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ARTICLE INFO ABSTRACT

Handling editor: Prof. Jiri Jaromir Klemes Commercial forestry activities featuring heavy machinery and intensive traffic represent one of the most common
degradation processes in infertile Tropical soils. This research aimed to evaluate the potential of sewage sludge

Keywords: (SS) as pedotechnomaterial (PTM) for soil recovery in strongly degraded Entisols with a human-induced, highly

Urban byproducts compacted densic horizon (Aq). The area was used as a lumber deposit and for related forestry activities for more

Soil recovery

Atlantic forest restoration
Soil-plant system
Ecological succession

than ten consecutive years. Soil recovery activities consisted of: i) SS increasing dose applications (2.5, 5.0, 10.0,
15.0, and 20.0 Mg ha™1) in the surface mineral horizon, vs a control; and, ii) pioneer (Pn), secondary (Sc), and
climax (Cx) native species plantation. Pioneer, Sc, and Cx were characterized by an increasing H and D trend as
time went by, with Pn (H and D) > Sc > Cx. After three years, the highest SS dose (20 Mg ha™?) provided the best
performance in most investigated species. Soil treated with the highest SS dose showed increased SOM, total P,
CEC, exchangeable Ca, total Fe, Mn, Cu, and Zn contents after 36 months. No soil nutrient deficiency, potentially
toxic elements (PTE) soil pollution, or related hazards were observed. The principal factor analysis showed that
SS positively effects soil-plant feedbacks and related behavior. Canonical correspondence analysis explained how
soil physical-chemical parameters influenced the whole plant ecological succession over time: i) during the early
stage of development, Pn and Sc species were mainly affected by soil pH (SS buffering effect); ii) after one year,
Ca, Mn, and CEC strongly influenced D development of mainly Sc species, thus further developing the whole soil-
plant system; iii) at the end of the experiment, SOM and several soil macro- and micronutrients greatly influenced
more demanding Cx species. For the first time, this research demonstrated the SS efficiency as PTM in strongly
degraded Tropical soils; a PTM strongly favoring soil and forest restoration.
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LA. Guerrini et al.
1. Introduction

Land degradation is a long-term loss of on-site and off-site terrestrial
ecosystem goods and services from which humans strongly depend
(Bossio et al., 2010). Soil is a fundamental part of an ecosystem, ensuring
most of its functions and services, such as: i) food and water security
(Koch et al., 2013); ii) climate regulation (McBratney et al., 2014); iii)
major contributors to a wide range of ecosystem services (Dominati
et al., 2010). Despite this, most of the world’s soil resources are in only
fair, poor, or very poor condition (Montanarella et al., 2016). FAO and
ITPS (2015) estimated 33% of global land area as degraded, with
forested areas accounting for approximately 47% of the global total
degraded land.

Actions against forest soil degradation involve preventing its defin-
itive loss in currently used or useable lands and/or rehabilitating
degraded soils (Buondonno et al., 2018). Increasing carbon stocks
should be emphasized for infertile tropical soils (Montanarella et al.,
2016) because these regions produce most of the forest and agricultural
commodities worldwide (Nogueira et al., 2018). Consequently, reduced
carbon stocks must be avoided to ensure and increase socio-economic
benefits at a worldwide level.

Interventions that decrease the soil organic matter (SOM) content in
surface horizons of forest tropical soils, such as their use as permanent/
transitional, intensively managed timberlands with intensive traffic by
heavy machinery, represent among the most common degradation
processes in these infertile areas (Tassinari et al., 2019). A decrease in
SOM content has a detrimental role in fertility because these soils have
little potential to release nutrients for plants, being characterized by
highly weathered, leached, and acidic conditions with a high sand
content (Abreu-Junior et al., 2020).

Recovery procedures are usually slow, expensive, and related to a
low soil recovery capacity, usually featuring these infertile soils (Lal,
2015). Thus, several techniques have been proposed and adopted to
recover degraded soils, with most combining mechanical practices to
break compacted layers (densic Ag horizons) with soil amendments
(Tassinari et al., 2019).

