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Abstract: Research Highlights: Thinning and tree species alter the forest floor microclimate by
modifying canopy cover, radiation, wind, and humidity. Thus, forest management can directly
influence the edaphic mesofauna responsible for decomposing coarse woody debris (CWD).
Background and Objectives: This research was carried out in the Southwestern Pyrenees Mountains
(Northern Spain) and aimed to determine the influence of forest thinning and canopy type (pure
Pinus sylvestris L. or a mix of P. sylvestris and Fagus sylvatica L.) on CWD colonization by edaphic
fauna. Materials and Methods: CWD samples were collected belonging to intermediate and advanced
decomposition stages, approximately 10 cm long and 5 cm in diameter. Using a design of three
thinning intensities (0%, 20%, and 40% of basal area removed), with three replications per treatment
(nine plots in total), four samples were taken per plot (two per canopy type) to reach 36 samples in
total. Meso- and macrofauna were extracted from CWD samples with Berlese-Tullgren funnels, and
individuals were counted and identified. Results: 19 taxonomic groups were recorded, the most
abundant being the mesofauna (mites and Collembola). Mixed canopy type had a significant
positive influence on richness, whereas advanced decay class had a positive significant influence on
total abundance and richness. In addition, there were non-significant decreasing trends in richness
and abundance with increasing thinning intensity. However, interactions among thinning intensity,
canopy type, and decay class significantly affected mesofauna. Furthermore, some taxonomic
groups showed differential responses to canopy type. CWD water content was positively correlated
with total invertebrate abundance and some taxonomic groups. Our results suggest that stand
composition has the potential to directly affect invertebrate communities in CWD, whereas stand
density influence is indirect and mostly realized through changes in CWD moisture. As mesofauna
is related to CWD decomposition rates, these effects should be accounted for when planning forest
management transition from pure to mixed forests.

Keywords: Pinus sylvestris; Fagus sylvatica; forest thinning; species composition; mesofauna;
invertebrates
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1. Introduction

Coarse woody debris (CWD) are very important for forest ecosystems due to their multiple
ecological functions, such as regulating carbon and nutrient cycles and providing different structural
properties to forest soils, such as affecting sediment transport storage and water retention [1,2].
Previous works have also emphasized the importance of CWD for species diversity conservation. For
example, brown bears (Ursus arctos L.) feed on carpenter ants (Camponotus herculeanus L.) that inhabit
CWD [3]. Similarly, mean species richness and diversity of small mammals reach their highest values
in CWD from windthrow sites [4]. In addition, the removal of biomass from CWD and standing dead
trees decreases bird diversity and can even alter prey—predator relationships with insects and other
taxonomic groups [5]. Additionally, CWD increase soil microbial activity and fertility, depending on
the decomposition of the wood that releases nutrients such as nitrogen and phosphorus. However,
to facilitate the release of nutrients from the fallen woody remains, it is necessary that such substrate
is colonized by several taxonomic groups of invertebrates which, accompanied by microorganisms
and abiotic factors, promote their total decomposition [6].

CWD are usually divided into five different decay classes from fresh (class 1) to fully
decomposed (class 5) [7]. Chronologically, freshly woody debris are colonized by fungi and
xylophagous insects that disperse these fungi [6], followed by Diptera larvae, mites, and centipedes
and coleopteran predators [8]. Consequently, greater abundances of xylophages and their predators
are found in the initial decomposition classes. As decomposition proceeds, social insects such as ants
or termites excavate their nests [1], feeding on fungi and broken sapwood. Hence, saprophages and
parasitoids are more abundant in intermediate stages [2,9]. In the most advanced stages, fungi,
organisms that feed on rotten wood and their predators become dominant [8,10,11].

CWD production rates can be influenced by forest management practices [9,12]. Forest thinning
is commonly used to control stand density and productivity [13], and to manage competition and
nutrient cycling in forests, which is particularly important in mixed forests [14,15]. In addition, forest
management practices in Europe are undergoing a paradigm change, transitioning from pure to
mixed forests due to their higher productivity and resilience against disturbances [15,16]. However,
little is known on the effects of management on mesofauna communities in forest floor [17] and even
less in CWD [9].

Previous research, conducted by our team in mixed forests of Scots pine (Pinus sylvestris L.) and
European beech (Fagus sylvatica L.) in the Southwestern Pyrenees, has found that forest thinning
reduces litter biomass and nutrient reserves, alters litter production and decomposition rates [18-21],
decreases the volume and biomass of fallen woody debris [21,22], and changes the microclimate [14].
In addition, water content of coarse woody debris is usually one of the main environmental factors
that could contribute to the invertebrate community response. In particular, in Mediterranean forests
characterized by summer drought, moisture is a main factor affecting CWD decomposition rates [23],
and it is directly related to mesofaunal activity. However, most research on CWD decomposition in
managed forests has been focused on microbial decomposition (particularly fungi [2,9]), while little
is known on how forest management alters the invertebrate community.

