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Introduction

Loblolly pine (Pinus taeda L.) is the most
planted conifer in the southeastern United
States of America (USA) and is native to
this region. In Brazil and other South Amer-
ican countries, loblolly is also widely culti-
vated in support of several timber indus-
tries (IBA 2019). In the last few decades,
natural regeneration of harvested forests
in the southeastern USA has moved to-
ward systematic introduction of improved
seedlings and intensification of weed con-
trol, soil preparation, and fertilization (Fox
et al. 2007, Carlson et al. 2014, Carter et al.
2021). Where introduced in South America,
similar silvicultural practices have been
largely followed, except for fertilizer use,
even if plantings occurred on low fertility
soils (Motta et al. 2014). In Brazilian
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planted pine environments, soil nutrient
depletion suggests a need for implement-
ing fertilizer and lime applications (Sixel et
al. 2015, Gatiboni et al. 2020).

Nutrient application should be directed
towards elements limiting pine growth,
which can vary widely depending on soil
parent material and can be strongly influ-
enced by soil attributes such as texture
and native fertility. In the US, nitrogen (N)
responses have been reported for soils
with organic matter levels of 1.33 and 0.37%
for six sites under Pleistocene terraces and
seventeen sites under other soil forma-
tions, respectively (Carlson et al. 2014).
These organic matter levels were much
lower than the 5.2, 4.2, 3.3, and 2.4% noted
for soils originating from basalt, granite,
claystone, and sandstone in Araucaria an-
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gustifolia native forest of southern Brazil
(Hoogh 1981), which were replaced by pine
production areas. Such observations may
help explain why few studies have evalu-
ated N fertilization in this region. In con-
trast, pine responses to phosphorus (P) ap-
plication have frequently been reported for
the Americas (Carlson et al. 2014, Albaugh
et al. 2021, Consalter et al. 2021a, 2021b).
Unlike P, even soils with low available
potassium (K) have shown lower response
(Carter et al. 2021) or no response (Alves et
al. 2013, Consalter et al. 2021b). Use of mi-
cronutrients has garnered some interest
since their application with macronutrients
has been shown to increase tree produc-
tion (Carlson et al. 2014).

Use of limestone and alkaline organic
residues to elevate soil pH and supply of
calcium (Ca) and magnesium (Mg) has
been evaluated since Mg deficiency (asso-
ciated with or without Ca deficiencies) has
been reported for pines in the USA and
Brazil (Chaves & Corréa 2005, Rocha et al.
2019, Adam et al. 2021). Alkaline residues
may also contain several macro- and mi-
cronutrients that increase the possibility of
pine responses (Rodriguez et al. 2018, Sass
et al. 2020, Rabel et al. 2021). In such cases,
joint application of more than one nutrient
could result in synergistic effects (Carlson
et al. 2014, Albaugh et al. 2021).

As a function of fertilizer and soil pH cor-
rective applications, changes in loblolly
pine needle nutrient concentrations have
exhibited variability between sites. Sypert
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(2006) evaluated addition of 10 elements
(N, P, K, Ca, Mg, S - sulfur, Mn - manganese,
Zn - zing, B - boron, and Cu - copper) at sev-
eral locations and reported increased foliar
concentrations for 9, 6, 4, and 1 elements
for sites in Georgia, Texas, South Carolina,
and Alabama, respectively. In this same
study, a decrease was registered for 4 ele-
ments at South Carolina sites and 1 ele-
ment at Texas sites, which was possibly re-
lated to a dilution effect and/or an interac-
tion. Similarly, Pereira et al. (2022) associ-
ated residue use with decreased foliar P,
Ca, S, Fe, Mn, and B and increased tree
growth, which suggests a significant dilu-
tion effect.

