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In temperate regions, industrial forestry plantations are increasingly evaluated for their potential to support
multifunctional forest systems and sustain ecosystem services, including native plant biodiversity. However
significant gaps remain in understanding the environmental and structural drivers of plant biodiversity within
plantations, underscoring the need for locally grounded empirical studies. This study evaluated native vascular
plant diversity beneath Pinus radiata plantations at two sites in south-central Chile. Species diversity and tree
regeneration were quantified across 120 understory plots (25 m? each) established in P. radiata plantations
stands (>9 years), using adjacent native forests as reference. Stand structure was characterized across 24 plots
(500 m? each), while microsite and soil variables were measured to evaluate their influence on understory plant
composition. Data were analyzed using multivariate ordination and generalized linear mixed models to examine
relationships among stand structure, environmental variables, and understory vegetation. Stand structure in
P. radiata plantations was a significant predictor of native plant species richness under the canopy. Although
nearby native forests showed greater richness and regeneration, plantations sustained ~43-60% of the native
species richness recorded in adjacent reference forests, particularly where canopy structure was more open and
heterogeneous. These results indicate that management adjustments aimed at increasing structural complexity
can improve the ecological compatibility of plantations. Furthermore, they highlight the potential of plantations
within transitional silviculture to support ecosystem services and enhance ecological functionality.

1. Introduction yet simple management that enable predictable stand development and

large-scale implementation (McEwan et al., 2020; Prado, 2015).

Forest plantations worldwide cover nearly 131 million hectares
representing a major component of managed forests largely established
for producing wood, fiber, and non-wood products (Bauhus et al., 2010;
FAO, 2020). Since the first industrial trials in Europe in the 18th century,
plantation forestry has expanded steadily. Its rapid spread during the
19th century was largely driven by wood shortages resulting from nat-
ural forests degradation, accelerated industrialization and growing
human populations (Bauhus et al., 2010; Diaci, 2006; Prado, 2015). This
rapid expansion reflects their high productivity, supported by intensive

Currently, despite representing less than 5% of the global forest area
(FAO, 2020), plantations supply nearly one-third of the industrial timber
demand (Jiirgensen et al., 2014; McEwan et al., 2020). By 2040, plan-
tations are expected to supply about half of the global wood (Bauhus
et al., 2010), particularly in emerging economies such as Latin America,
Africa, and parts of Asia (Carle and Homgren, 2008; Korhonen et al.,
2021; Payn et al., 2015). At the same time, their expansion has been
promoted as an efficient strategy to provide timber while also contrib-
uting to certain ecosystem services, such as soil conservation and
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hydrological regulation (Bauhus et al., 2010; Prado, 2015; Cassiano
et al., 2023). Plantations can also reduce pressure on natural forests, by
supplying wood from planted sources, helping to mitigate degradation
and deforestation processes (Pirard et al., 2016; Sedjo, 1999). However,
the expansion of plantations has also raised concerns about trade-offs
and negative impacts on other ecosystem services (Huettmann and
Young, 2022; Salas et al., 2016). In several regions, communities and
environmental organizations have highlighted impacts on water access,
land use, and traditional landscapes (Cariola-Szuchman et al., 2018;
Carte et al., 2021; Hughey et al., 2019). Large-scale plantations have
been linked to socio-environmental conflicts, particularly over land
tenure and uneven economic benefits (Malkamaki et al., 2018), inten-
sifying tensions in the forestry sector alongside concerns about biodi-
versity loss and ecosystem fragmentation (Cagnoni et al., 2023;
Malkamaki et al., 2018).

In Chile, where over 3 million hectares are covered by plantations,
mainly Pinus radiata and Eucalyptus spp., these tensions are particularly
evident, reflecting the contrast between the sector’s productive growth
and the local environmental and social impacts, especially in south-
central regions (Reyes and Nelson, 2014; Salas et al., 2016, Gerding,
2025). The low structural diversity characteristic of even-aged mono-
cultures, together with the homogenization of forest landscapes result-
ing from extensive and uniform management, limits their capacity to
provide ecosystem services compared to natural forests (Holt, 2012;
Osuri et al., 2020). However, the magnitude of these impacts may vary
with stand structural conditions which are often shaped by silvicultural
practices, as certain configurations can mitigate these effects and
enhance specific ecosystem services (Amoroso et al., 2024; Tarasewicz
and Jonsson, 2021).

Forest plantation management is often adjusted to maximize pro-
ductivity typically involving high establishment densities, pruning, and
thinning within short rotations that culminate in clear-cutting (Lieffers
et al., 2023; Rubilar et al., 2018; Maclaren & Knowles, 2005). While
effective for timber production, these conditions are associated with
reduced functional diversity compared to less altered systems
(Chianucci et al., 2024). In south-central Chile, extensive P. radiata
plantations exemplify these patterns, with simplified and homogeneous
stand conditions linked to landscape fragmentation, altered floristic
composition, reduced native regeneration, and lower ecosystem service
provision and resilience to disturbances such as wildfires and pest out-
breaks (Garcia et al., 2018; Uribe et al., 2020).