Change in microclimate due to forest thinning could also influence flora and wildlife species
composition. In this context, it is known that forest thinning also reduces bird diversity, bat activity,
flying insects’ biomass such as Lepidoptera (moths), dipterans, and other arthropods [24]. In
addition, some taxonomic groups such as spiders have been previously identified as potential
bioindicators of forest thinning [25]. For example, [26] identified an increase in functional diversity
of spiders after thinning in Central European forests, whereas [27] reported the highest spider
diversity in stands of medium canopy openness. In spite of that, the influence of forest thinning on
invertebrates living in the leaf litter, CWD, or soil is poorly studied. Likewise, invertebrates can be
affected not only by forest thinning. Other factors such as dominant tree species and their canopy
coverage influence the activity, species richness, and abundance of some taxonomic groups such as
Opiliones, Carabidae, or some Collembola families [28].

Based on this background, it is reasonable to think that, if in the forests object of this study
(temperate mixed Scots pine and European beech forests) litter invertebrates have been affected by
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forest management and canopy type [29], woody debris colonization by invertebrates may have also
been altered. Therefore, our first initial hypothesis is that, similarly to invertebrates in litter [20], the
reduction of stand density could have favored a greater desiccation and insolation of the woody
debris, reducing or slowing down their colonization by invertebrates. In addition, we also
hypothesize that tree canopy type (pure pine or mixed pine and beech) can affect this process by
generating a different microclimate in the forest floor due to the greater shading existing under the
mixed canopy [14,30].

To test such hypotheses, the main objective of this research was to study the colonization process
by mesofauna in CWD after applying different thinning intensities, as well as to determine whether
the type of canopy and the decomposition class of CWD could influence the abundance, richness,
and diversity of invertebrate present. In this context, it is expected that certain abiotic variables such
as water content of woody debris and type of canopy cover under different intensities of thinning
can explain the results found.

2. Materials and Methods

2.1. Study Area

This research was carried out in a mixed natural forest in the Southwestern Pyrenees (Navarre
Province, Northern Spain), being the dominant tree species Scots pine and as codominant species
European beech. These two species are the most important for European silviculture, and they share
their distribution zones in large regions (Figure 1). In the Pyrenees Mountains, Scots pine and
European beech have expanded its distribution after the abandonment of marginal agricultural lands
since the 1960s. European beech has also recolonized areas where it was previously suppressed by
forest thinning to reduce its competition with pine. Which species benefits the most in mixed canopies
depends on complex interactions between the availability of resources, water, and nutrients [31].
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Figure 1. (A) Location of the experimental plots (circle) and the weather station (Navascués)
providing historical climate (triangle), and the one used to fill weather records gaps (stars). (B)
Location of the area in the Iberian Peninsula within the distribution of Scots pine in the region [32].
(C) Climatic diagrams for the study site for the period 1984-2019 [33].

The research site is located near the town of Aspurz, the forest being a moist Mediterranean
montane type (Table 1). In this stand, Scots pine regenerated naturally after the previous stand was
harvested in strips some 60 years ago. In 1999, the Forest Service of the Government of Navarre
established a forest thinning trial that provided the first data for a long-term monitoring program
with the Ecology and Environment Group of the Public University of Navarre. A detailed description
of the area can be found in [34,35].
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Table 1. Characteristics of the study area common to both canopy types [34,35].

Variable Value
Forest type Mediterranean-montane
Latitude 42°42'31" N
Length 1°8'40" W
Altitude (meters) 625
Slope (%) 7
Soil type Haplic alisol
Mean Temperature (°C) 12.0
Mean Temperature media May—October (°C) 16.8
Annual Mean Precipitation (mm) 912
Annual Mean Precipitation May-October (mm) 402
Climate type [36] Cold Mediterranean climate
Understory dominant species Pteridium aquilinum (L.) Kuhn, Rubus ulmifolius Schott

2.2. Experimental Design

The experimental design consisted of nine 40 x 30 m plots. Three treatments were replicated
three times: control (0% of basal area removed); intermediate thinning (20% of the Scots pine basal
area eliminated in 1999 and again in 2009), and intense thinning (30% of the Scots pine basal area was
removed in 1999 and 40% in 2009). In 1999, the stumps were left on the ground and most of the trunks
and cut branches were removed [37]. In 2009, the stumps were left on site but the trunks and large
branches were removed for commercial use, leaving the rest of the harvested material in the plots.
The trees harvested in 1999 were mainly sick, malformed or dead, whereas in 2009, harvested trees
were mainly dominant and some codominant with malformed stems [14,20]. To avoid the edge effect,
the same treatment was applied to a strip of 5-10 m adjacent to each thinned plot. Each plot was
mapped into two sub-plots depending on the types of arboreal canopy: composed of pure pine
crowns or composed of a mixture of pine and beech crowns (and other broadleaved species if present,
Table 2). The mixed canopy was delimited by the projections on the ground of the crowns of beech
trees taller than 2 m.
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Table 2. Environmental variables in each thinning intensity and canopy type.
Variable Canopy Type Source
Thinning Intensit
(Pine Basal A%rea Rem(i,ved) 0% 20% 40%

