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Nothofagus species dominate the temperate forests of South America. Among
them, Nothofagus dombeyi and Nothofagus alpina are long-lived, fast-growing
pioneer trees with high-quality timber, which makes them attractive for plantation
forestry. Unlike conifers, however, these species—particularly N. dombeyi—often
lack strong apical dominance, leading to stem forking and the need for early form
pruning to ensure straight, high-quality stems. Despite this, information about
early form and stem pruning in Nothofagus plantations remains scarce. This study
evaluated the effects of early pruning on growth and stem form dynamics in a
young N. dombeyi (5-year-old) and a young N. alpina (8-year-old) plantation in
south-central Chile. For each species, growth responses were evaluated over
4 years following pruning treatments (T1: unpruned control, T2: fork control, and
T3: pruning to half of total height plus fork control). Pruning responses differed
markedly between species. In N. dombeyi, pruning significantly reduced d and
v growth (p < 0.05), with the strongest reductions under T3 (20-25% relative to
T1), followed by rapid recovery within 4 years. Height growth was not affected
(o > 0.05), although T3 tended to increase height increment in N. dombeyi. In
contrast, N. alpina showed no differences among treatments (p > 0.05). Overall,
N. dombeyi exhibited greater sensitivity to pruning, likely reflecting its higher
light demand and greater biomass and leaf area removal compared to N. alpina.
Despite short-term growth reductions, early pruning is recommended to improve
stem form and produce high-quality, knot-free timber within the proposed
35-year rotations in good sites for both studied species.
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1 Introduction

Early pruning of live branches is a key tending practice to improve
plantation quality and produce high-value timber production, as it
corrects crown structural defects and increases the proportion of clear,
knot-free wood, thereby enhancing stand value at final rotation
(Hubert and Courraud, 1989; Loewe and Gonzélez, 2002; Oosterbaan
etal,, 2009; Carson et al., 2014; Leng et al., 2025). In broadleaved spe-
cies, stem pruning reduces knot formation by removing lower
branches with low photosynthetic contribution, while top or form
pruning (also named formative pruning; Kerr and Morgan, 2006) may
maintain apical dominance and prevent stem forking (Hubert and
Courraud, 1989; Carson et al., 2014), although this varies by species
and timing (Kerr and Morgan, 2006). However, pruning also reduces
crown size and leaf area, potentially limiting photosynthetic capacity
and affecting tree growth, productivity, and survival (Pinkard and
Beadle, 1998; Pinkard et al., 2004; Alcorn et al., 2013; Forrester, 2013).
Therefore, pruning may reduce light interception and the competitive
ability of trees within a forest stand, but from a wood production per-
spective, it eliminates branches that are the primary source of knots
and associated discoloration (stem pruning), or that would otherwise
reduce the chances of growing straight trees (form pruning), which
would substantially reduce future timber quality and market value
(Pinkard et al., 2004; Zobel and Van Buijtenen, 2012).

In broadleaved species, appropriate early pruning can dramati-
cally increase the value of the basal log by producing clear wood suit-
able for high-quality timber or veneer, which may reach prices two to
ten times higher than those of high-grade sawlogs (Alderman et al.,
2010). Knots disrupt normal fiber orientation and alter wood density,
generating areas of structural weakness around branch insertion and
reducing the mechanical performance of sawn timber (Zobel and Van
Buijtenen, 2012; Hu et al,, 2018). The main concern therefore is to
prune trees to a degree that will improve quality while not significantly
reducing growth (e.g., Leng et al., 2025). This can be achieved by
implementing pruning and thinning at the same time, but pruning
requirements may occur earlier than thinning requirements, and
therefore in the case of only-pruning entries to a forest stand, the
severity of pruning is a major consideration to improve quality with-
out reducing growth.

In these cases, an appropriate pruning severity may increase the
vigor of the trees and the resistance of a forest stand to disturbances
such as those caused by climate change (i.e., increased temperatures
and declining precipitations in south-central Chile; e.g. Salazar et al.,
2024; Urrutia-Jalabert et al., 2015). In this sense, most literature indi-
cates that pruning should not remove >40-50% of green crown length
(Bulfin and Radford, 1998; Pinkard et al., 1999), and that low-severity
pruning seems convenient to improve form without reducing growth.
Actually, in a recent study pruning poplar (Populus deltoides) at one-
third of total height, trees increased their growth, which was attributed
to a compensatory growth mechanism where water and nutrients that
were originally directed to the pruned branches and leaves were relo-
cated to the trunk after pruning (e.g., Leng et al., 2025). Therefore,
pruning severity, derived from stem or stem + form pruning, is a key
decision to achieve tree quality objectives while maintaining good
growth rates, especially if it is not accompanied with thinning.

