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Abstract

In Andean high montane areas, the establishment of exotic tree forests changes
the soil dynamics and its biodiversity. Soil macrofauna act as indicators
of ecosystem successional processes, and may have an important role in
ecological restoration processes after clearcutting exotic tree plantations. The
aim of the present study was to understand how soil macrofaunal assemblies
change in areas with different ages post clearcutting of Pinus patula, and to
identify the soil physico-chemical variables that better explain these variations.
The macrofauna in a high montane forest was evaluated along with that
of three areas with different ages post clearcutting: 0, 2.5, and 5 years
after clearcutting (Yac). The effect of soil physico-chemical variables on
macrofauna abundance was also evaluated. Macrofauna composition changed
after clearcutting. Macrofauna abundance, richness, and diversity were lower in
the O Yac area than in the other areas. Moreover, the macrofuna similarity to the
reference forest did not increase with the years after clearcutting. This is due to
the changes in soil characteristics, triggered by clearcutting. Slope, temperature,
bulk density, real density, loam, pH, P, Na and K were the soil variales with a
positive effect on the macrofauna abundance. These physico-chemical variables
should be considered when designing restoration plans for Andean forest
ecosystems. Moreover, Diplopoda, Coleoptera and Chilopoda might be useful
to monitor and evaluate restoration processes after Pinus spp. clearcutting,
because of their high abundance, diversity and relationship with environmental
conditions.

Keywords: Andes; tropical montane forest; restoration ecology; soil

macrofauna.

Introduction

NA. Tropical montane forests, specifically high Andean ones, entail one of the
most important ecosystems on Earth due to their high biodiversity [1, 2]
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water, food, and climate regulation. However, high montane forests are one
of the most threatened ecosystems and, thus, are target of conservation and
restoration efforts promoted in recent years [3-7]. The Andean region of
Colombia is the most densely populated of the country. This has led to
extensive transformations of its forests. In consequence, only 10 % of the
original Andean forests are still conserved and less than 5 % of these are
specifically high montane forests [2, 5, 8]. For over a century, Colombian
high Andean forests have been transformed into exotic tree plantations. The
exotic pine Pinus patula is one of the tree species most used for this purpose
[4,9, 10].

Compared to areas with semi-natural high montane forest vegetation, the soil
environment in pine plantations experiences unique dynamics. Pine needles
deposited on the soil are rich in lignin and take longer to degrade. This results
in the accumulation of a layer of scarcely degraded organic matter (OM). This
type of OM is characteristic of coniferous forests [11-14]. Moreover, litter
produced by species of Andean forests has a high N and C content, thus its
degradation and nutrient turnover rate is accelerated [15-18]. In addition,
the low temperature and humidity of the Andean region decreases the speed
of OM degradation in the surface horizon. This leads to accumulation of
OM in the top soil [19-23]. OM is the basis and the main source of energy
of the soil’s food chain [24-27], therefore, any change in OM forms will have
strong effects on the entire soil biota, mainly on its macrofauna, because their
digestive system lacks of lignolytic enzymes to process material with highly
polymerized polysaccharides [28-32].

Edaphic macrofauna entail all soil invertebrates larger than 2 mm belonging
to different taxonomic groups. Macrofauna are essential elements of the
edaphic ecosystem because of their size, whereby they have a unique role in the
ecosystem, specifically by regulating soil dynamics such as nutrient cycling and
controlling pests and diseases [33-36]. Moreover, they have an indirect effect
on OM mineralization and humification processes by enhancing functions
of the edaphic meso and microfauna [37-39]. This link with ecosystem
functioning makes them indicators of soil quality [40, 41], disturbance [24,
42, 43] and successional processes [44-46]. For these reasons, in the last decade,
there has been a growing interest in studying their role in ecological restoration
processes [38, 47-50].

In Colombia, studies have investigated the macrofauna composition of Andean
forests, exotic tree species plantations, and agricultural lands, revealing a
higher soil macrofauna diversity in Andean forests compared to both conifer
plantations and agricultural areas [51-59]. However, there are no studies
investigating macrofauna succession processes nor the relationships between
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macrofauna and physico-chemical variables in areas after clearcutting of
P, patula. In this study we addressed the questions on how do soil macrofauna
composition, structure and function vary among areas with different post
clearcutting ages of Pinus patula, and which physico-chemical soil variables
better explain the possible variation. To answer these questions, we evaluated
the composition and structure of the edaphic macrofauna of three high
montane successional areas and a high Andean forest patch. Our leading
hypothesis was that areas that experienced pine clearcuttings earlier, and
have no recent input of needles onto their soils, were more suitable for the
arrival of different macrofauna groups. Consequently, we expected that the
similarity with the Andean forest patch will increase with the time elapsed
after clearcutting.

