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Abstract: The landscape in the lowlands of south-central Chile is dominated by agricultural lands
and forestry plantations of exotic species. Natural forests are restricted to successional forests,
while old-growth forests are nearly absent. The lack of old-growth forests may deprive society from
some ecosystem services. Both successional and old forests differ in their ecological functions and
in the ecosystem services they can provide. To promote old-growth characteristics in successional
forests, it becomes necessary to know which compositional and structural attributes differentiate
forests along succession. We aim at identifying the differential attributes among successional and
old-growth forests in the lowlands in the northern portion of the Valdivian Rainforests. We analyzed
19 variables in seven different forests and found statistically significant differences in 13 of them.
A subset of these variables illustrated major patterns that differentiate successional stages, of which
a few could be more easily controlled through management. The latter include lowering tree
densities (from >3000 to <1500 trees per hectare), increasing volume of large trees, especially of
shade-tolerant species, and structural heterogeneity (a Gini coefficient >0.7 represents older forests).
While successional forest show a rapid recovery, forest managers would need to focus in controlling
these attributes to increase their old-growth characteristics.

Keywords: Valdivian Temperate Rainforests; forest succession; forest conversion; old-growth
forest restoration

1. Introduction

Old-growth forests are essential for providing important ecosystems services such as carbon
sequestration, regulation of hydrological and nutrient cycles, habitat for sustaining biodiversity,
and provision of cultural values [1,2]. In spite of past and current human pressures upon forest
ecosystems, 23% of the remaining forests of the world can be considered old-growth without or with
minimum signs of human-driven disturbances [2]. The massive and continuous loss of old-growth
forests due to human pressure for firewood, fiber and timber, in addition to land-use changes, especially
for agriculture [3], carries with it great challenges for the provision of ecosystem services from remnant
forest ecosystems. However, while old-growth forests are disappearing at rapid rates in many regions,
second-growth forests are increasing, and the latter may represent the forests of the future [4].

Following the designation given for old-growth temperate forests in Chile [5] and elsewhere [6–8],
these forests contain trees >200 years old, with complex vertical structure and null or scarce
logging traces and therefore those without trees of these ages are considered successional forests.
Temperate old-growth forests have some unique characteristics [9]. Many of their main characteristics
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are dependent on large-sized trees [10]. Some of their common characteristics include the presence of
old trees (>200 and some older than 500 years), uneven-aged structures, a rich vertical structure,
high values of basal area (>80 m2 ha−1), high levels of live and dead biomass with variable
decomposition classes (around 100 Mg ha−1, or more), frequent occurrence of canopy gaps,
a diverse understory, dominance of late-successional tree species, and many species of lianas and
epiphytes [5,9–14]. In comparison, secondary forests have homogeneous tree canopies dominated by
one or a few pioneer tree species, trees of relatively small sizes (heights and diameters) that confer low
stand volumes or biomass, scarce coarse woody debris and snags, and poor understories in terms of
species diversity and cover [6,7,15–18].

Currently, Chile has 4.3 million ha of old-growth forests, out of a total of 13.6 million ha of
native forests [19]. Within the division of temperate rainforests in Chile [20,21] these old-growth
forests are mainly concentrated in the southernmost part of the country, within the region of
the North Patagonian and Magellanic Temperate Rainforests, and are very scarce within the region of
the Valdivian Temperate Rainforests (37◦45′ to 43◦30′ S Lat.). The Valdivian Temperate Rainforests
are located in a region with high human population and multiple threats, including conversion to
agriculture and timber plantations, and the intensive logging of commercially valuable tree species,
along with related wildfires, which have accounted for the loss of an estimated 60 percent of forest
cover, and the degradation of the majority of remaining forests [22]. Within the region of Valdivian
Temperate Rainforests, the estimated area of old-growth forests is approximately 550 thousand ha [19],
mostly restricted to both the Andean and Coastal ranges, and scarce in the lowlands of the Intermediate
Depression. In this scenario, there is a major need to identify structural and compositional attributes
of old-growth forests in regions that still hold these types of forests. In addition to learning which
attributes determine the ecological functions and eventually ecosystem services of old-growth forests,
this knowledge in structure and composition could allow modifications in silvicultural treatments [23]
in second-growth forests in order to manipulate these forests to attain more rapidly these old-growth
attributes, i.e., provide more old-growth characteristics of these successional forests.

