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Zero Tillage Systems Conserve Arbuscular Mycorrhizal Fungi,
Enhancing Soil Glomalin and Water Stable Aggregates with
Implications for Soil Stability
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Abstract: Arbuscular Mycorrhizal (AM) fungi form mutualistic symbiotic relationships with approxi-
mately 80% of terrestrial plant species, while producing the glycoprotein glomalin as a structural
support molecule along their mycelial network. Glomalin confers two benefits for soils: (1) acting
as a carbon and nitrogen storage molecule; (2) the binding of soil microaggregates (<250 µm) to
form larger, more stable structures. The present study aimed to test the hypothesis that a correlation
between glomalin and soil aggregation exists and that this is influenced by the method of seedbed
preparation. The soils from two crops of winter wheat in Hertfordshire, UK, practising either conven-
tional (20 cm soil inversion) or zero tillage exclusively, were sampled in a 50 m grid arrangement
over a 12 month period. Glomalin and water stable aggregates (WSA) were quantified for each soil
sample and found to be significantly greater in zero tillage soils compared to those of conventional
tillage. A stronger correlation between WSA and glomalin was observed in zero tillage (Pearson’s
coeffect 0.85) throughout the cropping year compared to conventional tillage (Pearson’s coeffect 0.07).
The present study was able to conclude that zero tillage systems are beneficial for AM fungi, the
enhancement of soil glomalin and soil erosion mitigation.
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1. Introduction

Arbuscular Mycorrhizal (AM) fungi form mutualistic symbiotic relationships with
approximately 80% of terrestrial plant species and provide immobile soil nutrients typically
not available to the plant [1]. Through the plant–fungi relationship, AM fungi can improve
plant growth promoting hormones, as well as contributing to environmental factors such
as soil aggregate stability and soil carbon stores [2].

AM fungi produce the glycoprotein glomalin as a structural support molecule along
their mycelial network [3]. Additionally, glomalin acts as a long-term carbon and nitrogen
storage molecule, containing an estimated 20–30% carbon and 3–5% nitrogen, whilst
remaining in soils for up to 40 years [4]. Through the established plant-fungal symbiosis
relationship, AM fungi and glomalin can play a crucial role in the sequestration of carbon
dioxide from the atmosphere with photosynthetic carbohydrates being provided by the host
plant via the intracellular fungal exchange organ, arbuscules [4–7]. Such photosynthetic
carbons, provided to AM fungi, account for 20% of the total photosynthate [8]. The
promotion of AM fungi growth increases carbon dioxide (CO2) intake and photosynthesis,
which then enhances fungal biomass and glomalin [6]. Glomalin has the potential to bind
soil aggregates and has been described as an adhesive glue-like compound in [4]. The
growth of AM fungal mycelia further aids in the binding of soil aggregates [5]. However,
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when quantifying glomalin, glomalin related soil proteins (GRSP) are reported due to the
undefined structure of glomalin [6].

Soil inversion, a component of land preparation practices in conventional tillage (CT)
agricultural systems, has been widely applied globally for several decades [9]. More re-
cently, conservational agriculture systems such as zero tillage (ZT) have been implemented
more widely [10]. Within the UK, CT has been reported to disturb soils to a depth of 20 cm;
however, CT can have a maximum soil inversion of 30 cm [11]. This is in stark contrast to
the nominal soil disturbance due to the employment of ZT. Not only does ZT reduce soil
disturbance, but also reductions in workload, fuel consumption and soil erosion are also
reported [10].

