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Abstract
Soil is a dynamic and complex natural system, which is interactively regulated by physical, chemical, and
biological properties and processes to provide ecosystem services including crop production. The soil
quality as the critical component of the ecosystems is associated with soil’s usefulness or performance to
environmental quality as well as food quality. Soil quality is related to the development of many soil
properties such as providing soil health, reflecting the fitness of a soil body, supporting water quality,
sustaining plant productivity, and promoting human health.Q1 Soil is a sink for soil organic carbon (SOC).
SOC, infiltration, aggregation, pH, microbial biomass, nitrogen forms, topsoil depth, conductivity or
salinity, and available nutrients are the important indicators for soil quality. Mycorrhizal fungi also have an
effect on soil quality in terms of increase in SOC, aggregation, nutrient uptake, and also increase in soil
capacity for better health. The strength of the mycorrhizal association and its relationship with soil
structure depends on root morphology and mycorrhizal hyphae. Arbuscular mycorrhizal fungi inoculation
often increases the success of the ecological restoration as well. Mycorrhizal fungi are also effect on the
soil function and capacity to increase productivity, resilience, and health functions. Also mycorrhizae
increase SOC content, rhizosphere fertility, aggregation, porosity, and bulk density and reduce the stress
factors that are all increase the soil quality.

WHAT IS SOIL QUALITY?

Soil is a dynamic and complex natural system, which is
interactively regulated by physical, chemical, and biologi-
cal properties and processes to provide ecosystem services
including crop production. Soil as part of natural systems is
a basis for life and habitat for soil organisms, i.e., plants.
Soil’s ability and functions in ecosystem to sustain plant
and animal productivity and to maintain or enhance water
and soil quality are critically important for human health
and habitation. The soil quality as the critical component of
the ecosystems is associated with soil’s usefulness or per-
formance to environmental quality as well as food quality.
Soil has a significant contribution on filter of water and
nutrient cycles and buffer of the soil reactions. Karlen
et al.[1] indicated that organic matter, infiltration, aggrega-
tion, pH, microbial biomass, N forms, topsoil depth, con-
ductivity or salinity, and available nutrients are the
important indicators for soil quality. Moreover, biological
activity, enzymes, total organic carbon (C) and nitrogen
(N), cation exchange capacity, aggregation, bulk density,
and water retention and release capacity are very sensitive
and important indicators of soil quality.[2] Although there is
not a complete consensus that has yet reached on the def-
inition of soil quality, soil quality is usually related to soil
organic matter (SOM) content, number and diversity of
organisms, microbial by-products, hydrologic characteris-
tics, aggregate stability, etc.

Aggregation Is a Very Important Parameter
of Soil Quality

The dynamics of soil aggregate characteristics are often
associated with changes in management practices and
environment. Generally, soils in harsh environment are
characterized by poor and compacted soil structures, low
water-holding capacity and SOM content, and widespread
nutrient deficiency. For a successful crop production or
vegetation, it is necessary to improve soil quality and the
ability of the plant’s adaptation.[3]

Management of SOM is important to maintain soil
quality including soil physical characteristics. Soils, in
general, have varied C storage capacity and aggregate
size distribution. Soil organic carbon (SOC), as the main
component of SOM, is an important determinant of the
soil physical quality influencing water-holding capacity,
porosity, aggregation, and fertility.[4] The SOC content
with other essential nutrients directly affects the produc-
tion of biomass by improving soil quality.[5] Kavdir and
Smucker[6] reported that soil structure influences several
important soil functions such as soil productivity, bio-
logical activity, root growth, soil stability, and nutrient
cycling as well. Borie et al.[7] reported that soil structure
stability is strongly influenced by the nature and content
of SOM. Moreover, land use and management practices
influencing SOM content are determinant of soil aggre-
gation. Soil aggregates especially both macro- and
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microaggregates exhibited a significant positive relation-
ship with SOC and particulate organic matter.[8]

WHAT IS THE ROLE OF MYCORRHIZAE IN SOIL?

Arbuscular mycorrhizal fungi (AMF) are the largest sym-
biotic associations between plants and fungi, which make
significant contribution on physical, chemical, and biolog-
ical aspects of soil quality through AMF hyphae extending
into the rhizosphere and thereby improving the absorption
of nutrients especially phosphorus (P) and micronutri-
ents.[9–11] The establishment of mycorrhiza causes changes
in the physiology of the host plants. Like other soil micro-
organisms, AMF act as ecosystem engineers on roots and
root surface of the plants. The AMF as soil microorganisms
play a contributory effect on soil aggregate formation
because of the symbiosis that significantly changes the root
functioning.[12] Thus, mycorrhiza has a significant impact
on soil resilience, which is also an important component of
soil quality.