Pine density (stems ha™) 1456 + 156 1125+ 83 1078 £ 1 47 [31,38]
Beech density (stems ha™) 246 + 26 190 + 14 182 +25 [31,38]
Other deciduous density (stems ha™) 399 +43 308 +23 296 +40 [31,38]

Pine basal area (m? ha™) 409+1.4 35.0+24 304 1.5 [38]

Canopy Type Pine Mixed Pine Mixed Pine Mixed

Leaf Area Index (m m™) 2.65+0.12 2.86 £0.20 2.69 +0.10 2.68 £0.25 2.59 +0.16 2.62+0.13 [39]

Ground cover (%) 0.67 +0.05 0.80 +0.04 0.60 + 0.04 0.76 +0.06 0.55 +0.07 0.74 £ 0.06 [39]

Canopy openness (%) 0.11+0.01 0.08 +0.01 0.12+0.01 0.10+0.01 0.12+0.01 0.09 +0.01 [39]

Annual throughfall (mm) 898 + 56 653 + 43 904 + 55 846 + 50 918 + 56 790 + 42 [40]

50f19
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2.3. Samples Collection and Laboratory Work

Thirty-six samples of pine woody debris were collected in late April 2015. The decay classes
collected were class 3 and 4 according to the classification by [7]. These samples were divided
according to the definition by [1] and were randomly collected under thinning treatments such as
control, intermediate (20%) and intense (40%) thinning. Eighteen samples were collected under pure
pine canopy, and 18 under mixed canopy of pine, beech and other deciduous, collecting one sample
of each decay class in each sub-plot. Collected samples were approximately wood cylinders 10 cm
long and 5 in diameter. In the laboratory, these samples were weighed (to + 0.1 g) as fresh weight and
then placed in a Berlese-Tullgren funnel (a 40 W lightbulb on top of a sample container 15 cm length
x 8 cm diameter with 2 mm nylon mesh at the bottom) for mesofauna extraction for six days,
collecting the mesofauna in glass containers with 70% ethanol. After extracting the mesofauna,
woody samples were dried for 72 h in an oven at 70 °C and weighed. Water content percentage of
coarse woody debris was determined by the difference of fresh and dry weights.

The contents of each container were analyzed with a stereoscope, the invertebrates being
identified with a key guidebook [41] and following a list of taxonomic groups of invertebrates
previously found in leaf litter at the same plots by [29]. In this way, the invertebrates found were
classified according to their order and some even suborder. Mesofauna groups recorded in this
research (considered as the taxonomic groups with a body size <2 mm [42]), were oribatid mites,
other mites, immature mites, Collembola, and Nematoda. The classification by [42] is not tight in size
limits as several species and development stages of orders belonging to the macrofauna can have
body sizes smaller than 2 mm. Therefore, although the mesh size may have clearly limited the
extraction of macrofauna, several taxonomic groups were collected. The taxonomic groups of
macrofauna (body size >2 mm [42]) were immature stages of macrofauna (larvae), Diptera,
Geophilomorpha, = Hymenoptera, = Oligochaeta, = Symphyla, = Thysanoptera, = Araneae,
Pseudoscorpionidae, Lithobiomorpha, Pauropoda, Chilopoda, and Hemiptera. Total abundance of
each taxonomic group was divided by sample weight.

2.4. Data Analysis

We estimated richness and the Shannon-Wiener diversity index per sample. The effects of
thinning, canopy type and CWD decay class on total abundance of macro and mesofauna, species
richness, Shannon-Wiener index, and CWD water content were analyzed using the nonparametric
Kruskal-Wallis test, as data did not follow a normal distribution. Generalized mixed models (GLM)
with Poisson distribution were used to analyze the interactions between thinning intensity, canopy
type, and CWD decay class for the variables of water content of CWD and total abundance of
invertebrates per gram of decayed wood. Principal component analyses (PCA) were performed
considering the variables that represented the variance in a greater percentage, being such variables:
CWD water content, total abundance per gram of oribatid mites, other mites, Collembola, immature
stages of macrofauna (larvae), immature mites, Coleoptera, and total abundance. The software used
in this research was R Studio version 3.1.3. (RStudio, Boston, MA, USA, 2020) and IBM SPSS Statistics
version 25 (IBM Corporation, Armonk, NY, USA, 2017).

