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Abstract

Naturally formed treefall gaps represent primary sources of environmental heterogeneity in tropical
forests, yet their role in driving the components of beta diversity in specialized leaf-litter fauna
remains poorly understood. We investigated the influence of natural treefall gaps on harvestmen
(Arachnida: Opiliones) community structure and beta diversity partitioning in a well-preserved
Atlantic Forest remnant in southern Bahia, Brazil. Using standardized nocturnal searches and leaf-
litter sampling, we recorded 845 individuals across 23 species. Coverage-based rarefaction indicated
higher estimated richness in gaps, although observed alpha diversity did not differ significantly
among habitats. Community composition differed significantly along the gap—forest gradient, driven
mainly by litter depth and microclimatic variation. Indicator species analysis identified Protimesius
sp. as a robust gap-specialist. Beta diversity partitioning revealed that turnover accounted for 79.5%
of total dissimilarity, while nestedness contributed 20.5%. Treefall gaps exhibited the highest internal
beta diversity and species exclusivity, supporting their role as dynamic environmental filters that
enhance regional diversity. Our findings highlight the ecological importance of natural disturbance
and litter structure in maintaining biodiversity patterns in tropical forests.

Keywords: Atlantic Forest; Opiliones; species turnover; environmental filtering; leaf litter

1. Introduction

Natural disturbances play a central role in maintaining the structure and diversity of tropical
forests by generating spatial heterogeneity and promoting successional dynamics [1,2]. Among these
disturbances, treefall gaps are particularly important, as they alter light availability, temperature, and
humidity, thereby creating microhabitats distinct from the surrounding forest matrix [3-5].

Treefall gaps have long been associated with increased species diversity through mechanisms
such as the Intermediate Disturbance Hypothesis [6]. Environmental differences of treefall gaps may
contrast with ‘background’ conditions of intact forest canopy and influence species composition e
richness [7-10]. However, recent advances in community ecology emphasize that changes in species
composition, rather than richness alone, are often more informative for understanding biodiversity
patterns [11]. In this context, beta diversity partitioning provides a powerful framework to
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disentangle whether differences among communities are driven by species replacement or
nestedness [12,13].

Harvestmen (Arachnida: Opiliones) are excellent model organisms for studying the effects of
habitat heterogeneity due to their high sensitivity to microclimatic variations, particularly humidity
and temperature [14,15]. Their low mobility and specific niche requirements make them prone to
rapid community shifts when environmental conditions are altered [16]. Studies have shown that
habitat heterogeneity promotes high beta diversity in harvestmen assemblages, with strong species
turnover sustaining distinct communities even at small spatial scales [17]. In the Atlantic Forest, this
pattern is closely associated with structural and microclimatic variables such as litter depth and
canopy cover, which are directly influenced by gap formation [18-20].

A modern approach to understanding these spatial patterns involves the partitioning of beta
diversity into two distinct components: species turnover (replacement) and nestedness (loss or gain
of species) [11,12]. Turnover occurs when species are replaced by others along environmental
gradients, reflecting niche-based processes. In contrast, nestedness occurs when the species
composition of a site is a subset of more diverse sites, often reflecting filtering or extinction-
colonization dynamics [21]. Discriminating between these components is crucial for conservation
strategies, as it reveals whether a habitat (like a treefall gap) supports a unique set of species or merely
a subset of the forest fauna.

Despite the known importance of gaps, few studies have explicitly tested how these
disturbances drive the components of beta diversity in harvestmen assemblages within the Atlantic
Forest. In this study, we evaluate the influence of natural treefall gaps on the community structure
and beta diversity of harvestmen in a well-preserved remnant of the Atlantic Forest in southern
Bahia, Brazil. We hypothesized that: (i) treefall gaps harbor distinct communities compared to the
forest edge and interior due to environmental filtering; and (ii) the beta diversity between these
habitats is driven primarily by turnover rather than nestedness, reflecting the role of gaps in
increasing regional diversity through species replacement.