Materials and methods

Study site

The survey was conducted at the Parque Forestal Embalse del Neusa (PFEN),
a forest reserve established around an artificial lake in the Cundinamarca
department, located at 3 100 masl on the eastern Cordillera of Colombia. The
average annual temperature in this forest reserve is 10.5 °C, rainfall regime is
bimodal, and average precipitation is 1025 mm/year. The study site is humid
(40-70), according to the De Martonne climatic classification method. Soils are
classified by their textural class as Silty Clay Loam [60], with predominance
of silt and clay. This kind of soil is characterized by its high water retention
capacity, high organic matter content, and drainage problems [61]. In 1950,
the P. patula plantation was established around an artificial reservoir in the
PFEN to avoid any sedimentation and erosion processes that could affect the
waterbody [62]. However, because the plantations never received silvicultural
management, they caused several environmental problems; consequently,
in 2009 the environmental authority Corporacién Auténoma Regional de
Cundinamarca decided to carry out the removal of these plantations, and to
launch an ecological restoration program.

Three areas with different post-clearcutting ages (years after clearcutting - Yac)
were selected to perform the samplings: Laureles (O Yac), Chapinero (2.5 Yac)
and Guanquica (5 Yac). In addition, a high montane Andean forest patch was
selected as the reference forest (RF) (Fig. 1). Since the studied areas are of
different sizes, the smallest one (0 Yac 12.6 ha) was chosen to standardize the
grid dimension. Then, through satellite imaging, a grid of 300 m? and 316
points was located, each point was separated by a distance of 20 m (Suppl. 1A).
The same grid dimension was used to locate the points in the other areas (2.5
Yac, 5 Yac and RF) also by using satellite images (Suppl. 1B-D). After grids
were located, 12 points were randomly selected in each area to establish the
experimental plots (10 m?).
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Figure 1. Study site location. The figure shows the reference forest and the three
areas with different post clearcutting ages (years after clearcutting (Yac)): 1) O Yac,
2) 2.5 Yac and 3) 5 Yac. Yellow circles indicate the localization of sampling points
within each area.

The 0 Yac area is almost lacking any vegetation, and only a few pioneer species
are present: Phytolacca bogotensis and Muehlenbeckia tamnifolia. The soil in this
0 Yac area is mostly covered by P. patula leftovers (needles, stumps, branches
and some logs). Vegetation in the 2.5 Yac area is dominated by the shrub
Rubus floribundus and the herbaceous plant Holcus lanatus, the latter is also
the dominant species in the 5 Yac area; in this area there is little accumulation
of litter on the ground, which consists mainly of herbaceous leaves. The
RF is a remnant of tropical high montane forest, with a perhumid regime.
It is dominated by Weinmannia tomentosa, however, other species such as
Chusquea scandens, Drimys granadensis and Myrsine coriacea are common in
this ecosystem.

Soil macrofauna sampling

Sampling of edaphic macrofauna was carried out in July 2014, using the
tropical soil biology and fertility method (TSBF), which consists of extracting
25 x 25 x 20 cm soil monoliths [41, 63]. In total, 12 monoliths per area
and 48 in total were obtained. Each monolith was stored in a plastic bag
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to avoid drying. Later, organisms were manually extracted and preserved
in 96 % alcohol. Oligochaetes and larvae were previously fixed in 5 %
formaldehyde for 72 hours. Indicator morphospecies were identified to the
narrowest possible taxonomic level according to existing identification guides
[64][65][66][67][68][69][70]-

Soil sampling and physico-chemical measurements

Inside each 10 m? plot of every study area (0 Yac, 2.5 Yac, 5 Yac, RF), a
soil sample composed of 3 subsamples was randomly extracted by using the
cylinder method [71]. Subsequently, 1 kg of each composite sample was stored
in a plastic bag and transported to the Instituto Geografico Agustin Codazzi
[72]. The physical variables evaluated were: 1) slope; 2) bulk density, which
was determined by extracting unchanged soil samples at soil depth of 20 cm
by using the paraffin cylinder method [73]; 3) real density that was measured
by the pycnometer method [74]; 4) texture, which was determined through
the Bouyoucos method by using a hydrometer [73, 75]; 5) porosity, that was
determined by the mercury porosimetry technique [76]; and 6) temperature,
which was measured with a soil thermometer in the monolith.

The chemical variables evaluated were: 1) pH, measured with a potentiometer,
for which a water solution (1:1) was prepared [76]; 2) interchangeable
acidity, and 3) saturation percentage of interchangeable acidity (S.I.A) were
determined by using 1 M potassium chloride extraction and quantification by
volumetric titration [76]; 4) soil organic carbon (SOC) was determined by
the Walkley-Black volumetric titration [77]; 5) total nitrogen was obtained by
Kjeldahl potentiometric titration [76]; 6) cation exchange capacity (CEC) [78];
7) percentage base saturation (BS) and 8) total bases Ca, Mg, K, Na (BT) were
determined by 1 M ammonium acetate extraction (pH 7) and quantification by
volumetric titration [76]; and 9) available phosphorous (P) was determined by
using the extraction method with Bray II solution and by spectrophotometric
quantification in the visible range [76] (Table 1).

