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Résumé

La biodiversité des sols joue un réle clé dans la régulation des fonctions écologiques du sol et dans
la fourniture de biens et services écosystémiques essentiels aux sociétés humaines. Parmi les
organismes du sol, les termites jouent un réle de premier plan dans les sols tropicaux, en tant
qu'éléments des réseaux trophiques et en tant qu'ingénieur de I'écosysteme avec des effets sur la
dynamique des sols et la biodiversité a différentes échelles spatiales et temporelles. Bien que les
termitieres caractérisent les paysages des rizieres dans le bassin inférieur du Mékong, leur
abondance, leurs propriétés et leurs utilisations par les agriculteurs restent inconnues. L'objectif de
cette étude était donc d'analyser les interactions entre les termitiéres et les agriculteurs dans les
zones cultivées de cette région. A partir d'entretiens réalisés dans 13 villages au sein du bassin
versant de Chrey Bak au Cambodge, nous avons montré que les termitiéres fournissent un grand
nombre de services aux populations locales, faisant partie des pratiques culturales et contribuant a
la diversité alimentaire et a la santé (par exemple, I'utilisation du sol des buttes termitiques comme
amendement, l'acces aux plantes médicinales, et une moindre utilisation d'engrais chimiques et de
pesticides). Nous avons ensuite évalué I'abondance et les propriétés de deux types de termitieres
(les monticules ou "buttes termitiques™ et les "nids") dans les rizieres du bassin versant de Chrey
Bak. Nous avons montré que la densité des buttes termitiques atteint ~ 2 termitiéres ha, et que ces
constructions sont susceptibles de trouver leur origine dans l'activité de construction de
Macrotermes gilvus. Nous avons mis en évidence que les buttes et les nids peuvent étre considérés
comme des Tlots (ou ‘hotspots’) de fertilité dans les paysages avec des teneurs plus élevées en
carbone et en nutriments, et des propriétés physiques du sol améliorées (e.g., teneur en argile plus
élevée, ainsi qu’une meilleure capacité de rétention d'eau et une plus grande conductivité
hydraulique en milieu saturé). Cependant, I’utilisation de photos aériennes acquises en 1953 par
I’Institut Géographique National (IGN) questionne quant au temps probablement trés long qui
serait nécessaire pour obtenir des buttes termitiques, soulignant ainsi la possible fragilité de ces
milieux au regard de leur exploitation par les agriculteurs. En conclusion, cette recherche
interdisciplinaire a mis en évidence l'urgence d'une meilleure compréhension des impacts
environnementaux et sociaux sur la biodiversité, et notamment sur l'activité des termites, et des

facteurs déterminants leur préservation par les agriculteurs.



Summary

Soil biodiversity plays a key role in regulating key ecological functions and in providing essential
ecosystem goods and services to human societies. Among soil organisms, termites play a
prominent role in tropical soils, as elements of the food web and as ecosystem engineers with
effects on soil dynamics and biodiversity at different spatial and temporal scales. Although termite
mounds are conspicuous features of the landscapes in the lower Mekong basin, their abundance,
properties and utilization by farmers remain unknown. Thus, the aim of this study was to analyze
the interactions between termite constructions and farmers in cultivated areas in this region. Using
interviews realized in 13 villages in Chrey Bak catchment in Cambodia, we showed that termite
mounds provide a large number of services to local people, being part of the cultivation practices
and contributing to food diversity and health (e.g., utilization of mound soil as amendment, access
to medical plants, and lower use of chemical fertilizers and pesticides). We assessed the abundance
and properties of two termite constructions (lenticular mounds and mound nests) in paddy fields
in Chrey Bak. We showed that termite lenticular mound density reaches ~ 2 mounds ha, and that
these constructions are likely to find their origin in the building activity of Macrotermes gilvus.
We evidenced that termite lenticular mounds and nests can be seen as fertility and biogeochemical
islands or hotspots in the landscapes with higher carbon and nutrients contents, and improved soil
physical properties (higher clay content, improved water holding capacity and saturated hydraulic
conductivity). However, the utilization of historical aerial photographs taken in 1953 by the French
Institute Geographique National (IGN) questions the time needed for the edification of termite
mounds, thus raising the fragility of termite mounds regarding their exploitation by farmers. To
conclude, this interdisciplinary research evidenced the urgent need for a better understanding of
the environmental and social impacts on biodiversity, and especially on termite activity, and on the
driving factors controlling their preservation by farmers.
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Chapter 1. Introduction

Cambodia is one of the most vulnerable countries to climate change, especially because it is
severely impacted by periods of drought that are expected to become more severe in the future
(Nguyen and Shaw, 2011; Trisurat et al., 2018; Oeurng et al., 2019). Such periods of water
shortage, as observed in 2019 with the prolonged and intense drought coupled with a coronavirus
pandemic, have negative impacts on agriculture and ultimately on food security. For instance,
while rice remains the principal crop in Cambodia, with 84% of the cultivated surface in rainfed
areas (data from 1999, Sarom et al., 2001), rice production is almost every year negatively
impacted by periods of drought in Cambodia, but also more generally in the Lower Mekong basin
(LMB) (Trisurat et al., 2018), which can lead to up to 46% yield loss (Ouk et al., 2006). In addition,
soil fertility management and the matching of nutrient supply to crop demand are very difficult in
this region, because 35 to 42% of the paddy fields are cultivated in sandy soils ( Sarom et al., 2001;
White et al., 2006; Seng et al., 2007; Nguyen and Shaw, 2011; Thilakarathne and Sridhar, 2017,
Trisurat et al., 2018), which are characterized by low soil organic matter and mineral nutrient
contents (White et al., 1997; Seng et al., 2007), low cationic exchange and water holding capacities
and high risk of leaching. Those two intertwined climatic and edaphic constraints constitute a major
threat for food security and the livelihood of local population in the LMB (Jalota et al., 2012), and
more specifically in Cambodia.

The LMB countries are also facing many changes in response to demographic and
economic demands in the region. Agriculture tends to be more intensive with the use of agricultural
machinery and the use of pesticides and chemical fertilizers (Bai et al., 2008; Ros et al., 2011;
Panuwet et al., 2012; Pin and Mihara, 2013; Soni, 2016). Forest clearance for the expansion of

agricultural land has been exacerbated and, together with the intensification of the agricultural



practices, has been leading to land degradation (Hok et al., 2018). Between 1981 to 2003, 40 to
60% of the territory was estimated to be degraded due to the intensification of agricultural
practices, depending on the countries, and soil degradation impacted between 25 to 57% of the
population living in degraded areas in the region (Bai et al., 2008). As a consequence, soils have
become more susceptible to erosion, soil organic carbon depletion, and nutrient imbalance
(Montanarella et al., 2016). Soil compaction is also considered a serious form of soil degradation,
mainly resulting from the use of modern and heavy machinery (Gursoy, 2021) such as tractors for
land preparation and transporting crop production, and overuse or incorrect use of chemical
fertilizers (Ros et al., 2011; Chhun et al., 2015).

Our perception of agro-ecosystems has deeply changed over the last decades. While the
conventional approach relies on provisioning services only (i.e., the production of food or
biomass), the development of agro-ecology has complicated our perception of the importance of
agro-ecosystems. Agro-ecosystems are now considered in a more holistic way in taking into
account the large diversity of other provisioning, regulating, cultural and supporting services that
can be provided to human societies (Costanza et al., 1997; Kibblewhite et al., 2008). In this context,
ecological concepts and more specifically our perception of the role played by nature have become
crucial (Altieri, 1999; Pauli et al., 2016). Together with this recognition of the services provided
by biodiversity, the need to improve soil health and C sequestration (Hok et al., 2018) and the
importance of local knowledge and traditional cultural practices have also been recognized
important levers to highlight sustainable cultivation practices for the production of food, the
preservation of biodiversity and environmental quality, and the livelihood of the local population
(Jax et al., 2013; Cheik and Jouquet, 2020).

Paddy fields are very heterogeneous ecosystems in LMB. In addition to small dykes
delimiting cultivated plots, large lenticular soil mounds are commonly observed in paddy fields

(Figure 1). These mounds are usually covered by large trees and shrubs and host an abundant soil



biodiversity (Choosai et al., 2009). Although their origin is unknown, local people consider that
they result from the bioturbation activity of termites. Indeed, termites, as soil engineers, play a
major role in the dynamics of tropical soils (Berke, 2010; Jouquet et al., 2014, 2018). Termites
have profound effects on soil structure, aggregate formation, and soil organic matter dynamics at
different spatial and temporal scales (Lavelle et al., 1992; Bottinelli et al., 2015; Jouquet et al.,
2016). At the largest scale, they can build very old and large nest structures (see for instance the
mounds built by Syntermes dirus in Brazil that can reach 9 m in diameter and 2 to 4 m in height
(average volume ~24 m®) with a density of 35 mound ha; Funch, 2015). Therefore, regarding
their large impact on soil dynamics, termite activity is considered to be important for the restoration
of degraded soils and for maintaining the fertility of soil in agro-ecosystem (Tilahun et al., 2012;
Jouquet et al., 2014; Amadou Issoufou et al., 2020; Apori et al., 2020a;). Indeed, several studies,
mostly carried out in Africa, showed that lenticular mounds (LMs) can be considered patches of
biodiversity and fertility, and that they can be used to reduce food insecurity and to provide a better
access to health (Suzuki et al., 2007; Sileshi et al., 2009; Miyagawa et al., 2011; Chisanga et al.,
2017; Farr, 2021). Traditional practices involving termite constructions have also been observed
in the LMB, and especially in Laos where LM soils (mostly Macrotermes spp and Odontotermes
spp) are used as amendments in paddy fields and vegetable gardens for increasing soil fertility and
plant productivity (Miyagawa et al., 2011; Farr, 2021). In Thailand, farmers also traditionally
recognized the value of clay material found in LMs for restoring the nutrient balance and the water
holding capacity of soils, and therefore the productivity of degraded soils (Noble et al., 2004).
While LMs are conspicuous features of the landscapes in Cambodia, their abundance,
properties and utilization by farmers remain unknown. Thus, the aims of this study were twofold:
(1) To quantify the services that LMs provide to the population. Do farmers consider that

LMs provide ecosystem services? What types?



(2) To determine their abundance, soil physical and chemical properties, and dynamics.
Are LMs patches or islands of fertility in paddy fields? Is their utilization by farmers

sustainable?

Our main hypotheses were that LMs are enriched in clay, organic matter and nutrients in
comparison with the surrounding paddy fields, with positive effects on soil physical and chemical
fertility. However, since termite’s impact on soil vary with the properties of the parent soil (e.g.,
Jouquet et al., 2022), we hypothesized that the impact of termites on soil fertility was more
important in very poor soils (i.e., very sandy soils) than in more fertile soils (i.e., less sandy soils),
and therefore that farmers preferred to keep LMs in very poor soils, thus reflecting a larger
abundance of LMs in very sandy soils. We also expected that LMs offered more ecosystem services

than only those associated with soil fertility, as observed in Laos (Miyagawa et al., 2011).



Figure 1. Termite construction in paddy fields in the Chrey Bak catchment, Cambodia: (a) Termite
lenticular mounds (LMs) covered by vegetation, (b) Termite mound nests (TNs) built by
Macrotermes gilvus on the top of a LM, and (c) soil from LM used by farmers to increase the
fertility of soil (photos: R. Muon, 2021)



Chapter 2 . State of the art

2.1 The culture of rice in Cambodia

In Cambodia, agriculture is dominated by the cultivation of rice, mostly during the rainy season
although its cultivation during the dry season tends to increase (Ros et al., 2011). Roughly, two
types of rice varieties can be found: ‘heavy rice’, which takes almost 6 months to mature and is
mostly planted during the rainy season, and ‘light rice’, which requires about 3 months of culture
and is cultivated both during the rainy and the dry seasons. Four categories of agro-systems can be
found for the rice production: irrigated, floating or deep in water during the dry season, and rainfed
systems (Sarom et al., 2001). The irrigated system is based on traditional gravity-fed irrigation
using open channels, tidal irrigation, and weirs to divert (river, Stung) water into streams or main
canals. Paddy field can also be supplied via pumps, that are used to mechanically get water from
streams or canals (Cramb, 2020). The use of irrigation systems has been increasing in recent years.
These systems can be used to supplement rainfall water during the wet season, and for the
cultivation of rice during the dry season. Because the soil is soft due to its high-water content, the
land preparation remains often easy and usually starts from February to May (Cramb, 2020).
Traditional ploughing and harrowing with animals are still popular until today but the utilization
of hand-held walking tractors is also increasing almost everywhere in the country. Floating or deep-
water rice systems have been practiced traditionally in areas that are deeply flooded during the wet
season, such as around the Tonle Sap Lake (or Great Lake)(Pittock and Nguyen, 2016). These
systems use medium to tall rice varieties that can reach up to 2 to 3 m in height for deep-water rice,

and up to 5 to 6 m for floating rice.



Farmers prepare their fields by burning rice straw and ploughing using animals (cows or
buffaloes). The soil is then harrowed twice, before and after sowing rice seeds. The first harrowing
is done for leveling the soil and for having a good drainage. The second harrowing is done to
protect the rice seeds from the birds, mice, and to maintain good soil moisture (Pittock and Nguyen,
2016). The cultivation of rice during the dry season is practiced in areas that are continuously
flooded in the wet season (such as around the Tonle Sap River and the Great Lake, and in the
Mekong and Bassac branches of the upper Delta). During the dry season, water is trapped by
embankments, ponds, and dams that are used to irrigate dry season crops using canals and pumps.
Farmers often apply farmyard manure to their field in April and May. At the beginning of the rainy
season, farmers start to prepare the soil by ploughing twice and then harrowing once or twice to
break up and to level the soil before sowing rice seeds in nurseries. The soil is ploughed once or
twice depending on soil properties: after the first rain when the soil is soft and easy to work with,
and one day before or on the day of transplanting. In sandy soils, soils are ploughed only once.

The International Rice Research Institute (IRRI) differentiated 11 types of soil for the
cultivation of rice: Prey Khmer, Prateah Lang, Labansiek, Orung, Krakor, Bakan, Kbal Po, Kein
Svay, Toul Samroung, Koktrap, and Kampong Siem (White et al., 1997) (Figure 2). Prey Khmer
(deep sandy profile) and Prateah Lang (sand over clay) are the two most dominant soil types (42%
of the surface). These soils are very sandy, extending deeper than 50 cm for Prey Khmer and being
less than 40 cm for Prateah Lang. Prey Khmer soil accounts for 10-12% of the paddy fields, and
they can be found in most provinces but more significantly in Pursat, Kampong Chhnang,
Kampong Speu, and Siem Reap. The main cultural constraint of this soil type is its low water
retention, as well as limited availability of nutrients to crops (Bell and Seng, 2003).

Since the 1990s, the utilization of fertilizers has gradually increased to compensate the low
fertility of these soils. The use of agricultural machinery and pesticides has also become

widespread with the modernization of agriculture and in response to the reduction in labor needs.



However, poor farmers continue to use traditional practices (e.g., ploughing with cows, buffalos,
transporting with ox carts, and manual harvesting) because they cannot afford to buy or rent
agricultural machinery. Before the early 1990s, rice farming was only based on traditional practices
aiming to maintain soil quality without chemical fertilizers, pesticides and herbicides (Ros et al.,
2011). Popular practices consisted in the amendment of raw materials available in the immediate
environment to improve soil fertility, such as cow manure and dungs, that were spread out before
soil preparation and rice sowing. An original practice also consisted in the amendment of soil from

large lenticular mounds covered by trees, commonly named “termite mounds”.
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Figure 2. Soil maps of the main rice growing area in the lowland of Chrey Bak catchment classified
by the International Rice Research Institute (IRRI). The lowland of the Chrey Bak, mainly locates
along the road number 53 and 153A (inside orange rectangle), which is categorized by six soil
types: Prey Khmer (PK), Prateah Lang (PL), Bakan (BK), Orung (OR), Kbal Po (KP), and Krakor
(KR).



2.2 Soil biodiversity in agro-ecosystems

Soil health (sensu Kibblewnhite et al., 2008) and biodiversity are strongly linked. Indeed, the soil
system is the home of an extraordinary diversity of soil organisms, that are performing important
ecological functions, such as those associated with the cycling of nutrients and the dynamics of
water (Lavelle, 1997). For instance, it has been estimated that 1 g of soil contains up to 1 billion
bacteria cells consisting of tens of thousands of taxa, up to 200 m fungal hyphae, and a wide range
of mites, nematodes, earthworms, and arthropods (Wagg et al., 2014). Soil organisms contribute
to the degradation of litter, the stabilization and destabilization of soil organic matter (SOM), the
cycling of elements such as carbon, nitrogen and phosphorus (Fitter et al., 2005), by simultaneously
regulating physical, chemical, and microbiological properties in soil (Lavelle, 1997; Wolters, 1998;
Bottinelli et al., 2015). Due to their importance, it is commonly considered that ecosystem
functions and sustainability are strongly influenced by changes in soil communities and the loss in
soil biodiversity (Wagg et al., 2014).

In soil, microbes (i.e., bacteria, fungi, protozoa, algae and virus) form a vital component of
agro-ecosystems. They drive a large list of ecological functions (Collins and Qualset, 1998), that
contribute positively to the soil health status via their effects on soil formation and aggregation
(Aislabie and Deslippe, 2018), nutrient cycling and soil fertility, and finally plant growth and yield
(Kumar et al., 2010; Ahmad et al., 2012, 2013; Ashwani Kumar et al., 2013; Prashar and Shah,
2016; Hashem et al., 2017). The impact of microbes on the growth and productivity of plants
includes the degradation and mineralization of organic matter, and therefore the release of nutrients
to plants, as well as the protection of plants from harmful abiotic and biotic stresses (Neher and
Barbercheck, 1998; Kohl et al., 2014; Kumar et al., 2015). Soil biodiversity also includes larger
organisms that are usually differentiated according to their sizes into microfauna, mesofauna,

macrofauna, and megafauna (> 20 mm length) (Lavelle, 1997; Neher and Barbercheck, 1998; Sofo



et al.,, 2020). Microfauna includes organisms (e.g., protists, small nematodes, rotifers, and
tardigrades) that have a body width lower than 0.1 mm. Mesofauna includes organisms with a body
size between 0.2 to 2 mm (e.g., nematodes, enchytraeids, mites, and collembolan). Their role
mostly consists in the comminution of the litter, the regulation of the soil food-web, and the
stimulation of plant-microbial interactions (e.g., Bonkowski, 2004). The macrofauna consists in
soil invertebrates larger than 2 mm in size (e.g., ants, earthworms, termites, spiders and some insect
larvae). In addition to be part of the soil food-web, some species from the soil macrofauna group
can also reshape the soil structure (Neher and Barbercheck, 1998). These species are called
ecosystem engineers (sensu Jones et al., 1994, 1997) because they maintain and modify the habitats
of many ‘subordinate’ organisms, therefore influencing nutrient and energy flows (Lavelle et al.,
1994; Jouquet et al., 2006). If soil bioturbation is mostly performed by earthworms in temperate
soils, this role is mostly devoted to both termites and earthworms in tropical soils. Finally, the
megafauna consists of organisms larger than 20 mm in length (Neher and Barbercheck, 1998). This
category includes mammals that can locally have an important role on soil dynamics, although

their impact as pests is often considered to be more important (e.g., rats).

2.3 The importance of termites in paddy fields

Termites, are among the most important decomposers in most tropical ecosystems and they have
been named “neglected soil engineers” in tropical soils, because of their large impact on soil
dynamics and the low number of studies that have focused on their ecological impacts in
comparison with earthworms (Jouquet et al., 2016a). Termites ingest large amounts of soil and/or
litter and they are therefore a major regulator of SOM dynamics in tropical ecosystems (Holt and
Lepage, 2000; Jouquet et al., 2011). Reviews on the impact of termites on soil functioning showed

that termites can impact the soil system at different spatial and temporal scales, from clay minerals
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to the landscapes (Jouquet et al., 2016a). At these different scales, termites influence key ecological
functions associated with the regulation of SOM dynamics and soil fertility, and water dynamics
(Jouquet et al., 2018). Termites play a prominent role in maintaining biodiversity through the
creation of biostructures with different soil physical and chemical properties (Holt and Lepage,
2000; Choosai et al., 2009; Jouquet et al., 2011; Bottinelli et al., 2015). They generally select small
size particles (i.e., clay) from within the soil profile and bring them to the soil surface for building
their constructions (i.e., nests and sheeting) (Holt & Lepage, 2000). They dig extensive networks
of galleries, which consist in tunnels ranging from 1 to 20 mm and reaching up to 7.5 km ha’
(Lavelle et al., 1992). They also build complex nests that might be very compact (e.g., nests of
Macrotermitinae sp.) made of mineral, saliva and fecal materials (Holt and Lepage, 2000). At the
death of a colony, if not colonized by other inquiline species, nests are usually eroded by the rain
or mammals. However, the incomplete degradation of nests can be used for the settlement of other
termite colonies and the activity of other soil invertebrates, including earthworms, then giving birth
to termite lenticular mounds (e.g., Josens et al., 2016; Harit and Jouquet, 2021). These mounds can
then be the refuge of many animals (Choosai et al., 2009) and host many plants that could find
appropriate environmental conditions (e.g., Traoré et al., 2008a). In Africa, these mounds are
considered as patches or islands of nutrients (McCarthy et al., 1998; Sileshi et al., 2010; Jouquet
et al., 2011, 2016, 2017; Chen et al., 2021) with positive impacts on plant growth and resistance
against environmental hazards such as drought (Bonachela et al., 2015; Padonou et al., 2020).
Termite mounds are also observed in paddy fields in the LMB (Choosai, 2010; Miyagawa et al.,
2011). Although their origin is unknown, it is commonly considered that they come from the
degradation and colonization of abandoned termite nests (Josens et al., 2016; Harit and Jouquet,
2021). The research carried out in other environments suggest that they could be very old since
termite mounds have been estimated to reach up to 2,000 years in Africa (Moore and Picker, 1991,

Erens et al., 2015) and more than 4,000 years old in Brazil (Martin et al., 2018). Because paddy
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fields are temporarily flooded, the presence of soil fauna is limited to this environment, with the
exception of earthworms that can remain active in flooded areas (Choosai, 2010). Therefore,
termite mounds can constitute a refuge for soil fauna during the rainy season (Choosai et al., 2009).

Termites and termite mounds can provide numerous ecosystem services in Africa
(Enagbonma and Babalola, 2019; Tilahun et al., 2012, 2021) and in Asia (Miyagawa et al., 2011).
For instance, some people use plants growing on termite mounds for traditional medicinal purposes
(Sileshi et al., 2009; Dossou-Yovo et al., 2014), while others consume mushrooms, edible plants
and insects (including termites) available in and on termite mounds (Sileshi et al., 2009; Miyagawa
et al., 2011). In Benin, people perceive the termite mound soil as a fertilizer material. This
utilization of termite mound soil has also been reported in Laos (Miyagawa et al., 2011). In
Cambodia, the understanding of the ecological roles played by termite mounds and their ecosystem
services are still largely ignored despite the fact that they are abundant in paddy fields and although
some farmers practically use termite construction materials as soil amendment for increasing soil

fertility.
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Chapter 3 . Materials and Methods

3.1 Study site

The study was carried out in the Chrey Bak catchment, Cambodia, a long-term observatory and
research infrastructure of the Institute of Technology of Cambodia. This catchment is located in
the watershed of Tonle Sap Lake and in northwest of Phnom Penh, capital of Cambodia (Figure
3). Chrey Bak is covered by two districts, namely Tuek Phos and Rolea Biér, for a total of ~800
km?2. 34% of the catchment is covered by forests, and the remaining is used for agriculture (32%)
or consists in shrublands (27.4%) and grasslands (5.4%) (JICA, 2003). The catchment is influenced
by the tropical monsoon and it has two distinct seasons: the dry season from November to April
and the rainy season from May to October, with annual rainfall varying between 1400 and 2000
mm (MOWRAM, 2014). The slope of the catchment is variable and high (~37% on average) in
the mountainous area in the southwest region, while it is very gentle (slope < 12%) or almost flat
in the cultivated area (Mekong River Commission, 2003), which is dominated by rain-fed paddy
fields (Figure 4a, b).

Small paddy field plots are separated by small dykes (Figure 4c,d). In this environment,
soil bioturbation is mainly carried out by termites, especially Macrotermes gilvus (Bathellier,
1927) which builds termite mound nests (TN) usually found on large lenticular mounds (LMs, ~6
m3and 16.88 m? on average). The origin of LMs is attributed to the bioturbation activity of termites
by local villagers, especially M. gilvus, but LMs represent complex soil structures hosting many
plants and other animals, such as other termite species (e.g., Odontotermes spp.), as seen in

Thailand by Choosai et al. (2009) (Figure 1).
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Agricultural machinery for rice harvesting contributes to the compaction of soil, as
observed in the lower part of the catchment (Muon R., pers. obs., 2020) (Figure 5a). Soil
decompaction mostly occurs via the ploughing of soil and bioturbation by soil fauna. Indeed,
earthworm casts and soil aggregates excavated by ants can be seen on the ground, while buffalo
dung can rapidly be consumed by dung beetles which produce tunnels in soil (Figure 5b, c, d, e).
Previous studies carried out by JICA (2003) described two main soil types in Chrey Bak: Arenosol
(38%) and Acrisol (28.1%), although other soil types, such as Leptosols and Fulvisols can also be

found (Figure 6).
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Figure 3. Location of Chrey Bak catchment in Cambodia

14



Landscape images
a.

b
C.
d

Chrey Bak catchment, NW upstream

. Chrey Bak catchment, NE downstream
Rice field after harvesting

Rice field in Chrey Bak catchment. Little
dykes (indicated by red arrows) separate
small paddy field plots (Google Earth,
2021)

Rice fields and dykes separation

Figure 4. Landscape images in the Chrey Bak catchment, Nov 2020.
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b. Soil excavated by ants

Earthworm casts

d. Cow dung and on the right soil
excavated by termites
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Figure 5. Soil surface features in the Chrey Bak catchment, Nov 2020
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3.2 Farmers’ perception and utilization of termite mounds

A survey was carried out during the dry season in 2021 by randomly selecting a subset of 13
villages in the studied catchment, with a total of 61 respondents. Interviewed villages are shown in
Figure 6. Village chiefs and villagers owning land with LMs were randomly selected for the
interview. The questionnaire was designed with three main sections focusing on health, agronomy,
and economics (see Table 1 for the list of questions). For each section, villagers were asked to
explain if and how LMs are used and to list all the services they provide, such as their impact on
soil fertility and the presence of plants used for their medicinal properties. Mean values and
standard errors were calculated from the proportions of positive answers for each village (n = 13).
Names of animals and plants that were used as medicine and food were obtained during the
interview. Their occurrence was considered as a percentage of the total number of interviewees (n
= 61). Khmer names were converted to English and/or Latin names using the list of Cambodia’s
Medicinal Plants (National Centre for Traditional Medicine, NCTM, 20133, b). Differences in
means density between LM and TN were assessed using one-way ANOVA and least significant
difference (LSD) tests, after first verifying that residuals were normally distributed using Shapiro-

Wilk test.
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Figure 6. The location of 13 villages where the interviews were carried out in 2021
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Table 1. List of the questions submitted to villages during the survey. Responses were either positive or negative (Yes vs. No) or open to the
discussion. The total number of interviewees was n = 61 from 13 different villages.

Sections Questions Type of answers
Usefulness Do you own land with a mound? YES vs. NO
Do you know the age of the mounds? YES vs. NO
Do you know how these mounds were produced/created? YES vs. NO
If yes, please specify the approximate age. OPEN
Are mounds useful? YES vs. NO
If yes, how? OPEN
Are they common (available to anyone) or private goods (only available to family members)? COMMON vs. PRIVATE
If not, why do you keep mounds on your land? OPEN
Do you think that mounds were more useful in the past? YES vs. NO
If yes, why? OPEN
Can you mention reasons why they were more useful in the past than currently? OPEN
Agronomy Do you use soil from mounds as an amendment for increasing soil fertility? YES vs. NO
If yes, how often? OPEN
Do you use specific sections (e.g., termite nests, external vs. top of the mounds)? YES vs. NO
Does this soil increase rice yield? YES vs. NO
Do you use less chemical fertilizer when you use this soil? YES vs. NO
Do you stop using chemical fertilizer when you use this soil? YES vs. NO
Does it increase rice resistance to drought or pests? YES vs. NO
Do you use less pesticides when you use this soil? YES vs. NO
Do you stop using chemical pesticides when you use this soil? YES vs. NO
Do you cultivate plants on mounds? YES vs. NO
What? OPEN
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Health

Economy

Do you use plants or animals from mounds in traditional medicine?
What?
Why?
Do you consume wild plants or animals found on termite mounds?
What?
How often?
Do you sell plants, animals, mushrooms collected on mounds in the market?
What?
How often?

