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Over the last decades, Pinus taeda L. plantations in southern Brazil showed a 
great increase in average production. However, the gains in productivity ob-
tained by genetic selection and breeding have nowadays stabilized. Research 
on edaphic factors and silvicultural practices is currently performed with the 
aim of both increasing the productivity of P. taeda plantations and maintaining 
the soil quality. To this end, soil microbiological attributes are considered bet-
ter indicators of soil  quality as they are more sensitive than chemical and 
physical ones. In this study, we aimed to evaluate the relationship between 
microbial activity and the physical and chemical parameters of different soil 
types under young Pinus taeda plantations at five different sites in southern 
Brazil. Soil samples were collected at depths of 0-5 and 5-10 cm. The soil mi-
crobiological  attributes  evaluated  were:  potentially  mineralizable  nitrogen 
(PMN), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), mi-
crobial basal respiration (MBR), and metabolic quotient (qCO2). We also evalu-
ated some physical and chemical soil parameters. Sites with the highest values 
of C, clay, and nutrients in the soil, showed higher values for the soil microbio-
logical attributes, compared to the other study sites. The previous manage-
ment with minimal tillage in some sites seems to positively affect soil quality. 
The MCB and MBR showed better sensitivity in indicating differences between 
sites and showed a good relationship with clay content, C/N ratio, K, and pH. 
These results suggest that site-specific characteristics such as soil type or for-
est management influence soil microbiological attributes in Pinus taeda plan-
tations during initial growth in southern Brazil.

Keywords:  Soil  Microbial  Activity,  Microbial  Biomass Carbon, Microbial  Basal 
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Introduction
Pinus taeda L.  is  one of the main forest 

species cultivated in Brazil, and plantations 
of the genus Pinus currently occupy 1.7 mil-
lion hectares, mostly located in the states 

of  Paraná (43%)  and Santa Catarina (24%) 
(IBA 2021, Kondo et al. 2021). Recently, the 
application  of  silvicultural  practices  com-
bined with genetic  improvement resulted 
in  Pinus  taeda plantations  with  high  pro-
ductivity  in  southern  Brazil  (Moro  et  al. 
2014). It is recognized that edaphoclimatic 
factors are crucial in limiting the growth of 
Pinus plantations (Vose & Allen 1988,  Dob-
ner  &  Campoe  2019).  However,  the  rela-
tionship between microbiological, physical 
and  chemical  attributes  in  the  soil  is  not 
well clarified, therefore it has still to be es-
tablished  which  attributes  better  reflect 
the soil  quality affecting the growth of  P. 
taeda stands in southern Brazil  (Rodriguez 
et al. 2018, Santos & Reichert 2022).

In Pinus plantations, the microbial activity 
of the soil depends, among other factors, 
on the soil type, the environmental condi-
tions, and the type of silvicultural manage-
ment (Albaugh et al. 2010, 2017). Soil pedo-
genesis is responsible for many edaphic pa-
rameters in the soil, along with soil and sil-
vicultural management (Fox et al. 2007). In 
the  long  term,  these  factors  are  decisive 
for the increased productivity and sustain-
ability  of  forest  plantations  (Zucon  et  al. 
2020).

After  a  forest  exploitation  cycle,  tree 
spacing  techniques,  use  of  litterfall  from 