The use of sewage sludge (SS) in soils, mainly for crops that are not
destined to direct feeding or, even better, for reforestation purposes,
stands out as a promising alternative for the recovery of degraded areas
(Abreu-Junior et al., 2017). Sewage sludge fully satisfies the criteria to
be a pedotechnomaterial (PTM), which is defined as any organ-
ic/inorganic material having at least the following properties (Buon-
donno et al., 2013): i) environmental safety and admissibility by current
laws in land restoration activities; ii) pedogenic potential, i.e., suscep-
tibility to undergo weathering/pedogenization, support pedogenic pro-
cesses, and sustain vegetal growth; and, iii) compatibility with the
pedoclimatic environment of the site to be restored. Recently, the Bra-
zilian government approved a Resolution, for the full admission of SS
reuse in agriculture and forestry.

As a PTM, SS can favor nutrient release and vegetation absorption by
re-establishing biological activity and physical-chemical soil properties
(Guerrini et al., 2017). Interest in SS as PTM is also because of its organic
composition and macro- and micronutrients essential to plants. Besides,
SS application would: i) utilize an organic byproduct beneficially by
avoiding its landfill disposal (Abreu-Junior et al., 2019); ii) reduce the
use of mineral fertilizers and related socio-environmental costs (Sam-
paio et al., 2016); iii) improve the growth of forest plantations and
conserve energy and natural resources (Florentino et al., 2019).

While SS reuse has been evaluated from several perspectives
(Abreu-Junior et al., 2019), studies on its reuse in pedotechnique are still
missing. Additionally, among problems to be investigated, those about
the recovery of areas used as lumber deposits and involved in heavy
machinery traffic for commercial forestry represent a still unsolved
issue. Such areas are usually affected by severe soil surface organ-
ic/mineral horizon loss/truncation and compaction issues.

Brazil represents a paradigmatic example since it is the worldwide
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market leader with 9 million hectares of commercially planted forests
(mainly concentrated in the southern part); Eucalyptus alone occupies
6.97 million hectares of this total area (IBA, 2020). Such leadership was
reached thanks to an advanced pulp and paper industry that increased
its skills and knowledge due to enormous money investments to satisfy
the increasing worldwide demand for roundwood products. As planted
forest surfaces increased, areas affected by degradation issues increased
accordingly.

This study aimed to evaluate the potential of SS as PTM for the re-
covery of soil fertility in strongly degraded tropical Entisols. For more
than ten consecutive years, the investigated soils were used as lumber
deposits, thus involved in heavy machinery traffic for commercial
Eucalyptus plantation activities. Consequently, they have been affected
by: i) partial truncation and loss of both surface organic O and mineral
Ap horizons now compacted into a densic one (Ay); ii) severe compaction
issues to 50 cm soil depth. The area was recovered by using a pedo-
technical protocol (Buondonno et al., 2018), i.e., by planting several
native species (with different ecological function) and by applying
increasing doses of SS (2.5, 5.0, 10.0, 15.0, and 20.0 Mg ha™') in com-
parison to a control. The experiment lasted three years by investigating
both plant parameters and several soil physical-chemical properties at
established times.

2. Material and methods
2.1. Study area

This study was carried out in Itatinga Municipality, Sao Paulo State,
Brazil, in the experimental field at Suzano Bahia Sul Papel e Celulose
Company (23° 18 S and 48° 30" W; 636 m asl) (Fig. 1). Mean annual
rainfall was 1635 mm and mean annual air temperature was 19.4 °C.
According to the Koppen climate, the area can be classified as Cwa
(mesothermal humid climate).

The area had been a lumber deposit for twelve years. This resulted in
deep soil degradation, particularly the total or partial loss of both O and
Ap surface horizons with their remnant part being characterized by a
high degree of compaction. Consequently, these soils were not suitable
for either productive (agriculture and forestry) or natural/conservation
purposes due to the presence of a human-induced densic (A4) compacted
horizon.

2.2. Soil and sewage sludge characterization

Before the experiment started, a full pedological investigation was
made according to the international method (Schoeneberger et al.,
2012). The soil was classified as sandy, mixed, semiactive, Typic
Quartzipsamment (family level; Soil Survey Staff, 2014) and was char-
acterized by the following physical-chemical features: pH-CaCl; 4.4; a
sand content of 90%, silt 1%, and clay 9%, thus being sandy in texture;
soil organic matter (SOM) of 9 g kg™!; total P of 4.3 mg kg™ %;
cation-exchange capacity (CEC) of 28.3 mmol, kg™; H + Al of 23.0
mmol. kg~%; K, Ca?t, and Mg?* of 0.4, 4.0, and 1.0 mmol. kg !,
respectively; base saturation (BS) of 18%; potentially toxic elements
(PTE) concentrations of 1.6 mg kg’l for B, 4.6 mg kg’1 for Cu, 27.6 mg
kg~ for Fe, 0.6 mg kg~! for Mn, and 0.1 mg kg™ for Zn.

