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ABSTRACT

Restoration of natural forests previously replaced

by plantations is a widespread challenge for forestry

in Chile and elsewhere. However, there is little

documented evidence for successful restoration,

either through active or passive approaches. In this

study, we aimed at (1) determining the potential

for passive restoration in first-rotation Pinus radiata

plantations through natural regeneration of native

tree species and (2) identifying drivers of this ad-

vance regeneration. Across different regions in

south-central Chile, we established nearly 260 plots

to assess regeneration and environmental condi-

tions along 26 transects running from plantations

into adjacent natural forests. The regeneration was

exclusively composed by native species, except for

7 individuals of P. radiata. Mean density and

diversity of seedlings were significantly higher in

natural forests than in plantations, but this was not

the case for sapling density, and no differences in

sapling diversity were supported. Additionally,

significant differences in regeneration composition

between plantations and natural forests were found

only at two of the eight study sites. Compared to

climatic and soil chemical variables, which varied

mostly at regional scales, local environmental

conditions showed little influence on regeneration,

possibly due to the structural homogeneity of

plantations. Yet, the significantly higher basal area,

litter thickness and gap fraction of plantations

compared to natural forests suggest that these fac-

tors may explain differences at the seedling stage.

Our study indicates that the use of appropriate

harvesting methods that maintain advance regen-

eration may facilitate the transition from planta-

tions to native forests through passive restoration.

The use this approach should be further investi-

gated through analyzing regeneration’s response to

different forms of plantation harvesting.
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HIGHLIGHTS

� First large-scale assessment of native species

regeneration in pine plantations in Chile.

� Similar sapling density and diversity in planta-

tions and natural secondary forests.

� Advance regeneration in plantations can facili-

tate passive forest restoration.

INTRODUCTION

Given the high productivity of plantation forests, it

has been suggested that they can contribute to

biodiversity conservation by reducing the pressure

for wood production from natural and semi-natural

forests (Paquette and Messier 2010). Although this

may hold true under certain policy and regulatory

conditions, it is clearly not the case when planta-

tions are established through conversion of natural

forests (Pirard and others 2016), which has oc-

curred in several regions in the world (Schroth and

others 2002; Chen and others 2005; Domec and

others 2015; Heilmayr and others 2016). For that

reason, plantations that have been established

through conversion of natural ecosystems in recent

decades are usually deemed not eligible for certifi-

cation programs, and their restoration to more

natural conditions is encouraged (FSC 2015; PEFC

2018). Instead of replacing native forests, planta-

tions are nowadays expected to be established on

degraded lands, where in addition to providing

wood and fiber products, they can enhance envi-

ronmental and social benefits (Bauhus and others

2010; Baral and others 2016; Silva and others 2019;

NGP 2020).

Following a long process of extensive deforesta-

tion and land degradation, a rapid expansion of

commercial tree plantations took place in Chile,

especially since 1975 along the Coastal Range, as a

response to policies promoting afforestation and

the development of the forest industry (Lara and

Veblen 1993; Otero 2006; Niklitschek 2007; Prado

2015). These plantations were mainly of Pinus

radiata D. Don (Monterey pine), Eucalyptus globulus

Labill. (blue gum) and E. nitens (Dean & Maiden)

Maiden (shining gum). From these species, P.

radiata is currently naturalized and considered

potentially invasive (Bustamante and Simonetti

2005; PNUD 2017). Although they were partly

established on degraded lands to contribute to soil

protection (Lara and Veblen 1993; Prado 2015), a

substantial proportion was also established follow-

ing clearing of natural forests and shrublands (Lara

and Veblen 1993; Prado 2015; Heilmayr and others

2016). The natural forests of this region show high

levels of endemism and form part of one the 24

world biodiversity hotspots described by Myers and

others (2000). They also comprise some of the most

threatened and least protected terrestrial ecosys-

tems in the country (Pliscoff and Fuentes-Castillo

2011; Smith-Ramı́rez and others 2019). In response

to requirements of forest certification schemes

adopted by some of the main forest companies,

there are now commitments to restore at least

35,000 ha of natural forests and shrublands that

were replaced by plantations since 1994 (WWF

2013; Forestal Mininco S.A. 2017; Forestal Arauco

S.A. 2018). However, the available experience for

this form of restoration is limited, and the devel-

opment of silvicultural approaches to facilitate this

conversion remains an important restoration chal-

lenge (Bannister and others 2016; Salas and others

2016).

Plantation forests in Chile are mainly harvested

through clearcutting (Salas and others 2016),

which suggests that restoration to native forests

may commence following this form of harvesting.

However, plantations can also support regeneration

processes that may accelerate succession toward

target ecosystems (Parrotta and others 1997;

Brockerhoff and others 2013; McAlpine and others

2020). By providing suitable microclimatic condi-

tions, supporting habitat or improving habitat

connectivity for seed dispersers, recovering soil

organic matter and fertility, and suppressing com-

petitive weeds and shrubs, plantations can facilitate

the establishment of species that are characteristic

of the original natural forests (Parrotta and others

1997; Lemenih and Bongers 2010; Geldenhuys and

others 2017). At the same time, however, closed

plantation stands may not provide sufficient light

or soil water for the establishment of a range of

native tree species (Huber and Trecaman 2004;

Tzu-Yang and others 2015; Kremer and others

2021).

Some studies have shown that P. radiata planta-

tions in Chile usually develop an understory of

native trees and shrubs intermixed with exotic

species, during their approximately 20-year rota-

tions (Ramı́rez and others 1984; Eguiguren 1995;

Estades and Escobar 2005; Gómez and others 2009;

Heinrichs and others 2018). Stand attributes such

as canopy cover, distance to seed sources and the

coppicing ability of the main tree species appear to

play a relevant role in the abundance and growth

of this advance regeneration (Becerra and Mon-

tenegro 2013; Garcı́a and others 2016; Promis and

others 2019; Kremer and others 2021). This sug-
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gests that restoration of native forests from P.

radiata plantations may follow a passive approach

based on natural advance regeneration (Holl and

Aide 2011; Balestrin and others 2020), which may

be combined with active interventions for the

partial or complete removal of the canopy (Chan

2006; Cummings and others 2007; Seiwa 2012).