Despite these limitations, there is growing evidence that plantations
can support biodiversity when favorable structural and landscape con-
ditions are present (Pirard et al., 2016; Simoes et al., 2024). Proximity to
native forest patches has been identified as a key variable, acting as a
source of propagules for the regeneration of native species and pro-
moting their establishment and persistence in the plantation understory
(Chazdon et al., 2009; Vargas-Gaete et al., 2020). Likewise, landscape
heterogeneity can enhance connectivity and facilitate species presence
(Schall et al., 2018). At the stand level, more diverse and heterogeneous
structural conditions on plantations have been shown to support
biodiversity by improving micro-environmental conditions for regen-
eration (McFadden and Dirzo, 2018; Wang et al., 2022). For example,
lower stand density and increased canopy openness enhance light
availability, facilitating the establishment and persistence of native
understory species (Brockerhoff et al., 2008).

Silvicultural practices are known to shape stand structure and asso-
ciated microsite conditions, which in turn can influence understory
biodiversity. Practices such as establishing uneven aged or mixed spe-
cies plantations (Savilaakso et al., 2021; Sharma et al., 2016), increasing
rotation age (Coote et al., 2013; Pryde et al., 2015), and implementing
harvesting approaches that maintain continuous canopy cover, have
been shown to modify structural and microenvironmental conditions for
regeneration, thereby supporting native understory development (Alday
et al., 2017). In addition, reducing stand density has proven effective in
increasing light availability and facilitating the establishment of native
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species in the understory (Ali et al., 2019).

Despite these advances, knowledge gaps remain regarding how
variation in site and stand structural conditions interact to influence
biodiversity beneath plantation canopies (Heinrichs et al., 2018; Kremer
et al., 2022; Wang et al., 2021, 2023). Because these effects depend on
local environmental context, including climate, soil, and landscape
configuration, it is essential to examine different geographic settings to
identify consistent patterns (Smith et al., 2008). Understanding how
environmental factors and stand structure influence biodiversity is key
to explaining variability among plantations and its underlying drivers.
Biodiversity beneath plantation canopies are determined by a combi-
nation of conditions operating at multiple spatial and temporal scales.
Site variables such as elevation, aspect, slope, and soil fertility, together
with microsite conditions including light availability and litter cover,
influence understory composition and regeneration (Carteron et al.,
2020; Ma et al., 2018). In plantation systems these effects are strongly
modulated by stand structure which regulates light penetration and
resources availability. Attributes such as canopy openness, stocking, and
vertical heterogeneity have been shown to influence the richness and
recruitment of native species (Forbes et al., 2019; Heinrichs et al., 2018;
Marshall et al., 2024; Wang et al., 2021). Plantation age also influences
species establishment, as more developed stands tend to provide more
favorable conditions for regeneration (Braun et al., 2017; Heinrichs
et al., 2018). Integrating environmental conditions and stand attributes
is therefore key to understanding the capacity of P. radiata plantations to
support plant biodiversity.

This study aims to characterize native plant biodiversity beneath
P. radiata plantations in south-central Chile. We evaluate how site,
microsite and soil conditions together with stand structural attributes of
plantations can influence plant biodiversity and regeneration of native
tree species. We hypothesize that the capacity of plantations to support
native plant diversity varies with stand structure, being higher in stands
with lower stocking and greater canopy openness than in more homo-
geneous, closed-canopy plantations. Our goal is to identify the structural
conditions that favor biodiversity, providing a basis for the development
of more multifunctional plantation systems compatible with
conservation.

2. Methods
2.1. Study area and sampling design

The study area was defined within the intermediate depression of
south-central Chile, focusing on landscapes where land cover is domi-
nated by P. radiata plantations that coexist with fragments of native
Nothofagus-dominated forests (Fig. 1). Native forest fragments represent
the last vestiges of the region’s original vegetation (37-39° S; Roble
(Nothofagus obliqua) —Rauli (N. alpina) — Coigiie (N. dombeyi); Ro-Ra-Co
forest type; Fig. 1; Donoso, 1981; Otero, 2006) and are typically found
between 200 and 800 m.a.s.l., on steep slopes (>30%), and on soils of
volcanic origin, ranging from old red clays to recent Andisols derived
from recent volcanic ash (Schlatter and Gerding, 2024). These edaphic
and topographic conditions are representative of the intermediate
depression landscapes in which P. radiata forestry has expanded in Chile
(Fig. 1; Fuentealba et al., 2021; Lara et al., 2012; Luebert and Pliscoff,
2006)