The carbon stored in soils can vary in response to land management practice. Conven-
tional tillage inverts soil to a greater depth, resulting in the greatest disturbance and soil
aeration. Soil aeration increases the rate of mineralisation of soil organic matter (SOM) and
the associated release of soil carbon as CO2 into the atmosphere [12,13]. This reduces the
soil organic carbon (SOC) equilibrium of the soil and its capacity for carbon storage. Carbon
compounds previously protected from microbial metabolism due to adsorption on mineral
surfaces and the occlusion within soil aggregates and particulates now become available
to degradation through metabolic pathways that were formerly unable to proceed [14].
As the highest quantities of SOC are stored within the top 30 cm of a soil profile [15],
which is also the maximum depth of soil disturbance from a CT mouldboard plough. This
carbon is therefore at risk of being lost to the atmosphere due to soil inversion. Not only is
SOC lost in response to CT, but soil biodiversity, including the delicate soil microbiome, is
altered [16–19]. Further, CT physically breaks apart fungal mycelia, damaging hyphal struc-
tures that maintain soil glomalin concentrations, resulting in reduced glomalin production
in CT soils and, thereby, reducing the aggregate stability of soils and leading to increases in
soil erosion [9,10,14,16]. In a directly sown ZT system, soils are not disturbed to the same
degree, allowing fungal mycelia and the adhesive quality of glomalin to remain intact.
Maintenance of the glomalin–WSA (water stable macroaggregates) relationship, indicative
of an intact AM fungal hyphae network that both produces glomalin and physically binds
soil particles, is critical to soil function [3,20].

Previous reports describe the existence of a positive correlation between soil aggregates
and glomalin concentrations [6,21,22]. However, these studies do not address the influences
of tillage as a land management strategy towards AM fungi and soil aggregates. This study
aims to investigate and test the hypothesis that two land management practices, CT and ZT,
(1) influence AM fungi and (2) indirectly affect water stable macroaggregates (WSA), soil
glomalin and SOM. The importance of considering WSA and soil glomalin in combination
in the context of the soil microbiome are discussed.

2. Materials and Methods
2.1. Sampling Sites

Samples were taken from several sites across 2 farms in Hertfordshire, UK. Farm A
practised CT exclusively (soil inversion to 20 cm via mouldboard plough), while Farm B
practised ZT exclusively for a period of 8 years. Farm records provided by participating
land managers included details of soil type, crop history, agrochemical application, fertiliser
type and application rates. This was then used to identify fields on each farm with similar
crop histories (cereal crops), dimensions and soil types (sandy loam) for comparison
purposes and to inform sampling regimes. A 50 m sampling grid was constructed from
farm and boundary maps provided by the respective farm managers for selected fields
with known crop histories of cereal crops with current winter wheat rotation. Samples
were taken in both the CT and ZT (n = 260 and 216, respectively, for each sampling period,
comprised of a soil core taken to a maximum depth of 40 cm and subdivided into 4 × 10 cm
subsamples for each tillage type) treatments: 5 months post cultivation of the CT treatment
(February 2019) and pre-harvest (May 2019). Each sample was taken to a maximum depth of
40 cm, using a single core, and divided into 10 cm sub-sections for gradient depth analysis.
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2.2. Soil Physical Properties

Soil texture was determined using the methodology described by Brown and Wher-
rett [23]. Soil aggregates were quantified with Equation (1). Field-sampled soils (100 g)
were passed through a 2 mm sieve to remove large rock and stone materials and then a
0.2 mm sieve under a constant flow of water for 60 s.

Water Stable Aggregates (%) =
Mass o f soil remaining on sieve (g)

Total mass o f soil originally placed on sieve (g)
× 100 (1)

Soil organic matter was determined based on the approach of Myrbo et al. [24].

2.3. Glomalin-Related Soil Protein Extraction

Glomalin-related soil protein (GRSP) was extracted via a modified methodology from
Wright and Upadhyaya [20] to measure soil glomalin. Briefly, 1 g of soil was suspended
in 8 mL 50 mM trisodium citrate dihydrate (Thermo Fisher Scientific®, Loughborough,
Leicestershire, UK) and kept at autoclave conditions (121 ◦C 15 psi) for 60 min. Soils were
then centrifuged at 1000× g for 2 min to remove suspended soil particles. Supernatant
was further centrifuged at 6800× g for 10 min, a total of three times to remove impurities
within the sample. Of the centrifuged sample, 1 mL was used for the Bradford protein
assay (Coomassie Protein Assay Reagent, Thermo Fisher Scientific®, Loughborough, Le-
icestershire, UK) at a photospectrometer (Cecil® 1021, Cambridge, UK) absorbance of
595 nm. Glomalin was able to be precipitated through minimal (dropwise) additions of
1 mol hydrochloric acid (Fisher Scientific®, Loughborough, Leicestershire, UK) followed by
drying at 60 ◦C until dry and weighing.

