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Community Structure of Testate Amoebae in Soil and Tree Moss of Tropical Evergreen Forests in the Western Ghats, Kerala, India
Abstract
  The community structure and species composition of Testate amoebae inhabiting in two different microhabitats (soil and tree moss) with a tropical forest biome in Western Ghats viz., Mannavan shola and Pambadum shola was investigated in this article. A total of 63 species were recorded in the two locations and two substrate types. The ANOSIM and ANOVA of total species richness show generally similar patterns where there is a significant difference between tree bark samples from the two sites and there being no difference in the soil samples between two sites.  This is the first study of TA diversity in the tropical wet evergreen forests of southern India and from these observations it is possible that testate amoeba in tree moss can be used as a good indicator of anthropogenic stresses in these southern evergreen forests of India.
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Introduction
      Testate amoebae (TA) are unicellular protists which have a unique shell or test which are made of proteinaceous, calcareous or siliceous material (Foissner, 2006; Mitchell et al., 2008; Smith et al., 2008). Species of testates are identified by the size, shape, type of test and pseudopodia morphology. TA are usually very small with most being between 20-200 µm and about 2000 species have been recorded so far (Mitchell et al., 2008).  TA  occur in a variety of habitats especially in wetland and freshwater habitats, and frequently prefer moist acidic soils, peat  and are mostly also associated with mosses, especially in moss cushions growing on tree back, rocks and soil  (Smith et al., 2007). 
  The distribution of TA is dependent primarily on size and weight of amoebae, with larger and heavier TA dispersing less rapidly, so natural barriers and adverse winds or large distances of inhospitable habitat can affect the progression of distribution of amoebae. Very few amoebae have been found to be endemic to any region.
  Although general scientific papers published on testate amoeba have been steadily increasing from about 5 papers a year  in the 1990’s to about 50 currently (Kosakyan et al., 2016), Ecological studies in testate amoeba have been very few globally, with most studies done in temperate regions of the world, especially in cold peatlands. Ecological studies on TA in India are in its infancy, with only two known study so far conducted in India. The first being from  the Eastern Himalayas (Purushothaman et al., 2019). In this study it was shown that microhabitats such as soil and tree moss harbour mostly the same set of species but have vastly different abundance levels.
This is the first study of TA diversity in the tropical wet evergreen forests of southern India.
Material and Methods
  Sampling of mosses was carried out between 6th to 9th November 2017 in two geographical locations, Mannavan Shola (10.2340° N-77.1048° E) and Pambadum shola (10.1266° N-77.2582° E), located in the southern Western Ghats in the state of Kerala. The two locations are about 12 kms apart. These two sites exhibited a difference in proximity to human habitat use and levels of pollution, with Mannavan shola being relatively more pristine than Pambadum Shola.
 Within each Shola two substrate types that harbor TA were sampled, tree bark moss (Tb) and soil surface moss (So). Sampling was done haphazardly at each location. In Mannavan shola (MS) 21 sites were sampled for tree bark moss and 17 sites for soil moss, and in Pambadum shola (PS) 17 sites for tree bark moss and 11 sites for soil moss. At each site only one sample was taken.  