The proximity between native forest patches and plantations allowed
for comparisons of understory plant biodiversity under similar envi-
ronmental conditions (Fig. 1b). The selected sites included P. radiata
stands between 9 and 37 years old, representing a range of structural
conditions associated with different silvicultural histories. These
included stands with multiple pruning and thinning operations, as well
as stands with minimal intervention. Each plantation stand was located
adjacent to, or within 500 m of Nothofagus native forests characterized
by secondary or mature structure, dense to semi-dense canopies, and
tree heights greater than 8 m (CONAF, 2014).
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Fig. 1. A) Map of the study area. Blue squares indicate study sites and the red dots sampling points. B) Schematic representation of the transects established at each
sampling point. Green squares correspond to the 5 x 5 m vegetation plots, and yellow rectangles correspond to the 20 x 25 m structural plots. Ro-Ra-Co forest type

correspond to secondary Nothofagus spp. dominated forests.

Sampling locations were defined by integrating cartography of
native vegetation and forest use within a GIS framework (CONAF, 2014,
2015; IDE, 2023; QGIS Development Team, 2023), applying criteria of
accessibility, adjacency to native forest patches, and spatial configura-
tion. Following this procedure, two study sites were defined: (1) Los
Barros, in the Biobio Region (~5000 ha; 37°34-37°37' S), and (2)
Rucamanque, in La Araucania Region (~2500 ha; 38°36'-38°39' S;
Fig. 1). At each site, six sampling points were selected (twelve in total),
where two 105 m line transects were established: one oriented towards
the native forest and the other towards the plantation (Fig. 1b).

Each transect included one 500 m? plot (20 x 25 m) for structural
and soil sampling conditions, along with five 25 m? subplots (5 x 5 m)
placed every 20 m to record floristic, regeneration and microsite vari-
ables (Fig. 1b). In total, twenty-four stand structural plots were estab-
lished (12 in plantations and 12 in native forests), along with 120
subplots (60 per condition).

2.2. Data collection

Field data were collected between November 2023 and February
2024 across multiple field campaigns, covering the main growing sea-
son. In each structural plot (500 m?), all trees larger than 5cm in
diameter at breast height (DBH at 1.3 m) were measured recording
species identity, DBH with a metric diameter tape, and total height with
a Vertex hypsometer (Haglof ®, Sweden). For each 25 m? subplot, the
floristic composition of all vascular plants was recorded following the
Braun-Blanquet cover-abundance scale (Braun-Blanquet, 1979), and
tree regeneration (< 5cm DBH) was quantified by height classes (<
50 ¢cm; 50-200 cm; > 200 cm). To characterize microsite conditions, the
percentage cover of mineral soil, litter, and coarse woody debris was
visually estimated (Mueller-Dombois et al., 2008). Additionally, hemi-
spherical photographs were taken at 80 cm above ground level under
diffuse light conditions (i.e., overcast sky or low sun angle) following
standard protocols using a Nikon D5200 camera fitted with a 8-mm

Sigma lens to estimate incident radiation (Fournier and Hall, 2017).

To characterize soil chemical attributes, soil samples were collected
at each 500 m? plots (six per site). At each sampling unit, twelve cores
were taken with a soil auger at 0-20, 21-40, and 41-100 cm depth.
Subsamples were then composited by depth for subsequent chemical
analyses (~700 g; SAG, 2010). Bulk density was determined using the
core method, by collecting undisturbed 100 cc soil samples from a
~1 m? pit for subsequent dry mass determination (Blake and Hartge,
1986).

2.3. Data analysis

Site, microsite, and soil variables were compiled for both study sites,
contrasting native forest and plantation conditions in relation to un-
derstory biodiversity patterns. To characterize stand structure, we
calculated key stand attributes for each sampling unit, including
stocking, basal area, diameter of the mean basal area tree (QMD), vol-
ume, and top height. For the latter, we applied the methodology pro-
posed by Garcia (1998), which estimates top height using the tallest
trees in the plot and incorporates an area-based adjustment in the
number of trees considered. Stand volume was estimated using
species-specific allometric models based on diameter and height,
prioritizing locally calibrated equations when available (Salas, 2002).
Native forest age was estimated from stand structure variables following
Ro-Ra-Co growth references (Donoso, 1993; Salas and Garcia, 2006).
Incident radiation was estimated from hemispherical photographs using
the Gap Light Analyzer software, which calculates canopy openness and
light transmission based on gap fraction analysis (Fraser et al., 1999;
Moretti et al., 2019). Soil samples were air-dried and sieved (<2 mm) for
chemical analyses. Soil pH was measured in a 1:2.5 soil-water suspen-
sion; total carbon and nitrogen were determined using the Dumas-TCD
method (SERCON IRMS); and available nutrients were analyzed
following standard procedures for Chilean soils (Sadzawka et al., 2006).
Values were averaged across depths for each plot. All statistical analyses
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were conducted in R (R Core Team, 2025).