These remnant old-growth forests have been poorly studied [24,25], in contrast with
second-growth forests that are pervasive in the disturbed landscape of this region [15–17]. In this
study, we aimed to determine the differential attributes in the structure and composition between
old- and second-growth forests in the lowlands of south-central Chile in the northern portion of
the Valdivian Temperate Rainforest. Our objective were to (a) determine which compositional
and structural variables are most distinctive between successional (60–150 year) and old-growth
(>250 year) forests; and (b) discuss which differential variables are more feasible to manage to create
old-growth characteristics in successional forests. This would serve to better focus efforts of restoration
of old-growth attributes in secondary forests, or guide transformation of even- to uneven-aged
silviculture, thus making management efforts more efficient.

2. Materials and Methods

2.1. Study Sites

We focus in the Valdivian Temperate Rainforests [20] at low- to mid-elevations in the Coastal Range
of south-central Chile. The sampled forests were located in Rucamanque (38◦66′ S, 72◦59′ W), a 435-ha
property administered by the Universidad de la Frontera, and in Llancahue (39◦84′ S, 73◦14′ W),
a 1270-ha property administered and managed by the Universidad Austral de Chile.

The study sites are located between 300 and 450 m a.s.l. in elevation [21,26] (Figure 1). At this
latitudinal range and elevation, there is a transition between two Chilean forest types, the Evergreen
and the Roble-Rauli-Coihue forest types (sensu [15]). Environmental characteristics are homogeneous
within this region. In terms of climate, both locations have average annual temperatures close to 12 ◦C
and a rainy temperate climate (2300 mm in Llancahue and 1300 mm in Rucamanque), with declining
rainfall during spring and summer and usually a dry spell during summer [27]. Soils between
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the two sites were very similar (Palehumult soil type, [28,29]), with medium depth and texture,
and composed of ancient volcanic ashes.
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gap dynamics), with little evidence of human-caused disturbances. These old-growth forests (EgOg 
and NoOg; Table 1) were dominated by the same canopy species (Aextoxicon punctatum, Eucryphia 
cordifolia and Laureliopsis philippiana) but the one in Rucamanque also had some emergent Nothofagus 
obliqua trees. The successional forests (Table 1) included four second-growth forests that were 
established following human-caused fires, with ages between 60 and 100 years [26,31,32]. The MESg 
was a mixture of several hardwood evergreen species, including some short-lived pioneer species of 
the Proteaceae family, but among successional canopy species was dominated by E. cordifolia, L. 
philippiana and D. winteri. The other three second-growth forests were dominated (i.e., at least 50% of 
the basal area in one species), respectively, by Drimys winteri (DwSg), Nothofagus dombeyi (NdSg), 
and Nothofagus obliqua (NoSg), but all were also mixtures and had common late-successional tree 
canopy species such as E. cordifolia, L. philippiana, A. punctatum and D. winteri (Table 1). The MESg 
and DwSg forests were mostly established between 1940 and 1970 (they were on average close to 60 
years old), and NoSg and NdSg forests were mostly established between 1910 and 1940 (they were 
on average 90 years old; [32]). The remaining successional forest (NdM) was also dominated by N. 
dombeyi and was also originated by human-caused fires as observed in the field. We did not have age 
records of this forest, but it is neighboring the NdSg forest (Figure 1), so it shares the same site 
characteristics, and the dominant trees are larger and taller, suggesting that this forest is older than 
the second-growth and younger than the old-growth forests (see [6] for a similar classification of 
young, mature and old-growth forests). It also shared similar tree species with the other sampled 
forests in this study (Table 2). Overall, if no large-scale disturbances interrupt the successional 
pathway of these successional forests, they should converge into the typical low- to mid-elevation 

Figure 1. Study site locations (Rucamanque and Llancahue) in the lowlands of south-central Chile and
within the northern portion of the Valdivian Rainforests.

