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A B S T R A C T

The distribution of soil microorganisms is generally believed to be patchy and to reflect habitat

heterogeneity. Despite this general rule, the amount of existing data on species distribution patterns

is scarce. Testate amoebae (Protozoa; Rhizopoda) are an important component of soil microbial

communities and are increasingly used in ecological and paleoecological studies of Sphagnum-

dominated peatlands, but data on the spatial structure of communities are completely lacking. This

is an important aspect since quantitative models used for paleoecological reconstruction and moni-

toring are based on species assemblages. We explored the distribution patterns of testate amoebae

distribution in a macroscopically homogeneous Sphagnum carpet, down to a scale of several cen-

timeters. Distributions maps of the species and spatially constrained sample groups were produced.

Multivariate and individual spatial autocorrelations were calculated. The importance of spatial

structure was quantified by canonical correspondence analysis. Our ultimate goal is to find the finest

resolution of environmental monitoring using testate amoebae. The distribution patterns differed

among species, resulting in a complex spatial structure of the species assemblage in a whole. Spatial

structure accounted for 36% of the total variation of species abundance in a canonical correspon-

dence analysis constrained by spatial variables. This structure was partly correlated to altitude

(microtopography) at a very fine scale. These results confirmed the existence of significant broad-

and fine-scale spatial structures within testate amoebae communities that could in part be inter-

preted as effects of ecological gradients. This shows that, on a surface area of 0.25 m2, ecological
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conditions which look uniform from a macroscopic point of view are not perceived as such by

Sphagnum-inhabiting organisms. Therefore, testate amoebae could prove very useful to monitor

fine-scale ecological processes or disturbances. Studies of the species’ spatial distribution patterns in

combination with autoecological studies are needed and should be included in the toolbox of

biomonitoring itself.

Introduction

In natural ecosystems, the distribution of living organisms is

most often heterogeneous and reflects to some extent the

heterogeneity of soil resources and of the physical and

chemical characteristics of the environment [11]. Species

interactions or past (historical) processes may also cause

nonrandom distributions of organisms [4, 5]. Soil microor-

ganisms reflect edaphic conditions, e.g., soil type, soil mois-

ture regime, and soil pore distribution [10], and are indi-

rectly influenced by vascular plant roots and by the activity

of larger organisms such as small invertebrates [16]. How-

ever, despite these established relationships, spatial hetero-

geneity of living organisms—especially microorganisms—

and ecological conditions may be difficult to assess in soils

and mosses where gradients are often not visible. Further-

more, the scale of spatial heterogeneity will depend on the

kind of organism studied. These issues also raise fundamen-

tal and technical problems involving the scale at which mea-

surements are to be made [31].

Among the different groups of microorganisms there is

an increasing interest in the study of testate amoebae (Pro-

tozoa; Rhizopoda), especially in peatlands. Testate amoebae

(also called testaceans) are a group of protozoa living in

lakes, rivers, peatlands, mosses, and soils. They are used in

ecological and palaeoecological studies of Sphagnum-

dominated peatlands and other wetlands [e.g., 34, 3, 9, 26].

Testate amoebae are useful in such studies because they are

minute in size (10 to 300 µm) and very abundant [17, 36],

and their shells are diagnostic to the species level and are well

preserved in the peat. In addition, most species living in

Sphagnum-dominated peatlands are cosmopolitan in their

distributions, and the number of testate amoebae species in

a given place is larger than the number of moss and vascular

plants species [27]. Furthermore, they are sensitive to mi-

croenvironmental conditions such as moisture content and

water chemistry [24, 35, 26], react rapidly to environmental

changes [7, 13, 14], and their ecological preferences appear

to be comparable in different geographical regions, at least

for some species [9]. In paleoecological studies, the species’

ecological preferences are used to infer past conditions from

subfossil communities using quantitative models [9, 26].

