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ABSTRACT

Soil amendments containing carbonized materials increase the soil carbon reservoir, influence plant productivity,
and, ultimately, help to clean the environment. There is data on the effect of such additions on soil physicochemical
properties or plant growth, but few studies have focused on how these carbonized materials are distributed by ter-
mite species in the soil ecosystem. It is the first comprehensive study of the transportation of biochar (BC) by termite
species under tropical environmental conditions in Pakistan. The present study was carried out to test the hypothesis
that if termite species I) were involved in the distribution of biochar particles II) if yes, then how far these particles
were transported during the study period (10 days) and IIT) check their preference between the enriched BC (EBC)
and non-enriched BC. BC was enriched with the cattle slurry after its pyrolysis in the study. The results showed that
EBC particles were significantly more widely distributed than non-enriched BC particles, but both types of BC were
transported more than 4 cm (ring 4) within 10 days (at the end of the experiment). The current study also revealed
that EBC was easily attached to the setae, cuticle, and legs of termites, implying that it could potentially be trans-
ported over a greater distance. Furthermore, transportation of EBC over larger distances indicated a potential pre-
ference of termite species between the EBC and BC particles. During the study, however, the preference among the
termite species was also observed. Under the prevailing study conditions, the Coptotermes heimi and Heteroterme
indicola species transported the EBC further than Microtermes obesi and Odontotermes obesus. These findings
revealed that transportation preferences were observed among the four termite species. In conclusion, the current
study found that termites were involved in the distribution of BC particles, with a preference for EBC and that these
have the potential to transport BC particles more than 4 cm within 10 days. Furthermore, two species Coptotermes
heimi and Heteroterme indicola may be more suitable candidates for EBC transpiration in Pakistani soils. It was
necessary to conduct additional research into the effect of temperature on the transportation process.
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1 Introduction

The incorporation of biochar (BC) into agricultural soils resulted in improved soil fertility as well as a
reduction in greenhouse gas emissions [1-5]. Some BC feedstuffs are naturally alkaline, and adding more of
this BC to the soil may raise its pH [6]. Furthermore, BC improves nutrient mobility, particularly in acidic
soils, though it may also improve mineral immobilization in alkaline soils [1]. In recent years, researchers
have focused more on maximizing the benefits of BC and encouraging soil microbial activity [7]. The
activity and population of various microorganisms in the soil ecosystem are affected by BC [8-10].
However, soil microbial activity may be affected by any change in soil pH [11-13]. A significant positive
relationship was found between inoculum population density, BC feed stuff and BC pH [14,15]. Some
studies have found that increasing soil acidity (pH) increases microbial biomass (for example, from pH
3.75 to 7.1). but later reduces it [16]. Furthermore, fungal and some bacterial populations respond
differentially to pH changes in soil. Bacterial population increase as soil pH rises up to 7 [17-19],
whereas, fungal populations show no change in total biomass or a dramatic decrease in fungal growth at
higher pH [20-22].

BC can alter and stimulate the soil biochemical cycle because it can survive in soil for centuries
[20,23,24]. BC has a high concentration of recalcitrant C but a low concentration of leachable C and
other components [6]. BC differs from soil organic carbon (SOC) structurally and chemically because it
contains far more aromatic C with a stable structure than other carbonous materials such as lignin
[25,26]. Soil microbiomes benefit from a high concentration of BC in the form of C, N, K, P and other
elements [14-27]. Furthermore, when compared to other carbon sources, BC is readily and easily
available to soil microbes, allowing them to begin their activities more quickly [28,29]. Soil enzymatic
activities are an important indicator of a healthy soil ecosystem because they respond quickly to changes
in soil properties [30]. As a result, SOC can boost soil enzymatic activities [28]. Enriched BC has a
higher biological activity than BC or fresh BC [31-34]. The significant effect of microbial biomass and
its respiration is directly related to the addition of BC contents and concentration [20-35]. It also
increases nutrients availability and microbial respiration [36]. Several studies discovered that applying
biochar at a rate of 10100 g kg~ soil improved its physicochemical and biological properties [37—41].
Furthermore, co-application of biochar (@ 5 tha™') and synthetic fertilizer can ensure long-term plant
nutrient availability [42]. Previous research has shown that BC amendments can increase agricultural
productivity and microbial biomass in arid and poor agricultural soils [43].

