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A B S T R A C T

Pinus taeda plantations in subtropical areas of South America are extremely productive and commonly estab-
lished on well-drained red clay sites. In the past, land with more poorly-drained soil was avoided due to concern
over the factors limiting site productivity. Establishment of intensively managed plantations on poorly-drained
soils usually includes soil preparation by subsoiling and/or bedding, weed control, and fertilization. However,
forest managers lack information about the efficacy of early silvicultural practices to ameliorate environmental
limitations and if these intensive practices generate long-term improvements in productivity in this area.
Consequently, we established studies in northeastern Argentina on two sites differing by drainage class and soil
texture as a full factorial design with site preparation (S; disking and disking + subsoiling (red clay) or bedding
(wet loam)), fertilization (F; none or 78 kg ha−1 elemental phosphorus at planting), and weed control (W; none
or two-year banded). Seven years after planting, the red clay and wet loam sites were equally productive, with
maximum treatment means of 218 m3 ha−1 and 264 m3 ha−1 respectively. At the red clay site, only weed control
significantly increased volume. At the wet loam site, both weed control and site preparation significantly in-
creased volume, mainly due to increased survival. The combination of weed control and bedding yielded a non-
additive volume response as indicated by a significant W*S interaction. Our results do not support the common
practice of subsoiling on red clay soils. In addition, fertilization with P alone appears counterproductive or
unneeded at both sites.

1. Introduction

Loblolly pine (Pinus taeda L.) is native to the southeastern United
States but is extremely productive in subtropical regions of South
America. The estimated mean annual increment for loblolly pine
plantations in South America (30 m3 ha−1 yr−1) is often more than
twice than that found in loblolly pine’s native range (12 m3 ha−1 yr−1)
(Cubbage et al., 2007). Loblolly pine is, consequently, an important
plantation species in northeastern Argentina, southern Brazil, and
northern Uruguay (Geary, 2001; IBÁ, 2016; Martiarena et al., 2011). In
Argentina, loblolly pine plantations cover more area than any other

plantation species, and they are concentrated in the subtropical pro-
vinces of Misiones and Corrientes (FAO, 2004). In Brazil, loblolly pine
occupies 1.6 million hectares and is concentrated in the states of Paraná
(42%) and Santa Catarina (34%) (IBÁ, 2016). In Uruguay, loblolly pine
covers 74,100 ha and 62,160 ha in the departments of Rivera and Ta-
cuarenbó, respectively (DIEA, 2019). Despite loblolly pine’s extensive
use as a plantation species in South America, many questions regarding
its proper management in the region remain.

Typically, pine plantations are established on sites unsuitable for
agriculture, like red soils (Martiarena et al., 2011). Red soils (red clay
soils) or Ultisols (Nitossolos in Brazil) are common across Corrientes
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and Misiones, Argentina (Rubio et al., 2019), the southern states of
Brazil (IBGE, 2019), and limited areas in Uruguay (DIEA, 2019). These
red soils typically are clayey, acidic, and nutrient deficient with good
structure for plant growth and good drainage (Baligar et al., 2004;
Rubio et al., 2019). Another common soil in this region of Argentina,
but less widely planted in pine plantations, are Inceptisols located in
flat and poorly-drained areas (Rubio et al., 2019). In the past, land with
poor drainage was usually avoided for plantations due to concern of the
factors limiting site productivity and operability.

These two soil groups differ from each other in structure and drai-
nage and thus require different management. Establishment of in-
tensively managed plantations at these sites usually includes intensive
site preparation by burning, disking, subsoiling and/or bedding, weed
control, and fertilization. However, there is a lack of understanding
regarding resource limitations, how the site resources can be effectively
manipulated by early silvicultural treatments, and if these intensive
practices may truly generate long-term improvements in productivity.
This study aims to inform the management of site-specific resource
availability for these soils. A better understanding of the factors limiting
growth is key to the sustainable management of pine plantation pro-
ductivity.

