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Abstract

A central goal in ecology is to understand whether community assembly follows determin-
istic rules or is of a stochastic nature. Although species co-occurrence is extensively docu-
mented and studied for vertebrates, applying these frameworks to soil Collembola com-
munities in Mediterranean riparian systems provides essential comparative data for com-
munity assembly theory. This study examined soil Collembola communities in the Nestos
River delta (Greece) across diverse seasons and habitats using thirty-two presence—absence
matrices based on abundance data for fifty-four species. These were analyzed using sev-
eral metrics, each with appropriate randomization algorithms. We studied these metrics
across seasons to track community structure changes over time. Additionally, the use of an
appropriate multivariate method quantified the influence of soil humidity, while seasonal
variations in biomass and diversity were tracked to explore biotic and abiotic influences.
In most cases, null hypotheses about the forces structuring these communities could not
be rejected, although some instances suggested competitively structured communities.
Overall, soil humidity was found to modestly influence community structure, while con-
cordant seasonal trends among biomass and diversity suggest that environmental filtering
and biotic interactions shape the observed patterns, with temporal dynamics appearing
relatively consistent across habitats within the study year.

Keywords: soil Collembola communities; species co-occurrence; null model analysis;
biomass; humidity; diversity

1. Introduction

Throughout the fields of ecology and biogeography, an ongoing discourse has existed
regarding the characterization of community structure and the identification of patterns [1].
The concept of “nonrandomness” has been investigated for almost a century, with early
proponents such as Clements and Phillips considering plant communities as intricate
superorganisms, while Gleason maintained the opposing view that associations were
merely coincidental [2-5]. In the same period, Maillefer [6] conducted experiments uti-
lizing marked cards to compare ordered and randomized diversity accumulation curves,
revealing that congeners exhibited a higher tendency to coexist than expected by chance.
Elton [7] observed that insular or local biotas displayed higher genus-to-species ratios (G/S)
compared to corresponding mainland areas, suggesting intense competition on islands.
However, Simberloff [8] argued against Elton’s findings, contending that G/S ratios on
islands were actually lower than expected by chance.
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During the 1950s and 1960s, the spatial analysis of species distributions in relation
to one another was introduced in plant ecology [9,10]. Notably, at the end of that period,
the influential work of Robert H. MacArthur—from his foundational theory of island
biogeography [11] to his later synthesis on geographical ecology [12]—inspired a new gen-
eration of ecologists to search for patterns and mathematical principles to support ecological
theory. Diamond’s study of island bird communities in the Bismarck Archipelago [13]
yielded repeatable patterns, leading him to propose that these patterns were attributable to
interspecific competition and culminating in his publication of community assembly rules.

However, Connor and Simberloff [14] contested Diamond’s hypotheses, asserting
that patterns explained by interspecific competition could also be ascribed to random
colonization of communities. They highlighted the absence of formal tests supporting
Diamond’s ideas and established the connection between assembly rules and null model
analysis. The null model approach involves comparing various parameters from observed
data with the mean of those parameters derived from several Monte Carlo randomized
data sets [15].

Subsequently, numerous papers have been published on the subject, with alternating
viewpoints on the validity of assembly rules. These studies have revealed evidence of
non-random structure in various communities and have examined the role of interspecific
competition in determining non-random patterns [16-21].

While competition has been the primary focus of most species co-occurrence analyses,
alternative mechanisms have also been proposed. Diamond himself acknowledged that
co-occurrence patterns can be influenced by shared or different habitat requirements [13].
Other studies have supported this claim, emphasizing the role of habitat conditions and
resource availability in shaping species co-occurrence [22-26]. Additionally, factors such
as predation and geographic origins have been suggested as influencing co-occurrence
patterns [27-30].

It is important to note that these theories assume stable natural systems and equi-
librium within assemblages. However, if one or more species crucial for maintaining
equilibrium is eliminated or experiences a drastic reduction in density, a new assemblage
with different species composition and structure may emerge, resembling a randomized
model [31-34]. In this study, we adopt the approach of Wilson [35,36], who posits that as-
sembly rules refer to “restrictions on observed patterns”. While focusing on detecting these
restrictions through assembly rules, we also aim to uncover the underlying mechanisms
behind our results. Sampling for this research was conducted in the Nestos River wider
delta area in Northeastern Greece. Although the original assembly rules framework was
developed for oceanic islands [13], the underlying concept—that discrete patches support
non-random species co-occurrence patterns—can be extended to any well-defined habitat
unit. In this study, each sampling point was treated as an equivalent “island”, with local
environmental conditions such as litter composition, soil moisture, and root activity acting
as key determinants of soil Collembola community structure [37-39].

Furthermore, the four key stages of an insect’s life cycle—reproduction, growth and
development, hibernation, and mobility /migration—must synchronize with seasonally
variable biotic and abiotic requirements. Plant productivity has been identified as a reliable
predictor of arthropod biomass, diversity, and richness [40—43]. Seasonality plays a crucial
role in shaping the structure of soil Collembola communities and is therefore a central focus
of this research. Additionally, understanding how soil Collembola communities respond to
seasonal changes is fundamental for elucidating broader ecological patterns and processes.
The intricate interplay between seasonal dynamics and arthropod life history strategies
contributes significantly to ecosystem functioning and biodiversity maintenance [39].
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As noted above, plant productivity reliably predicts arthropod biomass, diversity, and
richness in these systems [40—43]. One might therefore expect that the abundant organic
resources usually existing in riparian forests [44] might be expected to relax competitive
pressures among soil Collembola. Nevertheless, several mechanisms can sustain strong
interspecific competition even when total resource availability is high. Soil microhabitats
are inherently heterogeneous: favorable patches such as root exudates or fungal hotspots
are ephemeral and patchily distributed, forcing individuals to compete for the richest
microsites [45]. Many Collembola also engage in interference competition, including chem-
ical inhibition, which reduces neighbor fitness regardless of baseline food availability [46].
Resource partitioning allows co-existence through differential consumption of bacteria
versus fungi or fresh versus aged detritus [47]. Seasonal fluctuations further intensify
competition: in Mediterranean systems, summer drought drastically reduces accessibility
of high-quality litter [48], while winter waterlogging limits aerobic decomposition. Dis-
turbances can create ephemeral high-quality resource patches that intensify competition
among colonizing Collembola species [49]. Thus, competition remains a plausible struc-
turing force even in resource-rich riparian systems. Biomass is a crucial metric because
it measures the total mass of selected living organisms in a specific area at a selected
time. It reflects the habitat productivity and quality and indicates underlying differ-
ences in primary productivity, microclimate, and resource availability when it changes
drastically per season [50]. McGill et al. [51] advocate that total biomass can be interpreted
as an emergent property resulting from the distribution and dominance of functional traits,
particularly body size and metabolic strategy, thus providing insight into trait-mediated
community assembly and ecosystem functioning.

Humidity is also a crucial factor—linked with seasonality—in structuring land arthro-
pod communities, as it displays a critical impact on the survival of the arthropods, their
distribution and behavior, affecting their population dynamics and patterns [52,53]. This is
especially pronounced in the Mediterranean due to the predictable summer drought [54].
Soil humidity specifically is a foundational abiotic factor for Collembola because it directs
the total structure and function of terrestrial ecosystems. It influences arthropods, both
directly and indirectly, through their direct water balance, prey availability, pathogens, and
plant growth [55,56].

