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HIGHLIGHTS
¢ Soil microbiological attributes are sensitive to evaluate soil quality in ecological restoration.
e The recovery of soil microbiology is slow in areas under ecological restoration.

¢ Changes in forest cover interfere in soil microbiological activity.

Abstract: To accelerate the recovery of degraded environments, it is necessary to use ecological restoration
techniques, which require validation according to the ecosystem conditions where are implemented. This
work aimed to evaluate soil microbiological attributes under different ecological restoration technologies in a
subtropical forest. The study was conducted at UTFPR-DV, southwest of Paran4, in an ecotone between
Mixed Ombrophilous Forest and Semideciduous Seasonal Forest and on an Oxisol. In December 2010, a
tillage area of at least 17 years old was isolated and the passive restoration, tree planting and nucleation
treatments were installed in 40x54 m plots and four replications. In November 2018 the soil was sampled in
these plots and in a native forest area as a reference. There were calculated soil organic carbon content
(OCC) and microbiological attributes such as microbial biomass N and C (Nwc and Cwic), basal respiration,
fungal spore content and the metabolic (qCO2) and microbial quotient (MICq). It can be concluded that
nucleation technology can restore soil microbiological attributes but has not yet reached the conditions of a
natural environment. Passive restoration is not a good technology for restoring soil microbiological attributes.
The higher contents of Cwmic, Nmic, OCC, MICq and fungal spores in the soil under native forest compared to
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ecological restoration technologies indicate that eight years of adoption of these techniques have not yet
been enough to fully recover soil microbiological activity.

Keywords: degraded areas; ecologic succession; soil microbiology.

INTRODUCTION

Anthropic action, mainly for the expansion of the agricultural sector, contributes to the reduction of
tropical and subtropical forests in Brazil. The State of Parana has predominantly the Atlantic Forest Biome,
which is fragmented into small forest nuclei without connection between themselves and its original
characteristics being altered, making flora and fauna genic flow each time more difficult.

According to Wadt [1] such changes promote the loss of the area productive capacity, generating a
degraded system and compromising vegetation and soil quality. Natural systems are closely related to
vegetation cover and soil attributes, as fundamental ecological processes, such as nutrient cycling, occur in
them [2].

Before recovering an area, it is necessary to know how regeneration occurs in those environments that
have been subjected to different disturbances, whether natural or anthropic [3], once they present different
levels of intensity, duration and resilience [4]. The recovery of degraded areas is a multi-step procedure that
needs to be developed simultaneously in order to restore its productive capacity [5].

Regardless of the degradation level of an ecosystem, it is necessary to adopt recovery techniques [1],
which can be as simple as passive or natural regeneration, which consists in isolating the degraded area and
regenerating it through its own seed bank [6], complex as nucleation, which consists of the use of different
biological dissemination techniques allocated in the same area, such as a bank or rain of seeds, perches and
wildlife shelters [7], in addition to traditional tree planting, with appropriate spacing and species for each
location.

To validate ecological restoration techniques, in addition to assessing vegetation, it is also important to
identify their effects on soil chemical, physical and microbiological attributes, as they are essential inputs to
promote sustainability and conservation [2]. The physical, chemical and biological attributes of the soil are
interrelated, controlling the processes and aspects related to their variation. Conservationist practices
improve the quality of the environment, contributing to the development of soil microorganisms, maintaining
or increasing organic matter, promoting nutrients increase, while structurally and physically protect the soll

[8].

Forest soil is a favorable environment for the development of microorganisms, which can be used as
biotic factors to observe the balance or alteration of forest ecosystems [9]. For Pefia [9], in the early
succession phase, the soil has little productive capacity reflecting low microbial activity. Thus, as the quality
of the area improves, the more satisfactory microbiological results become. Therefore, the study aimed to
evaluate soil microbiological attributes under different technologies of ecological restoration in subtropical
forest in southwestern Parana, Brazil.

MATERIAL AND METHODS

The study area is located at the Universidade Tecnol6gica Federal do Parana, campus Dois Vizinhos
(UTFPR-DV) (25°41°40,47” S and 53°06'12,82” W), with average altitude of 502 m and humid subtropical
climate (Cfa), with no defined dry season, with average annual temperatures between 19 °C and 20 °C, and
frequent frosts [10]. The soil is an Oxisol and the vegetation is an ecotone between Mixed Ombrophilous
Forest and Seasonal Semideciduous Forest.

The experimental area was used with annual crops from 1993 to 2005 and perennial pasture between
2006 and 2008. In May 2009, oat (Avena strigosa) was sown, which was harvested in October of the same
year, leaving the area fallow until October 2010, when it was cleared and isolated from disturbing factors.