Termites play an important role in the soil food web and fungal association. Termites are well-known
soil engineers because they improve the structure and functions of the soil through their feeding, nesting,
and burrowing habits [44]. They also form the channels in the soil, such as fungal energy channels,
which enhance the interactive role of other soil microbial systems [45]. Furthermore, termites ingest soil
organic matter by producing different enzymes that decompose the soil necromass [46] and distribute it in
different soil layers via feces or excretions [47]. Soil aggregation and porosity were also improved and
the bulk density of the soil was reduced [48]. Termites also provide shelter for soil microbes and promote
the growth of fungal colonies [49]. Although much research has been done on the effects of soil BC on
soil microbial biomass, earthworms, and their interactions, little attention has been paid to the effect of
collembola, termites, and mites on the BC degradation and movement in the soil. According to our best
knowledge this is the first laboratory-scale study of termites and their effects on biochar movement in
Pakistan. Previously, no study had been conducted with a specific focus on Pakistan, neither on a
laboratory scale nor in field trials. This study will lay the groundwork for future studies on the role of
biological individuals in soil BC distribution. Furthermore, no research has been conducted to investigate
the role of mesofauna in the distribution and transportation of BC amendments. Biochar distribution is
most likely caused by i) the attachment on their body, i.e., cuticle and setae, ii) animal movement over
feeding stuff and thus, movement pushing, and iii) feeding and defecation. Additionally, the
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characteristics of the BC feeding stock influence biochar transportation. The current study was conducted
based on the above hypothesis to determine the role of termite species in biochar movement; if yes, then
how far the biochar particles would be distributed and transported over the course of 10 days study.
Furthermore, how do termite species differ between EBC and non-enriched BC? To answer to these
questions, the current study used four termite species with EBC and BC amendments. The primary goal
of this research was to gain a better understanding of the effects of various EBC and BC amendments.
The main objective of this study was to better understand the effects of BC types and their distribution in
the soil by different termite species.

2 Materials and Methods

2.1 Collection of Termite Species

The four most promising termite species were extracted from soil collected at the COMSATS University
Islamabad, Vehari Campus, and characterized under a light microscope based on their unique characteristics.
Coptotermes heimi (Wasmann), Heteroterme indicola (Wasmann), Microtermes obesi (Holmgren) and
Odontotermes obesus (Rambur) were the termite species used in this study. During manuscript, the name
of these species is abbreviated as Copfotermes heimi (C. heimi), Heteroterme indicola (H. indicola),
Microtermes obesi (M. obesi) and Odontotermes obesus (O. obesus). At the time of sample collection, the
body sizes of all species were the same and constant (12 mm). Prior to the start of starvation, all of the
species were placed on plaster of paris and fed with yeast. The termite species were starved 14 days
before the experiment began [45].

2.2 Biochar Production

The poplar (Liriodendron tulipifera L.) wood chips (2-3 cm diameter) were collected from a local
furniture market in Vehari, Punjab-Pakistan and used as feedstock for BC production. Before the
carbonization process, the feedstock was air-dried in natural sunlight. The BC was created through slow
pyrolysis (300°C) of poplar wood chips in an anaerobic environment with electricity as the energy
source. The low temperature was used during the pyrolysis to conserve the volatile compounds, carbon,
and nitrogen contents that would have been lost at high temperatures, and soil microbial activity is
enhanced by increasing the bio-available carbon contents in the biochar [45]. There were no preservatives
(chemicals) used before or after production. During pyrolysis, a small amount of steam was produced and
exhausted externally. After cooling, the BC material was manually crushed with a mortar and pestle and
sieved (100—200 um). The specific particle fraction (100-200 pm) was used in the study because previous
research demonstrated that it was an optimal size for F. candida mediated potential transport [32] and
was also easy to count on photos for quantitative analysis. The BC’s water holding capacity, pH, and
nutrient concentrations were measured and are shown in Table S1.