However, previous studies describing the under-

story of P. radiata plantations were mostly con-

strained to specific locations and did not necessarily

focus on stands that were established through

conversion of natural forests or on tree species

regeneration. To address this knowledge deficit, we

have studied i) the potential of first-rotation P.

radiata plantations established through clearing of

natural forest for a passive restoration approach

based on natural regeneration of native tree species

and ii) the influence of environmental factors on

the establishment of this regeneration. We

hypothesized that advance regeneration of native

tree species in P. radiata plantations is partly rep-

resentative of that in natural forests. For this pur-

pose, we carried out a large-scale survey of P.

radiata plantations across different landscapes to

assess natural regeneration of tree species com-

pared to adjacent remnants of natural forest.

METHODS

Study Area

The study was carried out along the Coastal Range

of south-central Chile between the regions of Ñu-

ble and Los Rı́os (� 36º00’S— � 40º00’S) (Fig-

ure 1). This mountain range is characterized by

steep slopes reaching more than 50% and altitudes

up to 1,525 m a.s.l. that decrease southwards

(Melnick and others 2009; Luzio 2010). The rela-

tively deep soils (> 1 m) originated mainly from

metamorphic bedrock and in the southern part also

from volcanic ash that was deposited over the

metamorphic complex (Luzio 2010). The climate is

characterized by warm Mediterranean conditions

in the north, to wet-temperate in the south. In

addition to this latitudinal variation, precipitation

decreases from west to east, together with an in-

crease in thermal amplitude as oceanic influence

decreases (Luebert and Pliscoff 2005). Depending

mainly on altitude and latitude, mean annual

precipitation ranges from 1,000 to 2,248 mm year-

1, with up to 5 months of summer drought. Mini-

mum and maximum mean monthly temperatures

vary spatially from 7.1 to 8.8ºC, and from 16.1 to

18.7ºC, respectively, with 2–17 frost days per year

(AGRIMED 2017). The natural forests of this region

have the highest richness of vascular plant species

across the country and show high levels of en-

demism, harboring 45 locally endemic vascular

plants, and several animal species that are some-

times restricted to only a few locations (Bannister

and others 2012, Smith-Ramı́rez and others 2019).

Yet, these forests are poorly represented in pro-

tected areas, and owing to extensive land-use

change, some forest types are now confined to

small patches that represent a minimum share of

their original cover (Pliscoff and Fuentes-Castillo

2011; Echeverrı́a and others 2019). The natural

forests of the study area belong to the Deciduous

Forest Region, which is characterized by the dom-

inance of the Nothofagus genus. Nothofagus obliqua

(Mirb.) Oerst. is continuously present amongst the

dominant species, sharing the upper canopy layer

with Nothofagus glauca (Phil.) Krasser in the north,

and with Nothofagus dombeyi (Mirb.) Oerst. and

sometimes Nothofagus alpina (Poepp & Endl.) Oerst.

in the south. Companion tree species from other

genera usually include Persea lingue (Ruiz & Pav.)

Nees and Gevuina avellana Molina, together with

scleropyllous species such as Cryptocarya alba (Mo-

lina) Looser and Peumus boldus Molina in the north

and with species more characteristic of the ever-

green forest type in the south (Luebert and Pliscoff

2006). The regeneration of these forests is mainly

driven by small- to medium-scale disturbances

such as treefall gaps, as opposed to the large-scale

disturbances experienced in the Andes. The lower

frequency and spatial scale of these disturbances

allow the establishment of more shade-tolerant

species, leading to communities with higher tree

species richness (Veblen and others 1981).

Currently, plantations of P. radiata that are

managed for saw logs and pulp wood are the most

wide-spread land use across this region (Salas and

others 2016; Echeverrı́a and others 2019). Where

direct conversion of natural forests to P. radiata

plantations occurred, the natural forest was cleared

mainly through clearcutting and burning (Lara and

Veblen 1993). Studies on the ecology of P. radiata

plantations to the north of our study region have

described the composition of their understory as a

subset of the communities of the natural ecosys-

tems (Ramı́rez and others 1984; Estades and Esco-

bar 2005).

Sampling Method

We sampled 18- to 22-year-old plantations of Pinus

radiata that had been established after clearing

natural forests and were adjacent to remnants of

natural forest. We chose plantations approaching
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harvesting age, because their understory should

have reached the maximum structural and com-

positional development possible under the current

management regime (Estades and Escobar 2005;

Heinrichs and others 2018; Forbes and others

2019).

Eight different sites were sampled within a re-

gion extending approximately 430 km from north

to south, aiming to represent different vegetation

sub-types and a variety of soil and climatic condi-

tions of natural forests to be restored in the

Deciduous Forest Region (Figure 1). The plantation

stands at different sites are described in Table 1, and

further details on the sites’ potential vegetation,

soil and climate types are provided in Table S1. Our

samples consisted of straight, 135 m-long transects,

which ran perpendicular to the border between P.

radiata plantations and remnants of natural forest.

In total, 26 transects were established in groups of

one to six per site, at distances of 130 to 2,700 m

from each other within sites. The number of tran-

sects sampled at each site was determined on the

basis of the site’s internal environmental variation

and accessibility, and the suitability of the land-

scape spatial configuration to the sampling design.

In all plantations, the natural forest had been

clearcut and the logging slash burned. The P. radi-

ata stands had been established with initial densi-

ties of approximately 1,300 seedlings ha-1 and

were managed for sawlog production, which in-

cludes at least one thinning operation.

Each transect consisted of 10 sampling points

established every 15 m, except for two transects

that had seven and nine plots in total, respectively,

given the steep slopes that sometimes hindered the

access. The edge between the plantation and the

natural forest was a relatively straight line of at

least 100 m, at the center of which one sampling

Figure 1. Map of the study area, across Chile’s administrative regions. Blue triangles represent the sites sampled. Areas in

dark green represent plantations of Pinus radiata, whereas areas in light green represent eucalypt plantations (based on

CONAF 2017).
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point (E) was located. From the remaining sam-

pling points, 6 were established inside the planta-

tion at 15, 30, 45, 60, 75 and 90 m from the edge

(P1, P2, P3, P4, P5 and P6, respectively) and three

inside the natural forest at 15, 30 and 45 m from

the edge (N1, N2 and N3, respectively). The mini-

mum distance to any non-forest land use was 90 m

for sampling points in the P. radiata plantations and

45 for those in the natural forests (Figure 2).