Although the field sampling was conducted in 1993, these data provide a historical
baseline for soil Collembola communities in the Nestos River delta prior to the intensifi-
cation of anthropogenic pressures at one site (Keramoti, see site description) and to the
restoration to a closer-to-nature condition in another (poplar forests), as well as to the
ongoing climate change in Mediterranean ecosystems. Datasets of this kind across multiple
habitats and seasons are scarce [57,58], particularly for soil Collembola. Moreover, the
present study applies null model approaches to these data, allowing new insights into
community assembly processes that could not previously be explored [21,59,60]. As such,
the dataset offers both historical ecological context and novel analytical value, contributing
to current discussions on biodiversity patterns and ecosystem functioning. The approach
taken is an abductive one; that is, patterns were identified, and then interpretation is
suggested post hoc [61,62]. This kind of approach is especially suited when a number of
competing models may lead to similar predictions and/or a large number of competing
explanations of different origins can be equally plausible [63].

In summary, this study explores the differences in community structure of the soil
Collembola communities on the Nestos River delta area, and we set out to look for patterns
and assembly rules via null model analysis, supported by biotic and abiotic variables.
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2. Materials and Methods
2.1. Site Description

Two distinct research locations were situated in the western segment of the broader
delta region of the Nestos River in Northeastern Greece. Originating in Bulgaria’s Rila
Mountains, the Nestos River courses through and eventually meets the Aegean Sea in
Greece, near the island of Thasos.

The initial study site is positioned at 40.91° N, 24.78° E, situated near the riverbed,
and is impervious to floods due to embankments established along the river since the
early 1950s (Figure 1). The second study site, located a few kilometers west of the first,
has coordinates of 40.86° N, 24.71° E, and is in close proximity to the town of Keramoti
(Figure 1). This site is also not prone to flooding, but waterlogged patches occurred after
extensive rainfall due to the high water table.

study areas

Nestos river

0 1 2 4 Kilometers

Figure 1. Map of the study areas.

The first study site, outside the dykes, showcases a gradient in soil organic matter
content and includes a mix of natural forest—both young and mature—and adjacent poplar
stands. The poplar stands replaced part of the hardwood forest cleared in the late 1940s.
The natural forest remnants consist mainly of Quercus pedunculiflora, Populus alba, Fraxinus
angustifolia, and Fraxinus oxycarpa [64]. In contrast, the second study site, positioned a
few kilometers west of the town of Keramoti, is dominated by P. alba, Q. pedunculiflora,
Alnus glutinosa, and Ulmus minor [64]. It is divided into three forest sections situated
between dunes.

The long-term average weather data (1991-2020) supplied by the Hellenic National
Meteorological Service indicate a Mediterranean climate in the western part of the broader
Nestos River delta. This climate is defined by a dry season lasting from June to September
and a single rainfall peak in January. On average, August is the driest month, while it is
also the hottest, and January is the coldest. The region’s climate is of the subcool-subhumid
Mediterranean type according to Nahal’s classification [65]. Overall, the Nestos Basin has a
Mediterranean climate, with mild, rainy winters and hot, dry summers, particularly in the
lower coastal areas [66].
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2.2. Soil Collembola at Nestos Wider Delta River Sampling

In both regions, the study sites underwent multiple sampling during seven distinct
time periods: July 1991, April 1992, January, April, August, September, and November 1993.
There was an exception for the softwood forest, one of the diverse habitat types, which
was sampled only in April and November 1993. The decision to conduct sampling across
various time periods was deliberate, aiming to avoid potential biases toward a specific
stage in the seasonal cycle of the soil Collembola. Several samples were collected from
each type of habitat, and marks were strategically placed within the habitats to ensure
consistent sampling in the same sub-area. Position markers were employed to guarantee
that subsequent sampling activities would occur at precisely the same locations.

The sampling design was stratified random. Sample collection occurred at each site
within a few hundred meters. Each sample site exhibited a unique environmental “gradient”
confined to each specific area. These described “gradients” deviated from the conventional
linear model, representing patchy distributions encompassing a diverse array of scenarios.
Consequently, the sampling methodology did not follow a straight-line approach but was
designed to encompass the full spectrum of conditions found at each site. The radius
did not exceed a few hundred meters where the samples were collected for both areas.
Samples were collected, species were identified, and individuals were counted as described
in Detsis [67].

In summary, the samples were taken with a steel tool borer and were 5 cm in diameter
and included the leaf litter and the upper 5 cm of soil (19.6 cm? total surface). The animals
were extracted by means of a Berlese-Tullgren funnel. In every sample, the species were
documented and tallied. In total, there were fifty-four springtail species identified across
five distinct habitat types. The habitat types include: a. hardwood forest, b. softwood
forest, c. Keramoti Forest, d. mature poplar stand, and e. young poplar stand. Habitats of
hardwood and softwood forests, as well as mature and young poplar stands, were located
at the first study site. In contrast, the Keramoti forest was located at the second study site,
positioned further west [67].

Soil samples were collected also juxtaposedly to each sample used for the extraction
of the soil Collembola. These samples were transferred to the laboratory, where they were
analyzed to quantify abiotic factors [67].

2.3. Data

We utilized the soil Collembola data obtained from the sampling conducted in the
Nestos River delta, as described earlier, but isolated the data for the year 1993 to generate
a total of thirty-two presence—absence matrices representing fifty-four distinct species in
total. We focused exclusively on 1993 because sampling in other years (1991-1992) was
sporadic and did not provide continuous seasonal coverage, making them unsuitable for
analyzing temporal changes in community structure. The use of this historical dataset
provides a baseline for soil Collembola communities prior to recent environmental changes
in Mediterranean ecosystems and enables re-analysis using contemporary null model
approaches. Rows represent species and columns represent sample sites. Table 1 displays
an example matrix. A list of all species is provided in Appendix A.

Five presence—absence matrices encompassing all areas and habitats were constructed.
An additional five matrices were created by excluding data from Keramoti and softwood
forests, justified by the significant differences in properties between these habitats and
the others. Furthermore, five matrices were developed for the hardwood forest habitat,
and another five for the Keramoti forest habitat. Two matrices were derived from the
data gathered in the softwood forest habitat, followed by five matrices using data from
the mature poplar stand, and finally, five matrices from a combination of data from both
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mature and young poplar stands. All matrices were constructed for each sampling period
available from primary data.

