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Abstract
Brazil has extensive areas planted with Pinus taeda L. primarily in southern areas with poor soil fertility and nutritional
management. Identifying optimal management practices can be difficult since forest floor litter, along with concomitant
roots, may impact tree nutrition by interacting with fertilizer/lime applications. Seeking to evaluate this interaction, a
nutrient omission experiment with seven treatments was designed to evaluate mid-rotation fertilizer/lime application to a
P. taeda stand in southern Brazil. The seven treatments were: complete (N, P, K, B, Zn, Cu, Mo, and lime as a Ca and Mg
source); NPK omission; micronutrient omission; K omission; Zn omission; lime omission; and control. Treatments were
applied when the stand was five and seven years old, followed by harvest at twelve years. Pinus taeda responded positively,
with commercial volume gains of 100% (60 to 122 m
 3 ha−1) when N and P were applied. Application of these nutrients also
enhanced volume of logs in the 23–35-cm-diameter log class. No responses to K, lime (Ca and Mg), or micronutrient (Zn,
Cu, B and Mo) amendments were observed. Nutrients and lime increased total litter accumulation, especially under omission of K. Roots were found in fragmented and humified forest floor layers, and omission of K enhanced total root mass
(Mg ha−1), specific root length (m g −1), root length (km h a−1), and relative root mass (Mg M
 g−1 of litter). Significant gains
in P. taeda productivity on low fertility oxisols can be attained if the correct nutrients are applied at mid-rotation of these
short-rotation forest systems.
Keywords Mid-rotation fertilization · Forest productivity · Nutrient-poor soil · Nutrient reservoir
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Introduction
Pinus taeda forests in southern Brazil are some of the
most productive in the world due to favorable climatic
conditions, use of good genetic material and silviculture
practices, and high adaptability to the low soil fertility of
the region (Batista et al. 2015; Lopes et al. 2013; Moro
et al. 2014; Motta et al. 2014). Notwithstanding the high
productivity of pine stands in general, growth performance
differs considerably depending on specific site conditions
(Motta et al. 2014).
Since P. taeda is often grown on low fertility soil without fertilization and lime for many harvest rotations, soil
nutrient exhaustion potentially explains most low site productivity in southern Brazil (Moro et al. 2014; Motta et al.
2014). Long-term soil nutrient exhaustion under similar
management conditions has been reported in pine forests
(Batista et al. 2015; Richter et al. 1994; Federer et al.
1989). The adoption of mid-rotation fertilization on low
fertility soils has led to large-scale yield increases in the
USA (Carlson et al. 2013; Albaugh et al. 2007). In Brazil,
Moro et al. (2014) investigated NPK applications in 1-,
5-, and 9-year-old P. taeda stands and found increased
growth in the two older stands, suggesting late application
could be a preferential method of fertilization. Fertilization not only increases tree growth but can result in diameter increases that add value to sawtimber logs (Albaugh
et al. 2009). Although mid-rotation fertilization potential
seems to be high, few such studies investigating P. taeda
have been conducted in Brazil.
Besides NPK, the low levels of Ca, Mg, and Mn in
needle tissue have been associated with chlorosis and premature death of P. caribaea (Chaves and Corrêa 2005),
while Reissmann and Zoetti (1987) showed that lack of
K, Ca, Mg, and Zn and high level of Mn in needle tissue
were potential problems in P. taeda nutrition. Dedeck et al.
(2008) found a direct relationship between Zn needles concentration and Pinus taeda growth. High yield improvements due to waste residue (paper industry) applied as
potential fertilizer source were associated with sharp
decreases in Mn concentration and small increases in K,
B (Sass et al. 2020), Ca, Mg, and K (Rodrigues 2004),
which suggests multi-nutrient deficiency and Mn toxicity
in unamended soil. Again, there is a broad spectrum of
possible nutrient issues in Brazilian pine plantations, and
Mn levels ranging from deficient to toxic could be related
to low yields observed in many areas.
Low concentrations of bases and other nutrients in litterfall have been identified as one of the many reasons
for low decomposition rates (Wienand and Stock (1995).
Needles have lower base content compared with other forest species, and needle ash has the lowest power capacity
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to increase soil pH (Noble et al. 1996). Additionally, use
of controlled burning to reduce forest floor biomass for
safety reasons is rare in Brazil, and this can result in thick
O horizon layers. This is especially true for poor growth
and low fertility sites (Reissmann and Wisniewski 2015;
Trevisan 1992; Wisniewski 1989). Thus, in the case of
mid-rotation fertilization and liming of low fertility sites,
amended nutrients initially interact with organic litter layers before reaching the soil layer (Batista et al. 2015). This
interaction of fertilizer and lime with forest floor litter
could affect overall forest floor biomass accumulation. A
two-third decrease in forest floor biomass was observed
20 years after application of NPK plus lime (Jandl et al.
2003). Also, applications of 6 and 4 t h a−1 of lime resulting in 25 and 50% forest floor biomass losses after 3 and
20 years were observed by Marschner and Wilczynki
(1991) and Huber et al. (2006), respectively. However, no
change in forest floor biomass was observed 10 years after
applying increasing doses of alkaline residue to P. taeda
(Rabel et al. 2020). Thirukkumaran and Parkinson (2002)
reported that addition of N fertilizer enhanced pine forest
floor litter decay in the first year, but P fertilizer application had no influence. However, Wienand and Stock (1995)
reported that P application in a pine forest increased forest
floor biomass accumulation due to enhanced litterfall and
reduced decay. Thus, the influence of fertilization and lime
seems to vary among sites and elements.
Forest floor litter can also host great root activity (Bakker et al. 2009; Helmisaari and Hallbäcken 2000; Lopes
et al. 2013; Wang et al. 2016), and fertilization can change
biomass and morphology of these roots (Bakker et al.
2009). Rabel et al. (2020) noted large improvements in P.
taeda root mass and length in forest floor litter with applications of alkaline waste residue. Albaugh et al. (2008)
found no influence of fertilization on P. taeda fine roots
in soil after four years, while Bakker (1999) found that
lime and gypsum enhanced root growth in an oak (Quercus
petraea (M.) Liebl.) forest. However, Helmisaari and Hallbäcken (2000) reported variable fine root response to fertilizer application among sites. Few studies in Brazil have
evaluated the influence of nutrient amendments on root
responses in low productivity soils and how this may influence wood growth gain.
There is a research gap in identifying limiting nutrients
associated with low growth P. taeda sites and the role of
mid-rotation fertilization/liming for enhancing yield and
sawtimber logs in southern Brazil. Our hypothesis was that
amendments using the nutrient omission technique should
be able to identify the nutrient(s) most limiting to tree
growth and sawtimber production. In addition, an amendment with nutrients and lime should also enhance litterfall
decay to a higher degree than litterfall deposition resulting
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in decreased forest floor biomass as well as a decrease in
associated root biomass.