In December 2010 three treatments were implemented: passive restoration; tree planting under fill line
and diversity and nucleation. Each treatment has four replications with 40 x 54 m (2,160 m?) plots, subdivided
into 24 subplots of 9 x 10 m (910 m?). As reference area we used a native forest bordering the experimental
area.

Passive regeneration consisted of isolating the area for monitoring ecological succession without
anthropic intervention. Planting native seedlings under fill and diversity lines [11] consisted of planting 30-50
cm tall seedlings, interspersing the fill species (10 fast growing and dense canopy pioneer species) with
diversity species (60 non-pioneer species), with a total of 1,440 seedlings of 70 regional species in the four
experimental plots.
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The nucleation techniques [12-13] implanted were: artificial bird perches; artificial shelters for the
attraction of terrestrial fauna; planting of seedling from bank and rain of forest seeds; planting of trees in
Anderson groups of five seedlings, spaced 1 x 1 m (cross-shaped) where the four lateral plants were shaded
(12 pioneer species) and the central plant was shaded (24 non-pioneer species); 3 x 4 m core covered with
cowpea (Cajanus cajan); and planting of bromeliads (Bromelia antiacantha) in Anderson groups of five
seedlings, spaced 0.5 x 0.5 m (cross-shaped). The set of techniques were implemented in 3 x 40 m strips,
where the cleaning was done through mowing and chemical weeding. Within this treatment were used the
same tree species as the tree planting treatment, except for the marica (Mimosa bimucronata).

In November 2018, 8 years after the implementation of the treatments, the soil was sampled in the 0-5,
5-10 and 0-20 cm layers with six sub samples per plot that were joined to form a composite sample. For the
microbial analyses, only samples from the 0-5 cm layer were used, which were sieved in a 2.0 mm mesh,
standardized to 35% humidity and stored in a refrigerator to preserve microbial activity. For the chemical
analysis, the layers 0-5, 5-10 and 10-20 were used, being air dried, ground and sieved in 2.0 mm mesh.

The chemical characterization of the soil followed the methodology of Tedesco [14] for pH-H20, pH-SMP
(buffer pH 7,5), available phosphorus (P) and potassium (K) contents, while for the soil organic matter (SOM)
wet combustion methodology was used according to Yeomans and Bremner [15], obtaining first the total
organic carbon content (OCC), which was multiplied by the factor 1.724 (Table 1).

Microbial carbon and nitrogen contents (Cuwic and Nwic) were obtained by the fumigation extraction
method as described in Silva [16-17]. For this, 50 g of soil was weighed in duplicate, two samples fumigated
with chloroform and two not fumigated for 24 hours. Thereafter, 50 mL of 0.5 M Potassium Sulphate (K2S0O4)
was added and stirred on horizontal shaker for 30 min at 150 rpm, followed by decantation for 60 minutes
and filtered in paper filter. Cmic was obtained by sulfochromic digestion and titration with ammonium ferrous
sulphate, according to Vance [18]. Nwic was measured by digesting the extract in a digester block with H,SO4
and H>O; and distilling in in Kjeldahl distillator with boric acid indicator.

Table 1- Soil chemical attributes in 0-5, 5-10 e 10-20 cm layers after eight years of implantation of the ecological
restoration techniques passive restoration, tree planting and nucleation, besides native forest area as reference.

Ecological restoration technique

Chemical Layer of soil

; i Native forest
attributes (cm) Passive Tree planting Nucleation
restoration

0-5 55 5,4 5,4 5,2

pH-H20 5-10 5,6 5,6 5,6 5,3

10-20 5,7 5,6 55 5,0

0-5 6,2 6,0 6,2 6,0

pH-SMP 5-10 6,1 6,2 6,1 6,1

10-20 6,3 6,3 6,3 6,1

0-5 4,7 4,8 5,8 7,5

SOM (%) 5-10 3,6 3,6 3,9 5,3

10-20 2.8 3,0 3,2 3,7

0-5 3,5 3,6 3,6 2,7

P (mg kg?) 5-10 2,2 1,4 2,4 0,6

10-20 1,2 1,0 1,2 0,5

0-5 396,2 2453 316,8 207,4

K (mg kg™) 5-10 266,9 102,2 92,3 59,1

10-20 95,4 79,2 60,3 32,7

pH-H20: pH obtained by the mixture of soil and water in the proportion of 1:1; pH-SMP: pH obtained by the mixture of
soil, water and SMP buffer solution in the proportion of 1:1:0,5; SOM: organic matter of the soil obtained by humid
combustion; P: phosphorus extracted by Mehlich-1; K: potassium extracted by Mehlich-1.