Statistical analysis

To characterize each edaphic community, the richness of orders and their
abundance, as the number of individuals, were quantified. Orders with
fewer than three individuals were excluded from the statistical analysis
(Lithobiomorpha, Psocoptera, Mantodea and Pseudoscorpiones). The alpha
diversity was measured using the Shannon-Wiener index and species evenness
was calculated with the Pielou’s evenness index, as implemented in the
R-package Vegan [67]. Macrofauna data were tested for normality with

Universitas Scientiarum Vol 23 (3): 383417 bitp:/ | ciencias.javeriana.edn.co/ investigacion/ nniversitas-scientiarum


http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum

388 Macrofanna after Pinus sp. clearcutting

Table 1. Physico-chemical variables measured in the reference forest (RF), in an area
with less than one year after clearcutting P. patula plantation (O Yac), an area with
2.5 years after clearcutting (2.5 Yac), and an area with 5 years after clearcutting (5
Yac). Standard deviation (Sd).

Area 0 Yac 2.5 Yac 5 Yac RF
Variables Mean Sd Mean Sd Mean Sd Mean Sd
Slope 733 3,551 10.58  6.244 8.00 8268 11.00 12.225
Temperature (C°) 1259 0439 1284 0497 1278 0.645 10.56  0.147
Bulk density (g/cm3) 0.26  0.065 0.36  0.065 034  0.038 023  0.032
pH 401  0.231 4.63  0.231 451 0.144 376  0.151
LA. (cmol/kg) 1331  4.798 5.55  1.908 740 1511 2282  2.681
SLA. % 9393 2223 6597 17.003 73.60 15553 97.09  0.394
SOC % 2793 4892 13.67 3.686 1553 2794 3032 1.453
Total nitrogen % 1.34  0.194 0.77  0.247 0.84 0.179 1.51  0.138
CEC (cmol/Kg) 82.76 11.547 49.78 9.878 51.00  8.058  90.32 10.830
Ca (cmol/kg) 0.10  0.079 1.21  0.840 1.08  0.635 0.08  0.058
Mg (cmol/kg) 0.16  0.067 1.11  0.908 1.15  1.270 0.12  0.068
K (cmol/kg) 0.42  0.107 0.44  0.291 0.56  0.375 033  0.075
Na (cmol/kg) 0.10  0.087 0.08  0.054 0.06  0.029 0.15  0.067
BS % 095  0.267 6.24  4.067 588  4.624 0.76  0.118
P (mg/kg) 8.03 1.414 9.88  5.607 913 2351 8.39  3.159
Real density (g/cm3) 1.06  0.732 212 0.180 2.03  0.186 1.77  0.075
Sand (%) 938 2245 13.82 6.708 10.54 2117 1456 4.228
Lime (%) 52.10 10.484 4738 18985 50.59 15.163 4529  6.750
Clay (%) 38.52 11.670 3879 18.693  38.87 14.166 40.15  7.390
Porosity 59.98 26.099 8280 2934 8324 3.010 87.12 1.941

the Shapiro-Wilk test and showed a significant deviation from normality
(Shapiro-Wilk < 0.05). Therefore, the Kruskal-Wallis test (H: Chi square
value; P: significance value; n: sample size) was used to compare the Shannon
and Pielou indices among groups. Pairwise comparisons were used to identify
significant differences between areas. Moreover, in order to quantify the
compositional dissimilarity between areas the Bray-Curtis dissimilarity index
and Ward method were used; complete-linkage was implemented as clustering
technique. The selection of indicator species in each zone was carried out by
using the indicator value index (Ind.Val) [79], using the R-package Labdsv
[80]. All statistical analysis were conducted in R [81].
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Due to pseudoreplication (lack of spatial replicates per site) among the
plots from each area, a non-parametric nested manova [82] was performed
using the R-package BiodiversityR [83] with 100000 random permutations.
Because there was not a significant effect of plots on macrofauna abundance
(F = 0.00124; P > 0.05), by using generalized linear models (GLMs) for
multivariate abundance data [84], the effect of soil physico-chemical variables
was evaluated on morphospecies abundance in each of the four areas.
GLMs were fitted using the R-package Mvabund [85]. In order to prevent
multicollinearity, an individual multicollinearity diagnostic was performed by
using the variance inflation factor (VIF) with the R-package mctest [86], as well
as a correlation analysis on soil physico-chemical data. pH, interchangeable
acidity (A.I), soil organic carbon (CO), nitrogen (N), cation exchange capacity
(CEC), Calcium (Ca), Magnesium (Mg), Potassium (K), Sodium (Na), and
percentual base saturation (BT). Clusters of variables showing collinearity
and high correlation were discarded from the regression analysis. Then, a
single variable from each cluster was included in the models. However, soil
pH showed a weak correlation with Na and K, therefore, all three variables
from this cluster were included in the analysis. GLMs, with the Gaussian
error distributions, included the explanatory variables: slope, temperature,
bulk density, real density, loam, pH, P, Na and K.