Sewage sludge came from the wastewater treatment plant of Jundiaf
Municipality (Sao Paulo State). It uses a process consisting of a complete
mix of aerated lagoons, followed by decantation for hygienization pur-
poses. The main chemical features and PTE content are presented in
Supplementary Material 1. In Brazil, SS agricultural/forestry reuse is
regulated by the National Council of the Environment (Conselho
Nacional do Meio Ambiente-CONAMA; CONAMA, 2020). In particular,
the Brazilian government recently clarified that composted sewage
sludge (CSS) can be assimilated to organic amendments/fertilizers
without further restriction. Additionally, all observed parameters in
applied SS are within ranges suggested by CONAMA for its safe use in
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agriculture.

2.3. Experimental design

The experiment started between the beginning of autumn (March)
and middle of the winter season (August). The area was cleaned entirely
by firstly removing the invasive species Brachiaria decumbens Stapf, and
then a ripper was used to till to 50 cm soil depth and reduce soil
compaction (Supplementary Material 2a).

The recovered area (vide supra) was then treated with five different
SS increasing doses compared to a control, for a whole of 6 different
treatments. In particular, SS doses were 2.5, 5.0, 10.0, 15.0, and 20.0
Mg ha™!. Due to the low K content in the SS, KCl was applied (26 kg ha™*
as K20). Sewage sludge was mechanically distributed and incorporated
along the planting line (Supplementary Material 2b).

In all the experimental areas a mixture of Brazilian autochthonous
species was planted to recover the whole environment from an ecolog-
ical point of view. They were selected based on their ecological function
and following the natural ecological succession in the investigated
environment. In particular, pioneers, secondary, and climax species
were selected. For pioneers, Euphorbiaceae (Croton floribundus Spreng.)
and Anacardiaceae (Schinus terebinthifolius Raddi) were planted to
improve general physical-chemical pedosystem conditions, such as
increasing SOM content, porosity, etc. while establishing more favorable
conditions for higher demanding species that are characterized by a
deeper and more complex root system. Secondary species, such as
Fabaceae (Anadenanthera colubrina var. cebil (Griseb.) Altschul, Pelto-
phorum dubium (Spreng.) Taub.), Meliaceae (Cedrella fissilis Vell.), and
Malvaceae (Guazuma ulmifolia Lam.) were planted to further increase
both SOM stock (Tapia-Coral et al., 2005) as well as macro (N, P, K) and
micro (Ca) soil nutrients (Siddique et al., 2008). Additionally, such
species are prone to recover infertile soils by fixing large amounts of
atmospheric N and C through bacterial symbiosis (Joslin et al., 2011).
Climaxes species, such as Fabaceae (Copaifera langsdorffii Desf., Hyme-
naea courbaril L.) and Lecythidaceae (Cariniana estrellensis (Raddi)
Kuntze), were selected because they represent the final stage of
ecological succession after full soil and environmental recovery. All of
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the species have already demonstrated their ability to promote both a
significant and consistent increase in SOM, macro- and micronutrient
stocks, thus being considered a tool to promote the recovery of degraded
lands (Siqueira et al., 2020). All species were planted (Supplementary
Material 2c, d) at their seedling stage.

Each of the six treatments consisted of square areas of 4 x 4 m in
width and length (16 m? in terms of area) with four replications. Overall,
24 plots were investigated for a total area of 384 m?2 The experiment
was conducted according to a completely randomized block design.

2.4. Soil and plant analysis

Soil samples were collected and analyzed 6, 12, 18, and 36 months
after SS application. Samples from each plot were taken from the surface
Ap horizon (0-0.20 m) over the line where SS/fertilizers were applied in
15 different randomized points to form a single composite sample.