We define old-growth forests as stands containing trees >200 years old, following the designation
given for old-growth temperate forests in Chile [5] and elsewhere [6–8]. This study included
two old-growth and five successional forests (Figure 1 and Table 1). The old-growth forests have
trees >250 years old [26,30]; their dynamics are dominated by the occurrence of gaps (tree-fall gap
dynamics), with little evidence of human-caused disturbances. These old-growth forests (EgOg and
NoOg; Table 1) were dominated by the same canopy species (Aextoxicon punctatum, Eucryphia cordifolia
and Laureliopsis philippiana) but the one in Rucamanque also had some emergent Nothofagus obliqua
trees. The successional forests (Table 1) included four second-growth forests that were established
following human-caused fires, with ages between 60 and 100 years [26,31,32]. The MESg was a mixture
of several hardwood evergreen species, including some short-lived pioneer species of the Proteaceae
family, but among successional canopy species was dominated by E. cordifolia, L. philippiana and
D. winteri. The other three second-growth forests were dominated (i.e., at least 50% of the basal area in
one species), respectively, by Drimys winteri (DwSg), Nothofagus dombeyi (NdSg), and Nothofagus obliqua
(NoSg), but all were also mixtures and had common late-successional tree canopy species such as
E. cordifolia, L. philippiana, A. punctatum and D. winteri (Table 1). The MESg and DwSg forests were
mostly established between 1940 and 1970 (they were on average close to 60 years old), and NoSg and
NdSg forests were mostly established between 1910 and 1940 (they were on average 90 years old; [32]).
The remaining successional forest (NdM) was also dominated by N. dombeyi and was also originated
by human-caused fires as observed in the field. We did not have age records of this forest, but it is
neighboring the NdSg forest (Figure 1), so it shares the same site characteristics, and the dominant
trees are larger and taller, suggesting that this forest is older than the second-growth and younger than
the old-growth forests (see [6] for a similar classification of young, mature and old-growth forests).
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It also shared similar tree species with the other sampled forests in this study (Table 2). Overall, if no
large-scale disturbances interrupt the successional pathway of these successional forests, they should
converge into the typical low- to mid-elevation old-growth forests of the Coastal Range of south-central
Chile, i.e., forests dominated by E. cordifolia, L. philippiana, A. punctatum.

Table 1. General description of Llancahue and Rucamanque and of the seven forests studied in them.

Site Area (ha) Location Forest Type Code Main Canopy
Tree Species *

Total Area
Per Site (ha)

Llancahue 1270 39◦84′ S
73◦14′ W

Mixed evergreen
second-growth MESg Ec, Lp, Dw 287.4

Drimys winteri
second-growth DwSg Dw, Lp, Ec 4.5

Nothofagus dombeyi
second-growth NdSg Nd, Ec, Dw 110.4

Nothofagus dombeyi
mature NdM Nd, Ec, Dw 162.7

Evergreen old-growth EgOg Ec, Lp, Ap 564.9

Rucamanque 435 38◦66′ S
72◦59′ W

Nothofagus obliqua
second-growth NoSg No, Lp, Ap 70.4

Nothofagus obliqua
old-growth NoOg No, Lp, Ap 229.6

* Ec: Eucryphia cordifolia; Lp: Laureliopsis philippiana; Dw: Drimys winteri; Nd: Nothofagus dombeyi; Ap: Aextoxicon
punctatum; No: Nothofagus obliqua.

