counterparts. The concept of “self-organisation” has been proposed to
account for the processes involved in structure regeneration (Young and Crawford,
2004). Self-organisation is a process where the organisation of a system spontaneously
increases with time, i.e. without this increase being controlled by the environment or an
encompassing or otherwise external system (Heylighen, 2001). In line with the selforganisation concept Crawford et al. (2012) examined the role of micro-organisms in
regeneration of soil porosity and concluded that fungal activity impacted on pore
features smaller than 53 µm, and the effect of bacterial activity was non-significant.
They suggested that this increase in porosity at scales relevant to water and gas flow and
transport can be attributed to self-organization in the soil-microbe system. These
aforementioned long term studies focused on either the role of micro-organisms or
texture on structure development and regeneration at the end of the incubation period.
In the current study, we go a step further to monitor the dynamics of structure stability
and microbial enzyme activity (as affected by exogenous organic material) throughout
the incubation period, and also quantify the strength of the newly-formed aggregates at
the end of the experiment. We hypothesize that structurally disturbed soils (< 2 mmsieved) exposed to natural cycles (wet-dry, freeze-thaw) will lead to structure
regeneration, and this will be markedly improved by addition of exogenous organic
material. To assess this hypothesis, the objective was to examine the roles of clay
mineralogy, natural cycles (wet-dry; freeze-thaw), and added organic material on the
regeneration of stability and strength of seven structurally disturbed soils over a 20month period.
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MATERIALS AND METHODS
Soils, Treatments, and Sampling
Bulk soil was sampled (6–10 cm depth) from seven different fields. Five were Danish
moraine soils derived from the Weichselian glacial period (dominated by illite), and two
(dominated by kaolinite and smectite) were tropical soils from Ghana. The soils from
Denmark are denoted hereafter as Dairy-Forage-Grass (DFG), Cereal Cash Cropping I
(CCC1), Mixed Forage Cropping (MFC), Mixed Cash Cropping (MCC), and Cereal Cash
Cropping II (CCC2), and the two tropical soils are denoted Oyarifa (OY) and Vertisol
(VER). The DFG and CCC1 are classified as Glossic Phaezems; and the MFC, MCC and
CCC2 are Mollic Luvisols (Krogh and Greve, 1999). The OY soil is an Acrisol
(ISSS/ISRIC/FAO, 1998) and VER is a Calcic Vertisol (FAO/UNESCO, 1990). Further
details are provided in Table 1.
The VER soil was sampled in a forest area that has not been cultivated for the past 30
years. The OY soil was taken from an area that is ploughed yearly and cropped with
maize without any fertility replenishment in terms of animal/mineral fertilizers. After
each growing season, the field is left fallow and at the time of sampling the field was
covered with grass. The DFG (grown with cereals/legume rotation + animal manure)
and CCC1 (grown with small-grained cereals annually + mineral fertilizer) were sampled
from adjacent fields with mouldboard ploughing. The MFC (managed as a dairy farm 4–
5yr grass, 1–2 yr maize + animal manure), MCC (mixed cropping with cereals, rape and
sugar beet) and CCC2 (grown with small-grained cereals annually) were sampled a few
km from each other, all in a mouldboard ploughing system, and had a range in OC
(Table 1). Further details on the sampling and management procedures for the five
Danish soils are provided in Arthur et al. (2012) and Schjønning et al. (2002).
After sampling, the soils were crushed and sieved to 2 mm. Each soil was separated into
two sets. The one set of 9 kg soil from each field was thoroughly mixed with ground rape
as an organic amendment (<0.8mm) using a mechanical mixer. The dry matter of the
applied rape substrate had carbon (C) and nitrogen (N) content of 0.409 and 0.055 kg
kg–1 soil, respectively. The application rate of the ground rape was 7.5 t ha–1 (~ 5.36 g
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per kg dry soil), adding approximately 2.19 g C kg–1 dry soil and 0.296 g N kg–1 dry soil
to each soil. For the other set of 9 kg soil, organic material was not added to enable a
comparison of the effect of added organic material on soil structure regeneration.
Throughout the text, a soil with organic amendment is denoted with a “+”, e.g. VER+ is
the amended Vertisol. The soils (with and without organic amendment) were placed in
plastic boxes (0.34 × 0.25 × 0.158 m) with perforated bottoms (10 mm square
openings). A fine mesh synthetic cloth was placed at the bottom of the boxes, followed
by a 30 mm layer of 0.13 – 0.36 mm sand and second layer of cloth. For each box, soil
was packed on the cloth to a depth of 8 cm at a bulk density of 1.4 g cm–3. Soils in the
boxes were saturated by capillary rise for 2 days in larger boxes containing water,
drained and saturated again for 2 days. After preparing the boxes, the field plot (9 m2)
was demarcated in an area covered with grass. The grass in the demarcated area was
removed using an herbicide. Afterwards, the dead grass and 10 cm of soil were removed
from the plot. The plot was filled with 10 cm of the same sand used for the boxes
watered to ensure capillary contact with the soil beneath the sand and the soil in the
boxes. The boxes were moved to the prepared area in September 2010 and left in the
field for 4 months. The soils thus experienced natural drying/wetting and
freezing/thawing cycles determined by local weather conditions. The boxes were moved
to a greenhouse between January 2011 and March 2011 due to extreme freezing
temperatures (< –5°C). When the soils were friable, a small hand–held implement
simulating the action of a tine harrow was used to ‘till’ the soils.
The final sampling of the soils was conducted in July 2012. A schematic of the times for
sampling and tillage is shown in Fig. 1a. In each of the 11 sampling times (prior to the
final sampling in July, 2012), ~ 50 g of soil was taken and the gravimetric water content,
water-dispersible clay (WDC), and fluorescein diacetate activity (FDA) were determined
on the same day. The weather conditions during the incubation period are summarized
in Fig. 1b. Between Jan.–Mar. 2011, the temperature data from the greenhouse was
shown, rather than ambient temperature. For the final sampling, 2 kg of bulk soil was
gently extracted from each box, brought to the laboratory and air-dried. The air-dry soil
was sieved into four aggregate classes (8–16, 4–8 2–4 and 1–2 mm) and subjected to
soil aggregate strength measurements. Additionally, 1 kg of soil was taken; a portion was
160