Observations of early growth response to treatments can help
managers better project growth responses to the end of the rotation
(Snowdon, 2002). To describe growth responses, they can be grouped in
four general patterns: Type A, B, C, D (Hughes et al., 1979; Morris and
Lowery, 1988). Type A responses occur when treated stand growth
shows continual divergence from the untreated control over time. P-
fertilization at planting can show a Type A response, on P-deficient sites
(Ballard, 1978; Gentle et al., 1986). Type B responses occur when
temporary growth gains are made early in the rotation and reduce the
rotation length (Snowdon, 2002). Weed control or N-fertilization
(Neilsen et al., 1992) can show a Type B response or a boost in treated
stand growth followed by parallel growth to the untreated control. Type
B response treatments can be repeatedly added to yield a Type A re-
sponse, such as multiple N-fertilizations in one rotation. Type C re-
sponses occur when treatments result in growth gains that eventually
dissipate and converge back to the untreated stand growth over time.
Type C responses can occur when N is available earlier in the rotation
due to site preparation, then becomes limiting sooner in the treated
stand than it does for the untreated stand (Morris and Lowery, 1988).
Type D responses are negative relative to the untreated stand growth.
An example of a negative response is fertilization at establishment
without weed control on a nutrient-rich site, resulting in increased
mortality due to weeds out-competing the crop trees for the added
nutrients (Albaugh et al., 2015; Allen and Lein, 1998). Identifying site-
specific growth responses to silvicultural treatments facilitates their
cost-effective deployment.

In this study, we evaluated growth and survival effects at mid-ro-
tation of site preparation, weed control, and fertilization applied at
stand establishment on loblolly pine growth for two contrasting sites in
subtropical Argentina.

2. Methods

2.1. Site description

This study was established in northern Argentina at two sites,
identified hereafter by their soil textures: red clay and wet loam. The
sites were 2 km apart in northeastern Corrientes Provence, 60 km
southwest of Posadas, Misiones (−27.905, −56.156). The geology was
basalt, “Grupo Serra Geral.” The Köppen-Geiger climate classification is
Csc (Kottek et al., 2006), with a warm temperate climate, mean annual
temperature of 20 °C, and mean annual rainfall of 1814 mm yr−1. At an
elevation of 106 masl, the red clay site was classified as a Typic Kan-
dihumult. The wet loam site, at 98 masl, was classified as a Humic
Endoaquept. Both sites were previously cattle pasture.

2.2. Experimental design

At both sites, we established a 2 × 2× 2 full factorial experiment in
a randomized block split-plot design with four replications (blocks).
Plots were blocked by field location. The factors evaluated were weed
control (W), site preparation (S), and fertilization (F). Both sites re-
ceived a prescribed burn before site preparation. Soil samples at a depth
of 0–15 cm were taken in June 2003 and tested using Mehlich-3 ex-
tractant (Table 1). Site preparation was completed in July 2003 and
was randomly assigned to the whole-plots within a block; S was applied
as disking or disking + subsoiling at the red clay site and disking or
bedding at the wet loam site. Disking consisted of two passes of tillage
to a depth of 20–30 cm with a disk harrow. Subsoiling occurred to a
depth of 50 cm. Bedding consisted of a single pass with a Savannah
plow. Fertilizer and weed control were randomly assigned to the sub-
plots within a whole-plot. Fertilizer (none, or 78 kg ha−1 elemental
phosphorus) was applied to each seedling as 120 g tree-1 triple super
phosphate in September 2003 at the red clay site and in October 2003
at the wet loam site. Weed control (none, or two-year banded) was
applied as glyphosate 3 L ha−1 with metsulfuron methyl 0.05 kg ha−1

and vegetable oil adjuvant 0.05 L ha−1. Loblolly pine seedlings (Marion
County, Florida origin) were planted in August 2003 at a 4 × 1.75 m
spacing (1428 trees ha−1). Measurement plots include 100 trees and
15 m buffers. Each treatment plot area was 0.17 ha including the

Table 1
Soil nutrient concentrations from 32 samples at each site in subtropical
Argentina. Mehlich-3 extractant was used in soil tests. Standard deviation is
provided in parentheses.

