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Mid-rotation fertilization and liming of Pinus taeda: growth, litter, fine 
root mass, and elemental composition
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Forest floor litter can influence biogeochemical cycling and root growth in Pi-
nus taeda systems, especially on low soil fertility sites. The impact of fertiliza-
tion and liming on forest floor litter (quantity, elemental composition and root
presence) was evaluated in a Pinus taeda stand in southern Brazil. A nutrient
omission experiment was initiated in November 2008 on an 11 year-old Pinus
taeda plantation. The experiment was a randomized block design with seven
treatments and four blocks. The treatments were: complete (macro + micro +
lime); minus macronutrients; minus micronutrients; minus K; minus Zn; minus
lime; and control. In 2012, forest floor litter samples were collected, divided
by layer (new litter, old litter, coarse fragmented forest layer > 2mm, fine
fragment forest floor < 2mm, and fine roots) and analyzed for concentrations
of Na, Al, and total nutrients. Results indicated that lime increased Ca and Mg
concentrations,  reduced Al  toxicity,  and improved fine  root  growth.  An in-
crease in fine roots was observed in treatments without K. There were large
increases in Fe and Al as a function of litter age and increased Mn in frag-
mented litter when lime was applied. There was little variation in forest floor
litter accumulation in all  treatments.  Elemental  abundance was C>N>Fe>P>
Ca>K>Mg>Mn  under  control  conditions  and  C>N>Ca>Mg>P>Fe>Mn>K  for  the
complete treatment. Occurrence of needle chlorosis, similar to that reported
for Mg, and low growth under lime omission indicate that Mg was a major fac-
tor limiting growth. Fertilization and liming affected the bio-cycling of nutri-
ents, Al toxicity, and root growth.
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Introduction
Brazilian  pine  plantations  have  often

been  established  on  land  not  well-suited
for agriculture crops due to very low soil
fertility (Batista et al. 2015). Similar to oth-

ers regions, nutrient removal by forest har-
vests can lead to soil  nutrient  exhaustion
(Huntington  2000).  Thus,  replacing  these
exported  nutrients  is  essential  for  main-
taining  long-term  sustainability  and  yield
(Motta et al. 2014). Replenishing pine plan-
tation nutrients via fertilization at mid-rota-
tion has proven more beneficial than initial
fertilization (Carlson et al. 2013).

The forest floor is relevant to soil protec-
tion and nutrients cycling.  This  distinctive
feature of forest ecosystems is composed
of  litter  (e.g.,  leaf,  branches,  bark,  etc.)
that are in different stages of decomposi-
tion above the soil surface.  Efforts to pre-
serve  or  maintain  this  forest  component
are critical for ensuring sustainability of for-
est systems (Motta et al. 2014). Soil fertility
can play an important role on forest floor
litter mass in pine systems since an inverse
relationship between forest floor litter and
soil fertility has been reported (Vogel et al.
2015). This relationship might be associated
with low residue decay due to low soil mi-
crobiological  activity  and  poor  nutrient
quality of litterfall (Bauhus et al. 2004).

Residue nutrient quality, in terms of total
available nutrients and C:N ratio, has been
shown  to  be  an  important  parameter  in
predicting  residue  decay  (Zhang  et  al.
2008).  Nutrients  such  as  Mn  have  been
shown to affect decay (Berg et al. 2010). In
both cases, total nutrients and Mn can be

influenced  by  fertilizer  and  lime  applica-
tions. Pinus spp. is known to generate poor
residue with low nutrients and low decom-
position  rates  that  result  in  thick  forest
floors  (Zinn  et  al.  2002).  Sanchez  (2001)
confirmed that fertilization can accelerate
decomposition and can also increase litter-
fall input.

Enhanced microbial activity due to fertil-
izer and lime amendment was noted as be-
ing responsible for a 70 % reduction in for-
est  floor  mass  20  years  after  application
(Jandl  et  al.  2003).  Reductions  in  forest
floor litter have been reported under differ-
ent  conditions  by  others  (Marschner  &
Wilczynski  1991,  Prietzel  et  al.  2008).  In
contrast,  Kiser et  al.  (2013) reported that
fertilization  had  no  influence  on  forest
floor  decomposition.  Other  studies  have
reported no change (Prescott 1995) or in-
creased forest floor mass from fertilization
(Prescott  et  al.  1992).  Contrasting  effects
of liming on forest floor mass were also ob-
served with soil type (Rizvi et al. 2012) and
application rate (Persson et al. 1995). Over-
all,  these  observations  suggest  that  soil
type and amendment rate may be impor-
tant factors for maintaining forest floor lit-
ter and forest sustainability.

Nutrient  amendments  can  be  absorbed
by roots within forest  floor litter and soil
(Lopes  et  al.  2010);  these nutrients  enter
into the forest biocycle (Batista et al. 2015)
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and affect litterfall composition. The influ-
ence of fertilization on forest floor compo-
sition  varies  among  nutrients,  since  the
rate of nutrient absorption and redistribu-
tion  (from  senescent  needles  to  new  tis-
sue) varies from high for K, P, Cu and B, to
very low for Ca and Al (Vieira & Schumach-
er 2009).