Several studies have reported that soil biology espe-
cially mycorrhizal fungi significantly influences soil fer-
tility and soil quality. However, the study on applied
mycorrhizae is very new avenue in the field of soil quality
research. The AMF also influence other soil functions,
such as C, N, and P cycling to support plant growth and
nutrition in the agroecosystems. Mycorrhizal inoculated
plants are effective competitors in P-limited soil condi-
tions. Several studies reported that mycorrhizal associa-
tions improve soil structures and increase uptake of
nutrients and water through the extension of AMF hyphae
distribution within the rhizosphere.[9–11] Medina and
Azcon[3] suggested that soil amended with mycorrhizal
fungi inoculation can be used as a successful biostrategy
to improve plant performance in P-deficient soils under
Mediterranean conditions. As shown in Table 1, mycor-
rhizal inoculation under field conditions increased the N,
P, and K contents of sweet corn.

Mycorrhizal inoculation has been found to decrease the
concentrations of salts and electrical conductivity of the
soil.[14] The AMF colonization can also improve plant tol-
erance to stress conditions caused by drought and salt.
Cekic, Unyayar, and Ortas[15] showed that under different
salt level applications, mycorrhizal inoculation increased
relative water content, P, total chlorophyll, and carotenoid
content of pepper plants.

Mycorrhizae and Roots Effect on Soil Quality

Soil quality is also related to the rhizosphere beneficial
microorganisms, such as AMF and bacteria. The AMF are
an active and major component of the soil microbial com-
munity and have an important role on soil quality. Barea
et al.[16] indicated that symbiotic mycorrhizal associations
are fundamental in optimizing plant fitness and soil quality.
The AMF symbiosis has been proposed as one of the most
effective mechanisms of plant heavy metal tolerance and
water stress avoidance due to their effect on rhizosphere
physical, chemical, and biological activities.[10] The AMF
are expected to have a synergistic effect on crops by
improving the soil quality. The potential role of AMF in
soil quality is related to improved soil physical proper-
ties.[17] The contribution of mycorrhizal inoculation to the
SOC content and aggregate formation depends on roots and
hyphae productivity, roots and hyphae turnover rates, and
their exudation. They improve soil quality by binding
microaggregates and primary soil particles together and
consequently resulting in: 1) improved soil structure;
2) increased water infiltration and retention; and 3) reduced
soil erosion by minimizing leaching and runoff, while mak-
ing them available to plants. As expected, plant roots are
different and have significant effect on soil aggregation.
Plant roots and AMF have direct and indirect binding
effects on soil aggregate formation and stability. Jastrow,
Miller, and Lussenhop[18] have provided the evidence
related to the direct effects of mycorrhizal hyphae on soil
aggregation. Soil aggregates play an important role in
sequestering and stabilizing SOC.[19] Other soil properties
are also affected by plant roots and rhizosphere by signif-
icantly changing the soil physical, chemical, and biological
properties.[20]

Nadian, Hashemi, and Herbert[21] demonstrated that
colonized Berseem clover (Trifolium alexandrinum L.)
root length was improved by 20%, as soil aggregate
diameter increased. Six et al.[22] indicated that plant
roots influence soil structure in diverse ways such as
through root exudation, which includes polysaccharides
that help to bind microaggregates and clay particles, and
also through root pressure and penetration, which help
to increase the proportion of stable aggregates through
root entanglement. Mycorrhizae inoculated root also has
mycorrhizosphere, which expanded rhizosphere volume
and improved soil aggregate formation. The adherence
of soil particles and sand grains on the root via AMF

Table 1 The effect of P application and mycorrhizal inoculation
on N, P, and K concentration (%) in shoots of sweet corn at
silking.

Treatments N P K

−Mycorrhizae

P0 2.31 ± 0.01 0.16 ± 0.01 0.80 ± 0.28

P1 2.44 ± 0.02 0.20 ± 0.00 0.90 ± 0.14

P2 2.44 ± 0.12 0.22 ± 0.01 0.60 ± 0.03

+Mycorrhizae

P0 2.60 ± 0.00 0.22 ± 0.01 1.20 ± 0.28

P1 2.84 ± 0.12 0.23 ± 0.01 1.30 ± 0.14

P2 2.58 ± 0.11 0.24 ± 0.03 1.00 ± 0.28

Source: Ortas & Sari.[13] ©2003.
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mycelia was pictured by Ortaş in field grown sorghum
plant (Fig. 1).