Field Measurements

At each sampling point, natural regeneration of all

tree species was quantified in a circular 2 m-radius

plot. All seedlings (height between 5 and 150 cm;

diameter at breast height (dbh) < 5 cm) and sap-

lings (height > 150 cm; dbh < 5 cm) were coun-

ted and identified at species level. Seedlings were

classified into small (5–20 cm height) and large

(20–150 cm height). Additionally, dbh and species

of all trees (dbh > 5 cm) were recorded within a

7 m-radius (154 m2) around the sampling point,

which was assumed to be the area of influence of

the neighboring pine trees on the regeneration in

the 2 m-radius plots. At each sampling point, alti-

tude and slope were measured, and a hemispheri-

cal photograph was taken to estimate light

parameters at 1.3 m above the 2 m-radius plot.

These photographs were taken using a fisheye

converter and avoiding direct sunlight. We visually

estimated the percentage cover of understory be-

low 1.3 m height, and the percentage ground cover

of deadwood, leaf litter and pine needles on the

ground. Mean depth of the litter layer was mea-

sured at four points that were systematically dis-

tributed within the 2 m-radius plots.

Soil samples were extracted within the 2 m-ra-

dius plots at the transect points P1, P3 and P5

(plantation) and N1 and N3 (natural forest), from

the upper 10 cm at the same four locations used for

the measurements of litter layer depth. The samples

were then bulked to form one composite sample for

each of these forest types per transect. All mea-

surements and samplings were conducted between

March and June 2018.

Sample Analysis

Hemispherical photographs were analyzed with

WinSCANOPY DSLR 2008a (Regent Instruments,

Quebec, QC) to quantify the daily total, direct and

diffuse photosynthetic photon flux density (PPFD)

above and below canopy. Following drying and

sieving (2 mm), soil samples were analyzed for

total N and organic carbon content with a Leco-

Truspec CN analyzer and for pH with a portable pH-T
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meter (WTW, Weilheim, Germany). Following

extraction of soils with 1 M NH4Cl, cation ex-

change capacity (CEC) in the extractant was mea-

sured using inductively coupled plasma optical

emission spectroscopy (ICP-OES) (Spectro, Kleve,

Germany) (Weinzierl and Dietze 2000; König

2005).

Climatic and Landscape Data

Climatic parameters and landscape metrics were

calculated for each transect. Climatic data from the

Climate and Resilience Research Centre (CR2)

were used, which were based on locally calibrated

models of monthly precipitation and temperature

at a 0.05º latitude–longitude resolution (approxi-

mately 5 km) (CR2 2018). We used data from

1995–2017 (that is,, the approximate time span

between the establishment of the P. radiata plan-

tations and the sampling) to calculate mean values

of annual precipitation, monthly temperature, and

minimum and maximum annual temperature.

Additionally, based on satellite imagery, the Eu-

clidean distance from each sampling point within

plantations to natural forest was calculated. We

also calculated the proportion of natural forest area

and the total length of border between plantations

and natural forests within radii of 100, 150, 200

and 250 m around the sampling points. These dis-

tances were chosen based on previously reported

data on dispersal distances from natural forest into

adjacent P. radiata plantations in south-central

Chile (Garcı́a and others 2016).

Data Analysis

Generalized linear mixed effects models (GLMM)

were used to examine the influence of the three

different environments (P. radiata plantation,

adjacent natural forest and transition zone among

both types, hereafter the ‘‘stand type’’) on regen-

eration density of native tree species. Separate sets

of models were fitted to predict total regeneration

density, seedling density and sapling density. For

each response variable, the full model included

stand type and vegetation sub-type as fixed effects, and

transect and site as random effects, with transects

nested within sites. The interaction between stand

type and vegetation sub-type was also included among

the fixed effects. Several versions of the full models

were fitted by successively excluding predictors

until the only remaining factor was stand type

(Table S2). To account for observed zero-inflation,

we included additional model variants that incor-

porated zero-inflation i) constant across the data-

set, ii) dependent on the stand type, iii) dependent

on the vegetation sub-type and iv) dependent on both

stand type and vegetation sub-type (Brooks and others

2017).

The models for total density and for sapling

density were fitted with a negative binomial dis-

tribution and a log link function, given that

overdispersion was observed in both cases, whereas

the models for seedling density were fitted with a

Poisson distribution and the log link function

(Brooks and others 2017). All models were fitted

using the ‘‘glmmTMB’’ R-package (Magnusson and

others 2020). From each set of models, the best-fit

model was selected with the Akaike information

Figure 2. Design of the transects. Small circles represent the 2 m-radius plots, and large circles represent the 7 m-radius

plots for the tree inventory.
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criterion (AIC), using the ‘‘bblme’’ R-package

(Bolker and others 2020). Wald tests were used to

test the significance of each response variable, and

Tukey tests were conducted for multiple pairwise

comparisons among stand types. Additionally,

Mann–Whitney U tests were carried out to com-

pare species-specific seedling and sapling abun-

dances between plantations and natural forests and

interpret the influence of the stand type on the

basis of biological traits of these species. Edge plots

were not included in this analysis, given the low

sample sizes for single species.

To compare the diversity of the regeneration of

tree species among P. radiata plantations and adja-

cent natural forests, for each stand type we calcu-

lated rarefaction and extrapolation (R/E) curves of

the three most widely used members of the family

of Hill numbers: species richness (q = 0), the

exponential of Shannon entropy (q = 1) and the

inverse Simpson concentration (q = 2), with higher

values of q indicating increasing sensitivity to spe-

cies relative abundances (Hsieh and others 2016).

The corresponding curves were calculated with the

iNEXT R-package (Hsieh and Chao 2020), using a

sampling-unit approach to describe the sampling

effort (diversity vs. number of plots) (Hsieh and

others 2016). Separate curves were calculated for

total regeneration, seedlings and saplings. R/E

curves of Hill numbers represent a unified frame-

work for estimating species diversity and making

statistical comparisons of different assemblages

while controlling for the effect of the sampling ef-

fort (Chao and others 2014; Hsieh and others

2016). Ninety-five percent confidence intervals

were calculated for each curve, with 50 bootstrap

replications. If the confidence intervals of the cor-

responding curves do not overlap for any sample

size in the comparison range, significant differences

are guaranteed among the expected diversities.