air–dried and sieved to 1–2 mm aggregates. A portion of the 1–2 mm–sieved aggregates
was adjusted to a matric potential of –100 hPa. The equilibration process involved
placing the aggregates in 50 cm3 metal cylinders (2.2 cm diameter, 3.4 cm height)
covered with a synthetic cloth, followed by an initial capillary wetting at –100 hPa. The
aggregates were subjected to reduced suctions until final equilibration at –5 hPa.
Subsequently, the aggregates were equilibrated at –100 hPa by gradually increasing the
suction. The air-dry and –100 hPa-equilibrated aggregates were used for waterdispersible clay measurements. Microbial activity (FDA) was also measured on both
moist and air–dry 1–2 mm aggregates.
Texture and organic carbon
Prior to placing the soil in the boxes, soil texture was determined on 2–mm sieved soil
by a combination of wet sieving and hydrometer methods (Gee and Or, 2002). Total
carbon as well as carbonate-C content was determined on ball-milled sub-samples using
a FLASH 2000 organic elemental analyser coupled to thermal conductivity detector
(Thermo Fisher Scientific, Massachusetts, USA).
Water-dispersible clay
The WDC measurements were conducted in triplicate on 1–2 mm aggregates prior to the
incubation (for air-dried aggregates), during the incubation period and after the last
sampling. The WDC was determined using the end-over-end shaking method of
Schjønning et al. (2002). Briefly, a mixture of 6.2 g of the aggregates and 50 mL of
artificial rainwater (0.012 mM CaCl2, 0.15 mM MgCl2 and 0.121 mM NaCl; pH 7.82; EC
2.24 ×10−3 S m−1) was placed on a rotating shaking device (diameter 213 mm; rotation
speed ∼33 rpm) for 2 min. After shaking, the samples were removed and left

undisturbed for sedimentation for 278 min. Afterwards, the top 30 mL of the
suspension corresponding to the particles ≤2 μm (according to Stokes’ Law) was
siphoned off by a pipette into a beaker. Ten mL of the suspension was then transferred
to a pre-weighed glass vial followed by oven drying at 105 °C. The weight of dispersed
colloids was determined on oven dry-weight basis for all samples (mg clay g−1 clay).
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Tensile strength and friability
Fifteen air–dry aggregates were randomly selected for each soil. The tensile strength of
the aggregates was measured using an indirect tension test (Dexter and Kroesbergen,
1985). Briefly, each aggregate was crushed between two flat parallel plates at constant
rate of displacement of 2 mm min−1 until the aggregate fractured. The compressive force
was measured 30 times per second by a load cells (100-500 N) depending on the
aggregate size class and recorded on a computer. The aggregate tensile strength, Y
[kPa], was estimated using Eq. [1] as proposed by Watts and Dexter (1997):
Y = 0.576

F
d2

(1)

where F [N] is the polar force required to fracture the aggregate and d [m] is the
aggregate diameter The constant 0.576 depends on the relationship between the
compressive and tensile stress in the centre of the aggregate. The estimation of d was
done using Method 4 from Dexter and Kroesbergen (1985):

 m
d = d0 
 mx

1

3



(2)

where d0 is the mean aggregate diameter (3, 6, or 12 mm for 2–4, 4–8 and 8–16 mm,
respectively), mx [kg] is the mean mass of the 15 aggregates of each soil, and m [kg] is
the mass of the individual aggregate.
Soil friability, k, was estimated from average tensile strength data using Eq. [3]

log e (Y ) =
−k log e (V ) + A

(3)

where loge denotes the natural logarithm, A is the predicted loge tensile strength of 1 m3
soil, and V [m3] is the estimated aggregate volume. Another indicator of aggregate
strength, defined as the strength of a 4–mm (V = –17 m3) aggregate, Y4, was calculated
from the linear regressions obtained in Eq. [3]. Combining the two indicators (Y4 and k),
an index of soil “workability” (W) was developed:
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W= k × [1/ Y4 ]

