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A B S T R A C T

In the tropics, termites are key litter decomposers and soil bioturbators. Termite foraging activity involves the
production of sheetings and galleries that influence the physical, chemical and hydraulic properties of soils. The
functional impacts of these biogenic structures and biopores have been acknowledged for a long time in soils
dominated by 1:1 minerals. Less is known, however, on their functional impacts in soils dominated by 2:1
minerals, such as vertisol which represent 22% of the land surface in India. Therefore, an experiment was carried
out in a vertisol in southern India where elephant (Elephas maximus) dung pats (ED) and Lantana camara twigs
(LT) were applied on the ground and protected (+) or not (−) from termite activity. Termite activity was only
measured below ED−, showing a clear preference for organic matter derived from elephant dung. Soil sheetings
had similar properties to the surrounding topsoil, with the exception of their C content that was reduced. This
result raised the question of the origin of the soil used by termites for covering ED. ED− was also associated with
the presence of effective macropores up to 5 cm depth and a significant increase in water hydraulic conductivity
(12-fold). However, the utilization of the coefficient of linear extensibility showed that these galleries were
unstable and most likely short-lived. In conclusion, this study confirmed that the structure of soils dominated by
2:1 minerals is mainly controlled by physical processes (i.e., the shrinking and swelling of soils). This study also
stresses the need to better understand the dynamic of termite galleries in soil and to quantify the origin and fate
of organic matter in soil sheetings.

1. Introduction

Fungus-growing termites are amongst the most important litter
decomposers and soil bioturbators in arid and semi-arid environments
(Bignell and Eggleton, 2000; Bottinelli et al., 2015). As “intended en-
gineers” (sensu Jouquet et al., 2006), they build important and complex
nest structures (i.e., mounds or termitaria) that protect colonies from
predators and maintain a stable environment for the colony and their
symbiotic fungus to grow (Lüscher, 1961). The functional impact of
these mounds has been largely recognized (see Holt and Lepage, 2000;
Jouquet et al., 2016; Khan et al., 2018 for reviews), especially in Africa
where they constitute biodiversity and nutrient hot spots that increase
the robustness of ecosystems (Bonachela et al., 2015).

Termites also influence ecosystem functioning through the produc-
tion of subterranean galleries and sheetings to protect themselves from
light, desiccation and predators while they forage (MacKay et al., 1985;
Harit et al., 2017a,b; Fernandes et al., 2018). From studies carried out
in sandy soils or in soils dominated by 1:1 minerals (e.g., sandy loams
and Acrisol), it is usually considered that galleries constitute pre-
ferential flow paths and then increase water infiltration, reduce crust
formation, water runoff and soil erosion in arid and sub-arid ecosystems
(e.g., Eldridge and Pickard, 1994; Mando et al., 1996, 1999; Mando,
1997; Sarr et al., 2005; Mettrop et al., 2013; Léonard and Rajot, 2001;
Léonard et al., 2004; Colloff et al., 2010: Kaiser et al., 2017). Although
less known, a recent review suggests that soil sheetings are always
enriched in clay in comparison with the surrounding soil but that their
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C content varies depending on the C content of the putative parent soil
(Harit et al., 2017b). Moreover, an experiment carried out in a humid
tropical environment showed that the low stability of soil sheetings to
water increases soil detachment, the sealing of soil surface and water
runoff (Jouquet et al., 2012).

Conversely, the impact of termites on water dynamic is unknown in
soils dominated by 2:1 minerals. In India, Vertisol soils occupy a large
surface with 70.3 million ha, constituting 22% of the total geographical
area (Mandal et al. 2013). These soils are subject to shrinkage after
wetting and drying cycles, leading to the formation of physicogenic
aggregates (sensu Pulleman and Marinissen, 2004; Jouquet et al., 2009)
and cracks which serve as preferential pathways for rainwater. In these
soils, biogenic structures are considered unstable and the ecological
impact of soil fauna on soil dynamics to be non-significant or of low
importance (e.g. Oades, 1993; Blanchart et al., 2004), although the
question has never been addressed with termites, and especially in
India. Therefore, the objective of this study was to determine how
termite foraging activity impacts soil aggregation and water infiltration
(i.e., through the production of sheeting and galleries) in Vertisol soils
in India. Our hypothesis was that termite galleries and sheetings do not
resist water, due to the swelling behavior of soils, and therefore that the
influence of termite foraging activity on soil aggregate stability and
water infiltration is of minor importance.

