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Abstract The role of microhabitat and climate variation
in structuring protosteloid amoebae communities has
been investigated for the first time in the Mediterranean
Basin, a biodiversity hotspot for plants and animals and
the largest of the world’s five areas with a Mediterranean
climate. Abundance data were obtained from natural
substrates collected in 13 localities from central Spain,
and a total of 1,504 colonies and 18 species were
recorded. For this new area, it has been carried out an
optimization of the culturing effort based on rarefaction
analyses, thus making possible to adapt the protocol to
the objectives in future research. Canonical correspon-
dence analysis and generalized linear models showed that
microhabitat type was the most important factor for
differentiating the niches of the species studied, but
climatic variables, especially minimum temperature of
the coldest month, precipitation seasonality, and temper-
ature range, had secondary but also important effects.
Bark inhabitants tend to be more abundant in localities
with high temperature range and low annual precipita-
tion. Aerial litter was the microhabitat with the highest
species richness, abundance, and evenness. Species
typical of this microhabitat are more abundant when
there is high precipitation, low temperature of the
warmest month, and low minimum temperature of the
coldest month.
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Introduction

Protosteloid amoebae, formerly called protostelids, are a
diverse group of slime molds in the eukaryotic
supergroup Amoebozoa [1, 31]. They produce simple,
stalked fruiting bodies, known as sporocarps [23, 31, 33,
34]. The sporocarps always consist of a single acellular
stalk and one to a few spores, but there is also a trophic
stage that varies from uninucleate amoeboid and/or
amoeboflagellate cells to multinucleate reticulate plasmo-
dia [23, 31, 34]. All known protosteloid species are
heterotrophic microorganisms and act as predators on
terrestrial decomposers such as bacteria, yeasts, and
spores of filamentous fungi [36]. Despite their morpho-
logical similarities and common lifestyle, recent molecu-
lar data suggest that they may have polyphyletic origins
within the Amoebozoa [10, 31]. They can occur on many
different microhabitats, such as dead aerial plant parts,
bark, leaf litter, and soil [23, 36].

The ecology of this group has not been studied until
recently [34], with most works focused on comparisons of
species assemblages from different microhabitats at a local
scale. A microhabitat is a small, localized habitat within a
larger ecosystem, having conditions that sustain a limited
range of organisms that form a distinct community. At
different latitudes, species appear in samples from different
microhabitats, and their relative abundance changes [21].
Though it has been pointed out that elevation and latitude
could cause changes in species composition in a given
microhabitat [21], the underlying influences of climatic
factors have not been disentangled. Several studies have
been made throughout the world in temperate areas [2, 3, 5,
15, 17, 18, 29, 30, 39], tropical regions [16, 19, 21, 24, 37],
polar regions [20, 35], and aquatic environments [14, 40], but
studies of protosteloid amoebae communities at a large scale
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have not been made, due in part to the lack of comparable
datasets.

In spite of all efforts, there are still many gaps in our
knowledge of the distribution of protosteloid amoebae. No
studies have taken place in a region with a Mediterranean
climate, characterized by hot dry summers that contrast
with cyclonic rains in winter [41]. There are five areas in
the world with this kind of climate, all of them biodiversity
hotspots for plants and animals [4] and located in the
Mediterranean Basin, California (USA), parts of central
Chile, the Cape region of South Africa, and areas in the
south and southwest of Australia. For this study, we have
selected the central area of Spain, in the Mediterranean
Basin, to check if this area also harbors a high diversity of
these organisms, and to provide an analysis of the diversity
and ecology of protosteloid amoebae in this kind of climate.
Spain has previously proved to be an excellent location for
other groups of slime molds, such as dictyostelids [26] and
myxomycetes [12, 13].

The objective of this paper is to report the differences in
species composition and relative abundance of protosteloid
amoebae between microhabitats, especially with respect to
evaluating the influence of different climatic factors on these
parameters. As these organisms have never been studied in
localities with a Mediterranean climate and previous informa-
tion about their ecology is limited, the sampling method has

been emphasised, not only to test and find the optimum effort
needed for the particularities of these areas but also to provide
a more quantitative, statistical method that will allow
comparison between different ecosystems in further studies.
This optimization can be used in the future for designing new
experiments in similar areas, adapting the effort to the
objectives of the research.

Material and Methods
Sampling and Culturing

This study is based on material collected during two
sampling efforts in 2006 and 2007 in two areas of central
Spain (Fig. 1). Samples were collected in a total of 13
localities (Table 1), all georeferenced with a Garmin GPS
16, datum WGS 84, located in well-conserved areas
between 40—41° N and 2-5° W in a range of altitude
between 500 and 900 m and with different vegetation types.
The first sampling (localities 1-7) took place in a region
called “Alcarria.” It extends principally over the province
of Guadalajara but also enters Cuenca and Madrid. The
second sampling (localities 8—13) comprised different
locations in the west of the province of Madrid and the
provinces of Toledo and Avila, in a natural region called

Figure 1 Studied localities.
Black circles show the location
of the 13 localities sampled
(see Table 1)
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Table 1 Sampled localities and their characteristics

Coordinates

Elevation (m)

