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Abstract: Windblown and water-induced erosion cause substantial soil losses worldwide, especially
for drylands. Any sustainable management program that increases soil organic matter and improves
the stability of the crustal layer could considerably enhance soil productivity and the preservation
of erosion-prone land. This paper presents a laboratory investigation of cyanobacteria-inoculated
medium sand and fine sand soils studied for severe runoff conditions that were simulated using
an erosion function apparatus (EFA). Loosely deposited sand specimens prepared by air-pluviation
were inoculated with a single native filamentous-cyanobacterium strain (investigating both Nostoc
sp. and Calothrix sp.) and then incubated under high exposure to white light for 32- or 48-day
periods. Well-developed bio-crusts were produced on the specimens’ top surface that achieved
substantial improvements in erosion resistance, as was demonstrated for a wide range of hydraulic
shear stress investigated using EFA experiments. Relative improvements in hydraulic erosion
resistance were explained in terms of the nature of the cyanobacteria-developed microstructures
(cyanobacteria filament infiltration of pore-void spaces and exopolysaccharide excretion), as were
observed by scanning electron microscope examinations. The developed microstructure depended
on the cyanobacterium strain employed and the nominal pore-void sizes that are related to the
sand gradation and density state. The encouraging findings of this experimental investigation
suggest a tailored approach (i.e., employing a suitable native cyanobacterium strain chosen for its
compatibility with the soil’s physical properties) could lay the basis for developing a novel technology
for soil protection.

Keywords: bio-crust; bio-geotechnics; erosion function apparatus; soil erosion; soil management; soil
stabilization; wind erosion

1. Introduction

Substantial increases in soil loss rates due to windblown and water-induced erosion
are a worldwide issue, especially for drylands, where soils are often fragile and in a vulner-
able condition with poor structural stability. The soils’ vulnerability depends on moisture,
organic matter (OM), and silt contents, along with their texture, cohesive strength, and
infiltration capacity. Any sustainable management program that increases OM content and
improves soil stability could considerably enhance soil productivity and the preservation
of erosion-prone dryland regions that cover approx. 40% of the Earth’s surface [1]. For
instance, at least 60% of Iran’s landmass (being located in semi-arid and arid regions) has
been transformed to drylands. Destructive actions, including overgrazing, shrub burning,
and over tillage, are causing considerable harm to Iran’s soil resources [2]. Emadodin and
Bork [3] highlighted population dynamics, deforestation, and overgrazing as the main
causes and salinization, alkalinization, waterlogging, soil erosion, and desertification as
the main effects of human-induced soil degradation. For instance, from the 1950s to 2008,
nearly 5 million hectares of forest in Iran were converted to farmland and urban areas [3]. In
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a case study in the north of Iran, Bahrami et al. [4] reported that deforestation and intensive
agricultural activities with long-term inappropriate management had caused significant
soil degradation. With an estimated rainfall-induced soil erosion rate of ~24 t/ha/year
(i.e., fourfold greater than the world average), Iran loses approx. 4 billion tons of soil re-
source annually [5]. These realities point to the necessity for suitable management practices
concerning agricultural development, natural resources, and environment programs [6]. A
selection of land management strategies can expectantly reduce soil erosion rates signif-
icantly [7]. For instance, mulch addition has been found to be effective in reducing soil
losses; straw mulch is easy to apply, contributes soil OM, and is efficient from the day of
application [8]. Other environmentally benign approaches and soil additives have yielded
some promising results in engineering an improvement in the erosion resistance of treated
coarse-grained soils, including, for instance, using bio-cementation via microbial-induced
carbonate precipitation (MICP) [9–11] or various biopolymer additives [12–14]. The focus
of the present paper is on the development of cyanobacteria-induced bio-crusts (BCs).