Nothofagus species dominate the temperate forests of the southern
cone of South America (Perry et al., 2025). Several species of this
genus produce high-quality timber (Dfaz-Vaz et al., 2002; Donoso and
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Navarro, 2025) and exhibit fast growth rates (Donoso, 1993; Donoso
and Navarro, 2025). Despite these attributes, plantations with
Nothofagus in the Chilean temperate region remain scarce (Bannister
et al., 2018), representing a major opportunity to diversify the forest
landscape of south-central Chile, which is currently dominated by
exotic fast-growing tree species crops such as Pinus radiata and
Eucalyptus spp. (Cubbage et al., 2007; Salas et al., 2016). Experimental
plantations of Nothofagus dombeyi, Nothofagus alpina, and Nothofagus
obliqua established under contrasting site conditions and silvicultural
regimes have shown variable growth and survival (Donoso et al., 2009,
2011, 2015a,b; Navarro et al., 2024), but overall promising perfor-
mance, with mean annual volume increments of 10-20 m* ha™" yr.™!,
survival rates of 60-90% (Navarro et al., 2024), and high plant diver-
sity (Romero-Mieres et al., 2025). Similar growth rates have been also
reported in plantations of the species in United Kingdom (Mason et
al,, 2018). This productive potential has encouraged the establishment
of Nothofagus plantations in both open-field conditions and degraded
forests in south-central Chile (Donoso et al., 2015a,b; Soto et al., 2015,
2020). However, as with many broadleaved species, these Nothofagus
species exhibit a great architectural plasticity that may result in poor
form and forking, and mid-term evaluations, particularly in
N. dombeyi, confirm this pattern (Donoso et al., 2015a; Navarro et al.,
2025). Self-pruning of branches is also poor in these species (Donoso
etal., 2015a; Navarro et al., 2025). Such practices have proven effective
in improving timber quality in several hardwoods (Hubert and
Courraud, 1989; Kerr and Morgan, 2006; Leng et al., 2025) and are
increasingly recognized as essential for Nothofagus plantations
(Donoso et al., 2015a,b; Navarro et al., 2024). Consequently, the fre-
quent early forking and development of thick stem branches in
Nothofagus species highlight the need for early tending interventions
to enhance the commercial value of these plantations.

Donoso et al. (2015a) recommended form pruning in N. dombeyi
plantations between ages 4 and 7, depending on growth patterns, but
did not propose this practice for N. alpina due to its generally
straighter stem form. Despite these guidelines, empirical knowledge
of pruning effects in Nothofagus species in Chile remains limited.
Evaluating the effectiveness of early pruning is therefore essential to
strengthen the technical basis for the silviculture of native-species
plantations and to promote their adoption, particularly among small-
and medium-size landowners willing to produce high-value timber
(Navarro et al., 2025). Although pruning has been experimentally
applied in both species (Donoso et al., 2015a), its mid- and long-term
effects on growth dynamics and the persistence of improved stem
form (i.e., maintenance of a single dominant stem) have rarely been
assessed. Accordingly, the objective of this study was to evaluate the
effects of early pruning on stem quality and growth performance in
young N. dombeyi and N. alpina plantations prior to a first thinning
(~8-10 years). Specifically, we assessed growth responses over 4 years
following the application of two treatments: form pruning (fork con-
trol) and a combined treatment including both form and stem prun-
ing (up to one-half of total tree height), applied without
complementary thinning. We hypothesized that both pruning treat-
ments would improve stem quality in both species and would at least
temporarily reduce d and v growth. We further expected that form-
pruned trees would maintain improved stem form, particularly under
the combined treatment, where the leader branch concentrates a
greater proportion of the crown’s photosynthetic area. Finally, we
hypothesized that (a) N. dombeyi would be more sensitive to pruning
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than N. alpina due to its higher light demand and weaker apical con-
trol (Puntieri et al., 1998), and (b) that any initial growth reductions
would be followed by rapid recovery, as both species exhibit high early
growth rates that decline at later developmental stages (Donoso et al.,
2015a,b).

2 Materials and methods

2.1 Study area

The N. dombeyi plantation covers ~1.3 ha in the foothills of the
Coastal Range (39°58'S, 73°20'W), at an elevation of 80-100 m a.s.l.
(Figure 1). The site is situated on a northeast-facing slope with moder-
ate gradients (5-30%) and a convex landform, within a small private

10.3389/ffgc.2026.1818494

property. In contrast, the N. alpina plantation covers ~9 ha in the
Andes Range (39°49'06”S, 71°55'58"W), at an elevation of 500-
550 m a.s.l,, on gentle to slightly sloping terrain (<15%), within the
private Huilo Huilo Reserve (Figure 1). Both experimental plantations
were established on former pastures that had remained fallow for sev-
eral years prior to planting and within the natural distribution range
for each.

The climate at the N. dombeyi plantation site is classified as
temperate rainy with Mediterranean influence (di Castri and
Hajek, 1976), with marked seasonal differences between the wet-
test and driest months (Fuenzalida, 1971). In the Koppen-Geiger
classification, this coastal site broadly corresponds to a temperate
oceanic climate (Cfb), consistent with the humid, year-round
rainfall regime described for the Valdivian area. Mean annual
temperature (1990-2020, CR2ZMET v2.5, https://www.cr2.cl/
datos-productos-grillados/) is approximately 12.2 °C, with an
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average minimum of 4.6 °C in the coldest month (August) and an
average maximum of 23.3 °C in the warmest month (January).
The proximity to large water bodies, including wetlands, rivers,
and the sea, moderates frost occurrence, resulting in an average
of 46 frost days per year. The frost-free period typically extends
from November to March. Precipitation is distributed throughout
the year, although approximately 80% occurs during autumn and
winter, with a pronounced decline in summer (Fréne et al., 2019).
Mean annual precipitation (CR2ZMET v2.5) is approximately
2,400 mm. The N. alpina plantation site has a humid temperate
climate with slight Mediterranean influence, characterized by
short and dry summers, and long and wet winters (di Castri and
Hajek, 1976). Under the Koppen-Geiger classification, this inte-
rior Andean foothill site is also best described as temperate oce-
anic (Cfb), although with a stronger seasonal precipitation
contrast than the coastal N. dombeyi site. Mean annual tempera-
ture (1990-2020, CR2ZMET v2.5) is approximately 11 °C, with
average minimum and maximum temperatures of 5 °C in the
coldest month (August) and 16 °C in the warmest month
(February), respectively. Mean annual precipitation (1990-2020,
CR2MET v2.5) is approximately 2,850 mm. Frosts are relatively
frequent, with 30-50 events per year, and occur most frequently
from August through September (Soto et al., 2009).