Tree regeneration density (< 5 cm DBH) was calculated per plot and
summarized by forest condition (i.e., plantation or native forest) and
height class. Significant differences among forest conditions within each
height class were evaluated using post-hoc pairwise comparisons of
estimated marginal means with Tukey adjustment (a = 0.05).

To synthesize structural variables associated with silvicultural
management in plantations, we generated a structural gradient using
Principal Component Analysis (PCA; prcomp function in R, R Core Team,
2025), integrating stand diameter, top height, stocking, and basal area
for each plot. Prior to analyses, all variables were standardized (mean =
0, standard deviation = 1) to avoid scaling effects. The first principal
component (PCl) summarize the structural variation among planta-
tions, providing a numerical index for each stand (see Table S1 for
loadings and explained variance; Gewers et al., 2022). This axis defined
a structural gradient, with lower values indicating simpler stand struc-
tures and higher values reflecting more complex and heterogeneous
conditions.

As indicators of species diversity, we estimated native and exotic
species richness, tree species richness, and total vascular plant richness,
along with the Shannon index (H'), which combines species richness and
evenness. H' ranges from 0 (a single species) to > 4 in highly diverse
communities; where < 1.5 values indicate low diversity, 1.6-3.0 suggest
moderate and values > 3.1 suggest high diversity (Magurran, 1988). To
analyze the understory floristic similarity between plantations and
native forests (used as reference), we applied Sgrensen dissimilarity
(B-diversity) based on presence-absence data, partitioning it into turn-
over and nestedness, which reflects species replacement and species loss
or gain, respectively (betapart package in R; Baselga and Orme, 2012).
Significant differences between turnover and nestedness components
were evaluated across paired transects using Wilcoxon tests (x = 0.05; R
Core Team, 2025).

Floristic composition was evaluated using non-metric multidimen-
sional scaling (NMDS; metaMDS function, vegan package in R), based on
Bray-Curtis dissimilarity of species relative abundances (n = 60; Oksa-
nen et al., 2015). Associations between site, microsite, soil, and stand
structural variables and floristic composition were assessed using the
envfit function (999 permutations, a = 0.05; Oksanen et al., 2015).

Finally, we modelled the relationship between vascular plant species
richness and the plantation structural gradient by fitting a Poisson
mixed-effects model having the transects nested within sites. We did so
to account for the discrete nature of the response variable and hierar-
chical structure of the data. The model was fitted by maximum likeli-
hood using the lme4 package implemented in R (Gilbert, 2024). Model
assessment included: (a) testing predictor significance using
likelihood-ratio tests, (b) evaluating model assumptions through simu-
lated residuals (DHARMa; Harting, 2022), and (c) assessing the influ-
ence of each transect on model coefficients using Cook’s distance
(influence.ME; Nieuwenhuis et al., 2012).

3. Results
3.1. Site, microsite, and soil variables

Baseline environmental conditions at both sites are presented in
Table 1. Los Barros showed higher altitude and soils with lower nitro-
gen, carbon, and potassium levels compared with Rucamanque. Soil pH
and electrical conductivity (EC) were similar across forest conditions,
remaining slightly acidic. Plantations at both sites showed greater can-
opy openness and higher incident radiation than native forests, whereas
the remaining microsite variables were comparable between native
forest and plantation (Table 1).

3.2. Stand attributes and tree regeneration

P. radiata plantations differed structurally between sites: while
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Table 1

Environmental variables of the two study sites. Mean values of site variables,
microsite and soil attributes are presented for each forest condition (NF = native
forest, PL = plantation). The coefficient of variation (CV%) is shown in paren-
theses. For aspect the mode is presented.

