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Agricultural practices can directly affect soil environmental conditions and consequently soil ecosystems
and fertility. Soils under different agricultural practices like tillage and grazing were studied and com-
pared to other soils affected by wildfire and different ages of abandonment. Atmospheric CO2, soil C-
CO2 loss, soil temperature, soil moisture, bulk density, soil organic carbon (SOC), total nitrogen (TN), total
phosphorus (TP), Redfield ratios of C:N:P, easily exactable and total glomalin-related soil protein (GRSPEE
and GRSPT), and morphology, quantity, and stability of soil aggregates (WSA) were seasonally analyzed.
Statistical significance checked using the two-factor ANOVA. Intense tillage and wildfire occurrence
revealed a deficiency in soil nutrients and fertility more than grazing practices. Steady soil fertility con-
ditions occurred in soils preserved by fire and ancient abandonment. The GRSP seasonal means varied
significantly among all soils because of land-use effects. GRSPT, SOC, TN, and TP increased from winter
to spring and reached the highest values in summer then decreased again in autumn. GRSP was positively
correlated (P < 0.01) with atmospheric CO2, SOC, TN, and TP with high peaks in summer indicating the
dependent GRSP production on plant nutrients acquisition as well as soil carbon pools. Moreover, the cor-
relation between GRSP and emitted C-CO2 may indicate the contribution of GRSP fractions to the labile as
well as the stable SOC fractions. The GRSPEE showed rapidly transformed into stable forms in more fertile
and better-structured soils than in less fertile soils with vulnerable soil structures. In conclusion, the sto-
ichiometric balance of soil nutrients, aggregate stability, and stabilized GRSP pools improved relatively
across the seasonal rhythms from winter to summer. Moreover, environmental soil conditions developed
to preserve organic carbon in soils with long abandonment than in mid abandonment, while the worst
conditions were in the vulnerable soils intensively mismanaged and devastated by fire.
� 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The accumulation of soil organic matter (SOM) in the upper soil
layers in the abandoned lands could be attributed to the above-
ground plant residues (Cao et al., 2020). SOM deposits are generally
increased due to the seasonal additions of the aboveground vege-
tation (Turner et al., 2015; Gispert et al., 2018; 2021). Accordingly,
land abandonment may produce beneficial effects on soil condi-
tions by developing the stabilization mechanisms of the deposited
organic materials in soil (Ovsepyan et al., 2019). This process may
rebuild the soil organic matter (SOM) pools along with the soil pro-
file when the renaturalization of the soil ecosystem resulted in the
spontaneous colonization of natural plant species (Cerdà et al.,
2019). In poorly structured soils with low clay contents, stable
organic compounds can be considered as the most vital soil con-
stituent for increasing soil structural stability and nourish soil
health. However, the frequent wildfire occurrence together with
basic agricultural practices in cultivated vines and olive groves
and grazing in meadows produced soil compaction which may
negatively affect the organic compounds in soil by altering the
dynamics of soil microbial communities with a consequent imbal-
ance of nutrients cycling (Emran et al., 2012a; Gispert et al., 2018).
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Glomalin is a mycorrhizal glycoprotein (Wright and Upadhyaya,
1996) positively contributed to supply soil nutrients, with special
emphasis on soil organic carbon (SOC) pools, hence, mycorrhizal
symbioses provided plants with soil micro-and macro-nutrients
(Wright et al., 2006; Emran et al., 2017; Gispert et al., 2018). Glo-
malin has been operationally recognized as a glomalin-related soil
protein (GRSP) and many authors have emphasized its relevant
role in the stability of SOM (Wang et al., 2018; Emran et al.,
2020). The potentiality of soil carbon storage capacity increased
GRSP production thus minimized the soil carbon loss in the ancient
abandoned lands of Lithic Xerorthents (Gispert et al., 2017; 2021).
This picture had also been observed in Haplic Calcisols under cul-
tivated and abandoned olive groves under semi-arid Mediter-
ranean climate (Hontoria et al., 2009).

Increasing plant nutrients acquisition occurs as a result of
atmospheric CO2 increase by stimulating the mycorrhizal fungi to
produce more glomalin and overcome the abiotic stresses (Rillig
et al., 2001; Treseder et al., 2003). Recent studies of Zhang et al.
(2015) have proved that elevated atmospheric CO2 significantly
increased GRSPT by 35% though GRSPEE decreased probably due
to the irregular symbiotic activity between Arbuscular Mycorrhizal
Fungi (AMF) and their host plants. Accordingly, increasing GRSP
contents as a result of soil carbon assimilation should underline
its value as a mitigating agent of global climate by increasing soil
carbon storage capacity (Gispert et al., 2021).

This work aimed to investigate the seasonal changes in soil car-
bon storage capacity and carbon loss and their relation to GRSP
concentrations, soil environmental conditions, the stoichiometric
balance of soil nutrients, and formation and stability of soil aggre-
gates under changes in agricultural management practices, wildfire
occurrence, and age of abandonment in the North-Eastern Iberian
Peninsula.
2. Materials and methods

2.1. Study area

It is located in the Alt Empordà, Figueres, North-Eastern Iberian
Peninsula (Fig. 1). It is described as a typical Mediterranean envi-
ronment subjected to severe changes in land use and abandonment
in the last century. The seasonal atmospheric temperature fluctu-
ated from 33 to 36 �C in summer to �5 – �12 �C in winter. The
mean seasonal precipitation recorded 13, 82, 55, and 162 mm h�1

in winter, spring, summer, and autumn. Averaged atmospheric CO2

concentrations resulted in 270 ppm in winter, 323 ppm in spring,
460 ppm in summer, and 448 ppm in autumn during the investiga-
tion period (https://www.accuweather.com/en/es/figueres/
304361/weather-forecast/304361).

Seven soils were selected representing the common local suc-
cession sequence after abandonment with different land uses and
abandonment ages. The changes in land use and age of abandon-
ment may represent the temporal and spatial changes in soil
organic matter dynamics (Poeplau et al., 2011). Agricultural soils
under Vitis vinifera L. (S1) and Olea europaea L. (S2), where S1
received more mechanical tillage and agrochemical additions than
S2. Soils under recently (20 years) abandoned stands of Pinus
halepensis Mill trees (S3) and Quercus suber L. (S4) were selected
and S3 was frequently affected by wildfire. Ancient (60 years)
abandoned soils under Cistus monspeliensis L. (S5), scrub annually
sheared at the beginning of summer season to prevent wildfire
occurrence, and under Erica arborea L. (S6) scrub, more preserved
by wildfire 35 years ago. The soils under Brachypodium retusum
Pers. (S7) meadows are annually receiving cattle grazing activities
mainly in winter and spring.
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All the studied soils classified as Lithic Xerorthents (Soil Survey
Staff, 2014) formed on Palaeozoic slates lithic contacts of<50 cm of
the mineral soil surface. Soils were shallow with A horizon of 5–
10 cm depth over a rather stony C/R horizon.