How much do you earn each time?

YES vs. NO
OPEN
OPEN
YES vs. NO
OPEN
OPEN
YES vs. NO
OPEN
OPEN
OPEN

20



3.3 Abundance, distribution and lifespan of termite mounds

Thirty sampling plots (300 m x 300 m) were selected within paddy fields along the toposequence
at the Chrey Bak observatory (Figure 7). For each plot, the position of the centre of LMs and TNs,
as well as the plot boundaries, were recorded with a GPS tracker (Garmin GPSMAP 64s) during
the dry season from December 2019 to February 2021. We also inventoried in the field for each
LM their dimension (height and circumference), the presence of woody vegetation around and we

collected species samples for later determination in the laboratory.

Legend

Postion of plots

B Lowland

Bl Midland

W Upland

Altitude (m)
0-5
5-21
21-34
34-51
51-68
68-87
87-118
118-360
360-1567

Figure 7. Locations of 30 plots used to the measure of lenticular mound and termite nest densities and
distributions. The catchment is arbitrarily divided into a lowland (in blue), a midland (in red), and an
upland (in orange).

21



Based on our field measures, we estimated the error associated to the identification of LMs
from Google Earth (GE) images. Since LMs could not directly be seen using google earth images,
we used the vegetation associated to LMs as target objects. This error was negligible (results of the
model accuracy are shown in appendix 6 (A5).

In order to determine if LMs observed in the field were already associated with woody
vegetation in the 50s, we used historical aerial images. We flagged all LMs surveyed in the field
that had some woody vegetation nearby on the historical images. For this purpose, we processed
69 digitized historical aerial photographs from the French Institute Geographique National (IGN),
acquired from the 10th to the 28th of February 1953. The metadata from IGN only indicated the
focal length of the camera (125 mm), the flying height above mean sea level (5100-5700m), and
the frame size of the camera (120 x 170 mm). According to this information the black-and-white
panchromatic photos presented a scale of ca. 1:40 000. The method for deriving orthoimages was
based on the workflow implemented in the photogrammetric software package Agisoft Metashape
Professional® ver. 1.8.3 (www.agisoft.com). This software uses a Structure-from-Motion (SfM)
approach (Hartley and Zisserman, 2004) for image orientation, followed by dense image matching
operated in a multi-view stereo fashion (Forlani et al., 2015). In general, the software is used for
non-metric digital cameras, which do not feature a specific frame on borders. Without neither a
calibration certificate nor any information about the used camera, the software computes the
unknown camera calibration parameters based on the points extracted during SfM (Barazzetti et
al., 2011). When dealing with digitized photos from airborne metric cameras, some considerations
on how to deal with the interior orientation had to be applied as a preprocessing step. After the
scan the coordinates of the principal point from one digitally scanned aerial image was not
guaranteed to be identical to the next due to asymmetrical scanning and possible physical distortion
of the film. In our case the image dimensions in pixels of the scanned historical aerial photographs

varied from 5043 to 5162 in X and from 3763 to 3862 in Y. Unequally cropped images could not
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be readily mapped to a unique camera reference system. To correct the inner orientation of the
digitally scanned aerial images we placed ground control points (GCPs) on the four fiducial marks
of the photos in order to resample and rotate the image coordinates to a common XY coordinate
system centered on the principal point of the image using a Helmert transformation and a nearest
neighbor resampling. Another point was the fact that the image borders, where fiducial marks and
other metadata appear, could interfere with the automated feature detection algorithm used in SfM
workflows and could need to be masked. Therefore, a shapefile was produced to crop the images
and to mask the information of the camera frame and the fiducial marks on the images. Correcting
these misalignments assured that all of the images contained the same pixel size (4902 x 3416) and
grid alignment, without which automatic tie point identification would be impossible. Some ground
control points (GCP’s) were necessary for establishing the ground coordinate system and to
mitigate the instability in successive bundle block adjustment (BBA) (Verhoeven et al., 2015). The
real problem in the case of old archive photos from IGN was how to derive the reference ground
coordinates of GCP’s. The objects in the photo could have dramatically changed from the time
when the photo was captured and the present time. A solution to derive GCP’s was to obtain their
horizontal positions from recent orthoimages and the elevation from a Digital Terrain Model
(DTM). For our region recent orthophotos and a precise DTM did not exist. Thus, GE was used to
obtain the horizontal position of GCP’s, with approximate georeferencing of 168 landmarks and
the global DTM TanDEM-X was used for the altitude of the GCP’s. Application of the
methodology successfully processed all images producing an orthomosaic of 69 orthorectified
historical aerial photographs with a ground resolution of 1.45 meters. In order to assess the
horizontal accuracy of the orthomosaic, a qualitative analysis was done by overlaying GE images.
The agreement was very good throughout the image, and we estimated the horizontal precision of

the orthomosaic at around £ 5 m.
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To concentrate our study only on the area covered by paddy fields in 1953 (IGN) or 2021
(GE), we manually delineated the area occupied by paddy fields inside each sample plot at the fix
scale between 1:600 to 1:800 on both GE and IGN (Figure 8) images using digitizing tools in
QGIS. For further processing we kept only the LMs inside these two study areas. Finally, this
processing excluded not only some areas of the plots but also some plots totally. First, the historical
aerial photographs from IGN cover only the lower and middle part of the catchment. Seven plots
in the upper part of the catchment not covered by the IGN image were excluded. Second, four
sample plots were totally covered by scrubland in 1953. These plots were also excluded from the
diachronic analysis (See Table 2 for a description of the selected plots).

Inside the two clearly defined study areas of paddy field we further digitized the area
covered by the crown of trees or scrubs. We used this information for two analyses. First, to identify
any relation between the number of LMs in each plot and the area covered by woody vegetation.
Second, to calculate the evolution of the woody vegetation in and around paddy field between 1950

and 2021. The defined study area was also the backbone for other statistical analysis.

Figure 8. Example of images from IGN taken in 1953 and from Google Earth (2021) from
the plot n°20 in the Chrey Bak catchment. Landscapes were differentiated into paddy fields
(p) and uncultivated areas (tree covers (t) and unknown areas (u))
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Table 2. Date, size (ha) and elevation (a.m.s.l.) of images obtained from Google Earth and the
French Institute Geographique National (IGN) and the elevation data obtained from Mekong River
Commission (2003)

IDplot Avrea of plot (ha) Mean Altitude of plot (m) Date
Google Earth IGN
1 8.98 5.89 2021-05-30 1953
2 11.18 9.36 2021-05-30 1953
3 5.97 27.40 2021-05-30 1953
4 10.45 23.50 2021-01-04 1953
5 8.87 38.33 2021-01-04 1953
6 14.58 48.69 2021-01-04 1953
7 12.00 78.67 2019-07-14 not covered
8 10.54 78.90 2019-07-14 not covered
9 10.74 19.22 2021-05-30 1953
10 9.99 79.00 2019-07-14 not covered
11 12.60 55.00 2019-10-26 1953
12 10.61 29.00 2021-01-04 1953
13 10.04 14.11 2021-05-30 1953
14 9.34 15.11 2021-05-30 1953
15 9.85 18.70 2021-05-30 1953
16 9.62 18.00 2021-05-30 1953
17 13.25 22.17 2021-05-30 1953
18 10.27 20.56 2021-01-04 1953
19 8.97 18.11 2021-05-30 1953
20 9.11 36.89 2021-01-04 1953
21 8.99 58.11 2019-10-26 1953
22 9.15 57.00 2019-10-26 1953
23 5.57 60.75 2019-10-26 1953
24 8.06 62.00 2019-10-26 not covered
25 6.68 73.00 2019-07-14 not covered
26 8.80 74.33 2019-07-14 not covered
27 11.02 57.50 2019-07-14 1953
28 6.89 70.14 2019-07-14 not covered
29 6.45 33.00 2019-10-26 1953
30 2.53 41.00 2019-10-26 1953

25



Densities of LMs were then calculated for each plot using tools in ArcMap 10.7. Liner regressions
were used to assess relationships between the density of LMs and TNs and the elevation along the
toposequence, and to compare the density of LMs in the field to the copses observed on GE and
IGN images. In addition, ANOVA and least significant difference (LSD) tests were used to
compare differences between means, after first verifying that residuals were normally distributed
using Shapiro-Wilk test. Differences among treatments were declared significant at the P <0.05

probability level. All statistical calculations were carried out using R version 4.1.1 (https://www.r-

project.org/).

The distribution of LMs was estimated using Spatial Statistic Tools in ArcMap 10.7, and using
the Average Nearest Neighbour function (Pimpler, 2017) and the Multi-Distance Spatial Cluster
Analysis (Ripley’s K Function) with 99% confidence levels (computed confidence envelope).
Example of Average Nearest Neighbor results show in A6. For this analysis, only 28 plots were
used since the other two plots were excluded from the analysis due to their too low abundance of
LMs (n < 10). Results are given in Chapter 7: Abundance and distribution of termite lenticular
mounds in paddy fields in Cambodia. Comparison between the current situation and that observed

in the 1950s.

3.4 Termite species identification

Termites were sampled in the 30 abovementioned plots after gently breaking all the TN that were
found. Both worker and soldier termites were collected and preserved in 99% (v/v) ethanol for
further identification in the laboratory. Termites were first identified morphologically in
collaboration with Dr. Syaukani from the Biology Department, Faculty of Mathematics and
Natural Sciences, Universitas Syiah Kuala, Indonesia. In addition, molecular identification was

performed for some species for which there remained a doubt using single worker individuals, in
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collaboration with Dr. Vincent Hervé from the University of Tours. DNA of each sample was
extracted using the NucleoSpin Tissue kit (Macherey-Nagel), following the manufacturer’s
instructions. These DNA extracts were used to amplify the mitochondrial gene encoding the
cytochrome oxidase subunit 2 (COIl) using the primer pair A-tLeu_modified 5'-
CAGATAAGTGCATTGGATTT-3'" and TK-N-3785 5-GTTTAAGAGACCATTACTTA-3'
(Dedeine et al., 2016), with the following PCR scheme: one cycle of 95 °C for 2 min, then 35
cycles of 95 °C for 45 s, 52°C for 60 s, and 72°C for 90 s, ending with one cycle of 72°C for 10
min. PCR reactions were performed in a total volume of 40 puL with the DreamTag PCR Master
Mix (Thermo Scientific). Amplicons were sent for bidirectional Sanger sequencing at Eurofins
(Cologne, Germany). After quality trimming, forward and reverse sequences were assembled into
contigs with SeqTrace version 0.9.0 (Stucky, 2012). Lastly, taxonomic assignment of the
sequences was performed by sequence similarity searching using the BLASTN algorithm (Zhang
et al., 2000) and the nt database (updated on 2022/01/20 and restricting the search to Blattodea
sequences). To further refine these taxonomic assignments, we also performed phylogenetic
analyses (see Appendix, A1-A4). Our sequences were aligned with top BLASTN hits sequences
using DECIPHER v2.22 (Wright, 2016). The resulting alignments were trimmed and Smart Model
Selection (Lefort et al., 2017) was applied to determine the best model of nucleic acid evolution of
each alignment based on the Akaike Information Criterion. Subsequently, maximum-likelihood
phylogenetic trees were built with PhyML 3.0 (Guindon et al., 2010) and branch supports were
calculated using a Chi2-based parametric approximate likelihood-ratio test (aLRT) (Anisimova
and Gascuel, 2006). Sequences have been deposited in GenBank under the accession numbers

OMA472585-OM472595.

27



3.5 Soil profile description

Four soil profiles were randomly described in paddy fields in November 2020, namely CB1 to CB4
(Figure 9), results of this section are given in Chapter 5: Identification of soil types in Chrey Bak
catchment. The elevation of the profile study varied from -5m to 64m relative to sea level (a.m.s.1.).
The elevation was determined using a GPS tracker (Garmin GPSMAP 64s). For each soil horizon,
the soils were sampled, air-dried during several days and sieved at 2 mm before to be analyzed.
The soil texture was measured using ASTM 152H hydrometer and the soil bulk density, and soil
field water content were determined using 100 cm® sample rings and dried at 105 °C for 48 h. The
soil horizons were delimited from their soil colour, which was measured using the Munsell colour
chart=IUSS working group WRB (2022) master symbols and suffixes were used to describe soil

profiles(see Table 3).
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Table 3. Master symbols and suffixes that were used for descripting soil profile in Chrey Bak
(TUSS Working Group WRB, 2022)

Symbol | Criteria

Master symbols

A Mineral horizon at the mineral soil surface or buried; contains organic matter that has at least partly been
modified in-situ; soil structure and/or structural elements created by cultivation in > 50% (by volume,
related to the fine earth), i.e. rock structure, if present, in < 50% (by volume); cultivated mineral layers
are designated A, even if they belonged to another layer before cultivation.

B Mineral horizon that has (at least originally) formed below an A or E horizon; rock structure, if present,
in < 50% (by volume, related to the fine earth); one or more of the following processes of soil formation:
- formation of soil aggregate structure

- formation of clay minerals and/or oxides

- accumulation by illuviation processes of one or more of the following: Fe, Al, and/or Mn species; clay
minerals; organic matter; silica; carbonates; gypsum

- removal of carbonates or gypsum.

Nota bene: B horizons may show other accumulations as well.

Suffixes

c Concretions or nodules (only used if following another suffix (k, g, v, y) that indicates the accumulated
substance) [c like concretion].

g Accumulation of Fe and/or Mn oxides (related to the fine earth plus accumulations of Fe and/or Mn
oxides of any size and any cementation class) predominantly inside soil aggregates, if present, and loss
of these oxides on aggregate surfaces (A, B, and C horizons), or loss of Fe and/or Mn by lateral subsurface
flow (pale colours in > 50% of the exposed area; E horizons); transport in reduced form [g like stagnic].

p Modification by cultivation (e.g. ploughing); mineral layers are designated A, even if they belonged to
another layer before cultivation [p like plough].

r Strong reduction [r like reduction]

t Accumulation of clay minerals by illuviation processes [t like German Ton, clay].

% Plinthite (related to the fine earth plus accumulations of Fe and/or Mn oxides of any size and any

cementation class) [the suffix v has no connotation].
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Figure 9. The locations of soil profiles in the Chrey Bak catchment (CB) conducted on
Nov 2020 and map of soil types produced by JICA (2003)

3.6 Soil analyses

Soil sampling occurred during the dry season in February 2020 because sampling sites were
unavailable during the rainy season when paddy fields were flooded. Soils were sampled in two
positions in the catchment (see Figure 10). Three soil categories were identified based on their sand
contents: Group | (Gl, very sandy soils with > 80% sand), Group Il (Gll, moderately sandy, ~60%
sand), and Group I11 (GlHII, low sandy soils, ~40% sand). Five LMs were selected per soil group
based on the presence of TN (n =5 per soil group, locations of LMs can be found in the map shown
in Figure 10). The influence of termite bioturbation on soil properties was measured via the
sampling of soil in three locations: (i) in the topsoil (0-10 cm depth) of LMs, (ii) from the outer
wall of TNs located on LMs, and (iii) in the surrounding soil environment in the paddy field
(CTRL) at a distance of ~5 m ahead of each LM at 0-10 cm depth. The same procedure was

repeated in the three soil groups (GI, Il and I11), giving a total of 3 soil groups x 3 locations (LMs,
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TNs and CTRL) x 5 replicates = 45 soil samples. Soil samples were air-dried at air temperature
for several days and then were sieved to 2 mm.

The soil pH and electrical conductivity (EC) were determined in a 1:5 soil:water suspension
(Pansu and Gautheyrou, 2006) with portable pH and EC devices. The soil particle size distribution
was measured after the destruction of organic matter by 30% hydrogen peroxide (H202) and
dispersion with sodium hexametaphosphate (NasO1sPs). The proportion of sand (50—2000 pm) was
obtained by sieving, while the proportions of silt (2-50 um) and clay (< 2 um) were obtained by
using ASTM 152H hydrometers. The bulk densities of LMs and CTRL were measured using 100
cm?® sample rings and dried at 105 °C for 48 h. Because of the hardness of TN soil, this method
could not be used for measuring the soil bulk density of TNs, the paraffin-clod method (Blake,
1965) was used for TNs. Concentrations of C and N were analysed using a Thermo Scientific Flash
2000 organic elemental analyser. Total P was analysed by a spectrophotometer using a blank and
standards prepared in the Olsen P extracting solution (Estefan et al., 2008) with a Thermo Scientific
GENESYS 30 Visible Spectrophotometer. Exchangeable K was measured by the flame photometer
method (Black et al., 1965) using S20 Superspec Series flame photometers. The saturated hydraulic
conductivity (Ksat) was analysed in the laboratory using the falling head method (Reynolds and
Elrick, 2002) with a Ksat device. Finally, the soil water holding capacity was determined at pF 0
by the sand box (Eijkelkamp) and pF 2.5, 3, 3.2, and 4.2 by the pressure plate method (Dane and
Hopmans, 2002) using “Richards” pressure plate extractors.

Soil samples were analysed at IFPEN laboratory (Institut Francais du Pétrole Energies
Nouvelles) with a Rock-Eval 6 device. This technique has been recommended for characterizing
soil organic matter (Derenne and Quéné, 2015; Disnar et al., 2003) and has proven relevance in
various contexts (Malou et al., 2020; Romanens et al., 2019; Sebag et al., 2016; Thoumazeau et
al., 2020) and for studying the impact of soil engineering organisms (Schomburg et al., 2019, 2018;

Le Mer et al., 2020). The method uses ramped pyrolysis of organic matter under an artificial air
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supply (N2) between 200 and 650 °C and then the combustion of residual carbon under oxidative
conditions between 200 and 850 °C. The released gases are quantified using a flame ionization
detector (FID) for hydrocarbon compounds (HC) and infrared detectors (IR) for CO and CO..
Qualitative and quantitative parameters are calculated by integrating the amounts of HC, CO, and
CO2 produced during thermal cracking of organic matter between defined temperature limits
(Behar et al., 2001; Lafargue et al., 1998). Carbon contents were calculated by integrating the C
moieties produced during thermal cracking and combustion-defined temperature limits, with TOC
(%) calculated as the sum of all released carbon released at low temperatures from organic
compounds and OrgC and MinC (%) consisting of organic and mineral carbon pools released at
high temperatures. Soil organic matter quality was assessed with the hydrogen index (HI in mg
HC/g TOC), calculated as the total amount of HC normalized to the TOC content. Soil organic
matter thermal stability was assessed by combining two indices (denoted R- and I-index) calculated
from five subdivided areas of the S2 thermograms related to HC (Sebag et al., 2016). By
construction, the R-index relates to the thermally resistant and refractory pools of organic matter,
while the I-index is related to the ratio between the thermally labile and resistant pools. As derived
from a mathematical construct, these two indices may be inversely correlated when OM
stabilization results from progressive decomposition of labile organic compounds and relative
enrichment in refractory compounds. Then, in the I/R diagram, the same “decomposition line
model” describes the decreasing labile pools and concomitant increase in more thermally stable
pools, as observed in compost (Albrecht et al., 2015) and in soils (Sebag et al., 2016; Matteodo et
al., 2018; Thoumazeau et al., 2020). I/R diagrams were used to calculate the deviation of | index
values from LMs and TNs to those predicted from the regression line of the control soil.

Finally, since soils were sampled in different locations in the catchment, linear mixed
models with elevation as random factor and Tukey tests were performed to assess differences

between means for the different soil structures (LMs, TNs and CTRL) and soil groups (Group | to
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I11). Differences among treatments were declared significant at the P <0.05 probability level. All

statistical analyses and visualizations were carried out with R version 4.1.1 (https://www.r-

project.org/) using mainly “ggplot2” and “emmeans” packages. Results concerning this section can

be found in Chapter 6.
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Figure 10. Locations of the soil samples used to describe lenticular mounds and termite mound
nest properties. ULAR: Upland Arenosols, ULAC: Upland Acrisols, LLAR: Lowland
Arenosols, LLAC: Lowland Acrisols
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Chapter 4 . Perceptions and utilizations of termite

mounds in Cambodia

Results from this chapter have been submitted to Agronomy for Sustainable Development on March

71 2022 in the present form. It aims at describing termite diversity and questioning the perception

and utilization of termite lenticular mounds in Cambodia using a survey carried out in the long

term observatory of Chrey Bak.
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Abstract

In the Lower Mekong Basin, paddy fields often appear as mosaics, with soil mounds covered by
trees or other plants in a spotty distribution. These soil mounds are commonly named ‘termite
lenticular mounds’ (LMSs) because termite bioturbation is considered to be at their origin. LMs host
a large diversity of animals and plants, increasing landscape patchiness. Because the preservation
of these islands of biodiversity is threatened by modern agricultural practices, the aim of this study
was to quantify their abundance and the services they provide to the local population. The diversity
of termites, the abundance of LMs and their use by the population were quantified in a catchment
in Cambodia. The LM density reached ~2 mounds ha, and the termite diversity was dominated
by two species, Macrotermes gilvus and Globitermes sulphureus. Most of the interviewees used
LMs for increasing the fertility of their field and for the cultivation of rice and other plants (e.g.,
sponge gourd and pumpkin). In addition to their potential to increase plant productivity, the survey
revealed that animals (rats and snakes), mushrooms and 13 plant species found on or in LMs were
consumed by the population. In addition to potentially contributing to an increase in food diversity,
LMs also impacted farmers’ health by allowing access to 20 medicinal plant species and indirectly
via a reduction in pesticide use. In conclusion, this study is a first attempt to quantify the large
number of services provided by LMs in the Lower Mekong Basin. This increase in the knowledge
of the diversity of environmental and socioeconomic services provided by LMs is likely to
contribute to their preservation and provide a basis for the sustainable management of biodiversity

in paddy fields in the Lower Mekong Basin.

Keywords: Paddy field, termite mounds, soil fertility, utilization, ecosystem services, food

diversity, medicinal plants
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4.1 Introduction

The “One Health” concept and framework (Destoumieux-Garzon et al., 2018) have now expanded
beyond emerging infectious diseases and zoonoses to incorporate a wider suite of health issues,
such as the interdependence between the preservation of the environment, biodiversity and human
wellbeing (i.e., the environmental, animal and human health concepts, respectively) (Lebov et al.,
2017; Bongaarts, 2019). This approach has a special general resonance in Southeast Asia,
especially in the Lower Mekong Basin (LMB), notably because of the current pandemic situation
but also because this region is undergoing dramatic climatic, environmental and societal changes (
Mainuddin et al., 2011; Thilakarathne and Sridhar, 2017; Trisurat et al., 2018; Abhishek et al.,
2021; Kang et al., 2021). The rapid economic growth and intensification of agricultural practices
(Sebesvari et al., 2012; Bruun et al., 2017; Lam et al., 2017) have increased the homogenization,
simplification and pollution of terrestrial, and thereafter aquatic ecosystems ( Matson et al., 1997,
Dale and Polasky, 2007; Firbank et al., 2008; Emmerson et al., 2016). In this context, however, the
diversity of services delivered by agro-ecosystems as well as the mechanisms associated with the
preservation of biodiversity by local actors remain poorly evaluated.

Rice is the most cultivated plant in the LMB (Cramb, 2020). Understanding the services
derived from paddy fields in LMB requires a holistic perspective, taking into account not only the
production and quality of rice but also the multifunctionality of agroecosystems and the diversity
of regulating, provisioning, cultural and supporting ecosystem services they provide (Zabala et al.,
2021). Traditionally, services have focused on the production of rice and the emission of
greenhouse gases (Lantin et al., 2000), the quality of water and the cycling of nutrients (Berg et
al., 2012). The relationship between biodiversity and human health remains, however,
underestimated in paddy fields. In the LMB, paddy fields often appear as mosaics with soil mounds

covered by trees or other plants spotted within large surfaces that are used for the cultivation of
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rice. These mounds are commonly named ‘termite lenticular mounds’ (LMs) because they are
expected to be produced by termites, although their origin remains unknown and because they can
host a large diversity of other invertebrates (Choosai et al., 2009). Because of their size (~6 m® of
soil), LMs increase heterogeneity at the landscape scale. Their abundance and physical and
chemical properties are unknown, but research carried out in Africa suggests that they could be
very old (Erens et al., 2015), constitute patches of nutrients ( McCarthy et al., 1998; Sileshi et al.,
2010; Jouquet et al., 2011, 2016, 2017; Chen et al., 2021) and positively impact the resistance of
plants to environmental hazards (e.g., drought) (Bonachela et al., 2015; Padonou et al., 2020).
Regarding their improvement of soil properties, LMs have been reported to be used as soil nutrient
amendments in Africa (Dossou-Yovo et al., 2014; Enagbonma and Babalola, 2019; Tilahun et al.,
2012, 2021). They can also improve human health because LM soil and some of the plants growing
on them are consumed or used as traditional medicines ( Sileshi et al., 2009; Dossou-Yovo et al.,
2014).

Therefore, since information regarding the services provided by LMs in the LMB are
limited to a descriptive report of Miyagawa et al. (2011) in Laos and to an ecological study of
Choosai et al. (2009) in Northeast Thailand, the aim of this study was to determine the diversity of
termites associated to LMs, the abundance of LMs and their use by population in Cambodian paddy
fields. Our main hypothesis was that farmers' preservation of LMs relies on the use of these natural

resources due to their positive effect on rice yield and potentially on dietary diversity and health.
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4.2 Results and discussion

4.2.1 Mound density and termite diversity

On average, LM density reached 2.1 mounds ha* in the Chrey Bak catchment (Figure 11). This
value was equivalent to the value measured in paddy fields in northeast Thailand (~2 mounds ha
! Choosai, 2010), but it was lower than the value measured in Asian tropical forests (> 10 mounds
ha!) (Matsumoto, 1976; Inoue et al., 2001; Jouquet et al., 2017a). This difference in density
confirmed the lower abundance of LMs in agricultural land than in protected areas (Ekundayo and
Aghatise, 1997; Codjovi et al., 2020; Davies et al., 2020). If LMs were observed in more natural
environments, such as forests, in the catchment (Muon, pers. com.), the fact that LMs were
observed in paddy fields also reflects their possible utilization by farmers, as shown in Africa and
Laos (e.g., Miyagawa et al., 2011; Yéyinou et al., 2017; Chisanga et al., 2020; Codjovi et al., 2020).

In total, 11 termite species belonging to 9 genera were found in the Chrey Bak catchment:
Macrotermes gilvus, Globitermes sulphureus, Odontotermes spp. (2 species among DNA
sequences), Hypotermes sp., Pericapritermes sp., Nasutitermes sp., Coptotermes gestroi,
Microcerotermes spp. (2 species among DNA sequences), and Termes sp. Most of TN were
produced by only two species, namely M. gilvus and G. sulphureus. These two types of TN were
very different and could easily be recognized from their following characteristics. The species M.
gilvus belongs to the Macrotermitinae subfamily, and its mound nests are mostly made of soil
sampled at several cm depths (Inoue et al., 1997; Jouquet et al., 2011, 2017b). Therefore, their
nests have a light color and are extremely compact. Conversely, G. sulphureus produces rounded
mound nests from a mixture of soil and faeces, giving its nests a characteristic dark color (Noirot,
1959). Therefore, G. sulphureus nests are more fragile than those of M. gilvus. Nests of M. gilvus
and G. sulphureus were mostly observed on LMs with densities of 1.45 and 1.31 mounds ha,

respectively. Nests of the other termite species were also observed in Chrey Bak but they were less
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obvious to identify in the field and their occurrence (< 0.05 mounds ha, except Pericapritermes
sp. and Microcerotermes sp. with 0.64 and 0.68 mound ha, respectively), and their sizes were
limited in comparison with those produced by G. sulphureus and M. gilvus.