However, partially overlapping intervals do not

guarantee non-significance (Schenker and Gentle-

man 2001; Chao and others 2014). Given that this

type of comparison is partly based on extrapola-

tions of diversity values to higher sample sizes, the

edge plots (between plantations and natural for-

ests) were excluded from these analyses, since their

reference (effective) sample size (n = 26) would

have not allowed reliable extrapolations. Addi-

tionally, we calculated R/E curves individually for

each site to determine differences in diversity

among stand types at the local scale. Given the

lower number of plots available for each site, in this

case the sampling effort of the R/E curves was

based on individuals instead of plots (diversity vs.

number of individuals), and no separate analysis

was conducted for seedlings and saplings.

To compare the tree species composition of ad-

vance regeneration in plantations and natural for-

ests, we conducted a non-metric multidimensional

scaling analysis (NMDS) and a permutational

analysis of variance (PERMANOVA) to test whe-

ther differences among them were significant

(‘‘Vegan’’ R-package; Oksanen and others 2019).

These analyses were conducted for all observations

(plots) together and with observations grouped by

site. Only plots from plantations and natural forest

were included, and rare species (< 3% frequency

across plantation and natural forest plots) were

excluded. Dissimilarity matrices were calculated

with the Jaccard index, which relies exclusively on

presence data (Borcard and others 2011), and 999

permutations were conducted in each case.

Mann–Whitney U tests were used to compare

site conditions (basal area, light parameters,

understory cover, litter thickness and soil chemical

properties) between plantations, edge plots and

natural forest.

A canonical correspondence analysis (CCA) was

conducted to identify the main drivers of natural

regeneration in plantations. A cluster analysis to

identify associations between natural tree com-

munities from different transects revealed no clear

grouping among tree species communities in nat-

ural forests (Figure S1). Hence, no specific grouping

of the data was conducted. Rare species (< 3%

frequency across plantation plots) were also ex-

cluded from this analysis. Given the high number

of potential explanatory variables, we removed

redundant ones from the analysis. When explana-

tory variables accounting for a same stand attribute

were highly correlated (Spearman’s Rho correla-

tion coefficient (q) > 0.75; p-value < 0.05), we

calculated for each variable of that group the mean

q of its correlations with the other variables and

selected the one with the highest value. On the

basis of the resulting set of explanatory variables,

further selection of non-redundant variables was

carried out through forward selection, using the

‘‘ordistep’’ function from the ‘‘vegan’’ R-package

(Borcard and others 2011; Oksanen and others

2019). The variables originally measured and those

finally included in the CCA analysis are shown in

Table S3. We performed permutation tests

(n = 999) to check the significance of the complete

CCA model and of each constrained axis and

explanatory variable individually. We ranked the

explanatory variables according to their importance

for regeneration, based on the weighted average of

absolute values of their scores along the main sig-
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nificant canonical axes (that is, those with eigen-

values > 0.30) (ter Braak and Verdonschot 1995).

The weighting was based on the corresponding

eigenvalue of each canonical axis.

For all statistical tests, null-hypotheses were re-

jected with p-values < 0.05.

RESULTS

Abundance of Regeneration
and Diameter Distribution of Native Trees

The best-fit models predicting total regeneration

density (seedlings and saplings) and seedling den-

sity included the variables stand type, vegetation

subtype, and the interaction among both predictors

as fixed effects, and transect identity as a random

effect. The best-fit model for sapling density in-

cluded only stand type as a fixed effect and transect

identity as a random effect. According to the corre-

sponding models, stand type significantly affected

both total regeneration density and seedling den-

sity (p-value < 0.05), although it did not affect

sapling density. Total regeneration density was

significantly lower in plantations than in edge plots

and natural forests. Seedling density showed a

similar pattern, although it was also significantly

higher in natural forests than in edge plots. In

contrast, sapling density showed no significant

differences among stand types (Figure 3; Table S4).

Whereas the regeneration in plantations was

dominated by saplings (> 150 cm) (64%), small

seedlings below 20 cm dominated the regeneration

in natural forests, although in the latter case the

distribution among height classes was more even.

At the edge, the distribution of height classes

among regenerating plants was intermediate be-

tween plantations and natural forests (Figure 4).

Seedlings of several species (C. alba, Eucrhyphia

cordifolia Cav., G. avellana, L. sempervirens (Ruiz &

Pav.) Tul., Myrceugenia planipes (Hook & Arn.) Berg,

P. lingue, Aextoxicon punctatum Ruiz & Pav. and

Embothrium coccineum J. R. Forst. & G. Forst.) were

significantly more abundant in natural forests than

in plantations. However, in most cases these dif-

ferences were no longer present at the sapling

stage, with the exceptions of A. punctatum and E.

coccineum, which had very low seedling and sapling

densities in plantations, whereas E. coccineum also

had a very low occurrence. The only species with

significantly higher sapling abundance in planta-

tions compared to natural forest was Aristotelia

chilensis (Molina) Stuntz, which also showed the

highest excess of sapling over seedling density in

the plantations (Figure 5). The overall abundance

of P. radiata regeneration was negligible, with only

seven individuals found in total.

As expected, the tree diameter structure differed

considerably among the three stand types. In

plantations, pine trees showed a unimodal size

distribution, whereas trees of native species were

only present as small individuals, mostly below

10 cm dbh (Figure S3). In contrast, the tree diam-

eter distribution of natural forests showed a nega-

tive exponential pattern, with an almost three-fold

higher density of small trees (< 10 cm dbh) than

in plantations. At the edge, stand structure was

intermediate between plantations and native for-

ests (Figure S3). Shade-intolerant, semi-tolerant

and shade-tolerant native tree species were present

in the understory of plantations, with N. obliqua

(intolerant), P. lingue (shade tolerant) and G. avel-

lana (semi-tolerant) making 24, 18 and 14% of the

basal area, respectively.

Regeneration Diversity and Composition

Species richness (q = 0) of total tree regeneration

(seedlings and saplings) was similar among plan-

tations and natural forests. However, Shannon

(q = 1) and Simpson diversities (q = 2) (both of

which incorporate relative species abundance for

calculating diversity, as opposed to species richness)

were significantly higher in natural forests than in

plantations. Whereas the same pattern was ob-

served for seedlings, for saplings there was no evi-

dence for significant differences in these indices

between the stand types (Figure 6). In most study

sites, richness of regenerating tree species (q = 0;

seedlings and saplings) appeared to be higher in

natural forests than in plantations. However, only

Figure 3. Mean regeneration density within different

stand types. Different letters indicate significant

differences among stand types (p-value < 0.05).
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at two sites (Natral; Labranza) there was evidence

for significant differences, and only in one of them

(Natral) for all the range of sample sizes. For

Shannon and Simpson diversity (q = 1 and q = 2,

respectively), differences were significant at four

(Los Corrales; Los Guanacos; Labranza; Natral) and

at three sites, respectively (Los Corrales; Los Gua-

nacos; Labranza) (Figure 7).