Testate amoebae also play a key role in the microbial

trophic network in Sphagnum-dominated peatlands, where

they are one of the dominant taxa in terms of biomass. They

prey on a wide range of organisms, including bacteria, pro-

tozoa, microalgae, fungi, and micrometazoa, and may also

ingest senescent or dead organisms [15]. Finally, the differ-

ent species can be classified into several functional groups

according to the presence or absence of symbiotic zoochorel-

lae, their feeding habits, their size, and their vertical position

on the mosses [25, 32]. However, the spatial and temporal

limits of their use as biomonitors need to be assessed. The

usefulness of the testate amoebae communities as indicators

starts only at the point where the magnitude of their re-

sponse to ecological fluctuations exceeds their random spa-

tial and temporal fluctuations, and this point still needs to be

determined.

The aim of this study is to explore the distribution pat-

terns of testate amoebae in a macroscopically homogeneous

Sphagnum carpet, down to a scale of several centimeters.

Finding significant spatial structures at such a fine scale

would indicate that a potential for bioindication for testate

amoebae indeed exists at a resolution much finer than what

can be expected from the vegetation. Our ultimate goal is to

find the finest resolution of environmental monitoring using

testate amoebae. Using several statistical tools, we compared

the distribution and spatial autocorrelation patterns of dif-

ferent species and the distribution pattern of communities.

Materials and Methods

Sampling Site and Strategy

Sphagnum moss samples were collected in November 1997 in a

homogeneous Sphagnum magellanicum carpet in the center of an

ombrotrophic raised bog in the Swiss Jura mountains (Le Cachot

bog, altitude 1050 m a.s.l., 47.5°N, 6.4°E). The site was chosen for

its macroscopic uniformity, i.e., no ecological gradient could be

inferred from the topography (maximum height difference from

the lowest to the highest point: 6.6 cm) or the vegetation pattern.

The vegetation of the sampling site was dominated by Vaccinium
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oxycoccos (estimated cover: 20%), Eriophorum angustifolium (10%),

Carex nigra (2%), and Andromeda polifolia (1%). The dominant

moss is Sphagnum magellanicum (>90%) with scattered Sphagnum

angustifolium (5%), Sphagnum rubellum (1%), and Aulacomnium

palustre (<1%). Because of the vertical structure of the vegetation,

the total adds to more than 100%. Scirpus caespitosus and Pinus

rotundata were also present in the vicinity.

A systematic sampling strategy with a random component was

applied. A 40 cm × 60 cm plot was subdivided into 96 subplots 5

cm × 5 cm in size. In each subplot the position of a first sample unit

was determined randomly. From the first sample unit of each sub-

plot a second sample unit was taken at a random angle and at a

random distance ranging from 0.5 cm to 3.5 cm. This sampling

strategy resulted in a total of 192 sample units and aimed at a

regular coverage of the sampling area (for mapping purposes) while

maintaining a necessary randomness in the ultimate choice of the

sampling locations. At each sampling spot, a single Sphagnum moss

was carefully extracted from the carpet with forceps and stored in

a stoppered vial. The sample units were numbered by rows, starting

from the upper left-hand corner of the sampling plot. A subset of

65 sample units was selected, starting with unit 1 and with a step of

2, 3, and 4, thus resulting in the following sequence: unit 1, 3, 6, 10,

12, 15, 19, etc. To assess the effect of microtopography on spatial

distribution patterns, the altitude (in millimeters) of each of the

192 sampling spots was recorded using an arbitrary reference.

Each Sphagnum specimen was cut at 2 cm, a length correspond-

ing to about one year’s growth, which, because of the continuous

growth of Sphagnum mosses, contained mostly living microorgan-

isms. The mosses were dried at 45°C and weighed, and testate

amoebae were extracted and identified following Warner [38]. All

testate amoebae shells (live and dead) were identified and counted

under a phase contrast microscope at 200× and 400× magnifica-

tion. Biovolumes of each species were estimated by assuming geo-

metrical shapes and converted to carbon using the conversion fac-

tor 1 µm3 = 0.11 × 10-6 mgC [39].

Data Analysis

Distribution Maps. To visualize the species’ distribution patterns,

we drew distribution maps for the most frequent species’ abun-

dance, and for the total number of species and total number of

individuals.