Physical-chemical analyses were conducted on soil air-dried @ < 2
mm, following the Brazilian official procedures (Raij et al., 2001). Soil
pH-CaCl;, and potential acidity (H + Al) were measured potentiometri-
cally with a glass electrode in a soil/solution mixture of 1:2.5 1 N CaCl,.
SOM content was estimated by the Walkley-Black method. Total P
through the NH4Cl and HCl acid digestion method. CEC was determined
via saturation with BaCl, at pH 8.2. Potassium, Ca, and Mg content by
atomic absorption spectroscopy (AAS). Iron, B, Mn, Cu, and Zn con-
centrations by the DTPA method.

Plant height (H) and diameter (D) measurements were taken 6, 12,
18, and 36 months after SS application. In particular, plant H was
measured from the stem’s base to the apical bud, and the stem D was
measured with a precision caliper.

2.5. Statistical analysis

Univariate and multivariate statistics were carried out using the
software program R (RStudio, 2021).

Data were compared using ANOVA. Significant differences between
mean values were determined using Tukey’s post-hoc honest significant
difference test with p < 0.05. Polynomial regression analysis was
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0 400 800  1200km
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Fig. 1. Study area.
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Fig. 2. Plant height (H) and diameter (D) along the whole investigated period and according to increasing SS doses for the whole investigated plant species (pioneers,

secondary, and climax).

performed to study the responses to different SS doses for each period of
sampling.

Before carrying out the CM and FA, the procedure proposed by Capra
et al. (2014) was applied. In particular: i) dataset was tested to under-
stand whether or not investigated variables have a normal distribution;
ii) the raw data sets were Box—Cox transformed to approach normality;
iii) a CM was performed on the Box—Cox transformed data; and, iv) FA
was carried out based on the CM. Factor analysis (FA) was then used to
explain the variation in a multivariate dataset with as few factors as
possible. For facilitation of the interpretation of results, varimax rotation
was used. Canonical correspondence analysis (CCA) was applied, as it
represents one of the most reliable statistical tools for comparing
different sets of variables (Capra et al., 2016). In the CCA, two main data
matrices were used. The first (M1) was organized with rows containing
the different treatments (six) along with the four investigated periods
(for a total of 24 rows) and columns representing the soil’s
physical-chemical parameters and plant measurements. The second
matrix (M2) contained the same rows, but the columns were associated
with soil physical-chemical parameters and plant development data.

When reported, values indicate the mean + standard error of the
mean.

3. Results and discussion
3.1. Plant measurements

Fig. 2 shows both plant height (H) and diameter (D) along with the
whole investigated period (6, 12, 18, and 36 months) and according to
increasing SS doses (0.0, 2.5, 5.0, 10.0, 15.0, and 20.0 Mg ha’l), for the
whole investigated plant species (vide supra). They are shown following
their role within the ecological successional groups, i.e., pioneers (Pn),
secondaries (Sc), and climaxes (Cx) species.

Overall, all Pn, Sc, and Cx species showed an increasing trend of both
H and D as time went by. In particular, Pn (Fig. 2a-d) showed more
significant increases, followed by Sc (Fig. 2e-1) and Cx (Fig. 2m-1),
respectively. This was expected since pioneer species play a pivotal
ecological role in early soil colonization within ecological succession.
Fast-growing species provide both soil protection while improving
microclimatic conditions, thus enhancing soil conditions for the positive
establishment of Sc and Cx species (Guerrini et al., 2017). Indeed, they
can grow in poor soil conditions, providing substantial amounts of both
SOM and macronutrients. Conversely, Cx species had the lower H and D
increases since they are well-known as slow-growing species (Guerrini
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Fig. 2. (continued).

et al., 2017).

In terms of differences among investigated doses, the highest one (20
Mg ha™!) provided the best performance in most investigated species;
however, this was particularly true during the last period, i.e., after 36
months. This showed that SS efficiency in increasing H and D plant
species is a strongly time-dependent factor; linear equations confirmed
this, showing a high R? ranging from 0.71 to 1.00. This was observed in
previous studies too. Florentino et al. (2019) argued that as time went
by, SS amended/rehabilitated soils showed enhanced edaphic
physical-chemical conditions due to SOM stabilization and related
positive effects such as improved porosity, decreased bulk density, and
increased macro- and micronutrients availability.

3.2. Soil features

All investigated parameters will be discussed in terms of observed: i)

ranges and mean values, compared with interpretation limits, for soil
physical-chemical parameters and nutrients, most used for Tropical soils
(Raij et al., 1997); ii) temporal trends and behavior according to SS
applied doses. For potentially toxic elements (PTE), only a comparison
with threshold values ruled by Brazilian laws, or reported in the liter-
ature, is presented.