Table 1. Example of a presence—absence matrix constructed from data obtained from the sampling
conducted in the Nestos River delta.

kajan3 ka'jan3 kbjan3 kb’jan3 kcjan3 kc’jan3 kdjan3

Species

Mesaphorura_critica 0 0 0 0 0 0 1
Mesaphorura_krausbaueri 1 0 1 0 0 1 1
Protaphorura_fimata 1 0 0 0 0 0 0
Sphaeridia_pumilis 0 0 1 0 0 0 0
Sminthurinus_aureus 0 0 0 0 0 1 0
Isotoma_notabilis 1 0 1 1 1 1 1
Proisotoma_minuta 1 0 1 1 0 1 1
Folsomia_malolachei 1 1 1 0 0 0 0
Lepidocyrtus_lanuginosus 0 0 0 0 0 0 1
Lepidocyrtus_cyaneus 0 0 1 1 1 1 0
Pseudosinella_sexoculata 0 0 1 1 0 0 0
Willemia_scandinavica 0 0 0 1 0 0 0
Anurida_pygmaea 0 0 0 1 0 0 1
Xenylla_maritima 1 0 1 0 0 0 0
Xenyllodes_populosus 0 0 1 1 0 0 1
Triacanthella_travei 0 0 1 0 0 1 1
Isotomodes_sexsetosus 0 0 0 0 0 0 1
Folsomia_candida 0 0 0 1 0 0 0
Neanura_muscorum 0 0 0 1 0 0 1

The amalgamation of data from mature and young poplar stand habitats was deemed
necessary to ensure a sufficient number of sites in the matrices, as data from the mature
poplar stand habitat alone did not yield an adequate number of sampling sites. Mature and
young poplar stand habitats are technically the same habitat type in different stages of devel-
opment, having similar properties. This approach is supported by Li YuanYuan et al. [68],
who demonstrated that while Collembola abundance increases with poplar age, the fun-
damental vertical community structure and taxonomic orders remain consistent across
the chronosequence. Collembola biomass was calculated by measuring the length of
each specimen under the microscope and applying allometric equations to calculate dry
weight [67,69]. We examined changes in total biomass across habitats during 1993.

In our research, we also created time-series for each habitat to reflect how soil humidity
changes per habitat for the year 1993. Gravimetric soil moisture was determined by drying
the samples at 103 °C [67,69].

2.4. Assessing Community Structure
2.4.1. Co-Occurrence Patterns

In this study, we distinguish between two primary assembly patterns: Segregation
occurs when species pairs are found together less often than predicted by null models.
Aggregation occurs when species pairs are found together more often than predicted
by chance.

2.4.2. Co-Occurrence and Community Structure Metrics and Analyses

For each presence—absence matrix at first, we calculated three metrics: the number of
checkerboard species pairs, the C-score, and the V-ratio. A checkerboard pair was defined
as two species that never co-occur in any site, following Diamond [13]. The C-score [70]
was computed as the average number of checkerboard units across all species pairs, where
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the checkerboard units for species i and j are (r; — S)(rj — S), with r; and r; the row totals and
S the number of sites where both species i and j co-occur. The V-ratio [71] was calculated
as the variance of column sums divided by the sum of row variances; values > 1 indicate
positive covariance among species, values < 1 indicate negative covariance.

For each matrix, observed community metrics were compared against null distribu-
tions generated from 50,000 randomizations using four null algorithms. The choice of
algorithm varied by metric: C-score and number of checkerboard pairs were assessed
with the fixed—fixed and fixed-equiprobable algorithms; V-ratio was evaluated using fixed—
equiprobable, fixed—-proportional, and proportional-proportional algorithms.

The null hypothesis assumes that species co-occurrence patterns do not differ
from random assembly given constraints on species occurrence frequencies (row totals)
and/or site richness (column totals). Significant deviations—higher or lower values than
expected—indicate non-random structure, suggesting ecological processes such as compe-
tition (segregation) or high co-occurrence (aggregation). Following Gotelli [31], we selected
null models with favorable Type I error properties to ensure rigorous inference.

All analyses were conducted in EcoSim 7.0 [72] using a sequential swap algorithm that
repeatedly exchanges randomly selected 2 X 2 submatrices (0 1/1 0 pattern) to generate
null matrices [70,73]. Despite earlier critiques [74], this algorithm remains robust for
detecting non-random patterns with low Type I error rates [1,31]. For each null distribution,
EcoSim first performed 30,000 initial random swaps, followed by 50,000 iterations from
which statistics were calculated—analogous to reshuffling tiles in a picture puzzle [75].
Additionally, two-tailed Benjamini-Hochberg (BH) Correction [76] across all 224 hypothesis
tests was applied to control the false discovery rate, thereby reducing the risk of Type I
errors due to multiple comparisons. The BH procedure ranks p-values and compares each
to a progressively adjusted threshold, controlling the expected proportion of false positives
among the rejected hypotheses. The BH procedure was chosen because it controls the
expected proportion of false positives among the rejected hypotheses, offering a more
balanced and powerful approach than other traditional methods.

Also, we performed distance-based redundancy analysis (db-RDA) to quantify the
influence of soil humidity on community structure [60]. Community dissimilarity was
quantified using the Jaccard coefficient, appropriate for binary presence—absence data. Hu-
midity (gravimetric soil moisture) was used as the sole constraining variable to isolate the
effect of soil moisture on community composition. Statistical significance of the constrained
axis was assessed using a permutation test with 999 permutations [77]. To capture potential
temporal variation, we repeated the same db-RDA procedure for each sampling month
separately (January, April, August, September, November). All analyses were performed
in R using the vegan package [78]. We extended our analysis to characterize community
composition using two additional metrics: Serensen similarity and species richness.

Serensen similarity [79] was calculated as S = 2¢/(a + b), where c is the number of
shared species between two sites, and a and b are the respective site totals. Values range
from 0 to 1. For each habitat and sampling date, we computed pairwise Serensen indices
among all sample combinations and then derived the mean and standard deviation to quan-
tify average beta-diversity and its variability within habitats. Although widely used, this
index treats all species as equally distinct and can be biased by richness gradients [80,81].

Species richness—the number of species per site—was tracked over the sampling
period to assess seasonal trajectories within each habitat. Richness remains a fundamental
biodiversity metric, with early work linking it to community stability [82].
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3. Results

3.1. Null Model Metrics
3.1.1. Number of Checkerboard Species Pairs (Checker)

The number of checkerboard pairs deviated significantly from null expectations
in several instances (Tables 2 and A1l). Under the fixed-equiprobable algorithm, eight
matrices showed segregation (reduced co-occurrence), and one showed aggregation (in-
creased co-occurrence). Under the fixed—fixed algorithm, fourteen matrices showed
segregation, and none showed aggregation. The softwood forest matrices never devi-
ated from randomness under either algorithm. Overall, segregation was the dominant
non-random pattern, and the fixed—fixed algorithm detected it more frequently than the
fixed—equiprobable algorithm.

Table 2. Summary of null model results across different metrics and algorithms (S/A/ns).

Checker Checker C-Score C-Score V-Ratio V-Ratio V-Ratio
Habitat Matrix Matrices (Fix-Equip) (Fix-Fix) (Fix-Equip) (Fix-Fix) (Fix-Equip) (Fix-Prop) (Prop-Prop)

(S/A/ns) (S/A/ns) (S/A/ns) (S/A/ns) (S/A/ns) (S/A/ns) (S/A/ns)
All areas 5 1/0/4 4/0/1 0/2/3 1/0/4 0/3/2 1/0/4 1/0/4
All areas (no Ker/Soft) 5 1/0/4 4/0/1 1/2/2 0/0/5 0/3/2 0/0/5 0/0/5
Mature poplar (Pa) * 5 1/0/4 0/0/5 0/0/5 0/0/5 1/0/4 1/0/4 1/0/4
Poplar (Jp-pa) 5 2/0/3 2/0/3 0/0/5 0/0/5 1/0/4 2/0/3 2/0/3
Keramoti forest (Ker) * 5 1/1/3 1/0/4 1/1/3 0/0/5 1/1/3 1/0/4 1/0/4
Softwood forest * 2 0/0/2 0/0/2 0/0/2 0/0/2 0/0/2 0/0/2 0/0/2
Hardwood forest * 5 2/0/3 3/0/2 2/0/3 3/0/2 0/1/4 0/0/5 0/0/5

Notes: * Habitat contains at least one matrix with fewer than six sampling sites. Null model results from such
matrices have limited statistical power and should be interpreted cautiously.