3. Results

3.1. Invertebrate Community Composition

We registered a total of 8348 individuals belonging to 19 taxonomic groups in all different
treatments combined (Table 3). The largest number of individuals (accounting for 96.75%) belonged
to the mesofauna, being dominated by the Acariform order with 80.07%, subdivided into oribatid
mites (19.11%), other mites (14.52%), and immature mites (46.44%) (Table 3). The Collembola order
was also one of the most abundant taxonomic groups with a percentage of 16.67%. Nematodes had
the lowest total abundance (0.01%) within the mesofauna. The macrofauna only represented 3.28%
of the total number of individuals, subdivided into the classes Insecta (1.09%), Arachnida (0.19%),
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Chilopoda (0.19%), Pauropoda (0.07%), Oligochaeta (0.04%), Symphyla (0.24%), and larvae
(immature stages of macrofauna) (1.43%) (Table 3).

Table 3. Total number of individuals of the taxonomic groups identified in decomposing woody
debris, the taxa are classified by size (mesofauna and macrofauna). Cl.: class, Sb. ClL.: sub-class; O.:
order; Fil.: Filum. Bold case indicates the highest taxonomic orders (meso- and macrofauna, Class or

Filum).
Taxonomic Group N° of Individuals  Fraction (%)
All samples 8348 100
Mesofauna 8077 96.75
Cl. Arachnida 6684 80.07
Sb. cl. Acarina
Super O. Acariforme 6684 80.07
O. Oribatid 1595 19.11
Other mites 1212 14.52
Immature mites 3877 46.44
Cl. Entognatha 1392 16.67
Sb. cl. Collembola
O. Collembola 1392 16.67
Fil. Nematoda 1 0.01
Macrofauna 271 3.25
CL Insecta 91 1.09
Sb. cl. Pterygota
O. Diptera 17 0.17
O. Thysanoptera 4 0.05
O. Coleoptera 44 0.53
O. Hymenoptera 25 0.3
O. Hemiptera 1 0.01
Cl. Arachnida 16 0.19
O. Pseudoscorpionida 1 0.01
O. Araneae 15 0.18
Cl. Chilopoda 16 0.19

0. Geophilomorpha 9 0.11
O. Lithobiomorpha 9 0.11
Unidentified Chilopoda 3 0.04
Cl. Pauropoda 6 0.07
3
3

CL. Clitellata 0.04
Sb. cl. Oligochaeta 0.04

Cl. Symphyla 20 0.24
Immature macrofauna stages (larvae) 119 1.43

3.2. Thinning Influence on Invertebrate Community

Sixteen, 14, and 12 taxonomic groups were found in treatments with thinning intensities of 0%,
20%, and 40%, respectively (Table 4). Significant differences between thinning intensities were found
only for Thysanoptera (X2 = 6.325, p = 0.042). However, a tendency to greater absolute abundance
of macrofauna and mesofauna was observed in control plots compared to thinned plots for these
taxa: other mites, immature mites, Collembola, Geophilomorpha, Hymenoptera, Oligochaeta,
Symphyla, Thysanoptera, Lithobiomorpha, Pauropoda, and Unidentified Chilopoda. In addition,
Oligochaeta, Thysanoptera, and Pauropoda were only found in control plots (Table 4).

Higher absolute abundance was found under 20% thinning intensity than under other thinning
intensities for oribatid and immature stages of macrofauna (larvae). In addition, Pseudoscorpionidae
and Nematoda were only found in 20% thinning intensity (Table 4). The taxa Araneae and Coleoptera
were found with a higher abundance in the plots of 40% thinning intensity than other thinning
intensities plots, while the order Hemiptera was only registered in 20% thinned plots (Table 4). Total
abundance and species richness decreased with thinning intensity although no significant differences
were found between treatments. No clear patterns for the Shannon-Wiener index were found (Table
5). Interestingly, in spite of not detecting direct significant effects of thinning, GLM results indicated
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a significant interaction between thinning intensity and decay class (Dag = 3.557, p = 0.050), for which
CWD in heavily thinned plots had the lowest invertebrate abundance.
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Table 4. Mean abundances + SE per gram of sample of each taxonomic group in different treatments of thinning intensity, canopy tree species, and decay class

(taxonomic groups with significant differences in bold, n = 36, p < 0.05).