The pH-CaCl, (Fig. 3a) ranged from extremely high (3.8) to high
(4.6) acidic values, with a mean of 4.1 + 0.0 (extremely high); all
common values for tropical weathered soils (Nogueira et al., 2018). In
terms of temporal trends, pH-CaCl, showed a significant decrease (p <
0.05) after 36 months only. Indeed, among 6, 12, and 18 months there
were no significant differences in pH. Additionally, SS does not signifi-
cantly influence soil pH. This could be related to the fact that while
investigated degraded soils showed a strongly acidic pH, applied SS was
characterized by a pH near moderate values (5.0). Additionally, applied
SS were not treated with pH-corrective amendments. In previous
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Fig. 2. (continued).
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Fig. 3. Soil physical-chemical parameters along the whole investigated period and according to increasing SS doses. Different lowercase letters showed significant
differences (p < 0.05) among SS doses along the same investigated month, while different capital letters are for significant differences (p < 0.05) for the same SS dose

over time. p < *0.05, **0.01, ***0.001.

studies, a decrease in soil pH vs increased SS applied doses were
observed (Abreu-Junior et al., 2019; Guerrini et al., 2017), which was
related to entirely different conditions in pH values of both treated soils
and applied SS. In particular, SS often showed a pH lower than those
observed in treated soils. In such conditions, an increase in SS applied
soils is expected to reduce pH due to the presence of organic acids
produced during the SOM microbiological decomposition and the
nitrification reactions of ammonium nitrate already present in the
sludge or produced by organic N mineralization (Bezerra et al., 2006).
As expected, potential acidity (Fig. 3b) showed an opposite trend with
increasing SS dose compared to soil pH, i.e., an inverse correlation. This
confirms that SS applied doses do not influence soil acidity, while
leaching processes are the main responsible for timely decreasing pH
and, consequently, indirectly increasing acidic cations.

SOM ranged from 10.0 to 24.8 g kg1, with a mean of 15.6 + 0.4 g
kg~ !; these values agree with those expected for sandy soils. In terms of
investigated periods, SOM (Fig. 3c) was significantly lower at the 18-
month measurement compared to both earlier (6, 12 month) and later
(36 month) measurements. In terms of SS increasing doses, no signifi-
cant differences were observed among most of the investigated

treatments. However, there is a clear trend towards an increase (R?
ranging 0.759-0.831; p < 0.01) in SOM content at increasing SS doses,
except for the 18th month. This is related to the fact that the 18th month
corresponded to the summer period (February), when higher tempera-
tures were recorded (data not reported), thus favoring SOM minerali-
zation; conversely, during the 12th and 36th month, SOM either did not
change or significantly increased since this period corresponded to the
winter (August), where SOM humification processes prevail. Overall,
soil treated with the highest sludge dose vs the control showed a sig-
nificant SOM increase of 62% (6th month), 28% (12th month), 8% (18th
month), and 35% (36th month).

Total P ranged from 3 to 34 mg kg~! with a mean of 12.7 - 0.9 mg
kg™Y; most of the observed values are thus considered high (9-16 mg
kg’l) to extremely high (>16 mg kg’l) for soils under forest cover (Raij
et al., 1997). The Pt concentration (Fig. 3d) significantly increased in
soils treated with 15.0 Mg ha™! and in control during the 12 and 36th
months, respectively. Conversely, its concentration significantly
increased with increasing SS doses, except the 18th month. Other au-
thors already observed such an increase in Pt concentration towards SS
increasing doses (Florentino et al., 2019). This can be explained by the
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Fig. 3. (continued).

aracterizing sewage sludge.

Cation-exchange capacity ranged between 30.0 and 68.7 mmol.

dm~3, with a mean of 43.3
although a sandy weathered

+ 1.0 mmol, dm~3, meaning a high CEC
soil but in agreement with observed high

SOM contents (vide supra). CEC (Fig. 3e) contents significantly increased
starting from the 18th month through the end of the experiment (36th
month), when the highest dose was applied (20.0 Mg ha™1). From the SS

dose viewpoint, an increase

in CEC values at increasing SS doses was

observed, except in the 18th month. As previously discussed, Pt’s and

CEC’s tendency to decrease

during the 18th month (summer season)

seems as strongly related to climatic condition encouraging SOM
degradation; this obviously brings consequences in terms of Pt and CEC
soil contents too.