Natural BCs, formed as communities of living organisms on the soil surface in the
open spaces of drylands, shield about 12.2% of the Earth’s surface [15,16] and play vital
roles in the establishment, growth, and bio-fertilizing of vascular plants, as well as having
essential influences on soil formation, protection, and bioremediation [17,18]. Microorgan-
isms (e.g., bacteria, cyanobacteria, lichens, and some microscopic green algae) form the vast
portion of dryland BCs [19], with, for instance, around 320 cyanobacteria species accurately
identified [20]. As worldwide bio-resources, cyanobacteria have unique abilities for improv-
ing soil stability by stimulating biological activity, producing OM and exopolysaccharide
(EPS) substances that enmesh the soil particles/aggregates [21–24]. Filamentous cyanobac-
teria (e.g., Microcoleous vaginatus, Scytonema, Schizothrix, Calothrix, Chroococcidiopsis, Nostoc
and Phorimidium) represent the most primitive microorganisms in the BC mats of the topsoil
layer [25]. They produce EPS substances as protective sheaths [26], which preferentially
bind the soil particles via gluey, interwoven, and entangled filaments, resulting in BC devel-
opment [24,27,28]. These microorganisms have special adaption skills in severe climatic and
edaphic circumstances [17,22]. For instance, with their chlorophylls and other pigments,
such as Phycocyanins and Phycoerytrins, cyanobacteria are capable of protecting themselves
against intensive solar radiation and harmful ultraviolet rays [29]. As their sheaths or
capsules form, the emitted EPS can hold water and thereby, the cyanobacteria tolerate arid
climate. Species such as Scytonema hyalinum, Scytonema crispum, Nostoc commune, Nostoc sp.
and Calothrix parietina can survive extreme heat and desiccation [17]. These species form
bundles of filaments enclosed by gelatinous sheaths; the intermingled filament bundles
create a three-dimensional (3D) net-like structure within the soil pore voids that binds
neighbouring soil particles with the potential to stabilize the surficial soil layer in a crust.

Whereas previous research on cyanobacteria inoculation has mostly focused on increas-
ing crop yields, the last decade has seen increased emphasis on investigating cyanobac-
teria inoculation as promising a cost-effective and eco-friendly biological solution for
achieving improvements in soil quality and reduced erosion rates for vulnerable sandy
soils [21,22,24,26,30–32]. Most of these studies, e.g., [30,33–38], investigated biologically-
treated windblown agricultural soils that initially had moderate–high nutrient conditions.
Severe runoff conditions in biologically treated low-nutrient soils, as investigated in the
present paper, is identified as a knowledge gap. These studies also employed a mixture of
cyanobacteria microorganisms or strains for biological treatment. Cyanobacteria-developed
microstructures differ depending on the soil’s physical properties and the cyanobacteria’s
morphological characteristics [39].

An interesting hypothesis, therefore, concerns tailoring the cyanobacteria-developed
soil improvement approach to the particular soil type undergoing treatment by employing
a single cyanobacterium strain chosen for its compatibility with the soil physical properties
(principally gradation and density state). This approach could lay the basis for developing
a technology for soil protection based on cyanobacteria inoculation.
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Recently, the authors [24] reported on the efficacy of cyanobacteria inoculation for
medium–coarse silica sand. The present experimental laboratory investigation sets out to
examine two loosely deposited silica sands with different grading (i.e., fine sand (FS) and
medium sand (MS) soils) in a severe runoff simulation using an erosion-function apparatus
(EFA). These sands, especially FS, are more prone to erosion because of their smaller grain
sizes, being categorized as having high/very high erodibility potential. Focusing on the
problem of land degradation in the drylands of Iran, two native cyanobacteria strains, Nostoc
sp. and Calothrix sp., were chosen for this investigation because of their abundant existence
in soil environs, rapid growth phase and tolerance of harsh environmental conditions, and
their filamentous morphology and high EPS excretion ability for BC formation. Therefore,
the aims of the present laboratory investigation are:

• To examine the efficacy of cyanobacteria inoculation by using single native cyanobacte-
ria strains of Nostoc sp. or Calothrix sp. for reducing the erodibility of loosely deposited
fine and medium gradation sands tested under severe runoff conditions.

• Establish the nature of the cyanobacteria-developed microstructures for the different
gradation sands.

• Explain the relative improvements in hydraulic erosion resistance in terms of the
nature of cyanobacteria-developed microstructures formed depending on sand type
(gradation) and cyanobacterium strain employed.

2. Experimental
2.1. Materials
2.1.1. Sand Source and Physical Characteristics

Clean MS and FS soils, as classified according to the Unified Soil Classification Sys-
tem (USCS) [40], were examined in the present investigation because of their high/very
high erodibility potential. The test soils were obtained from the Chirook sand mine near
Chirook village, Deyhuk Rural District, Tabas, Iran. This site was chosen for convenience
and had been previously used by the authors as a sand source for bench-scale investiga-
tions of other soil improvement options. These included the bio-cementation of a loose
medium-sand crustal layer using the MICP technique applied by spray treatment for miti-
gating wind erosion [11], MICP treatment of dense medium sand specimens by various
reagent-injection strategies [10], stabilizing dense medium sand with 1–4 wt% nano-silica
additive [41], and cyanobacteria inoculation of medium–coarse sand [24] for improving
hydraulic erosion resistance.