2.2. Experimental analysis

Soils were sampled from the upper 20 cm depth. Three soil
samples were monthly collected from each site and the represen-
tative seasonal means were then presented. Samples were air-
dried, sieved at 2 mm, and stored for the subsequent analyses. Soil
particle analysis using Robinson’s pipette (Eijkelkamp Agriresearch
Equipment, Giesbeek, The Netherlands), bulk density (BD) using
core method, and soil moisture (SM) using gravimetric method
were analyzed. Soil organic carbon (SOC) is determined by the
dichromate oxidation method, total nitrogen (TN) by the Kjeldahl
method, and total phosphorus (TP) by the digestion-
spectrophotometric method according to Ryan et al. (2001). The
molar ratio of C:P and C:N ratios were calculated. All soil analyses
were carried out in triplicates.

At each sampling location, soil temperature (ST) measured in
degree Celsius (�C) was recorded using Infrared Thermometer with
Laser Sighting (Mini-Temp Comark: MTSFU). Atmospheric CO2

concentrations were measured at 20–30 cm above the soil surface
using the infrared gas analyzer (IRGA) apparatus (Multi-GAS Mon-
itor PGM-54, RAE Systems Inc., Sunnyvale, CA94089). Readings
were picked up at midday to represent the increasing peaks of soil
microbial activities. It is equipped with a pump for aspirating
300 cm3 of atmospheric air per minute and detecting the CO2 with
the Non-Dispersive Infrared (NDIR) sensor. The atmospheric CO2

concentrations were expressed in mg L–1 (Emran et al., 2012b).
The CO2 fluxed from the soil surface was captured by soda-lime.

The soda-lime absorption method depends on the chemical
adsorption of CO2 and H2O that are resulting from soil respiration
processes as:

NaOH + CO2 ! Na2CO3 + H2O ð1Þ
Ca(OH)2 + CO2 ! CaCO3#+H2O ð2Þ
The soda-lime absorption method was applied in the field using

the dark cover-box technique as described in detail by Emran
(2012). Incubation of soda-lime lasted for 24 h. The detected CO2

concentrations were calculated using the chemically bounded
CO2 with soda-lime after oven-drying, then multiplied by 1.69 as
a correction factor, and presented in mg g�1 soil. The soil carbon
emitted as C-CO2 was calculated (CO2 readings multiplied by
12/44: M.W. of C/CO2) and then expressed in mg g�1 (Emran
et al., 2012b)

The total GRSP (GRSPT) content was extracted for each soil by
50 mM trisodium citrate (pH 8.0) at 121 �C in the autoclave for
60 min. Extraction was repeated until the supernatant had a
pale-yellow color announcing the absence of GRSP. The easily
extractable GRSP (GRSPEE) fraction was obtained by extracting
each soil with 20 mM trisodium citrate (pH 7.0) at 121 �C during
one autoclave cycle of 30 min. Supernatants were centrifuged at
2,000xg for 10 min and stored at 4 �C. The GRSP fractions (mg
g�1) were quantified by the Bradford method (Wright and
Upadhyaya, 1996). The carbon contained in the GRSP (C-GRSP)
was purified, as detailed in Emran et al. (2020), and quantified
using TOC (Total Organic Carbon) Analyzer (Torch Combustion
TOC Analyzer, Teledyne Tekmar, Ohio, USA), and then displayed
in mg g�1.

The surface microstructure of undisturbed soil aggregates was
investigated by using the Scanning Electron Microscope (SEM)
(JSM-636 OLA, Jeol, Japan).

https://www.accuweather.com/en/es/figueres/304361/weather-forecast/304361
https://www.accuweather.com/en/es/figueres/304361/weather-forecast/304361


Fig. 1. Study area and sampling locations.
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The structural stability of soil aggregates (WSA) was measured
using the Eijkelkamp wet-sieving apparatus (Kemper and Rosenau,
1986). The air-dried aggregates were physically separated with
2.00 mm and 0.25 mm meshes to obtain the aggregates fractions
of 2.00–4.75 mm and 0.25–2.00 mm, respectively. Separated
aggregates were subjected to mechanical vertical immersion-
emersion cycles in deionized water (34 cycle min�1) for three min-
utes. Time was pre-calibrated to avoid the total disruption of the
fragile soil aggregates. Survived soil aggregates were weighed after
oven-dried at 105 �C. The WSA was calculated as:

WSA %ð Þ ¼ MA � SA
MT � ST

� 100 ð3Þ

where MA is the mass of the survived soil aggregates after oven-
dried (g) and SA represents its calculated content of sand fraction (g).
The MT is the total mass of the soil sample before water dispersion
(g) and ST represents its calculated content of sand fraction. The sta-
bility index of soil aggregates was defined as the ratio of large-sized
aggregates to the small-sized aggregates and calculated as:

Stability Index ¼ WSA 2�00�4�75 mm

WSA 0�25�2�00 mm
ð4Þ

where WSA2.00-4.75 mm and WSA0.25-2.00 mm are the soil water-
stable aggregates at the two studied aggregates fractions.

2.3. Statistical analysis

Analysis of Variance (ANOVA) and Factor Analysis were run
using STATISTICA 10 of StatSoft, Inc. (Tulsa, Oklahoma, USA)
361
(StatSoft Inc. 2011). The two-factor ANOVA tested to analyze all
soil variables with respect to the spatial distribution of soil envi-
ronments and seasonal changes as the two categorical factors.
The two-factor ANOVA tested to analyze the interaction between
the two categorical factors to check the significant variance of all
obtained data. Using STATISTICA 10, factor analysis was run using
all the studied parameters to express the most effective variance
among them in the first three factor structures. Factor scores for
each factor structure were also checked to display the contribution
of each treatment (studied soil sites) to the related factor structure
(Emran et al., 2020). In addition, linear regression equations were
checked between the two fractions of glomalin-related soil protein
(GRSPT and GRSPEE) and soil nutrients for each soil to display the
dynamic changes of GRSP production along the seasons in the
function of soil nutrients contents (C, N, P).
3. Results

3.1. Soil characteristics

Soil particle analysis showed sandy loam texture in all soils
except S1 which had a loamy sand texture. The minor clay contents
in all soils suggested the importance of the stabilized SOM struc-
tures to compensate for the minor clay content. Soils in S4, S6,
and S7 showed better soil structure than other soils due to the high
values recorded for SOC, TN, TP, C:N, and SM and lower values of
BD (Table 1). Among all soils, the variations in BD, SOC, and TN con-
tents may be attributed to agricultural management practices, age
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of abandonment, type of vegetation, and wildfire occurrence
(Table 1). The low severity fire in S6 may stimulate the fast recov-
ering time of vegetation after fire towards a natural vegetation suc-
cession of C. monspeliensis scrub (Pardini et al., 2004; 2017). The TP
values were higher in S2, S3, and S7 soils than in S1, S4, S5, and S6
soils probably due to dung deposition through the periodic passage
of cattle flocks. (Table 1).