Los Barros Rucamanque
Site variables NF PL NF PL
(n=6) (n=6) (n=6) (n=6)
Elevation (m.a.s.l.) 801.1 (4) 826.2 510.0 (30) 425.4 (21)
@)
Slope (°) 10.0 (60) 8.4 (60) 10.2 (11) 13.8(72)
Aspect SO NO SO SO
Microsite variables NF PL NF PL
(n = 30) (n=30) (n=30) (n = 30)
Woody debris (%) 20.0 (70) 27.5 10.2 (92) 30.0 (53)
(70)
Mineral soil (%) 2.0 (121) 2.0 (43) 3.0 (82) 2.0 (142)
Leaf litter (%) 90.0 (24) 95.0 (6) 80.0 (10) 95.0 (19)
Canopy open (%) 10.8 (58) 18.4 12.6 (49) 16.3 (51)
(50)
Total radiation 18.3 (40) 21.9 17.1 (33) 19.0 (39)
transmission (mol/m?/ (38)
d
Soil attributes NF PL NF PL
(n=6) (n=6) (n=6) (n=6)
pH (H20) 4.5 (6) 4.6 (8) 4.8 (8) 4.9 (10)
EC (dS/m) 0.06 (39) 0.06 0.1 (86) 0.09 (67)
(35)
N (%) 0.1 (40) 0.1 (61) 0.4 (98) 0.6 (63)
C (%) 3.2 3.6 (49) 5.9 (85) 8.0 (44)
P (mg/Kg) 3.0 (38) 3.3(28) 2.3 (28) 2.2 (29)
K (mg/Kg) 54.0 (54) 50.0 155.0 (72) 110.0 (71)
(35)
BD (g/cm3) 0.8 (18) 0.7 (16) 0.6 (34) 0.6 (28)

stands at Los Barros were relatively uniform in age and density, those at
Rucamanque exhibited greater heterogeneity (Table 2). In contrast
native forests at Rucamanque reflected a more mature condition than at
Los Barros, with higher mean diameters and top heights (Fig. 2; Table 2).

Native tree regeneration was generally more abundant in native
forests than in plantations at both study sites (Fig. 2). At Los Barros,
native forests presented high density of seedlings (0-50 cm height),
exceeding 5000 individuals per hectare. This height class was also the
most represented in plantations, though with substantially lower den-
sities. At Rucamanque, overall regeneration was less dense; however,
plantations contained a greater proportion of individuals in more
advanced height classes (Fig. 2). At both sites, N. obliqua dominated the
early stages of regeneration in native forests, while Eucryphia cordifolia,
Persea lingue, and Gevuina avellana were more frequent in taller height
classes. In plantations, Aristotelia chilensis was the most abundant
regenerating species (See Table S2).

3.3. Plant biodiversity within plantations

Plant biodiversity within plantations was lower than in native for-
ests, with native species richness corresponding to 43-60% of values
observed under reference conditions (median values; Table 2). Despite
this difference, Shannon diversity remained relatively high across all
conditions, indicating that plantations supported diverse understory
communities (Table 2). Within plantations, vascular plant richness
varied along the structural gradient, with lower richness observed in
denser stands characterized by higher stocking. In contrast, higher
values along the gradient, associated with more open structures and
greater incident radiation, were linked to greater native species richness,
as represented by the native species richness isolines (Fig. 3). Plant
communities in plantations differed compositionally from those in
native forests, primarily through species turnover rather than nestedness
(see Fig. S1). Consistently multivariate analysis also showed a clear
differentiation in the floristic composition of plantations according to
the study site (Fig. 3). Overall, floristic composition within plantations
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Table 2

Forest Ecology and Management 615 (2026) 123828

Structural attributes and floristic richness and diversity. Median values for each variable are shown for native forest (NF) and P. radiata plantation (PL) in both study
sites. For structural attributes minimum and maximum values are shown in parentheses; for floristic richness and diversity the coefficient of variation (CV%) is re-
ported.* Ages for native forest (NF) were inferred from stand structural attributes, based on published growth information for this forest type (Donoso, 1993; Salas and

Garcia, 2006).

Los Barros Rucamanque
Structural attributes NF (n = 6) PL (n = 6) NF (n = 6) PL (n = 6)
Age (years) ~ 55 (40—70)* 17.5 (16—20) ~80 (60—100)* 21.5 (9-37)

Stocking (trees/ha)
Basal area (m?/ha)
QMD (cm)

1650 (1160-3240)
41.5 (28.6-63.6)
16.5 (14.3-23.4)

820 (460-3540)
49.5 (38.7-86)
27.7 (17.6-32.7)

660 (200—940)
30 (22.3-73.7)
24.1 (18-65.1)

590 (360—900)
41 (24.5-75.3)
33.2 (24.3-37.8)

Top height (m) 20.7 (17.2-25.1) 24.7 (21.7-27.5) 22 (18.5-32) 23 (16.7-30.2)
Volume (m®) 317 (168.3-532.7) 340.6 (283.8-511.4) 241.8 (145.6-711.7) 265.6 (107-596.9)
Floristic richness and diversity NF (n = 30) PL (n = 30) NF (n = 30) PL (n = 30)
Native richness 10.6 (32) 4.6 (54) 8.9 (41) 5.4 (44)
Exotic richness 0.1 (305) 1(0) 0 1(19)
Trees richness 5.1 (36) 2.5(53) 3.2 (48) 2.6 (42)
Total richness 10.7 (32) 5.6 (44) 8.9 (41) 6.4 (38)
Shannon diversity 4.1 3.5 3.5 3.3
Los Barros - NF 6000 % Los Barros - PL 6000
5000+ g T 5000 s
2 40001 240001
4000+ 2 4000 3
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Fig. 2. Distribution of trees per hectare across diameter at breast height (DBH) classes in native forests (NF) and plantations (PL) at both study sites: Los Barros and
Rucamanque. The inset panels show the density of native regeneration (individuals/ha) across height classes for each forest cover type. Bars indicate standard errors,
and letters above denote significant differences between forest conditions within the same height class (p < 0.05).