2. Materials and Methods
2.1. Study Area

The study was conducted in a well-preserved remnant of the Atlantic Forest located in southern
Bahia, Brazil (13°48'S, 39°10'W; Figure 1). This region is characterized by high biological importance
and endemism, situated within the "Uruguca-Itabuna" center of endemism. The climate is classified
as Af (tropical rainforest) according to the Koppen-Geiger system, with an average annual
temperature of 24°C and annual precipitation exceeding 2,000 mm, without a well-defined dry
season. Rain is distributed across all months, although both annual totals and monthly patterns show
considerable variability. The highest rainfall levels are usually recorded from february to july,
aligning with the austral winter season.

The vegetation is characterized as Ombrophilous Dense Forest, featuring a high canopy and an
abundance of epiphytes and lianas [22]. The Floresta da Vila 5, one of the forest areas within the
Reserva Ecolédgica da Michelin, was selected as the study site for the present research. It comprises
approximately 180 hectares distributed across five hills located south of the river, with elevations
ranging from 160 to 288 meters, and represents the most well-preserved forest sector of the reserve.

Vegetation structure varies along a successional gradient. Younger stands are characterized by
slender trees with canopy heights of 10-13 meters, whereas more mature areas exhibit a well-
developed upper canopy exceeding 17-20 meters, indicating greater structural complexity. The forest
includes representative species from genera such as Sloanea, Caryocar, Virola, Eriotheca, Licania, and
Copaifera, reflecting advanced successional stages and high ecological value.

The Rio das Matas flows through the central portion of the area, forming small waterfalls and
cascades. Additionally, numerous springs and small streams sustain moisture-dependent vegetation,
including bryophytes and ferns, highlighting the ecological and hydrological importance of this
forest system [23].
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Figure 1. Geographic location of the study area. (Map of Brazil highlighting the state of Bahia; Regional map of
Bahia with the red diamond indicating the Michelin Ecological Reserve (REM), located in the Southern Bahia

region, Brazil. The area comprises a mosaic of well-preserved Atlantic Forest fragments.

2.2. Sampling Design

To evaluate the effect of environmental heterogeneity on harvestmen communities, we
established a sampling design comprising three distinct habitat types (treatments): (i) Natural
Treefall Gaps (Forest Clearing): areas where the canopy was naturally opened due to the fall of one
or more trees; (ii) Forest Edge: areas located within a 10-meter buffer from the gap boundary; and (iii)
Adjacent Forest (Interior): areas of closed-canopy forest located at least 50 meters away from the gap
and edge. We selected five replicates for each habitat type, totaling 15 sampling sites (5 Gaps, 5 Edges,
5 Interior).

A total of 25 treefall gaps were initially identified, all exhibiting broadly similar structural. From
this set, five gaps were selected to represent disturbances in an early stage of regeneration. The
selection followed established criteria in studies of forest gap dynamics, including: (i) origin from
natural treefall by uprooting, ensuring a consistent disturbance mechanism; (ii) minimum area of 25
m?, in accordance with the definition proposed by [24]; (iii) classification within a similar size class
(<150 m?), following [25]; and (iv) location within forest sectors presenting relatively homogeneous
canopy height in the surrounding matrix, as recommended by [26], in order to minimize structural
variability unrelated to gap formation.

The characterization of these gaps as being in an early successional stage was based on field
indicators widely used in the literature, including: low levels of decomposition of fallen woody
material, with trunks and branches still structurally intact; recent accumulation of leaf litter with
limited incorporation into the soil; high light availability at the forest floor due to the absence of
developed secondary vegetation; and initial regeneration marked by sparse herbaceous cover and
the early establishment of pioneer seedlings.

2.3. Harvestmen Sampling

At each sampling site, harvestmen were collected using two complementary methods to ensure
a representative characterization of the local fauna: (1) Standardized Nocturnal Manual Search: Two
researchers conducted active searches for two hours per site (totaling four person-hours per site)
during the period of peak harvestmen activity (19:00 to 22:00 h). Searches were performed on the
ground, tree trunks, and shrubs up to 2 meters high; (2) Leaf Litter Collection: We collected leaf litter
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within four 1 m? (four leaf litter samples 50 x 50 cm) plots per site. The material was sieved and
carefully inspected manually for the presence of small, litter-dwelling harvestmen. Sampling was
conducted across 15 sampling sites during eight field campaigns carried out at bimonthly intervals
between July 2009 and October 2010.