The N. dombeyi plantation is established on soils of the Los Ulmos
series (Ultisols), which are clayey soils derived from ancient aeolian
sediments deposited over metamorphic parent material of mica schist
origin, typical of the Coastal Range. Soil depth ranges from moder-
ately deep to deep, with well-developed structure and favorable physi-
cal properties (CIREN—Centro de Informacién de Recursos
Naturales, 2001). The soil profile exhibits reddish-brown coloration
throughout, and texture varies from clay loam to clay. Bulk density is
moderate to high, and these soils have high water-holding and absorp-
tion capacity (CIREN—Centro de Informacion de Recursos Naturales,
2001). Chemically, they are acidic and rich in aluminum and iron,
resulting in strong phosphorus fixation, although to a lesser extent
than that observed in Andean volcanic (Trumao) soils (CIREN—
Centro de Informacion de Recursos Naturales, 2001). The N. alpina
plantation is located on soils derived from recent volcanic ash deposits
(Andisol), which are well stratified and underlined by an andesitic—
basaltic bedrock (CIREN—Centro de Informacion de Recursos
Naturales, 2001). These soils are deep to moderately deep, rich in
organic matter, and exhibit high water retention capacity with moder-
ate internal drainage. Chemically, they are characterized by the pres-
ence of allophane, which confers a high potential for phosphorus
fixation (Soto et al., 2009).

10.3389/ffgc.2026.1818494

2.2 Plantations features and tree form
assessment

The N. dombeyi plantation was established in mid-winter (early
August) 2004 using two-year-old bare-root seedlings (1/1), prior to
the onset of the growing season. Seedlings were grown in the nursery
of the Universidad Austral de Chile and had an average of 60-80 cm
in height and 6-8 mm in root-collar diameter. Site preparation was
carried out using animal traction (oxen) to reduce soil compaction
resulting from previous grazing. Furrows approximately 30 cm deep
were opened along contour lines to improve water infiltration and
reduce weed competition at the time of establishment. Planting was
performed manually with a New Zealand-type planting spade at a
spacing of 2.5 x 2.5 m, and no post-planting weed control was applied
(Donoso et al., 2009).

The N. alpina plantation was established in late fall (May) 2001
also using two-year-old bare-root seedlings, prior to the first snowfall.
Detailed morphological data for N. alpina seedlings at planting were
unavailable; however, based on regional nursery standards (Bustos et
al.,, 2008), they are expected to share similar baseline characteristics
with N. dombeyi, albeit typically exhibiting a higher root-collar diam-
eter for an equivalent height. Site preparation included the manual
removal of shrubs and scattered trees to reduce early competition and
facilitate planting.

Seedlings were planted at a spacing of 1.5 x 2.0 m by creating cir-
cular planting spots approximately 40 cm in diameter and 30 cm deep
using a mattock, which allowed the removal of grasses and loosened
the soil (Donoso et al., 2011).

At the time of treatment implementation, trees of both species
exhibited comparable size across pruning treatments, despite the
inherent variability typical of young plantations (Table 1). In the
N. dombeyi plantation, mean diameter at breast height (d) ranged
from 5.1 to 5.8 cm, mean total height (/) from 4.7 to 5.3 m, and mean
stem volume index (v) from 450 to 678 cm? tree™! across treatments.
One-way ANOVA detected no significant differences among treat-
ments for any of these variables (d: F = 0.81, p = 0.474; h: F = 2.40,
p=0.146; v: F=1.52, p =0.270), confirming homogeneous initial
conditions prior to pruning experiment. Similarly, in the N. alpina
plantation, mean d ranged between 4.6 and 4.9 cm, mean h between
5.4 and 5.9 m, and mean v between 440 and 587 cm’ tree™' among
treatments. No significant treatment effects were detected for any
growth variable (d: F=0.29, p=0.754; h: F=0.46, p=0.648; v:
F=0.52, p =0.610). Overall, these results indicate adequate homoge-
neity among treatments at the onset of the experiments in each spe-
cies, allowing subsequent differences in growth and stem form to be

TABLE 1 Mean and standard deviation for diameter (d, cm), height (h, m) and volume (v, cm?® tree™) per treatment prior to the establishment of the pruning experiment.

Treatments

Nothofagus
dombeyi

h (m)

Nothofagus v (cm?® tree™)

alpina

h (m)

T1 59 5.5(1.6) 5.3(0.7) 575.1(353.1) 71 4.6 (1.4) 5.4 (1.0) 439.7 (319.2)

T2 31 5.1(1.5) 4.7 (0.8) 449.9 (292.6) 26 49(1.7) 5.9 (1.1) 587 (475.4)

T3 32 5.8(1.7) 5.3(0.9) 677.8 (427.8) 29 4.8(1.4) 5.7 (1.0) 513.0 (379.8)

F-value 0.81 ns 2.40 ns 1.52 ns 0.29 ns 0.46 ns 0.52 ns
ns: p > 0.05.

F-value represents the results 249 obtained from ANOVA using the average sizes and volume per plot.
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attributed primarily to treatment effects rather than pre-existing size
differences (but see below).

2.3 Experimental design

In each plantation we established 12 plots with each containing
approximately 20 trees, which meant different plot sizes for N. dombeyi
and N. alpina due to the initial differences in establishment spacing
(see above). Treatments were implemented in 2009—5 years after
establishment in N. dombeyi and 8 years after establishment in
N. alpina, but the diameter and height of the trees were similar
(Table 1, see above). The three treatments—T1 = control (no pruning;
Figure 2¢), T2 = form pruning only (removal of forked or dissolved
top branches; Figures 2b), and T3 = form plus stem pruning (removal
of lower dead and green branches up to one-half of total height plus
removal of forked branches above this point; Figure 2c)—were repli-
cated four times within contrasting microsites in each plantation (e.g.,
upper, middle, and lower slope positions and flat terrain). In the plots
assigned for the implementation of T2 or T3 only trees that had high
potential quality once pruned were treated, which meant that close to
one half of the trees were treated (Table 1). All trees subjected to form
pruning in T2 were included. In the case of T3, only trees that received
both pruning interventions were considered. Trees classified as form
1 in T2 and T3, as well as those in T3 that received only stem pruning,
were excluded from the analysis. Conversely, all trees in the control
plots were included in the assessment of periodic annual increment
(PAI). Therefore, number of trees (1) used at each treatment per spe-
cies were different (Table 1). Prior to treatment implementation, an
initial inventory was conducted to determine baseline tree dimensions
(i.e., d and h) and to classify each tree into form categories (Figure 2b).
Thus, pruning treatments were selectively applied based on initial
stem form, with trees of poorer form preferentially assigned to more
intensive interventions. Last, to clarify the treatments pictorial details
of the treatments are shown in Figure 2.