2.4. Software and Statistics

R (version 3.5.3, Hamilton, ON, Canada) was used for the ANOVA, T test, Pearson’s
correlations and R2 values.

3. Results

A strong correlation was observed between WSA and GRSP content in the soil of the
ZT treatment for both the 5 month period post seedbed preparation (Figure 1a: Pearson’s
coefficient = 0.85: r2 = 0.73) and pre-harvest (Figure 1b: Pearson’s coefficient = 0.87:
r2 = 0.76). A negligible correlation was evident in the CT treatment in either sampling
period (Pearson’s coefficient = 0.07 and 0.13, respectively). A statistically significant
difference exists between WSA and total glomalin for CT- and ZT-treated soils during
sampling periods 5 months post seedbed preparation (WSA, p < 0.0001, df: 477, t stat:
−3.66, paired unequal variance T test: glomalin, p < 0.00001, df: 321, t stat: −10.45, paired
uneven T test) and pre harvest (WSA, p < 0.0001, df: 345, t stat: −10.53, paired uneven
T test: glomalin, p < 0.00001, df: 321, t stat: −10.45, paired unequal variance T test). The
total glomalin measured on ZT soils relative to CT was additionally greater (p = 0.05), a
mean of 56.01 g/0.1 m3 and 42.94 g/0.1 m3, respectively. The comparisons of the ZT and
CT treatments refer to sampling points for sandy loam soil only. The four soil textures
present in the ZT treatment were analysed further as potential variables. Figure 2 reveals
that a strong positive correlation exists between WSA and total glomalin irrespective of soil
texture within the ZT field (Pearson’s coefficient = 0.75 to 0.87). Soil texture was found to
have a significant impact on the quantity of total glomalin (p < 0.00001, df: 3, 212, F value:
16.75, F critical: 2.65, Single factor ANOVA) and overall WSA (p < 0.00001, df: 3, 212,
F value: 18.85, F critical: 2.65, Single factor ANOVA).
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Figure 1. Correlation between water-stable aggregates (WSA) and glomalin-related soil protein (GRSP) for (a) the 5 month 
period post seedbed preparation and (b) pre harvest. Pearson’s correlation (a) 0.85 (r2, 0.73) for zero tillage (ZT) and 0.07 
(r2, 0.004) for conventional tillage (CT): (b) 0.87 (r2, 0.76) in ZT and 0.13 (r2, 0.02) for CT. Data points are indicative of all 
sampled soils from their respective sites. Mean GRSP 5 months post cultivation was measured at 43.03 g/0.1 m3 (n = 261) 
and 36.0 g/0.1 m3 (n = 217) for CT and ZT, respectively. Pre harvest total glomalin produced means of 43.0 g/0.1 m3 (n = 
261) and 56.0 g/0.1 m3 (n = 217) for CT and ZT respectively. Mean WSA 5 months post cultivation was measured at 28.1% 
(n = 261) and 41.2% (n = 217) for CT and ZT respectively. Pre harvest total WSA produced means of 29.7% (n = 261) and 
47.3% (n = 217) for CT and ZT, respectively. 

 
Figure 2. Correlations between water-stable aggregates (WSA) and glomalin-related soil protein (GRSP) for (a) the 5 month 
period post seedbed preparation and (b) pre harvest between soil textures within the zero tillage (ZT)-treated field 5 
months post seedbed preparation. Conventional tillage treated soils were homogenous for sandy loam soils only and were 
unable to produce soil texture comparatives to the extent of ZT soils. Pearson correlations measured in (a) clay textures at 
a value of 0.75 (r2–0.56), sand 0.87 (r2–0.76), sandy clay 0.81 (r2–0.65) and sandy loam soils at 0.83 (r2–0.68). Pearson corre-
lations in (b) measured clay 0.12 (r2–0.01), sand 0.75 (r2–0.56), sandy loam 0.90 (r2–0.81) and sandy clay 0.36 (r2–0.13). 