Date

Description

Sample codes

Loc. 1 40°48'45" N, 03°35'16" W 815%5
Loc. 2 40°53'09" N, 03°27'19" W 868+3
Loc. 3 40°49'32" N, 03°26'07" W 880+7
Loc. 4 40°41'56" N, 03°14'39" W 805+4
Loc. 5 40°27'36" N, 02°43'54" W 765+4
Loc. 6 40°17'24" N, 02°45'47" W 670£5
Loc. 7 40°12'06" N, 02'44'22" W 800+4
Loc. 8 40°25'03" N, 04'15'50" W 787+4
Loc. 9 40°20"25" N, 04'21'42" W 770+6
Loc. 10 40°12'38" N, 04'38'40" W 640+9
Loc. 11 40°10"14" N, 04'39'40" W 710+4
Loc. 12 40°16'14" N, 04'50'42" W 680+13
Loc. 13 40°06'49" N, 05'00'43" W 530+6

26 October 2006
26 October 2006
26 October 2006
26 October 2006
26 October 2006
26 October 2006
26 October 2006
19 February 2007
19 February 2007
19 February 2007
19 February 2007
19 February 2007

19 February 2007

Mediterranean shrubland,

with Quercus and Labiatae
Mediterranean shrubland,

with Cistus spp.
Mediterranean shrubland,

with Labiatae
Mediterranean shrubland,

with Quercus sp.
Mediterranean shrubland,

with Quercus sp. and Labiatae
Grassland in a hill, with Gramineae

and Compositae
Mediterranean shrubland,

with Labiatae
Mediterranean forest,

with Quercus ilex
Mediterranean forest,

with Pinus sp.
Mediterranean forest,

with Quercus ilex
Mediterranean forest,

with Quercus ilex
Mediterranean forest, with Quercus

pyrenaica and Pinus sp.
Mediterranean forest,

M06-29-M06-38

MO06-39-M06-44

GU06-01-GU06-06

GU06-07-GU06-10

GU06-11-GU06-16

CU06-01-CU06-04

CU06-05-CU06-08

Mo07-01-M07-10

MO07-11-M07-20

AV07-01-AV07-10

TO07-01-TO07-10

AV07-11-AV07-20

TO07-11-TO07-20

with Quercus ilex

“La Vera.” The climate in the two selected areas is
Mediterranean continental, with long, dry, and warm summers
and long cold winters. Springs and autumns are mild, humid,
and short. The typical vegetation of these areas mainly consists
of Mediterranean forests, most of them dominated by Quercus
ilex or Quercus faginea. Due to historical agricultural
activities, many of the original forests have disappeared,
giving rise to ecosystems in different successional stages in
which shrublands predominate. These shrublands are partially
determined by the soil type, being Labiatae (Rosmarinus,
Thymus, Lavandula, Salvia...) the dominant vegetational
components in limestones and Cistaceae (Cistus spp.) and
Leguminosae (Retama) in siliceous substrates.

A total of 100 samples (44 of ground litter, 44 of aerial
litter, and 12 of bark) were collected. At each site, we intended
to collect ten samples from three different microhabitats and
different plant species. The objective was to obtain four
samples of ground litter (the layer of twigs, leaves, and other
plant debris extending over the soil surface), four samples of
aerial litter (assemblage of dead but still attached parts of
standing plants), and two samples of bark of living plants per
locality. However, this was not always possible due to the
absence of appropriate plant tissues. Collections of samples
were placed in separate paper bags and air-dried in the
laboratory of Real Jardin Botanico. These samples were stored
there with the codes shown in Table 1.

Primary isolation plates were prepared between October
2006 and June 2007, using a modification of the technique
described in [23] (see also [15] and [36]). The material was cut
into small (ca. 1.5-2 cm) pieces with sterile scissors. Thirty-
two pieces from each sample were plated out in eight lines of
four pieces forming a circle on a 9-cm Petri dish (Fig. 2) with

Piece of substra

Figure 2 A primary isolation plate with thirty-two pieces of substrate,
that were plated out in eight lines of four pieces forming a circle on a
9-cm Petri dish
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a weakly nutrient medium (WMY—0.002 g malt extract,
0.002 g yeast extract, 0.75 g K,HPOy, 15 g agar/L of distilled
water). The material was moistened by pipetting on a few
drops sterile water per line. Three plates per sample were
prepared, yielding a total of 300 plates (2,400 lines and 9,600
pieces of substrate). The plates were incubated at 21°C and
were surveyed for protosteloid amoebae in the second week of
culture.

Species were identified on the basis of fruiting body
morphology under the light microscope using both
unpublished [36] and original descriptions. Nomenclature
used herein follows [23] and [11]. Colonies of protosteloid
amoebae were counted in each line of substrate from each
plate. A colony is defined as an individual fruiting body or
a patch of fruiting bodies that is separated from the nearest
fruiting body of the same species by at least one field of
view under a X10 objective on a compound microscope (i.
e., approximately 2.0 mm) [15]. Colony size was not taken
into account for abundance measures. Photomicrographs
were taken with a Nikon Eclipse 80i compound micro-
scope using bright field optics and a Nikon Digital Sight
DS-5M digital camera.

Data Analysis

Species richness was calculated after considering only one
randomly selected plate per sample, two randomly selected
plates per sample, and finally all the plates cultured. This
process was repeated 100 times with different random
ordinations of the plates using the program R 2.6.2 [25].
The plot of the species richness vs. the number of plates per
sample was subjected to a non-linear regression analysis
with the program CurveExpert 1.3 [8], using as a saturation
formula the Michaelis—Menten equation:

F(x) ~ v = Ax/(B+x)

In each case, the parameters 4 and B from the Michaelis—
Menten formula, the standard error, and the coefficient of
correlation were estimated. For a better evaluation of the
results, the conditions necessary for obtaining an 80% and a
90% of the estimated maximum number of species were
also calculated. Similarly, the cumulative species rich-
ness was also measured using 100 permutations with
different numbers of lines of substrate per plate and per
sample, using CurveExpert 1.3 to calculate the parameters A
and B.