On the other hand, nutrient amendment
can directly change the chemical composi-
tion  of  the  forest  floor  when  scattered
over the litter (Batista et al. 2015). Applied
nutrients can be physically bound in forest
floor litter and immobilized or adsorbed by
organic  compounds  resulting  from  differ-
ent degrees of litter decomposition (Mar-
schner  &  Wilczynski  1991,  Batista  et  al.
2015).

The continual process of litterfall deposi-
tion and decay creates layers in the forest
floor differing in age and chemical compo-
sition (Motta et al. 2014). Nutrient concen-
trations in forest floor layers can have ei-
ther  direct  or  inverse  relationships  with
residue age and degree of decomposition
(Trevisan 1992). Leaching and root absorp-
tion can result in decreased concentrations
while mass loss from decomposition and/
or  input  from  tree  canopy  litterfall  can
have an inverse effect. In addition, Fe and
Al  are  major  soil  constituents  that  can
strongly affect litter composition by direct
soil contact and deposition  via soil biotur-
bation  (Marschner  & Wilczynski  1991,  Ro-
drigues et al. 2018, Rabel et al. 2020).

The  influence  of  fertilization  and  liming
on  forest  floor  roots  has  been evaluated
under different conditions and in different
plant species (Sayer et al.  2006). Fertiliza-
tion can reduce roots found in forest floor
litter  (Bakker  et  al.  2009).  This  response
can vary by applied nutrients, and K appli-
cation has been reported to decrease the
amount of roots (Yavitt et al. 2011, Sayer et
al. 2012). The influence of fertilization and
liming on root responses in forest floor lit-
ter appears to be complex and few studies

have evaluated this aspect under the con-
ditions found in southern Brazil. 

The objective of this study was to evalu-
ate the influence of lime and fertilizer ap-
plication  on  tree  growth,  quantity  and
quality of forest floor litter, as well as im-
pacts on fine root production in an 11-year-
old  Pinus  taeda stand  in  southern  Brazil,
where the standard length of the rotation
is 22 years.

Materials and methods

Study site
The experimental area was located in the

Jaguariaíva county (24° 18′ 58.66″ S, 49° 44′
15.58″ W),  Paraná  state,  southern  Brazil.
The  regional  climate  is  a  transition  be-
tween Cfa and Cfb (Alvares et al. 2013) with
average rainfall varying from 1400 to 1600
mm yr-1 and an altitude of 1070 m a.s.l. The
soil  was  classified  as  a  Red-yellow  Oxisol
and  physical  and  chemical  characteristics
are shown in Tab. 1.

Soil  chemical  analysis  consisted  of:  pH-
CaCl2 0.01 M (1:2.5 - soil:solution ratio), soil
buffer to pH 7 (H + Al),  exchangeable Al,
Ca, and Mg (KCl 1 M – extraction), available
P, K, Fe, Mn, Zn, and Cu (Mehlich I – extrac-
tion),  and  organic  C  according  to  proce-
dures  of Marques  &  Motta  (2003).  Soil
granulometric  analysis  of  clay,  silt,  and
coarse  and  fine  sand  was  performed  ac-
cording to Donagema et al. (2011) using the
pipette methodology.

Experimental design
The experiment was a randomized block

design  with  7  treatments  and  4  blocks.
Parcels  had  16  useful  trees  spaced  2  m
within  rows and 3  m between rows with
two border rows. An 11-year-old pine stand
in the second rotation with no history of
fertilizing or liming was selected for the ex-
periment. Prior  to  experimental  setup,
trees  in  this  area  exhibited  low  growth
rates with some visible symptoms of nutri-

ent deficiency. Using the omission diagno-
sis  technique,  treatments  were  manually
applied in November 2008 and in January
2010. The amount of nutrients applied per
year were: 40 kg ha-1 of N (urea); 60 kg ha-1

of P2O5 (triple super phosphate); 80 kg ha-1

of K2O (as potassium chloride); 3.0 kg ha -1

of Zn (zinc sulfate); 2.0 kg ha -1 of B (as ulex-
ite); 1.5 kg ha-1 of Cu (cooper sulfate); and
20 g ha-1 of Mo (sodium molybdate). Addi-
tionally,  lime  with  a  total  neutralizing
power of 89.4% was applied as a Ca and Mg
source at 1.300 kg ha-1  (28.9% and 20.6 % of
CaO and Ca, respectively; 19.9% and 11.9 %
of  MgO and  Mg,  respectively).  Lime  was
manually  applied  over  the  litter  surface,
followed by other nutrient applications on
the  same  day.  The  treatments  were:  T1,
complete;  T2,  minus  macronutrients;  T3,
minus micronutrients; T4, minus K; T5, mi-
nus Zn; T6, minus lime; and T7, control with
no lime or fertilizer.