2.2. Measurements

In each of the seven types of forests (Figure 1), we randomly established three 900 m2 (30 × 30 m)
sample plots. In each plot, live trees with a diameter at breast height (dbh) at least 5 cm were
recorded, and several variables were measured, such as dbh, species, and crown class (emergent,
dominant, codominant, intermediate and overtopped). Standing dead trees at least 20 cm in dbh were
also measured for dbh and height [33], and all logs laying on the forest floor at least one meter in
length and 10 cm diameter at its smallest end (coarse woody debris or CWD) were recorded for their
diameter, length and decomposition class (sensu [11]). Regeneration was assessed by systematically
establishing 32 subplots of 2 m2 within each plot, in which tree species seedlings (<2 m in height)
were counted and vegetation cover estimated for each vascular species (5–200 cm in height) using
the Braun-Blanquet classification with the following seven-point scale: (5) cover from 75.1 to 100.0%,
(4) cover from 50.1 to 75.0%, (3) cover from 25.1 to 50.0%, (2) cover from 10.1 to 25.0%, (1) cover
from 1.1 to 10.0%, (+) cover up to 1.0%, (r) one specimen per plot [34]. We selected 19 variables to
represent structural and compositional attributes (Table 2; [1,5,6,9,15,35–39]). These variables were
measured, or estimated, for each sampling plot. To determine both basal area and richness by tree
species’ shade tolerance, we used Donoso [15]. Midtolerant species are those with intermediate
tolerance to shade.

Table 2. Compositional and structural variables selected for comparisons between second- and old-growth
forests of south-central Chile.

Variables

Density (trees ha−1) Coarse woody debris (CWD; Mg ha−1)
Basal area (m2 ha−1) Density of snags (n ha−1)

Basal area of trees >80 cm d (m2 ha−1) Basal area of snags (m2 ha−1)
Basal area of shade-intolerant species (m2 ha−1) Total richness of tree species

Basal area of shade mid-tolerant (m2 ha−1) Richness of shade-intolerant tree species
Basal area of shade-tolerant species (m2 ha−1) Richness of shade mid-tolerant tree species

Volume (m3 ha−1) Richness of shade-tolerant tree species
Mean volume of dominant trees (m3) Richness of vascular species in the understory

Dominant tree height (m) Shannon diversity index
Gini coefficient
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2.3. Data Analyses

Height and volume of each tree were estimated for each plot by equations proposed by Salas and
Real [40] and Salas [41], respectively. To estimate the volume of each piece of coarse woody debris,
we used the Smalian formula, which estimates volume by using the length and cross sections at each
end of the log [42]. Dry biomass was obtained by multiplying the volume of each piece by the wood
specific density (g cm−3). We used a mean wood density of 0.51 g cm−3 for decay class I (range
0.47–0.53 g cm−3), 0.29 g cm−3 for decay class II (range 0.27–0.36 g cm−3), and 0.24 g cm−3 for decay
class III (range 0.19–0.28 g cm−3 [11]. We computed stand variables (e.g., basal area, gross volume,
and dominant tree height) by plot. Dominant tree height was computed by the U-estimator method
proposed by García and Batho [43], which is not affected by plot size. In addition to traditional stand
variables, we also computed different indices at the plot level, as described in the following paragraphs.

The Gini coefficient (GC) is a ratio index of structural heterogeneity constructed from the basal
area of individuals of a stand [37] and is computed as follows:

GC =
∑n

j=1(2j− n− 1)gj

∑n
j=1gj(n− 1)

(1)

where j is the rank of each tree in ascending order, n is the total number of trees and g corresponds to
the basal area of the jth-tree. The coefficient has a minimum value of zero, when all trees are of equal
size and a maximum of one when all trees are of different size [37].

The Shannon diversity index (H′) was calculated from the mean cover under each category (r, +,
1, 2, 3, 4, 5) of the Braun Blanquet classification. Cover values used in each category were 0.1% (r),
0.5% (+), 5% (1), 17.5% (2), 37.5% (3), 62.5% (4), 87.5% (5) [44], and the index was computed as follows:

H′ =
S

∑
i=1

ci
C

ln
ci
C

(2)

where S is the total number of species of the plot (richness), ci is the mean cover for the ith-species in
a plot and C is the sum of mean covers for all species.

Each of the 19 variables was compared among all forests. Before making any comparison,
we evaluated the homoscedasticity assumption with Levene’s test. Variables that met this assumption
were compared with analysis of variance (ANOVA), while those that did not were compared with
the non-parametric Kruskal Wallis test, thus avoiding variable transformations and allowing for
direct inference of results. To detect homogeneous groups (forest types without significant statistical
differences), we used the Bonferroni test (α = 0.05). All the data analyses explained above were carried
out using the R software [45].