Soil depth was observed to have implications on organic matter for CT (p < 0.00001, 
df: 3256, F value: 51.90, F critical: 2.64, Single factor ANOVA) and ZT (p < 0.00001, df: 3212, 
F value: 25.94, F critical: 2.65, Single factor ANOVA) (Figure 3). Top soils (<10 cm) meas-
ured as significantly different (p < 0.00001, df: 110, t.stat: 8.27, unequal variance T test) 
between tillage practices, with further significance in soils sampled from 40 cm soil depths 

Figure 1. Correlation between water-stable aggregates (WSA) and glomalin-related soil protein (GRSP) for (a) the 5 month
period post seedbed preparation and (b) pre harvest. Pearson’s correlation (a) 0.85 (r2, 0.73) for zero tillage (ZT) and 0.07
(r2, 0.004) for conventional tillage (CT): (b) 0.87 (r2, 0.76) in ZT and 0.13 (r2, 0.02) for CT. Data points are indicative of all
sampled soils from their respective sites. Mean GRSP 5 months post cultivation was measured at 43.03 g/0.1 m3 (n = 261)
and 36.0 g/0.1 m3 (n = 217) for CT and ZT, respectively. Pre harvest total glomalin produced means of 43.0 g/0.1 m3

(n = 261) and 56.0 g/0.1 m3 (n = 217) for CT and ZT respectively. Mean WSA 5 months post cultivation was measured at
28.1% (n = 261) and 41.2% (n = 217) for CT and ZT respectively. Pre harvest total WSA produced means of 29.7% (n = 261)
and 47.3% (n = 217) for CT and ZT, respectively.
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Figure 2. Correlations between water-stable aggregates (WSA) and glomalin-related soil protein (GRSP) for (a) the 5 month
period post seedbed preparation and (b) pre harvest between soil textures within the zero tillage (ZT)-treated field 5 months
post seedbed preparation. Conventional tillage treated soils were homogenous for sandy loam soils only and were unable
to produce soil texture comparatives to the extent of ZT soils. Pearson correlations measured in (a) clay textures at a value
of 0.75 (r2–0.56), sand 0.87 (r2–0.76), sandy clay 0.81 (r2–0.65) and sandy loam soils at 0.83 (r2–0.68). Pearson correlations in
(b) measured clay 0.12 (r2–0.01), sand 0.75 (r2–0.56), sandy loam 0.90 (r2–0.81) and sandy clay 0.36 (r2–0.13).

Soil depth was observed to have implications on organic matter for CT (p < 0.00001,
df: 3, 256, F value: 51.90, F critical: 2.64, Single factor ANOVA) and ZT (p < 0.00001, df:
3, 212, F value: 25.94, F critical: 2.65, Single factor ANOVA) (Figure 3). Top soils (<10 cm)
measured as significantly different (p < 0.00001, df: 110, t.stat: 8.27, unequal variance T
test) between tillage practices, with further significance in soils sampled from 40 cm soil
depths (p < 0.00001, df: 102, t.stat: 6.67, unequal variance T test). Both of these depths were
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observed to have the greatest significant difference (*) in organic matter between tillage
treatments. Soils at a depth of 30 cm were also measured to contain different degrees of
organic matter between tillage practices (p <0.03, df: 106, t.stat: 1.88, unequal variance
T test). Differences in mean organic matter at soil depths of 20 cm were not significant
between tillage methods (p = 0.28, df: 114, t.stat: 0.58, unequal variance T test).

