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Preface to ”Ecological Management of Pine Forests”

Pine forests are widespread natural forest communities, and pine trees are one of the most-used

species for reforestation. Therefore, these stands have large economical, ecological, and social

importance, mainly due to their resilience against the effects of climatic changes. Still, this resilience

needs to be further improved.

Their management attracts the interest of forest engineers, forest owners, and public

opinion. As a result, management choices (preservative silvicultural treatment for pine forest or

re-naturalization aimed to change forest composition and structure) may sometimes fuel arguments

between different opinions in modern society.

This Special Issue contains 15 original papers, some of them reporting the outcomes of long-time

experiences, reviewed by international experts in botanic, ecology, silviculture, forest restoration, and

forest logging of natural and artificial pine forests, in different environments of boreal and austral

hemispheres.

This Special Issue aims to increase the knowledge concerning the ecological management of pine

forests, with practical implications at scientific and technical levels.

We are pleased to share these works with the scientific community, forest engineers, private

owners, and public managing authorities, in the hopes that this edition will provide a cognitive base

to improve pine forests ecological management and reduce arguments between different interests and

opinions.

As Guest Editors, we want to express our enormous gratitude to MDPI, who agreed to publish

this book; to the staff of Forests and MPDI, for their kindness and professional support; to all the

reviewers, for improving original texts and clearing little slips; and to all the authors, for providing

their papers with professionalism and scientific rigor. Thanks to the support of these people, this

interesting and scrupulous overview of the ecological management of pine forests was made possible.

Guest Editor contributions: the two coeditors equally contributed to organizing the Special Issue,

to the editorial work, and to writing this editorial.

Funding: No external funding was obtained for editing this Special Issue and for writing the

preface.

Conflicts of Interest: The authors declare no conflict of interest.

This book collects a representative sample of the most recent papers on the subject, which come

from many different countries and cover a variety of subjects, confirming the wide scope covered by

the ecological management of pine forests.

Rodolfo Picchio, Roberto Mercurio

Special Issue Editors
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Dispersal Patterns of Pine Wilt Disease in the Early
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Abstract: We characterized the dispersal patterns of pine wilt disease (PWD) in the early stage of its
invasion in the South Korea, and estimated the influence of environmental factors on the dispersal of
PWD. Data were obtained in 10 regions with at least five consecutive years of data for 10 years from
1994 to 2005. The dispersal patterns of PWD were categorized into four types: type 1 is a jumping
type of dispersal, forming new patches; type 2 infestations are ones without any expansion of patch
size; and types 3 and 4, respectively, show uni-directional or multi-directional dispersal outward from
an existing patch. Dispersal patterns changed during different phases of the pathogen’s invasion
history: type 1 was the most frequent in the early invasion stage. Annual dispersal distance showed
regional variations. Human population density had a positive correlation with the dispersal distance
of PWD, indicating that anthropogenic factors can contribute to the dispersal of PWD. Our results
suggested that dispersal through jumping from areas occupied by PWD was the main dispersal route
in the early stage of invasion and that after this phase, the existing colonies expanded and merged.
These results supported the existence of stratified dispersal patterns of PWD.

Keywords: pine wood nematode; forest disease; spatial dispersal; patch; invasion history; invasive species;
stratified dispersal

1. Introduction

Invasive species are among the most severe disturbances affecting ecosystems due to their
potentially devastating effects on natural communities [1]. The invasion process can be categorized
into four steps: introduction, establishment, expansion, and naturalization [2]. After the successful
establishment of an invasive species in a new area, it will continue to occupy the new habitat by
expanding its range up to its ecological limits [2]. Thus, the best management strategy to control
invasive species is to prevent their establishment in the initial stage of an invasion. If they are
established, the next best strategy is to slow down their dispersal speed to minimize their impact
on ecosystems. A USA national program to manage the gypsy moth (Lymantria dispar) called “slow
the spread” is an example of the successful use of this approach [3]. The dispersal speed of gypsy
moth was reduced through the eradication of isolated colonies that had formed beyond the population
dispersal front of the infested zone [4].

Forests 2017, 8, 411; doi:10.3390/f8110411 www.mdpi.com/journal/forests1
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Understanding the dispersal characteristics of a particular invasive species is essential to
determining a suitable strategy to slow down its dispersal. Generally, invertebrates display a stratified
dispersal based on the combination of long distance dispersal (LDD) and short distance dispersal
(SDD) [5]. There are many examples of stratified dispersal including gypsy moth (L. dispar) [6],
Argentine ant (Linepithema humile) [7], and mountain pine beetle (Dendroctonus ponderosae) [8].

Pine wilt disease (PWD), caused by the pine wood nematode (PWN), Bursaphelenchus xylophilus
Nickle, a species native to North America, is one of the most serious threats to pine trees in Asia
and Europe [9]. The PWN has invaded many Asian and European countries, including Japan in
1905 [10], China in 1982 [11], Korea in 1988 [2], Portugal in 1999 and Spain in 2008 [12]. The PWN is
a tree-parasitic nematode and its length ranges from 0.6 mm to 1.0 mm [2]. It develops to a female
or male adult through several stages including egg and four juvenile stages. The third juveniles
enter the body of vectors such as Monochamus alternatus through the tracheal system. The PWN takes
five days to complete a generation at 25 ◦C [2]. The nematode forms novel mutualistic relationships
with native Monochamus species, vectors of PWN, allowing the nematode to quickly and safely move
between pine trees and increasing the number of freshly killed trees available for the reproduction of
Monochamus beetles [13]. The area damaged by PWN was 72 ha in 1988 and increased to 7811 ha in
2005 [2], indicating that the PWN has been in the range expansion phase. The dispersal distance of
PWD depends on the dispersal capacity of Monochamus beetles. Several approaches have been used to
measure the dispersal capacity of PWD, including analysis of field occurrence data [2], and flight-mill
experiments [14]. Therefore, it is important to identify dispersal patterns of PWD as well as major
environmental factors influencing the dispersal speed for the management of PWD [15].

The first occurrence of PWD in the South Korea was reported at Mt. Geumjong in Busan in
1988 [2] although it is suspected that PWD invaded Korea before 1986 [16]. Until 1997, distribution of
PWN was restricted to the Busan area. Before the first detection of PWN on Korean white pine
(Pinus koraiensis Siebold et Zuccarini) near Seoul in 2006, Japanese red pine (Pinus densiflora Siebold et
Zuccarini), and Japanese black pine (Pinus thunbergii Parlatore) were known to be host plants for pine
wilt nematode. The Japanese pine sawyer, Monochamus alternates Hope, is the PWN vector for these
two pine species, whereas Monochamus saltuarius Gebler is the vector for Korean white pine.

This study aims to characterize the dispersal patterns of PWD at both the stand (patch) and
regional levels in the early stage of PWD invasion in South Korea. In addition, we identified the
potential factors such as human population density, which affect the dispersal speed of PWD in the
different study regions.

2. Materials and Methods

2.1. PWD Occurrence Data

PWD occurrence data were obtained from the ‘Pine Wilt Disease Geographic Information
Management System’ operated by the Korean Forest Service. The analog maps of PWD occurrence
data in 53 regions (i.e., cities, counties, or districts) from 1994 to 2007 were digitalized using ArcView
3.2 and ArcGIS 9.1 (ESRI, Redlands, USA) [17,18]. The dead pine trees were detected by ground survey
to define the occurrence area of PWD. The dead trees inside the boundary of the PWD occurrence
area in the previous year were considered as trees infected by PWD, whereas the dead trees outside of
the boundary were examined for the infection status from the pine wood nematode based on wood
samples collected from the trees by nematode experts. PWD occurrence data consisted of polygons
without information on the number of trees infected by PWD. To estimate regional dispersal speed,
data were selected in 10 regions where the occurrence data were recorded consecutively for at least
5 years (Figure 1). Among them, data from four regions (Gumi, Jinju, Tongyeong and Haman) were
from 2001 to 2006, while those in the other six regions (Geoje, Gimhae, Miryang, Busan, Yangsan and
Ulsan) were from 2001 to 2005.
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Figure 1. (A) Survey areas and (B) schematic diagrams for four dispersal types of pine wilt disease
(PWD). D is the annual dispersal distance of PWD. Type 1: a jumping dispersal from a patch forming
a new patch; type 2: without any dispersal; types 3 and 4 are respectively unidirectional and
multi-directional dispersals expanding from an existing patch. Dispersal distance of type 4 is a
mean of four Ds D1–D4.

To evaluate the factors affecting dispersal speed, we investigated two anthropogenic factors (road
density and human population density) and a forestry factor (proportion of coniferous forests in
each administrative region). Human population density was obtained from the Korean Statistical
Information Service (http://www.kosis.go.kr), while road density was estimated from the GIS database
as a ratio of the road area to total land area in each study region. The proportion of coniferous forest
was estimated as a ratio to the total forest area in each region on the 1/25,000 scale map provided by
the Korean Forest Service (http://www.forest.go.kr). We considered coniferous forests to be those
areas with at least 25% coverage area of coniferous species.

2.2. Dispersal Pattern of Patches

PWD occurrence areas were recorded in polygons in each year. We considered polygons with
a direct connection to another polygon as single patches. A patch cluster was defined as a group of
patches with less than 2 km of uninfected areas between patches. To classify the dispersal pattern of
PWD, annual changes in PWD patch shape and dispersal distances within and between the patches
were analyzed at the regional level with reference to invasive history. We divided the regions into
two groups based on the invasion history: initial stage of invasion if the regions were infested by
PWD within the last four years and later stage of invasion if the regions had an invasion history
greater than four years. We examined dispersal patterns for all patches between two consecutive
years, and obtained approximately 10 different types with different dispersal distance at different
directions. To simplify the analyses, we categorized dispersal patterns into four different types based
on the shape of the patches. Type 1 is a jumping type of dispersal in which a new patch is formed,
consisting of a colony of pine trees infected by the pine wood nematode; type 2 is a patch that does
not expand; while types 3 and 4 of dispersal show uni-directional and multi-directional expansion
outward from an existing patch (Figure 1). Dispersal distance from patches was estimated according to
the dispersal pattern. The dispersal distance of type 1 events was estimated to be the distance between
the nearest existing patch and a newly formed patch in two consecutive years (Figure 1), that of type
2 was considered to be 0 m (Figure 1), that of type 3 was estimated to be the nearest linear distance
between the lines of polygons from two consecutive years (Figure 1), and the distance of type 4 was
the mean value of dispersal distance of each of the four directional distances between lines of polygons
over two consecutive years (Figure 1). We used the term “distance between patch clusters” for the
distance between the centers of patch clusters.

3
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2.3. Statistical Analysis

The relationships between dispersal distance and its relative frequency at the regional level were
estimated using the exponential decay function [19], showing the best fitting curve based on the
CurveExpert (ver. 1.4) [20]:

f (x) = N0e−bx

where f (x) is a frequency at the dispersal distance (m) x, N0 is a frequency at the first smallest dispersal
distance (i.e., initial value), and b is the decay constant.

Linear regression analysis was conducted to estimate the relationship between the dispersal
distance of PWD and its related environmental factors at the regional level.

3. Results

3.1. Characteristics of Dispersal Patterns

Of the four dispersal patterns, type 1 was the most dominant (52% in the data) (Figure 2), followed
by types 2, 4 and 3, accounting for 27%, 12% and 9% of dispersal, respectively. In particular, type 1 was
dominant in the early stage of the invasion process, and its frequency decreased from the fifth year
after the invasion (Figure 2). Dispersal distances between patches were 1.00 and 1.03 km at the initial
and later stages, respectively (Figure 2), while dispersal distances between patch clusters were 1.15
and 0.74 km at the initial and later stages, respectively (Figure 2).

Figure 2. (A) Changes in the proportion of dispersal types according to the number of years after the
first occurrence of PWD; (B) Annual dispersal distance at different invasive stages. Early stage: within
four years after the invasion; later stage: more than four years after the invasion. Dispersal distance of
a patch was measured as D in Figure 1.

3.2. Annual Dispersal Distance at Patch and Regional Levels

Most study regions displayed a high frequency of short annual dispersal distance of 0.37 km at the
patch level, while some regions including Geoje, Busan, Ulsan, and Tongyeong displayed a relatively
high frequency of long dispersal distance (Figure 3). Overall, 88.8% of annual dispersal distances were
less than 1.0 km considering all regions together (Figure 3). Only 2.5% of annual dispersal exceeded
2.0 km, and the maximum annual dispersal distance was 7.71 km in Geoje (Figure 4).

The relationships between the annual dispersal distance at the patch level and its relative
frequency in the ten regions were well fitted by the exponential decay function (R2 > 0.99) with
regional variations (Figure 3). The slopes of the function were highest in Miryang and lowest in Ulsan.
Dispersal greater than 3 km was observed in Geoje, Gumi and Tongyeong.

4
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Figure 3. Frequency of annual dispersal distances in ten different study regions: Geoje, Gumi, Gimhea,
Miryang, Busan, Yangsan, Ulsan, Jinju, Tongyeong, and Haman. The lines were fitted by the exponential
decay function.

 

Figure 4. Frequency of annual dispersal distance with pooled data from the ten study regions and its
accumulated percentage (dashed line). The solid line was fitted by the exponential decay function.
An arrow indicates a maximum value (7710 m) which is not visualized because of a low frequency value.

Mean annual dispersal distances at the regional level varied by region and year. The longest
and shortest mean annual dispersal distances at the regional level were 1.48 km in Geoje and 0.01 km
in Miryang from 2001 to 2002. Deviations of mean annual dispersal distance between regions
(0.71–0.86 km) were larger than deviations between years (0.35–0.61 km).

3.3. Influence of Socio-Environmental Factors

The human population density, road density, and proportion of coniferous forests all varied by
region. Human population density was highest in Busan with 45.7 person/ha and lowest in Miryang
with 1.4 person/ha. Road density was highest in Gimhae with 15.9% of land covered and lowest in
Geoje with 4.0% of land covered. The proportion of coniferous forests was highest in Geoje with 42.5%
and lowest in Gimhae with 23.8%. Annual dispersal distances increased as a function of the human
population density (F = 11.02; df = 1, 7; p < 0.013; R2 = 0.61) (Figure 5A). However, they were not
affected by road density (F = 0.050; df = 1, 8; p > 0.05) (Figure 5B) or proportion of coniferous forests
(F = 0.13; df = 1, 8; p > 0.05) (Figure 5C).

5



Forests 2017, 8, 411

Figure 5. Relationships between annual dispersal distance and (A) human population density;
(B) fraction of coniferous forest to total area and (C) fraction of road density to total land cover area.

4. Discussion

4.1. Characteristics of Dispersal Patterns

Our results showed that the frequency of dispersal patterns changed from a predominance of
type 1 (displaying a jumping dispersal forming a new patch) at the early stage of the invasion process
to types 3 or 4 (showing a uni- or multi-directional dispersal expanding from an existing patch) at the
later stage of the invasion. This phenomenon can be attributed to the foraging behavior of the vector
infected by pine wood nematode (PWN). Generally, cerambycid beetles, including Monochamus species,
require weakened or freshly dead trees for oviposition. At the initial invasion stage, beetles infected
by PWN search for such trees since available oviposition sites are probably limited, causing them to
forage over wider areas to find suitable trees. During this foraging behavior, pine trees are infected by
the maturation feeding of the adult beetles, and the number of pine trees infected by PWD increases.
Beetle female fecundity is maximized if they can find suitable oviposition hosts near where they
emerge, but in the early stages of invasion, suitable hosts so close at hand are often not available.

The foraging behaviors of Monochamus species, including M. alternatus, have been intensively
studied because these species are the major vectors of PWD in many countries: M. alternatus

6
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in Japan [21–23], M. galloprovincialis in Europe [14,24,25], and M. carolinensis in America [26].
Flight distances of beetles heavily infected by PWN were shorter than those of lightly infected ones [26].
The beetles forage over broader areas to search for weakened or freshly dead pine trees at the initial
stage of the PWN invasion. These foraging behaviors could cause the different spatial distributions
of pine trees infected by PWN. Moreover, the proportion of pine trees with delayed symptoms may
be different at different stages of the invasion. The proportion of trees with delayed symptoms was
higher at the initial stage of the invasion than at the later stage, a phenomenon that might be caused by
the lower phoretic pressure of PWN.

Kwon et al. [27] suggested that all pine trees close to trees infected by PWD should be cut to
control asymptomatic trees infected by PWD with an optimum clear cut radius of 20 m at the initial
stage of the invasion and 10 m at the later stage. Our results partially support those of Kwon et al. [27]
with respect to the foraging behavior of Monochamus beetles, but the exact radius needed for sanitary
clear cutting should be re-examined.

4.2. Annual Dispersal Distance at Patch and Regional Levels

The combination of long distance dispersal (LDD) and short distance dispersal (SDD) results in
stratified dispersal, including the establishment of new colonies far from the moving population front,
growth of individual colonies, and colony coalescence contributing to the advance of the population
front [4]. In this study, the annual dispersal distance of M. alternatus was 0.37 km and ranged from 0 to
7.71 km. However, careful interpretation on these dispersal distances is required, for several reasons.
The first of these is that the estimation of the dispersal distance on the basis of field observation
is spatial scale-dependent. Choi and Park [2] showed that the dispersal speed of PWD in Korea
changed from 1.1 km/year to 13.8 km/year according to the invasive stage in the nationwide scale.
Their dispersal distances were estimated on a relatively large scale based on administrative regions
without considering dispersal within the administrative regions, while the dispersal distance in our
study was estimated at both patch and regional scales. A second reason is that the dispersal distances
include SDD, LDD, and human-mediated dispersal distance. The relative frequency of SDD is higher
than those of LDD and human-mediated dispersal distance because 89% of dispersal distances were
less than 1 km/year. David et al. [14] reported that the mean dispersal distance of M. galloprovincialis,
a main European vector of PWD, was 16 km over the lifetime of the beetle on the basis of flight mill
experiments. A modeling study showed that the maximum dispersal distance was 464 m, whereas a
lifetime dispersal distance of M. galloprovincialis was observed in the range of 107 to 122 m in the
field [25]. Similarly, the dispersal capacity of M. alternatus ranged from 7.1 to 37.8 m in a P. thunbergii
forest about 50 m in width [23] and the maximum dispersal distance in the forest was 54.9 m and
58.5 m for male and female beetles, respectively [22], suggesting that SDDs of Monochamus were a
few hundred meters in the field and further dispersal distances might be underestimated. Therefore,
the dispersal capacity of M. alternatus in Korea probably ranges from a few hundred meters to a
few kilometers with a high probability that any single dispersal would be less than 1 km. Moreover,
SDD might be the most dominant dispersal of the beetle and LDD and human-mediated dispersal
could be the less frequent. This suggests that preventing longer dispersal by mediating human activity
is the best strategy to slow down the dispersal speed of PWD.

The last reason to be cautious about dispersal distances is the potential inconsistency of data
collection across studies. All data were collected by each local government of Korea, and the boundary
criteria for patches could vary. Moreover, an exact criterion of boundary was not defined during
data collection [18]. These factors have the potential to lead to differences in the estimation of
occurrence areas in each local government and could induce errors in the estimation of dispersal
distance of patches and between patches. In spite of these uncertainties, however, our results showed
the dispersal characteristics of PWD in the field condition in spite of potential errors in estimating
exact dispersal distances.
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4.3. Influence of Socio-Environmental Factors on Dispersal

Interestingly, the dispersal speed of PWD was high in areas with high human population density,
suggesting that human-mediated dispersal accelerates the dispersal speed of PWD. The role of
human-mediated dispersal in the spread of PWD was also reported in China [28,29]. Human-mediated
dispersal plays an important role in the invasion process of many organisms: the emerald ash borer,
Agrilus planipennis, in the USA [30], the yellow-legged hornet, Vespa velutina in France [31] and 17
invasive plants in China [32]. Human activities such as logging and trade which require wooden
packaging material can increase the risk for the accidental transportation of infected materials by PWN
and may be responsible for the rapid spread of the nematode [28]. According to the Korea Forest
Service [33], the human-mediated movement of wooden materials infected by PWN was the main
cause of new occurrences of PWD in eight administrative regions where the first invasion of PWD
was reported in 2013. Besides the movement of wooden material infected by PWN, the accidental
movement of beetles vectoring PWD by vehicle may be one of the causes for the rapid dispersal of
PWD in Korea. Similarly, adults of walnut husk fly, Rhagoletis completa, were found to be transported
passively by vehicles in Europe [34].

In spite of the possibility that beetle movement was facilitated by vehicles, road density was not
found to be correlated with the dispersal speed of PWD in our analysis. This might be because our
analysis focused on movements within administrative regions on a relatively small scale. In China,
long-distance human-mediated dispersal by wooden material infected by PWD was observed,
ranging from 111 to 339 km [28], suggesting that such longer dispersal distance by human-mediated
dispersal was not included in our data. In addition, our data reflected only the road density rather
than traffic density. Finally, our data were not based on individual trees, but based on the area for
the occurrence of PWD. Therefore, estimating the influence of road density on the dispersal speed
of PWD was limited by the nature of our data. The influence of the proportion of coniferous forest
was not probably observed for similar reasons. Similarly, the dispersal speed of pine needle gall
midge (Thecodiplosis japonensis), an invasive pest on pine trees in Korea, was dependent on the density
of pine forests in the landscape, with higher speed associated with lower density of pine forest [2].
In highly coniferous forests, insect vectors are more sedentary because favorable feeding conditions
are locally abundant.

5. Conclusions

The dispersal patterns of PWD were categorized into four types based on the dispersal rate and
directions. The dispersal patterns were changed by invasive history from type 1 (i.e., jumping type of
dispersal, forming new patches) in the initial stage of invasion to type 4 (multi-directional dispersal
outward from an existing patch) in the later stage, suggesting that dispersal through jumping from
areas occupied by PWD was the main dispersal route in the early stage of invasion, and human activity
plays an important role in the long-term dispersal of PWD. These stratified dispersal patterns could be
implemented in the dispersal spatial models in future studies.
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Abstract: In recent decades, fire regimes have been modified by various factors such as changes in
land use, global change or forest management policies. The vulnerability of Mediterranean terrestrial
ecosystems is increasing due to more severe and frequent droughts. This study aimed to determine
the plant response of ecosystems during the short-term post-fire period by relating alpha diversity,
floristic richness and tree recruitment dynamics to burn severity 5 years after a wildfire. Our results
conclude that in the short term, Pinus halepensis Mill. stands in southeastern Spain quickly recovered
alpha diversity values, mainly in areas burned with low severity. We observed that moderate and high
severities affected the ecosystem more significantly, showing higher values for the Shannon Index but
lower for the Simpson index. Pine recruitment was higher in burned areas, and we found the highest
number of Aleppo pine seedlings under a moderate burn severity. Post-fire regeneration functional
groups (obligate seeders and resprouters) were promoted under moderate and high burn severity,
increasing their abundance. Annual species (mainly herbs) colonized burned areas, persisting with
higher presence under moderate burn severity. Restoration tools should be focused on reducing fire
severity, mainly in areas at high risk of desertification, and promoting resistance, vulnerability and
resilience of these ecosystems.

Keywords: burn severity; fire ecology; ecosystem recovery; natural regeneration; Aleppo pine
recruitment; post-fire restoration

1. Introduction

Forest fires have been described as natural processes inherent to terrestrial biomes as they modify
ecosystems to shape the current general global distribution [1,2]. For this reason, forest fires and
climate are key processes that condition vegetal dynamics, biome development, soil formation,
and hydrological and erosive cycles [3]. The first signs of natural forest fires date back to the
Carboniferous Era, and human activity managing fire was evidenced in the early Holocene in the
Mediterranean Basin, changing the natural fire regime [4].

A fire regime is defined as the characteristic of wildfire activity that prevails in a given area,
mainly determined by fuel consumption patterns, intensity and severity, fire frequency, patch size
and seasonality [5]. The fire regime in the Mediterranean Basin has been affected by several factors,
mainly by changes in land use, global warming, prolonged drought period, changes in forest policies,
and fauna or invasive plant species [6].

Wildfires of the Mediterranean Basin are a dramatic hazard for dense populations but also
for terrestrial ecosystems, since alteration of fire patterns modifies vegetation resilience to fire,
and predictions point to a general rise in fire risk [7]. The main changes include increases in large
forest fires, which promote the size of burned areas affected by high fire severity [8,9]. In this way,
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monitoring and data assessment of ecosystem response to disturbances is a research priority, and
Mediterranean terrestrial ecosystems serve as exemplary natural laboratories in which to study impacts
and drivers [10].

The predominant plant communities in the Mediterranean Basin are characterized by their
rate of natural recovery to reach a previous equilibrium following disturbance, termed engineering
resilience [11]. The two most common regeneration strategies after fire are resprouters (buds in soil
or protected by tissues) or obligate seeders (seeds from unburned areas, buried in the soil bank or
enclosed in aerial banks) [12,13]. In some cases, seed germination can be initiated or improved by heat,
the presence of burnt wood or ash as scarifying agents [14,15]. High temperatures can also trigger the
opening of serotinous cones or fruits to release seeds after a fire [16].

In the Mediterranean Basin, modal natural fire frequency ranges from 25 to 50 years, which promotes
a high alpha diversity after disturbance, but shorter-lived species are rapidly excluded [17]. However,
fire exclusion reduces fire frequency, and promotes fire severity, which could induce changes in
post-fire recovery patterns related to burn severity [18]. To avoid confounding recovery patterns
related to other fire regime components, monitoring of ecosystems in the same post-fire succession
stage, but burned on different dates, is required [10]. However, the large spatial scales and time periods
needed to establish a fire history in an ecosystem lead to pseudo-replication [19] and have been proven
to be unavoidable in our research on burn severity and α-diversity.

There are several studies on Pinus halepensis Mill. (Aleppo pine) forests in the western
Mediterranean Basin and on the effects that fire severity has on plant recovery and pine recruitment,
diversity and time to recover ecosystem services (e.g., soil protection, vulnerability to new fire,
nutrient cycling, etc.) [13,16,18,20–22]. However, the importance of burn severity and the short-term
ecosystem changes are important for management decisions about potential intervention in burned
areas [18,23,24]. Aleppo pine is one of the most widely distributed pine species throughout low
altitudinal areas of the Mediterranean Basin; this is a tree species that has adapted to fire and
drought [25,26]. This pine species is a pioneering and obligate seeder, shows precocious reproduction
and a dual-life strategy, bearing partially non-serotinous cones releasing seeds and storing a canopy
seed bank in serotinous cones to be released after fire [27,28]. However, the amount of serotinous
cones increases with higher fire recurrence [29]. Burn severity, defined as the loss or change in organic
matter both aboveground and belowground [28], influences the dynamics of the structure and vegetal
composition after a fire [30]. In this way, the ecosystem’s ability to return to the pre-fire state, fulfilling
similar functions and services as those prior to the disturbance, could be affected [11].

The objective of this research was to assess the effect of burn severity in the short term after fire
on vegetation dynamics and community structure, including pine recruitment, plant regeneration and
diversity performances following a diachronic approach. For this purpose, we carried out floristic
inventories by recording the recruitment of Aleppo pine and the main companion species in four
different burn severity classes in stands in the south-eastern part of the Iberian Peninsula with a
semiarid climate. Our goal was to improve knowledge to support tools for post-fire planning and
decision making for the stabilization, rehabilitation and restoration of burned areas depending on the
fire damage.

2. Materials and Methods

2.1. Study Area

A wildfire from 1–6 July 2012 burned almost 6500 ha of the forests in “Sierra de los Donceles”,
close to Hellin (the south-eastern area of the province of Albacete in Spain (ignition point: 30 S
611,807 E, 4,251,765 N)) (Figure 1) where no recurrent fires occurred for more than 80 years. During
the wildfire, the maximum temperatures ranged from 31 to 37 ◦C (minimum average temperature
was 16 ◦C), mean humidity ranged from 30 to 80% (although was less than 20% on the first day) and
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the mean wind speed was 1–3 m s−1, reaching gusts of 7–9 m s−1. The fire perimeter and weather
conditions were provided by the Forest Services of the Regional Government of Castilla-La Mancha.

 

Figure 1. Sierra de Los Donceles wildfire, close to Hellin (province of Albacete, Spain). Burn severity
levels were: unburned (uncolored), low severity (yellow), moderate severity (orange) and high severity
(red) obtained from [35]. The sampling plots were represented according burn severity: unburned in
green, low severity in yellow, moderate severity in orange and high severity in red.

The study area is a semiarid Mediterranean climate, BSk, according to the Köppen-Geiger
classification [31], which is in the upper meso-Mediterranean bioclimatic belt. The average precipitation
and annual temperature values are 278.50 mm and 15.85 ◦C, respectively (based on the 25-year
data period (1990–2014) provided by the National Meteorological Agency). The dry period
extends from June to September, during which relative humidity is less than 50%. According to
Garcia-Morote et al. [32], the total precipitation values recorded in the study area from early 2014 to
late 2016 were slightly higher than the average values.

According to the Spanish Soil Map and following the USDA Soil Classification [33], the studied
soils were classified as Aridisols (Lithic Haplocalcids), and as calcic soils with long periods (>90 days)
of water not available for plants. According to Garcia-Morote et al. [32], they are alkaline soils
with a clay content above 30% with a high cation exchange capacity (CEC) and low available P.
The predominant landform is composed of dolomitic limestones forming rocky slopes that range from
500 to 700 m a.s.l.

The potential vegetation series belonged to Rhamno lycioidis-Querceto cocciferae sigmetum, but Pinus
halepensis was the main tree species. The most common plant community in the area before fires
occurred was Pinus halepensis Mill. (Aleppo pine) forests, accompanied by several scrub species and
steppic grasslands with Macrochloa tenacissima (L.) Kunth (Alpha grass), Quercus coccifera L. (Kermes
oak) and Pistacia lentiscus L. (Mastic tree).

The study site and burn severity were evaluated by using remote sensing and digital cartography
provided by the Geographic Information National Centre, specifically, Digital Terrain Models
(pixel size of 5 m, matrix ASCII file format, geodesic reference system ETRS89), and orthophotos
(National Aviation Plan Orthophotography mosaics; ECW format, geodetic reference system ETRS89).
The distribution units were set according to MTN50 (Spanish National Topographic Map, 1:50,000))
to create a map with GIS software (QGIS, GNU General Public License, June 1991, 2.8.2-Wien).
Remote-sensing imagery from pre- and post-fire data (Enhanced Thematic Mapper Plus (ETM+) sensor
on Landsat 7), after atmospheric correction undertaken by using the dark body subtraction technique
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and gap-filled, was used to create a burn severity map by calculating the dNBR (delta normalized
burn ratio; [34]) by using pre- and post-fire images (23 June 2012 and 9 August 2012, respectively).
We implemented a supervised classification by using real-ground data to identify and discriminate the
categories of burn severity to be discriminated [35]. Following the Spanish technical guide for burned
forest management [36], a systematic scheme overlapped the burned area (500 × 500 m grid cell) to
validate the burn severity obtained. In 30 plots of the grid, we evaluated the burn severity in the field
(November 2012) by recording ash color, soil affected and amount of burned biomass (in both the
crown of trees and shrubs) [37].

2.2. Field Sampling

Following Gomez-Sanchez et al. [35], for our study area, we established four levels of burn
severity (SEV hereafter): unburned for dNBR < 0.300 (UB), low severity for the values of dNBR ranging
from 0.300 to 0.486 (Low), moderate severity for the dNBR threshold from 0.487 to 0.567 (Mod) and
high severity for those higher than 0.568 (High).

We analyzed the response and dynamics of the plant community depending on the time after
fire (TIME hereafter). A diachronic approach was followed, including three data collection campaigns
(late spring in 2013, 2015 and 2017) to characterize 1, 3 and 5 years post-fire (short-term period after
fire). To acquire information about the mature plant community, three control plots were sampled in
undisturbed and mature stands. In the burned areas, we set nine circular plots (5-m radius; 78.5 m2) in
each burn severity class, by using a Monterra GPS receiver (Garmin International, Inc., Olathe, KS,
USA). A total of thirty plots were established and monitored in the spring of 2013, 2015 and 2017.

The selected plots had a similar orientation, slope and percentage of bare soil to reduce variability.
Regarding vegetation, both structure and composition were evaluated by recording the coverage
and plant abundance using a nested sampling technique [38]. Floristic inventory of all species
in the plot followed the Braun-Blanquet approach, modified by Van der Maarel [39], and by the
line transect method for plant surveys by recording species and the length intersecting the line
(all on a perpendicular plane). Using the georeferenced center of the plot, three transects (3-m long)
were arranged, with one oriented northward and forming 120◦ angles. We also established three
square subplots (1 m2) in each transect to record and monitor pine seedlings. The plant survey and
quantification of land cover type were carried out by the point intercept method because it is simple,
unbiased, low-cost and suitable for our study area [40].

2.3. Plant Diversity and Regeneration

To characterize the diversity within a community, we used three indices related to α-diversity.
We regarded the number of plant species or floristic richness (FR, number of species) and heterogeneity,
including the measure of species abundance, i.e., the Shannon index (H′, nondimensional) [41] and the
measure of species dominance, i.e., the Simpson index (D, nondimensional) [42].

FR was calculated as the number of plant species recorded on the sampling lines in each plot,
including additional sampling in the entire plot to account for all those present in each one. H′ was
measured as the relative abundance of the different species (1), and D evaluated the probability that
two individuals chosen at random belonged to the same species (2).

H′ = −
S

∑
i=1

pi ln pi (1)

where pi = coverage of each species (%)

D = 1 − ∑ n(n − 1)
N(N − 1)

(2)

where n = % coverage of each species and N = % total of the present organisms.
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To characterize the Aleppo pine recruitment rate, we counted and recorded all the pine seedlings
inside the three-square subplots (1 × 1 m, 1 m2). Pine recruitment was calculated as the mean pine
seedling density (RECRUIT, pine m−2).

We classified the species identified in the field sampling according to their adaptive strategy
to fire following the plant trait database for Mediterranean Basin species (BROT): non-adaptive
species (R−S−); obligate seeders (R−S+); obligate resprouters (R+S−); facultative seeders (R+S+) [43].
To obtain life-form compositions, plant species were classified according to the life-form categories:
trees (TREE), shrubs (SHRUB), dwarf shrubs (DWARF-S) and herbs (HERB) [44,45].

2.4. Statistical Analysis

Generalized linear models (GLMs) were used to evaluate the effects of categorical factors (TIME
and SEV) and their interactions on the studied variables. Squared correlation coefficients and empirical
p-values were calculated by one-way analysis of variance (ANOVA). We selected a critical p-value
below 0.05 for the significant results. We also used the adjusted R-squared statistic, which is more
suitable for comparing models than the R-squared value with different numbers of independent
variables, and then the Durbin-Watson statistic to test residuals to determine whether there was any
significant correlation based on the order in which they occurred in the data files. Log-transformed or
rank-transformed data were used for those variables that did not meet the assumptions of normality
of residuals and homogeneity of variance. The method currently used to discriminate among means is
Tukey’s honestly significant difference (HSD) procedure.

Principal component analysis (PCA, varimax rotation method) was performed with all variables to
obtain the structure of the dependence and correlation between variables and factors, at two levels (time
after fire and burn severity). The PCA created a standardized correlation matrix covariance list-wise
and reduced the variables used by employing linear combinations and accounted for most of the
variability contained in the original data. Statistical analyses were performed using Statgraphics
Centurion 18.1.03 (Statgraphics Technologies, Inc., Virginia, USA) [46] and the R software 3.2.1
(R Development Core Team) [47].

3. Results

In a first step, we verified that the control plots displayed no variations in the sampling period
for structure and plant characteristics since the ANOVA for FR, H′, D and RECRUIT showed no
significant differences. By running a GLM to analyze the result of the variables TIME, SEV and
interactions were meaningful (Table 1). We found RECRUIT and FR significantly related to SE. H′ was
significantly influenced by TIME and the interaction TIME*SEV, whereas D was significantly linked to
TIME and SEV.

Table 1. General Linear Models relating α-diversity variables: H′ (Shannon Index, nondimensional),
D (Simpson Index, nondimensional), RECRUIT (recruitment, pine seedlings m−2) and FR (floristic
richness, number of species).

p-Value F-Ratio Adj R2 Durbin Watson Factor F-Ratio p-Value

H′ <0.01 18.78 27.66 1.20
TIME 28.96 <0.01

TIME*SEV 6.42 0.01

D <0.01 29.39 37.91 1.77
TIME 17.45 <0.01
SEV 37.39 <0.01

RECRUIT 0.01 6.42 5.56 2.18 SEV 6.42 0.01

FR 0.02 5.26 4.34 1.51 SEV 5.26 0.02

Factors studied were years after fire (TIME), burn severity level (SEV) and the interaction of both (TIME*SEV).
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The ANOVA showed a significant influence of TIME and SEV on the studied variables (Figure S1).
Independent of TIME, the values of variables studied in the control plots were not different,
which implied that mature stands showed the same characteristics in the short term after the fire.
One year after the fire, H′ and D were lower in burned plots than in unburned areas, whereas FR
and RECRUIT were higher in burned areas. Three of the studied parameters (H′, RECRUIT and FR)
increased three years after the fire, with all three SEV classes having higher values than UB, whereas D
showed lower values. Five years after, H′ and FR (in all three burn severity classes) decreased to reach
similar values to those found in mature stands. However, RECRUIT was significantly higher in the
Low and Mod classes, but D showed lower values in Mod and High than in UB.

With the GLM, we ran ANOVAs for each variable according to the significant parameters.
According to H′ (Figure 2), we observed that 1 year after the fire, H′ presented lower values in
the burned plots than in the control plots, and roughly similar values among the severity values 3 years
after the fire, H′ values increased, which were higher than the control plots with increases noted for
SEV, and with higher values according to increasing burn severity. However, H′ showed a maximum
value 3 years after the fire, whereas the values decreased 5 years later, with no differences between
unburned plots and those burned with low severity.

According to the analysis of the Simpson Index (Figure 3), we found that within 1 and 3 years
after the fire, the D values were more similar than 5 years after the fire, which presented slightly
higher values. However, when considering severity in the short term, the D values of the burned plots
were always below the values presented by the control plots, and severity had a significant effect and
resulted in the highest D values under low severities.

When analyzing the results obtained from the analysis without the control plots, we found that
the plots affected by low severities presented slightly higher values than those affected by moderate
severities, with two significantly different homogeneous groups appeared, while the plots affected by
high severities presented medium values that belonged to both groups.

According to the ANOVA carried out to analyze RECRUIT (Figure 4) related to SEV, we observed
that RECRUIT was lower in the UB plots than in burned areas, with the exception of High SEV, and the
highest RECRUIT was found in Mod SEV (Figure 4a). We ran an ANOVA with only data from burned
areas (Figure 4c) and found no significant differences for Low and High SEV, but values were lower
than those observed for Mod. Regarding FR (Figure 4b), the study showed that in the short term,
the values of this parameter were always higher than for the control plots, and these values were
significantly similar in severity terms, although the plots affected by moderate severities had slightly
higher values. When we ran a one-way ANOVA with no control plots, we observed no significant
differences in the FR values according to severity.

When we carried out a descriptive analysis to represent the presence of species according to their
adaptive strategy, we represented the mean values related to TIME and SEV (Table 2). We found that
1 year after the fire, the most representative adaptive strategy, independent of the burn severity level,
was R−S+ (with almost 50% of the species present). During our study period, R−S+ maintained high
percentages of species’ presence (always >40%) with the highest values for the Mod and High severities.
However, these values slightly decreased with time. We found no changes in the percentage of the
presence of R+S−, showing approximately 20% regardless of burn severity. Finally, the percentages
of R+S+ were close to 20–25%, which corresponded to an increase 5 years after the fire, with similar
values to the mature stands (30%).