(4)

A high “W” value indicates higher workability and vice versa.
Compression test and characterisation of bulk soil strength
The compression test involved subjecting three soil cores each (sieved-repacked,
incubated and incubated+OM) at –1000 hPa to a strain-controlled, uniaxial confined
compression to a maximum load of 800 kPa (Koolen, 1974). To quantify the strength of
soil aggregates, the change in bulk density per unit of stress for a specific stress range
(Eq. [5]) was used. The three stress ranges used for this were 50–100 kPa, 100–200 kPa
and 600–800 kPa.
 ( BDx2 − BDx 1 )/ BDi 


X2 − X1



(5)

where BDi is initial bulk density prior to compression, X1 and X2 denote the starting
stress and ending stress values considered, respectively, and BDx1 and BDx2 are the bulk
densities associated with those stress values. The lower stress ranges was hypothesised
to account for the strength of larger aggregates, and the and the higher range for the
strength of smaller structural units including microaggregates.
Microbial activity
Microbial activity was estimated using two methods: fluorescein diacetate (FDA) [3’, 6’–
diacetylfluorescein]

hydrolysis

iodonitrotetrazolium

reduction.

and

dehydrogenase

Fluorescein

diacetate

activity
hydrolysis

(DHA)

by

activity

was

determined as described by Schnürer and Rosswall (1982). Briefly, 4 × 1.5 g of 2 mmsieved soil was mixed with 20 mL of sodium phosphate buffer 60 mM, pH 7.6 in glass
tubes, and the reaction was started with the addition of 100 μl 5.0 mM FDA. After 2 h
incubation with mechanical shaking, the reaction was stopped by adding 3 mL of
acetone. The tubes were centrifuged for 5 min at 3000 rpm and the absorbance read at
490 nm. FDA hydrolytic activity was expressed as μg fluorescein g–1 soil h–1.
Dehydrogenase activity was determined by reduction of 2-p-iodo-nitrophenyl163