10.3389/ffgc.2026.1818494

While the same treatments were implemented for each species in
an equal number of plots with similar number of trees, the severity of
the treatments in each species differed in terms of biomass removal,
which was greater in N. dombeyi. While we acknowledge this as a
major limitation, Figure 3 illustrates the common differences in two
young plantations of N. dombeyi and N. alpina, with the former having
thicker lower branches and a higher proportion of forked trees.

What explains this is that in N. dombeyi there is a great tendency
for the apical bud to abort and be replaced by one or more distal axil-
lary buds, generating forked trees, a tendency that seems more
common in open conditions in good sites (Puntieri et al., 1998, 2000),
like the one in this study. In addition, N. dombeyi develops these char-
acteristics as part of its architecture in response to its pioneer charac-
ter (Navarro et al., 2025), a great difference with N. alpina that is a
mid-tolerant species that tends to grow straight, with relatively thin
branches (Mason et al., 2018).

2.4 Data management

All measurements were conducted during the dormant season
(i.e., May-August) to ensure full-year growth assessment and to mini-
mize seasonal variability. For each year, individual tree volume (v) was
estimated using the geometric formula of a cone as an indicator of
productivity Equation 1 (Donoso et al., 2009). The equation used was:

v(cm3/tree)={ﬂ'*d2*h}/12 (1)

The PAI Equation 2was used as the response variable to evaluate
the effects of the silvicultural treatments for d, h and v.

PAI(cm3/tree)={(g1+i —g0)/(t1+i —fo)} @

(a)
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FIGURE 2

(a) General schematic representation of tree architecture of Nothofagus (without leaves) illustrating the effects of forking (i.e., loss of epinastic control),
thick branches on stem, and crown form. (b) Crown form classification used in this study: (1) straight form without loss of apical control, (2) forked trees
(see d,c for each studied species), and (3) trees with dissolved crowns and multiple shoot leaders affecting overall tree quality. (c) Pruning treatments
applied in this study: (T1) control (no pruning), (T2) form pruning (removal of upper forked and/or thick branches when present), and (T3) form and stem
pruning (removal of forked and/or thick branches plus stem pruning up to one-half of total height; see panel f). (d,e) show examples of the forked trees
of Nothofagus dombeyi and Nothofagus alpina, respectively. (f) Shows the top- and stem-pruning treatment applied in a N. dombeyi plantation
(photographs by Daniel P. Soto). Pohoto in f) comes from Donoso et al. 2015a.
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FIGURE 3

Young plantations that illustrate the greater tendency of Nothofagus
dombeyi (left) over Nothofagus alpina (right) to forking and thicker
lower branches, in addition to poorer self pruning (photographs by
Pablo J. Donoso).

Where g,,; is the size of a given year 1+i respects the size prior to
applied the treatments g.

Thus, the growth for year 1 is (g—g,), for year 2 (g,_g,)/2, for year
3 (g5-0)/3, and for year 4 (g,_go)/4. This simple equation was used to
isolate the effects of initial size, i.e., prior to the application of the
pruning treatments, and to obtain the unbiased growth increment per
year (MacFarlane and Kobe, 2006; Soto et al., 2015). The periodic
annual increment (PAI) used in this study represents a cumulative
measure over time, integrating growth since treatment application.
Consequently, PAI values across years are not statistically indepen-
dent, as later measurements include information from previous
periods.

The relative response of each silvicultural treatment (T2 and T3)
in relation to the unpruned control (T1) was evaluated using the fol-
lowing formula Equation 3, which expresses the percentage difference
in growth performance between treatments:

RR (%) ={(Xt - Xc)/ Xc}x100 3)

Where RR is the relative response (%), Xt is the mean value of the
growth variable (d, h, or v) for each silvicultural treatment, and Xc is
the corresponding mean value for the control treatment at the specific
year. Positive values indicate a relative increase in growth compared
with the control, while negative values denote a relative reduction
associated with the treatment through time of the study.

2.5 Data analysis

All statistical analyses were performed using plot-level means as
the unit of replication. Individual tree measurements were averaged
within each plot prior to analysis, resulting in four independent rep-
licates per treatment to avoid pseudoreplication and ensure consis-
tency with the experimental design. Prior to this, the data for PAI in
d, h, and v per plot were tested for normality using the Shapiro-Wilk
test and for homogeneity of variances using Levene’s test (Sokal and
Rohlf, 2012). A one-way analysis of variance (ANOVA) was then per-
formed to evaluate treatment effects per each year of evaluation. When
significant differences were detected in ANOVA, a post-hoc compari-
son was conducted using the Least Significant Difference (LSD) test
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(Sokal and Rohlf, 2012). A significant level of 0.05 (95% confidence)
was applied to all statistical analyses.

