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Abstract

For more than a century, grassland degradation in tropical regions has been linked to the loss of soil
structure, yet the biological agents driving aggregation recovery remain poorly quantified. This
research examined arbuscular mycorrhizal fungal (AMF) community composition and its relationship
to water-stable aggregate formation across grassland restoration sites of different ages (1, 3, 5, 8, and
12 years) near Samarinda, East Kalimantan, Indonesia. AMF root colonization increased from 8.3% in
unrestored plots to 71.8% in 12-year-old actively restored sites. Glomalin-related soil protein (GRSP)
concentrations correlated positively with the proportion of macroaggregates >250 um (r = 0.87, p <
0.001). Active restoration sites consistently outperformed passive restoration controls. These results
confirm that AMF community recovery is tightly coupled with soil structural improvement during
tropical grassland restoration.
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Introduction

Grassland ecosystems once covered vast stretches of tropical lowland Borneo, but decades of
mining, overgrazing, and conversion to monoculture plantations have left large areas with
degraded soils and diminished plant cover . Restoration efforts in these landscapes
typically focus on revegetation, but the recovery of belowground biological communities—
especially mycorrhizal fungi—receives less attention 2!,

Arbuscular mycorrhizal fungi form symbiotic associations with the roots of roughly 80% of
terrestrial plant species and contribute to soil aggregation through two main mechanisms:
physical entanglement of soil particles by extraradical hyphae and production of glomalin, a
glycoprotein that acts as a binding agent for microaggregates *. The quantity of glomalin-
related soil protein (GRSP) in soil has been used as an indicator of AMF contribution to soil
structure ™. This research investigated AMF community composition and soil aggregation
across a chronosequence of grassland restoration sites near Samarinda, East Kalimantan,
Indonesia. Research was conducted at the Institut Biologi Tropis Kalimantan between June
2021 and December 2023 B!,

Reagents and Chemicals

Trypan blue staining solution (0.05% w/v in lactoglycerol, Sigma-Aldrich, Cat. No. T6146)
was used for AMF colonization assessment. KOH (10% w/v) for root clearing was sourced
from Merck (Darmstadt, Germany). Bradford protein assay reagent (Bio-Rad, Cat. No.
5000006) quantified GRSP concentrations. Sodium hexametaphosphate (50 g/L, Sigma-
Aldrich) was used for soil aggregate dispersion. Wet-sieving apparatus (Eijkelkamp,
Netherlands) with mesh sizes of 2000, 1000, 500, 250, and 53 um was used for aggregate
fractionation.

Material and Methods

Material

Five grassland restoration sites (1, 3, 5, 8, and 12 years post-restoration) were selected along
the Mahakam River corridor near Samarinda (0°29'S, 117°09'E). Each site included actively
restored plots (seeded with native grass mixtures and inoculated with commercial AMF

~139~


https://www.biologyjournal.net/
https://www.doi.org/10.33545/26649926.2025.v7.i12b.685

International Journal of Biology Sciences

inoculant) and passively restored plots (natural colonization
only). Unrestored degraded grassland served as the control.
Three replicate plots (20 x 20 m) per treatment per site were
sampled. The research was approved by the Research Ethics
Board of the Institut Biologi Tropis Kalimantan (Protocol
No. IBTK-2021-REB-014, approved 3 May 2021).

Methods

Root samples from five randomly selected grass tussocks
per plot were collected at 0—15 cm depth, cleared with
KOH, and stained with trypan blue. AMF colonization was
scored using the gridline intersect method ¢!, Soil samples
(0-15 cm) were collected for GRSP extraction by
autoclaving in citrate buffer (20 mM, pH 7.0, 121°C, 60
min) and protein quantification by Bradford assay . Water-
stable aggregates were determined by wet sieving at five
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mesh sizes for 30 minutes. Mean weight diameter (MWD)
was calculated as the aggregate stability index ). AMF
spore identification used morphological taxonomy after wet
sieving and sucrose centrifugation. Data were analyzed
using two-way ANOVA (restoration type X site age) with
Tukey's HSD test.

Quality Control: Root colonization counts were verified by
a second observer on a random 20% subsample; inter-
observer agreement was 94.2%. GRSP extraction included
autoclave blank controls, and Bradford assay calibration was
performed with fresh bovine serum albumin standards for
each batch. Aggregate stability measurements were repeated
in triplicate for every sample.

Results

Table 1: AMF Colonization, GRSP, and Soil Aggregate Stability across Restoration Sites

Site Age | Rest. Type Coloniz. (%) GRSP (mg/g) MWD (mm) Macro >250um (%) Dominant AMF Genus
Control — 8.3+1.4 0.42+0.08 0.31+0.05 12.7£2.1 Glomus

1yr Active 18.7+2.8 0.71+0.12 0.48+0.07 21.443.6 Glomus

3yr Active 42.6+4.1 1.3440.19 0.82+0.11 38.944.2 Rhizophagus

Syr Active 58.9+3.7 2.08+0.24 1.14+0.13 52.3+5.1 Rhizophagus

12 yr Active 71.8+4.6 3.21+0.31 1.67+0.16 68.7+4.8 Funneliformis

12 yr Passive 43.1£5.2 1.58+0.27 0.94+0.14 41.245.7 Glomus

AMEF colonization, GRSP, and macroaggregate proportion all increased with site age (p<0.001). Active restoration sites

consistently outperformed passive sites at matching ages.

-@- Active restoration
70 A =i~ Passive restoration
Unrestored control

_ 60 -
8
=
.2 50 A
it
(]
N
c
L 40 -
=]
@)
et
3
S 30~
(19
Z

20 A

10 -

T T T
0 2 4

Years Since Restoration

T T T T

6 8 10 12

Fig 1: AMF root colonization over the restoration chronosequence for active restoration, passive restoration, and unrestored control sites.
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Fig 2: Conceptual diagram illustrating the mechanism by which AMF contribute to soil aggregation through hyphal entanglement and
glomalin production.

Discussion

The strong correlation between GRSP concentration and
macroaggregate proportion (r = 0.87) agrees with findings
from temperate grassland chronosequences ! and extends
them to a tropical lowland setting. Glomalin appears to
function as a biological glue that bridges microaggregates
into water-stable macroaggregates, a process that accelerates
once AMF hyphal networks become established .

The difference between active and passive restoration was
striking. After 12 years, passively restored plots achieved
colonization levels comparable to 3—5 year actively restored
plots, suggesting that AMF inoculation shortens the
recovery timeline by roughly a decade . A shift in
dominant genera from Glomus to Rhizophagus and
Funneliformis in older active sites may reflect successional
patterns associated with increasing soil organic matter 1%,
One limitation is the chronosequence design, which assumes
comparable starting conditions across sites. But field records
confirm that all sites originated from the same land-use
conversion event '],

Conclusion

This research demonstrated a tight coupling between AMF
community recovery and soil aggregate formation across a
12-year grassland restoration chronosequence in East
Kalimantan. GRSP concentration was the strongest
predictor of macroaggregate stability. Active restoration
with AMF inoculation accelerated both fungal colonization
and soil structural improvement compared to passive natural

recovery. These findings support the integration of
mycorrhizal management into tropical grassland restoration
programs as a practical tool for rebuilding soil physical
quality.
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