The strength of the mycorrhizal association and its
relationship with soil structure depend on root morphol-
ogy[23] and mycorrhizal hyphae. AMF inoculation often
increases the success of the ecological restoration.[24]

Rillig[12] indicated that AMF are one of the important
factors of soil quality through their effects on soil eco-
logical interactions and their contributions to maintain-
ing soil structure. However, AMF contributions on soil
physical development depend on several factors and
have a significant effect on ecosystem services. The
ecosystem services provided by AMF are based on the
modification of the root morphology and development
of a complex ramified mycelia network in soil. These
interactions improve plant–soil adherence and soil sta-
bility (binding action and improvement of soil structure),
which in turn increase mineral nutrient and water uptake
contributions by plants. It has been demonstrated that
the mycorrhizal mycelial network can have a binding
action on the soil and improve soil structure.[25–27]

A major contribution of AMF in soils is their role on
the maintenance of soil structure and plays a significant
role in maintaining soil quality. The elongation of AMF
from the mycorrhizal root to soil is a complex and rami-
fying network into the surrounding soil that can reach up
to 30 m of fungal hyphae per gram of soil.[28,29] Fig. 2
shows the adherence of soil particles and sand grains on
the roots via AM mycelia in soil aggregation conceptual
diagram.[30]

Organic amendment and mycorrhizae are the well-
known aggregate building agents.[17] Extensive soil-based
mycelium of fungus around roots can help soil aggregation
processes (Fig. 3).

Mycorrhizal Hyphae, Glomalin, and Soil Quality

AMF enhance soil aggregate stability due to the production
of extraradical hyphae and a protein known as glomalin.
Glomalin, a brown to red–brown colored glycoprotein

produced by AMF, is a major component of SOM that is
defined operationally by the extraction method.[31] The
AMF, fed on C, found living on plant roots and appear to
be the only producer of glomalin. A laboratory procedure
reveals glomalin accumulation on soil aggregates as the
green material (Fig. 4). Wright and Upadhyaya[33] have
shown a strong non-linear relationship of the AMF hyphae
product “glomalin” with water-stable aggregates across
several soil types.

Glomalin was reported to be a non-water soluble, highly
persistent glycoproteinaceous substance[33] produced in
mycorrhizal fungal cell walls, and it remains in soil after
hyphae died.[34] A strong correlation has been found
between glomalin and water-stable aggregates in a wide

Fig. 1 Aggregate formation by the plant roots and AM
mycelium.
Source: Ortas, unpublished data.

Fig. 2 Aggregate formation by the AM mycelia.
Source: Miller & Jastrow.[30] ©2000 Kluwer Academic
Publishers.

Fig. 3 Mycorrhizal hyphae through soil profile.
Source: Photo by Ortas, unpublished data.
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variety of soils where organic material is the main binding
agent.[12,35] Wright and Upadhyaya[36] indicated that
increased aggregate stability, which leads to better soil
structure, in turn, leads to control soil erosion for better
plant production.

Bedini et al.[37] showed that the secretion by AMF
glomalin contributes to soil stability and water retention.
Furthermore, it has been indicated that higher levels of
glomalin increase water infiltration, improve porosity
and air permeability, better root development, improve
microbial efficiency, and increase resistance to surface
sealing and erosion. Driver, Holben, and Rillig[34] indi-
cated that glomalin is thought to be deposited in soil by
the degradation of extraradical hyphae of AMF. Bedini
et al.[37] indicated that (AM) fungi are key organisms of
the soil–plant system, influencing and contributing to
soil aggregation and soil structural stability by the com-
bined action of extraradical hyphae and of a hydropho-
bic proteinaceous substance named glomalin. Rillig,
Wright, and Eviner[38] shown that AMF hyphae and
their glomalin products had significant contribution on
water-stable aggregates of soil.

Treseder and Turner[39] postulated that the role of glo-
malin in the ecosystem is not very clear and should be
studied thoroughly under long-term and diverse manage-
ment systems. Glomalin as a strong cementing agent is

produced by a beneficial fungus that grows on plant roots.
When hyphae stop transporting water, their protective glo-
malin sloughs off into the soil, where it helps soil build
defenses against degradation and erosion and boosts its
productivity.