Root and forest floor litter sampling
Forest  floor  litter  was  sampled  in  July

2012 using a square wooden template (100
cm2). Litter layers were classified according
to Babel (1972) as: new litter (NL); old litter
(OL);  and  fragmented  layer  (FL).  The  NL
fraction  was  characterized  by  recently
fallen  needles  with  little  or  no  color
change. The OL fraction was characterized
by needles with color change. The FL frac-
tion  was characterized by  fractured  litter
and was passed through a 2 mm sieve to
separate  into  coarse  fragmented  layer
(CFL) and fine fragmented layer (FFL). Dry
mass and nutrient concentrations of  frac-
tions  were  determined.  All  roots  were
manually  removed  from  the  FFL  for  dry
mass  and nutrient concentration.  In addi-
tion,  roots  samples  were  manually  sepa-
rated into thick and fine roots (< 1 mm di-
ameter);  fine  roots  were  scanned  for
length  and volume using WinRhizo™ (Re-
gent Instrument Inc.,  Sainte-Foy,  Quebec,
Canada).

Litter and fine root nutrient 
measurements

After  fraction  separation,  samples  were
oven dried at 60 °C until constant weight.
For nutrient measurements, the dry diges-
tion methodology of Martins & Reissmann
(2007) was used (500 °C with HCl 3 mol L -1).
Concentrations of Ca, Mg, Mn, Fe, and Al
were  determined  by  atomic  absorption
spectrophotometry.  Concentrations  of  K
and  Na  were  determined  by  flame  spec-
trophotometry, and P concentration by the
colorimetric method.

Tree growth
Tree growth was monitored by measuring

diameter at breast height (DBH) and height
of  16  trees  in  each  plot.  Measurements
were  performed  in  2008  (start)  and 2015
(end).

Statistical analysis
Data were subjected to Shapiro-Wilk and
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Tab. 1 - Soil physical and chemical properties of experimental area before fertilizer and
lime application in  Paraná  state,  southern Brazil.  (ECEC): Effective cation exchange
capacity; (m): Aluminum saturation.

Variable Units
Soil layer (cm)

0-5 5-10 10-20 20-40 40-60

pH CaCl2 - 3.2 3.6 3.7 3.8 3.8

Al3+ mmolc dm-3 30.7 21.7 18.0 15.0 13.0

H + Al mmolc dm-3 112.5 73.3 59.0 50.0 40.3

Ca2+ mmolc dm-3 3.5 3.5 3.5 3.3 3.5

Mg2+ mmolc dm-3 1 1 1 1 1

K+ mmolc dm-3 0.63 0.45 0.38 0.40 0.35

Na+ mmolc dm-3 0.2 0.1 0.1 0.2 0.1

ECEC mmolc dm-3 35.98 26.75 22.93 19.73 17.90

m % 85 81 79 76 73

P mg dm-3 3.8 3.7 1.4 1.5 1.2

Sand g kg-1 753 771 794 779 747

Clay g kg-1 133 140 153 138 140
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Mid-rotation fertilization and liming of Pinus taeda

Bartlett tests to verify the assumptions of
residual normality and variance homogene-
ity,  respectively.  Variables  that  did  not
present these characteristics were submit-
ted  to  Box-Cox  transformation.  The  Stu-
dent-Newman-Keuls  (SNK)  test  was  used
at the 5% probability level to check for pos-
sible differences between treatments. For
tree growth data, the 10% probability level
was used in the SNK test.  After  ensuring
normality and homogeneity of data, a Prin-
cipal Component Analysis (PCA) based on a
correlation matrix was performed on litter
layer  elemental  compositions  and C:N  ra-
tio. Statistical analyses were performed us-
ing the R software.

Results and discussion

Forest floor litter fractions
Almost four years after treatment appli-

cations,  significant  differences  were  ob-
served in new litter layer concentrations of
Ca, Mg, and Na (Tab. S1 in Supplementary
material);  Ca  and  Mg  increased  while  Na
decreased  in  treatments  with  lime.  Addi-
tionally,  results  indicated  high  concentra-
tions of Al and Mn, which could be attrib-
uted to high soil acidity.

The highest K concentration for  NL and
OL was obtained by omission of  lime (Ca
and  Mg  source),  suggesting  that  Ca  and
Mg led to reduced K absorption.  The an-
tagonistic effect of Ca and Mg on K is well
known (Epstein & Bloom 2005).  Omission
of K (-K treatment) lowered K concentra-
tion  only  in  the  fine  fragmented  layer.
However,  omission  along  with  other  ma-
cronutrients (-macro) did not result in de-
creased K. Thus, lime and micronutrient ap-
plications enhanced K uptake and mainte-
nance for fall needs. The low concentration
in treatments not receiving K was expect-
ed due to the low level in soil.