the previous cycle, and addition of fertiliz-
ers can contribute to maintaining the sup-
ply of nutrients to the soil  and guarantee 
the  productivity  of  the  forest  site  in  the 
long  term  (Ward  et  al.  2015).  Some  re-
searchers  have  evaluated  responses  to 
management practices using improved ge-
netic material, mechanical site preparation, 
control of competing vegetation, and fertil-
ization in Pinus plantations, and found posi-
tive  results  in  the  relationship  between 
productivity  and  soil  chemical  attributes, 
significantly improving the growth of spe-
cies when best tillage practices were rec-
ommended (Albaugh et al. 2010, Batista et 
al. 2015). Other studies have reported that 
successive cycles of Pinus plantations with-
out nutrient replacement tend to cause a 
nutritional deficit for the trees, resulting in 
low productivity in forest plantations (Gati-
boni et al. 2017, Gatiboni et al. 2020). There-
fore,  assessing  soil  microbiological  attrib-
utes and their relationships with chemical 
and physical soil characteristics, combined 
with site-specific silvicultural management 
practices in  Pinus taeda, provides a better 
understanding  of  soil  nutrient  dynamics 
(Sixel et al. 2015,  Tulio et al. 2022). Several 
studies  showed  that  nitrogen  mineraliza-
tion and microbial biomass carbon are po-
tential  indicators  of  soil  quality  in  forest 
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systems (López-Poma et al. 2020,  Lu et al. 
2020),  as  microorganisms are  responsible 
for  mineralizing  elements  in  the  soil  and 
contribute  to  the  availability  of  nutrients 
for plants (Romeo et al. 2020).

Silvicultural management in forest planta-
tions can increase tree growth in  P. taeda 
plantations,  especially  in  the  long  term, 
through the contribution of forest residues 
from previous harvest crops (Adam et al. 
2021).

We hypothesized that the microbial activ-
ity in the soil of P. taeda plantations is cor-
related to some physical and chemical at-
tributes resulting from the soil pedogene-
sis as well as from the soil and silvicultural 
management.  Thus,  our  objective  was  to 
evaluate the relationship of soil  microbio-
logical attributes with chemical and physi-
cal  parameters,  as  well  as  with the initial 
growth of the Pinus taeda in southern Braz-
il.

Material and methods

Study area and experimental design
The experimental sites are part of the Co-

operative  Program  on  Pinus Research  in 
Brazil, coordinated by the Forestry Science 
and Research Institute (IPEF). The predom-
inant climate is  humid subtropical,  with a 
dry season in winter and classified by Köp-
pen as Cfb (Alvares et al. 2013).

The study was carried out in five experi-

mental plots of Pinus taeda planted in 2019 
on wavy soft relief, in Santa Catarina and 
Paraná  states,  southern  Brazil.  The  sites 
were selected because of their differences 
in soil classification (Tab. 1), i.e., differences 
in soil physical and chemical attributes, but 
also in the soil use before current P. taeda 
plantation  and  in  soil  management.  Tree 
growth was monitored and measurements 
were performed in 2021. Local climate data 
were obtained by the annual precipitation 
and mean annual  temperature during the 
period 2019-2021 (Tab. 2). Climate database 
were obtained from a high spatial  resolu-
tion global weather (Fick & Hijmans 2017).

At  each  study  site,  21  replication  plots 
were established in the field with 128 trees 
(8 rows × 16 trees), including a double bor-
der, thus resulting in a set of 32 measured 
trees per replication plot and 672 trees per 
site.  The mortality  index of  the sites was 
around 3%. Starter fertilization was applied 
180 days after planting with 20 kg ha -1 of N, 
60 kg ha-1 of P2O5, and 33 kg ha-1 of K2O in 
small holes 10 cm distant from the stem of 
each tree. It was also applied 675 kg ha -1 of 
CaO and 150 kg ha-1 of MgO between rows 
next  to  the  trees’  lines.  Complementary 
fertilization (40 kg ha-1 of N and 67 kg ha-1 

of K) was applied 360 days after planting 
on the soil surface under the tree crowns.

Soil sampling and analysis
Soil samples were collected 360 days af-

ter the last fertilizer application, at depths 
of 0-5 and 5-10 cm in the rows and between 
rows.  For  each site,  21  soil  samples  were 
collected at each depth. 