According to growth forms and after another descriptive analysis, we observed that 1 year after
the fire (in 2013), the most representative growth forms were HERB because these species had the
highest presence percentages. For SEV, HERB showed a higher presence in Low SEV, decreasing
according to increasing SEV. However, 3 years after the fire, the HERB percentage decreased and was
not related to SEV because we found similar values in all the burned plots, with the predominant
growth shown for DWARF-S. Five years after the fire, the presence of HERB and Dwarf-S was poor
in the burned plots, with SHRUB as the most common growth form. This stage showed similar
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percentages for each growth form as the mature and unburned stands. TREE values had the lowest
percentage values, which were similar when comparing TIME and SEV.

Figure 2. Box and Whisker plot of the one-way ANOVA relating the Shannon Index (H′, nondimensional)
to (a) time after fire (TIME, years) and (b) the interaction of time after fire and burn severity classes (SEV,
UB = unburned; Low = low burn severity; Mod = moderate burn severity; High = high burn severity).
In addition, we checked the significance between (c) time after fire and burn severity classes, but we
excluded the unburned plots. The different capital letters indicate significant differences between
means of groups (ANOVA according to Tukey’s HSD method).
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Figure 3. Box and Whisker plot of the one-way ANOVA relating the Simpson Index (D, nondimensional)
to (a) time after fire (TIME, years) and (b) burn severity classes (SEV, UB = unburned; Low = low
burn severity; Mod = moderate burn severity; High = high burn severity). In addition, (c) burn
severity classes and the Simpson Index were related after excluding the unburned plots. The different
capital letters indicate significant differences between the means of groups (ANOVA according Tukey’s
HSD method).
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Figure 4. Box and Whisker plot of the one-way ANOVA relating the burn severity classes (SEV,
UB = unburned; Low = low burn severity; Mod = moderate burn severity; High = high burn severity)
to (a) the Aleppo pine recruitment rate, calculated as the mean pine seedling density (RECRUIT,
pine m−2) and (b) floristic richness (FR, number of species). In addition, (c) burn severity classes and
floristic richness were related when the unburned plots were excluded. The different capital letters
indicate significant differences between means of groups (ANOVA according Tukey’s HSD method).
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Table 2. Descriptive analysis including the mean values of reproductive strategies (non-adapted species
(R−S−), obligate seeders (R−S+), obligate resprouters (R+S−) and facultative seeders (R+S+)) and
growth form categories (trees (TREE), shrubs (SHRUB), dwarf shrubs (DWARF-S) and herbs (HERB)
related to both time after fire (1, 3 and 5 years after fire, i.e. sampling carried out in 2013, 2015 and 2017
respectively) and the burn severity classes (UB = unburned; Low = low burn severity; Mod = moderate
burn severity; High = high burn severity).

Regeneration Strategy Growth Form

R−S− R−S+ R+S− R+S+ TREE SHRUB DWARF-S HERB

2013

UB 0.00 ± 0.00 50.00 ± 5.77 16.11 ± 4.55 33.89 ± 3.89 8.89 ± 1.11 23.89 ± 4.55 39.44 ± 5.30 27.78 ± 9.09
Low 0.00 ± 0.00 54.54 ± 7.06 16.08 ± 2.29 23.54 ± 1.33 11.56 ± 1.35 16.07 ± 2.35 19.37 ± 1.44 50.66 ± 1.80
Mid 1.04 ± 0.68 54.10 ± 2.40 18.03 ± 2.25 26.83 ± 1.73 12.12 ± 2.03 25.49 ± 1.66 16.23 ± 1.88 46.15 ± 3.79
High 0.35 ± 0.35 56.39 ± 1.81 18.30 ± 1.28 25.91 ± 2.04 11.82 ± 1.63 26.74 ± 1.89 19.01 ± 2.74 42.44 ± 3.03

2015

UB 2.38 ± 2.38 36.96 ± 6.19 22.67 ± 4.85 37.99 ± 3.96 11.08 ± 1.97 20.19 ± 2.56 38.92 ± 4.15 29.81 ± 4.79
Low 0.41 ± 0.41 46.34 ± 6.13 14.40 ± 1.86 32.62 ± 2.27 9.52 ± 1.44 16.00 ± 2.34 33.54 ± 2.53 38.71 ± 2.99
Mid 0.00 ± 0.00 54.88 ± 2.35 14.88 ± 1.86 30.24 ± 2.70 8.54 ± 0.94 24.01 ± 1.97 27.13 ± 1.73 40.33 ± 2.20
High 0.82 ± 0.52 53.25 ± 2.32 19.45 ± 1.89 26.49 ± 2.95 9.44 ± 1.23 24.01 ± 1.29 29.72 ± 1.72 36.83 ± 2.04

2017

UB 0.00 ± 0.00 46.85 ± 8.59 17.60 ± 5.07 38.33 ± 9.22 11.44 ± 3.45 22.66 ± 3.45 35.62 ± 7.10 30.28 ± 7.52
Low 0.41 ± 0.41 44.08 ± 6.38 17.55 ± 2.22 33.10 ± 2.89 12.97 ± 1.76 20.40 ± 2.70 28.78 ± 2.33 34.38 ± 2.10
Mid 0.00 ± 0.00 46.38 ± 3.73 18.61 ± 2.99 35.01 ± 3.09 10.49 ± 2.15 28.73 ± 1.99 23.51 ± 2.49 37.28 ± 5.07
High 0.34 ± 0.34 45.13 ± 1.53 20.84 ± 2.29 33.69 ± 3.30 11.05 ± 1.35 26.10 ± 2.10 28.08 ± 2.66 34.77 ± 3.09

A PCA (Figure 5), which included the results for the burned area, reduced the variables to a
five-component solution (eigenvalues > 1) and explained more than 73.84% of variability but this was
simplified to a two-component solution which included 39.17% of the variability in the original data.
The first component (COMP1) accounted for 21.17%, while the second explained 18.00% (COMP2).
The ecosystem responses to burn severity (SEV) were clustered along the COMP1 axis, while that
related to time after the fire (YEAR) was clustered on the COMP2 axis.

Figure 5. The PCA that included the recorded variables in the burned area: H′ (Shannon Diversity
Index, nondimensional), FR (Floristic Richness, number of species), SEV (burn severity, quantitative
levels), TIME (period of time since the wildfire event to the sampling date, years), adaptive strategies
(R−S+, R+S− and R+S+) and growth form (trees (TREE), shrubs (SHRUB), dwarf shrubs (DWARF-S)
and herbs (HERB)). Dots represent the standardized values for the short-term period after the wildfire
event (1, 3 and 5 years after) in light orange (low burn severity), dark orange (moderate burn severity)
and red (high burn severity). COMP1: first component (ecosystem response to burn severity) accounts
for 21.17% of the variance; COMP2: second component (ecosystem response to time after fire) explains
18.00% of the variance (both accounted for 39.17% of the total variability contained in the original data
when added together).
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4. Discussion

Changes in fire regimes and the effects on plant communities, mainly in terms of plant (alpha)
diversity and recovery time of Mediterranean plant communities, are a major trend to manage natural
and seminatural landscapes in ecosystem conservation [48]. Thus, our approach demonstrated a
relationship between burn severity, time after fire passage and the recovery/regeneration of the plant
community in P. halepensis stands in the SE Iberian Peninsula.

The results indicated that the α-diversity values were lower in the burned area than in the
control plots, mainly in the areas burned by high fire severity, which reduced seedbanks and increased
colonizer species cover [49,50]. Lopez-Poma and Bautista [22] found different effects of fire severity,
depending on soil damage, which we linked to species and adaptive strategies (related to growth
forms). We also found higher and increasing floristic richness in burned areas, but the highest values
were recorded for the Moderate severity, which also had the highest RECRUIT value that would
encourage the plant community toward a more mature successional stage in the short term. On the
contrary, H′ increased according to the time after fire and burn severity, showing a maximum value
under the high burn severity in 2017. To avoid an interaction of the unburned plots, we found marked
differences in the specific diversity values for years 5 after the fire, with values remaining above those
of the more severely burned plots. This indicated that there is a sustainable fire frequency (more than
25 years) since the high alpha diversity decreases rapidly in the short term [51] although a high burn
severity could induce changes in post-fire recovery patterns [17,22].

Post-fire succession chrono-sequences in the Mediterranean Basin suggest that post-fire succession
is dominated by herbaceous taxa in the short term [52], according to the initial floristic composition
model of Egler [20], which concluded that herbaceous plants rapidly appeared and colonized bare
ground after fire. In our assessment, the highest cumulative number of species was found 3 years after
the fire due to the presence of herbaceous species, heliophiles and pioneer species, established due
to low interspecific competition. These colonizer and pioneer species disappeared 3 years after the
fire, probably due to successional dynamics, including successive species removal related to intra- and
inter-specific competition [53].

The plant community included no fire-intolerant plant species, with post-fire obligate seeders
predominating, mainly those comprising persistent seed banks enclosed in soil (Cistus) or in the
canopy (Pinus). Nonetheless, some species (HERBS in early years) may come from unburned patches or
outside the fire perimeter (metapopulation dynamics) [54]. The facultative seeders showed their highest
percentages under the moderate burn severity and obligate resprouters were not apparently affected by
burn severity, similar to other Mediterranean communities [55]. According to time after fire, heliophiles
and pioneer species were replaced with shrubs, with increasing tree cover, but obligate resprouters were
not affected by burn severity. We found no clear evidence that variation in burn severity modulates
the seeders to resprouters abundance ratio, which contrasts with other findings [23,56,57]. However,
RECRUIT was promoted by fire, with lower values for Low and High severities than for Moderate
severity, and where the conditions had been related to the killing of seeds enclosed in cones [58],
competition of germinated seedlings [59] or diminished regeneration capacity [21].

5. Conclusions

Adaptive strategies developed by plants evolved in Mediterranean climates provide resilience
to regenerate after disturbances such as wildfires (time variation according to natural productivity
and sustainable fire regime) [60]. However, it is important to acquire knowledge about the ecological
effects of fire severity and the influence on the time extension for the immaturity risk [61] to apply a
proper adaptive forest management under changing scenarios.

A diachronic study was used to improve the assessment of fire effects in Mediterranean forests,
mainly in the short term. In Aleppo pine forests in semiarid stands, alpha diversity quickly recovers
after fire, but is higher in the plots burned according to moderate and high burn severity in terms of
species complexity and abundance. Floristic richness and pine recruitment are promoted by moderate
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burn severity. When considering the adaptive strategies and growth forms, we conclude that 5 years
after the fire, plant composition apparently follows the mature successional stage and shows similar
values to closer mature stands, but moderate and high severity will induce higher risk of fire due to
the remaining percentages of herbs and dwarf shrubs.

Therefore, fire prevention should not focus only on prevention of fire risk but also on promoting
the frequency and severity to similar levels as in a sustainable fire regime [28]. Once fire occurs, it is
important to bear in mind to include in post-fire management and restoration actions that moderately
burned areas will have a high natural potential recovery, but those under high severity could show a
lack of pine recruitment and dominance of species.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9//299/s1,
Figure S1: Descriptive comparison procedure to determine patterns of (a) Shannon index (H′, nondimensional),
(b) Simpson index (D, nondimensional), (c) Aleppo pine recruitment rate (RECRUIT, pine seedlings m−2) and (d)
Floristic richness index (FR, number of species) related to time after fire (TIME, years after fire (one (2013), three
(2015) and five (2017))) and burn severity classes (SEV, UB = Unburned (green line)).

Author Contributions: All authors participated and significantly contributed to the editing of the manuscript.
J.D.l.H. supervised and coordinated the experiment and improved the experimental design. D.M. and S.G.-D.V.
oversaw the experimental design, conducted the field experiments and analyzed the results, ran statistical analyses,
and compiled the Tables and Figures. All authors contributed to manuscript writing and figure drafting.

Funding: This research was funded by the Excma. Diputación Albacete with a grant for research initiation
(DIPU4-AB2015), the Spanish National Institute for Agricultural and Food Research and Technology (INIA), i.e.,
the GEPRIF project (RTA2014-00011-C06-05) and the Universidad de Castilla-La Mancha with support to the
Forest Ecology Research Group.

Acknowledgments: We acknowledge the Forest Services of the Regional Government of Castilla-La Mancha
(Junta de Comunidades de Castilla-La Mancha) for field support, mainly Elena Gomez. We also thank Helen
Warburton for the professional English editing and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bond, W.J.; Keeley, J.E. Fire as a global ‘herbivore’: The ecology and evolution of flammable ecosystems.
Trends Ecol. Evol. 2005, 20, 387–394. [CrossRef] [PubMed]

2. Pausas, J.G.; Keeley, J.E. A burning story: The role of fire in the history of life. BioScience 2009, 59, 593–601.
[CrossRef]

3. Cerdá, A.; Mataix-Solera, J. Efectos de los Incendios Forestales Sobre los Suelos en España: El Estado de la Cuestión
visto por los Científicos Españoles; FUEGORED, Cátedra Divulgación de la Ciencia (Universitat de Valencia):
Valencia, Spain, 2009; 529p.

4. Scott, A.C. The Pre-Quaternary history of fire. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2000, 164, 281–329.
[CrossRef]

5. Pausas, J.G.; Keeley, J.E. Abrupt climate-independent fire regime changes. Ecosystems 2014, 17, 1109–1120.
[CrossRef]

6. Dale, V.H.; Joyce, L.A.; McNulty, S.; Neilson, R.P.; Ayres, M.P.; Flannigan, M.D.; Hanson, P.J. Climate change
and forest disturbances. BioScience 2001, 51, 723–734. [CrossRef]

7. Doblas-Miranda, E.; Martínez-Vilalta, J.; Lloret, F.; Álvarez, A.; Ávila, A.; Bonet, F.J.; Brotons, L.; Castro, J.;
Curiel Yuste, J.; Díaz, M.; et al. Reassessing global change research priorities in Mediterranean terrestrial
ecosystems: How far have we come and where do we go from here? Glob. Ecol. Biog. 2015, 24, 25–43. [CrossRef]

8. Moriondo, M.; Good, P.; Durao, R.; Bindi, M.; Giannakopoulos, C.; Corte-Real, J. Potential impact of climate
change on fire risk in the Mediterranean area. Clim. Res. 2006, 31, 85–95. [CrossRef]

9. San-Miguel-Ayanz, J.; Schulte, E.; Schmuck, G.; Camia, A.; Strobl, P.; Liberta, G.; McInerney, D.
Comprehensive monitoring of wildfires in Europe: The European forest fire information system (EFFIS).
Approaches to Managing Disaster-Assessing Hazards, Emergencies and Disaster Impacts. Intech Open. 2012.
Available online: https://www.intechopen.com/books/approaches-to-managing-disaster-assessing-
hazards-emergencies-and-disaster-impacts/comprehensive-monitoring-of-wildfires-in-europe-the-
european-forest-fire-information-system-effis- (accessed on 25 May 2018).

22



Forests 2018, 9, 299

10. Doblas-Miranda, E.; Alonso, R.; Arnan, X.; Bermejo, V.; Brotons, L.; de las Heras, J.; Estiarte, M.; Hódar, J.A.;
Llorens, P.; Lloret, F.; et al. A review of the combination among global change factors in forests, shrublands
and pastures of the Mediterranean Region: Beyond drought effects. Glob. Planet. Chang. 2017, 148, 42–54.
[CrossRef]

11. Newton, A.C.; Cantarello, E. Restoration of forest resilience: An achievable goal? New For. 2015, 46, 645–668.
[CrossRef]

12. Clarke, P.J.; Lawes, M.J.; Midgley, J.J.; Lamont, B.B.; Ojeda, F.; Burrows, G.E.; Knox, K.J.E. Resprouting as
a key functional trait: How buds, protection and resources drive persistence after fire. New Phytol. 2013,
197, 19–35. [CrossRef] [PubMed]

13. Tapias, R.; Gil, L.; Fuentes-Utrilla, P.; Pardos, J.A. Canopy seed banks in Mediterranean pines of South-Eastern
Spain: A comparison between Pinus halepensis Mill.; P. pinaster Ait.; P. nigra Arn. and P. pinea L. J. Ecol. 2001,
89, 629–638. [CrossRef]

14. Reyes, O.; Trabaud, L. Germination behaviour of 14 Mediterranean species in relation to fire factors: Smoke
and heat. Plant Ecol. 2009, 202, 113. [CrossRef]

15. Moreira, F.; Catry, F.X.; Rego, F.; Bacao, F. Size-dependent pattern of wildfire ignitions in Portugal: When do
ignitions turn into big fires? Landsc. Ecol. 2010, 25, 1405–1417. [CrossRef]

16. Moya, D.; De las Heras, J.; López-Serrano, F.R.; Leone, V. Optimal intensity and age of management in young
Aleppo pine stands for post-fire resilience. For. Ecol. Manag. 2008, 255, 3270–3280. [CrossRef]

17. González-De Vega, S.; De Las Heras, J.; Moya, D. Resilience of Mediterranean terrestrial ecosystems and fire
severity in semiarid areas: Responses of Aleppo pine forests in the short, mid and long term. Sci. Total Environ.
2016, 573, 1171. [CrossRef] [PubMed]

18. Viana-Soto, A.; Aguado, I.; Martínez, S. Assessment of Post-Fire Vegetation Recovery Using Fire Severity
and Geographical Data in the Mediterranean Region (Spain). Environments 2017, 4, 9. [CrossRef]

19. Schwilk, D.W.; Keeley, J.E.; Bond, W.J. The intermediate disturbance hypothesis does not explain fire and
diversity pattern in Fynbos. Plant Ecol. 1997, 132, 77–84. [CrossRef]

20. Verroios, G.; Georgiadis, T. Post-fire vegetation succession: The case of Aleppo pine (Pinus halepensis Miller)
forests of Northern Achaia (Greece). Fresenius Environ. Bull. 2002, 11, 186–193.

21. García-Jiménez, R.; Palmero-Iniesta, M.; Espelta, J.M. Contrasting effects of fire severity on the regeneration
of Pinus halepensis Mill. and resprouter species in recently thinned thickets. Forests 2017, 8, 55. [CrossRef]

22. López-Poma, R.; Bautista, S. Plant regeneration functional groups modulate the response to fire of soil
enzyme activities in a Mediterranean shrubland. Soil Biol. Biochem. 2014, 79, 5–13. [CrossRef]

23. Pereira, P.; Francos, M.; Brevik, E.C.; Ubeda, X.; Bogunovic, I. Post-fire soil management. Curr. Opin. Environ.
Sci. Health 2018, 5, 26–32. [CrossRef]

24. Pasho, E.; Camarero, J.J.; de Luis, M.; Vicente-Serrano, S.M. Impacts of drought at different time scales on
forest growth across a wide climatic gradient in north-eastern Spain. Agric. For. Meteor. 2011, 151, 1800–1811.
[CrossRef]

25. Quezel, P. Taxonomy and biogeography of Mediterranean pines (Pinus halepensis and P. brutia). In Ecology,
Biogeography and Management of Pinus halepensis and P. brutia Forest Ecosystems in the Mediterranean Basin;
Ne’eman, G., Trabaud, L., Eds.; Backhuys Publishers: Leiden, The Netherlands, 2000; pp. 1–12.

26. Sarris, D.; Christodoulakis, D.; Korner, C. Impact of recent climatic change on growth of low elevation
eastern Mediterranean forest trees. Clim. Chang. 2011, 106, 203–223. [CrossRef]

27. Goubitz, S.; Nathan, R.; Roitemberg, D.; Shmida, A.; Ne’eman, G. Canopy seed bank structure in relation to:
Fire, tree size and density. Plant Ecol. 2004, 173, 191–201. [CrossRef]

28. Keeley, J.E.; Bond, W.J.; Bradstock, R.A.; Pausas, J.G.; Rundel, P.W. Fire in Mediterranean Ecosystems: Ecology,
Evolution and Management; Cambridge University Press: Cambridge, UK, 2012.

29. Hernández-Serrano, A.; Verdú, M.; González-Martínez, S.C.; Pausas, J.G. Fire structures pine serotiny at
different scales. Am. J. Bot. 2013, 100, 2349–2356. [CrossRef] [PubMed]

30. DeRose, R.J.; Long, J.N. Resistance and resilience: A conceptual framework for silviculture. For. Sci. 2014,
60, 1205–1212. [CrossRef]

31. Kottek, M.; Grieser, J.; Rieser, C.; Beck, C.; Rudolf, B.; Rubel, F. World map of the Koppen-Geiger climate
classification updated. Meteorol. Z. 2006, 15, 259–263. [CrossRef]

23



Forests 2018, 9, 299

32. García-Morote, F.A.; Martínez-García, E.; Andrés-Abellán, M.; Caballero, E.R.; Miettinen, H.;
López-Serrano, F.R. Direct seeding of Pinus halepensis Mill. for recovery of burned Semi-Arid Forests:
Implications for post-fire management for improving natural regeneration. Forests 2017, 8, 353.

33. Soil Survey Staff. Keys to Soil Taxonomy, 12th ed.; USDA-Natural Resources Conservation Service: Washington,
DC, USA, 2014.

34. Miller, J.D.; Thode, A.E. Quantifying burn severity in a heterogeneous landscape with a relative version of
the delta normalized burn ratio (dNBR). Remote Sens. Environ. 2007, 109, 66–80. [CrossRef]

35. Gómez-Sánchez, E.; de las Heras, J.; Lucas-Borja, M.; Moya, D. Assessing fire severity in semi-arid
environments: Application in Donceles 2012 wildfire (SE Spain). Revista Teledetección 2017, 49, 103–113.
[CrossRef]

36. Alloza, J.A.; García, S.; Gimeno, T.; Baeza, M.J.; Vallejo, V.R. Guía Técnica Para la Gestión de Montes Quemados;
Ministerio de Agricultura, Alimentación y Medio Ambiente: Madrid, Spain, 2014; 188p.

37. Ryan, K.; Noste, N. Evaluating prescribed fires. Proceedings of the Symposium and Workshop on Wilderness Fire,
Missoula, Montana, 15 November 1983; USDA Forest Service Intermountain Forest and Range Experiment
Station, General Technical Report INT 182; 1985; pp. 230–238. Available online: https://www.fs.fed.us/rm/
publications/titles/int_gtr.html (accessed on 25 May 2018).

38. Stohlgren, T.J.; Falkner, M.; Schell, D.L. A Modified-Whittaker nested vegetation sampling method. Plant Ecol.
1995, 117, 113–121. [CrossRef]

39. Van der Maarel, E. Transformation of cover-abundance values for appropriate numerical treatment–
Alternatives to the proposals by Podani. J. Veg. Sci. 2007, 18, 767–770.

40. Buckland, S.T.; Borchers, D.L.; Johnston, A.; Henrys, P.A.; Marques, T.A. Line transect methods for plant
surveys. Biometrics 2007, 63, 989–998. [CrossRef] [PubMed]

41. Shannon, C. A mathematical theory of communication. Bell. Syst. Tech. J. 1948, 27, 379–423. [CrossRef]
42. Simpson, E.H. Measurement of diversity. Nature 1949, 163, 688. [CrossRef]
43. Paula, S.; Arianoutsou, M.; Kazanis, D.; Tavsanoglu, Ç.; Lloret, F.; Buhk, C.; Ojeda, F.; Luna, B.; Moreno, J.M.;

Rodrigo, A.; et al. Fire-related traits for plant species of the Mediterranean Basin. Ecology 2009, 90, 1420.
[CrossRef]

44. Tutin, T.G.; Heywood, V.H.; Burges, N.A.; Moore, D.M.; Valentine, D.H.; Walters, S.M.; Webb, D.A.
Flora Europaea; Cambridge University Press: Cambridge, UK, 1964.

45. Castroviejo, S. Flora ibérica. Available online: http://www.floraiberica.es/ (accessed on 24 May 2018).
46. Statgraphics Centurion 18.1.03; Statpoint Technologies Inc.: Warrenton, VA, USA, 2018.
47. R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for

Statistical Computing: Vienna, Austria, 2015.
48. Kruger, F.J. Plant Community Diversity and Dynamics in Relation to Fire. In Mediterranean-Type Ecosystems;

Kruger, F.J., Mitchell, D.T., Jarvis, J.U.M., Eds.; Ecological Studies (Analysis and Synthesis); Springer:
Berlin/Heidelberg, Germany, 1983.

49. Ghermandi, L.; Gonzalez, S.; Lescano, M.N.; Oddi, F. Effects of fire severity on early recovery of Patagonian
steppes. Int. J. Wildland Fire 2013, 22, 1055–1062. [CrossRef]

50. Zedler, P.H.; Gautier, C.R.; McMaster, G.S. Vegetation change in response to extreme events: The effect of a
short interval between fires in California chaparral and coastal scrub. Ecology 1983, 64, 809–818. [CrossRef]

51. Cowling, R.M.; Rundel, P.W.; Lamont, B.B.; Arroyo, M.K.; Arianoutsou, M. Plant diversity in
mediterranean-climate regions. Trends Ecol. Evol. 1996, 11, 362–366. [CrossRef]

52. Kazanis, D.; Arianoutsou, M. Vegetation Composition in a Post-Fire Successional Gradient of Pinus halepensis
Forests in Attica, Greece. Int. J. Wildland Fire 1996, 6, 83–91. [CrossRef]

53. Bond, W.J.; Van Wilgen, B.W. Fire and Plants (population and community biology series 14). Popul.
Community Biol. 1996, 263.

54. Pausas, J.G.; Keeley, J. Evolutionary ecology of resprouting and seeding in fire-prone ecosystems. New Phytol.
2014, 204, 55–65. [CrossRef] [PubMed]

55. Marais, K.E.; Pratt, R.B.; Jacobs, S.M.; Jacobsen, A.L.; Esler, K.J. Postfire regeneration of resprouting mountain
fynbos shrubs: Differentiating obligate resprouters and facultative seeders. Plant Ecol. 2014, 215, 195–208.
[CrossRef]

56. Pausas, J.G.; Bradstock, R.A.; Keith, D.A.; Keeley, J.E. Plant Functional traits in relation to fire in crown-fire
ecosystems. Ecology 2004, 85, 1085–1100. [CrossRef]

24



Forests 2018, 9, 299

57. Hollingsworth, T.N.; Johnstone, J.F.; Bernhardt, E.L.; Chapin, F.S., III. Fire severity filters regeneration traits
to shape community assembly in Alaska’s boreal forest. PLoS ONE 2013, 8, e56033. [CrossRef] [PubMed]

58. Moya, D.; De las Heras, J.; Salvatore, R.; Valero, E.; Leone, V. Fire intensity and serotiny: Response of
germination and enzymatic activity in seeds of Pinus halepensis Mill. from southern Italy. Ann. For. Sci. 2013,
70, 49–59. [CrossRef]

59. Sagra, J.; Plaza-Álvarez, P.A.; Moya, D.; Lucas-Borja, M.E.; Alfaro Sánchez, R.; de las Heras Ibáñez, J.;
Ferrandis, P. Predation influence on seedling recruitment in Mediterranean forests after prescribed burning.
Forests 2017, 8, 243. [CrossRef]

60. Pausas, J.G.; Keeley, J.E.; Schwilk, D.W. Flammability as an ecological and evolutionary driver. J. Ecol. 2017,
105, 289–297. [CrossRef]

61. Ne’eman, G.; Goubitz, S.; Nathan, R. Reproductive traits of Pinus halepensis in the light of fire-A critical
review. Plant Ecol. 2004, 171, 69–79. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

25



Article

Effects of Management Practices and Topography on
Ectomycorrhizal Fungi of Maritime Pine during
Seedling Recruitment

Arthur Guignabert 1,* ID , Florian Delerue 2,3, Maya Gonzalez 1, Laurent Augusto 1 and

Mark R. Bakker 1 ID

1 UMR 1391 ISPA (Atmosphere Plant Soil Interactions), Bordeaux Sciences Agro, INRA,
33140 Villenave d’Ornon, France; maya.gonzalez@agro-bordeaux.fr (M.G.);
laurent.augusto@inra.fr (L.A.); mark.bakker@inra.fr (M.R.B.)

2 Bordeaux INP, G&E, EA 4592, F-33600 Pessac, France; florian.delerue@bordeaux-inp.fr
3 Georesources & Environment, Bordeaux Montaigne University, EA 4592, F-33600 Pessac, France
* Correspondence: arthur.guignabert@inra.fr; Tel.: +33-5-5712-2523

Received: 13 April 2018; Accepted: 2 May 2018; Published: 3 May 2018

Abstract: Symbiosis with ectomycorrhizal (ECM) fungi can be important for regeneration success. In a
context of increasing regeneration failures in the coastal forest of maritime pine in Southwest France,
we tried to identity whether differences in ECM communities could partly explain the variation
of regeneration success and how they are influenced by forest practices and stand characteristics.
In particular, we focused on the effects of harvesting methods (comparing mature forest with seed-tree
regeneration and clear-cuts) and topography (bottom-, mid-, and top positions). Five field trials
(two in regeneration failure areas and three in successful areas) were used to sample 450 one-year-old
seedlings. Assessments of ECM of seedling nutrient concentrations and of seedling growth based
on exploration types were made. ECM root colonisation was similar in all harvesting treatments,
suggesting that enough inoculum remained alive after logging. Harvesting-induced effects modifying
soil properties and light availability respectively impacted ECM composition and seedling growth.
Topography-induced variations in water and nutrient availability led to changes in ECM composition,
but had little impact on seedling growth. Contact, short-distance, and long-distance exploration
types improved the nutritional status of seedlings (Ca, K, and N), showing that mycorrhization could
play an important role in seedling vitality. However, neither ECM root colonisation nor exploration
types could be related to regeneration failures.

Keywords: Ectomycorrhizal fungi; Pinus pinaster; seedlings; natural regeneration; harvesting
practices; topography; precipitation

1. Introduction

Maritime pine (Pinus pinaster Aït in Soland) is the dominant forestry tree species in south-western
France, covering almost one million ha [1]. Most of the forest range in the interior land plains is renewed
by planting, whereas natural regeneration is used in the coastal area, which represents 10% of this
forest [1]. In addition to wood production, these coastal forests have a multifunctional role, including
soil erosion protection, preservation of biodiversity, and tourism/public usage [2]. To accommodate
these multiple objectives, the use of natural regeneration to renew forest stands limits soil disturbance
(no soil ploughing, such as before plantations) and improves the conservation of genetic diversity
and the capacity of forests to adapt to global change. However, in recent years, regeneration failures
have increased in some areas, leading to significant economic losses [2,3]. The regeneration status is
estimated by counting the number of seedlings two to three years after clearcutting: regeneration is
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considered successful if the number of seedlings per hectare is higher than 3000; failed if there are less
than 1500 seedlings/ha; and semi-successful (i.e., it could be sufficient, but the stand should remain
under surveillance) if the number of seedlings is between these two thresholds [2].

The period between germination and seedling establishment is often a crucial step in the process of
natural regeneration [4,5], and is well-known to depend on soil, climate, and biotic factors [6–8]. This is
particularly the case for forests that have soil seed banks with a short life lifespan (such as maritime
pine) where regeneration occurs from the soil seed bank after clear-cutting. In areas where regeneration
failures are observed, “security sowing” is generally applied to ensure regeneration [2]. One of the
most important biotic factors involved in natural regeneration, but which is often overlooked, is the
association between plants and ectomycorrhizae (ECM) fungi [9–11]. Throughout their extramatrical
mycelial network, ECM fungi can represent up to 75% of the absorptive area and over 99% of the
absorptive length [12]. This symbiotic relationship, obligatory for almost all conifer species, provides
water and nutrients to the seedling in exchange for carbohydrates, thus improving seedling growth,
nutrient concentrations, and the success of seedling recruitment [13,14]. It also improves seedling
resistance against drought, pathogens, and heavy metals [15–17]. Considering the importance of ECM
for plant nutrition and water acquisition in oligotrophic and dry systems [17–19], like the sandy-soil
system of the coastal dune forest, this particular biotic interaction could be involved in the differences
of natural regeneration observed in the region.

Hence, this study examined the ectomycorrhizal composition of pine seedlings one year after
logging by using five field trials with contrasting natural regeneration success which are located
throughout this region. It corresponds to an initial examination of the subject to determine whether
this biotic interaction should be studied in more depth. ECM fungi were classified according to the
typology of Agerer [20], which classified ECM into different exploration types (i.e., their ability to
explore the soil) based on the extent of mycelium and the presence and differentiation of rhizomorphs.
Shorter exploration types represent a lower carbon cost to the plant and are more prevalent in wet and/or
nutrient-rich areas, whereas longer exploration types (i.e., fungi with rhizomorphs) are more prevalent in
dry and/or nutrient-poor areas where seedlings need to increase their absorptive area [21–23].

ECM communities can be influenced by a large number of factors including soil properties such
as pH, soil temperature, nutrient availability, soil moisture, and climatic factors [24–26]. Soil moisture
is an important driver of fungal composition. In dry soils, a decrease of ECM colonisation can
occur [27], as well as a shift in ECM species, leading to the appearance of ECM which are well-adapted
to dry soils and less expensive in carbon for the host plant or which develop highly differentiated
rhizomorphs [22,28]. Studies at regional scales have shown that ECM fungal composition could vary
with precipitation and temperature [25,29,30].

ECM communities are also highly sensitive to forestry practices in relation to tree harvesting,
which can strongly affect the development of new seedlings during the next forest rotation. Briefly, tree
harvesting practices could: (i) represent a potential disturbance of topsoil layers where ECM fungi
are abundant [31]; (ii) improve the colonisation of seedling roots by ECM fungi in the case of
seed-tree cuts relative to clear-cut systems; and (iii) modify the overall aforementioned soil properties.
More precisely, the effects of clear-cutting, reviewed by Jones et al. [32], are closely associated with
the level of soil disturbance. When the forest floor is little disturbed during harvesting, clear cutting
results in a decrease in ECM species richness and a change in species composition rather than
a reduction in root colonization. Mycorrhizal inoculum can remain active in the soil for one to
two years after harvesting [9] and does not appear to be limiting for seedling colonisation [32].
When soil is heavily disturbed (forest floor removal and/or soil compaction), harvesting also
impacts ECM colonisation, reducing the available inoculum by breaking mycelial networks and
modifying soil properties [11,33–35]. Secondly, the preservation of seed-trees in the stand after harvest,
either by leaving individual trees [36] or by leaving patches of trees [37], can improve the fungal
root colonization of seedlings and could enhance natural regeneration, especially under drought
conditions [38,39]. Indeed, the pre-existing mycelial network established by the roots of surrounding
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adult trees permits the seedlings to connect to this network at a low carbon cost and this can improve
seedling regeneration [14,40,41]. Partial cutting can promote the maintenance of active root tips,
and seed-tree cuts can maintain an intermediate level of ECM colonisation between clear-cuts and
forests [36,42]. Thirdly, the impacts of clear-cuts or seed-tree cuts on ECM communities are also
due to the associated modifications of soil properties relative to hydric conditions, soil temperature,
or nutrient availability [32].

In the face of observed regeneration failure, the more specific context of coastal dune forests was
considered and regeneration practice other than standard clearcutting is currently being tested by
preserving seed-trees in the stand. In addition, the topography induced by the dune ecosystem is a
major characteristic of these coastal forests, and strongly impacts the distance to the water table which
varies from 1–3 m at the bottom to 17 m at the top of the dunes [43]. Consequently, harvest practices
(clear-cuts and seed-tree cuts vs mature stands) and topographical positions (bottom-, mid-, and top
positions) were tested in this experiment as factors potentially affecting ECM communities and their
relationship with seedling nutrition.

More precisely, we examined the variations in ECM colonization between sites in relation to
regeneration status, harvesting practices, and environmental conditions (i.e., topography, meteorological
conditions, and soil properties). We hypothesized that: (i) seedlings from the sites with regeneration failures
could have a lower ectomycorrhizal colonisation and a lower diversity of ectomycorrhizal exploration types;
(ii) ectomycorrhizal colonisation could be lower in clear-cuts than forests due to the loss of inoculum; and
(iii) ECM fungi could modify root development, and could lead to better needle nutrient concentrations.

2. Materials and Methods

2.1. Study Area Description

To test our hypotheses, we established trials in five forests along the coast in SW France (Figure 1a).
Two of the sites are within the area of chronic stand regeneration failure (hereafter referenced to as sites
F1 and F2), while the three other sites are in areas with high values of regeneration success (S1, S2, and S3).
Since regeneration failures are very heterogeneous within the same forest, germination and survival
were monitored during the three years following the clear-cut to confirm the regeneration status of the
sites (Table 1).

Figure 1. Location of the five study sites (a) and the seedling sampling design (b).
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Table 1. Characteristics of the five study sites.

S1 S2 F1 F2 S3

Regeneration status
Survival (%) 59.8 31.0 15.8 25.7 66.2
Seedlings/ha 3062 3875 1000 1188 8438

Location
Forest Lacanau Lège-Cap-Ferret Biscarrosse Sainte-Eulalie-en-Born Saint-Julien-en-Born

Latitude 45◦1’43.2” N 44◦44’9.4” N 44◦24’37.1” N 44◦18’14” N 44◦6’8” N
Longitude 1◦10’44.1” W 1◦12’35.6” W 1◦14’3.4” W 1◦15’8.2” W 1◦17’27” W

Meteo
Annual P (mm) 709 (879) 608 (840) 659 (894) 718 (936) 880 (1007)
Summer P (mm) 191 (155) 139 (141) 127 (151) 147 (157) 174 (165)
Annual T (◦C) 13.8 (13.7) 14.4 (14.1) 14.4 (14.1) 14.4 (14.1) 14.2 (14.0)
Summer T (◦C) 19.5 (19.7) 20.2 (20.3) 20.2 (20.2) 20.2 (20.2) 19.9 (20.1)

Annual PET (mm) 759 (756) 780 (773) 778 (770) 778 (771) 774 (769)

Soil
pH (H2O) ± SE 4.46 ± 0.14 a 4.82 ± 0.21 c 4.57 ± 0.13 ab 4.68 ± 0.19 bc 4.44 ± 0.14 a

OM (%) ± SE 42.5 ± 13.7 d 24.8 ± 13.9 ab 28.2 ± 10.9 bc 36.8 ± 15.7 cd 14.3 ± 8.5 a

Values in March 2018 (i.e., three years after logging), resulting from a three-year monitoring of germination
and seedling survival under standard practice (i.e., clear-cut) on these five sites. Values for precipitations (P),
temperature (T), and potential evapotranspiration (PET) represent values for the year 2015, with the average
of the 2006−2016 period in brackets. Summer T and P correspond to values from July to September 2015.
Meteorological data were calculated for each site, by linear interpolation of the three closest Météo-France weather
stations. Organic matter (OM) and pH are means of 20 soil samples per site (10 in seed-trees and 10 in clear-cuts).
Each sample was taken from an area of 0.125 m2 and 5 cm deep, and represents a mixture of forest floor and
upper mineral horizon. Different letters after mean values indicate significant differences between sites at p < 0.05
determined by ANOVA and a Tukey test.