3.2. Stoichiometric of soil C:N:P, the ‘‘Redfield ratio”

The molar ratios among soil C, N, and P can be seen in Table 2. It
can be assumed that S1-S3 soils may be classified as N and P lim-
itations (Table 2). In general, the S4-S6 soils presented higher C:P
ratios than 106 indicating low P content thus imbalance of nutri-
ents dynamics can occur.

It can be also observed in Table 3 that all the studied soil param-
eters showed highly significant seasonal variability as checked by
the two-factor ANOVA using SS Whole Model vs. SS Residual.

3.3. SEM observations and structural stability of aggregates

The selected air-dried and naturally fractured surface (0–20 cm)
aggregates were examined under SEM to observe the structural
micro-arrangement in the studied soils. The loamy sand texture
marked the microstructure at S1 soil under frequently tilled vines
whichminerals compounds (Ø 90 mm) and preferential interparticle
porosity (Fig. 2a) indicating good drainage but low structural stabil-
ity of aggregates. The soil in S2 under the olive grove periodically
tilled showed different aggregation features (Fig. 2b) with a
crumb-like microstructure and crossed by fungi filaments and root
hairs. A similar trend in microstructure arrangement was observed
in S3 soil under pine trees (Fig. 2c) thoughwith dense particle pack-
Table 1
Seasonal means (±standard error) of the selected soil parameters.

Soil Coordinates Season BD
kg m�3

SM
%

S1 42�1909.5700N, 3�12022.6100E Wi 1.47 ± 0.07 7.38 ± 2.
Sp 1.56 ± 0.06 3.43 ± 0.
Su 1.59 ± 0.01 0.91 ± 0.
Au 2.08 ± 0.71 2.39 ± 2.

S2 42�18052.7400N, 3�13013.7900E Wi 1.34 ± 0.09 13.81 ± 4
Sp 1.36 ± 0.04 7.38 ± 3.
Su 1.38 ± 0.03 1.57 ± 0.
Au 1.34 ± 0.05 6.81 ± 7.

S3 42�18051.4000N, 3�12051.0200E Wi 1.11 ± 0.06 20.50 ± 3
Sp 1.21 ± 0.18 8.09 ± 3.
Su 1.24 ± 0.14 2.71 ± 1.
Au 1.18 ± 0.11 7.13 ± 7.

S4 42�18024.9300N, 3�15012.0500 Wi 1.11 ± 0.07 19.24 ± 3
Sp 1.12 ± 0.09 10.61 ± 4
Su 1.24 ± 0.14 3.38 ± 1.
Au 1.09 ± 0.13 8.72 ± 9.

S5 42�17042.8100N, 3�13012.0800E Wi 1.11 ± 0.07 21.96 ± 2
Sp 1.18 ± 0.13 14.35 ± 7
Su 1.17 ± 0.12 3.78 ± 1.
Au 1.08 ± 0.12 12.31 ± 1

S6 42�1702.5100N, 3�12018.0000E Wi 0.99 ± 0.10 22.54 ± 2
Sp 0.97 ± 0.17 18.15 ± 9
Su 0.99 ± 0.08 4.60 ± 1.
Au 0.83 ± 0.02 13.11 ± 1

S7 42�16016.2300N, 3�1503.3100E Wi 0.88 ± 0.19 45.09 ± 1
Sp 1.21 ± 0.12 14.89 ± 1
Su 1.20 ± 0.05 2.54 ± 0.
Au 1.06 ± 0.03 11.01 ± 1

BD: bulk density, SM: soil moisture, ST: soil temperature, SOC: soil organic carbon, TN: to
L., S3: soil of Pinus halepensisMill. trees (S3) and Quercus suber L. trees, S5: soil of Cistus mo
Pers. Pasture, Wi: winter, Sp: spring, Su: summer, Au: autumn.
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ing, probably due to repeated wildfire occurrence affecting organic
compounds of soil surface. By contrast, a well-structured microar-
ray was observed in S5 soil under cork trees preserved by fire for
a long time (Fig. 2d). That soil structure may improve more in soil
under corks than in pines has been reported (Sardans, et al., 2006;
Emran et al., 2012a). Cerdà, et al. (2017) inferred that the organic
matter developed under pines was hardly mineralized with less
incorporation of organic compounds in comparison with cork resi-
dues. This may be checked in the micrographs of S3 (Fig. 2c) and S4
(Fig. 2d and e) where an assemblage of organic andmineral compo-
nents seems to form a feature at stable soil aggregation.

The micrographs of S5 soil (Fig. 2f) under C. monspeliensis scrub,
more often affected by fire for its content of monoterpenes and
sesquiterpenes compounds (Rivoal et al., 2010), showed some pic-
tures of residual washed eroded material formed by burnt roots
with the topped sediments. A different shape was offered by the
microstructure of soil S6 under Erica arborea scrub, characterized
by ancient abandonment out less affected by the fire. A homoge-
neous arrangement of organic (hair roots, fungi hyphae, and myc-
orrhizas) and mineral components (Fig. 2g and h) indicated
favorable structural conditions even suggested by lower BD values
along seasons. Surprisingly, soil S5 showed a lower yearly ratio C-
CO2/C-GRSP (0.06) for soil S6 (0.09) probably suggesting a faster-
growing of spontaneous vegetation renewing the plant mantle
with consequent increase of fungal activity and associated gloma-
lin formation (Reyes et al., 2019). The SEM micrograph of S7 soil
under natural meadows showed a rather compacted microstruc-
ture (Fig. 2i and j) due to winter grazing (mainly cattle). However,
this soil showed the lowest carbon loss (C-CO2) and the highest
glomalin carbon (C-GRSP) on an early basis, with C-CO2/C-GRSP
ratio decreasing by 96%, 73%, 75%, 57%, 50%, and 67% for S1, S2,
S3, S4, S5, and S6 soils.
ST
�C

SOC
g kg�1

TN
g kg�1

TP
g kg�1

20 13.30 ± 0.41 2.16 ± 0.00 0.92 ± 0.00 0.55 ± 0.03
97 15.83 ± 2.71 2.59 ± 0.04 0.54 ± 0.10 0.46 ± 0.01
21 40.12 ± 1.17 2.63 ± 0.41 0.77 ± 0.13 0.51 ± 0.01
66 30.50 ± 3.11 2.95 ± 1.32 0.90 ± 0.07 0.45 ± 0.02

.00 22.61 ± 2.38 13.24 ± 0.00 2.26 ± 0.16 0.82 ± 0.01
36 21.15 ± 7.28 11.17 ± 1.24 1.79 ± 0.08 0.56 ± 0.03
35 39.02 ± 0.39 16.32 ± 4.04 1.85 ± 0.93 0.75 ± 0.01
97 32.15 ± 5.44 19.03 ± 4.33 3.08 ± 0.73 0.69 ± 0.00

.31 17.66 ± 3.60 25.29 ± 0.00 2.05 ± 0.16 1.06 ± 0.03
53 16.20 ± 1.91 13.94 ± 3.50 2.31 ± 1.23 0.77 ± 0.01
38 33.52 ± 3.50 15.88 ± 7.55 2.24 ± 0.48 0.99 ± 0.02
85 26.65 ± 10.11 14.33 ± 2.53 2.32 ± 0.51 0.87 ± 0.00