Both test sands in the present investigation were comprised of sub-angular grains.
With D10, D30 and D60 (i.e., the sand particle sizes corresponding to 10, 30, and 60 wt%
passing) of 0.14, 0.19, and 0.26 mm, respectively, the FS material had coefficients of unifor-
mity CU (=D60/D10) and curvature CC (=D30

2/D60 D10) values of 1.9 and 1.0, respectively.
Similarly, with D10, D30 and D60 of 0.36, 0.63, and 0.83 mm, respectively, the MS material
had CU and CC values of 2.3 and 1.3, respectively. The mean particle sizes (D50) of FS
and MS were 0.23 and 0.77 mm, respectively, and each sand had a fines content (i.e., soil
particles sized < 0.075 mm) of approx. 1 wt%. With CU < 6 [40], both sands are classified as
poorly graded (SP). Their specific gravity of solids was determined as 2.67.

In advance of the specimen preparation stage (Section 2.2.1), samples of the sand
materials were washed to remove fines and then sterilized by oven drying at 105 ◦C for
48 h [39]. After turning the oven off, the samples were allowed to cool overnight (by a
slight opening of the oven door) to attain an ambient laboratory temperature of between
25 and 28 ◦C. The following morning, the cooled sterilized sand materials were placed in
hygienic plastic containers.

2.1.2. Cyanobacterial Solution Formation

Pure Nostoc sp. and Calothrix sp. cyanobacteria stocks were sourced from the algal col-
lection of Shahid Beheshti University. The isolated strains, extracted from the paddy fields
of Khuzestan (Iran), can be cultivated in a growth medium lacking chemical compounds of
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nitrogen because of the unique skill of the heterocyst cells in fixing atmosphere nitrogen.
For this investigation, BG-110 culture medium [42] was prepared using filter sterilization
and then stored in sterile containers at 4 ◦C. The desired amount of BG-110 medium was
autoclaved at 138 kPa pressure and 120 ◦C temperature for 45 min in Erlenmeyer flasks
at pH 7. Two sterilized culture mediums were separately inoculated using Nostoc sp. and
Calothrix sp. pure stocks and then continuously aerated at a medium rate in sealed glass
flasks under controlled environmental conditions. Cool white light-emitting diodes (LEDs)
positioned 80-cm above provided 70 µmol photons/m2/s intensity in an isolated room
maintained at 30 ± 2 ◦C. Daily use of a sterile stirrer up to the middle of the exponential
growth phase caused a delicate detachment of the growing cyanobacteria from the inner
wall of the glass flasks. A fresh biomass weighing approx. 16.6 mg/mL of inoculum
medium (equating to 0.33 mg/mL of dry matter for freeze-dried material) was produced
using an MPW-351R centrifuge operating at 10,000 rpm for 15 min.

2.2. Experimental Program
2.2.1. Preparation of Sand Specimens

Each sand test-specimen was prepared by air-pluviation that loosely deposited the dry,
sterile material into a transparent plastic container of 6.5-cm internal diameter and 5.6 cm
deep. Each sterilized container was fitted at its base with a mesh fabric filter and a bottom
drainage tube. The dry sand was allowed to free-fall from an elevation of 20 cm by opening
the valve of a miniature sand-raining device (see Figure 1) in order to deposit a 5.5-cm deep
layer in each specimen container (i.e., almost completely filling them with sand). For FS
and MS, the deposited specimens had void ratio values of 0.57 and 0.49, respectively, with
corresponding dry densities of 1.69 and 1.78 Mg/m3. For both sands, the water holding
capacity (i.e., volume of pore-void spaces, Vv) of each test specimen was approx. 60 mL.
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Figure 1. Schematic sketch of the set up used to prepare loose, uniform sand test-specimens by the
air-pluviation method.