phenyltetrazolium chloride (INT) to iodo-nitrophenyl formazan (INTF) following the
method of García et al. (1993). Briefly, 5 × 1.5 g of soil was weighed into tubes placed on
ice and 0.75 mL potassium phosphate buffer (0.2 M, pH 7.5) added. One mL of INT
solution (0.4% INT in distilled water) was added and the tubes incubated in the dark at
20 °C for 4 h. Five mL of analytical grade ethanol was added and shaken for 10 s. The
solution was filtered through a 0.7 μm filter into cuvettes. The absorbance was
measured at 485 nm and DHA expressed as μg INT g–1 soil h–1.
Data Analyses and statistics
All data obtained were tested for statistical normality and homogeneity of variance. For
comparison of the WDC and FDA hydrolytic activity for the time series, One Way
Repeated Measures Analysis of Variance was used to evaluate the differences between
the soils with/without organic amendment. When comparing the WDC and FDA of soils
prior to incubation, and after incubation, One Way ANOVA was used together with the
Holm-Sidak test to differentiate between pairs. All above-mentioned analyses were done
using SigmaPlot 11 (Systat Software, Inc.). Comparison of the friability between
amended and unamended soils was done by testing for differences in the regression
slopes using a mixed model in SAS 9.2 (PROC MIXED, SAS-Institute, 2008).
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RESULTS AND DISCUSSION
Soil characteristics and long term management effect
The seven soils used varied mainly in clay mineralogy and/or organic matter content. All
soils were sandy loams with a narrow range in clay content (16–19 g 100g–1), except VER
which had 42 g clay 100g–1. The difference in clay mineralogy was due to the origin of
the soils; the OY dominated by 1:1 clay minerals (kaolinite) and the VER dominated by
2:1 smectitic clays were of tropical origin while the young Danish soils had 2:1 illitic
clays as the primary mineral (Table 1). The organic carbon (OC) content of the soils
ranged from 0.88 to 2.02 g 100g–1, with the OY having the lowest OC. The exceptionally
low OC of the OY is due to two reasons. Firstly, maize is grown on the field annually
(although at the time of sampling the field was covered with grass) without any fertility
replenishment in terms of animal manure/mineral fertilizer. Secondly, the high leaching
capacity of this type of soil (1:1 clay-dominated soils, typically well-drained) increases
losses of dissolved OC following intensive rainfall events (which is characteristic of the
area). The VER had higher OC because it was taken from a fallow forest area, and also
due to the high water retention of smectitic soils which reduce the loss of OC by
oxidation. Since all the Danish soils had identical origin and similar texture, the
differences observed in OC is due to long-term management effects as already detailed
in Schjønning et al. (2002) and Arthur et al. (2012). The average dry bulk density of the
Danish soils in the field was ~1.43 g cm-3. The OY and VER were only sampled as bulk
soil; which is why no bulk density values were provided. All the soils, except the CCC2
were free of carbonates.
The VER soil had the highest amount of dispersible clay when compared to the other
soils. The OY was similar to the DFG, and both had higher WDC than the other three
soils (MFC; MCC, and CCC2). Although the VER soil had much higher clay content than
the rest of the soils, comparison amongst all soils is possible because WDC was
expressed per unit of clay. Although clay content is a main driver of WDC, which may
explain the high WDC of the VER, the presence of smectites which causes swelling after
immersion of dry aggregates in water could also lead to higher dispersion.
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It is surprising that the DFG had higher WDC than the CCC2 considering that the DFG
had OC similar to MFC. It is important to note that samples of the DFG and CCC1 used
for the analyses were sampled ~12 years ago while the rest of the soils were sampled
only 2 years prior to the incubation experiment. Two reasons may account for this
discrepancy: (i) potential of different mechanical pre-treatment (during tillage and other
agricultural operations) and handling of the soils during sampling, drying and storage –
Schjønning et al. (2012) showed that increased clay dispersibility could be attributed to
wet conditions during harvest and tillage the year preceding sampling; (ii) limited
shaking time (2 min) used for experimentation – low-OC soils can display lower WDC
for the short-term shaking period because the ‘bullets’ of clay-crusted aggregates may
need more time to ‘dissolve’ before it disperse its clay (Vendelboe et al., 2012a). This
study is not focused on the factors responsible for the differences prior to the incubation
and hence will not be discussed in detail here.
As mentioned elsewhere, two indicators of microbial activity were used in this study.
Fluorescein diacetate hydrolysis (FDA) as a measure of the global hydrolytic capacity of
soils and a broad-spectrum indicator of soil biological activity has been suggested by
several authors (Adam and Duncan, 2001; Aon et al., 2001; Lundgren, 1981; Schnürer
and Rosswall, 1982). This is because FDA is hydrolysed by different enzymes such as
proteases, lipases and esterases. Dehydrogenase activity (DHA) on the other hand,
represents the total oxidative activities of microorganisms during initial stages of
organic matter breakdown (Dick, 1997; von Mersi and Schinner, 1991). Microbial
activity estimates of the various soils revealed that while FDA reflects differences in OC
(Chakrabarti and Bhattacharyya, 2006), DHA seemed to be influenced by not just OC,
but also by the clay content (Table 2). When considering FDA, MFC had the highest
microbial enzyme activity, followed by MFC, DFG and CCC1 (which were similar), and
the lowest being the OY; VER and CCC2 soils. The oxidative activity (DHA levels) of all
the soils except VER soil was similar. The low DHA levels for VER compared to OY
(which had a much lower OC) can be attributed to the high clay fraction of the VER.
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Soil properties during incubation period
The WDC, FDA and gravimetric moisture content (θm) were monitored during the 20month incubation period. The OY had the lowest θm among all soils, while VER had the
highest. Between soils, there was no difference between the unamended and amended
soils. It is important to note the exceptionally dry period in May 2011 for further
discussion (Fig. 2). The monitoring of θm was relevant due to its effect on WDC and
FDA. The WDC was expressed as mg clay g-1 clay to allow for comparison of VER (which
had high clay content) with the other soils. The trend in WDC for the whole period was
identical for all samples; higher WDC at the start of the incubation, followed by a sharp
drop and an increase after the aforementioned dry period. Comparing among soils, the
OY had highest WDC for most of the sampling dates. For the adjacent fields, DFG was
generally lower than the CCC1; while the trend for MFC, MCC and CCC2 followed the
trend in OC despite the higher θm of the MFC. Results obtained from Repeated
Measures ANOVA (to allow for statistical quantification of the effect of organic
amendment over the whole incubation period) showed that, although there were trends
of decreased WDC for the amended soils, there was no significant difference between
the two pairs for all soils. The amendment of OY and DFG had no effect on the
dispersibility of clay (< 2% change). For the other five soils, an average decrease of 20 %
in WDC was observed between soil pairs (Fig. 3). Regression analyses of the effect of θm
on WDC showed that the effect of θm was significant, especially for drier periods where
there was a higher correlation between θm and WDC (Fig. 4). When comparing between
soil pairs, this effect of θm can be ruled due to the similar θm within each soil pair (Fig.
2).
The effect of added organic material on microbial activity (FDA), is however more
pronounced and significantly higher for the amended soils for all seven soil pairs. For all