Exchangeable Ca, K, and Mg ranged between 2 and 15.2, 0.2-1.0,
0.0-2.0 with a mean of 4.0 &+ 0.0, 0.6 + 0.0, 1.1 + 0.1, respectively,
which correspond with medium (Ca), extremely low (K), and low values
(Mg). Exchangeable cations (Ca?*, K, Mg?*; Fig. 3f-h) showed
different behaviors when compared to each other. Calcium (Fig. 3f)
showed higher concentrations during the first year (6-12 months) at the
higher doses (15 and 20 Mg ha™'); it showed significantly higher
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Fig. 4. Ecological succession along the investigated period (a: 6 months after SS application; b: 12 months; c: 18 months; d: 36 months) in soils treated with the

highest SS doses (20 Mg ha™%).

concentrations only at the highest SS dose (20 Mg ha™!). Potassium
(Fig. 3g) significantly increased from the 12th/18th to 36th month for
all SS doses >10 Mg ha™!; it did not show a significant increase at
increasing SS doses. Magnesium (Fig. 3h) showed higher concentrations
during the final investigated periods (18 and 36 months) for all lower SS
doses (<10 Mg ha_l); also, in this case, it did not show any increase with
to SS dose. Previous studies have observed similar strong variability in
exchangeable-cation behavior and concentration in SS-treated soils
(Guerrini et al., 2017; Abreu-Junior et al., 2019; Prates et al., 2020).
Explanations for this behavior include: i) competitive adsorption pro-
cesses among cations towards soil organic and mineral colloidal frac-
tions; ii) soil leaching processes; iii) kinetic aspects as a consequence of
both (i) and (ii) (Guerrini et al., 2017).

Potentially toxic elements (PTE) showed different trends as expected
by their different pedogeochemical behaviors and cycles. Iron ranged
between 37.2 and 180.0 mg kg™* with a mean of 81.4 + 0.0 mg kg !,
thus always reaching high Fe concentrations as usual in tropical strongly
weathered soils (Nogueira et al., 2018). The highest iron concentrations
were observed at the end of the experiment (36 months), with a clear
tendency to increase with larger SS doses (Fig. 3i). Boron ranged

Table 1

between 0.0 and 0.7 mg kg~! with a mean of 0.3 + 0.0 mg kg~},
meaning a medium B concentration in investigated soils. It showed a
tendency towards an increase during the 12th month, without being
influenced by SS increasing doses (Fig. 3j). Manganese ranged between
0.4 and 9.5 mg kg ™!, averaging 3.0 + 0.2 mg kg™, thus reaching me-
dium values. Soil Mn concentrations were significantly higher at 6 and
12 months since application compared to 18 and 36 months across all SS
doses including control, and also trended higher with increasing SS dose
during the early months (Fig. 3k). Copper ranged between 0.3 and 9.4
mg kg~ !, with a mean of 3.3 & 0.3 mg kg, thus reaching high values. It
showed statistically lower values during the 18th month (similar to
SOM, Pt, and CEC) and trended higher at increasing SS doses (Fig. 31).
Zinc ranged between 0.1 and 16.3 mg kg~ !, averaging 4.0 + 0.4 mg
kg !, thus reaching high contents. Zinc does not show a clear tendency
during all the investigated periods, while it increased at increasing SS
applied doses except for treatments at the 18th month (Fig. 3m).
Copper and Zn were also compared to quality reference values (QRV)
ruled by CONAMA (2009) for soil pollutants, which indicate the con-
centration in natural background soils. QRV established for Cu (35 mg
kg™!) and Zn (60 mg kg~ 1) are significantly greater than those detected

Factor loadings of a factor analysis for investigated plant and soil parameters; extraction method:
principal factor analysis (PFA); rotation method: varimax; bold loadings >0.6.