2.2.2. Specimen Inoculation and Incubation Procedures

The cultured cyanobacteria mediums were used to inoculate the prepared sand test-
specimens as follows. With an extension collar provided by plastic film wrapped around
(and sealed on) the containers’ outer top rim and the bottom drainage tube fully open,
120 mL of distilled water (i.e., ~2 × Vv) was carefully poured onto the top surface of each
sand specimen. The ponded water slowly percolated down through the test specimen,
and once 60 mL of the water had drained away via the bottom drainage tube (i.e., so
the specimen’s full water holding capacity was achieved), the drainage tube was closed
permanently. In this way, the air contained in the pore-void spaces was purged from the
specimen [10]. Next, for each test-specimen undergoing treatment, 30 mL of homogeneous
cyanobacterial inoculum was carefully poured onto the top surface to provide 0.5 g of
fresh cyanobacteria biomass. For each non-inoculated sand specimen, 30 mL of distilled
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water was used instead. All test specimens were incubated under the same constant
environmental conditions. They were placed in sterile water baths maintained at 30 ± 2 ◦C
and continuously illuminated with white 5000 lx fluorescent lights positioned 80 cm above
the specimens’ top surface. For the full duration of the incubation periods (i.e., 32- and
48-day periods investigated), all specimens were irrigated daily with the precise injection
of 2.5 mL of distilled water.

2.2.3. Investigated Specimen Groups

Three specimen groups were investigated; that is, the Nostoc- and Calothrix-inoculated
groups—abbreviated for specimen labelling purposes as ‘N’ and ‘C’, respectively—and the
non-inoculated (control) group, abbreviated simply as FS or MS. The level of biological
activity for cyanobacteria-inoculated specimens depends on the incubation period, with 32-
and 48-day incubation examined in the present study, as previously used in investigations
by [24,38,43]. Hence, the two inoculated specimen groups were each subdivided accord-
ing to 32- or 48-day incubation, differentiated by ‘32’ and ‘48’ appearing in the treated
group names.

For biologically treated specimens, a clear gap formed between the BC (developed
over the specimens’ top surface) and their containers’ sidewall during the incubation
period: see Figure 2a, which shows the situation developed for an extended 120-day
incubation period for clearly illustrating this point. This separation between the formed
BC and the container’s sidewall occurred because microbial growth was inhibited on the
surfaces of the plastic containers on account of their impermeability. For these bench-scale
experiments, an assessment of the formed BC as a continuous protective surficial layer
(to resist hydraulic shear) was investigated by bonding the BC to the container sidewall
(see Figure 2b), which was done one hour before the start of the EFA testing. On the other
hand, EFA testing of the unattached BC group provided an opportunity to evaluate the
BC’s entanglement to the underlying sand layer. In naming these treated test-specimens,
the BC edge condition was differentiated by ‘A’ and ‘D’, denoting attached and detached
BCs, respectively. For instance, N/48/A refers to a 48-day incubated, Nostoc-inoculated
specimen with BC attached to the container sidewall. Three replicates were tested for
each investigated scenario, with the EFA testing program examining 336 inoculated and
42 non-inoculated test-specimens.
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2.2.4. Microstructure Assessment of Treated Sand Specimens

To observe the structural characteristics of the sand grain connections formed with the
cyanobacterial filaments and EPS, dried BCs of the treated sand specimens were cropped
and then coated by gold sputtering to prepare samples for imaging analysis at different
magnifications using TESCAN-vega3 scanning electron microscope (SEM) equipment
operated in high-vacuum mode (20 kV).
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2.2.5. EFA Testing Program and Calculations