As mycorrhizae produce enzymes (such as alkaline
phosphatase), the activity of phosphatase can increase
plant nutrient uptake as well.[40] Phosphatase enzymes
are developed by plants for an effective P acquisition
and possibly for N and less mobile micronutrients.

EFFECT OF MYCORRHIZA INOCULATIONS
ON SOIL QUALITY UNDER LONG-TERM
FIELD CONDITIONS

Long-term effects of mycorrhizal inoculation (after
14 years) on soil quality were presented in Table 2.
Water-stable aggregation (WSA) had significantly affected
by the organic (mycorrhiza + compost 10 ton ha−1) and
inorganic fertilizer treatments after 14 years’ long-term
experiment and ranged from 71.1% to 87.6%. The highest
WSA was observed in compost + mycorrhizae treatment
(87.6%), whereas the lowest WSA was found in control
treatment (71.13%); mineral fertilizer has 74.6% of WSA.
Mean weight diameter (MWD) of aggregates increased
by 44% under the mycorrhizae + compost treatment as
compared with the control.

Bedini et al.[37] showed that MWD values of soil aggre-
gates were positively correlated with the values of total
hyphae length and hyphae density of the AMF. They also
showed that the MWD of macroaggregates was signifi-
cantly higher in mycorrhizal inoculated soils as compared
to the non-mycorrhizal soils. Ortas et al.[17] showed that the
high values of MWD were associated with mycorrhizal
inoculation rather than with application of organic fertilizer
and that the MWD depended more on mycorrhizae appli-
cation than on SOC content. Wilson et al.[29] also reported
that AMF abundance was a dominant factor affecting var-
iability in soil WSA and MWD. The development of soil
structure and the dynamics of WSA in many soils are
closely related to the SOM cycling and the magnitude of
root growth and mycorrhizal hyphae.[41,42] Smith and
Read[10] concluded that the contribution of mycorrhizal
root plus hyphae on aggregation is more than those of the

Fig. 4 Glomalin under microscope.
Source: Nichols.[32] ©2010.

Table 2 Effect of mineral fertilizer and mycorrhizae + compost application on soil properties after 14 years’ long-term field experiment.

SOM (%)
Bulk density
(ρb; g cm−3)

Total porosity
(St; %)

Soil-available water
(cm−3) WSA (%) MWD

Treatments

Control 1.50 1.46 45 8.69 71.13 1.47

Mineral fertilizer 2.01 1.47 48 9.45 74.72 1.43

Mycorrhizal + compost 2.31 1.31 53 11.48 87.60 2.12

Source: Ortas, unpublished data.
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hyphae alone, and that under pasture, the contribution of
root and hyphae to WSA increases with increase in SOC
content.

There were also significant differences in SOM content
among the treatments (Table 2). The SOM content was
2.01% and 2.31% for chemical fertilizer and compost
+mycorrhizae treatments, respectively, as compared with
the SOM content in control (1.50%). Increasing SOM
increases aggregate stability, infiltration, nutrient minerali-
zation and availability, and cation exchange capacity. It
suggests that mycorrhizal inoculation increased SOM con-
tent, which is directly related to soil quality. According to
Harris, Karlen, and Mulla’s[43] soil quality assessment
scorecard, SOC has high score range. Soil bulk density,
porosity, and soil water availability were significantly
affected by mycorrhizal inoculation compared with the che-
mical fertilizer treatment.

There were also significant differences in total porosity
among the treatments. As discussed earlier, Ortas et al.[17]

showed that soils treated with the compost + mycorrhizae
organic fertilizers have the highest total porosity (St). The
porosity was 45%, 48%, and 53% for control, chemical
fertilizer, and compost + mycorrhizae treatments, respec-
tively (Table 2).

Soil quality is related to the development of many
soil properties such as providing soil health, reflecting
the fitness of a soil body, supporting water quality, sus-
taining plant productivity, and promoting human health.Q2

Mycorrhizal fungi are also effect on the soil function
and capacity to increase productivity, resilience, and
health functions. Also mycorrhizae increase SOC con-
tent, rhizosphere fertility, aggregation, porosity, and bulk
density and reduce the stress factors that are all increase
the soil quality. Accordingly, it seems that mycorrhizal
fungi have significant contribution on soil quality devel-
opment. Usually, soil physical and chemical components
were used for soil quality assessment; it may be possible
to use mycorrhizae as a biological component as well.
Usually, healthy soils have a rich diversity of soil useful
microorganisms including mycorrhizal fungi. Mycorrhi-
zal infection and spore germination can also be used as a
soil quality indicator.
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