Given the long growth cycles of loblolly
pine, time of application can also play a
role in responses to nutrient and soil cor-
rective applications. Such applications can
commonly occur at planting or mid-rota-
tion following first or second thinning op-
erations. Application at planting can cor-
rect for deficient elements and favor initial
growth (Moro et al. 2014, Motta et al.
2014). However, applications at stand initia-
tion can lead to slow tree growth and nu-
trient losses due to reduced ability to inter-
cept and absorb highly mobile nutrients
(i.e., less developed and inefficient root
system). Mid-rotation fertilization can fa-
vor greater growth of trees with ample
root systems and absorption capacity. The
formation and accumulation of litter fol-
lowing nutrient and corrective applications
can allow for retention within this horizon,
thereby contributing to sources of Cu, Zn,
and soil acidity correctives (Adam et al.
2021).

An integrated evaluation of factors influ-
encing fertilization efficiency is a complex
and onerous task when conducted using
conventional experimentation. However,
several investigations have taken an inte-
grative approach of evaluating plant re-
sponses to different management prac-
tices through meta-analysis of data from
the published literature base (Mariotti et
al. 2020, Barbosa et al. 2022a, 2022b). For
example, a meta-analysis study evaluating

Fig. 1- Effect of fertil-
ization on loblolly
pine attributes com-
pared to the absence
of fertilization. Values
are means + 95% of

Pinus taeda attributes

the confidence inter- Needles N (112) 1
val (Cl), and the num- Needles P (144) |
ber of comparisons Needles K (112) |
used in the analysis
of each attribute is Needles Ca (91) 1
presented in paren- Needles Mg (83) -
theses. Effect of fer- Needles S (22) |
tilization is significant Litter amount (42) |

when the 95% Cl
response ratio value
does not overlap
zero.
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the effects of liming and wood ash on for-
est ecosystems showed that wood ash pro-
vided a greater increase in growth and
wood production compared to liming
alone (Reid & Watmough 2014).

In the present study, a meta-analysis was
conducted to evaluate the efficiency of fer-
tilization on the production and nutritional
status of loblolly pine under various
growth conditions in the Americas. Our hy-
pothesis was that fertilization and liming,
whether with mineral or residue applica-
tions, favors the growth and nutrition of
loblolly pine, especially when multiple nu-
trients were provided.

Material and methods

Literature search and data compilation

A search for publications that evaluated
the response of loblolly pine to fertilization
was performed on Google Scholar® be-
tween October 2021 and June 2022. The fol-
lowing combinations of terms were used in
this search: “Pinus taeda”, “fertilization”,
“America” and “Brazil”, or “USA”. We re-
viewed each publication to determine
whether these studies met the following
criteria: (1) study conducted under field
conditions in the Americas; (2) contained
treatments without fertilization (control
treatment) and treatments with fertiliza-
tion (experimental treatment); and (3) re-
sults could be directly extracted from the
text, tables, and/or figures. After careful
evaluation, 44 publications representing
field trials conducted at 65 sites (Argentina
n = 5; USA n = 20; Brazil n = 40), were se-
lected for this meta-analysis (Tab. S1in Sup-
plementary material).

General information on these research
efforts (location, soil texture, fertilization
type, tree age at fertilization, and nutrients
applied), means (X), standard deviations
(SD), and number of replications (n) were
extracted to compose the values for as-
sessed tree attributes (production of
wood, litter, and roots; tree height and
trunk diameter; and needle concentrations
of N, P, K, Ca, Mg, and S). In studies that re-

——
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ported only the coefficient of variation (CV
%), egn. 1 was used to obtain SD values:
CV%

X Q)
100

SD=

For studies that did not report data vari-
ability information, the mean SD was calcu-
lated for the control and experimental
treatments using all data of each study. All
data were extracted and compiled into a
spreadsheet.

Data categorization

To evaluate the response of loblolly pine
to fertilization, three groups of control fac-
tors were considered: fertilization factor;
plant factor; and soil factor. Only control
factors with more than ten paired compar-
isons were considered. For the fertilization
factor, fertilizer type (mineral or residue),
number of nutrients applied (one, two, or
more than three), type of nutrients applied
(macronutrients; macro- + micronutrients),
and mineral fertilization (with or without
lime application) were considered. Due to
the low number of paired comparisons, it is
worth noting that it was not possible to an-
alyze liming in isolation, but only in associa-
tion with fertilizer applications. Plant fac-
tors were categorized based on tree age at
the time of nutrient application (< 1 yr, 2-8
yrs, and 9-16 yrs). Soil factors were based
on clay content (< 15%, 15-30%, and 31-65%).