3.1.2. The C-Score

The C-score also revealed non-random patterns, though less frequently than the
checkerboard metric (Tables 2 and A1l). Under the fixed—equiprobable algorithm, four ma-
trices showed segregation and five showed aggregation. Under the fixed—fixed algorithm,
four matrices showed segregation, and none showed aggregation. Again, the softwood
forest matrices never deviated from randomness. Aggregation was detected only under
the fixed—equiprobable algorithm, mostly in the “all areas” and Keramoti forest matrices.

3.1.3. The V-Ratio

For the V-ratio, results varied strongly by null algorithm (Tables 2 and A1). Under
the fixed—equiprobable algorithm, three matrices showed segregation and eight showed
aggregation. Under the fixed—proportional and proportional-proportional algorithms,
five matrices showed segregation and none showed aggregation. The softwood forest
never showed significant deviation. Aggregation under the fixed—equiprobable algorithm
was largely driven by the “all areas” and “all areas excluding Keramoti/softwood” matrices.

3.1.4. Benjamini—-Hochberg FDR Correction for Multiple Comparisons

Given the large number of simultaneous hypothesis tests (224 total), we applied the
two-tailed Benjamini-Hochberg false discovery rate procedure (FDR = 0.05) to control
for Type I errors [76]. EcoSim 7.0 generated two one-tailed probabilities for each test:
P (observed < expected) and P (observed > expected). To test for non-random devia-
tion in either direction (segregation or aggregation), we converted these to two-tailed
p-values as p; =2 x min(P(<), P(>)). When the smaller tail probability was zero, we
recorded p; < 0.001. We then applied the Benjamini-Hochberg false discovery rate proce-
dure (FDR = 0.05) to the full set of 224 two-tailed p-values to control for multiple compar-
isons. After correction, the number of statistically significant findings was substantially
reduced. Only thirteen test cases retained their significance, representing robust evidence
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of non-random community structure. These results, demonstrating specific patterns of

aggregation and segregation across habitats and seasons, are detailed in Table 3.

Table 3. Significant null model results retained after Benjamini-Hochberg correction (adjusted p < 0.05).

Habitat Month Metric Algorithm Adjusted p-Value  Aggregation/Segregation
All areas_no_k-a April V-ratio fix-equip p <0.001 Aggregation
All areas November Checker fix-equip p <0.0010 Segregation
All areas_no_k-a April C-score fix-equip p <0.001 Aggregation
All areas_no_k-a November Checker fix-fix p <0.0010 Segregation
All areas April C-score fix-equip p <0.0010 Aggregation
All areas April V-ratio fix-equip p <0.0010 Aggregation
All areas November Checker fix-fix p <0.0010 Segregation
All areas_no_k-a April Checker fix-fix 0.0034 Segregation
All areas April Checker fix-fix 0.0139 Segregation
Ker January C-score fix-equip 0.0323 Aggregation
All areas January V-ratio fix-equip 0.0318 Aggregation
Ker January V-ratio fix-equip 0.0418 Aggregation
Hardwood Forest ~ January Checker fix-equip 0.0455 Segregation

3.2. Timelines

To clarify the observed patterns of co-occurrence metrics, we generated timelines
for the number of checkerboard species pairs and the C-score using each algorithmic
method applied, specifically for the year 1993 (Figures 2-5). These timelines serve as visual
representations, showcasing the percentage of indices where the observed values (Pgpserved)
are greater than or equal to the expected values (Pexpected)-

Temporal Variation in Community Structure
Checker fix-equip | P(observed 2 expected)

100%

80%

60%

40%

Probability (%)

20% A

0% X
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
Sampling Date (1993)

=@ Hardwood forest A Keramoti forest + - Ml = Mature poplar Poplar + Softwood forest

Data: Nestos River delta soil Collembolla communities

Figure 2. Temporal changes in co-occurrence patterns: number of checkerboards (fixed—equiprobable)
across five habitats. Higher y-axis values (closer to 100%) indicate stronger segregation (reduced
co-occurrence). Lower values would indicate aggregation.

Similarly, timelines were constructed for the V-ratio employing the distinct algorithmic
approaches utilized for the same year (Figures 6-8). These timelines visualize the percentage
of indices where the observed values (Pypserved) are less than or equal to the expected values
(Pexpected)- In the timeline diagrams, the probability values are depicted for each habitat,
metric, and algorithmic method used, based on the samples collected during five time
periods: January, April, August, September, and November of 1993. The selection of these
specific depictions was intended to indicate the degree of competition present within the
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biotic communities. Timelines (Figures 2-8) show raw deviation patterns without multiple-
test correction; corrected significance is summarized in Table 3 and described above.

Temporal Variation in Community Structure
Checker fix-fix | P(observed > expected)
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Data: Nestos River soil Collembola communities

Figure 3. Temporal changes in co-occurrence patterns: number of checkerboards (fixed-fixed)
across five habitats. Higher y-axis values (closer to 100%) indicate stronger segregation (reduced
co-occurrence). Lower values would indicate aggregation.

Temporal Variation in Community Structure
C-score fix-equip | P(observed 2 expected)
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Figure 4. Temporal changes in co-occurrence patterns: C-score (fixed—equiprobable) across
five habitats. Higher y-axis values (closer to 100%) indicate stronger segregation (reduced co-
occurrence). Lower values would indicate aggregation.

It is evident that certain soil Collembola communities from different habitats under
particular algorithms for each metric exhibit synchronized patterns in their structure during
specific time periods, as shown in the timelines.

Specifically, an examination of the timeline diagram for the Checker metric (number
of checkerboard species pairs) under the fixed—equiprobable algorithm (Figure 2) shows
that in January 1993, the poplar, mature poplar, and hardwood forest habitats had a high
percentage of observed values (Pgpserved) greater than or equal to the expected values
(Pexpected), indicating a high level of aggregation. Keramoti forest, on the other hand, has a
very low percentage of observed values (Pgpserved) greater than or equal to the expected
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values (Pexpected), clearly indicating a community of Collembola that is significantly seg-
regated. From April to September 1993, all examined habitats, except for the softwood
forest, followed the same pattern, with similar percentages of observed values (Pgpserved)
greater than or equal to the expected values (Popgerveq)- This suggests a synchronization
among different soil Collembola communities, with the percentage declining in August and
rising significantly in September 1993. In November 1993, the Keramoti forest community
exhibited the highest percentage of observed values (Pgpserved) greater than or equal to
the expected values (Pexpected), highlighting a distinct structural difference compared to
other communities.

Temporal Variation in Community Structure
C-score fix-fix | P(observed 2 expected)

100% =
v

80% A
s
é n..
> 60%
= I
o) s
©
-g 40%
< *
o

20%

0%

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
Sampling Date (1993)
=@ Hardwood forest A Keramoti forest * * Ml* = Mature poplar Poplar + Softwood forest

Data: Nestos River soil Collembola communities

Figure 5. Temporal changes in co-occurrence patterns: C-score (fixed—fixed) across five habitats.
Higher y-axis values (closer to 100%) indicate stronger segregation (reduced co-occurrence). Lower
values would indicate aggregation.