  Samples were collected by taking 400 cm2 area cores of moss-covered bark on trees (random) and 400 cm2 area cores in soil. The samples were placed in polythene bags and brought to the lab for analysis. From this 100g was removed and washed with distilled water and the resulting solvent was sieved to remove debris, from these 10 drops were taken and each drop was analyzed using a compound microscope for all protozoan taxa encountered and identified up to the species level. Species recorded in each of these 10 drops were pooled to represent species presence in each site. Air temperature was also taken during the time of survey in all sites within each location. The species level identification was done using the published guides and keys including Ogden and Hedley (1980), Charman et al. (2000) and Mitchell (2008). All the prepared permanent slides were deposited in the National Zoological collections (NZC) of Marine Biology Regional Centre, Zoological Survey of India, Chennai. The data on species presence or absence at each sampled site was used to analyze similarity of species richness composition between the 4 groups, based on the substrate type and location. To do this a Non-metric Multi-dimensional scaling (nMDS) was used. The distance matrix for the nMDS was created using a Jacard similarity index on presence-absence data. An ANOSIM was used on the Sorensen similarity to test for differences between the 4 groups. The NMDS and ANOSIM was computed using PAST 4.03 software.
 Species richness at each site was also counted and a one-way ANOVA was used to test the species richness difference between the 4 groups of substrate/ location (MS.Tb, MS.So, PS.Tb, MS.So). The data was analysed this way because there was a significant interaction between Location (Mannavan shola vs Pambadum Shola) and substrate type (Tree bark moss vs Soil moss). An unequal N HSD test was used for post-hoc testing between the levels. Normality of the 4 groups was checked using q-q plots and homogeneity of variance was checked using Levene’s test that showed non significance (p=0.12). All results presented use SE as a measure of variability among samples. 
 To understand the general patterns on the number of species shared between the four groups a 4 set Venn diagram is used.
Results 
   A total of 63 species were recorded in the two locations and two substrate types, The most common species among all locations and substrate types were Cyclopyxis arcelloides (62%,n=63)  Trigonopyxis arcula (55.2%,n=63), Euglypha ciliata (55.2%,n=63) Assulina muscorum (55.2%, n=63), Diplochlamys fragilis (46.2%,n=63)  and Trinema lineare (44.7%,n=63). 
  All of the 63 species recorded in the study occurred at least once among the 21 samples of Mannavan shola tree bark, making this the most diverse location and substrate type in terms of species richness (Figure 1). Species such as Difflugia globulosa, Diffugia globularis, Quadrulella tropica and Diplochlamys fragilis were the most common species found on the Manavanan shola tree bark moss substrate, as these species were found in all 21 samples (100%) (Table 1). Mannavan shola soil samples had 61% of the overall species being recorded followed by Pambadum Shola tree samples with 50.7% and Pambadum shola soil sample with 33.3% of the overall species. Cyclopyxis arcelloides (70.5% n=17) and Diplochlamys fragilis (58.8% n=17) were the most common species of Mannavan shola soil samples. In Pambadum Shola Euglypha ciliata (76.4%), Assulina muscorum (70.5%), Trignopyxis arcula (64.7%) and Euglypha strigosa(52.9%) were the most common species among tree bark substrates. Trigonopyxis arcula was the only species which was found over 50% of the samples in Pambadum shola soil moss samples.19 species were common to all four groups and 19 species were found exclusively only in Mannavan shola tree bark moss, and 30 species were exclusive to Mannavan shola area alone. (See Table 1, Figure 1).
[bookmark: _GoBack]Table 1- The 63 species which were recorded in Mannavan Shola tree bark samples(n=21) and the corresponding percentage of occurrence is shown
	Mannavan Shola.Treebark species