Based on the principles of the EFA device developed by Briaud et al. [44], Shiraz
University’s purpose-built recirculating EFA employed in the present investigation has a
2.0-m long conduit with internal cross-sectional dimensions of 12 cm wide by 6 cm high
(Figure 3a,b). A 6.5-cm dia. hole, located 1.3 m along the conduit’s length (measured from
its entrance) and centered on its base dimension (see Figure 3a), provides secure placement
for one of the sand containers. Before the start of each EFA test, the top surface of the test
specimen was aligned flush with the conduit’s inner bottom wall. A valve at the conduit
inlet (Figure 3c) redirects the water flow and provides adjustment of the flow rate. Beyond
the conduit outflow, a point gauge of 0.1-mm accuracy and triangular weir arrangement
positioned near the end of a channel (Figure 3e) allows measurement of the flow rate. The
upper-bound flow discharge investigated was restricted by the maximum channel capacity,
while the lower-bond flow investigated was determined by the critical flow velocity of the
non-inoculated sand specimens.
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Figure 3. University of Shiraz EFA: (a) longitudinal cross-section and (b) plan view schematics of
2-m long recirculating conduit; (c) inlet valve placement near conduit entrance; (d) Plexiglas side
window for observing exposed top surface of the test-specimen held in plastic container fitted to the
underside of the conduit; (e) triangular weir and point gauge flow-measurement system (adopted
from Rabiei et al. [24]).
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After regulating the flow discharge to achieve the required mean flow velocity, the inlet
value was opened, thereby redirecting the flow to occur along the conduit. A transparent
Plexiglas window in the conduit sidewall (Figure 3d) allowed observation of the specimen
erosion rate as the EFA test progressed. The interval time (∆t) from the opening of this
valve and achieving a homogeneous sand erosion was measured using a chronometer.
Once achieved, the inlet valve was closed, redirecting the flow away from the conduit, with
any water remaining within the conduit allowed to drain away towards the channel end.
The specimen container was then carefully removed from the underside of the conduit. The
eroded sand volume (Ve) from the test specimen, determined as the amount of water needed
to completely fill the erosion scour, was measured using a graduated syringe. The mean
erosion depth was calculated as de = Ve/As, where As is the specimen’s cross-sectional
area (constant for all test-specimens), with the erosion rate calculated as E = de/∆t.

The testing program investigated mean flow velocity (V) values, in ascending order,
of 0.43, 0.56, 0.72, 0.80, 0.90, 1.0, and 1.1 m/s. Common types of erosion-function charts
plot the erosion rate against V or the hydraulic shear stress (τ), both of these approaches
being employed later in this paper for presenting the experimental results.

Note, for V [m/s], the τ magnitude [Pa] acting at the sand–water interface can be
computed as

τ =
1
8

ρw f V2 (1)

where ρw is the density of water [kg/m3], and f is the friction factor obtained from the
Moody chart [45], which relates f to the Reynold’s number (Re) and relative roughness (ε′)
parameters, these being estimated as follows

Re =
VD

ν
(2)

ε′ =
0.5 D50

D
(3)

where ν is the kinematic viscosity of the fluid (water) at 20 ◦C, D is the hydraulic diameter
of the rectangular cross-sectional conduit, and D50 is the mean particle size (of the sand
materials tested).

Erosion resistance can be quantified using the erosion coefficients (KV and Kτ) and
erodibility thresholds (Vc and τc). The most erodible soils have values of Vc < 0.5 m/s
and/or τc < 1 Pa [46]). KV and Kτ were obtained as the gradients of the best-fit linear
regression lines in the plotted E–V and E–τ erosion function charts, respectively. Here Vc
and τc were calculated by modifying the Shafii et al. method [47]—that is, their magni-
tudes were determined as the intersection point with the horizontal axis (V or τ) of the
extrapolated line joining the first two ascending data points on the erosion curve in the
bi-logarithmic plot, with the lowest erosion rate assumed as 100 mm/h.

3. Results and Analysis
3.1. Visual Appearance of Treated Specimens and SEM Observations

Figure 4 shows the top and side views of randomly selected cyanobacteria-inoculated
and non-inoculated specimens for both sand types with a 48-day incubation. Homogeneous
BC formation, with crust thickness of approx. 1 mm, uniformly covered the top surfaces of
all inoculated specimens. On close examination, the Nostoc and Calothrix filaments were
observed to infiltrate successfully in the depth of the treated MS, but this was not traceable
for treated FS specimens.
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Figure 4. Non-inoculated and cyanobacteria-inoculated specimens with a 48-day incubation. Note
the extension collars of plastic film wrapped around (and sealed using elastic bands on) the plastic
containers’ outer top rim.

Figure 5 shows various SEM images of non-inoculated and Nostoc- and Calothrix-
inoculated FS. Figure 5a,b illustrate its sub-angular grains and, compared to MS, its smaller
pore-void spaces between grains. Figure 5c,d show the Calothrix filament-entangled FS
grains, with the filaments infiltrated properly in the narrow gaps between neighboring
grains, and the structured intertwined network of the aggregated fine grains and Calothrix
filaments. Figure 5e,f show a non-uniform network of Nostoc strain around FS grains—
that is, the Nostoc-excreted EPS acted as coverage on the grains but, compared to the
Calothrix, it had less homogeneity in the pore void spaces. This contrasted with observa-
tions for MS, and also a medium–coarse gradation sand previously investigated by the
authors [24], where the excretion of EPS in the Nostoc inoculated sand produced uniform
blanket coverage of the grains binding them together. In other words, these observations
indicate different binding emphases depending on the sand gradation and cyanobacterium
strain employed.
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3.2. EFA Test Results