Temporal Variation in Community Structure
V-ratio fix-equip | P(observed < expected)
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Figure 6. Temporal changes in co-occurrence patterns: V-ratio (fixed—equiprobable) across
five habitats. Higher y-axis values (closer to 100%) indicate stronger segregation (reduced co-
occurrence). Lower values would indicate aggregation.

Examining the C-score metric under the same algorithm (Figure 4), it depicts nearly
the same changes in the structure of the communities, which is logical since the two metrics
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are related. This timeline diagram also suggests a synchronization among different soil
Collembola communities, which appears with the percentage declining in August in most
communities and rising significantly in September 1993. In November 1993, the Keramoti
forest once again recorded the highest percentage of observed values (Pgpserved) €xceeding
or matching the expected values (Pexpected), While all other habitats showed a decline.

Temporal Variation in Community Structure
V-ratio fix-prop | P(observed < expected)
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Figure 7. Temporal changes in co-occurrence patterns: V-ratio (fixed—proportional) across five habitats.
Higher y-axis values (closer to 100%) indicate stronger segregation (reduced co-occurrence). Lower
values would indicate aggregation.

Temporal Variation in Community Structure
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Figure 8. Temporal changes in co-occurrence patterns: V-ratio (proportional-proportional) across
five habitats. Higher y-axis values (closer to 100%) indicate stronger segregation (reduced co-
occurrence). Lower values would indicate aggregation.

Under the fixed—fixed algorithm, for both the Checker and C-score metrics
(Figures 3 and 5), the pattern observed in the fixed—equiprobable algorithm is not evident
in the timeline diagrams, nor does any community appear to synchronize with another. No
soil Collembola community in any period shows significant structural segregation. The
Collembola community in the Keramoti habitat differs significantly from those in other
habitats. It peaks in terms of the number of species combinations in April 1993 and again
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in November 1993, with the highest percentage of observed values (Pypserved) €Xceeding or
matching the expected values (Pexpected), SUggesting an aggregated community structure.
The V-ratio metric, under the three different algorithm methods (Figures 6-8),
produced timeline diagrams showing in all three the same pattern in changes in the
structure of the communities. V-ratio timeline diagrams under fixed—proportional and
proportional-proportional algorithms are almost identical, with a similar percentage of
observed values (Popserved) lower than or equal to the expected values (Pexpected)- In all
three timeline diagrams, the data suggest a synchronization among different communities,
with the percentage of expected values (Peypected) declining in August for most commu-
nities and rising significantly in September 1993. In November 1993, the Keramoti forest
once again recorded the highest percentage of Peypecteq Values exceeding or matching the
observed values (Pgpserved), While all other habitats exhibited a decline. This pattern closely
mirrors the trends observed in the C-score metric under the fixed—equiprobable algorithm.
In conclusion, the timelines offer a dynamic portrayal of soil Collembola community
interactions, emphasizing the fluctuations and seasonality inherent in their occurrences.
They provide valuable insights into the intricate patterns of springtail dynamics throughout
the year, enhancing our understanding of community structure and interactions within.

3.3. Other Community Structure Metrics
3.3.1. Serensen Similarity Index

Seasonal patterns in soil Collembola community composition were assessed by com-
paring replicate samples within each forest habitat using the Serensen similarity index.
Mean pairwise similarity values (£standard deviation) were calculated for each sampling
month in 1993 to quantify temporal variation in community similarity within habitats
(Table 4).

Table 4. Seasonal variation in soil Collembola community similarity (Serensen Index) within five for-
est habitats in 1993. Values represent mean pairwise similarity between replicate samples (£standard
deviation). NA because it was not sampled.

Habitat January April August September November

Mature poplar 0.469 £ 0.057 0.153 £ 0.029 0.300 £ 0.046 0.360 £ 0.016 0.328 £ 0.043
Young-mature poplar  0.313 £ 0.089 0.320 £ 0.035 0.279 + 0.042 0.232 + 0.045 0.249 + 0.035
Keramoti forest 0.279 4 0.054 0.373 £ 0.052 0.472 £ 0.020 0.495 £ 0.021 0.534 £+ 0.018
Softwood forest NA 0.341 4 0.033 NA NA 0.458 + 0.023
Hardwood forest 0.603 £ 0.025 0.633 £ 0.038 0.498 + 0.038 0.516 £ 0.048 0.603 £ 0.015

Seasonal variation in Collembola community similarity (Serensen similarity index) dif-
fered among the five forest habitats during 1993. In the mature poplar forest, similarity was
highest in January (0.469 = 0.057), declined sharply in April (0.153 £ 0.029), and increased
again from August to November (0.300-0.360). The young—mature poplar forest showed
relatively constant similarity values throughout the year, ranging from 0.232 & 0.045 in
September to 0.320 &= 0.035 in April. In contrast, the Keramoti forest exhibited a pronounced
seasonal increase in similarity, rising steadily from January (0.279 % 0.054) to November
(0.534 £ 0.018).

In the softwood forest, sampling was limited to April and November, with moderate
similarity in April (0.341 £ 0.033) and higher values in November (0.458 + 0.023). The
hardwood forest consistently showed the highest similarity among habitats across all
sampled months, with values remaining above 0.49 and peaking in April (0.633 £ 0.038).
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Taken together, these results demonstrate that the seasonal dynamics of community
similarity are strongly mediated by forest habitat type. While some habitats show marked
seasonal fluctuations, others, like the hardwood forest, maintain high compositional stabil-
ity throughout the year.

3.3.2. Species Richness

Temporal variation in species richness was observed across all five forest habitats
during the 1993 sampling period (Figure 9). Species richness in the hardwood forest
remained relatively high and stable throughout the year, with values ranging from 18 to
22 species, showing a slight decline in September followed by an increase in November.
The Keramoti forest exhibited moderate seasonal fluctuation, with richness decreasing from
January to April, increasing through August, and reaching its highest value in November
(24 species).

Temporal Variation in Species Richness
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Figure 9. Seasonal changes in soil Collembola richness across five habitats.

In the poplar forest, species richness increased gradually from January (10 species)
to August (12 species), followed by a pronounced rise in autumn, peaking in November
(23 species). The mature poplar forest showed consistently lower richness compared to
other habitats, with values increasing steadily from winter to late summer, a slight decrease
in September, and a maximum observed in November (18 species). Sampling in the
softwood forest was limited to April and November, when species richness increased from
14 to 18 species over this period.

These findings showcase distinct seasonal trajectories of species richness across habi-
tats, with most of the communities achieving their maximum richness in November. The
hardwood forest exhibited stable, high richness across all seasons.

3.3.3. Biomass

Average soil Collembola biomass per sample varied markedly among forest habitats
and sampling periods during 1993 (Figure 10). The hardwood forest exhibited consistently
high biomass values across the year, with a pronounced peak in April (348.15 ug), a sharp
decline in August (89.16 pug), followed by an increase in September (278.30 pg) and a lower
value in November (155.54 ug). Similarly, the Keramoti forest showed high biomass levels
throughout the sampling period, increasing from January (239.72 pg) to April (266.82 ug),
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decreasing substantially in August (95.57 ug), and reaching the highest recorded value in
November (302.96 pug).