To evaluate the extent to which the survey was exhaustive
and estimate the actual number of species, two methods were
used—rarefaction and a nonparametric estimator. Both
methods were used for studying all the samples together and
samples from the three different microhabitats separately. For
the first method [27, 28], the sequence of samples was
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randomly permutated 100 times, and the cumulative number
of species was calculated for each permutation using R 2.6.2.
The plot of the mean cumulative number of species vs. the
number of samples was subjected to a regression analysis
with the program CurveExpert 1.3, using the Michaelis—
Menten equation. The number of species was also estimated
using the abundance-based coverage estimator (ACE) [6, 7],
with the program Spade [32] and a cutoff point=10.

Significance of the differences in abundance between
ground litter and aerial litter was tested with a chi-square
test for each species, using as expected frequency the
average number of colonies between the two microhabitats.
When the obtained p value was 0.5 or less in the chi-square
test, the species were considered as having equal prefer-
ences for aerial litter and ground litter.

On the basis of their relative abundances, the species
have been classified in the abundance classes described in
[21]: abundant >10% of total colonies, common >5%,
occasional >1%, and rare <1%. Abundance classes’
boundaries were kept to be consistent with [21] and
facilitate future work. Though they are informal, they
provide a good tool for a quick and easy comparison of
relative abundance of species between studies. A canonical
correspondence analysis (CCA) was performed using
abundant, common, and occasional species as dependent
variables and annual mean temperature, annual precipita-
tion, precipitation of the wettest month, precipitation of the

Table 2 Values of the climatic variables in each locality obtained
from EDIT geoplatform

T P PW PD PS MTW mIC TR

Loc. 1 12.1 465 57 13 32 28.8 -0.1 289
Loc. 2 12.8 431 54 12 33 29.4 0.6 2838
Loc. 3 12 463 56 14 31 28.8 -0.1 288
Loc. 4 125 435 54 12 33 29.3 03 29

Loc. 5 12.8 429 51 14 30 30.2 -0.1  30.1
Loc. 6 127 445 52 14 30 30.5 -0.1 306
Loc. 7 128 446 52 13 31 30.7 -0.1 308
Loc. 8 133 397 47 11 33 30.5 0.7 298
Loc. 9 12.4 411 52 12 34 29.8 -0.1 299
Loc. 10 139 373 46 9 35 31.7 1.1 306
Loc. 11 132 391 49 10 36 31.1 04 307
Loc. 12 13.8 371 46 9 36 31.5 11 30.4
Loc. 13 144 375 44 7 37 323 1.5 308

T'annual mean temperature in degree Celsius, P annual precipitation in
millimeters, PW precipitation of the wettest month in millimeters, PD
precipitation of the driest month in millimeters, PS precipitation
seasonality (coefficient of variation), MTW maximum temperature of
the warmest month in degree Celsius, m7C minimum temperatures of
the coldest month in degree Celsius, 7R temperature range in degree
Celsius
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driest month, precipitation seasonality, maximum tempera-
ture of the warmest month, minimum temperature of the
coldest month, temperature range, and microhabitat type as
independent variables (Table 2), with R 2.6.2 and the vegan
package [22]. Environmental data were obtained as raster
layers from EDIT Geoplatform [9], and values for each
sampling point were extracted using ArcGis from ESRIL
Species were scaled proportional to eigenvalues, sites were
unscaled (weighted dispersion equal on all dimensions), and
permutation tests were carried out. For a better interpretation
of the results, the correlation between all pairs of climatic
variables was studied using regression analyses in R 2.6.2.

For each species, the probability distribution with the best
fit was selected using various nonparametric statistics (max-
imum likelihood fitting, Kolmogorov—Smirnov test, chi-
square test), and significance of the former climatic factors
together with microhabitat type was tested using generalized
linear models (GLM) in R 2.6.2. Only abundant, common,
and occasional species were analyzed. Rare species were not
considered in these analyses because there is not enough
information about them to obtain reliable results.

Results
Optimization

The results of the optimization of the culture method are
presented in Fig. 3 and Table 3.

Figure 3 Optimization analy-
ses. a Cumulative species vs.

number of plates per sample. b
Cumulative species vs. number
of lines of substrate per plate,

using three plates per sample. ¢
Cumulative species vs. number
of lines per sample. These val-
ues are the means of 100 runs.
The solid line shows the results
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The effect of culturing a different number of lines of
substrate per sample has been studied using two different
methods. The first one (Fig. 3b) studies the effect of always
using three plates per sample, varying the number of lines
that are cultured in each plate. Thus, this method takes into
account in which plate the different substrate lines were
initially cultured. The second method (Fig. 3c) varies the
number of lines per sample selecting them randomly.
Comparing the values in the table for obtaining an 80%
of the species shown in Table 3, the number of lines per
sample necessary (3.7) is less than three times the number
of lines per plate (1.56 x 3 = 4.68). The same thing happens
when observing the values in the 90% column, being the
number of lines per sample (8.33) again less that three
times the number of lines per plate (10.53). This effect
shows that there are random differences between culture
conditions that could cause that, using the same quantity of
substrate, potentially more species can be obtained if the
sample is divided and cultured in different plates.