Red Clay Wet Loam

Average SD Average SD

pH 4.99 (0.30) 4.75 (0.10)
N % 0.18 (0.01) 0.23 (0.05)
P mg/kg 3.39 (0.69) 6.70 (1.85)
K mg/kg 77.08 (15.31) 40.41 (10.51)
Ca mg/kg 764.24 (72.23) 203.72 (40.26)
Mg mg/kg 187.54 (20.59) 24.82 (7.92)
B mg/kg 0.47 (0.07) 0.19 (0.07)
Mn mg/kg 499.24 (47.22) 12.31 (9.61)
Zn mg/kg 1.79 (0.26) 0.81 (0.23)
Cu mg/kg 14.17 (1.38) 6.68 (0.58)

Table 2
Statistical summary (P values) for tree (diameter at breast height (DBH), height
(Ht)) and stand scale (basal area (BA), stem volume (Volume) and survival)
metrics after seven years of growth at red clay and wet loam sites in northern
Argentina. Factors were weed control (W) as two-year banded, site preparation
(S) as disking + subsoiling (red clay) or bedding (wet loam), and fertilization
(F) as 78 kg ha−1 elemental phosphorus at planting). Sites were analyzed se-
parately. Degrees of freedom is 21 for all metrics. Values in bold are P < 0.05.

Effect DBH Ht BA Volume Survival

Red Clay
W 0.11 <0.01 <0.01 <0.01 <0.01
S 0.07 0.35 0.13 0.16 0.02
F 0.44 0.57 0.97 0.93 0.94
W*S 0.04 0.49 0.26 0.28 0.05
W*F 0.24 0.26 0.76 0.94 0.87
S*F 0.40 0.84 0.76 0.83 0.89
W*S*F 0.37 0.65 0.63 0.58 0.70
Wet Loam
W 0.05 <0.01 <0.01 <0.01 <0.01
S 0.02 0.01 0.03 0.03 0.02
F 0.04 0.45 0.25 0.26 0.13
W*S 0.18 0.01 <0.01 <0.01 0.02
W*F 0.07 0.39 0.26 0.25 0.16
S*F 0.19 0.61 0.13 0.30 0.24
W*S*F 0.16 0.51 0.10 0.12 0.10
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0.07 ha measurement plot in the center. Tree diameter at breast height
(DBH), total height, and survival were measured annually 2003–2010,
except for 2008.

2.3. Data analysis

We estimated stem volume using

= +V EXP(LN(D) 1.943059 LN(H) 0.847355 9.627622) (1)

where V is outside bark volume in m3 tree-1, D is DBH in cm, H is height
in m (Bosques del Plata, company developed equation). Volume and
basal area were summed per plot and scaled to an area basis. Response
was calculated as the difference between each treatment and the con-
trol at each site. A generalized linear mixed model was used to examine
main effects and interactions (PROC GLIMMIX) seven years after
planting at each site. All significance levels were at an alpha level of
0.05. Sites were analyzed separately due to differences in soil type and
site preparation methods. Block was a random effect and site prepara-
tion, weed control, and fertilization were fixed effects (Ott and

Table 3
Seven-year treatment mean and response (treatment minus control) summary at red clay and wet loam sites in northern Argentina. Treatments were combinations of
weed control (W) as two-year banded, site preparation (S) as disking + subsoiling (red clay) or bedding (wet loam), and fertilization (F) as 78 kg ha−1 elemental
phosphorus at planting).

DBH Height Basal Area Volume Survival

Mean Response Mean Response Mean Response Mean Response Mean

Treatment cm cm % m m % m2ha−1 m2ha−1 % m3ha−1 m3ha−1 % %

Red Clay
Control 17.7 12.5 29.1 177.7 80
W 18.0 0.3 2 12.9 0.4 3 33.8 4.7 16 211.8 34.1 19 91
S 17.4 −0.3 −2 12.6 0.1 1 30.8 1.7 6 190.1 12.4 7 89
F 18.3 0.6 3 12.4 −0.1 −1 28.7 −0.4 −1 174.3 −3.4 −2 76
W + S 18.0 0.3 2 13.0 0.5 4 34.6 5.5 19 218.2 40.5 23 92
W + F 17.9 0.2 1 13.1 0.6 5 33.7 4.6 16 213.7 36.0 20 92
S + F 17.4 −0.3 −2 12.6 0.1 1 31.7 2.6 9 195.2 17.5 10 91
W + S + F 18.0 0.3 2 13.1 0.6 5 34.2 5.1 18 216.4 38.7 22 92