Data analysis

Magnitude of the fertilization effect was
calculated using the natural logarithm of
the response ratio (InRR - eqn. 2) as the
effect size (Hedges et al. 1999):

)

c

where X. and X, are the mean values for
the experimental and control treatments,
respectively. Variance (v) was calculated as
(eqn. 3):
2 2
_SD, + SD, G)

- 2 2
neXe nC XL‘

where SD, ne, SD., and n. represented stan-
dard deviations and numbers of replica-
tions for experimental and control treat-
ments, respectively. Response ratio vari-
ance was required to obtain balanced re-
sponse ratio values and 95% confidence in-
tervals (ClI). Thus, the effect of fertilization
was considered significant when the 95% Cl
of the response ratio did not overlap zero.
Mean response ratio and Cl values were
generated using random-effects method
with restricted maximum likelihood estima-
tion. To facilitate interpretation of varia-
tions between experimental and control
treatments, the response ratio and CI of
the treatments were transformed (eqn. 4):

%change=(e"™"—1)-100 4)

All analysis were performed using Open-
MEE software (Wallace et al. 2017).
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Fig. 2 - Effect of fertiliza-

tion on wood production Fertilization type Fertilization type
and nutrient concentration Residue (33) — Residue (33)
in |Ob|0|]y pine Compared Mineral fertilizer (50) —o— Mineral fertilizer (50)
to the absence of fertiliza- Mineral fertilization Mineral fertilization
tion. (N): nitrogen; (P): Mécronutrfents (32) { M@ Ma-cronutrfents (32) 5 2
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number of comparisons
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used in the analysis of each
attribute is presented in

Effects of fertilization and liming on wood production in Pinus taeda

(a) Wood production (b) N concentration in needles

(c) P concentration in needles (d) K concentration in needles

Fertilization type Fertilization type
paren't.hes.es. Fﬁ§Ct f)f fer- Residue (33) {—@— Residue (33) o
tilization is significant Mineral fertilizer (50) o Mineral fertilizer (50) — e
when the 95% cl response Mineral fertilization Mineral fertilization
ratio values does not over- Macronutrients (32) = = Macronutrients (32) ——.————
lap zero. Macro+micronutrients (18) —e— Macro+micronutrients (18) ——i
One or two nutrients (27) —@— One or two nutrients (27) | H®+
Three or more nutrients (23) —@— Three or more nutrients (23) — i
Mineral fertilization and liming Mineral fertilization and liming
Fertilization (48) —@— Fertilization (48) i
Fertilization+liming (58) —@— Fertilization+liming (33) —@—
-10 0 10 20 30 40 50 0 10 20 30 40 50 60 70 80 90 100

(e) Ca concentration in needles (f) Mg concentration in needles

Fertilization type Fertilization type
Residue (33) —— Residue (33) H—@—
Mineral fertilizer (50) — Mineral fertilizer (50) —
Mineral fertilization Mineral fertilization
Macronutrients (32) —@— Macronutrients (32) ——
Macro+micronutrients (18) — Macro+micronutrients (18) —_—
One or two nutrients (27) —re— One or two nutrients (27) ——
Three or more nutrients (23) @ Three or more nutrients (23) ——
Mineral fertilization and liming Mineral fertilization and liming
Fertilization (22) H—@—t Fertilization (20) —@—
Fertilization+liming (33) — Fertilization+liming (33) ——
-10 0 10 20 30 40 50 0 10 20 30 40 50
Effect of fertilization (%) Effect of fertilization (%)

Results

Fertilization provided a significant in-
crease in several analyzed loblolly pine at-
tributes, such as increases in wood produc-
tion (+30%), root dry matter (+33%), and
needle K concentration (+36% - Fig. 1). Fer-
tilization increased plant height, trunk di-
ameter, and litter amount by 6%, 9%, and
21%, respectively. Concentrations of other
nutrients (i.e., P, Ca, Mg, and S) displayed
increases between 9% and 17%, and only N
concentrations were not affected.