Soil basal respiration (SBR) was measured according to Anderson [19]. For this purpose, the duplicate
C-CO- emission of 50 g of soil was evaluated and incubated with 10 mL of 1.0 M sodium hydroxide (NaOH)
for four, eight, twelve and sixteen days. The metabolic quotient (qCO;) was obtained from the ratio of C-CO-
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per Cmic unit per time, according to the method described by Anderson [20]. Microbial quotient (MICQq) (%)
was estimated from the relationship between Cuc and OCC [21].

The spore content analysis followed the wet sieving methodology [22]. To do so, 50 mL of soil were
diluted in 1,700 mL of water, then decanting the solution for 3 minutes and pouring the supernatant into a 53
pum sieve. Then the residue retained in the sieve was transferred to the centrifuge tube with 60% and 20%
sucrose solutions, submitted to 3,500 rpm. The supernatant was sieved in 250 pm, 106 pm and 53 pm mesh
for spore separation, then transferred to petri dishes for magnifying.

The obtained data were subjected to analysis of variance and when significant were compared by means
of the Scott-Knott test (p < 0.05) with the aid of SASM-Agri software.

RESULTS

Soil organic carbon content (OCC) was significantly higher under nucleation technique, while it did not
differ between tree planting and passive restoration (Table 2). On the other hand, the microbial biomass
carbon (Cwic) did not differ significantly between the ecological restoration technologies evaluated, indicating
that the microbial soil biomass was not influenced by the treatments. In addition, the OCC and Cwuc of the
soil under native forest were, respectively, 50% and 100% higher than the soil contents under restoration
technologies (Table 2). Accompanying this behaviour, the microbial quotient (MICq), which is a percentage
of Cwmic relative to OCC, also did not differ between ecological restoration technologies and averaged 45%
less than the soil under native forest (Table 2). This indicates that the higher OCC content observed in the
soil under the nucleation technique was not enough to positively influence Cwic and MICq.

Nwmic was higher in soil under nucleation and tree planting, differing from soil under passive restoration,
but they were all lower than native forest soil, which reached twice the soil Nmc content than ecological
restoration techniques (Table 2). The behaviour was very similar to the soil Cwc, indicating that the
accumulation of N and C in the microbial biomass is higher in soils with higher OCC content.

Table 2. Organic carbon content (OCC) and microbiological soil attributes after eight years of implantation of the
ecological restoration techniques passive restoration; tree planting and nucleation, besides native forest area as
reference.

Treatments OocCcC Nwmic Cwmic MICq
gkgt e mg kgt -------------- %
Passive restoration 26,0 c* 140,6 c 839b 0,32b
Tree planting 28,0c 270,6 b 1118b 0,39b
Nucleation 31,8b 2736 b 111,8b 0,33b
Native forest 43,3 a 4423 a 203,0 a 0,50 a
CV (%) 9,1 29,0 20,4 22,5

*Means followed by the same letters in the column do not differ significantly among themselves under Scott-Knott’s test
at the level of 5% of probability. OCC: organic carbon content; Nmic: microbial nitrogen; Cwic: microbial biomass carbon;
MICq: microbial quotient.

Soil basal respiration (SBR) was higher under nucleation technique and evened to the soil contents
under native forest (Table 3). SBR followed a similar behaviour to OCC, indicating that the biological activity
was higher under soil conditions with higher total carbon content (Table 2). Another analysis that reinforces
this statement is the metabolic quotient (qCO-), which was inversely proportional to SBR of soil under
nucleation. None of the restoration techniques achieved the native forest soil gqCO; content (Table 3).

The fungal spore content, which is an indicator of soil microbial activity, was higher in the soil under the
nucleation technique, differing significantly from the other techniques, but these levels were still lower than
in native forest (Table 3). These data have a behaviour like OCC and inversely proportional to qCO», which
indicates that microbial activity is higher in soil under nucleation compared to other restoration techniques.

Of the six microbiological attributes evaluated, only one (SBR) the soil under one of the techniques of
restoration were equivalent to the soil under native forest.
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Table 3 — Soil basal respiration (SBR), metabolic quotient (qCO2) and spores of soil fungi after eight years of
implantation of the ecological restoration techniques passive restoration; tree planting and nucleation, besides native
forest area as reference.

Treatments SBR qCoO; SPORES

mg C-COz2 kg™ ht mg C-COz2 g1 Cmicth? Un 50mL solo™
Passive restoration 280,0b 8,7a 434,2 c
Tree planting 269,6 b 8,0a 381,0d
Nucleation 317,3a 6,6b 559,0 b
Native forest 356,5 a 48¢c 590,7 a
CV (%) 10,5 19,0 3,1

*Means followed by the same letters in the column do not differ significantly among themselves under Scott-Knott’s test
at the level of 5% of probability. SBR: soil basal respiration; qCO2: metabolic quotient; Spores: spores of soil fungi.