In general, K concentration was very low
for both NL and OL.  Rabel et al. (2020) re-
ported higher levels in  old and  new litter
for a P. taeda experiment in a nearby state.
In addition, it is well known that large por-
tions  of  K  can  be  redistributed  at  rates
greater  than  90%  to  growing  parts  of
plants  via translocation  (Vieira  &  Schu-
macher 2009), especially under K deficien-
cy.  In this  context,  Rabel et al.  (2020) re-
ported  that  the  second  needle  flush  had
ten times more K than the new litter layer.
This high rate of redistribution could be a
possible  explanation  for  the  lack  of  re-
sponse.

Potassium  concentration  in  forest  floor
fractions  diminished  as  a  result  of  tissue
age. Diminishing K was expected since it is
weakly  bound to organic  matter  and can
be easily  leached from residues (Piatek &
Allen  2001).  The  observed  decrease  was
not high, and it appears that the remaining
K in dead needles stayed in tissue compart-
ments  susceptible  to  leaching.  Precipita-
tion passing through the canopy may have
helped maintained K concentration.

In all forest floor layers analyzed, the ma-

jor  difference  in  composition was Ca and
Mg concentrations (Tab. S1 in Supplemen-
tary material). These results were expected
since  Ca  and  Mg  were  added  in  larger
amounts compared to P and K, and soil at
the  experimental  site  had  low  levels  of
these bases. The interaction of bases was
observed  in  NL  since  the  minus  K  treat-
ment had the highest concentration of Mg
and a trend for Ca.

Lime  application  overcame  Ca  and  Mg
loss due to forest floor aging in the control
and enhanced concentration (more than 10
fold) in fragmented layers (Tab. S1). This ac-
cumulation in fragmented layers could be a
result of adsorption by organic compounds
and physical trapping of coarse lime parti-
cles.  The  presence  of  lime  particles  in
coarse and fine fragmented layers was ob-
served during sampling and laboratory pro-
cessing. Large Ca and Mg increases in for-
est  floor  litter  have  been  reported  when
lime has been applied (Matzner et al. 1985,
Marschner  &  Wilczynski  1991,  Ingerslev
1997, Rosberg et al. 2006).

Although P concentration in NL was low,
omission  of  this  nutrient  did  not  lead  to
further  decreases,  which  was  similar  to
findings  for  K  (Tab.  S1  in  Supplementary
material). As discussed for K, this could be
related to high P redistribution from old to
new tissue. In general, P concentration in-
creased  with  litter  age,  possibly  from  P
binding to organic compounds during the

litter decay process (Piatek & Allen 2001).
The minus lime and control treatments had
lower  P  concentration  in  the  CFL,  but  P
concentration  for  these  two  treatments
did not increase from OL to CFL as seen in
the other five treatments. This could be re-
lated to a delay in litter decay. Under acidic
conditions,  Martins  (2011) reported  an  in-
crease in P availability  when lime applica-
tion increased soil pH. The same author ob-
served that a lack of response to fertilizer
application  can  be  associated  with  high
translocation and the dilution effect.

Concentrations  of  Al  and  Fe  were  in-
creased about three times in OL versus NL,
with higher values being noted in FL (Tab.
S1). These observations could be explained
by a combination of three factors. First, the
loss of CO2 during residue decay decreases
mass and concentrates nutrients present in
the  residue.  Second,  elements  that  are
strongly  bond to organic matter  undergo
little impact from leaching; both Al and Fe
are  known  to  have  strong  adsorption
capacity  to  organic  matter  (Kendorff  &
Schnitzer  1980).  Third,  decomposition  of
Pinus residue can result in large amounts of
organic acids under very acidic conditions,
which are then able to attack and solubilize
some contacted soil minerals. Since Al and
Fe are major components of mineral soils
and  are  strongly  bound  to  organic  acids,
they remain in solution in large amounts.
After solubilization, acid solutions rich in Al
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Fig. 1 -  Principal component analysis of litter layer elemental compositions and C:N
ratio for a  Pinus taeda L. stand subjected to fertilizer and lime treatments in Paraná
state, southern Brazil. Litter layers are represented by: new litter (circles); old litter
(squares); coarse fragmented layer (triangles); fine fragmented layer (diamonds).

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Adam WM et al. - iForest 14: 195-202

and Fe can move upwards by capillarity ac-
tion under dry conditions, thereby enhanc-
ing  their  concentrations  in  upper  layers.
The third  explanation seems more plausi-
ble and was used by Trevisan (1992) to ex-
plain  high  concentrations  of  these  ele-
ments.  Litter  contamination by  Al  due to
soil bioturbation was likely since there was
an increase in total Al with litter age, but
the  proportion of  Al  weakly  and strongly
bound to organic matter was different (Ro-
drigues et al. 2018). On the other hand, Ra-
bel et al. (2020) recently showed that these
more  aged  fractions  usually  have  mixed
soil,  which  can  overestimate  the  concen-
tration of Fe and Al.