Soil Syst. 2021, 5, x  5 of 13 
 

 

(p < 0.00001, df: 102, t.stat: 6.67, unequal variance T test). Both of these depths were ob-
served to have the greatest significant difference (*) in organic matter between tillage treat-
ments. Soils at a depth of 30 cm were also measured to contain different degrees of organic 
matter between tillage practices (p <0.03, df: 106, t.stat: 1.88, unequal variance T test). Dif-
ferences in mean organic matter at soil depths of 20 cm were not significant between till-
age methods (p = 0.28, df: 114, t.stat: 0.58, unequal variance T test). 

 
Figure 3. Mean (n = 65 per depth—conventional tillage (CT): n = 53 per depth—zero tillage (ZT)) 
percentage organic matter for CT and ZT samples soils from a period 5 months post seedbed prep-
aration, no statistical differences were observed for pre harvest samples (data not shown). Greatest 
significance was observed between tillage treatments at 10 cm and 40 cm sampling depth (*) (p < 
0.00001). Error bars constructed from SEM. 

Conventional tillage soils produced an increase in quantifiable GRSP post cultivation 
in the zone of tillage (<20 cm), corresponding to crop growth stage GS21 [25] and the in-
creased presence of host plant roots (February–May 2019), supporting the glomalin pro-
ducing AM fungi. 

ZT mean GRSP (Figure 4) followed a similar increase at all sampling depths with the 
greatest soil glomalin concentration measured in May 2019 (pre harvest). Statistical testing 
between tillage treatments produced T test significance for each sampling depth between 
sampling periods of each tillage treatment (p < 0.0001, df: 83, t.stat: 7.15, paired unequal 
variance T test), with the exception of 40 cm depth samples from pre harvest (May 2019), 
which showed no significance between tillage treatments (p = 0.26, df: 71, t.stat: −1.13, 
paired unequal variance T test). 

Figure 3. Mean (n = 65 per depth—conventional tillage (CT): n = 53 per depth—zero tillage (ZT))
percentage organic matter for CT and ZT samples soils from a period 5 months post seedbed
preparation, no statistical differences were observed for pre harvest samples (data not shown).
Greatest significance was observed between tillage treatments at 10 cm and 40 cm sampling depth (*)
(p < 0.00001). Error bars constructed from SEM.

Conventional tillage soils produced an increase in quantifiable GRSP post cultivation
in the zone of tillage (<20 cm), corresponding to crop growth stage GS21 [25] and the
increased presence of host plant roots (February–May 2019), supporting the glomalin
producing AM fungi.

ZT mean GRSP (Figure 4) followed a similar increase at all sampling depths with the
greatest soil glomalin concentration measured in May 2019 (pre harvest). Statistical testing
between tillage treatments produced T test significance for each sampling depth between
sampling periods of each tillage treatment (p < 0.0001, df: 83, t.stat: 7.15, paired unequal
variance T test), with the exception of 40 cm depth samples from pre harvest (May 2019),
which showed no significance between tillage treatments (p = 0.26, df: 71, t.stat: −1.13,
paired unequal variance T test).

WSA of CT soils (Figure 5) was observed to decrease after the initial receipt of tillage
in September 2018 (p < 0.00001, df: 3, 256, F value: 231.27, F critical: 2.64, Single factor
ANOVA) (data not shown) to the greatest reduction in WSA between February and March
2019. WSA for soils sampled at 40 cm were recorded to sharply increase aggregation.
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Figure 4. Mean glomalin concentration (µg/mL) between tillage treatment (conventional tillage (CT)
and zero tillage (ZT)) in (a) February and (b) May 2019. Soils were sampled to a maximum depth of
40 cm at 10 cm increments. Extractions of glomalin related soil protein (GRSP) were performed until
the Bradford assay was unable to quantify any further GRSP. Zone of tillage in CT treatments was
noted to be to a sampling depth of 20 cm soil inversion. Error bars constructed from SEM.