.91 18.95 ± 4.60 31.08 ± 0.00 2.44 ± 0.02 0.85 ± 0.02

.45 17.85 ± 1.98 24.08 ± 0.71 2.09 ± 0.14 0.44 ± 0.00
45 34.90 ± 3.11 25.83 ± 7.97 2.75 ± 0.14 0.54 ± 0.01
30 29.40 ± 14.00 29.93 ± 7.07 2.83 ± 0.18 0.48 ± 0.02

.97 11.25 ± 4.08 37.75 ± 0.00 3.80 ± 0.16 0.62 ± 0.02

.66 12.90 ± 1.46 25.38 ± 2.76 2.76 ± 0.14 0.40 ± 0.01
24 33.25 ± 11.67 28.46 ± 3.41 3.00 ± 0.87 0.43 ± 0.01
3.89 20.05 ± 8.56 28.06 ± 2.96 3.31 ± 0.48 0.46 ± 0.01

.76 11.25 ± 4.23 43.53 ± 0.00 4.52 ± 0.16 0.62 ± 0.05

.57 13.81 ± 0.94 26.55 ± 4.03 2.93 ± 0.99 0.41 ± 0.02
58 31.87 ± 7.39 35.27 ± 1.03 3.45 ± 0.40 0.46 ± 0.01
3.25 19.22 ± 10.50 37.76 ± 5.70 4.00 ± 0.37 0.48 ± 0.02

6.39 10.33 ± 6.02 38.14 ± 0.00 5.13 ± 0.16 1.19 ± 0.02
0.44 12.53 ± 1.68 32.58 ± 1.14 4.53 ± 1.07 0.74 ± 0.02
30 34.62 ± 3.50 35.93 ± 2.38 4.80 ± 0.40 0.87 ± 0.01
2.12 18.12 ± 9.72 38.81 ± 13.09 4.76 ± 0.55 0.82 ± 0.01

tal nitrogen, TP: total phosphorus, S1: soil of Vitis vinifera L., S2: soil of Olea europaea
nspeliensis L. scrub, S6: soil of Erica arborea L. scrub, S7: soil of Brachypodium retusum



Table 2
Seasonal means (±standard error) of molar C:N:P ratios with CO2, C-CO2, GRSPT, and C-GRSP measurements.

Soil Season C:N Molar
C:P

Molar
N:P

CO2

mg g�1
C-CO2

mg g�1
GRSP
mg g�1

C-GRSP
mg g�1

S1 Wi 2.57 10 3 0.26 ± 0.04 0.07 1.30 ± 0.25 0.15
Sp 5.09 14 2 0.47 ± 0.04 0.13 1.39 ± 0.48 0.14
Su 3.90 14 3 0.67 ± 0.05 0.18 2.14 ± 0.66 0.36
Au 3.21 15 4 0.50 ± 0.07 0.14 0.84 ± 0.10 0.07

S2 Wi 6.45 42 6 0.36 ± 0.11 0.10 1.27 ± 0.15 0.16
Sp 7.71 58 6 0.66 ± 0.03 0.18 3.03 ± 0.96 0.71
Su 10.28 59 5 0.92 ± 0.01 0.25 8.76 ± 3.34 5.34
Au 6.43 67 9 0.99 ± 0.14 0.27 2.93 ± 0.17 0.91

S3 Wi 13.55 62 4 0.55 ± 0.07 0.15 1.34 ± 0.47 0.13
Sp 6.08 43 6 0.55 ± 0.09 0.15 3.18 ± 1.14 0.73
Su 8.68 46 5 0.69 ± 0.03 0.19 7.47 ± 3.00 3.75
Au 7.08 44 5 0.64 ± 0.11 0.17 2.50 ± 0.09 0.68

S4 Wi 14.03 94 6 0.44 ± 0.03 0.12 2.12 ± 0.12 0.50
Sp 13.35 148 10 0.74 ± 0.04 0.20 4.43 ± 1.06 1.83
Su 11.08 132 10 0.73 ± 0.02 0.20 8.46 ± 3.00 5.80
Au 10.97 152 12 0.65 ± 0.03 0.18 3.24 ± 0.12 1.24

S5 Wi 10.93 156 12 0.43 ± 0.08 0.12 2.30 ± 0.10 0.60
Sp 9.97 162 14 0.62 ± 0.03 0.17 4.42 ± 0.92 1.90
Su 10.74 176 14 0.69 ± 0.06 0.19 8.85 ± 3.03 6.49
Au 9.10 152 14 0.67 ± 0.16 0.18 3.29 ± 0.12 1.27

S6 Wi 10.60 181 15 0.48 ± 0.05 0.13 2.43 ± 0.25 0.63
Sp 12.21 205 14 0.71 ± 0.19 0.19 6.51 ± 2.03 3.64
Su 11.32 199 15 0.98 ± 0.14 0.27 8.03 ± 2.82 5.25
Au 10.74 212 17 0.85 ± 0.02 0.23 3.79 ± 0.15 1.70

S7 Wi 8.17 83 9 0.55 ± 0.08 0.15 3.58 ± 0.56 1.40
Sp 8.41 120 12 0.45 ± 0.05 0.12 6.17 ± 1.56 3.48
Su 8.35 108 11 0.50 ± 0.04 0.14 11.35 ± 3.85 9.93
Au 8.25 113 12 0.55 ± 0.05 0.15 4.31 ± 0.05 2.26

C:N: carbon/nitrogen ratio, Molar C:P: molar carbon/phosphorus ratio, Molar N:P: molar nitrogen/phosphorus ratio, CO2: carbon dioxide emission, C-CO2: soil carbon emitted
as CO2, GRSP: glomalin-related soil protein, C-GRSP: carbon content of GRSP, S1: soil of Vitis vinifera L., S2: soil of Olea europaea L., S3: soil of Pinus halepensis Mill. trees (S3)
and Quercus suber L. trees, S5: soil of Cistus monspeliensis L. scrub, S6: soil of Erica arborea L. scrub, S7: soil of Brachypodium retusum Pers. Pasture, Wi: winter, Sp: spring, Su:
summer, Au: autumn.

Table 3
ANOVA using the sum of squares (SS) of the whole Model vs. SS of the Residual.