The C:N ratio decreased to less than half
its value when comparing the least decom-
posed  layer  (NL)  with  the  most  decom-
posed layer (FFL  – Tab. S1). Principal com-
ponent  analysis  (PCA)  indicated  that  PC1
explained  53.7%  of  data  variance,  and
clearly  showed  the  effect  of  litter  aging
(Fig. 1, Tab. S2 in Supplementary material).
The less decomposed litter layers (NL and

OL) were associated with a higher C:N ra-
tio,  while  the  opposite  was  true  for  the
more  decomposed  layers.  PCA  also  rein-
forced  the  strong  effect  of  lime  as  evi-
denced by the position of the minus lime
and control treatments, which were sepa-
rated from other treatments for the same
litter  layer.  These  were  also  associated
with lower concentrations of Mn, Ca, and
Mg.

Acidity appeared to have a strong influ-
ence on Mn. For NL, the Mn concentration
exhibited a trend to be higher for the con-
trol and minus lime treatments than limed
treatments,  which  was  expected  since
acidity increases soil Mn availability (Prado
2008).  In  contrast,  the  high  acidic  condi-
tions found in the minus lime and control
treatments resulted in a great loss of Mn,
which  was  reflected  by  a  sharp  decline
from OL to CFL, followed by maintenance
of concentration in FFL. The higher Mn loss
when lime was not applied can be associ-
ated with low CEC and retention to forest
floor organic material  (Kendorff & Schnit-

zer  1980).  The  increase  in  total  or  ex-
changeable Mn forms in forest floor litter
from liming has been observed under dif-
ferent conditions (Matzner et al. 1985, Mar-
schner & Wilczynski  1991,  Ingerslev 1997).
In addition,  Berg et al. (2010) showed that
Pinus species exhibited greater loss of Mn
from litter compared to other plant species
due to high acidity of their residues.

In  general,  Mn  concentration  increased
from  NL  to  OL  but  in  smaller  proportion
than observed for Fe and Al. This was ex-
pected  since  contributions  from  soil  con-
tamination were less probable for Mn com-
pared to Al  and Fe given its  lesser  abun-
dance in soil.

Composition of fine roots shown in Tab. 2
indicated that treatments only affected Ca,
Mg,  Mn,  and  Na  concentrations.  Treat-
ments that included lime displayed large in-
creases in Ca and Mg root concentrations
similar  to  that  observed  for  litter  frag-
mented  fractions  (Tab.  S1  in  Supplemen-
tary  material).  This  result  suggested  that
Ca and Mg found in these litter layers could
be available to plants.

Liming did not reduce root Al concentra-
tion despite the high enhancement of  Ca
and Mg. It is well known that Al is an im-
portant  factor  limiting pine  tree  develop-
ment under extreme acidic conditions, and
that Ca can mitigate Al toxicity, suggesting
that the Ca:Al molar ratio can be used to di-
agnose Al toxicity (Vangelova et al. 2007).
Thus,  lime  application  that  enhanced  Ca
concentration without changing Al concen-
tration (as seen in our study  – Fig. 2) indi-
cated a diminishment of Al toxicity (Bakker
1999).

The  Ca:Al  molar  ratio  critical  threshold
has been studied by many authors; 40% re-
ported the critical threshold to be between
0.3-0.7, 50% reported a value between 0.2-
0.3,  and  10%  reported  values  below  0.2
(Vangelova et al. 2007). The Ca:Al molar ra-
tio  for  the  treatments  without  lime  and
control showed that our studied pine stand
was under Al toxicity.

There were slight changes in concentra-
tion of Na, K, and P that ranged from 69.2
to 139.7 mg kg-1, 298.6 to 443.3 mg kg-1, and
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Tab. 2 - Element concentration (nutrients, Al, and Na) in fine roots from a Pinus taeda L. stand subjected to fertilizer and lime treat-
ments in Paraná state, southern Brazil. Averages followed by the same letter in a column do not statistically differ (p>0.05) after
Student-Newman-Keuls test. (CV): coefficient of variation.

Treatment Ca
(g kg-1)

Mg
(g kg-1)

P
(g kg-1)

K
(mg kg-1)

Mn
(mg kg-1)

Fe
(mg kg-1)

Na
(mg kg-1)

Al
(g kg-1)

Complete 8.3 a 2.7 a 1.12 ns 329.5 ns 92.3 abc 620 ns 106.9 ab 2.4 ns

- Macro 7.0 a 2.6 a 0.97 443.3 129.0 ab 432 112.1 ab 1.7

- Micro 6.7 a 2.4 a 1.03 398.8 172.4 a 521 69.2 c 1.8

- K 7.2 a 2.5 a 1.04 355.8 83.4 abc 595 135.4 a 1.5

- Zn 7.6 a 2.5 a 1.01 365.1 35.7 bc 597 88.6 b 1.5

- Lime 0.6 b 0.1 b 1.03 387 18.4 c 551 138.9 a 1.8

Control 0.2 b 0.1 b 0.85 298.6 115.1 abc 529 139.7 ab 2.1

p-value <0.01 <0.01 0.05 0.08 <0.01 0.58 <0.01 0.31

CV 25.9 9.7 10.4 17.1 51.5 25.9 0.66 33

Fig. 2 - Molar ratio of Ca:Al concentrations in fine roots from a Pinus taeda L. (average
±  standard  deviation)  stand  subjected  to  fertilizer  and  lime treatments  in Paraná
state, southern Brazil.
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0.9  to  1.1  g  kg-1,  respectively.  The  lowest
values  for  K and P were observed in  the
control treatment.