Wet Loam
Control 19.7 10.8 22.1 124.6 58
W 19.6 −0.1 −1 12.5 1.7 16 35.9 13.8 62 219.2 94.6 76 81
S 19.2 −0.5 −3 12.8 2.0 19 34.6 12.5 57 217.0 92.4 74 82
F 22.6 2.9 15 10.3 −0.5 −5 12.5 −9.6 −43 66.5 −58.1 −47 29
W + S 19.1 −0.6 −3 13.5 2.7 25 40.4 18.3 83 264.0 139.4 112 96
W + F 19.7 0.0 0 12.8 2.0 19 36.1 14.0 63 226.0 101.4 81 83
S + F 19.8 0.1 1 12.5 1.7 16 36.3 14.2 64 220.8 96.2 77 81
W + S + F 19.3 −0.4 −2 13.3 2.5 23 40.1 18.0 81 257.9 133.3 107 93

Table 4
Red clay site means for significant main effect, with (1) and without (0) weed
control, at year seven. Letters denote significant differences using Tukey HSD.

Height Basal Area Volume Survival

W m m2ha−1 m3ha−1 %

1 13.0 A 34.1 A 215.1 A 74.3 A
0 12.5 B 30.1 B 184.3 B 65.3 B

Fig. 1. Treatment mean survival over time for the a) red clay site and b) wet loam site in northern Argentina. Treatments were weed control (W) as two-year banded
glyphosate, site preparation (S) as disking + subsoiling (red clay) or bedding (wet loam), and fertilization (F) as 78 kg ha−1 elemental phosphorus at planting). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Longnecker, 2015). A Shapiro-Wilk test (PROC UNIVARIATE) showed
survival at the red clay site was non-normally distributed (P < 0.05).
An arcsine transformation yielded a normal distribution for the red clay
site survival. We used Tukey Honest Significant Difference (via
LSMEANS statement) for means separation of significant main effects.
We evaluated simple main effects (via SLICE statement) for means se-
paration of significant two-way interactions. In this analysis, data were
first divided (or sliced) into a first factor’s levels. Then, within the first
factor’s levels, means separation was conducted between the levels of a
second factor. Significant P values indicate that the second factor in-
fluenced the metric being evaluated in the presence (1) or absence (0)
of the first factor.

To compare the two sites, a sub-set of analyses were performed. The
control treatment means, the highest-volume treatment means, and
maximum volume response means at year seven were tested with a
paired t-test for site comparison. Maximum volume response was cal-
culated as the difference between the W + S treatment volume and the
control treatment volume for each site. All data analysis was completed
using SAS software, Version 9.4 (SAS Institute Inc., 2019). Our pre-
sentation focused on volume and survival because they integrate DBH,
height, and basal area.

3. Results

3.1. Red clay site

At the red clay site, the weed control main effect was significant for
height, basal area, volume, and survival at year seven (Table 2). The
site preparation main effect was only significant for survival (Table 2).
Individual treatment means are shown for year seven in Table 3. The
fertilization main effect was not significant for any metric (Table 2).
Height, basal area, volume, and survival significantly increased with
weed control (Table 4). Survival also significantly increased with site
preparation from 66% to 73%.

Survival stabilized for all treatments after year two (Fig. 1a), ran-
ging from 76 to 92% at year seven (Table 3). Cumulative volume
ranged from 174 to 218 m3ha−1 at year seven (Fig. 2a). Type B volume
responses were observed for all factors (Fig. 3a).

The weed control by site preparation interaction was significant for
DBH (Table 2). With weed control, site preparation had no effect on
DBH (Table 5). Without weed control, site preparation decreased DBH
(Table 5) by 0.6 cm (Table 6). With site preparation, weed control in-
creased DBH (Table 5) by 0.6 cm (Table 6). Without site preparation,
weed control had no effect on DBH (Table 5).

3.2. Wet loam site

At the wet loam site, site preparation and fertilization main effects
were significant for DBH (Table 2). Site preparation decreased DBH by
1 cm. Fertilization increased DBH by 1 cm. Individual treatment means
are shown for year seven in Table 3.

The weed control by site preparation interaction was significant for
height, basal area, volume, and survival (Table 2). With weed control,
site preparation had no effect on height, basal area, volume, and sur-
vival (Table 5). Without weed control, site preparation increased
height, basal area, volume, and survival (Tables 5 and 6). With site
preparation, weed control had no effect on height, basal area, and
survival (Table 5). Without site preparation, weed control increased
height, basal area, and survival (Tables 5 and 6). Weed control in-
creased volume with and without site preparation (Tables 5 and 6).