The climate in the region is temperate oceanic. Annual average precipitations varied from 840 mm
to 1007 mm and annual average temperature was around 14 ◦C for all sites (2006−2016, Météo-France
data; Table 1). The year of germination and early growth of seedlings (i.e., 2015) was the driest year
of the decade, with precipitations between 608 mm and 880 mm, and average annual temperatures
around 14 ◦C (Météo-France data; Table 1). All sites are near a monospecific forest of Pinus pinaster
(Aït in Soland), with some small individuals of oak (Quercus robur L., Q. ilex L., and Q. suber L.) within
the stands or in the margins. Understorey was mainly composed of Arbutus unedo L., as well as small
amounts of other shrubs (Ulex Europaeus L., Cytisus scoparius (L.) Link), grasses (Holcus lanatus L.,
Deschampsia flexuosa (L.) Trin.), and ericaceous plants (Erica cinerea L., Erica scoparia L.). All sites
were chosen on westerly facing slopes at about 2.5 km from the ocean, with an average slope of 10◦.
Soils were young sandy soils (WRB (World Reference Base) classification: arenosols; USDA (United
States Department of Agriculture) classification: entisols), developed from Aeolian deposits that
occurred during the Holocene period [44]. These soils are mainly composed of coarse sands (96−97%),
are slightly acidic (topsoil values of pH = 4.5–5.0; base saturation = 32−54%), have a low water holding
capacity, and are extremely poor in nutrients [44]. Forest floor organic layer thickness varies between
0.5 and 4 cm (unpublished data [44]).

2.2. Tree Harvesting and Stand Regeneration Management Methods

Because tree harvesting and regeneration methods may impact ECM communities, the three
following treatments were tested at each site: (1) control (i.e., no tree harvest and stand disturbance;
hereafter referred to as “Forest” treatment); (2) seed-tree regeneration method (i.e., natural regeneration
with seed-trees (70 trees ha−1; “Seed-tree” treatment); and (3) clear-cut, which corresponds to
the dominant harvesting and regeneration method in coastal dune forest (“Clear-cut” treatment).
Logging was carried out mechanically between December 2014 and March 2015 in the seed-tree
and clear-cut treatments. Other current practices were carried out before logging in these two
treatments: understorey vegetation was mechanically removed to limit post-logging competition,
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and was combined with mechanical tillage to increase soil aeration and the availability of nutrients.
This tillage mixed the forest floor organic layers with the mineral topsoil layer.

Light availability for each harvesting treatment was calculated from the diameter, age, and
density of the trees, following equations of Porté et al. [45] and Berbigier and Bonnefond [46]. It was
significantly different between harvesting treatments (Kruskal–Wallis rank sum test, p = 0.002), with
the lowest values in forests (mean: 80 ± 2.2%), intermediate values in seed-trees (mean: 92 ± 0.7%),
and maximal values in clear-cuts (mean: 100%) (Tukey test: a, b, and c, respectively).

2.3. Sampling of Seedlings

In this study, we chose to sample seedlings that had regenerated naturally rather than planting
nursery grown seedlings, in order to remain as close as possible to natural regeneration conditions.
Indeed, ECM communities between seedlings planted under nursery conditions and those that
had regenerated naturally in the stand are different [14]. The nursery fungi suppress the initial
colonization by native fungi, and do not reflect a difference in local inoculum [32]. Seedlings were
selected and sampled from all five sites between the end of November 2015 and early February 2016.
Seedlings almost only germinate in spring (between the end of March and the beginning of June),
and were eight to 10 months old when sampled. At each site, for each harvesting treatment and
for each topographical position, a central area of about 50 m × 8 m was identified for seedling
sampling (=9 areas per site; Figure 1b). Within each area, two seedlings were selected every 10 m
as close as possible to the line splitting the area in half, with one on each side of the line (Figure 1b).
Non-browsed seedlings were selected (between 5 and 20 cm in height). Areas too close to other tree
species (especially oaks) were avoided. Seedlings with their entire root system and a small amount of
soil were gently removed using a shovel and then stored in plastic bags at 4 ◦C. In total, 450 seedlings
were sampled (450 = 5 sites × 3 harvest treatments × 3 topographical positions × 10 seedlings).

2.4. Assessment of Seedling Dimensions and Ectomycorrhizal Status

Seedlings were cut at the root collar. Shoot stem diameter and total height were measured.
Roots were then washed carefully over a plastic tray to remove soil adhering to the roots without
disrupting the ECM material. Tap root length was recorded. Then, roots were divided into coarse
roots (CR, diameter > 2 mm) and fine roots (FR, diameter < 2 mm). CR Lengths were measured with a
caliper. For FR, we calculated mycorrhizal and non-mycorrhizal root length based on the line intersect
method [47]. Root tips were observed using a binocular microscope, and ECM fungi were classified
into the four main morphotypes reported by Agerer [20], depending on the exploration type of fungi.
Contact exploration types have a smooth mantle, sometimes with a few hyphae. Short-distance
exploration types correspond to ECM with many hyphae and no rhizomorphs. Medium-distance
exploration types are represented by fungae with hyphae and rhizomorphs, which ramify and
interconnect repeatedly. Long-distance exploration types include smooth ECM with few but highly
differentiated rhizomorphs [20]. Non-mycorrhizal root tips were also counted. Shoots, CR, and FR samples
were dried at 60 ◦C to obtain biomass values. ECM root colonization (%), specific root length (SRL, m g−1),
total seedling biomass (g), root:shoot (R:S, g g−1), and height:diameter (H:D, mm mm−1) ratios were
calculated from these measurements. Measurements from the ten seedlings from each sample location
(same harvest treatment and same topographical position) were averaged for statistical analyses.

2.5. Needle Nutrient Concentrations

Needles from the ten seedlings of each sample location were grouped into a composite sample
(n = 45 composite samples) for mineral analysis (N, P, K, Mg, Ca). Nutrient concentrations were
analysed after digestion in sulphuric acid and hydrogen peroxide. Nitrogen and phosphorus
were determined colorimetrically with a Technicon auto analyser II. Potassium, calcium, and
magnesium were determined with a Varian SpectrAA-20 flame atomic absorption spectrophotometer
(Varian, Mulgrave, Australia).
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Nutrient concentration values were compared to two sufficiency thresholds (i.e., where growth is
medium to good) from a literature compilation by van den Burg [48]. These thresholds correspond to
the mean values of several pine species, discerning values obtained from studies in sand culture from
those in pot trials (Supplementary Materials, Table S1).

2.6. Data Treatments and Statistics

All statistical analyses were realised with R software version 3.4.1. [49].

2.6.1. ECM Status

ECM root colonization, expressed as a percentage, was logit-transformed following Warton and
Hui [50] and total ECM root tips and number of root tips for each exploration type were expressed as
number per meter of fine root length.

First, we scrutinized potential differences of ECM status between sites and according to
meteorological differences between the sites. Analysis of variance was used to compare ECM status
between sites, using data for all seedlings from all treatments within each site. Correlations between
ECM variables and site characteristics (pH, OM, and precipitation variables) were prospected with
Bravais-Pearson correlation tests.

To investigate variations of ECM status within the different sites according to harvesting
treatments and topography, we used linear mixed modelling with harvesting treatment and topography
as fixed effects, and the site as a random effect. Posthoc Tukey pairwise multiple comparisons were
performed for significant treatments.

2.6.2. Seedling Growth and Nutrient Concentrations

To analyse how seedling growth and nutrient concentrations were affected by harvesting treatment
and topography, we carried out linear mixed models with harvesting treatment and topography as
fixed effects, and the site as a random effect. Biomass values and fine root length were log-transformed
to reach linear modelling assumptions. The date of emergence of the seedlings, which may have varied
by a few weeks, could lead to differences in terms of seedling size and the allocation of carbon and
nutrients are both known to vary with plant size and ontogeny [51]. Thus many seedling characteristics
(root:shoot, height:diameter, specific root length, and plant nutrient concentrations) were expected
to vary with seedling size [52–54]. Consequently, to take this effect due to seedling size into account
when performing our analyses, we first carried out linear regressions between aboveground biomass
and these variables. In a second step, when regressions were significant (p < 0.001 for R:S, H:D, N,
P, K and Ca, p = 0.97 for Mg, p = 0.72 for SRL), the effects of harvesting treatment and topography
were prospected on regression residuals and residual variance. Posthoc Tukey pairwise multiple
comparisons were performed for significant factors.

2.6.3. Relationship between ECM and Seedling Response after Filtering out Effects of Harvesting
Treatments and Topographical Positions

As ECM can improve access to soil resources for seedlings, analyses were only performed for
the following variables related to soil resource availability and plant nutrition: root:shoot ratio (R:S),
specific root length (SRL), and nutrient concentrations. The investigation of relationships between
ECM and seedling characteristics cannot be carried out directly because seedling response can be
influenced either as the result of mycorrhizal colonisation, or the impact of environmental variations
on both seedlings and mycorrhizae. Our previous statistical models performed in 2.6.2 had taken
the effects related to seedling size and local environment (harvest treatments and topography) into
account. Therefore, using the residual variance of these models enabled us to focus on the potential
remaining relationship between ECM and seedling properties alone, having filtered out the other
aforementioned effects.
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3. Results

3.1. Sites

The four exploration types were observed at all sites, and throughout most of the individual root
systems examined; 73% and 25% of the seedlings had respectively four and three exploration types on
their root system. ECM root colonization (%), number of root tips of each exploration type (nb m−1),
and total root tips differed in the five study sites (Figure 2; all p-values < 0.01). Root colonization was
higher in F2. Contact exploration type was higher in S1 and S3, whereas short-distance exploration
types were more prevalent in F1 and F2. The largest numbers of medium- and long-distance exploration
types were found respectively in S2 and F1. The greatest number of root tips occurred in F1, followed
by F2/S2 and S1/S3 (decreasing order; Figure 2f). Contact exploration types and total number of root
tips were respectively positively and negatively linked to summer 2015 precipitations (Figure 3), but
no effects of annual or decennial rainfall were observed. Medium-distance exploration types were
positively correlated with soil pH (r = 0.978, p = 0.004).

Figure 2. Differences in ectomycorrhizal (ECM) root colonization (a), the four ECM exploration types
(b–e; expressed as the number of root tips per meter of root length), and total root tips (f) in the
five study sites. Each bar represents mean ± SE (standard error) of nine values per site (harvesting
treatments and topographical positions combined). Statistical significance is shown in the top right
corner of each plot (***, p < 0.001; **, p < 0.01). Different lower-case letters indicate significant differences
between sites (p < 0.05, Tukey test). SD, MD, and LD stand for short-distance, medium-distance, and
long-distance exploration types, respectively.
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Figure 3. Significant (p < 0.05) Pearson correlations between ECM variables and summer precipitation
(precipitation from July to September).

3.2. ECM Status Related to Harvesting Treatments and Topographical Positions

ECM root colonization ranged from 64.8% to 87.3% (mean 75.8 ± 0.7%) and was not impacted by
harvesting treatment (p = 0.288) or by topography (p = 0.619). No significant relationship was observed
between total number of root tips and harvesting treatments (p = 0.131) or topography (p = 0.514) either.
Harvesting treatment (Figure 4a) and topography (Figure 4b) had a significant effect on ECM status.
Contact (p = 0.008), short-distance (p = 0.052), and medium-distance (p = 0.011) exploration types were
significantly affected by harvesting treatment (Figure 4a), but not long-distance exploration types (p = 0.506).
Numbers of short- and medium-distance root tips were higher on seedlings in forests and smaller on those
in clear-cuts. Seedlings in seed-trees had a greater number of contact exploration than those in forests.
Topography significantly affected the number of contact (p = 0.021) and medium-distance (p = 0.063)
exploration types (Figure 4b). Contact exploration decreased from bottom positions to top positions,
whereas medium-distance exploration was higher in the bottom position than in the mid position.

Figure 4. Number of root tips per meter of root length for the four ectomycorrhizal exploration types,
under (a) three harvesting treatments and (b) three topographical positions. Each bar represents an
average of 15 ± SE values. Significance of harvesting treatments or topographical positions is shown
in the top right corner of each plot (**, p < 0.01; *, p < 0.05; ¤, p < 0.1). Different lower-case letters
indicate significant differences for the same ECM exploration type between harvesting treatments
(a–d) or topographical positions (e–h) at p < 0.05, Tukey test. SD, MD, and LD stand for short-distance,
medium-distance, and long-distance exploration types, respectively.
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3.3. Seedling Growth and Needle Nutrient Concentrations

All parameters except specific root length (SRL) and Mg-needle concentration were significantly
affected by harvesting treatment (p = 0.430 for SRL, p = 0.712 for Mg, p < 0.001 for all others; Table 2).

Total seedling biomass and shoot biomass, stem diameter, and tap root length increased with
a decreasing intensity of harvesting, from the forest to the clear-cut. Root biomass and fine root
length were the lowest in forests, but no differences were found between seed-trees and clear-cuts.
Seedling height was greater for seedlings growing in forests. Regarding needle nutrient concentrations,
N and P were higher in seedlings in clear-cuts than in seed-trees, which were in turn higher than those
in forests. K concentration was lower in forests than in seed-trees and clear-cuts. Ca concentration was
higher in needles from seed-tree seedlings than in clear-cuts and forests. Topography only affected
SRL (p = 0.017), seedling height (p = 0.038), and height:diameter ratio (p = 0.007), which were all greater
at the mid position than the top position (Table 2). Regarding thresholds of sand culture studies,
N and P concentrations in forest seedlings were under the threshold, while none of the other nutrients
were considered as deficient in seed-trees or clear-cuts regardless of their topographical positions
(Table 2). Using threshold values derived from pot trial studies, K and Ca concentrations were also
deficient in the forest, whereas Ca was below the threshold for both seed-cuts and clear-cuts for all
topographical positions.

Table 2. Effects of harvesting treatments and topographical positions on growth variables and needle
nutrient concentrations.

Harvesting Treatments Topographical Positions

Forest Seed-Tree Clear-Cut Bottom Mid Top

Stem diameter (mm) 1.55 (0.05) a 1.69 (0.06) b 1.92 (0.06) c 1.77 (0.07) 1.71 (0.08) 1.68 (0.06)
Height (mm) 125.2 (4.7) b 109.4 (3.2) a 110.9 (2.7) a 115.6 (3.4) ab 120.2 (4.2) b 109.8 (4.2) a

Shoot biomass (g) 0.29 (0.02) a 0.43 (0.03) b 0.56 (0.05) c 0.44 (0.05) 0.44 (0.05) 0.41 (0.05)
Root biomass (g) 0.12 (0.01) a 0.20 (0.02) b 0.20 (0.02) b 0.17 (0.02) 0.17 (0.02) 0.18 (0.02)

Seedling biomass (g) 0.41 (0.03) a 0.63 (0.05) b 0.76 (0.06) c 0.60 (0.06) 0.61 (0.07) 0.59 (0.06)
Fine root length (cm) 99.4 (13.5) a 187.7 (30.0) b 163.5 (23.7) b 148.1 (25.2) 168.6 (26.8) 133.9 (23.4)
Tap root length (cm) 18.5 (0.71) a 21.7 (0.82) b 23.1 (0.56) b 21.1 (0.84) 21.4 (0.80) 20.8 (0.95)

Height:diameter (mm mm−1) � 82.2 (2.2) c 67.0 (2.3) b 59.8 (1.8) a 67.6 (2.6) a 74.0 (3.8) b 67.3 (3.0) a
Root:shoot (g g−1) � 0.42 (0.03) a 0.50 (0.03) b 0.39 (0.02) a 0.42 (0.03) 0.42 (0.03) 0.47 (0.04)

Specific root length (m g−1) 9.04 (0.86) 9.76 (1.04) 8.94 (0.92) 9.68 (1.03) b 9.98 (0.73) b 8.08 (0.97) a
N-needle (mg g−1) � 11.5 (0.3) ‡ a 18.8 (0.6) b 24.6 (0.6) c 18.3 (1.5) 18.7 (1.4) 17.9 (1.6)
P-needle (mg g−1) � 1.26 (0.05) ‡ a 2.36 (0.09) b 3.12 (0.18) c 2.20 (0.23) 2.38 (0.24) 2.16 (0.23)
K-needle (mg g−1) � 5.82 (0.31) † a 9.47 (0.34) b 10.12 (0.31) b 8.37 (0.60) 8.90 (0.60) 8.14 (0.57)
Ca-needle (mg g−1) � 1.93 (0.05) † a 2.65 (0.11) † b 2.43 (0.08) † a 2.32 (0.10) † 2.41 (0.15) † 2.27 (0.09) †

Mg-needle (mg g−1) 1.58 (0.07) 1.59 (0.09) 1.65 (0.04) 1.60 (0.07) 1.57 (0.07) 1.65 (0.07)
� indicates that analyses took effect of seedling size into consideration and focused on residuals of the regression
between the variable and the aboveground biomass. Each value is a mean (±SE) of 15 values. Different lower-case
letters indicate significant differences between harvesting treatments or topographical positions (p < 0.05, Tukey test).
‡ indicates values below the deficiency threshold in both sand culture and pot trials; † indicates values below the
deficiency threshold only in pot trials ([48]; details in Table S1).

3.4. Effects of ECM on Seedling Root Properties and Nutrient Concentrations

SRL was highly affected by ECM composition but not root:shoot ratio (Table 3). The contact
exploration type showed a positive effect on SRL, whereas other exploration types (short-, medium-,
and long-distances) and total number of root tips were related to a decrease in SRL values. With regards
to plant nutrient concentrations, several relationships were significant (Table 3), most of them showing
an improvement in nutritive status of seedlings. Ca, K, and N needle concentrations significantly
increased respectively with number of contacts, and short- and long-distance exploration types,
whereas a higher number of the medium-distance exploration type corresponded to a decrease in Ca
concentration. Total number of root tips was positively linked to higher N, K, and Mg concentrations.
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Table 3. Results of linear regression between ECM colonization, root properties, and needle nutrient
concentrations after removing effects due to harvesting treatments, topographical positions, and
seedling size.

ECM Root
Colonization

(%)

Contact
(nb/m of Root)

SD
(nb/m of Root)

MD
(nb/m of Root)

LD
(nb/m of Root)

Total nb of
Root Tips/m

of Root

Root:shoot (g g−1) 0.05 ¤
Specific root length (m g−1) 0.32 *** −0.06 ¤ −0.31 *** −0.21 *** −0.24 ***

N-needle (mg g−1) 0.17 ** 0.07 *
P-needle (mg g−1)
K-needle (mg g−1) 0.17 ** 0.21 **
Ca-needle (mg g−1) 0.12 * −0.11 *
Mg-needle (mg g−1) 0.07 *

Values represent r2 of regressions (n = 45). Symbols next to these values indicate the significance of regressions
(***, p < 0.001; **, p < 0.01; *, p < 0.05; ¤, p < 0.1). Only significant regressions are shown. SD, MD, and LD stand for
short-distance, medium-distance, and long-distance exploration types, respectively.

4. Discussion

4.1. Role of Abiotic Factors in ECM Composition

Two results confirmed the influence of soil moisture and hence water availability on ECM
composition: (i) the influence of summer rainfall at the site and (ii) the influence of topography.

Significant differences in all ECM characteristics were observed among sites, suggesting that the
local environment plays an important role in shaping ECM communities. Correlation between site
environmental variables and ECM exploration types showed the positive influence of the summer
rainfall during the first growing year on the number of contact exploration types and a negative effect
on the total number of root tips (Figure 3). These results suggest that meteorological conditions during
the first months of establishment are more important than the historical climatic conditions at the
sites. Contact exploration types, which are less carbon costly for the seedling, take up water more
efficiently during rainfall events thanks to their hydrophilic mantle [20]. Conversely, seedlings develop
more root tips in drier areas [55], which may increase mycorrhizal associations. Rainfall and soil water
availability have been shown to be an important factor governing fungal communities [25,56–58],
but mainly by studying ECM species composition instead of exploration types. Jarvis et al. [29],
who looked at both species and exploration types in Pinus sylvestris across Scotland, found that soil
moisture and precipitation were the main drivers of ECM species composition, while temperature had
an influence on exploration types. In our study, we could not test a link with temperature because
of the small variation between our sites (less than 0.7 ◦C differences for all temperature variables).
Conversely, we found that summer precipitation had a strong influence on ECM composition with
higher contact exploration types at the wettest sites.

Regarding topography, a greater number of contact exploration types were shown at the bottom
position than the top position. These results could be explained by higher water [43] and nutrient
availabilities in the lower topographical positions [59], where the contact exploration types are
more suitable because of their hydrophilic mantle, which allows them to be in closer contact with
resources [20]. We expected the opposite pattern for long-distance exploration types which develop
over a larger area and have greater mycelial expansion [20]. They are more likely to develop in stressful
areas, but in our case, even though they tend to be more abundant at the top positions, the relationship
was not significant. These results can be related to those observed by Bakker et al. [22] from two
mature stands of maritime pines varying in distance from the water table and nutrient availability.
They found a greater proportion of contact exploration types at the wet nutrient rich site and a higher
proportion of long-distance types at the dry nutrient poor site.

Another positive significant correlation was found between pH and medium-distance explorations.
A shift in ECM composition, from species developing high extramatrical mycelium instead of smooth types
when pH increased, has already been reported in field survey studies (e.g., [60]) or liming experiments
(e.g., [61]).
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4.2. Impact of Forest Management on ECM Composition

In contradiction with our second hypothesis, we did not find any decrease of fungal root
colonization with harvesting treatment, suggesting that the amount of fungal inoculum is still sufficient
for the establishment of new seedlings the year after logging. It has been shown that forest practices
similar to those used in our study may have a positive influence on ECM colonisation, and this may
explain our results. More precisely: (i) mechanical soil disturbance leaving organic matter in the
topsoil layers may have less impact than those that remove or bury the organic layer [33]; (ii) letting
stumps in the forest stand during harvesting can have a positive impact on the maintenance of higher
levels of fungal inoculum [34]; and (iii) tree harvesting occurring in late autumn or winter also allows
mycorrhizae to remain active longer in the soil [32].

We expected a potential gradient of soil moisture which decreases from forests to clear-cuts due
to the microenvironment created by the canopies of the trees, and that this soil moisture could impact
ECM composition (leading to a greater number of contact exploration types in forests and long-distance
exploration types in clear-cuts). Instead, differences found between forests and seed-trees/clear-cuts
in ECM composition indicated that logging and site preparation influenced ECM composition in a
different way. During our binocular observations, we often found patches of contact exploration types
encrusted in small pieces of decaying wood. Contact exploration types are known to develop more in
soil with high organic matter content, being able to degrade lignin directly from dead wood or rotting
leaves to increase access to nutrients [20]. The mechanical tillage used in the study sites probably
incorporated a supply of dead wood into the topsoil layers, which could explain the greater number
of contact exploration types in seed-trees and clear-cuts. Another explanation for this increase in
contact exploration is the higher resilience of these exploration types to disturbance, because they
can easily regenerate their reduced system of extramatrical hyphae [62]. Conversely, short- and
medium-distance exploration types with a lot of hyphae and some rhizomorphs decreased, due to
the increasing harvesting intensity. In addition to the lower resilience of these ECM, the growth of
nearby mature trees could influence ECM colonization for new seedlings. Trees may maintain greater
mycelial networks from which fungi could vegetatively colonize new hosts due to the close vicinity of
their roots [14,41,63]. This could be potentially more effective for exploration types with emanating
hyphae. It has also been shown that ECM fungal propagules decreased sharply when isolated from a
potential source, leading to a decrease in fungal colonization and diversity [64].

4.3. Impact of Forest Management on Seedling Characteristics

Morphological traits of seedlings were strongly impacted by harvesting treatment (15 out of
the 17 variables studied showed significant differences; Table 2). As we had assumed, our results
confirmed the light demanding characteristics of Pinus pinaster seedlings, which had higher above and
below ground tissues, a greater stem diameter, and higher needle nutrient concentrations in clear-cuts
than in forests. As shown by Robakowski et al. [65], seedlings growing under a higher level of light
show greater net CO2 assimilation rates and higher daily maximal photosynthetic rates, leading to a
higher shoot biomass when light increases [66–70]. The observed increase of stem height and stem
height:diameter ratio can also be interpreted as a shade avoidance response and are in agreement with
previous results regarding these seedling traits [66,68,71,72].

Root biomass is also known to be improved in high light environments, but results regarding
root:shoot ratio variations were heterogeneous, especially in the early stages. In Pinus pinaster seedlings,
Rodríguez-García and Bravo [68] showed a higher allocation to roots when light increased in a garden
experiment, whereas Ruano et al. [69] found no variations in root:shoot ratios in a field study with
four harvesting intensities. These discrepancies may be due to differences in seedling size which affect
root:shoot ratios [51]. The increase of tap root length from forests to clear-cuts is probably due to
soil moisture differences between harvesting treatments; seedlings in dry areas improve their water
foraging capacity by having long and deep roots [73,74].
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Seedlings growing in forests had lower needle nutrient concentrations. Higher N and P
concentrations in clear-cuts than in seed-trees could also be related to better nitrogen and phosphorus
efficiency use in full light than in low light, as reported by Elliott and White [67]. In addition, the
mechanical effect of logging and soil preparation carried out in clear-cuts and seed-trees could explain
our results, as these can lead to an increase of mineralisation, thus causing a substantial release of
mineral elements into the soil.

Overall, the sufficient level of nutrients observed in needles of our seedlings suggests that
mycorrhizae may enable seedlings to overcome the nutritional stress of the local environment (Table S1).

4.4. Effects of ECM on Seedling Root Development and Nutritive Status

ECM colonisation is associated with a modification in fine root morphology according to the different
exploration types rather than a greater investment to the roots (Table 3). Mycorrhizal colonisation usually
increases both shoot and root biomass, but the root:shoot ratios could be lower or higher in conifer
seedlings depending on the amount of fungal tissue present [13,75]. Indeed, the ECM fungal identity
is the main factor determining fine root morphology [76] and aboveground biomass variations [77].
ECM colonisation increased fine root diameter and decreased SRL, especially due to the mycelial mantle
surrounding fine roots [12,13]. High SRL values suggest fast growth and intensive soil exploration.
Thus, seedlings with lower SRL values will need more root tips and exploration types with a lot of hyphae
or rhizomorphs to compensate for the lower soil exploration area.

Plant nutrient concentration is greater with more root tips, and each exploration type is
significantly associated with a single nutrient (Table 3). These results are consistent with our third
hypothesis, and suggest that different functional types appear to be complementary for access to
different nutrient sources. Several studies looking at functional diversity showed relationships with
soil properties and nutrient availability, especially N [21,23,29,30]. Long-distance exploration types are
able to prevent resources from leaching during transport with their hydrophobic rhizomorphs and
would have a strong ability to acquire organic N [23]. However, this strategy is expensive in energy
for the plant and thus such a strategy is competitively dominant only in lower nutrient environments
where resources are rare and patchy, as in our sites. Our findings can be related to those of de
Witte et al. [30], who investigated ECM exploration types in several beech forests and found many
correlations between exploration types and foliar concentrations or soil properties. Similar to our
results, they showed a positive relationship between contact exploration types and soil Ca (soil and
foliar Ca were positively correlated in the study), together with a negative relationship between
medium-distance exploration types and soil Ca. Furthermore, they found that a higher abundance of
medium- and long-distance types was negatively associated with foliar N, and suggested that this
might be due to the non N-limited environment in their study.

4.5. Can ECM Explain Failures of Forest Regeneration?

In the case where mycorrhization could be a factor involved in regeneration failures, we would
expect that sites in failure areas (F1 and F2) would have insufficient mycorrhization (in terms of
root colonization or number of root tips), or would have a clearly different composition of ECM
communities. However, failure sites have higher numbers of root tips and higher or equivalent root
colonization, which is contrary to our first hypothesis. The four exploration types were found on
seedlings at all sites and only the short-distance ones discriminated failure areas from successful
areas in terms of exploration type composition (Figure 2c). However, this exploration type was not
specific of failure sites because it corresponded to the more prevalent exploration type at four of
the five sites (and the second highest in S1). The prevalence of the short-distance exploration type
could be explained by the fungal identity which is the most representative of this exploration type,
Cenococcum geophilum, and by the summer drought conditions occurring in our region. This species is
known to be drought-tolerant and extremely resilient after drought [78], allowing an early uptake of
water and nutrients in the post-drought period [79]. In addition, fast colonization of new seedlings
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could also be the result of frequent disturbances within these forests (fires, storms), which has been
shown to lead to an early-seral ECM community (of which Cenococcum is a part) necessary to promote
seedling establishment [35].

A high diversity of exploration types was observed at all sites and throughout most of the
individual root systems. This diversity may promote a higher resilience of ECM communities to
environmental changes, and suggests that fungal association is essential for the survival of young
seedlings in the region even though it does not explain the failure of regeneration in some specific
areas. However, we should consider that by harvesting the seedlings during their first winter, we only
have seedlings that have survived the dry summer conditions, which is probably the main cause of
mortality in the early establishment of maritime pine seedlings [38]. Seedlings with lower mycorrhizal
associations in both quantity and/or exploration type diversity (and Cenococum geophilum in particular)
may have died during the summer season and are thus missing from our sample, and this may be the
main limit of our study.

5. Conclusions

Our results showed that ECM composition was affected by both harvesting and topography.
In turn, mycorrhization appeared to be essential for early seedling establishment by improving the
nutritive status of seedlings. However, in our context, ECM colonisation one year after logging does
not seem to be linked to regeneration failures that occur in some specific areas. Other kinds of biotic
interactions such as facilitation/competition with other plants or herbivory should also be explored to
understand such regeneration failures.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9//245/s1.
Table S1: nutrient threshold for pine seedlings (A) in sand culture or (B) in pot trial, from van der Burg [48].
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Abstract: Haiti has suffered great losses from deforestation, with little forest cover remaining
today. Current reforestation efforts focus on seedling quantity rather than quality. This study
examined limitations to the production of high-quality seedlings of the endemic Hispaniolan
pine (Pinus occidentalis Swartz). Recognizing the importance of applying sustainable development
principles to pine forest restoration, the effects of growing media and container types on seedling
growth were evaluated with the goal of developing a propagation protocol to produce high-quality
seedlings using economically feasible nursery practices. With regard to growing media, seedlings
grew best in compost-based media amended with sand. Topsoil, widely used in nurseries
throughout Haiti, produced the smallest seedlings overall. Despite a low water holding capacity and
limited manganese, compost-based media provided adequate levels of essential mineral nutrients
(particularly nitrogen), which allowed for sufficient seedling nutrition. Seedling shoot and root
growth, as well as the ratio of shoot biomass to root biomass, were greater in polybags relative to
D40s. Results indicate that economically feasible improvements to existing nursery practices in Haiti
can improve the early growth rates of P. occidentalis seedlings.

Keywords: compost; foliar nutrients; Hispaniolan pine; pine forests; seedling quality; sustainable
development principles; tropical forest nursery

1. Introduction

Haiti, a tropical country with a landmass that was at one time 60% forested, has suffered great
losses from deforestation [1], with little forest cover remaining today [2]. While generating new
forests may seem a daunting task [3], the production of high-quality seedlings is an imperative
first step. These seedlings must be grown specifically for reforestation, be economically accessible
to local people, and be produced using locally available materials [4]. Nursery practices in Haiti,
however, focus primarily on seedling quantity rather than quality. Multiple studies have shown
that outplanting performance on reforestation sites correlates highly with seedling quality [5–7].
In a nursery system, seedling quality is often quantified by several morphological and physiological
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measurements. No single measurement can reliably predict performance; however, many studies
suggest that seedling root-collar-diameter, shoot height, root volume, and the ratio of shoot-to-root
biomass correlate highly with outplanting success [8–10].

Proper nursery culture has the greatest impact on seedling quality. In modern forest seedling
nurseries, growers use high-quality growing media in concert with cutting-edge container technology
and a wide array of fertilizers in a controlled environment. These ideal growing conditions and
associated resources allow modern nurseries to easily implement the Target Plant Concept, which is
defined as the specific physiological and morphological plant characteristics cultivated in the nursery
that lead to the growth and survival of the outplanted seedling at a particular site [4]. The majority
of nurseries located in areas of tropical deforestation, including Haiti, lack access to many of these
resources; these nurseries must produce healthy seedlings using economically practical methods and
available resources [11]. Effective use of the Target Plant Concept [4] in these resource-limited nurseries
to better connect nursery cultural practices, and the resultant seedlings, with the anticipated field
conditions, empowers reforestation managers with a framework that can lead to measurable success
in post-planting seedling establishment.

Access to moisture and nutrients are critical to seedling quality [12,13] and are often managed
through growing media. In Haiti, like many developing countries, topsoil is the primary component
of available potting media [14,15], despite evidence that using topsoil in container nurseries often
results in low outplanting success [16]. In addition to issues associated with poor drainage and
compaction, topsoil is an unsustainable resource and is particularly valuable in heavily deforested
regions already suffering from erosional soil losses [14]. Various alternative sources of growing media
may be used [17], such as rice hulls, sand, compost, sawdust, or pine bark [5]. Incorporating compost
as a component of growing media can prove highly valuable but requires batch testing to account for
variability among feedstock sources [15,18–20]. Given the emerging compost industry in Haiti [21],
local sources may be available. Amending potting media with vermicompost improved germination of
container-grown maritime pine (Pinus pinaster Aiton) [18], and both germination and seedling growth
of container-grown alleppo pine (Pinus halepensis Miller) were greater when activated sewage sludge
was incorporated into peat-based media [19].

A second factor to consider when producing nursery-grown seedlings is container type [22,23].
Forest seedling nursery containers must perform a combination of functions, and the right container
choice will vary by species [24]. Size (volume and depth) and design features work to mitigate
root spiraling and influence overall root architecture [25]. In many developing countries, including
Haiti, nursery growers typically use small plastic bags (i.e., polybags) as containers for growing tree
seedlings. This container type is widely available and is lightweight and collapsible, which greatly
reduces shipping costs. However, polybags have been associated with several plant growth and
development issues, including root malformation, which can reduce outplanting success [26,27].

Hispaniolan pine (Pinus occidentalis Swartz), an endangered tree species native to the island of
Hispaniola (comprising Haiti and the Dominican Republic), has been recognized as a species for over
200 years but has received limited scientific attention [28]. Given the location of the remaining pine
forests at high elevation [29], the species also represents a critical component of restoration programs
aimed at conserving soil and reducing damage during heavy rains. Since container type and growing
media are two important considerations for the production of high-quality seedlings essential for
reforestation success, the objective of this study was to examine the influence of growing media and
container type on the development of Hispaniolan pine seedlings. We hypothesized that seedlings
grown in nutrient rich, compost-based growing media would exhibit sufficient foliar nutrient levels
and greater early seedling growth rates relative to unamended peat-based media or topsoil. We also
hypothesized that seedling growth would be greater in rigid-walled D40 containers relative to polybags.
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2. Materials and Methods

2.1. Experimental Design

The experiment followed a randomized complete block design (RCBD) with a factorial structure
(five media treatments × two container types) containing five replicates (i.e., blocks) per treatment.
Each tray representing a growing medium and container treatment combination was considered as a block,
and containers within each block were randomized weekly to minimize the effects of the nursery environment.

Five growing media mixtures were compared in this study: (1) 100% peat-based [Pe]
(an unamended media consisting of 45% Canadian sphagnum peat moss, 45% coarse-grade vermiculite,
and 10% fine-aged bark by volume; SunGro® Metro Mix, Agawam, MA, USA); (2) 100% “topsoil” [T]
(60% topsoil, 20% animal manure, and 20% bark mulch; NuLife Topsoil, Waupaca, WI, USA); (3) 80:20
compost:topsoil [CT] (municipal biosolids and yard waste feedstock; Eko Compost, Lewiston, ID, USA);
(4) 80:20 compost:grit [CG] (Grit size medium, 1.2–4.8 mm, Target® Forestry Nursery Grit, Burnaby,
BC, USA); (5) 70:20:10 compost:topsoil:grit [CTG]. Pe is widely used in commercial forest tree seedling
production nurseries in the US as well as other developed countries [30]. Topsoil is widely used in
container nursery systems in developing countries, including Haiti [11,14,15]; however, our mix was a
commercially available product. The three compost-based media types serve as potential alternatives.

Hispaniolan pine seeds from a government-funded seed bank in the Dominican Republic
(Nigua Seed Bank, Santo Domingo, Dominican Republic, 18◦22′34.644′′ N, 70◦4′9.7674′′ W, provenance
unknown) were soaked in distilled water for 12 h prior to sowing, as recommended by the Nigua
Seed Bank. Since the number of seeds obtained was lower than anticipated and to ensure that all
available seeds were used in the experiment and that each treatment received an equal number of
seeds, 1–2 seeds were directly sown into each container on 12 June 2014 at the University of Idaho
Pitkin Forest Nursery in Moscow, Idaho (46◦43′32.0′′ N, 116◦57′20.4′′ W). Plants were propagated in a
greenhouse with daytime temperatures ranging from 10–27 ◦C and nighttime temperatures ranging
from 5–16 ◦C; relative humidity ranged from 15%–100% over the growing season. No supplemental
lighting was provided and daylength ranged from 9 h 31 min to 15 h 51 min over the course of the
experiment. Seeds were sown into D40 (656 mL, 6.4 cm diam, 25.4 cm height; Stuewe and Sons
Inc., Tangent, OR, USA) and polybag (946 mL, 7.6 cm diam, 19.1 cm height; Peaceful Valley Farm
Supply, Grass Valley, CA, USA) containers. D40 containers are designed for growing tree seedlings
and are rigid containers made of recycled polypropylene resin with internal longitudinal ridges and
five bottom drainage holes. Polybag containers were modified to the same volume of D40 containers
using a heat sealer (Uline, Pleasant Prairie, WI, USA). The heat sealer was used to close off excess
container space vertically while avoiding loss of container depth. Each of the five growing media
types was premixed and used to fill 100 containers of each container type, for a total of 1000 containers.
After direct sowing, containers were covered with Deluxe Seed Guard germination cloth (Dewitt
Company Inc., Sikeston, MO, USA) and irrigated using an overhead boom system three times daily
with 3 passes per application until germination ceased. Seedlings in each treatment combination
were then irrigated when block weights (one tray consisting of 5 to 20 seedlings) reached 80% of
the weight at field capacity via the nursery manager method [31]. Using this method, D40-grown
seedlings received 18, 9, 10, 6, and 7 irrigation events and polybag-grown seedlings received 15, 16, 12,
11, and 10 irrigation events over the 22-week growing period across Pe, T, CT, CG, and CTG treatments,
respectively. No fertilizer was added at any point throughout the growing regime, representative of
many situations where fertilizer is difficult to obtain in developing countries.

2.2. Sampling

Destructive sampling occurred during the week of 15 December 2014 for all seedlings. Measurements
included morphological plant growth metrics of height (HT) and root-collar diameter (RCD), root volume
(RV), root dry mass (RDM), and shoot dry mass (SDM). First, root systems were carefully washed clean of
all growing media. Second, RV was determined by water displacement [32]. Next, seedlings were severed
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at the root-collar, and roots and shoots were dried separately in paper bags at 70 ◦C for 72 h. Following
drying, SDM and RDM were used to determine seedling shoot-to-root ratios (S:R). Tissue samples were
collected at the time of destructive sampling from the entire shoot of each seedling and analyzed for
nutrient concentrations (A & L Great Lakes Laboratories, Fort Wayne, IN, USA).