using a manual saw with pruned material left on the ground.
This study was then established using 4 blocks, each with
7 treatments (total of 28 plots). Each plot had an area of
384 m2 representing eight rows with eight trees per row for
a total of 64 trees. All trees inside the central 96 m2 area
of each (corresponding to 4 rows of 4 trees per row) were
considered for measurement and analysis (total of 16 trees).
After plot demarcation and treatment assignment, trees were
measured for diameter at breast height (DBH) and height
using standard methods. The initial means and standard
deviations for tree height, DBH, and calculated volume were
4.8 m (0.6), 7.8 cm (1.5), and 18.9 (10.4) m
 3. ha−1, respectively. Although there was no statistical difference among
treatments, midterm fertilizer application to P. taeda in this
area may have introduced uncertainties due to unobserved
factors (e.g., ungulates, insects, microbial dynamics, and/or
other edaphic factors).
The experiment was designed as a nutrient omission diagnostic study. There were seven treatments with four replications in complete randomized blocks. The seven treatments
were: (1) complete treatment of macronutrients (NPK), lime
(as Ca and Mg source), and micronutrients (Zn, Cu, B, and
Mo); (2) minus NPK; (3) minus micronutrients; (4) minus
K; (5) minus Zn; (6) minus Lime; and (7) control (no fertilization or lime) (Table 2). In order to facilitate the identification of the seven treatments, they will be described as:
(1) Complete; (2) −NPK; (3) −Micro; (4) −K; (5) −Zn; (6)
−Lime; and (7) Control. Lime and fertilizer were manually

Material and methods
The experiment was conducted in Arapoti County, located
on the second plateau of Paraná State (PR), Brazil, at geographic coordinates 24° 22′ 00.33″ S and 49° 47′ 43.68″
W. Geological formations in this region correspond to the
Itararé sandstone group (Mineropar 2010). Regional native
vegetation is predominantly Cerrado (Brazilian savanna).
The climate is a transition between a subtropical type with
hot summers (Cfa) and a subtropical type with mild summers (Cfb) (Alvares et al. 2013). Soil analyses performed
prior to experiment implantation revealed low nutrient availability, high soil acidity, and Al saturation of soil charge
sites (Table 1).
Low growth sites were identified based on paper company inventories, and from these sites, we selected an experimental area that exhibited the most homogeneous conditions. The investigated P. taeda plantation was established
in September 2003 when seedlings (grown from seeds in
growth tubes) were planted on 3 × 2 m spacings (i.e., 3 m
between rows and 2 m between trees within a row) without
fertilization. In the spring of 2008, an area (~ 1.5 ha) was
selected from this 63-month-old low growth rate commercial P. taeda stand. The forest was pruned to a 2.0 m height

Table 1  Soil chemical attributes in the 0–60-cm layer of the study area in Arapoti County, Paraná State, Brazil
pH

Al3+

CaCl2
4.0

cmolc dm−3
1.0
5.8

Clay
%
23.2

Ca2+

H + Al

Mg2+

0.1

K+

0.1

0.02

CEC

P

OC

m

BS

6.02

mg dm−3
0.2

g dm−3
15.1

%
78.6

%
4.2

Sand

Fe

Mn

Zn

Cu

B

71.5

mg kg−1
90

1.7

0.21

0.78

0.77

 −1); Al3+, Ca2+ and Mg2+ (extracted with KCl 1 mol L
 −1); H + Al (calcium acetate 0.5 mol L
 −1 extraction); organic carbon
pH (CaCl2 0.01 mol L
(OC) (volumetric method by potassium dichromate); K+, P, Fe, Mn, Cu, Zn and B (Mehlich−1 extraction); Base saturation (BS); Al3+ saturation
(m); cation exchange capacity (CEC pH 7.0)
Table 2  Composition of
treatments in a nutritional
diagnosis by omission
experiment in an established
planting of Pinus taeda L. at
Arapoti County, Parana State,
Brazil

Treatment/application

N
P2O5
kg ha−1

K2O

Zn

Cu

B

Mo

Lime
Mg ha−1

T1
T2
T3
T4
T5
T6
T7

40
0
40
40
40
40
0

80
0
80
0
80
80
0

3
3
0
3
0
3
0

2
2
0
2
2
2
0

2
2
0
2
2
2
0

0.02
0.02
0
0.02
0.02
0.02
0

1.3
1.3
1.3
1.3
1.3
0
0

Complete
−NPK
−Micro
−K
−Zn
−Lime
Control

60
0
60
60
60
60
0
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broadcasted over the forest floor surface. Specific information concerning nutrient application (time, rate, and source)
and tree management can be found in Batista et al. (2015)
and Consalter et al. (2020).
At 145 months, DBH of all trees (16 trees per plot) was
measured. In addition, the three dominant trees in each plot
were cut and measured for trunk length and circumference
at 0, 25, 50, 75, and 100% of total trunk length to determine
tree volume. This volume (Individual Commercial Volume;
Vi) was calculated assuming that each log segment (determined by circumference measurements) was a perfect semicone. Thus, DBH was measured for all trees, while Vi and
trunk height (H) were only determined for 84 trees (three
dominant trees per plot). Data from dominant trees were
used to adjust a hypsometric model to estimate H as a function of DBH: H = b0 × DBH + b1 × (− 1 × DBH2) where b0
and b1 were 0.561316 and − 0.006986, respectively.
Data from the 84 dominant trees were also utilized
to adjust a volumetric model to calculate Vi as a function of DBH and H. These data exhibited a nonlinear
data trend. Thus, the nonlinear model of Schumacher
and Hall (1933) that had a high R2 (0.98) was utilized:
Vi = b 0 × ( DBH b1 ) × (H b2 ), where b 0 = 0.0002043,
b1 = 1.61637, and b2 = 0.8658636 (Crescente-Campo et al.
2010).
This volumetric model was used to calculate Vi of all
experimental trees using measured DBH and measured or
estimated (by hypsometric model) H. Utilizing Vi (measured
or calculated by volumetric model) and DBH for each of the
16 centrally located trees, logs (2.4 m) per tree were sorted
into three log classes for each tree (11–18 cm, 18–23 cm,
and 23–35 cm), and total volume (V*) was calculated for
each log class.
Each 96-m2 plot was divided into four equal quadrants
(24 m2 each). A forest floor litter sample was collected from
each quadrant. Litter sampling was performed by randomly
placing a 10 × 10 cm frame on the forest floor surface and
cutting through the litter to the soil surface. Forest floor litter
outside the frame was moved aside to allow removal of the
un-deformed forest floor litter sample block.
Undeformed forest floor litter blocks were stored in paper
bags for transport back to the laboratory. At the laboratory,
four samples were created by splitting and pooling the
undeformed subsamples according to degree of decomposition: (1) recently deposited needles that did not break when
formed into a loop, called new litter (Ln); (2) brittle needles, called old litter (Lv); (3) organic horizon where organic
residues are fragmented, partially decomposed, and roots
present (F); and (4) organic horizon where origin of organic
tissue is not recognizable and roots present (H).
Since roots were found only in F and H horizons, a subsample was taken to manually separate roots from aboveground residues. These F and H horizons were further
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divided into three fractions each: (1) F or H with roots;
(2) F or H without roots; and (3) roots. From root samples of these fractions, a ~ 0.5 g subsample of fresh mass
was obtained. These roots were then digitized at 300 d.p.i.
using a HP Deskjet 2540 scanner, and images were analyzed using Safira software (Jorge and Rodrigues 2008)
to determine total root length (mm sample−1). Root dry
mass (oven dried at 65 °C for 48 h) and length were used
to calculate: (a) root mass per area (Mg h a −1); (b) root
length per area (1000 km ha−1); (c) root mass per forest
floor mass (kg Mg−1); (d) root length per forest floor mass
(1000 km Mg−1); and (e) root length per root mass or specific root length (m g−1).
Obtained variables were submitted to tests of linear
hypotheses (contrast analysis). Contrast tests were done
without data transformation; overall, 13 contrasts were
tested (Table 3). The nutritional contrasting treatment
scheme was designed in order to improve knowledge
regarding P. taeda nutrition.
Statistical analyses were performed using RStudio software (version 0.99.903—© 2009–2016 R-Studio, Inc.)
and the statistical package Psych (version 1.7.5; Revelle,
2017). Figures were plotted with Microsoft Office Excel
2013® software and SigmaPlot 11.0®. Figures were joined
to form composite figures with the use of CorelDraw × 5®
software. In absolute values, differences between contrasting treatments were presented concomitant to the
significance of each contrast tested. For each variable, the
main values of each treatment were given along with their
respective standard deviations.