was significantly associated with stand structure and environmental
variables, including soil bulk density, incident radiation, slope, and soil
pH (Fig. 3).

In line with these patterns the GLMM results (Fig. 4), showed a
positive and significant effect of the structural gradient on native species
richness (B = 0.163, p = 0.0015), equivalent to an estimated 17.7%
increase in richness per unit increase along the gradient (Fig. 4). Vari-
ation in richness was primarily associated with local-scale differences
within sites, with little to no variation among sites. Model details are
provided in Table S3.

4. Discussion

4.1. Environmental attributes and native vascular plants under
plantations

The capacity of forest ecosystems to sustain vascular plant diversity
depends on interactions among light availability, soil properties, prop-
agule inputs from surrounding vegetation, and species-specific regen-
eration strategies (Grubb, 1977; Brockerhoff et al., 2008; Lazaro-Lobo
and Ervin, 2020). In this study, we evaluated native plant diversity and
tree regeneration beneath the canopies of exotic P. radiata plantations
located adjacent to temperate Nothofagus forests in southern Chile.

Despite differences in altitude and soil attributes between study sites,
contrasting patterns of native species regeneration and diversity were
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Fig. 3. NMDS ordination based on the floristic composition of 60 plots established in the understory of P. radiata plantations at Los Barros and Rucamanque
(Bray—Curtis distance, stress = 0.19). Arrows indicate variables significantly correlated with the ordination (95% confidence), including incident radiation (r* = 0.24,
p = 0.001), bulk density (r*> = 0.28, p = 0.001), stocking (r* = 0.15, p = 0.004), pH (r* = 0.31, p = 0.001), and slope (r> = 0.24, p = 0.001). Isolines represent native
species richness (ordisurf, vegan; Oksanen et al., 2015). The stand structural gradient is represented by the color scale, ranging from simpler to more complex

structural conditions (red to blue; r> = 0.1604, p = 0.006).

Expected richness
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Fig. 4. Relationship between the expected richness of native vascular plant
species and the structural gradient of P. radiata plantations across both study
sites, fitted using a generalized linear mixed model (GLMM, Poisson family).
Lines represent the model fit, and shaded areas indicate 95% confi-
dence intervals.

observed. Los Barros, characterized by higher elevation and compara-
tively poorer soils, exhibited greater floristic richness and more abun-
dant tree regeneration in native forests than Rucamanque. In contrast,
the latter, with more fertile soils, exhibited more similar plant diversity
between plantations and native forest conditions. These patterns suggest
that factors beyond overall site quality are influencing understorey
vegetation. Accordingly, differences in plantation understory composi-
tion between sites appear to be driven by topographic and structural
attributes, potentially including legacy effects of past use and manage-
ment, rather than overall site quality (Kelly and Ray, 2023; Kremer

et al., 2022).

Microsite variables and soil chemical attributes were largely similar
between native forests and plantations in both study sites. Coarse woody
debris, mineral soil exposure, litter cover, as well as soil pH, nutrient
levels, and bulk density, showed comparable values across both forest
cover types. This suggests that, in this case, P. radiata plantations have
not substantially modified microsite conditions or soil chemical prop-
erties, resulting in an understory environment relatively similar to that
of the adjacent Nothofagus forest. The observed similarity may be related
to plantation age. Some studies indicate that soil changes tend to be most
pronounced in very young stands (< 10 years) or in overmature stands
(> 40 years), where nutrient declines typically occur (Jeong et al., 2017;
Yin et al., 2021). Given that the plantations evaluated here range from
~10-37 years old, they likely fall within an intermediate age range in
which soil chemical properties do not differ markedly from those of
nearby native forests.