Results and discussion

We collected a total of 3591 individuals and 24 orders, among which
Diptera, Polydesmida, Coleoptera and Isopoda were the most abundant
(Table 2). Abundance was significantly lower in the 0 Yac site than in the
other sites (RF, 2.5 and 5 Yac) (K-W, H = 11; P = 0.01; n = 48) (Table 3,
Fig. 2). This was an expected result because saprophagous groups from the
macrofauna show difficulty processing material with high lignin content
[28-32]. Consequently, richness and diversity were lowest in the 0 Yac
(K-W, H = 28.3; P < 0.00001; n = 48; K-W, H = 32.4; P < 0.00001; n =
48, respectively). In addition, 90 % of the individuals recorded in this area
were Dipteran (family Sciaridae) larvae, and 9 % to Coleoptera larvae of
species Ancognatha ustulata and A. scarabaeioides. These insects occurr in this
area because of their dispersal capacity; as despite their larvae having little
mobility, adults have flight capacity [87, 88]. Neita-Moreno & Moro6n [89]
reported that Ancognatha larvae feed mainly on organic matter, but also can
feed on vegetation; this versatility in their feeding sources allows Ancognatha
to thrive in 0 Yac. Moreover, these larvae were the largest bodied individuals
collected, and according to Kalinkat et al. [90] the largest soil organisms are
more diet-flexible. These findings agree with those by [91], who recorded that
during the first years after clearcutting, saprophagous specialists were most
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Table 2. Abundance of each of the 24 soil macrofauna orders recorded in the
reference forest (RF), in an area with less than one year after clearcutting P. patula
plantation (0 Yac), an area with 2.5 years after clearcutting (2.5 Yac), and an area
with 5 years after clearcutting (5 Yac). *: most abundant orders of each area.

Order 0Yac 2.5Yac 5Yac RF Total
Araneae 1 8 41%* 26 76
Blattodea 0 25% 6 5 36
Coleoptera 2 35 58 81* 176
Coleoptera-larva 19 78 192* 57 346
Dermaptera 0 4 8 0 12
Diplura 1 37 0 122%* 160
Diptera 279 195 635%* 56 1165
Geophiliomorpha 0 7 0 51%* 58
Glommeridesmida 0 0 0 31* 31
Haplotaxida 0 150* 126 12 288
Hemiptera 0 23 10 16 49
Homoptera 0 1 6 2 9
Hymenoptera 0 116* 3 21 140
Isopoda 0 173* 51 80 304
Lepidoptera 0 1 4 0 5
Lithobiomorpha 0 2 0 0 2
Mantodea 0 1 0 0 1
Opiliones 0 13 10 23* 46
Polydesmida 0 456* 34 83 573
Psocoptera 0 0 0 1 1
Scolopendromorpha 4 5 2 31* 42
Spirobolida 0 0 0 1 1
Symphyla 0 0 6 62* 68
Pseudoscorpiones 0 0 0 2 2
Total 306 1330 1192 763 3591

apt to colonize these areas. Overall, few organisms were collected in the 0 Yac,
which explains why, according to the indicator value index (Ind.Val), no single
species can be regarded as significant indicator of this area (P > 0.1).
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Table 3. Biodiversity index in the reference forest (RF), in an area with less than
one year after clearcutting P. patula plantation (0 Yac), an area with 2.5 years after
clearcutting (2.5 Yac), and an area with 5 years after clearcutting (5 Yac). Means with
different letters indicate significant differences according to the Kruskal-Wallis test
(P < 0.05). Standard deviation (Sd).

Abundance Richness Shannon Pielou

Area Mean Sd Mean Sd  Mean Sd  Mean  Sd

0Yac 3825a 1009 1.75a 0.7 037 a 041 0.46 047
2.5Yac 110.83b 121.22 833ab 3.17 151ab 0.31 0.76  0.175
5Yac 9933b 14572 7.83ab 282 134ab 050 0.665 0.20
Rf 6333b 30.16 126b 1.7 220 b 0.190 088 047