2.3 Biochar Enrichment

Dairy manure effluent (DME; slurry of cattle) was collected in a plastic drum from a local cattle farm
located 2 km from the campus. The DME is taken to the postgraduate laboratory of the Department of
Environmental Sciences, COMSATS University Islamabad, Vehari Campus. The enrichment began on the
same day. The slurry was centrifuged at 20000 rpm and the supernatant was thoroughly filtered (0.5 um
filter papers). The EBC was made by adding the BC (1% w/w; 1 g 100 g ' cattle slurry) and shaking it
for 24 h. Gao et al. [33] found that a longer shaking time resulted in better enrichment. After shaking, the
material was centrifuged, filtered, and oven-dried until a constant weight was achieved. So, this nutrient-
enriched biochar was termed EBC, while the other biochar was labelled non-enriched biochar (BC). The
BC was kept at room temperature in a glass bottle for later use in the study.



2238 Phyton, 2022, vol.91, no.10

2.4 Experimental Design and Layout

The experimental units were small plastic cups (10 cm diameter), which were then filled with a one cm
layer of plaster of paris that had been wetted until saturated. The treatments consisted of 2 mg of BC or EBC
sprinkled into the center of the cup in a 0.5 cm circle called a “feeding station”. The cups were covered with
transparent lids to prevent any airflow interruption to the BC material inside. Throughout the study, the cups
containing EBC and BC treatments were kept at room temperature (26 =2°C). Each cup held 15 termites
from each species. The experiment was repeated eight times, totaling 40 experimental units. Ring 1,
ring 2, ring 3, and ring 4 are four concentric circles of 1, 2, 3, and 4 cm in diameter that are represented
inside the cup as rings 1, 2, 3 and 4. The particles carried out by the termite species in each ring were
counted. Two controls were also included in the experiment (positive and negative controls). The
experiment was carried out for ten days. Every sample was photographed once a day at a distance of
25 cm. A stereomicroscope (10x magnification) with a cold light source was used for all particle measurements.

2.5 Statistical Analysis

The current study evaluated data using the R software (v.3.3.1), and the “nlme” package for general least
square models (LSM). The function “varldent” was used to examine the heterogeneity of the data. The
package “Ismeans” was used to perform pair-wise comparisons of LSMs of factors. The graphs were
created using Origin Pro v.2018.

3 Results

The findings revealed that particle distribution was significantly affected by all four rings, i.e., BC types
and four termite species (Figs. 1-4).
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Figure 1: The number of particles distributed horizontally C. heimi species in the four rings diameter (ring 1
=1cm, ring 2=2cm, ring 3=3 cm, ring 4=4 cm) around the feeding station after ten days of the
experiment. The shading of bars indicated the different biochar types (BC, non-enrich biochar; EBC,
enriched biochar). The line over each bar indicated the Mean + SE (n=38). The same letters over each bar
do not differ significantly from each other at a 5% probability level according to pairwise comparisons
using least square means. The control value is zero, so it was not shown in the graph

All four species are common in Punjab-Pakistan soil, and thus play an important role in the soil biological
system. C. heimi was the most active of the four species and had a dominant role in the distribution of BC
particles in the current study. The data in Fig. 1 showed that the C. heimi termite species transported more
EBC particles (402) than BC particles (205) in ring 1 compared to the other three rings. However,
ring 4 contained more EBC particles than ring 3 (Fig. 1; Tables S1, S3 and S4; Fig. S1). The BC



Phyton, 2022, vol.91, no.10 2239

distribution pattern for H. indicola species was almost identical, with maximum EBC particles (372) over BC
particles (191) (Fig. 2), but it differed significantly from the C. heimi species. The data also showed that these
two species distributed the vast majority of the particles (C. heimi and H. indicola).
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Figure 2: The number of particles distributed horizontally by H. indicola species in the four rings diameter
(ring 1 =1 cm, ring 2=2 cm, ring 3 =3 cm, ring 4 =4 cm) around the feeding station after ten days of the
experiment. The shading of bars indicated the different biochar types (BC, non-enrich biochar; EBC,
enriched biochar). The line over each bar indicated the Mean = SE (n=8). The same letters over each bar
do not significantly differ from each other at a 5% probability level according to pairwise comparisons
using least square means. The control value is zero, so it was not shown in the graph
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Figure 3: The number of particles distributed horizontally by M. obesi species in the four rings diameter
(ring 1 =1 cm, ring 2=2 cm, ring 3 =3 cm, ring 4 =4 cm) around the feeding station after ten days of the
experiment. The shading of bars indicated the different biochar types (BC, non-enrich biochar; EBC,
enriched biochar). The line over each bar indicated the Mean &= SE (n=8). The same letters over each bar
do not significantly differ from each other at a 5% probability level according to pairwise comparisons
using least square means. The control value is zero, so it was not shown in the graph