We also plotted the diameter distribution of each forest by functional groups according to shade
tolerance. Furthermore, we fitted the Weibull probability density function to represent the shape of
thediameter distribution of each type of forest. The model was fitted using the maximum likelihood
method. The observed relative frequency of diameters (i.e., histogram) and the fitted Weibull modelsare
shown in Appendix A.

3. Results

From all the studied variables, 13 had significant differences between forest types (Table 3).
The variables that had no significant differences among forests were coarse woody debris, both basal
area and density of snags, and species richness for all species, shade-intolerant species and mid-tolerant
species. Although these variables showed some patterns across these forests in different successional
stages, they usually had a high variability (e.g., coarse woody debris).

Three major patterns were observed in terms of differences among forests (Table 3). This included
differences between the older and the youngest forests, between the two youngest forests (MEsg and
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DwSg) and the rest, and between the two Nothofagus-dominated second-growth forests (NdSg and
NoSg) and the rest. Four very distinctive variables differentiated mature (NdM) and old-growth forests
(NoOg and EgOg) with the four second-growth forests: basal area, basal area of trees >80 cm, mean
volume of dominant trees and the Gini coefficient. All these variables had significantly larger values in
older forests in more advanced successional stages. Total basal area ranged from 90 to 96 m2 ha−1 in
the these forests, compared to 59–74 m2 ha−1 in the rest, while the basal area of trees >80 cm (which also
have large volumes) was 32–47 m2 ha−1 in the these forests and nearly absent in the youngest forests,
except for DwSg that had legacy trees (this is a 60-year-old forest that has trees of late-successional
species >80 cm which belong to the previous forest since they could have not reached their sizes since
the time of disturbance). A 0.7 value in the Gini coefficient differentiated older and younger forests.

There were three variables that clearly differentiated MESg and DwSg from the rest: tree density,
total volume, and dominant tree height. Significantly greater tree densities where observed in these
two early successional forests (close to 3000 trees per ha and more), compared to the rest, which had
similar tree densities (<1500 trees per ha). The high tree densities in early successional stages are
associated with trees of low stature and low basal areas and volumes.

Two variables related to shade tolerance of trees reflected a difference between the two Nothofagus
second-growth forests (NoSg and NdSg), and the mature forest (NdM), from the rest. These three
forests had a significantly higher basal area in shade-intolerant species and very low value in
shade-tolerant species.

The other four variables in which significant differences were observed amongst forests but
without a clear pattern were basal area of mid-tolerant species, richness of shade tolerant and of
vascular species, and the Shannon diversity index.

Boxplots illustrate the distribution, some statistics and differences among forests for some
major distinctive variables discussed above (Figure 2). Several successional patterns are illustrated
in these graphs, especially the reverse relationship between basal area and tree density through
successional forests (Figure 2), the high basal area and mean volume in large trees especially of
shade-tolerant species, and the increasing structural heterogeneity of more advanced successional
forests (Gini coefficient). In addition, an interesting pattern can be observed for total volume
and the mean value of dominant trees and dominant tree height, all of which increase from
the early-successional to the mature forest (NdM), where they peak, and then have a modest decline in
the old-growth forests.

Finally, the diameter distribution of the seven forests showed some expected patterns in terms of
the relative participation of their shape and the different groups of shade tolerance through succession
(Figure 3). All forests had a negative exponential shape for all species (Appendix A). The second-growth
forests had a rotated-S diameter distribution [46], which was the result of the composite diameter
distribution of trees in the different shade-tolerance groups. The mature NdM and the old-growth
NoOg forests had a rotated-S diameter [46], where in the NdM forest, a bump in intermediate
diameter was shown by shade-intolerant species, while in the NoOg forest by shade-tolerant species.
The old-growth EgOg had a reverse-J diameter distribution. In general, only the two old-growth
forests were clearly dominated by shade-tolerant species, while the other forests had a mixture of
shade tolerances amongst tree species.
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Table 3. Comparison of variables tested in second- and old-growth forests (average ± sd). Different letters within each row represent significant differences
(p-value < 0.05). Density, basal area of trees >80 cm d and the Shannon diversity index were compared with ANOVA.