Species richness and Shannon index were significantly higher in the forest
than in the other sites (K-W, H = 28.3; P < 0.00001; n = 48; K-W, H = 32.4;
P < 0.00001; n = 48, respectively). These results agree with other studies in
Colombia [51-59]. In contrast, Pielou’s index (P) did not show any significant
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Figure 2. Number of macrofauna individuals in the reference forest (RF), in an area
with less than one year after clearcutting P. patula plantation (0 Yac), an area with
2.5 years after clearcutting (2.5 Yac), and an area with 5 years after clearcutting (5
Yac).
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differences between areas with several post clearcutting ages (K-W, H = 6.35;
P = 0.09; n = 48), but it was higher and less variable in the forest than
the other sites (Table 3). Species richness and diversity were higher in areas
with 2.5 and 5 Yac than in 0 Yac, and richness was higher in 2.5 Yac than in
the 5 Yac. However, neither abundance nor richness changed significantly
between areas (K-W, H=0.01; P = 0.91; n = 48; K-W, H = 0.04; P = 0.83;
n = 48, respectively). Moreover, the 2.5 Yac showed the highest diversity
values after the reference forest. The low diversity recorded for the 5 Yac is
probably related to the dominance of two morphospecies, which were the
best indicators for this area according to the Ind.Val (Table 4).

According to the Bray-Curtis dissimilarity index, 2.5 and 5 Yac were the most
similar to the forest, at the same time these two areas showed the highest
similarity between them (Fig. 3). The similarity between 2.5 Yac with the
forest is probably related to the OM forms, litter quality, and the transition
from an initial OM Mor to a Moder-mull humus type [14]; the latter caused
by the decomposition of the needles and the addition of litter from different
plant species. After pine clearcutting, the accumulation of needles on the
ground stops, and the litter layer-composed mainly of needles-is consumed
or processed at a higher rate than any litter layer produced by pioneer plant
species, facilitating an overall and gradual litter reduction. Also, in open
areas, the litter degradation process advances faster than in the native forest
because of direct exposure to solar radiation and rainfall. Consequently, the
maintenance of the litter and fermentation layers (OL, OF), typical of the
native forest, is prevented. As observed in the 5 Yac area, a change to OM
without fermentation layer and with a thin litter but with a high humic layer
(OH) occurred. On the other hand, the 0 Yac was the most dissimilar to
the 2.5 and 5 Yac areas. Although we did not measure the lignin content of
the studied areas, we deduced, based on previous studies [92][93], that fresh
pine needles contained a higher amount of lignin in comparison to those that
have been degrading for more than two years. This finding agrees with the
observation that during the first successional stages after clearcutting, the
environmental conditions are constantly changing, producing a very stressful
environment for colonizing organisms; therefore, during these stages, species
turnover is very slow [94-96].

In all four studed areas, the environmental variables with significant effect on
morphotype abundance were slope, temperature, bulk density, real density,
loam, pH, P, Na and K (GLM; P < 0.05 in all cases) (Table 5). Remarkably,
areas with slopes greater than 11° showed the richest macrofauna (Table 2,
Fig. 2). This is because slope is one of the factors regulating the amount of OM
and humidity of the soil [97-100]; in this study the highest slope values were
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Table 4. Indicator morphospecies of the reference forest (RF), of an area with less
than one year after clearcutting P. patula plantation (0 Yac), an area with 2.5 years
after clearcutting (2.5 Yac), and an area with 5 years after clearcutting (5 Yac). The
best indicator species per area is shown in bold. Trophic guild (TF); indicator value

index (Ind.Val); relative frequency of species (F); (*): larvae.

Ind.

Area Morphospecies Order Family FA Val P F
2.5 Yac Batodesmus sp. Polydesmida Chelodesmidae Detritivore 0.5 0.002 6
2.5Yac  Glossodrilus palenke Haplotaxida Glossoscolecidae Detritivore ~ 0.47 0.001 10
2.5 Yac Blattidae sp. Blattodea Blattidae Detritivore ~ 0.40 0.011 12
5 Yac Ampbhideritus sp. Coleoptera* Curculionidae Phytophagous 0.82 0.001 17
5 Yac Conoderus sp. Coleoptera* Elateridae Phytophagous 0.76 0.001 12
5 Yac Lycosa sp. Araneae Lycosidae Predator 0.73 0.001 12
RF Phaneromerium sp. Polydesmida  Trichopolydesmidae  Detritivore 1 0.001 12
RF Seutigerella sp. Symphyla Scutigerellidae Detritivore ~ 0.83 0.001 15
RF Schendylops sp. Geophilomorpha Schendylidae Predator 0.75 0.001 9
RF Parajapyx sp. Diplura Parajapygidac Predator 0.74 0.001 22

recorded in the RF and the 2.5 Yac areas. Temperature also had a direct effect
on detritivorous fauna, in turn it could have affected OM transformation,
soil moisture, nutrient retention [93, 98, 101-103] and the microbiological
activity [ 104].