There was a direct relationship between
increased loblolly pine wood production
and fertilization, especially with residue ap-
plications (+66%) compared to mineral fer-
tilization (+13% - Fig. 2). Analysis of residue
type indicated that loblolly pine response
was greater with applications of composite
waste (cellulosic sludge + ash: +88%) com-
pared to only applying cellulosic sludge
(+29%), without differences in needle nutri-
tional composition, except for higher Ca
concentrations (+45%) when only cellulosic
sludge was applied (Fig. 3). For mineral fer-
tilization, wood production was greater
with macro- and micronutrient applications
(three or more nutrients applied) and
when fertilization was combined with lim-
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Fig. 3 - Effect of fertilization with different organic residues on wood production and
nutrient concentration in loblolly pine compared to the absence of fertilization. (N):
nitrogen; (P): phosphorus; (K): potassium; (Ca): calcium; (Mg): magnesium. Values are
means + 95% of the confidence interval (Cl). Effect of fertilization is significant when
the 95% Cl response ratio values does not overlap zero.
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(a) Wood production

(b) N concentration in needles

Plant age at fertilization
<1 year (51)

2-8 years (21)

Fig. 4 - Effect of fertiliza-

0 10 20 30 40 50

(c) P concentration in needles

tion on wood production
and nutrient concentration
in loblolly pine compared
to the absence of fertiliza-
tion in response to plant
age at fertilization. (N):

Plant age at fertilization
<1vyear (45) { ——@——
2-8 years (41) ——
9-16 years (25) ——
60 70 -5 0 5 10 15

(d) K concentration in needles

nitrogen; (P): phosphorus;
(K): potassium; (Ca): cal-

cium; (Mg): magnesium.

Plant age at fertilization Plant age at fertilization

Values are means * 95% of

1 year ] B =1 pe ‘ the confidence interval

2-8 years (75) —e— 2-8 years (49) — (1), and the number of
9-16 years (23) @+ 9-16 years (23) —_—— Compa,rlsons used m, the .

analysis of each attribute is
presented in parentheses.
-10 0 10 20 30 40 0 10 20 30 40 50 60 70

(e) Ca concentration in needles

Plant age at fertilization

<1 year (35) ——
2-8 years (39) _——
9-16 years (16) ——

(f) Mg concentration in needles

Effect of fertilization is sig-
nificant when the 95% Cl

0 10 20 30 40
Effect of fertilization (%)

ing (Fig. 2).

Regarding needle nutrient composition,
mineral fertilization increased concentra-
tions of various nutrients (i.e., P, K, Ca, and
Mg) from 10% to 40%, while fertilization
with residue only increased K (+20%) and
Ca concentrations (+34% — Fig. 2). Mineral
fertilization with three or more nutrients
was more efficient in increasing concentra-
tions of P, K, Ca, and Mg in needles (in-
creases between 10% and 35%). Application
of macronutrients alone or in association
with micronutrients increased needle P, K,

Plant age at fertilization response ratio values does
<1 year (27) e not overlap zero.
2-8 years (40) ——
9-16 years (16) ——
50 60 0 10 20 30 40 50

Effect of fertilization (%)

and Mg concentrations. Likewise, fertiliza-
tion alone or in association with liming in-
creased needle P, K, and Mg concentra-
tions. However, Ca (+12%) and Mg concen-
trations (+28%) were higher as a result of
liming with the opposite being observed
for N concentrations (-4%).

Increased loblolly pine wood production
in response to fertilization occurred re-
gardless of plant age at application since
similar efficiency patterns were observed
for trees less than one year-old up to trees
8 years-old (Fig. 4). On the other hand, this

control factor had contrasting results
based on the nutritional composition of
loblolly pine needles: no effect for N; in-
creases in P concentrations only when fer-
tilization was performed on trees aged be-
tween 2-8 yrs (+19%) and 9-16 yrs (+10%);
and increases in concentrations of other el-
ements (i.e., K, Ca, and Mg) for all tree
ages with fertilization, varying from 10% to
35%.