Soil  samples  were  air  dried,  sieved  (2.0 
mm) and analysed for the following param-
eters. pH was measured in CaCl2 0.01 mol L-1 

solution; exchangeable Al3+, Ca2+, and Mg2+ 

were extracted by KCl 1 mol L-1; available K+ 

and P were extracted by Mehlich I;  (H+ + 
Al3+) were extracted by calcium acetate 0.5 
mol L-1 at pH 7.0; total carbon and nitrogen 
were obtained by combustion in a Vario EL 
III® analyzer  (Elementar  Analysensysteme 
GmbH, Langenselbold, Germany).

All the microbiological attributes were de-
termined  on  the  air-dried  and  sieved  soil 
samples after being moistened to field ca-
pacity.  Potentially  mineralizable  nitrogen 
(PMN) was determined by anaerobic incu-
bation with an adaptation of the Waring & 
Bremner (1964) method. A first extraction 
of  NH4

+-N  and NO3-N  with  KCl  (2  mol  L-1) 
was performed and then the same samples 
were inserted in centrifuge tubes (50 mL) 
and filled with 30 mL of a nutritive solution 
(Na3PO4-0.005 mol L-1, MgSO4-0.002 mol L-1, 
CaCl2-0.005 mol L-1). Samples were then in-
cubated in a BOD chamber in the dark at 30 
°C for 15 days until the second KCl extrac-
tion. Two more incubation/extraction steps 
were repeated and in total,  we had 4 ex-
tractions during 45 days of incubation. Am-
monium  (NH4

+-N)  was  determined  by  the 
phenol  method  using  colorimetric  spec-
trophotometry (APHA 1995). Nitrate (NO3

--
N) was determined by ultraviolet spectro-
photometry  (Heinzmann et  al.  1984,  Nor-
man & Stucki 1981). The sum of nitrate and 
ammonium was considered the PMN.

Microbial biomass carbon (MBC) and mi-
crobial  biomass nitrogen (MBN) were de-
termined by irradiation method (Monz et 
al. 1991). Briefly, one of the two sets of soil 
samples  (20  g)  was  irradiated,  and  the 
other  set  of  soil  samples  was  not  irradi-
ated.  Subsequently,  all  samples  were  ex-
tracted with a K2SO4 (0.5 mol L-1). The MBC 
and MBN were determined in a Vario TOC 
Cube® analyzer  (Elementar  Analysensys-
teme GmbH, Germany).

Microbial  basal  respiration  (MBR)  was 
performed with 20 g of soil samples moist-
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Tab. 1 - Location and soil taxonomy of experimental sites of Pinus taeda of the initial 
growth in southern Brazil. (*): Soil classification according to the USDA Soil Survey  
(Soil Survey Staff 1999.)

Areas Municipality/State Latitude Longitude
Altitude
(m a.s.l.)

Soil (*)

Site 1 Telêmaco 
Borba/Paraná

24°22′ 57″ S 50°56′ 89″ W 835 Oxisols

Site 2 Lages/Santa Catarina 27°79′ 28″ S 50°50′ 02″ W 916 Ultisols

Site 3 Caçador/Santa 
Catarina

26°74′ 86″ S 51°07′ 18″ W 1030 Oxisols

Site 4 Vargem Bonita/Santa 
Catarina

26°55′ 03″ S 51°47′ 36″ W 1088 Oxisols

Site 5 Campo Belo do 
Sul/Santa Catarina

28°00′ 29″ S 50°51′ 20″ W 956 Inceptisols

Tab. 2 - Characteristics of silvicultural management, climate, and average height of trees in the five experimental plots.

Areas Site 1 Site 2 Site 3 Site 4 Site 5

Previous soil use Eucalyptus urophylla Pinus taeda Pinus taeda Pinus taeda Pinus taeda

Age at harvest (years-old) 8 22 38 15 34

Soil management Removal of residues / 
Subsoiling 60 cm

Removal of 
residues / Subsoiling 

50 cm

Minimal tillage / 
Subsoiling 60 cm

Removal of 
residues / Subsoiling 

35 cm

Minimal tillage / 
Subsoiling 45 cm

Present soil use (since 2019) Pinus taeda Pinus taeda Pinus taeda Pinus taeda Pinus taeda