Although the origin and dynamics of LMs are unknown, studies carried out in Africa and
India have suggested that they might result from the degradation and colonization of abandoned
TN (Josens et al., 2016; Harit and Jouquet, 2021). In line with this hypothesis, farmers from Chrey
Bak mostly attributed the origin of LMs to nests of M. gilvus, although they were aware that other
termite species, as well as other organisms, might also impact LM properties and growth. Indeed,
the LMs of M. gilvus in Cambodian paddy fields were described as abundant in the 1950s and it
was also reported that abandoned TNs were often occupied by Odontotermes sp. (Noirot, 1956).
While 32.8% of the interviewees had no opinion on the age of LMs (i.e., reply to the survey = “I
don’t know”), a similar proportion believed that mounds were between 10 and 39 years old
(32.8%), while others believed that they were younger (< 10 years old, 19.7%) or older (8.2%
between 40 and 60 years old, 6.6% between 60 and 100 years old). Therefore, although dating of
LMs is needed to confirm these observations, these results suggest that LMs were likely to be much
younger than those found in Africa (up to 2,000 years in Africa, Moore and Picker, 1991; Erens et
al., 2015) and in Brazil (> 4,000 years, Martin et al., 2018). Moreover, these results must also be
considered in regard to the utilization of LMs by farmers. The rapid production of these LMs (< 2
human generations) is likely to be associated with the sustainable utilization of this material as a
soil amendment. Conversely, if LMs need more than several human generations to be produced,
their exploitation is likely to be associated with an irreversible degradation of these natural

resources.
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Figure 11. Average density (in mounds or nests ha*) of termite lenticular mounds (LMs) and termite
nests (TNs) produced by Macrotermes gilvus (TNwmacro) and Globitermes sulphureus (TNaiobi) in the
Chrey Bak catchment, Cambodia. ‘Others’ represents the sum of the density of TNs produced by species
other than Macrotermes gilvus and Globitermes sulphureus (i.e., Odontotermes spp., Hypotermes sp.,
Pericapritermes sp., Nasutitermes sp., Coptotermes gestroi, Microcerotermes spp., and Termes sp.).
Bar plots with the same letters are not significantly different at P = 0.05 (n = 30 plots).

4.2.2 Ecosystem services provided by termite mounds

In Chrey Bak, most of the interviewees used LMs for either agronomic purposes or for improving
their health and living standards. The utilization of termite construction for increasing soil fertility
is a worldwide practice (Suzuki et al., 2007; Miyagawa et al., 2011; Tilahun et al., 2012; Chisanga
et al., 2019, 2020a, 2020b; Apori et al., 2020a, 2020b; Subi and Sheela, 2020). In our study, 95%
of the respondents reported the utilization of LMs as an amendment for improving soil fertility
(Figure 12) and 92.3% of the interviewees thought that LM application increased rice yield (Figure
13). The survey also provided evidence for utilization of LMs for growing cultivated plants, mostly
for the farmers” own consumption (57.6% of the interviewees, see Table 4 for a list of the plants
that are cultivated directly on LMs and those that were fertilized by LM soil amendment).
Therefore, this result confirms the positive impact of LMs on food and probably dietary diversity,

as observed in Laos by Miyagawa et al., (2011).
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A large majority of farmers responded that LMs are used as a whole without preselection
of the material (73% of the interviewees). The remaining (22%) reported preselection of the oldest
section of LMs (14%), a selection of TNs (7%) or a combination of both (2%). These results are
particularly interesting because they suggest a deep knowledge of some farmers on LM and TN
properties. Indeed, although both LMs and TNs have better soil physical and chemical properties
than paddy field soil (Muon et al., submitted), the potential use of TN soil is likely to be higher
than that of LM soil due to its higher amount of clay and higher soil pH, possibly due to the
presence of carbonates (Muon et al., submitted, see Chapter 6: Termite mounds as patches of soil
fertility in Cambodian paddy fields). Moreover, the interview also showed that LM soil is applied
more frequently if farmers grow vegetables (2-3 times a year for 11.5% of the interviewees and
until 10-18 times a year for 1.6% of interviewees) than rice (frequency = once every year to once
every 4 years for 75.4% of interviewees), probably because of the higher demand of vegetables for
nutrients but also because the application of LM soil is likely to increase the water holding capacity
of soil (Muon et al., submitted). However, since LMs were mostly reported by farmers as private
goods (65.6% of the replies against 34.4% that described LMs as common goods), some farmers
also mentioned that the frequency of application depends on the availability of mounds in their
land. In addition to soil fertility, farmers also reported that LM application allowed for a reduction
(19.9% of the interviewees) or absence of chemical fertilization (68.4%). Farmers also mentioned
that LM application improved the resistance of rice to drought and/or pests (51.5%). A significant
proportion of the interviewees also mentioned that LM application allowed a reduction (41%) in
the use of pesticides, and the cessation of chemical pesticide use in paddy fields (38.4%). These
responses are in line with studies carried out in Africa which showed that LM soil properties
positively influence water dynamics and soil quality as well as plant resistance to drought and pests
(Bonachela et al., 2015; Enagbonma and Babalola, 2019). These findings are also likely to be

explained by the higher soil organic matter and clay contents and therefore higher water holding
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capacity at high potential (pF 4.2) of LM soil than the surrounding soil (Muon et al., submitted).
Moreover, additional analyses also showed that LMs contain more available Si (43.18 vs. 5.1 mg
kg, Meunier and Muon pers. com.), which is likely to increase rice resistance to water, insect pest
and disease stresses (Datnoff et al., 2001; Sacata, 2009; Alhousari and Greger, 2018).

In addition to their potential to increase plant productivity, the survey revealed that 78% of
the respondents feed on animals (mainly rats and snakes) and at least 10 different plants (fruits and
vegetables) found on or in LMs (Table 5). LMs have been considered hotspots of biodiversity in
paddy fields because they constitute a refuge for animals and plants (Choosai et al., 2009) as well
as a specific habitat for soil microorganisms (Baker et al., 2020). Indeed, the specific soil properties
(Muon et al., submitted) and shade from the presence of trees on LMs offer a favorable
environment for animals and plants during the dry season while it is the only exposed areas of
paddy fields that are not flooded during the rainy season. If all the plants and animals found on
LMs were used by most of the interviewees, when eaten, these food items would help increase the
dietary diversity and could contribute to improving the consumption of nutrients such as vitamins
and minerals. Quantitative nutrition surveys are now needed to assess the contribution of LM foods
to the nutrient requirements of farm families.

As evidenced in other environments, plants growing on LMs can also be used in traditional
medicine (Choosai, 2010; Dossou-Yovo et al., 2014; Sileshi et al., 2009). In Chrey Bak, 47% of
the interviewees mentioned that they use plants growing on LMs for their medicinal properties
during postpartum care (16.4%), for diseases such as malaria and fever (14.8%), as well as for
bodily pain (3.3%) and digestion problems (1.6%) (Table 5).

Finally, approximately 10% of interviewees mentioned that they can earn small income by
selling plants and mushrooms growing on LMs in the market (i.e., mushrooms (4.8%), tamarinds
(3.2%), bamboo (3.2%), bamboo shoots (1.6%), and tomatoes (1.6%)). However, farmers

generally reported that economic benefits are low, especially because plants are collected only once
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to twice a year, with the exception of tomatoes which can be sold up to 4 times a year (e.g., 1.25
to 2.25% each time they sell mushrooms, 1.25$ for bamboo shoots, 8.75 to 10$ for bamboo, and

approximately 125$ for tomatoes).

- LM/TN as amendment

| Others

B without specific selection
Specific selection

]
. Mounds
]

Nests
Proportion: 1/4 Nest and 3/4 Mound

Figure 12. Doughnut chart representing the proportion of positive answers to the question “Do
you use termite mounds as soil amendment” (in blue, first chart). The section in green
represents the proportion of farmers using lenticular mounds (LMs) without selecting a specific
type of termite material (opposite = selection of the material, in dark blue) (second chart). The
section in brown represents the proportion of farmers selectively using the oldest part of LMs
against the sections in grey and yellow, which display the proportion of farmers selectively
using termite nests growing on mounds or a combination of both (1/4 nest vs. ¥ mound),
respectively (third chart).
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Do you use soil from mounds as amendment for increasing soil fertility?

Do you use specific sections (e.g., termite nests, external vs. top of the mounds)?
Does this soil increase rice yield?

Do you use less chemical fertilizer when you use this soil?

Do you stop using chemical fertilizer when you use this soil?

Does it increase rice resistance to drought or pests?

Do you use less pesticides when you use this soil?

Do you stop using chemical pesticides when you use this soil?

Do you cultivate plants on mounds?

(=]

25 50 75 100
% « yes »

Figure 13. Proportions of positive answers related to the use of termite mounds for increasing
soil fertility.

4.3 Conclusion and perspectives

Our study confirmed the traditional utilization of termite constructions by farmers, as reported
previously in Africa and Laos (Miyagawa et al., 2011; Enagbonma and Babalola, 2019; Tilahun et
al., 2012, 2021). In addition to potentially contributing to increasing food diversity, LMs can also
impact farmers’ health by allowing access to medicinal plants and indirectly well-being, via a
reduction in pesticide use. However, land use changes in the LMB are resulting in the rapid
disappearance of LMs, and with them in a loss of numerous ecosystem services. For instance, in
northeast Thailand, their density dropped from more than 10 ha! in the 1970s, a density equivalent
to that found in protected forests in Asia, to less than 1 ha® nowadays (Choosai, 2010). At our
study site, 54.1% of the interviewees mentioned that mounds were more abundant in the past. This

reduction in density could be explained by (i) an overexploitation of these natural resources, most
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likely because of the belief that LMs can rapidly be regenerated (in less than 2 generations), (ii) a
lower utilization of the services provided by LMs, and/or (iii) a reduction in the ecological niche
of termites (i.e., a reduction in tree density and food availability). Indeed, 65.6% of the interviewees
reported that LMs were more useful in the past than currently, in particular because it is now more
convenient to use chemical fertilizer than in the past (11.5%).

This study is a first attempt to quantify the services provided by LMs in the LMB. If LMs
are threatened by intensive agricultural practices, it is possible that their preservation could be
improved by a holistic understanding of the environmental and sociocultural services they provide
to the local population. This knowledge could be useful for bringing about new sustainable
agricultural practices that are less dependent on chemical fertilizers and pesticides. In particular,
an economic assessment of LMs with quantitative economic surveys is needed in considering both
the positive (e.g., resistance to drought and pests, use of medicinal plants, lower use of pesticides,
diversity of crops, positive impact on rice yields, income, human nutrition and health) and negative
(e.g., less area for rice, presence of pests including termites such as Coptotermes gestroi, and rats
hosting pathogens) impact of termites and LMs on human wellbeing (e.g., rice yield, income,

access to better health, food security, etc.)
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Table 4. List of the plants fertilized by lenticular mound soil (LM) (LMs as amendments), and
fertilized by LM soil and/or cultivated on LMs (LMs as amendments and media). The number of
answers is given as the frequency from the total number of replies (n = 61 interviewees).

Plant list

LMs as amendments

LMs as amendments and media

rice (95.08%)

sponge gourd (11.48%)
jackfruit tree (6.56%)
mango tree (4.92%)
cabbage (3.28%)
cucumber (3.28%)
lemon tree (3.28%)
papaya tree (3.28%)
aloe vera (1.64%)
catjang (1.64%)
pineapple (1.64%)
tomatoes (1.64%)

banana (13.11%)
pumpkin (11.48%)
lemon grass (6.56%)
water spinach (6.56%)
garlic (4.92%)
watermelon (4.92%)
betel (1.64%)

custard apple (1.64%)
eggplant (1.64%)
tamarind tree (1.64%)
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Table 5. List of mushrooms, plants and animals found on termite mounds (LMSs) and either consumed or used for medicinal purposes. The number
of answers is given as a percentage of the total number of replies (n = 61 interviewees), and names of the items in Khmer are given in parentheses.

Names

Section consumed/used Type of disorder treated

Items used as food

Items used as medicine

Mushroom (Phsaet), 67.57%

Bamboo shoot (Tom pang), 8.20%

Erioglossum rubiginosum (Roxb.) Blume (Daun kay or Chonlous),
6.56%

Flacourtia indica (Burm.f.) Merr (Kro kob prei), 4.92%
Azadirachta indica A.Juss. (Sdao), 3.28%

Aganonerion polymorphum Pierre (Thnoeng), 3.28%

Snake (Pos), 3.28%

Rat (Kandor), 3/28%

Tamarindus indica L.(Ampil), 1.64%

Alocasia macrorrhizos (L.) G.Don (Kdat), 1.64%

Moringa oleifera Lam (Mrom), 1.64%

Crateva magna ( Lour.) DC. (Tonlea), 1.64%

Borassus flabellifer L. (Thnaot), 1.64%

Syzygium cumini (L.) Skeels (Pring), 1.64%

Coccinia grandis (L.) VVoigt (Bas), 1.64%

Aganonerion polymorphum Pierre ex Spire (Thnoeng), 8.20%
Chromolaena odorata (L.) R.M.King & H.Rob (Tontrean khet),
8.20%

Casearia grewiifolia Vent (Chruoy), 6.56%

Azadirachta indica A. Juss. (Sdao), 4.92%

All
Stem

Fruits

Fruits

Leaves, flowers
Leaves, flowers, fruits
Meat

Meat

Fruits, leaves

Stem

Leaves

Fruits

Fruits

Fruits

Leaves, fruits

Leaves Malaria and fever
Part of plant Malaria and fever
Stem Postpartum care

Leaves Malaria and fever, postpartum care
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Diospyros helferi C.B. Clarke (Trayung), 3.28%

Erioglossum rubiginosum (Roxb.) Blume (Daun kay or Chonlous),

1.64%

Syzygium cumini (L.) Skeels (Pring), 1.64%

Streblus asper Lour. (Snay), 1.64%

Ficus hispida L.f. (Lvea), 1.64%

Drynaria quercifolia ( L.) J.Sm (Borbrak), 1.64%

Xylia xylocarpa (Roxb.) W.Theob. (Sokrom), 1.64%
Dillenia hookeri Pierre (Phlou bat), 1.64%

Morinda citrifolia L. (Nhor), 1.64%

Atalantia citroides Pierre ex Guill (Krauch prei), 1.64%
Alocasia macrorrhizos (L.) G.Don (Kdat), 1.64%
Moringa oleifera Lam.(Mrom), 1.64%

Capparis micracantha A.Rich. (Khancher Bay Dach), 1.64%
Strychnos nux-vomica L. (Sleng), 1.64%

Crateva magna (Lour.) DC. (Tonlea), 1.64%

Passiflora foetida L. (Sav mao prei), 1.64%

Part of plant
Fruit

Stem

Stem

Stem

ND

ND

ND

ND

Roots, leaves

Part of plant
Leaves, seeds, bark
Stem, root, seed
Part of plant

Roots, flowers, stem

Fruit, stem

Malaria and fever, and postpartum care
Malaria and fever

ND

ND

Malaria and fever
Malaria and fever, and postpartum care
Postpartum care
Postpartum care
ND

Postpartum care
Digestion
Digestion

Pain

Malaria and fever
Pain

Malaria and fever
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Chapter 5. Identification of soil types in Chrey Bak

catchment

Since Chapter 4 highlighted the use of termite mound soil to improve soil fertility, the next step
taken in this thesis was to measure the soil properties of termite mounds. For this, a spatial approach
was necessary in order to take into account the diversity of soils observed in the Chrey Bak
catchment. Based on JICA's proposal to classify soils into Arenosol and Acrisol, termite mound
soil samples were first analyzed in these different environments (Chapter 6). However, we quickly
realized that the classification of soils into Arenosol and Acrisol was not appropriate for describing
soil properties. The following chapter describes the soil properties along the catchment and
confirms that the classification proposed by JICA was not relevant. This chapter proposes to

differentiate the soils into three groups based on their sand content.

5.1 Introduction. An historical classification of soils in Cambodia

In Cambodia, soils were classified based on the parent rock or material into three main groups:
soils formed on alluvial material, basalt, or sandstone (Saeki et al., 1959). The landscape of soils
formed on basalt present gentle hilly lands and are most often modernly cultivated with rubber
plantations. The unit of soils formed on sandstone soils are usually covered with either dense or
open forests and comprise a large area in the regions of plateau, mountains, and surrounding the
inland basin. Soils formed on alluvial deposits are found in a large area of the inland basin where
they are mainly used for growing rice. They are widely distributed along the watershed areas of
the Mekong River and around the Tonle Sap Lake and river, and they extend far towards the

southern boundary. Soils formed on alluvial deposits have the lowest degree of acidity compared
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with the other two soil groups (i.e., soils formed on basaltic or sandstone parent rock), but their
nutritional levels and cation exchange capacity have intermediate values (e.g., Saeki et al., 1959).
Cambodian soils have also been classified by Crocker (1962) into 16 soil types: red-yellow
podzols, latosols, planosols, plinthite podzols, cultural hydromorphics, grey hydromorphics,
plinthitic hydromorphics, brown hydromorphics, alumisols, regurs, acid lithosols, basic lithosols,
alluvial lithosols, brown alluvial soils, lacustrine alluvial soils, coastal complex. But since these
previous works, no modern soil mapping with either Soil Taxonomy (Soil Survey Staff, 1999) or
WRB (IUSS Working Group WRB., 2022) has been done.

Cultivated for the production of rice, alluvial deposits are important in Cambodia. Four groups
have also been differentiated: Group A in the eastern region of the Mekong River (Steng Treng -
Kratie), Group B in the eastern region of the Tonle Sap lake (Kampong Cham - Siem Reap), Goup
C in the western region of the Tonle Sap lake (Sisophon - Phnom Penh), and Group D in the
southern region of Phnom Penh (Phnom Penh- Svay Riem, Takeo). The four soil groups were
ranged based on their basic soil fertility: Group A (highest nutrient contents) > Group C (highest
exchange capacity, second highest nutrient contents, relative strong acidity) > Group D > Group B
(lowest nutrient content and exchange capacity).

In 1997, the International Rice Research Institute (IRRI) conducted further studies focusing
this time only on paddy fields in Cambodia. Eleven soil types were differentiated: Prey Khmer,
Prateah Lang, Labansiek, Orung, Krakor, Bakan, Kbal Po, Kein Svay, Toul Samroung, Koktrap,
and Kampong Siem (White et al., 1997). Prey Khmer and Prateah Lang are the two most dominant
soil types (42% of the surface). These soils are very sandy, extending deeper than 50cm for Prey
Khmer and less than 40 cm deep for Prateah soil. Prey Khmer soil accounts for 10-12% of the
paddy fields. They can be found in most provinces but more significantly in Pursat, Kampong

Chhnang, Kampong Speu, and Siem Reap. Prey Khmer, Prateach Lang, and Krakor.
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This thesis was carried out in the observatory of Chrey Bak. According to the abovementioned
definitions and classifications, soils in Chrey Bak belong to the Group C (because located in
western region of the Tonle Sap lake) (Saeki et al., 1959). According to IRRI classification (White
etal., 1997), six soil groups: Prey Khmer, Prateah Lang, Bakan, Orung, Kbal Po, and Krakor, were
found in the lowland of the Chrey Bak catchment (Figure 2). Among them, Prey Khmer and
Prateach Lang are the most dominant. According to Crocker (1962) , soils in the Chrey Bak
catchment are also mostly red-yellow podzols (51%), Acid lithosols (32%), and in a lower extent
planosols (3%) and lacustrine alluvial soils (3%). Red-yellow podzols extend almost in all the
paddy fields of the catchment, while acid lithosols are mainly located in the mountain area and in
small areas in the lowland. Finally, lacustrine alluvial soils are only dominant in the lowland.
Finally, another study carried out by JICA (2003) described two main soil types in Chrey Bak:
Arenosols (38%) and Acrisols (28.1%), although other soil types, such as Leptosols and Fluvisols,
were also described in Figure 14.

These different classifications show the complexity to describe the soils in the Chrey Bak,
and thus the need to better describe the soils observed in this observatory using an international
reference system. Therefore, in order to better understand the soil diversity in Chrey Bak and their
organization along the catchment, 4 profiles were made along the toposequence (see Chapter 5)

and compared to 15 others described by Ann V. and Ket P. in 2012.
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Figure 14. Map of soil types described by JICA (Acrisols are in pink, Arenosols are in green, and
Leptosols are in grey) and locations of the soil profiles described in 2020 (in blue) and 2012 (in
orange).
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5.2 Results

The first soil profile (CB1) was located in the flood plain in the lower part (-5 m a.m.s.l.) of the
catchment (see the location in Figure 14 and a photo of the soil profile in Figure 15, in a harvested
area characterized by strong biological activities (presence of earthworm casts on the ground). The
environment was relatively flat. The upper soil layer was compacted due to ploughing and the
utilization of harvesting machine.

The soil was described as sandy Gleysols® with a first horizon (0-25 cm, Apr, see Table 3
given in section 5: Materials and Methods) described as an anthraquic? organo-mineral A horizon,
reduced and ploughed. This soil horizon was sandy, its colour was mainly pinkish grey (5YR 7/2),
with the presence of organic wet-spots that were dark greyish brown (10YR 4/2). This light colour

corresponded to a claric® horizon with reductimorphic* features and a higher bulk density in the

horizon below. The soil structure was massive and granular around rice roots with a few coarse
porosities due to earthworms activity and plenty of fine roots in all directions (Figure 16). Results
of soil physical properties analysis show that the first horizon had soil bulk density of 1.7 g cm,
soil porosity of 36.6%, soil moisture content of 12.5%, a clay content of 0.7%, a silt content of
8.8%, and a sand content of 87.9% (Table 6).

The second horizon (25-60 cm, Bg) was described as sandy, gleyic, with very coarse sand
particles. This horizon was wet and loose. The soil colour was light reddish-brown (5YR 6/3) and
the structure was particular and massive with inter-granular porosity, and contained few very fine

roots in vertical direction. The water table was found at 60 cm depth. Results of soil physical

1 Gleysols : soil with gleyic properties within 50cm of the surface, having no diagnostic horizons other than a histic,
mollic, orchric, takyric, yermic, calcic, cambic, duric, gypic or vertic horizon (Bridges et al., 1998)

2 Anthraquic: a surface horizon that results from wet-field cultivation and comprises a puddled layer and a plough
pan (IUSS Working Group WRB, 2022).

3 Claric (bright): having between 25 and 100cm of the mineral soil surface a layer, = 30 cm thick that consists of claric
material (IUSS Working Group WRB, 2022).

4 Reductimorphic features: are the results of redox processes. Features reflect permanently wet condition (IUSS
Working Group WRB, 2022).
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properties show that second horizon had a soil bulk density of 1.79 g cm, a soil porosity of 32.4%,
a soil moisture content of 13.9%, a clay content of 0.8%, a silt content of 12.2%, and a sand content
of 81.4%. The third layer (60-70 cm+, Bvc) was described as a Pisoplinthic® horizon (Bvc) with

round Fe and Mn nodules 2 to 3 cm in diameter (Figure 17).

Figure 15. First soil profile (CB1). Red dashed lines are the
transition line between each horizon. Photo (P. Podwojewski, 2020).

5 Pisoplinthic horizon: a layer with high iron (associated with Mn) concentration is organized in round concretion
(IUSS Working Group WRB, 2022).
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Figure 16. Detail of earthworm galleries (red arrows).
Photo (Podwojewski, 2020)
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Figure 17. lllustration of a Pisoplinthic horizon with round Fe and Mn nodules (a). See in (b)
the utilization of Petroplinthite for construction purposes — Kompong Chhnang, (c) Detail of
petroplinthite below profile CB1, (d) Petroplinthite. Evidences of root macroporosity. Photo
(P. Podwojewski, 2020)

The second soil profile (CB2) was located in the lower part (see location in Figure 14 and soil

profile in Figure 18) of the catchment (+ 19 m a.m.s.l.) in a grazing field, which was not cultivated
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with rice during several years. The environment was relatively flat and surrounded by harvested
paddy fields.

The soil was described as a Gleysol with a first horizon (0-25 cm, Apr) described as
anthraquic organo-mineral reductimorphic ploughed horizon with claric material. The soil was
sandy, its colour was mainly light brown (7.5YR 6/3). The soil structure, was massive and granular
around roots with many fine pores due to earthworm activity and grass roots in all directions.
Results of soil physical properties analysis show that the first horizon had a soil bulk density of
1.55 g cm, a soil porosity of 41.6%, a soil moisture content of 16.6%, a clay content of 2.8%, a
silt content of 33.3%, and a sand content of 60.2%. The second horizon (25-50 cm, Bg) was
described as oxygleyic® with a clay sandy loam texture. This horizon was wet and slightly sticky.
The soil colour was red (2.5YR 5/8) following the roots and light brown (7.5YR 6/3). Its structure
was massive with high fine pores due to earthworm activity and grass roots in all directions. Results
of soil physical properties analysis show that the second horizon had a soil bulk density of 1.61 g
cm3, a soil porosity of 39.2%, a soil moisture content of 17.6%, a clay content of 27.9%, a silt
content of 19.3%, and a sand content of 52.2%. The third horizon (50-85 cm, Bg) was described
as gleyic with a clay loam texture. This horizon was wet and sticky. The soil colour was red (2.5YR
5/8) and light brown around the pores (7.5YR 6/3). The soil structure was massive with high pores
due to earthworm activity and grass roots in vertical directions. The water table was found at 110
cm depth. Results of soil physical properties analysis show that the third horizon had a soil bulk
density of 1.63 g cm, a soil porosity of 38.4%, a soil moisture content of 19.7%, a clay content of
35.6%, a silt content of 23.6%, and a sand content of 39.5%. The fourth horizon (85-110 cm, Bgvc)
was characterized by gleyic and pisoplinthic features with round Fe and Mn oxide concretions and

nodules between 1-2 cm in diameter. This horizon was wet and sticky. The soil colour was red

6 Oxygleyic (wet bluish clay): not having, within 100cm of the mineral soil surface, a layer that has gleyic properties
with =2 95% (by exposed area) reductimorphic features which have the following Munsell colours, moist: a hue of N,
10Y, GY, G, BG, B or PB; or a hue of 2.5Y or 5Y and a chroma of < 2 ( IUSS Working Group WRB, 2022).
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(2.5YR 5/8) and light brown (7.5YR 6/3). The soil structure had no visible porosity and roots.
Results of soil physical properties analysis show that the fourth horizon had a clay content of

11.3%, a silt content of 36.9%, and a sand content of 50.5%.

Figure 18. Second soil profile (CB2). Red dashed lines are the
transition line between each horizon.Photos (P. Podwojewski,
2020)

The third profile (CB3) was located upstream (+ 64 m a.m.s.l.) of the catchment, in a harvested
area (see location in Figure 14 and a picture of the soil profile in Figure 19). The environment was
relatively flat and very humid. The soil was described as a Gleysol with a first horizon (0-25 cm,

Apr) described as anthraquic organo-mineral ploughed reductimorphic horizon with claric
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material. The soil of the first horizon was sandy, its colour was mainly greyish brown (10YR 5/2).
This horizon was wet and very loose. The soil structure was massive and granular around roots
with many fine pores due to earthworm activity and plenty of fine roots in all directions.