The number of plates and the number of lines per plate
have to be selected depending on the objectives of the study. If
the main objective is finding as many species as possible, or
isolating a specific rare organism, the culturing methodology
should be adjusted for obtaining the maximum number of
species with a reasonable effort. In this case, it is recom-
mended to use two plates per sample to take advantage of
random effects between plates. The use of three plates per
sample produced an increment only of 2% (one species) with
respect to the use of two plates per sample. For recovering at
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Table 3 Results of the rarefaction analyses of the number of plates and the number of lines of substrate

A B s.e. c.c. 80% 90%
No of plates/sample 19.07 0.18 0.71 0.87 0.73 1.65
No of lines of substrate/plate 18.67 0.39 0.86 0.86 1.56 3.51
No of lines of substrate/sample 18.32 0.92 0.91 0.88 3.7 8.33

The cumulative species richness was measured using 100 permutations with different numbers of plates per sample, lines of substrate per plate,
and lines of substrate per sample. Results were subjected to regression analyses using the Michaelis—Menten equation f'(x) ~ y = Ax/(B + x) as

saturation formula

A, B parameters from Michaelis—Menten formula, s.e. standard error, c.c. correlation coefficient, §0% number of plates or lines of substrate
necessary for obtaining an 80% of the species, 90% number of plates or lines of substrate necessary for obtaining a 90% of the species

least a 90% of the species, it is necessary to plate four lines of
substrate per plate (eight in total).

If the goal of the study is characterizing the ecological
preferences of a species or a group of species, it is necessary to
obtain a sufficient number of occurrences of the organisms of
interest. In this case, rare species are not good targets if the
number of samples is limited because they are strongly
affected by random errors. Using only one plate per sample
made possible to recover an 85% of the species, that is, all of
them except two of the rare species. Similarly, the results of
changing the number of lines of substrate showed that 80% of
the species are obtained using only four lines of substrate per
sample. In conclusion, for an ecological study of the abundant,
common, and occasional species, it is sufficient to use one
plate per sample and four lines of substrate.

Ecology

Protosteloid amoebae fruited in 95 of the 100 samples
collected. The percentage of cultures positive for protosteloid
amoebae (PCP=number of primary isolation plates (PIP)
positive for protosteloid amoebae x 100/total number of PIP)
was 84%. After observing three plates per sample, a total of
1,504 colonies were found (Table 4), from which 18 species
were identified. The mean number of species occurring per
sample was 4.24 (range 0—13).

All 18 observed species (Figs. 4 and 5) were recovered
from the aerial litter microhabitat while only 15 of the
species were found in ground litter samples and 11 in
samples from bark. The number of colonies was also higher
in aerial litter (904 [20.5/sample]) than in ground litter (551
[12.5/sample]) and bark (49 [4.1/sample]).

The number of species estimated with rarefaction and
ACE are very close to the number of species recorded from
the samples. Similar results were obtained using both
methods, so it can be reliably concluded that we have
recovered more than 90% of the total species that would
have been found with much more effort employing the
same methodology (Table 5; Fig. 6) The survey was
exhaustive, especially for aerial litter and ground litter
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(more than 85-90% of the species). This is not the case for
bark for which only a 70% of the estimated number of
species was found. The evenness of communities can be
compared by examining the steepness of the rarefaction
curves (Fig. 6b). The curve is steeped in aerial litter than in
ground litter and bark, indicating a more even distribution
of species among samples in aerial litter.

The most commonly encountered and abundant species in
this study (Table 4) were Protostelium mycophaga (34% of
the total colonies), Schizoplasmodiopsis pseudoendospora
(19%), Tychosporium acutostipes (11%), and Schizoplasmo-
diopsis amoeboidea (10%). Cavostelium apophysatum (9%),
and Nematostelium gracile (6%) were common species, while
Nematostelium ovatum (1%), Protosporangium articulatum
(2%), Protostelium nocturnum (2%), Schizoplasmodiopsis
vulgare (2%), and Soliformovum irregulare (1%) were
occasional species. The remaining seven species were
rare.

Two rare species, Echinosteliopsis oligospora and Proto-
stelium okumukumu, were recovered only from aerial litter
samples. The rare protosteloid myxomycete, Echinostelium
bisporum, was found on both aerial litter and bark but not on
ground litter. N. ovatum, P. nocturnum, Protostelium
pyriformis, Schizoplasmodium cavostelioides, and Solifor-
movum irregularis were recovered from both aerial and
ground litter samples, but not from bark. The remaining species
were found in all three of the microhabitats that were studied.

The abundance of each species was significantly different
in aerial and in ground litter microhabitats in most cases; only
C. apophysatum, S. amoeboidea, and Schizoplasmodium
cavostelioides had a p<0.5 in the chi-square test (Table 4)
and showed no preference for aerial litter or ground litter. N.
ovatum and S. pseudoendospora were significantly more
abundant in the ground litter microhabitat, but the remaining
species were significantly more common in aerial litter.
Rarefaction analysis showed that a high percentage of the
species predicted in bark were not found. As this incomplete
sampling may also affect abundance data, chi-square tests
including bark were not performed due to the small number
of samples collected from this microhabitat.
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Table 4 Number of colonies per species and microhabitat, absolute, and relative abundance