Spacing (m × m) 3.1 × 1.9 2.4 × 2.6 2.5 × 2.5 2.5 × 2.0 3.0 × 2.5

Average temperature (°C) 19.1 16.1 16.4 17.2 15.2

Annual precipitation (mm) 1382 1750 1653 1543 1450

Average height (m) 2.5 3.2 2.5 2.4 2.8
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ened  to  field  capacity  and  placed  in  her-
metically sealed bottles, together with 20 
mL of  a  NaOH solution (0.5  mol  L-1).  The 
bottles were then incubated for 240 hours 
in the dark in a BOD chamber at 25 °C. After 
the incubation, 5 mL of BaCl2·2H2O (0.5 mol 
L-1)  was  added  to  the  NaOH  solution  to 
stop the CO2 capture,  and the NaOH was 
titrated with HCl (0.5 mol L-1), and 2 drops 
of  phenolphthalein  indicator  (0.1%)  until 
the change from red color to lack of color.

The Metabolic Quotient (qCO2) was calcu-
lated by the ratio between MBR and MBC 
(Anderson & Domsch 1993). The result was 
expressed in mg CO2-C g of MBC h-1 10-3.

Statistical analysis
Analysis  of  variance  and  Tukey’s  test 

(P<0.05)  for  average  comparisons  were 
performed  using  the  statistical  package 
“ExpDes”  in  R  version  1.2.2  (R  Develop-
ment  Core  Team  2019).  Pearson  correla-
tions and linear analyses were used to as-
sess  the  relationships  between  microbio-
logical attributes and other soil attributes. 
Principal  components  analysis  (PCA)  was 
done  using  the  program  Minitab  v.19 
(Mckenzie  &  Goldman  1999).  All  the  dia-
grams  were  plotted  with  SigmaPlot®  ver-
sion 12.0 (Systat  Software Inc.,  Palo Alto, 
CA, USA).

Results

Soil physical and chemical attributes
Small  variations  were  observed  in  the 

physical and chemical attributes of the soil 
between sites (Tab. 3). Site 1 showed the 
lowest values of clay, carbon, and macro-
nutrients in  the surface depth.  Sites 3,  4, 

and 5 had the highest values of clay and nu-
trients.

Soil microbiological attributes
The  accumulated  potentially  mineraliz-

able nitrogen (PMN) along the 45 days of 
incubation showed a crescent linear behav-
ior  which  did  not  reach  the  stabilization. 
No identifiable differences were observed 
between  the  two  soil  depths  analyzed. 
Sites 1 and 2 showed the lowest PMN val-
ues (less than 32 mg N kg-1 soil), whereas 

sites 3, 4, and 5 showed the highest PMN 
values (between 42 and 68 mg N kg -1 soil – 
Fig. 1a, Fig. 1b).

As for MBC, the results were significantly 
different between the 5 sites (Fig. 2a,  Fig.
2b), with site 5 showing the highest values 
(~2000 mg C kg-1 soil), followed by sites 3 
and 4 (~1200 mg C kg-1 soil), and the lowest 
values of MBC for sites 1 and 2 (~300 mg C 
kg-1 soil).

Values  of  MBN  in  sites  4  and  5  were 
higher  than  those  recorded  in  sites  3,  2, 
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Fig. 1 - Average of accumu-
lated potentially mineraliz-
able nitrogen (N), as 
nitrate (NO3-N), and ammo-
nium (NH4-N) during the 45 
days of incubation, in the 
soil of Pinus taeda planta-
tions at different sites in 
southern Brazil. Depths of 
0-5 cm (a) and 5-10 cm (b). 
The vertical bar represents 
the least significant differ-
ence, according to Tukey’s 
test (p<0.05).