Results of the soil physical properties analysis show that the first horizon had a soil bulk
density of 1.89 g cm3, a soil porosity of 28.6%, a soil moisture content of 14.9%, a clay content of
3.2%, a silt content of 26.4%, and a sand content of 68.5%. The second horizon (25-33 cm, ABQ)
was described by gleyic features and had a sandy clay loam texture. This horizon was wet, loose,
and slightly sticky. The soil colour was reddish grey (5YR 5/2) and yellowish red (5YR 5/6). The
reddish grey corresponded to the accumulation of coarse sand on the vertical surface and the
yellowish red suggested leaching of sand quartz from the top soil in possible cracks during the dry
season. The soil structure was massive with many pores due to earthworm activity and fine roots
in all directions. Results of soil physical properties analysis show that the second horizon had a
soil bulk density of 1.94 g cm™, a soil porosity of 26.9%, a soil moisture content of 10.8%, a clay
content of 3.1%, a silt content of 22.1%, and a sand content of 73.2%. The third horizon (33-50
cm, Bg) was described as gleyic with a sandy texture. This horizon was wet and sticky. The soil
colour was pinkish grey (7.5YR 6/2) and reddish yellow (7.5YR 6/6) around the roots. The soil
structure was massive and was highly porous due to earthworm activity and the presence of fine
roots in all directions. The water table was found at 50 cm. Results of the soil physical properties
analysis show that the third horizon had a soil bulk density of 1.77g cm, a soil porosity of 33.1%,
a soil moisture content of 16.1%, a clay content of 8.7%, a silt content of 35.7%, and a sand content
of 54.9%. The fourth horizon (50-60 cm+, Bvc) was described as Pisoplinthite with round Fe and

Mn concretions and nodules between 1 to 5 cm in diameter.
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Figure 19. Third soil profile (CB3) Red dashed lines are the
transition line between each horizon. Photo (P. Podwojewski, 2020)

The fourth profile (CB4) was located in the middle part (+25m a.m.s.l.) of the catchment, located
in a harvested area (see location in Figure 14 and a picture of the soil profile in Figure 20). The
environment was relatively flat and the soil was less compact compared with the three previous
soil profiles, mainly because ploughing was done manually in this plot. The soil was described as
a Luvic Gleysol with a first horizon (0-20 cm, Apr) described as anthraquic reductimorphic organo-
mineral ploughed horizon with claric material. The soil of the first horizon had a gleyic feature and
a sandy texture. The soil colour was reddish grey (5YR 5/2) and its structure was massive and

granular with a high porosity due to earthworm activity and plenty of fine to medium rice roots in
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all directions. Results of soil physical properties analyses show that the first horizon had a soil bulk
density of 1.70 g cm3, a soil porosity of 36.0%, a soil moisture content of 18.1%, a clay content of
2.2%, a silt content of 17.1%, and a sand content of 78.6%. The second horizon (20-35 cm, Btg)
was described as gleyic feature with a sandy clay loam texture. The soil particle size distribution
was dominated by very coarse sand particles. The soil was wet and slightly sticky. The soil colour
was reddish yellow (7.5YR 6/8) and with a pinkish grey colour (7.5YR 6/2) and its structure was
massive with a medium porosity due to earthworm activity and a few fine to medium rice roots in
all directions. Results of the soil physical properties show that the second horizon had a soil bulk
density of 1.89 g cm, a soil porosity of 28.6%, a soil moisture content of 14.2%. The profile
showed a clay enrichment from 2.2% to 28.9%, and 19.7 % below it. It also had a silt content of
7.5% and a sand content of 63.1%, but the cause of the enrichment for an argic’ horizon should be
natural clay leaching and not ploughing pan effect. The luvic properties are conditioned by an argic
horizon, a CEC higher than 8 cmol kg (higher than 24 cmol kg for 100% clay content) and a
base saturation < 50%. The third horizon (35-85 cm, Bg) was described as gleyic features with a
sandy clay loam texture. The soil particle size distribution was dominated by very coarse sand
particles. The soil was wet and very sticky. The soil colour was reddish yellow (7.5YR 6/8) and its
structure was massive with a medium porosity due to earthworm activity and a few fine to medium
rice roots in all directions. The water table was found at 85 cm. Results of the soil physical
properties analyses show that the third horizon had a soil bulk density of 1.72 g cm, a soil porosity
of 35.1%, a soil moisture content of 18.6%, a clay content of 19.7%, a silt content of 14.3%, and a
sand content of 64.2%, The fourth horizon (85-90 cm+, Bvc) corresponded to the Pisoplinthite

shown in Figure 17.

" Argic horizon (white clay): a subsurface horizon with a distinctly higher clay content than the overlying horizon
(IUSS Working Group WRB, 2022).
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Figure 20. Fourth soil profile (CB4). Red dashed lines are
the transition line between each horizon. Photo (P.
Podwojewski, 2020)
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Figure 21. Soil features next to the fourth soil profile (CB4)
with (a) comb chamber in a termite nest, (b) evidences of fungi
mycelium in a comb chamber, (c) mycelium in the soil material
of the termite mound, and (d) detail of exosymbiotic fungus
Termitomyces.
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Table 6. Data of bulk density (BD), soil porosity, soil moisture, particle size (sand, clay, and silt) by horizons at each soil profiles.

Horizon Horizon Horizon Sampling depth BD SD Porosity (%) SD Moisture (%) SD  Clay (%) Silt (%) Sand (%) Coarse sand Fine sand
Type depth (cm) (cm) (g cm?) (%) (%)
CB1.1(0.1) Apr 0-25 0-10 1.68 0.02 36.59 0.92 12.53 0.59 0.72 8.84 87.88 43.95 43.61
CB1.1(0.18) Apr 0-25 15-18 NA NA NA NA NA NA 0.63 10.27 85.78 46.15 38.42
CB1.2 Bg 25-60 35-42 1.79 0.03 32.37 1.17 13.92 0.45 0.84 12.22 81.37 39.38 41.65
CB1.3 Bvc 60-70+ 70-75 NA NA NA NA NA NA NA NA NA NA NA
CB2.1 Apr 0-25 0-10 1.55 0.06 41.56 2.27 16.63 1.01 2.78 33.25 60.20 11.95 48.05
CB2.2 Bg 25-50 35-42 1.61 0.01 39.19 0.37 17.65 0.40 27.95 19.34 52.23 13.50 38.72
CB2.3 Bg 50-85 50-85 1.63 0.03 38.39 1.24 19.66 1.13 35.56 23.63 39.46 11.03 28.15
CB2.4 Bgvc 85-110 90-100 NA NA NA NA NA NA 11.25 36.88 50.49 23.06 27.29
CB3.1(0.1) Apr 0-25 0-10 1.89 0.02 28.64 0.79 14.90 0.39 3.15 26.35 68.49 41.01 27.01
CB3.1(0.25) Apr 0-25 10-25 1.88 0.07 28.87 2.70 12.22 0.37 2.87 23.86 71.31 45.41 25.50
CB3.2 ABg 25-33 25-33 1.94 0.06 26.93 211 10.76 0.32 3.13 22.11 73.23 52.91 19.88
CB3.3 Bg 33-50 30-40 1.77 0.10 33.14 3.77 16.11 2.44 8.66 35.68 54.86 35.14 19.03
CB3.4 Bvc 50-60+ 50-60 NA NA NA NA NA NA NA NA NA NA NA
CB4.1 Apr 0-20 0-15 1.70 0.06 36.03 231 18.14 1.11 221 17.08 78.62 36.74 41.58
CB4.2 Btg 20-35 23-30 1.89 0.04 28.65 1.44 14.20 0.64 28.91 7.52 63.12 32.27 32.47
CB4.3 Bg 35-85 40-55 1.72 0.03 35.14 111 18.63 0.43 19.71 14.32 64.23 34.77 28.69
CB4.4 Bvc 85-90+ NA NA NA NA NA NA NA NA NA NA NA NA

According to IUSS working group WRB (2022), the definition of the horizon types are given below:
- Apr: A cultivated organo-mineral horizon which was modified by ploughing and had strong reduction
- ABg: A transitional horizon between A and B horizons with a presence of stagnic feature of accumulation of Fe and/or Mn oxide.

- Bg: A mineral horizon that had formed below an A horizon with stagnic features and accumulation of Fe and/or Mn oxides. Or mottles with gley features of structurally altered associated with periodic

reduction

- Btg: An illuvial horizon characterized by greyish colours of stagnic features and/or prominent mottles 50 cm below the soil surface indicating permanent or periodic intense reduction. It had formed

below A horizon.
- Bgvc: A mineral horizon with stagnic features and accumulation of Fe and/or Mn oxide as concretions of plinthite, and, had formed close to the water table.
- Bvc: A mineral horizon with plinthite, and concretion, had formed below an A horizon close to the water table
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5.3 Discussion

The first conclusion of this study is that we did not confirm previous observations made by Crocker
(1962) and JICA (2003), who described Podzols, and both Acrisol and Arenosols in the study field,
respectively. The main finding of this study is that soils in Chrey Bak can be described as Gleysols

due to the water table and very clear mottles and redoximorphic features.

Podzols are characterized by the movement of iron due to acidic organic matter and complexed
iron with organic acids (Bridges et al., 1998; IUSS Working Group WRB, 2022). In Chrey Bak,
the accumulation of iron was not due to the lixiviation of fulvic acids and the chelation of iron.
Soils had no E bleached top soil horizon, and iron accumulation in B was due to water logging and

has a redoxymorphic origin.

Acrisol was defined by JICA (2003) and SoilGrids (https://soilgrids.org), however despite the

possible lixiviation and accumulation of clay in an Argic horizon in CB4.2 horizon, the oxymorphic

features of a Gleysol prevailed to those of an Acrisol in the WRB.

Arenosols. Similarly, the presence of Arenosols in Chrey Bak was not confirmed because the
oxymorphic features characteristic of a Gleysol prevailed to those of an Arenosol. The arenic
qualifier was mentioned in the description of soils. The gleyic and stagnic properties were
dominant in the classification. Some soil profiles had arenic features but they were Gleysols —
arenic is a supplementary qualifyer - due to the permanent water table and spots in soils. The soil
could be a Fluvisol if there was evidences of stratification and no evident Gleyic or stagnic features.
Arenosols are defined as deep sandy soils with sand particles that are coarser than sandy loams to
a depth of at least 100 cm from the surface with no redoxymorphic, plinthitic, leaching, or

stratification features. On the other hand, Gleysols comprise soils saturated with groundwater
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during long periods, then developing reducing condition resulting in gleyic properties, including

underwater and tidal soils (FAO, 2006).

Soils in Chrey Bak develop all Gleysols characteristics because of:
0] A visible water table often < 1.0 m deep;
(i) An Anthraquic diagnostic surface horizon. It is a « surface horizon that results from
wet-field cultivation and comprises a puddled layer (irrigated rice fields) and a

plough pan (def. WRB 2022). This A horizon had reductic® and stagnic® properties.

The topsoil developed also claric material with pale colours and the plough pan was
evidenced by a strong increase of the bulk density of the horizon below that could
reach values > 1.8 g cm3; The sole limit of the Anthraquic diagnostic horizon was
a colour slightly more pale than the colour requested for the WRB Anthraquic
characters.

(i) A Bg horizon with clear mottles of pale pink, gray and strong brown reddish or
orange brown mottles around the roots. These reductimorphic features were due to
the upward moving agent (water table and capillary rising) (WRB, 2022) but also
combined with stagnic properties dues to the irrigation process from above the
profile. This increases the complexity of the pedogenesis redoximorphic process.
All have plinthic features with clear Fe concretions at the base of the profile at the

level of the fluctuation of the watertable and completely cemented below it. They

8 Reductic (drawn back): having reducing condition caused by gaseous emissions, e.g. methane or carbon dioxide,
or caused by liquid intrusion other than water (IUSS Working Group WRB, 2022).

9 Stagnic (to flood): the area of reductimorphic feature plus the area of oximorphic features is = 25cm (weight
average) of the layer’s total area.
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were oxygleyic, pisoplinthic, stagnic, eutric'® (depending on the cation saturation)

Gleysols. They were all ochric!! due to the pale colour of the top soil.

In conclusions, soils could be differentiated by the soil texture as sandy, silty or loamy.
The sandy profile 1 was panto*?-arenic®?, if the sandy texture began from the top to deeper 1.0 m,
but ano'4-anenic if the sandy level stopped at less than 1.0 m depth. The profiles 2 and 3 were panto

or ano-loamic®® according to the presence of a petroplinthic'® horizon deeper or shallower than at

1.0 m depth, respectively. The profile 4 was amphi'’-loamic due to the sandy topsoil horizon and

the presence of petroplinthic at less than 1.0 m depth. The last soil profile was characterized by a

10 Eutric: having one or more layers consisting of mineral material, between 20 and 100 cm of the mineral soil
surface, or between 20cm of the mineral soil surface and a limiting layer starting > 25cm from the mineral soil surface,
whichever is shallower, that have exchangeable (Ca+Mg+K+Na) = exchangeable Al in the major part of their
combined thickness ? (IUSS Working Group WRB, 2022)

11 Ochric: the horizon is not dark and does not have dark organic matter content, having = 0.2% soil organic carbon
(weighted average) in the upper 10cm of the mineral soil.

12 panto- (all): the layer starts at the (mineral) soil surface and has its lower limit = 100cm of the (mineral) soil surface
or at a limiting layer starting > 50cm from the (mineral) soil surface.

13 Arenic (sand): consisting of mineral material and having, single or in combination, a texture class of sand or loamy
sand in one or more layers with a combined thickness of = 30cm, occurring within 100cm of the mineral soil surface,
or in the major part between the mineral soil surface and a limiting layer starting > 10 and < 60 cm from the mineral
soil surface.

14 Ano- (upwards) : the layer starts at the (mineral) soil surface and has its lower limit > 50 and < 100cm of the
(mineral) soil surface; and no such layer occurs between 99 to 100cm of the (mineral) soil surface or directly above a
limiting layer.

15 | oamic (loam): consisting of mineral material and having, single or in combination, a texture class of loam, sandy
loam, clay loam, sandy clay loam, sandy clay loam or silty clay loam in one or more layers with a combined thickness
of = 30cm, occurring within 100cm of the mineral soil surface, or in the major part between the mineral soil surface
and a limiting layer starting > 10 and < 60cm from the mineral soil surface.

16 Petroplinthic horizon (petros, rock, and plinthos, brick): a continuous and inundated layer with high iron
(associated with Mn) concentration is organized in round concretion (IUSS Working Group WRB, 2022)

17 Amphi- (around): the layer starts >0 and < 50 cm for the (mineral) soil surface and has its lower limit >50 and <100

cm of the (mineral) soil surface; and no such layer occurs <1cm of the (mineral) soil surface; and no such layer occurs
between 99 and 100 cm of the (mineral) soil surface or directly above a limiting layer.
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leaching of clay and could be considered as luvic (it could be also acric'®, alict®, lixic?® depending

on the CEC and the base saturation). However, the textural discontinuity corresponded to a plough

pan and the clay leaching process could have been observed with more precision.

Gleysols. The specific environment in paddy fields matches with the definition of a Gleysol since
soils in Chrey Bak are often saturated with water during the rainy season or almost during the
whole period of the cultivation of rice, while they become dry during the dry season. Water regime
changes in paddy soils are responsible for the reddish, brownish or yellowish colors observed in
soil. The redox process could also be caused by rising gases, such as CO. or CH4 and evidenced of
reduction processes with segregation of Fe compounds starting within 40 cm of the ground surface,

which was exactly what we found on the ground in 2020.

Catchments are usually heterogeneous environments. Assuming differences in soil properties
with the elevation, in particular due to the flooding of soil and the transportation of sediments from
the Tonle Sap River to the cultivated fields during the rainy season, we expected a gradient in sand
content along the topography. This relationship was tested using unpublished data (Ann V. and
Ket P., pers. obs., 2012) describing 15 soil profiles along the catchment (see Figure 22) and our

own dataset. The ground elevation varied from -5 to 86 m a.m.s.l. and the sand content in the

18 Acric (sharp): having an argic horizon starting < 100 cm from the mineral soil surface with a CEC (by 1 M NH40Ac,
pH 7) of < 24 cmolc Kg! clay in some subhorizon within 150cm of the mineral soil surface; and having exchangeable
Al> exchangeable (Ca+Mg+K+Na) in half or more of the depth range between 50 and 100cm of the mineral soil
surface or the lower half of the mineral soil above a limiting layer starting < 100cm from the mineral soil surface,
whichever is shallower.

19 Alic (alum): having an argic horizon starting < 100 cm from the mineral soil surface with a CEC (by 1 M NH4OAc,
pH 7) of =2 24 cmolc Kg* clay throughout within 150cm of the mineral soil surface; and having exchangeable
Al>exchangeable (Ca+Mg+K+Na) in half or more of the depth range between 50 and 100cm of the mineral soil
surface or the lower half of the mineral soil above a limiting layer starting < 100 cm from the mineral soil surface,
whichever is shallower.

20 Lixic (washed-out substances): having an argic horizon starting < 100 cm from the mineral soil surface with a CEC
(by 1 M NH4OAc, pH 7) of < 24 cmolc kg™ clay in some subhorizon within 150 cm of the mineral soil surface; and
having exchangeable Al < exchangeable (Ca+Mg+K+Na) in half or more of the depth range between 50 and 100 cm
of the mineral soil surface or the lower half of the mineral soil above a limiting layer starting < 100 cm from the mineral
soil surface, whichever is shallower.
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topsoil varied from 60 to 90%, Figure 22 shows that no clear relationship could be evidenced
between these two variables (P > 0.05). The same relationship was tested between the sand content
in the topsoil and the distance to the Tap river, and the relationship was here again non-significant
(R? =0.001, P =0.97). Therefore, we could not confirm our hypothesis and the elevation or the
distance to the river could not be considered as a discriminant factor for characterizing differences

in soil texture.
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Figure 22. Relationship between the sand content in the topsoil and the ground elevation (compared

with mean sea level) using 15 soil profiles described in 2012 by Ann V. and Ket P. (in blue) and 4
others described in 2020 by Podwojewski P. and Muon R. (in green).
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Chapter 6 . Termite mounds as patches of soil fertility

in Cambodian paddy fields

Results from this chapter have been submitted to Geoderma Regional on September 19" in the
present form. It aims at measuring the impact of termite bioturbation on soil properties. Locations
of the soil samples were selected based on the soil map proposed by JICA (2003). However, data
were afterwards analyzed from the results obtained and described in Chapter 5, i.e., in comparison

three soil groups from their sand contents.
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Abstract

In Cambodia, termite mounds are commonly used by farmers as amendments to increase the
fertility of their paddy fields. However, despite their utilization, their chemical and physical
properties have not been described yet. Therefore, the aim of this study was to analyze the chemical
and physical properties of two termite constructs commonly found in paddy fields: (a) termite nests
built and occupied by the fungus-growing termite Macrotermes gilvus and (b) lenticular mounds
that are initially built by termites but host a large diversity of other invertebrates and plants. This
study shows that these biogenic structures have very specific properties. Termite mound nests were
characterized by higher clay, phosphorus and electrical conductivity than the surrounding soil.
However, their effect on carbon dynamics was limited to a modification of the interactions between
soil organic matter and minerals and to the presence of carbonates. At the same time, lenticular
mounds appeared as patches of nutrients in paddy fields because they were always enriched in
carbon, nitrogen, and phosphorus in comparison with the surrounding cultivated soil. Lenticular
mounds were also enriched in clay, although this effect was only measured when the sand content
in the surrounding environment was > 60%. Together with these changes, lenticular mounds were
characterized by a lower bulk density, higher saturated hydraulic conductivity (Ksat), and higher
water holding capacity. In conclusion, this study shows that termite constructions can be
considered fertility and biogeochemical hotspots in paddy fields, thus explaining their use by

farmers for improving the fertility of their land.

Keywords: Bioturbation, ecosystem services, water holding capacity, C sequestration, gley soil
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6.1 Introduction

Termites are among the most important soil invertebrates across the tropics (Wood and Sands
1978) due to their high abundance and impact on the decomposition of litter and other plant-derived
materials (Collins 1981; Schuurman 2005; Griffiths et al. 2019). However, what makes termites
almost unique among soil invertebrates is their capacity to regulate soil biological, chemical, and
physical properties through the construction of soil biogenic structures, such as galleries, sheeting,
and mounds (Jouquet et al. 2016b). For this reason, termites are commonly considered key soil
bioturbators and soil engineers (Dangerfield et al. 1998; Black and Okwakol 1997; Jouquet et al.
2006).

Through their bioturbation activity, termites impact the dynamics of soil and water at different
spatial and temporal scales (Bottinelli et al. 2015; Jouquet et al. 2016a). At a small scale, termites
have been compared to weathering agents because they influence the mineralogy of clay and the
properties of soil aggregates, which in turn influence soil organic matter and nutrient dynamics
(Abbadie and Lepage 1989; Jouquet et al. 2002) as well as soil water-holding capacity (Konaté et
al. 1999; Suzuki et al. 2007; Traoré et al. 2019). At the soil profile scale, termites use soils from
various soil depths or specifically select soil particles of small sizes for the construction of their
nest structures (Abe et al. 2009; Jouquet et al. 2017, 2002). If the capacity of termites to enrich the
soil in clay particles seems to be the rule (Holt and Lepage 2000), their impact on soil organic
matter is highly variable. For instance, several studies showed higher C content in termite mounds
than in the surrounding soil (Jouquet et al. 2005; De Souza et al. 2020; Chen et al. 2021; Wakbulcho
and Kenea 2021), while Cheik et al. (2018) found a negative or neutral effect of termite
bioturbation activity. Finally, termites act as heterogeneity drivers and shape the distribution of
natural resources such as water and nutrients at the landscape scale through the edification of
mounds that are comparable to nutrient patches or fertility islands (Dangerfield et al. 1998; Jouquet

et al. 2011. 2016a; Muvengwi and Witkowski 2020; Chen et al. 2021).
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The specific soil biological, chemical, and physical properties of termite mounds have largely
been described, especially in Africa, where they play a key role in the dynamics of vegetation (e.g.,
Traoré et al. 2008a) and increase the robustness and resilience of African dryland ecosystems
against water shortages and desertification (Bonachela et al. 2015). In Brazil, termite activity is
considered to be at the origin of the “murundus” structures, which represent a quantity of soil
equivalent to approximately 4,000 great pyramids of Giza (De Souza and Delabie 2018; Martin et
al. 2018; De Souza et al. 2020). In Asia, studies considering the properties of termite mounds have
mainly been restricted to India (Jouquet et al. 2017, 2015, 2020) and China (Chen et al. 2021).
However, termite mounds are also conspicuous features of the landscapes in the Lower Mekong
Basin (Choosai et al. 2009; Miyagawa et al. 2011). In Laos, lenticular mounds provide numerous
ecosystem services, and their soil is also used for growing vegetables or as an amendment for
increasing the soil fertility of paddy fields (Miyagawa et al. 2011). In northeastern Thailand, their
higher concentrations of C and nutrients and higher clay content in comparison with the
surrounding topsoil explain why farmers spread termite mound soil in their lands to increase their
soil fertility (Choosai, 2010; Noble et al., 2004; Suzuki et al., 2007). Despite the fact that termite
mounds are also commonly observed in paddy fields in Cambodia and that their soil is also used
as an amendment for increasing the soil fertility of paddy fields or for growing vegetables (Muon
pers. com.), there is a dearth of information on their chemical and physical properties. The question
of the impact of termites on soil properties is, however, very important in paddy fields in
Cambodia, where soils are mainly sandy and are characterized by low soil fertility and poor soil
physical properties (i.e., soils are highly compact with a low water-holding capacity) (White et al.
2006; Seng et al. 2007). In this environment, any enrichment in clay particles is likely to have a
positive impact on soil chemical and physical properties, especially the retention of organic matter
and water (Noble et al. 2004).

Therefore, the aim of this study was to analyse the impact of termite bioturbation on soil

properties in Cambodian paddy fields. Our main hypothesis was that termite mounds can be
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considered biogeochemical hotspots in paddy fields with higher clay, organic matter, and nutrient

contents, as well as higher water hydraulic conductivity and a higher water-holding capacity.

6.2 Results

6.2.1 Soil physical and chemical properties

The three soil groups were mostly differentiated from their soil particle size distribution (i.e., no
significant differences in C, N, or P contents, C:N ratio, pH or EC) (Figure 23 and Table 7). The
K content was higher in GllIl than in GI, with intermediate value for GIl. Conversely, the amount
of sand was the highest in Gl and the lowest in GllIlI, while intermediate sand contents were
measured in Gll. The opposite was found for the clay and silt contents, which were the highest in
GllI and the lowest in GI.

Bioturbation by termites significantly influenced soil properties apart from the C:N ratio,
which was influenced neither by termite bioturbation nor by the soil groups (Table 7). The C, N
and P contents and EC were only influenced by termite bioturbation (i.e., not influenced by soil
groups). Higher C, N and P contents were measured in LM than in CTRL (Figure 23). LM was
also characterized by intermediate EC value between those measured in CTRL and TN (P > 0.05
for both CTRL and TN). TN had similar C content to CTRL but intermediate N content to those
measured in CTRL and LM (P > 0.05 for both). TN was also characterized by a higher P content
and a higher EC than that of CTRL (P < 0.05 for both).

Termite bioturbation did not influence the soil pH, except in the sandiest soil group (GI)
where a higher soil pH was measured in TN than in CTRL (Figure 23). In GI, LM had intermediate
soil pH values between those of CTRL and TN (P > 0.05 in both cases). Clay and sand contents
were also influenced by termite bioturbation. The clay content was always higher in TN than in

CTRL, while the enrichment in clay was only measured in Gl and GII for LM. Conversely, the
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sand content was reduced in TN in comparison with CTRL, although this impact was only

measured in the first soil group (i.e., P > 0.05 for Gll and GllII).
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Figure 23. Histograms showing the impact of termite bioturbation (control soil “CTRL” in orange, lenticular
mounds “LM” in green, and termite mound nests “TN” in blue) in the three soil groups (GI, GII and GIII)
on the C, N, and P contents, pH and electrical conductivity (EC), and soil particle sizes (clay, silt and sand
contents). Histograms with different letters are significantly different at P < 0.05 (mixed linear model with

elevation as random factor).
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Table 7. Results of the linear mixed models testing the influence of termite bioturbation (i.e.,
termite mound nests, lenticular mounds, and reference soil) and soil groups (i.e., GI, Gll and GllII)
on soil properties with elevation as random factor. *** < 0.001, ** < 0.01, * <0.05

Bioturbation (a) Soil Groups (b) @) x (b)

F-values P-values F-values P-values F-values  P-values
C (%) 5.53 0.008 ** 2.30 0.302 32.87 0.829
N (%) 5.20 0.011 * 5.42 0.156 0.46 0.760
C:N 1.68 0.201 4.64 0.177 0.10 0.980
P (ppm) 9.028 <0.001 *** 0.15 0.899 1.09 0.377
K (meq 100g™) 3.67 0.036 * 2.05 0.328 4.09 0.008 **
EC (uS cm™) 6.32 0.005 ** 1.18 0.458 1.60 0.197
pH 8.92 < 0.001 *** 4.47 0.182 3.21 0.024 *
Clay (%) 35.02 <0.001 *** 11.75 0.078 3.15 0.026 *
Silt (%) 0.45 0.637 32.18 0.030 * 1.61 0.193
Sand (%) 16.48 < 0.001 *** 115.74 < 0.001 *** 2.14 0.096

6.2.2 Carbon pools measured by Rock-Eval® analysis

Soil groups had no influence on the soil properties measured by Rock-Eval (Table 8). Higher Corg

content was measured in LM than in TN and CTRL (P > 0.05 between TN and CTRL). In general,

MinC content was very low. However, their concentrations were the highest in TN in comparison

with the other treatments for all soil groups (P > 0.05 in all cases). While HI was lower in TN than

in LM and CTRL, the differences were nonsignificant. Finally, no significant differences in R-

index values were measured (P > 0.05).

Comparatively, I/R values from LM and CTRL were lower than those of the general

regression model (Figure 24). The distribution of the data was more variable for TN, with values

both higher and lower than those of the general model. This difference in variability shows a higher

deviation of the I-index from control soils for TN than for LM (Figure 25).
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Figure 24. I- vs. R-index diagram for termite mound nests and lenticular mounds, and control soils. The
dashed line represents the ‘humic trend’ measured by Sebag et al. (2016). The I-index is shown on the
vertical axis (control ‘CTRL’ in orange, lenticular mounds ‘LM’ in green, and termite mound nests ‘TN’
in blue). Soil groups are Gl in circles, Gll in triangles, and Gl in squares.
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Figure 25. Histogram showing the deviation of I-index values of lenticular mounds (LMs) and termite
mound nests (TNs) from those of the control soils (CTRL) (average values for the three soil groups).
Vertical bars are standard errors (n = 15). Differences are significantly different at P < 0.05.
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Table 8. Results from the Rock Eval analysis showing the percentages of organic (OrgC) and
mineral C contents (MinC) and HI (in mg HC g* TOC) and the R index for termite mound nests
(TNs), lenticular mounds (LMs), and the surrounding paddy field (control, CTRL) found in the
three soil groups (GI, GIl, and GllII) in the Chrey Bak catchment. Numbers in parentheses are
standard errors of the means (n =5).