Table 3  Linear hypotheses (contrasts) tested in a nutritional diagnosis by omission experiment in an established P. taeda L. plantation in
Arapoti County, Paraná State, Brazil
Contrast no

Effect combined

Treatments contrasts

1
2
3
4
5
6
7
8
9
10
11
12
13

NPK + Lime + Micro
NPK + Micro
NPK + Lime
Micro + Lime
B Mo Cu + NPK + Lime
NP + Micro + Lime
NPK
NP
K
Micro
B Mo Cu
Zn
Lime

Complete × Control
−Lime × Control
−Micro × Control
−NPK × Control
−Zn × Control
−K × Control
Complete × −NPK
−K × −NPK
Complete × −K
Complete × −Micro
−Zn × −Micro
Complete × −Zn
Complete × −Lime
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Results
Tree productivity
Contrasts 1 to 6 show the effect of treatments against
control and indicated that nutrient amendment (Table 4—
contrast 1 and 2) with or without lime enhanced all pine
growth parameters. The omission of micronutrients
(Table 4—contrast 3), Zn (Table 4—contrast 5), and K
(Table 4—contrast 6) indicated higher growth compared
to control. Thus, it seems that micronutrients (Zn, Cu, B
and Mo) and K were not deficient in the soil. In contrast,
when macronutrients were omitted (Table 4—contrast 4),
growth was similar to the control, suggesting the major
effect was related to a lack of either one, two, or three of
the nutrients NPK.
A comparison of the complete treatment against other
treatments is shown in Table 4 (contrast 7, 9, 10, 12, and

13). The NPK omission (Table 4—contrast 7) resulted in a
sharp decrease in tree growth. But there was no influence
for omission of K (contrast 9), micro (contrast 10), Zn
(Table 4—contrast 12), and liming (Table 4—contrast 13).
Since omission of NPK resulted in great growth reduction while omission of K did not, this reduction could be
related to N and/or P rather than K.
The contrast that compared the omission of K with omission of macro (−NPK) (Table 4—contrast 8) showed higher
growth with omission of K than macro omission (−NPK)
and again suggests a low impact of K on growth (Table 4—
contrast 6). Also, the contrast between Zn omission and
omission of micronutrients indicated a slight negative
effect of Zn on H (Table 4—contrast 11). This effect was not
observed for the supply of all micronutrients (Table 4—B,
Mo, Cu, and Zn; contrast 10).
Application of NP in an established P. taeda plantation
greatly increased tree size relative to other nutrient additions. All contrasts with the NP nutrient set affected at least

Contrast
no.

Treatment
contrasts
(effect combined)

DBH
(cm)

V
(m3 ha–1)

Hd
(m)

DBHd
(cm)

Vd
(m3 trunk–1)

V (11–18)
(m3 ha–1)

V (18–23)
(m3 ha–1)

V (23–35)
(m3 ha–1)

No. (11–18)
(no.)

No (18–23)
(no.)

No. (23–35)
(no.)

Table 4  Statistical difference matrix of contrasting treatments for tree growth and log diameter classes from a nutritional diagnosis by omission
experiment in an established P. taeda L. plantation in Arapoti County, Paraná State, Brazil

1

Complete × Control
(NPK+Lime+Micro)

2.3

68

1.7

2.2

0.1

–

77

n.a.

–6

3.3

n.a.

2

–Lime × Control
(NPK+Micro)

2.7

81

2,0

4.2

0.1

– 17

61

n.a.

–4

2.8

n.a.

3

–Micro × Control
(NPK+Lime)

–

70

1.6

–

0.1

– 16

40

n.a.

–

1.8

n.a.

4

–NPK × Control
(Micro+Lime)

–

–

–

–

–

–

–

n.a.

–

–

n.a.

5

–Zn × Control
(B Mo
Cu+NPK+Lime)

2.3

61

1.4

3.4

0.1

–

57

n.a.

–

–

n.a.

6

–K × Control
(NP+Micro+Lime)

2.9

44

0.5

2.7

0.1

–

35

n.a.

–5

1.3

n.a.

7

Complete × –NPK
(NPK)

2.6

70

2.0

2.4

0.1

– 27

91

–

–5

4.3

–

8

–K × –NPK
(NP)

3.3

46

0.8

2.9

0.05

–

49

–

–

2.3

0.3

9

Complete × –K
(K)

–

–

–

– 0.4

–

–

–

–

–

–

–

10

Complete × –Micro
(Micro)

–

–

–

–

–

–

37

–

–

1.5

–

11

–Zn × –Micro
(B Mo Cu)

–

–

– 0.1

–

–

–

–

– 24

–

–

–1

12

Complete × –Zn
(Zn)

–

–

–

–

–

–

–

–8

–

–

– 0.3

13

Complete × –Lime
(Lime)

–

–

–

–

–

–

–

–

–

–

–

Colors are related to “Pr ( <|t|)” value obtained by linear hypotheses (contrasts)—Table 4. .01%, 1%, 5%, 10%. Values in the matrix are the
absolute difference between contrasting treatments

Average diameter at breast height—DBH (cm), commercial volume—V (m3 ha−1), dominant tree trunk height—Hd (m), dominant tree diameter
at breast height—DBHd (cm), dominant tree individual volume—Vd (m3 trunk−1), commercial volume for 11–18 cm DBH class—V (11–18) ( m3
ha−1), commercial volume for 18–23 cm DBH class—V (18–23) ( m3 ha−1), commercial volume for 23–35 cm DBH class—V (23–35) ( m3 ha−1),
number of trunks for 11–18 cm DBH class—No. (11—18) (no.), number of trunks for 18–23 cm DBH class—No. (18–23) (no.), number of
trunks for 23–35 cm DBH class—No. (23–35) (no.)
–