Taxa Thinning Intensity Canopy Type Decay Class

0% 20% 40% Mixed Pure Pine Class 3 Class 4
Oribatid mites 0.846 +0.37 1.023 £0.43 0.601 +0.19 0.881 £0.26 0.765 +0.30 0.211 £ 0.05 1.435 £ 0.33
Other mites 0.797 £0.24 0.393 £0.17 0.676 +0.37 0.530 £0.15 0.714 £0.27 0.116 £ 0.04 1.128 £ 0.26
Mites: Immature 2.860 +1.10 1.896 + 0.65 1.117 + 0.51 1.683 +0.48 2.233+0.85 0.651 £ 0.20 3.265 + 0.84
Macrofauna: larvae 0.038 £0.01 0.064 +0.03 0.040 £ 0.01 0.038 £0.01 0.056 +0.02 0.044 £ 0.01 0.051 +0.01
Collembola 0.828 +0.30 0.686 +0.38 0.563 +0.26 0.759 £ 0.26 0.625 + 0.25 0.154 £ 0.07 1.231 £ 0.31
Diptera 0.008 +0.00 0.006 +0.00 0.007 +0.00 0.010 £ 0.00 0.005 + 0.00 0.003 +0.00 0.011 £ 0.00
Geophilomorpha 0.008 £0.01 0.005 +0.00 0.002 = 0.00 0.008 +0.00 0.002 +0.00 0.000 £ 0.00 0.010 £ 0.00
Hymenoptera 0.018 £0.01 0.002 +0.00 0.009 + 0.00 0.007 +0.00 0.013 £ 0.00 0.012 £0.01 0.008 +0.00
Oligochaeta 0.004 £ 0.00 0.000 £ 0.00 0.000 = 0.00 0.000 £ 0.00 0.003 £ 0.00 0.000 £ 0.00 0.003 +0.00
Symphyla 0.011 £0.01 0.008 +0.00 0.007 +0.00 0.014 £ 0.00 0.004 + 0.00 0.004 £ 0.00 0.014 + 0.00
Thysanoptera 0.006 £ 0.00 0.000 £ 0.00 0.000 + 0.00 0.003 £0.00 0.000 £ 0.00 0.000 +0.00 0.003 +0.00
Araneae 0.006 +0.00 0.002 +0.00 0.010 £ 0.01 0.011 £0.01 0.001 +0.00 0.000 +0.00 0.011 £0.01
Pseudoscorpionidae 0.000 £ 0.00 0.001 £0.00 0.000 = 0.00 0.001 £0.00 0.000 £ 0.00 0.001 £0.00 0.000 £ 0.00
Lithobiomorpha 0.006 +0.01 0.001 £ 0.00 0.000 + 0.00 0.000 +0.00 0.005 + 0.00 0.000 +0.00 0.005 +0.00
Pauropoda 0.012 £0.01 0.000 £ 0.00 0.000 = 0.00 0.000 £ 0.00 0.008 £ 0.01 0.000 £ 0.00 0.008 £ 0.01
Undescribed Chilopoda 0.004 +0.00 0.002 +0.00 0.000 + 0.00 0.001 +0.00 0.003 +0.00 0.000 +0.00 0.004 +0.00
Coleoptera 0.004 +0.00 0.040 +0.03 0.007 +0.00 0.011 £0.01 0.023 +0.02 0.013 +0.00 0.021 £ 0.02
Nematoda 0.000 £ 0.00 0.001 £0.00 0.000 = 0.00 0.000 £ 0.00 0.001 £ 0.00 0.000 +0.00 0.001 £ 0.00
Hemiptera 0.000 +0.00 0.000 +0.00 0.001 + 0.00 0.000 +0.00 0.000 + 0.00 0.000 +0.00 0.000 + 0.00

There was also a higher water content under the mixed canopy than under the pine canopy, but differences were not significant. On the other hand, a significant

interaction among the three variables indicated that decay class 4 samples in 40% thinning under pine canopy had the lowest coarse woody debris (CWD) water

content (GLM result: Z = 4.706, p < 0.001) (Table 5).
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Table 5. Mean and SE number of captured individuals per gram of CWD in different treatments of thinning intensity, canopy type, and CWD decay class
(significant differences at p < 0.05 in bold, n = 36).

Variable Thinning Intensity Canopy Type CWD Decay Class
0% 20% 40% p Mixed Pure Pine P Class 3 Class 4 p

Water content (%) 56.10+11.63 57.84+20.20 45.54+11.51 0.695 60.45 £ 8.75 60.20+17.04  0.462 31.27+8.33 89.47+13.30  0.002

Total abundance
(individuals g)
Richness
(number of taxa)

Sham‘lzz;‘:(vmer 1.20+0.28 1.11+0.29 117+039 0742 1.07+035 118+040  0.837  1.13+034 114+035  0.899

5.46 £ 6.52 414+ 544 3.04+£3.93 0.671 3.97 £491 3.20+4.61 0.155 1.32+1.67 5.86 £5.63 <0.001

6.83 +2.37 6.33 +£2.35 5.83+1.99 0.571 7.08 £1.62 5.08+2.19 0.031 542 +1.98 6.75+2.78 0.008
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Although no significant differences were found between thinning intensities for CWD water
content using the Kruskal-Wallis test, a clear tendency to higher water content in control and 20%
plots in comparison to the 40% plots was found, with a relative reduction of 20.2% in CWD humidity
in the latter (Table 5).