Soil granulometry was an important fac-
tor in understanding variations in fertiliza-
tion efficiency on loblolly pine wood pro-

(a) Wood production (b) N concentration in needles Fig. 5 - Effect of fertilization
il cl il cl .
Soil clay content Soil clay content on wood productlon and
<15% (18) — <15% (28) — nutrient concentration in
15.30% (22 15-30% (26 loblolly pine compared to
% [ - {1 —— e .
0 (22) >(26) the absence of fertilization
31-65% (22) Fe in response to soil clay con-
tent. (N): nitrogen; (P):
0 20 40 60 80 100 120 100 75 50 25 00 25 50 phosphorus, (K,)' POIEEE-
sium; (Ca): calcium; (Mg):
(c) P concentration in needles (d) K concentration in needles magnesium. Values are
Soil clay content Soil clay content o
means * 95% of the confi-
<15% (52) ———— <15% (40) —o— dence interval (CI), and the
15-30% (32) ——— 15-30% (20) S numbgr i comparisons
used in the analysis of each
31-65% (18) [ ] 31-65% (16) e attribute is presented in
parentheses. Effect of fer-
5 0 5 10 15 20 25 30 0 10 20 30 40 50 o 70 tiizationis significant
when the 95% Cl response
(e) Ca concentration in needles (f) Mg concentration in needles : L
Soil clay content Soil clay content ratio values does not over
lap zero.
<15% (40) | —@—— <15% (40) I
15-30% (12) — 15-30% (11) ®
31-65% (16) ————
10 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Effect of fertilization (%) Effect of fertilization (%)
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duction (Fig. 5). Although fertilization in-
creased wood production on soils with dif-
ferent clay values, the greatest tree re-
sponse (+70%) occurred for sandy soils
(clay contents < 15%) compared to more
clayey soils, and were represented by
wood production increases between 5%
and 35%. Regarding nutritional composition
of needles, fertilization decreased N con-
centrations and increased P, K, and Mg
concentrations regardless of soil clay con-
tent. The only exception was Ca concentra-
tion in needles, which only increased (from
25% to 35%) for soils with clay contents be-
tween 15% and 65%.

Discussion

General effect of fertilization

In intensively managed pine plantations,
fertility practices targeting adequate nutri-
ent levels in soil will allow for better pro-
ductivity and increased wood production
(Sixel et al. 2015, Consalter et al. 2021a,
2021b). Although companies in the forestry
sector follow strict rules at various stages
of cultivation, primarily aimed at certifica-
tion of wood or derivatives for exports
(Aradjo et al. 2009), adequate replacement
of exported nutrients (from harvests) is of-
ten not considered (Motta et al. 2014).
Thus, to avoid low tree growth and soil
degradation from nutrient depletion, fertil-
ization and liming could be important prac-
tices ensuring greater sustainability of
loblolly pine production systems.

A significant increase in wood production
of loblolly pine in response to fertilization,
as revealed in the present study and sup-
ported by findings of multiple studies (Fox
et al. 2007, Carlson et al. 2014, Adam et al.
2021, Carter et al. 2021, Pereira et al. 2022),
occurs due to a series of effects related to
the improvement of plant nutrition and be-
lowground and aboveground growth. Fer-
tilization favored enhanced root growth
probably due to improved nutritional sta-
tus (Alvarez-Clare & Mack 2015, Consalter
et al. 2021a). Increases in pine root systems
were reported as an effect of fertilization
(Albaugh et al. 1998). In a 16-year-old for-
est, Albaugh et al. (2004) found increases
of 100% and 130 % in total aboveground and
belowground biomass, respectively; this
corroborates findings obtained in the
present study. In addition to the direct ef-
fect of nutrients, the Ca/Al ratio of roots
can also influence root growth in response
to fertilizer and limestone use (Adam et al.
2021). Thus, a more vigorous loblolly pine
root system translates into greater water
and nutrient acquisition efficiencies, which
along with higher nutrient supply via fertil-
ization and liming, contributes to greater
aboveground growth (in relation to height
and trunk diameter) that favors wood pro-
duction.