Higher amounts of Fe were found in roots
(Tab. 2) than in the NL layer (Tab. S1 in Sup-
plementary  material);  this  suggests  that
upward  translocation  ability  was  greater
for Mn than Fe.  Roots had low values of
Mn (Tab. 2), but high values in NL suggests
more translocation of this nutrient to the
aboveground biomass. The lowest Mn con-
centration was observed with omission of
lime,  which  was  in  agreement  with  total
concentration values observed in FL (Tab.
S1). However, the concentration in the con-
trol was much higher than the minus lime
treatment despite the low total concentra-
tion found in FL. More study is required to
evaluate  the  effects  of  lime  on  root  Mn
concentrations.

Forest floor litter accumulation
The total amount of forest floor litter ac-

cumulation varied from 43.9 to 52.1  t  ha -1

(Tab. 3), which was within the large range
of  20.3  to  90.6  t  ha-1 reported  by  Bizon
(2005) in a Pinus survey for this region. The
amount of litter found in our study can be
considered  high  and  was  indicative  of  a
poor  growth  site  with  low  soil  fertility
(Motta et al. 2014, Vogel et al. 2015).

Poor  growth  sites  are  generally  charac-
terized by low soil fertility that leads to low
soil  microbiological  activity.  Plants  grown
under  soil  nutrient  deficiency  generally
have  low  tissue  nutrient  concentrations
that may restrict decomposition rates.

There was no difference in forest floor lit-
ter accumulation among treatments. Simi-
lar results for fertilization were reported by
Moro  (2017) who  evaluated  stands  of  P.
taeda that were one, five, and nine years
old.  Prescott  (1995) also  observed  that
mass loss of pine forest floor litter was sim-
ilar in control plots and plots fertilized with
N or NPK.

The small variation in the amount of new
litter layer mass ranging from 3.74 to 4.38 t
ha-1 (Tab. 3) suggests similar needle fall re-
gardless  of  treatment  application.  The
combined amount of NL and OL represents
only 17.1% to 23.6% of total forest floor lit-

ter. This amount was close to the annual lit-
ter depositions (6.4 and 9.3 t ha-1) observed
by  Bizon (2005) under similar  soil  and cli-
matic  conditions  and  by  Piovesan  et  al.
(2012) who found 7.1  t ha-1 in an 8-year-old
pine plantation.  Schumacher et al.  (2008)
also  reported  that P.  taeda (5  to  7  years
old) had a deposition of  4.52  t ha-1 year-1.
Our finding suggests that these litter layers
were composed of recently fallen needles
(one year old).

The  CFL and FFL  litter  layers  comprised
50%  and  30%  of  total  forest  floor  litter
mass, respectively. Age of the fragmented
residue was not established, but some por-
tion of the litter layer may have been con-
tributed by the first pine rotation since fire
was  not  used to  clear  the  area  after  the
first  rotation  harvest.  Forest  floor  litter
composed of fine material  could be more
stable and a major reservoir of nutrients, as
well as a source of energy for microorgan-
isms.

In the case of fine roots (Fig. 3A), there
was  no  significant  effect,  although  in-

creased biomass was observed in the com-
plete treatment compared to the no lime
treatment; this supports the Ca:Al ratio re-
sults.  This  shows  that  roots  developed
more when nutrient availability increased.
Lehto  (1994) in  Scotland  observed  that
there was an increase in fine root biomass
in  Picea abies with liming (after 30 years)
and boron (after  2 years).  Under temper-
ate conditions, Bakker et al. (2009) found a
decrease in fine root biomass  of Pinus pin-
aster with the addition of nutrients (N, P, K,
Ca,  and Mg)  in both the forest  floor  and
soil compartments. Working with  P. taeda,
Albaugh et al. (1998) found increases in to-
tal aboveground biomass and coarse roots
with  fertilization,  but  no  change  in  fine
root biomass, which indicated a greater al-
location of metabolic resources to foliage
(photosynthesizing tissue) over fine roots.
Samuelson  et  al.  (2004) observed  no
change in P. taeda fine root biomass as a re-
sult of fertilization.

In general, fine root biomass obtained in
this  study was higher  than seen in  other
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Tab. 3 - Forest floor litter layer accumulation (t ha-1) from a Pinus taeda L. stand sub-
jected to fertilizer and lime treatments in Paraná  state, southern Brazil. (CV) coeffi-
cient  of  variation.  Averages followed by the same letter  do not  statistically  differ
(p>0.05) after Student-Newman-Keuls test.