Not statistically different, nastatistical test not applicable due to absence of individuals in the control treatment
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three of five tree size variables: dominant tree height (Hd),
dominant tree diameter at breast height ( DBHd), dominant
tree volume (Vd), average diameter at breast height (DBH),
and average volume (V) (Table 4—contrasts 1, 2, 3, 5, 6, 7
and 8; Fig. 1). Increases for these variables were 0.8 to 2.0 m
for Hd, 2.2 to 4.2 cm for DBHd, 0.05 to 0.1 m3 trunck−1
for Vd, 2.3 to 3.3 cm for DBH, and 44 to 81 m
 3 ha−1 for V
(Fig. 1a, b).
With regard to log diameter classes, contrasts of treatments against the control are presented in Table 4 (column
6—11—contrast 1 to 6). Unlike other treatments, the Control had no 23–35-cm-diameter logs (Table 4, column 8)
which did not allow for comparison. There was an increase
for the mid-diameter log class (18–23 cm) with fertilization and lime (Table 4—contrast 1), while fertilization
without lime showed an increase in the larger diameter log
class (18–23 cm) with a concomitant decrease in the lowest diameter class (11–18 cm) (Table 4—contrast 2). Log
diameter class volumes shown in Fig. 2a and b indicate that
approximately 70% of logs fell in the 11–18-cm-diameter
class for the Control and −NPK treatments. Again, omission of micro (-micro) reduced the low (11–18 cm) and
enhanced the 18–23-cm-diameter log classes compared to
control (Table 4, column 6 and 7—contrast 3). Omission of
macro (−NPK) had V and log numbers similar to the control
(Table 4—contrast 4), suggesting that these elements limited
tree growth and log quality. Omission of Zn and K did not
Fig. 1  Effect of fertilization
after seven years on tree growth
and productivity of a P. taeda
L. plantation, Arapoti County,
Paraná State, Brazil. Dominant
tree trunk height—Hd (m),
dominant tree diameter at breast
height—DBHd (cm), and dominant tree individual volume—
V (m3 trunk−1) (a). Average
diameter at breast height—DBH
(cm) and commercial volume—
V (B). Statistical differences
between treatments are presented in Table 4

13

hinder tree growth and increased V of 18–23-cm-diameter
logs (Table 4—Contrasts 5 and 6).
When treatments were contrasted to the complete treatment (Table 4—contrast 7, 9, 10, 12 and 13), we observed a
decrease in low diameter logs (11 to 18 cm) and an increase
in intermediate diameter logs (18 to 23 cm) with NPK omission (Table 4 and Fig. 2b—contrast 7); this confirms a large
limitation of tree growth by lack of some macronutrients.
However, the K omission treatment was not different from
the complete treatment (Table 4—contrast 9), suggesting
that K was not limiting. In contrast, the omission of micronutrients resulted in increased 18–23-cm-diameter logs
(Fig. 2b). Omission of lime showed a pattern similar to the
complete treatment (Table 4—contrast 13) and had no effect
on log sorting.
The contrast between K omission and NPK omission
(Table 4—contrast 8) indicated that lack of N and P limited
growth as shown by a large decrease in the 11–23-cm-diameter log class (Fig. 2b). The omission of Zn produced more
23–35 cm logs compared to the omission of micronutrients
treatment (Table 4—contrast 11 and Fig. 2b) which was an
unexpected negative effect of Zn.

Litter amount on forest floor
The large litter accumulation on the forest floor (Fig. 3a) may
be indicative of very low soil fertility at the experimental

European Journal of Forest Research
Fig. 2  Effect of fertilization after seven years on log
diameter sorting of a P. taeda L.
plantation, Arapoti County, Paraná State, Brazil. Wood volume
and log number in each DBH
class (a), and percentage of total
commercial volume within each
class (b)

site. In general, the H fraction was the most abundant followed by F, Lv, and Ln. Also, there was no effect of treatments on Ln (except Table 5—contrast 6) and F fractions
(Table 5 and Fig. 3a).
Contrasts 1 to 6 showed the effect of treatments against
control (Table 5). Results indicated that nutrient amendment (NPK + Micro) with or without lime (contrasts 1 and
2) increased the total amount of litter as well as the Lv fraction. Omission of micro- or macronutrients (Table 5—contrast 3 and 4) did not affect total litter amount compared to
the control, but did increase the Lv fraction. In contrast, the
omission of Zn and K (Table 5—contrast 5 and 6), especially
K, resulted in large increases in total litter amount as well
as the Lv and H fractions. The contrast between complete
and other treatments (Table 5—contrast 7, 9, 10, 12 and 13)
indicated no effect of omission (i.e., NPK, K, micro, Zn, and
lime) on total or individual litter fractions (Table 5). The
contrast between K omission and −NPK (Table 5—contrast
8) indicated that K omission alone led to increased litter.

Root production
Regardless of treatment, root growth per area in Fig. 3b
showed that the amount of root biomass per hectare in the H
horizon was twice that of the F horizon, which corresponded
to forest floor amounts in these litter layers. The contrast
between the control versus nutrient amendment with or without lime, omission of micro, NPK, and Zn (Table 5, columns

6 and 7—contrasts 1, 2, 3, 4, and 5) did not change root biomass found in F and H layers. However, the omission of K
increased root biomass (Table 5, columns 6 and 8—contrast
6) in the F layer and the litter layer. Contrasts for treatments
compared to the complete treatment (Table 5—contrasts 7,
9, 10, 12, and 13) showed an effect of −K (contrast 9), which
again demonstrates enhancement from K omission isolated
relative to the complete treatment.
Columns 9 to 11 of Table 5 and Fig. 3c illustrated the
ratio of root biomass to litter necromass (Mg root biomass/
Mg mass of litter) and indicated reduced variation between
F and H layers, as observed for roots biomass per hectare
(Table 5, columns 6 to 8 and Fig. 3b). These results indicate
that colonization by roots was highly effective in both litter
layers. In addition, the omission of K resulted in more root
biomass per litter necromass in the F layer versus the H layer
indicating more root colonization of the upper litter layer.
For contrasts involving the control and other treatments
(Table 5—contrast 1 to 6), contrasts 3 and 6 were the most
notable. For contrast 3, omission of micronutrients resulted
in lower total root biomass amounts in litter necromass than
the control (Table 5), while contrast 6 indicated that more
root biomass was found in the F layer for omission of K
compared to the control.
Higher amounts of root biomass in litter mass were
found in the F layer for K omission compared to omission
of macronutrients, which included K (Table 5—contrast 8).
This result confirmed that isolated K omission resulted in
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Fig. 3  Effect of fertilization
after seven years on forest floor
layers (Ln—recently deposited
needles that did not break when
formed into a loop, Lo—brittle needles, called old litter,
F—organic horizon where
organic residues are fragmented,
partially decomposed, and roots
present, H—organic horizon
where origin of organic tissue
is not recognizable and roots
present) mass and root mass
and density in a P. taeda L.
plantation, Arapoti County,
Paraná State, Brazil. Litter mass
(Mg−1 ha−1 DM) (a), root mass
(Mg−1 ha−1 DM) (b), and relative root mass (root mass per
unit of litter mass) (Mg−1 Mg−1
DM) (c)

more root growth. Similarly, more root biomass in litter mass
was found in the K omission treatment compared to the complete treatment (Table 5—contrast 9).
Similar to root biomass, root length per hectare (km
ha−1 × 103) results shown in Fig. 4a indicate that more root
length was observed in the H layer compared to the F layer.
Contrasting the control to other treatments showed that
omission of lime, micronutrients, NPK, and Zn had no effect
on root length (Table 6, columns 1 to 3—contrasts 1 to 5).
However, omission of K resulted in higher root length values
compared to the control (Table 6, column 1 to 3—contrast
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6), which was similar to that observed for root mass. Contrasts involving the complete treatment (Table 6—contrast
7, 9, 10, 12, and 13) showed that the complete treatment had
less root length than omission of K (Table 6—contrast 9),
which again was similar to that observed with root biomass
(Fig. 3b). As with root biomass, omission of K (Table 6—
contrast 8) had higher root length compared to NPK omission. This again confirms the strong effect of K omission on
overall root growth.
Specific root length shown in Fig. 4b, indicated that
higher values occurred in the F layer compared to the H
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Contrast
no.