Figure 6 presents the E–V and E–τ erosion-function charts for the two cyanobacteria-
treated sand types, and also includes data for the non-inoculated (control) specimens, all
of which were EFA tested with detached BC. Figure 7 presents the E–V and E–τ plots for
those specimens tested with their BC attached to the container sidewall. Figures 8 and 9
present a series of plots for those specimens tested with detached BC illustrating the
interdependence for the loose MS and FS soils of (i) cyanobacterium strain and flow velocity
on erosion rate (Figures 8a and 9a), (ii) cyanobacterium strain and incubation period on
erosion rate (Figures 8b and 9b), and (iii) incubation period and flow velocity on erosion
rate (Figures 8c and 9c).
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4. Analysis of EFA Test Results

Compared to non-inoculated sands, the general trends observable in Figures 6 and 7
are that Nostoc and Calothrix inoculations, together with longer incubation period (i.e., for
48 days rather than 32 days), have caused significant reductions in the erosion rate, espe-
cially for the higher V (τ) magnitude.

For instance, considering the detached BC and comparing with the non-inoculated
MS results, the Nostoc and Calothrix inoculations reduced the erosion rate for 32-day
incubated MS by approx. 35% and 20%, respectively, with corresponding values of approx.
46% and 50% for 48-day incubation. Comparing the results for these incubation periods,
significant differences between the reductions in erosion rate of the inoculated specimens
with detached BC became observable for a flow velocity of greater than 0.72 m/s for the MS
and 0.80 m/s for the FS (see Figures 8c and 9c). In the case of the inoculated MS specimens
with detached BC, close inspection of Figure 6a,b indicates that for the shorter (32 day)
incubation, the Nostoc inoculation generally produced marginally better erosion resistance
compared to the Calothrix inoculation, especially at a higher flow velocity. However,
their performances became broadly similar for 48-day incubation (see also Figure 8b).
These EFA findings are discussed in Section 5 of this paper in the context of the different
cyanobacteria-developed microstructures formed depending on the sand type (gradation)
and cyanobacterium strain employed.

In contrast to the above findings for MS, the Calothrix-inoculated FS specimens had
superior erosion resistance compared to the Nostoc inoculation for both 32- and 48-day
incubations (Figure 6c,d and Figure 9a,b). For instance, with V ≤ 0.9 m/s, better overall
performance was achieved for Calothrix inoculation with 32-day incubation compared to
Nostoc inoculation with 48-day incubation (Figure 6c,d). Similar overall behaviors were
found for FS and MS specimens that had their BC attached to the container sidewall
(Figure 7). Overall, compared to non-inoculated FS, the erosion rates for the Calothrix-
and Nostoc- inoculated specimens with attached BC were reduced at 32-day incubation by
approx. 38% and 17%, respectively, whereas at 48-day incubation, the respective reductions
were 56% and 33%. Again, Section 5 discusses these EFA findings in the context of different
cyanobacteria-developed microstructures observed from the SEM examinations.

Values of the erodibility coefficient (KV and Kτ) and the erodibility threshold (Vc and
τc) parameters, computed from the erosion-function curves presented in Figures 6 and 7,
are listed in Tables 1 and 2 for MS and FS, respectively. Included in these tables are percent-
age reductions in the erodibility coefficients relative to the non-inoculated group (indicating
comparative improvements in soil erosion resistance). Included in Tables 1 and 2 are also
the associated erosion categories (ECs), as defined by the classification system based on
erodibility thresholds after Briaud et al. [46] (see Table 3). With experimental values of
D50 = 0.77 mm, Vc = 0.32 m/s and τc = 0.49 Pa for MS, and respective values of 0.23 mm,
0.18 m/s and 0.13 Pa for FS, the non-inoculated materials are described as ‘high erodibility’
and ‘very high erodibility’ soils, respectively.

Table 1. Erodibility coefficients and thresholds deduced for medium sand with various cyanobacte-
ria treatments.