In terms of particles distribution, M. obesi and O. obesus had the highest EBC particle counts (292 vs.
212; 251 vs. 166) than BC particles, respectively.
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Figure 4: The number of particles distributed horizontally by O. obesus species in the four rings diameter
(ring 1 =1 cm, ring 2=2 cm, ring 3 =3 cm, ring 4 =4 cm) around the feeding station after ten days of the
experiment. The shading of bars indicated the different biochar types (BC, non-enrich biochar; EBC,
enriched biochar). The line over each bar indicated the Mean + SE (n=38). The same letters over each bar
do not significantly differ from each other at a 5% probability level according to pairwise comparisons
using least square means. The control treatment value is zero, so did not show in the figure graph

In general, BC particles enriched with cattle slurry were more widely distributed than biochar particles
without enrichment (Figs. 1-4; Fig. S2). In terms of particle distribution among the rings, ring 1 had the most
particle distribution, followed by ring 2, ring 3, and ring 4 (Figs. 1-4; Fig. S1; Table S1, S3, and S4).

Even after the termites had left the biochar piles, EBC particles attracted more termite species than
biochar without enrichment. There are also block spots in the intestines and on body parts that the termite
species has browsed and consumed. As a result, the plastic cups containing these particles were defecated
elsewhere in the plastic glasses. Furthermore, a higher proportion of EBC particles than BC particles
were found to be grazed.

The principal component analysis (PCA) of the various rings revealed that rings 1, ring 2, and ring 3 are
all in the same box, indicating that they are correlated, whereas ring 4 is in the opposite box, indicating that it
is not correlated with the other three rings (Fig. 5; Fig. S1). All of the data related to the rings falls into the
F1 over to the F2, F3, and F4 (Table S1), while the variability and cumulative data were both 87% in each
(Table S2). The squared cosines of the variables were found in ring 1 (88.6%), ring 2 (93.4%), ring 3 (94.4),
and ring 4 (75.1%) (Table S4). When each variable (rings) to the factor with the greatest squared cosine, the
values in F1 are equal.

4 Discussion

The distribution of objects within the soil was determined by its biological ecosystems, which included
earthworms, mites and springtails. Previous research has shown that soil mesofauna play a role in the
distribution of small particles such as BC microparticles, hydrochar, fungal spores, and microplastics [50].
Despite this, it has been discovered that the springtail distributed the BC within the soil [50]. Using four
termite species, Coptotermes heimi (Wasmann), Heteroterme indicola (Wasmann), Microtermes obesi
(Holmgren), and Odontotermes obesus (Rambur) abbreviated as C. heimi, H. indicola, M. obesi and O.
obesus, respectively, we studied their ability to transfer different types of BC at different feeding stations.
It was also investigated whether various termite species reacted differently to different BC types in terms
of distribution. It was discovered that all four species distributed both types of BC greater than 4 cm
(ring 4) at the various feeding stations during the specific period (ten days). However, at the end of the
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experiment, there was a clear difference between all four species based on how far and how frequently
biochar distribution was done. EBC was more widely available than BC.
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Figure 5: Principle component analysis of the different termite species and rings

Termite species (C. heimi and H. indicola, M. obesi) moved the BC particles by attaching to their setae or
body and thus transported them relatively farther, but the distribution was only limited to smaller particles
size. Furthermore, the termite species (C. heimi and H. indicola) produced micro-particles more
efficiently than the other two species by grazing larger chunks of biochar and converting them into
micro-particles (M. obesi and O. obesus). Maal} et al. [50] and Salem et al. [51] reported similar results
regarding the ingesting of larger particles into micro-particles. More feeding, on the other hand, is likely
to have, resulted in more defecation into the feeding station. Surprisingly, ingestion or defecation would
be important only for smaller particles (diameter < 100 um) or those transformed into micro-particles by
grazing activities. The abundance of mesofauna in the soil micro-climate suggested that distribution could
be significant and should be investigated further.