Litter accumulation may be associated
with at least three factors: quantity of de-
posited material, quality of deposited ma-
terial, and soil fertility at forest sites

iForest 16: 195-201
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(Prescott et al. 1992, Motta et al. 2014). Our
study revealed that higher litter deposition
due to increased tree growth in response
to fertilization and non-alteration of needle
N (a primary nutrient influencing decompo-
sition processes — Sanchez 2001) may help
explain litter maintenance. After evaluating
needles samples from 110 studies of P.
taeda regions in the USA, Albaugh et al.
(2010) ranked N as the least variable (Ca >
K> Mg > P >S>N), suggesting low sensi-
tivity to soil variation and possibly fertiliza-
tion. Also, symptoms of N deficiency in
Brazil are rare and restricted to areas hav-
ing very shallow soils with growth occur-
ring directly on the C horizon (Motta et al.
2014). However, response to N use has
been observed under different conditions
in the USA (Sypert 2006, Carlson et al.
2014). Since N acts as a great promoter of
vegetative growth, it is likely that the nee-
dle response to N use is influenced by the
dilution effect, which causes an apparent
decrease in response. The decrease in N
concentration in needle fall and increases
in litter fall from P fertilization reported by
Wienand & Stock (1995) were used to ex-
plain decreased litter decomposition and
litter accumulation in a P. elliotti system.

A significant increase in needle K may be
associated with soil type in pine cultiva-
tions; these soils generally have low effec-
tive CEC and no K fixation (Carlson et al.
2014, Motta et al. 2014, Batista et al. 2015),
which decreases K adsorption capacity and
allows for ready availability when applied.
In relation to the plant, K is a nutrient re-
quired in high concentrations and associ-
ated with luxury consumption (Marschner
2012), which together favors greater K con-
centration increases in loblolly pine nee-
dles. In contrast to K, smaller increases in P
concentration may be related to the spe-
cific adsorption of this nutrient to soil col-
loids, especially in very acidic soils (Motta
et al. 2014, Poggere et al. 2020). Addition-
ally, increases in P concentration were less
frequent and to a lesser extent than K in
Brazil (Consalter et al. 2021b) and USA sites
(Sypert 2006, Albaugh et al. 2010). Lime-
stone use increased Ca and Mg concentra-
tions; in comparison, these values were
lower than K and higher than P. Commonly
observed in pine systems, Mg deficiencies
could promote tree responses to fertiliza-
tion and/or liming (Ende & Evers 1997).
However, the smaller variation in needle Ca
and Mg (compared to K concentration) can
be explained by slow mobility from roots
to needles since high adsorption within
xylem tissue can act as a chromatographic
column (Heijden et al. 2015).

Effect of fertilization strategies

A consistent response to fertilization has
been reported for mid-rotation applica-
tions (Fox et al. 2007, Carlson et al. 2014,
Carter et al. 2021), regardless of pine age in
mid-term application. Although adequate
response to fertilization at mid-rotations
have been documented, early fertilization

could be justified on sites displaying low
initial growth. This may be the case for low
fertility soils commonly used for pine plan-
tations. In southern Brazil, ample nutrient
reserves can be associated with very clayey
soils derived from basalt parent material,
while low nutrient reserves in sandstone
derived soils (Motta et al. 2020) helps ex-
plain greater fertilization responses on
sandy soils (Batista et al. 2015, Sass et al.
2020, Adam et al. 2021, Consalter et al.
2021a). In the USA, large areas originating
from marine sediments formed low fertility
sandy soils that reflect a wide response to
fertilization (Albaugh et al. 2019).

Greater tree response when more than
one nutrient was supplied by mineral fertil-
ization is due to synergistic effects re-
ported for N and P (Albaugh et al. 2021) or
NPK plus micronutrient additions (Carlson
et al. 2014, Carter et al. 2021). Fertility ex-
periments that add only one element
(without addressing other required nutri-
ents) can limit loblolly pine response on
soils lacking multiple nutrients. Positive re-
sponses to fertilizer and lime use can be as-
sociated with the addition of three or more
nutrients since lime can be a Ca and Mg
source (Batista et al. 2015, Adam et al. 2021,
Rocha et al. 2019). The prominent lack of
Mg observed in the USA (Albaugh et al.
2004), Brazil (Adam et al. 2021, Rocha et al.
2019), and worldwide (Ende & Evers 1997)
forest systems clearly suggests that liming
can complement fertilizer applications.