Green part = plant parameters (PN_ = pioneer species, SC_ = secondary species, CX_ = climax
species, TS_ = total species (the mean among PN, SC, and CX), H = height, D = diameter); Light

brown = soil physical-chemical parameters.
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F1 F2 F3
PN_H 0.994 0.050  0.043
PN_D 0.995 0.005  0.024
SC H 0.984 0.082 0.069
SC_D 0.996 0.038  -0.026
CX H 0.978  -0.004  0.157
CX D 0.973  -0.005  0.120
TP H 0.992 0.059 0.072
TP_D 0.997 0.019  0.012
pH -0.578  0.629  -0.264
SOM -0.141  -0.704  0.622
Pt -0.044  -0.969 -0.017
CEC -0.267 -0.945  0.075
Ca -0.548  -0.682 -0.019
K 0.870 0.064  -0.029
Mg 0.788 0.305  -0.238
Fe 0.478  -0.845 -0.018
B 0.136  0.077  0.929
Mn -0.687 -0.698  0.138
Cu 0.180  -0.959 -0.021
Zn -0.283  -0917 -0.117
Variance (%) 55 30 7
Cumulative variance (%) 55 85 92
Eigenvalues 11.002  6.100 1.372

Journal of Cleaner Production 325 (2021) 129320

Green part = plant parameters (PN_ = pioneer species, SC_ = secondary species, CX_ = climax species, TS =

total species (the mean among PN, SC, and CX), _H = height, _D = diameter); Light brown = soil physical-

chemical parameters.
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in all the investigated treatments, meaning that these PTE concentra-
tions were well below legal limits. Iron, B, and Mn are not ruled by law;
however, observed concentrations were always within ranges reported
for natural soils (Mn 7-100 mg kg’l; B 42 mg kg’l; Fe 1000-1500 mg
kg™!; Kabata-Pendias and Mukherjee, 2010). Overall, this clearly
demonstrated that none of the investigated treatments created soil
pollution issues or increased human health or ecological hazards by
applying SS as a pedotechnomaterial.

In summary, results on plant and soils showed that: i) all investigated
plants increased their H and D as time went by, thus showing a strongly
time-dependent factor in agreement with their ecological role
(Fig. 4a-d), i.e., Pn (H and D) > Sc > Cx; ii) higher H and D plants were
mainly observed at the highest SS applied dose (20 Mg ha™!) (Fig. 4a—d);
iii) SS increased SOM, total P, CEC, exchangeable Ca, total Fe, Mn, Cu,
and Zn at the highest SS applied dose (20 Mg ha™!); iv) from a soil
nutritional perspective, all investigated nutrients were within the
optimal range expected for tropical forest soils and thus soil nutrient
deficiencies were avoided, particularly for those treated with higher SS
doses: v) PTE, even in soil treated with the highest SS doses, did not
exceed QRYV or values observed in natural soils worldwide, thus showing
that SS was not responsible for soil pollution and related soil hazards.

3.3. Multivariate statistics

3.3.1. Principal factor analysis (PFA)

The PFA, after matrix rotation, extracted three main factors
(Table 1). All of these were >1, therefore, they can be significantly
grouped into a three-component model accounting for 92% of all
explained data variation.

F1 (total variance 55%) extracted all plant parameters (H and D) of
all ecological successional groups (pioneer, secondary, and climax), K,
and Mg as all positively correlated; conversely, they were all inversely
related to Mn. This factor showed that plant H and D increased in
accordance with some pivotal soil macronutrients, specifically K and
Mg. The negative correlation with Mn content was related to competi-
tive aspects of kinetic soil nutrient uptake processes in plant roots, rather
than an inverse correlation towards plant H and D (Florentino et al.,
2019). For all these reasons, factor F1 underlined the pivotal role of soil
K and Mg in plant development. F2 (30%) showed SOM, total P, CEC, Ca,
and all micronutrients (B excluded) as positively concordant while
negatively correlated with pH. Such a factor showed that at increasing
SOM content (related to an increase in applied SS doses): i) total P
increased since SOM represented its main source into the soil environ-
ment (Capra et al., 2014); ii) CEC increased as a consequence of
increased colloidal fractions, thus increasing exchangeable Ca and
positively charged micronutrients (Fe, Mn, Cu, and Zn); iii) at increasing
SOM content there was a concomitant increase in H' release in soil
solution as a consequence of SOM degradation processes, thereby
decreasing pH values (Prates et al., 2020). Factor F2 can thus be inter-
preted as the key role of SOM in soil micronutrient and pH behavior. F3
explained only 7% of the total variance and was thus a less critical
factor. It showed that SOM was directly correlated with B, being its main
source in the soil environment; this relationship has been observed in
other soils treated with SS (Guerrini et al., 2017).