To summarize the structural responses to pruning, we calculated
the mean proportion of trees in each stem form class (Form 1-3) for
each treatment and species. Stem form classes were evaluated at the
end of the monitoring period (year 4) based on visual assessments of
stem straightness and apical dominance (Figure 2b). A bar plot was
produced to display the mean percentage of trees per form class across
four replicated plots per treatment, providing an estimate of central
tendency. Given the exploratory nature of stem form transitions and
the limited number of replicates (n = 4), no formal statistical tests
were applied to proportional differences among treatments. Instead,
variability among plots was represented using standard error.

To visualize changes in stem form classes over time and among
pruning treatments, we used Sankey flow diagrams, which depict tran-
sitions among discrete categorical states while preserving their relative
frequencies. For each species, transition matrices were constructed
between the initial (Form 0) and final (Form 4) stem form classes,
separately for each treatment (T1: control, T2: form pruning, T3: top
plus stem pruning). The width of each flow was scaled according to
the number of trees transitioning between form classes, providing a
proportional representation of improvement (Form4 < Form0), dete-
rioration (Form4 > Form0), or stability (Form4 = Form0). This graph-
ical approach offers an intuitive means of visualizing categorical
dynamics through time and has been increasingly applied in ecologi-
cal and forestry studies to represent state transitions, management
effects, or disturbance responses (Riehmann et al., 2005; Lupton and
Allwood, 2017; Petrokofsky et al., 2025). This analysis was performed
in Python using the plotly.graph_objects library.'

3 Results
3.1 Effects of pruning treatments on growth

The effect of pruning treatments on tree growth varied
according to species and time since intervention (Table 2). In
N. dombeyi, the first year after treatments had a significant lower
growth in d (nearly 50%) in T3 compared to T1. While the mag-
nitude of these differences declined with time, T3 had significant
lower growth in d compared to both T1 and T2 (which did not
differ) in years 3 and 4. Growth in & did not significantly differ
between treatments for any year, but every year growth behaved
with T3 > T2 > T1, i.e., as opposed to growth in d. Consequently,
growth in v was significantly different among treatments only in
year four, with T1 and T2 greater than T3. This pattern was con-
sistent with the relative growth response (Figure 4), where
N. dombeyi exhibited a sustained reduction in growth, especially
in T3 plots relative to control plots, which showed decreases of up
to 20-25% during the first years after pruning, whereas T2 exhib-
ited a smaller reduction and a gradual recovery by the fourth year.
Growth in d followed similar patterns. In both the initial and final
measurement years, trees subjected to T3 showed the lowest mean
values in d (1.68 cm at year 4), whereas trees under T2 and the
control reached the highest values in d (2.11-2.01 cm), with

1 https://plotly.com/python/
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TABLE 2 Summary of mean annual increment (+SE) for stand structural variables (d, h, v) during 4 years of evaluation in Nothofagus dombeyi and Nothofagus alpina plantations, respectively.

Species Variable Treatments Year 1 Year 2 Year 3 Year 4
Nothofagus dombeyi d (cm) T1 3.87a(0.79) 2.73a (0.10) 2.29a (0.07) 2.01a (0.06)
T2 2.86ab (0.21) 2.32ab (0.22) 2.24a (0.07) 2.11a (0.07)
T3 1.89b (0.79) 2.17b (0.07) 1.80b (0.06) 1.68b (0.08)
F-value 4.32% 4.07* 16.76*** 8.53%*
h (m) T1 1.38 (0.12) 1.17 (0.07) 1.06 (0.03) 1.14 (0.02)
T2 1.46 (0.06) 1.25 (0.03) 1.12 (0.03) 1.19 (0.03)
T3 2.34(0.83) 1.65 (0.44) 1.34 (0.31) 1.31(0.2)
F-value 1.19 ns 0.98 ns 0.65 ns 0.54 ns
v (cm?) T1 112.19 (23.45) 98.32 (7.19) 98.40 (4.15) 107.23a (3.99)
T2 70.58 (6.96) 75.22 (12.72) 87.45 (3.68) 105.98a (5.22)
T3 62.86 (10.22) 82.22 (10.43) 76.95 (7.66) 86.91b (6.17)
F-value 3.00 ns 1.30 ns 3.85ns 4.78*
Nothofagus alpina d (cm) T1 0.98 (0.04) 0.95 (0.06) 0.91 (0.04) 0.79 (0.03)
T2 1.15 (0.07) 1.12 (0.05) 0.98 (0.02) 0.88 (0.00)
T3 1.08 (0.05) 1.01 (0.07) 0.92 (0.03) 0.82 (0.04)
F-value 2.14ns 1.75 ns 1.49 ns 2.13ns
h (m) T1 1.14 (0.22) 1.16 (0.07) 1.29 (0.03) 1.06 (0.02)
T2 1.06 (0.09) 1.17 (0.09) 1.21 (0.03) 1.05 (0.02)
T3 1.31 (0.22) 1.11 (0.13) 1.28 (0.08) 1.12 (0.06)
F-value 0.78 ns 0.11 ns 0.79 ns 0.87 ns
v (cm?) T1 26.04 (2.73) 31.01 (3.55) 36.73 (4.06) 33.59 (3.47)
T2 26.86 (3.23) 33.64 (4.55) 35.55 (2.67) 34.42 (2.09)
T3 29.61 (5.62) 30.72 (2.99) 36.19 (4.50) 34.59 (3.55)
F-value 0.21 ns 0.18 ns 0.02 ns 0.03 ns
ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Bold values indicate that they are statistically significant.
- N. dombeyi - N. alpina
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FIGURE 4

Relative response (%) in stem volume (v, cm® tree™), height (h, m), and diameter (d, cm) increment of Nothofagus dombeyi (left) and Nothofagus alpina
(right) plantations under two pruning treatments: combined form and stem pruning (T3) and form pruning only (T2). Responses are expressed as
percentage differences relative to the unpruned control. Positive values indicate higher growth relative to the control.
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statistically significant differences (p < 0.05). No pruning effects
were detected on h (p > 0.05), suggesting that growth reductions
were mainly concentrated in diameter and biomass-related vari-
ables, which are more sensitive to foliage loss.