Spatially Constrained Clustering of Samples. To detect limits in the

testate amoebae communities, we computed a spatially constrained

complete linkage clustering of samples using the Steinhaus simi-

larity index [22]. Of all possible links between samples, a subset of

177 was selected using the Delaunay triangulation. Among these,

three links between distant border samples were deleted, leaving

174 possible links for the spatially constrained clustering. All com-

putations were done using the R-package for data analysis [23]. The

spatially constrained clustering and all further analyses were done

using logtransformed abundance data [y8 = ln(y + 1)].

All-Directional Correlograms. To test for spatial structure in the

data, we computed autocorrelograms. At the community level, we

calculated a multivariate all-directional Mantel correlogram [33,

29] based on a similarity matrix of the sample units. We used the

Steinhaus similarity index [22]. Univariate correlograms based on

Moran’s I index [28] were computed for the most frequent species.

For all correlograms the number of classes was determined accord-

ing to Sturge’s rule:

Number of classes = 1 + 3.3 × log(m) (1)

where m is the number of distances in the triangular matrix with-

out the diagonal (2,080 in our case). The resulting number was

11.95, rounded up to 12. All computations were done using the

R-package for data analysis [23].

Canonical Correspondence Analysis. To asses the importance of the

spatial structure, we computed a canonical correspondence ordi-

nation (CCA) of the multivariate data set. The spatial matrix was

made of 40 variables covering a large range of spatial scales, and

generated by taking the principal coordinates of a matrix of Eu-

clidean distance truncated to retain only the closest distances

among samples [Borcard D, Legendre P. All-scale spatial analysis of

ecological data by means of principal coordinates of neighbour

matrices, in preparation]. Significant variables were selected by a

procedure of forward selection of explanatory variables. The vari-

ables and axes were tested for significance using a Monte-Carlo

permutation test (999 permutations). Interpolation maps were pro-

duced using the resulting significant canonical axes (sample scores

which are linear combinations of the explanatory variables; [20]).

The program CANOCO [33] was used for CCA and interpolation

maps were produced using the Mac Gridzo program with the fol-

lowing gridding parameters: 6 points squared inverse distance in-

terpolation algorithm with no radial search and a grid size of 1 cm.

Results

General Observations

A total of 21 testate amoebae species were identified in the

sample (Table 1). Among these, nine species are present in

very few sample units (1–3) and usually in low numbers. The

most frequent species are in decreasing order: Nebela tincta

var. major, Hyalosphenia papilio, H. elegans, Assulina musco-

rum, Pseudodifflugia gracilis, and A. seminulum. The number

of testate amoebae species increases with the total number of

individuals in the sample unit. A minimum of about 100

individuals appears to be necessary in order to reach a pla-

teau (Fig. 1), but the number of species only drops sharply

below 50 individuals.

We found an average of 5.8 × 103 testate amoebae indi-

viduals per g dry weight (Table 1), a figure comparable with

results of previous studies. Heal [18] found (for living indi-

viduals) 18.6 × 103 testate amoebae individuals per g dry

weight, but his figure is an average over May–July, a period

where testate amoeba abundance may be two to three times
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Table 1. Summary table for 21 testate amoebae species in 65 sample units of Sphagnum magellanicum (2 cm length) from Le Cachot Bog, Swiss Jura

Abundancea Relative abundance (%)b No./g (dry weight) Carbonbiomass (µg/g (dw)d

n Mean ± SD Max
CV
(%) Mean ± SD Max

C.V.
(%) Mean ± SD Max

CV
(%)

Biovolumec

(µm3) Mean ± SD Max
CV
(%)

Amphitrema flavum 3 0.05 ± 0.21 1 458 0.05 ± 0.27 1.8 503 2.5 ± 11.7 58 459 1.47 × 104 0.004 ± 0.019 0.09 459

Arcella sp. 1 0.02 ± 0.12 1 806 0.02 ± 0.16 1.3 806 0.9 ± 7.3 59 806 1.50 × 104 0.002 ± 0.012 0.10 806

Assulina muscorum 55 8.29 ± 11.4 61 137 12.5 ± 13.7 60 109 530 ± 715 4207 135 1.58 × 104 0.918 ± 1.239 7.29 135

Assulina seminulum 41 2.32 ± 3.03 15 130 3.79 ± 5.76 33 152 148 ± 172 641 115 7.00 × 104 1.142 ± 1.317 4.94 115