3.3. Canopy Type Influence on Invertebrate Community

Fourteen taxonomic groups were registered under the mixed canopy but 16 under the pine
dominated canopy. A tendency to higher absolute abundance under the mixed canopy was observed
for eight taxa: oribatid mites, Collembola, Diptera, Geophilomorpha, Symphyla, Thysanoptera,
Araneae and Pseudoscorpionidae. Furthermore, Thysanoptera and Pseudoscorpionidae were only
registered under mixed canopy.

On the other hand, a tendency to higher absolute abundance under pine canopy was observed
for most of the taxonomic groups registered in this study (10 taxa): other mites, immature mites,
immature stages of macrofauna (larvae), Hymenoptera, Oligochaeta, Lithobiomorpha, Pauropoda,
unidentified Chilopoda, Coleoptera, and Nematoda. In fact, Oligochaeta, Lithobiomorpha,
Pauropoda, and Nematoda were only registered under pure pine canopy (Table 4). In spite of these
trends, the results of the Kruskal-Wallis tests indicated significant influence of canopy type only for
Collembola (X2 = 4.016, p = 0.045) and Symphyla (X2 = 4.016, p = 0.012).

Species richness was significantly higher in mixed patches than in pure pine patches (X% =
4.016, p = 0.031). However, no significant differences between canopy types were found for total
abundance and the Shannon—Wiener index (Table 5). In addition, GLM results indicated that the
interaction between pure pine canopy and decay class significantly affected total abundance, with
the highest decomposed CWD (class 4) under pine canopy having the lowest abundance (Z = 2.148,
p =0.032).

3.4. CWD Decay Class Influence on Invertebrate Community Composition

Ten taxonomic groups were recorded in the CWD decay class 3 and 17 taxonomic groups in the
decay class 4 (Table 3). All taxa except Hymenoptera and Pseudoscorpionidae showed higher
abundances in class 4 than in class 3. However, Geophilomorpha, Oligochaeta, Thysanoptera,
Araneae, Lithobiomorpha, Pauropoda, undescribed Chilopoda, and Nematoda were only registered
in this decay class 4.

Nevertheless, CWD decay class significantly influenced oribatid mites (X2 = 17.974, p <0.001),
other mites (X% = 16.153, p < 0.001), immature mites (X2 = 7.772, p = 0.005), Collembola (X241 =
11.157, p=0.001), immature stages macrofauna (larvae) (X2 =4.982, p = 0.026), Geophilomorpha (X2
=5.605, p = 0.018), and Symphyla (X241 = 3.947, p = 0.047). Although the Shannon-Wiener index was
not significantly different between decay classes, total abundance (X2p = 16.400, p < 0.001) and
richness were significantly influenced by them (X2 = 7.123, p = 0.008). Regarding water content, it
was significantly higher in class 4 than in class 3 (X% = 8845, p = 0.003) (Table 4).

3.5. Correlations between Taxa, Total Abundance, and Water Content

CWD water content had positive correlations with abundance of oribatid, other mites,
Collembola, immature mites, and total abundance of invertebrates, whereas the abundance of
oribatid mites had a positive correlation with other mites, Collembola, immature mites, and total
abundance of invertebrates. On the other hand, the abundance of other mites had positive
correlations with the abundance of Collembola, immature mites, and total abundance of
invertebrates. The order Collembola as well showed high positive correlations with immature mites
and total abundance of invertebrates. Finally, the abundance of immature mites had a positive
correlation with total abundance (Figure 2).
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Figure 2. Correlations matrix considering the variables that represented a higher variance (%) in forest
thinning, canopy type and decay class of coarse woody debris (CWD).

The strong correlations between the taxonomic groups displayed in Figure 2 are also well
represented in the PCA biplot (Figure 3), where the horizontal axis (Dim1) explains the 62.3% of the
total variability, and the vertical axis (Dim2) explains the 15.4% of variability in the data set. The
response variables: other mites, Collembola, total abundance of invertebrates, oribatid mites, and
immature mites were strongly correlated among them and with the Dim1 (decay class 4), whereas
the immature stages of macrofauna (larvae) did not present a higher correlation with the other
response variables and it is explained for the Dim 2.
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Figure 3. PCA—biplot of CWD decay class for total abundance considering the variables that
represented a higher variance: CWD water content, oribatid mites, other mites, Collembola, immature
stages of macrofauna (larvae), immature mites, and total abundance of invertebrates. The horizontal
axis (Dim1); the vertical axis (Dim2). Decav class: CWD decomposition class.