soils, there was a trend of high microbial activity at the initial stage (first month) of the
incubation. This high increase in microbial enzyme activity is explained by increases in
both number and activity of existing microbes involved in the decomposition of the
freshly added substrate. The decrease in microbial activity with time is both due to a
reduction in levels of decomposable substrates as well as the decreasing water content
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within this period. For most of the soil pairs, microbial activity levelled off after 12
months. The microbial activity of the unamended soils was fairly constant during the
incubation period. The original OC content of the unamended soils was evident in the
levels of microbial activity, except for the tropical soils (OY and VER) which had the
lowest level of microbial activity. For the Danish soils, the unamended DFG and MFC
which had similar management and OC content had identical FDA levels; same can be
said for the CCC1 and CCC2 fields (Fig. 5). Addition of organic amendment increased
the microbial levels of the inherently low OC soils (OY, VER, CCC1, MCC, and CCC2) by
as much as 100–150 %. Although the levels of FDA for the high OC soils (DFG and MFC)
were higher than the low-OC soils, the relative increase was much lower (~60 %
increase).
Final state of soils: comparison with initial conditions and effect of organic
amendment
To place the results obtained after incubation in the context of the original state of the
soils, a comparison was made between the state of the air-dry soils (clay dispersibility
and microbial enzyme activity) prior to incubation and after incubation (Fig. 6). Clay
dispersibility was significantly higher for the initial condition when compared to the
incubated samples (Fig. 6a). For all soils, addition of organic substrate had no
significant effect on the WDC – this could be attributed to rapid turnover of the organic
material. Christensen (1985) using wheat and barley straw reported 70–90 % weight
losses in the incubated material after 15 months. The material used here (ground rape)
would have a more rapid turnover than straw and this may account for the lack of
differences after organic amendment. Soil aggregates equilibrated at –100 hPa also
showed no observable differences after organic amendment (Fig. 8a). The effect of clay
mineralogy could be seen from the WDC results of the VER soil; although having twice
the content of clay of the other soils showed similar levels of WDC (Fig 6a; 8a).
Since there were no significant differences in WDC arising from the organic treatments,
the WDC values, excluding the tropical soils, were regressed against clay and organic
carbon to identify their effect on the stability of the aggregates (Table 4). As noted
earlier by several authors (Brubaker et al., 1992; Pojasok and Kay, 1990), WDC
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increased with increasing clay content and was expectedly lower for higher OC soils
(Schjønning et al., 2012). The correlation of WDC with OC was much lower for air-dried
aggregates than aggregates equilibrated at –100 hPa – where clay content played a
major role. The decreased dispersibility with higher OC is linked to complexation of clay
with organic compounds. Dexter et al. (2008) and later de Jonge et al. (2009) suggested
that this complexation is optimal at clay-OC ratio [n] of 10 with the excess clay termed
non-complexed clay. Non-complexed clay is supposedly the fraction of clay which is
dispersible by water. Three out of the seven soils used for this study had ratios lower
than 10, and hence zero amounts of non-complexed clay and in principle should have
zero dispersibility. This was however not the case – suggesting that other factors other
than this ratio may be at play in determining clay dispersibility in soils. This is
supported by Vendelboe et al. (2012a) who found varying n values for different fields.
Other factors contributing to this include the moisture regime prior to sampling and
measurements (Dexter et al., 2011) as well as mechanical pre-treatment (Schjønning et
al., 2012). The relatively low dispersibility of the VER (relative to the clay content) is
most likely due to swelling and clumping together of clay particles upon wetting making
it more difficult to disperse compared to non-expansive soils.
Soil microbial activity quantified by FDA was significantly higher prior to incubation
than at the end of the incubation period for OY; MFC, and MCC soils. For the rest of the
soils, there was a similar trend of higher FDA and DHA levels (Fig. 6b). When
comparing between the amended and unamended soils, there was no significant
difference between soil pairs, although the amended soils tended to have higher
microbial activity. Clay mineralogy shows no obvious influence on microbial activity
estimated using FDA since soils with similar OC contents showed similar enzyme
activity levels. Regressions of both field-moist and air-dry FDA levels s confirmed the
dominant role of OC compared to clay content (Table 4). Conversely, assessing
microbial activity using DHA shows some level of clay-mineralogy dependence. The
kaolinite-rich OY was comparable to the Danish soil in terms of levels of DHA and the
associated OC contents. However, levels of the VER soil was significantly lower than the
rest of the soils. Comparatively, VER possesses a larger fraction of internal surface area
than the other soils because of the presence of smectite/montmorrilnote which has been
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reported to significantly alter the dynamics of some enzymes (β- and α-glucosidases and
ureases). This class of phyllosilicates tend to bind to and deactivate actives sites of the
enzymes (Bayan and Eivazi, 1999; Dick and Tabatabai, 1987) resulting in decreased
activities. This may be the reason for the observed inhibitory effect on DHA – implying
that FDA may be a better indicator than DHA when comparing microbial dynamics
across soil types.
Aggregate friability and strength
Prior to incubation, all samples were sieved through a 2-mm sieve and were devoid of
large macro-aggregates. Hence, presence of macro-aggregates after incubation will be a
direct results of biological activity (as discussed above), and physical or electrostatic
processes. At the end of the incubation period, all soil types exhibited substantial macroaggregation, and the discussions below will focus on the strength, friability and
workability of these aggregates.
Aggregate strength for the soils was characterized using two indexes; soil friability (k)
and the “characteristic” tensile strength (Y4) which represented the strength of a 4-mm
aggregate (Fig. 7). The aggregate size class of 4 mm was chosen because it represented
the median size of the tested aggregates. For k, the larger the value, the greater the
strength of the smaller aggregates relative to the large aggregates. There was no
significant difference in aggregate friability between the soils as well as within the soil
pairs (Table 3). When comparing the friability values with the friability classes proposed
by Utomo and Dexter (1981), all the soils were “very friable”, except OY and MFC which
would fall under the “mechanically unstable” class. However, as noted by the authors,
these are arbitrary classes and for this special case of “structure regenerated
aggregates”, the classes may not strictly apply. Also, this could be due to the fact that
these aggregates are very “young” and have not been subjective to compressive forces.
Among the unamended soils, OY and MFC tended to have higher friability than the rest;
the VER had the lowest friability. Organic amendment had no significant influence on
soil friability, although it tended to decrease the friability of OY, while increasing that of
VER. When considering the Danish soils (ignoring the effect of OC), friability decreased
with increasing clay content – however, the very narrow range in clay used for this study
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prohibits making more detailed conclusion on this effect of texture on friability. There
was a weak positive correlation between soil friability and OC among the Danish soils