2. Materials and methods

2.1. Study site

This study was carried out in a private land situated within a dry
zone of the Nilgiri Biosphere Reserve of southern India (11°31′50.84″N
and 76°38′ 37.11″E). With about 600mmyear−1 on average, the ve-
getation here is described as tropical dry-thorn forest. With approx.
30% of clay dominated by 2:1 clays and 4.5% of C in the 0–20 cm soil
layer, the soil is described as Vertisol in the US Soil Taxonomy (USDA)
and FAO classifications (Soil Survey Staff, 2014). In this environment,
soil bioturbation mainly results from the activity of fungus-growing
termites, mainly Odontotermes obesus and O. redemanni.

2.2. Experimental setup

The experiment was carried out from March to June 2016 during
the dry season when the land had few herbaceous plants and low grass
cover, with the exception of some patches of the invasive, woody shrub
Lantana camara. The experiment consisted in the application of ele-
phant (Elephas maximus) dung pads (∼250 g) and Lantana camara twigs
and leaves (∼400 g) on the ground. Elephant dung was chosen because
it is an attractive, although sporadic, resource for termites in the field
(Chaudhary Ekta, pers. obs.). Lantana camara is an invasive species
native to the Americas (Patel, 2011; Ramaswami and Sukumar, 2014)
and constitutes an abundant but unpalatable resource of organic matter
to soil detritivores because of the allelopathic chemicals it contains
(Verma and Verma, 2006; Verma et al., 2009). Elephant dung pads (ED)
and Lantana camara twigs (LT) were enclosed in 100 μm mesh size nets
(ED+, LT+) or not (ED−, LT−) and their impact on termite activity
was compared to a control (CTRL) without organic amendment. The
number of replicates (n) equaled to 5 for ED+, LT+ and LT− but we
used n= 10 in the case of the control and ED−. 5 replicates were used
for measuring water hydraulic conductivity and soil physical and che-
mical properties for all the treatments and the 5 additional replicates
for ED− and CTRL were used for measuring soil macroporosity after
the application of methylene blue water (see below).

2.3. Soil sheeting properties

At the end of the experiment, soil sheeting was found on elephant
dung. Sheetings were sampled and their properties analyzed and

compared to the surrounding top-soil (0–2 cm depth,> 1m distance
from the dung patch) (n= 5). Soil pH and conductivity were de-
termined in 1:5 soil: water suspension and the C content was de-
termined with a SHIMADZU TOC VCSH analyzer (model SSM-5000A).
The particle-size distribution was assessed after destruction of soil or-
ganic matter and dispersion with hydrogen peroxide and sodium hex-
ametaphosphate. Particles were differentiated into clay (< 2 μm), silts
(2–50 μm) and sand (50–2000 μm) after sieving and sedimentation. Soil
aggregate stability was measured after immersion of 5 g of> 2mm soil
aggregates in 15ml distilled water for 5min. The fraction of
soil > 200 μm was used to measure the percentage of water stable ag-
gregates, after correction to their sand content.

2.4. Water infiltration and diffusion

Soil hydraulic conductivity was measured with the Beerkan method
(Haverkamp et al., 1994; Braud et al., 2005; Lassabatère et al., 2006)
and using a cylinder in plastic (in polyvinyl chloride or PVC) having an
inner diameter of 11 cm. The cylinder was positioned at the soil surface
and inserted to a depth of about 1 cm. A fixed volume of water (100ml,
corresponding to a water depth of about 1 cm) was poured into the
cylinder and the time needed for the water to infiltrate was measured.
The procedure was repeated between 7 and 10 times for it to reach a
steady state of infiltration. The undisturbed soil cores were used to
determine the soil bulk density, ρ (g cm−3) and the initial volumetric
water content, θi (m3 cm−3), was measured after sampling the sur-
rounding top-soil environment (0–5 cm depth). Results were analyzed
with the original BEST algorithm (Lassabatère et al., 2006) in order to
calculate the saturated hydraulic conductivity (Ksat).