Variables SS
model

df
model

MS
model

SS
residual

df
residual

MS
residual

F-ratio P-level

BD 1.37 9 0.15 0.29 18 0.02 9.30 0.0000
SM 1605.46 9 178.38 297.14 18 16.51 10.81 0.0000
ST 2256.06 9 250.67 104.50 18 5.81 43.18 0.0000
SOC 3918.27 9 435.36 191.99 18 10.67 40.82 0.0000
TN 41.10 9 4.57 1.97 18 0.11 41.75 0.0000
TP 1.20 9 0.13 0.08 18 0.00 31.08 0.0000
C:N 148.39 9 16.49 38.80 18 2.16 7.65 0.0001
Molar C:N 201.98 9 22.44 52.81 18 2.93 7.65 0.0001
Molar N:P 615.69 9 68.41 25.82 18 1.43 47.69 0.0000
Molar C:P 100085.44 9 11120.60 3466.41 18 192.58 57.75 0.0000
Atmospheric CO2AIR 203737.32 9 22637.48 18402.88 18 1022.38 22.14 0.0000
Soil CO2 emission 1.44 9 0.16 0.56 18 0.03 5.17 0.0015
C-CO2 0.11 9 0.01 0.04 18 0.00 5.17 0.0015
GRSPEE 4.49 9 0.50 2.00 18 0.11 4.49 0.0033
GRSPT 193.19 9 21.47 22.07 18 1.23 17.51 0.0000
C-GRSP 134.19 9 14.91 26.18 18 1.45 10.25 0.0000
C-CO2/SOC 49.44 9 5.49 2.12 18 0.12 46.59 0.0000
C-GRSP/SOC 1798.79 9 199.87 296.36 18 16.46 12.14 0.0000
Aggregates0.25-2.00 mm 2478.25 9 275.36 865.31 18 48.07 5.73 0.0008
WSA0.25-2.00 mm 9426.37 9 1047.37 5015.31 18 278.63 3.76 0.0081
Aggregates2.00-4.75 mm 2926.59 9 325.18 136.77 18 7.60 42.80 0.0000
WSA2.00-4.75 mm 8408.99 9 934.33 2176.01 18 120.89 7.73 0.0001
Stability index 0.16 9 0.02 0.04 18 0.00 8.80 0.0001

SS: sum of squares, df: degree of freedom, MS: mean squares, BD: bulk density, SM: soil moisture, ST: soil temperature, SOC: soil organic carbon, TN: total nitrogen, TP: total
phosphorus, C:N: carbon/nitrogen ratio, Molar C:P: molar carbon/phosphorus ratio, Molar N:P: molar nitrogen/phosphorus ratio, CO2: carbon dioxide emission, C-CO2: soil
carbon emitted as CO2, GRSPEE: easily extractable glomalin-related soil protein, GRSPT: total glomalin-related soil protein, C-GRSP: carbon content of GRSP, WSA: water-stable
aggregates.
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Fig. 2. SEM micrographs of soils aggregates features.
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Linear correlations between the stability of soil aggregates
and the contents of formed aggregates can be seen in
Fig. 3A and C. The stability index potentially increased (power
equation) with the increasing stability of soil aggregates
(Fig. 3B and D)
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3.4. Glomalin-related soil protein (GRSPT and GRSPEE) and soil
nutrients

Significant data variability was checked by the two-factor
ANOVA (Table 3). Among the studied soils GRSPEE and GRSPT varied



Fig. 3. Linear correlations between water-stability of aggregates (WSA) and aggregate contents (%) at the 0.25–2.00 mm (A) and 2.00–4.75 mm (C) with the power function of
the stability index versus the WSA of 0.25–2.00 mm (B) and 2.00–4.75 mm (D) aggregate fractions. Summer measurements are marked with a circle.
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significantly (P < 0.01) and emphasized the impact of land use and
abandonment on GRSP production. Moreover, the GRSPT fractions
varied significantly among the studied seasons in each soil
(P < 0.001), indicating its susceptibility to climatic conditions. By
contrast, GRSPEE did not show significant variability among the
studied seasons (P > 0.1) though resulted positively correlated with
soil moisture (r = 0.455, P < 0.05). These findings may suggest that
GRSPEE production is more dependent on soil conditions rather
than seasonal changes. The GRSPT showed higher values in all soils
than the GRSPEE along the studied seasons supporting the assump-
tion that GRSPEE is mostly transformed into the stable GRSPT frac-
tion and this seems to occur substantially in summer (Fig. 4).
Furthermore, the same figure indicates that GRSPT production
increases from agricultural soils to the soil in ancient abandonment
and is less affected by the fire than others with intensive agricul-
tural management practices.

The GRSPEE resulted positively correlated with SOC (r = 0.523,
P < 0.01, n = 28) depicting that its production was mainly depen-
dent on soil carbon content (Fig. 5). This fraction was highly
transformed to the stabilized GRSP forms, mostly in the summer
season as indicated by the high GRSPT values. This mechanism
was also found in soils with ancient abandonment and protected
from fire.

Total nitrogen values increased significantly with GRSPEE
(r = 0.508, P < 0.01) and GRSPT (r = 0.381, P < 0.05) along the stud-
ied soils from S1 to S7 showing the highest GRSPT values in sum-
mer. The highest increase of GRSP in soils may suggest that the
assimilated N may be utilized during the transformation processes
of GRSP in soil. However, the GRSPT showed negatively correlated
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with TN for each soil in S5 (r = –0.999, P < 0.01), S6 (r = –0.999,
P < 0.05), and S7 (r = –0.931, P < 0.01) (Fig. 6).

The significant positive correlation observed when plotting the
seasonal means of the freshly produced glomalin fraction (GRSPEE)
against the total phosphorus (TP) contents (r = 0.393, P < 0.05) may
suggest the relevance of soil phosphorus uptake by the plant. No
significant correlation was found between GRSPT and TP indicating
the unclear trend of soil phosphorus in the transformation pro-
cesses of the recalcitrant GRSP molecules. Thus, the freshly pro-
duced glomalin molecules seemed to be highly correlated with
the mycorrhizal metabolic activities stimulated by phosphorus
dynamics in the rhizosphere zone and probably the behavior of
the mycorrhizal associations in each soil may differ as a result of
the plant habitats. In each soil, the GRSPT negatively correlated
with TP for S2-S7 soils (Fig. 7). The TP values increased from winter
to spring and autumn, and after excluding summer values, the fol-
lowing regressions were obtained: S2 (r = –0.876, P < 0.01), S3
(r = –0.999, P < 0.01), S4 (r = –0.897, P < 0.01), S5 (r = –0.962,
P < 0.01), S6 (r = –0.921, P < 0.01), and S7 (r = –0.817, P < 0.01) soils
(Fig. 7). This may indicate that glomalin was highly produced as a
result of stimulating mycorrhizal species by root plants to supply
the required phosphorus from soils to plants.

3.5. Statistical variance and factor analysis

Factor analysis was run using all the studied soil parameters.
The first three factors explained 78% of the total variance (Table 4).
The 1st factor explained 42% of the total variance with high posi-
tive loadings on SOC, TN, C:N, formation and stability of soil aggre-



Fig. 4. Seasonal means of atmospheric CO2 concentrations, soil moisture SM, soil temperature ST, easily extractable (GRSPEE) and total (GRSPT) glomalin-related soil protein
fractions for the studied soils (S1-S7) in winter (Wi), spring (Sp), summer (Su), and autumn (Au).

Fig. 5. Linear correlations between the seasonal means of total glomalin-related soil protein (GRSPT) and soil organic carbon (SOC) for the studied soils (S1-S7).