The PERMANOVA test showed a significant dif-

ference in composition of tree regeneration among

plantations and natural forests (Table 2), whereas

this difference was not apparent in the NMDS

ordination, which showed a clear overlap between

the communities of both environments (Figure 8).

Additionally, the PERMANOVA indicated that

stand type had only low explanatory power

(R2 = 0.03) compared to the site (R2 = 0.22),

which also had a significant effect on regeneration

composition. According to the site-specific PER-

MANOVA tests, the difference in composition be-

tween plantations and adjacent natural forests was

significant only at two sites (Los Corrales; Labran-

za) (Table 2). In addition, except for those two sites,

the site-specific NMDS ordinations showed a clear

overlap among the groups of plots from the corre-

sponding stand types (Figure 9).

Environmental Conditions of the Stand
Types

Tree basal area was significantly higher in P. radiata

plantations than in edge plots and natural forests.

Yet, mean PPFD below the canopy was significantly

lower in natural forests than in plantations, while

gap fraction showed no significant differences.

Understory cover, in contrast, was significantly

higher in natural forests than in edge plots and

plantations. The litter layer thickness was signifi-

cantly higher in plantations than in edge plots and

natural forests, whereas soil total N content and

CEC were significantly higher in natural forests

than in edge plots and plantations (Table 3).

Drivers of Regeneration in P. radiata
Plantations

The set of 13 explanatory variables finally included

in the model (Table S3) explained 38.5% of the

variance in the seedling and sapling community,

with an adjusted R2 (unbiased by random correla-

tions) of 0.32. The ANOVA-type permutations

showed that the complete CCA model and the first

six CCA ordination axes were significant (p-va-

lue < 0.05). Canonical axes 1 to 4 had eigenval-

ues > 0.30, and from the total variance, 16.8%

was explained by the first two canonical axes,

CCA1 and CCA2. Each of them represented 8.9 and

7.9% of the total variance, and 23.1 and 20.5% of

the total explained variance, respectively. All

explanatory variables included in the model were

significantly related to the species data, except for

the percentage of uncovered mineral soil (Table 4).

The highest weighted means of scores along the

first four canonical axes were shown by the mean

lowest annual temperature (0.46), altitude (0.43)

and soil pH (0.36). The variables following in

importance were related to climate and soil

parameters, while PPFD and the variables related to

connectivity to natural forest showed only limited

importance in the ordination, with average scores

below 0.25 (Table 4).

The first canonical axis of the ordination (CCA1)

was mostly correlated with minimum annual

temperature, altitude, and soil pH, while the sec-

ond axis (CCA2) was mostly correlated with max-

imum, minimum and mean annual temperature,

soil pH and cation exchange capacity (CEC), and

precipitation (Table 4; Figure 10). In the ordination

diagram, maximum, minimum and mean annual

temperatures increased in the opposite direction of

altitude (Figure 10). CEC also increased in this

direction. Species showed a strong differentiation

along this gradient. The sclerophyllous Lithraea

caustica Hook. & Arn., Peumus boldus Molina and

Cryptocarya alba (Molina) Looser, and a group of

species formed by A. punctatum, Amomyrtus sp, E.

cordifolia, Drymis winteri Forst. and M. planipes ap-

pear to be linked to higher temperatures and lower

altitude, while seeming especially sensitive to an-

nual minimum temperatures. The species Maytenus

boaria Molina, Lomatia hirsuta (Lam.) Diels, and N.
Figure 4. Relative abundance of regeneration height

classes among different stand types.
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obliqua were most abundant on the opposite side of

this gradient (that is, at lower temperatures and

higher altitude). A second distinguishable gradient

was the one described by pH and precipitation,

with each of these variables increasing in opposite

directions. Most species were concentrated at the

center of this gradient, while the group of sclero-

phyllous species was associated with lower precip-

itation and higher pH values, and the group formed

by A. punctatum, Amomyrtus sp, E. cordifolia, D.

winteri, and M. planipes appeared to be linked to

higher precipitation and lower soil pH. At the same

time, these species show higher occurrences at

higher soil total N and organic carbon content, both

of which appeared correlated. The group of scle-

rophyllous species, together with M. boaria, L. hir-

suta and N. obliqua, was found at the opposite side

of this gradient, simultaneously characterized by

lower precipitation and lower soil acidity, and

particularly, lower values of total N and organic

carbon content. Lomatia dentata (Ruiz & Pav.) R.

Br., Luma apiculata (A. P. de Candolle) Burret,

Aristotelia chilensis (Molina) Stuntz, G. avellana and

P. lingue showed little segregation across the dia-

gram, either indicating that they find their opti-

mum in the mid-range of the variables represented,

or that they are present everywhere along the

gradients described.

DISCUSSION

Abundance of Advance Regeneration
and Diameter Distribution of Native Trees

In P. radiata plantations, there was a consistently

lower density of total regeneration than in the

adjacent natural forests. The edge plots represented

a transition zone, with intermediate abundances

between both stand types. However, the difference

between plantations and natural forests was no

longer significant at the sapling stage, given the

higher density of saplings vs. seedlings in planta-

tions, and the reverse situation in natural forests.