Initial WSA of ZT soils (Figure 5) were equally distributed throughout the soil depths.
Increases in aggregation were recorded for 20 and 30 cm depth soil samples, with a
maximum increase in May 2019 before all sampling depths reduced marginally towards the
end of the sampling year (August 2019, data not shown). The WSA of soils at all sampling
depths in ZT management were higher than those of CT managed soils (p < 0.0001, df:
68, t.stat: −48.06, paired unequal variance T test), with the exception of the 40 cm depth
samples from August 2019 (p = 0.39, df: 112, t.stat: 0.87, paired unequal variance T test).
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Figure 5. Mean percentage water stable aggregates between tillage treatment (conventional tillage
(CT) and zero tillage (ZT)) in (a) February and (b) May 2019. Sampled soils to a maximum depth of
40 cm at 10 cm increments. Zone of tillage in CT was noted to be to a sampling depth of 20 cm soil
inversion. Error bars constructed from SEM.

The mean percentage SOM and proportion attributed to GRSP is displayed in Figure 6.
Within ZT sampled soils, organic matter decreased significantly (p < 0.00001, df: 104, t.stat:
−6.84, paired equal variance T test) between post cultivation and pre harvest. However,
the contribution of glomalin to overall percentage organic matter increased, corresponding
to a simultaneous increase in crop root development. CT soils (Figure 6) remained lower
in overall percentage organic matter. Between post cultivation and pre harvest sampling,
glomalin’s contribution to overall organic matter percentage reduced, as did the remaining
organic matter (p = 0.01, df: 395, t.stat: 2.51, paired equal variance T test). Between tillage
treatments, of each sampling period (Figure 6), overall organic matter percentage and
glomalin’s contribution were significantly different (p = 0.01, df: 395, t.stat: 2.51, paired
unequal variance T test) between tillage treatments for both sampling periods and are
indicative of the impact of CT management practices.
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4. Discussion

The maintenance of a positive glomalin-WSA relationship, indicative of an intact
AM fungal hyphae network [26] that both produces glomalin and physically binds soil
particles, is critical to soil function. The present study has identified that the application
of CT land management practices has a negative impact on this GRSP–WSA relationship.
Furthermore, SOM was significantly higher in ZT soils sampled at depths of 10 and 40 cm.
The importance of considering both glomalin and WSA in combination is discussed.

The strong relationship between glomalin and WSA in ZT soils found here (Figure 1)
indicates improvements to soil structure associated with conservation land management
practices. This would not appear to be the case for CT, where the erosion prevention
properties of glomalin were lost due to the destruction of microaggregate adhesion. These
findings correspond with those of [22,27], who also showed a reduction in glomalin and
aggregate stability from the application of tillage. They did not, however, provide an un-
derstanding of the change to the glomalin–WSA relationship reported in the present study.
Glomalin is produced by AM fungi as a structural support molecule along mycelia [3] to fa-
cilitate growth through pore spaces [5]. Soil inversion both reduces AM fungal abundance
and therefore glomalin production but also physically destroys hyphal networks, which
decreases aggregate stability and increases the risk of soil erosion [22,28]. In contrast, the
lack of soil inversion associated with ZT both conserves the AM fungal mycelia networks
and maintains glomalin production [29]. Not only does this increase aggregate stability, but
it also results in higher SOM attributed to the glomalin molecule. The positive relationship
between WSA and glomalin is present in four different soil textures throughout the soil
profile under ZT (Figure 2). It suggests that ZT is beneficial for AM fungi over a broad
range of soil types and over large areas of agricultural land.