Bullinularia indica 28 0.49 ± 0.64 3 130 0.96 ± 1.82 10 189 33.5 ± 46.7 210 139 1.19 × 106 4.374 ± 6.098 27.4 139

Centropyxis aerophila var. sphagnicola 1 0.02 ± 0.12 1 806 0.02 ± 0.17 1.4 806 0.7 ± 5.4 43 806 6.67 × 104 0.005 ± 0.039 0.32 806

Centropyxis laevigata 39 2.66 ± 5.65 37 212 3.79 ± 6.49 34 171 177 ± 331 2242 187 3.45 × 105 6.701 ± 12.55 85.1 187

Corythion dubium 18 1.09 ± 4.34 34 397 1.66 ± 6.62 45 398 62.7 ± 241 1858 384 2.67 × 104 0.184 ± 0.707 5.45 384

Euglypha compressa 50 7.26 ± 15.9 121 218 8.25 ± 11.9 77 144 486 ± 1091 8462 225 7.79 × 104 4.162 ± 9.350 72.5 225

Euglypha laevis 1 0.03 ± 0.25 2 806 0.01 ± 0.10 0.8 806 2.4 ± 19.4 156 806 9.24 × 103 0.002 ± 0.020 0.16 806

Euglypha strigosa 8 0.38 ± 1.90 15 494 0.75 ± 2.85 19 381 41.4 ± 264 1974 594 3.21 × 104 0.146 ± 0.869 6.97 594

Heleopera sylvatica 2 0.08 ± 0.44 3 577 0.03 ± 0.16 1.2 589 4.6 ± 25.9 159 567 2.36 × 105 0.119 ± 0.673 4.13 567

Hyalosphenia elegans 55 17.2 ± 27.6 145 161 17.6 ± 16.4 59 93 1185 ± 1845 9380 156 4.33 × 104 5.650 ± 8.794 44.7 156

Hyalosphenia minuta 2 0.05 ± 0.28 2 597 0.04 ± 0.31 2.5 719 2.9 ± 16.8 118 585 3.60 × 103 0.017 ± 0.100 0.70 585

Hyalosphenia papilio 56 15.3 ± 19.9 102 130 20.9 ± 21.3 74 102 1073 ± 1387 6190 129 1.25 × 105 0.425 ± 0.549 2.45 129

Nebela griseola 1 0.03 ± 0.25 2 806 0.01 ± 0.10 0.8 806 1.6 ± 12.7 103 806 7.15 × 104 0.022 ± 0.175 1.41 806

Nebela miltaris 3 0.06 ± 0.30 2 487 0.06 ± 0.32 2.3 518 5.1 ± 24.9 155 489 3.08 × 104 0.040 ± 0.196 1.22 489

Nebela tincta 57 17.1 ± 28.4 180 166 16.0 ± 15.1 69 95 1233 ± 2174 14063 176 9.63 × 104 4.183 ± 7.366 47.6 176

Nebela tincta var. major 29 2.20 ± 5.13 28 233 2.82 ± 6.05 31 214 175 ± 493 3158 282 2.64 × 105 1.853 ± 5.223 33.4 282

Phryganella acropodia 3 0.63 ± 4.84 39 767 0.22 ± 1.50 12 673 39.5 ± 306 2468 776 1.79 × 104 1.146 ± 8.889 71.7 776

Pseudodifflugia gracilis 42 9.09 ± 14.8 78 163 10.6 ± 14.6 73 138 592 ± 904 4149 153 5.39 × 104 1.166 ± 1.780 8.17 153

Total 65 89.8 ± 72.7 334 81 5797 ± 4800 21655 83 32.26 ± 30.18 167 94

Mean number of species per sample ± 1 standard deviation (S.D.) = 7.7 ± 2.3; min = 2; max = 12; Coefficient of variation (C.V.) = 30%.
a Number of individuals in the top 2 cm of the Sphagnum moss.
b Relative abundance = 100 × abundance/total number of individuals in the sample.
c Biovolumes were estimated by assuming geometrical shapes.
d Carbon-biomass was calculated from biovolumes using 1µm3 = 0.11 × 10−6 mgC [39].
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higher than in autumn when our samples were taken. Fan-

tham and Porter [12] recorded 0.8–7.0 × 103 testate amoe-

bae individuals per g wet weight, which, following Heal [18],

can be converted to 16–140 × 103 testate amoebae individu-

als per g dry weight, assuming 95% moisture content.