The declining abundance with increasing height

of advance regeneration observed in the natural

forest is a common pattern of young, naturally

regenerated forests. This can be explained by con-

tinuous recruitment on the one side, and high

Figure 5. Abundance of tree species regeneration in P. radiata plantations and natural forest stands, as seedlings (black

bars) and saplings (gray bars). Rare species (< 3% total frequency) are not represented. Stars next to density bars indicate

significant differences in density among plantations and natural forests for a single species, based on Mann–Whitney U

tests. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001.
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mortality owing to intensive competition among

seedlings, browsing, and declining shade tolerance

on the other side (Kneeshaw and others 2006;

Collet and Le Moguedec 2007). The opposite trend

observed in plantations suggests little recruitment

of new seedlings after a certain stand age on the

one side, and persistence and low mortality of

saplings on the other side, possibly due to a high re-

sprouting potential. Thus, the cohort of taller

seedlings and saplings may have mostly originated

during an earlier phase of stand development with

more favorable conditions, less competition from P.

radiata trees and a more recent seedbank from the

original forest (Galloway and others 2017). This

may have been the case of A. chilensis, for example

(the only species with significantly higher abun-

dance in plantations than in natural forest), which

was likely favored by its capacity to rapidly colonize

open areas, and to persist after canopy closure

(Muñoz and others 2013). In plantations, there are

a number of factors that may impede recruitment

of seedlings or increase their mortality. Seedbank

depletion over time and lower seed dispersal rates

into plantations may lead to lower total germina-

tion (Kremer and Bauhus 2020). Additionally, ba-

sal area was significantly higher in plantations than

in natural forests. Although this did not lead to

differences in canopy cover, higher root competi-

tion and evapotranspiration rates could be leading

to low soil water availability, inhibiting seed ger-

Figure 6. Overall species diversity of tree regeneration in plantations and natural forests (green and blue curves,

respectively), expressed through rarefaction (interpolation) and extrapolation sampling curves of the first three Hill

numbers: species richness (q = 0), the exponential of Shannon entropy (q = 1), and the inverse Simpson concentration

(q = 2). In each case, diversity is expressed as units of effective number of species (that is, the number of equally abundant

species that would be needed to give the same value of the corresponding diversity measure). The reference (effective)

sample sizes are represented by dots. The solid segments of the curves represent the interpolated diversity values, whereas

the dashed segments represent diversity extrapolated up to double the reference sample sizes of P. radiata stands (312).

Shaded areas around the curves represent 95% confidence intervals obtained by 50 bootstrap replications. Sections of the

curves in which confidence intervals do not overlap indicate significant differences with p-value < 0.05, although

partially overlapping intervals do not guarantee non-significance (Schenker and Gentleman 2001; Chao and others 2014).
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mination or seedling establishment (Huber and

Trecaman 2004; Granados and others 2016). The

thick litter layer (> 4 cm) may also prevent ger-

mination of newly dispersed species with small-

sized seeds (Loydi and others 2013), whereas the

generally lower soil fertility may affect establish-

ment and growth (Fenner and Thompson 2005;

Katijima and Myers 2008). Lower understory cover

may lead to more browsing of new seedlings by

livestock and deer (Simonetti and others 2013;

Forbes and others 2016a; Burger and others 2019).

However, the variety of shade tolerances, dispersal

mechanisms, and seed and fruit sizes and types

among different tree species showing higher seed-

ling densities in natural forests than in plantations

suggest that reduced seedling establishment in

plantations is not associated with specific plant

traits. Yet, more and better standardized quantita-

tive trait information of different tree species than

is available now may allow interpreting the pro-

cesses behind the overall influence of plantations

on seedling density more precisely.

Although some saplings of native species seemed

to develop into small trees (< 15 cm dbh), native

Figure 7. Species diversity of tree regeneration in plantations and natural forests (green and blue, respectively) across sites,

expressed through rarefaction (interpolation) and extrapolation sampling curves of the first three Hill numbers: species

richness (q = 0), the exponential of Shannon entropy (q = 1), and the inverse Simpson concentration (q = 2). For

interpretation see Figure 6.
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species were absent from higher diameter classes in

the plantation stands. This is most likely

attributable to the limited age of plantations (ap-

proximately 20 years). Also, while thinning of

plantations may provide opportunities for estab-

lishment of new seedlings through soil scarification

and canopy opening, it can also destroy existing,

older regeneration. The low seedling densities ob-

served in plantations suggest that the latest thin-

ning operations, which usually occur around the

12th year after plantation establishment, did not

stimulate additional regeneration of native species.

However, determining the ages of seedlings and

saplings in plantations would be necessary to con-

firm this.

Regeneration Diversity and Composition

In addition to a lower abundance, the community

of regenerating tree species showed a lower diver-

sity in plantations than in natural forests. However,

this contrast in diversity was also caused by differ-

ences at the seedling stage, not the sapling stage.

The difference among seedling communities, in

turn, can be largely attributed to differences in the

relative abundance of species (that is, their even-

ness) rather than to their total number, since there

was little evidence for differences in species rich-

ness at this stage, whereas both Shannon and

Simpson diversity indicated significant differences.

This suggests that most, if not all native species

found in natural forests, can still regenerate in

plantations, although some are more disadvantaged

than others.

Drivers of Regeneration in P. radiata
Plantations

The canonical correspondence analysis explained

only a small proportion of variation in the assem-

blages of regenerating species with their environ-

ment, despite the significance of the model and of

most of the explanatory variables included. How-

ever, since the proportions of explained variation

are usually low for environmental data (gener-

ally < 10%), the importance of the gradients rep-

resented by the CCA should be rather judged based

on the eigenvalues of the ordination axes (that is,

their relevance for the ordination) and their eco-

logical interpretability (ter Braak and Verdonschot

1995). Given that both the first and second CCA

axes (that is, the linear combinations of environ-

mental variables that best explain the composition

Table 2. Results of the PERMANOVA Analyses to Compare the Composition of Native Tree Regeneration in
P. radiata Plantations and Natural Forests

Predictor df R2 F p-value

I. Overall model Stand type 208 0.03 7.05 0.001**

Site 208 0.22 8.54 0.001**

Site df R2 F p-value

II. Site-specific models 1. Careo 14 0.09 1.27 0.284

2. San Miguel 14 0.08 1.07 0.382

3. Los Corrales 7 0.45 4.95 0.015*

4. Natral 35 0.04 1.31 0.259

5. Los Guanacos 28 0.05 1.52 0.117

6. El Descanso 25 0.05 1.36 0.215

7. Labranza 53 0.15 9.23 0.001**

8. La Piragua – Peña Labrada 25 0.06 1.47 0.123

The upper section of the table shows results of the general model, with stand type and site as predictors of composition. Edge plots were not included in this analysis. The lower
section of the table shows the results of site-specific comparisons among plantations and natural forests. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001.