Temporal Variation in Biomass
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Figure 10. Seasonal changes in average biomass per sample (ug) across soil Collembola communities.

In contrast, biomass values in poplar and mature poplar forests were considerably
lower than those observed in hardwood and Keramoti forests. In the poplar forest, biomass
increased progressively from January (15.95 ug) to November (57.45 pg), with a moderate
decline observed in September (24.45 png). The mature poplar forest displayed a steady
seasonal increase, rising from 14.55 pug in January to 45.78 pg in November.

Sampling in the softwood forest was limited to April and November. Biomass values in-
creased substantially between these periods, from 52.73 pg in April to 250.98 ug in November.

In general, soil Collembola biomass demonstrated strong habitat-specific seasonality.
Hardwood and Keramoti forests showcased high annual biomass with a mid-year dip in
August. Poplar habitats maintained substantially lower but steadily increasing levels of
biomass. In the softwood forest, there was a dramatic late-season increase in November,
distinct from the other habitat types.

3.4. Environmental Variables
Humidity

Gravimetric soil moisture recorded during Collembola sampling varied seasonally
among forest habitats in 1993 (Figure 11). In the Keramoti forest, humidity values were
consistently higher than in other habitats throughout the year, decreasing from January
(54.45%) to a minimum in August (12.17%), followed by an increase in September (36.99%)
and November (39.90%). A similar seasonal pattern, although at lower absolute values,
was observed in the hardwood forest, where humidity increased from January (24.03%) to
April (34.01%), declined markedly in August (5.04%), and subsequently rose in September
(13.47%) and November (26.80%).

In the poplar and mature poplar forests, humidity values were relatively similar and
showed parallel temporal trends. In both habitats, humidity remained around 20-22% during
winter and spring, declined sharply in August (3.14% in poplar; 4.04% in mature poplar), and
increased again in September and November, reaching values close to those recorded in January.

Sampling in the softwood forest was limited to April and November. Humidity values
in this habitat decreased from April (45.84%) to November (34.12%).
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Temporal Variation in Soil Humidity
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Figure 11. Seasonal changes in soil humidity across five habitats.

Humidity exhibited consistent seasonal dynamics across all habitats. In all habitats,
there was a mid-year minimum and recovery in autumn. Keramoti forest consistently
maintained the highest humidity levels, while the hardwood and poplar forests experienced
much drier conditions throughout the year.

3.5. Influence of Soil Humidity on Community Structure (db-RDA)

Distance-based redundancy analysis (db-RDA) revealed that humidity marginally
but statistically significantly structured soil Collembola community composition in the
Nestos River delta (adjusted R2 =2.33%, F; =3.27, p = 0.001, 999 permutations). Although
the proportion of variance explained is modest, this is consistent with expectations for
soil Collembola communities, where beta-diversity is typically high, and community
composition is shaped simultaneously by multiple biotic and abiotic factors, as well as
stochastic processes. The significant effect of humidity nonetheless indicates that this
variable exerts a detectable and non-random influence on community structure, supporting
its ecological relevance as a driver of Collembola distribution in this riparian habitat.

To assess whether this effect varied across seasons, we performed separate db-RDA
models for each sampling month (January, April, August, September, November). The results
(Table 5, Figure 12) showed that humidity modestly explained community composition in
all months except April, with the strongest effect in January (adj. R? = 9.26%, p = 0.002) and
weaker but still significant effects in August (3.53%, p = 0.047), September (5.56%, p = 0.049)
and November (2.80%, p = 0.024). No effect was detected in April (0.08%, p = 0.414). These
monthly patterns confirm that the influence of soil humidity on Collembola communities is
not uniform throughout the year; it is strongest in winter and autumn but absent in spring.

Table 5. Results of monthly distance-based redundancy analyses (db-RDA) testing the effect of soil
humidity on Collembola community composition for each sampling month. Community dissimi-
larity was calculated using the Jaccard coefficient (presence—absence). Significance was assessed by
permutation tests (999 permutations).

Month Adjusted R? (%) F-Statistic p-Value
January 1993 9.26 2.7355 0.002
April 1993 0.08 1.0137 0.414
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Table 5. Cont.

Month Adjusted R? (%) F-Statistic p-Value
August 1993 3.53 1.6229 0.047
September 1993 5.56 1.8243 0.049
November 1993 2.80 1.7494 0.024
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Figure 12. Annual db-RDA ordination of Collembola communities in the Nestos area during 1993
based on Jaccard dissimilarities. CAP1 represents the constrained axis associated with soil humidity,
while MDS1 represents residual variation. Points are colored according to the sampling month.
Separate monthly analyses indicated significant effects of humidity in January, August, September
and November, but not in April. The arrow indicates the direction of decreasing CAP1 scores along
the soil humidity gradient.

4. Discussion

Soil Collembola communities, with their dynamic structure and sensitivity to seasonal
conditions, present a compelling subject for analysis. Employing stochastic null models,
species selection plays a crucial role in determining patterns of co-occurrence, directly
influencing the detection of non-random assemblages such as aggregation or segregation.
The inclusion or exclusion of specific species can significantly impact study outcomes,
shaping interpretations of ecological interactions. The selected species pool should be
ecologically plausible competitors or interactors that could potentially colonize the sites.
Gotelli [31] systematically compared various null model algorithms and co-occurrence
indices, highlighting the importance of species selection in identifying meaningful patterns.
Similarly, Lehsten and Harmand [83] examined biases in null models, emphasizing the
need for careful species inclusion to ensure reliable conclusions.

To account exclusively for the complexity of soil Collembola interactions, we em-
ployed stochastic null models without imposing additional species constraints, such as
setting a minimum occurrence threshold. Instead, presence—absence matrices were con-
structed based on “habitat filtering” [22], allowing for a more nuanced representation of
species co-occurrence dynamics. Habitat filtering, a key ecological process, drives species
assemblages by selecting traits suited to specific environmental conditions, leading to
non-random co-occurrence patterns. D’Amen et al. [84] highlighted this influence, showing
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how habitat filtering shapes species assemblages by structuring communities based on
environmental constraints.

The results from applying null models to presence—absence matrices, where habitat
filtering was not performed or was done inadequately, do not lead to reliable conclusions, as
Table A1 demonstrates. Specifically, the role of competition or facilitation is overestimated,
as patterns of species segregation or aggregation might be driven by abiotic factors rather
than biotic interactions, while underestimating the influence of environmental selection
in shaping species distributions [85]. The null models constructed from the ten total
matrices—five presence—absence matrices encompassing all areas and habitats, along with
five additional matrices created by excluding data from the Keramoti habitat and softwood
forests—produced contradictory results. These inconsistencies arose even when using
the same algorithm, occurring at different time periods and across various metrics. The
dilution effect produced by including irrelevant or non-interacting species in the analysis
obscures or weakens the detection of significant patterns among the focal species, as was
highlighted by Gilpin and Diamond [86]. The positive correlation of species, as suggested
by Gilpin and Diamond [86], cannot be solely justified by shared distribution strategies
or geographical origins. Collembola, known for their wide geographical spread, tend to
aggregate due to common preferred habitats and similar frequency of occurrence, rather
than selective habitat size criteria.