Treatments
contrasts
(effect combined)

LM–Ln
(Mg ha–1 DM)

LM–Lv
(Mg ha–1 DM)

LM–F
(Mg ha–1 DM)

LM–H
(Mg ha–1 DM)

LM–Total
(Mg ha–1 DM)

RM–F
(Mg ha––1 DM)

RM–H
(Mg ha–1 DM)

RM–Total
(Mg ha–1 DM)

RRM–F
(Mg Mg–1 DM)

RRM–H
(Mg Mg––1 DM)

RRM–Total
(Mg Mg–1 DM)

Table 5  Statistical difference matrix of contrasting treatments for litter mass and root from a nutritional diagnosis by omission experiment in an
established P. taeda L. plantation in Arapoti County, Paraná State, Brazil

1

Complete × Control
(NPK+Lime+Micro)

–

2.6

–

–

12

–

–

–

–

–

–

2

–Lime × Control
(NPK+Micro)

–

1.5

–

–

13

–

–

–

–

–

–

3

–Micro × Control
(NPK+Lime)

–

2.5

–

–

–

–

–

–

–

–

– 0.1

4

–NPK × Control
(Micro+Lime)

–

2.3

–

–

–

–

–

–

–

–

–

5

–Zn × Control
(B Mo
Cu+NPK+Lime)

–

3.3

–

14

14

–

–

–

–

–

–

6

–K × Control
(NP+Micro+Lime)

– 1.1

1.9

–

15

24

1.2

–

3.7

0.1

–

–

7

Complete × –NPK
(NPK)

–

–

–

–

–

–

–

–

–

–

–

8

–K × –NPK
(NP)

–

–

–

–

15

1.4

–

–

0.1

–

–

9

Complete × –K
(K)

–

–

–

–

–

– 1.3

–

– 3.2

– 0.1

–

–

10

Complete × –Micro
(Micro)

–

–

–

–

–

–

–

–

–

–

–

11

–Zn × –Micro
(B Mo Cu)

–

–

–

–

–

–

–

–

–

–

–

12

Complete × –Zn
(Zn)

–

–

–

–

–

–

–

–

–

–

–

13

Complete × –Lime
(Lime)

–

–

–

–

–

–

–

–

–

–

–

Colors are related to “Pr ( <|t|)” value obtained by linear hypotheses (contrasts)—Table 5. .01%, 1%, 5%, 10%. Values on the matrix are the
absolute difference between contrasting treatments
Litter mass for Ln litter layer—LM–Ln, litter mass for Lo litter layer—LM–Lo, litter mass for F litter layer—LM–F, litter mass for H litter
layer—LM–H, total litter mass—LM–Total, root mass for litter F horizon—RM–F, root mass for litter H horizon—RM–H, root mass for litter—
RM–Total (Mg h a−1 DM), relative root mass per liter mass for F litter horizon—RRM–F, relative root mass per liter mass for H litter horizon—
RRM–H, relative root mass per liter mass—RRM–Total (Mg Mg−1 DM)
–

Not statistically different

layer suggesting changes in root morphology such as small
diameter. Specific root lengths in the complete treatment
were lower than in the control. Again, K impacts on roots
were reflected by higher specific root length values than
those seen in the complete treatment (Table 6, columns 4
to 6—contrast 9). Surprisingly, lime also influenced specific
root growth but with lower values noted compared to the
complete treatment (Table 6—contrast 13).
Length of roots in litter biomass is shown in Table 6 (columns 7 to 9) and Fig. 4c. Contrasts to the control treatment
(Table 6—contrasts 1 to 6) indicated differences for contrasts 1 and 3 (Table 6). For contrast 1, the complete was
lower than the control. Also, the control had higher length
for litter biomass values than the omission of micronutrients
treatment (Table 6—contrast 3). In addition, values for the

K omission treatment were higher than the control in the F
layer (Fig. 4c).
For contrasts involving the complete treatment (Table 6—
contrast 7, 9, 10, 12 and 13), contrast 9 indicated that the
complete treatment had lower values compared to the K
omission treatment. Contrast 8, which compared K omission with NPK omission, again showed that values were
higher with K omission.
In the F horizon, changes were mostly related to increased
root length per forest floor mass (Table 6, column 7—Contrast 6, 8 and 9; Fig. 4c). When contrasted with other treatments, omission of K increased root length per forest floor
mass (km Mg−1). This did not occur for the H horizon, suggesting fast colonization of the upper horizon. Treatment
effects may reflect changes in root type and root diameter.
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Fig. 4  Effect of fertilization
after seven years on root length
(km ha−1), specific root length
(m g−1 of root), and root length
per mass (km M
 g−1 of organic
matter) for a P. taeda L. plantation, Arapoti County, Paraná
State, Brazil. Trees were fertilized at 5 years old and evaluated when 12 years old. Root
length (a), specific root length
(b) and litter root length (c)

The absence of K displayed a strong effect only when
NP was present. As mentioned above, the −NPK treatment
had yield variables and root distribution very similar to the
Control (Figs. 1, 2, and 3). In terms of root distribution, the
most pronounced effect was additional roots in the more
superficial forest floor horizon.

Discussion
Tree productivity
In general, tree growth was very expressive since average initial volume was only 18.9 m3/ha with no difference
among treatments. Our subsequent use of a single volume
equation for all treatments introduced some uncertainties due to tapering of the trunk caused by growth. This
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procedure may have affected accuracy of volume estimates
along the length of the tree. However, DBH and height
data are accurate, and volume estimates are sufficiently
robust for acceptable statistical comparison of treatment
effects. The combined application of three (N, P and K)
or two (N and P) macronutrients, with or without lime and
micronutrients, enhanced P. taeda growth as reflected by
height, DBH, V, and log diameter. In areas of the southeastern USA, naturally occurring P. taeda and P. elliotti
have shown substantial growth increases from fertilization with P, NP, or NPK (Samuelson et al. 2004; Sayer
et al. 2004; Scott and Bliss 2012; Wightman et al. 2016;
Zhao et al. 2009). In southern Brazil under soil conditions
similar to our study (i.e., acidity and nutrient availability),
Moro et al. (2014) reported increased P. taeda productivity
with applications of 70 and 150 kg ha−1 of N and P
 2O 5,
respectively.
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RL–F
(km ha–1)

RL–H
(km ha–1)

RL–Total
(km ha–1)

SRL–F
(m g–1 DM)

SRL–H
(m g–1 DM)

SRL–Total
(m g–1 DM)

LRL–F
(km Mg–1 DM)

LRL–H
(km Mg–1 DM)

LRL–Total
(km Mg–1 DM)

Table 6  Statistical difference matrix of contrasting treatments for root growth from a nutritional diagnosis by omission experiment in an established P. taeda L. plantation in Arapoti County, Paraná State, Brazil

Complete × Control
(NPK+Lime+Micro)

–

–

–

–

–

–8

–

–

– 3.3

2

–Lime × Control
(NPK+Micro)