KV
(mm.s/m.h)

↓KV
(%)

Kτ

(mm/h.Pa)
↓Kτ

(%)
Vc

(m/s)

τc
(Pa)

Erosion
Category

Control 2024 – 323 – 0.32 0.49 2
C/32/D 1596 21.2 269 16.7 0.37 0.59 2
C/48/D 808 60.0 138 57.3 0.37 0.56 2
N/32/D 1048 48.2 177 45.2 0.35 0.50 2
N/48/D 818 59.6 138 57.3 0.37 0.50 2
C/32/A 1138 43.8 199 38.4 0.72 1.80 3
C/48/A 658 67.5 116 64.1 0.80 2.80 3
N/32/A 1017 49.7 178 44.9 0.72 1.90 3
N/48/A 515 74.6 92 71.5 0.80 2.50 3

Note: KV, Kτ = erodibility coefficients; Vc = threshold flow velocity; and τc = critical shear stress.
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Table 2. Erodibility coefficients and thresholds deduced for fine sand with various cyanobacteria treatments.

KV
(mm.s/m.h)

↓KV
(%)

Kτ

(mm/h.Pa)
↓Kτ

(%)
Vc

(m/s)

τc
(Pa)

Erosion
Category

Control 2901 – 658 – 0.18 0.13 1
C/32/D 1479 49.0 331 49.7 0.22 0.24 2
C/48/D 374 87.1 82 87.6 0.19 0.25 2
N/32/D 1825 37.2 403 38.7 0.22 0.22 2
N/48/D 853 70.6 185 71.8 0.19 0.25 2
C/32/A 1412 51.3 315 52.1 0.69 1.50 3
C/48/A 362 87.5 81 87.6 0.80 2.00 3
N/32/A 1681 42.0 378 42.5 0.60 1.20 3
N/48/A 823 71.6 184 72.0 0.79 1.80 3

Note: KV, Kτ = erodibility coefficients; Vc = threshold flow velocity; and τc = critical shear stress.

Table 3. Erosion category (EC) based on erodibility thresholds (adopted from Briaud et al. [46]).

EC Erodibility Description τc (Pa) Vc (m/s)

1 Very high 0.1 0.1
2 High 0.2 0.2
3 Medium 1.3 0.5
4 Low 9.3 1.35
5 Very low 62.0 3.5
6 Non erosive 500 10

Note: Vc = threshold flow velocity; and τc = critical shear stress.

5. Discussion and Recommendations for Future Research

The importance of a continuous (undisturbed) BC layer for resisting soil erosion is
highlighted by comparing the results presented in Tables 1 and 2 for tested MS and FS
specimen groups with attached and detached BCs. In other words, attached BC relates
to continuous BC cover over extensive areas of the ground surface, whereas detached BC
could be considered analogous to discretized BC cover arising from disturbance in-situ,
each separate BC piece approx. 33 cm2 (i.e., cross-sectional area of EFA test-specimens). As
expected, for all cyanobacteria-inoculation treatments investigated and considering compa-
rable experimental conditions, values of erodibility coefficients for attached BC were lower
than those for detached BC, indicating their greater erosion resistance. The extent of the
difference in values between them depended on the sand type–cyanobacterium strain com-
bination and specimen incubation period. For instance, considering the Calothrix-inoculated
MS with 48-day incubation, the KV value for attached BC was 18.6% lower compared to
detached BC [i.e., (808 − 658) × 100/808: refer to Table 1 for these values]. Whereas for FS
with the same biological treatment and tested under the same experimental conditions, the
KV value for attached BC was only marginally (i.e., 3.2% [=(374 − 362) × 100/374: refer to
Table 2 for these values]) lower compared to detached BC.

Compared to the non-inoculated group, overall erosion rate reductions of approx.
one-third and by more than one-half achieved for the cyanobacteria inoculations with
32 and 48-day incubations, respectively, verifies well-developed BCs. SEM examinations
demonstrated that different microstructures developed depending on the cyanobacteria
strain (Nostoc sp. or Calothrix sp.) and gradation (i.e., MS or FS) of the loosely deposited
sands. For MS, with its larger pore-void spaces, cyanobacteria filaments infiltrated below
the specimen surface to significant depth. The lesser infiltration of the Calothrix filaments
(compared to Nostoc) for MS is consistent with the descriptions by [19,48] of the Calothrix as
a genus with short filaments. Infiltrated filaments of Nostoc-excreted dense EPS provided
uniform blanket coverage around sand grains and established bridge connections across the
wide pore voids, thereby developing a strong aggregation between MS grains and, hence,
greater erosion resistance of the MS soil. These features share a number of similarities with
observations for other Nostoc-inoculated soils [24,28,49]. Whereas the Calothrix filaments
entangled the sand grains in a net-like structure with low excretion of EPS. Similar observa-