(Table 4) – possibly due to the variable effects the added organic material had on the
soils (e.g. decrease for CCC1 and increase for MCC).
The VER soil had a significantly greater Y4 (2–6 times higher) than the rest of the soils,
with the OY having the lowest Y4. Among the Danish soils, there was a decreasing trend
in Y4 with increasing OC content (Table 3–4; Fig. 8d). This trend was largely due to the
inherent OC of the soils prior to organic amendment and can be attributed to lowered
degree of cementation (due to reduced clay dispersibility) upon drying associated with
higher OC levels (Munkholm and Kay, 2002). Similar to soil friability, organic
amendment increased the Y4 of VER, while decreasing that of OY. The extremely high Y4
values of VER is attributable to the typical characteristic of smectitic soils to harden up
upon air-drying as well as the high clay content, requiring much higher energies to
fracture aggregates. It is surprising though, that organic amendment did not improve
this undesirable characteristic.
Soil workability is here defined as ease with which the soil can be physically
manipulated for the purpose of cultivation. The index defined for soil workability (W) in
Eq. [4] by its design is able to identify differences in the ease with which a soil can be
tilled. For instance, two soils with similar k but differences in Y4 will show highest
workability for the one with lower Y4. In the case of two soils with similar Y4, the one
with the highest k will have the highest W. The effect of inherent OC prior to incubation
was clearly seen with W increasing with increasing OC contents (Fig. 8d). The effect of
clay mineralogy was also evident – the kaolinite-rich OY (with high k and low Y4) was
the most workable among the soils and expectedly the smectite-rich VER showed the
lowest workability due to the high values of Y4
Compressive soil strength
The strength of the bulk soil was characterized using changes in bulk density for a
particular stress range. This was done to compare the differences in the compressive
strength originating from the process of structure regeneration and to assess the role (if
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any) of OC. Ranges of lower stress was proposed to account for the strength of
secondary aggregates and ranges of higher stress to account for strength of the primary
mineral particles. A large change in bulk density (scaled with the initial bulk density) in
this case indicates a lower compressive strength and vice versa. At low stresses (50–100
kPa and 100–200 kPa), where larger aggregates are expected to be fractured, all the
sieved-repacked samples (except the VER soil) were identical and more resistant to
compression (Fig. 9a). This is due to the fact that there are no aggregates larger than 2
mm in the sieved repacked samples. The low resistance of the VER soil (regardless of
whether sieved-repacked or incubated) was surprising considering that it has a clay
content of 42 % and at –1000 hPa it was expected to be dry and show a much greater
resistance to compression. This unexpected result may be due to the swelling nature of
the soil – aggregates separated by the saturation and drainage process may not have
completely retracted (resulting in greater porosity). At such low compressive stresses,
those pores will be lost first. Although the five Danish were similarly textured, other
factors related to the location of sampling seemed to play a role in strength of the
samples at low stress. For example, the DFG and CCC1 which were adjacent fields
showed much higher resistance to compression compared to the MFC, MCC and CCC2
soils (which were in the same location). Though the reasons for this trend are not clear
differences in soil class/type between the two groups as indicated in Table 1 may
account for this. Additionally, organic matter addition increased the compressive
strength of macro-aggregates – with the CCC1 being an exception. The decrease in
compressive strength following organic amendment for the CCC1 can be attributed to
the decreased bulk density following amendment (1.42 to 1.29 g cm–3 after amendment).
Trends similar to what has been discussed above was observed for the 100–200 kPa
stress range, however the effect of organic amendment was much lower with very little
differences between soil pairs (Fig. 9b). Under high stress (600–800 kPa), the soils
showed much greater resistance compared to the lower stress ranges. There was no clear
effect of organic amendment when the incubated soils were compared – with the
exception of the CCC1. Similar to lower stress ranges, the sieved-repacked samples had
greater compressive strength than the incubated soils (Fig. 9c). The VER soil showed no
differences between sieved-repacked or any of the incubated samples (whether
organically amended or not).
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SUMMARY AND CONCLUSIONS
This study quantifies regeneration of soil structure following field incubation of 2-mm
sieved soil samples of different clay mineralogy, together with assessing the impact of
added organic amendment (ground rape). The results demonstrated that significant
regeneration of soil structure (in the form of macro-aggregation) occurred after 20month field incubation of structurally disturbed soils. During the incubation period
microbial enzyme activity and clay dispersibility were largely dependent on the preincubation soil properties and/or clay mineralogy. Soils having rich in organic carbon
exhibited greater levels of microbial enzyme activity and lowered susceptibility to clay
dispersion. The smectite-rich soil with 42 g 100 g–1 clay content exhibited dispersible
clay levels similar to illitic and kaolinitic soils with only ~18 g 100 g–1 clay – pointing to
the lower dispersibility of such clay minerals relative to clay content. Clay mineralogy
did not seem to play a major role in enzyme activity levels. During the incubation
periods, samples pre-treated with organic material showed significantly greater (100 %
increases) microbial activity for all soils, regardless of clay mineralogy or other preincubation properties.
Analysis of air-dried aggregates obtained after final sampling of incubated soils showed
minimal differences in water-dispersible clay or microbial enzyme activity following
organic amendment. Among the soils, the smectite-rich showed relatively lower
dehydrogenase enzyme activity probably due to the high clay content. There was a
significant level of macro-aggregate development for all soils (aggregates sizes from 2
mm to 16 mm) attributable to freeze-thaw and wet-dry cycles encountered in the field.
Differences observed for the strength of the developed aggregates was attributable to
clay mineralogy. The strength of the aggregates in order of dominant clay mineralogy
were kaolinite < illite < smectite with an insignificant effect of organic amendment.
There were no significant differences in friability of the different soils, or within soils
after organic amendment. A new workability index derived from combining friability
and the characteristic aggregate strength showed trends similar to that obtained for
aggregate strength; however the effect of pre-incubation organic carbon content was
significant for the illitic soils. Organic amendment generally increased the compressive
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strength of the regenerated soil structure, with the exception of a dense soil which
showed consistent decreases in strength following amendment.
This study has shown that structurally disturbed soils (due to human activities ranging
from soil displacement by mining activities to road construction) can be regenerated to
yield substantially stable structure when exposed to field conditions and the addition of
organic amendment can significantly increases microbial activity. The effect of plant
roots on structure regeneration was not considered in this study, and future studies
should take this into consideration.
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Table 1 Classification, texture, organic matter, management and climatic data of investigated soils
OY
5°45’N
0°15’W