Compared to mineral fertilization, the
greater response to residue applications
can be related to multi-element additions
and higher rates of nutrients and organic
compounds (Pereira et al. 2022). A further
consideration regarding organic residue
use is the slow release of nutrients such as
N, P, and S (Zech et al. 1997) and how this
benefits soil biota, contributes to nutrient
cycling, and reduces pathogenic actions
(D’Hose et al. 2018, Luo et al. 2018). Fur-
thermore, it is interesting to note that
some residues common in the cellulose in-
dustry (cellulose sludge, rich in Ca) can
have a much more expressive effect on
pine wood production by mixing with
other residues that contain more nutrients,
such as the mixture of cellulose sludge and
ash (Sass et al. 2020, Pereira et al. 2022).
The low-cost residue inputs represent a vi-
able fertility option since the high cost of
mineral fertilizer can be an impediment fac-
tor (Allen et al. 2005). Albaugh et al. (2019)
reported that increases in fertilizer con-
sumption from 1969 to 1999 were followed
by decreases in 2016, primarily due to
higher costs. Thus, the use of residues in
fertilization brings a series of economic
and environmental advantages and should
be used as a fertilization strategy in sites
with pine plantations.

Regarding needle nutrient concentra-
tions, mineral fertilization increased P, K,
Ca, and Mg, reinforcing the idea that trees
quickly absorb readily available nutrients
from mineral fertilizer applications (Batista
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et al. 2015, Consalter et al. 2021a), while
residue use primarily increases K and Ca
concentrations. When applying residues
from the cellulose industry, increases in
needle Ca were expected since the mate-
rial composition contained high amounts
of this nutrient (Rodriguez et al. 2018,
Pereira et al. 2022).

Although fertilization can generally lead
to improved K concentration, results
clearly showed that lime added with fertil-
izer can lead to decreased K concentration
since other nutrients can compete for
transporters and active absorption sites on
roots. Excess Ca?* and Mg ions can lead to
lower absorption of the K* ion (Consalter
et al. 2021b). Batista et al. (2015) observed
that Ca and Mg had reduced absorption in
response to K fertilization; this antagonis-
tic effect demonstrates the importance of
calibrating soil correctives and fertilizer
rates used in forest plantations.

Decreases or no major changes in N con-
centrations were verified in the present
study, which is very different from that ob-
served for the P, K, Ca, and Mg concentra-
tions in loblolly pine needles. Even with N
application, growth stimulation can lead to
a dilution effect with lower levels of N in
needles (Marschner 2012). Nitrogen is the
nutrient most commonly limiting to loblolly
pine growth and fertilization can increase
availability, which increases leaf area/sun-
light capture and tree growth (Fox et al.
2007), thereby lowering N concentrations.

Conclusion

This meta-analysis indicated that fertiliza-
tion and liming increased loblolly pine
wood production due to increases in plant
height and trunk diameter. These produc-
tion benefits were associated with in-
creased root growth and improved nutri-
tional status of trees. As a result of in-
creased tree growth, there was also an in-
crease in litter deposition that likely im-
pacted forest nutrient cycling.

Although fertilization efficiency in loblolly
pine was similar for applications at planting
and on established sites of 2 to 8 years (es-
pecially for wood production), we verified
slight variations in function of other con-
trolling factors. In this regard, the most ex-
pressive tree response occurred with
residue applications (vs. fertilization with
mineral sources), with emphasis on res-
idues with more balanced amounts of nu-
trients. When evaluating only mineral fertil-
ization, multiple nutrients supplied by the
joint application of fertilizer and lime was
the most beneficial strategy for tree
growth, possibly related to addressing lack
of Ca and Mg. Regarding soil attributes,
loblolly pine on sandy soils (<15% clay) was
more responsive to fertilization. In sum-
mary, results obtained in this meta-analysis
could be a useful guide for fertilization and
liming practices in areas destined for refor-
estation with loblolly pine, aiming to guar-
antee greater sustainability of these pro-
duction systems.
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