Specimens were preserved in 70% ethanol and identified to the lowest possible taxonomic level
(genus or species) by taxonomic specialists. Collected harvestmen were identified to species and
deposited in Arachnology Sector of the National Museum Rio de Janeiro, Brazil (MNR], curator
Adriano B. Kury).

2.4. Environmental Characterization

To identify the drivers of community structure, we measured the following microclimatic and
structural variables at each site: (1) Microclimate: Soil and air temperature (°C), relative humidity (%),
and ambient luminosity (lux) using digital sensors. (2) Habitat Structure: Leaf litter depth (measured
at four points per plot), percentage of leaf litter cover, herbaceous vegetation cover, and the volume
of fallen logs and branches (m?) (Supplementary Table S1).

2.5. Data Analysis

Harvestmen species richness was estimated using rarefaction and extrapolation curves based on
Hill numbers (q = 0) to compare the three habitats at an equal sampling effort (coverage-based and
size-based rarefaction). To test for significant differences in species richness and abundance across
the gap-forest gradient, we employed the non-parametric Kruskal-Wallis test, as the small sample
size (N = 5) and data distribution did not meet the assumptions of normality. When significant, the
Dunn'’s post-hoc test with Benjamini-Hochberg adjustment was applied for pairwise comparisons.

To evaluate shifts in community composition (abundance-based) among habitats, we used
Permutational Multivariate Analysis of Variance (PERMANOVA), followed by Non-Metric
Multidimensional Scaling (NMDS) based on the Bray-Curtis distance matrix [27]. To identify which
species were significantly associated with specific habitats (indicators), we performed an Indicator
Species Analysis (IndVal) using the multipatt function, with 999 permutations. Additionally, the
degree of species exclusivity and sharing among habitats was visualized using a Venn diagram.

To test our primary hypothesis, we partitioned the total beta diversity (sor) into its two additive
components: Turnover (fsim), representing species replacement due to environmental filtering; and
Nestedness (Bsne), representing species loss or gain along a gradient [13]. This partitioning was
performed using the betapart package, allowing us to determine if treefall gaps harbor unique
assemblages or are merely subsets of the forest interior fauna.

The influence of environmental variables (litter depth, luminosity, and temperature) on
harvestmen richness and abundance was evaluated using Generalized Linear Models (GLMs). For
richness, a Poisson distribution was used, while for abundance, a Quasipoisson distribution was
applied to account for overdispersion. To identify the specific microclimatic or structural factors
driving multivariate community shifts, a Distance-Based Redundancy Analysis (db-RDA) was
performed [28].

All statistical analyses were performed in R software (v. 4.6.0) [29]. In addition to the base
functions, we used the packages “INEXT” [30] for diversity estimates, “betapart” [31] for beta
diversity partitioning, “vegan” [32] for multivariate ordination and PERMANOVA, “indicspecies”
[33] for indicator species analysis, and “ggplot2” [34] and “ggVennDiagram” [35] for high-resolution
data visualization.

3. Results
3.1. Harvestmen Diversity and Sampling Effort

A total of 845 individuals belonging to 23 species and six families were recorded (Supplementary
Table S2). Natural treefall gaps (Forest Clearing) accounted for the highest richness and abundance
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(5=17; N = 312), followed by Forest Edge (S = 12; N = 251) and Adjacent Forest (S = 11; N = 282).
Rarefaction and extrapolation curves reached a clear asymptote for Adjacent Forest and Forest Edge
(Figure 2). Although natural treefall gaps (Forest Clearing) showed a trend toward higher estimated
richness, the non-parametric Kruskal-Wallis test revealed no significant differences in observed
species richness (H = 3.02, p = 0.22) or total abundance (H = 0.85, p = 0.65) among the three habitats.

204
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= 1 Extrapolation

_________ Adjacent Forest

104 Forest Clearing

Iil Forest Edge

Estimated Species Richness

0 200 400 600
Number of Individuals

Figure 2. Sample-size-based rarefaction and extrapolation curves. Species richness (Hill number q = 0) of
harvestmen across three habitat types in the Atlantic Forest: Forest Clearing (natural treefall gaps), Forest Edge,
and Adjacent Forest (interior). Solid lines represent rarefaction, dashed lines represent extrapolation, and the

shaded areas denote 95% confidence intervals.