One of the main differences between native forests and plantations
was canopy openness, which was consistently higher in plantations,
reflecting the effects of silvicultural practices (i.e., thinning and prun-
ing) on vertical structure and light availability. This increase in radiation
input creates more heterogeneous conditions, expanding the range of
available niches that may facilitate the establishment of both native and
exotic herbaceous and shrub species (Granados-Pelaez et al., 2018;
Wang et al., 2021). This mechanism is consistent with the high vascular
plant diversity recorded underneath P. radiata canopies (Shannon H’ >
3). This pattern helps explain why plantations sustain between 43% and
60% of the native species richness found in adjacent reference forests.
Comparable results have been reported by Heinrichs et al. (2018), who
found that native species richness in P. radiata plantations did not differ
significantly from that observed in nearby native forests, and by Becerra
and Simonetti (2020), who documented similar levels of native species
richness in P. radiata plantations.
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4.2. Stand structure and management effects on native tree regeneration
within plantations

Although the silvicultural practices applied in the evaluated plan-
tations were not designed for conservation or restoration objectives,
shifts in stands structural attributes (i.e., lower density and larger DBH
and top heights) created conditions that support the presence and
regeneration of native species. Differences observed between sites
illustrate how distinct management regimes can shape the structural
development of P. radiata stands and, consequently, the availability of
different understory microsites. At Los Barros, plantations of similar age
(16-20 years) reflected silvicultural interventions, with thinning and
pruning modifying stand structure, increasing light availability, and
promoting native species establishment. At Rucamanque, by contrast,
the greater age heterogeneity (9-37 years) of the plantation stands re-
flects a combined influence of management and environmental factors.
In general, more productive sites receive more intensive management
because they can support higher commercial yields (Sedjo, 1999; Zhao
et al., 2016). At the same time, high site productivity may enhance
native plant biodiversity when remnant native forest patches are
available as propagule sources. This pattern aligns with observations
from Pinus spp. plantations in temperate regions of Argentina, New
Zealand, and Spain, where management intensity has been reported to
promote understory diversity (Marshall et al., 2023; Onaindia et al.,
2013; Trentini et al., 2020).

The recurrent presence of native tree regeneration, particularly
Aristotelia chilensis and N. obliqua, indicates that plantations can function
as refuges when propagule sources and sufficient light are available, a
pattern consistent with studies showing that plantations sustain native
communities where seed dispersal is not limiting (Garcia et al., 2016;
Pritchard et al., 2024).

The predominance of small seedlings (< 50 cm) within plantations at
Los Barros indicates an early stage of colonization, where recruitment is
active. In contrast, the higher proportion of individuals in advanced
height classes under the plantation canopy at Rucamanque suggests a
more mature regeneration trajectory, likely initiated during periods
when the canopy was more open and light availability was greater. This
pattern coincides with observations from southern Chile, where initial
regeneration tends to occur during opportunity windows created by
thinning, whether through management or natural treefall, prior to full
canopy closure (Kremer and Bauhus, 2025). Over time, depletion of the
seed bank and increasing resource competition limit additional
recruitment, favoring the persistence of early cohorts. These patterns
depend on historical land use, which determines the available seed bank
(Navarro-Gonzalez et al., 2013) and are further influenced by canopy
structure, as less dense stands offer higher water availability and more
favorable conditions for the establishment of new seedlings
(Granados-Peldez et al., 2018).

4.3. Plant diversity patterns in P. radiata stands

The results of both the NMDS ordination and the GLMM analyses
highlight that plantation stand structure is a key determinant of floristic
diversity beneath P. radiata canopies. Plantations characterized by high
stockings of smaller P. radiata individuals and consequently lower light
availability, showed lower understorey native species richness. In
contrast, more open structures with taller and larger trees supported
higher understorey species richness. These patterns reflect variation in
light availability, heterogeneity, and resource competition, which drive
understory species establishment (Odland et al., 2021; Xu et al., 2020).

The observed structural gradient captures variation in stand attri-
butes among the plantation stands, reflecting differences in structural
complexity through canopy openness, density, and tree size. Previous
studies in temperate forests have shown that structurally complex con-
ditions increase environmental heterogeneity, promoting the develop-
ment of microhabitats that facilitate propagule arrival (Brockerhoff
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etal., 2008; Wang et al., 2021). Consistently, in this study, native species
richness increased along the structural gradient, with an estimated rate
of 17.7% per unit.

Compositional differences between sites reflect the modulating role
of the landscape context. In Rucamanque, the continuity of surrounding
native forest enhances propagule arrival and the persistence of species
typical of those forests within plantation understories. In contrast, Los
Barros, located in a more fragmented landscape, showed a higher pro-
portion of opportunistic or disturbance-tolerant species, including ex-
otics, a pattern also described by Garcia et al. (2016) and Heinrichs et al.
(2018) in similar P. radiata contexts.

Despite these differences, the positive relationship between stand
structure and native species richness was consistent across both sites,
suggesting that variation is largely associated with local-scale differ-
ences. The fact that relatively simple structural modifications can
enhance biodiversity conservation highlights an important opportunity
for management and restoration in plantation-dominated landscapes.