A B Total

Absolute  Relative ~ Absolute  Relative ~ Absolute  Relative ~ Absolute  Relative
Cavostelium apophysatum* (C) 65 1.48 67 1.52 8 0.67 140 1.4
Echinosteliopsis oligospora (R) 2 0.05 0 0 0 2 0.02
Echinostelium bisporum (R) 3 0.07 0 1 0.08 4 0.04
Endostelium zonatum (R) 8 0.18 0.05 2 0.17 12 0.12
Nematostelium gracile (C) 43 0.98 38 0.86 4 0.33 85 0.85
Nematostelium ovatum (O) 8 0.18 11 0.25 0 0 19 0.19
Protosporangium articulatum (O) 31 0.7 4 0.09 2 0.17 37 0.37
Protostelium arachisporum (R) 2 0.05 1 0.02 1 0.08 4 0.04
Protostelium mycophaga (A) 422 9.59 83 1.89 2 0.17 507 7.07
Protostelium nocturnum (O) 21 0.48 0.09 0 0 25 0.25
Protostelium okumukumu (R) 1 0.02 0 0 0 0 1 0.01
Protostelium pyriforme (R) 10 0.23 0.02 0 0 11 0.11
Schizoplasmodiopsis amoeboidea* (A) 73 1.66 75 1.7 6 0.5 154 1.54
Schizoplasmodiopsis pseudoendospora (A) 78 1.77 182 4.14 21 1.75 281 2.81
Schizoplasmodiopsis vulgare (O) 22 0.5 9 0.2 1 0.08 32 0.32
Schizoplasmodium cavostelioides** (R) 1 0.02 1 0.02 0 0 2 0.02
Soliformovum irregulare (O) 18 0.41 4 0.09 0 0 22 0.22
Tychosporium acutostipes (A) 96 2.18 69 1.57 1 0.08 166 1.66
Total 904 20.55 551 12.52 49 4.08 1504 15.04

A aerial litter, G ground litter, B bark, (4) abundant, (C) common, (O) occasional, (R) rare

*p<0.05 (no significant differences between A and G; chi-square test); **p<0.01 (no significant differences between A and G; chi-square test)

The results of the correlation analysis between the
climatic variables are shown in Fig. 7a. The variables
annual mean temperature, precipitation of the wettest
month, and maximum temperature of the wettest month
are very highly correlated (#*>0.9) so their individual
effects on the species in the studied area cannot be easily
distinguished.

The CCA (Fig. 7b) had a total inertia of 1.400, a
constrained inertia of 0.223 (proportion 15.92%), and an
unconstrained inertia of 1.177 (84.07%). Permutation tests
were carried out; the test for the axes was significant
(»p=0.005), and the test for the independent variables showed
that aerial litter microhabitat (p=0.010), annual mean tem-
perature (p=0.005), maximum temperature of the warmest
month (p=0.030), and minimum temperature of the coldest
month (p=0.015) had significant effects. The variables that
were more important for differentiating the niches of the
studied species were the microhabitats, but it is interesting to
observe that the climatic variables, especially minimum
temperature of the coldest month, precipitation seasonality,
and temperature range, have secondary but also important
effects. The species that typically inhabit bark tend to be more
abundant when there is a high temperature range. On the
other hand, the species that have a clear preference for the
aerial litter microhabitat have preference for higher values of

precipitation, precipitation of the wettest month, and precip-
itation of the driest month. Species like C. apophysatum, N.
gracile, and S. amoeboidea together or N. ovatum and S.
vulgare have similar niches and appear more frequently
together. 7. acutostipes and S. pseudoendospora tend to
appear in localities with higher temperatures and higher
minimum temperatures of the coldest month and not in aerial
litter. C. apophysatum, N. gracile, and S. amoeboidea have
certain affinity for bark of living plants and high temperature
range. S. irregulare and P. nocturnum show preference for
localities with higher precipitations and lower temperatures,
but P nocturnum needs higher values of the minimum
temperature of the coldest month.

The GLMs (Table 6) found significant contributions of at
least one of the studied variables in all species but N.
ovatum. The factors with more influence were minimum
temperatures of the coldest month, which had negative
effects for eight of the species (C. apophysatum, N. gracile,
P nocturnum, S. amoeboidea, S. irregulare, S. pseudoen-
dospora, S. vulgare, and T. acutostipes) and temperature
range having negative effects for four of the species (P
nocturnum, S. amoeboidea, S. pseudoendospora, and T
acutostipes). For S. pseudoendospora and S. amoeboidea,
maximum temperature of the warmest month has a positive
effect.
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Figure 4 Fruiting bodies of a C. apophysatum; b E. bisporum hydrated and ¢ dried; d E. oligospora; e E. zonatum; £ N. gracile; g N. ovatum; h, i

T acutostipes. Bars 50 um; I for a-h, and 2 for i

Discussion

The methods employed in this paper provide quantitative data
and explore for the first time the influence of different climatic

Figure 5 Fruiting bodies of a, b
P, articulatum, ¢ P. mycophaga,
d P. arachisporum, e P. noctur-
num, £ S. cavostelioides, g S.
pseudoendospora fruiting on
myxobacteria and h in group, i S.
amoeboidea. Bars 50 um; I for
a—g, iand 2 for h

@ Springer

variables over protosteloid species in a relatively small area
with a Mediterranean climate. The colony-counting method
has the advantage of providing a more quantitative approach
that makes possible the use of abundance measures and
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Table 5 Estimates of the total species richness using the abundance-based coverage estimator and rarefaction using the Michaelis—Menten

equation as saturation formula

Species recovered from samples ACE Rarefaction
Estimate s.e. 95% confidence interval Estimate s.e. c.c.
A 18 19.6 2.2 18.2,29.9 18.6 0.3 0.99
G 15 17.8 34 15.4,33.0 16.5 0.5 0.98
B 11 15.5 4.5 11.9, 34.3 15.4 0.1 0.99
Total 18 18.4 0.8 18.0, 22.9 18.6 0.3 0.99