3.2. Community Structure and Habitat Segregation

Natural treefall gaps formed a relatively distinct cluster compared to adjacent forest habitats,
with significant differences in community composition among habitats (F212 = 4.21, p < 0.001). The
NMDS ordination revealed a marked compositional differentiation in harvestmen communities
across the gap-forest gradient (Figure 3). Forest edge samples occupied an intermediate position in
the ordination space, while still differing from the adjacent forest interior (Figure 3). The Venn
diagram corroborated this high spatial variation, showing that eight species were exclusive to natural
treefall gaps (forest clearing), while tree species were exclusive to forest interior and two were found
only in the forest edge, with only a small fraction of the regional pool being shared among all three
environments (Figure 4).

The Indicator Species Analysis (IndVal) identified Protimesius sp. as a significant indicator of
natural treefall gaps (IndVal = 0.89, p = 0.012). This species showed high specificity (A = 1.0) and
fidelity (B = 0.8) to the "Forest Clearing" habitat, marking it as a gap-specialist taxon. No significant
indicators were identified for the forest interior or edge, where communities appeared more
heterogeneous.
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Figure 3. Non-metric Multidimensional Scaling (NMDS) ordination. Comparison of harvestmen community
structure based on Bray-Curtis dissimilarity. The separation of the clusters highlights the distinct composition
of natural treefall gaps (Forest Clearing) compared to the forest interior (Adjacent Forest) and edge

environments. Stress = 0.14.

Forest Clearing

(34.8%)

Adjacent Forest

Forest Edge

Figure 4. Venn diagram illustrating harvestmen species exclusivity and sharing among habitats. The colors
correspond to the standardized palette used throughout the study: Forest Clearing (orange), Forest Edge (blue),
and Adjacent Forest (green). The numbers represent the total count of species unique to each habitat or shared

between them. The high number of exclusive species in natural treefall gaps (orange circle) reinforces the high
species turnover observed in the study area.

3.3. Beta Diversity Partitioning: Turnover vs. Nestedness

The multi-site beta diversity analysis showed high overall dissimilarity among all sites (fsor =
0.78), driven predominantly by the turnover component (79.5%), while nestedness accounted for only
20.5% (Figure 5). When analyzed by habitat, natural treefall gaps exhibited the highest internal beta
diversity (Bsr = 0.65) compared to the forest edge (fsr = 0.48) and adjacent forest (Bsor = 0.42). This
indicates that individual gaps are highly heterogeneous and harbor distinct sets of species even

within the same forest matrix.
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Figure 5. Partitioning of multi-site beta diversity. Serensen dissimilarity (Bsor) components (Turnover vs.
Nestedness) for all sites combined and for each habitat separately. The dominance of the turnover component
(blue bars) across all groups indicates high species replacement as the primary driver of community

differentiation.

3.4. Environmental Drives

The Generalized Linear Models (GLMs) revealed that leaf litter depth was a significant positive
predictor of harvestmen abundance (t = 2.59, p = 0.025), while no single variable significantly
predicted species richness in isolation (Luminosity p = 0.45; Temperature p = 0.61).

The db-RDA model significantly explained the variation in community composition (F = 1.64, p
= 0.046). Among the tested variables, leaf litter depth was the most influential driver of community
shifts across the habitats (F = 2.41, p = 0.035). Ambient luminosity and leaf litter temperature
contributed to the model's overall structure but did not reach individual significance, suggesting that
the structural complexity of the forest floor is the primary filter for harvestmen in these environments.

The comparison between the full environmental models and their respective null models
demonstrated the superior fit of the former, as evidenced by the reduction in residual deviance
(Supplementary Table S3). Furthermore, the db-RDA triplot illustrates the strong association between
site distribution and environmental gradients, where the increase in leaf litter depth and luminosity
clearly segregates gap communities from the more homogeneous forest interior sites (Figure 6).
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Figure 6. Distance-based Redundancy Analysis (db-RDA) triplot. Relationship between environmental variables
and harvestmen community structure. The arrows represent the influence of Ambient Luminosity, Leaf Litter
Temperature, Leaf Litter Depth, and Relative Air Humidity. Points represent sampling sites, categorized by
habitat type.