Sustainability 2023, 15, 3811 16 of 19

tions to these were reported for different porous environments [23,24,27]. Compared to MS,
the low content EPS filaments of Calothrix better occupied the FS’s smaller pore void spaces,
with the observed 3D net-like Calothrix structure that entangled the sand grains similar to
that observed by [50]. These observations highlight the importance of synergy between the
cyanobacterium strain and the nominal pore-void sizes (related to the sand gradation and
density state) for achieving improved erosion resistance. The obtained EFA test results were
consistent with the above observations. Overall, compared to the Calothrix inoculation, the
Nostoc inoculation achieved, on average, an approx. 1.2-fold greater reduction in erodibility
coefficients for MS, with the opposite effect occurring for the cyanobacteria-inoculated FS.
Greater erosion resistance for longer incubation (of 48 day) can be explained by the BC
developed at 32-day incubation becoming more anchored to the underlying sand layer,
because the cyanobacteria filaments had more time to grown and infiltrate deeper into the
underlying sand layer’s pore voids, especially for the Nostoc filaments in MS.

Further laboratory testing and pilot field studies are recommended to corroborate the
presented experimental results and to investigate their relation and extension to natural con-
ditions in larger scales. Pertinent questions include whether the cyanobacteria strains can be
better applied to the real environment, their overall effectiveness and also the longevity of
the applied cyanobacteria. As well as EFA experiments, the laboratory testing could also in-
clude, for instance, wind tunnel experiments on larger cyanobacteria-inoculated specimens
and BC strength testing using Torvane or pocket penetrometer devices (e.g., see [11]). Field
studies are especially necessary to investigate translation and upscaling of the experimental
outcomes to practice.

6. Summary and Conclusions

This bench-scale study investigated improvements in the erosion resistance of biologi-
cally treated loose silica MS and FS soils (from the drylands of Iran) by inoculating them
with single native filamentous cyanobacteria strains (Nostoc sp. or Calothrix sp). On high
exposure to fluorescent light, the cyanobacteria produced well-developed BCs for these
low nutrient and highly erodible soils. Within short incubations (of 32 to 48 days), their
hydraulic erosion resistance was significantly improved, especially for more severe flow
velocities investigated, and highlighted the compatibility of these cyanobacteria strains for
treating both sands. These encouraging findings suggest a tailored approach, employing a
suitable cyanobacterium strain chosen for its compatibility with the soil’s physical prop-
erties (i.e., gradation and density state). From an environmental perspective, compelling
points of the presented approach are cyanobacteria’s resilience to withstand harmful solar
radiation and extreme aridness, its ability to self-compensate for disturbance of the BC
layer caused by external factors, and its maintenance of the biological diversity of the
ecosystem. Unlike some other soil stabilization methods (e.g., MICP), this approach does
not involve applying chemical reagents or cause pathogenic behavior to the treated soil.
Hence, cyanobacteria inoculation provides the possibility of preserving the life of the
natural habitat alongside the land conservation actions. Further laboratory testing and
pilot field studies are recommended, especially the field studies to investigate extension of
the laboratory results to natural conditions, including practical methods of applying the
treatment to very large land areas.
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Abbreviations

BC bio-crust
EC erosion category
EFA erosion function apparatus
EPS exopolysaccharide
FS fine sand
MS medium sand
SEM scanning electron microscope
SP poorly graded
USCS Unified Soil Classification System
Notations
As specimen cross-sectional area
de mean erosion depth
CC coefficient of curvature
CU coefficient of uniformity
D hydraulic diameter (of EFA conduit)
D10 effective grain size
D30 particle size corresponding to 30 wt% passing
D50 mean particle size
D60 particle size corresponding to 60 wt% passing
E erosion rate
f friction factor
KV erodibility coefficient obtained from E–V erosion function chart
Kτ erodibility coefficient obtained from E–τ erosion function chart
Re Reynold’s number
V mean flow velocity
Vc threshold flow velocity
Ve eroded sand volume
Vv volume of pore voids
∆t time interval (EFA test duration)
ε′ relative roughness
ν kinematic viscosity
ρw density of water
τ hydraulic shear stress acting at soil–water interface
τc critical shear stress
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