Warner [37] found 100–400 × 103 testate amoebae individu-

als per g dry weight (calculated from 10–40 × 103 testate

amoebae individuals per g wet weight—living and dead

shells—and 90% average water content). However, direct

comparison is difficult because of methodological differ-

ences between studies, mainly the depth range of the

samples. Warner [37] might have counted many empty

shells, as his samples extended down to the upper limit of

the decomposing horizon; therefore, his figure may be over-

estimated. Furthermore, testate amoebae are more abundant

lower in the Sphagnum carpet than in the top part [25], and

this may explain the relatively low numbers we recorded.

Although we also counted empty shells, their proportion in

the upper two centimeters is very low [17] and is unlikely to

have significantly affected our estimations.

Testate amoeba biomass is quite uniform over the surface

(Fig. 2). Only in five small areas, mostly single sample units,

is testate amoebae biomass higher than the average figure of

32.3 µg carbon biomass per g dry weight. The only other

study where testate amoebae carbon biomass was estimated

[13] was carried out in a wetter, more minerotrophic peat-

land and results are expressed as mgC per ml. Therefore, a

direct comparison of data is impossible.

The most abundant species (H. elegans and H. papilio) are

characteristic for very wet microhabitats in the center of

ombrotrophic bogs in the Jura mountains [26]. However, H.

elegans is also abundant in Sphagnum lawn, and H. papilio

may also be abundant in slightly minerotrophic Sphagnum.

The next two most abundant species, N. tincta and A. mus-

corum, are ubiquitous in Sphagnum peatlands and are also

abundant in other habitats such as forest mosses and humus.

The variability (coefficient of variation) of both abundance

and percentage abundance is important for all species, but

lowest for the most frequent species.

Distribution Maps

The distribution maps (Fig. 3) of testate amoebae species’

total number and total number of individuals suggest spatial

heterogeneity. This is also visible on the distribution maps of

the most frequent species on which the variability of species’

abundance (also attested by the high coefficients of variation

in Table 1) appears clearly. Furthermore, spatial distribution

pattern also varies among species. This pattern contrasts

with that observed for biomass (Fig. 2).

Spatially Constrained Clustering

The spatially constrained clustering of sample units (Fig. 4)

shows the pattern of successive groups corresponding to

different similarity levels. Interestingly, faunal differences are

important between several pairs of sample units lying only a

few centimeters apart and the opposite occurs with distant

sample units sharing similar communities. The comparison

of the maps in Fig. 3 and the clustering reveals which species

is most abundant in the different groups. Two main groups

appear: a first group containing the sample units with high

Fig. 2. Interpolated map of testate abundance carbon biomass

(µgC per g dry weight). The maps were produced with the follow-

ing gridding parameters: 6 points inverse distance gridding algo-

rithm with no radial search, and a grid size of 1 cm.

Fig. 1. Relationship between the total number of testate amoebae

individuals counted and the number of species in 65 Sphagnum

samples (2 cm) from Le Cachot bog.
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abundance of Hyalosphenia papilio and a second group, di-

vided into several subgroups, with high abundance of Pseu-

dodifflugia gracilis, Nebela tincta, and Assulina muscorum.

Spatial Autocorrelation

Significance levels follow the Holm [19] correction: to reach

global significance, at least one individual value must be

significant at a p-level of alpha/number of classes, i.e., here

0.05/12 = 0.00417; further values are significant at p-levels of

0.05/11, 0.05/10, etc.). The community level Mantel correlo-

gram (Fig. 5) shows that two sample units closer than about

10 cm were significantly more similar than expected under

the hypothesis of random distribution, and that samples

lying about 45 to 50 cm apart are significantly more differ-

ent. Total abundance and species richness also seem to show

a positive, albeit nonsignificant, autocorrelation at short dis-

tances. Total abundance has a negative autocorrelation for

sample distances of about 20 cm.