ACE abundance-based coverage estimator, A4 aerial litter, G ground litter, B bark, s.e. standard error, c.c. correlation coefficient

>

14 16 18

10 12

8

CUMMULATED SPECIES
6

T T T T T
20 40 60 80 100

NUMBER OF LINES OF SUBSTRATE / SAMPLE
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T U I |} I
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NUMBER OF LINES OF SUBSTRATE / SAMPLE

Figure 6 Analysis of the randomly permutated sequence of all
samples studied versus cumulative species numbers (open circles).
These values are the means of 100 runs. The solid line shows the
results of regression analysis using a saturation function
y = Ax/(B +x), where 4 is the maximum number of species to be
expected and B is the number of samples needed to reach half the
number of species to be expected. a Results for all the samples. b
Results for the different microhabitats

statistics. As this study is more exhaustive than usual and
samples were plated three times, it was an opportunity to
emphasize the culturing methodology and optimize the effort
needed for this new area. These improvements can be used in
the future to generate comparable data sets for the large-scale
studies that are necessary for a better understanding of the
ecology of these species.

The value of counting colonies vs. counting individual
fruiting bodies is that it is an easier, quicker method to carry
out and that it is not affected by patchiness of food abundance
and allows the use of statistics to test the significance of the
observed results. Its main disadvantage could be its subjective
component that may have the consequence that results
obtained by different observers are not completely compara-
ble. If the method is strictly followed, this source of error can
be highly reduced because any inherent errors in the
assumption of what a colony is are constant for all samples
and all observers. Moreover, this method has the assumption
that every colony is originated from an individual propagule
that was present on the substrate, but some possible built-in
errors are that (1) distinct patches of fruiting that are closer
than 2 mm to each other might be separate colonies, also (2)
colonies on opposite sides of a piece of substrate may be
continuous across the piece of substrate but cannot be seen
due to the opacity of the substrate, and (3) two or more
colonies could grow together before the first observation
could be made.

Another important question is to what extent our results
reflect what is actually present in the field. Culture conditions
in the lab are different from natural conditions, and this can
affect the way propagules germinate and fruit. It is also not
well-known if wMY medium has selective effects on the
protosteloid organisms and if other enrichments would enable
different species to grow. Observed colonies are the result of
species that were present in the original samples—at least as
propagules—and that were able to germinate, survive, and
fruit under culture conditions. In previous studies [17], similar
patterns were found on native substrates and on previously
sterilized, standardized substrates that were placed in the
field and colonized by spores. This suggests that the

@ Springer



370

M. Aguilar et al.

A 380 460 7 1 290 315 290 305
LIl )IIIIII IIIIIIL IIII‘. o
b [} ° ) ® ° oF 3
T ® %o oo bo o o Q%o og °° 60'
4 B8 89 & o I
§_ o, ] o4 ko oo B i o "
] o0 od p © @0 b %o P o
g :0.8086 P °°o °o° &° ° °o° b 00 8 o
2 A o a
“q [oY -} ] .’0 -
[+ (] oo -
0914 | p.soaz| | Pw o 38 o | [ | b A
o0 ° [ 0o ° ofF &
h 2 ’ F
e o | BB | B A
-3 & @® °% 8
= Jossce| (07967 p78s2( | PD 8l | ol [ % r
~ d d d 4
2] [ ° 8]
0.5571| [0.7055| p.5069| b.8315| | Ps | [0 - | Pow 8 ES
5 | B ] o
(<]
£ o] %
© 40.9097| [0.7926] [0.9051| |0.7256| [0.5181 jMTW ; o %»
S 3 [ oo b
N
\_ o
0.88 | [0.6963| [0.7238 [0.8628| |0.6108| [0.6494) |MTC Py ° 4T
h ;o O
e}
8 -
o -0.5461| 0.5317| [0.6414| [0.365 0.266’:‘ 0.8191 [0.2279] TR
g_|||| TTrTTT LI
120 140 44 52 30 34 0 10
| |
Partic L~
©
g
<
pg
AN o
< o
O
o
=
2
A
s 4
T
~
< :
T T T T T T T T
-1.0 -0.8 -06 -04 -0.2 0.0 0.2 0.4
CCA1

protosteloid amoebae that are observed in culture are
probably, for the most part, the ones that are actively
growing and dispersing. The main drawback of using
cultures is that there may be differences in the success of
propagules from different species in culture, making inter-
species comparisons very difficult. Problems with cultures
especially affect culture-based quantitative approaches like
the colony-counting method because they will underestimate
the number of propagules present in the samples and be
biased toward the species that germinate and fruit better
in culture conditions. This problem will not be solved
until quantitative environmental molecular techniques are
developed for protosteloid amoebae.