P-values correspond to the results of the linear mixed models testing the influence of termite
bioturbation (i.e., LM, TN, and CTRL) and soil groups (i.e., groups I, Il and I11) on soil properties
with elevation as random factor. Values with similar letters are significantly similar at P > 0.05.
*** P <0.001, *P <0.05

Soil types OrgC (%) MinC (%) HI (mg HC g* TOC) R index
CTRL 0.49°(0.12)  0.01°(0.00) 238.6 (9.15) 0.58 (0.02)
Gl LM 1.06%(0.16)  0.00°(0.01) 215.8 (10.28) 0.60 (0.01)
TN 0.62°(0.06)  0.072(0.02) 191.0 (20.60) 0.61 (0.01)
CTRL 0.85° (0.09)  0.00° (0.00) 253.4(14.22) 0.53 (0.02)
Gll LM 1.63%(0.40)  0.02°(0.02) 215.4(23.63) 0.56 0.01)
TN 0.74° (0.19)  0.03% (0.00) 158.6 (10.43) 0.55 (0.03)
CTRL 1.08° (0.11)  0.00° (0.00) 191.2 (7.96) 0.61 (0.01)
Gl LM 1.942 (0.45)  0.01° (0.00) 197.4 (18.72) 0.58 (0.02)
TN 1.60° (0.59)  0.05% (0.01) 136.6 (28.48) 0.61 (0.01)
Bioturbation (a) P=0.011* P <0.001*** P =0.7531 P =0.490
Soil groups (b) P =0.285 P=0.117 P=0.139 P =0.092
(@) x (b) P =0.786 P =0.320 P =0.489 P =0.435

6.2.3 Soil porosity and water dynamics

The soil bulk density (BD) reached between 1.4 and almost 1.7 g cm= in CTRL. The BD value
was influenced both by both the location (i.e., soil group effect, P < 0.001) and the termite
bioturbation (P < 0.001) (Table 9). CTRL and TN had similar BD values, independent of the soil
groups. Conversely, the soil BD was lower in LM than in CTRL and TN, except in GI, where BD
in TN was similar to that in LM and CTRL. The lower BD in LM was also associated with a higher
Ksat in LM soil than in CTRL (P = 0.005), independent of the soil groups (P = 0.084) (Figure 26).
Water-holding capacity was also significantly higher in LM than in CTRL at pF 4.2, 3.2 and 2.5,

independent of the location (soil group effect, P > 0.05) (Table 10 and Figure 27).
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Figure 26. Saturated hydraulic conductivity (Ksat) in lenticular mounds (LMs) and control soil
(CTRL) (average values for the three soil groups). Vertical bars are standard errors (n = 13).
Histograms with different letters for the same location are significantly different at P < 0.05.
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Figure 27. Soil water content at different pF for the lenticular mound (LM) in green and control
soils (CTRL) in orange in the different soil groups. Vertical bars are the standard errors, and the

stars are significantly different at P < 0.05.
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Table 9. Differences in soil bulk density (BD, in g cm™) in termite mound nests (TNs), lenticular
mounds (LMs), and control soils (CTRL) in the three groups of soil. Numbers in parentheses are
standard errors of the mean. P-values correspond to the results of the linear mixed models testing
the influence of termite bioturbation (i.e., LM, TN, and CTRL) and soil groups (i.e., Gl, Gll and
GlI1) on soil properties with elevation as random factor. VValues with similar letters are significantly
similar at P > 0.05. *** P < 0.001

Soil types BD (g cm™)
CTRL 1.662(0.08)
Gl LM 1.41% (0.06)
TN 1.58%(0.05)
CTRL 1.512(0.03)
Gl LM 1.18°(0.10)
TN 1.54%(0.04)
CTRL 1.38%(0.04)
Gl LM 1.21°(0.06)
TN 1.45% (0.06)
Bioturbation (a) P < 0.001 ***
Soil groups (b) P < 0.001%**
(a) x (b) P =0.436

Table 10. Results of the linear mixed models testing the influence of termite bioturbation (i.e.,
termite mound nests, lenticular mounds, and reference soil) and soil groups (i.e., GI, Gll and GllII)
on water the content at pF 0, 2.5, 3, 3.5 and 4.2 with elevation as random factor. *** < 0.001, ** <
0.01, *<0.05

Bioturbation (a) Soil Groups (b) (@) x (b)

F-values P-values F-values P-values F-values P-values
pFO 0.38 0.545 0.69 0.590 0.81 0.455
pF25  8.24 0.009 ** 7.79 0.114 0.02 0.975
pF3 3.31 0.082 13.74 0.068 0.02 0.978
pF3.2  4.95 0.036 * 12.66 0.073 0.11 0.893
pF4.2 14.71 <0.001*** 5096 0.144 0.46 0.638
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6.3 Discussion

6.3.1 Termite constructions as nutrient patches

Abundant literature has described the specific properties of termite constructions in African
savannahs and forests and showed how they regulate the distribution of nutrients at the landscape
scale (e.g., Sileshi et al. 2010; Van der Plas et al. 2013; Cramer and Midgley 2015; Davies et al.
2016; Muvengwi et al. 2017; Muvengwi and Witkowski 2020). Comparatively, termites have been
considered neglected soil engineers in Asia due to the comparatively low number of studies
describing their properties (Jouquet et al. 2016a). In the Lower Mekong Basin, lenticular mounds
are, however, conspicuous features of the landscape. If the dynamics of these structures are
unknown, the local population explains their presence and properties from the degradation of M.
gilvus mound nests, which are always found on lenticular mounds (data not shown), as well as the
activity of other soil invertebrates (Choosai et al. 2009) and the presence of plants (Choosai, 2010;
Miyagawa et al., 2011). At our study site, the density of LM was not influenced by the location
within the catchment or by the soil types, reaching 2 mounds ha™*, which corresponds to ~6 m? soil
ha! on average. One striking conclusion of this study is that LM always constitutes patches of
nutrients in paddy fields, with higher C and nutrient (N and P) contents than the surrounding
topsoil. TN was also enriched in P in comparison with the reference soil, but no difference in C or
N content was found. Enhancement in C content in LM was confirmed by Rock-Eval® analysis.
However, termite bioturbation did not influence the R- index and HI value, suggesting similar soil
organic matter quality (Barré et al. 2016; Sebag et al. 2016). Nevertheless, the I/R diagram showed
specific SOM-mineral interactions in TN in comparison with both LM and CTRL. Indeed, while
LM and CTRL samples were distributed along the ‘decomposition line, red line in Figure 3°, TN
samples were characterized by high variability, suggesting the presence of variable proportions of
labile but unstable organic matter fractions in TN, most likely of saliva origin and/or of organic

fractions stabilized by adsorption onto mineral surfaces. Such changes could be attributed to the
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total reorganization of the interactions between SOM and minerals during the molding of
individual soil pellets by termites, as well as the enrichment of clay particles in TN. Indeed, TN
was always enriched in clay in comparison with the surrounding soil, although a reduction in sand
was only measured when the sand content of the paddy field was > 80% (i.e., GI). LM was also
enriched in clay, but this effect was only measured when the sand content of the paddy field was
> 60% (i.e., Gl and GIlI). Therefore, these findings confirm the general assumption that termites’
impact on soil texture is preponderant in sandy and poor soils, while it is more limited in more
clayey soil (e.g., Jouquet et al. 2015; Bera et al. 2020). In sandy soil, the construction of termite
mound nests usually requires the selection of clay particles, which might come from the deeper
soil layers (Abe et al., 2009; Jouquet et al., 2017a), and the incorporation of organic matter (C and
N), i.e., mostly saliva that fungus-growing termites use for ensuring cohesion between particles
(Holt and Lepage 2000; Zachariah et al. 2017; Jouquet et al. 2022).

As observed by others ( Jouquet et al. 2015; Cheik et al. 2018; Bera et al. 2020; Subi and Sheela
2020), a higher soil pH was found in termite constructions in comparison with the surrounding soil
in Gl. Interestingly, this higher soil pH was associated with the highest MinC values in TN.
Although its concentration was very low (< 1%), the presence of mineral C was highly surprising
in the Chrey Bak catchment, where the soil is acidic. Since a Pisoplinthic horizon was found at
approximately 80 cm depth, we consider it unlikely that mineral C came from the deeper soil layers.
Examination of the thermograms measuring the fluxes of CO2 and CO during pyrolysis shows the
presence of 2 synchronous peaks between 500 and 525 °C, observed in oxalate-rich samples. These
peaks are not observed in CTRL and suggest that high MinC value in TN could correspond to
biogenic carbonate, which may be related to the release of oxalate crystals by termites and their
associated fungi and bacteria from decaying oxalogenic plant tissues (Cailleau et al. 2011; Mujinya
et al. 2011; Suryavanshi et al. 2016; Francis and Poch 2019; Jouquet et al. 2022). Additionally,
these oxalate crystals could also have a bacterial (Hervé et al. 2016) or fungal origin (Herve et al.

2021). Since termite constructions harbour microbial communities distinct from those present in
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the surrounding soil (Baker et al. 2020), oxalogenic microorganisms could be more abundant in
termite constructions than in soil. To form CaCOs from the oxidation of calcium oxalate, the soil
pH needs to reach the stability of calcite, i.e., pH 8.4 under conventional surface conditions of
temperature and pressure. This pH is likely to be reached during the digestion of organic residues
by termites (pH = 9.5 in the paunch of Macrotermes subhyalinus, Anklin-Mihlemann et al. 1995).
Even if the soil pH is lower than 8.4 in TN, it is also possible that such a value could be reached at
a very small scale (e.g., Kim and Or 2019) within the soil pellets produced by termites by building
their nests. Enhancement in soil pH increases the cationic exchange capacity of soil (Brady and
Weil 2010) and therefore its ability to hold nutrients. Indeed, together with these enrichments in
clay, C and N contents, termites also enhanced the concentrations of exchangeable cations and
nutrients in their constructions (Jouquet et al. 2011; Abe et al. 2011; Bera et al. 2020; Chisanga et
al. 2020). Our study confirmed this increase in soil fertility with higher amount of P in termite
constructs. The impact of termite bioturbation activity on the amount of available P is usually
related to the functional groups to which termite species belong (L6pez-Hernandez et al. 2006).
Previous studies showed that fungus-growing termites increase the sorption of P in soil (i.e., reduce
the amount of available P) in comparison with the surrounding soil (Lépez-Hernandez et al. 2006;
Bera et al. 2020). Therefore, more research is needed to determine whether the higher amount of P

in LM and TN is associated with a higher availability of P in soil.

6.3.2 Termite bioturbation improves soil water dynamics

As shown in other ecosystems, sandy soils can be highly susceptible to compaction (Huang and
Hartemink, 2020). This is especially true in the Lower Mekong Basin when the ploughing of soil
and the harvesting of rice are mechanized (Gursoy 2021). At our study site, the high compaction
of soil is unlikely to be a problem for the cultivation of rice when it is submerged by water, and it
can even be looked at to avoid the leaching of nutrients (Patel and Singh 1981). However, a high

bulk density can become a real issue in periods of water shortage (Hoque and Kobata 2000) because
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of the low water-holding capacity of soil and because of the hardness of soil, which can reduce the
ability of rice roots to grow (Olubanjo and Yessoufou 2019). In Cambodia, agriculture is hampered
by erratic rainfall at the beginning of the rainy season, with a temporary period of drought
threatening the growth of rice seedlings and thus, rice productivity (Tsubo et al. 2009). Therefore,
the lower bulk density measured in lenticular mounds is interesting because it shows that
bioturbation (i.e., the production of subterranean tunnels by termites and other invertebrates and
the production of macropores by roots) associated with a limited increase in clay particles and
organic matter can significantly improve soil structure and both the infiltration of water and the
water-holding capacity of soil. This was evidenced by the higher values of Ksat measured in
lenticular mounds in comparison with the surrounding topsoil, as well as by the significantly higher
water retention measured at pF 2.5, 3.2, and 4.2.

The high compaction (i.e., extremely low soil porosity) of Macrotermes spp. mound nests
has been described in several ecosystems (Holt and Lepage 2000; Abe et al. 2009; Traoré et al.
2019; Bera et al. 2020) and explains the extremely high resistance of these soil structures to the
attack of predators and to the weathering impact of rain (Jouquet et al. 2004). Our study confirmed
the very high bulk density of M. gilvus mound nests. Moreover, although the water retention curves
and Ksat could not be measured from TN samples, the similar soil bulk density between TN
samples and CTRL, despite a higher clay content in TN, suggested a very specific organization of

the soil porosity and a very low diffusion of water within termite mound nests.
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6.4 Conclusion

Two key conclusions and perspectives came out from this study. First, we confirmed that termite
constructions could be seen as nutrient patches in paddy fields, explaining why farmers use these
soil types to improve the fertility of their lands (Noble et al. 2004; Suzuki et al. 2007; Sarcinelli et
al. 2013; Subi and Sheela 2020; Chisanga et al. 2020). In addition to increasing the chemical
fertility of soil, the amendment of LM and TN is also likely to improve the physical properties of
soil. More research is now needed to determine if the amendment of LM soil can also enhance the
water holding capacity of cultivated soils. This impact could be very important in Cambodian
paddy fields, where the management of water is considered to be a key issue (Chem et al. 2011).
Second, we evidenced the presence of carbonates in TN, most likely due to the stimulation
of specific bacteria and fungi associated with the production of carbonate nodules within
microhabitats. This result is especially interesting because, although the concentration of carbonat
e is very low, it can favourably impact both the soil fertility and the sequestration of C in paddy
fields, which are known to be important emitters of methane (Li 2010). Therefore, more research
is also needed to identify the ecological processes and biological actors associated with the
production of carbonates in TN and to determine if they could be used to increase the soil fertility

and the sequestration of C in cultivated soils.
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Chapter 7 . Abundance and distribution of termite
lenticular mounds in paddy fields in Cambodia.

Comparison between the current situation and that

observed in the 1950s.

7.1 Introduction

Termite mounds are among the most impressive soil-constructions produced by living organisms.
These biogenic structures have different shapes and sizes and, if most of the species only build
small epigeous nests or subterranean chambers, some constitute conspicuous topographical
features in the landscapes, such as the termitaria produced by Macrotermes spp. in Africa and those
of Amitermes laurensis in Australia (e.g., Wood et al., 1982; Coventry et al., 1988; Spain and
Mclvor, 1988). Termite mounds also include lenticular mounds or hills (also called hummocks)
that can be covered by the vegetation and even host specific plant communities (e.g., Traoré et al.,
2008b; Cramer and Midgley, 2015) which in turn create specific environmental conditions for a
variety of herbivores ( Noble et al., 1989; Dangerfield et al., 1998; Muvengwi et al., 2014; Davies
et al., 2016b) but also soil biodiversity (Choosai et al., 2009).

The origin and dynamics of lenticular mounds are difficult to estimate, in particular
regarding their potential long life spans (i.e., until several centuries to millennia for some mounds
found in Africa and Brazil, Erens et al., 2015; Cramer et al., 2017; De Souza et al., 2020).
Information on termite mound abundance and distribution reveals very variable patterns. The
abundance of epigeal mounds or termite nests can be random (e.g. the termite nests of Macrotermes
viator in South Africa or the termite nests of Macrotermes bellicosus in Nigeria, Collins [1981],

or Amitermes laurensis in Australia, Holt and Greenslade, 1980), regular (e.g. “murundus” mounds
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in Brazil, De Souza and Delabie, 2016; De Souza and Delabie, 2018; mounds of harvester termites
in Australia, Lee and Wood, 1971; or the fairy-circles in South Africa and Namiby, Getzin et al.,
2015; Juergens, 2015) or tend to aggregate in certain areas such as in the case of the nests of
Trinervitermes trinervoides in South Africa (Redford, 1974) or the nests of Armitermes
euamignathus and Orthognathotermes gibberorum in Cerrado, Brazil (Redford, 1984). These
patterns are usually driven by competitive interactions between termite colonies, soil properties,
topography and hydrology (Sarcinelli et al., 2009; Freymann et al., 2010; Levick et al., 2010;
Davies et al., 2014), the distribution and type of vegetation (Benzie, 1986; Bargués Tobella et al.,
2014; De Souza et al., 2017), as well as the scale of observation (specific site vs. watershed or
landscape) (Davies et al., 2014). However, knowledge on termite mound abundance, distribution
and dynamics almost exclusively comes from ‘natural’ or weakly anthropized ecosystems, and
there is currently no information on termite mounds in cultivated areas.

In the lower Mekong basin, paddy fields can be seen as mosaics with the presence of
lenticular mounds (LMs) located in cultivated plots or on the embankments that separate plots
(Choosai et al., 2009; Miyagawa et al., 2011). In Cambodia, farmers consider that the dynamics of
LM is rapid and that less than 40 years is needed for their production (Muon et al., submitted). In
this region, the species Macrotermes gilvus is considered by farmers to be at the origin of LM. This
termite species builds cone shape epigeous mound nests (TN, for ‘termite nest’), which are
thereafter colonized by other invertebrates, including other termite species, and plants, when
colonies die (Muon et al., submitted). In addition to contribute to the preservation of biodiversity
in cultivated areas (Choosai et al., 2009), LM and TN provide several ecosystem services to the
population. For instance, LM and TN soils can be used by farmers to increase the fertility of their
land, and biodiversity associated to LM can provide an access to edible plants and insects, and to
medicinal plants (Miyagawa et al., 2011; Muon et al., submitted). However, there is dearth of
information on the density and distribution of LM and TN in paddy fields in Cambodia. Is the

density of LM and TN equivalent to the one found in natural environments? Is their distribution
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random or does it follow a specific pattern at local and at large scale depending on the properties
of the environment?

Therefore, the aim of this study was to describe LM and TN distributions in paddy fields
in Cambodia and to discuss their dynamics. The main hypothesis of this study was that the
distribution and density of LM and TN in paddy fields vary according to the environment with
differences according to the topography and the elevation. Based on local knowledge, we also
assumed rapid land use changes and that most of LM found in paddy fields are recent (i.e., less

than 40 years old).

7.2 Results and discussion

7.2.1 Abundance and distribution of lenticular mounds along the toposequence

Because termites are sensitive to land use changes, they have been considered bio-indicators of
habitat changes in the tropics (Dosso et al., 2012) and as very suitable groups for illustrating the
effects of ecosystem fragmentation (De Souza and Brown, 1994). In particular, termite nest
distribution and abundance have been extensively studied, especially in Africa and with termite
nests produced by Macrotermes spp. However, much less information is available in Asia and with
lenticular mounds, which are complex soil features occupied by several termite species and other
invertebrates (Jouquet et al., 2017a).

Termite mound abundance, distribution and properties are determined by various abiotic
and biotic variables. At broader scales, abiotic factors such as the underlying geology and mean
annual precipitation shape mound densities, while local hillslope morphology and the habitat type
(i.e., vegetation cover and biological interactions) influence mound distribution at finer scales (e.g.,
Wood, 1988; Holt and Lepage, 2000; Awadzi et al., 2004; Donovan et al., 2007; Picker et al., 2007;
Deblauwe et al., 2008; Davies et al., 2014). For instance, the density of living Macrotermes
bellicosus mounds differs greatly between shrub savannas and gallery forest in the Comoé-

National Park, Céte d’Ivoire (from 0 to 22.7 hal vs. 2.1 to 6.5 ha'l, in savanna and gallery forest,
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respectively) (Lepage, 1984; Korb and Linsenmair, 1998). Soil properties and the distance to the
water table are also two key variables explaining termite mound densities (e.g., Bodot, 1967;
Ahmed Il and Pradhan, 2019; Jamilu Bala Ahmed et al., 2019). In our study, no relationships could
be evidence between the density of LMs and TNs and the elevation (linear models, P > 0.05, data
not shown). In average, the density of LMs reached 2.21, 1.59 and 1.78 mounds ha* in the upland,
midland, and lowland of the Chrey Bak catchment, respectively (Figure 28). Despite a higher
density in the upland, no significantly differences could be measured between positions (P > 0.05
in all cases). Similarly, no significant differences in TN density along the catchment could be
measured (P > 0.05) with 1.71, 1.19 and 1.49 mounds ha* in the upland, midland and lowland,
respectively. These densities are low in comparison with those observed in natural environments
in Africa (Abbadie et al., 1992; Traoré et al., 2008a) and in Asia (Inoue et al., 2001; Jouquet et al.,
2017a) with ~10 mounds ha® in average, but similar to the one measured in paddy fields by
Choosai (2010) (~2 mounds ha in Northeast Thailand). Therefore, we assume that the low
abundance in LMs and TNs and the absence of a gradient between the upper to the lower part of
the catchment are likely to be explained: First, by farmer’s practices and decisions to maintain or
limit the presence of these biostructures; and second by the fact that the slope was rather gentle in
the catchment (i.e., 17.0 and 67.8 meters a.m.s.l. on average in the lowland and in upland,

respectively), suggesting a lack of influence of the distance to the water table.
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Figure 28. Average density of lenticular (LMs) and termite nests (TNSs)
mounds in paddy fields at Chrey Bak, in the lowland (LL, in grey), midland

(ML, in orange), and upland (UL, in blue) of the catchment, n=30 plots. 87



The importance of farmers’ strategies was also evidence with the measure of LM distribution. In
our study, LM distribution was measured in twenty-eight plots located in the lower, middle, and
upper part of the catchment (See Figure 29). The result of Average Nearest Neighbor functions
show that LMs were clustered, random, or dispersed depending on the plots (See Table 11 and
Figure 30). From the twenty-eight plots, half (n = 14) evidenced a random distribution, and half
were either clustered (n = 7) or dispersed (n = 7). This trend was slightly more important in the
upper part of the catchment than in the other locations since 63, 44 and 43% of the plots evidenced
a random distribution, in the lowland, midland and upland, respectively (Figure 29). Although it is
not possible to reject the hypothesis that termite’s ability to settle and build LMs varied between
sites, this study rather suggests that the distribution of LMs was mainly explained by farmers’
practices. Indeed, with the assumption that random distribution reflects a lack of impact of the
environment, including farmer’s practices, these results suggest lower interactions between LMS
and farmers in the lowland than in midland and upland. The main difference between the locations
being the irrigation and access to water (less hazardous in the lowland due to the enlargement of
the river bed), we consider that LMs patterns in the mid- and uplands could mostly be explained
by farmers’ strategies and on whether they used LMs or not, or on their access to water to irrigate

the plots.
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Figure 29. Bar plots showing the percentage of LMs show a clustered
(in yellow), dispersed (in grey) and random (in blue) distribution in the
lowland (LL), midland (ML), and upland (UL) in the Chrey Bak
catchment.
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Figure 30. Distribution of lenticular mounds (LMs) over the Chrey Bak catchment using

Average Nearest Neighbor analyze (clustered, dispersed or random). The numbers inside the
square plots indicate the 1D plots given in Table 11.
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Table 11. Spatial distribution analysis of lenticular mounds obtained from the Average Nearest
Neighbor (ANN) function (Euclidean) in the lowland (LL), midland (ML), and upland (UL). Both
Z scores and P-values indicate significant level, associate with the standard normal distribution.
Non-random distributions are evidence in bold characters.

Position ID Plot Z-score of ANN p-Value of Distribution of ANN
ANN
LL 1 0.712671 0.4760 Random
-0.77367 0.4391 Random
14 2.434231 0.0149 Dispersed
15 0.455205 0.6490 Random
16 -0.385628 0.6998 Random
18 1.612444 0.1069 Random
3 2.116201 0.0343 Dispersed
17 1.685215 0.0919 Dispersed
13 -1.088562 0.2763 Random
9 1.116516 0.2642 Random
19 -2.781141 0.0054 Clustered
ML 4 1.39568 0.1628 Random
5 0.009945 0.9921 Random
6 -3.180216 0.0015 Clustered
12 -1.790479 0.0734 Clustered
20 0.346303 0.7291 Random
21 -1.904572 0.0568 Clustered
29 -2.145439 0.0319 Clustered
30 2.19066 0.0285 Dispersed
11 -0.600018 0.5485 Random
UL 10 3.371766 0.0007 Dispersed
22 2.035942 0.0418 Dispersed
7 0.448829 0.6536 Random
23 -4.424913 0.0000 Clustered
24 1.533229 0.1252 Random
25 1.898735 0.0576 Dispersed
26 -0.499475 0.6174 Random
27 -1.884532 0.0595 Clustered
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7.2.2 LM dynamics assessed from remote sensing and image analyses

There is a growing literature on the use of remote sensing to measure termite mound abundance,
but most of these have been carried out in Africa (e.g., Davies et al., 2014; Isabelle et al., 2014;
Ozsahin et al., 2022) and in a lesser extent in South America (e.g., Sim and Lee, 2014). Moreover,
these studies could be seen as ‘snapshots’ without the possibility of comparing results from a
chronological point of view, simply because the means associated with remote sensing are recent.
Here, we used GE and IGN images to estimate the presence of LMs and to determine if those were
likely to be already present in 1953.

The main limit of this approach is that LMs can only be measured in the field because they
are hidden by the vegetation (100% of the LMs were covered by trees in Chrey Bak, pers. obs.),
and because all the vegetation patches in the landscapes are not LMs. Reciprocally, the presence
of copses in old photos may hide LMs that are no longer present, and recent LMs (i.e., made by
young termite colonies) might not be associated with trees, and therefore not identified using GE
and IGN images. However, a good match between the presence of LMs observed by ground
truthing and GE images was found (R?= 0.96, P < 0.001, see appendix A5). Interestingly, most of
the LMs observed in the field were also evidenced on IGN images (R?= 0.80, P < 0.001, Figure
31). In other words, while 96.5% of LMs observed in the field could be found in GE image, this

value reached 88.6% using IGN images.
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Figure 31. Relationship between lenticular mound (LMs) number associated
with tree on IGN images and the number of LM measured by ground truthing
in each plot.

Therefore, these results suggest that most of LMs in Chrey Bak were likely to be older than 70
years old, although some could be more recent (~ 11.4%). These results have to be considered in
line with the studies carried out in Africa and South America where termite nests could be several
centuries to millennium old (Moore and Picker, 1991; Martin et al., 2018). In Chrey Bak, LMs are
likely to be very old, although “C labelling should be done to confirm this statement. However,
we also observed that a few LMs were recent, thus suggesting that only a few decades could be
enough to get new LMs. Therefore, in a very intensively cultivated area such as paddy fields, LMs
could be seen as relics of old forests and/or habitats for biodiversity. This consideration is likely to
be very important in South-East Asia, and especially in Cambodia, where biodiversity is threatened
by the modernization of agricultural practices (e.g., the use of pesticides, chemical fertilizers and
mechanization) (Bai et al., 2008; Hok et al., 2018). Indeed, using IGN and GE images, we found

that paddy fields inside our sampling plots occupied less surface in the 50s than in the current time,
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although the difference was not significant (Kruskal Wallis test, P > 0.05) (Figure 32a), and that
the percentage of tree cover was much more important in the past (~10% of the paddy fields against
less than 5% nowadays) (Figure 32b, Kruskal Wallis test, P < 0.001). In these circumstances, LMs
are likely to be a last refuge for the plants and animals that once populated the lost groves or

wilderness areas.
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Figure 32. (a) Evolution of the landscapes in Chrey Back measured from the surface occupied by
paddy fields in each plot (in ha), and (b) percentage of tree cover in each plot calculated from Google
Earth and IGN images (n = 19 plots).

7.3 Conclusion

In conclusion, this chapter evidences that LMs are not epiphenomena but rather specific and
conspicuous geomorphological structures (sensu Van Thuyne et al., 2021) of Cambodian paddy
fields. Despite their low density, these structures increase the heterogeneity in the landscapes. They
are also likely to be seen as relics of the previous ‘natural’ environments, whose importance has
greatly diminished since the 50s. More research is now needed to confirm and understand the
specific interactions between LMs and farmers. Why do farmers decide to maintain these structures
on their lands and do they derive ecosystem services from them, thus justifying the decision not

destroy them but rather to use them as natural (and sustainable) resources?
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Chapter 8 . Discussion and conclusions

This chapter contains the main conclusions of the thesis and the remaining identified challenges

regarding the study of the services provided by termite bioturbation in Cambodian agro-ecosystems.