–

–

–

–

–

–

–

–

–

3

–Micro × Control
(NPK+Lime)

–

–

–

–

–

–

–

–

– 2.6

4

–NPK × Control
(Micro+Lime)

–

–

–

–

–

–

–

–

–

5

–Zn × Control
(B Mo
Cu+NPK+Lime)

–

–

–

–

–

–

–

–

–

6

–K × Control
(NP+Micro+Lime)

65

–

146

–

–

–

6

–

–

7

Complete × –NPK
(NPK)

–

–

–

–

–

–

–

–

–

8

–K × –NPK
(NP)

71

–

134

–

–

–

8

–

–

9

Complete × –K
(K)

– 70

– 95

– 165

–

–

–8

–7

–

–

10

Complete × –Micro
(Micro)

–

–

–

–

–

–

–

–

–

11

–Zn × –Micro
(B Mo Cu)

–

–

–

–

–

–

–

–

–

12

Complete × –Zn
(Zn)

–

–

–

–

–

–

–

–

–

13

Complete × –Lime
(Lime)

–

–

–

–

–

–8

–

–

–

1

Colors are related to “Pr ( <|t|)” value obtained by linear hypotheses (contrasts)—Table 6. .01%, 1%, 5%, 10%. Values on the matrix are the
absolute difference between contrasting treatments

Root length for F litter layer—RM–F, root length for H litter layer—RM–H, root length for litter—RM–Total (km ha−1), specific root length of
roots from F litter horizon—SRL–F, specific root length of roots from H litter horizon—SRL–H, specific root length of roots from litter—SRL–
Total (m g −1 DM), root length relative to litter mass of F litter horizon—LRL–F, root length relative to litter mass of H litter horizon—LRL–
Hm, root length relative to litter mass—LRL–Total (km Mg−1 DM)
–

Not statistically different

Fertilization with macronutrients (NPK) increased V and
number of logs per tree with larger diameters (18–35 cm)
and decreased the low diameter log class (11–18 cm). This
effect has been observed under many conditions (Samuelson
et al. 2004; Sayer et al. 2004; Albaugh et al. 2009) and can
add economic value to forests (Albaugh et al. 2009). Nutrients data from our study site noted low levels for K and P
for the first and second needle flushes and increases in their
concentration as a result of fertilizing and liming (Table 7;
Consalter et al. 2020).
Despite low soil K availability and nutrient levels in needles (Table 7; Consalter et al. 2020), the subtraction of K
from complete treatment resulted in increased tree height
and number of intermediate logs (18–23 cm). This suggests

that NP could be a major factor influencing tree growth.
Although we could not separate the effects of P and N in this
study, we hypothesize that P was the major limiting element
in this pine forest system. Under conditions similar to our
study, Trichet et al. (2008, 2009) highlighted importance of
P fertilization in P. pinaster plantations on poor soils with
high P adsorption capacity. Similarly, Lopez-Escobar et al.
(2017) indicated that lack of P may be the first factor limiting productivity of P. montezumae when nutrients exported
by harvesting and thinning were not replaced. With N,
positive growth responses have been observed in P. patula
plantations in northern Mexico on Andosols with temperate
climatic conditions that often increase response to N fertilization (INEGI 2009; Lázaro-Dzul et al. 2012). However,
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N fertilization of P. taeda may reduce growth by impairing
hydraulic conductance toward stomata under the subtropical
climatic conditions characteristic of our study site (Faustino
et al. 2013, 2015).
Surprisingly, omission of lime did not reduce yield compared to the complete treatment (contrast 13; Fig. 1) and also
resulted in higher growth for dominant trees compared to the
complete treatment (Fig. 1). These findings occurred despite
very low Ca and Mg soil availability (Table 1), low Mg in
needles (0.8 g kg−1), and large increase in both nutrients by
liming (Table 7; Consalter et al. 2020). In comparison with
similar treatments, Batista et al. (2015) reported the highest
K concentrations in first needle flushes with no lime application, which suggests that Ca and Mg could compete with K
under these conditions.
Zinc is the most deficient and the most applied micronutrient to highly weathered Brazilian soils. In the same
region of our experiment, other researchers observed a
direct relation between Zn concentration and growth of
adult Pinus taeda trees managed without fertilization
(Dedeck et al. 2008, Reissmann and Wisniewski 2015).
Thus, increases in dominant tree growth (Fig. 1) and
volume and number of 23–35 cm logs with Zn omission
(compared to the complete treatment) were not expected
(Table 4). Previous work at our study site (Table 7) indicated that Zn concentration was 8 mg kg−1 for first flush
control needles (bellow the critical level of 10 mg kg−1)
and Zn application enhanced levels in needles and root
(especially roots) with no sign of interaction with others
nutrients in the plant (Consalter et al. 2020). Although
Zn application effectively increased concentrations in tree
tissues, there was a diminished occurrence of logs in large
diameter classes in the complete treatment. There was no
evidence of weed competition or other variations in the
experimental area that could lead to a plausible explanation for these results. Thus, future research focused on Zn
dynamics in relation to P. taeda growth performance in
our region is needed.
Similar to observations is this study, surficial lime diminished pine growth in Finland and Sweden on low productivity sites, but increased growth on high productivity sites
(Staaf et al. 1996). Diminished tree growth associated with
lime has been attributed to higher mortality among roots
colonized by mycorrhizae (Lehto 1994). Decreased mycorrhizae root colonization of forest floor litter when lime and
P were applied together, as seen in similar fertilizer treatments applied to other soils in the same region of our study
(Winagraski 2014), suggests that liming influenced colonization. No growth changes were observed in response to
soil pH increase from alkaline cellulosic residue application
to P. taeda on a clayey soil (developed from a basalt substrate rock) with median levels of Ca and Mg in southern
Brazil (Pértile et al. 2012). In general, woody tree species
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(especially the Pinus genus) have low sensitivity to soil acidity or high soil Al (Brunner and Sperisen 2013; Pértile et al.
2012). Concentration of Al in needles was not reduced by
lime application at our study site (Table 7; Consalter et al.
2020), confirming low Al sensitivity. However, under soil
conditions similar to our study, an investigation on a highly
weathered Oxisol (Cerrado region) noted that spatial productivity of P. caribaea was primarily attributable to soil
pH (Barbosa et al. 2012).
In the present investigation, a response to lime applied as
a Mg source was anticipated due to very low Mg levels in
soil, but this was not confirmed by our results. Widespread
Mg deficiencies in established P. radiata plantations have
been reported in New Zealand (Sun and Payn 1999). Despite
the high nutrient acquisition capacity of Pinus (Alves et al.
2013; Rodríguez-Robles et al. 2017), it is plausible that lime
applications prior to planting could increase yield. It should
also be noted that the amount of Ca and Mg applied in the
present study surpassed levels used in other studies. For
example, the highest rates of Ca and Mg applied at one time
were 134 and 56 kg ha−1 in a long-term P. taeda fertilization experiment (Albaugh et al. 2008). In a NPK experiment
with P. patula in northern Mexico, Ca and Mg were applied
at rates of 8.2 and 2.7 kg ha−1, respectively (Lázaro-Dzul
et al. 2012).
In summary, surficial applications (Ca and Mg sources)
for pH corrections in established systems will not likely
improve pine growth if the soil contains minimal amounts
of these nutrients. To avoid potential detrimental effects of
high lime applications in established pine plantations, we
recommend that applications be limited to rates of Ca and
Mg exported by timber harvests.
The absence of effects due to micronutrients (Zn, Cu, B,
and Mo) was not expected given earlier indications of a lack
of Zn in Brazilian systems (Reissmann and Zoetti 1987) and
improvements in yield on poor soils in USA that received
Fe, Mn, Zn, Cu, B, and Mo (Carlson et al., 2013). However,
omission of Zn in a micronutrient study (Zn, Cu, Fe, Mn,
Mo and B) resulted in higher P. taeda yield than did application of all micronutrients or no micronutrients (Vogel and
Jokela 2011). The same authors also found that Cu omission
resulted in low yield and indicated that interactive effects
can have a large impact on P. taeda response.
As mentioned above, Zn application (6 kg ha−1) also
appeared to be a stress factor. However, Carlson et al.
(2014) achieved positive tree growth response with a rate of
8.4 kg ha−1. Thus, although the amount applied was high,
this was not an amount which resulted in toxicity levels.