Media samples (n = 5) from each treatment were also analyzed for nutrient concentrations (C, N,
NO3, P, K, Ca, Mg, and Na), pH, and electrical conductivity (EC) at the beginning and end of the
growing season (A & L Great Lakes Laboratories, Fort Wayne, IN, USA). Nutrient concentrations
were determined via the saturated media extract (SME) method, whereby growing media samples
were saturated with distilled water and allowed to equilibrate for one hour. After equilibration,
pH measurements were taken directly from the media slurry. All other analyses were performed on
the extracted leachate from the slurry obtained via a Buchner funnel lined with filter paper [33].

Media bulk density was approximated for each treatment by filling five of each container type
for each media type and then oven-drying the media from each container in paper bags at 100 ◦C for
48 h [34] prior to recording weights. Bulk density (g cm−3) was calculated by dividing the dry weight
of the media (g) by the volume of the media (cm3).

The media water holding capacity (WHC) was calculated separately at the University of Idaho’s
Soil laboratory. A high-range pressure system with ceramic plates was used to determine the water
holding capacity for all five media types at two water potentials: −0.033 MPa (field capacity) and
−1.5 MPa (wilting point) [35]. Five samples of each media type were analyzed for field capacity
and wilting point. Bulk density and the gravimetric water content of each sample were obtained.
Gravimetric soil water content (SWC) was calculated as

SWC = (Db × θm)/Dw (1)

where Db = media bulk density, θm = gravimetric water content, and Dw = water density
(Dw = 1 g cm−3). Once SWC was determined for each media type, both at field capacity and wilting
point, WHC was calculated:

WHC = field capacity SWC − wilting point SWC (2)

2.3. Statistical Analysis

Data were analyzed using SAS software (version 9.4; SAS Institute, Cary, NC, USA) via PROC
GLIMMIX. Models included the main effects of growing media and container type, as well as their
interaction, with replicate included as a random effect. Where main effects did not interact (p > 0.05),
the interaction term was omitted from the model. Treatment comparisons were evaluated at α = 0.05.

3. Results

3.1. Media Characterization

Bulk density (BD) differed significantly across media types (p < 0.0001) but not between container
types (p = 0.8870) and the main effects did not interact (p = 0.0919). BD ranked as follows: Pe < T = CT <
CG = CTG (0.131, 0.375, 0.398, 0.545, 0.546 g cm−3, respectively). Water holding capacity (WHC) varied
across growing media types with Pe having the highest water-holding capacity at 62%, followed by T at
32%, CT at 30%, CTG at 16%, and finally CG at 7%.

Analyses revealed that Pe was low in NO3, K, Ca, and Mg but initially provided acceptable levels of
P, although this declined to inadequate levels in the absence of fertilizer by the end of the growing season
(Table 1). While T initially provided optimal levels of NO3 and acceptable levels of P, K, Ca, and Mg,
all nutrient levels were inadequate by the end of the growing season. Compost-based media amended
with topsoil (CT) or grit (CG) initially provided acceptable levels of NO3, very high levels of P, high levels
of K, and low levels of Ca and Mg. Compost-based media amended with both topsoil and grit (CTG)
initially provided optimal levels of NO3, very high levels of P, high levels of K, and acceptable levels of
Ca and Mg. By the end of the growing season, NO3 levels had become inadequate for all compost-based
media, while P levels remained high, levels of K were adequate, and Ca and Mg were inadequate.
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Significant differences were found in chemical properties across growing media types (Table 1).
Prior to seedling production, Pe was characterized by low pH, very low EC, high C, low N, NO3,
P, K, Ca, Mg, and Na, and a very high C:N relative to other media types. T was characterized by
low pH, intermediate EC, low C, N, P, and K, and high NO3, Ca, Mg, and Na, with an intermediate
C:N relative to other media types. CT was characterized by neutral pH, intermediate EC, high P,
and intermediate C, N, NO3, K, Ca, Mg, and Na, and a low C:N relative to other media types. Similarly,
CG was characterized by neutral pH, intermediate EC, high N, P, and K, intermediate C, NO3, Ca, Mg,
and Na, and a low C:N relative to other media types. Finally, CTG was also characterized by neutral
pH, high EC, high NO3, P, K, and Mg, intermediate C, N, Ca, and Na, and a low C:N relative to other
media types. Trends across media types persisted following seedling production (Table 1). Relative
to initial values, pH of all media types increased. For Pe, EC and concentrations of Ca, Mg, and Na
increased but for all other growing media types, EC and concentrations of NO3, P, K, Ca, Mg, and Na
declined following seedling production.

3.2. Seedling Morphology

Seedling morphology differed significantly between container types (with the exception of RV)
and across growing media types, but the main effects did not interact (p ≥ 0.2969; Table 2). Seedlings
grown in polybags were 10% taller and 11% thicker in RCD compared to seedlings grown in D40s.
SDM was 38% greater and RDM was 8% greater for seedlings grown in polybags relative to those
grown in D40s. S:R was 47% greater for seedlings grown in polybags compared to those grown in
D40 containers.

With regard to growing media, seedling height and SDM were greatest when grown in CG,
followed by CTG, CT, and Pe, with the shortest and lightest seedlings grown in T. Similarly, RCD and
RDM of seedlings grown in CG were significantly greater than seedlings grown in all other media
types. RV was greatest for seedlings grown in CG, followed by those grown in Pe, with seedlings
grown in T, CT, and CTG having the smallest RV. S:R was 115% higher for seedlings grown in CTG
compared to seedlings grown in T.
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3.3. Foliar Chemistry

Plant tissue analyses revealed significant differences in the levels of all nutrients examined
among growing media types, and in levels of most nutrients examined between container types,
with significant interactions between the two main effects for Na, B, Fe, and Cu (Table 3 and Figures 1–3).
Seedlings grown in polybags yielded significantly greater foliar concentrations of N, K, S and Zn and
lower foliar concentrations of Mg and Ca relative to those grown in D40s, with no significant difference
in foliar P, Mn, or Al concentrations between container types (Figure 1).

Table 3. Effects of growing media and container type on Hispaniolan pine seedling foliar
nutrient concentrations.

Media F Ratio (p Value) Container F Ratio (p Value) Media|Container F Ratio (p Value)

N (%) 5.06 (0.0019) 14.57 (0.0004) ns *
P (%) 16.12 (<0.0001) 2.70 (0.1076) ns
K (%) 9.90 (<0.0001) 9.53 (0.0035) ns
S (%) 14.42 (<0.0001) 14.64 (0.0004) ns

Mg (%) 26.40 (<0.0001) 14.78 (0.0004) ns
Ca (%) 45.12 (<0.0001) 5.61 (0.0223) ns
Na (%) 35.69 (<0.0001) 0.70 (0.4081) 6.37 (0.0005)

B (ppm) 24.02 (<0.0001) 10.46 (0.0025) 3.79 (0.0106)
Zn (ppm) 6.08 (0.0006) 28.17 (<0.0001) ns
Mn (ppm) 210.98 (<0.0001) 2.19 (0.1457) ns
Fe (ppm) 37.42 (<0.0001) 7.41 (0.0096) 5.36 (0.0015)
Cu (ppm) 20.55 (<0.0001) 19.04 (<0.0001) 2.82 (0.0377)
Al (ppm) 19.85 (<0.0001) 0.20 (0.6607) ns

* ns = interaction term was not significant at α = 0.05 and therefore dropped from the model.

Figure 1. Foliar nutrient concentrations of Hispaniolan pine seedlings between container types.
Horizontal lines indicate normal nutrient levels reported for Pinus strobus L. from
http://agsci.psu.edu/aasl/plant-analysis/plant-tissue-total-analysis/interpretive-nutrient-
levels-for-plant-analysis/pine-white (accessed 2 February 2018).
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With regard to growing media (Figure 2), foliar N was greater in seedlings grown in CT and CG
relative to T. Foliar P was greater in seedlings grown in CT and CTG relative to Pe, T, and CG. Foliar K
was greater in seedlings grown in T, CT, CG, and CTG relative to Pe. Foliar S was greatest in seedlings
grown in CT and CTG, followed by CG, then Pe, and finally T. Foliar Mg was greatest in seedlings
grown in T and Pe, followed by those grown in CT and CTG, and finally those grown in CG. Foliar Ca
was greater in seedlings grown in T, followed by those grown in Pe, CT, and CTG, and finally those
grown in CG. Foliar Mn was greater in seedlings grown in Pe, followed by those grown in T, with those
grown in CT, CG, and CTG yielding the lowest levels of Mn. Foliar Al was greater in seedlings grown
in Pe and T relative to those grown in CT, CG, and CTG.

The main effects of growing media and container type interacted to impact foliar concentrations
of Na, B, Fe, and Cu (Figure 3). Foliar Na and foliar Fe were greatest among seedlings grown in Pe in
D40s or in T in either D40s or polybags. Foliar B was greatest among seedlings grown in polybags
containing compost-amended growing media (CT, CG, and CTG). Foliar Cu was greatest among
seedlings grown in Pe (in either D40s or polybags) and in polybags containing T or CT.

Figure 2. Foliar nutrient concentrations of Hispaniolan pine seedlings among growing
media treatments. Pe = peat; T = topsoil; CT = compost–topsoil; CG = compost–grit;
CTG = compost–topsoil–grit. Horizontal lines indicate normal nutrient levels reported for
Pinus strobus from http://agsci.psu.edu/aasl/plant-analysis/plant-tissue-total-analysis/interpretive-
nutrient-levels-for-plant-analysis/pine-white (accessed 2 February 2018).

51



Forests 2018, 9, 422

Figure 3. Foliar nutrient concentrations of Hispaniolan pine seedlings across interacting container and
growing media treatment levels where significant (α = 0.05). Horizontal lines indicate normal nutrient
levels reported for Pinus strobus from http://agsci.psu.edu/aasl/plant-analysis/plant-tissue-total-
analysis/interpretive-nutrient-levels-for-plant-analysis/pine-white (accessed 2 February 2018).

4. Discussion

The growing media and container type did not interact to affect seedling morphology, but each
independently influenced seedling growth, providing evidence that these nursery cultural practices
can be used to cultivate P. occidentalis seedlings suited to particular outplanting conditions. It is well
documented that seedling morphology and early outplanting performance can differ among container
types [36,37], but it remains unknown exactly why Hispaniolan pine seedling growth differed between
polybags and D40s. Although the diameter of both container types was similar, seedlings grown in
polybags had greater shoot and root growth, but also higher S:R. Despite the known growth and
development issues associated with the use of polybags [16], Hispaniolan pine seedling morphology
and foliar chemistry indicate that this container is a suitable choice for the species. This is promising
given that polybags are currently widely used, and a conversion to rigid plastic containers would
likely be impractical as it would require a concomitant shift in the entire nursery system, from the use
of uniform, artificial growing media and the consequent need for fertilization and frequent irrigation
to the need for raised benches to promote root pruning [16].

One of the main issues with the use of polybags for the production of tree seedlings relates to poor
root growth, particularly when seedlings are held in their containers for too long [16]. The higher S:R
suggests that the rate of root growth relative to shoot growth was lower for seedlings grown in polybags
compared to those grown in D40s, perhaps indicating that root growth was constrained in polybags
by the end of the 22-week growing season. Moreover, research suggests that seedlings with low S:R
tend to have increased survival rates when outplanted to harsh sites, such as those in Haiti, because
of the increased uptake of water and nutrients afforded by the larger root system relative to lower
demands made by the smaller shoot [38]. Thus, even though seedlings grown in D40s were smaller
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overall, the S:R was potentially more favorable for seedlings that are likely to encounter periodic dry
conditions following outplanting. Further study into how specific characteristics of different container
types influence growth of seedlings of this species, and how this relates to outplanting performance,
is warranted.

With regard to growing media, differences in chemical and physical properties among types were
likely the primary drivers for the noted differences in seedling response variables. Soil bulk density
and water holding capacity influence the amount of water available for plant uptake [39] as well as fine
root proliferation. Soils that are highly compressed tend to lack the pore spaces necessary for holding
water and air. Thus, limited pore space may lead to stunted growth [40]. Field-sourced soils can be
highly variable in their physical characteristics and tropical soils in particular can contain high amounts
of clay and silt, which have lower macropore space that may limit gas exchange, water drainage,
and potentially plant-available water, since clays hold more water at high tension [17]. In some
instances, packing topsoil in containers and the settling of the soils in the container may contribute to
higher bulk densities, thereby making rooting a problem [17]. None of the growing media types had
bulk densities beyond that of root penetration, which is approximately 1.5 g cm−3 [41], so bulk density
likely did not inhibit root penetration. Studies have shown that as bulk density increases, available
water holding capacity decreases [42]. Media water holding capacity also varied across treatments,
with an 8-fold difference between CG and Pe (7% and 62%, respectively). Media types can be selected
and designed to have higher water holding capacities and provide increased moisture availability [43];
however, depending on soil texture and other properties, additional factors such as oxygen availability
may be affected [30].

Nonetheless, early seedling growth was not better in Pe but rather in CG, which may be explained by
media chemistry. Although seedlings likely had adequate foliar nutrient levels across all growing media,
based on recommended nutrient levels for Pinus strobus L. (http://agsci.psu.edu/aasl/plant-analysis/
plant-tissue-total-analysis/interpretive-nutrient-levels-for-plant-analysis/pine-white), both Pe and T
were low in %N, and seedlings grown using these media types likely bordered on nitrogen deficient.
While T may have had a relatively high amount of NO3 initially (most likely due to the manure and
bark mulch; Table 1), we suspect a large fraction of it leached out before the roots could exploit the
full capacity of the container. Nitrogen is a macronutrient which is essential to all plant physiological
processes, and a lack of access to this nutrient may have contributed to the stunted growth of these
seedlings. While amending T with compost improved growing conditions, it was when seedlings
were grown in a combination of compost and grit (CG) that better growth was observed. CG was
characterized by neutral pH, higher levels of N, P, and K, and lower C:N compared to Pe which
had a slightly acidic pH, lower levels of N, P, and K, and very high C:N. Yet, seedlings grown in
compost-based growing media (CT, CG, and CTG) showed low levels of foliar manganese, which is
essential for the synthesis of chlorophyll and also serves as an enzyme activator [44]. Manganese
absorption may have been inhibited by pH [45] and high concentrations of iron, calcium and aluminum
in compost-based media types [46] (Figure 2). Similar results have been found for Pinus sylvestris
seedling tissue nutrient concentrations grown in compost [47].

5. Conclusions

Improvements can be made to existing nursery practices in Haiti to enhance the production of
P. occidentalis seedlings, particularly if viewed through the framework of the Target Plant Concept [4].
Compost-based growing media, particularly when amended with forestry grit or similar coarse-grained
sand, show promise for early seedling growth. Despite low water holding capacity and limited
manganese, this growing medium provided adequate levels of essential mineral nutrients (particularly
nitrogen). Seedling morphology and foliar chemistry indicate that polybags remain a suitable choice
for the species, although higher S:R among seedlings grown in polybags relative to D40s suggest that
further work is needed to determine the specific container characteristics that are optimal (i.e., meet the
target specifications for a given objective) for the production of P. occidentalis seedlings for reforestation
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and restoration in Haiti. Given that the seedlings in this study were relatively small, an examination
of the nutritional needs of P. occidentalis as well as a field component to determine what are the
most important seedling attributes that influence post-planting establishment is needed to advance
reforestation success in Haiti.
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Abstract: Provision of forest ecosystem services is influenced by site and stand characteristics as well
as forest management practices. In order to evaluate the influence of forest management on ecosystem
services provision, two artificial black pine forests located in Central Italy were studied where two
different thinning approaches (traditional and selective) were applied under the SelPiBio LIFE
project. Four main ecosystem services were selected and assessed: timber and bioenergy production,
carbon sequestration, forest stand stability-protection, and biodiversity conservation. Even if not
supported by statistical evidence, results highlighted an interesting trend just 2 years after treatment.
The selective thinning was able to enhance the majority of ecosystem services compared to the
traditional one. A higher growth rate of selected crop trees was measured (i.e., carbon sequestration).
The slenderness ratio was sensibly reduced (i.e., mechanical stability) with a positive implication
on soil retention and the prevention of landslides. Moreover, valuable and interesting commercial
assortments have been proven to be retrieved from the stands with the selective approach. Larger and
also better formed trees were harvested, given the impact of selective thinning on the co-dominant
class. The Shannon index increased only with the selective thinning intervention. In conclusion,
the provided results and methods are encouraging and might represent the basis for novel and longer
monitoring efforts.

Keywords: selective thinning; thinning from below; forest management practices; planted forests;
forest multifunctionality; Mediterranean area

1. Introduction

According to the Millennium Ecosystem Assessment (MEA) and the definition given in 2005,
an “ecosystem service” (ES) can be defined as the benefits provided by ecosystems that contribute
to making human life both possible and worth living [1,2]. ES can be classified into four categories,
namely, (i) provisioning services; (ii) regulating services; (iii) supporting services; and (iv) cultural
services. With special regard to forests, provisioning services include wood and non-wood forest
products; regulating services include carbon sequestration, water regulation, natural hazard protection;
supporting services include plant production, biodiversity and nutrient cycling; and cultural services
include recreational opportunities, historical and spiritual values [3–5].

Since the ES concept has been developed, both the scientific community and forest managers
started to investigate the relationship between forest management practices and provision of ESs [6–8].
Currently, one of the most important research challenges is how to manage forests for timber and
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bioenergy production while maintaining and/or improving other ESs such as habitat and biodiversity
conservation, natural hazard protection, carbon sequestration, water regulation, and recreation [9].
Forest management trajectories and strategies can generate ES trade-offs, particularly if interactions
among ESs are not well known [10,11]. Trade-offs can occur when—due to a forest management
choice—the provision of one ES is reduced as consequence of the increased use of another one [12].
On the contrary, in some cases the relationship between various forest ESs might be synergistic and
complementary [13].

Forest management choices that can affect the provision of ESs include the silvicultural system
(i.e., forest structure: high forest or coppice, even or uneven-aged), rotation period and thinning regime.
In particular, silvicultural treatments affect the level of biodiversity, the water cycle components,
but also recreational services, influencing forest species composition, horizontal and vertical stand
structure, stand density and age [14]. Furthermore, silvicultural treatments can modify the natural cycle
of elements. For instance, the mineralization of carbon and nutrients (cycles of the elements) can be
highly influenced by the amount and the spatial distribution of solar radiation that hits the ground [15].
The result is higher micro-climatic variability, reflected by a higher level of soil biodiversity (e.g., fungi
and bacteria) especially at the understory level. Moreover, recent studies have evaluated the utility
of forest management as a tool to mitigate the effects of climate change on ESs as well as to maintain
high growth rates (i.e., carbon sequestration) in living trees [8,16–18]. In this view, the relationship
between forest management and ES provision represents a focal point for future development of many
forested zones and a new challenge to cope with a changing environment [19,20]. Maintaining and
balancing the ESs supplied by forests require thorough assessment and evaluation at different spatial
and temporal scales [21]. In the international literature, two main approaches are generally used to
assess ESs from the biophysical point of view: the first one is based on a qualitative assessment of ESs,
using experts’ opinion and stakeholders’ evaluation [22]. The second one focuses on the quantitative
assessment of ESs through the measurement of field-based biophysical outcomes [23].

During the last decades and especially after the First and Second World War, many afforestation
programmes were planned in most of the European countries. Such activities were seen as an important
strategy for people’s safety and wellbeing [24–26]. Artificial stands were established with pioneer
conifers (e.g., Pinus nigra spp., Pinus pinaster Aiton, Pinus halepensis Mill.) not only in degraded
or abandoned lands by farmers but also in mountain zones at high elevation and coastal areas.
The purposes ranged from soil protection to recreation and from dune protection to scenic beauty.
According to the second Italian National Forest Inventory (2005), black pine (Pinus nigra J.F. Arnold
spp.) stands cover an area of 236,467 ha, corresponding to 2.5% of the total national forest area.
Generally, such artificial stands are characterized by a low biodiversity level, due to their reduced
species composition and spatial structure (i.e., structural homogeneity). Actually, these stands represent
the most simplified forest systems in Italy, mostly occurring in pure stands of even-aged forests
(50 years old on average), established during the 19th and early 20th century, on bare or overexploited
soils for protective purposes, following a rigid planting scheme [26]. The squared design was the most
applied for planting, with 2500 4-year-old seedlings per hectare (2 × 2 m) and canopy closure occurring
at an early age, forecasting a first pre-commercial thinning at age 15, followed by additional thinning
every 15 years [27,28]. This treatment was rarely applied, as well as other scheduled interventions.
Despite the low value of timber production, a new interest in artificial ecosystems is currently rising
in the whole Europe, mainly thanks to their valuable ecological importance, and provision of ESs
such as carbon sequestration and hydrological safeguarding [26,29,30]. Managing such stands may
represent a challenging opportunity for forest managers, aiming to guide natural evolution to more
complex and stable systems (e.g., climax specific composition) and testing innovative management
practices [20]. On the basis of the positive results obtained by thinning from below of medium-heavy
intensity [15,31–33], selective thinning has been discovered as an interesting opportunity even in
artificial forest stands. In fact, thinning from below of heavy intensity is able to influence the structure of
the forest even in the dominant layer, usually the focus of selective thinning. When applied to artificial

58



Forests 2018, 9, 188

black pine stands, the species reacted positively, even to late-thinning, and both timber harvesting
and ES provisions were improved [34,35]. Selective thinning, widely used in many forest systems (i.e.,
beech forests, mixed forests) [36] has been rarely applied in artificial pine forests. Conversely, thinning
from below (i.e., removing the smaller, weaker and poorer quality trees to concentrate growth on the
better trees remaining and according to a specific dbh or basal area threshold) still remains the most
applied treatment. Its impact on the stands’ structures has been demonstrated to be very low, especially
concerning the carbon cycle, soil biodiversity and improvement of ecological dynamics (i.e., natural
mortality). In addition, economic sustainability is rarely achieved [6,8,35]. In selective thinning, the
choice of the trees to be cut is based on a positive selection of candidate trees (i.e., crop tree). In other
words, candidate trees are first selected and then valorized by removing their direct competitors at
crown level. The average number of candidate trees per hectare must be balanced according to species
and rotation age (i.e., maximum potential crown width), selected among the most vigorous and stable
ones. With selective thinning, 30–40% of basal area is removed and all crown competitors trees are
harvested, including standing dead trees and lying deadwood slightly decomposed [37,38].

Starting from these considerations, the aim of this study is to evaluate the effects of two different
forest management practices (selective thinning and traditional thinning) on three categories of ESs
(provisioning services, regulating services and supporting services) analysing trade-offs and synergies
that are generated. The effects of forest management practices on ESs are analysed through a combined
approach of quantitative and qualitative biophysical assessment of ESs [39]. The study is conducted
in two case studies in Central Italy (Amiata and Pratomagno) characterized by different site and
stand features.

2. Materials and Methods

2.1. Study Area

2.1.1. Pratomagno Study Area

The first study area is named “Pratomagno” (Figure 1) and is located in the north-west of
the Arezzo province in Tuscany region (43◦39′ N 11◦39′ E). The Pratomagno study area covers
around 3000 ha and the main tree species are European beech (Fagus sylvatica L.) and Turkey oak
(Quercus cerris L.), while black pine stands cover a surface of about 800 ha. The latter is the result of a
reforestation programme, which began in 1954 and ended in the late 1980’s. Among the numerous
black pine subspecies, the main used in the early years of reforestation in Italy was laricio pine
(Pinus nigra ssp. laricio). However, Austrian pine (Pinus nigra ssp. nigra) was commonly used but
preferred in areas with low fertility (especially pasture ridge). The study area of Pratomagno has an
average elevation of 1150 m a.s.l., a prevailing south-west aspect and average slope of 40%. From the
lithological point of view, Pratomagno is characterized by quartz-feldspar sandstones alternated by
siltstones and argillites. The argillites and siltstones provide a very thin layer ranging from a few up
to 15 cm, while the thickness of the sandstone layers is more considerable, exceeding half a meter;
this implies the emersion of large banks of thick sandstone whose heads are well visible.

The average annual temperature is 10.5 ◦C (maximum of 19 ◦C in July and minimum of 1.5 ◦C
in January), while the average rainfall is 997 mm with a maximum peak in autumn and minimum
precipitation in June.

2.1.2. Amiata Study Area

The second study area is Amiata (Figure 1), located in the Castiglione d’Orcia municipality
(42◦53′ N 11◦37′ E, Siena province in Tuscany region). Similar to the previous area, artificial pine
forests are the result of 50 years of reforestation programs and currently cover an area of 115 ha.
Concerning the forest area (approximately 1930 ha), the main tree species are Austrian pine and Turkey
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oak, followed by Downey oak (Quercus pubescens L.), hedge maple (Acer campestre L.), and silver fir
(Abies alba Mill.).

Figure 1. Geographic position of the two study areas.

From the lithological point of view, the Amiata study area is characterized by fissile clays,
silty clays, marly clays with sporadic inclusions of limestone, basic limestone. This lithotype forms
morphologies consisting of long, wavy sides with slope mainly moderate to strong, subject to erosion
by channelled water and mass movement.

The average annual temperature is 12.5 ◦C and the average rainfall is 687 mm. July is the driest
month with 28 mm, while January receives the max rain-snowfall (average of 88 mm). July is the
hottest month with an average temperature of 21.7 ◦C, while January has an average temperature of
4.5 ◦C, the lowest in the year.

2.2. Field Measurements

The data were collected in 36 circular fixed area sampling plots (15-m radius), half of which were
located in each study area. In particular, in each study area, 18 sampling plots randomly located in
6 forest monitoring sectors of 1 ha in size (3 plots in each forest monitoring sector) were identified.
A monitoring sector is a thinning replicate whose treatment was randomly assigned. With this
experimental design, each plot corresponded to a sub-replicate.

In each sampling plot, the main dendrometric data—i.e., tree height and diameter at breast
height (dbh) for all standing living trees, number of stems, canopy cover (percentage of ground
covered by crown projection dissolving intersections between polygons), height and diameter at breast
height (dbh) for all standing dead trees—were collected before and two years after the silvicultural
treatments. All data were stored in an open access and freely available dataset in ESRI shapefile format
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before the application of the silvicultural treatment [37]. In addition, in-field operational stages were
supervised: all the activities of forest enterprises assigned for timber harvesting were controlled to
prevent discrepancies between stored information and applied silvicultural treatment.

Subsequently, in each study area, 3 forest monitoring sectors were managed by selective thinning
(3 ha in total, 9 plots per study area) and 3 forest monitoring sectors were managed by traditional
thinning (3 ha in total, 9 plots per study area). The selective and traditional thinnings were conducted
between spring and summer 2015 in both study areas (Figure 2). In the selective thinning, 100 trees
per hectare were selected from among the better formed and mechanically-stable trees. During cutting,
all crown competitors of target trees were harvested to increase their growth (positive selection).
All standing dead trees and lying deadwood slightly decomposed were also removed (1st and 2nd
decay classes). In the traditional thinning, only dominated, small or standing dead trees were harvested
(negative selection) during in-field operations. This was done up to 40% of total trees per hectare.
In this thinning, lying deadwood is not removed from the forest. The traditional thinning represents
the most common silvicultural treatment applied in Central Italy in both artificial and natural stands,
developed according with regional forest laws.

Figure 2. Spatial distribution of monitoring sectors and sampling plots in both of the study areas.
The different thinning systems applied are marked with different colours.

2.3. Assessment of Ecosystem Services

The ecosystem services were evaluated using the data collected in the field and the information
provided by local forest enterprises. The biophysical assessment of ESs after the silvicultural treatments
was done using a combined approach of quantitative and qualitative information.

In order to evaluate the effects of thinning on ES provision, three categories of ESs were assessed:
provisioning services (wood assortments), regulating services (mechanical stability of the forest system,
carbon sequestration), and supporting services (tree species diversity, floristic diversity).

At the end of the ES assessment, a matrix of the effects of silvicultural treatments on ESs in the
two study areas was produced in order to compare traditional thinning and selective thinning in black
pine forests.
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2.3.1. Provisioning Services

The volume of trees harvested was quantified using the most updated volume tables for black pine,
considering the harvesting rate applied with the traditional and selective thinning. Total harvested
timber has been estimated using data measured in the field and volume tables provided by the second
Italian National Forest inventory [40], using Equation (1):

V = b1 + b2 × d2 × h + b3 × d (1)

where the total Volume (V) of the stem and large branches is provided in cubic decimeters, the diameter
at breast height (d) and total tree height (h) are expressed in centimeters and meters respectively, and b1,
b2 and b3 are species-specific coefficients.

Moreover, the proportions of different wood assortments (e.g., roundwood, poles and woodchips)
were estimated by means of a local assortment table [41]. Finally, a check between the potential wood
assortments and those effectively sold by the forest enterprise was done.

2.3.2. Regulating Services

Two regulating services were assessed in the present study: mechanical stability of the forest
system and carbon sequestration.

2.4. Mechanical Stability of the Forest System

The slenderness ratio (height/diameter) is widely acknowledged as the main indicator of
single-tree mechanical stability, especially in artificial stands and for conifers, where the dense planting
scheme often influences trees growth [26,42]. Even if this indicator has been rarely used at stand-level,
being the “average” stability a concept quite far away from a simple arithmetic mean of single-tree
values, it can be considered a fair proxy of the protective capacity (i.e., hydrogeological and natural
hazard protection) of forest stand [18,26,43]. However, variations in H/D ratios are largely a result of
spacing and, consequently, of stand density resulting from silvicultural treatments. Actually, recent
studies [44] show that a high H/D can indicate that a tree has grown in a dense stand under the
influence of close mutual support; besides, trees with a high value can be more vulnerable because
their stems have not been able to develop to conditions of high mechanical perturbation. In addition,
the H/D is directly related to the ability of the forest stand to protect from landslides and snow
damage [45].

In the present study, an average H/D value for the dominant trees only (i.e., the trees we would
select as candidates to be the final goal of our treatment) and around 100 trees ha−1 has been used
as a proxy to evaluate the ability of the system to maintain the protective function and the general
(mechanical) stability. This was done to avoid biases in H/D values due to the treatment. Indeed, the
two thinning systems are well-known to change the average H/D ratio differently for the whole stand
and due to the different diameter classes, which are going to be cut. By doing so, just the H/D values
of released trees whose growth we would like to maximise and on which we are going to concentrate
the carbon stocking were considered. The H/D ratios were calculated before and after the traditional
thinning and selective thinning application in each plot and then averaged. For each plot, 7 well
shaped and dominant trees (i.e., 7 × 3 × 3 = 63 trees per treatment in each study area) were marked
and measured before and two years after treatment.

2.5. Carbon Sequestration

The method used to estimate the annual carbon sequestration is based on the IPCC “Good Practice
Guidance for Land use, land-use Change and Forestry” [46]. The annual forest capacity to transform
atmospheric carbon into biomass was estimated considering two carbon pools (above-ground biomass
and below-ground biomass); while the other three carbon pools (litter, soil, and deadwood) were
not considered as the changes in the annual increment of carbon stock are negligible. In accordance
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with the approach proposed by [38,47], the biophysical assessment of carbon sequestration (C) in
above-ground and below-ground biomass of the two study areas was estimated using the annual
increment of tree volume (m3 ha−1·yr−1) measured after the two silvicultural treatments.

The carbon sequestration was estimated using as variables the annual increment of volume
before thinning (Ib), the annual increment of volume after the traditional thinning (It) and the annual
increment of volume after the selective thinning (Is). Annual increments of volume were estimated by
taking random wood samples with a Pressler borer from trees distributed across all diameter classes
in the forest monitoring sectors and estimated at plot level. The other parameters considered in the
estimation of C sequestration in above-ground and below-ground biomass were wood basal density,
biomass expansion factor, and root/shoot ratio of black pine [38,47].

The changes in carbon sequestration before and after the two types of thinning were calculated
using the following equations (Equations (2) and (3)):

Δct = Ct − Cb (2)

Δct = CS − Cb (3)

where Cb is the annual carbon sequestration before thinning (tC ha−1·yr−1), Ct is the annual carbon
sequestration after the traditional thinning (tC ha−1·yr−1), Cs is the annual carbon sequestration after
the selective thinning (tC ha−1·yr−1), Δct is the change in carbon sequestration in the traditional
thinning scenario, Δcs is the change in carbon sequestration in the selective thinning scenario.

2.6. Supporting Services

Two supporting services were assessed in the present study: tree species diversity and floristic
diversity.

2.6.1. Tree Species Diversity

The field measurements were also used to evaluate the species diversity. The overall diversity
level of tree species in the two studied areas was evaluated by means of the Shannon diversity index
(H’) (Equation (4)):

H’ = −Σpi × logz(pi) (4)

where pi represents the relative frequency of the species (i.e., the relative abundance in each sampling
plot). This index was calculated to assess the alpha diversity (α-diversity) of each sampling plot and
treatment, intended as the mean species diversity in sites or habitats at a local scale (Whittaker 1972).
Firstly, a before-treatment value was calculated for the 18 sampling plots. Then, this parameter was
measured again after the thinning interventions.

2.6.2. Floristic Diversity

The floristic diversity was evaluated in accordance with the Braun-Blanquet phytosociological
method based on the estimation of plant cover and number of individual plants [48,49]. The floristic
sampling was carried out every year during spring and summer, when vegetation is flowering and
species identification is easier. Within each sampling plot, vegetation species were identified and their
abundance-dominance was assessed in a sub-sampling plot of 10-m radius using the Braun-Blanquet
scale amended by from 1 to 5 (class 1 = cover 1–5%, class 2 = cover 6–25%, class 3 = cover 26–50%, class
4 = cover 51–75%, class 5 = cover 76–100%). The symbol “+” was given to species with cover <1%, and
“r” was used for rare species. The floristic list of the species was then compiled and a value of ground
coverage was assigned to each species through a visual estimation. Data analysis was conducted after
transformation of the abundance-dominance list obtained with the Braun Blanquet method in specific
frequencies to calculate percentage contribution, according to the Van der Maarel scale [48]. Then,
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similar to tree species diversity, the floristic diversity was evaluated using the Shannon index and the
α-diversity of each sampling plot was calculated before and after the thinning interventions.

2.7. Statistical Analysis

All the studied biological processes were tested for statistical significance. Given the different
nature of collected data, two different statistical analyses were run. Firstly, the total volume of
timber harvested was analyzed by means of a classic parametric ANOVA between treatments.
Then, differences in radial increment (RI), H/D ratio, tree species diversity (tH’) and floristic
diversity (fH’) were evaluated by means of Linear Mixed-models, given the intrinsic autocorrelation
between measurements (longitudinal study). While site and treatment sector were used as replicates,
the two thinning systems (treatment) and sampling year were the fixed effects, with the sampling plots
as sub-samples. Only the zone (i.e., Amiata and Pratomagno) was set as a random effect. Actually,
we were not interested in evaluating the effect of the treatment at each site but to test whether the
treatment was somehow significant for artificial black pine stands. Linear mixed models were run
using the lme4 package [50] available in the R statistical environment [51].

3. Results

3.1. Provisioning Services

The results show that the harvested rate in the Amiata study area was 18.5% of total standing
volume after the traditional thinning and 30.1% after the selective thinning, while the harvested rate
in the Pratomagno study area was 19.4% of total standing volume after the traditional thinning and
29.6% after the selective thinning. Consequently, in both study areas, the harvested volume was higher
with the selective thinning than with the traditional thinning. Such differences were also statistically
significant (p-value < 0.05) both globally (selective versus traditional) and even within the same study
area (i.e., analyzing the two study areas separately).

In the Amiata study area, 100% of wood products was provided as woodchips, while in
Pratomagno, roundwood and pole production contributed for 70% of the total value of provisioning
services in traditional thinning and 78% in selective thinning (Table 1). Results show that only in the
Pratomagno study area were real and potential production of assortments similar, while in Amiata the
opportunity for timber production has not been taken into account by local forest enterprises.

Table 1. Provisioning services before and after thinning in the two study areas. The potential percentage
of wood assortment is reported in parentheses.

Wood Assortments

Volume before
Thinning (m3 ha−1)

Harvested Volume
(m3 ha−1)

Timber (Roundwood &
Poles)

Woodchips

Amiata study area

Traditional
thinning 362.9 67.3 0% (68%) 100% (32%)

Selective thinning 456.6 137.4 0% (74%) 100% (26%)

Pratomagno study area

Traditional
thinning 721.1 139.6 70% (75%) 30% (25%)

Selective thinning 586.6 173.9 78% (79%) 22% (21%)

3.2. Regulating Services

3.2.1. Mechanical Stability of the Forest System

The mixed model showed that differences in H/D between the two thinning treatments were not
statistically different after two years. The H/D ratio slightly decreased for both types of interventions.
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In this sense the detected annual variation was higher after the selective thinning, suggesting this
treatment has a higher capacity to increase the mechanical stability of the stand compared to the
traditional thinning. After the selective thinning, the annual variation was −1.3% in the Amiata study
area and −1.0% in the Pratomagno study area, while after the traditional thinning, the annual variation
was −1.0% in Amiata and −0.89% in Pratomagno (Table 2).

Table 2. H/D ratios before and after thinning in the two study areas.

H/D Ratio (before Thinning) H/D Ratio (Two Years after Thinning) Annual Variation (%)

Amiata study area

Traditional thinning 63.15 61.93 −0.979
Selective thinning 66.32 64.62 −1.284

Pratomagno study area

Traditional thinning 61.05 59.96 −0.889
Selective thinning 52.81 51.74 −1.012

3.2.2. Carbon Sequestration

The mixed model did not show statistically significant differences in the annual increment of
volume and carbon sequestration between the two treatments after the thinning interventions. Results
showed that in the Pratomagno study area, after the thinning, the annual increment of volume
was 1.52 m3 ha−1·yr−1 and 0.71 m3 ha−1·yr−1 for the selectively and traditionally thinned plots,
respectively. In the Amiata study area, the values were 1.11 m3 ha−1·yr−1 and 1.55 m3 ha−1·yr−1

(Table 3). The change in carbon sequestration after the traditional thinning was 0.27 tCO2eq ha−1·yr−1

in Amiata and 0.12 tCO2eq ha−1·yr−1 in Pratomagno, while the change in carbon sequestration after
the selective thinning was 0.47 tCO2eq ha−1·yr−1 in Amiata and 0.37 tCO2eq ha−1·yr−1 in Pratomagno.
Even if not supported by statistical evidence, in both study areas, the radial growth of crop trees that
were selectively thinned and their annual carbon sequestration were stimulated more than under
traditional thinning.

Table 3. Change in carbon sequestration (Δ) after thinning in the two study areas.

Silvicultural
Treatments

Annual Increment (m3 ha−1·yr−1) C (tCO2eq ha−1·yr−1)
Δ (tCO2eq ha−1·yr−1)

Before After Before After

Amiata study area

Traditional thinning 1.37 1.55 1.14 1.61 0.2682
Selective thinning 0.78 1.11 1.99 2.26 0.4693

Pratomagno study area

Traditional thinning 0.63 0.71 0.92 1.04 0.1195
Selective thinning 1.27 1.52 1.85 2.22 0.3746

3.3. Supporting Services

3.3.1. Tree Species Diversity

The results of the Shannon index for tree species are reported in Table 4. The mixed model was not
statistically significant (only a significant intercept term was found). Pinus nigra ssp. laricio was largely
detected as the most abundant species in the Amiata study area, with a homogeneous distribution
across both the forest monitoring sectors (91% each) with just a few hardwood species (Quercus cerris L.
and Quercus pubescens Willd., 1805) covering less than 4% each. Concerning the Pratomagno study
area, Pinus nigra ssp. laricio is still the most important species, but with different percentages between
forest monitoring sectors. Actually, while a value similar to Pratomagno was recorded for the selective
treatment (92%), a lower percentage (73%) was found in the zones under traditional thinning, with
a relevant presence of Abies alba Mill. (25%). This is the main reason for a quite different starting H’
value detected in the Pratomagno study area (Table 4). The main variation is observed in the Amiata
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study area where both thinning operations increased the species diversity. Indeed, the H’ variation
recorded in both cases is +0.11. On the contrary, a different situation is observed in the Pratomagno
study area. While the selective thinning seems to increase the overall species diversity (+0.07), a lower
H’ value is observed in the zones where the traditional thinning is applied (−0.02).