Tab. 3 - Soil chemical and physical attributes in the 0-5 and 5-10 cm soil depth of the 
sites of Pinus taeda of the initial growth in southern Brazil. pH (CaCl2 0.01 mol L-1); Al3+, 
Ca2+, and Mg2+ (extracted with KCl 1 mol L-1); total carbon (C) and nitrogen total (N) 
(determined by total combustion method); K+ and P (Mehlich -1 extraction); Base satu-
ration (BS); Al3+ saturation (m); cation exchange capacity (CEC pH 7.0).

Parameter Units
Sites

Site 1 Site 2 Site 3 Site 4 Site 5

Depth cm 0-5 5-10 0-5 5-10 0-5 5-10 0-5 5-10 0-5 5-10

Clay g kg-1 300 313 625 575 750 713 714 711 619 623

pH CaCl2 3.9 4 4.1 4.1 3.9 3.9 4.4 4.4 4.4 4.4

C g kg-1 21.8 19.8 32 27.5 53 44.5 42.9 39.9 48.3 41.4

N g kg-1 1.2 1.2 1.9 1.7 2.5 2.1 2.4 2.3 2.7 2.4

P mg dm-3 2.8 6 3.9 3.3 5.9 4.8 3.4 3 6.2 4.7

K cmolc dm-3 0.06 0.05 0.13 0.08 0.15 0.13 0.14 0.12 0.17 0.1

Ca cmolc dm-3 1.5 1.5 2.7 2.3 5.6 5.1 1.3 1.3 2.4 2

Mg cmolc dm-3 0.62 0.51 1.12 0.99 0.99 0.88 0.42 0.33 0.68 0.47

Al cmolc dm-3 1.7 1.6 1.7 2 3.5 3.5 3.7 3.8 3.5 3.8

CEC cmolc dm-3 11.1 11.1 14.4 12.8 20.8 20.3 17.1 16.7 17.3 17.3

BS % 19.2 18.8 27.1 24.4 32.3 30.4 11 10.5 18.5 15

m % 44.7 43.6 30.5 38.4 34.1 36.1 66.4 66.2 52.3 59.4

Fig. 2 - Average microbial 
biomass carbon (MBC) in 
the soil of Pinus taeda plan-
tations at different sites in 
southern Brazil. Depths of 
0-5 cm (a) and 5-10 cm (b). 
Different letters indicate 
significant (p<0.05) differ-
ences among means after 
Tukey’s test. Vertical bars 
represent the standard 
deviation.
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and 1. The lowest values varied between 25 
and 29 mg N kg-1 soil, and the highest ones 
were between 51 and 123 mg N kg-1 soil (Fig.
3a, Fig. 3b).

The results for MBR were a little bit differ-
ent when comparing sites.  Site 4 showed 
the highest value of MBR among all sites, 
with a value of 3.7 mg CO2-C kg-1 soil  h-1). 

Site  5  showed  the  second  highest  value 
(3.2 mg CO2-C kg-1 soil h-1), followed by sites 
3, 2, and 1 (less than 2.0 mg CO2-C kg-1 soil  h-

1 – Fig. 4a, Fig. 4b).
The lowest values of qCO2 were observed 

for sites 1 and 5, the highest ones for sites 2 
and 4, and the intermediary value for site 3 
(Tab. 4).

Correlations between soil attributes
Pearson’s  correlation  between  the  soil 

microbiological attributes and the physical 
and chemical attributes with data from all 
sites was performed. We observed a tight 
relationship between some of the microbi-
ological  attributes  and soil  characteristics 
such as clay, pH, C/N ratio, and potassium 
(K).  However,  no  significant  correlations 
were found between phosphorus, calcium, 
and magnesium and basic  cations  satura-
tion  (BS)  with  the  microbiological  attrib-
utes (Tab. 5).

In the PCA, principal  components (PC) 1 
and 2 accounted for 70% of the variation in 
the data. PC1 explains 50% of the total vari-
ation in the matrix data, and PC2 explains 
20% of the variation. The eigenvector ma-
trix represents the weight of each soil at-
tribute factor, in the formation of the prin-
cipal components. For PC1 the most associ-
ated eigenvectors were C, N, K, C/N ratio, 
MBC, MBR, and PMN, resulting in a direct 
association.  PC2  was  influenced  by  PMN, 
MBC, and MBR. (Tab. 6, Fig. 5).