DISCUSSION

The higher content of OCC in the soil under nucleation contributed to higher SBR and, consequently,
lower qCO.. The release of CO; occurs by the degradation of organic matter and tends to be higher with the
increase of its content, and the SBR is reflected in the speed of degradation of organic matter [5]. Higher soll
SBR values under less impacting systems were also detected in Silva's work [23]. Already the lowest qCO:
in the soil under nucleation, according to Yada [24], is found in areas that are in balance and with a higher
energy accumulation. When the area becomes more balanced microbial biomass becomes more efficient,
less CO:; is lost by basal respiration and more carbon are incorporated into the microbial tissues, which
causes a decrease in qCO; [25]. Nucleation's ability to stimulate microbial biomass respiratory activity at the
same level as the soil under native forest indicates that this technique is allowing the environment to acquire
characteristics of a preserved area.

Similarly, the higher fungal spore content in soil under nucleation is another indicator of higher biological
activity. This higher content may be related to the predominance of cowpea (Cajanus cajan) observed by
Trentin [6] in this experiment, which was sown in 24 cores per plot to improve soil quality due to its nitrogen
fixation capacity, and for being a species that has a short life cycle. Klippel [26] found that planting leguminous
species to recover degraded areas provides better quality senescent material with low C/N ratio. This may
have contributed to the increased biological activity in nucleation technology. However, Bianchi [28] found
that the use of different proportions of forest legumes in the revegetation did not promote changes in the
spore density of arbuscular mycorrhizal fungi.

The technology of tree planting did not differ from nucleation in three of the six evaluated microbiological
attributes (Nmic, Cmic and MICq), however, had lower OCC content and lower microbial activity. According to
Trentin [6], who evaluated this experiment, tree planting technology was inefficient in regenerating the area
between the planted seedlings, due to the need for maintenance with mowing to ensure their survival and
the large number of seedlings introduced affected natural directions of succession. In addition, this treatment
requires greater budget and involvement, due to the costs of seedlings and the silvicultural procedures
required to maintain the area until the age of three. Intensive management in this ecological restoration
technology contributed to lower carbon addition to the soil and, consequently, lower microbial activity. Soils
under areas without anthropic interference are favored by vegetation cover, which provides the accumulation
of organic matter, causing the microbial community to increase [28].

Passive restoration technology presented the worst results in four of the six evaluated microbiological
attributes (Nwic, SBR, qCO; and fungal spores), besides having the lowest content of OCC, indicating a
limitation of this technique to improve soil microbiological attributes. Evaluating this same experiment, Trentin
[6] found that passive restoration is a good technology option because it has a low implantation cost and that
its diversity of plant species did not differ from nucleation. However, according to data from the present study,
passive restoration was less efficient than nucleation to improve soil microbiological attributes. This makes
the nucleation technique more advantageous over passive restoration and tree planting.
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Among the three ecological restoration technologies evaluated, only nucleation obtained two (SBR and
gCOy) of the six evaluated soil microbiological attributes equal to those obtained in the soil under native
forest. The higher levels of Cuic, Nmic, MICg and fungal spores found in the soil under native forest are justified
by the higher OCC content and quality, MICq which indicates the quality of soil organic matter [4]. In native
forest areas there is a higher volume of litter and roots, which promote increased species diversity [29],
organic matter content and nutrient availability [7].

Lower values of qCO- of the soil under native forest in relation to the ones under restoration techniques
are compatible to the ones observed by Zaninetti [30], where the author observed higher qCO, and lower
contents of OCC and Cwuicin areas of forestry reposition comparatively to primary forests. In this sense, eight
years of implementation of ecological restoration technologies have not yet been enough to significantly
improve soil microbiological attributes, requiring new evaluations over time.

In recent years, many studies have been carried out in Brazil on microbiological attributes in soils under
native forests [4,23,24,30]. When comparing them with the data from the present study, it appears that CMIC,
MICq, basal respiration and qCO, were worse in the evaluated soil under native forest (Atlantic Forest) than
under Cerrado forest [23] and the Amazon forest [30]. However, the lack of standardization of methods of
analysis and misunderstandings in the calculation of indexes such as gMIC and gqCO: in published articles
hindered a more in-depth comparison of microbiological attributes between Brazilian forests or biomes. This
lack of methodological standardization is a problem that must be debated by the scientific community of Soil
Science.

CONCLUSION

Nucleation technology can restore soil microbiological attributes but has not yet reached the conditions
of a natural environment. Passive restoration is not a good technology for restoring soil microbiological
attributes.

The higher contents of Cmic, Nmic, OCC, MICqg and fungal spores in the soil under native forest compared
to ecological restoration technologies indicate that eight years of adoption of these techniques have not been
enough to fully recover soil microbiological activity.
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