Table 4. Tree species’ Shannon index (tH’) before and after thinning in the two study areas.

Silvicultural Treatments tH’ before Thinning tH’ after Thinning Variation

Amiata study area

Traditional thinning 0.53 0.64 +0.11
Selective thinning 0.50 0.61 +0.11

Pratomagno study area

Traditional thinning 0.91 0.89 −0.02
Selective thinning 0.40 0.47 +0.07

3.3.2. Floristic Diversity

As far as the Shannon index is concerned, the mixed model showed that differences between
selective and traditional treatments two years after the thinning were not statistically significant.
The measurements highlight an increase in the Shannon index after the thinning in both study areas
(Table 5). The increase is higher in the sampling plots under selective thinning (variation +0.2 in Amiata
study area and +0.3 in Pratomagno). The floristic composition is characterized by the dominance of
the endemic species Brachypodium rupestre (Host) Roem. & Schult.; its presence has not been influenced
by the thinning intervention. Conversely, the occurrence of heliophilous species belonging to the
Leguminosae family is increased by the thinning due to the higher penetration of light to the soil surface.
In the Pratomagno study area, the species are those typical of a pine stand herbaceous layer, while
in the Amiata study area, there is a relevant presence of species typical of open grass-land-habitats.
The increase in the mean number of species is higher for sampling plots under selective thinning and
more evident in Amiata study area, where the number of species show an increase of 38, while in the
Pratomagno study area, the increase is 7 species after the selective thinning.

Table 5. Change in the floristic Shannon index (fH’) and species richness after thinning in the
two study areas.

Silvicultural
Treatments

N◦ Species
before Thinning

N◦ Species
after Thinning

Variation
fH’ before
Thinning

fH’ after
Thinning

Variation

Amiata study area

Traditional thinning 78 92 +14 3.1 3.2 +0.1
Selective thinning 54 92 +38 2.9 3.1 +0.2

Pratomagno study area

Traditional thinning 38 42 +4 2.1 2.2 +0.1
Selective thinning 38 45 +7 2.2 2.5 +0.3

At the end of the assessment of three categories of ESs, a matrix was prepared in order to compare
the results for the study area and thinning intervention (Table 6). The matrix shows that in both study
areas, the selective thinning increased the ES provisions: wood provision, mechanical stability of the
forest system, carbon sequestration, tree species biodiversity and floristic biodiversity.
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Table 6. Comparison among ecosystem services in the two study areas.

Provisioning Regulating Supporting

Harvested
Volume (m3

ha−1)

Mechanical Stability of the
Forest System (Annual
Variation H/D Ratio)

Δ Carbon
Sequestration

(tCO2eq ha−1·yr−1)

Floristic
Biodiversity

Tree Species
Biodiversity

Variation fH’ Variation tH’

Amiata study area

Traditional thinning 67.3 −0.969 0.2682 +0.1 +0.11
Selective thinning 137.4 −1.284 0.4693 +0.2 +0.11

Pratomagno study area

Traditional thinning 139.6 −0.889 0.1195 +0.1 −0.02
Selective thinning 173.9 −1.012 0.3746 +0.3 +0.07

4. Discussion

Thinning is a strategy for forest managers to modify forest structure and composition according
to forest management goals, regulating inter- and intra-specific competition to concentrate biomass
allocation on a few target trees [16,17]. In Italy, thinning from below is generally recognized as
the most important early-stage operation carried out between canopy closure and the final harvest
and is also suggested as the unique approach for artificial stand management [26,35]. Despite that,
even if our results were not able to demonstrate the lower performance of thinning from below in
ES delivery in artificial black pine stands (none of the analyzed ESs were supported by statistical
evidence), the detected trends possibly suggest an interesting starting point just 2 years after treatment.
Therefore, even if no conclusive evidence of increased ES provisioning generated by selective thinning
is found, early trends suggest that selective thinning treatment may show differences in ES provisioning
over longer monitoring periods [9,13,39]. Moreover, even if energy wood harvesting has often been
evaluated as one of the main products of artificial softwood stands [30], and especially those located in
the Italian central Apennines [26], roundwood and many other ESs might be successfully obtained
from such stands if managed properly. It is well known that the diameter growth of forest species is
directly connected to early thinning, especially in conifer stands [18,28]. Moreover, the use of an early
implementation of selective thinning has also been advised as one of the main tools for stand stability
and high quality wood production [27].

Concerning wood products and despite the main protective goal of such stands, our results
confirmed that different thinning interventions could influence the provisioning services in terms of
wood assortment production. Concerning wood production, the selective thinning yielded a higher
harvesting rate and a higher percentage of roundwood compared with woodchips. The results are
comparable to those in a black pine peri-urban forest in Central Italy where the harvesting rate is higher
with selective thinning [38]. Even if the Italian market is mainly directed toward bioenergy production,
more valuable wood assortments (i.e., roundwood or poles) can be obtained and sold on the market.
The results are in accordance with the review by Cameron [27], demonstrating that selective thinning is
an investment from an economic point of view because it improves future timber quality and economic
value. Moreover, as highlighted by Macdonald and Hubert [52] in Sitka spruce (Picea sitchensis (Bong.)
Carrière) stands in the United Kingdom, selective thinning improves straightness and branching
characteristics and is the recommended thinning intervention for sawlog production. Actually, once
the potential assortments of a harvesting activity are evaluated, knowledge of the market and skills of
local enterprises represent the main gap to be filled by public research. Indeed, with almost the same
stand type and structure, the two forest enterprises (one per study area) worked with a completely
different harvesting scheme and profit. In particular, the main variables that influenced the allocation
of wood assortments on the market are the prices of different wood products on the local market, the
quality of wood, and the local communities’ customs and dynamics. In such a framework, the ability
of forest enterprises to place their products on the market is the main driver [53].

When regulating services are concerned, it is recognized that the mechanical stability of trees is a
fundamental issue in public safety and erosion control. In this view, even if not supported by statistical
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evidence, our results suggested that black pine is a very plastic and reactive species, even when a late
selective thinning is applied (>40 years old). Selective thinning is also very suitable for improving
stand structure and stability, more than traditional thinning. A positive reaction was observed on all
candidate trees (i.e., a decreasing H/D ratio and higher current radial increment). The H/D ratio of
taller trees (i.e., candidate trees) was reduced (i.e., more stable trees) just 2 years after the treatment and
in line with previous studies in similar zones [35]. Consequently, positive implications on soil retention
and the prevention of landslides might be attributed to the selective thinning, thanks to higher ground
coverage and survival of healthy and well-formed trees [54] The positive effect of selective thinning on
stands’ stability due to the reduction of the H/D ratio of higher trees is also reported by Cameron [27]
for Sitka spruce stands in Scotland. In this sense, del Río et al. [55] highlighted the importance of
the kind and intensity of thinning for stand stability. In particular, for Scots pine (Pinus sylvestris L.)
stands, the long-term positive effect of thinning from above on stand stability was found compared to
thinning from below.

These positive results found for selective thinning seem to be interesting, even concerning the
higher growth rate trends measured on selected trees and mainly concentrated on diameter increment,
which also includes higher carbon sequestration. Even if not significant, our carbon sequestration
results are not different from those derived for other forest systems. For instance, in a long-term
Mediterranean thinning experiment, Ruiz-Peinado et al. [56] reported mean values that ranged from
128 Mg C ha−1 to 193 Mg C ha−1 at the age of 52 years depending on the thinning treatment, with
the greatest value in unthinned plots. Del Río et al. [55] highlight how in Mediterranean pine forests
carbon sequestration changes over time, and with different forest management strategies: carbon
sequestration rates are influenced by the rotation length, thinning intensity, stand composition, with
different results amongst species. However, for Mediterranean maritime pine, heavy thinning increased
carbon sequestration when carbon fixed in removed wood was also considered. In general, our results
are in accordance with literature showing that the total carbon sequestration potential usually increases
with thinning [56,57].

When considering supporting services, the Shannon index expressing tree species diversity tended
to increase in both study areas with both tested treatments and mainly with the selective thinning
intervention. This aspect is in line with expected results, with selective thinning being much more
plastic than traditional thinning and able to preserve all small broadleaves species which must be
removed with thinning from below. However, tH’ increment values are also highly correlated to
before-treatment vertical and horizontal stand structures, and while a homogeneous starting point
(0.5) was found in the Amiata study area, quite a different situation was found in the Pratomagno
area with 0.9 and 0.4 tH’ starting values. Such differences are also connected to the genesis of the
stands: rural mid-elevation areas in Amiata with broadleaves trees often occur in plots; high elevation
and steep zones in Pratomagno with species admixture occur only in some areas. Actually, starting
differences were mainly due to silver fir or European beech trees, planted in mixture with black
pine in more fertile zones only. However, in the end, the results demonstrated that the two systems
are almost interchangeable in Amiata, where trees biodiversity is balanced; instead in Pratomagno,
in an environment with low species richness, thinning from below is not able to improve tree species
diversity. This fact is probably due to the rigid thinning scheme to be applied, which cut trees according
to their dbh, removing all dominant trees despite their taxonomy.

Concerning the understory level, floristic diversity—expressed by the Shannon index—increased
with both thinning systems and more so with the selective than with the traditional one. Without
statistical significance, such results must be considered as a trend to be confirmed with additional data
in the next few years. The results showed that the number of species (particularly light-demanding
ones) increased with thinning intervention. The effect was higher in plots under the selective regime
with “new” species coming from the surroundings of the plots we studied. Consequently, our results
can be interpreted as an activation of available seeds in the soil. In other words, the activation of
existing potential. The results of the present study are comparable with other studies investigating the
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effects of silvicultural systems on understory plant diversity, including species composition, structural
attributes and functional organization. Studies demonstrated that, in general, the species pool was
higher for selectively cut areas, and a high proportion of light reaching the forest floor induced the
spread of light-demanding species and the detriment of true forest species [15,58].

The matrix synthesizing the effects of silvicultural treatments on ESs shows that in both study
areas the selective thinning suggested a promising effect on all ESs investigated (apart from tree species
biodiversity in Amiata). It is a fact that the thinning regime influences competition relationships among
plants, changing the overall ecosystem complexity. Thus, it is important to support experiments on
different thinning regimes where the objective is to improve the forest multi-functionality (biodiversity,
wood production, soil protection) [17]. Even if our results report data only for two years after
treatments, the trends described might justify further monitoring activities.

5. Conclusions

Artificial pine forests in Italy are an extremely simplified system, poorly managed and characterized by
a low biodiversity level. Their original function was to improve soil nutrients and to catalyze ecological
succession on bare and overexploited soils and to prepare soil for more demanding species. This shift
from an artificial conifer stand to a mixed forest type through natural regeneration, attributed to
autochthonous species, was and currently represents the final goal. However, while in a former concept
the substitution was planned to be realized by means of clear-cutting of pines and artificial plantation
of autochthonous trees, current evidence demonstrates that a gradual substitution can be encouraged
by thinning [20], also improving ESs delivered by such stands. In such a framework, the selective
thinning can be successfully implemented even in older structures for a gradual enhancement of
species composition and natural regeneration where crop trees can represent those to be favored in
order to improve their seed dispersal capacity.

From the methodological point of view, the method used to assess and compare the effects
of thinning on ES is simple and easy to apply. The small time period between the treatment and
post-harvesting surveys probably represents the major issue in our experimental design. However,
funding time is always rigid in European Union (EU) projects and this may be the cause for a lack
of statistical significance. The results are encouraging and can represent the basis for novel survey
campaigns or longer projects. In future, the possibility to derive single-tree statistics, e.g., with
dendrometers and terrestrial laser scanning techniques, could represent an interesting approach.

The matrix on the effects of silvicultural treatments on ESs provides useful information to
decision makers to choose the most appropriate forest management strategy based on the forest stand.
Conversely, the applied method provides a partial analysis of the effects of silvicultural treatments on
ESs because only one sub-set of all ES forests was assessed. Therefore, future findings of this study
will consist of assessing the effects of different thinning regimes on a larger number of ESs, including
cultural services (e.g., recreational activities).
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Abstract: The application of a harvester for thinning operations in young stands can pose several
dilemmas. Firstly, the value of the timber obtained should be higher than the cost of the thinning
operation—this is especially difficult with young stands, where the timber is of a small size and
productivity is low. In addition, small harvesters used for thinning usually have short cranes, less than
10 m in length, which is rather impractical in stands where the distance between strip roads is a
standard 20 m. The aim of this research was to select the best mechanised thinning operation, taking
into account economic suitability and some environmental aspects (damage to the remaining stand
and density of strip roads). The research was carried out in a 31-year-old pine stand (11.27 ha) in
which three different harvester thinning (T) operations were designed: TM1) with midfield and one
harvester pass, TM2) with midfield and two harvester passes and TWM) without midfield and one
harvester pass. In all the proposed operations, a Vimek 404 T5 harvester (with a 4.6 m-long crane)
and a Vimek 606 TT forwarder were used. The most economic operation was TWM, with a total
cost of €13.73 m−3, while TM1 was 13% more expensive at €15.51 m−3. The lowest level of damage,
1.5%, was recorded in TWM, while in TM1 the level was 2.1%. The TWM operation required a net
of strip roads twice as dense as in TM1. Taking into account all the analysed aspects, a thinning
operation with midfield and one harvester pass is recommended when using the Vimek 404 T5
harvester and the Vimek 606 TT forwarder in the first thinning of a pine stand.

Keywords: early thinning; strip roads; productivity; costs; damage; Vimek

1. Introduction

The effective use of a mechanised thinning operation in a young pine stand is challenging from an
economic perspective. When using a harvester and forwarder, it is best to start with the first thinning
when the value of the timber obtained is higher than the cost of the thinning operation. However,
this is especially difficult in young stands, where the timber is of a small size, as this may lead to low
productivity. This results in the rare application of mechanised early thinnings, but there is also a
growing interest in suitable mechanised silvicultural treatments in artificial ecosystems in Europe [1,2].
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To obtain the best compromise between economic and ecological aspects, particularly in the first early
thinning, geometrically selective thinning may be applied when possible, with respect to selective
treatments when ecological aspects are of paramount importance [3,4].

In Central Europe, the first commercial thinning of pine (Pinus sylvestris L.) can be carried out in
ca. 30-y.o. stands and the timber obtained is usually used in the pulp and paper industry or for chips
as renewable energy biomass. Young stands ready for the first thinning need to be accessible for forest
operation machines. To a certain degree, harvester parameters determine the distribution of strip roads
in the forest. The crane length impacts on the distance between the strip roads, while the width of the
harvester (but also of a forwarder) determines the width of the strip roads. In the majority of cases,
the distance between strip roads is 20 m (measuring between the axis of the strip roads) and the width
is approximately 4 m. This is due to the fact that nowadays, harvester cranes are ca. 10 m in length
and the machines themselves are no wider than ca 3 m. However, some manufacturers of cut-to-length
(CTL) technology may vary these measurements. Smaller harvesters can be equipped with cranes
4 to 6 m long and their width may be no bigger than 2 m. Available early thinning machines of these
sizes are manufactured, for example, by Vimek. Vimek harvesters are equipped with a 4.6 m long
crane and the machine is 1.8 m wide. Forwarders have the same long crane and machine width.
These parameters present obvious dilemmas when the first thinning is expected and new strip roads
are planned. There are two solutions: (1) the establishment of strip roads with a distance of 9–10 m
between them; or (2) a distance of 20 m between strip roads, but a 10-m-wide midfield in the middle,
on which trees are cut with a chainsaw and felled towards the closest strip road [5]. Taking into account
the two variants of the distance between strip roads, 10 or 20 m, it was hypothesised that a greater
distance would, in the end, give a higher productivity from harvester/forwarder application and
consequently lead to lower costs. It was also hypothesised that the forwarder, in particular, would be
more efficient due to a higher timber concentration after thinning, if the larger 20 m distance between
strip roads was applied. It was also considered that there may be differences in the level of damage to
the remaining trees on plots where the distance between the strip roads was 10 and 20 m.

Therefore, the objective of this research was to analyse: (1) the productivity and costs of the Vimek
harvester and forwarder in a very young pine stand undergoing its first commercial thinning with
respect to different strip road design and machine application; (2) the level of tree damage due to the
mechanised thinning operation on plots with a distance between strip roads of between 10 and 20 m;
and (3) the total area per hectare of the stand which needs to be excluded from production in order to
establish strip roads.

2. Materials and Methods

The research was carried out in a 31-year-old pine (Pinus sylvestris L.) stand of 11.27 ha, in
compartment 108 h in the North of Poland (Bobolice Forest District, Table 1). According to the forest
inventory data from 2015 (year of thinning operation), the average DBH of pine was 13 cm and the
mean height 11 m. Silver birch (Betula pendula Roth) was also represented in the stand (10%, Table 1)
with the same age and mean DBH, but with a slightly greater height of 12 m.

Table 1. Stand characteristics before thinning; general forest inventory data valid on 1 Jan 2015.

Com-Partment Area, ha Species Share, % Age, Years DBH, Mean, cm H, Mean, m Stocking, m3 ha−1 Understorey Species

108h 11.27 pine 90 31 13 11 137 birch
birch 10 31 13 12 10 spruce

spruce sporadically - juniper
larch sporadically -

The species composition was enriched with sporadic appearances of spruce and larch. In addition,
birch, spruce and juniper occurred intermittently in the understorey. The stocking of the main stand
layer before thinning was 147 m3 ha−1. This stocking was achieved after a late cleaning was carried
out in 2003, as well as pre-commercial thinning in 2007, when strip roads were also established by
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removing one tree row every ca 20 m. During the pre-commercial thinning, 160.85 m3 of energy wood
was harvested (a maximum top diameter of 7 cm over bark) and 19.70 m3 of pulp wood (a minimum
top diameter of 7 cm over bark).

In 2015, three different harvester thinning (T) operations were designed: TM1) with midfield and
one harvester pass, TM2) with midfield and two harvester passes, and TWM) without midfield and
one harvester pass (Figure 1).

 

Figure 1. Design of analysed thinning operations: (a) Thinning with midfield and one harvester pass
(TM1); (b) Thinning with midfield and two harvester passes (TM2); (c) Thinning without midfield
(TWM). Distance between tree rows was from 1.4 to 1.6 m.
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The thinning operations with midfield and without have been described in detail in previous
research [5]. In TM1, the distance between the strip roads was ca 20 m (between the axis of the strip
roads). In the first stage, on the midfield (a ca 8–9 m-wide zone between the strip roads), the trees
were cut with a chainsaw and felled towards the nearest strip road. In stage two, the harvester cut
the trees on a 4 m-wide zone next to the strip road and processed them. Finally, in stage three (within
the same pass), the harvester processed the trees cut by the chainsaw. In TM2, the distance between
the strip roads was also ca 20 m. In stage one, the harvester cut and processed the trees in a 4 m-wide
zone next to the strip road (as in step two in TM1). In stage two, the chainsaw operator felled the
trees towards the nearest strip road. In stage three, in the second pass, the harvester processed the
trees cut by the chainsaw. Finally, in TWM, the distance between the strip roads was ca 10–12 m;
the harvester cut and processed the trees from the 4 m-wide zones next to the strip roads. In all the
thinning operations, the strip roads were ca 3 m wide, established by removal of one tree row during
pre-commercial thinning in 2007. The distance between the tree rows ranged from 1.4 to 1.6 m.

Each thinning operation was carried out along two strip roads, which were ca 175 m long. In each
type of operation, 20 sample plots were marked (10 m × 10 m), on which all trees for harvesting were
measured. The DBH was measured twice perpendicularly using a Haglöf Mantax Blue manual caliper
(Haglöf Sweden AB, Långsele, Sweden), with an accuracy of 1 mm, while the heights were measured
using a Haglöf Vertex Laser height measurer (Haglöf Sweden AB, Långsele, Sweden), with an accuracy
of 0.1 m. The trees selected for harvesting in all the operations had a similar mean DBH and height
with no statistically significant differences (Table 2, K-W test, p < 0.05).

Table 2. Characteristics of trees selected for thinning operations.

Feature TM1 DBH, cm TM1 H, m TM2 DBH, cm TM2 H, m TWM DBH, cm TWM H, m

Mean 12.3 a 12.5 a 11.5 a 11.9 a 10.9 a 11.8 a

Minimum 7.0 7.8 7.0 6.3 7.0 8.2
Maximum 25.0 17.8 24.0 15.8 23.0 16.4

SD 3.9 1.8 3.9 2.0 3.4 1.7
N 100 100 112 112 110 105

Different letters next to mean values indicate statistically significant differences. DBH: diameter at breast height,
H: height.

All the trees for harvesting were marked with individual numbers for further tree recognition
during the time studies and further time analysis per one tree when possible: for harvester as well
as for chainsaw felling. For forwarding, only general productivity was analysed in m3 per hour.
For the harvesting, forwarding, and chainsaw felling, a time study was carried out with an accuracy
of 1 s. As the thinning operations were of a particular design, the typical categories of time were
split up in order to determine the reasons for differences in productivities. For the harvester, three
categories of time were distinguished: (A) preparation (tidying residues), machine moving, crane out,
head positioning, felling; (B) delimbing and bucking; (C) delays. Time A was of particular interest,
as it was hypothesised that it would be the longest in operation TM1, of medium duration in TM2,
and the shortest in TWM. At the same time, it was presumed that time B would be the same in all
three operations. Delay times were initially recorded, but eventually for the cost calculations, machine
utilisation (MU) was considered more representative for machine use and chainsaw operator work.
This decision was made for two reasons: (1) delay times were either accidental in this case study; or (2)
compulsory in the harvesting and forwarding on account of the scheduled refuelling at the end of each
strip road.

MU was obtained from engine working time (EWT), recorded by machine meter (total time from
engine ignition until switch off). EWT was finally reduced by time of engine-idle speed time and time
spent on machine relocation. Machine relocation on wheels (without a low-loading trailer) happened
occasionally and was accepted up to ca 10 km. Otherwise, a low-loading trailer was used, the costs of
which were considered in suitable calculations. This reduction used for calculation of MU was based
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on the expert decision of the machine owner. EWT was taken as total hours from beginning of machine
use until the day of analysis, divided by total number of shift hours in the respective period of time.

For forwarding, four time categories were considered: (A) driving empty; (B) driving and loading;
(C) driving loaded; (D) unloading. It was expected that loading in TM1 and TM2 would be more
effective than in TWM due to a higher timber concentration next to the strip roads. When forwarding,
delay times were linked to refuelling after finishing extraction on one strip road. These breaks would
not take place in a normal day shift; therefore MU was eventually considered, and it was obtained
using the same methodological approach as in case of the harvester.

For the chainsaw operation, three time categories were applied: (A) walking from one tree to
another; (B) felling; and (C) delays. It was hypothesised that felling would take less time in TM2 than
in TM1, due to the opening up of the space between the trees by the harvester in TM2 (fewer hanging
trees). Delay times were also recorded. Again, as it was a case study, in the final analysis, the average
daily delay times were used to calculate the MU.

For the productivity and cost measurements, all the harvested trees were considered. In all the
proposed operations, a Vimek 404 T5 harvester and a Vimek 606 TT forwarder were used (Table 3).

Table 3. Harvester and forwarder characteristics.

Feature Harvester Vimek 404 T5 Forwarder 606 TT

Weight, kg 3800 2960
Length, m 3.35 6.20
Width, m 1.84 1.80

Engine CAT 2.2T Kubota D 902-E
Engine power, kW 44.7 18.0
Crane/length, m Mowi 2046/4.6 m Mowi 2046/4.6 m

Head/max. diameter Keto Forst Silver/30 cm -
Lifting capacity, kg - 300

Loading capacity, kg - 3000
Tyres, front Mitas 405/70-24 Mitas 405/70-24
Tyres, rear Mitas 405/70-24 Mitas 400/60-15.5

Harvesting was carried out by a 43-year-old operator, with two years of experience working on
harvesters. The forwarder operator was 27 years old and had two years’ work experience. He also
carried out the manual felling of trees, of which he had six years’ experience.

Both the operators were instructed before thinning. Thinnings with midfield (TM1 and TM2)
were new to the harvester operator, therefore several trees were felled by chainsaw and later pulled
and processed by the harvester in order to learn the process before the research study began.

The length of all the logs was 2.55 m, and two types of assortments were prepared: pulp wood,
thicker logs from the bottom parts of trees, and energy wood, thinner (maximum 7 cm over bark) from
the tops of trees. The harvested logs were processed at the side of a strip road for further forwarding.
Each pile of logs consisted of only one type of assortment. Bottom logs—pulp wood—from a few trees
were put in one pile, top logs—energy wood—also from a few trees were disposed of in another pile.
This was done in order to boost forwarder efficiency. Consequently, the volume and productivity of
each thinning operation was calculated as a mean for each machine. After forwarding, separate piles
of timber were made for each operation. The width, height and length of the piles were measured and
suitable official conversion factors were used to calculate the timber volume under bark.

The volume of merchantable timber of the standing trees was also not used in the further
calculation of productivity curves, as the harvester usually finished processing at a smaller diameter
than 7 cm over bark. Therefore, it was decided that the mean harvester and forwarder productivities
should be specified, and these were then used for the cost calculations.

All costs linked to machine use were obtained from the machine owner as they were recorded in
the company’s books (Table 4). The diesel consumption of the harvester and forwarder was measured
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at the end of each strip road. The tanks were full before the operation started and after each strip
road was finished, both the harvester and forwarder were refuelled. The volume of added diesel was
measured using a vessel with a volume accuracy of 0.1 L. The chainsaw fuel and oil tanks were refilled
when necessary (when the petrol finished), for which a vessel with an accuracy of 0.1 L was used.

Table 4. General data for cost calculations.

Feature Harvester Forwarder Husqvarna 346 XP

Initial investment, € 229,848 125,134 476
Economic life, years 10 10 3
Salvage value (10%), € 22,985 12,513 48
Fuel price, € l−1 1.09 1.09 1.20
Number of working days per year 242 242 242
Number of working hours per day 8 8 8
Machine utilisation time, h year−1 1800 1600 -
Machine utilisation time after reduction, h year−1 1500 1400 -
Machine utilisation 0.775 0.723 0.813

Monthly:
Insurance, € 83.12 49.57 -
Garage, € 3.46 3.46 -
Lubricants, € 119.04 17.89 54,56
Repair and spare parts, € 215.51 75.51 14.43
Relocation costs, € 63.90 63.90 -
Labour costs (wages, incl. all costs), € 2311.69 1728.57 1330.00

Stand damage was measured on 10 sample plots in each thinning operation. Stand damage
(expressed in %) was measured on the 10 sample plots used in each thinning operation. Data collection
was carried out according to a design-based approach and a statistical method in order to overcome
possible pseudoreplication problems [6]. The number of trees with damage (partial bark removal) as
proposed by Picchio et al. [7], was recorded as the number of trees with damage against all the trees on
the sample plots.

The strip road area was calculated per 1 ha. The strip road width multiplied by total length on
1 ha was calculated and cover was expressed in % of area excluded from forest production.

To compare the data sets obtained from each thinning operation, the Mann-Whitney U test was
applied with p < 0.05 or Kruskal-Wallis test (for more than two independent measures) with p < 0.05.

3. Results

3.1. Productivity and Costs

The highest mean thinning operation productivity, 4.83 m3 PMH−1, was in TM1, where the
distance between the strip roads was ca 20 m and one harvester pass was needed (Table 5). In the TM2
and TWM operations, the mean productivity for both machines, harvester and forwarder, was 4.55 and
4.50 m3 PMH−1, respectively. The harvester was the most efficient in the operation without midfield,
where the distance between the strip roads was only ca 10 m. In contrast, forwarder productivity in
TWM was the lowest and amounted to 4.33 m3 PMH−1. Forwarder productivity in the operations
with midfield was similar: 5.25 and 5.35 m3 PMH−1 in TM1 and TM2, respectively. Unfortunately,
TM1 and TM2 were 13% and 23% more expensive (respectively) than the TWM operation.

The cost of chainsaw use made the operations with midfield more expensive. Fuel consumption
(diesel) also had an impact on the lowest cost of harvester use in the operation without midfield,
where only 0.46 L per 1 m3 of harvested timber was used (Table 6).
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Table 5. Productivity and cost of thinning operations.

Feature TM1 TM2 TWM

Harvester productivity, m3 PMH−1 4.42 3.74 4.67
Forwarder productivity, m3 PMH−1 5.25 5.35 4.33
Productivity of thinning, m3 PMH−1 4.83 4.55 4.50

Harvester costs, € m−3 8.83 10.34 7.89
Forwarder costs, € m−3 4.80 4.69 5.84

Chainsaw felling costs, € m−3 1.88 1.88 -
Costs of thinning, € m−3 15.51 16.91 13.73

Table 6. Fuel consumption by Vimek 404 T5 harvester, Vimek 606 TT forwarder, Husqvarna 346 XP.

Feature TM1 TM2 TWM

Harvester diesel consumption, L m−3 0.94 1.02 0.46
Forwarder diesel consumption, L m−3 0.31 0.30 0.40
Chainsaw petrol consumption, L m−3 0.11 0.08 -

Diesel consumption by the forwarder was much lower in the operations with midfield in
comparison with the harvester. It was also recorded that fuel use in the forwarding without midfield
was ca 33% bigger than in the operations with midfield. Petrol consumption by chainsaw was low,
ca 0.1 L per m3 of felled trees, as delimbing and bucking were carried out by the harvester.

3.2. Harvesting Time Consumption

Considering effective time without delays, more time was needed for one tree in operations with
midfield: 43 and 48 s in TM1 and TM2 respectively. The shortest time was observed in TWM: 38 s per
tree (Table 7).

Table 7. Harvester time consumption per one tree; results of Mann-Whitney U test and descriptive
statistics of time categories.

Feature TM1 TM2 TWM

Time category A B A B A B
Mean (s) 26 a 17 a 30 b 18 a,b 23 a 15 b

Min. (s) 7 2 6 5 9 3
Max. (s) 72 81 77 92 57 69

SD 13 12 14 13 10 10
N 94 94 97 97 104 105

Different letters next to mean values indicate statistically significant differences. TM1—thinning operation with
midfield and one harvester pass; TM2—thinning operation with midfield and two harvester passes; TWM—thinning
without midfield. Time categories: A: Preparation (tidying residues), machine moving, crane out, head positioning,
felling; B: Delimbing and bucking.

Processing time (B: Delimbing and bucking) was similar in all operations, although there was a
statistically significant difference between the trees processed in TM1 and TWM. There was also the
expected difference between the operations in time of tree preparation (A): More time was needed in
operations with midfield in comparison with TWM (Table 7).

Tree chainsaw felling was more time consuming in the operation with one harvester pass, where
43 s were needed for one tree. In TM2, trees were felled after the first harvester pass, and only 24 s
per tree was needed on average (Table 8). The time spent by the chainsaw operator moving from one
tree to another was twice as long in TM1 as in TM2. These differences were statistically significant.
The mean time of felling per tree was 64% longer in TM1 than in TM2 (Table 8), and that difference
was also statistically significant.
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Table 8. Chainsaw operator time consumption per tree; Mann-Whitney U test and descriptive statistics
of time categories.

Feature Chainsaw Operator, TM1 Chainsaw Operator, TM2

Time Category A, s B, s C, min.s A, s B, s C, min.s

Mean 20 a 23 a 20.11 10 b 14 b 18.12
Minimum 3 4 13.41 3 3 12.08
Maximum 60 70 26.40 64 67 24.15

Standard deviation 15 16 - 10 12 -
N 43 43 2 50 50 2

Different letters next to mean values indicate statistically significant differences. TM1—thinning operation with
midfield and one harvester pass; TM2—thinning operation with midfield and two harvester passes. Time categories:
A: preparation (tidying residues), machine moving, crane out, head positioning, felling; B: delimbing and bucking;
C: delays.

Delay times occurred at regular intervals and they were linked with chainsaw refuelling.
Each break was ca 20 min and there were two breaks in each operation with midfield.

3.3. Damage to the Remaining Stand

Recorded damage was very low. On the 10 sample plots in each operation, approximately 2% of
the trees had partial bark removal (Table 9). The least frequent damage, 1.5% of trees, was observed in
TWM, where a chainsaw was not used and the trees were not pulled from midfield by a harvester.

Table 9. Damage to remaining stand.

Feature TM1 TM2 TWM

Number of trees with damage 3 3 2
Total number of trees 142 138 130

Share of trees with damage, % 2.1 2.2 1.5

A similar level of damage (2%) was found in the thinning operations with midfield. Damage was
observed only on a few sample plots.

3.4. Strip Road Area

As initially designed, TM1 and TM2 had a thinner network of strip roads, the distance between
them being 20 m. In such a configuration, the area needed for strip roads only amounted to 15%
(Table 10). Twice as many strip roads were needed when TWM was proposed, and the total area
excluded from production was 30%.

Table 10. Strip road area, calculations per one hectare.

Strip Road Detail TM1 TM2 TWM

Number of strip roads 5 5 10
Width, m 3 3 3

Distance between strip roads, m 20 20 10
Total length, m 500 500 1000

Area, % 15 15 30

4. Discussion

Obtaining satisfactory thinning operation production rates in young stands is difficult. Small tree
sizes have the biggest impact on lower productivity [8,9], which also leads to higher costs for the whole
operation [5]. In the presented research, the configuration of the strip road network was considered,
which is mainly dependent on machine parameters and harvester crane reach. Smaller machines are
expected to be used in younger stands, where thinning is necessary [10]. Smaller machines are also
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cheaper and cost less to use due to their lower fuel consumption [5]. The option presented of the
Vimek harvester and forwarder was a good economic solution for small-size tree harvesting.

The economic assessment of the three different thinning operations showed that the cheapest
option required a dense network of strip roads in the stand. However, the cheapest option contrasts
with the long-term economic benefits from stand utilisation. Excluding 30% of the land from further
stand production is another cost to be borne by the forest owner.

Thinning with midfield is more difficult to manage. The chainsaw operator has to control the
width of the midfield zone between two strip roads, which creates delays in tree felling. Additionally,
the trees need to be felled in the direction of the nearest strip road. To avoid delays due to chainsaw
operator hesitations, a thinning operation with two harvester passes was proposed. In TM2, after the
first harvester pass and the felling of the trees next to the strip road, the midfield zone was visible
for the chainsaw operator, and it was also easier to fell trees into the area next to the strip road,
where thinning had already been carried out. However, both harvester passes cost 23% more than the
cheapest option, TWM.

Timber harvesting with midfield is a known solution, described earlier in pine stands by
Mederski [5]. In that study from the previous decade, a midfield was used in older stands of 3rd and
4th age classes, and thinning with midfield was the most economical. The productivities achieved at
that time, more than a decade ago, were generally lower when compared to the harvesting nowadays,
where in thinning operations approximately 20 m3 PMH−1 is achieved [8,9]. In this context of highly
productive thinning operations, the use of a chainsaw is an unwanted necessity. The proposed thinning
operations with midfield make it possible to keep a standard distance between the strip roads thanks
to the additional use of the chainsaw. However, it would be more convenient if small harvesters were
developed with longer cranes for early thinnings.

A forest owner is interested in the best possible land use for production, and from the three
different harvester operations presented, the one with midfield (TM1) would be in their best interest.
In TM1, only 15% of the area was used for strip roads. The cost of the whole TM1 operation was
13% higher, although more trees (15% extra forest area) were saved in the stand for future production.
If this slightly higher cost of the thinning operation can be accepted, strip roads of regular density
(20 m apart) will stay for the next thinning, when in the future a bigger harvester with a 10 m-long
crane will probably be used for late thinning.

In general, the productivities and costs achieved for these small machines should be considered
satisfactory and similar to those achieved in other studies [11,12]. It was expected that, in particular,
the forwarder productivity would be higher in the midfield operations due to a higher timber
concentration [13] in comparison with TWM. Higher productivities in thinnings with midfield were
achieved in previous studies using a Vimek forwarder [5], but these were in older pine stands. Bigger
trees positively impact the productivities of both harvesters and forwarders [8,9,13,14], although
fork trees [15], tree sizes which are too large [16], or bigger slopes [17] lower the productivity of a
harvester considerably.

A wider distance between strip roads allows for a bigger concentration of timber, which impacts
positively on forwarding efficiency [5,13]. It was also expected that harvester productivity would be
the highest in TWM: in this operation, the time for tree pulling from the stand was excluded, which
made harvesting more efficient. However, it has to be pointed out that thinning with midfield was
provided as an experimental case study and the harvester operator did not have experience in that
type of operation (except a short training session on a few trees). Therefore, it may be expected that
there is still potential to obtain higher productivities in this operation.

Harvester time consumption was the shortest when TWM was applied. This was expected as
the time-consuming process of pulling trees from midfield was only in TM1 and TM2. Considering
the processing time (delimbing and bucking), it was similar in all operations, although there was a
statistically significant difference between TM2 and TWM. This was rather accidental, as there was no
reason why those times should be different. In contrast, the time of preparation (A) was the shortest in
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TWM, which was expected as extra time was needed for tree pulling in the thinning with midfield.
Additionally, the difference in time A was statistically significant when comparing TM2 and TWM
(but again not in a comparison between TM1 and TWM).

Chainsaw felling time per tree was much shorter in TM2 due to the open space next to the strip roads
after the first harvester pass (fewer hanging trees). Additionally, the time spent by the chainsaw operator
moving from one tree to another (time A) was shorter in TM2. This was also expected as after the first
harvester pass, the chainsaw operator had a clear view of which trees belonged to the midfield area.

An important aspect of the presented research is that the different thinning options of the Vimek
harvester and forwarder are proposed with economic and environmental consequences—the cost and
stand preparation with strip roads. Indeed, the cheapest harvesting option in this case was not the best
one, because in comparison with TM1, a further 15% of forest area (another tree row at this stage of
stand development) needed to be excluded from production to create strip roads (Table 8). The loss
in the future production of wood in that removed tree row is in fact much more expensive than the
saved ca €2 in one thinning operation. Strip roads every 10 m in the stand would also be difficult to
accept in relation to ecological aspects. It is also worth mentioning that in the next thinning (older
stand), a bigger harvester may be used with a 10-m-long crane and strip roads every 10 m may not be
necessary any longer.

When a mechanised thinning operation is used, the network of strip roads has a direct impact
on soil compaction. TWM had double the area used for strip roads (every 10 m) in comparison with
TM1 or TM2 (every 20 m). Consequently, a bigger area in TWM (30% of the stand area) was under the
pressure of machine wheels. This is more than the area affected by the skidder, where ca. 18% of the
stand area can be disturbed [18], unless winching is used with a tractor in a coppice stand, which may
affect a very small area of the stand (3–4%) [19].

Soil compaction caused by a forwarder may be more severe [20], which may lead to a slower early
growth of seedlings [21]. Forest machines, and especially fully-loaded forwarders, cause unwanted soil
disturbances [22], which is usually more intensive in older stands, where trees of bigger dimensions
are extracted [23].