Discussion

Effect of soil types on microbiological 
attributes

In  general,  the  soil  microbiological  at-
tributes were not influenced by the depth 
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Tab. 4 - Average of the metabolic quotient (qCO2). Depths of 0-5 cm and 5-10 cm, the 
ratio between MBR (microbial  basal  respiration) and MBC (microbial  biomass car-
bon), in the soil of sites of Pinus taeda of the initial growth in southern Brazil. Aver-
ages followed by the same letter in the line are not significantly different by Tukey’s 
test (P<0.05).

Depth
qCO2 (mg CO2-C g-1 MBC h-1 10-3)

Site 1 Site 2 Site 3 Site 4 Site 5

0-5 cm 1.28 a 3.00 b 2.32 ab 3.24 b 1.63 a

5-10 cm 0.77 a 2.84 ab 1.84 ab 3.91 c 1.59 a

Tab. 5 - Pearson’s correlation coefficients of microbiological variables (PMN:  accumu-
lated potentially mineralizable nitrogen; MBC: microbial biomass carbon; MBR: micro-
bial basal respiration; qCO2: metabolic quotient) with chemical and physical attributes 
of the soil (pH CaCl2; C/N: ration between total carbon and total nitrogen; P: phospho-
rous content; Ca, Mg, K: calcium, magnesium, potassium content, respectively; BS: 
base saturation; m: Al3+ saturation), at depths of 0-5 and 5-10 cm, in Pinus taeda planta-
tions at different sites in southern of Brazil. The pairs of variables showing positive  
and significant correlation coefficients tend to increase together. (*): p<0.05.

Soil Variables PMN MBC MBR qCO2

Clay 0.371 0.514 0.299 0.826*

pH 0.723* 0.725* 0.817* 0.716*

C/N 0.518 0.601* 0.233 0.633*

P 0.316 0.269 0.235 -0.015

Ca -0.052 0.092 -0.2 0.073

Mg -0.472 -0.306 -0.342 -0.333

K 0.487 0.637* 0.474 0.734*

BS -0.447 -0.316 0.136 -0.38

m 0.635* 0.555 0.166 0.657*

Fig. 4 - Average microbial 
basal respiration (MBR) in 
the soil of Pinus taeda plan-
tations at different sites in 
southern Brazil. Depths of 
0-5 cm (a) and 5-10 cm (b). 
Different letters indicate 
significant (p<0.05) differ-
ences among means after 
Tukey’s test. Vertical bars 
represent the standard 
deviation.
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biomass nitrogen (MBN) in 
the soil of Pinus taeda plan-
tations at different sites in 
southern Brazil. Depths of 
0-5 cm (a) and 5-10 cm (b). 
Different letters indicate 
significant (p<0.05) differ-
ences among means after 
Tukey’s test. Vertical bars 
represent the standard 
deviation.
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of soil sampling (0-5 and 5-10 cm). The dif-
ferences identified for the microbiological 
attributes in the soil  were related to site-
specific conditions.

Despite  all  the  sites  having  the  same 
species  and  with  similar  ages  in  the 
present, previous use of the soil was quite 
different among sites (Tab. 2). During the 
initial growth, the effects on soil microbio-
logical  attributes  are  not  related  to  the 
species  planted  (Samuelson  et  al.  2004, 
2009), but rather to soil conditions result-
ing  from  the  history  of  soil  use  and  the 
management of forest system of the sites 
(Ward et al. 2015).