8.1 Summary of the main findings and insights

In order to understand the importance of termite bioturbation in Cambodian paddy fields, and the
ecosystem services delivered by these structures on the local population, we first carried out a
survey in 13 villages (Chapter 4) in the observatory of Chrey Bak, which has been extensively
studied in many national and international projects. Interestingly, a key result of this survey was
that many farmers use termite mound soil as an amendment for improving the fertility of their land.
Regarding the heterogeneity in soil properties and water dynamics at the catchment scale, we first
characterized the soil types in our study site (Chapter 5). Soils were described as Gleysols with
variable sand contents. We then studied the properties (Chapter 6) and dynamics (Chapter 7) of
termite mounds (lenticular mounds and termite nests produced by Macrotermes gilvus), and arrive
to the conclusion that termite mounds are fragile patches of fertility in paddy fields, that provide
several key ecosystem services to the population. A perspective of this work would be to lay the

foundations for a sustainable management of these natural resources.

8.2 Perception and utilization of termite mounds?

Termite mounds are conspicuous features of paddy fields in Cambodia. A key finding of this thesis
is that farmers have precise ideas of the roles played by these islands of biodiversity within paddy
fields, and on their dynamics (e.g., the fact that M. gilvus is likely to be at the origin of lenticular
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mounds) (Chapter 4). Several key ecosystem services were revealed by the survey. As expected,
and observed in other environments (Sileshi et al., 2009; Miyagawa et al., 2011; Dossou-Yovo et
al., 2014; Enagbonma and Babalola, 2019; Tilahun et al. , 2012, 2021), the most important service
was associated to the management of soil fertility. Indeed, most of the interviewees used termite
mounds for increasing the fertility of their field and for the cultivation of rice and other plants (e.g.,
sponge gourd and pumpkin). In addition, farmers identified termite mounds as refuges for edible
animals and plants, and they declared to eat several animals, such as rats and snakes, but also
mushrooms and thirteen plant species found on termite mounds. In addition to increase food
diversity, termite mounds could also increase the livelihood of the population by providing an
access to medicinal plants (20 medicinal plants were reported in our survey), or indirectly via a
reduction in the use of pesticides. A limit of this study is, however, that we did not take into account
the harvesting of edible animals and plants, and medicinal plants in other locations (i.e., in the wild
or in non-cultivated areas). This information is crucial for understanding the importance of mounds
and their influence on farmers’ livelihoods. Are medicinal plants restricted to termite mounds or
can they also be harvested in other proximal environments? Is the consumption of animals and
plants found on termite mounds significant or is it an epi-phenomenon with respect to the quantities
harvested in the wild or purchased? Despite the fact that these questions remain unresolved, we
have some clues that the effect of mounds could be significant. Indeed, farmers mentioned during
the survey that they prefer plants growing on mounds (i) because of their taste and quality, and (ii)
because it is more convenient and easier to harvest them on termite mounds than forests that might
be far and difficult to access. Therefore, a main perspective of this study would be to quantify the
services provided by termite mounds in taking into account the resources that are also likely to be

freely available in the wild or that can be purchased in markets.
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8.3 A strategy to understand the impact of the environment on termite

mound properties.

Termite diversity, abundance and impact are highly context-dependent and they are influenced by
several key environmental variables such as the precipitation, the distance to the water table or the
properties of soil (Bodot, 1967; Ahmed Il and Pradhan, 2019; Jamilu Bala Ahmed et al., 2019). At
the catchment scale, the most important variables explaining termite mound properties are the soil
types and the distance to the river. Several soil types have been described in Chrey Bak. However,
soil description is sometimes complicated and confusing in Cambodia since different sources
suggest different soil types. Therefore, understanding the importance and properties of termite
mounds in the Chrey Bak catchment necessitated a thorough description of the soil types, which
was done in Chapter 5. Unlike the soil description proposed by Crocker (1962) and JICA (2003),
Chapter 5 showed that paddy soils in Chrey Bak could be described as Gleysols with sand contents
varying from 60 to 88%. Although our study only focused on paddy fields, and that it is possible
that other soil types could be found in the catchment, perhaps where soils were not cultivated or
used for other cultures than rice, a finding of this chapter was that the distinction between Acrisols
and Arenosols was not relevant for studying the impact of termite mounds on agroecosystem
functioning. On this basis, the study of the properties of termite mounds (Chapter 6) was carried
out by distinguishing three soil groups from their sand contents: Group | (very sandy soils with >
80% sand), Group 11 (moderately sandy, ~60% sand), and Group I11 (low sandy soils, ~40% sand).
Moreover, while the proportion of fine silt-sized particles usually vary with the elevation and the
distance to the river (Badia et al., 2016; Pahlavan-Rad and Akbarimoghaddam, 2018), our study
showed that the soil texture could not be explained by neither the elevation nor the distance to the
Tonle Sap river. This lack of relationship could perhaps be explained by the gentle slope of the

catchment (i.e., from -5 to +86 m a.m.s.l.). However, it mostly raised the need to better understand
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the hydro-sedimentary processes that occurred in Chrey Bak, which were likely to be related to the

management of water in the catchment and the erosion of soil from the mountain.

8.4 Are termite mounds patches of fertility in paddy fields?

In this chapter, we compared the properties of two termite constructions to their surrounding
environment: mound nests produced by Macrotermes gilus, a fungus-growing termite species, and
lenticular mounds, whose origin is also attributed to the activity of M. gilvus. Because a key finding
of Chapter 5 is that soils are mostly differentiated from their sand content, the impact of termite
bioturbation was measured in taking into account the three soil groups. As expected, we showed
that termite mounds could be considered patches of chemical and physical properties owing to their
higher organic matter and clay contents in comparison with the surrounding soil environment, and
independently of the location (i.e., the impact was similar whatever the soil group for most of the
parameters). We assume that this impact is likely to explain why farmers use termite mound soil
as amendment for improving the fertility of their land. The utilization of termite mound soil could
also favorably impact the resistance of rice to drought spells, especially at the beginning of the
rainy season and on the upper and central parts of the catchment where the management of water
is crucial, and can be a possible source of conflicts. Therefore, a key perspective of this thesis
would be to determine if the amendment of termite mound soil enhances the water holding capacity
of cultivated soils, and improves the growth, productivity and resistance of rice to environmental
hazards. These questions were to be addressed in this thesis. Unfortunately, due to complications
with the COVID-19, the experiments initially planned had to be cancelled. Other perspectives are
related to the higher soil organic matter content found in termite mounds, and in the presence of
carbonates evidenced in termite nests. Although the amount of carbonate was low in termite nests,
its presence in soil was surprising and requires more research in order to understand the ecological

processes associated to their production. Carbonates are likely to increase soil fertility because they
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enhance the soil pH and the cationic exchange capacity of soil (Watson, 1976; Brady and Weil,
2010; Jouquet et al., 2015; Cheik et al., 2018; Subi and Sheela, 2020; Bera et al., 2020). Moreover,
while paddy fields are known for their important emission of methane (Li 2010), more research is
therefore now needed to determine if the presence of termite mounds in paddy fields can contribute
to reduce the negative impact of paddy fields on greenhouse gas emissions, via the protection of
organic matter with termite constructions and/or the sequestration of C in the form of carbonates.
Since termite mound soil is afterwards spread in paddy fields by farmers, further studies should be
also carried out in order to determine the fate of this protected C (within termite-soil and in the

form of carbonates).

8.5 Towards a sustainable use of termite mounds. Questions on the

abundance and dynamics of termite mounds.

Another conclusion of Chapter 4 is that most of the farmers considered that termite mound
dynamics is rapid, or in other words that less than 100 years are needed for the production of a
termite mound. This information is very important for the sustainable management of termite
mounds. Indeed, a rapid turnover or production of termite mounds can be associated to an intensive
utilization of termite mound soil. Conversely, if centuries are needed for the production of termite
mounds, as observed in Africa (up to 2,000 years, Erens et al., 2015; Moore and Picker, 1991) and
in Brazil (> 4,000 years, Martin et al., 2018), an annual removal of soil from termite mounds is
likely to be unsustainable and to lead to the irremediable destruction of these natural resources.
Therefore, the hypothesis of a rapid termite mound dynamics was tested using historical aerial
photographs taken by IGN in 1953. Our hypothesis was that termite mounds currently observed in
the field would not be observed in 1953 if their dynamics was rapid. Although we could not observe
with certainty the presence of mounds in the photographs from IGN, our study strongly suggested

that mounds are long-lasting structures, much older than the estimation of farmers. More research
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is, however, needed to confirm this study. An extension of this thesis could be to determine the age
of termite mound soil using **C (e.g., see Erens et al., 2015 in Africa) or simply to follow the
growth of termite mounds over time, using photogrammetry technics and/or wood stakes installed
on and in the border of termite mounds. Obviously, this finding raised concern concerning the
sustainable use of termite mounds in paddy fields. With a density of ~2 mounds ha, and rapid
land use changes observed between 1953 and the current situation (i.e., mostly deforestation and
the conversion of trees or forests to annual crops), key questions raised by our study are (i) if these
structures were more abundant in the past and if this low density reveals their overexploitation by
farmers, and (ii) if termite mounds can be seen as relics of “natural” ecosystems that existed in the
past, but that vanished due to the homogenization and simplification of the (agro)ecosystems. If
the specific properties of termite mounds, and the usefulness of termite bioturbation, in terms of
nutrient cycling and preservation of biodiversity have been clearly evidenced, the preservation of
these natural resources and the underlying ecosystem services associated to them, strongly depend
on the perception and interest of farmers to maintain them in their land. Therefore, we assume that
the preservation of termite mounds in Cambodian paddy fields can only be achieved using more

integrative and transdisciplinary activities.
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Phylogenetic tree of the Macrotermitinae with Reticulitermes as outgroup.

Al. Phylogenetic tree of the Macrotermitinae with Reticulitermes as an outgroup. Labels on the
tree correspond to GenBank accession numbers.

101



. hOS0 o s 0.2I]|

K Ia077a9.1

HM206245.1

BIa077a0.1

FJ907796.1

K778l

KIa07795.1

ABL0SG0E.1

ABLDS505.1

RO2

EF3730957.1

FMI3461.1

MT211860.1

Phylogenetic tree of the Globitermes with Gnathamitermes as outgroup.

Gnathamitermes

Synhamitermes sp

Globitermes sulphureus

KXB16667.1
FIA0GESE6, 1
KJ507827.1
ABIOASILL
ABOOS5ETI. 1
ABIOA5I0.1
Ril
EL2535904.1
KXA18655.1
MTI8A744.1
KXA156508.1

KXA15657.1
KXA15655.1
MMNEASEE.1
MT21187001
MEE3589.1
MHE22752 1

MFA53241.1
KXA15654.1
MFA53242.1
KXA15656.1

MT211877.1

Phylogenetic tree of the Termes group.

Termes

Inguilinitermes

Cavitermes

Spinitermes

A2. Phylogenetic tree of the Globitermes with Gnathamitermes as the outgroup and phylogenetic
tree of the Termes group. Labels on the trees correspond to GenBank accession numbers.

010 020 0an 0.40 0.50
L |

ABLEG1EL
HO012065.1
KX129580.1
ABLEG141
ABLEG151
ABOT1210.1
ABLEG1]
ABLEG12 ]
KXA16669.1

ABLEG0E1

RO5

KA1 GE6AA. 1

ABLEGITL

B TG, 1

B TR, 1

LNGE0S005.1

ABLEGIE L

Sinocapritermes

Dicuspiditermes

| Protohamitermes

Pericapritermes

Phylogenetic tree of the Pericapritermes group.

0.050 o1 015

ABLI09453,1

ABLO9452 L
ABMNSETA L
AR50, 1
AR5
ABLI09454.1
ABO11411.1
ABLI09458,1
ARIOA484 1
ABLI09457.1
ABII4%1.1
FIZ31062.1
ABOGTIIT.L
il
ABLI09450.1
KLH58646.1
ABI09456,1
ABOGE7IIE.L
ABNETIER |
MGTE1I7T.A
HOQO1336.1
ABLI09455, 1

Phylogenetic tree of the Nasutitermes group.

‘ Bulbitermes

Longipeditermes

Nasutitermes

A3. Phylogenetic tree of the Pericapritermes and the Nasutitermes group. Labels on the tree
correspond to GenBank accession humbers.

102



0020 ol 0050 Q0EX 000 ®12 004

®1E e 0

DT 1
DO3ETEIL]
Y367 A1
KIS0 TERT.L
AYSIEH0LL
W36 A1
[H367 63,1
DHI3ETE.1
gy KISOTEND]
DM 3676261
[HI3ETHRT.1
e AFIS26I0.1
ENCHIES AR

- GUBRIZAG.]
",",'“ GLIA3ASS.1
GURI2ak.1

= EFETHEE.]
AMSEITLL
K31 54140
b ol 23]
o™ EFamaasl.]
I U RN
M pdf F379546.1
Iy EFETR47.]
AYE I
AMESAITAL

L
KLSLMLED
K¥ ML
HMEE11.1
KM2a507.1
KM245821.1
KXB1667.1
HM G0, 1

Coptotermes
acinaciformis

‘ Coptotermes heimi

Coptotermes gestroi

Reticulitermes

Phylogenetic tree of Coptotermes with Reticulitermes as outgroup.

i

020

ain a.dn

R
EL253905.1
EIEOTE1A.1
EE0TE19.1
EIEOTELE
EE0Te22.1
BOROTHZLA
ER0TE20.1
BROTRIS. 1
E0T823.1
EE0TB24.1
BIEOTE2E.1
AB193336.1
AB19G3335.1
R
AB193302.1
AB1E2153.1
AE1E05.1
MBS0
AB193199.1
AB19G212.1
AB193217.1
AB193309.1
AB1=E207.1
AE1E0E.1
AB10EE04.1
AB193334.1
AB193333.1
AB106505.1
FR 205510
AB1=a220.1
MBI
ARG
AB106503.1
AB19G33329.1
AB193331.1
AB193322.1
AB1E2I5.1
MBI
KEX2470131
EXBLGG56.1
MIT 186745.1
JF323248.1
KF37m19.1
JFE21248.1
MITZIHES.D

s_g_gEIJSG!JBJE\ 1
KUS23016.1

Kya2a510.1
KY824513.1
EY52a541 1
K YH24508.1
K Y524508.1
KYa24541.1

Microcerotermes

Macrotermes

Phylogenetic tree of Microcerotermes with Macrotermes as outgroup

A4. Phylogenetic tree of Coptotermes with Reticulitermes as an outgroup and phylogenetic tree of
Microcerotermes with Macrotermes as the outgroup. Labels on the trees correspond to GenBank

accession numbers.

103



°
w 2 -
O LI
£ i .
o s
£

~
D 20 ®_ -
= -
S .
= o -
$ /’
5 ./r’
Q 15 [ e
5 .’
Q ‘o R?=0.96, P < 0.001
|- ”
g s Y =0.95x +0.14
”
E e
2 10 e
”
b » g
- R4
.I
10 15 20 25

LM number per plot, field observation

A5. Number of lenticular mounds (LMs) with trees nearby inventories in the field in
2019 and estimated using Google Earth images (n =19 plots)

(Random)

Significance Level
(p-value)
0.01
0.05
0.10
0.10
0.05
0.01

ngoooon

—_—

Critical Value
(z-score)
<-2.58
-2.58 - -1.96

-1.96 - -1.65
-1.65 - 1.65

1.65-1.96
1.96 - 2.58
>2.58

Significant

A

Clustered Random Dispersed

A6. Example of theoretical Average Nearest Neighbor results calculated using ArcMap
10.7. Both z-scores and p-values are associated with the standard normal distribution. At P
< 0.10, very low (negative) z-scores indicate significantly clustered distributions, while
dispersed distributions correspond to very high z-scores. Random distributions are given for
P >0.10.

104



References

Abbadie, L., Lepage, M., 1989. The role of subterranean fungus comb chambers (isoptera,
macrotermitinae) in soil nitrogen cycling in a preforest savanna (cote divoire). Soil Biol.
Biochem. 21, 1067-1071. https://doi.org/10.1016/0038-0717(89)90045-X

Abbadie, L., Lepage, M., Le Roux, X., 1992. Soil fauna at the forest— savannah boundary: role of
the termite mounds in nutrient cycling. In: Proctor P (ed) Nature and dynamics of forest-
savanna boundaries, Chapman & Hall, London.

Abe, S.S., Watanabe, Y., Onishi, T., Kotegawa, T., Wakatsuki, T., 2011. Nutrient storage in termite
(Macrotermes bellicosus) mounds and the implications for nutrient dynamics in a tropical
savanna Ultisol. Soil Sci. Plant Nutr. 57, 786—795.
https://doi.org/10.1080/00380768.2011.640922

Abe, S.S., Yamamoto, S., Wakatsuki, T., 2009. Soil-particle selection by the mound-building
termite Macrotermes bellicosus on a sandy loam soil catena in a Nigerian tropical Savanna.
J. Trop. Ecol. 25, 449-452. https://doi.org/10.1017/S0266467409006142

Abhishek, A., Das, N.N., Ines, A.V.M., Andreadis, K.M., Jayasinghe, S., Granger, S., Ellenburg,
W.L., Dutta, R., Hanh Quyen, N., Markert, A.M., Mishra, V., Phanikumar, M.S., 2021.
Evaluating the impacts of drought on rice productivity over Cambodia in the Lower Mekong
Basin. J. Hydrol. 599, 126291. https://doi.org/10.1016/j.jhydrol.2021.126291

Ahmad, P., Hakeem, K. ul R., Kumar, A., Ashraf, M., Akram, N.A., 2012. Salt-induced changes
in photosynthetic activity and oxidative defense system of three cultivars of mustard (Brassica
juncea L.). AFRICAN J. Biotechnol. 11, 2694-2703. https://doi.org/10.5897/AJB11.3203

Ahmad, P., Hameed, A., Abd-Allah, E.F., Sheikh, S.A., Wani, M.R. g, Rasool, S., Jamsheed, S.,
Kumar, A., 2013. Physiological mechanisms and adaptation strategies in plants under
changing environment. Physiol. Mech. Adapt. Strateg. Plants Under Chang. Environ. 2, 1-
394. https://doi.org/10.1007/978-1-4614-8600-8

Ahmed II, J.B., Pradhan, B., 2019. Spatial assessment of termites interaction with groundwater
potential conditioning parameters in Keffi, Nigeria. J. Hydrol. 578, 124012.
https://doi.org/10.1016/j.jhydrol.2019.124012

Aislabie, J., R. Deslippe, J., 2018. SOIL MICROBES AND THEIR CONTRIBUTION TO SOIL
SERVICES Jackie. Soil Microb. Divers. 143.

Albrecht, R., Sebag, D., Verrecchia, E., 2015. Organic matter decomposition: bridging the gap
between Rock-Eval pyrolysis and chemical characterization (CPMAS13C NMR).
Biogeochemistry 122, 101-111. https://doi.org/10.1007/s10533-014-0033-8

105



Alhousari, F., Greger, M., 2018. Silicon and Mechanisms of Plant Resistance to Insect Pests. Plants
7, 33. https://doi.org/10.3390/plants7020033

Altieri, M.A., 1999. The ecological role of biodiversity in agroecosystems, in: Invertebrate
Biodiversity as Bioindicators of Sustainable Landscapes. Elsevier, pp. 19-31.
https://doi.org/10.1016/B978-0-444-50019-9.50005-4

Amadou Issoufou, A., Maman, G., Soumana, |., Kaiser, D., Konate, S., Mahamane, S., Mahamane,
A., 2020. Termite footprints in restored versus degraded agrosystems in South West Niger. L.
Degrad. Dev. 31, 500-507. https://doi.org/10.1002/1dr.3466

Anisimova, M., Gascuel, O., 2006. Approximate Likelihood-Ratio Test for Branches: A Fast,
Accurate, and Powerful Alternative. Syst. Biol. 55, 539-552.
https://doi.org/10.1080/10635150600755453

Anklin-Mihlemann, R., Bignell, D.E., Veivers, P.C., Leuthold, R.H., Slaytor, M., 1995.
Morphological, microbiological and biochemical studies of the gut flora in the fungus-
growing termite Macrotermes subhyalinus. J. Insect Physiol. 41, 929-940.
https://doi.org/10.1016/0022-1910(95)00062-Y

Apori, S.0., Flarian, M.M., Hanyabui, E., Muli, G.K., Wamuyu, B., 2020a. Role of Military
Termites (Pseudocanthotermes militaris) in Improving Soil Productivity in Tropical
Agroecosystems. Annu. Res. Rev. Biol. 35, 14-19.
https://doi.org/10.9734/arrb/2020/v35i530221

Apori, S.0., Murongo, M., Hanyabui, E., Atiah, K., Byalebeka, J., 2020b. Potential of termite
mounds and its surrounding soils as soil amendments in smallholder farms in central Uganda.
BMC Res. Notes 13, 397. https://doi.org/10.1186/s13104-020-05236-6

Ashwani Kumar, Gupta, A., Azooz, M.M., Sharma, S., Ahmad, P., Dames, J., 2013. Salt Stress in
Plants, Salt Stress in Plants: Signalling, Omics and Adaptations. Springer New York, New
York, NY. https://doi.org/10.1007/978-1-4614-6108-1

Awadzi, T.W., Cobblah, M.A., Breuning-Madsen, H., 2004. The Role of Termites in Soil
Formation in the Tropical Semi-Deciduous Forest Zone, Ghana. Geogr. Tidsskr. J. Geogr.
104, 27-34. https://doi.org/10.1080/00167223.2004.10649516

Bai, Z.G., Dent, D.L., Olsson, L., Schaepman, M.E., 2008. Proxy global assessment of land
degradation. Soil Use Manag. 24, 223-234. https://doi.org/10.1111/j.1475-
2743.2008.00169.x

Baker, C.C.M., Castillo Vardaro, J.A., Doak, D.F., Pansu, J., Puissant, J., Pringle, R.M., Tarnita,
C.E., 2020. Spatial patterning of soil microbial communities created by fungus- farming
termites. Mol. Ecol. 29, 4487-4501. https://doi.org/10.1111/mec.15585

106



Barazzetti, L., Forlani, G., Remondino, F., Roncella, R., Scaioni, M., 2011. Experiences and
achievements in automated image sequence orientation for close-range photogrammetric
projects, in:  Remondino, F., Shortis, M.R. (Eds.), . p. 80850F.
https://doi.org/10.1117/12.890116

Bargués Tobella, A., Reese, H., Almaw, A., Bayala, J., Malmer, A., Laudon, H., llstedt, U., 2014.
The effect of trees on preferential flow and soil infiltrability in an agroforestry parkland in
semiarid Burkina Faso. Water Resour. Res. 50, 3342-3354.
https://doi.org/10.1002/2013WR015197

Bathellier, J., 1927. Contribution a 1’étude systématique et biologique des termites de 1’Indochine.
Société d’éditions géographiques, maritimes et coloniales.

Behar, F., Beaumont, V., De B. Penteado, H.L., 2001. Rock-Eval 6 Technology: Performances and
Developments. Oil Gas Sci. Technol. 56, 111-134. https://doi.org/10.2516/0gst:2001013
Bell, R.W., Seng, V., 2003. Rainfed lowland rice-growing soils of Cambodia, Laos, and North-

east Thailand.

Benzie, J.A.H., 1986. The distribution, abundance, and the effects of fire on mound building
termites (Trinervitermes and Cubitermes spp., Isoptera: Termitidae) in northern guinea
savanna West Africa. Oecologia 70, 559-567. https://doi.org/10.1007/BF00379904

Bera, D., Bera, S., Chatterjee, N. Das, 2020. Termite mound soil properties in West Bengal, India.
Geoderma Reg. 22, e00293. https://doi.org/10.1016/j.geodrs.2020.e00293

Berg, H., Berg, C., Nguyen, T.T., 2012. Integrated Rice-Fish Farming: Safeguarding Biodiversity
and Ecosystem Services for Sustainable Food Production in the Mekong Delta. J. Sustain.
Agric. 36, 859-872. https://doi.org/10.1080/10440046.2012.712090

Black, C.A., Evans, D.D., White, J.L., Ensminger, L.E., Clark, E.E., 1965. Methods of soil
analysis, Part 2. Am. Soc. Agron. Monogr.

Black, H.I.J., Okwakol, M.J.N., 1997. Agricultural intensification, soil biodiversity and
agroecosystem function in the tropics: the role of termites. Appl. Soil Ecol. 6, 37-53.
https://doi.org/10.1016/S0929-1393(96)00153-9

Blake, G.R., 1965. Bulk Density 1. Methods soil Anal. Part 1. Phys. Mineral. Prop. Incl. Stat.
Meas. Sampl. 374-390.

Bodot, P., 1967. Etude écologique des termites des savanes de basse Cote-d’Ivoire. Insectes Soc.
14, 229-258.

Bonachela, J.A., Pringle, R.M., Sheffer, E., Coverdale, T.C., Guyton, J.A., Caylor, K.K., Levin,
S.A., Tarnita, C.E., 2015. Termite mounds can increase the robustness of dryland ecosystems
to climatic change. Science (80-. ). 347, 651-655. https://doi.org/10.1126/science.1261487

107



Bongaarts, J., 2019. IPBES, 2019. Summary for policymakers of the global assessment report on
biodiversity and ecosystem services of the Intergovernmental Science- Policy Platform on
Biodiversity and Ecosystem  Services. Popul. Dev. Rev. 45 680-681.
https://doi.org/10.1111/padr.12283

Bonkowski, M., 2004. Protozoa and plant growth: the microbial loop in soil revisited. New Phytol.
162, 617-631. https://doi.org/10.1111/j.1469-8137.2004.01066.x

Bottinelli, N., Jouquet, P., Capowiez, Y., Podwojewski, P., Grimaldi, M., Peng, X., 2015. Why is
the influence of soil macrofauna on soil structure only considered by soil ecologists? Soil
Tillage Res. 146, 118-124. https://doi.org/10.1016/j.still.2014.01.007

Brady, N.C., Weil, R.R., 2010. Elements of the nature and properties of soils.

Bridges, E.M., Batjes, N.H., Nachtergaele (EDS.), F.O., 1998. World Reference Base for Soil
Resources: Atlas. ISSS Working Group RB, ISRIC-FAO-ISSS.

Bruun, T.B., Neergaard, A., Burup, M.L., Hepp, C.M., Larsen, M.N., Abel, C., Aumtong, S.,
Magid, J., Mertz, O., 2017. Intensification of Upland Agriculture in Thailand: Development
or Degradation? L. Degrad. Dev. 28, 83-94. https://doi.org/10.1002/Idr.2596

Cailleau, G., Braissant, O., Verrecchia, E.P., 2011. Turning sunlight into stone: The oxalate-
carbonate pathway in a tropical tree ecosystem. Biogeosciences 8, 1755-1767.
https://doi.org/10.5194/bg-8-1755-2011

Cheik, S., Bottinelli, N., Sukumar, R., Jouquet, P., 2018. Fungus-growing termite foraging activity
increases water infiltration but only slightly and temporally impacts soil physical properties
in  southern Indian  woodlands. Eur. J. Soil Biol. 89, 20-24.
https://doi.org/10.1016/j.ejsobi.2018.09.001

Cheik, S., Jouquet, P., 2020. Integrating local knowledge into soil science to improve soil fertility.
Soil Use Manag. 36, 561-564. https://doi.org/10.1111/sum.12656

Chem, P., Hirsch, P., Someth, P., 2011. Hydrological Analysis in Support of Irrigation
Management. CDRI Work. Pap. Ser. No. 59.

Chen, C., Zou, X., Wu, J., Zhu, X., Jiang, X., Zhang, W., Zeng, H., Liu, W., 2021. Accumulation
and spatial homogeneity of nutrients within termite (Odontotermes yunnanensis) mounds in
the Xishuangbanna region, SW China. Catena 198, 105057.
https://doi.org/10.1016/j.catena.2020.105057

Chhun, C., Bora, B., Sothy, E., 2015. Effect of labour movement on agricultural mechanisation in
Cambodia 27.