Survival continued to decrease over time for all treatments (Fig. 1b),
ranging from 29 to 96 % at year seven (Table 3). Cumulative volume
ranged from 66–264 m3ha−1 at year seven (Fig. 2b), with all treat-
ments, except fertilization, having higher volume than the control
(Table 3). Type A volume responses were observed for weed control,
site preparation, and their interaction (Fig. 3b).

3.3. Site comparison

There was no significant difference (P= 0.20) between the control
treatment mean volumes at the red clay and wet loam sites (178 and
125 m3 ha−1, respectively). The highest volume treatment at both sites
was W + S, with means of 218 m3 ha−1 at the red clay site and 264
m3ha−1 at the wet loam site (Table 3). There was, however, no sig-
nificant difference in W+ S treatment means between sites (P = 0.11).
The wet loam site maximum volume response was significantly higher
(P = 0.03) than the red clay site, with response values of 139.4 and
40.5 m3ha−1, respectively.

4. Discussion

4.1. Red clay site

At the red clay site, weed control was the only factor to significantly
increase volume at year seven (Table 4). The primary weed competition
was from grasses (authors’ personal observations), which is likely due
to its past land use as pasture. In a similar study, Albaugh et al. (2015)
also showed a positive response from weed control for a stand planted
on a pasture site. We observed a Type B response (Fig. 3a), where weed
control likely alleviated light competition from herbaceous weeds until
the pine canopy closed and shaded the weeds out in non-treated plots

Fig. 2. Treatment mean cumulative volume over
time for the a) red clay site and b) wet loam site
in northern Argentina. Treatments were weed
control (W) as two-year banded glyphosate, site
preparation (S) as disking + subsoiling (red
clay) or bedding (wet loam), and fertilization (F)
as 78 kg ha−1 elemental phosphorus at
planting). (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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(Albaugh et al., 2004). All treatments were burned and disked during
site preparation, which also provided temporary mechanical weed
control. This site was not responsive to fertilization and therefore is
presumably not P-limited. The Mehlich-3 soil test P concentration of
3.39 mg kg−1 from this site (Table 1) fell just below a critical threshold
reported from the southeastern US of 4.05 mg kg−1 (Wells, 1973).
Wells (1973) found that sites below the threshold P concentration
showed a range of growth responses, including no growth response, and
that sites above the threshold consistently showed no growth response.
Contrary to operational practices at the time, subsoiling had no sig-
nificant effect on volume growth seven years after treatment (Table 2).
Other studies have shown subsoiling did not increase growth in well-
drained soils (Albaugh et al., 2015, 2004; Carlson et al., 2006; Wheeler
et al., 2002). Rainfall is fairly evenly distributed throughout the year in
this region, so soil strength was likely not prohibitive to root penetra-
tion (Greacen and Sands, 1980). Due to the lack of response to both
subsoiling and fertilization, weed control and disking would be the only
recommended practices on similar red clay sites.

4.2. Wet loam site

Weed control increased volume both with and without site pre-
paration (Tables 5 and 6). The volume increase was primarily due to
increased survival. The pattern in volume growth shown in Fig. 2, i.e.,
the order and magnitude of treatments diverging from the control over
time, mirrored the pattern in survival (Fig. 1). The weed control by site
preparation interaction for height, basal area, volume, and survival
(Table 2) was significant due to the non-additive response of the main
effects (Table 5). When weed control or site preparation was applied
without the other, they significantly increased volume (Fig. 2, Table 6).
Weed control and site preparation had similar volume responses (~75%
increase); however, when combined, W + S increased volume growth
response to 112% (Table 3).

The site preparation method at the wet loam site was bedding or
disking. Bedding improves soil aeration for newly planted trees and can
consequently improve survival (Allen and Lein, 1998; Amateis et al.,
1997; Rahman and Messina, 2006). Weed control and disking likely
reduced herbaceous vegetation considerably, also improving survival.
Since the combination of weed control and bedding was non-additive,
we can infer they manipulated some of the same resources. For ex-
ample, bedding may have provided some mechanical weed control.
Given that weed control would be less expensive to apply than bedding,
weed control would be more economically attractive for forest man-
agers working on similar sites (Albaugh et al., 2015; Carlson et al.,
2006).