4. Discussion

4.1. Invertebrate Community Composition

In this study, we registered a total of 19 taxonomic groups in coarse woody debris (class 3 and
class 4). CWD class 4 (advanced decomposition) had higher richness and abundance, as both decay
classes had different wood structural properties [7]. However, five microinvertebrate taxonomic
groups represented 96.75% of the total abundance (oribatid mites, other mites, immature mites,
Collembola, and Nematoda), whereas the 14 macroinvertebrate taxonomic groups only represented
the other 3.25%.

Previous research has reported the presence of these taxonomic groups in soil and leaf litter
across this region [29,43-45]. Nevertheless, it is important to take into consideration that our results
just report these taxonomic groups in mid-spring of 2015, and therefore, more data collection in
different times of the year would be needed to understand seasonal changes. If the sampling would
be repeated in summer, we may expect less presence of immature mites and macrofauna larvae, as
they would have had more time to finish their growth and development cycles. In addition, the mesh
size of the Berlese-Tullgren funnel (~2 mm) may have prevented macroinvertebrates of bigger body
size from being captured. In any case, the similitude among orders found in the leaf litter [29] and
CWD from the same site may indicate some degree of migration between substrates.
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Although our taxonomic identification may not be enough to assign feeding habits to several of
the taxa listed, it is worth highlighting that Collembola and oribatid mites, which account for 35% of
total abundance, are panphitophagous [46], suggesting that these taxonomic groups could have a
wide diet and therefore a wide habitat use in coarse woody debris. For other taxa, some
macroinvertebrates taxonomic groups registered in this research belong to different feeding groups,
but in general, they usually are predators or carnivores (Pseudoscorpionidae, Araneae,
Geophilomorpha, and Lithobiomorpha with the exception of Thysanoptera) [47-49]. The diversity of
dietary habitats could indicate the establishment of a working complex trophic network as CWD
follow their decomposition process and the easiness of colonization increases from classes 3 to class
4. On the other hand, the low percentage of macrofauna larvae compared to the total abundance (but
relatively high compared to only macrofauna abundance) could be related to the timing of sample
collection (mid-spring). Nevertheless, this also points to the well-known fact that many taxonomic
groups use CWD to complete their larval cycle [1].

4.2. Thinning Influence on Invertebrate Community Composition

In this study, with the exception of Thysanoptera, thinning did not significantly influence
species richness, total abundance, and the Shannon-Wiener index. However, richness and total
abundance consistently decreased as thinning intensity increased, which could be related to the clear
reduction in CWD moisture (albeit not significant, probably due to a reduced sample size) as stand
density is reduced and therefore radiation and wind can dry CWD, particularly under pine canopies.

Such phenomenon has been reported at the same site for leaf litter [20]. Being a Mediterranean
site, if the sampling would be repeated in summer (dry season) we may expect clearer differences
among thinning treatments under pine canopy as the higher radiation in thinned plots would
desiccate CWD more. However, under mixed canopy, differences may not occur, as beech leaves
would have had their maximum expansion therefore shadowing the forest floor. In addition, under
mixed canopies no influence of thinning on throughfall were detected [40], and therefore, thinning
influence on CWD moisture is not clear.

An exception were oribatid mites and immature stages of macrofauna (larvae), which presented
the highest abundance in the 20% thinning intensity plots. This result could be related to the
moisture-radiation balance at these plots, which may be optimal. Interestingly, a similar pattern has
been reported for pine growth [14,40] and for understory diversity [50,51], with the highest values
consistently found at the 20% thinning plots. Such similar results for trees, plants, and invertebrates
may support the case for the 20% thinning intensity as the most suitable from a biodiversity
maintenance point of view.

The decrease of taxonomic groups and abundance of invertebrates associated to CWD under
thinning (albeit not significant, likely due to small sample size) may have implications in the
decomposition rate of this substratum. A lower invertebrate community under the heavy thinning
(40%) could result in a lower consumption of CWD, as the absence of certain taxonomic groups leaves
certain substrate fractions intact as it has been reported in leaf litter [52]. Similar results were found
for leaf litter decay rates in the same research plots with heavy thinning slowing down
decomposition, the cumulative effects of mesofauna reduction in leaf litter being one of the possible
factors [20]. Therefore, we can cautiously accept our first initial hypothesis, as thinning has been
found as a significant factor but only through interactions with other variables.