Treatments
Forest floor litter layers

NL
(t ha-1)

OL
(t ha-1)

CFL
(t ha-1)

FFL
(t ha-1)

Total

Complete 4.32 5.37 26.28 16.15 52.12

- Macro 3.89 5.98 25.24 15.51 50.62

- Micro 4.13 6.03 22.88 15.81 48.85

- K 3.74 5.95 21.32 14.75 45.76

- Zn 4.33 6.04 21.48 12.10 43.95

- Lime 4.27 5.11 23.08 16.97 49.43

Control 4.38 5.28 23.80 16.19 49.65

Average 4.15 c 5.68 c 23.44 a 15.35 b -

p-value Treatments 0.62 - - - -

p-value Layers <0.01 - - - -

p-value T × L 0.98 - - - -

CV Treatments (%) 39 - - - -

CV Layers (%) 34.4 - - - -

Fig. 3 - Dry mass (A), length
(B), and volume (C) of fine
roots (average ± standard

deviation) present in forest
floor litter from a Pinus

taeda L. stand subjected to
fertilizer and lime treat-

ments in Paraná state,
southern Brazil. (ns): not

significant.
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studies  (3.5  t ha-1 maximum)  that  consid-
ered forest floor litter and/or soil (Albaugh
et al. 1998, Samuelson et al. 2004, Lopes et
al.  2010).  Under  limiting  conditions,  fine
roots in pine forest floor litter play impor-
tant roles in recycling nutrients and provid-
ing nutrients and water to trees (Lopes et
al. 2010, Motta et al. 2014).

Omission of K alone (minus K) resulted in
higher fine root volume, indicating that it
may be a limiting element and that its ab-
sence  stimulates  plants  to  produce  more
roots for enhanced absorption of this nutri-
ent.  Yavitt  et  al.  (2011) showed  root  de-
creases with K application in a tropical for-
est in Panama during a 4 year evaluation.
Following the same logic, Sayer et al. (2012)
studied nutrient cycling in a tropical forest
and found that fine root activity was lower
in sites with added K.

Nutrients and Al in forest floor litter
Total amounts of immobilized elements in

forest floor litter are shown in Tab. 4, while
values for individual litter layers are given
in  Tab.  S3  (Supplementary  material).  Re-
sults from the control treatment followed
the  sequence  C>N>Al>Fe>P>Ca>K>Mg>
Mn>Na, while the complete treatment fol-
lowed  the  sequence  C>N>Ca>Al>Mg>P>
Fe>Mn>K>Na.  Matzner  et  al.  (1985) re-
ported  similar  results  for  spruce  forest
floor litter with the order C>N>Fe>Al>Ca>
P>K>Mg>Mn  for  the  control  and  C>N>
Ca>Fe>Mg>Al>P>Mn>K for  fertilizer  treat-
ments.  Given  the  observed  total  forest
floor biomass values, C and N maintenance
in forest  floor litter  were not affected by
lime and fertilizer applications in contrast
to findings of Huber et al. (2006).

Again,  the  main  observed  differences
were related to Ca and Mg, with no differ-
ences for  other  macronutrients (N,  P,  K).
Rosberg  et  al.  (2006) and  Marschner  &
Wilczynski  (1991) reported large increases
in Ca (213-1476 kg ha-1 and 140-1540 kg ha-1,

respectively)  and Mg  (34-690 kg  ha-1 and
40-107  kg  ha-1,  respectively)  from  liming
and  fertilization,  but  low  increases  in  N
(1092-1159 kg ha-1 and 1060-930 kg ha-1, re-
spectively), P (62-74 kg ha-1 and 89-102 kg
ha-1, respectively) and K (57-72 kg ha -1 and
34-41 kg ha-1, respectively).

As previously discussed, a portion of ap-
plied lime was trapped in CFL and FFL and
could  be  visually  observed during sample
manipulation. Huber et al. (2006) reported
the complete dissolution of 4  t ha-1 of do-
lomitic lime 6 years after application, which
confirms the slow solubility of lime applied
over  forest  floor  litter.  Some  lime  was
probably solubilized and Ca and Mg were
adsorbed  to  negative  charges  associated
with forest floor litter (Ingerslev 1997). This
supports  observations  of  Rosberg  et  al.
(2006) who found that ~90% of Ca applied
as lime was found in forest floor litter four
years after application.

The observed increase in Ca was propor-
tionally higher than Mg since the Ca:Mg ra-
tio of the utilized lime was 1.7:1, while the
forest floor litter had a 3:1 ratio. Since there
is an inverse relationship between adsorp-
tion  strength  and  loss  by  leaching,  the
higher adsorption capacity of Ca compared
to Mg resulted in the maintenance of Ca in
forest floor litter. In a long-term study, Hu-
ber  et  al.  (2006) also found much higher
leaching of Mg than Ca.

Treatments with lime increased Mn in lit-
ter, similar to observations by Marschner &
Wilczynski (1991) and Matzner et al. (1985).
Huber et al. (2006) found a decrease of Mn
due to lime application in seepage water at
a 40 cm depth, confirming its maintenance
in forest floor litter and soil.