Overall, PFA showed that the soil-plant system is strongly influenced
by macronutrients (K and Mg), with SOM playing a pivotal role in their
(and pH) behavior. Since SS was the primary source of SOM in the
investigated system, it must be underlined that SS positively affects soil-
plant feedbacks and related behavior.

3.3.2. Canonical correspondence analysis (CCA)

CCA showed a clear distribution pattern in terms of the investigated
period (Fig. 5). In particular: i) measurements from the 6th (brown
color) and 18th (green) months are mainly in II sector; ii) 12th (orange)
month in I, while; iii) 36th (light red) month in III sector. As a matter of
fact, the earliest investigated period (6th month) showed a completely
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opposite direction when compared with the last one (36th month); the 6
month period was more significantly influenced by soil pH, while the
last period was influenced by SOM and both soil macro (K and Mg) and
micronutrients (Cu and Fe). Such an outcome demonstrated that during
the early stage of soil-plant feedback and species development, soil pH
exerts a more significant influence, while as time went by, the other
parameters (vide supra) increased their influence on both H and D plant
development. This is also confirmed by the fact that D (one red triangle)
and H (two red triangles) of pioneer species follow the pH direction on
CCA, meaning that such soil parameters mainly influence them. A result
that was also partially true for D of secondary species (one red asterisk)
that appears also affected by basic exchangeable cations (Ca) and soil
micronutrients (Mn).

Summarizing, CCA showed how soil physical-chemical parameters
influenced plant ecological succession over time. Indeed: i) during the
early stage of development (after 6 months), pioneer (mainly) and sec-
ondary species were affected by soil pH, with particular reference to the
buffering effect exercised by SS addition, which created better condi-
tions for plant growth in a strongly weathered, acidic soil; ii) at the end
of the first year the soil-plant system further developed, with
exchangeable cations (Ca) and micronutrients (Mn) together with CEC
strongly influencing D development of mainly secondary species; iii)
finally, at the end of the experiment, SOM and several soil macro and
micronutrients greatly influenced both the D (one red hashtag) and H
(two red hashtags) of more demanding climax species.

Overall, all previously reported outcomes, showed that the present
research demonstrated, for the first time, that multiple positive effects
can be achieved in sewage sludge reuse as pedotechnomaterial for the
recovery of Entisols degraded by heavy-machinery traffic used in lumber
deposits and the related forestry activities. Such positive effects were
observed on the plant, soil, and whole soil-plant system feedback, thus
favoring the progressive development of ecological succession on the
site. A practical implication and an essential future perspective are that
SS, used as PTM, can recover degraded soils and increase tree growth by
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Fig. 5. Principal-component plots of canonical correspondence analyses (CCA).
Red symbols: o = Pn diameter, Aa = Pn height; * = Sc diameter, ** = Sc height;
# = Cx diameter, ## = Cx height. Blue arrows: soil physical-chemical pa-
rameters. Number + black letters: month (6, 12, 18, and 36) + SS dose (A:
control; B: 2.5 Mg ha™!; C: 5.0 Mg ha™!; D: 10 Mg ha™!; E: 15 Mg ha™!; F: 20
Mg ha™).
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rapidly closing the canopy in forest restoration programs.
4. Conclusions

All planted native species showed, with particular reference to the
highest sewage sludge doses (20 Mg ha™1), a significant time-dependent
increasing trend of both height and diameter. By applying increasing SS
doses into the investigated degraded Entisols: i) SOM, total P, CEC,
exchangeable Ca, total Fe, Mn, Cu, and Zn significantly increased,; ii) all
nutrients were within the optimal range for tropical soils, thus avoiding
soil nutrient deficiency; iii) PTE never exceeded quality reference values
ruled by law or values featuring natural soils, and; iv) SS did not
represent a hazard from a soil pollution viewpoint. Multivariate statis-
tics showed that sewage sludge favored, with particular emphasis on
highest applied doses, positive soil-plant feedbacks by increasing SOM
and related micro and macronutrient contents. Sewage sludge produc-
tion has tremendously increased worldwide, with landfill disposal rep-
resenting the final destination in most cases. This is neither profitable
nor an environment-friendly reuse approach and is responsible for
increasing public awareness and relative socio-economic costs. For the
first time, this research demonstrated that sewage sludge can be safely
reused by providing several benefits while avoiding drawbacks in soil-
forest recovery activities.
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