A notable limitation we encountered was the small dimensions of many matrices,
rendering them unable to provide significant insights, irrespective of the analytical method
employed [87]. Small presence-absence matrices frequently suffer from low statistical
power, making them highly vulnerable to Type II errors, where true ecological patterns of
segregation or aggregation remain undetected [88]. Also, small matrices are sensitive to
“noise” from rare species, which can obscure non-random patterns that would otherwise
be evident in larger datasets [89]. Considering the realism of our approach in the Nestos
Collembola sampling context, the fixed—equiprobable algorithm emerged as the most
suitable choice, with more defining patterns of synchronization of the soil Collembola
communities revealed. The main reason for this is that sampling design standardizes
effort across sites, and it does not artificially constrain site richness [31]. This algorithm,
assuming equiprobable sites, was consistently applied across all indices and metrics and
was recommended for its resilience to Type I errors [1,31].

Analysis of results and constructed timelines showing temporal changes in co-
occurrence patterns revealed distinct periods of significant aggregation or segregation
among Collembola communities. Notably, January 1993 exhibited significant segregation
across various habitats and indices, with Keramoti forest habitat displaying its unique
patterns, marked by significant aggregation in January 1993 and significant segregation
in September 1993. Seasonal dynamics also played a crucial role [90]; forests in autumn
offer rich organic matter for opportunistic colonizers, while wintertime saw heightened
interspecific competition due to reduced food availability and ecological separation [38].

Seasonality significantly influences soil Collembola communities, affecting their diver-
sity, distribution, and interactions, including competition [90,91]. Seasonal environmental
conditions, such as temperature, humidity, and resource availability, can intensify competi-
tion as resources become scarcer. Liu et al. [92] observed higher Collembola abundance in
the earlier months (spring to early summer), followed by a gradual decline as environmen-
tal conditions became harsher, leading to the aggregation of communities. In our study,
an additional peak occurred in autumn—a pattern likely driven by the Mediterranean
climate [39].
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Across all habitats, species richness, average biomass per sample, relative humidity,
and community similarity exhibited concordant temporal trends, indicating strong coupling
between abiotic conditions and Collembola community dynamics.

A dominant pattern across all measured variables was the pronounced decline during
late summer (August), followed by partial or full recovery in autumn (September-November).
August was consistently characterized by low humidity, reduced species richness, lower
biomass, and, in several habitats, reduced Serensen similarity, suggesting both quanti-
tative declines and compositional changes within collembolan assemblages. Drought
causes a sharp decline in the populations of Collembola in the surface layers of the soil,
while deeper-dwelling populations are less affected [93], and a downward migration can
occur [48,94]. This seasonal bottleneck reflects the combined effects of high temperatures
and low moisture availability, typical of Mediterranean summer conditions.

The subsequent increase in richness, biomass, and humidity in autumn coincided
with higher within-habitat community similarity, particularly in hardwood and Keramoti
forests. This pattern suggests a degree of community reassembly or stabilization following
summer stress, possibly facilitated by improved microclimatic conditions and renewed
resource availability.

January was the coldest month, and sampling directly followed a rainy December (73 mm
according to the Hellenic National Meteorological Service). Collembola are active during
these colder periods, potentially leading to increased competition when resources are scarce.
Waterlogging can also reduce the abundance of soil Collembola [95,96], altering microhabitat
conditions, resource availability and affecting the overall dynamics of these communities.

The distinct temporal pattern observed in the Keramoti forest suggests the influence of
episodic hydrological processes superimposed on seasonal dynamics. Elevated humidity
and altered community similarity early in the sampling period may reflect the influence
of episodic hydrological processes—such as sustained soil moisture recharge or localized
water table fluctuations—which could have temporarily restructured microhabitats and
redistributed Collembola assemblages, leading to increased compositional heterogeneity
among samples. Excess humidity can decrease the abundance and species richness of
collembolans and predatory mites, while favoring certain mite groups, demonstrating clear
shifts in community structure [93]. Waterlogging also shifts the microbial community from
fungi (aerobic) to bacteria (anaerobic), disrupting this primary food source of many soil
arthropods [97,98]. The subsequent steady increase in Serensen similarity through the
year is consistent with a gradual convergence of community composition, indicating re-
covery and reassembly as environmental conditions stabilized. Such disturbance-recovery
trajectories are characteristic of humid and riparian forest systems, where short-term hydro-
logical events can strongly affect soil Collembola distribution while structurally complex
habitats facilitate resilience and community re-establishment over time [99,100]. These
variations may also be attributed to the different local conditions of the Keramoti habitat,
situated several kilometers away from other sampling sites [101]. Overall, the db-RDA
analyses indicate that humidity exerts a statistically significant but modest and seasonally
variable influence on soil Collembola community composition. Monthly analyses revealed
statistically significant effects of humidity in January (adj. R? = 9.26%), August (3.53%),
September (5.56%) and November (2.80%), whereas no significant relationship was detected
in April (adj. R? = 0.08%). These results suggest that the role of humidity is not constant
throughout the year but depends on seasonal environmental conditions and associated
ecological processes. The relatively modest proportion of explained variance indicates that
humidity represents only one component of a broader set of factors shaping community
assembly. Other environmental variables, microhabitat characteristics, resource availability,
dispersal processes and species interactions are also likely to contribute substantially to the
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observed patterns. Nevertheless, the consistent detection of significant humidity effects
during four sampling periods supports its ecological relevance as an important environ-
mental filter influencing the distribution and composition of Collembola communities in
the Nestos riparian habitats. Taken together, microsite heterogeneity, niche partitioning,
interference interactions, and seasonal resource fluctuations may explain why null model
analyses of species-rich Collembola communities can detect non-random co-occurrence
patterns [102].

Collectively, the results suggest that soil Collembola communities in the Nestos delta
are structured by shifting balances between environmental filtering, stochasticity, and
biotic interactions. Seasonal drought appears to reduce the influence of environmental
filtering and other deterministic assembly processes, leading to more random community
organization during summer, whereas wetter periods promote either aggregation through
shared habitat tracking or segregation potentially associated with niche differentiation
and competition. The differing responses among habitats further indicate that local hydro-
logical conditions modulate these assembly mechanisms. Thus, community structure in
Mediterranean riparian soils is not governed by a single assembly rule but by temporally
dynamic interactions between abiotic stress and biotic organization.