Variable
Type of Forest

MESg DwSg NdSg NoSg NdM NoOg EgOg

Density (trees ha−1) 4593 ± 543 a 2783 ± 355 b 1263 ± 314 c 1033 ± 545 c 1430 ± 276 c 670 ± 193 c 1159 ± 124 c
Basal area (m2 ha−1) 59.1 ± 4.4 b 60.4 ± 4.9 b 67.5 ± 4.2 b 73.8 ± 5.6 ab 94.9 ± 3.5 a 89.9 ± 6 a 95.7 ± 12.7 a

Basal area of trees >80 cm d (m2 ha−1) 0 ± 0 c 14.4 ± 11.5 bc 0 ± 0 c 3.2 ± 4.5 c 32.1 ± 4.2 ab 36.9 ± 8 ab 47.4 ± 13.5 a
Basal area of shade-intolerant species (m2 ha−1) 2.4 ± 0.8 b 0.8 ± 1 b 52.3 ± 4.5 a 63.2 ± 8.7 a 58.6 ± 17.2 a 11.7 ± 13 b 6.7 ± 9.5 b

Basal area of mid-tolerant species (m2 ha−1) 48.8 ± 3.1 a 40.1 ± 11.2 ab 10.7 ± 2.9 bc 6.7 ± 2.5 c 27.5 ± 9.9 abc 15.5 ± 12.5 abc 39 ± 25.3 abc
Basal area of shade-tolerant species (m2 ha−1) 7.9 ± 2.8 bc 19.4 ± 5.7 abc 4.5 ± 1.9 c 3.9 ± 3.1 c 8.8 ± 4.4 abc 62.7 ± 12.8 a 50 ± 24.1 ab

Volume (m3 ha−1) 252.2 ± 26.8 c 359.6 ± 10.9 c 675.1 ± 27.7 b 808.8 ± 85.8 ab 996.2 ± 92.2 a 756 ± 97.3 ab 751.3 ± 176.2 ab
Mean volume of dominant trees (m3) 0.6 ± 0.1 d 1 ± 0.1 cd 2.9 ± 0.4 bc 3.4 ± 0.4 b 5.9 ± 0.4 a 5 ± 1.2 ab 4.9 ± 1 ab

Dominant tree height (m) 18.2 ± 0.6 b 20.6 ± 2.3 b 31.1 ± 0.7 a 32.9 ± 0.6 a 33.7 ± 1.1 a 31.5 ± 1.2 a 30.6 ± 1.1 a
Gini coefficient 0.56 ± 0.03 d 0.62 ± 0.08 cd 0.66 ± 0.02 bcd 0.65 ± 0.02 cd 0.78 ± 0.02 ab 0.7 ± 0.02 abc 0.81 ± 0.02 a

Coarse woody debris (Mg ha−1) 23 ± 21.8 57.2 ± 21.5 11 ± 5.4 12.3 ± 2.2 23.6 ± 9.4 32 ± 3.8 54.4 ± 15
Density of snags (trees ha−1) 0 ± 0 12 ± 13 8 ± 13 7 ± 9 26 ± 23 3 ± 6 9 ± 8
Basal area of snags (m2 ha−1) 0 ± 0 6.3 ± 7.1 1 ± 0.7 4.6 ± 2.4 3.2 ± 2.3 8.8 ± 5.1 13.8 ± 11.4
Total richness of tree species 16 ± 1 10 ± 0 11 ± 1 9 ± 2 9 ± 0 8 ± 2 9 ± 3

Richness of shade-intolerant tree species 2 ± 0 1 ± 0 1 ± 0 2 ± 0 2 ± 0 1 ± 1 1 ± 1
Richness of mid-tolerant tree species 9 ± 0 5 ± 0 5 ± 0 4 ± 1 5 ± 0 4 ± 1 5 ± 2

Richness of shade-tolerant tree species 6 ± 1 a 4 ± 0 abc 4 ± 0 ab 3 ± 0 bc 3 ± 0 c 3 ± 0 c 4 ± 0 abc
Richness of vascular species in the understory 18 ± 3 abc 24 ± 5 a 21 ± 2 ab 10 ± 1 c 22 ± 6 a 11 ± 1 bc 20 ± 2 abc