4.3. Site comparison

Volume growth at both sites was not responsive to fertilization
(Table 2). Wells (1973) demonstrated in the southeastern US, that a
growth response should not be expected at P concentrations above
3 mg kg−1 using Bray extractants (or 4.05 mg kg−1 using Mehlich-3).

Fig. 3. Volume response of main effects compared to control of weed control,
site preparation, and fertilization over time for the a) red clay and b) wet loam
sites in northern Argentina. Factors were weed control (W) as two-year banded
glyphosate, site preparation (S) as disking + subsoiling (red clay) or bedding
(wet loam), and fertilization (F) as 78 kg ha−1 elemental phosphorus at
planting). At the wet loam site, the interaction between W and S was significant
at P < 0.05. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

Table 5
Simple main effects (P values) for significant two-way weed control by site
preparation interaction at year seven for red clay and wet loam sites. Simple
main effects were evaluated using SLICE statement for both weed control (W)
and site preparation (S). In this analysis, data were first divided (or sliced) into
the factor levels specified in the “Factor Sliced By” column. Then, means se-
paration was conducted between the levels of factors in the “Factor Tested”
column. P values indicate if the factor tested had a significant effect on the
metric being evaluated in the presence (1) or absence (0) of the slice factor.
Values in bold are P < 0.05.

Factor Sliced
By

Factor
Tested

Red Clay Wet Loam

DBH Height Basal Area Volume Survival

W 1 S 0.81 0.13 0.24 0.15 0.10
0 <0.01 <0.01 <0.01 <0.01 <0.01

S 1 W 0.01 0.04 0.06 0.02 0.08
0 0.69 <0.01 <0.01 <0.01 <0.01

Table 6
Means for significant two-way weed control by site preparation interaction at
year seven for red clay and wet loam sites. The zeros (0) denote absence and
ones (1) denote presence of weed control (W) and site preparation (S) in their
respective columns.

Red Clay Wet Loam

DBH Height Basal Area Volume Survival
W S cm m m2ha−1 m3ha−1 %
1 1 18.0 13.4 40.2 261.0 94.6
1 0 17.9 12.6 36.0 222.6 81.5
0 1 17.4 12.6 35.4 218.9 81.5
0 0 18.0 10.5 17.3 95.5 43.5
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Both sites had P concentration values near or above this critical value
(Table 1), so the lack of response to fertilization was unsurprising. In
addition, an N and P rate study nearby on these same soils also showed
no growth response to fertilization (Albaugh et al., 2010). It appears
that the sites had sufficient soil P in the rooting zone of the trees, such
that additional P did not boost growth, possibly due to inherent fertility
below 15 cm from basalt parent material.

Cumulative volume showed the wet loam site was more sensitive to
treatments at year seven than the red clay site, where the maximum
volume response (the difference between the W + S treatment and the
control treatment) was greater at the wet loam site (112% increase)
compared to the red clay site (23% increase). Apparently, silvicultural
practices like weed control and bedding can successfully ameliorate
potential concerns about using wet loamy sites for plantation produc-
tion. Due to its operational scale, the metrics evaluated in this study do
not allow us to separate the specific environmental drivers of over-
lapping Type A growth responses to weed control and bedding or lack
of response from subsoiling and P fertilization. To further evaluate the
mechanisms driving the observed growth responses, additional data,
such as soil moisture and vegetation composition and biomass are
needed. Long-term studies are critical to understanding the rotation-
length responses to treatments and potential age-shifts of harvest.
Additional post-thinning data from this study will further explain Type
A and B volume responses over time.

5. Conclusions

Seven years after planting, the control treatments at the red clay and
wet loam sites were similarly productive, but the wet loam site had a
larger maximum volume response to weed control and site preparation
than the red clay site. Weed control with disking is the only re-
commended practice on red clay soils. Our results do not support sub-
soiling on red clay soils. In addition, P fertilization was not necessary on
either site. Weed control increased volume both with and without
bedding at the wet loam site. The wet loam site demonstrates how ef-
fective silvicultural treatments can be at alleviating growth limitations
and that similarly limited sites can be as productive as red clay sites.
This work can inform pine plantation management on sites with similar
soils in subtropical South America. Wet loam sites similar to the one in
this study present some management challenges, like equipment access
for operations, but they could be viably used for loblolly pine planta-
tions more frequently than currently practiced in subtropical South
America.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We would like to thank Bosques del Plata for installation and
maintenance of the study site.