Macrofaunas were affected by several soil chemical features (Table 5).
Specifically, the studied macrofauna showed a positive response to the soil’s Na
and K content. K content has also been correlated with higher decomposition
rates [96, 105]. This, in turn, evidences the importance of organic matter
layer thickness. In the organic fermentation horizon of the litter layer, H;O*
ions are released as a result of the hydrolysis of organic acids, explaining
the high acidity of the forest [19, 82]. These ions regulate the solubility of
elements such as P and S, which have been recognized as limiting elements
for the Andean vegetation [1, 108, 109]. In addition, P, Na and pH have been
previously reported to determine the presence of some macrofauna groups,
as Araneae, Coleoptera, Haplotaxida and Isopoda [110, 111]. Therefore, the
formation and depletion of the litter layer are key processes to consider in the
restoration of areas where clearcutting of exotic species has been carried out.
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Figure 3. Hierarchical clustering analysis based on the Bray-Curtis dissimilarity
index. Dendrogram represents soil macrofauna composition similarity between the
reference forest (RF), in an area with less than one year after clearcutting P. patula
plantation (0 Yac), an area with 2.5 years after clearcutting (2.5 Yac), and an area
with 5 years after clearcutting (5 Yac).

The importance of the litter layer for the restoration of high Andean forests
was recognized through the identification of the morphospecies showing
the highest fidelity and specificity to RF. The presence of a symphylan
(Ind.Val = 0.83) and a polydesmid of the genus Phaneromerium (Ind.Val = 1)
in the RF soil ecosystem reflects the selectivity of these two species for the
RF and highlights the importance of detritivorous fauna in this ecosystem.
The genus Phaneromerium is native of South America, its species inhabit
exclusively the epigean zone and are characterized by their small size (< 6 mm)
[65]. This can be associated with their high population densities in this study.
However, two predator morphospecies belonging to the Schendylops and
Parajapyx genera were identified as the third and fourth best indicators of the
forest (Ind.Val =0.75 and 0.74, respectively) (Table 4). Overall, the orders most
associated with RF were Polydesmida, Symphila, Diplura, Geophilomorpha,
Scolopendromorpha and Glommeridesmida (Table 2).

For the 2.5 Yac, the best indicator was a diplopod (Batodesmus sp.) (35 %
of the individuals recorded in this area were Dipolopods). A native worm
(Glossodrinlus palenke) and a cockroach of the Blattidae family were the
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Table 5. Summary of the generalized linear model (GLM) for the morphospecies
abundance, as response variable, and physico-chemical soil variables, as the
predictors. Results of the statistically best model are shown. P < 0.001 ( **%), P
<0.01 (*), P < 0.05 (*¥).

Estimate s.e. P (>Wald) Significance Response
Intercept 11.2 +39.4  0.000999 P <0.001 Positive
Slope 7.601 0.3 0.000999 P <0.001 Positive
Temperature (C°) 9.37 +44  0.000999 P <0.001 Positive
Loam (%) 7.732 +0.2 0.000999 P <0.001 Positive
P (mg/kg) 7.772 +0.7 0.000999 P <0.001 Positive
K (mg/kg) 7.891 +124  0.000999 P <0.001 Positive
pH 7.059 + 132  0.003996 P<0.01 Positive
Bulk Density (g/cm3) 6.91 +0.03  0.003996 P<0.01 Positive
Na (mg/kg) 6.593 +503  0.021978 P<0.05 Positive
Real Density (g/cm3) 6.522 +9.5  0.011988 P<0.05 Positive
Test statistic: 21.02
P-value: 0.003
df 34
AIC sum 5816.267

second and third best indicators of this area. All these groups are saprophagous,
so they have an important effect on OM fragmentation and soil structure [112,
113]. The high occurrence of detritivore groups such as Diplopoda, Isopoda
and Oligochaeta in this area could be related to the fact that recalcitrant and
woody materials enter their own successional process. As the degradation
of these materials proceeds, they are more accessible to a larger number of
saprophagous groups [30, 114]. Accordingly, Ledn ez al. [18] recorded that
the life time of woody material in the soil and the litter produced by P. patula
in a low montane forest ranges from 2.1 to 2.5 years. Consequently, the
arrival or population explosion of macrofauna detritivorous groups could be
associated with the time it takes to the remaining material of the P. patula
plantation to reach its degradation point. During this time, the degrading
material is accessible to local saprophagous species. This is an important factor
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to consider for future restoration plans in these areas, because this finding
could be interpreted as the first functional change recorded during the early
succession of these areas. Also, the increase in saprophagous organisms could
indicate the beginning of the heterotrophic phase, characterized by a change
from moder type to mull type humus, and an excess in the mineralization rate
in comparison to photosynthesis rate [ 115]. Saprophagous organisms can be
enhancers of successional processes due to their role on nutrient cycling and
soil formation [93, 116, 117] and on impacting higher levels of the edaphic
food chain, promoting post-disturbance recovery of vegetation [118, 119].
The importance of diplopods for the Colombian Andean ecosystems had
been previously highlighted [120]. Accordingly, the management of pine
stumps, logs and needles should be considered for monitoring restoration and
conservation projects in this area; the importance of the management of these
plant materials, during the early stages of succession, for the edaphic fauna
has been previously stated [94, 121]

For the 5 Yac area, the best indicator was a weevil species of the genus
Amphideritus (Coleoptera: Curculionidae), which was more abundant in the
larval state, Ind.Val = 0.82 (Table 4). This morphospecies and one belonging
to the genus Conoderus (Coleoptera: Elateridae), which was the second-best
indicator of this area, were almost absent in the other sites. The third indicator
was a spider of the genus Lycosa. These three genera have been associated with
grasslands and areas with high anthropogenic intervention [68, 122-126].
Moreover, these morphospecies were not recorded in the forest, and because
5 Yac is the most distant to RF, it is considered that surrounding areas have
an important effect on the successional macrofauna process.