Shannon diversity index 1.08 ± 0.65 b 2.09 ± 0.48 ab 1.77 ± 0.19 ab 1.58 ± 0.16 ab 2.73 ± 0.39 a 1.73 ± 0.14 ab 2.49 ± 0.14 a
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4. Discussion and Conclusions

4.1. Causes and Patterns in the Differences between Second and Old-Growth Forests

We studied seven different types of Valdivian Temperate Rainforests that included second-growth
forests ranging from 60–100 years of age to old-growth forests >250 years old in a region where forest
composition tends to converge in some common late-successional species (see Section 2.1). The most
striking differences occurred between the two youngest second-growth forests (EgSg and DwSg,
aged approximately 60 years old) and the two old-growth forests, which differed in the majority of
the variables compared (Table 3 and Figure 2), except in diversity and richness, and variables associated
with dead wood (coarse woody debris and snags. Between these extremes were the two second-growth
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Nothofagus forests (NdSg and NoSg, approximately 100 years old) and the mature forest (NdM, age not
known but estimated >100 and <200 years; see Section 2.1). They were very similar in tree density
(low), basal area of shade-tolerant trees (low) and dominant tree height (the tallest, not different from
that in old-growth forests), but the mature forest had significantly greater total basal area and volume
in large trees, suggesting the peak in biomass depicted by Bormann and Likens [47] for forests that
are in a transition to the old-growth stage but still retain a high proportion of large pioneer trees.
The three older forests also differed from the second-growth forests in having a significantly higher
Gini coefficient, reflecting greater structural heterogeneity (a value of 0.7 appears to be a threshold).

The four second-growth forests evaluated in this study represent two of the stages proposed
by Oliver and Larson [48] in stand development. The two youngest forests (MeSg and D. DwSg)
can be considered in the “stem exclusion” stage with very high tree densities that promote
density-dependent mortality and reduce chances for tree regeneration and understory development
(sensu [48]). The two Nothofagus-dominated secondary forests (NoSg and NdSg) can be considered
in the “understory reinitiation” stage (sensu [48]), with larger trees and basal areas and lower tree
densities, but still similar heterogeneity. The great differences among these two successional stages,
as expressed in this study), are the result of differences in few decades since establishment, in growth
rates of dominant species (Nothofagus species are among the fastest in Chile, [15,16,49,50]), and also
in the type and magnitude of the disturbance that generated these forests [32], which, for example,
determined the differences in species composition. In general, second-growth forests in the stem
exclusion stage of stand development will have less commonalities with structural characteristics
of old-growth forests than when comparing forests in the understory reinitiation stage of stand
development with old-growth forests, but there may be exceptions, such as with dead wood.
Compositional differences, however, are not clear at all, since these second-growth stands have
the same late-successional tree species and similar richness and diversity among them and with
older forests.

Among the variables that did not show significant differences among stands were coarse woody
debris and basal area of snags. This was not expected (we expected more in the old-growth forests),
but this type of result has been reported before. For example, [51] mentioned that on the west coast of
the USA, in forests <150 years old there was a poor relationship between coarse woody debris and age.
A recent study in Chile [52] determined that Andean post-fire second-growth forests <70 years old
with habitat legacies (e.g., coarse woody debris and snags) can reach a structural complexity as high
as undisturbed plots. The type and magnitude of the disturbance, as well as time since disturbance,
are major factors in controlling the dead wood legacies in the new forest stands [51], and thus changes
in coarse woody debris through succession seem to be variable, unless second-growth forests are
established in abandoned lands with no tree legacies.

Overall, structural rather than compositional differences are more likely to occur among
successional and old-growth these Valdivian Temperate Rainforests.