In N. alpina, pruning treatments produced no significant differ-
ences in growth in any of the tested variables (d, i and v) in any evalu-
ation year (p>0.05 in all cases; Table 2). d (0.79-1.15cm), h
(1.06-1.31) and v (26-37 cm?) mean annual growth values remained
relatively stable across treatments and years. The relative growth
response (Figure 4) confirmed this trend: both T2 and T3 curves
remained close to 0% relative to the control, showing no evident
reductions throughout the study period. Because of these results there
were no significant species-treatment interactions (not shown).

3.2 Short-term effects of pruning
treatments on stem form

At the end of the monitoring period, 4 years after pruning, the
distribution of stem form classes showed clear species- and treatment-
specific responses (Figure 5). In N. dombeyi, the proportion of Form
1 trees increased markedly from 15% in the control (T1) to 48% under
form pruning (T2) and 63% under the combined form + stem pruning
(T3), while Form 3 trees decreased from 20 to 0% (Figure 5). In
N. alpina, the improvement was even more pronounced, with Form 1
trees rising from 39% in the control plots to 59 and 89% under T2 and
T3 plots, respectively, and the proportion of Form 3 trees falling below
2% in both pruning treatments (Figure 5).

Sankey diagrams revealed distinct pathways of stem form devel-
opment in N. dombeyi and N. alpina across pruning treatments
(Figure 6). In N. dombeyi, control plots (T1) showed structural
changes, with most trees retaining their original form class and few
changing from Form 1 to Form 2, or from Form 2 to Form 3 (Figure 6).
Form pruning (T2) induced partial enhancement, as approximately
half of the trees initially classified as Form 2 improved to Form 1,
while a small fraction of Form 3 individuals improved to Form 2
(Figure 6). The combined top and stem pruning treatment (T3) pro-
duced the greatest effect, with a dominant upward transition from
Form 2 to Form 1 and the near disappearance of Form 3 trees.
Downward transitions (Form 1 — 2 or 3) were negligible, indicating

10.3389/ffgc.2026.1818494

a consistent improvement in stem quality during the 4 years after the
implementation of the pruning treatments.

In N. alpina, there were also some structural changes, with most
trees retaining their original form class 4 years after the implementa-
tion of the treatments, and only a few trees changing from Form 1 to
Form 2 or from Form 2 to Form 3 (Figure 6). Form pruning (T2)
substantially enhanced stem quality, with a large proportion of trees
improving from Form 2 to Form 1, but also with a similar proportion
of trees degrading from Form 1 to Form 2 (Figure 6). The combined
pruning treatment (T3) generated the most pronounced upward flow,
with nearly all trees attaining Form 1 4 years after pruning and only a
minimal proportion remaining in lower-quality classes (Figure 6). A
small fraction of downward transitions was detected under T3.

4 Discussion

4.1 Differential responses of N. alpina and
N. dombeyi to pruning

Our findings demonstrate that artificial pruning exerts contrasting
effects on growth performance in the evergreen N. dombeyi and the
deciduous N. alpina, suggesting species specific growth and morpho-
logical responses to canopy reduction. Although both plantations had
similar initial tree sizes at the onset of the experiment [but different ages
since N. dombeyi grows faster (e.g., Donoso et al., 2011, 2015a)] and had
the same pruning treatments implemented, the combined form and
stem pruning treatment (T3) significantly reduced radial and stem
volume growth in N. dombeyi, whereas no such effects were detected in
N. alpina, which exhibited quite stable growth for all the evaluated vari-
ables through all years of evaluation. These results suggest that the trade-
off between photosynthetic capacity loss associated with leaf area
removal and improvements in stem quality and structure may be species
dependent, likely driven by differences in light requirements, crown
plasticity, and apical dominance control (Niinemets, 2010; Alcorn et al.,
2013). However, this interpretation has to be considered cautiously in
this case due especially to differences in plantation densities. The fact
that the N. dombeyi plantation was more sensitive to pruning although

N. dombeyi
100

N. alpina

80

Mean proportion (%)

T3

FIGURE 5

Mean proportion (%) and standard errors of trees in each stem form class (Form 1, 2, and 3) 4 years after pruning treatments for Nothofagus dombeyi
(left) and Nothofagus alpina (right). T1, T2 and T3 correspond to the pruning treatments as specified in (see text in section 2.2).
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Sankey diagrams of stem form transitions (year O or pre-treatment to year 4 posttreatment) for Nothofagus dombeyi and Nothofagus alpina. Upper
row: N. dombeyi; lower row: N. alpina. From left to right: T1 (Control), T2 (Form pruning), and T3 (Form + Stem pruning). Each diagram depicts
transitions in individual stem form classes between 2009 and 2012 (Form 1 — Form 3). Flow width is proportional to the number of trees in each
transition. Green indicates improvement, blue indicates no change, and red indicates deterioration.

it had lower higher density reflects that differences in tree densities may
alter this preliminary inference, although it is well reported that natural
secondary forests of N. dombeyi have higher trees densities for equiva-
lent mean diameters in full-density stands compared to N. alpina (Lusk
and Ortega, 2003; Gezan et al., 2007). Therefore, different tree densities
in both plantations may have reflected similar competition status
between trees in each case. If this was the case, the contrasting responses
reported in this study would reflect the need to adjust pruning severity
and timing according to species-specific ecological strategies—especially
growth and competition dynamics and tree architecture—rather than
applying uniform silvicultural prescriptions across species (Carson et al.,
2014; Navarro et al., 2025). In fact, tree architecture and allometry is very
different, although poorly reported, in these two Nothofagus species.
Donoso et al. (2015a), Puntieri et al. (1998, 2000), Navarro et al. (2024)
report that N. dombeyi has a great tendency to developing thick branches
and forking, while Mason et al. (2018) mention that N. alpina has excel-
lent stem form with good self-pruning, although the latter statement is
arguable (Donoso et al., 2015a). These differences illustrate that pruning
opportunity and severity require further experimentation in each spe-
cies and even more when jointly comparing their responses.