4. Discussion

The most striking finding of our study is that while natural treefall gaps do not significantly alter
the number of species (richness) or individuals (abundance) compared to the forest interior, they
promote a radical shift in species identity. The patterns revealed by both the NMDS ordination and
the Venn diagram provide clear evidence of a structured compositional gradient across the gap—
edge—forest continuum. Despite the absence of significant differences in species richness among
habitats, the distribution of species across these environments indicates substantial variation in
community composition. Only seven species were shared among all three habitats, representing
30.4% of the total recorded richness, whereas a considerable proportion of the assemblage (56.5%)
consisted of habitat-exclusive species. The remaining species were shared only between adjacent
habitats (namely forest edge and interior, and edge and gaps) while no species were simultaneously
shared between forest interior and gaps. This pattern reinforces the interpretation that species
turnover occurs along gradients of structural and climatic variation between habitats. This is
evidenced by the high rate of turnover (~80%) and the identification of Protimesius sp. as a robust gap
indicator. Such patterns suggest that the "disturbance" caused by canopy opening does not lead to a
loss of diversity or a process of biotic impoverishment, but rather creates a specialized niche that
maintains regional (gamma) diversity through environmental filtering [12,21].

The role of Protimesius sp. (Family: Stygnidae) as a gap specialist is biologically significant.
Stygnids are often found in leaf litter but are known for being more resilient to drier conditions
compared to other more hygrophilic harvestmen families [15]. The high specificity of this taxon to
gaps suggests it can exploit the increased primary productivity and heat of the gaps, where higher
luminosity and litter temperature act as barriers to forest-interior specialists. This finding is further
supported by the db-RDA, which shows gap-associated species plotting in the same direction as
temperature and luminosity vectors. Similar patterns have been reported for arthropod communities
in disturbed tropical environments, were functional traits mediate species responses to
environmental gradients [36].

The high internal turnover among natural treefall gaps is a particularly striking finding.
Corroborated by the high number of exclusive species observed in the Venn diagram, this pattern
suggests that each gap functions as a distinct “environmental island,” where local conditions and,
potentially, stochastic colonization events promote high compositional dissimilarity even among
nearby gaps [14,16]. Importantly, the observed differences in community composition arise from a
process of species replacement, involving the addition of gap-associated species not found in the
forest interior or edge, coupled with the absence of species typical of these more closed habitats. This
reciprocal gain and loss of species result in pronounced turnover without producing significant
differences in overall species richness among habitats. Thus, gaps are not necessarily “richer” than
the forest; rather, their ecological relevance lies in their compositional distinctiveness, which
contributes substantially to the maintenance of the regional species pool. If conservation strategies
focus only on the forest interior, a significant and unique portion of the regional fauna, the gap
specialists, could be overlooked. This pattern is consistent with findings at broader spatial scales,
where species turnover has been shown to dominate harvestmen beta diversity across forest
fragments, accounting for most of the compositional dissimilarity (>90%) [17]. Although operating at
different spatial scales, these results suggest that similar ecological processes (particularly
environmental filtering driven by habitat heterogeneity) consistently structure harvestmen
assemblages, from local microhabitats such as treefall gaps to landscape-level gradients.

This compositional uniqueness driven by elevated turnover is not restricted to the local scale.
Similar patterns have been observed at broader spatial scales, where species turnover dominates
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harvestmen beta diversity across forest fragments, accounting for most of the compositional
dissimilarity (>90%) [17]. This reinforces the idea that environmental heterogeneity consistently
promotes species replacement as a key mechanism structuring assemblages, from fine-scale
disturbances such as treefall gaps to landscape-level gradients.

Interestingly, while we expected microclimate (light and temperature) to be the main driver, our
statistical models identified leaf litter depth as the primary predictor for abundance and community
composition. Harvestmen are highly dependent on the litter layer for shelter, humidity maintenance,
and prey availability [15,18]. In treefall gaps, the accumulation of organic matter from the fallen trees,
combined with increased primary productivity in the understory, likely creates a complex litter
structure that supports higher abundances and a distinct set of specialist species [19,37].

The distinct community composition observed in treefall gaps is likely a reflection of the
biological traits of certain specialist taxa. Species of the family Cosmetidae, such as Metavononoides
sp.1, often exhibit higher tolerance to environmental variation and are known to exploit more open
habitats within the forest matrix [15,19]. Conversely, the presence of Gonyleptidae specialists in the
forest interior, where leaf litter depth and humidity are more stable, underscores the role of the
canopy cover in providing a climatic buffer for hygrophilic lineages. The db-RDA triplot clearly
illustrates this dichotomy, with humidity and litter depth vectors pointing toward Adjacent Forest
sites, away from gap-associated taxa.