The relationship between GRSP and WSA has been assessed in two different winter
wheat crops. The key variable between the two sites was the method of seedbed prepa-
ration, specifically the presence or absence of soil inversion to a depth of 20 cm in the CT
and ZT treatments, respectively. The strongest positive relationship between glomalin and
WSA was observed in the ZT treatment. The quantity of soil glomalin alone did not signify
greater WSA; a further underlying mechanism requires consideration. Curaqueo et al. [30]
found that an increase in active hyphae enhanced soil glomalin but was also correlated
with enhanced WSA in ZT soils. The total AM fungal hyphal length was reduced in CT
managed soils (3.5 m· g−1) compared to ZT soils (5 m·g−1). Additionally, the length of
active hyphae in CT soils was less (0.5 m·g−1, 14.3% of total hyphal length) in comparison
to ZT managed soils (1.0 m·g−1, 20% of total hyphal length). The present study supports
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the findings of [30], noting a higher positive Pearson’s correlation (0.85 Figure 1a, and 0.87
Figure 1b) between glomalin and WSA in the undisturbed ZT soils. The Pearson’s corre-
lation coefficient in the CT treatment was lower, although it increased slightly, from 0.07
to 0.13, for the period post cultivation to pre harvest. This suggests that the regeneration
of AM fungi mycelial networks during a single cropping cycle in an annually cultivated
crop are marginal. In contrast, the positive correlation between WSA and total glomalin is
maintained in ZT soils throughout the year.

The present study shows an overall reduction in soil aggregation and the GRSP-WSA
relationship in CT managed soils. According to [28] and Hajabbasi and Hemmat [31],
mycelial networks are damaged or destroyed by soil inversion, resulting in a lag phase in
the development of plant–fungal associations. Zheng et al. [28] highlight a reduction in soil
aggregate stability of 34% due to CT, a conclusion supported by this study. Where there is soil
inversion, the WSA-enhancing properties of fungal hyphae are prevented. The destruction
of fungal hyphal networks is also reported to decrease glomalin production [20,31,32]. If the
absence of AM fungi due to physical destruction by CT reduces soil glomalin, the increase in
glomalin in the zone of tillage in the CT treatment during February (Figure 4a) was somewhat
unexpected. It is proposed that this, based on the conclusions of [3], is due to the deposition
of glomalin within soils upon the death of the AM fungi. The lower correlation between
glomalin and WSA in CT but not ZT (Figure 1) would support this assertion. Importantly,
it emphasizes the need to not consider the quantity of soil glomalin in isolation as a positive
indicator. While the presence of glomalin is indicative of AM fungal growth, increased
glomalin alone does not necessarily indicate enhanced soil aggregation. Measured GRSP
does not differentiate between a living hyphal network actively producing glomalin and a
network that has been recently destroyed by physical soil disturbance. The emphasis here
is on the recent nature of the timeframe, as glomalin production will cease and declines will
be observed with increased time lapsed. The decline within three months between February
and May also illustrates the detrimental impact of physical disturbance on the glomalin
molecule itself, with a decrease in the quantity noted in a molecule that can, according to
Wright et al. [5], persist for up to 40 years in undisturbed soils. This is despite crop root
growth and the potential for the formation of a root–AM fungi association being at its most
prolific during this period. Root symbiosis evidently declines in this part of the soil profile
where physical disturbance has occurred even though the available plant root material is at
its optimum. The ramifications continue for the duration of the entire cropping cycle. At
the end of August, both the CT and ZT crops have been harvested, decreasing the available
living plant root material with which the AM fungi may form symbiosis. While the quantity
of glomalin is relatively similar between CT and ZT at this stage in the cropping cycle, the
associated WSA for each tillage treatment are not. A potential shortcoming of seedbed
preparation by ZT and the impact on AM fungi is the application of glyphosate as an
alternative method of weed control [26]. The reduction in glomalin initially recorded in
the top 20 cm of the soil profile post glyphosate application in September may be due to
inhibition of key metabolic pathways in AM fungi [26,32]. Despite the decrease in AM
fungi growth, the impact on WSA is not impacted detrimentally.

Several authors report how CT reduces SOM and the organic carbon component
through the inversion and subsequent aeration of the soil, resulting in the oxidisation of
carbon to CO2 [14,33]. This would appear to be the case for CT soils analysed here, as both
SOM (Figure 6) and WSA were higher in the soils of the ZT treatment compared to that
of CT. Carbon is a constituent of both SOM and glomalin [4,13]. The lower quantities of
glomalin and SOM in the CT soils have a number of implications. Firstly, the soil carbon
store attributed to glomalin is reduced, decreasing its value in terms of climate change
mitigation [34]. Further, the value of glomalin in preventing negative impacts, such as
soil erosion through an increase in WSA, is diminished. The decline in glomalin overall
suggests that its production, and therefore source, AM fungi [8,20,34–36]), has also been
negatively impacted. AM fungi have an important role in crop systems by improving
nutrient acquisition [37], aggregate stabilisation via mycelial networks [3] and carbon
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sequestration as glomalin coupled with the enhancement of WSA. Conventional tillage is
detrimental to these three key soil functions.