Chisanga, K., Mbega, E., Ndakidemi, P.A., 2020a. Maize (Zea mays) Response to Anthill Soil

(Termitaria), Manure and NPK Fertilization Rate under Conventional and Reduced Tillage

108



Cropping Systems. Sustainability 12, 928. https://doi.org/10.3390/su12030928

Chisanga, K., Mbega, E., Ndakidemi, P.A., 2019. Socio-Economic Factors for Anthill Soil
Utilization by Smallholder Farmers in Zambia. Sustainability 11, 4849.
https://doi.org/10.3390/su11184849

Chisanga, K., Mbega, E.R., Ndakidemi, P.A., 2020b. Prospects of Using Termite Mound Soil
Organic&#13; Amendment for Enhancing Soil Nutrition in&#13; Southern Africa. Plants 9,
649. https://doi.org/10.3390/plants9050649

Chisanga, K., Ndakidemi, P.A., Mbega, E., Komakech, H., 2017. The potential of anthill soils in
agriculture  production in Africa: A review. Int. J. Biosci. 11, 357-377.
https://doi.org/10.12692/ijb/11.5.357-377

Choosai, C., 2010. Biological activity in paddy fields. The role of soil engineers in ecosystem
functioning. UPMC University Paris 06.

Choosai, C., Mathieu, J., Hanboonsong, Y., Jouquet, P., 2009. Termite mounds and dykes are
biodiversity refuges in paddy fields in north-eastern Thailand. Environ. Conserv. 36, 71.
https://doi.org/10.1017/S0376892909005475

Codjovi, O.G.P., Codjovi, O.G.P., Yabi, J.A., Yegbemey, R.N., 2020. Factors Influencing The
Density Of Termite Mounds On Agricultural Land: An Evidence From The Pendjari Region
(North-Benin). Int. J. Progress. Sci. Technol. 20, 263-278. https://doi.org/10.52155

Collins, N.M., 1981a. The role of termites in the decomposition of wood and leaf litter in the
Southern Guinea savanna of Nigeria. Oecologia 51, 389-399.
https://doi.org/10.1007/BF00540911

Collins, N.M., 1981b. Populations, Age Structure and Survivorship of Colonies of Macrotermes
bellicosus (Isoptera: Macrotermitinae). J. Anim. Ecol. 50, 293. https://doi.org/10.2307/4046

Collins, W.W., Qualset, C.0O., 1998. Biodiversity in agroecosystems. CRC Press.

Costanza, R., D’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Nacem,
S., O’Neill, R. V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M., 1997. The value of
the world’s ecosystem services and natural capital. Nat. TA - TT - 387, 253-260.

Coventry, R.J., Holt, J.A., Sinclair, D.F., 1988. Nutrient cycling by mound building termites in low
fertility soils of semi-arid tropical Australia. Soil Res. 26, 375-390.

Cramb, R., 2020. White Gold: The Commercialisation of Rice Farming in the Lower Mekong
Basin, White Gold: The Commercialisation of Rice Farming in the Lower Mekong Basin.
Springer Singapore, Singapore. https://doi.org/10.1007/978-981-15-0998-8

Cramer, Michael D., Midgley, J.J., 2015. The distribution and spatial patterning of mima-like

mounds in South Africa suggests genesis through vegetation induced aeolian sediment

109



deposition. J. Arid Environ. 119, 16-26. https://doi.org/10.1016/j.jaridenv.2015.03.011

Cramer, M.D., von Holdt, J.R.C., Uys, V.M., Midgley, J.J., 2017. The present and likely past
climatic distribution of the termite Microhodotermes viator in relation to the distribution of
heuweltjies. J. Arid Environ. 146, 35-43. https://doi.org/10.1016/j.jaridenv.2017.07.010

Crocker, C.D., 1962. The general soil map of the Kingdom of Cambodia and the exploratory survey
of the soils of Cambodia. R. Cambodian Gov. Soil Comm. Jt. Publ. Phnom Penh. Cambodia.

Dale, V.H., Polasky, S., 2007. Measures of the effects of agricultural practices on ecosystem
services. Ecol. Econ. 64, 286-296. https://doi.org/10.1016/j.ecolecon.2007.05.009

Dane, J.H., Hopmans, J.W., 2002. Pressure plate exractor, in: Methods of Soil Analysis: Part 4
Physical Methods. Soil Science Society of America, Madison, Wisconsin., pp. 688—690.

Dangerfield, A.J.M., Mccarthy, T.S., Ellery, W.N., Journal, S., 1998. The Mound-Building
Termite Macrotermes michaelseni as an Ecosystem Engineer. Trop. Ecol. 14, 507-520.

Datnoff, L.E., Snyder, G.H., Korndorfer, G.H., 2001. Silicon in agriculture. Elsevier.

Davies, A.B., Baldeck, C.A., Asner, G.P., 2016a. Termite mounds alter the spatial distribution of
African savanna tree species. J. Biogeogr. 43, 301-313. https://doi.org/10.1111/jbi.12633

Davies, A.B., Brodrick, P.G., Parr, C.L., Asner, G.P., 2020. Resistance of mound-building termites
to  anthropogenic land-use change. Environ. Res. Lett. 15,  094038.
https://doi.org/10.1088/1748-9326/aba0ff

Davies, A.B., Levick, S.R., Asner, G.P., Robertson, M.P., van Rensburg, B.J., Parr, C.L., 2014.
Spatial variability and abiotic determinants of termite mounds throughout a savanna
catchment. Ecography (Cop.). 37, 852-862. https://doi.org/10.1111/ecog.00532

Davies, A.B., Levick, S.R., Robertson, M.P., van Rensburg, B.J., Asner, G.P., Parr, C.L., 2016b.
Termite mounds differ in their importance for herbivores across savanna types, seasons and
spatial scales. Oikos 125, 726—734. https://doi.org/10.1111/0ik.02742

de Souza, H.J., Delabie, J.H.C., 2016. ¢ Murundus’ structures in the semi-arid region of Brazil:
testing their geographical congruence with mound-building termites (Blattodea: Termitoidea:
Termitidae). Ann. la Société Entomol. Fr. 52, 369-385.
https://doi.org/10.1080/00379271.2017.1281090

De Souza, H.J., Delabie, J.H.C., 2018. Fine-scale spatial distribution of murundus structures in the
semi-arid region of Brazil. Austral Ecol. 43, 268-279. https://doi.org/10.1111/aec.12562

De Souza, O.F.F., Brown, V.K., 1994, Effects of habitat fragmentation on Amazonian termite
communities. J. Trop. Ecol. 10, 197-206. https://doi.org/10.1017/S0266467400007847

Deblauwe, 1., Dibog, L., Missoup, A.D., Dupain, J., Van Elsacker, L., Dekoninck, W., Bonte, D.,

Hendrickx, F., 2008. Spatial scales affecting termite diversity in tropical lowland rainforest:

110



a case study in southeast Cameroon. Afr. J. Ecol. 46, 5-18. https://doi.org/10.1111/j.1365-
2028.2007.00790.x

Dedeine, F., Dupont, S., Guyot, S., Matsuura, K., Wang, C., Habibpour, B., Bagnéres, A.-G.,
Mantovani, B., Luchetti, A., 2016. Historical biogeography of Reticulitermes termites
(Isoptera: Rhinotermitidae) inferred from analyses of mitochondrial and nuclear loci. Mol.
Phylogenet. Evol. 94, 778-790. https://doi.org/10.1016/j.ympev.2015.10.020

Derenne, S., Quéne, K., 2015. Analytical pyrolysis as a tool to probe soil organic matter. J. Anal.
Appl. Pyrolysis 111, 108-120. https://doi.org/10.1016/j.jaap.2014.12.001

Destoumieux-Garzon, D., Mavingui, P., Boetsch, G., Boissier, J., Darriet, F., Duboz, P., Fritsch,
C., Giraudoux, P., Le Roux, F., Morand, S., Paillard, C., Pontier, D., Sueur, C., Voituron, Y.,
2018. The One Health Concept: 10 Years Old and a Long Road Ahead. Front. Vet. Sci. 5, 1
13. https://doi.org/10.3389/fvets.2018.00014

Disnar, J.R., Guillet, B., Keravis, D., Di-Giovanni, C., Sebag, D., 2003. Soil organic matter (SOM)
characterization by Rock-Eval pyrolysis: Scope and limitations. Org. Geochem. 34, 327-343.
https://doi.org/10.1016/S0146-6380(02)00239-5

Donovan, S.E., Griffiths, G.J.K., Homathevi, R., Winder, L., 2007. The spatial pattern of soil-
dwelling termites in primary and logged forest in Sabah, Malaysia. Ecol. Entomol. 32, 1-10.
https://doi.org/10.1111/j.1365-2311.2006.00856.x

Dosso, K., Yéo, K., Konaté, S., Linsenmair, K.E., 2012. Importance of Protected Areas for
Biodiversity Conservation in Central Cote D’ivoire: Comparison of Termite Assemblages
between Two Neighboring Areas Under Differing Levels of Disturbance. J. Insect Sci. 12, 1-
18. https://doi.org/10.1673/031.012.13101

Dossou-Yovo, H.O., Vodouhe, F.G., Sinsin, B., 2014. Assessment of the medicinal uses of plant
species found on termitaria in the Pendjari biosphere reserve in Benin. J. Med. Plants Res. 8,
368-377. https://doi.org/10.5897/JMPR10.124

Ekundayo, E.O., Aghatise, V.O., 1997. Soil properties of termite mounds under different land use
types in a Typic Paleudult of Midwestern Nigeria. Environ. Monit. Assess. 45, 1-7.
https://doi.org/10.1023/A:1005794628150

Emmerson, M., Morales, M.B., Ofiate, J.J., Batary, P., Berendse, F., Liira, J., Aavik, T., Guerrero,
I., Bommarco, R., Eggers, S., Part, T., Tscharntke, T., Weisser, W., Clement, L., Bengtsson,
J., 2016. How Agricultural Intensification Affects Biodiversity and Ecosystem Services. Adv.
Ecol. Res. 55, 43-97. https://doi.org/10.1016/bs.aecr.2016.08.005

Enagbonma, B.J., Babalola, 0.0., 2019. Potentials of termite mound soil bacteria in ecosystem

engineering  for  sustainable  agriculture.  Ann.  Microbiol. 69, 211-219.

111



https://doi.org/10.1007/s13213-019-1439-2

Erens, H., Boudin, M., Mees, F., Mujinya, B.B., Baert, G., Van Strydonck, M., Boeckx, P., Van
Ranst, E., 2015. The age of large termite mounds-radiocarbon dating of Macrotermes falciger
mounds of the Miombo woodland of Katanga, DR Congo. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 435, 265-271. https://doi.org/10.1016/j.palae0.2015.06.017

Estefan, G., Sommer, R., John, R., 2008. Methods of Soil , Plant , and Water Analysis : A manual
for the West Asia and North Methods of Soil, Plant, and Water Analysis: A manual for the
West Asia and North Africa region. ICARDA (International Cent. Agric. Res. Dry Areas)
Box 114/5055, Beirut, Lebanon 143.

FAO, 2006. Guidelines for Guidelines, Food and Agriculture Organization (FAO). Springer
International Publishing, Cham.

Farr, J., 2021. Islands of fertility: a multispecies ethnography of human-termite interactions and
their implications for human ecology and the archaeology of gender in the tropics. World
Archaeol. 00, 1-21. https://doi.org/10.1080/00438243.2021.1997637

Firbank, L.G., Petit, S., Smart, S., Blain, A., Fuller, R.J., 2008. Assessing the impacts of
agricultural intensification on biodiversity: a British perspective. Philos. Trans. R. Soc. B
Biol. Sci. 363, 777-787. https://doi.org/10.1098/rstb.2007.2183

Fitter, A.H., Gilligan, C.A., Hollingworth, K., Kleczkowski, A., Twyman, R.M., Pitchford, J.W.,
2005. Biodiversity and ecosystem function in soil. Funct. Ecol. 19, 369-377.
https://doi.org/10.1111/j.0269-8463.2005.00969.x

Forlani, G., Roncella, R., Nardinocchi, C., 2015. Where is photogrammetry heading to? State of
the art and trends. Rend. Lincei 26, 85-96. https://doi.org/10.1007/s12210-015-0381-x

Francis, M.L., Poch, R.M., 2019. Calcite accumulation in a South African heuweltjie: Role of the
termite Microhodotermes viator and oribatid mites. J. Arid Environ. 170, 103981.
https://doi.org/10.1016/j.jaridenv.2019.05.009

Freymann, B.P., de Visser, S.N., OIff, H., 2010. Spatial and temporal hotspots of termite-driven
decomposition in the  Serengeti. Ecography  (Cop.). 33, 443-450.
https://doi.org/10.1111/j.1600-0587.2009.05960.x

Funch, R.R., 2015. Termite mounds as dominant land forms in semiarid northeastern Brazil. J.
Arid Environ. 122, 27-29. https://doi.org/10.1016/j.jaridenv.2015.05.010

Getzin, S., Wiegand, K., Wiegand, T., Yizhaqg, H., Von Hardenberg, J., Meron, E., 2015. Clarifying
misunderstandings regarding vegetation self- organisation and spatial patterns of fairy circles
in <scp>N</scp> amibia: a response to recent termite hypotheses. Ecol. Entomol. 40, 669
675. https://doi.org/10.1111/een.12267

112



Griffiths, H.M., Ashton, L.A., Evans, T.A., Parr, C.L., Eggleton, P., 2019. Termites can decompose
more than half of deadwood in tropical rainforest. Curr. Biol. 29, R118-R119.
https://doi.org/10.1016/j.cub.2019.01.012

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., Gascuel, O., 2010. New
Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies: Assessing the
Performance of PhyML 3.0. Syst. Biol. 59, 307—321. https://doi.org/10.1093/sysbio/syq010

Gursoy, S., 2021. Soil Compaction Due to Increased Machinery Intensity in Agricultural
Production: Its Main Causes, Effects and Management, in: Technology in Agriculture.
IntechOpen. https://doi.org/10.5772/intechopen.98564

Harit, A.K., Jouquet, P., 2021. Origin and Dynamics of Termite Mound Soils in Southern India.
Asian Soil Res. J. 5, 19-23. https://doi.org/10.9734/asrj/2021/v5i430115

Hartley, R., Zisserman, A., 2004. Multiple View Geometry in Computer Vision, Cambridge
University Press. Cambridge University Press. https://doi.org/10.1017/CB09780511811685

Hashem, A., Abd_allah, E.F., Algarawi, A.A., Radhakrishnan, R., Kumar, A., 2017. Plant defense
approach of bacillus subtilis (Bera 71) against macrophomina phaseolina (tassi) goid in mung
bean. J. Plant Interact. 12, 390-401. https://doi.org/10.1080/17429145.2017.1373871

Hervé, V., Junier, T., Bindschedler, S., Verrecchia, E., Junier, P., 2016. Diversity and ecology of
oxalotrophic bacteria. World J. Microbiol. Biotechnol. 32, 28.
https://doi.org/10.1007/s11274-015-1982-3

Hervé, V., Simon, A., Randevoson, F., Cailleau, G., Rajoelison, G., Razakamanarivo, H.,
Bindschedler, S., Verrecchia, E., Junier, P., 2021. Functional diversity of the litter-associated
fungi from an oxalate—carbonate pathway ecosystem in madagascar. Microorganisms 9, 1—
12. https://doi.org/10.3390/microorganisms9050985

Hok, L., de Moraes S4, J.C., Reyes, M., Boulakia, S., Tivet, F., Leng, V., Kong, R., Briedis, C., da
Cruz Hartman, D., Ferreira, L.A., Inagaki, T.M., Gongalves, D.R.P., Bressan, P.T., 2018.
Enzymes and C pools as indicators of C build up in short-term conservation agriculture in a
savanna  ecosystem in  Cambodia.  Soil  Tillage Res. 177, 125-133.
https://doi.org/10.1016/j.still.2017.11.015

Holt, J.A., Greenslade, P.J.M., 1980. Ants (Hymenoptera: Formicidae) in mounds of Amitermes
laurensis (Isoptera: Termitidae). Aust. J. Entomol. 18, 349-361.

Holt, J.A., Lepage, M., 2000. Termites: Evolution, Sociality, Symbioses, Ecology. Springer
Netherlands, Dordrecht. https://doi.org/10.1007/978-94-017-3223-9

Hoque, M., Kobata, T., 2000. Effect of Soil Compaction on the Grain Yield of Rice ( Oryza sativa
L.) under Water-Deficit Stress during the Reproductive Stage. Plant Prod. Sci. 3, 316-322.

113



https://doi.org/10.1626/pps.3.316

Huang, J., Hartemink, A.E., 2020. Soil and environmental issues in sandy soils. Earth-Science Rev.
208, 103295. https://doi.org/10.1016/j.earscirev.2020.103295

Inoue, T., Kirtibutr, N., Abe, T., 2001. Underground passage system of Macrotermes carbonarius
(Isoptera, Termitidae) in a dry evergreen forest of northeast Thailand. Insectes Soc. 48, 372—
377. https://doi.org/10.1007/PL00001794

Inoue, T., Vijarnsorn, P., Abe, T., 1997. Mound structure of the fungus-growing termite
Macrotermes gilvus in Thailand. J. Trop. Ecol. 13, 115-124.
https://doi.org/10.1017/S0266467400010294

Isabelle, V., Marielle, A., Basile, M.B., Francois, M.K., Geert, B., Eric, V.R., Marjolein, V., Jan,
B., 2014. Termite mound identification through aerial photographic interpretation in
Lubumbashi, Democratic Republic of the Congo: Methodology evaluation. Trop. Conserv.
Sci. 7, 733-746. https://doi.org/10.1177/194008291400700411

IUSS Working Group WRB., 2022. World Reference Base for Soil Resources. International soil
classification system for naming soils and creating legends for soil maps. 4th edition., 4th ed,
Gl daala Ol o2ia, International Union of Soil Sciences (IUSS), Vienna, Austria.

Jalota, S.K., Kaur, H., Ray, S.S., Tripathi, R., Vashisht, B.B., Bal, S.K., 2012. Mitigating future
climate change effects by shifting planting dates of crops in rice-wheat cropping system. Reg.
Environ. Chang. 12, 913-922. https://doi.org/10.1007/s10113-012-0300-y

Jamilu Bala Ahmed, 1.1., Pradhan, B., Mansor, S., Tongjura, J.D.C., Yusuf, B., 2019. Multi-criteria
evaluation of suitable sites for termite mounds construction in a tropical lowland. CATENA
178, 359-371. https://doi.org/10.1016/j.catena.2019.03.040

Jax, K., Barton, D.N., Chan, K.M.A., de Groot, R., Doyle, U., Eser, U., Gorg, C., Gomez-
Baggethun, E., Griewald, Y., Haber, W., Haines-Young, R., Heink, U., Jahn, T., Joosten, H.,
Kerschbaumer, L., Korn, H., Luck, G.W., Matzdorf, B., Muraca, B., Nel3héver, C., Norton,
B., Ott, K., Potschin, M., Rauschmayer, F., von Haaren, C., Wichmann, S., 2013. Ecosystem
services and ethics. Ecol. Econ. 93, 260-268. https://doi.org/10.1016/j.ecolecon.2013.06.008

JICA, 2003. The study on the establishment of GIS Base Data for the Kingdom of Cambodia.

Jones, C.G., Lawron, J.H., Shachak, M., 1997. Positive and negative effects of organisms as
physical ecosystem engineers. Ecology 78, 1946-1957. https://doi.org/0012-
9658(1997)078[1946:PANEOO]2.0.CO;2

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers, in: Ecosystem
Management. Springer, pp. 130-147.

Josens, G., Dosso, K., Konaté, S., 2016. Lenticular mounds in the African savannahs can originate

114



from ancient Macrotermes mounds. Insectes Soc. 63, 373-379.
https://doi.org/10.1007/s00040-016-0476-0

Jouquet, P., Airola, E., Guilleux, N., Harit, A., Chaudhary, E., Grellier, S., Riotte, J., 2017a.
Abundance and Impact on Soil Properties of Cathedral and Lenticular Termite Mounds in
Southern Indian Woodlands. Ecosystems 20, 769-780. https://doi.org/10.1007/s10021-016-
0060-5

Jouquet, Pascal, Barré, P., Lepage, M., Velde, B., 2005. Impact of subterranean fungus-growing
termites (Isoptera, Macrotermitiane) on chosen soil properties in a West African savanna.
Biol. Fertil. Soils 41, 365-370. https://doi.org/10.1007/s00374-005-0839-6

Jouquet, P., Blanchart, E., Capowiez, Y., 2014. Utilization of earthworms and termites for the
restoration ~ of  ecosystem  functioning. Appl. Soil  Ecol. 73, 34-40.
https://doi.org/10.1016/j.apsoil.2013.08.004

Jouquet, P., Bottinelli, N., Shanbhag, R.R., Bourguignon, T., Traoré, S., Abbasi, S.A., 2016a.
Termites: The neglected soil engineers of tropical soils. Soil Sci. 181, 157-165.
https://doi.org/10.1097/SS.0000000000000119

Jouquet, P., Caner, L., Bottinelli, N., Chaudhary, E., Cheik, S., Riotte, J., 2017b. Where do South-
Indian termite mound soils come from? Appl. Soil Ecol. 117-118, 190-195.
https://doi.org/10.1016/j.aps0il.2017.05.010

Jouquet, P., Chaudhary, E., Kumar, A.R.V., 2018. Sustainable use of termite activity in agro-
ecosystems with reference to earthworms. A review. Agron. Sustain. Dev. 38.
https://doi.org/10.1007/s13593-017-0483-1

Jouquet, P., Chintakunta, S., Bottinelli, N., Subramanian, S., Caner, L., 2016b. The influence of
fungus-growing termites on soil macro and micro-aggregates stability varies with soil type.
Appl. Soil Ecol. 101, 117-123. https://doi.org/10.1016/j.apsoil.2016.02.001

Jouquet, P., Dauber, J., Lagerlof, J., Lavelle, P., Lepage, M., 2006. Soil invertebrates as ecosystem
engineers: Intended and accidental effects on soil and feedback loops. Appl. Soil Ecol. 32,
153-164. https://doi.org/10.1016/j.apsoil.2005.07.004

Jouquet, P., Guilleux, N., Shanbhag, R.R., Subramanian, S., 2015. Influence of soil type on the
properties of termite mound nests in Southern India. Appl. Soil Ecol. 96, 282-287.
https://doi.org/10.1016/j.aps0il.2015.08.010

Jouquet, P., Harit, A., Hervé, V., Moger, H., Carrijo, T., Donoso, D.A., Eldridge, D., Ferreira da
Cunha, H., Choosai, C., Janeau, J.-L., Maeght, J.-L., Thu, T.D., Briandon, A., Skali, M.D.,
van Thuyne, J., Mainga, A., Pinzon Florian, O.P., Issa, O.M., Podwojewski, P., Rajot, J.-L.,
Henri-des-Tureaux, T., Smaili, L., Labiadh, M., Boukbida, H.A., Shanbhag, R., Muon, R.,

115



Ann, V., Cheik, S., Fall, S., Traore, S., Dupont, S., Chouvenc, T., Mullins, A.J., Syaukani, S.,
Zaiss, R., Tien, T.M., Sobotnik, J., Auclerc, A., Qiu, R., Tang, Y.-T., Huot, H., Sillam-Dussgs,
D., Bottinelli, N., 2022. The impact of termites on soil sheeting properties is better explained
by environmental factors than by their feeding and building strategies. Geoderma 412,
115706. https://doi.org/10.1016/j.geoderma.2022.115706

Jouquet, P., Jamoteau, F., Majumdar, S., Podwojewski, P., Nagabovanalli, P., Caner, L., Barboni,
D., Meunier, J.-D., 2020. The distribution of Silicon in soil is influenced by termite
bioturbation in  South  Indian  forest soils.  Geoderma 372, 114362.
https://doi.org/10.1016/j.geoderma.2020.114362

Jouquet, P., Mamou, L., Lepage, M., Velde, B., 2002. Effect of termites on clay minerals in tropical
soils: fungus-growing termites as weathering agents. Eur. J. Soil Sci. 53, 521-528.
https://doi.org/10.1046/j.1365-2389.2002.00492.x

Jouquet, P., Ranjard, L., Lepage, M., Lata, J.C., 2005. Incidence of fungus-growing termites
(Isoptera, Macrotermitinae) on the structure of soil microbial communities. Soil Biol.
Biochem. 37, 1852-1859. https://doi.org/10.1016/j.s0ilbio.2005.02.017

Jouquet, P., Tessier, D., Lepage, M., 2004. The soil structural stability of termite nests: role of
clays in Macrotermes bellicosus (Isoptera, Macrotermitinae) mound soils. Eur. J. Soil Biol.
40, 23-29. https://doi.org/10.1016/j.ejsobi.2004.01.006

Jouquet, P., Traore, S., Choosai, C., Hartmann, C., Bignell, D., 2011. Influence of termites on
ecosystem functioning. Ecosystem services provided by termites. Eur. J. Soil Biol. 47, 215—
222. https://doi.org/10.1016/j.ejsobi.2011.05.005

Juergens, N., 2015. Exploring common ground for different hypotheses on Namib fairy circles.
Ecography (Cop.). 38, 12—14. https://doi.org/10.1111/ecog.01232

Kang, H., Sridhar, V., Mainuddin, M., Trung, L.D., 2021. Future rice farming threatened by
drought in the Lower Mekong Basin. Sci. Rep. 11, 9383. https://doi.org/10.1038/s41598-021-
88405-2

Kibblewhite, M.., Ritz, K., Swift, M.., 2008. Soil health in agricultural systems. Philos. Trans. R.
Soc. B Biol. Sci. 363, 685-701. https://doi.org/10.1098/rsth.2007.2178

Kibblewhite, M.G., Ritz, K., Swift, M.J., 2008. Soil health in agricultural systems. Philos. Trans.
R. Soc. B Biol. Sci. 363, 685-701.

Kim, M., Or, D., 2019. Microscale pH variations during drying of soils and desert biocrusts affect
HONO and NH3 emissions. Nat. Commun. 10, 1-12. https://doi.org/10.1038/s41467-019-
11956-6

Kohl, L., Oehl, F., van der Heijden, M.G.A., 2014. Agricultural practices indirectly influence plant

116



productivity and ecosystem services through effects on soil biota. Ecol. Appl. 24, 1842-1853.
https://doi.org/10.1890/13-1821.1

Konaté, S., Le Roux, X., Tessier, D., Lepage, M., 1999. Influence of large termitaria on soil
characteristics, soil water regime, and tree leaf shedding pattern in a West African savanna.
Plant Soil 206, 47-60. https://doi.org/10.1023/A:1004321023536

Korb, J., Linsenmair, K.E., 1998. The effects of temperature on the architecture and distribution of
Macrotermes bellicosus (Isoptera, Macrotermitinae) mounds in different habitats of a West
African Guinea savanna. Insectes Soc. 45, 51-65. https://doi.org/10.1007/s000400050068

Kumar, A., Sharma, S., Mishra, S., 2010. Influence of Arbuscular Mycorrhizal (AM) Fungi and
Salinity on Seedling Growth, Solute Accumulation, and Mycorrhizal Dependency of Jatropha
curcas L. J. Plant Growth Regul. 29, 297-306. https://doi.org/10.1007/s00344-009-9136-1

Kumar, A., Sharma, S., Mishra, S., Dames, J.F., 2015. Arbuscular mycorrhizal inoculation
improves growth and antioxidative response of Jatropha curcas (L.) under Na 2 SO 4 salt
stress. Plant Biosyst. - An Int. J. Deal. with all Asp. Plant Biol. 149, 260-2609.
https://doi.org/10.1080/11263504.2013.845268

Lafargue, E., Marquis, F., Pillot, D., 1998. Rock-Eval 6 applications in hydrocarbon exploration,
production, and soil contamination studies. Rev. I’Institut Fr. du Pet. 53, 421-437.
https://doi.org/10.2516/0gst:1998036

Lam, S., Pham, G., Nguyen-Viet, H., 2017. Emerging health risks from agricultural intensification
in Southeast Asia: a systematic review. Int. J. Occup. Environ. Health 23, 250-260.
https://doi.org/10.1080/10773525.2018.1450923

Lantin, R.S., Wassmann, R., Neue, H.U., Buendia, L. V., 2000. Mitigating Methane Emissions
from Rice Fields in Asia, in: Non-CO2 Greenhouse Gases: Scientific Understanding, Control
and Implementation. Springer Netherlands, Dordrecht, pp. 283-290.
https://doi.org/10.1007/978-94-015-9343-4_46

Lavelle, P., 1997. Faunal Activities and Soil Processes: Adaptive Strategies That Determine
Ecosystem  Function, in: Advances in Ecological Research. pp. 93-132.
https://doi.org/10.1016/S0065-2504(08)60007-0

Lavelle, P., Dangerfield, M., Fragoso, C., Eschenbrenner, V., Lopez-Hernandez, D., Pashanasi, B.,
Brussaard, L., 1994. The relationship between soil macrofauna and tropical soil fertility. Biol.
Manag. Trop. soil Fertil. 137-169.