The presence of effective macropores was measured for ED and
CTRL treatments using methylene blue as a dye tracer (Capowiez et al.,
2009). As for the measure of Ksat, cylinders were installed at the soil
surface and poured with 3 cm of water (=300ml) containing methy-
lene blue (concentration=0.01M). After 12 h, the soil below the PVC
rings was excavated with a spade in order to prepare successive hor-
izontal planes at 0, 0.5, 1, 2, 3, 4 and 5 cm depth. The surface was then
photographed. The pictures were analyzed and the surface of each
visible stained macropore was measured using Image J software.

2.5. Below-ground soil physical and chemical properties

The hydrostructural stability (Schäffer et al., 2008) of soil porosity
was assessed from the measure of the coefficient of linear extensibility
(COLE) defined by Grossman et al. (1968). Undisturbed soil samples
were collected from the surface soil layer (0–5 cm) using cylinders
(5.7 cm diam×5 cm high) at each sampling location after measuring
soil water infiltration rate, as described in Section 2.3. Soil samples
were dried at 40 °C for 48 h and then partially immersed with water
until saturation by capillarity. The COLE was computed as follows:

= −COLE (L L )/L0 105 105

where L0 and L105 are the height of soil cores at saturation and after
oven drying at 105 °C. Soils were also sampled at 1–3 cm depth and
analyzed for total C and particle size distribution contents as described
above. Furthermore, to estimate root biomass, each sample was placed
in a beaker and soaked in water for at least 30min, so that soil ag-
gregates can be easily broken down. Afterwards, the soil samples were
washed through a 200 μm sieve. Roots were rinsed to remove any ex-
cess of soil and weighted after drying at 60 °C for 48 h.

2.6. Statistical analyses

All statistical calculations were carried out using R and RStudio
(version i386 3.2.5). The number of replicates was determined using
the power.anova.test function for a power of the test equal to 0.8. Data
were balanced (equal number of observations for each factor) and the



normal distribution of residues was tested using the Shapiro-Wilk test.
One-way ANOVA was used to analyze the soil chemical and physical
properties with treatments as independent variable. LSD tests were then
performed to assess differences between means. T-tests were used for
comparing (i) termite sheeting properties from the properties of the top-
soil and (ii) the surface dyed by methylene blue for ED− and CTRL
treatments for each soil depths. Multiple linear regressions were used to
assess the influence of soil physical and chemical properties (C, sand,
silt or clay contents, soil bulk density, root biomass, COLE) on Ksat.
Finally, an analysis of covariance (ANCOVA) was used to compare the
effect of the treatments (LT− and ED− vs. CTRL, LT+ and ED+), as
covariate, on the linear relationship between COLE and Ksat.
Differences among treatments were declared significant at the
P < 0.05 probability level.

3. Results

3.1. Impact of termite activity on soil physical and chemical properties

After three months, termite activity was recorded only in ED−.
Termites were identified as Odontotermes obsesus or O. redemanni. Apart
from termites, no other soil macrofauna was found. Since termites were
only measured in ED−, soil sheetings could only be collected for this
treatment and their properties compared to the surrounding soil. Soil
sheetings had the same physical and chemical properties as the topsoil
(Table 1), with the exception of the soil C content that was significantly
lower in termite sheetings than in the control (P < 0.05).

The influence of the different treatments on below-ground soil
properties is shown in Table 2. Soil physical and chemical properties
were not influenced by the different treatments (P > 0.05 in all cases),
with the exception of Ksat which was significantly higher in ED− in
comparison with CTRL, LT+ and ED+ (P < 0.05, Fig. 1). LT− had an
intermediate Ksat value, not significantly different from ED− and
CTRL, LT+ and ED+ (P > 0.05 in all cases).

3.2. Abiotic variables explaining the evolution of Ksat in soil

Stepwise regression shows that Ksat was linearly related to COLE
and in a smaller extent to the silt content of soils (Table 2,
Ksat= 0.03–0.62 silt (%)+1.67 COLE, R2= 0.37, p=0.006). Results
of the ANCOVA testing the influence of COLE on Ksat with soil mac-
rofauna activity (associated to ED− and LT−) as covariate showed a
significant difference in slope across groups (F1,21= 13.27, P=0.001).
No relationship was found between Ksat and COLE in CTRL and below
substrates that were protected from soil macrofauna activity (ED+ and
LT+) (P=0.550), while Fig. 2 shows a positive linear relationship
below non-protected substrates (ED− and LT−)
(Ksat=2.068×COLE–0.082, R2= 0.56, P=0.012).