Zero tillage increased GRSP overall relative to CT across the sampling year as a whole.
Most importantly, the practice preserves the positive glomalin–WSA relationship through
the maintenance of AM fungal hyphal networks, compared to CT management, thus
the associated benefits provided to the crop grown. This is coupled with the potential
for soil carbon storage attributed to the glomalin molecule. While reducing physical
disturbance has a corresponding benefit, the environment created by ZT for AM fungi is
not entirely optimal. Although the hyphal networks are maintained through limiting the
physical disturbance of the soils, this may be compromised in part due to the elevated risk
of unfavourable anaerobic soil conditions [38]. An increase in soil compaction coupled
with a decline in soil aeration in ZT treatments has been noted by several studies [39–41]
compared to soil conditions in CT [21]. Minimising soil compaction and the associated risk
of anaerobic soil conditions in ZT systems is a key requirement in order to fully maximise
the benefit to be derived from AM fungi.

Wang et al. [42] and Berruit et al. [39] both conclude that GRSPs were a proportionally
greater contributor to soil carbon in deeper parts of the soil profile relative to the total
percentage contribution to SOM. Bradley et al. [15] note the contribution of SOM to be
greatest in the upper soil profile. In order to maximise soil carbon sequestration, the higher
SOM reported in the upper soil profile of ZT systems requires integration with an increase
in soil carbon in the lower soil profile provided by glomalin. Critically, it may offer a
solution to the observations of Powlson et al. [43] that ZT does not increase soil carbon due
to an increase in organic matter content overall but merely redistributes it within the soil
profile; i.e., it increases in the upper profile while declining in the lower profile. This is
hypothesised to be in part due to the lack of incorporation of crop residues into the lower
soil profile in the absence of tillage [44]. Enhancing the abundance of AM fungi and the
associated production of glomalin in the lower soil profile in ZT systems would potentially
counter this issue; i.e., carbon within SOM will increase in the upper soil profile while
simultaneously the carbon derived from glomalin is enhanced in the lower. The role of
AM fungi in augmenting soil carbon cannot therefore be underestimated. Improved soil
aeration in lower parts of the soil profile and the avoidance of soil compaction, a potential
risk in ZT systems, are key, particularly in the small particulate clay soils. The enhancement
of SOM is cited by Reicosky [45] as an answer but, as noted by Krauss et al. [44], may be
difficult in ZT systems due to not being able to incorporate crop residues. The manipulation
of crop rotations to include root crops with the capacity to penetrate compacted soils [46],
coupled with low wheel pressure controlled-traffic farming [47,48], may offer potential
solutions. Carbon sequestration and the associated benefits for climate change mitigation
will potentially be enhanced, both through an increase in the organic matter content [49] and
also from greater quantities of the carbon-containing glomalin molecule. The relationship
between root crops and AM fungi and the impact on soil glomalin due to the inclusion of
such crops within an arable rotation require further investigation.

5. Conclusions

This study has tested and upheld the hypothesis that two land management practices,
CT and ZT, (1) influence AM fungi and (2) indirectly affect water stable macroaggregate
formation, soil glomalin and SOM. Zero tillage maintains a positive glomalin–WSA re-
lationship throughout the entire cropping year. This has positive implications towards
enhanced SOM the storage of carbon within the glomalin molecule and preventing soil
erosion. Conventional tillage may increase in soil glomalin at specific times of the crop-
ping year, but this is not sustained, and crucially, the positive glomalin–WSA relationship
indicative of intact fungal hyphal networks is not preserved.
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