Location

VER
6°9’N
0°2’E
Calcic
Vertisol
smectite

DFG
55°20’N
11°20’E
Glossic
Phaeozem
illite

CCC1
55°20’N
11°20’E
Glossic
Phaeozem
illite

MFC
55°19’N
11°25’E
Mollic
Luvisol
illite

MCC
55°19’N
11°27’E
Mollic
Luvisol
illite

CCC2
55°18’N
11°23’E
Mollic
Luvisol
illite

Soil class (FAO)

Acrisol

Dominant clay mineral

kaolinite
Sandy
loam
–
16
13
3
21

Clay

Sandy loam

Sandy loam

Sandy loam

Sandy loam

Sandy loam

–
42
8
7
21

1.36
17
17
10
28

1.49
19
14
11
33

1.40
16
17
11
42

1.45
17
15
10
33

1.44
18
13
11
32

45

21

24

20

10

22

18

6.13
0
0.88

34.6
0
1.29

13.8
0
1.92

12.3
0
1.35

11.8
0
2.02

15.9
0
1.42

14.6
5.1
1.00

Texture
Bulk density
g cm3
clay (<2 µm)
fine silt (2–20 µm)
coarse silt (20–63 µm)
fine sand (63–200 µm)
coarse sand (200–2000
µm)
g 100 g-1
-1
CEC (cmolc kg )
CaCO3
OC
OC*[organically
amended]
CEC
cmolc kg-1
Mineral fertilizer
Animal manure
Tillage prior to sampling

0.88(1.10)

1.37(1.51)

1.93(1.14)

1.44(1.57)

2.11(2.24)

1.48(1.64)

1.04(1.22)

6.13
–
–
P

34.6
–
–
None

13.8
–
+
P+H

15.9
–
+
P+H

11.8
–
–
P+H

Vegetation at sampling

Grass

Forest

Spelt

Maize

Sugar beet

27.2
900

31
1100

8.2
521

12.3
+
–
P+H
Winter
wheat
8.2
521

7.0
570

7.0
570

14.6
–
–
P+H
Winter
wheat
7.0
570

MAT
MAP

°C
mm

OC, organic carbon; OC*, organic carbon content of amended soils determined at end of incubation period – numbers in brackets represents the
expected OC content; CEC, cation exchange capacity; MAT, mean annual temperature; MAP, mean annual precipitation; P, mouldboard
ploughing; H, rotary harrowing..
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Table 2. Water-dispersible clay (WDC) and microbial activity [fluorescein diacetate
hydrolytic activity (FDA) and dehydrogenase activity (DHA)] of investigated soils (airdry) prior to incubation.
Soil property

OY

VER

DFG

CCC1

MFC

MCC

CCC2

WDC [mg clay g–1 clay]

16.2b

20.2a

16.4b

n.d.