Damage to the remaining stand was very low—only 1 to 2% of the trees were injured. This was
comparable to the low-level damage characteristic for winching (especially with a snatch block) [24].
Otherwise, when the short wood system is used, a higher level of damage can be observed [25,26].
It was expected that in the thinning operations with midfield (with a larger distance between the strip
roads), the level of damage would be higher, and it was. However, overall, only a few trees with bark
damage were found on the sample plots. In operations with midfield, trees cut with a chainsaw have
to be pulled afterwards by a harvester for processing—pulling trees creates additional opportunities
for the remaining stands to be damaged. However, in 31-year-old pine stands, trees are of small sizes
(Table 1), and even though they are pulled between other trees, it does not necessarily mean that
damage will be done. The extraction of bigger trees in older stands may lead to a higher probability of
damage to the remaining trees, but not necessarily in the short wood system [27]. In the presented
study, only a few trees had damage, and besides, there is still the chance of the healing and overgrowth
of wounds [28].

An interesting aspect of the presented research was fuel consumption. When the harvester was used
in operations with midfield, a greater use of diesel was recorded. This was a natural consequence of the
additional work—pulling the felled trees for processing. At the same time, a higher diesel consumption
was noted when the forwarding was carried out in TWM. Again, the smaller timber concentration next to
the strip road led to lower forwarder productivity and eventually to higher fuel use.

Considering more aspects (apart from the economic one) in thinning operations is vital in order
to select the right forest operation method. Current trends show that combining economic and
ecological issues is not enough, and more aspects should be considered: ergonomic, social and product
quality [29]. This is very important considering the recent dynamic growth in mechanised forest
operations [30–32].
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5. Conclusions

The use of the Vimek 404 harvester and Vimek 606 TT forwarder in the 31-year-old pine stand
had satisfactory productivity and acceptable costs. Three different thinning operations were proposed
for these machines requiring different networks of strip roads. Taking into consideration all the aspects
presented here (costs, damage to the remaining stand and density of strip roads), the best solution for
the forest owner is to use the thinning operation with midfield and one harvester pass. Although this
operation may require higher costs of ca 13% for the whole operation, a reasonable strip road density
will exist in the stand. In addition, with this operation, 15% of the stand area was saved for timber
production for the next decades. Overall, the level of damage was very low in all cases. However,
when thinning with midfield was applied, about 2% of the trees were damaged.

Author Contributions: P.S.M., M.B. and Z.K. conceived and designed the experiments; P.S.M., M.S. and M.R.
performed the experiments; M.S. and P.S.M. analysed the data; P.S.M. wrote the paper, R.V., Z.P. and I.L.
contributed to the writing of the paper.

Funding: The research was completed with financial support from Ministry of Science and Higher Education,
granted to the Department of Forest Utilisation (PULS) for the year 2015.

Acknowledgments: We would like to thank Adam Potocki, the manager of Bobolice Forest District for support
during the research and for access to the selected stand. Thank you to Waldemar Winkowski, forest entrepreneur,
who put his machines at our disposal, and allowed us access to his financial records. Finally, we would like to
thank Fabian Winkowski, harvester operator, and Przemysław Kowalczyk, forwarder and chainsaw operator, for
their good cooperation in completing the thinning operations.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Emer, B.; Grigolato, S.; Lubello, D.; Cavalli, R. Comparison of biomass feedstock supply and demand in
Northeast Italy. Biomass Bioenergy. 2011, 35, 3309–3317. [CrossRef]

2. Marchi, M.; Paletto, A.; Cantiani, P.; Bianchetto, E.; De Meo, I. Comparing thinning systems effects on
ecosystem services provision in black pine (Pinus nigra J.F. Arnold) artificial forests. Forests 2018, 9, 188.
[CrossRef]

3. Marchi, E.; Picchio, R.; Spinelli, R.; Verani, S.; Venanzi, R.; Certini, G. Environmental impact assessment of
different logging methods in pine forests thinning. Ecol. Eng. 2014, 70, 429–436. [CrossRef]

4. Picchio, R.; Neri, F.; Petrini, E.; Verani, S.; Marchi, E.; Certini, G. Machinery-induced soil compaction in
thinning two pine stands in central Italy. For. Ecol. Manag. 2012, 285, 38–43. [CrossRef]

5. Mederski, P.S. A comparison of harvesting productivity and costs in thinning operations with and without
midfield. For. Ecol. Manag. 2006, 224, 286–296. [CrossRef]

6. Hurlbert, S.H. Pseudoreplication and the design of ecological field experiments. Ecol. Monogr. 1984, 54,
187–211. [CrossRef]

7. Picchio, R.; Neri, F.; Maesano, M.; Savelli, S.; Sirna, A.; Blasi, S.; Baldini, S.; Marchi, E. Growth effects of
thinning damage in a Corsican pine (Pinus laricio Poiret) stand in central Italy. For. Ecol. Manag. 2011, 262,
237–243. [CrossRef]

8. Mederski, P.S.; Bembenek, M.; Karaszewski, Z.; Łacka, A.; Szczepańska-Álvarez, A.; Rosińska, M. Estimating
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Abstract: Pollen taxa in sediment samples can be identified based on morphology. However, closely
related species do not differ substantially in pollen morphology, and accurate identification is
generally limited to genera or families. Because many pollen grains in glaciers contain protoplasm,
genetic information obtained from pollen grains should enable the identification of plant taxa at the
species level. In the present study, species identification of Pinus pollen grains was attempted using
whole-genome amplification (WGA). We used pollen grains extracted from surface snow (depth,
1.8–1.9 m) from the Belukha glacier in the summer of 2003. WGA was performed using a single
pollen grain. Some regions of the chloroplast genome were amplified by PCR, and the DNA products
were sequenced to identify the pollen grain. Pinus includes approximately 111 recognized species
in two subgenera, four sections, and 11 subsections. The tree species Pinus sibirica and P. sylvestris
are currently found at the periphery of the glacier. We identified the pollen grains from the Belukha
glacier to the level of section or subsection to which P. sibirica and P. sylvestris belong. Moreover, we
specifically identified two pollen grains as P. sibirica or P. cembra. Fifteen species, including P. sibirica,
were candidates for the remaining pollen grain.

Keywords: pollen; DNA; glacier; Pinus; Altai; pollen source

1. Introduction

The natural range of the genus Pinus is confined to the Northern Hemisphere, although some
species have been introduced to the Southern Hemisphere. The genus is currently a dominant
component in forests [1]. The pollen grains of Pinus have two sacs and the winged pollen grains
can be transported long distances by wind. In fact, Pinus pollen grains can reach remote areas,
such as mountain glaciers in the Northern Hemisphere, Arctic glaciers, and the Greenland ice sheet,
and are found in snow and ice as a predominant pollen type [2–9]. Many pollen grains in glaciers
are expected to contain protoplasm, and their maintenance at below 0 ◦C is favorable for DNA
preservation [10]. This property is characteristic of glacial pollen; protoplasm is rarely seen in pollen
found in other sediment types, such as peat and lacustrine deposits. Therefore, pollen grains in glaciers
are advantageous for obtaining genetic information, which should enable identification to the species
level. Modern pollen identification focuses on the morphological characteristics of the pollen wall,
but this approach is generally limited to the identification of plant genera or families. In the case of
Pinus, identification to the genus level is typically possible, although the haploxylon and diploxylon
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types are sometimes distinguished for Pinus pollen grains on the basis of vesicle morphology and other
characters. Hence, alternative techniques are needed for species identification, such as DNA analyses
of pollen grains. If Pinus pollen grains in glaciers are identified to the species level, it may be possible
to investigate the provenance and transportation routes from source plants. Genetic data also provide
valuable information related to physiological ecology, gene flow, and population dynamics [11,12].
In addition, if genetic analysis is applied to pollen from ice cores, which are cylindrical samples of ice
drilled from glaciers and are used to reconstruct past climate conditions and the environmental history
of a particular area, then the abovementioned provenance and ecological studies can be extended to
trace back into the past.

Nakazawa et al. [10] analyzed the DNA of Pinus pollen grains collected from subsurface snow
layers on the Belukha glacier in the Altai Mountains of Russia in the summer of 2003. They identified
Pinus pollen grains to the section level using a PCR-based method. However, it is difficult to achieve
species-level identification using this approach. The sequences provide limited information owing to
their short lengths, meaning that there is the potential to obtain more DNA information by improving
on PCR-based methods.

To identify the grains at the species level, an optimized whole-genome amplification (WGA)
approach combined with multiplex PCR was developed in this study. Multiplex PCR can be used to
amplify multiple targets in a single PCR experiment. Additionally, DNA barcoding is used to identify
materials from known species based on short DNA sequences of standard genomic regions (i.e., DNA
barcodes). In general, chloroplast DNA in land plants has a low nucleotide substitution rate, on the
order of 10−9 per site per year [13]. Therefore, few mutations are expected within a short period of
time, and the most promising DNA barcoding loci for plants are chloroplast genes. DNA barcoding
technologies are being developed for applications in palynology (pollen DNA barcoding) [14], and these
studies have demonstrated that both chloroplast and nuclear barcoding markers can be amplified from
pollen. Unfortunately, most plastid candidate barcodes lack species-level resolution [15]. Additionally,
DNA barcoding markers with universal primers used in previous pollen DNA barcoding studies [14]
provide insufficient information on the species-level taxonomy of Pinus. Species-specific primers are
generally used for the precise identification of samples [16,17]. Moreover, PCR amplification using
limited amounts of DNA template, such as from a single pollen grain, has high risk of contamination,
biased amplification, and product redundancy [18,19]. Thus, in this study, we designed primers for
species-specific DNA barcoding with high resolution at low taxonomic levels to reduce these risks and
increase precision.

2. Materials and Methods

2.1. Study Area and Pollen Samples

The Belukha glacier (49◦49′ N, 86◦34′ E; 4,110 m a.s.l.) is located on the western side of Mt.
Belukha (4500 m a.s.l.) in the Russian Altai Mountains and is situated in the border region between
Russia, Mongolia, China, and Kazakhstan (Figure 1). In the summer of 2003, a 4-m-deep pit on
the plateau of the glacier was examined (4100 m a.s.l.) [20]. Pinus pollen grains in a snow sample
were obtained at a depth of 1.8–1.9 m in the pit and used for the DNA analysis. The Pinus pollen
concentration in the sample was 34,900 grains L−1. The sample was dated to the summer of 2002 by
counting the seasonal distribution of pollen [20]. The sample was obtained from the same pit as in our
previous study [10], but the pollen grains were previously collected from a depth of 0.4–0.5 m and
dated to the summer of 2003. The sample was kept in a frozen state until it was analyzed.

Pinus species surrounding the Belukha glacier are P. sibirica, which is distributed between
approximately 1000 and 2000 m a.s.l., and P. sylvestris, which typically occurs below the P. sibirica
stands [21]. For a detailed description of the vegetation, see Nakazawa et al. [10].
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Figure 1. Location of the Belukha glacier in Russia’s Altai Republic, and distributions of extant
P. cembra and two Pinus species (P. sibirica and P. sylvestris) found in the region surrounding the glacier.
The sampling site was located on the western side of Mt. Belukha. The distribution map was compiled
based on the maps of Farjon [22]. The figure is from our previous study [10].

2.2. DNA Extraction from a Single Pollen Grain

DNA was extracted using a modified version of the extraction method described by Nakazawa
et al. [10]. A flow chart of the experimental procedure is shown in Figure 2. Melted snow and ice
samples were first filtered through a hydrophilic PTFE membrane filter with a pore size of 10 μm. Next,
pollen grains that showed no structural damage were selected from the filter using a micromanipulator
(MM-88; Narishige, Tokyo, Japan) under a microscope. Each selected pollen grain was placed onto
a new hydrophilic PTFE membrane filter with a pore size of 5 μm, and was then washed by suction
filtration with 1 mL of nuclease-free water (Ambion Life Technologies, Foster City, CA, USA). The filter
trapping a pollen grain was transferred to a sterile Petri dish. The washed grain was then transferred
to the inner side of the lid of a DNA-free PCR tube containing 0.5 μL of water using a pipette.

 

Figure 2. Flow chart of the experimental procedure.
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The pollen grain in the lid was treated with endonuclease and exonuclease to eliminate potential
contaminants from DNA fragments attached to the surface of the grain. One microliter of reaction
mixture containing 0.48 μL of water, 0.2 μL of 10× Exonuclease III Buffer (TaKaRa Biotechnology
Co., Ltd., Dalian, Japan), 0.1 μL of Exonuclease I (20 U/μL, Epicentre, Madison, WI, USA), 0.02 μL of
Exonuclease III (200 U/μL, TaKaRa Biotechnology), and 0.2 μL of DNase I (1 U/μL, Sigma-Aldrich
Co., St. Louis, MO, USA) was added to the lid. The mixture was incubated at 37 ◦C for 3–5 h, then at
98 ◦C for 10 min.

The treated grain was crushed directly in the lid of the tube using a sterile plastic pipette tip.
For crushing, we used an electric toothbrush with an attached tip-rounded pipette tip, which was made
by heating with a gas burner in advance. The vibration of the electronic toothbrush facilitated crushing.
One microliter of extraction mixture containing 0.7 μL of Tris-HCl (pH 8.0, 20 mM, Nacalai Tesque,
Kyoto, Japan), 0.2 μL of proteinase K (1 μg/μL, TaKaRa Biotechnology), and 0.1 μL of cellulase
(Sigma-Aldrich) was added to the lid of each sample and spun down for collection at the bottom of the
tube. The mixture was incubated at 50 ◦C for 6 h, at 95 ◦C for 10 min, and then used as a template.

2.3. Whole-Genome Amplification

WGA from a pollen grain was performed using the GenomePlex Single Cell Whole Genome
Amplification Kit (WGA4; Sigma-Aldrich) according to the manufacturer’s instructions, with slight
modifications. After the lysis procedure, 1.3 μL of fragmentation solution, including 0.3 μL of
fragmentation buffer and 1 μL of water, was added and heated in a thermal cycler (Bioer Technology
Co. Ltd., Hangzhou, China) at 99 ◦C for 3 min. The PCR tubes were then cooled on a cooling rack
(Nippon Genetics Co., Ltd., Tokyo, Japan). For library preparation, 1 μL of the reaction solution
including 0.7 μL of Library Preparation Buffer and 0.3 μL of Library Stabilization Solution was added
to each sample and was placed in the thermal cycler at 95 ◦C for 2 min. The samples were cooled on
the cooling rack. Next, 1.0 μL of enzyme solution including 0.7 μL of water and 0.3 μL of the Library
Preparation Enzyme solution was added to each sample. The samples were placed in the thermal
cycler. The reaction time and temperature were based on the instructions provided.

For the amplification, 14.6 μL of the reaction mixture, including 11.0 μL of water, 2.0 μL of 10×
Amplification Master Mix, 1.3 μL of WGA DNA Polymerase, 0.2 μL of uracil-N-glycosylase (UNG;
TaKaRa Biotechnology), and 0.1 μL of BIOTAQ HS DNA polymerase (Bioline, London, UK), was added
to the sample. UNG was used to degrade uracil-containing PCR contaminants from previous PCR
prior to the amplification reaction. This is explained in more detail in the next section. Note that the
PCR products included dUTP, instead of dTTP. Therefore, the treatment with UNG should allow the
selective removal of carryover PCR products. Samples were first incubated at 25 ◦C for 10 min, and then
amplified using an initial denaturation of 95 ◦C for 10 min followed by 40 cycles each consisting of a
denaturation step at 94 ◦C for 30 s, an annealing step at 52 ◦C for 1 min, and an extension step at 72 ◦C
for 1 min, and a final extension at 72 ◦C for 7 min. The WGA DNA in the reaction mixture was stored
at −20 ◦C until further use, without a DNA purification step.

2.4. UNG Treatment and Multiplex PCR Amplification

The quality of the WGA amplification was evaluated using a multiplex PCR approach. The DNA
specimens generated by WGA were subjected to various analyses for chloroplast DNA. Instead of
single PCR, a multiplex PCR step was introduced in this study to use the specimens effectively.
To preclude carryover contamination of amplification products from previous PCR, the reaction
with UNG, an enzyme that degrades uracil-containing DNA, was carried out. Each multiplex PCR
amplification was performed with dUTP instead of dTTP. Thus, the PCR products should be obtained
from only thymine-containing templates amplified by WGA.
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For the multiplex PCR assay, 2–7 primer pairs were designed. PCR was carried out with a
10-μL reaction mixture containing 1 μL of template WGA products. The primers are listed in Table 1.
To identify samples at the section or subsection level, a total of 10 primer pairs were used. Seven or
14 primer pairs were selected to narrow the candidates within each subsection. To evaluate the primer
sets, the performance of primers was examined using single pollen grains of P. resinosa belonging to
subsection Pinus and needles collected from P. pumila, P. strobus, P. taeda, P. jeffreyi, and P. monophylla,
which belong to subsections Strobus, Strobus, Australes, Ponderosae and Cembroides, and P. resinosa,
respectively. From the results, some primers were screened out. The primers presented in Table 1
were effective for sequencing. In addition, the number of cycles of multiplex PCR in this study was
minimized to avoid the introduction of significant PCR bias.

Nine microliters of the reaction mixture for UNG and multiplex PCR, containing 1.75 μL of water,
5.1 μL of 5× PCR buffer, 2.0 μL of a mix of primers (2.5 μM each primer), 0.05 μL of BIOTAQ HS
DNA polymerase, and 0.1 μL of UNG, was added to a PCR tube. The 5× PCR buffer was prepared
by mixing 2 μL of 5× Ampdirect-D (Shimadzu Biotech, Kyoto, Japan), 2 μL of 5× AmpAddition-3
(Shimadzu Biotech, Kyoto, Japan), 0.3 μL of 25 mM MgCl2, and 0.8 μL of dU plus dNTP Mixture
(TaKaRa Biotechnology).
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2.5. Nested PCR

The secondary amplification for each strand, which was run with a nested set of primers,
was performed using a 0.5-μL aliquot of the purified first PCR products. A new PCR mixture of 10 μL
was prepared, containing 0.5 μL of the template, 4.75 μL of water, 2.0 μL of 5× Green GoTaq Flexi
Buffer (Promega Co., Madison, WI, USA), 0.9 μL of 25 mM MgCl2, 0.8 μL of dU plus dNTP Mixture,
1.0 μL of 5.0 μM primers, and 0.05 μL of GoTaq Hot Start Polymerase (Promega). The primers used for
nested PCR are listed in Table 1. The amplification was performed using a thermal cycler (GeneAmp
PCR System 9700; Applied Biosystems, Foster City, CA, USA) under the following conditions: initial
activation at 95 ◦C for 2 min, 20 cycles of denaturation at 95 ◦C for 30 s, annealing at 52 ◦C for 30 s,
and extension at 72 ◦C for 30 s, followed by a final incubation at 72 ◦C for 5 min. Amplified PCR
products were then sequenced using the BigDye Terminator v.3.1 Sequencing Kit (Applied Biosystems,
Foster City, CA, USA) and an ABI 3130xl Genetic Analyzer (Applied Biosystems).

2.6. Identification of Individual Pinus Pollen Grains

Each Pinus pollen grain was identified based on parsimony-informative characters in various
regions of the chloroplast genome, as shown in Table 1. The genus Pinus has approximately 111
recognized species in two subgenera, four sections, and 17 subsections (Table 2). Sequence data were
collected for these regions from GenBank, which are available for almost all Pinus species. In addition,
the aligned DNA sequences for each locus were used to determine parsimony-informative sites in
MEGA ver. 5 [23] (see Supplementary data). Additionally, a small insertion of 3 bp was considered for
the Matsu5 (ycf3) and Matsu7 (rpoB) regions. Genus-level classification was based on Gernandt et al. [24].
Their classification, based on a chloroplast DNA phylogeny, was a modification of (1) the influential
classification of Little and Critchfield [25], which is based primarily on morphological characters and
data from interspecific crosses, and (2) the classification of Price et al. [26], which incorporates additional
recently described species.

Table 2. Classification system for the genus Pinus. The classification system is based on
Gernandt et al. [24]. The colors indicating various taxa correspond to those in Table 3.

Genus Subgenus Section Subsection

Pinus

Parrya
Cembroides
Nelsoniae

Balfourianae
Strobus

Krempfianae

Strobus

Quinquefoliae
Gerardianae

Pinus
Trifoliae

Australes
Ponderosae
Contortae

PinusPinus Pinaster

92



Forests 2018, 9, 444

Table 3. Identification of pollen grains by multiplex PCR. Each pollen grain was identified at the
subgenus, section, or subsection level based on regions that were positively amplified. The S, Q, P,
and St indicate the subgenus Strobus, section Quinquefoliae, section Pinus, and subsection Strobus,
respectively. Dashes indicate a lack of amplification. For the sequence data and identification
procedures, see Supplementary data.

Primer ID Region Belukha 1 Belukha 2 Belukha 3 Belukha 4 Belukha 5

Matsu1 clpP Q - - - -
Matsu2 rpoA Q Q Q - -
Matsu3 atpB Q Q Q Q P
Matsu4 rpoC1 S S S - -
Matsu5 ycf3 Q Q Q - -
Matsu6 Ycf4 St - - - -
Matsu7 rpoB - S Q - -
Matsu8 rpoC1 St St - - -
Matsu9 ycf3 Q - Q - -
Matsu10 Ycf4 Q - - - -

3. Results and Discussion

3.1. Pinus Pollen Identification at the Section or Subsection Level

We analyzed 21 pollen grains, and five samples showed positive amplification from at least
one locus in the multiplex PCR with the primer sets Matsu1–10 (Table 3). DNA fragmentation and
degradation, particularly in ancient samples, make it difficult to amplify long fragments from a single
pollen grain in sediment samples [27,28]. This problem is alleviated by the higher amplification
efficiency of short fragments (<200 bp) [29]. To increase the probability of amplification, our primer
sets were designed to yield fragments of around 200 bp, even though our samples were not
ancient. Although previous pollen DNA barcoding studies have focused on fragments of longer
than 300 bp [14], we believe that fragments of around 200 bp may be sufficient to identify pollen at the
section or subsection level when the target pollen type is specified and sequence data are available,
as demonstrated in the present study.

The controls in our PCRs followed the experimental methodology of Parducci et al. [29]. A positive
control was not used owing to the high contamination risk. As a negative control, contamination by
exogenous chloroplast DNA from Pinus species in the reagents was monitored using a PCR blank
that included all reagents. If no band was visible by agarose gel electrophoresis after multiplex PCRs,
we concluded that the samples were not contaminated. Samples with bands on the agarose gel were
selected for an additional nested PCR amplification step with each single primer set.

Based on the sequence data collected for the clpP, rpoA, atpB, rpoC1, ycf3, ycf4, and rpoB regions by
nested PCR, the pollen grains were identified to the section or subsection level (Table 3). We identified
four out of five pollen grains as members of the subsection Strobus. One belonged to the section
Quinquefoliae, and the remaining grain was part of the section Pinus.

For the four grains in the subsection Strobus, we successfully obtained sequence data for multiple
loci (Table 3). Based on these sequence data, we identified each locus as belonging to the same
phylogenetic clade, namely, subsection Strobus of the section Quinquefoliae in the subgenus Strobus
(Table 2). This consistency confirms that the WGA reactions could increase the amount of accurate
DNA data that can be obtained from a single pollen grain.

3.2. Species Identification of Pinus Pollen Grains

To further narrow down the candidate species in the subsection Strobus, we used the WGA
products for multiplex PCRs with primers to amplify short fragments on the plastid gene ycf1.
We designed various primer sets targeting regions in the ycf1 gene (Table 1), which is a highly variable
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locus that can be used for Pinus species identification [30]. The multiplex PCR products were subjected
to an additional round of nested PCR.

We successfully amplified target regions for three out of four pollen grains in the subsection
Strobus. Regions that were successfully amplified are shown in Table S1. In the sequence analysis based
on variable base positions, we identified two pollen grains as P. cembra or P. sibirica (samples No. 1 and
3). Although we examined various regions in the chloroplast genome, to positively identify pollen
grains as P. sibirica or P. cembra, it was sufficient to examine only three regions, namely, Strbs3, Strbs7,
and Matsu6 (or Matsu8). For the remaining grain, we determined the following 15 candidate species:
P. albicaulis, P. armandii, P. bhutanica, P. cembra, P. dalatensis, P. fenzeliana, P. lambertiana, P. monticola,
P. morrisonicola, P. parviflora, P. peuce, P. pumila, P. sibirica, P. wallichiana, and P. wangii.

We inferred that the three grains were P. sibirica. Gugerli et al. [31] observed highly similar
chloroplast and mitochondrial DNA sequences between P. cembra and P. sibirica. This similarity
suggests a relatively recent evolutionary separation of the species, despite their currently disjunct
distributions (Figure 1). P. sibirica appears in the Urals and Siberia of Russia, in eastern Kazakhstan,
in northern Mongolia, and in Xingjiang, Nei Mongo, and Heilongjiang of China. P. cembra occurs in
the Swiss Alps, in the Tirol of Austria, in the High Tatra between Poland and the Slovak Republic,
and in the eastern Carpathians of Romania and Ukrine [22]. Heinze and Holzer [32] verified that
a nearly complete P. cembra chloroplast genome sequence in GenBank (Accession No. FJ899574) is
identical to a P. sibirica sequence (Accession No. FJ899558). Although the FJ899574 sequence lacks part
of the ycf1 region targeted in this study, the ycf1 sequence identities for both species were validated
by a comparative analysis using FJ899558 and KP128626 of P. cembra. Accordingly, the two species
likely cannot be discriminated based on comparative sequence analyses of the chloroplast genome.
P. sibirica is an extant species and is the only member of the subsection Strobus that is found near the
glacier. This species was a major candidate in our study, suggesting that the pollen grains in the glacier
originated from P. sibirica trees found in the immediate surroundings. This consistency between the
results of our genetic analysis and species distribution data suggests that our method to identify pollen
species was reliable.

We were not able to obtain sequence data for three grains. For the pollen grain identified as
belonging to the section Pinus, the WGA products were used as templates in the multiplex PCRs,
with primer sets for the ycf1, rbcL, and rpl20-rps18 chloroplast regions (Table 1). We could not identify
those grains at a lower taxonomic level. However, the grains appeared to be P. sibirica in subsection
Strobus, section Quinquefoliae, and P. sylvestris, which belongs to subsection Pinus in section Pinus based
on the consistent results at the subsection or section levels. To obtain accurate sequences and facilitate
a more detailed taxonomic identification, additional PCRs with newly designed primer sets may be
effective. Although we were able to generate sufficient DNA specimens from single pollen grains for
additional PCRs using the WGA technique, we did not perform subsequent analyses owing to a lack
of time and resources and an expectation of unremarkable results.

3.3. Potential Use of Pollen Grains as a Tracer for Emission Sources

We believe that our method for Pinus pollen identification is suitable for further work aimed
at a more detailed characterization of the provenance of aerosols, particularly in Arctic glaciers and
the Greenland ice sheet. Pollen is a type of bio-aerosol; Pinus pollen as well as other types of pollen
travel long distances. This pollen is regarded as exotic, and many studies have investigated its source
area and long-distance transportation by trajectory analyses [33–37]. For aerosols reaching ice sheets
and mountain glaciers, dust has been used as a tracer for emission sources as well as large-scale
atmospheric circulation [38–40]. Clay mineralogy and Sr-Nd isotopic and elemental compositions have
suggested that East Asia (i.e., the Gobi Desert, northern Chinese deserts, and the Taklamakan Desert)
is the main source of dust arriving in Greenland, both at present and during the last glacial period [38].
Generally, dust seems to originate mainly from arid regions. In contrast, pollen sources are restricted
to vegetated areas. Therefore, pollen can be used as another tracer, and a combination of both of these
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tracers should lead to a better understanding of the provenance of solid aerosols and the materials
cycle. This approach has not been used, although some pollen grains, including Pinus pollen grains,
have been found in Greenland [2,35,36].

As mentioned in Section 3.2, our analysis strongly suggested that two Pinus pollen grains
found in the Belukha glacier are P. sibirica, in consonance with the surrounding Pinus vegetation.
Therefore, we can assume that the provenance of the Pinus pollen is the region that extends from the
northwest to the east of the glacier, as shown in Figure 1. A Pinus pollen grain is around 50 μm in size;
the size of a pollen grain typically ranges from 10 to 200 μm, and the most common size is between
20 and 60 μm [41]. Despite the relatively large size of Pinus pollen, the grains are well dispersed in a
vesiculate form with two prominent sacci [42]. In addition, Pinus is characterized by high pollen grain
production. For those reasons, Pinus pollen in palaeoecological records are frequently disregarded as
evidence for presence or absence in the arctic region with low local production of pollen [1]. However,
these properties are favorable for analyses of Pinus pollen grains from Arctic glaciers and the Greenland
ice sheet by our method to investigate geographic provenances and the materials cycle. Additionally,
their large size seems to be beneficial for the treatment of pollen grains in a laboratory.

3.4. Improvement in the Amplification Success Rate

The success rate for obtaining sequence data reported by Nakazawa et al. [10] was 7.6% (n = 105).
This was higher than the success rates observed in previous DNA analyses of pollen collected from peat
or lacustrine deposits. Suyama et al. [28,43] and Parducci et al. [29] observed success rates ranging from
0 to 3.2%. However, these rates are still insufficient to develop a new field of palynological research
based on genetic information. Hence, improving the success rate is a particularly important issue.

In this study, we subjected 21 pollen grains to WGA, and we observed positive amplification from
at least one locus for a total of five grains. The success rate for sequence amplification in this study
was 24% and exceeded that of Nakazawa et al. [10] who used pollen samples from the same glacier
collected from the upper layer of the pit. To improve the success rate of DNA analyses, we introduced
multiplex PCR; amplifying multiple loci simultaneously in a single reaction improved the probability
that at least one locus was amplified. In addition, the WGA technique enabled an increased quantity
of DNA to be obtained from samples with limited DNA content. Since we collected samples from a
different layer from that of previous studies, we cannot make a simple comparison of the success rates
between studies. However, we were able to obtain sequence data from multiple loci, and this method
appeared to be more effective with respect to success rate.

4. Conclusions

We described an initial attempt to identify pollen grains from a glacier at the species level based
on chloroplast DNA sequences. For precise identification, we applied an optimized WGA technique
for single pollen grains. We subjected WGA products to an additional round of multiplex PCRs.
The combined DNA sequence data obtained from a single pollen grain suggested that identification at
or near the species level is possible.

We analyzed 21 pollen grains, of which five exhibited positive amplification for at least one
locus in the multiplex PCRs. One grain appeared to belong to the section Quinquefoliae, four grains
were in the subsection Strobus of section Quinquefoliae, and the remaining grain was identified as a
member of the section Pinus. In addition, for three out of the four grains in the subsection Strobus,
the candidates were narrowed down to two species; 15 candidates remained for the other grain.
Owing to the identical P. cembra and P. sibirica chloroplast genome sequences, it was not possible to
differentiate between the species using sequence data. However, we inferred that both grains were P.
sibirica because it is an extant species that is currently distributed around the glacier. Meanwhile, P.
cembra is distributed in some high mountains in Switzerland, Austria, Poland, the Slovak Republic,
Romania, and Ukraine [22]. Moreover, we could assume the grains traveled from the region that
expands from the northwest to the east of the glacier based on the forest distribution of P. sibirica.
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Similarly, the remaining grains appeared to be P. sibirica or P. sylvestris, which is also found around the
glacier. Our pollen identifications based on DNA sequence data are supported by the vegetation in
the region, suggesting that the method established in this study enables reliable identification at the
species level for pollen grains. Additionally, the method should be useful for future studies on the
provenance of solid aerosols and the materials cycle in the polar region and high mountain regions in
the Northern Hemisphere, where glaciers exist.

The DNA amplification success rate in this study exceeded that of our previous study of samples
from the same snow pit. However, the samples were collected from a different layer, preventing a
simple comparison of success rates between studies. However, we demonstrated that our method
could be used to obtain sequence data from multiple loci and effectively increase the success rate.

Further investigations using older samples from ice cores are necessary to extend the applications
of these methods and to accumulate data in the field. The rarity of suitable, well-preserved pollen
samples in sediments has limited the broad utility of DNA studies for the taxonomic identification
of pollen. However, owing to low-temperature conditions, pollen grains in glaciers are not strongly
affected by diagenesis and their DNA is therefore likely to be preserved. Accordingly, pollen
samples from glaciers have broad utility for studies of taxonomy, past vegetation, population genetics,
and climate and environmental conditions. Our method based on WGA and multiplex PCR techniques
may enable the generation of DNA specimens from single pollen grains that can be analyzed by
multiple molecular techniques for a range of applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9//444/s1.
S1: Table S1, S2: Sequence data obtained for Matsu1–10 are shown in the sheets of “Matsu No. seq” of the file.
Sequence variation for parsimony-informative characters in Pinus and Pinus pollen from the Belukha glacier are
compared in the individual sheet named “Matsu No. id” to identify pollen taxa. Identical sequences with those of
the samples for each sheet are colored to identify candidates.
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Abstract: With the aim of acquiring better comprehension of the ecological and productive aspects
of the management of pine forests, we monitored logging damage and evaluated the effects of
thinning on stand growth 20 years after the treatment in a Pinus laricio Poiret stand in central Italy.
The objectives of the present study were to estimate the injury levels to the remaining trees after
thinning; to assess logging damage in the long-term by monitoring residual trees at the end of
thinning; to evaluate the effect of damage on the radial growth of trees; to assess the stand dynamics
in relation to injury levels and the treatment applied in a twenty-year range; to understand a possible
treatment return time; and to evaluate the existence of the “thinning shock”. The results were that
20 years after treatment, the stand dynamics showed a complete recovery; logging damage did not
affect the radial growth of P. laricio over time; a second treatment seem to be sustainable starting from
the fifteenth year after the previous treatment; and the thinning shock can be clearly evaluated in the
first six to seven years after the treatment.

Keywords: stand growing; thinning shock; forest logging; tree wounds; tree ring width

1. Introduction

The functionality and resilience of forest ecosystems are strictly related to forest structure [1–3],
which represents the distribution of biomass, i.e., the vertical and horizontal spatial arrangement of
plant species, tree sizes, age distribution, and tree canopy layering. Stand structure attributes are
increasingly recognized to be of theoretical and practical importance in analyzing the management
quality in forest ecosystems. In general, the characteristics of forest cover are closely related to stand
density, stand age, and species composition and are altered by natural disturbances or anthropogenic
interference such as forest management practices. Among the various forest management practices,
the thinning or removal of some trees from the forest is widely conducted to produce more valuable
and large-diameter timber. It reduces competition among the remaining trees, reduces the risk of
fire [4], and helps to maintain a healthy forest [5].

Considering that in the last fifty years, Mediterranean forests have experienced a rapid expansion
of pioneer conifer stands driven by natural colonization after land abandonment in SE France [6] or
afforestation efforts in SE Spain [7] and in Italy [8], forest fires and pest outbreaks are predicted to
increase in the future, also due to the impact of climate changes on drought and extreme weather
events [9,10]. As already mentioned, the appropriate silvicultural treatments play a key role in
increasing the resistance and resilience of Mediterranean forests to environmental perturbations [11,12].
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Structural changes in the forest canopy due to thinning alter the microclimatic conditions within the
forest [13–17]. These microclimatic changes could improve the growth conditions for the remaining trees
and understory species [13,18]. However, a short- and medium-term decline in the growth of remaining
trees, called “thinning shock,” has also been reported for some forest stands and species [19–21].

Furthermore, the positive changes due to thinning could be offset by high vulnerability to
insect damage and mortality, which might be caused by trunk or root damage during the thinning
procedure [22,23]. For these reasons, the methodologies of felling, processing, and extraction need to
be planned on a larger scale; they cannot be sporadic events, not connected to the social, environmental,
and economic contexts. The forest operations have to be planned during the implementation and
execution of the working phases [24].

Research on the damage caused by forest operations to the remaining trees and/or to regeneration
in forest stands started at the beginning of the twentieth century and is more important as the use of
mechanized wood harvesting has been increasing [21,25,26]. Logging injury to the remaining trees
may lead to serious economic losses in terms of timber quality at the final harvest, wood losses in
the damaged trees, and tree growth reduction [27]. Long term effects may significantly reduce the
benefits of commercial thinning [21,25]. Other forest ecosystem services, e.g., carbon sequestration,
soil protection, and water control, may also be affected.

The effect on tree growth of logging mechanical damage to the stems remains unclear, although
some authors have conducted detailed studies [21,28]. Moreover, for Mediterranean pine plantations,
there are some knowledge gaps regarding the late first thinning effect on tree growth. Studies on this
topic are still limited and the long-term effects of damage are not well known [29].

Analysis of the annual growth rings can be used as an “environmental archive” [30,31] and as an
indicator of growth changes showing the effect of silvicultural treatments.

With the aim of acquiring a better comprehension of some ecological and productive aspects
of the management of pine forests, logging damage was monitored and the effects of thinning on
stand growth 20 years after the treatment were evaluated in a Pinus laricio Poiret stand in central Italy.
Specifically, the aims of this study were an extension of previous work [21] developed ten years ago,
with the following objectives: (1) to estimate the injury levels to the remaining trees after thinning;
(2) to assess logging damage in the long-term by monitoring residual trees at the end of thinning;
and (3) to evaluate the effect of damage on the radial growth of trees. In the present study, further
investigations were carried out on the same stand in order to assess the stand dynamics in relation
to the injury levels and the treatment applied in a twenty-year range. This continuing research was
aimed at assessing the effect of damage on the radial growth of trees; at understanding a possible
treatment return time; and evaluating the existence of “thinning shock”.

Understanding all of these aspects is a key factor in the ecological management of Corsican pine
forests located in the Mediterranean area and is an important factor in supporting the decision making
of forest managers.

2. Materials and Methods

2.1. Area Description

The study was carried out in a forest located in Grottone (Viterbo—Central Italy-42◦23′35.58′′ N,
12◦10′25.52′′ E 720 m a.s.l.). The stand was an even-age, P. laricio (Corsican pine) forest, thinned in 1998.
This forest originated from a plantation established in the 1970s on a mostly flat terrain (maximum
slope gradient 10%). Seedlings were two to five years old at planting time and the plantation scheme
was rectangular (2 m × 2.5 m), with a density of about 2000 trees/ha.

The climate of the area is moist temperate, with a mean annual precipitation of 1180 mm, mean
annual temperature of 12.8 ◦C, and mean summer precipitation of 55 mm; the driest month is July
(30 mm), the temperature of the warmest month is 22.0 ◦C, and the temperature of the coldest month
is 4.2 ◦C. Data were the averages over the period 1916–2010 at the San Martino al Cimino weather
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station (510 m a.s.l., less than 5 km from the study area). The soil, formed on a volcanic parent material,
is sandy loam, slightly acid, and showed a well-structured, humus-rich A horizon.

As described in a previous paper [21], the silvicultural treatment used was selective thinning
from below, carried out in the spring of 1998 on about 32 ha. For research purposes, an adjacent control
area of about 6 ha was not treated. Logging operations were carried out with a semi-mechanized
logging system, felling and processing by a chainsaw, and bunching and extraction by skidding with
a tracked agricultural tractor (crawler). The skidding performed was inter-row and only one of two
inter-rows was used as a skid trail. Reference [21] described the detailed working cycle: felling of two
or more trees; bunching by the tractor (average distance 33 m); partial delimbing (on about 3/4 of the
tree circumference); topping; and skidding to the landing (average distance was about 73 m; average
load for skidding trip was 0.87 t, for an average skidding speed of about 1.4 km/h).