3.3. Diffusion of methylene blue water in soil

The surface of soil dyed in blue decreased with soil depth (Fig. 3).
No significant differences between CTRL and ED− could be measured
up to 3 cm (P > 0.05 in all cases). Methylene blue could not be mea-
sured after 3 cm depth for CTRL while it reached 5 cm depth in ED−
with ∼3.8% of the soil dyed in blue at 5 cm depth (P < 0.05 at both 4

and 5 cm depth).

4. Discussion

4.1. Influence of litter quality on termite activity

The opportunistic consumption of mammalian dung by termites has
been described long ago (e.g., Ferrar and Watson, 1970; Freymann
et al., 2008). In our case, elephant dung piles were rapidly detected by
termites and their consumption was associated to the presence of soil
sheetings. Although no sheeting was found on Lantana camara, inter-
mediate Ksat values were measured in LT− in comparison with ED−
and CTRL or LT+. Therefore, these results suggest that LT− was as-
sociated with the presence of macropores in soils, even if they were not
consumed by termites. No other soil decomposer was observed in our
study site but our experiment did not allow rejecting the hypothesis
that LT− also favored the activity of other soil burrowers (e.g., diplo-
pods, ants) during the 3months of the experiment. However, we con-
sider that this hypothesis is unlikely because of the dryness of the soil
during the dry season and because no ants or diplopods were measured
in ED− and LT− at the end of the experiment. Therefore, we assume
that termites were initially attracted by the availability of Lantana ca-
mara on the ground and then produced soil galleries reaching these

Table 1
Soil physical and chemical properties (pH, electrical conductivity (µS cm−1), C, sand, silt and clay contents (%), soil aggregate stability (%)) in termite sheeting and
their surrounding topsoil environment. Values in parentheses are standard errors (SE, n= 5). P-values were considered significant at 0.05 and derived from T-tests.

pH EC (µS cm−1) C (%) Sand (%) Silt (%) Clay (%) Stable aggregates > 200 µm (%)

Control 7.13 (0.28) 130.54 (29.84) 4.48 (0.44) 51.52 (2.46) 22.20 (1.84) 24.89 (0.63) 60.32 (12.63)
Termite sheeting 6.53 (0.30) 84.10 (11.74) 1.98 (0.43) 51.24 (4.08) 20.64 (2.48) 28.13 (3.85) 73.41 (5.91)
P-values 0.179 0.205 0.003 0.954 0.629 0.456 0.386

Table 2
Results of the ANOVA testing the influence of the treatments on soil physical
and chemical below-ground properties: sand, silt and clay contents, C content,
Soil bulk density, root biomass, Ksat and COLE. Significant results at 0.05 are
highlighted in bold characters.

F P-value

Sand F4,20= 0.216 0.927
Silt F4,20= 0.991 0.435
Clay F4,20= 0.147 0.962
C F4,20= 1.251 0.322
Soil bulk density F4,20= 0.458 0.766
Root biomass F4,20= 1.656 0.200
Ksat F4,20= 3.582 0.023
COLE F4,20= 0.498 0.737

Fig. 1. Influence of the treatments on Ksat (mm s−1). Treatments are: “CTRL”
for Control, “LT” for Lantana twigs and “ED” for Elephant dung, enclosed in a
net (+) or not (−). Histograms with the same letters are not significantly
different at P≥ 0.05 (LSD test, n= 5).



substrates. However, the production of galleries remained limited be-
cause Lantana camara was not consumed by termites, mainly because of
its repellent properties (Verma et al., 2009; Ding and Hu, 2010; Yuan
and Hu, 2012). Consequently, it can be concluded from this experiment
that elephant dung is a sporadic, unpredictable but effective resource
for termites and might be preferred to Lantana camara, which is an
abundant but unattractive resource, if the aim is to stimulate termite
foraging activity in the field.