For most of the microbiological attributes 
evaluated,  except  for  the  qCO2,  site  5 
showed the highest  values and site 1  the 
lowest ones.  At site 1, the current P. taeda 
stand replaced a previous  Eucalyptus uro-
phylla plantation, and this could partly ex-
plain the lowest soil clay content among all 
sites. In contrast, at all other sites current 
Pinus taeda stands replaced previous plan-
tations of the same species.  The quality of 
the remaining organic matter certainly af-
fected  the  studied  microbial  attributes 
(Harrison-Kirk et al. 2014,  Fine et al. 2018). 
Most  of  the  residues  from  tree  harvest 
were removed from site 1 before planting 
Pinus  taeda and we can hypothesize that 
this has determined the low values of soil 
microbiological activity recorded. Also, site 
1 presented the lowest levels of C, N, K, Ca, 
and  Mg  at  both  soil  depths.  Therefore, 
many soil conditions of site 1 could be re-
lated to the lowest values of its microbio-
logical attributes.

Biesek (2012) studied soil microbiological 
attributes in crop areas, native and planted 
pasture,  and  a  forest  ecosystem,  finding 
that  the  microbiological  characteristics 
were attributed to the carbon and nitrogen 
stocks (forest and native pasture) or to the 

nutrient availability (crop areas) in the soil. 
Site 5 showed high values for clay, C, N, P, 
K, Ca, and Mg, likely related to the main-
tainance of  harversting  residues  of  previ-
ous  P. taeda  plantations during the last 34 
years (Gonçalves et al. 2001). The combina-
tion  of  all  these  factors  may  explain  the 
highest  values  for  the  microbiological  at-
tributes at this site.

Site 2 had the second lowest values for 
the microbiological attributes, as well as C, 
N, P, K, Ca, and Mg in the soil. In this case, 
most  of  the  vegetal  residues  were  re-
moved  when  the  former  P.  taeda  planta-
tion was harvested. Sites 3 and 4 showed 
values of clay, C, N, P, K, Ca, and Mg very 
close to those observed at site 5, but the 
soil type is an Oxisols, whereas site 5 has 
an  Inceptisols  which  is  less  altered when 
compared to Oxisols. The higher elevation 
at  sites  3  and 4,  along with their  altered 
clay  content  in  the  soil,  may  explain  the 
lower values of the microbiological attrib-
utes in comparison to site 5.

The levels of C, N, P, K, Ca, and Mg in the 
soil surface are closely related to the qual-
ity of the soil organic matter. Suitable for-
est management practices, such as soil fer-
tilization  and  silvicultural  techniques,  can 
improve site productivity by incorporating 
organic matter to the soil, that in turn can 
improve  the  soil  microbiological  quality 
(López-Poma et al. 2020).

The C/N ratio is another important factor 
controlling the rate of  mineralization and 
the  microorganism  community  composi-
tion  (Kuzyakov et al.  2019). Based on C/N 
ratio, the soil mineralization rate can be es-
timated, as well as the retention of mineral 
nitrogen in the soil and the variation in or-
ganic matter, which contributes to promot-
ing microbial biomass (Veloso et al. 2019). 
Manirakiza et al. (2019) evaluated the nitro-
gen mineralization rates in soil with the ap-

plication of  mineral  and organic  fertilizer, 
finding that fertilization improved the C/N 
ratio to adequate levels (around 14), thus 
increasing microbial  biomass  (Lee & Jose 
2003, Chen et al. 2010).

Relationships between soil attributes
The soil  pH showed a close relationship 

with  the  soil  microbiological  attributes, 
mainly with MBC, MBR, and PMN, despite 
the  very  small  range  of  variation  (3.9  to 
4.4) among the study sites. The pH of the 
soil  is  an important  variable  in  regulating 
microbial  diversity  and  the  mineralization 
process (Gonçalves et al. 2007), although it 
seems unlikely  that  differences in  the mi-
crobiological attributes among sites could 
be explained by the small pH variation ob-
served. 