Soil compaction is one of the consequences of clearcutting [ 19]. Consequently,
the abundance of groups that spend most of their life cycle under the soil
could be reduced. Groups that depend on their ability to dig shelters to avoid
dehydration, include Geophilomorpha [64, 127] and Diplopoda [128]. In
this study, Geophilomorpha, was almost restricted to the forest in which we
recorded the highest proportion of loam and the lowest bulk and real density.
However, Diplopoda (Polydesmida) were more associated to the 2.5 Yac area
(456 individuals), where a higher bulk and real density were registered. This
is in concordance with the significant increase in macrofauna abundance as
these variables increase (Table 5). Possibly, these variables are more related
to the mineral fraction of the soil, and diplopods using the layer of mixed
litter (deposited pine needles and litter of the local vegetation) as refuge and
feeding substrate. Our results support this statement because the number of
Polydesmids recorded in the 5 Yac area was lower (34 individuals) than in
the 2.5 Yac area. Even thougth, both areas presented similar bulk and real
densities. Moreover, a decrease in the abundance of this group would indicate a
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decrease in the thickness of the OM layer (heterotrophic phase). These results
partially agree with findings of a decline in the diplopod community in areas
with 5 years after clearcutting [115]. However, this study did not evaluate
areas with less than 5 years after clearcutting, therefore it is not possible to
establish if the diplopod community experienced a population explosion as
we recorded two years after clearcutting.

Our results suggest that passive restoration of areas where clearcutting of
P. patula has been carried out is an unviable option, and that at 5 years after
clearcut, soil degradation processes may persist or ecological succession may
be delayed. These two scenarios could result from vegetation cover removal,
direct exposure to sun, wind, and rain, and the arrival of exotic grasses.
Accordingly, increases in bacterial and fungal metabolism would result in
OL and OF layer reductions while increasing the OH layer, as we observed
in the 5 Yac [19, 103, 129]. Furthermore, the isolation of 2.5 and 5 Yac, 1.e.
the absence of nearby forest patches as propagule sources, is another factor
adding to the unviability of passive restoration. The kind of management of
leftover P. patula plantations and surrounding areas as well as its effects on
macrofauna colonization; ought to be evalueated in future studies.

Overall, our findings support previous studies [95, 96, 130, 131], concluding
that edaphic macrofauna are more linked to changes in vegetation cover and
to quality and quantity of organic matter. Moreover, evidence fom the present
study shows that physico-chemical soil features related to OM have an effect
on its macrofauna, and that areas with low OL and OF layers can facilitate
the establishment of grasslands [107, 108, 132]. The arrival of grasses may
be interpreted as an intermediate stage in the ecological succession; however,
changes in the spatial location of carbon stocks and evidence about grassland
settlement at the beginning of Andean ecosystems degradation , suggest
that this hypothesis is unlikely [43, 97, 107, 133, 134]. Finally, our results
support the hypothesis that clearcutting changes the composition of species
the function of the ecosystem, leading to random successional trajectories
[91]. In our study, these trajectories are determined by the biological offer of
nearby areas, and the degradation rate of organic matter. This particularly
affects soil macrofauna groups with little mobility, such as Diplopoda and
Geophilomorpha, as well as for small-bodied species with specific nutritional
diets.

Conclusions

In comparison to the reference forest, the macrofauna composition changed
significantly among areas where clearcutting of exotic species has been carried
out. Slope, temperature, bulk density, real density, loam, pH, P, Na and K
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were the physico-chemical soil variables that better explained the observed
soil macrofauna differences. These results also suggest that the maintenance of
the OM layer should be taken into account when designing future restoration
and conservation plans in areas where clearcutting of exotic species has been
implemented. On the other hand, these experimental data did not confirm
the hypothesis that the similarity with the native forest patch increases with
the age after clearcutting. Moreover, since soil macrofauna indicator species
(Ind.Val) differed between study areas, the hypothesis of random successional
trajectories may be favoured [91]. However, it is necessary to carry out
additional samplings to investigate whether the initial soil communities
carry on founder effects that determine their unique long-term assemblies
[135]. Alternatively, the observed differences in species composition and
structure could be transient, occuring at the onset of successional processes,
and ultimately leading to assembly convergence with the time.