Fig. 6. Linear correlations between the seasonal means of total glomalin-related soil protein (GRSP) and total nitrogen (TN) for the studied soils (S1-S7).
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Fig. 7. Linear correlations between the seasonal means of total glomalin-related soil protein (GRSP) and total phosphorus (TP) for the studied soils (S1-S7).
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gates, and Redfield ratios while negative loadings on bulk density
and soil carbon loss as a proportion of soil carbon. This picture
may indicate that appropriate soil structure and organic com-
pounds as in S5-S7 soil may reduce soil carbon loss by increasing
soil carbon storage capacity. Despite the lower percentage of
explained variance in factor 2 (22%), negative loads were related
to GRSP dynamics to contrast the CO2 dynamics with positive loads
as a result of the influences of soil and environmental conditions
Table 4
First three-factor structures and their factor scores of Factor analysis.

Soil variables Factor structures

Factor
1

Factor
2

Factor
3

BD �0.83 �0.18 �0.29
SM 0.37 0.67 0.60
ST �0.18 �0.78 �0.22
CO2AIR �0.20 �0.61 �0.42
CO2 emission 0.52 0.63 0.16
C-CO2 0.52 0.63 0.16
SOC 0.89 0.08 0.32
TN 0.73 0.02 0.46
TP �0.07 �0.05 0.75
C:N 0.83 0.02 0.04
GRSPEE 0.43 �0.21 0.67
GRSPT 0.42 �0.84 0.15
C-GRSP 0.37 �0.83 0.15
C-CO2/SOC % �0.84 0.18 �0.27
C-GRSP/SOC % 0.05 �0.92 0.08
WSA0.25-2.00 mm 0.65 �0.49 �0.50
Aggregates0.25-2.00 mm 0.76 �0.40 �0.34
WSA2.00-4.75 mm 0.81 �0.29 0.02
Aggregates2.00-4.75 mm 0.92 �0.18 0.09
Stability index 0.03 0.29 0.84
Molar N:P 0.86 0.05 �0.11
Molar C:P 0.92 0.07 �0.14
Molar C:N 0.83 0.02 0.04
Variance % 42 22 14
Total variance % 42 64 78

BD: bulk density, SM: soil moisture, ST: soil temperature, SOC: soil organic carbon, TN:
carbon/phosphorus ratio, Molar N:P: molar nitrogen/phosphorus ratio, CO2: carbon dioxi
related soil protein, GRSPT: total glomalin-related soil protein, C-GRSP: carbon content o
S1: soil of Vitis vinifera L., S2: soil of Olea europaea L., S3: soil of Pinus halepensis Mill. tre
Erica arborea L. scrub, S7: soil of Brachypodium retusum Pers. Pasture, Wi: winter, Sp: spr
S3: soil of Pinus halepensis Mill. trees (S3) and Quercus suber L. trees, S5: soil of Cistus
retusum Pers. Pasture, Wi: winter, Sp: spring, Su: summer, Au: autumn.
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on soil carbon loss and storage. The 3rd factor explained 14% of
the total variance with a high positive contribution from soil mois-
ture, total phosphorus, labile glomalin fraction, and stability index
emphasizing the contribution of GRSP in the stability of soil
aggregates.

Factor scores were obtained to assess the contribution of each
variable (soil or/and season) to each factor structure. The more
the factor is positive the higher contribution of this soil to each fac-
Factor scores

Factor
1

Factor
2

Factor
3

S1wi �2.19 0.78 �0.09
S1sp �1.92 0.61 �0.70
S1su �1.92 �0.24 �0.55
S1au �1.88 0.15 �1.01
S2wi �0.92 0.44 0.30
S2sp �0.54 0.05 �0.35
S2su �0.32 �2.07 0.41
S2au �0.23 �0.05 �0.44
S3wi 0.12 0.91 0.25
S3sp �0.46 0.15 0.00
S3su �0.40 �1.57 0.64
S3au �0.31 0.11 �0.30
S4wi 0.54 0.40 0.38
S4sp 0.64 0.27 �0.72
S4su 0.28 �1.68 0.32
S4au 0.86 0.39 �0.89
S5wi 0.56 1.47 0.84
S5sp 0.77 0.29 �0.56
S5su 0.82 �1.35 �0.65
S5au 0.83 0.79 �0.91
S6wi 1.06 1.08 �0.22
S6sp 0.98 0.42 �0.29
S6su 0.92 �0.96 �0.42
S6au 1.43 1.00 �0.93
S7wi �0.12 1.18 4.21
S7sp 0.40 �0.26 0.70
S7su 0.38 �2.34 0.92
S7au 0.64 0.02 0.07

total nitrogen, TP: total phosphorus, C:N: carbon/nitrogen ratio, Molar C:P: molar
de emission, C-CO2: soil carbon emitted as CO2, GRSPEE: easily extractable glomalin-
f GRSP, WSA: water-stable aggregates.
es (S3) and Quercus suber L. trees, S5: soil of Cistus monspeliensis L. scrub, S6: soil of
ing, Su: summer, Au: autumn. S1: soil of Vitis vinifera L., S2: soil of Olea europaea L.,
monspeliensis L. scrub, S6: soil of Erica arborea L. scrub, S7: soil of Brachypodium
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tor. In factor 1, soils in S4-S7 showed a high contribution in
increasing soil aggregates stability due to the increasing capacity
of soil nutrients and carbon storage except in winter in S7 (S7wi)
due to the soil compaction resulted from grazing. The high nega-
tive factor scores were in S1 followed by S2-S3 indicating their
high contribution to carbon loss because of the poor soil structure
and stability caused by the low inputs of soil nutrients and organic
compounds. Factor scores relevant to the 2nd factor showed nega-
tive values in summer that are in correlation to the negative load-
ings of soil variables in this factor from soil temperature, CO2AIR,
GRSP, and C-GRSP/SOC. This is a very interesting point demonstrat-
ing the higher assimilation of CO2AIR in summer to increase the
GRSP production and consequently the increase of carbon con-
tained in GRSP (C-GRSP) as a proportion of SOC. Effectively, trans-
formation processes of active organic compounds into stable/
recalcitrant forms resulted coherently related to soil structure,
nutrients stocks (mainly organic carbon pools), and climate
conditions.

4. Discussion

4.1. GRSP and soil nutrients dynamics

The high seasonal fluctuations in soil moisture (SM) and soil
temperature (ST) seemed to be fundamental in these very shallow
soils indicating the importance of new organic matter formation
and stabilization to achieve a better aggregation of soil particles
into crumbs. For instance, soils with poor aggregation may be
easily subjected to water dispersion or beating action of raindrops
and with low colloidal clay content, the building mechanisms
between stabilized organic matter and minerals are of great rele-
vance for maintaining a stable structure. The highest SOC and TN
values were found in S7 soil followed by S6, S5, and S4 soils,
respectively. Hardly mineralizable pine needles in S3 soil under
pine trees may reduce soil microbial activities by decreasing the
decomposition rates of SOM (Gispert et al., 2013; 2018). The
repeated wildfire that occurred in S5 may have temporarily altered
SOM dynamics and soil structure at the upper soil horizons as soil
BD, SOC, and TN were influenced (Table 1).