Lavelle, P., Spain, A. V, Blanchart, E., Martin, A., Martin, S., 1992. Impact of soil fauna on the
properties of soils in the humid tropics. Myth. Sci. Soils Trop. 29, 157-185.

Le Mer, G., Barthod, J., Dignac, M.F., Barré, P., Baudin, F., Rumpel, C., 2020. Inferring the impact

117



of earthworms on the stability of organo-mineral associations, by Rock-Eval thermal analysis
and 13C NMR spectroscopy. Org. Geochem. 144, 104016.
https://doi.org/10.1016/j.orggeochem.2020.104016

Lebov, J., Grieger, K., Womack, D., Zaccaro, D., Whitehead, N., Kowalcyk, B., MacDonald,
P.D.M., 2017. A framework for One Health research. One Heal. 3, 44-50.
https://doi.org/10.1016/j.onehlt.2017.03.004

Lee, K.E., Wood, T.G., 1971. Termites and soils. Termit. soils.

Lefort, V., Longueville, J.-E., Gascuel, O., 2017. SMS: Smart Model Selection in PhyML. Mol.
Biol. Evol. 34, 2422-2424. https://doi.org/10.1093/molbev/msx149

Lepage, M., 1984. Distribution, Density and Evolution of Macrotermes bellicosus Nests (Isoptera:
Macrotermitinae) in the North-East of Ivory Coast. J. Anim. Ecol. 53, 107.
https://doi.org/10.2307/4345

Levick, S.R., Asner, G.P., Kennedy-Bowdoin, T., Knapp, D.E., 2010. The spatial extent of termite
influences on herbivore browsing in an African savanna. Biol. Conserv. 143, 2462-2467.
https://doi.org/10.1016/j.biocon.2010.06.012

Li, C., 2010. Quantifying greenhouse gas emissions from soils: Scientific basis and modeling
approach. Soil Sci. Plant Nutr. 53, 344-352. https://doi.org/10.1111/j.1747-
0765.2007.00133.x

Lépez-Hernandez, D., Brossard, M., Fardeau, J.-C., Lepage, M., 2006. Effect of different termite
feeding groups on P sorption and P availability in African and South American savannas.
Biol. Fertil. Soils 42, 207-214. https://doi.org/10.1007/s00374-005-0017-x

Mainuddin, M., Kirby, M., Hoanh, C.T., 2011. Adaptation to climate change for food security in
the lower Mekong Basin. Food Secur. 3, 433-450. https://doi.org/10.1007/s12571-011-0154-
z

Malou, O.P., Sebag, D., Moulin, P., Chevallier, T., Badiane-Ndour, N.Y., Thiam, A., Chapuis-
Lardy, L., 2020. The Rock-Eval® signature of soil organic carbon in arenosols of the
Senegalese groundnut basin. How do agricultural practices matter? Agric. Ecosyst. Environ.
301, 107030. https://doi.org/10.1016/j.agee.2020.107030

Martin, S.J., Funch, R.R., Hanson, P.R., Yoo, E.-H., 2018. A vast 4,000-year-old spatial pattern of
termite mounds. Curr. Biol. 28, R1292-R1293. https://doi.org/10.1016/j.cub.2018.09.061

Matson, P.A., Parton, W.J., Power, A.G., Swift, M.J., 1997. Agricultural Intensification and
Ecosystem Properties. Science (80-. ). 2717, 504-509.
https://doi.org/10.1126/science.277.5325.504

Matsumoto, T., 1976. The role of termites in an equatorial rain forest ecosystem of West Malaysia.

118



Oecologia 22, 153-178. https://doi.org/10.1007/BF00344714

Matteodo, M., Grand, S., Sebag, D., Rowley, M.C., Vittoz, P., Verrecchia, E.P., 2018. Decoupling
of topsoil and subsoil controls on organic matter dynamics in the Swiss Alps. Geoderma 330,
41-51. https://doi.org/10.1016/j.geoderma.2018.05.011

McCarthy, T.S., Ellery, W.N., Dangerfield, J.M., 1998. The role of biota in the initiation and
growth of islands on the floodplain of the Okavango alluvial fan, Botswana. Earth Surf.
Process. Landforms 23, 291-316. https://doi.org/10.1002/(S1CI1)1096-
9837(199804)23:4<291::AID-ESP844>3.0.CO;2-A

Mekong River Commission, 2003. Digital Terrain Model (DTM) for the Lower Mekong Basin
[wWww Document]. URL
http://archive.iwlearn.net/mrcmekong.org/spatial/meta_html/topo10.htm#Metadata_Informa
tion

Miyagawa, S., Koyama, Y., Kokubo, M., Matsushita, Y., Adachi, Y., Sivilay, S., Kawakubo, N.,
Oba, S., 2011. Indigenous utilization of termite mounds and their sustainability in a rice
growing village of the central plain of Laos. J. Ethnobiol. Ethnomed. 7, 24.
https://doi.org/10.1186/1746-4269-7-24

Montanarella, L., Pennock, D.J., McKenzie, N., Badraoui, M., Chude, V., Baptista, I., Mamo, T.,
Yemefack, M., Singh Aulakh, M., Yagi, K., Young Hong, S., Vijarnsorn, P., Zhang, G.-L.,
Arrouays, D., Black, H., Krasilnikov, P., Sobocka, J., Alegre, J., Henriquez, C.R., de Lourdes
Mendonca-Santos, M., Taboada, M., Espinosa-Victoria, D., AlShankiti, A., AlaviPanah, S.K.,
Elsheikh, E.A.E.M., Hempel, J., Camps Arbestain, M., Nachtergaele, F., Vargas, R., 2016.
World’s soils are under threat. SOIL 2, 79-82. https://doi.org/10.5194/s0il-2-79-2016

Moore, J.M., Picker, M.D., 1991. Heuweltjies (earth mounds) in the Clanwilliam district, Cape
Province, South Africa: 4000-year-old termite nests. Oecologia 86, 424-432.
https://doi.org/10.1007/BF00317612

MOWRAM, 2014. The National Water Status Report 2014, ADB TA 7610-CAM Supporting
Policy and Institutional Reforms for Capacity Development in the Water Sector. Phnom Penh.

Muijinya, B.B., Mees, F., Boeckx, P., Bodé, S., Baert, G., Erens, H., Delefortrie, S., Verdoodt, A.,
Ngongo, M., Van Ranst, E., 2011. The origin of carbonates in termite mounds of the
Lubumbashi area, D.R. Congo. Geoderma 165, 95-105.
https://doi.org/10.1016/j.geoderma.2011.07.009

Muvengwi, J., Mbiba, M., Ndagurwa, H.G.T., Nyamadzawo, G., Nhokovedzo, P., 2017. Termite
diversity along a land use intensification gradient in a semi-arid savanna. J. Insect Conserv.
21, 801-812. https://doi.org/10.1007/s10841-017-0019-7

119



Muvengwi, J., Ndagurwa, H.G.T., Nyenda, T., Mlambo, I., 2014. Termitaria as preferred browsing
patches for black rhinoceros (Diceros bicornis) in Chipinge Safari Area, Zimbabwe. J. Trop.
Ecol. 30, 591-598.

Muvengwi, J., Witkowski, E.T.F., 2020. Cascading effects of termite mounds in African savannas.
New Zeal. J. Bot. 58, 167-193. https://doi.org/10.1080/0028825X.2020.1767162

NCTM, 2013a. Cambodia Medicinal Plants Vuluml. National Center for Traditional
Medicine(NCTM).

NCTM, 2013b. Cambodia Medicinal Plants Vulum2. National Center for Traditional
Medicine(NCTM).

Neher, D.A., Barbercheck, M.E., 1998. Diversity and Function of Soil Mesofauna, in: Biodiversity
in Agroecosystems. Boca Raton, FL: CRC Press, pp. 27-47.

Nguyen, H., Shaw, R., 2011. Chapter 3 Adaptation to Droughts in Cambodia, in: Shaw, R.,
Nguyen, H. (Eds.), Droughts in Asian Monsoon Region, Community, Environment and
Disaster Risk Management. Emerald Group Publishing Limited, pp. 49-66.
https://doi.org/10.1108/S2040-7262(2011)0000008009

Noble, A.D., Ruaysoongern, S., Vries, F.W.T., Hartmann, C., Webb, M.J., 2004. Enhancing the
agronomic productivity of degraded soils in Northeast Thailand through caly-based
interventions. Water Agric. 147-160.

Noble, J.C., Diggle, P.J., Whitford, W.G., 1989. The spatial distributions of termite pavements and
hummock feeding sites in a semi-arid woodland in eastern Australia, in: Acta
Oecologica/Oecologia Generalis. pp. 355-376.

Noirot, C., 1959. Lesnidsdeglobiterm e ssulphureus Haviland au cambodge.

Noirot, C., 1956. SURLENIDETLABIOLOG I EDE MACROTERMES GILVUS
HOLMGR. DANS LES RIZIERES DU CAMBODGE 2-7.

Oeurng, C., Cochrane, T.A., Chung, S., Kondolf, M.G., Piman, T., Arias, M.E., 2019. Assessing
climate change impacts on river flows in the Tonle Sap Lake Basin, Cambodia. Water
(Switzerland) 11. https://doi.org/10.3390/w11030618

Olubanjo, O.0., Yessoufou, M.A., 2019. Effect of Soil Compaction on the Growth and Nutrient
Uptake of Zea Mays L. Sustain. Agric. Res. 8, 46. https://doi.org/10.5539/sar.v8n2p46

Ouk, M., Basnayake, J., Tsubo, M., Fukai, S., Fischer, K.S., Cooper, M., Nesbitt, H., 2006. Use of
drought response index for identification of drought tolerant genotypes in rainfed lowland
rice. F. Crop. Res. 99, 48-58. https://doi.org/10.1016/j.fcr.2006.03.003

Ozsahin, E., Ozdes, M., Smith, A.C., Yang, D., 2022. Remote Sensing and GI1S-Based Suitability
Mapping of Termite Habitat in the African Savanna: A Case Study of the Lowveld in Kruger

120



National Park. Land 11, 803. https://doi.org/10.3390/land11060803

Padonou, E.A., Djagoun, C.A.M.S., Akakpo, A.B., Ahlinvi, S., Lykke, A.M., Schmidt, M.,
Assogbadjo, A., Sinsin, B., 2020. Role of termites in the restoration of soils and plant richness
on bowé in West Africa. Afr. J. Ecol. 58, 828-835. https://doi.org/10.1111/aje.12778

Pahlavan-Rad, M.R., Akbarimoghaddam, A., 2018. Spatial variability of soil texture fractions and
pH in a flood plain (case study from eastern Iran). CATENA 160, 275-281.
https://doi.org/10.1016/j.catena.2017.10.002

Pansu, M., Gautheyrou, J., 2006. Handbook of soil analysis: Mineralogical, organic and inorganic
methods, Handbook of Soil Analysis: Mineralogical, Organic and Inorganic Methods.
https://doi.org/10.1007/978-3-540-31211-6

Panuwet, P., Siriwong, W., Prapamontol, T., Ryan, P.B., Fiedler, N., Robson, M.G., Barr, D.B.,
2012. Agricultural pesticide management in Thailand: status and population health risk.
Environ. Sci. Policy 17, 72-81. https://doi.org/10.1016/j.envsci.2011.12.005

Patel, M.S., Singh, N.T., 1981. Changes in bulk density and water intake rate of a coarse textured
soil in relation to different levels of compaction. J. Indian Soc. Soil Sci. 29, 110-112.

Pauli, N., Abbott, L.K., Negrete-Yankelevich, S., 2016. Farmers’ knowledge and use of soil fauna
in agriculture: a worldwide review. Andrés Source Ecol. Soc. 21. https://doi.org/10.5751/ES-
08597-210319

Picker, M.D., Hoffman, M.T., Leverton, B., 2007. Density of Microhodotermes viator
(Hodotermitidae) mounds in southern Africa in relation to rainfall and vegetative productivity
gradients. J. Zool. 271, 37-44. https://doi.org/10.1111/j.1469-7998.2006.00189.x

Pimpler, E., 2017. Spatial analytics with ArcGIS. Packt Publishing Ltd.

Pin, S., Mihara, M., 2013. The Study on Conventional Farming Practice - A Case Study of Farmers’
Practice in Samroung Village, Cambodia. Int. J. Environ. Rural Dev. 4, 202—-208.

Pittock, J., Nguyen, K. V, 2016. Floating rice in Vietnam, Cambodia and Myanmar.

Pomeroy, D.E., 1978. The Abundance of Large Termite Mounds in Uganda in Relation to Their
Environment. J. Appl. Ecol. 15, 51. https://doi.org/10.2307/2402920

Redford, K.H., 1984. The Termitaria of Cornitermes cumulans (Isoptera, Termitidae) and Their
Role in Determining a Potential Keystone Species. Biotropica 16, 112.
https://doi.org/10.2307/2387842

Redford, K.H., 1974. The Termitaria of Cornitermes cumulans (Isoptera, Termitidae) and Their
Role in Determining a Potential Keystone Species. Biotropica 16, 112.
https://doi.org/10.2307/2387842

Reynolds, W.D., Elrick, D.E., 2002. Falling head soil core (tank) method. Methods soil Anal. Part

121



4, 809-812.

Romanens, R., Pellacani, F., Mainga, A., Fynn, R., Vittoz, P., Verrecchia, E.P., 2019. Soil diversity
and major soil processes in the Kalahari basin, Botswana. Geoderma Reg. 19, e00236.
https://doi.org/10.1016/j.geodrs.2019.e00236

Ros, B., Nang, P., Chhim, C., 2011. Agricultural Development and Climate Change : The Case of
Cambodia 72.

Sacata, E., 2009. Role of silicon in plant resistance to water stress. J. Elem. 14, 619-630.
https://doi.org/10.5601/jelem.2009.14.3.20

Saeki, H., Okamoto, M., Azuma, J., Inoue, H., Takiuchi, M., Tarumi, H., 1959. Investigations on
Cambodian soils. Soil Sci. Plant Nutr. 5, 16-22.
https://doi.org/10.1080/00380768.1959.10430889

Sarcinelli, T.S., Schaefer, C.E.G.R., Fernandes Filho, E.I., Mafia, R.G., Neri, A.V., 2013. Soil
modification by termites in a sandy-soil vegetation in the Brazilian Atlantic rain forest. J.
Trop. Ecol. 29, 439-448. https://doi.org/10.1017/S0266467413000497

Sarcinelli, T.S., Schaefer, C.E.G.R., Lynch, L. de S., Arato, H.D., Viana, J.H.M., Filho, M.R. de
A., Gongalves, T.T., 2009. Chemical, physical and micromorphological properties of termite
mounds and adjacent soils along a toposequence in Zona da Mata, Minas Gerais State, Brazil.
CATENA 76, 107-113. https://doi.org/10.1016/j.catena.2008.10.001

Sarom, M., Makara, O., Yadana, H., Sophany, S., Hel, P.K., 2001. Rice production systems in
Cambodia. Increased Lowl. rice Prod. Mekong Reg. Held Vientiane, Laos, 30 Oct-2 Nov,
2000 43-51.

Schomburg, A., Sebag, D., Turberg, P., Verrecchia, E.P., Guenat, C., Brunner, P., Adatte, T.,
Schlaepfer, R., Le Bayon, R.C., 2019. Composition and superposition of alluvial deposits
drive macro-biological soil engineering and organic matter dynamics in floodplains.
Geoderma 355, 113899. https://doi.org/10.1016/j.geoderma.2019.113899

Schomburg, A., Verrecchia, E.P., Guenat, C., Brunner, P., Sebag, D., Le Bayon, R.C., 2018. Rock-
Eval pyrolysis discriminates soil macro-aggregates formed by plants and earthworms. Soil
Biol. Biochem. 117, 117-124. https://doi.org/10.1016/j.s0ilbio.2017.11.010

Schuurman, G., 2005. Decomposition rates and termite assemblage composition in semiarid
Africa. Ecology 86, 1236-1249. https://doi.org/10.1890/03-0570

Sebag, D., Disnar, J.R., Guillet, B., Di Giovanni, C., Verrecchia, E.P., Durand, A., 2006.
Monitoring organic matter dynamics in soil profiles by “Rock-Eval pyrolysis”: Bulk
characterization and quantification of degradation. Eur. J. Soil Sci. 57, 344-355.
https://doi.org/10.1111/j.1365-2389.2005.00745.x

122



Sebag, D., Verrecchia, E.P., Cécillon, L., Adatte, T., Albrecht, R., Aubert, M., Bureau, F., Cailleau,
G., Copard, Y., Decaens, T., Disnar, J.R., Hetényi, M., Nyilas, T., Trombino, L., 2016.
Dynamics of soil organic matter based on new Rock-Eval indices. Geoderma 284, 185-203.
https://doi.org/10.1016/j.geoderma.2016.08.025

Sebesvari, Z., Le, H.T.T., Van Toan, P., Arnold, U., Renaud, F.G., 2012. Agriculture and Water
Quality in the Vietnamese Mekong Delta. pp. 331-361. https://doi.org/10.1007/978-94-007-
3962-8_13

Seng, V., Bell, RW., White, P.F., Schoknecht, N., Hin, S., Vance, W., 2007. Sandy soils of
Cambodia, in: Management of Tropical Sandy Soils for Sustainable Agriculture: Symposium
on the Management of Tropical Sandy Soils, 27th November — 2nd December, 2005, Khon
Kaen, Thailand, Pp 42-48. It. pp. 42-48.

Sileshi, G.W., Arshad, M.A., Konaté, S., Nkunika, P.O.Y., 2010. Termite-induced heterogeneity
in African savanna vegetation: mechanisms and patterns. J. Veg. Sci. 21, 923-937.
https://doi.org/10.1111/j.1654-1103.2010.01197.x

Sileshi, G.W., Nyeko, P., Nkunika, P.O.Y., Sekematte, B.M., Akinnifesi, F.K., Ajayi, O.C., 2009.
Integrating Ethno-Ecological and Scientific Knowledge of Termites for Sustainable Termite
Management and Human Welfare in Africa. Ecol. Soc. 14, art48. https://doi.org/10.5751/ES-
02877-140148

Sim, S., Lee, D., 2014. Object-Based Feature Extraction of Google Earth Imagery for Mapping
Termite Mounds in Amazon’s Savannas, in: Proceedings of International Electronic
Conference on Sensors and Applications. MDPI, Basel, Switzerland, p. g003.
https://doi.org/10.3390/ecsa-1-g003

Sofo, A., Mininni, A.N., Ricciuti, P., 2020. Soil Macrofauna: A key Factor for Increasing Soil
Fertility and Promoting Sustainable Soil Use in Fruit Orchard Agrosystems. Agronomy 10,
456. https://doi.org/10.3390/agronomy10040456

Soil Survey Staff, 1999. Soil Taxonomy A Basic System of Soil Classification for Making and
Interpreting Soil Surveys, Natural Resources Conservation Service.

Soni, P., 2016. Agricultural mechanization in Thailand: Current status and future outlook. AMA,
Agric. Mech. Asia, Africa Lat. Am. 47, 58-66.

Souza, H.J. de, Delabie, J.H.C., Sodré, G.A., 2020. Termite participation in the soil-forming
processes of “murundus” structures in the semi-arid region of Brazil. Rev. Bras. Ciéncia do
Solo 44, 1-18. https://doi.org/10.36783/18069657rbcs20190133

Spain, A. V, Mclvor, J.G., 1988. The nature of herbaceous vegetation associated with termitaria in
north-eastern Australia. J. Ecol. 181-191.

123



Stucky, B.J., 2012. SeqTrace: A Graphical Tool for Rapidly Processing DNA Sequencing
Chromatograms. J. Biomol. Tech. 23, 90-93. https://doi.org/10.7171/jbt.12-2303-004

Subi, S., Sheela, A.M., 2020. Review on Termite Mound Soil Characteristics and Agricultural
Importance. J. Agric. Ecol. Res. Int. 1-12. https://doi.org/10.9734/jaeri/2020/v21i730152

Suryavanshi, M. V., Bhute, S.S., Bharti, N., Pawar, K., Shouche, Y.S., 2016. Eubacterial diversity
and oxalate metabolizing bacterial species (OMBS) reflect oxalate metabolism potential in
Odontotermes gut. J. Pure Appl. Microbiol. 10, 2035-2044.

Suzuki, S., Noble, A.D., Ruaysoongnern, S., Chinabut, N., 2007. Improvement in Water-Holding
Capacity and Structural Stability of a Sandy Soil in Northeast Thailand. Arid L. Res. Manag.
21, 37-49. https://doi.org/10.1080/15324980601087430

Thilakarathne, M., Sridhar, V., 2017. Characterization of future drought conditions in the Lower
Mekong River Basin. Weather Clim. Extrem. 17, 47-58.
https://doi.org/10.1016/j.wace.2017.07.004

Thoumazeau, A., Chevallier, T., Baron, V., Rakotondrazafy, N., Panklang, P., Marichal, R.,
Kibblewhite, M., Sebag, D., Tivet, F., Bessou, C., Gay, F., Brauman, A., 2020. A new in-field
indicator to assess the impact of land management on soil carbon dynamics. Geoderma 375,
114496. https://doi.org/10.1016/j.geoderma.2020.114496

Tilahun, A., Cornelis, W., Sleutel, S., Nigussie, A., Dume, B., Van Ranst, E., 2021. The Potential
of Termite Mound Spreading for Soil Fertility Management under Low Input Subsistence
Agriculture. Agriculture 11, 1002. https://doi.org/10.3390/agriculture11101002

Tilahun, A., Kebede, F., Yamoah, C., Erens, H., Mujinya, B.B., Verdoodt, A., Van Ranst, E., 2012.
Quantifying the masses of Macrotermes subhyalinus mounds and evaluating their use as a soil
amendment. Agric. Ecosyst. Environ. 157, 54-59. https://doi.org/10.1016/j.agee.2011.11.013

Traoré, S., Bottinelli, N., Aroui, H., Harit, A., Jouquet, P., 2019. Termite mounds impact soil
hydrostructural properties in southern Indian tropical forests. Pedobiologia (Jena). 74, 1-6.
https://doi.org/10.1016/j.pedobi.2019.02.003

Traoré, S., Nygard, R., Guinko, S., Lepage, M., 2008a. Impact of Macrotermes termitaria as a
source of heterogeneity on tree diversity and structure in a Sudanian savannah under
controlled grazing and annual prescribed fire (Burkina Faso). For. Ecol. Manage. 255, 2337—
2346. https://doi.org/10.1016/j.foreco.2007.12.045

Traoré, S., Tigabu, M., Ouédraogo, S.J., Boussim, J.I., Guinko, S., Lepage, M.G., 2008b.
Macrotermes mounds as sites for tree regeneration in a Sudanian woodland (Burkina Faso).
Plant Ecol. 198, 285-295. https://doi.org/10.1007/s11258-008-9404-3

Trisurat, Y., Aekakkararungroj, A., Ma, H., Johnston, J.M., 2018. Basin-wide impacts of climate

124



change on ecosystem services in the Lower Mekong Basin. Ecol. Res. 33, 73-86.
https://doi.org/10.1007/s11284-017-1510-z

Tsubo, M., Fukai, S., Basnayake, J., Ouk, M., 2009. Frequency of occurrence of various drought
types and its impact on performance of photoperiod-sensitive and insensitive rice genotypes
in rainfed lowland conditions in Cambodia. F. Crop. Res. 113, 287-296.
https://doi.org/10.1016/j.fcr.2009.06.006

Van der Plas, F., Howison, R., Reinders, J., Fokkema, W., OIff, H., 2013. Functional traits of trees
on and off termite mounds: understanding the origin of biotically-driven heterogeneity in
savannas. J. Veg. Sci. 24, 227-238. https://doi.org/10.1111/j.1654-1103.2012.01459.x

Van Thuyne, J., Darini, I., Mainga, A., Verrecchia, E.P., 2021. Are fungus-growing termites super
sediment-sorting insects of subtropical environments? J. Arid Environ. 193, 104566.
https://doi.org/10.1016/j.jaridenv.2021.104566

Verhoeven, G., Karel, W., Stuhec, S., Doneus, M., Trinks, 1., Pfeifer, N., 2015. MIND YOUR
GREY TONES - EXAMINING THE INFLUENCE OF DECOLOURIZATION METHODS
ON INTEREST POINT EXTRACTION AND MATCHING FOR ARCHITECTURAL
IMAGE-BASED MODELLING. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. XL-
5/W4, 307-314. https://doi.org/10.5194/isprsarchives-XL-5-W4-307-2015

Wagg, C., Bender, S.F., Widmer, F., van der Heijden, M.G.A., 2014. Soil biodiversity and soil
community composition determine ecosystem multifunctionality. Proc. Natl. Acad. Sci. 111,
5266-5270. https://doi.org/10.1073/pnas.1320054111

Wakbulcho, G., Kenea, O., 2021. Impact of Termite Activities on Soil Physicochemical
Characteristics in Different Land Use Types in Lalo Asabi District , Western Ethiopia 7, 8-
14.

Watson, J.P., 1976. The composition of mounds of the termite Macrotermes Falciger (Gerstacker)
on soil derived from granite in three fainfall zones of Rhodesia. J. Soil Sci. 27, 495-503.
https://doi.org/10.1111/j.1365-2389.1976.th02019.x

White, P., Dobermann, A., Oberthur, T., Ros, C., 2006. The rice soils of Cambodia. I. Soil
classification for agronomists using the Cambodian Agronomic Soil Classification system.
Soil Use Manag. 16, 12-19. https://doi.org/10.1111/].1475-2743.2000.tb00164.x

White, P F, Oberthdr, T., Sovuthy, P., Project, C.-1.-A., 1997. The Soils Used for Rice Production
in Cambodia: A Manual for Their Identification and Management. Cambodia-IRRI-Australia
Project (CIAP).

Wolters, V., 1998. Invertebrate control of soil organic matter stabilityWOLTERS2000. Biol. Fertil.
Soils 31, 1-19.

125



Wood, T.G., 1988. Termites and the soil environment. Biol. Fertil. Soils 6, 228-236.
https://doi.org/10.1007/BF00260819

Wood, T.G., Johnson, R.A., Bacchus, S., Shittu, M.O., Anderson, J.M., 1982. Abundance and
Distribution of Termites (Isoptera) in a Riparian Forest in the Southern Guinea Savanna
Vegetation Zone of Nigeria. Biotropica 14, 25. https://doi.org/10.2307/2387757

Wood, T.G., Sands, W.A., 1978. The role of termites in ecosystems. Production Ecology of Ants
and Termites (ed. M.V. Brian), pp. 245-292. Cambridge University Press, Cambridge, UK.

Wright, E.S., 2016. Using DECIPHER v2.0 to Analyze Big Biological Sequence Datain R. R J. 8,
352. https://doi.org/10.32614/RJ-2016-025

Zabala, J.A., Martinez-Paz, J.M., Alcon, F., 2021. A comprehensive approach for agroecosystem
services and  disservices valuation. Sci. Total Environ. 768, 144859.
https://doi.org/10.1016/j.scitotenv.2020.144859

Zhang, Z., Schwartz, S., Wagner, L., Miller, W., 2000. A greedy algorithm for aligning DNA
sequences. J. Comput. Biol. 7, 203-214.

126