In N. dombeyi, the reductions in diameter and stem volume
growth observed with T3 reflect a high sensitivity to canopy reduction
and a limited short-term capacity to compensate for the loss of pho-
tosynthetic biomass. This is an important warning for the pruning
practice in this species. In favorable sites or environments in south-
central Chile, such as the one in this study, young N. dombeyi planta-
tions already have a great proportion of poorly formed trees (Donoso
et al., 2009), and if there is no pruning of these plantations at ages
30-40 year just few trees have Form 1 trees (see Navarro et al., 2025).
Under this context, combined pruning represents a justified early
tending intervention to prevent stem forking and promote long-term
stem quality, accepting temporary growth reductions in exchange for
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improved timber value (Pinkard and Beadle, 2000; Carson et al.,
2014). Similar trade-offs between stem form improvement and short-
term growth decline have been widely reported in shade-intolerant
broadleaved species, such as Fraxinus excelsior and Juglans regia, par-
ticularly when pruning removes >40-50% of green crown length
(Bulfin and Radford, 1998; Pinkard et al., 1999). Fraxinus excelsior is
a strong resprouting species (as N. alpina) while Juglans regia is a weak
resprouting species (as N. dombeyi, which does not resprout), and the
former has a better response to pruning, also like N. alpina in this
study. According to these and other studies (e.g., Leng et al., 2025) low
severity pruning seems convenient to improve form without reducing
growth. Our results therefore reinforce the need to carefully regulate
pruning intensity in N. dombeyi, preferably limiting green-crown
removal to approximately one-third of total tree height during the
early stage of the plantation, to minimize physiological stress and pre-
serve sufficient crown area for post-pruning recovery (Pinkard and
Beadle, 1998; Nyland, 2002; Forrester, 2013; Carson et al., 2014). In
addition, form pruning should be applied selectively to a limited pro-
portion of trees—ideally those expected to remain after the first thin-
ning—to maximize economic returns while avoiding unnecessary
growth reductions at the stand level and reducing the high cost of this
tending practice (Donoso et al., 2015a).

Anyhow, stem or form pruning in species with a high tendency to
forking, such as N. dombeyi, is recommended once canopy closure has
occurred (Kerr and Morgan, 2006).

Despite the initial reductions in diameter and volume growth
observed in N. dombeyi, both species exhibited growth stabiliza-
tion or partial recovery within 4 years after pruning, highlighting
the high plasticity and compensatory capacity of young trees.
Following leaf area removal, trees can increase photosynthetic
rates and nitrogen concentration in remaining leaves, mobilize
non-structural carbohydrate reserves, and adjust carbon allocation
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to restore crown function, prioritizing shoot elongation and new
foliage production (Pinkard et al., 1999; Maurin and Desrochers,
2013; Zhang and Liu, 2021). Hormonal regulation associated with
apical dominance—particularly auxin-cytokinin-strigolactone
interactions—also plays a central role in re-establishing a domi-
nant leader and suppressing competing shoots after pruning
(Ferguson and Beveridge, 2009; Beveridge et al., 2023). Moreover,
because foliage located in the lower crown typically exhibits lower
carbon-use efficiency due to higher respiration costs, so that its
removal may partially offset the negative effects of reduced leaf
area, particularly under high stand density and limited light avail-
ability (Pinkard and Beadle, 2000), which was the case for both
species in this study.

The transient increase in height growth observed in N. dombeyi
during the first year after severe pruning (T3) likely reflects a short-term
allocation shift toward vertical growth aimed at restoring crown position
and light interception. This response is consistent with the architectural
plasticity of the species, which exhibits sympodial axis construction,
short persistence of the apical meristem, and frequent development of
shoots in the upper crown (Puntieri et al., 1998, 2002). After pruning,
the remaining leader may exhibit enhanced elongation and branching
in the upper crown, facilitating rapid reconstruction of lost foliage and
contributing to subsequent growth recovery. Similar transient “height-
first” recovery patterns have been reported in other fast-growing and
shade-intolerant species, including Pinus radiata, where pruning induces
temporary changes in shoot structure until foliage mass and growth tra-
jectories are restored (Ferndndez et al., 2017). Together, these mecha-
nisms explain why early pruning in N. dombeyi leads to short-term
growth reductions but does not compromise medium-term growth
potential when applied with appropriate severity (ideally no more than
one-third of the crown) and developmental stage (early, when the trees
are vigorous and have rapid growth rates).

The absence of significant growth differences among treatments in
N. alpina indicates that moderate pruning can be safely applied in this
species without compromising growth, further supporting its suitability
for high-quality timber plantations (Donoso et al., 2015a). From a man-
agement perspective, these results suggest that early pruning—when
trees are below approximately 8-10 cm in diameter at breast height or
5-8 years of age—represents a strategic window to improve stem form
while maintaining overall stand growth potential. This approach
enhances the long-term production of clear, knot-free logs and supports
the development of profitable silvicultural systems for high-value timber
in southcentral Chile (Navarro et al,, 2025). Considering the high stand
density at the time of pruning (3,333 trees ha™') and the young develop-
mental stage of the plantation, the lack of growth response in N. alpina
may also reflect the low light exposure and limited photosynthetic con-
tribution of the removed branches. Under dense, unthinned conditions,
foliage distribution tends to be concentrated in the upper, more light-
exposed portions of the crown, whereas lower branches contribute rela-
tively little to carbon gain (Pinkard and Beadle, 2000). Consequently,
the removal of shaded lower foliage in N. alpina likely had a negligible
effect on whole-tree carbon balance, allowing growth rates to remain
stable despite pruning.