	Difflugia globulosa ***
	100.0

	Difflugia globularis
	100.0

	Quadrulella tropica
	100.0

	Diplochlamys fragilis
	100.0

	Centropyxis platystoma
	95.2

	Quadrulella quadrigera
	95.2

	Cyclopyxis arcelloides *
	90.5

	Centropyxis oblonga *
	85.7

	Diplochlamys leidy
	85.7

	Euglypha ciliata *
	85.7

	Cyclopyxis eurystoma *
	76.2

	Trinema lineare *
	76.2

	Centropyxis orbicularis *
	71.4

	Euglypha filifera ***
	71.4

	Assulina muscorum *
	71.4

	Assulina seminulum *
	71.4

	Trinema leidy
	71.4

	Trinema penardi *
	71.4

	Centropyxis laevigata
	66.7

	Difflugia oblonga**
	66.7

	Phryganella acropodia *
	66.7

	Euglypha compressa
	66.7

	Trinema enchelys *
	66.7

	Trigonopyxis arcula *
	61.9

	Centropyxis ecornis
	57.1

	Nebela bohemica**
	57.1

	Euglypha laevis ***
	57.1

	Centropyxis minuta
	52.4

	Cyclopyxis kahli *
	52.4

	Centropyxis constricta
	47.6

	Corythion asperulum**
	42.9

	Centropyxis aerophila
	38.1

	Nebela parvula **
	38.1

	Euglypha marginata**
	38.1

	Centropyxis haemisphaerica*
	33.3

	Centropyxis cassis *
	28.6

	Centropyxis discoides *
	28.6

	Plagiopyxis callida *
	28.6

	Cyclopyxis puteus **
	28.6

	Corythion complanatum
	28.6

	Trinema dubium
	28.6

	Trinema grandis **
	28.6

	Arcella hemisphaerica *
	23.8

	Centropyxis aculeata *
	23.8

	Centropyxis kurakchayensis**
	23.8

	Cyclopyxis aplanata**
	23.8

	Euglypha simplex
	23.8

	Euglypha strigosa ***
	23.8

	Trinema chardezi**
	23.8

	Arcella artocrea 
	19.0

	Arcella catinus
	19.0

	Centropyxis janetscheki **
	19.0

	Centropyxis loffleri**
	19.0

	Certesella martiali**
	19.0

	Nebela tincta var. major **
	19.0

	Physochilla (Nebela) tenella**
	19.0

	Cyclopyxis tronconica**
	19.0

	Euglypha capsiosa**
	19.0

	Arcella arenaria 
	14.3

	Arcella costata
	14.3

	Centropyxis aerophila sphagnicola**
	14.3

	Nebela spumosa
	14.3

	Euglypha strigosa heterospina **
	9.5


* indicates species that were common to all site and substrate types. ** indicates species which were found exclusively only in Mannavan tree bark samples.  *** shows species which were found exclusively in tree bark moss samples and not in soil moss
The Maximum number of species found in any sample was 42 species found in a tree bark sample in Mannavan shola, the least number of species was two in the soil samples of Pambadum shola site with an overall average number of species in the study being 15.27± 1.8 (mean ± SE n=66). The greatest average species richness was found in Mannavan Shola tree bark samples with an average of 30.3 ± 0.9(n=21) species per sample. This is approximately a threefold increase of species richness when compared to Pambadum Shola tree bark samples with a mean of 9.4 ± 0.8(n=17) and Mannavan Shola soil samples with mean 9.05 ± 0.74(n=17). The least species richness among samples was found in Pambadum Shola soil samples with mean of 5.18 ± 0.69(n=11) species per sample. The One way ANOVA of species richness of the four groups showed a significant difference among groups (One way ANOVA, F (3,62) =185.10, p=0.0001 ). For pairwise post hoc test between levels see Table 2. 
Table 2: Results of the pair wise differences between the four groups in both the univariate analysis using species richness (ANOVA) and ANOSIM results using Jaccard similarity index.
	