MBC and MBR showed the highest corre-
lations with the C/N ratios, and similar re-
sults were found in other studies (Miller et 
al. 2005).  Samuelson et al. (2009) showed 
that  MBR can be an efficient indicator of 
soil microbiota in  P. taeda plantations, and 
along with the MBC, they were the most 
sensitive indicators  of  the microbiological 
activity across  P. taeda sites. In our study, 
MBR  showed  a  strong  relationship  with 
clay content and was the most sensitive mi-
crobiological  attribute.  Low  MBR  values 
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Tab. 6 - Results of principal component 
analysis  (PCA)  for  Pinus  taeda planta-
tions  at  different  sites  in  southern 
Brazil.  (PMN):  accumulated  potentially 
mineralizable nitrogen; (MBC): microbial 
biomass carbon; (MBR): microbial basal 
respiration; (qCO2): metabolic quotient; 
(P):  phosphorus;  (K):  potassium;  (Ca): 
calcium; (Mg): magnesium; (C): carbon; 
(N):  nitrogen;  (C/N):  carbon/nitrogen 
content ratio; (BS): base saturation.

-
Principal components

PC1 PC2

Eigenvalue 6.9 3.2

Proportion 0.5 0.2

Cumulative 0.5 0.7

Variable Eigenvectors

PMN 0.28 0.30

MBC 0.32 0.22

MBR 0.32 0.21

qCO2 0.13 0.09

Height 0.15 0.14

P 0.11 -0.16

K 0.34 -0.11

Ca 0.18 -0.47

Mg 0.00 -0.52

C 0.38 -0.02

N 0.36 0.08

Clay 0.32 -0.09

C/N 0.32 -0.10

BS 0.17 -0.49

Fig. 5 - Principal component analysis (PCA) for sites of Pinus taeda of the initial growth 
in southern Brazil.

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Zanon JA et al. - iForest 17: 29-35

can indicate lower substrate availability for 
soil microorganisms (Veloso et al. 2019, Yao 
et  al.  2020);  therefore,  a  balanced  MBR 
rate in soils could maintain soil quality.

The  qCO2 showed  a  positive  correlation 
with clay content across the studied sites. 
Similar  qCO2 values  for  pine  plantations, 
but of different ages and at different soil 
depths, were found in other studies (Joer-
gensen & Emmerling 2006). Also,  Tulio et 
al. (2022) did not find any significant rela-
tionships between the metabolic quotient 
and chemical and physical attributes in the 
soil of P. taeda plantations. However, in the 
soil  under  P.  sylvestris stands  in  northern 
China, Yao et al. (2020) found a strong cor-
relation between qCO2 and soil water con-
tent, and this allowed to better undestand 
the soil organic matter (SOM) dynamics in 
relation to soil physical characteristics (Yao 
et al. 2020).

Sites 1 and 2 showed lower average val-
ues of soil microbiological attributes and a 
weaker relationship with other soil  attrib-
utes,  while  sites  3,  4,  and  5  showed  the 
highest  average values  of  microbiological 
attributes  and  the  strongest  correlations 
with soil  attributes. Meanwhile,  at sites 4 
and 5  microbiological  activity  was  mostly 
associated with other soil attributes, such 
as PMN, MBC, MBR, carbon, and nitrogen 
total, whereas at site 3 it was more related 
to soil bases, K and Ca. Therefore, we spec-
ulate  that  soil  microbiological  attributes 
can be influenced by both the SOM and the 
nutrient content in the soil.

Conclusion
Our  results  indicate  that  physical  and 

chemical  attributes  intrinsic  to  the  soil 
types have site-specific effects on soil  mi-
crobiological  attributes.  Moreover,  previ-
ous history of land use at the study sites re-
markably affects soil microbiological activ-
ity. MBC and MBR were the soil microbio-
logical attributes most sensitive to the dif-
ferences between sites and showed a close 
relationship with clay content, pH, C/N ra-
tio, and K in the soil. Considering the sensi-
tivity  of  microbiological  soil  attributes  to 
soil  management  practices,  monitoring 
these attributes is a feasible way to evalu-
ate changes in soil quality.
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