In conclusion, the study unveils the intricate dynamics of soil Collembola commu-
nities, emphasizing the impact of seasonality and the importance of nuanced analytical
approaches. The timelines constructed offer a visual representation of these dynamic pat-
terns, contributing valuable insights to the ongoing discourse on Collembola community
structures in the Nestos River delta.
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Appendix A. Species List

Neanuridae

Deutonura phlegraea (Caroli, 1912)
Friesea afurcata (Denis, 1926)

Friesea mirabilis (Tullberg, 1871)
Lathriopyga (s. str.) sp. *

Micranurida pygmaea C.Borner, 1901
Neanura muscorum (R.Templeton, 1836)
Pseudachorutes subcrassus Tullberg, 1871

Hypogastruridae

Ceratophysella engadinensis (Gisin, 1949)
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Schoettella ununguiculata (Tullberg, 1869)
Triacanthella travei Cassagnau and Deharveng, 1974
Willemia scandinavica Stach, 1949

Xenylla maritima Tullberg, 1869

Odontellidae

Stachia populosa (Selga, 1963)

Tullbergiidae

Doutnacia cf. xerophila Rusek, 1974
Mesaphorura critica W.N.Ellis, 1976
Mesaphorura krausbaueri C.Borner, 1901

Onychiuridae

Protaphorura fimata (Gisin, 1952)
Protaphorura sp. (armata species group) *
Protaphorura sp. *

Thalassaphorura franzi (J.Stach, 1946)

Isotomidae

Folsomia candida V.Willem, 1902
Folsomia manolachei Bagnall, 1939

Hemisotoma thermophila (Axelson, 1900)
Isotomiella minor (Schiffer, 1896)

Isotomodes sexsetosus da Gama, 1963
Isotomurus palustris (O.FMiiller, 1776)
Parisotoma notabilis (Schiffer, 1896)

Proisotoma minima (K.Absolon, 1901)
Proisotoma minuta (Tullberg, 1871)
Proisotomodes bipunctatus (W.M.Axelson, 1903)

Paronellidae

Megacyphoderus gallicus Delamare Deboutteville, 1948

Entomobryidae

Entomobrya atrocincta Schott, 1896

Entomobrya handschini Stach, 1922

Entomobrya multifasciata (Tullberg, 1871)

Entomobrya nevadensis Steiner, 1959

Lepidocyrtus cyaneus Tullberg, 1871

Lepidocyrtus (Lanocyrtus) lanuginosus (Linnaeus, 1788)
Lepidocyrtus (Lepidocyrtus) paradoxus Uzel, 1890
Pseudosinella sexoculata Schott, 1902

Orchesellidae

Heteromurus major (Moniez, 1889)
Heteromurus (Heteromurus) nitidus (R. Templeton, 1836)
Orchesella balcanica ].Stach, 1960

Oncopoduridae

Oncopodura crassicornis Shoebotham, 1911
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Tomoceridae

Tomocerus (Tomocerus) lamelliger (Borner, 1903)

Sminthuridae

Allacma fusca (C.Linnaeus, 1758)
Caprainea marginata (H.Schott, 1893)
Sminthurus viridis (Linnaeus, 1758)

Sphaeridia pumilis (Krausbauer, 1898)

Arrhopalitidae

Arrhopalites cf. caecus (Tullberg, 1871)

Dicyrtomidae

Dicyrtomina saundersi (J.Lubbock, 1862)

Neelidae

Megalothorax cf. minimus V.Willem, 1900

Katiannidae

Sminthurinus aureus (J.Lubbock, 1862)
Sminthurinus elegans (A.Fitch, 1863)
Sminthurinus niger (Lubbock, 1862)

Species marked with * were distinct forms with no published description. Orchesella
balcanica and Isotomurus palustris do not appear in the 1993 data, but they are present in
the 1991 and 1992 data. More information on the systematics of the listed species is

in [66]

Appendix B

Table A1. Results of null model analyses for all presence—absence matrices. Each row represents a ma-
trix. The first three columns indicate the habitat and sampling date, the number of Collembola species,
and the number of sites. The remaining columns present results for each co-occurrence index and null
model algorithm (see text for details). Entries show significant deviations from the null hypothesis.
For Checker and C-score: “S” (segregation) indicates less co-occurrence than expected by chance
(Pobserved > Pexpected for >95% of simulated communities); “A” (aggregation) indicates more co-
occurrence than expected (Pobserved < Pexpected for >95% of simulated communities). For V-ratio:
“S” (segregation) indicates negative covariance among species (Pobserved < Pexpected for >95% of
simulated communities); “A” (aggregation) indicates positive covariance (Pobserved > Pexpected
for >95% of simulated communities). ns = not significant (p > 0.05). One, two, or three letters
indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively. Habitat abbreviations:
All areas = all sampled areas; All areas_no_k-a = all areas excluding Keramoti and softwood for-
est sites; Pa = mature poplar stands; Jp-pa = mixed young and mature poplar stands; Ker = Keramoti
forest. * Number of sampling sites < 5; statistical power is low for these matrices, so results should
be treated as exploratory.

Habitat/Month-Year Number Number Checker Checker C-Score C-Score V-Ratio V-Ratio V-Ratio
of Species  of Sites Fix-Equip Fix-Fix Fix-Equip Fix-Fix Fix-Equip Fix-Prop Prop-Prop

All areas/January 1993 30 21 ns S A S AA ns ns

All areas/April 1993 33 21 ns SSS AAA ns AAA ns ns

All areas/August 1993 29 20 ns ns ns ns ns ns ns

All areas/September 1993 33 17 ns SS ns ns A ns ns

All areas/November 1993 42 31 5SS 5SS ns ns ns S S

All areas_no_k-a/January 1993 20 13 ns SS SS ns AA ns ns

All areas_no_k-a/April 1993 28 18 ns SSs AAA ns AAA ns ns

All areas_no_k-a/August 1993 21 14 ns ns ns ns ns ns ns

All areas_no_k-a/September 1993 24 11 ns S A ns AA ns ns

https://doi.org/10.3390/ ecologies7020057


https://doi.org/10.3390/ecologies7020057

Ecologies 2026, 7, 57 23 of 26

Table Al. Cont.

Habitat/Month-Year Number Number Checker Checker C-Score C-Score V-Ratio V-Ratio V-Ratio
of Species  of Sites Fix-Equip Fix-Fix Fix-Equip Fix-Fix Fix-Equip Fix-Prop Prop-Prop

All areas_no_k-a/November 1993 36 23 SS 5SS ns ns ns ns ns
Pa/January 1993 * 8 5 S ns ns ns S SS S
Pa/April 1993 * 9 4 ns ns ns ns ns ns ns
Pa/August 1993 * 12 5 ns ns ns ns ns ns ns
Pa/September 1993 * 1 5 ns ns ns ns ns ns ns
Pa/November 1993 18 6 ns ns ns ns ns ns ns
Jp-pa/January 1993 10 6 SS S ns ns S S S
Jp-pa/April 1993 1 6 ns ns ns ns ns ns ns
Jp-pa/August 1993 12 7 ns ns ns ns ns ns ns
Jp-pa/September 1993 14 7 S ns ns ns ns S S
Jp-pa/November 1993 24 9 ns S ns ns ns ns ns
Ker/January 1993 19 7 A ns AAA ns AAA ns ns
Ker/April 1993 * 17 3 ns S ns ns ns ns ns
Ker/August 1993 20 6 ns ns ns ns ns ns ns
Ker/September 1993 19 6 ns ns ns ns ns ns ns
Ker/November 1993 24 8 S ns SS ns SS SS SS
Softwood Forest/April 1993 * 14 5 ns ns ns ns ns ns ns
Softwood Forest/November 1993 18 6 ns ns ns ns ns ns ns
Hardwood Forest/January 1993 18 7 SSS SS S S ns ns ns
Hardwood Forest/April 1993 21 7 S SS ns S A ns ns
Hardwood Forest/August 1993 20 7 ns ns ns ns ns ns ns
Hardwood Forest/September 1993* 18 4 ns S S S ns ns ns
Hardwood Forest/November 1993 22 8 ns ns ns ns ns ns ns
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