The significant influence of litter depth, rather than luminosity alone, suggests that the physical
structure of the habitat provides a "buffer" that allows certain species to thrive in the environment of
a gap. This aligns with studies showing that harvestmen respond more strongly to microhabitat
structure than to broad climatic gradients in fragmented landscapes [16].

This result is consistent with the scale-dependent framework proposed by [38], who
demonstrated that, at fine spatial scales, the structure and availability of microhabitats are the
primary drivers of harvestmen diversity and composition, whereas broader-scale variables tend to
play a secondary role. In particular, their findings indicate that vegetation complexity and substrate
diversity generate a mosaic of ecological niches capable of sustaining distinct assemblages. In this
context, our results refine this perspective by identifying leaf litter depth as a key structural
component driving species sorting within this gradient, especially under the contrasting
environmental conditions created by treefall gaps. Thus, natural gaps maintain biodiversity not only
by favoring replacement over nestedness but by restructuring the forest floor complexity, acting as
essential selective filters in the Atlantic Forest mosaic.

From a conservation perspective, our results indicate that maintaining natural disturbance
regimes is crucial. The stochastic formation of treefall gaps represents an intrinsic ecological process
that enhances forest structural complexity by generating spatial and temporal heterogeneity in both
habitat structure and microclimatic conditions [3,4]. These dynamic patches create novel
environmental settings that allow the establishment and persistence of species specialized in more
open and variable conditions, which are typically absent from closed-canopy environments. As a
result, treefall gaps promote species addition while also driving compositional shifts, ultimately
increasing overall forest richness and contributing disproportionately to regional diversity through
elevated compositional heterogeneity [14].

5. Conclusions

This study highlights the role of natural treefall gaps as key drivers of spatial turnover in
harvestmen communities. Our results demonstrate that the increased structural complexity of the
leaf litter acts as a critical environmental filter in all habitats, shaping both species richness and
community composition of Opiliones. Variations in litter depth influence resource availability and
microhabitat conditions, selecting for species and contributing to the differentiation of assemblages
across habitats. Within this context, the formation of treefall gaps emerges as a natural and inherently
stochastic process that enhances forest structural and climatic heterogeneity. By creating a mosaic of
environmental conditions (ranging from closed-canopy forest to more high-luminosity patches) gaps
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facilitate the establishment of species adapted to distinct ecological niches. This process promotes
species replacement through the addition of gap-associated taxa and the absence of forest-interior
specialists, resulting in pronounced compositional gradients without necessarily altering alpha
richness. Such patterns are supported by the high number of habitat-exclusive species and by the
identification of Protimesius sp. as a consistent indicator of gap environments, reinforcing the role of
environmental filtering in structuring these communities. Consequently, treefall gaps contribute to
the maintenance of regional diversity by increasing compositional heterogeneity and sustaining a
broader spectrum of ecological strategies within the forest matrix. From a conservation perspective,
our findings underscore the importance of preserving natural disturbance regimes that allow for the
continuous formation of treefall gaps. Management strategies for Atlantic Forest remnants should
therefore prioritize not only the protection of closed-canopy areas but also the maintenance of these
dynamic patches, which are essential for sustaining structurally complex habitats and ensuring the
persistence of specialized, that would otherwise be absent from the matrix.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Mean and standard deviation (SD) of environmental variables
measured in the three habitat types in the Atlantic Forest. AF= adjacent forest; FC = natural treefall gaps (forest
clearing); and FE= forest edge; Table S2: Abundance of harvestmen species in the three habitat types in the
Atlantic Forest. AF = adjacent forest; FC = natural treefall gaps (forest clearing); and FE = forest edge.
Microhabitats evaluated: 1-Herbaceous vegetation; 2-Trunks; 3-Rocks; 4-leaf litter and ground; 5-Ravines; 6-
Tabular roots (“buttresses”); Table 53: Summary of GLM parameters for richness and abundance, including

comparisons with null models (AIC and Deviance values).
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