Figure 8. NMDS ordination of seedling and sapling

communities in plantations and natural forests. Green

dots represent plots from plantations, whereas blue

squares represent plots from natural forests. The

graphical distance between two plots represents their

Jaccard distance. Three ordination dimensions were used

to guarantee convergence within 999 iterations.
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and abundance of regeneration) were simultane-

ously related to similar explanatory variables, they

could not be independently associated with any

specific environmental gradient. The gradients with

highest influence on regeneration were repre-

sented by climatic variables (temperature and pre-

cipitation), altitude, and soil chemical properties

(pH, organic carbon, CEC and total N). In contrast,

variables related to canopy structure or connectiv-

ity to natural forest remnants showed little influ-

ence. Yet, canopy structure and distance to

remnants of natural forest have been usually re-

ported as important determinants of natural

regeneration, both in plantations in general (Kre-

mer and Bauhus 2020), and specifically in P. radiata

plantations (Garcı́a and others 2016; Forbes and

others 2016b; Forbes and others 2019; Kremer and

others 2021). In our study, the particularly low

levels of gap fraction in plantations (4% on aver-

age) were most likely limiting for establishment

and growth of seedlings and saplings. Nevertheless,

the lack of environmental variation within struc-

turally homogenous plantations may have hin-

dered the expression of any possible relationships

between abundance, diversity and composition of

regeneration, and light availability. This may ex-

plain the diverging results of previous studies

conducted in P. radiata plantations, where envi-

ronmental variation was either experimentally

manipulated (Forbes and others 2016b; Kremer

and others 2021) or deliberately captured through

stratified sampling of stands of different ages (For-

bes and others 2019). The low influence of the

connectivity to natural forest remnants also con-

trasts with the previous finding that seed rain in P.

radiata plantations is positively affected by the

proximity of natural forests (Garcı́a and others

2016). This may suggest that regeneration in Chi-

lean P. radiata plantations is less dependent on seed

rain than on legacies for vegetative reproduction, as

was frequently observed in the field. However,

since the origin of seedlings and saplings (vegeta-

tive vs. generative) was often difficult to ascertain,

this variable could not be incorporated in our

analyses.

Figure 9. NMDS ordinations of the communities of natural regeneration in plantations and their adjacent natural forest

across different study sites. Green dots represent plots from the P. radiata plantations, whereas blue squares represent plots

from natural forests. The graphical distance between two plots represents their Jaccard distance. All ordinations were two-

dimensional except for those of Labranza and La Piragua—Peña Labrada, for which a third dimension was included to

guarantee convergence within 999 iterations.
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Given the spatial resolution of climate data em-

ployed (approximately 5 km), the temperature and

precipitation gradients shown by the CCA output

most likely reflect only the landscape-scale varia-

tion in these factors. The same may apply to the

observed pH gradient, given its usual association

with soil parent material and precipitation (Sadza-

wka and others 1995; Blume and others 2010,

p.192). Although these overriding patterns restrict

the analysis of conditions for regeneration of native

species at the site scale, they suggest that a set of

sites with a similarly wide range of values along

these gradients should be included among restora-

tion plans to guarantee the presence of different

species and floristic associations across the land-

scape. At the same time, however, it may imply

that sites with intermediate conditions along these

gradients may provide suitable conditions for a

high richness of native species in advance regen-

eration of plantations, especially considering that

most species were concentrated near the central

values of both gradients. Meanwhile, species lo-

cated at the extremes of these gradients (for

example, Maytenus boaria for the temperature-alti-

tude and Lithraea caustica for precipitation-pH) were

neither frequent nor abundant in plantations and

natural forests (that is, the reference ecosystems)

and thus may not be representative of the ecosys-

tems to restore.

Similar to climatic variables, the segregation of

species along the gradient described by organic C

and total N contents seems to reflect a latitudinal

pattern, rather than a site-scale variation (Fig-

ure S3). In contrast, CEC did not show a clear lat-

itudinal pattern (Figure S3), suggesting its

variability has a stronger local component. How-

ever, apart from the sclerophyllous species group,

no other species showed requirements of CEC

above average. It is therefore unlikely that soil

chemical properties were limiting regeneration of

tree species.

Despite the apparently low effect of structural

attributes of plantations on regeneration, differ-

ences in site conditions between natural forests and

plantations suggest that site-level interventions (for

example, removal of canopy trees, livestock

exclusion, soil amendments) could promote

recruitment, in view of the higher density and

diversity of seedlings in natural forest stands when

compared to plantations. However, these results

are rather explorative, and specific guidelines for

restoration should be based on experimental

manipulations of variables that are potentially

limiting survival and establishment of native tree

species.T
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Potential for Passive Restoration

The current structure and composition of the

sampled native forest remnants are indicative for

lowland Nothofagus secondary forests, which grad-

ually develop a unimodal diameter distribution

before gap creation enables a higher establishment

of more shade-tolerant species (Veblen 1985; Do-

noso 1993). If left to develop naturally, these stands

will likely progress toward states of higher struc-

tural and functional diversity. The high similarity

in advance regeneration between P. radiata plan-

tations and sampled remnant natural forests at the

level of saplings suggests that the advance regen-

eration found in plantations could form the basis

for a passive restoration approach toward sec-

ondary native forests. It may be argued that our

results apply only to stands in relatively close

proximity to native forests, and that plantation

stands at greater distance from potential seed

sources than the stands sampled here may show

lower abundance of natural regeneration. How-

ever, as discussed above, our results revealed lim-

ited influence of the distance and connectivity to

natural remnants on regeneration abundance and

composition, suggesting that abundance and com-

position of the regeneration in plantations are lar-

gely determined by legacies for vegetative

reproduction rather than by ongoing seed dispersal.

Yet, the effect of proximity to natural forests may

increase after total or partial canopy removal, and

thus, it should be further evaluated under such

conditions.