Previous studies about seasonality in protosteloid amoebae
[17] show evidence of the existence of cyclic changes in
assemblages of protosteloid amoebae where more colonies

@ Springer

Figure 7 a Correlation analyses of all pairs of climatic variables.
Each variable name is shown in the intersection between the row and
the column that represent its results. Results from variable pairs are
presented in the intersections between rows and columns of different
variables. Plots of all pairs are presented on the right upper corner,
and their corresponding squared correlation coefficients (%) are in the
lower left corner. Values of 1 close to 1 and points forming a line in
the plot indicate high correlation between a pairs of variables. A group
of highly correlated variables is highlighted. White: 1*>0.9, light gray:
r*>0.8, dark gray: r*<0.8. b Canonical correspondence analysis using
abundant, common, and occasional species as dependent variables and
climatic and microhabitat variables as independent variables. Each
species point in the diagram is at the centroid (weighted average) of
the site points in which it occurs, environmental variables are
represented by arrows that run from the origin to the weights that
each variable has in the linear combinations that form the axes Ca C.
apophysatum, Ng N. gracile, No N. ovatum, Partic P. articulatum, Pm
P. mycophaga, Pn P. nocturnum, Sa S. amoeboidea, Sps S.
pseudoendospora, Sv S. vulgare, Si S. irregulare, Ta T. acutostipes,
P annual precipitation, PD precipitation of the driest month, PS
precipitation seasonality, PW precipitation of the wettest month, 7'
mean annual temperature, M7HW maximum temperature of the warmest
month, m7TC minimum temperature of the coldest month, 7R
temperature range, 4 aerial litter, B bark

occurred in samples collected in warmer months and fewer
colonies occurred in colder months. What is seen in plates
probably reflects a snapshot of what is happening in nature
during some period of time just prior to the collection of the
samples. If any turnover during seasonal cycles or over
longer periods is occurring, it would be missed in present
study. To reduce the effect of seasonal differences and get a
comparable dataset, samples for this study were collected in
October and February, when precipitation and temperature
are close to the annual averages. This way it is possible to
avoid the direct effect of summer drought and extremely cold
temperatures and thus reduce the effect of cyclic changes.

On the basis of the results obtained, it is possible to adapt
the culture method to each particular case, depending on the
objectives of the research. If the objective is to find as many
species as possible or a particular rare species, then using more
than one plate per sample is highly recommended. To achieve
the ecological objectives of this paper, culturing each sample
only once would have provided the best fit between effort and
results because only the rarer species would have been missed.
Rare species are found in such small numbers that they are
strongly affected by random errors, and it is very difficult to
use statistics to obtain reliable conclusions about their
ecological preferences. For this reason, the ecology of rare
species should be studied with a more sensitive method, or
with a sampling design specifically oriented which could
provide enough raw data to obtain statistically reliable results
and minimize errors.

Results presented herein are consistent with previous
studies carried out in other temperate areas ([2, 3, 15, 17, 18,
30, 39], see also [21]), and a high percentage of positive
samples and number of species per sample were obtained.
These studies used different methods and sampling strategies,
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Table 6 Results of the generalized linear models for the abundant, common, and occasional species

Probability distribution Significant variables in GLM
C. apophysatum Poisson (—)PD, (—)mTC**
N. gracile Quasi-Poisson ()P, (+)PS, (-)mTC
N. ovatum Negative binomial
P. articulatum Negative binomial (-)G*
P. mycophaga Poisson (-)B
P. nocturnum Negative binomial (—)mTC, (-)TR, (—)G*
S. amoeboidea Poisson (HMTW, (—)mTC*, (-)TR, (—)B*
S. irregulare Negative binomial (—)mTC, (-)G
S. pseudoendospora Poisson (HMTW, (-)mTC*, (-)TR, (-)B*
S. vulgare Negative binomial (—)mTC
T. acutostipes Poisson (—)mTC*, (-)TR, (—)B*

The probability distribution of data and the significant variables are shown. No indication: p<0.05

GLM generalized linear models, P annual precipitation, PD precipitation of the driest month, PS precipitation seasonality, MTHW maximum
temperature of the warmest month, m7C minimum temperature of the coldest month, 7R temperature range, G ground litter, B bark, (+) positive

effect, (—) negative effect
No indication: p<0.05, *p<0.01; **p<0.001

so results have to be compared with caution. In most cases [2,
3, 30, 39], protosteloid amoebae were recorded as presence
data on natural substrates. Other approaches were the use of
abundance data from standardized substrates [17, 18], or
presence data from standardized substrates [15]. The closest
area with temperate climate formerly studied, the Somiedo
Biosphere Reserve in the northern part of Spain [2], showed
a higher species richness. It is remarkable that protosteloid
amoebae have a lower species richness in a study area
comprised in the Mediterranean region, a biodiversity
hotspot for other groups of organisms, in spite of the fact
that this study has been more exhaustive. Nonetheless, as the
sampling methods were different in each study, observed
tendencies should be taken with caution. In order to confirm
these results and study their causes in more detail, it would
be necessary to perform a new study, including localities
from both temperate and Mediterranean regions using the
same quantitative method. In all other temperate areas
studied, the number of species obtained was lower, except
in the Mountains of Northwest Arkansas, USA [5] and Great
Smoky Mountains National Park, USA [30]. In the tropics
and high-latitude areas that have been previously surveyed,
species richness was also lower than in this study, being
higher only in forests from Malawi and Kenya [21] and
Puerto Rico and Hawaii [38].

It has been previously observed that it is possible to find
more differences in assemblages of species from different
microhabitats in the same locality, than when comparing
samples from the same microhabitat collected in different
localities [18, 34]. However, species composition and
relative abundance also vary in each microhabitat at
different latitudes [21]. The influence of various climatic

factors over species found in this study area has been
studied using CCA, an ordination method that considers all
species together to find the ecological variables that
maximize the differences between their niches, and GLM,
a parametric method that studies each species individually
to find out its requirements. In the CCA, the microhabitat
variables were the most important for differentiating the
niches of the studied species, and the climatic variables had
a secondary but also important effect, but all the variables
studied only explain a 15.92% of variation in the data. The
incorporation of other sources of information like biotic
interactions, pH, concentration of nutrients, and controlling
the effect of covariates may improve the quality of future
models.