4.4. Towards structural drivers of plant biodiversity in plantation stands

This study provide empirical evidence that supports current research
trends recognizing forest plantations as environments with potential for
native biodiversity conservation (Hordk et al., 2019; Simoes et al.,
2024). In particular, the ability of P. radiata plantations to maintain up
to 60% of the species richness of adjacent native forests demonstrates
that, in landscapes with nearby propagule sources (< 500 m), planta-
tions can function as secondary habitat for native vegetation. However,
this capacity is strongly linked to stand structure and microsite condi-
tions. In this regard, interventions aimed at increasing heterogeneity,
such as progressive thinning, selective pruning, or the creation of
controlled canopy openings, can improve habitat quality and promote
native species regeneration (Marshall et al., 2023; Zhao et al., 2016).
When plantations reach a more open and structurally diverse condition,
they are capable of supporting a substantial fraction of native plant di-
versity without requiring full conversion to natural forest. Consequently,
even modest silvicultural adjustments that modify stand structure can
translate into meaningful ecological benefits.

Taken together, these findings align with the principles of transi-
tional silviculture, which proposes that forest plantations can be grad-
ually transformed toward structures, compositions, and functional
attributes more similar to those of natural forests, without fully aban-
doning productive objectives (Jones et al., 2023; Pritchard et al., 2024).
Transitional silviculture promotes a shift from traditional management
toward more diverse and resilient forest systems, integrating continuity
among forest types while improving productivity, reducing environ-
mental impacts, and enhancing ecological and societal value through
ecosystem functions. (Jones et al., 2023). Although it has been devel-
oped mainly in New Zealand, our results suggest that its principles are
applicable to the context of south-central Chile. In fragmented land-
scapes where native forest remnants are scarce and dispersed, P. radiata
plantations could play a key role as ecological bridges, enhancing con-
nectivity and facilitating the establishment of native species, thereby
contributing to increased landscape functionality.

Incorporating transitional silviculture in Chile would shift planta-
tions from timber-focused systems to multifunctional landscapes
contributing to conservation. This requires integrating biodiversity
criteria into forest planning, including targeted thinning, retention of
native species, and conservation of natural structural elements (Bekris
et al., 2021; Hartley, 2002). These practices could enhance the ecolog-
ical and social resilience of forested landscapes in southern Chile,
aligning with global sustainability goals (United Nations, 2015).

Although plantations can contribute to maintaining part of the native
flora across the landscape, native forests, even as small patches or
fragments, are key to sustaining biodiversity and serve as the main
sources of natural regeneration. Understory floristic composition in
plantations differs from native forests, reflecting species turnover, with
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some species absent and others unique to plantations. Therefore, man-
agement strategies should be oriented toward complementarity, priori-
tizing the active protection and connectivity of native forest remnants
while adjusting silvicultural practices in plantation stands to maximize
their ecological compatibility and their role as corridors and secondary
habitats (Estades et al., 2012; McFadden and Dirzo, 2018).

Finally, our results highlight key questions about the mechanisms
regulating biodiversity beneath plantations, particularly how stand
structure interacts with ecological filters such as seed bank depletion or
edaphic changes that may limit long-term recruitment (Berthrong et al.,
2009). It is also necessary to assess species persistence after canopy
opening and their successional roles in transitions toward reference
forests (Onaindia et al., 2013). Addressing these questions will help
refine management strategies and inform the broader debate on plan-
tation conversion in temperate landscapes.

5. Conclusion

Understanding how forest plantations can contribute to biodiversity
conservation is essential in landscapes where native forest cover has
declined. P. radiata plantations in south-central Chile can sustain a sig-
nificant fraction of the local native flora, supporting ~43-60% of the
species richness recorded in adjacent reference native forests. Although
microsite variables such as light availability and soil attributes,
including pH and nutrients, explained part of the floristic variation
within plantations, stand level structural characteristics, which can be
shaped by management, showed stronger association with understorey
biodiversity. This pattern should be interpreted cautiously, as it reflects
structural conditions rather than a direct effect of management in-
tensity. In general, plantations with more open and heterogeneous stand
structures supported higher levels of native species richness, likely
driven by increased light availability and structural heterogeneity
influencing understory communities. In contrast, adjacent native forests
consistently maintained higher species richness, diversity, and tree
regeneration, underscoring the need to explicitly integrate native forest
conservation within forest management models. Our results show that
plantations can play a complementary role in maintaining native flora at
the landscape level. Overall, this study provides empirical evidence that
contributes to the ongoing debate on the conservation value and con-
version potential of plantations, demonstrating that stand-level man-
agement decisions can meaningfully influence understory biodiversity.
These findings identify specific structural attributes that can be inte-
grated into silvicultural planning to enhance biodiversity retention in
plantation-dominated landscapes.
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