Matzner  et  al.  (1985) also  reported  in-
creased Fe and Al, while Marschner & Wilc-
zynski  (1991) did  not  report  differences.
Matzner  et  al.  (1985) suggested  that  soil
bioturbation  could  be  a  reason  for  in-
creases in Al, Fe, and Mn; this was not ob-
served in our study. Thus, the low amount
of Mn under acidic conditions could be re-
lated to the adsorption capacity of organic
matter.

Observed results also indicated that for-
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Tab. 4 - Total nutrients (C, N, Ca, Mg, P, K, Mn, and Fe), Al, and Na in forest floor litter from a Pinus taeda L. stand subjected to fertil-
izer and lime treatments in Paraná state, southern Brazil. Averages followed by the same letter in a column do not statistically differ
(p>0.05) after Student-Newman-Keuls test. (CV): coefficient of variation.

Treatment
C

(kg ha-1)
N

(kg ha-1)
Ca

(kg ha-1)
Mg

(kg ha-1)
P

(kg ha-1)
K

(kg ha-1)
Mn

(kg ha-1)
Fe

(kg ha-1)
Al

(kg ha-1)
Na

(kg ha-1)

Complete 23,130 577 475 a 135 a 47.7 12.7 19.9 a 44.5 268 4.38

- Macro 21,023 525 562 a 135 a 43.5 13.3 21.8 a 36.2 222 5.22

- Micro 25,108 640 545 a 144 a 58.5 14.2 19.2 a 44.9 235 4.47

- K 20,401 515 376 a 107 a 45.6 10.3 18.1 ab 31.0 200 4.17

- Zn 18,911 486 440 a 107 a 43.9 11.6 18.1 ab 35.0 180 3.46

- Lime 23,162 578 46 b 11 b 38.8 13.0 5.4 bc 35.5 215 4.41

Control 22,266 584 31 b 10 b 31.8 10.3 4.8 c 36.7 205 4.20

p-value 0.47 0.33 <0.01 <0.01 0.06 0.28 <0.01 0.36 0.66 0.36

CV 18.9 16.9 34.3 22.3 23.4 21.2 37.7 25.2 31.2 22.2

Fig. 4 -  Diameter at breast height (DBH) and height increases (average ± standard
deviation) from 2008 to 2015 for each treatment.
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est floor litter can be a major source of P
when fertilizer and lime were not applied.
This was likely true in our study since P was
found in high amounts in forest floor litter
and  was  less  exported  and  extracted  by
pine trees (Martins 2011).

In contrast, forest floor litter displayed lit-
tle  potential  as  a  K  source  since  low
amounts were available to meet the large
demands  of  P.  taeda.  This  was  expected
due to the redistribution capacity from old
growth to new growth. Thus, K was redis-
tributed from needles prior to senescence
and litterfall (Vieira & Schumacher 2009).

Tree growth
Small  increases  in  DBH  and  tree  height

(similar to control) as a result of lime omis-
sion (Fig. 4) suggest a probable lack of Mg
and/or Ca. Since Mg availability was lower
than Ca and was very low within the 0-60
cm depth (Tab.  1),  it  is  plausible  that  Mg
was more limiting when lime was omitted.
Omission  of  lime also  resulted  in  the  ap-
pearance of chlorotic symptoms in needles
tips (yellowish color), especially in the first
needle  flush.  These symptoms resembled
the lack of  Mg reported for  Pinus radiata
(D.  Don) plantations in New Zealand that
displayed distal yellowing of older needles
(Will 1978).

At our study site, omission of K produced
the highest tree growth despite extremely
low soil K levels. Potassium levels in plants
may  be  highly  associated  with  non-ex-
changeable K in soil, indicating an ability of
P. taeda to acquire soluble forms (Alves et
al. 2013). In addition, the well known antag-
onistic interaction between K and Mg (Sun
& Payn 1999, Consalter et al. 2020) can de-
crease Mg uptake when K is applied.

Conclusions
There were high increases in Ca and Mg

concentrations in forest floor litter due to
the  high amounts  of  lime applied.  Better
growth was observed with lime application
since lime is a good source of Ca and Mg
that provides more optimal conditions for
fine root growth and can lead to decreased
Al  toxicity.  Also,  symptoms  of  Mg  defi-
ciency with lime omission illustrates the im-
portance of  dolomitic  lime in  Pinus taeda
forests having very low levels of available
soil Mg. In our poor soil system, K was not
present in great quantities in litter and fine
root fractions likely due to the efficient re-
distribution capacity of pine trees from old
growth to new growth. Fertilizer addition
caused little variation in the amount of ac-
cumulated  forest  floor  litter,  indicating  a
balance of inputs and outputs or that nutri-
tion had little impact on forest floor litter
decomposition. Forest floor litter acted as
a nutrient pool and had the following order
of  availability  under  control  conditions:
C>N>Fe>P>Ca>K>Mg>Mn. Under amended
conditions  the  sequence  was:  C>N>Ca>
Mg>P>Fe>Mn>K. Lime application increas-
ed the amount of Ca and Mg in litter but
had no effect on C, N, K, and P.
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