Forest floor litter amount
Large litter accumulations on the forest floor (Fig. 3b)
may be indicative of very low soil fertility (Reissmann and

P

(mg g−1 DM)

3.17 (0.79)
2.88 (0.82)
2.88 (0.45)
3.99 (0.89)
2.31 (1.10)
1.59 (0.32)
1.95 (0.44)
1.66 (0.42)
1.86 (0.30)
1.91 (0.53)
2.16 (0.68)
1.33 (0.24)
1.10 (0.33)
1.35 (0.15)

3.62 (0.49)
2.77 (0.47)
4.20 (0.43)
3.06 (0.64)
4.28 (0.56)
4.81 (0.15)
3.24 (0.53)

Ca

3.05 (0.59)
2.37 (0.23)
3.62 (0.14)
2.31 (0.18)
2.96 (0.92)
3.85 (0.57)
2.41 (0.63)

K

1.25 (0.14)
1.54 (0.07)
1.30 (0.03)
1.45 (0.15)
1.27 (0.14)
0.74 (0.16)
0.97 (0.07)

1.38 (0.18)
1.69 (0.19)
1.27 (0.17)
1.86 (0.33)
1.18 (0.52)
0.56 (0.04)
0.80 (0.14)

Mg

0.28 (0.05)
0.24 (0.06)
0.28 (0.05)
0.28 (0.05)
0.28 (0.04)
0.27 (0.04)
0.23 (0.03)

0.32 (0.06)
0.28 (0.02)
0.33 (0.06)
0.27 (0.07)
0.25 (0.11)
0.28 (0.05)
0.22 (0.06)

S

0.46 (0.17)
0.33 (0.06)
0.48 (0.23)
0.43 (0.06)
0.55 (0.21)
0.38 (0.15)
0.40 (0.10)

0.72 (0.21)
0.48 (0.07)
0.78 (0.12)
0.65 (0.18)
0.68 (0.32)
0.66 (0.13)
0.54 (0.19)

Al

14.1 (3.7)
12.1 (4.2)
9.7 (1.2)
12.3 (2.6)
14.3 (0.7)
16.3 (2.9)
11.7 (1.9)

13 (5.4)
11.7 (2.6)
7.1 (1.5)
17.2 (4.3)
11.9 (5.2)
17.1 (3.0)
10.1 (3.4)

B

(mg kg−1 DM)

5.0 (1.5)
5.0 (1.0)
4.1 (1.0)
5.2 (1.4)
4.8 (1.7)
4.8 (0.5)
4.0 (0.9)

3.1 (0.7)
3.6 (0.7)
2.9 (0.3)
2.7 (0.2)
4.6 (4.3)
2.9 (0.9)
2.2 (0.5)

Cu

Mean values are shown with standard deviations in parentheses. Presented data are modified from those reported by Consalter et al. (2020)

Complete
1.01 (0.17)
−NPK
1.00 (0.13)
−Micro
1.05 (0.02)
−K
1.02 (0.06)
−Zn
0.89 (0.30)
−Lime
1.11 (0.16)
Control
0.81 (0.17)
Second needle flush
Complete
1.33 (0.13)
−NPK
1.29 (0.18)
−Micro
1.37 (0.18)
−K
1.49 (0.21)
−Zn
1.44 (0.19)
−Lime
1.42 (0.11)
Control
1.26 (0.11)

First needle flush

Treatment

19.2 (3.9)
22.8 (5.7)
11.4 (2.9)
28.7 (9.7)
14.2 (2.6)
28.7 (8.3)
16.0 (3.9)

14.2 (6.9)
14.1 (5.8)
10.2 (3.9)
17.4 (3.3)
7.1 (4.1)
17.6 (6.4)
8.4 (2.3)

Zn

Table 7  Nutrient levels of Pinus taeda first and second needle flushes seven years after implementing a nutrient omission experiment in southern Brazil

49.2 (24.9)
49.2 (10.1)
45.8 (21.1)
50.5 (15.3)
43.3 (14.1)
38.8 (8.7)
36.0 (12.4)

87.5 (25.2)
62.8 (7.1)
84.9 (22.5)
80.5 (9.9)
83.1 (40.7)
85.8 (13.1)
78.6 (21.4)

Fe

226.0 (36.7)
237.8 (37.0)
252.9 (45.4)
278.7 (91.4)
212.9 (48.2)
338.9 (37.1)
412.8 (59.5)

349.5 (83.5)
338.5 (57.7)
331.5 (123.1)
440.0 (80.4)
281.8 (124.7)
452.9 (111.7)
587.5 (179.2)