	ANOSIM
	ANOVA

	
	R statistic
	p-value
	p-value

	Ms.Tb vs Ms.So
	0.58
	0.0006
	0.00155

	Ms.Tb vs Ps.Tb
	0.69
	0.0006
	0.00155

	Ms.Tb vs Ps.So
	0.82
	0.0006
	0.00155

	Ps.Tb vs Ms.So
	0.38
	0.0006
	0.99177

	Ps.So vs Ms.So
	0.19
	0.0306
	0.06385

	Ps.Tb vs Ps.So
	0.22
	0.0126
	0.03632



The Global test for ANOSIM showed a 0.01% probability (R=0.512, p=0.0001) of rejecting the null hypothesis i.e. there being no significant difference between groups based on species similarity. All pair wise test between the various groups showed that all groups were significantly different with each other at a probability greater than 0.5% (p=0.005) although some pairwise comparisons showed a very small R value, such as Mannavan shola soil moss compared to Pambadum shola tree bark moss(R=0.384,p=0.001), Mannavan shola soil moss compared with Pambadum shola soil moss (R=0.194, p=0.004) and Pambadum shola tree bark moss samples compared with Pambadum shola Soil moss samples (R=0.23,p=0.001), (See Table 2).
 The nMDs shows that all the Mannavan shola tree bark moss samples to be very closely related to each other in their similarity in species composition. The Mannavan shola tree bark moss samples distinctly grouped themselves and were separated from other 3 groups. Samples of Mannavan shola soil moss and Pambadum shola tree bark were loosely clustered together, but the two groups as a whole showed marked differences in their species composition between each other. This clustering among samples within Mannavan shola soil moss and Pambadum shola tree bark moss showed greater distances/dissimilarity within themselves than the samples of Mannavan tree bark moss i.e. the sample points were less close within the group on an average than Mannavan tree bark moss samples.  The Pambadum shola soil samples were markedly diverse among themselves and with other three groups, showing no discernable patterns among these different sites (Figure1).  The 3D nMDS had stress of 0.268 (Figure 2).
   The average air temperature recorded in Mannavan shola was 17.8 ±0.6 ˚C (Mean±SD) and in Pambadum shola it was 12.1± 2.1 ˚C (Mean ± SD).
[image: ]Figure.1: Shared species composition of Testate Amoebae from the tree barks of Mannavan Shola and Pambadum Shola 
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Figure.2:  Testate Amoebae species richness dissimilarity 
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Figure. 3: Testate Amoebae species richness from tree bark samples and the soil samples from the two sites 
Discussion 
  TA are important ecological entities, not only in terms of protozoan diversity but also as bioindicators of environmental quality (Meyer et al., 2012; Payne et al., 2016, Carballeira, R and Pontevedra-Pombal, X., 2021). Moreover information on TA diversity in forests of Southern India is meagre except the studies of Bindu (2023). Detailed studies on TA in North –East India was done by Chattopadhyay and Das (2003) and Purushothaman et al.(2019). This is the first study of TA diversity in the tropical wet evergreen forests of southern India. The study revealed that most of the TA species recovered were present in both soil and tree moss habitats, but with a clear difference in their abundance between these habitats.
  The tree bark samples were more species rich compared to soil samples, but this depended on the location (figure 3) Pambadum shola is closer to human habitation and more degraded than the pristine Mannavan shola forest areas, this could possibly explain the large differences in the species richness between the two areas in terms of species of amoebae inhabiting tree bark moss, whereas there is considerably less difference in species richness among soil samples between the two locations. It has been noted in other studies that the species richness of TA were highly dependent on the quality of moss grown, whether they are growing on tree bark or on stone, light and moisture plays an important role in moss distribution and growth (Chardez, 1990, Choi, et al., 2024, Bredariol et al., 2026) and so this could explain the difference between the pristine Mannavan shola location compared to the more human influenced Pambadum shola forest. Mannavan shola tree bark samples were the most diverse in terms of species richness, of the 21 samples collected here all the 63 recorded species in the study were found on it (Figure 1).  The species richness dissimilarity within Mannavan shola tree bark was not as high as the species dissimilarity within other samples of a particular locality and substrate type as data points for Mannavan tree bark samples were highly clustered in the NMDs output (Figure 2). This high clustering of Mannavan tree bark samples shows that the pristine area has a more even distribution of species among samples and as compared to other locations and substrates. The ANOSIM and ANOVA of total species richness both show generally similar patterns where there is a significant difference between tree bark samples from the two sites and there being no difference in the soil samples between two sites (Figure 3, table2).  From these observations it is possible that testate amoeba in tree moss can be used as a good indicator of anthropogenic stresses in these southern evergreen forests of India.


Conclusion
This research on TA diversity on the tropical wet evergreen forests in southern India indicates that they have high ecological and bioindicator potential. The results showed that there were habitat differences in the richness of species and community structure, especially in the tree bark moss, which was more vulnerable to anthropogenic disturbance than soil habitats. The significantly greater and more uniformly distributed richness of the species in the pristine Mannavan shola as compared to the relatively degraded Pambadum shola demonstrates the impact of habitat quality, moss properties, light, and moisture on TA assemblages. Statistical analyses further confirmed significant differences in tree bark communities between sites, while soil communities remained relatively stable. Together, these findings indicate that TA in tree moss can be used as a dependable and sensitive indicator of environmental quality and human activity in southern Indian evergreen forests and support using them as a tool in ecological monitoring and conservation evaluation in the long run.
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