The Moran correlograms computed for the most frequent

species reveal interspecific differences in spatial autocorre-

lation (Fig. 5). Only three species, Euglypha compressea, Hy-

alosphenia elegans, and Nebela tincta var. major, have a pat-

tern similar to the community-level Mantel correlogram,

with a positive autocorrelation for close samples and a nega-

tive one for samples about 50 cm apart. Euglypha strigosa

and Nebela tincta have a positive autocorrelation for close

samples (not significant for N. tincta) but no significant

negative autocorrelation for distant samples. For Assulina

muscorum and Centropyxis laevigata the pattern is similar,

but no significant autocorrelation was found in the first

distance class. A third pattern appears for Hyalosphenia pap-

ilio, for which autocorrelation is positive for samples closer

than about 10 cm, negative for samples at distances of about

25 to 40 cm, and again positive for samples at distances of

about 50 to 55 cm. Finally, four species, Pseudodifflugia

gracilis, Assulina seminulum,Bullinularia indica, and Cory-

thion dubium, have no significant autocorrelation at all.

Canonical Correspondence Analysis with Spatial Constraint

In the canonical correspondence analysis (CCA), 10 of the

40 spatial variables were selected as significant in the forward

selection procedure and the first four axes are significant (P

< 0.05, Monte-Carlo test, 999 permutations; Table 2). A

posteriori, the first two canonical axes are significantly cor-

Fig. 3. Distribution map of testate amoebae in 65 Sphagnum ma-

gellanicum samples from a 40 × 60 cm surface in Le Cachot bog,

Swiss Jura. Dot sizes are directly proportional to the number of

individuals in the samples but are not comparable among maps.

Crosses indicate the absence of the species in the sample unit. (a)

Total number of testate amoebae individuals. (b) Total number of

testate amoebae species. (c–m) Distribution maps for individual

species:(c) Assulina muscorum, (d) Nebela tincta, (e) Pseudodifflugia

gracilis, (f) Hyalosphenia papilio, (g) Euglypha compressa, (h)

Bullinularia indica, (i) Corythion dubium, (j) Hyalosphenia elegans,

(k) Nebela tincta var. major, (l) Assulina seminulum, (m) Centro-

pyxis laevigata.

Fig. 4. Spatially constrained clustering of 65 samples from Le

Cachot bog based on testate amoebae communities. See text for

details.
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related with the altitude (i.e., microtopography; axis 1 nega-

tively correlated, r = 0.46, P < 0.0001; axis 2 positively cor-

related, r = 0.47, P < 0.0001). These correlations can also be

seen by comparing the interpolated maps of microtopogra-

phy (Fig. 6) and the canonical axes (Fig. 7). This means that

the most important spatial patterns of the testate amoeba

assemblage are conditioned by their reaction to ecological

factors linked to the “altitude” of the Sphagnum carpet, i.e.,

microtopography.

Discussion

Microorganisms are not directly perceptible to the human

observer. The testate amoebae studied live in the water film

on the surface of the Sphagnum mosses. The mosses form

carpets, with usually only one or two different species.

Sphagnum species have ecological preferences regarding wa-

ter table depth and water chemistry and values of these

variables can be inferred from them [1]. In addition to the

Fig. 5. All directional correlograms (spatial auto-

correlation measured with Moran’s I index) of testate

amoebae in a 40 × 60 cm Sphagnum magellanicum

carpet in Le Cachot bog, Swiss Jura. Significant values

are indicated by black symbols; open symbols indi-

cate nonsignificant values. Significance levels follow

the Holm correction: To reach global significance, at

least one individual value must be significant at a

p-level of alpha/number of classes, i.e., here 0.05/12 =

0.00417. Further values are significant at p-levels of

0.05/11, 0.05/10, etc. A total of 2,080 point pairs are

considered for each correlogram. (a) Multivariate

correlogram of testate amoebae communities (21

species). (b) Univariate correlograms of total abun-

dance and species richness. (c–e) Univariate correlo-

grams of testate amoebae species: (c) Four species

with positive autocorrelation at short distances: Cen-

tropyxis laevigata, Assulina muscorum, Euglypha stri-

gosa, and Nebela tincta; (d) four species with positive

autocorrelation at short distances and negative auto-

correlation at longer distances: Hyalosphenia papilio,

Nebela tincta var. major, Hyalosphenia elegans, and

Euglypha compressa; (e) four species with no signifi-

cant autocorrelation: Pseudodifflugia gracilis, Assulina

seminulum, Bullinularia indica, and Corythion dubium.
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moss species, the microtopography provides some informa-