Aerial litter was the microhabitat in which more species
were found, and it had the highest abundance of protosteloid
amoebae, a result that was obtained in most works carried out
in similar latitudes [2, 18, 39]. It was also the microhabitat
with the highest evenness, suggesting that species living in
this microhabitat may tolerate wider ranges of climate
change or that this microhabitat is less heterogeneous than
others. According to CCA, aerial litter microhabitat has
significant effects on niche segregation, and the species with
a clear preference for this microhabitat tend to be more
abundant in localities with higher precipitation, lower
temperatures of the warmest month, and they usually can
tolerate lower values of minimum temperature of the coldest
month. This result is also consistent with results obtained in
studies made in high latitudes [20, 35]. In this kind of
habitats, temperatures are low and precipitation is usually
high, and most protosteloid species found are those typical of
aerial litter in temperate areas.
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Results from the CCA also show that the species that are
typical bark inhabitants tend to be more abundant if there is a
high temperature range and low annual precipitation. Bark
species are usually more abundant in arid grasslands and
desert ecosystems, where precipitations are low and there is a
high contrast of temperatures, but in this kind of habitats are
found fewer protosteloid amoebae common on dead aerial
plant parts [34]. In the rarefaction analysis, this micro-
habitat’s curve was less steep than the others, indicating that
bark species were less evenly distributed in the samples.

Results obtained with GLM gave further information about
the individual preferences of the species and the influence of
the climatic factors studied. The problem is that the area
studied is too small to have a wide sampling of the
environmental conditions that the species can tolerate, so
these tendencies cannot be reliably extrapolated out of this
area. All species but P. articulatum and P. mycophaga show
preference for localities with lower minimum temperatures
of the coldest month. This variable was also significant in the
CCA, and it seems to have a very important effect on
protosteloid species. N. gracile, a species usually more
common in tropical latitudes, seems to prefer higher annual
precipitation and precipitation seasonality. For S. pseudoen-
dospora and S. amoeboidea, high maximum temperature of
the warmest month has a positive effect.

When comparing relative abundances of protosteloid
amoebae obtained in other studies carried out in temperate
areas, some differences arise, but most results are concor-
dant with those in this study. However, comparisons
between studies made so far are merely informal observa-
tions that can be used as a starting point for further work.
Two abundant species in this study, P mycophaga and S.
pseudoendospora, were also abundant in all other studies in
temperate areas and usually abundant or common in tropics
and high latitudes. They are expected to be a major part of
any biota of protosteloid amoebae [21]. S. amoeboidea,
abundant in present study, was abundant in the Ozark
Mountains of Northwest Arkansas, USA [5], in the
Somiedo Biosphere Reserve [2], and in one study from
tropical areas [21]. It is a widespread species but its
abundance varies from locality to locality without a clear
pattern. T acutostipes, a species usually more abundant in
temperate localities than in the tropics, was also abundant
in [30] and common in the Somiedo Biosphere Reserve [2].
It is remarkable that C. apophysatum was a common
species here. This species is usually rare or occasional in
temperate areas, but it is a common or abundant species in
tropical areas [21]. In the Somiedo Biosphere Reserve [2],
it was an occasional species. Another interesting anomaly is
that S. irregulare is an occasional species here. It is an
abundant species in most studies in temperate areas [21],
except in [29] where it is occasional. P. articulatum, which
was not recovered from samples from Somiedo, is
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moderately abundant here. This species is more commonly
encountered in drier habitats worldwide and has been
traditionally considered a bark inhabiting species [36]. It
is interesting that, here, this species was found in micro-
habitats other than bark, especially in aerial litter. It is also
remarkable that N. gracile, usually a species with prefer-
ence for ground litter [36], shows more preference for aerial
litter in this study area. However, results about N. gracile
may not be completely reliable because this species cannot
be distinguished from Ceratiomyxella tahitiensis on the
basis of fruiting body morphology, so it is likely we
observed both of those species and one might have more
preference for aerial litter than the other.

Our present results and our earlier results from Somiedo
[2] confirm the excellence of Spain as study area for
protosteloid amoebae. The qualitative differences in the
occurrence of protosteloid amoebae in the two studies lead
us to believe that comparison of their communities in the
different ecoregions of Spain may prove to be useful for
understanding the biogeography of these organisms in
general. Just as the Mediterranean climate seems to be rich
in other mycetozoans [12, 13, 26], it is rich in protosteloid
amoebae. Thus, the Mediterranean climatic region of Spain
can be used as a baseline for comparison with the
protosteloid amoebal communities of other Mediterranean
regions of the world. The use of these quantitative methods
can serve as a blueprint for other studies to test and
compare relative abundances of protosteloid species be-
tween areas and microhabitats, and the optimization of the
sampling method that has been carried out can help to
increase the effectiveness of ecological studies in this
interesting bioregion. Using these methods, it will be
possible to understand the influence of environmental
factors on this group and compare its pattern to both those
of other microorganisms and of multicellular organisms.
The study of microhabitat conditions and their relationship
with major climatic factors is a stepping stone for
understanding both small- and large-scale distribution of
this kind of organisms.
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