Funding

We appreciate support from the Forest Productivity Cooperative and
members for their role in the establishment and management of the
trials central to this publication. We gratefully acknowledge the support
provided by the National Science Foundation Center for Advanced
Forest Systems, the Department of Forest Resources and Environmental
Conservation at Virginia Polytechnic Institute and State University, the

Departamento de Silvicultura, Facultad de Ciencias Forestales,
Universidad de Concepción, the Department of Forestry and
Environmental Resources at North Carolina State University and the
Universidade Federal de Lavras. Funding for this work was provided in
part by the Virginia Agricultural Experiment Station and the McIntire-
Stennis Program of the National Institute of Food and Agriculture, U.S.
Department of Agriculture.

References

Albaugh, T.J., Allen, H.L., Stape, J.L., Fox, T.R., Rubilar, R.A., Carlson, C.A., Pezzutti, R.,
2010. Leaf area duration in natural range and exotic Pinus taeda. Can. J. For. Res. 40,
224–234. https://doi.org/10.1139/X09-190.

Albaugh, T.J., Alvarez, J., Rubilar, R.A., Fox, T.R., Allen, H.L., Stape, J.L., Mardones, O.,
2015. Long-Term Pinus radiata Productivity Gains from Tillage, Vegetation Control,
and Fertilization. For. Sci. 61, 800–808. https://doi.org/10.5849/forsci.14-207.

Albaugh, T.J., Rubilar, R., Alvarez, J., Allen, H.L., 2004. Radiata pine response to tillage,
fertilization, and weed control in Chile. Bosque Valdivia 25. https://doi.org/10.
4067/S0717-92002004000200002.

Allen, H.L., Lein, S., 1998. Effects of site preparation, early fertilization, and weed control
on 14-year old loblolly pine. Proc. South. Weed Sci. Soc. 104–110.

Amateis, R.L., Burkhart, H.E., Liu, J., 1997. Modeling survival in juvenile and mature
loblolly pine plantations. For. Ecol. Manag. 90, 51–58. https://doi.org/10.1016/
S0378-1127(96)03833-9.

Baligar, V.C., Fageria, N.K., Eswaran, H., Wilson, M.J., He, Z., 2004. Nature and prop-
erties of red soils of the world. The Red Soils of China. Springer 7–27.

Ballard, R., 1978. Effect of first rotation phosphorus applications on fertiliser require-
ments of second rotation radiata pine. NZJ Sci 8, 135–145.

Carlson, C.A., Fox, T.R., Colbert, S.R., Kelting, D.L., Allen, H.L., Albaugh, T.J., 2006.
Growth and survival of Pinus taeda in response to surface and subsurface tillage in
the southeastern United States. For. Ecol. Manag. 234, 209–217. https://doi.org/10.
1016/j.foreco.2006.07.002.

Cubbage, F., Mac Donagh, P., Júnior, J.S., Rubilar, R., Donoso, P., Ferreira, A., Hoeflich,
V., Olmos, V.M., Ferreira, G., Balmelli, G., 2007. Timber investment returns for se-
lected plantations and native forests in South America and the Southern United
States. New For. 33, 237–255.

DIEA, M. de G., Agricultura, y Pesca, 2019. Anuario Estadístico Agropecuario 2019.
FAO, 2004. Tendencias y perspectivas del sector forestal al año 2020 Argentina.
Geary, T.F., 2001. Afforestation in Uruguay: Study of a changing landscape. J. For. 99,

35–39.
Gentle, S.W., Humphreys, F.R., Lambert, M.J., 1986. Continuing response of Pinus radiata

to phosphatic fertilizers over two rotations. For. Sci. 32, 822–829.
Greacen, E.L., Sands, R., 1980. Compaction of forest soils. A review. Soil Res. 18,

163–189.
Hughes, J.H., Campbell, R.G., Duzan, H.W., Dudley, C.S., 1979. Site index adjustments for

intensive forest management treatments at North Carolina. Weyerhaeuser Res Tech
Rep 042–1404.