tion on possible ecological gradients (moisture regime, water

holding capacity, micro- and mesoporosity, water chemis-

try). However, inferring ecological conditions from the veg-

etation or the microtopography can be misleading [6].

Therefore, the macroscopic vegetation pattern is only a

rough indication of microenvironmental conditions and is

not a priori a good integrator of testate amoebae community

requirements.

Several authors have studied the composition of testate

amoebae communities across different microhabitats in

North American and European peatlands. Early studies fo-

cused on faunal aspects [31, 17, 18, 25]. In such studies the

testate amoebae faunas from contrasted habitats such as

hummocks and hollows were compared and clear faunal

differences were found. More recently the species’ ecological

preferences were determined quantitatively and characteris-

tic species for specific microhabitats have been established

[37, 36, 8, 9, 26]. Balik [2] studied testate amoebae commu-

nities in two ecotones (transition from either spruce or

beech litter to soil covered by mosses) along 50-cm transects

with a sampling interval of 1 cm. In both examples he found

characteristic testate amoebae faunas corresponding to the

different soil covers and a higher diversity at the contact

between litter and mosses. All these studies focused on con-

trasted microhabitats where gradients were visible and thus

significant differences in testate amoebae communities

highly likely. In such situations, the random spatial and tem-

poral fluctuations of communities are negligible compared

to the magnitude of their response to ecological gradients. It

may also be argued that such clear gradients are visible with-

out the help of testate amoebae and their usefulness is there-

fore limited. Testate amoebae could be valuable indicators at

a finer scale, but the limit of their use will be determined by

the relative importance of random fluctuations as compared

to their response to ecological gradients. Furthermore, the

importance of random fluctuations is likely to depend on the

species. Studying the spatial structure of testate amoebae

communities and the comparison of individual species’ pat-

tern can help to select the best indicator species.

Our study focused on the upper two centimeters of the

Sphagnum mosses. Lower down the profile the abundance

and diversity of testate amoebae species increase in relation

to microenvironmental gradients of, e.g., light and moisture

[25]. Therefore the horizontal structure is likely to vary with

respect to depth. Microenvironmental conditions are prob-

ably less variable at greater depth and therefore testate

amoeba communities may be more uniform.

The different analyses agree in suggesting that the area

sampled is not perceived by testate amoebae as absolutely

uniform. Interestingly, this heterogeneity would not have

been clear from the pattern of total testate amoeba biomass,

a result that clearly calls for the study of microbial commu-

nities at the species level. It can be argued that if totally

uniform ecological conditions on a surface of 0.25 m2 exist

at all, such situations are very rare in Sphagnum-dominated

peatlands. Ombrotrophic raised bogs are characterized by a

complex vegetation of Sphagnum hummocks, lawns, and

hollows. The transition from one microtopographic situa-

tion to another usually takes place within a few decimeters.

Finding a surface, even relatively small, with no clear eco-

logical gradients is difficult and where this situation exists,

invisible gradients may still be present at the scale of testate

amoebae.

The community-level Mantel correlogram revealed posi-

Fig. 6. Interpolated map of the microtopography (altitude in mil-

limeters above an arbitrary level). Gridding parameters as for

Fig. 2.

Table 2. Summary of the canonical correspondence analysis.