Fazhu et al. (2015) reported that land-use change included
abandonment may affect the stoichiometry of C, N, and P in the
soil. These three major elements generally occur in relatively stable
ratios in living organisms as it was primarily reported by Redfield
(1958) that plankton biomass showed a C:N:P ratio of 106:16:1. In
recent decades, efforts have been made to adapt the Redfield ratio
to terrestrial ecosystems due to natural or anthropogenic con-
straints despite the heterogeneity of these biogenic elements. For
instance, Cleveland and Liptzin (2007) reported a relatively stable
C:N:P ratio of 186:13:1 on global scale soils. Tian et al. (2010)
showed a well-constrained C:N:P of 134:9:1 for soil microbial bio-
mass whilst Aponte et al. (2010) found that vegetation and soil
properties together with the interaction among season may affect
C, N, and P biochemical cycles, thus their ratios. Also, the cycling of
soil nutrients can be influenced by various soil characteristics rel-
evant to soil fertility and structure as well as environmental factors
more relevant to the rhizosphere (Guo and Jiang, 2019; Jiang and
Guo, 2019). Reich and Oleksyn (2004) assumed an equilibrium
ecosystem by exhibiting the N:P ratio at 14 > N:P > 16. Accordingly,
the breakpoints of molar N:P ratio can be calculated to classify
those ecosystems with N limitation at N:P<14 and P limitation at
N:P>16, indicating that N:P ratios may provide a reliable indicator
of nutrient constraints in terrestrial ecosystems. As a result, all
soils showed nitrogen restrictions except for S5(Su-Au) and S6
(Wi-Su). A little increase of N:P ratio of 17 in S6 in autumn can
be attributed to the leaf litter debris of E. arborea. The C:P ratio
showed an overestimation of carbon in S4-S6 and the best-fitted
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ratio was found in S7 under grazing. In general, the N and P con-
tents are extremely underestimated in S1-S3 soils leading to cata-
log these soils not only with poorer structure but also with
nitrogen and phosphorus restrictions. The imbalance of nutrients
in S4-S7 soils should present better conditions with somewhat
excess nutrients based on the seasonal plant cover changes (Table 1
and 2). It can be demonstrated that better land management is of
paramount importance in those soils because the ongoing restric-
tions of soil nutrients can affect soil ecosystem functions
(Campbell et al., 2013).

Glomalin was highly produced in soils rich in their carbon con-
tent and much more when photosynthetic processes increase as in
the summer season (Palmqvist, 2002). In cultivated olive groves
(S2), glomalin showed a steep increase in summer compared to
vines (S1) probably due to the higher SOC content and photosyn-
thate enrichment in S2 (Fig. 5). As stated above, the SOC pool
may be a source for glomalin formation when low photosynthate
production occurs. Accordingly, significant negative correlations
were obtained by excluding summer measurements in S3-S7 soils
(Fig. 5). It can be found that glomalin production increased from
winter to autumn and spring with a corresponding decrease in
SOC contents. This trend may suggest the existence of a balance
between building fresh glomalin molecules for increasing organic
carbon pools and their consequent consumption and transforma-
tion into the mineralized carbon forms as CO2. As a result, carbon
resources used for building glomalin units may have been either
soil carbon pools or photo-assimilated carbon or both depending
on the environmental and soil conditions at any period of the year.

Additionally, it is well known that nitrogen is considered a
major nutrient in soil metabolic activity (Vasconcelos et al.,
2001). Nitrogen in glomalin has been quantified to be 3–5% of total
N (Lovelock et al., 2004; Nichols and Wright, 2005) because GRSP
was mainly composed of N-glycosidic bonds and amino acids
forming the protein molecules (Wright and Upadhyaya, 1996). Soil
nitrogen is probably required to build up the fresh protein units
within the glycoprotein molecules contained in the GRSPEE as indi-
cated with the significant positive correlations between TN and
GRSPEE (r = 0.508, P < 0.001).

Veresoglou et al. (2011) reported that in the absence of P fertil-
ization there are extensive flows of photo-assimilated carbon into
the rhizosphere that support diverse root-associated microbial
communities including AMF. As reported by Bücking and
Shachar-Hill (2005) an increase in carbon supply by the plant to
mycorrhizal associations increased the phosphorus uptake by
plants. Mycorrhizal species possess different potentials among
themselves to supply plants with phosphorus (Smith et al.,
2003). We can assume that when more soil nutrients become
available, plants may not allocate more nutrients to their mycor-
rhizal symbionts. The GRSP increased negatively with TN and TP
during winter, spring, and autumn as in S4-S7 soils indicating that
plants may allocate more N and P to mycorrhizal fungi as these
soils showed an imbalance of soil nutrients, particularly during
these seasons.

4.2. Stability index of formed aggregates

The structural stability of soil aggregates and their stability
index increased in summer in all soils probably due to the steadier
soil crumb arrangement achieved by the stabilization processes of
SOM at high soil temperatures. These harsh conditions have prob-
ably driven the fungi associations to resist drought conditions by
excreting various metabolites. Regarding the slope values of the
linear equations in Fig. 3, the stability of aggregates showed higher
resistance in the 0.25–2.00 mm fraction than in the 2.00–4.75 mm
fraction due to the strong linkage of minerals and organic particles
in the small-sized aggregates (Gunina and Kuzyakov, 2014; Trivedi



Fig. 8. Positive linear correlation between the seasonal means of C-GRSP/SOC and
GRSP (A) and the negative power equation between the seasonal means of C-CO2/
SOC and SOC (B) for the studied soils. Summer measurements are marked with a
circle.
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et al., 2017). Soils with better structure and high fertility as inS4-S6
were more stable compared to other soils with poor structure and
low fertility as in S1-S3. The low stability in S7 was revealed to the
soil compaction by cattle especially in the winter season.

4.3. Environmental and soil conditions favoring GRSP production

Treseder and Turner (2007) stated that atmospheric CO2 stimu-
lates mycorrhizal species to produce more glomalin and increase
soil nutrients availability through the photosynthetic processes.
Typically, 12–27% of photo-assimilated carbon was given to myc-
orrhizal associations (Johnson et al., 1997). It was postulated that
during winter, spring, and autumn, SOC stocks were used by myc-
orrhizal associations to form glomalin units, but the whole soil sys-
tem was also subjected to CO2 loss by consuming SOC pools. We
may assume that this mechanism seems to be reversed in summer,
when mycorrhizae may use photo-assimilated carbon to produce
more glomalin. In summer, the highest carbon loss is suspected
to give a discrepancy with the high GSRP production though car-
bon assimilation may compensate for the soil carbon loss. Concep-
tually, glomalin production in low carbon soil with low vegetation
may be more dependent on SOC pools, while it may be less depen-
dent in carbon-rich soils with high vegetation when carbon assim-
ilation is increased by plant photosynthesis.