IBÁ, I.B.D.Á., 2016. Relatório 2016. IBÁ Brasília.
IBGE, I.B. de G. e E., 2019. Mapa de Solos do Brasil.
Kottek, M., Grieser, J., Beck, C., Rudolf, B., Rubel, F., 2006. World Map of the Köppen-

Geiger climate classification updated. Meteorol. Z. 15, 259–263. https://doi.org/10.
1127/0941-2948/2006/0130.

Martiarena, R.A., Frangi, J.L., Pinazo, M.A., Von Wallis, A., Antonio Fernández, R., 2011.
Effect of Thinning and Harvest Type on Storage and Losses of Phosphorous in Pinus
taeda L. Plantations in Subtropical Argentina [WWW Document]. Int. J. For. Res.
https://doi.org/10.1155/2011/761532.

Morris, L.A., Lowery, R.F., 1988. Influence of Site Preparation on Soil Conditions
Affecting Stand Establishment and Tree Growth. South. J. Appl. For. 12, 170–178.

Neilsen, W.A., Pataczek, W., Lynch, T., Pyrke, R., 1992. Growth response of Pinus radiata
to multiple applications of nitrogen fertilizer and evaluation of the quantity of added
nitrogen remaining in the forest system. Plant Soil 144, 207–217. https://doi.org/10.
1007/BF00012877.

Ott, R.L., Longnecker, M.T., 2015. An introduction to statistical methods and data ana-
lysis. Nelson Education.

Rahman, M.S., Messina, M.G., 2006. Intensive Forest Management Affects Loblolly Pine
(Pinus taeda L.) Growth and Survival on Poorly Drained Sites in Southern Arkansas.
South. J. Appl. For. 30, 79–85.

Rubio, G., Lavado, R., Pereyra, F., 2019. The Soils of Argentina. Springer International
Publishing.

SAS Institute Inc., 2019. JMP®. Cary, NC.
Snowdon, P., 2002. Modeling Type 1 and Type 2 growth responses in plantations after

application of fertilizer or other silvicultural treatments. For. Ecol. Manag. 163,
229–244. https://doi.org/10.1016/S0378-1127(01)00582-5.

Wells, C.G., 1973. Soil and foliar guidelines for phosphorus fertilization of loblolly pine.
US Department of Agriculture, Forest Service, Southeastern Forest Experiment.

Wheeler, M.J., Will, R.E., Markewitz, D., Jacobson, M.A., Shirley, A.M., 2002. I. Early
loblolly pine stand response to tillage on the Piedmont and Upper Coastal Plain of
Georgia: mortality, stand uniformity, and second and third year growth. South. J.
Appl. For. 26, 181–189.

M.L. Schulte, et al. Forest Ecology and Management 473 (2020) 118317

6

https://doi.org/10.1139/X09-190
https://doi.org/10.5849/forsci.14-207
https://doi.org/10.4067/S0717-92002004000200002
https://doi.org/10.4067/S0717-92002004000200002
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0020
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0020
https://doi.org/10.1016/S0378-1127(96)03833-9
https://doi.org/10.1016/S0378-1127(96)03833-9
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0030
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0030
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0035
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0035
https://doi.org/10.1016/j.foreco.2006.07.002
https://doi.org/10.1016/j.foreco.2006.07.002
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0045
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0045
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0045
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0045
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0060
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0060
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0065
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0065
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0070
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0070
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0075
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0075
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0075
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1155/2011/761532
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0100
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0100
https://doi.org/10.1007/BF00012877
https://doi.org/10.1007/BF00012877
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0110
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0110
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0115
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0115
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0115
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0120
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0120
https://doi.org/10.1016/S0378-1127(01)00582-5
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0135
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0135
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0140
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0140
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0140
http://refhub.elsevier.com/S0378-1127(20)31086-0/h0140

	Mid-rotation response of Pinus taeda to early silvicultural treatments in subtropical Argentina
	Introduction
	Methods
	Site description
	Experimental design
	Data analysis

	Results
	Red clay site
	Wet loam site
	Site comparison

	Discussion
	Red clay site
	Wet loam site
	Site comparison

	Conclusions
	Declaration of Competing Interest
	Acknowledgements
	mk:H1_18
	Funding
	mk:H1_20
	References