4.3. Canopy Type Influence on Invertebrate Community Composition

Species richness and densities of Collembola and Symphyla were significantly affected by
canopy type, their values being higher under mixed canopy. It is well known that canopy architecture
influences understory light radiation and humidity, as the entrance of direct radiation and
throughfall to the understory depends on the location of the canopy openings and canopy height.
The light environment in which CWD are placed is in general darker under the mixed canopy than
under pure pine canopy [53], favoring for CWD under mixed canopy to retain moisture for longer
time, increasing richness and densities of certain taxa. These results could also be related to foliage
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diet (palatability and litter quality) for those taxa that could feed not only in decomposing wood but
also on decomposing leaf litter, which would be different under each canopy type [54,55]. Finally,
increases in invertebrate richness could be related to microhabitat heterogeneity, which could be
higher under mixed canopy.

In addition, we registered higher water content of coarse woody debris under mixed canopy
than under pine canopy. As discussed in the case of thinning, differences in CWD moisture and in
the moisture-radiation balance between canopy types may be fueling the observed differences in
invertebrate communities under mixed and pine canopies. Hence, considering our results, we can
accept our second initial hypothesis.

4.4. CWD Decay Class Influence on Invertebrate Community Composition

Unsurprisingly, decay class was the most important factor explaining the invertebrate
community structure in CWD. Total abundance and species richness of oribatid mites, other mites,
immature mites, Collembola, immature stages of macrofauna (larvae), Geophilomorpha, and
Symphyla were significantly higher in the decay class 4 than in the decay class 3, indicating that the
invertebrate community composition is more diverse when coarse woody debris are in advanced
decay classes. Such fact can be related to higher water availability of deadwood that make wood
softer and easier to decompose, more palatable, and more nutritive for many invertebrate taxonomic
groups. The development of an increasingly complex trophic network allows for a higher number of
taxa, in which more xaprophagous, panphitophagous, frugivorous, predators, and parasitoids can be
found in the most decomposed classes [11].

4.5. Interactions Among Variables and Management Implications

GLM results indicated an important fact: although no direct thinning effects were found, when
interacting with other variables, thinning can have a significant influence on the CWD colonization
process by mesofauna. In addition, the PCA results suggested as well that CWD water content was
strongly correlated with mites and Collembola (particularly in the advanced stages of wood
decomposition). As these taxa account for the majority of identified individuals, total abundance is
also related to water content. In addition, these results could indicate water limitation of these
taxonomic groups for their survival, which is not surprising being the taxa with the smallest body
size, and therefore less able to store water in their bodies. In addition, the correlation with water
content is likely also related to the Mediterranean nature of the site, with an important dry season
during the summer months.

Hence, the modulation of CWD water content by forest management (thinning and canopy type)
has been the likely cause of the observed changes. However, the direction and magnitude of such
changes are not easy to predict, as our GLM results show. Controlling stand density by thinning
could reduce CWD water content under a coniferous canopy as CWD are exposed to radiation and
wind. However, under mixed conifer-broadleaf canopy in which a species such as European beech
can expand its crown in detriment of Scots pine [56], thinning could actually have the opposite effect.
In addition, these effects can change over time, as a moist CWD class 3 could be quickly colonized,
generating a CWD class 4 with higher relative surface due to boring and drilling, which in turn could
cause faster desiccation in a Mediterranean environment with greatly variable precipitation in late
spring—early summer. Overall, in a context of maximizing soil arthropod biodiversity and
incorporation of woody biomass into the forest floor, a moderate thinning that leaves CWD for
decomposition on site could be recommended.

In addition, modifying litterfall composition and production rate with thinning or changes in
canopy type [20,56] could also modify CWD mesofauna communities, as they are also directly
connected to litter communities and vice versa [57]. Under the current paradigm of moving from
pure to mixed Scots pine— European beech forests in Europe [15,16], our results should be taken into
account both from the biodiversity perspective and from the carbon and nutrient cycling perspective
[2], as invertebrate communities influence CWD decay rates [9,57-59]. Consequently, we recommend
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considering the ecological role of CWD mesofauna when planning silvicultural practices, particularly
in mixed forests.

5. Conclusions

Coarse woody debris (CWD) play multiple important roles in the ecosystem, such as habitat for
species and nutrients soil input. Our results provide some of the first evidence of the interactive
effects that overstory composition and thinning can have an impact on CWD invertebrate taxonomic
groups and richness in mixed forests of the two European tree species more widely distributed (Pinus
sylvestris and Fagus sylvatica L.). As thinning and type of canopy cover modifies the moisture—-
radiation—wind balance in the forest soil, CWD moisture content seems to be reduced when tree
density reduction crosses a threshold around 20% of initial basal area. Such change can affect
differently invertebrate taxa, with some being more sensitive to moisture reduction than others are.
In addition, the time that CWD have been decomposing (decay classes) exerts the most important
influence on the invertebrate community, as it is directly linked to the physicochemical conditions of
CWD.
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