2.2. Data Collection

Data collection was carried out for the first time in 1998 through a design-based approach,
a statistical approach that establishes the choosing methods and using of the sites, allowing possible
pseudoreplication problems to be overcome [32]. The subsequent data records were made before and
after thinning, in 2008 and in 2017, in 25 circular plots of 1256 m2 (dendrometric plots DP) in the treated
area (total surface 31,400 m2) and in five DPs in the control area (total surface 6280 m2). Plots were
randomly selected, at a >30 m distance from the edge of the treated and control areas. No thinning or
other important disturbance were carried out in the time between 1998 and 2017.

For the three temporal field analyses (1998–2008–2017), after the measurements of the main
dendrometric characteristics, the growing stock was estimated with a two-way table [33], developed
for Pinus laricio of Tuscany and the slenderness ratio (average value of H/DBH of each trees) was
calculated as an index of stand stability [34].

Tree damage was detected in four rectangular plots (10 m × 250 m wound plots WP). In 1998,
these WP and all damaged trees were numbered and marked. The field analysis repetitions were done
in 2008 and 2017. The following parameters were recorded: DBH of all the trees; crown class of all
the trees; type of damaged tissues; cause of damage; location of wounds, in meters above ground
level; and size of wounds, by measuring maximum length and width by a ruler (1 mm accuracy) and
calculating the ellipse surface area. Type and size of damage were used as the classifications in two
damage classes, i.e., severe (wood wound >200 cm2 size) and light (bark/bast wound <200 cm2 size),
according to [21,35]. Trees damaged in several parts were classified on the basis of the most severe
damage. The agent of damage (felling, skidding) was classified in 1998.

In May–July 2008 and 2017, stem core samples were collected at breast height on the north side
of two trees per DP in each of the seven 5-cm diameter classes (from 15 to 50 cm) by using a Pressler
increment borer. In the thinned area, stem core samples were collected from one damaged and one
undamaged tree in each DP. Ring width was measured by using Aniol Dendroware, with an accuracy
of 0.01 mm. In order to check the differences in growth among the damaged, undamaged, and control
trees, different numbers of rings were considered: all rings before thinning (BT); ten rings before
thinning (TBT); post thinning 2008 (ten rings TPT1); and post thinning 2017 (twenty rings TPT2).
In order to evaluate the differences at the stand level, the yearly weighted ring width (YWW) was
calculated as a mean of yearly ring width weighted on the basis of the frequency distribution of trees
per diameter class in 2008 and in 2017.

2.3. Statistical Analysis

Statistical analyses were carried out using the Statistica 7.1 (2007) software (StatSoft Inc., Tulsa, OK,
USA). After checking for normality (Kolmogorov-Smirnov test) and homogeneity of variance (Levene
test), the t-test was applied to all dendrometric parameters. Two-way ANOVA was applied to DBH and
the number of trees to test the effect of year and the factors “damaged and undamaged”, “severity”,
or “agent”. The post-hoc Tukey-HSD test was used to compare the significance of differences among
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the means. Factorial ANOVA was applied to the ring width to test the effect of the number of rings
(BT, TBT, TPT1, TPT2), diameter class, and the thinning and damage effect (trees in control area,
undamaged, and damaged trees in thinned area). The post-hoc Tukey HSD test per unequal N was
used to compare the significance of differences among the means. The Kruskal–Wallis non-parametric
multiple-comparison test was used to test the effect of the factor “position” on DBH and the number
of damaged trees in every year (1998 and 2008).

In order to determine the relationship between DBH, damage agent (felling, skidding), position
(roots or stem at different levels above ground), and severity (light, severe), a nonparametric correlation
analysis (Spearman correlation matrix) was applied. Nonlinear regression analysis between ring width
(dependent variable) and year (independent variable), for damaged (TD) and undamaged (TU) trees
and the trees from the control area (C), was applied. The Wilcoxon non-parametric test was used to
test the differences in YWW before and after thinning between the control and damaged; control and
undamaged; and damaged and undamaged trees. Non-metric multidimensional scaling (NMDS) was
used to show the differences in the average ring width per diameter class for the trees in the control
area (C), for damaged trees (TD), and for undamaged trees (TU) in the thinned area.

3. Results

As reported in the previous step of this research by [21], about 20% of the volume, 38% of trees,
and 26% of the basal area were removed by the treatment; the basal area before thinning was in fact
56.5 m2 ha−1, and after thinning, it was 41.9 m2 ha−1. Regarding the dendrometric situation before the
treatment, no statistically significant difference was recorded between the thinned areas and control
(Table 1). The treatment effect in the year of the thinning (1998) led to some significant changes in
most of the dendrometric parameters. DBH and tree height were significantly increased (Table 1).
Tree density, basal area, growing stock, and slenderness ratio were significantly decreased (Table 1).
In detail, the changes due to the thinning and their development during the last two decades are
shown in Table 1. The number of trees recorded in 1998 decreased in the thinned area by about 23%
and 26% in 2008 and 2017, respectively. In the control area, the reduction was 13% in 2008 and 14% in
2017. The reduction in the number of trees was mainly due to trees that were uprooted or broken off
by wind or snow. The tree reduction recorded in about twenty years in the thinned area was mainly
due to the death of undamaged (84.8% of dead trees) rather than damaged trees (15.2%). The DBH
increase recorded in 2017 was about +54% higher than that in 1998 after thinning, thus maintaining the
positive trend shown in 2008. The decrease of basal area recorded in the thinned area in 1998 and 2008
(26% and 1%, respectively), changed trend completely in 2017, showing an increase of 28.5%, similar to
that recorded for the control area (31.9%), although the highest value was in the thinned area (Table 1).
The average tree height and growing stock showed an important increase. Tree height showed no
statistical difference between the thinned and control areas in 2017; growing stock increased similarly
to that of the control area over time, showing a lower statistical difference. The slenderness ratio
in 2017 significantly decreased (15%) (Table 1) in the thinned area, while it increased in the control
area (2%) relative to 1998 (Table 1).

From 1998 to 2017, 270 trees died in the WPs (wound plots) (Table 2), i.e., a further 50 trees in
comparison with 2008. The dead trees consisted of 230 undamaged trees (26.2% of the total undamaged
trees) and 40 damaged trees (29% of the total damaged trees).

Immediately after thinning, 13.6% of the standing trees showed damage (Table 2) and 36.2% of
the damaged trees showed severe injuries (Table 3). As found ten years after thinning, no wound was
completely healed in 2017. In 2017, the percentage of damaged trees was about 17.9%, and out of this,
87.2% showed severe wounds (Table 3). These results were partially concordant with the data of 2008
(17.0% of damaged trees and 86.7% with severe wounds).
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The DBH of the damaged trees was significantly higher in 1998 than the DBH of undamaged
trees, but for this parameter in 2017, no statistical difference was found (Table 2).

Table 2. Damage to trees and diameter at breast height (±SD) after thinning in 1998, 2008, and 2017.

Tree Condition Year DBH (cm) Trees (N. ha−1) Dead Trees (N. ha−1)

Undamaged 1998 20.8 a ± 0.1 877 a ± 30
Damaged 1998 22.1 b ± 0.5 138 b ± 7

Undamaged 2008 30.9 c ± 0.2 660 c ± 20 182 ± 50.4
Damaged 2008 29.8 c ± 0.6 135 b ± 19 38 ± 8.3

Undamaged 2017 35.7 d ± 0.3 612 c ± 12 230 ± 25.1
Damaged 2017 34.9 d ± 0.9 133 b ± 11 40 ± 6.1

ANOVA p-value
Damage 0.902 <0.001

Year <0.001 <0.001
Damage × Year <0.01 <0.05

Different letters show significant differences among values in a column (Tukey test, N = 4 wound plots).

The DBH of trees with severe or light damage did not show statistical differences (Table 3).
Some logging damage developed over time, and therefore delayed damage due to undetectable

injuries was only recognized sometime after the thinning. However, the disclosure of “hidden” wounds,
due to impacts, as shown in Table 3, is closely linked to the first ten years after the damaging event.

Significant differences were recorded by [25] in the number of damaged trees in relation to the
damage agent (Table 4). In particular, damage to standing trees was mainly caused by skidding and
bunching (81.2% of damaged trees); about 14.5% of trees were damaged by felling and only 4.3%
showed injuries due to both felling and bunching/skidding. The damage agent had no significant
incidence on tree death from 1998 to 2017; as shown in Table 4, the death rate of 25% was similar
between the felling and skidding damage agents, and only multiple damage was strictly related to tree
death (100%). Tree mortality was greater in the first 10 years of the survey and then decreased.

Table 3. Damage severity in trees and diameter at breast height (±SD) after thinning in 1998, 2008,
and 2017.

Damage Severity Year DBH (cm) Trees (N. ha−1) Dead Trees (N. ha−1) Variation 1998–2017 (N. ha−1)

Light damage 1998 22.0 a ± 0.6 88 a ± 13
Severe damage 1998 22.0 a ± 0.5 50 b ± 8
Light damage 2008 30.7 b ± 1.1 18 c ± 11 28 ± 8.6 −42 ± 5.1

Severe damage 2008 29.7 b ± 0.5 117 d ± 11 10 ± 2.3 +77 ± 4.8
Light damage 2017 36.1 c ± 1.4 17 c ± 11 29 ± 8.4 −42 ± 5.1

Severe damage 2017 35.1 c ± 0.6 116 d ± 11 11 ± 1.6 +77 ± 4.8
ANOVA p-value

Severity 0.122 <0.001
Year <0.001 0.420

Severity × Year 0.081 <0.001

Different letters show significant differences among values in a column (Tukey test, N = 4 wound plots).

At the time of thinning (Table 5), about 40.6% of the damage was located at the stem base, 39.1%
between 0.3 m a.g.l. and 1 m a.g.l. (above ground level), and 10.9% at more than 1 m a.g.l. Only 2.9%
of trees showed recognizable root damage and 6.5% showed damage in several parts. In 2017, all trees
with damage to roots or several parts died, 56.4% showed damage at the stem base, 36.1% between
0.3 m a.g.l. and 1 m a.g.l., and only 7.5% showed damage at more than 1 m a.g.l. Damage usually
occur right after the treatment, but sometimes developed over time. In this study, 35 trees classified as
undamaged in 1998 showed severe damage in 2008. The other 42 trees classified as lightly damaged in
1998 showed severe wounds in 2008. These variations may be explained by a late damage effect, i.e.,
some trees were hit during logging but did not show clear and recognizable damage in 1998.
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Table 4. Damage agent in trees and diameter at breast height (±SD) after thinning in 1998 and dead
trees in 2017.

Damage Agent Year DBH (cm) Trees (N. ha−1) Dead Trees in Year 2017 (N. ha−1)

Felling 1998 21.2 ± 1.3 20 b ± 11 5 ± 2.3
Skidding 1998 22.1 ± 0.6 112 a ± 9 28 ± 3.1

Both 1998 21.8 ± 4.2 6 c ± 2 7 ± 1.1
ANOVA p-value

Agent 0.389 <0.001

Different letters show significant differences among values in a column (Tukey test, N = 4 wound plots).

Table 5. Damage position in trees and DBH (±SD) after thinning in 1998, 2008, and 2017.

Damage Position Year DBH (cm) Trees (N. ha−1) Dead Trees (N. ha−1)

Roots 1998 23.8 ± 5.4 4 a ± 3
Stem base 1998 22.2 ± 0.3 56 b ± 11

0.3–1 m a.g.l. 1998 21.6 ± 0.6 54 b ± 35
>1 m a.g.l. 1998 21.0 ± 1.0 15 c ± 11

Several parts 1998 21.6 ± 4.2 9 c ± 5
Kruskal-Wallis p a 0.366 df(4, N. = 17) 0.018 df(4, N. = 17)

Roots 2008 n.a. 0 4 ± 3.3
Stem base 2008 30.1 ± 0.3 77 a ± 23 0

0.3–1 m a.g.l. 2008 29.6 ± 1.5 48 a,b ± 23 11 ± 3.8
>1 m a.g.l. 2008 29.9 ± 1.9 10 b ± 5 14 ± 5.2

Several parts 2008 n.a. 0 9 ± 2.0
Kruskal-Wallis p 0.874 H(2, N. = 12) 0.014 H(2, N. = 12)

Roots 2017 n.a. 0 4 ± 3.3
Stem base 2017 35.4 ± 0.6 75 a ± 15 2 ± 1.2

0.3–1 m a.g.l. 2017 36.1 ± 0.5 48 b ± 12 11 ± 3.8
>1 m a.g.l. 2017 35.9 ± 0.9 10 c ± 3 14 ± 5.2

Several parts 2017 n.a. 0 9 ± 2.0
Kruskal-Wallis p 0.771 df(2, N. = 12) 0.021 df(2, N. = 12)

a Damage to roots and several positions was only found in two and three plots, respectively, in 1998. Different
letters show significant differences among positions according to the K–W test. Data were recorded in each of the
four wound plots. n.a., not available because the trees with damage to either roots or several positions were dead.

Some statistically significant correlations were found in 1998 (agent vs. severity, position vs.
severity and agent) and in 2017 (severity vs DBH), but all were characterized by a low value of R,
which was always less than 0.4 (Table 6).

The average ring width analysis showed a significant statistical difference among the different
periods (Table 7). Data showed that the mean ring width before thinning (BT) was the largest and the
mean ring width in the ten years after thinning (TPT1) was the smallest.

Significant differences in the average ring width were found per diameter class, as well as a
positive relation between the DBH classes and average ring width. No statistical differences in the
average ring width were found for the periods BT and 10 years before thinning (TBT), between trees of
the control area, damaged trees, and undamaged trees.

In contrast, significant statistical differences in the average ring width were found for the periods
TPT1 and TPT2 in the trees of the control area, with respect to the damaged and undamaged trees.
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Table 6. Correlation matrix among diameter at breast height, damage severity, agent, and position
(Spearmann R, p < 0.05 in bold) after thinning in 1998 (N. = 135), 2008 (N. = 138) and 2017 (N. = 140).
Severity, agent, and position were ranked as in Tables 3–5.

DBH Severity Agent

1998
Severity R = 0.042 -
Agent R = 0.120 R = −0.397 -

Position R = −0.160 R = 0.242 R = −0.220

2008 a

Severity R = −0.189 - -
Agent

Position R = −0.088 R = 0.035 -

2017 a

Severity R = −0.191 - -
Position R = −0.082 R = 0.023 -

a In 2008 and 2017, it was not possible to determine the agent of damage in trees that showed late damage. Thus,
results refer to severity and position only.

The trends of the yearly average ring width (YWW) for the control and damaged and undamaged
trees in the thinned area are shown in Figures 1 and 2. The YWW gradually decreased starting from
the 1980s, with a similar trend in the thinned (both damaged and undamaged) and control areas.
From 2005 to 2006, a clear change in the trend was shown, with differentiation in the control with
respect to undamaged and damaged trees. From 2006, the tree YWW of the control area stopped with
a negative trend (Table 8 and Figure 1) but showed a low value and without any major changes until
2017, as also demonstrated from the results of the regression analysis (Figure 2).

The damaged and undamaged trees showed a negative trend until 2004, at which point there was
then a change in the trend from 2005, as also demonstrated from the results of the regression analysis
(Table 8 and Figure 2).

Figure 1. Trend of weighted yearly ring width (YWW) (i.e., the mean of yearly ring width weighted on
the basis of the frequency distribution of trees per each diameter class in 2017) from ‘70s to 2017.
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The Wilcoxon non-parametric test showed significant differences after thinning, for the YWW
between trees of the control area and damaged trees of the thinned area (p-level 0.008). Similar results
were obtained for trees of the control area and undamaged trees of the thinned area (p-level 0.006).
Furthermore, no statistically significant difference was exhibited after thinning between damaged and
undamaged trees of the thinned area (p-level 0.095).

Table 8. Non-linear regression analysis among ring width (dependent variable) and year (independent
variable), for damaged (TD) and undamaged (TU) trees and the trees from the control area (C).

Typologies Regression Results Parameters Values p-Level

TD
R = 0.929; R2 = 0.865; R2 adj = 0.862;
df(2,120); p < 0.001; Std. Err.: 0.057

Intercept 2223.65906 <0.001
year −2.21614 <0.001
year2 0.00055 <0.001

TU
R = 0.911; R2 = 0.829; R2 adj = 0.826;
df(2,120); p < 0.001; Std. Err.: 0.064

Intercept 2422.75717 <0.001
year −2.41617 <0.001
year2 0.00060 <0.001

C
R = 0.957; R2 = 0.916; R2 adj = 0.915;
df(2,120); p < 0.001; Std. Err.: 0.058

Intercept 1439.80071 <0.001
year −1.42622 <0.001
year2 0.00035 <0.001

 

Figure 2. Polynomial regression of weighted yearly ring width (YWW) (i.e., the mean of yearly ring
width weighted on the basis of the frequency distribution of trees per each diameter class in 2017) from
‘70s to 2017. The non-linear regression analysis results are shown in Table 8.

Before thinning, no significant difference was found between the treatments (control, damaged,
and undamaged), both in the BT and TBT. After thinning, no significant differences of YWW were
found in the thinned area between the damaged and undamaged trees, while the control and thinned
area differed significantly, both for damaged (p-level 0.008) and undamaged (p-level 0.006) trees.
The non-metric multidimensional scaling (NMDS, Figure 3) of the average ring width per diameter
class for the 1998 to 2008 (TPT1) interval highlighted that the C area showed the lowest average ring
width, while TD and TU showed a slightly higher average ring width, mainly due to the higher DBH
classes. The NMDS of the average ring width per diameter class for C, TD, and TU, focusing on
the post thinning period 1998–2017 (TPT2-Figure 4), showed that C had a low average ring width
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in comparison with TU and TD, while TD with respect to TU showed a similar average ring width.
From Figures 3 and 4, the increasing difference over time is clearly visible, between C, and TU and TD.
Between TD and TU, no difference was shown over time, and they both showed a higher average ring
width of the higher DBH classes (>35 cm) than the trees of the control area.

Figure 3. Non-metric multidimensional scaling (NMDS) of the average ring width per diameter class for
the trees in the control area C (green polygon, N. = 5 plots, 7 diameter classes, 2 stem core samples = 70),
for damaged trees TD (violet polygon, N. = 25 plots, 7 diameter classes, 1 stem core samples = 175),
and for undamaged trees TU (red polygon, N. = 25 plots, 7 diameter classes, 1 stem core samples = 175)
in the thinned area. The analysis is focused on a specific time period post thinning, from 1998 to 2008
(ten rings—TPT1).

Figure 4. Non-metric multidimensional scaling (NMDS) of the average ring width per diameter class for
the trees in the control area C (green polygon, N. = 5 plots, 7 diameter classes, 2 stem core samples = 70),
for damaged trees TD (violet polygon, N. = 25 plots, 7 diameter classes, 1 stem core samples = 175),
and for undamaged trees TU (red polygon, N. = 25 plots, 7 diameter classes, 1 stem core samples = 175)
in the thinned area. The analysis is focused on a specific time period post thinning, from 1998 to 2017
(twenty rings—TPT2).
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4. Discussion

This study is a prosecution of a previous one [21] carried out to obtain a long-term analysis of
some of the ecological and productive aspects related to thinning in a Pinus laricio Poiret stand in Italy.
It also takes into consideration the effects of logging damage and of thinning on stand growth 20 years
after the treatment, with an intermediate survey in the year 2008.

The decrease in the basal area recorded in the thinned area in 1998 and 2008 completely changed
its trend in 2017. In the same period, the average DBH and height in the treated area were greater than
in the control area. The effect of thinning was recorded on each dendrometric parameter as a general
rule. Thinning from below forced an increase in mean diameter, directly caused by the removal of
the trees with smaller diameters [36]. Ten years after thinning, only a light growing stock increase
was shown with respect to the control area. Twenty year later, thinning increased the growing stock
significantly. In thinned stands, the tree to tree competition was reduced. The resource redistribution to
a lesser number of trees had consequences on the diametric increase of the residual trees, affecting the
growing stock [37–39]. The reductions in stand density through thinning had no effect on tree height.
As other authors have observed, height growth was less reactive to thinning than diameter [37,40–42].
Twenty years after the thinning, the height of the thinned area and the control showed no statistically
significant differences, probably due to the high natural fertility of the site. As demonstrated by some
authors, species with higher values of height are associated with the greatest resource availability due
to high metabolic demands and biomass accumulation [43,44].

Thinning modified both the stand density and the tree shape. Immediately after thinning, only
a slightly lower slenderness ratio was obtained (Table 1), similar to that before thinning, showing a
stand stability improvement, but again was very low [34].

Ten years after thinning, the ratio value decreased, suggesting a higher stand stability in
comparison to the untreated area. In 2017, this trend was confirmed with a further decrease of
the ratio value in comparison to an increase in the untreated area. The slenderness ratio in the thinned
area was lower than that found for black pine in central Italy by [45]. The increased tree stability was
due to the greater average DBH in the thinned stand rather than height. The age of these stands was
the same. The thinning favored larger spaces for the trees, lowering the competition, allowing an
increase in diameter both for the technical treatment (thinning from below), and for better allocation of
resources. Reference [46] observed that denser stands were more vulnerable to stem breakage due to
the high slenderness ratio. The improvement in stability progressed over time after thinning, involving
not only the diameter increase, but also the development of the crown.

Only multiple damage led to tree death. Damage to the roots cannot be excluded, as detection
is difficult, and may have been the cause of death. However, mortality was mainly caused by wind
or snow-throw as no effective presence or evidence that showed causes directly associated with
logging wound or operations was detected. The stand achieved better stability in the thinned area.
The thinning from below seemed to favor the stand stability in cases of snowfall or wind storm, as
by removing the less stable trees, the “domino effect” was avoided [47]. The damaged tree rate was
similar to that found in other studies on logging damage in the thinning of conifer stands [25,48]. It is
interesting to note that the DBH of the damaged trees was significantly higher than the undamaged
trees, but only in the first 10 years of the survey.

Lightly damaged trees in 1998 were classified as severely damaged 10 years later, showing a
worsening condition that was unchanged in the following period. Moreover, some trees that were
classified as undamaged in 1998 were classified as severely damaged in 2017, as non-evident injuries
occurred over time [21]. This evidence was apparently conflicting as some trees were impacted during
logging operations, but this event did not give rise to injuries or to scrapes on bark. Only sometime
after the thinning were undetectable injuries recognized [49].

As shown in [21], the extraction was the main damage agent, as evidenced by the applied equipment
(skidding) and logging system (tree length system). In fact, ground-based extraction methods, if not
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supported by adequate technologies and planning, cause higher damage than aerial-based methods (i.e.,
cable yarder) [24,35,48,50], and the shorter the logs, the lower the damage [51,52].

As found from the analysis up to 2017, no wound was completely healed, while partially healed
wounds comprised about 30% of the damaged trees. As found by [27], the wound healing rate is
influenced by tree species, tree growth and vigor, and wound characteristics. The authors in [25]
suggested a 25–50 year healing period for a 10 cm wide wound in Norway spruce. Reference [53]
indicated a 15-year period for the complete healing of <60 cm2 wounds in Sitka spruce. The commercial
value of these pine plantations is not the main objective today, but pinewood has a role in ecosystem
services such as soil protection, landscape, and social services. However, injuries can affect the potential
forest efficiency. Diseases and insect infestations may afflict trees in an unhealthy physiological
condition. Logging injuries to the roots or at the lower part of the bole are easy access points for
biological attacks [27,54–56], and in our case, death causing agents.

This result suggests that logging damage does not affect the radial growth of P. laricio over time,
at least up to 40 years of age. However, some species seems to be more susceptible to logging damage.
In Norway spruce, a growth reduction of about 10–30% was observed [57–59], even in height. Scots
pine suffered a mean diameter increment reduction of 12.3% [60]. In lime trees, diameter growth was
dramatically affected by wounds, decreasing as much as 43%, thus increasing injury severity [61].
In Alder, wounds significantly reduced diameter growth [62]. Other authors have highlighted the
lack of difference in damaged or undamaged trees. Reference [63] underlined that ponderosa and
lodgepole pine, three years after artificial wounding, showed higher healing rates in the thinned area,
but no significant difference in diameter growth was observed between trees in the thinned and control
areas. They observed that no decay occurred in wounded pine, while it frequently occurred in grand
fir. On Pinus pinaster trees, scarred by debris transported during flash floods, [64] noticed that ring
widths of the disturbed trees decreased dramatically near the injuries, but on the opposite site, ring
widths were not significantly different.

Damage to roots is difficult to detect since soil modification can be arduous to quantify in relation
to single trees. Root injuries can reduce the radial and height increment of Norway spruce more than
stem injuries [59].

However, there are many factors that may explain the difference between our results and those of
most of the other previous studies. First of all, the species and geographic area, the Mediterranean
area in our study, and North-Europe in most of the other studies, may affect the results. In a recent
study on Norway spruce and Scots pine, [32] did not find any relation between artificial damage and
radial, height, or volume increment.

All treatments (damaged, undamaged, and control trees) showed a reduction over time of average
ring width, in the periods BT and TPT1. However, the different trend in the yearly average ring width
(YWW) after thinning highlighted that at the stand level, the growth was higher in the thinned area
than in the control area. The delay of about seven years in the growth response after thinning was also
found by other authors [19,20] and corresponded to a short-term decline in the growth of remaining
trees, called “thinning shock”. After this phenomenon, a clear recovery of growth started.

5. Conclusions

The results of the first step of this investigation [21] suggested that more specific studies on this
topic were needed, as well as an effective assessment of logging damage to be made over long time
periods. In this study, logging damage was monitored and the effects of thinning on stand growth
were evaluated in the 20 years after the treatment.

These analyses were done for a better comprehension of the ecological and productive aspects due
to the management of pine forests, in a Pinus laricio Poiret stand in Central Italy. In detail, the aims were:
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• to assess the stand dynamics in relation to the injury levels and the treatment applied in a
twenty-year range: in about twenty years after the treatment, the stand dynamics showed
a complete recovery, and associated implementations, of growth and stability characteristics,
independent from the logging injury;

• to evaluate the effect of damage on the radial growth of trees: the results found suggested that
logging damage did not affect the radial growth of P. laricio over time;

• to try to understand a possible treatment return time and evaluate the existence of the “thinning
shock” situation: in consideration of what was found, a second treatment seemed to be sustainable
starting from the fifteenth year after the previous treatment. Regarding thinning shock, this can
be clearly evaluated in the tree ring width in the first six to seven years after the treatment.

The findings are key factors in the ecological management of Corsican pine forest located in
the Mediterranean area and an important reading vital to supporting the decision making of forest
managers. In addition, from this case study, some suggestions are proposed to reduce the impact during
logging in the thinning of pine stands: (i) promote environmentally responsible and locally acceptable
forest mechanization levels; (ii) invest in workforce training that improves not only operational
skills, but also an awareness of ecological and environmental issues; (iii) the selection of an adequate
timber extraction system during silvicultural planning; (iv) pursue detailed operational planning to
reduce potential negative impacts and improve their economic efficiency and safety; and (v) make a
multitasking plan based on a close dialogue between sustainable forest management and sustainable
forest operations.

Furthermore, for proper ecological management, as well as for an active forest management of
pine forests, pragmatic harvesting guidelines and best management practices will be needed. This
approach could minimize negative impacts related to active management practices.
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Abstract: Renaturalization treatment in Black pine afforestation is an important topic that should
be considered. There is a need to favor the evolution of artificial pine forests toward natural forest
systems. Overall, this study focused on pine forests, and suggests one typology of clear-cutting
(dismantling cutting) on strips, which is associated with different extraction management techniques.
Some ecological and environmental aspects associated with renaturalization treatments that have
been applied by different mechanizations in black pine afforestation have been highlighted, as well
as how renaturalization and the active ecological management of these stands could affect soil
and vegetation. The main objectives of this research were to: (1) analyze the impact of silvicultural
treatment and logging activities on forest soil, and (2) assess tree regeneration and floristic biodiversity
in an ecological management system, in terms of both quantity and quality characteristics. These
analyses were planned to obtain an overview of the environmental impact related to a multifunctional
approach to the forest management of black pine afforestation. Essentially, the answers to the main
research questions are: (1) less invasive extraction systems seem to use a cable yarder and forest winch;
(2) a clear soil recovery trend with good capabilities is visible, in particular for the two extraction
systems by cable; however, over a three-year period, only a partial but substantial recovery has been
shown; (3) in general, silvicultural treatment showed qualitative and quantitative improvement in
terms of tree regeneration; in particular, the extraction systems by forest winch and cable yarder
showed better results; (4) silvicultural treatment seems not to have led to improvement at the level
of the herbaceous and shrubby layers; however, clear differences are shown among the different
harvesting systems. Significant recovery after use of the cable yarder was observed.

Keywords: dismantling cutting; horse skidding; winch skidding; cable yarder; tree regeneration;
soil recovery

1. Introduction

Among the different coniferous species, black pine (Pinus nigra Arnold) has been successfully used
in Italy since the beginning of last century for afforestation, as well as the recolonization of pastures

Forests 2018, 9, 366; doi:10.3390/f9060366 www.mdpi.com/journal/forests116



Forests 2018, 9, 366

and degraded environments due to its favorable frugal characteristics [1,2]. Black pine is appropriate
for afforestation in shallow soils with severe climatic conditions such as prolonged summer drought,
due to its root system extension [1]. In 2005, Pinus nigra forests covered an area of approximately
240,000 ha (about 3% of the forested area in Italy) [3]. This afforestation provides soil protection and
the restarting of dynamic and evolutionary processes of vegetation.

Tonon et al. [4] highlighted that black pine afforestation modified microclimate and soil conditions,
making them suitable for more discerning species. Nevertheless, today many of these afforested areas
are in a poor physical and biological state with no dynamic processes. This is due to the combination
of several factors (i.e., the inadequate treatment and biotic and environmental adversity). Thus, these
areas require urgent silvicultural action in the form of renaturalization [5,6] to ensure the permanence
of land cover, with the gradual replacement of pine with late successional tree species that are typical
of more mature stages of evolution (native broadleaves). Furthermore, the woody material that
was required as a source of renewable energy opens up interesting prospects for the use of biomass
obtainable by the renaturalization of these types of forests.

The application of silvicultural treatments has important effects on all of the ecological aspects [7–9].
Soil characteristics and tree functioning may be affected by harvesting due to the modified input
of light (quality and quantity), temperature, and water availability. Moreover, it is important to
highlight that logging activities, with machine and load traffic, may cause soil compaction, soil horizon
mixing, and topsoil removal [10]. Compaction reduces soil porosity and the connectivity of pores,
thus increasing soil density and shear strength [9,11,12]. Thus, soil degradation could reduce
tree growth [13], and carbon dioxide efflux from the soil may change significantly [14]. After a
renaturalization treatment, the restocking of the stand is left to two main natural regeneration
processes: through seedlings (gamic) and sprouts (agamic). Due to the high sprouting potential
of some broadleaves growing under the canopy cover of the pine forest, the dynamics of recruiting
new individuals to existing stands has largely been overlooked [15]. This aspect will be of particular
interest for these new forests that are composed of a mosaic of artificial and natural stands.

Biodiversity conservation has long been a goal of European conservation policy [16,17]. However,
despite more than 25% of European land having been given some level of protection for conservation,
biodiversity continues to decline [18]. One factor contributing to this decline may be unsuitable
management practices in protected areas, or, more specifically, an insufficient application of
evidence-based conservation recommendations [18,19]; for example, a lack of diversity of management
systems with a total abandonment of traditional systems, without considering the possibility of
improving them. Biodiversity monitoring is essential in order to support management decisions
in maintaining multiple forest ecosystem functions [20]. A better understanding of the roles of the
components of biological diversity that support the provision of multiple forest ecosystem services is
necessary [21,22].

Logging systems may differ depending on silvicultural management and the final products.
The technical and economic utilization of forests depend on various factors concerning terrain
conditions, transportation networks, and harvesting technologies, as well as silvicultural treatment
and forest operation systems [23,24]. Although in recent times there have been significant innovations
in forest operations [8,25] in terms of both technology and methodology, logging activities in Italy are
still developed by traditional methods, i.e., motor–manual felling with chainsaws and the use of mules
and/or agricultural tractors for extraction [25–27].

Actually, studies focusing on the effects of silvicultural treatment and utilization on soil and plant
biodiversity are rare, or are overly guided by extreme currents of thought. Without some clear effects
and recovery times, it is very difficult to respect the concept of sustainability. Also for these reasons,
companies are seldom required to take into account the impact of their operations on the land and on
forest sustainability, or, rather, to consider the real application of sustainable forest management as
suggested by Forest Europe.
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For these reasons as well as the fundamental purposes of renaturalization, it is important to
know and assess the possible impacts on the soil and biodiversity of silvicultural treatments and
logging operations, considering that one of the most important problems of the forest sector is to
minimize ground damage caused by forest operations [28] and biodiversity loss. In general, the effects
of harvesting include changes in vegetation, nutrient availability, and soil microclimate and structure,
as well as litter quantity and quality [28]. In particular, forest operations, such as forwarding and
skidding, have a high potential for soil compaction [29–31]. However, adequately managed forest
ecosystems are claimed to be highly resilient in the long term [32].

The modern silvicultural approaches lead to aggregated retention, which is the practice of leaving
unlogged patches within logged areas, and is a form of retention forestry that has gained increasing
use globally as an alternative to clear-cut logging [33–35]. In contrast to clear-cutting, retention forestry
maintains habitats for species affiliated with a closed forest—thus mitigating the negative effects of
timber harvest—while also providing a habitat for early seral species [36,37]. These approaches are
characterized by a set of fundamental principles, including an avoidance of clear-cutting, an emphasis
on structural diversity and small-scale variability, the deployment of mixed species with natural
regeneration, and an avoidance of intensive site-preparation methods [38]. However, although these
modern approaches find real justification in the management of “natural” forests, they have some
complications in the renaturalization practices or management of forest monospecific plantations.
In these cases, which are similar to problems with new silvicultural approaches [38], a suite of
ecological, economic, logistical, informational, cultural, and historical constraints currently hinder the
wider adoption of alternative silvicultural practices. Individual contexts display their own unique
combinations and the relative significance of these constraints, and accordingly, targeted efforts, such as
regulations and incentives, may help overcome specific challenges. In a broader context, the possibility
of clear-cutting treatments on adequate surfaces and with proper methodologies might provide an
additional flexibility and facilitate renaturalization within a broader set of ecological circumstances.

In order to improve silvicultural management and logging methods, better knowledge of the
long-term impact of forest operations is needed [26,39]. Reducing the negative effects of felling and
extraction is one of the main goals of sustainable forest management [40–42].

The main objectives of this research were to (1) analyze the impact of silvicultural treatment
and logging activities on forest soil, and (2) assess tree regeneration and floristic biodiversity in an
ecological management system, in terms of both quantity and quality characteristics.

To analyze the impact on soil and short-term recovery in particular, in addition to physical and
chemical analyses of soil (i.e., pH, organic matter, bulk density, penetration and shear resistance) [30],
an innovative arthropod-based Soil Biological Quality index, QBS-ar [43,44], was used. This is a
valuable tool in ecosystem restoration programs for monitoring the development of soil functions and
biodiversity, and preventing the negative effects of soil compaction that result from logging activities.

Moreover, other ecological and environmental aspects associated with renaturalization treatments
were evaluated in black pine afforestation in relation to tree regeneration characteristics and vegetation
dynamics. In particular, the most important points in investigating the renaturalization and active
ecological management of these Pinus nigra forests were as follows:

• Three mainly different logging methodologies and their immediate impact on some soil features
• Possible recovery time of the impact on soil features over a range of three years
• The effect of silvicultural treatment and logging activities on natural tree regeneration
• First analysis of silvicultural treatment and logging activities on plant structure and functioning

These analyses were planned so as to obtain an overview of the environmental impacts related to
a multifunctional approach to the forest management of black pine afforestation.
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2. Materials and Methods

2.1. Study Site

The studied areas are located near Passo delle Capannelle Municipality of Pizzoli (AQ 42◦26′49 N,
13◦20′14 E) (Figure 1). Abruzzo is a region in Italy that has a fairly developed forest sector and a huge
forest surface (about 41% of the region) accounting for about 4% of the entire Italian forest surface. In
this region, there are about 19,158 ha of coniferous plantations, and of these, black pine afforestation
covers about 13,004 ha [44]. The pine afforestation that was studied covers about 27 ha along the middle
mountain slope. The two blocks that were chosen for the experiment are located on the southeastern
slope in the altitudinal range of 1200–1300 m a.s.l. (above sea level), with an average slope of about
50%. On the slope are three different calcareous formations dating back to the Triassic–Jurassic: lower
limestone calcareous, ammonite green, limestone, Posidonia marl, and Corniola. In some portions,
there is generally stratified and cemented Pleistocene stratum debris consisting of gravels and breccias,
predominantly limestone.

Figure 1. Geographical information and detailed scheme of the treatment area.

A general climatic analysis of the area was conducted on the basis of data available from the
meteorological stations of Montereale and Assergi, relating to the years 1950–2000. Rainfall has a
bimodal regime, with two annual maximums, in April and November. The driest month is usually
July, with about 40 mm of precipitation, and only six rainy days. The winter cold has remarkable
peaks, with monthly averages of minimum air temperatures lower than 0 ◦C for four months; average
daily temperatures below 10 ◦C are exhibited for six months. From the study of the Mitrakos diagrams,
it appears that the maximum cold stress was reached only in the month of January, whereas aridity
stress was in July. The classification in Rivas-Martínez [45] was used for the bioclimatic description,
which defines the considered area as a continental temperate bioclimate, and more precisely as within
the attenuated subcontinent subtype. The thermo type was found to be supratemperate lower and
ombrotype humid. Additional details regarding temperature and precipitation values throughout the
years of the study period are reported in Table 1.
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Table 1. Detailed information regarding temperature and precipitation values throughout the years of
the study period.

Years 2015 2016 2017 2015 2016 2017

Months Temperature (◦C) (min/mean/max) Precipitation (mm) Total

1 −10.0/2.8/14.0 −8.0/4.9/15.0 −3.1/0.1/4.4 69.5 70.1 7.5
2 −5.0/5.2/11.0 −3.0/7.9/18.0 2.5/6.6/11.5 67.6 72.9 0
3 −1.2/10.1/20.1 −0.4/10.8/23.1 2.6/9.0/16.0 67.1 66.8 0
4 1.0/10.8/24.2 −1.1/11.6/27.3 4.3/10.6/17.6 68.9 65.5 0
5 6.1/16.6/31.2 4.1/15.5/30.4 8.6/14.9/21.8 55.1 58.8 3.2
6 10.0/20.6/30.4 9.1/21.4/32.2 14.2/21.5/28.5 45.2 46.6 0.3
7 13.3/23.1/36.1 11.1/22.8/34.0 14.8/22.5/30.1 35.1 36.1 7.4
8 12.3/23.2/33.4 7.1/21.8/32.4 16.0/24.2/32.6 43.2 43.4 0
9 7.1/17.9/33.2 4.1/16.8/30.1 10.1/15.8/21.7 62.1 57.2 0.2
10 4.2/12.1/22.1 2.2/12.6/23.4 5.2/12.6/20.8 89.9 89.1 0
11 −2.0/8.5/21.3 −2.3/8.2/19.4 −0.8/7.3/19.7 85.2 88.8 10.7
12 −5.4/4.5/13.2 −9.1/3.1/12.4 −0.8/3.3/7.9 72.1 92.9 60.5

The black pine (Pinus nigra Arnold subsp. nigra var. italica Villetta Barrea) plantation studied
was about 60 years old. The soil preparation was done in steps (called “gradoni”, or small terraces)
2 m to 4 m apart, with numerous stone artefacts. The planting was carried out with bare root black
pine transplants at a distance of 1 m in the step. It was a pure stand, with poor social differentiation
and a high slenderness ratio, which is a clear sign of a lack of thinning. The degree of coverage was
high (90–100%) and homogeneous. The distance between the trees was similar to the original planting
scheme. The shrubby undergrowth was very poor, while dense brachypodium carpets and mosses were
intertwined with needles and cones. An analysis conducted on the wooden bores of some trees showed
that the annual growth had undergone a significant slowdown in the last eight years (fractions of mm),
accentuating the slowdown that occurred 16 years ago, and making it difficult to hypothesize a reaction
to any thinning. The limit of 60–65 years represents a threshold beyond which the reaction capacity of
the stand to the thinning is greatly reduced [1]. In the considered afforestation, no significant meteoric
damage had occurred, there were no obvious signs of fungal and insect attacks, dead wood snags were
substantially absent, and logs were not consistent.