Rillig et al. (2003b) reported lowGRSPEE (0.35mg g�1) and GRSPT
(2.6 mg g�1) in Morley silt loam soils (Mesic Typic Hapludalf) under
cultivated Zeamays andGlycinemax. They also recorded lowGRSPEE
(0.3 mg g�1) and GRSPT (2.5 mg g�1) in soils under the maple, elm,
and walnut trees, similar to our values in S1-S3 soils. Likewise, the
GRSP inEntisols investigatedbyBedini et al. (2007)with15mg C g�1

dry soil undermaize contained low GRSPEE (0.25mg g�1) and GRSPT
(1.9 mg g�1). They also reported GRSPEE (0.5–1.5mg g�1) and GRSPT
(6–9mg g�1) in soils dominatedwith Populus alba and grassland and
were similar to S4-S7 soils probably due to higher SOC contents.
Hontoria et al. (2009) reported low GRSPEE (0.27mg g�1) and GRSPT
(0.77mgg�1) in cultivatedolive inHaplic Calcisolwith 71%of CaCO3.
Similarly, Rillig et al. (2003a) recorded low GRSPEE (0.4 mg g�1) and
GRSPT (1.4 mg g�1) in Lithic Calciorthids soils under Brachypodium
retusum and Stipa tenacissima steppes in south-eastern Spain with
a semi-arid Mediterranean climate. GRSP concentrations were gen-
erally low in soilswithhighCaCO3 content probablydue to thedetri-
mental effects of Ca on mycorrhizal fungi (Roldán et al., 1997).
Lovelock et al. (2004) reported an increase of GRSPEE (2.0 mg g�1)
andGRSPT (4.1mgg�1) inUltisolswith lowCa content than in Incep-
tisols (1.3 mg g�1 of GRSPEE and 3.7 mg g�1 of GRSPT) with high Ca
content.

Lutgen et al. (2003) reported that vegetation under an adequate
climate provided an increase in the GRSPEE (1.7 mg g�1) and GRSPT
(8.0 mg g�1) in sandy loam soils of 3% SOC under the dense wheat-
grass communities of Festuca idahoensis and Agropyron spicatum. In
general, variation in GRSP contents can be outlined by the changes
in land use and vegetation, soil phosphorus, and CaCO3 contents
(Lutgen et al., 2003; Rillig et al., 2003a; 2003b; Lovelock et al.,
2004; Nichols and Wright, 2005; Bedini et al., 2007; Hontoria
et al., 2009). Accordingly, the wide range of GRSP contents in our
Lithic Xerorthents soils with no CaCO3 contents can be mainly
attributed to many factors affecting the environmental soil condi-
tions and ecosystems of the studied shallow soils subjected to var-
ious agricultural activities, age of abandonment, and wildfire
occurrence.

4.4. Increasing soil carbon pools

Many authors reported that glomalin may contain from 279 to
431 mg C g�1 GRSP defined as C-GRSP (Rillig et al., 2003b; Nichols
and Wright, 2005) and may reach 52% in organic soils (Schindler
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et al., 2007). Lovelock et al. (2004) reported similar values within
a range of 28%-42% (mean 36%±0.83) when working with Ultisols
and Inceptisols of Costa Rica tropical wet forest. Emran et al.
(2017) reported a total C-GRSP content of 29 ± 1.5% in alkaline cal-
careous soils of Typic Calciorthids and alluvial alkaline soils of Ver-
tic Torrifluvents under different agricultural management. In these
soils, the C-GRSP recorded 7.19 ± 4.75%, 11.26 ± 14.26%, 8.54 ± 10.
29%, 8.95 ± 9.34%, 9.11 ± 9.44%, 8.63 ± 6.67%, and 11.96 ± 10.87% for
S1-S7 soils, respectively. The high data variability indicated by the
standard deviation values can be explained by the highest C-GRSP
values in summer varied within 14–32% among the studied soils.
The C-GRSP in soil S7 was 66%, 6%, 40%, 34%, 31%, and 39% higher
than in S1, S2, S3, S4, S5, and S6 soils, respectively. This indicates
that carbon enrichment occurs with soil development along with
land use and abandonment. The buildup of stable organic com-
pounds in the developed soil was balanced by the continuous input
of residues and their subsequent loss by the metabolic activity of
microbial biomass (Liang et al., 2019). The C-GRSP amount found
positively correlated with GRSP contents (y = 0.842x-1.410,
r = 0.976, P < 0.01, n = 28). On the one hand, when plotting C-
GRSP/SOC to GRSPT a significant increase was found along the
studied soil sequence showing high susceptibility to seasonal
changes as indicated by the low values in winter, intermediate val-
ues in spring, and autumn, and the highest values in summer
(Fig. 8A). On the other hand, the proportion of C-CO2/SOC
decreased significantly with SOC (r = –0.924, P < 0.01) (Fig. 8B).
The lowest proportion was in summer pointing that the fast trans-
formation of labile SOC fractions (i.e. GRSPEE) may occur into stable
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SOC fractions in this season. This pattern may indicate a dual trend
in carbon dynamics (simultaneous loss and storage) depending on
the changes in soil and environmental conditions along the four
seasons. Preger et al. (2007) reported that GRSP content was not
reduced below a certain steady-state level under prolonged arable
cropping in sandy soils despite the potentially negative manage-
ment effects. Our results showed that soil carbon is lost in compar-
atively low amounts in carbon-rich soils. the two carbon forms of
C-GRSP and C-CO2 in the studied soils suggested that C-GRSP in
S1 soil may be prevalently formed by the labile GRSP fraction
and most easily mineralized, thus higher C-CO2 loses by soil respi-
ration should be expected compared to other soils. Therefore
amounts of C-CO2 would decrease drastically from S1 to S7 due
to the aging process of labile SOC fraction and increase of the recal-
citrant GRSP fraction. Also, these processes of carbon storage and
loss dynamics would have more relevance in summer than in
spring, autumn, and winter. Further studies are needed to deepen
into the relationships between the labile and stable fractions of
SOC and GRSP, especially in abandoned and fire-affected soils,
where complex biophysical processes occur in soils with organic
structure contents.

The overview of these results may reveal that both assimilated
C and SOC pools have significant impacts on GRSP concentrations.
Plants may allocate excess nutrients even in N or P limited soils for
improving nutrients acquisition by GRSP formation. Particularly,
GRSP production increase based on the assimilated C was mainly
occurring in summer either because plants are more N or P limited,
photosynthate is more readily available, or both.

5. Conclusions

The GRSP in these shallow soils with very low clay contents
should be considered a valuable resource of stable organic com-
pounds for its contribution to soil nutrients acquisition, thus
increasing aggregates stability and soil fertility. The frequent wild-
fire in S5, deposition of hardly decomposable pine needles in S3,
and intense agricultural practices in S1-S2 soils decreased the soil
nutrients and GRSP contents. Generally, more fertile and better-
structured soils were observed in those soils with low wildfire
occurrence and ancient abandonment. The labile GRSP fractions
were supposed to be rapidly transformed into stable forms in these
soils due to more suitable soil conditions, favoring the metabolic
activities of soil microorganisms at the upper soil horizons. In addi-
tion, the GRSP contributed positively to increase soil carbon
sequestration capacity.
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