4.2. Implications for Management and Old-Growth Restoration

Landscapes that host large human populations and dynamic agricultural and forestry activities
have seen great transformations. Old-growth forests in these landscapes have been converted to
other land uses or have been degraded. The overall result is that the lack of these types of forests
deprives local societies of the ecological, aesthetic and cultural values that may be associated with
these old-growth forests [53–55]. This is the case of low-elevation lands in south-central Chile
(<500 m a.s.l), which at present have few remnants of the old-growth forests that used to cover these
lands [21,56]. The most reachable option to recover old-growth characteristics in these landscapes
is through managing the dominant forest types, which are second-growth forests. Although these
forests may be highly variable, depending on the factors discussed above, the priority to improve
old-growth characteristics in these young forests will be to increase the proportion of large trees
and standing biomass, which will be associated with more heterogeneous structures. Since all
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the studied second-growth forests included a mixture of pioneer and late-successional shade-tolerant
species, special priority should be given to promoting the growth of these late-successional species.
Overall, the focus of managing second-growth forests to increase old-growth characteristics should be
in promoting structural changes. A different scenario would exist for second-growth forests established
in abandoned lands that were previously used in agriculture or for cattle, in which case the land will
be colonized mostly by pioneer tree species, and the promotion to regenerate late-successional species
would also become a priority.

Naturally, the time frame for young forests to achieve most old-growth attributes is long,
i.e., at least one century or more, but this depends on the origin of these secondary forests that
determine their species composition and structural variability. However, achieving old-growth
forest functions and services can be attained through promoting old-growth characteristics in young
forests [9,23]. Silviculture for restoration of old-growth characteristics should be promoted for some
second-growth forests in these landscapes [18,21,57,58]. It is necessary to envision which changes in
these characteristics or attributes must be promoted to eventually provide ecosystem services that are
associated with old-growth forests. This study suggests that among the nine most distinctive variables
between successional and old growth forests, controlling a few could aid in increasing old-growth
characteristics in successional forests. These include lowering tree densities (from >3000 to <1500
trees per hectare) and increasing basal area and volume in large trees, especially of shade-tolerant
species, and structural heterogeneity (a Gini coefficient >0.7 represents older forests). Silviculture is
a traditional science that provides systems and techniques to do this. As stated by [59], some tools
that have traditionally been associated with forestry can help restoration prescriptions succeed at
a functionally meaningful ecological scale, and silviculture for restoration will be easier in some forest
types than in others, regardless of the silviculturist’s efforts. As seen in this study, there may diverse
second-growth forests in the lowlands of south-central Chile and elsewhere. It would be convenient to
promote old-growth attributes in second-growth forests with compositional and structural attributes
closer to those expected in old-growth forests, but also in forests with fast-growing tree species that
could attain large sizes in shorter time frames. This combination of characteristics should be sought
after to prioritize forests to be managed through restoration silviculture (e.g., restoration thinnings,
variable-density thinnings; e.g., [58]).

To cope with the challenge of increasing old-growth characteristics in successional forests,
silviculturists or restoration ecologists will need to create forests with greater complexity, which will
increase the options for adaptation of these forests to an uncertain future [60]. Knowing the differences
in structure and composition between second-growth forests (e.g., due to variable types of disturbance)
and old-growth forests, as well as the causes of those differences, is the first step to advance
in the goal to enhance old-growth characteristics in second-growth forests through their active
management [9,23,55].
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Appendix A. Fitting Results of the Weibull Probability Density Function for Tree Diameters
by Type of Forest

We fitted the Weibull probability density function to represent the shape of the diameter
distribution of each type of forest. The model is:

f (x) =
∝
β

(
x
β

)(α−1)
exp

[
−
(

x
β

)α]
(A1)

where x is the random variable (in our case tree diameter), ∝ and β are parameters of the model.
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Table A1. Estimated parameters of the Weibull function (Equation (A1)) by type of forest.

Type of Forest Parameter

α̂ β̂

MESg 1.8923 12.6048
DwSg 1.7698 15.7581
NdSg 1.4174 22.9813
NoSg 1.3453 26.2232
NdM 1.1846 21.5971
NoOg 1.1889 32.5968
EgOg 1.0794 22.1172

We fit the model using the maximum likelihood method. The observed relative frequency of
diameters (i.e., histogram) and the fitted Weibull model by each type of forest are shown in Figure A1.
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