4.2 Study limitations

We acknowledge that these results have to be interpreted cau-
tiously for two reasons: (a) we did not report biomass removal in
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each species, although it was greater for N. dombeyi as a response
to the different growth and branching patterns of the two species
(Puntieri et al., 1998, 2000; Donoso et al., 2006a,b), and (b) the
planting distance on the two experiments were different (1.5 x
2m in N. alpina and 2.5 x 2.5 m in N. dombeyi). The first reason
may be part of the explanation why N. dombeyi had a significant
loss in growth when subjected to combined pruning, which did
not occur for N. alpina. The second reason may explain why the
recovery in d and v growth of N. dombeyi was relatively more
rapid than N. alpina, although also the relatively lower biomass
removal in N. alpina trees may explain the low growth recovery
rates of this species following the implementation of the treat-
ments. On the other hand, a couple of concerns might be acknowl-
edge: first is in regards to analysis the PAI was calculated as
cumulative metric, and temporal dependence among years may
lead to conservative interpretations of year-specific differences,
and the second concern is that usually pruning must be accompa-
nied by thinning (Hubert and Courraud, 1989), since thinning
allows the lower crown of the pruned trees to receive more light
and fix more carbon (Forrester, 2013). That was not the case in the
present study. Had thinning being conducted, most likely
responses would have been different in both species. That is a
pending experiment in plantations with these species. However,
managers have to consider that in hardwood species with a high
tendency to forking and the development of thick low branches,
such as N. dombeyi, early pruning without thinning may be
necessary.

4.3 Implications for forest management

Several challenges remain for the large-scale implementation of
pruning regimes in plantations of Nothofagus tree species in Chile.
Investment in plantations—particularly those based on native spe-
cies—entails relatively high uncertainty due to the limited avail-
ability of mid- and long-term empirical evidence supporting their
growth performance and responses to silvicultural treatments
(Donoso et al., 2015a; Navarro et al., 2025), and economic returns
(Cubbage et al., 2007; Navarro et al., 2025), although some impor-
tant progress has occurred during the last years. One key premise
to reduce this uncertainty is that plantations should be preferen-
tially established on high-quality sites for each species, where physi-
ological recovery following pruning and effective wound occlusion
are more likely to occur (Forrester, 2013; Mékinen et al., 2020). In
that way, management decisions must also consider the need,
timing, and severity of complementary silvicultural treatments, as
well as the expected proportions and economic value of different
wood products obtained through thinning operations and final har-
vest under even-aged management systems (Navarro et al., 2025).
Long-term studies remain essential to assess the cumulative effects
of pruning on wood properties, decay risk, and interactions with
thinning regimes in these Nothofagus species, particularly as these
factors ultimately determine product quality and stand profitability
(Auty et al., 2012; Forrester, 2013).

Beyond biophysical considerations, socio-economic factors—
including labor costs, timber market dynamics, and landowners’
perceptions, expectations, and risk tolerance—will strongly influ-
ence the adoption of native-species plantations. These factors are
further shaped by public policies aimed at promoting the
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establishment and management of native forests (Donoso and
Navarro, 2025). At the same time, increasing international commit-
ments and local demands related to landscape diversification and
climate change mitigation and adaptation are generating renewed
interest among a broad range of stakeholders in native tree planta-
tions. Accelerating this transition will require sustained applied
research, adequate incentives or subsidy schemes, and improved
availability of high-quality planting material (Bannister et al., 2018;
Donoso and Navarro, 2025). In this context, the high growth poten-
tial and timber value of Nothofagus species, combined with appro-
priate governance and market frameworks, provide a strong
foundation for the development of productive and high-value
native-species plantations in south-central Chile. These may be
managed through traditional even-aged systems or alternative ones
that conduct these initially even-aged plantations towards more
structurally (Donoso et al., 2024) and compositionally (Romero-
Mieres et al., 2025) complex productive forests. In any case, which-
ever the objective of these plantations may be, landowners will
likely expect to have positive financial returns from harvested trees,
and those returns will be significantly greater if planned silvicul-
tural systems that include pruning are considered. If there will ever
be a state subsidy for native plantations in Chile, such as the one
that triggered plantations of exotic tree species (Salas et al., 2016),
it must consider pruning among other silvicultural treatments. This
instrument will enable profitable plantations of hardwood native
species which would also benefit landscape diversification, but
meanwhile more experiments should provide guidelines on the
effects of pruning regimes depending on species, sites and timing,
among other variables.

5 Conclusion

Artificial pruning produced contrasting growth responses in
N. dombeyi and N. alpina. In N. dombeyi, more severe pruning sig-
nificantly reduced diameter and stem volume growth, whereas
N. alpina maintained stable growth across pruning treatments.
These differences between these species may have several despite
these short-term growth reductions, pruning markedly improved
stem form in both species, supporting its use as an effective early
treatment to enhance future timber quality. To minimize physiolog-
ical stress and growth reductions, pruning should be applied at
early developmental stages and should limit green-crown removal
to no more than one-third to one-half of total tree height. Overall,
these findings emphasize the need for species-specific pruning
regimes when managing native Nothofagus plantations, balancing
short-term growth responses with long-term improvements in stem
quality and timber value. However, since this is the first report on
pruning effects in these or other native hardwood plantations in
Chile, with a relatively modest experiment that lacked a more
robust potential experimental design, there is a great challenge to
increase the evaluation of pruning regimes in hardwood native
plantations with rapid growth rates and high timber value. These
plantations are strategic for environmental and economic reasons
in south-central Chile.
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