Canonical axes 1 2 3 4

Eigenvalue 0.100 0.074 0.052 0.036

% of total variation 10.3 7.5 5.3 3.7

P 0.001 0.001 0.007 0.050

Species–environment correlation 0.85 0.83 0.72 0.71

35.8% of the total variation of the species matrix is explained by the 10

spatial variables. Total inertia = 0.978, sum of canonical eigenvalues =

0.350.
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tive autocorrelation for distances up to about 15 cm and

negative autocorrelation for distances between 45 and 50

cm. Such a combination is characteristic for spatial gradients

[21], although such a gradient was not visible on a macro-

scopic scale in the field. However, the result does not allow

exclusion of a periodicity (patchy distribution) with an in-

ter-patch distance of about 1 meter. This pattern would be

consistent with that of one of the most abundant species, H.

papilio, which seems to show a patch-like distribution with

smaller patches (50 cm). The negative autocorrelation of

total abundance for distances between 15 and 20 cm suggests

the existence of patches with high abundance, although the

positive autocorrelation for short distances is not significant

in this case. Short distance structures reveal contagious phe-

nomena in the case of positive autocorrelation and avoid-

ance in the case of negative autocorrelation. Both may relate

to either to relationships with external environmental factors

(such as food availability or the distribution of the water

film) or to biotic processes such as intra- or interspecific

relationships. But little is known of the trophic links within

microbial communities or species interactions among testate

amoebae species. The size range of testate amoebae species

(10 µm to over 150 µm) alone tends to indicate complex

trophic links. Indeed, the larger species have been reported

to prey on the smaller [15].

In the CCA with spatial constraint, 10 variables and 4

canonical axes are significant. These axes represent broad-

scale (axes 1 and 2) as well as finer-scale (axes 3 and 4)

structures in the testate amoeba assemblages. The fact that

both axes 1 and 2 are significantly correlated to altitude not

only shows that a relationship exists between amoebae and

one or several ecological factors linked to microtopography,

but also that this link translates into measurable spatial pat-

terns in the amoeba assemblage. Moreover, our results show

that significant spatial patterns can be detected at even finer

scales (axes 3 and 4). This means that testate amoebae could

indeed become useful tracers of processes acting at very fine

spatial scales, provided that these patterns can be linked to

ecological variables responsible for their generation.

Altitude may affect testate amoebae indirectly through

the chemistry of capillary water and the moisture regime. In

higher microtopographic situations such as hummocks, pH,

and ion concentrations are usually lower than in hollows

[16] and the moss species are also different. However, even

Fig. 7. Interpolated maps of the four significant (P # 0.05) canonical axes of the CCA constrained by spatial variables. (a) axis 1; (b) axis

2; (c) axis 3; (d) axis 4 (see text for details). Gridding parameters as for Fig. 2.
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in less contrasted microhabitats such as monospecific carpet

of Sphagnum mosses, the higher spots are more likely to dry

out during summer drought, especially in lawn or pool spe-

cies which do not form hummocks resistant to desiccation

[30]. Moisture may affect testate amoebae directly, whereas

water chemistry and moisture may affect the organisms

(bacteria, microalgae, other protozoa, micrometazoa, fungi)

on which they prey.

We therefore think that testate amoebae can provide in-

formation on the water regime and water chemistry at a finer

scale than can mosses and, because the number of species is

larger, the precision is likely to be higher. Furthermore, since

testate amoeba assemblages also display broad-scale struc-

tures, they may be useful to monitor changes in peatland

functioning related to climate change, atmospheric pollu-

tion, or nutrient input on a wide geographical scale.

However, before our results are used for management

purposes we need fine-scale analyses of testate amoebae

communities together with ecological variables measured at

a very fine scale. Furthermore, a comparative study of several

groups of organisms covering a wide range of sizes and

biological types would allow selection of useful bioindicator

groups. In such studies, a common methodology is needed

to define the limits of the usefulness of each group in terms

of spatial scale, ecological sensitivity, and speed of reaction

to environmental change. The complexity of spatial distri-

bution patterns has to be taken into account when using

testate amoebae and other organisms in experiments or as

biomonitors. Replications and a careful sampling design are

therefore essential. Studies of the species’ spatial distribution

patterns in combination with autoecological studies in dif-

ferent habitats are needed to select the most useful species

for biomonitoring and paleoecological reconstruction. Ulti-

mately, our results show that techniques allowing very fine

assessment of spatial structures may also be included in the

toolbox of biomonitoring itself.
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