11.0d

10.8d

13.5c

FDA [μg fluorescein g–1 soil h–1]

10.3c

11.6c

20.8b

n.d.

30.0a

23.6b

8.60c

DHA [mg INT g-1 soil hr-1)]

1.09a

0.47b

1.43a

n.d.

1.23a

1.11a

1.18a

†n.d., not determined; ‡Different letters indicate that means are significantly different (p<0.05).

Table 3. Friability and characteristic aggregate tensile strength of 4–mm aggregate
(both calculated from the relation between loge tensile strength and loge aggregate
volume) for investigated soils (–) and their organically amended counterparts (+).
Soil
OY
VER
DFG
CCC1
MFC
MCC
CCC2

Friability, k
–
0.46ns
0.27 ns
0.32 ns
0.30 ns
0.43 ns
0.29 ns
0.33 ns

+
0.37
0.33
0.33
0.25
0.43
0.39
0.28

Characteristic aggregate strength Y4
[kPa]
–
+
112
94.5
447
627
144
151
226
222
194
154
226
164
284
273

†ns denote no significant difference between soil types and also between soil pairs
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Table 4. Linear regression equations detailing the relationship between several soil
properties and clay content (CL), organic carbon (OC) and (5 Danish soils and
organically amended counterparts)
Clay content (CL)

Organic carbon (OC)

WDCpF2

–58.6+4.31CL; r2=0.65; p<0.01

36.5–12.6OC; r2=0.79; p<0.001

WDCdry

–20.7+1.78CL; r2=0.57; p<0.05

15.4–3.18OC; r2=0.26; p=0.13

FDAdry

71.3–3.26CL; r2=0.59; p<0.05

–2.76+10.6OC; r2=0.77; p<0.001

FDAfm

102.9–4.17CL; r2=0.11; p=0.35

–11.2+25.8OC; r2=0.63; p<0.001

Friability

1.15–0.05CL; r2=0.64; p<0.001

0.18+0.09OC; r2=0.39; p=0.055

E4

–402+34.8CL; r2=0.53; p<0.05

378.1–110.9.9OC; r2=0.77; p<0.001

W1000

10.89–0.54CL; r2=0.76; p<0.001

–0.37+1.36OC; r2=0.73; p<0.01

†WDC, water-dispersible clay; FDA, fluorescein diacetate; “fm”, field moist samples; Y4, characteristic
tensile strength. W1000, soil workability (in 1000s), ‡all 14 soils were used in the regression for FDA and
OC for both dry and moist samples.
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Fig. 1. (a) Schematic of the sampling and tillage times during field incubation. (b)
Weather conditions and soil temperature during field incubation period. Data for Jan.
28–Mar. 25 represents greenhouse conditions.
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Fig. 2. Changes in soil water content during field incubation
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Fig. 3. Changes in water-dispersible clay during field incubation. Organically-amended
soils are denoted by (+) after soil name. Numbers in legend are means derived from One
Way Repeated Measures ANOVA for all sampling times.
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Fig. 4. Plots of R-squared values for correlation between water-dispersible clay and soil
water content for all sampling days (solid lines) and for the 5 driest days (dotted lines).
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Fig. 5. Changes in fluorescein diacetate (FDA) enzyme activity during field incubation.
Organically-amended soils are denoted by (+) after soil name. Numbers in legend are
means derived from One Way Repeated Measures ANOVA for all sampling times. **
denote significant difference between each pair of soils (amended and unamended) at
p=0.05.
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Fig. 6. (a) Water-dispersible clay, (b) fluorescein diacetate [FDA] enzyme activity and
(c) dehydrogenase enzyme activity for air-dry aggregates of soil prior to incubation (T0),
field-incubated soils (–) and their organically-amended (+) counterparts. Different
letters indicate that means are significantly different (p<0.05) within soils. ns indicate
no significant differences.
189

Fig. 7. Loge aggregate tensile strength as a function of loge aggregate volume for air-dry
aggregates of two selected soils. Soil friability index, k, determined as the slope of the
regression equation is shown for each soil. The determination of the tensile strength of a
4-mm aggregate (characteristic aggregate strength, Y4) is also shown.
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Fig. 8. Examples of linear regressions of soil properties versus clay and organic carbon
contents (Further details in Table 4).
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Fig. 9. Change in bulk density with applied stress for ranges of (a) 50–100 kPa, (b)
100–200 kPa and (c) 600–800 kPa.
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