This research opens new perspectives for the restoration of high montane
forests, showing that the pine needle layer is a relevant element of the
ecosystem during the stages following P. patula clearcutting. Moreover, this
study highlights the importance of different soil macrofauna orders to edaphic
processes that will later have an effect on the vegetation. Under the conditions
of this study, community assembly analyses based on taxonomic information
at the order level proved to be useful to find differences between areas during
the early stages of succession; however, analyses carried out at genus or species
levels could reveal more detailed patterns. In addition, these results show
that groups such as Araneae, Diplopoda, Coleoptera, and even Chilopoda
might be useful to monitor and evaluate restoration processes in these areas.
Furthermore, counting on species-level information within these orders can
help improve the monitoring and diagnosis of these montane forest areas.
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Macrofauna edafica en areas con diferentes edades
después de la tala rasa de Pinus patula

Resumen. El establecimiento de plantaciones forestales de especies
exoéticas cambia el ambiente edafico y la biodiversidad del suelo, y es una
de las mayores amenazas para el bosque de alta montafia. La macrofauna
edafica es un indicador de los procesos sucesionales del ecosistema y,
consecuentemente, puede tener un rol importante en la restauraciéon
ecoldgica tras el proceso de tala rasa de estas plantaciones. El objetivo
de este trabajo fue entender cémo la macrofauna cambia en areas con
diferentes edades después de la tala rasa de Pinus patula, e identificar las
variables fisicoquimicas que mejor explican estas variaciones. Se evalud
la macrofauna en un bosque de alta montafia junto con tres areas con
diferentes edades después de la tala: 0, 2.5 y 5 afios. También se evalud
el efecto de las caracteristicas fisicoquimicas del suelo en la abundancia
de macrofauna. La composicion de la macrofauna cambié después
de la tala rasa. La abundancia, riqueza y diversidad fueron menores a
la edad O después de la tala rasa que a las otras edades. Ademas, la
similitud con el bosque de referencia no aumento con el tiempo después
de la tala, por los cambios en las caracteristicas del suelo que ocurren
como consecuencia de la tala. La pendiente, la temperatura, la densidad
aparente, la densidad real, la textura del suelo, pH, P, Na y K tuvieron
un efecto positivo en la abundancia de macrofauna. Estas variables
fisicoquimicas deberfan considerarse en el disefio de los planes de
restauracién de los ecosistemas de bosque andino. Ademas, Diplopoda,
Coleoptera y Chilopoda podrian ser ttiles para monitorear y evaluar los
procesos de restauraciéon después de la tala de Pinus spp., dada su alta
abundancia, diversidad y relacién con condiciones ambientales.

Palabras clave: Andes; bosque tropical de montafa; ecologia de la
restauracion; macrofauna edafica.
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Macrofauna do solo em dreas com diferentes Idades apés
o corte raso de Pinus patula

Resumo. As florestas de arvores exoéticas alteram as dinamicas e
biodiversidade do solo nas areas andinas de alta montanha. A macrofauna
do solo atua como indicador do processo de sucessao dos ecossistemas
e pode ter um papel importante nos processos de restauracao ecologica
apos o corte raso de plantagdes de arvores exoéticas. O objetivo deste
estudo foi entender como mudam as associacoes entre a macrofauna do
solo em areas com diferentes idades apos o corte raso do pinheiro, Pinus
patula, e identificar variaveis fisico-quimicas do solo que explicassem
essas diferencas. Para isso avaliamos a macrofauna de uma floresta
de alta montanha assim como a de trés areas com diferentes idades
apo6s o corte raso: 0; 2.5 e 5 anos apds o corte raso (Yac). Também
avaliamos o efeito das variaveis fisico-quimicas do solo na abundancia
da macrofauna. A composi¢ao da macrofauna mudou apés o cote raso.
A abundancia, riqueza e diversidade da macrofauna foram menores na
area com 0 Yac do que em outras areas. Adicionalmente, a similaridade
da macrofauna com a floresta de referéncia nio aumentou em funcio
dos anos apds o corte raso. Isto é devido a mudangas nas caracteristicas
do solo desencadeadas pelo corte raso. A inclinagdo, temperatura,
densidade aparente, densidade real, limo, pH, P, Na e¢ K foram as
variaveis do solo que tiveram um efeito positivo na abundancia da
macrofauna. Estas variaveis fisico-quimicas deveriam ser consideradas
no projeto de planos de restauracdo para ecossistemas de floresta
andinos. Adicionalmente, as ordens Diplopoda, Coleoptera e Chilopoda
podem ser uteis para monitorar e avaliar o processo de restauracao apos
o corte raso de Pinus spp. devido a sua alta abundancia, diversidade e
relacio com as condi¢des ambientais.

Palavras-chave: Andes; floresta tropical de montanha; ecologia da
restauracao; macrofauna do solo.
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