Mn
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Wisniewski 2015). Another study in this same region found
large forest floor litter values (43 to 84 Mg ha−1) that suggested low litterfall decomposition (Trevisan 1992). Schumacher et al. (2008) reported that P. taeda (5 to 7 years old)
had a deposition of 4.52 Mg ha−1 yr−1, and Piovesan et al.
(2012) reported a value of 7.1 Mg ha−1 yr−1for a 8-yearold plantation. Both studies were under subtropical climatic
conditions in southern Brazil on soils originating from rich
parent material (i.e., basalt). Litterfall deposition values of
this magnitude (between 4.5 and 7.1 Mg ha−1 yr−1) strongly
indicate that the average residence time of needles and
other residues in the Ln and Lv horizons (between 3 and
6 Mg ha−1) would be short (~ 1 to 1.5 years), suggesting
that Ln and Lv horizons biomass should be related to recent
litterfall.
In general, lime and fertilizer addition had little effect on
the youngest litter horizon (Ln). The only exception was K
omission, which had lower amounts compared to the Complete treatment (Contrast 7; Fig. 3a). In contrast, Wienand
and Stock (1995) found enhanced litterfall due to P fertilization at two of three sites in South Africa. Eimil-Fraga
et al. (2015) suggested that early needle senescence was as
a strategy to overcome K deficiency in P. pinaster, which
consequently increased needle deposition.
Among fertilizer treatments, the −Zn treatment resulted
in larger increases in the Lv horizon (contrast 5; Fig. 3a).
Lack of Zn may have negatively affected the enzyme Manganese-peroxidase (Praveen et al. 2012; Ufot et al. 2016).
Theoretically, this is the first activated protein in the lignin
fungal catabolism route (Janusza et al. 2013; Manavalan
et al. 2015). Thus, over time the lower availability of litter
Zn may have negatively impacted microbial breakdown of
litter, which in turn lead to increases in the Lv horizon.
Increased litterfall would be the predominant effect on
P. taeda forest floor accumulation as a function of fertilization. However, there are certainly variations in accumulation
rates of deposited material (i.e., conversion to stable organic
compounds—humification rate) as a function of chemical
composition (e.g., nutrient, phenolic compound, and terpene
contents) and/or direct nutrient enrichment governed by fertilizer solubility (Ferrenberg et al. 2017; Kanerva et al. 2008;
Kaspari et al. 2008; Lin et al. 2017; Mateirć et al. 2016). Forest floor litter accumulation could also possibly be related to
a combination of litterfall enhancement and decreased forest
floor decay as observed by Wienand and Stock (1995). However, increased forest floor litter accumulation due to fertilization may not always be true. This relationship may depend
on factors such as time after application, weather, and nutritional composition of fertilizers. For example, twenty years
after application of NPK + Ca, forest floor accumulations
in P. sylvestris stands in northern Austria (temperate climate) were on the order of 24 Mg ha−1 when fertilized and
76 Mg ha−1 when unfertilized (Jandl et al. 2003). However,
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a recent study in southern Brazil showed no effect of alkaline
residue application on total litter necromass, but increased
the H fraction (Rabel et al. 2020).
The results from the forest floor from this study indicate
small effect on K omission over concentration of nutrients
and Al (Consalter et al. 2020), so the change of K concentration of forest floor may not direct related enhancement of
forest floor. Also, large increases in the concentration of Ca,
Mg, S and Mn were observed as results liming and for Zn
and Cu as result their amendment for F and H forest floor
fraction were observed. In this way, the forest floor composition could be associated with forest floor accumulation.

Root production
Influence of K was also observed in root mass contributions to total forest floor mass (Fig. 3e, f), where there was
more root mass per forest floor mass regardless of changes
in forest floor litter amounts. Changes in root growth and
morphology as a result of K application have been observed
under controlled conditions for different species (Rosolem
et al. 2003b). Yavitt et al. (2011) showed root decreases with
K application in a tropical forest of Panama. Sayer et al.
(2012) also reported a large negative impact of K application
on root growth. Under temperate conditions, Bakker et al.
(2009) also found that addition of nutrients (N, P, K, Ca, and
Mg) decreased P. pinaster root density in both forest floor
litter and soil. However, the same investigators found that the
addition of P alone did not change root growth. Except for
−K, other treatments exhibited root biomass values similar
to those observed in a 78 year-old P. sylvestris plantation
(average DBH of 19 cm) in southeastern Finland (Vanninen
and Makela 1999).
The relative amount of root mass per forest floor mass
confirms the influence of K (Fig. 3e, f). In contrast, there
was a considerable increase in soil exploration by fine roots
due to supply of 200 kg ha−1 K in a Picea abies forest (at
55 years of age) in southeast Austria; root evaluations were
performed at 63 years of age. Although not statistically significant, the surface forest floor horizon, composed mainly
of poorly decomposed debris equivalent to F in this experiment, had 21% less root length when fertilized with K (Wang
et al. 2016).
Root lengths observed here are very high when compared
to 16 × 103 km ha−1 in the forest floor of an established P.
taeda plantation (15 years old) on a soil developed from
basalt (Lopes et al. 2010). However, it is noteworthy that
the distinct nutrient content of clayey soils developed from
basalt could affect root growth. Much higher root length
(61.8 to 135.8 × 103 km ha−1) was observed by Rabel et al.
(2020) in P. taeda litter layers in a poor soil in southern Brazil. Thus, it is possible that nutrient-poor environments stimulate root growth in litter layers. Supporting this contention,
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Javier et al. (2005) noted that low growth sites tended to
have the highest root/trunk ratio (i.e., root-to-shoot ratio).
Thus, the plasticity of P. taeda allows for more C allocation
to roots for enhanced exploration of the soil environment to
overcome nutritional limitations.
The absence of K displayed a strong effect on root distribution. The most pronounced effect on distribution was
additional roots in the more superficial forest floor horizon.
Low K availability has been reported to increase root volume
and surface area in pearl millet seedlings under controlled
conditions (Rosolem et al. 2003a). Under low K conditions,
Becker and Meurer (1986) also reported increased root
length and surface area and decreased root mean radii for
corn seedlings grown under controlled environments.
Specific root length in forest floor litter showed a small
reduction (8 m g−1) due to fertilization, K, and lime. The
opposite was observed in the coastal plain of Bordeaux,
France for P. pinaster fertilized at 6 years and evaluated at
13 years (Bakker et al. 2009). In their study, specific root
length averaged 18 m g−1 in the control treatment compared
to 34 m g−1 in the fertilized treatment (NPK + Ca and Mg).
But Ostonen et al. (2007) found that fertilization and Al
stress (based on solution Ca/Al ratio) reduced specific root
length by 13 and 20% for woody species throughout Europe.
However, a range of 31 to 59 m g−1 for fine roots in litter
was found for P. taeda when alkaline residue was applied
(Rabel et al. 2020). However, contrasting site quality did
not impact diameter classification of P. radiata roots grown
in central Chile (Javier et al. 2005). Overall, conifer specific
root length reflects some noticeable plasticity in response to
the nutritional composition of growth substrates.
Small variations in root growth and morphology did not
reflect the large increase in root Ca and Mg concentration
observed by liming and fertilization with Zn and Cu at our
study site (Consalter et al. 2020). In addition, omission of K
did not result in large changes in root nutrient and Al concentrations despite observed improvements in root growth.

Conclusions
The greatest limitation to P. taeda growth in Arapoti (Paraná, Brazil) was associated with omission of the macronutrients N, P, and K. Since K and lime (Ca and Mg) omission
resulted in higher timber commercial volume (similar to
complete treatment), P and N were likely major factors limiting tree growth. Lime and Zn applications caused serious
limitations to tree growth despite low pH, Ca, Mg, and Zn
values. Fertilization can positively impact commercial value
by producing logs in more desirable sorting classes. The
Control had no logs within the 23–35 cm diameter range,

while 5 to 20% of logs in others treatments fell in this log
class.
Fertilization and lime increased forest floor litter by
affecting old needle (Lv) and humified (H) horizons. Forest floor enhancement may protect the soil and increase the
nutrient reservoir. In addition, more forest litterfall may
overcome the potential of enhanced forest floor decomposition caused by fertilizer and lime inputs. Although the joint
application of N, P, Ca, Mg, B, Cu, Mo, and Zn (−K treatment) increased forest litterfall, this may have also induced
a K deficiency.
The −K treatment enhanced root growth as reflected by
higher mass and length values relative to the control and
complete treatments. Changes in specific root length suggested more root exploration of the F forest floor horizon
under −K conditions. The F horizon had higher specific root
length values that suggested smaller diameter roots.
Our root mass and length data clearly indicated extensive root exploration within the forest floor litter volume and
were very high compared to others studies. Concentrated
within the H horizon, ~ 3 to 8 ton h a−1 of roots corresponded
to root lengths of ~ 100 × 103 to 300 × 103 km ha−1.
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