Given the variety of shade tolerances of the

regenerating species present (Figure 5), partial

harvesting approaches that promote microsite

variability and light heterogeneity, while main-

taining advance regeneration, may be ecologically

most appropriate to promote an overall develop-

ment of native species. Partial canopy removal in

the form of strip cuttings has already shown clear

ecological advantages over clearcutting or full ca-

nopy retention for planted seedlings of native tree

species in Chilean P. radiata plantations (Kremer

and others 2021), and a similar response may thus

be expected from natural regeneration (Chan 2006;

Cummings and others 2007; Seiwa 2012). How-

ever, after a prolonged period of suppression

(� 20 years until harvesting age), a proportion of

the advance regeneration in plantations may no

longer be able to respond to release (Coban and

others 2016), in which case the establishment of

new plants would be required. Given the low

abundance of seedlings in plantations, the recruit-

ment of new seedlings would rely on germination

from the seedbank, dispersal from nearby native

forest remnants and an increased seed production

from retained small native trees following planta-

tion removal (Válio and Scarpa 2001; McAlpine

and Drake 2003; Garcı́a and others 2016). In view

Table 4. Results of the Permutation Test to Analyze the Significance of Each Explanatory Variable, and the
Scores of Each Variable Across the Main Canonical Axes

I. ANOVA table II. Scores along canonical axes

Df ChiSquare F p-value CCA1 CCA2 CCA3 CCA4 Weighted

average

of scores

1. Mean lowest annual temperature 1 0.50 14.07 0.001*** 0.68 0.53 –0.30 0.09 0.46

2. Altitude 1 0.31 8.67 0.001*** –0.51 –0.36 0.57 –0.19 0.43

3. pH 1 0.29 8.11 0.001*** –0.54 0.46 –0.04 –0.25 0.36

4. Mean annual precipitation 1 0.14 4.04 0.001*** 0.33 –0.45 –0.33 0.23 0.35

5. Soil organic carbon (%) 1 0.15 4.20 0.001*** 0.36 –0.07 –0.54 0.39 0.32

6. Mean monthly temperature 1 0.10 2.79 0.002** 0.27 0.66 –0.15 0.04 0.32

7. Cation exchange capacity (CEC) 1 0.13 3.64 0.001*** 0.09 0.52 –0.42 0.15 0.30

8. Total soil N (%) 1 0.18 5.16 0.001*** 0.38 0.00 –0.59 0.21 0.29

9. Mean maximum annual temperature 1 0.45 12.72 0.001*** –0.02 0.86 0.06 0.09 0.28

10. Photosynthetic photon flux density

above canopy per day

1 0.14 3.93 0.001*** –0.41 –0.22 0.16 –0.04 0.24

11. Uncovered mineral soil (%) 1 0.09 2.53 0.051 0.30 –0.02 0.25 –0.28 0.20

12.Area of native forest in 150 m-buffer 1 0.11 3.20 0.001*** –0.09 –0.07 0.24 –0.15 0.13

13. Distance to edge 1 0.07 2.03 0.021* 0.15 0.15 –0.04 0.11 0.12

The variables are sorted by the weighted average of their scores along the first four canonical axes (all of which were significant and had eigenvalues > 0.30). *p-
value < 0.05; **p-value < 0.01; ***p-value < 0.001.
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of the variety of species with different shade tol-

erance traits, a range of different responses of

regeneration to total or partial canopy removal

should be expected. Eventually, further emergence

of sprouts from stumps and roots could also be

expected (Kormanik and Brown 1967; Deal and

others 2003; Promis and others 2019). Neverthe-

less, these responses are usually species specific

(Berdanier and Clark 2016), and the sprouting

potential of stumps of native tree species may be

weakened after two decades following harvesting

(Šplı́chalová and others 2012), in which case

enrichment planting may be necessary. To deter-

mine the overall response of natural regeneration

to canopy interventions, further research involving

different harvesting approaches with different le-

vels of canopy removal would be required.

CONCLUSIONS

Our results suggest that commercially mature (ca.

20 yr. old) first rotation P. radiata plantations

established after clearing of natural forests harbor

advance regeneration of native tree species that is

largely representative of nearby second-growth

natural forests. Obviously, the regeneration layer

shows a high persistence and capacity to recover

after plantation establishment. Our findings, based

on a comprehensive sampling of the plantations to

be managed for restoration, support the idea that

these stands have the potential to develop into

forests dominated by native tree species by relying

on advance regeneration below their canopies.

Thus, a complete stand re-initiation through plan-

tation clearing and subsequent planting may not be

Figure 10. Bi-plot of the canonical correspondence analysis, representing regenerating tree species and explanatory

variables along the first two canonical axes (CCA1 and CCA2; eigenvalues 0.62 and 0.55, respectively). The axes were

scaled based on the species scores (for this reason they differ from those shown in Table 4, where they are scaled based on

the variables’ scores). Explanatory variables are represented by blue arrows, whereas species scores are represented by

black dots. The arrows point at the direction of maximum variation for the corresponding explanatory variable. The

orthogonal projection of the tip of an arrow on a canonical axis indicates the correlation of the corresponding explanatory

variable with the axis. The orthogonal projection of a species on an axis indicates the score of the species along the axis,

while its projection on an explanatory variable shows the optimum of the species along that variable (ter Braak and

Verdonschot 1995; Borcard and others 2011). Only significant variables according to the permutation analysis are

represented. Ap = Aextoxicon punctatum; Asp = Amomyrtus sp; Ac = Aristotelia chilensis; Ca = Cryptocarya alba; Dw = Drymis

winteri; Ec = Eucryphia cordifolia; Ga = Gevuina avellana; Lc = Lithraea caustica; Ld = Lomatia dentata; Lh = Lomatia hirsuta;

La = Luma apiculata; Mb = Maytenus boaria; Mp = Myrceugenia planipes; No = Nothofagus obliqua; Pb = Peumus boldus;

Pl = Persea lingue.
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necessary, eventually reducing the total time re-

quired to restore the natural vegetation. However,

given the differences in density and diversity of

seedlings between plantations and natural forests, a

continuous recruitment of most species of the na-

tive tree community would depend on the sup-

plementary establishment of new plants, either

through enrichment planting, increased germina-

tion or re-sprouting following complete or partial

canopy removal of plantations. Since the germi-

nation and re-sprouting potentials are unknown,

further research on the response of these processes

following canopy openings is required. While our

study was designed to capture the variation in

typical, commercially mature P. radiata plantations

in the study region in south-central Chile and al-

lowed us to confirm the potential for passive

restoration of these plantations, we did not specif-

ically explore the biological or economical limits of

this restoration approach with pines as a nurse

crop. Hence, we emphasize the need to explore

these limits including the response of advance

regeneration to contrasting levels of canopy cover.

In addition to determining optimal harvesting ap-

proaches, this would also enable studying the

influence of the environmental variables assessed

here under a variety of conditions.
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Aristotelia chilensis (Mol) Stunz. Donoso C, editor. Las especies
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