4.2. Bioturbation by termites and soil sheeting properties

Termite foraging activity is associated with the production of soil
sheetings. Our study shows that these biogenic structures had similar
properties than the surrounding topsoil, with the exception of their C
content. The similar particle size distribution between sheetings and
their surrounding topsoil can be explained by the relatively homo-
geneous organization of the upper half meter of Vertisols (Sehgal,
2012), with the exception of the soil C content that can reach> 5% in
the first few cm and can drop to a few % in deeper soil layers. For
instance, 20 km way from our study site, Jouquet et al. (2017) found a C
content of 3.5% in the 0–5 cm soil layer of a Vertisol and 1.22% in their
30–70 cm soil layer. In our study, the lower C content in sheeting
suggests that they were not made of soil collected in the topsoil but
rather below 30 cm depth. Although more research is clearly needed to
confirm our results in other soil pedological contexts, we consider that

termite foraging activity is likely to be associated with a modification of
C dynamics in soil, with the translocation of potentially old organic
matter from deep soil layers to the surface. This hypothesis does not
confirm the results of Diouf et al. (2006) and Villenave et al. (2009)
who concluded that sheetings made by fungus-growing termites are
produced by translocating soil from the superficial strata (0–3 cm) to
the surface in African savannas. However, they are in line with the
results of Harit et al. (2017b) who showed that sheetings are enriched
in C when the surrounding topsoil has a low C concentration (< 1%)
while they are impoverished in C when the surrounding topsoil has C
content> 1%. Finally, despite lower C content, soil sheetings were as
stable as topsoil aggregates, thus confirming the limited impact of soil
macrofauna on soil aggregation in vertisol (Oades, 1993; Blanchart
et al., 2004).

4.3. Impact of termites on soil porosity and water dynamic

In structured soils, macropores can act as preferential flow paths
(Beven and Germann, 1982) when they are disconnected from other
pores. In our case, termite preference for elephant dung was associated
with the production of belowground galleries that increased Ksat. This
finding confirms previous studies carried out in West Africa that
showed a positive impact of termite foraging activity on soil water in-
filtration (Mando et al., 1996, 1999; Léonard et al., 2004), although
other studies concluded about a non-significant or negative impact
(Mando et al., 1999; Mettrop et al., 2013). In our experiment, Ksat was
increased by approximately 12-fold in comparison with the control soil
(0.049 vs. 0.004mm s−1). This result is in line with the findings of
Mando and van Rheenen (1998) (10.5-fold) or Kaiser et al. (2017)
(1.5–9.28-fold), although termite foraging activity is usually only in-
creased by only 1.5–3-fold (Elkins et al., 1986; Mando et al., 1996,
1999; Léonard and Rajot, 2001).

In Sahel, Léonard and Rajot (2001) found that galleries made by
Odontotermes sp. are mainly superficial and horizontal within the first
cm of soil. In our study, results from the methylene blue method did not
allow us to show a beneficial impact of termites on the first cm of soil
but rather suggest a presence of galleries beyond 3 cm of depth. Con-
sequently, this suggests that termites preferred building galleries in
deeper soil layers than in Sahelian environment and/or that superficial
galleries are unstable and rapidly degraded while galleries built in
depth are less susceptible to crack formation. Indeed, higher COLE was
measured with the presence of termite activity, whereas clay content
was similar. This indicated that termite burrows were less stable than
other types of pores during soil drying, confirming therefore our

Fig. 2. Relationship between COLE and Ksat (mm
s−1) for the soils impacted (ED− and LT−, in red)
and not impacted by soil macrofauna activity (CTRL,
ED+ and LT+, in white). Linear regressions are
given, n=10 for impacted plots (in filled dots) and
n= 15 for not impacted plots (in white). (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 3. Surface of the soil dyed with methylene blue water (in %) for different
soil depths (0, 0.5, 1, 2, 3, 4 and 5 cm) and for the control soil (in white) and
below ED− (in black), n= 5. “ns” for non significant and * for P < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



hypothesis that few or no burrows can be found close to the surface
because of their low hydrostructural stability.

5. Conclusion

This study confirms the general assumption that soil fauna has a
limited impact on the dynamic of soil structure in soils dominated by
2:1 minerals. Soil sheetings were very similar in their properties to the
surrounding topsoil, with the exception of the C content. However,
their lower C content raised the question of the origin of the soil used by
termites for building their sheetings. More research is also clearly
needed to determine the dynamics of the C contained in soil sheetings,
especially if it comes from a deeper and older SOM pool. Termite
foraging activity is also associated with the production of galleries
which temporarily increase soil water hydraulic conductivity. However,
the results of this study raise the question of the resistance of these
biopores to shrinking-swelling cycles, which are characteristic of soils
dominated by 2:1 minerals. We suggest that the lifetime and durability
of these galleries represent some important topics that require more
research to develop a complete understanding of the influence of ter-
mites on the dynamic of soil structure.
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