When the distribution frequencies of both BC types in the four species were examined, EBC was found
to be preferable to BC (Figs. 1-4). This could be due to a fungal hyphae grazer with a strong preference for
the specific species [52]. The current study results are most likely to change the abiotic features [53] of the
soil microclimate imposed by the BC types, which ultimately, supported some specific type of microbial
colonies on their surface [54,55]. Furthermore, the species (C. heimi and H. indicola) responded to the
soil micro-climate better than the others (M. obesi and O. obesus). The possibility is that the former two
species grazed more than the latter, resulting in a more dispersed distribution of BC particles. More
research is needed to fully understand the potential ecotoxicology of the micro-climate on the mesofauna.

Previously, the EBC was shown to increase microbial diversity [55], but bacteria and fungi may react
differently to changing soil microclimates, such as pH [56,57]. Besides that, the surface/shape
characteristics (how quickly and easily particles were carried out by termite species), the micro-
arthropods like EBC as a source of food [54], which could be due to its greater nutritional benefits than
the EBC used in the experiment. Furthermore, the presence of bacteria in the termite gut may actively
work on EBC and decompose easily through grazing activities, resulting in greater distribution elsewhere
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in the feeding station than other types of BC. These gut bacteria may be unable to survive outside the gut/
abdomen on the feces [58] of micro-arthropods, altering the microbial biomass slightly [59].

The current study found that all termite species were involved in the horizontal distribution of both types
of BC. Although, the frequencies of BC distributions were different in all four termite species, this could be
due to species reactions to soil abiotic characteristics and BC shape. This type of distribution is critical in the
soil ecosystem for transporting particles from one location (from where they applied) to another. As a result,
horizontal and slightly vertical transport tends to explain the interaction of soil biota with BC on a local scale
[60]. Furthermore, the interaction with soil minerals is thought to have facilitated the transport of BC
particles to deeper and deeper soil layers, increasing soil productivity [61].

5 Conclusions

The results of the present study indicated that the termite species are involved in the horizontal
distribution of BC in a variety of ways. However, mineral distribution and transportation were found in
EBC particles as they travelled from EBC to BC. Moreover, the Coptotermes heimi and Heteroterme
indicola species move more BC particles than Microtermes obesi and Odontotermes obesus species,
which are closely related. Additionally, this study found the potential termite species for the
transportation of BC in the soil ecosystem. Our findings suggested that the soil mesofauna could serve as
a vector for the distribution of BC particles and that the mesofauna had a distinct preference for certain
BC types, which should be investigated in greater depth in future experiments. It also should focus on the
effect of the different particle sizes and soil temperatures in order to have a better understanding of the
interaction with other soil organisms as well as the potential for ecotoxicity over time.
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Table S1: Correlation among the rings and factors

Correlations between variables and factors

F1 F2 F3 F4
Ring 1 0.9411 —0.2920 —0.0205 —0.1694
Ring 2 0.9664 —0.1153 0.2047 0.1044
Ring 3 0.9717 —0.0434 —0.1998 0.1185
Ring 4 0.8666 0.4944 0.0181 —0.0653

Table S2: Eigenvalues

Eigenvalues
F1 F2 F3 F4
Eigenvalue 3.5147 0.3449 0.0825 0.0579
Variability (%) 87.8665 8.6225 2.0635 1.4476
Cumulative (%) 87.8665 96.4890 98.5524 100.0000
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Figure S1: Eigenvalues and Cumulative variability among the factors
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Figure S2: Principal component analysis among different rings; A plot of percentage abundance

Table S3: Contribution of the variables (%)

Contribution of the variables (%)

F1 F2 F3 F4
Ring 1 25.1976 24.7222 0.5102 49.5700
Ring 2 26.5721 3.8556 50.7433 18.8291
Ring 3 26.8638 0.5472 48.3514 24.2376
Ring 4 21.3666 70.8750 0.3952 7.3633
Table S4: Squared cosines of the variables
Squared cosines of the variables
F1 F2 F3 F4
Ring 1 0.8856 0.0853 0.0004 0.0287
Ring 2 0.9339 0.0133 0.0419 0.0109
Ring 3 0.9442 0.0019 0.0399 0.0140
Ring 4 0.7510 0.2444 0.0003 0.0043
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Figure S4: Termites covered with biochar micro-particles on the body parts and inside the gut
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