2.2. Renaturalization Treatment and Logging Methods

Among the possible renaturalization techniques [46], taking into account the stand age, the need
to combine harvesting cost-effectiveness, that it was solid ground despite being on a high slope,
and that the black pine forest was sheltered from northern winds, clear-cutting (dismantling cutting)
on strips was chosen. This consisted of a series of strips 15 m wide and 100 m long, alternating with
uncut strips (to eliminate 50% of the surface of the pine plantation). The width was proportional to the
tree height, while the length was proportional to the logging systems and planning. The choice of the
two experimental blocks was made through a design-based approach, which is a statistical approach
that establishes the methods of choice and use of the sites, allowing possible pseudoreplication
problems to be overcome [47]. The two experimental blocks (replicates) were delimited upstream
of a forest road, and they differed in altitude location, forest growth conditions, and soil texture.
The first experimental block, which was at an altitude of 1200 m a.s.l. (east–southeast), consisted of
12 strips that were 100 m long (according to the lines of maximum slope) and 15 m wide. This block was
surrounded on all sides, excluding the track, with a protection buffer that was a minimum of 20 m wide.
The second block, with similar characteristics, was realized slightly lower, at an altitude of 1100 m a.s.l.
(southeast). The logging treatments within each block were randomly assigned, while the silvicultural
treatments were systematically assigned (one uncut strip and one clear-cut strip). Within each block,
the silvicultural treatment was applied on six alternating strips (one harvested and one untouched) to
have six silvicultural repetitions and six control areas. In the harvested strips, three logging treatments
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were applied, with two repetitions for every replicate (block). The different extraction methods were
characterized by different machines and techniques (detailed in Table 2): (a) animal skidding downhill
by TPR (heavy rapid skidding) horse, (b) winching downhill by a forestry-fitted farm tractor using
snatch block, and (c) yarding downhill by a cable yarder with automatic carriage. The two blocks
(replicates) differed in altitude, soil texture, and dendrometric characteristics.

Table 2. Different extraction methods applied, characterized by different machines and techniques.

Logging Operation System Detail Mechanization and Work Team

H direct skidding of whole
tree, on forest soil Two operators, by “TPR” horse with mass of about 1200 kg

W
indirect skidding of
whole tree, from the

forest road

Two operators, by forestry-fitted farm tractor using snatch
block. Winch of pull force of 70 kN and maximum work
distance 100 m, tractor with engine power of 63 kW and
mass of about 4 t

C yarding of whole tree,
from the forest road

Two operators, by double drum cable yarder, with
automatic carriage with pull force of 20 kN and maximum
line work distance 600 m

H: animal skidding; W: winching downhill by a forestry-fitted farm tractor using snatch block; C: yarding downhill
by a cable yarder with automatic carriage.

2.3. Analytical Methods

A dendrometric analysis was performed by measuring the diameters at breast height (DBH) of
all of the trees, and the plant height of 10% of the trees, which allowed constructing the hypsometric
curve and then determining the growing stock by applying the model tree method.

In order to determine the soil particle size distribution for the studied areas, six soil samples in
each block were randomly sampled from the top 30 cm of the mineral soil, which was considered
to be a crucial indicator of vulnerability to soil compaction [48]. Rock fragments (particles >2 mm
in diameter) were removed from the air-dried samples for particle size distribution. Afterwards,
three sand fractions—2.00–0.50 mm (coarse), 0.50–0.25 mm (medium), and 0.25–0.05 mm (fine)—were
separated by wet sieving. Finally, silt and clay were determined using a hydrometer [31].

Three linear transects, consisting of 1 m × 30 m rectangles for every harvested strip, were
tracked to estimate the tree regeneration community composition and perform quantitative analysis.
A systematic sampling method was applied as shown in Figure 2. These post-operation analyses were
conducted using research methods based on internationally shared protocols, elaborated, and adapted
to this context of study as proposed in [8,9,25,26,49].

Figure 2. Scheme of the systematic sampling method applied in every harvested strip. The black points
are only the starting points of every linear transect (grey lines).

The vegetation study was set up according to the phytosociological method [44]. The surveys
were performed in summer, when most of the species were flowering. The analysis was carried out
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in the entire slope of the forest to investigate the potential vegetation and identify the relationships
between plant associations and topography that were established between the different vegetation
series. Vascular species were recorded with the percentage of coverage-abundance for each area.
The phytosociological surveys carried out in the reforestation area allowed us to characterize the
current state of the underbrush. The analysis of the groups of species related to the phytosociological
syntaxa allowed us to interpret the current phase of reforestation dynamics and its location in the
vegetation series that characterizes the area in which the pinewood was located. The floristic study
took place through sample collections before cutting. The samples were determined using the main
national [50–54] and European flora [54,55].

The tree composition of natural regeneration was analyzed by the Species Importance Value
(SIV) index, which was calculated for each species, as reported in the literature [48,56] (Table 3).
The regeneration species diversity index was computed using the Shannon–Wiener information
function (Table 3).

Table 3. Detailed formulas and descriptions of the Species Importance Value (SIV) index, Regeneration
species diversity index and structural evenness index.

Description Formula

Species Importance Value (SIV) index Relative density (RDe) + Relative frequency (RF) + Relative dominance (RDo)

Relative density (RDe) (Number of individuals of a species × 100)/total number of individuals of
all species

Relative frequency (RF) (Number of plots containing a species × 100)/sum of frequencies of
all species

Relative dominance (RDo) (Sum of the height of a species × 100)/sum of total height of all species

Regeneration species diversity index
(Shannon diversity index)

H′ = −Σ(ni/n)·Ln (ni/n)
ni = denotes the SIV of a species and
n = denotes the sum of the total SIV of all the species

Structural evenness index
J = H′/Hmax
H′ is the number derived from the Shannon diversity index and Hmax is the
maximum value of H′

The natural regeneration and floristic biodiversity of tree composition were also assessed using
species richness. The Shannon index and the evenness index were used for floristic biodiversity,
without considering the tree layer before cutting. Biodiversity indices were compared by year and type
of intervention. Species richness was defined as the total number of species sampled. The Shannon
index [57] is based on information theory and the degree of difficulty in accurately predicting the next
species sampled. This diversity index is sensitive to changes in rare species, has good discriminant
ability, and is well represented in the literature [58]. Biodiversity indices were compared by year
and type of intervention. The structural evenness index was calculated as reported in [59] (Table 2).
This index varies between 0 and 1, where a value of 1 symbolizes an exact uniform distribution.
The Shannon index is a model that measures species diversity and the degree of homogeneity in
species abundance. One of its applications is to correctly estimate the anthropogenic impact on
ecological systems.

The impact on soil due to silvicultural treatment and forest operations was assessed by a
systematic sampling method selecting three sample plots (SPs) for each harvested strip, one every
30 m along the strip axis, starting at 15 m from the lower border. Each SP consisted of a circular area
12 m in diameter. In each SP, three tests for every parameter were done, which measured: bulk density
(BD), pH, organic matter content (OM), inorganic carbon content (IC), penetration resistance (PR),
and shear resistance (or strength) (SR), and QBS-ar index as detailed in [43–47]. For the two blocks,
two different control areas were selected at the edge of the blocks, which were at least 30 m from the
edges. In each area, three SPs were randomly selected, and three tests for all of the parameters were
done on each of them.
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Natural regeneration analyses were done in 2016 and 2017, which were one and two years
after harvesting, respectively. Soil impact analyses were done in 2015, immediately after the logging
operations, and in 2016 and 2017, one and two years after harvesting, respectively. All of the analyses
were replicated in the same months.

2.4. Statistics

Statistical analyses were carried out using Statistica 7.1 (2007) software (StatSoft Inc., Tulsa,
OK, USA). As a first step, data distribution was plotted and checked for normality (Lilliefors) and
homogeneity of variance (Levene test). All of the data points then underwent a t-test, an ANOVA,
or a MANOVA to test the effects of the different treatments. In order to determine the relation
between QBS-ar, BD, PR, and SR, a non-parametric correlation analysis (Spearman correlation matrix)
was applied. The data, which were not normally distributed and had insufficient homogeneity of
variance, were statistically processed using the non-parametric ANOVA Kruskal–Wallis test. Principal
component analysis (PCA) was applied to investigate any linear correlations between the expressed soil
conditions of the main six characteristics studied, and also between the tree regeneration situations of
the main four characteristics studied. To minimize the scaling effect due to the different measurement
units, the data corresponding to each independent variable were standardized using Box–Cox lambda.

3. Results

3.1. Silvicultural Treatment and Dendrometric Analysis

The silvicultural treatment applied was clear-cutting (dismantling cutting) on strips, with
harvesting of 50% of the surface of the pine plantation. The strip dimensions were proportioned
to the tree height and length to the logging system and planning. This treatment aimed to achieve the
renaturalization of these forests within a sustainable management system.

The dendrometric data collected before the harvesting of the two blocks showed average values,
which were statistically similar for trees age, DBH tree height, basal area, tree density, and aboveground
biomass stock (Table 4).

Table 4. Main dendrometric characteristics of the pine forest before cutting (ANOVA test, df 3, 40;
average ± SD). DBH: diameters at breast height.

Treatment Block
Age

(Year)
DBH (m) Height (m)

Density
(Trees/ ha)

Basal Area
(m2/ha)

Above-Ground
Biomass Stock (m3/ha)

H
1 60 0.24 ± 0.05 a 14.4 ± 0.9 a 728 ± 67 a 32.9 ± 8.2 a 308.1 ± 15.2 a

2 60 0.19 ± 0.06 b 13.4 ± 0.6 b 1220 ± 74 b 34.6 ± 2.2 b 301.1 ± 10.5 b

W
1 60 0.23 ± 0.07 a 14.3 ± 1.1 a 720 ± 83 a 29.9 ± 9.1 c 277.9 ± 19.3 c

2 60 0.18 ± 0.04 b 13.2 ± 0.8 b 1232 ± 91 b 31.3 ± 6.8 a,c 268.9 ± 19.9 c

C
1 60 0.22 ± 0.08 a 14.1 ± 1.8 a 745 ± 54 a 28.3 ± 6.7 c 259.4 ± 21.1 d

2 60 0.20 ± 0.08 b 13.7 ± 0.3 a,b 1228 ± 47 b 38.6 ± 5.1 d 343.4 ± 10.5 e

Control
1 60 0.22 ± 0.05 a 14.1 ± 1.0 a 729 ± 25 a 27.7 ± 7.1 c 253.8 ± 11.1 d

2 60 0.18 ± 0.03 b 13.2 ± 0.5 b 1231 ± 32 b 31.3 ± 2.9 a,c 268.6 ± 10.8 c

p-value <0.05 <0.05 <0.05 <0.05 <0.05

Different letters show significant differences among values in a column (Tukey test).

3.2. Analysis of Stand Regeneration

No statistical difference was observed between the two blocks, and the nine species were
indifferently present (p > 0.05). The three logging treatments and the control showed different
percentages (ANOVA p < 0.05) of species distribution (Figure 3). The tree species most represented
were Sorbus aria L., Fraxinus ornus L., Quercus pubescens Willd., and Quercus cerris L. According to the
Tukey test, the strips extracted by cable yarder were statistically grouped with the control data, while
the other two treatments were statistically different. Pinus nigra regeneration was largely present in

123



Forests 2018, 9, 366

the strips extracted by horse (9%) and winch (7%). There was an exotic tree present in these strips
(Robinia pseudoacacia).

 

Figure 3. Tree species percentage distribution, average values grouped for logging treatments
and control.

One year after harvesting, the highest natural regeneration density was found for the strips
extracted by winch and cable yarder: 23,580 trees/ha and 21,150 trees/ha, respectively (Figure 4).
The strips extracted by horse showed the lowest value, 6250 trees/ha, and the control had stable
values ranging between 10,260–11,150 trees/ha. Two years after harvesting, the highest regeneration
density was found for the strips extracted by winch: 20,650 trees/ha, which was slightly lower than
in 2016. The strips extracted by horse and cable yarder showed similar values ranging between
18,850–19,170 trees/ha; the first treatment had a considerable increase, while the second one had a
slight decrease compared with 2016.

 

Figure 4. Tree regeneration density, average values with standard deviation for the different treatments,
one year after harvesting (2016) and two years after harvesting (2017). ANOVA results shown
statistically significant differences, p < 0.05 and the Tukey test applied found five groups, showed by
different letters.
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The SIV detailed analysis for 2017 (Figure 5) shows that the most important tree regeneration
was for the species Q. pubescens and Sorbus aria. The worst SIV was shown by Q. cerris and Fraxinus
ornus. Fraxinus ornus only showed an SIV peak in the strips extracted by horse. The analysis of the
total SIV (Table 5) showed that the strips harvested by horse and winch increased compared to the
control, while for the strips harvested by cable yarder, the trend was positive, but the value was lower
than the control.

Tree species diversity, as tested by the Shannon–Wiener and the evenness indices, showed different
situations. First, there was a general slightly positive trend from 2016 to 2017 for the control and
the strips harvested by winch and cable yarder, while the index was stable for the strips harvested
by horse. The highest diversity was found for the strips harvested by cable yarder and winch (in
particular for the evenness index, amounting to 0.88 ± 0.07 and 0.85 ± 0.09, respectively, as shown in
Table 5), while the lowest diversity was found in the control (Shannon index ranged from 1.68 to 1.70
and the evenness index ranged from 0.73 to 0.77, Table 5).

Table 5. Tree species diversity indexes for the studied areas (Kruskal–Wallis test analysis, df 3, 144;
p < 0.05; average ± SD).

Treatments
SIV Shannon Index Evenness Index

2016 2017 2016 2017 2016 2017

H 212 a 214 a 1.60 a 1.58 a 0.81 a 0.81 a

W 205 b 216 a 1.79 b 1.87 c 0.81 a 0.85 b

C 205 b 208 c 1.61 a 1.58 a 0.82 a 0.88 b

Control 215 a 213 a 1.68 d 1.70 d 0.73 c 0.77 c

Different letters show significant differences among values in a column (Tukey test).

Figure 5. SIV detailed analysis between the treatments and the control for the year 2017.
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3.3. Analysis of Floristic Biodiversity

The most consistent group of species, by both qualitative and quantitative analysis, taking
into account coverage, was arid secondary grazed meadows (Figure 6). The pool of diagnostic
species of the Apennine Phleo ambigui–Bromion erecti alliance was highlighted, among which the
graminaceous Brachypodium rupestre was relevant, forming a fairly uniform mat. It was accompanied
by Cytisus spinescens, Asperula purpurea subsp. purpurea, and Galium lucidum subsp. lucidum. The group
of plants belonging to the superior categories of the suborder Artemisio albae-Bromenalia, order Phleo
ambigui-Brometalia erecti, and class Festuco-Brometea was very abundant. Among these, the species
forming the structure of secondary grasslands in the Apennines was Bromus erectus. Even if this
vegetation was attributable to the Phleo ambigui–Bromion erecti alliance, the difference was the presence
in the pinewood of a community dominated by Brachypodium rupestre, which was absent in the pasture.
This vegetation settled and became dominant in the stations with a more advanced soil type and a
higher water content than that in the Apennines. Therefore, it was less xeric, and had a more closed
structure compared to the xeric meadows, highlighting the effect of the tree cover.

 

Figure 6. Phytosociological surveys carried out in the afforested area and analysis of the groups of
species related to the phytosociological syntaxa.

The results show a constant increase in species richness after cutting (Table 6). This increase does
not correspond to an increase in the values of the biodiversity indices, which showed a sharp decline
after cutting. However, these values reached higher values after two years before pre-cutting.

A decrease in the values of floristic biodiversity was more evident in the strips harvested by horse,
as shown in Figure 7. On the contrary, in the strips where the collection of material was carried out by
cable yarder, there was no decrease in Shannon index values (Table 6), but even after the second year,
the greatest increases occurred for both indices.

Table 6. Floristic species diversity indexes for the studied areas.

Treatments

Species Richness Shannon Index Evenness

Before
Cutting

1 Year
After

2 Years
After

Before
Cutting

1 Year
After

2 Years
After

Before
Cutting

1 Year
After

2 Years
After

All 29.92 34.75 36.83 2.03 1.91 2.08 0.6 0.54 0.58
Horses 29.67 32.00 34.67 2.07 1.82 1.90 0.61 0.53 0.54
Winch 25.33 30.00 36.00 1.91 1.91 2.13 0.59 0.56 0.59

Cable Yarder 35.00 45.00 42.00 2.09 2.09 2.39 0.59 0.55 0.64
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Figure 7. Floristic evenness index trend related to the different harvesting systems.

3.4. Physical and Chemical Analyses of Soil

Soil texture was characterized by a high content of rocky skeleton for both blocks (48.6 ± 17.3%),
while sand, silt, and clay content were statistically different between the two blocks (p < 0.05). In block
1, sand was 59.2 ± 1.4%, silt was 33.7 ± 1.3%, and the clay was 7.0 ± 1.1%. Thus, the soil can be
assigned to the sand loam (SaLo) soil material class. In block 2, the sand was 36.6 ± 3.7%, the silt was
59.4 ± 3.6%, and the clay was 4.0 ± 1.3%. Thus, the soil can be assigned to the silt loam (SiLo) soil
material class. Relative to the granulometric values and the soil water method (K. Saxton), the soil
field capacity (CC) was calculated at 24% and 27%, respectively.

For each year, sampling was done once in spring, once in summer, and once in autumn. During
the sampling periods (2015, 2016, and 2017) soil moisture showed significant differences (p < 0.05)
between spring and autumn (average moisture 31 ± 5%) and summer (average moisture 22 ± 3%).

Soil BD showed significant differences only among treatments and years (Table 7). In particular,
in the strips harvested by horse, BD was higher than the control and the strips harvested by winch and
cable yarder. Nevertheless, in 2017, a recovery trend was highlighted. In the strips harvested by winch,
the BD was similar to that of strips harvested by cable yarder, but in 2017, no clear recovery trend was
shown. In the strips harvested by cable yarder, BD was higher than that of the control, but lower than
that of the strips harvested by horse and winch, although in 2017, a complete recovery was shown.

Table 7. Results of the ANOVA and Tukey test for soil bulk density (BD) during the three years after
felling (df 3, 144; average ± SD), difference tested between the soil of the harvested area, and control.

Treatments
Bulk Density 2015

(g/cm3)
Bulk Density 2016

(g/cm3)
Bulk Density 2017

(g/cm3)
p-Value

H 1.133 ± 0.08 a 1.069 ± 0.09 d 0.962 ± 0.03 b

<0.05
W 0.946 ± 0.11 b 0.945 ± 0.09 b 0.928 ± 0.02 b

C 0.947 ± 0.09 b 0.913 ± 0.09 b 0.867 ± 0.02 c

Control 0.853 ± 0.10 c 0.866 ± 0.02 c 0.878 ± 0.01 c

p-value <0.01 <0.01 <0.05

Different letters show significant differences among values in a column (Tukey test).
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Soil PR showed statistically significant differences only among treatments and years (Table 8).
In particular, in the strips harvested by horse, PR was higher than that of the control as well as the
strips harvested by winch and cable yarder. Nevertheless, in 2017, no clear recovery trend was shown.
In the strips harvested by winch, the PR was similar to that of the control from 2015. In the strips
harvested by cable yarder, in 2015, the PR was higher than that of the control and strips harvested by
winch, but lower than that of the strips harvested by horse, although in 2017, a complete recovery
was shown.

Table 8. Results of the ANOVA and Tukey test for soil penetration resistance during the three years after
felling (df 3, 144; average ± SD), difference tested between the soil of the harvested area, and control.

Treatments
Penetration

Resistance 2015 (MPa)
Penetration

Resistance 2016 (MPa)
Penetration

Resistance 2017 (MPa)
p-Value

H 0.177 ± 0.06 a 0.177 ± 0.08 a 0.175 ± 0.06 a

<0.05
W 0.161 ± 0.02 b 0.161 ± 0.03 b 0.160 ± 0.03 b

C 0.169 ± 0.09 c 0.165 ± 0.07 b,c 0.162 ± 0.03 b

Control 0.160 ± 0.07 b 0.160 ± 0.05 b 0.159 ± 0.03 b

p-value <0.05 <0.05 <0.05

Different letters show significant differences among values in a column (Tukey test).

The soil SR showed statistically significant differences only among treatments and years (Table 9).
In particular, in the strips harvested by horse, in 2015 and 2016, SR was higher than that of the control
as well as the strips harvested by winch and cable yarder. Nevertheless, in 2017, a complete recovery
was shown. In the strips harvested by winch and cable yarder, in 2015, SR was higher than that of the
control, although already in 2016, a complete recovery was shown.

Table 9. Results of the ANOVA and Tukey test for soil shear resistance during the three years after
felling (df 3, 144; average ± SD), difference tested between soil of harvested area, and control.

Treatments
Shear Resistance

2015 (t/m2)
Shear Resistance

2016 (t/m2)
Shear Resistance

2017 (t/m2)
p-Value

H 2.963 ± 0.11 a 2.964 ± 0.08 a 2.089 ± 0.95 c

<0.05
W 2.294 ± 0.20 b 2.215 ± 0.14 c 2.015 ± 0.12 c

C 2.347 ± 0.12 b 2.245 ± 0.14 b,c 2.016 ± 0.11 c

Control 2.185 ± 0.11 c 2.122 ± 0.32 c 2.089 ± 0.91 c

p-value <0.05 <0.05 >0.05

Different letters show significant differences among values in a column (Tukey test).

The pH is a very important parameter for the correct functioning of soil, and its variations
influence various soil parameters and processes [60]. The pH values showed statistically significant
differences between blocks, treatments, and years. However, this parameter did not seem to be clearly
influenced by silvicultural treatment or logging operations (Table 10). The pH variations were recorded
only for 2017.

Soil organic matter content (OM) showed significant differences only among treatments and years
(Table 11). In particular, in the strips harvested by horse, in 2015, OM was lower than that of the
control as well as the strips harvested by winch and cable yarder, and the trends in 2016 and 2017
were negative. In 2015, in the strips harvested by winch and cable yarder, the OM was lower than the
control, but for the strips harvested by winch, the trends in 2016 and 2017 were negative. There was a
complete recovery for the strips harvested by cable yarder in 2017.
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Table 10. Results of the ANOVA and Tukey test for pH (df 3, 72; average ± SD), difference tested
between the soil of the harvested area, and control.

Treatments Block pH 2015 pH 2016 pH 2017 p-Value

H
1 6.5 ± 0.1 a 6.4 ± 0.3 a 6.1 ± 0.6 b

<0.05

2 6.2 ± 0.2 b 6.4 ± 0.1 a 6.5 ± 0.3 a

W
1 6.6 ± 0.2 a 6.5 ± 0.3 a 6.5 ± 0.2 a

2 6.5 ± 0.3 a 6.4 ± 0.2 a 6.1 ± 0.1 b

C
1 6.7 ± 0.1 c 6.4 ± 0.3 a 5.5 ± 0.6 d

2 6.2 ± 0.1 b 6.3 ± 0.1 a 6.4 ± 0.3 a

Control
1 6.5 ± 0.2 a 6.4 ± 0.7 a 6.0 ± 0.6 b

2 6.9 ± 0.3 c 6.5 ± 0.5 a 6.5 ± 0.4 a

p-value <0.05 >0.05 <0.05

Different letters show significant differences among values in a column (Tukey test).

Table 11. Results of the ANOVA and Tukey test for organic matter (df 3, 72; average ± SD), difference
tested between the soil of the harvested area, and control.

Treatments Organic Matter 2015 (%) Organic Matter 2016 (%) Organic Matter 2017 (%) p-Value

H 30.4 ± 2.5 a 25.8 ± 2.0 d 24.8 ± 1.3 d

<0.05
W 34.6 ± 3.2 b 25.6 ± 6.1 d 17.7 ± 5.1 e

C 33.9 ± 1.2 b 35.0 ± 2.1 b 35.3 ± 5.3 b

Control 38.2 ± 2.2 c 38.1 ± 1.5 c 36.6 ± 2.5 b

p-value <0.05 <0.05 <0.05

Different letters show significant differences among values in a column (Tukey test).

Soil inorganic carbon content (IC) analysis was done only in 2017. The results showed significant
differences only among the treatments and control (Table 12). In particular, in the strips harvested by
horse, the IC was lower than that of strips harvested by cable yarder, but it was higher than that of the
strips harvested by winch, and similar to the control.

Table 12. Results of the ANOVA and Tukey test for inorganic carbon (df 3, 24; average ± SD), difference
tested between soil of harvested area and control.

Treatments Total Inorganic Carbon 2017 (%) p-Value

H 20.2 ± 3.6 a

<0.05
W 13.6 ± 3.3 b

C 26.4 ± 2.1 c

Control 22.4 ± 2.6 a

Different letters show significant differences among values in a column (Tukey test).

3.5. Soil Biodiversity Analysis

The QBS-ar index (Table 13) showed significant differences only among treatments and years.
In particular, in the strips harvested by horse and by winch, in 2015, QBS-ar was higher than that of
the strips harvested by cable yarder, and lower than that of the control. In 2016, a strong decrease was
recorded for the strips harvested by horse, and a slightly decrease was recorded for those harvested by
winch compared to the control. Nevertheless, both showed complete recovery in 2017. For the strips
harvested by cable yarder, in 2015 and 2016, QBS-ar was unchanged and lower than the control, but in
2017, its value appreciably increased.
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Table 13. Results of the Kruskal–Wallis and Tukey test for Soil Biological Quality (QBS-ar) index data
(df 3, 144; median), difference tested between disturbed, undisturbed, and control soil.

Treatments QBS-ar Index 2015 QBS-ar Index 2016 QBS-ar Index 2017 p-Value

H 193 a 111 d 228 c

<0.01
W 195 a 179 e 199 a

C 143 b 143 b 179 e

Control 244 c 199 a 244 c

p-value <0.05 <0.01 <0.05

Different letters show significant differences among values in a column (Tukey test).

Microarthropod density (Table 14) showed statistically significant differences among treatments
and years. In particular, in the harvested strips, the density values were always lower than the control,
but the trends were positive from 2015 to 2017. In 2017, density that was more similar to the control
was shown in the strips harvested by winch. More time is necessary for the recovery of the strips
harvested by horse and by cable yarder.

Table 14. Results of the Kruskal–Wallis and Tukey test for soil microarthropod density data (df 3, 144;
median), difference tested between disturbed, undisturbed, and control soil.

Treatments
Microarthropod

Density 2015 (ind/dm2)
Microarthropod

Density 2016 (ind/dm2)
Microarthropod

Density 2017 (ind/dm2)
p-Value

H 64 a 81 a 124 f

<0.05
W 107 b 159 d 161 d

C 75 a 106 b 100 b

Control 175 c 223 e 175 c

p-value <0.01 <0.01 <0.01

Different letters show significant differences among values in a column (Tukey test).

4. Discussion

The management of pine plantations has strong and variable effects on plant species occurrence
and diversity due to plantation and treatment operations, and the alteration of ecological processes
caused by changes in the landscape and stand structure [61,62]. Plantations contribute to biodiversity
conservation in various ways. In Poorbabaei [63], a high similarity in species composition
between plantation and the adjacent natural forest, which is the main source of seed in plantations,
was considered. Neighboring plantation and natural forest has resulted in the dispersion of hardwood
tree seeds within the plantation.

The results highlight that the good density and richness of tree species in this pine plantation
indicate the high potential reached by the stand for biodiversity restoration. Similar results are shown
in studies where plantations of native and/or exotic tree species increased biodiversity by promoting
woody understory regeneration [64,65]. The silvicultural treatment applied in this research showed
positive effects on density, richness, and biodiversity of tree species in three years. Logging operations
have important effects on regeneration and tree biodiversity, which are the main topics for restoration
and renaturalization purposes.

From the results concerning stand regeneration, different taxonomic compositions of the tree forest
community among the logging treatments are shown, in particular in the percentage of distribution.
A clear simplification with respect to the others is shown in the strips harvested by horse, with the
presence of about 45% Fraxinus ornus. The general finding shows that ground-based logging systems
allowed for the presence of Robinia pseudoacacia and only marginal Pinus nigra regeneration. In general,
felling produced an abundance of light-demanding species due to the increase of solar radiation [48].
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In terms of regeneration density, silvicultural treatment showed a positive effect with greater
consistency in the strips harvested by winch and cable yarder. When compared to the control, they
had increases of 85% and 72%, respectively. The strips harvested by horse showed a positive trend,
with an increase of about 69% compared to the control.

In this study, attention was paid to other important aspects, such as the richness and diversity of
tree species. In particular, silvicultural treatment more positively influenced the richness (an evenness
index increase ranging from 5.2% to 14.3%) and marginally influenced diversity. The strips harvested
by winch and by cable yarder had higher richness values than the control and the strips harvested
by horse.

Floristic biodiversity, which consists of the numerically and structurally consistent presence of
species referable to herbaceous vegetation, and is also present in other pine woods of the Aterno
Valley [55], suggested a slow evolution or in some cases no evolution in the undergrowth of artificial
pine forests. However, one sign of an ongoing evolutionary process can be found in the analysis of
species packages of the shrub layer with the presence of entities referable to mantle vegetation, which
are shrub-like formations that set up at the edge of the forest or colonize fields and abandoned pastures.
These formations had particular importance in the analysis of the dynamic relationships between the
various types of Apennine vegetation. This is confirmed by the significant presence of Cytisophyllum
sessilifolium, Rosa canina, Amelanchier ovalis subsp. ovalis, Juniperus communis, Juniperus oxycedrus subsp.
deltoides, Viburnum lantana, and Prunus spinosa.

In accordance with results of other similar interventions [66,67] in the years following cutting,
we observe an increase in the floristic richness linked to the opening of the tree layer. Increased species
richness following canopy disturbance is largely attributed to early seral, shade-intolerant herbs and
shrubs invading sites to take advantage of increased light conditions [68,69].

It is important to note that the data presented so far concern a limited period of time that does not
allow for more structured statistical analyses. More time is needed to evaluate whether the cutting
effect on biodiversity will last long, and observe whether non-forest species are able to regenerate
when the crown cover tends to close [70,71]. The future effects on biodiversity of each treatment will
also require more time to be assessed.

The findings show that soil BD, PR, and SR were influenced by both silvicultural treatment
and logging operations. In particular, silvicultural treatment had an impact mainly in the first year
post-harvesting, and after two and three years post-harvesting. Recovery was shown, as also found in
other studies [44,48]. Among the strips harvested by winch and by cable yarder, only a few differences
were found, and the values after three years were similar to the control. The strips harvested by horse
showed an important impact in the first year, and the recovery was much slower. Similar values and
situations have been observed in other studies, where logs were skidded and vehicles or animals were
moved across the forest soil [9,31].

From the data analysis concerning pH, OM, and IC content, it was possible to note different
behaviors among the variables. The pH values, as found in other studies [44,48,72], did not show any
statistical relation to treatments, periods, or blocks. OM content was affected by both silvicultural
treatment and logging operations. In particular, silvicultural treatment had an impact mainly in the
first year post-harvesting only for the strips harvested by cable yarder, and recovery was reached after
two years post-harvesting. For the strips harvested by horse and by winch (ground-based extraction),
a negative effect was highlighted in the first year post-harvesting. The trends in the following years
were negative, which was mainly attributable to the partial remixing of the superficial soil layers. These
negative effects in the first year were due to the silvicultural treatment and the logging operations,
while in the following years, the ground-based extraction systems negatively affected OM content,
due to partial litter removal [73]. IC content seemed to be affected mainly by the logging operations,
and ground-based systems in particular. In the short term, the ground-based extraction systems that
cause the mixing of the litter with the soil superficial layers (horse and mainly winch) seem to have a
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negative effect on the IC content. The loss of tree cover, on the contrary, where no litter mixing (cable
yarder) is observed, seems instead to increase the IC content in the short term.

The QBS-ar values show a significant positive correlation with soil physical parameters according
to the literature [44,74]. The observed variation is explained by the different degrees of soil compaction
and the abundance of litter associated with sudden stand removal. This mainly affected the strips
harvested by cable yarder. In addition to the QBS-ar index, population density was evaluated during
sampling in terms of individuals per dm2. As can be observed from the data gathered, microarthropod
density was inferior in all of the areas involved in the impact caused by the extraction activities. There
was a significant difference between the logging operations, for both the QBS-ar index and population
density. The strips harvested by winch had higher values than those harvested by horse and cable
yarder. In particular, the values recorded in the strips extracted by cable yarder were lower with
respect to the control and the other extraction systems. This is mainly due to the concomitant effect
of removing the tree cover and maintaining the pine litter in its original condition. In this study,
soil compaction and uncovering led to the rarefaction of specialized groups such as Protura, Diplura,
and Pauropoda, and between the logging operations, no particular difference is shown. However,
regarding microarthropod density, this index did not efficiently describe the conditions in terms of soil
biodiversity. The values that it assumes should be interpreted in terms of trend over time.

Two principal component analyses (PCAs) were carried out to investigate any linear correlations
between the expressed soil conditions of the main six studied traits, and between the tree regeneration
situations of the main four studied traits. Data corresponding to each independent variable were
standardized using Box–Cox lambda to minimize the scaling effect due to the different measurement
units. For the soil conditions, the principal components, PC1 and PC2, explained 68% and 22% of the
total variance, respectively. The PC1 and PC2 scores for the three logging operations and the control
are shown in Figure 8. Each logging operation condition is distinct from the other two and from the
control based on the score plot, as depicted in Figure 8. In general, a positive trend is shown from 2015
to 2017. In particular, strips harvested by winch and cable yarder showed higher recovery, and for
some parameters, the recovery was complete. In detail, the strips harvested by cable yarder had a
higher recovery in their physical soil parameters, which implies that these parameters were closely
associated with their PC1 scores, according to Marchi [75]. Similarly, the ground-based extraction
systems (horse and winch) had a higher recovery of the biological soil parameters that were closely
associated with their PC2 scores.

For the tree regeneration situations, the principal components, PC1 and PC2, explained 66%
and 30% of the total variance, respectively. The PC1 and PC2 scores for the three different logging
operations and the control are shown in Figure 9. The tree regeneration situation was similar among
the strips harvested by cable yarder and winch. The situation for the strips harvested by horse was
similar to the control in 2016, and showed an implementation in 2017 that approached the values of
the other two logging operations based on the score plot (Figure 9). In general, a positive trend can
be associated with stand harvesting. In detail, the strips harvested by cable yarder and winch had a
higher score for tree regeneration density and in the evenness index. These parameters are closely
associated with the PC2 axis. SIV values are always associated with the PC2 axis, but with an inverse
relation. The Shannon index is closely associated with PC1 scores, and it only shows the best situation
for the strips harvested by winch.

Properly managed and programmed clear-cutting within silvicultural systems, such as the strip
clear-cutting described here, can positively influence sustainability. This work indicates that less
invasive extraction systems (i.e., cable yarder, forest winch) also inflict the least damage on forest soils.
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5. Conclusions

Renaturalization treatments in black pine afforestation is an important topic that should be
considered. There is a need to favor the evolution of artificial pine forests toward natural forest systems.
The original main purpose of these plantations was to maintain and improve soil characteristics to
encourage more complex forest systems. This shift from even-aged pine monocultures to a mixed
forest type through natural regeneration is the final goal of these plantations. In Italy in recent years,
this substitution has been planned by means of thinning, whereas clear-cutting has been used less.
However, the limit of 60–65 years represents the threshold beyond which the reaction capacity of the
stand to thinning is greatly reduced, especially in low-fertility areas.

On the whole, this study focused on pine forests and tried to suggest one typology of clear-cutting
(dismantling cutting) on strips associated with different extraction management techniques. Some
ecological and environmental aspects associated with renaturalization treatments, including techniques
applied by different mechanizations in black pine afforestation, have been highlighted as well as how
the renaturalization and the active ecological management of these stands could affect soil and
vegetation. An outline of answers to the main research questions is as follows:

• In terms of immediate impact on soil features, the less invasive extraction systems seem to be
cable yarder and forest winch.

• A clear soil recovery trend with good capability was visible, in particular for the two extraction
systems by cable. However, over a three-year period, only a partial but substantial recovery was
shown. The main physical soil characteristics reached quick recovery in particular for the strips
harvested by cable yarder and forest winch; the organic matter content highlighted a heavy impact,
but only for the strips harvested by horse and forest winch. The biological soil characteristics,
in particular arthropod communities, still showed a clear impact, which was more highlighted in
the strips harvested by cable yarder

• Silvicultural treatment, particularly logging activities, affected natural tree regeneration in
a different way. In general, silvicultural treatment showed qualitative and quantitative
improvement in terms of tree regeneration. In particular, the extraction systems by forest winch
and cable yarder showed better situations

• Silvicultural treatment seems not to have led to improvements at the level of the herbaceous and
shrubby layers. However, clear differences are shown among the different harvesting systems.
In particular, the strips harvested by cable yarder showed clear recovery, in terms of positive
compositions and quantities, whereas the situation was slightly worse for the strips harvested by
forest winch, and definitely worse for the strips harvested by horse.

It is important to highlight that the data concern a limited period of time that does not allow for
more structured statistical analyses. More time is needed to evaluate whether cutting has more effects.
This first step of the research was planned in order to obtain an overview in terms of the environmental
impacts related to multifunctional approaches to the forest management of black pine afforestation.
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Abstract: Crown size estimations are of vital importance in forest management practice. This paper
presents nonlinear models that were developed for crown width prediction of Black pine (Pinus nigra
Arn.) natural, pure, even-aged stands in Olympus Mountain, central Greece. Using a number of
measured characteristics at tree and plot level from 66 sample plots as independent variables, an
attempt was made to predict crown width accurately, initially based on Least Square Analysis. At
the second stage, nonlinear mixed effect modeling was performed in order to increase the fitting
ability of the proposed models and to deal with the lack of between observations independence error
assumption. Based on the same form, a generalized crown width model was developed by including
six main regressors, such as the diameter at breast height, the total height, the canopy base height,
the basal area, the relative spacing index and the diameter to quadratic mean diameter ratio, while at
the final stage, the same model was expanded to mixed-effect. The proposed models were evaluated
against independent crown width sample observations that were also obtained from the study area.
The results showed that the two types of mixed-effect models performed equally well and, therefore,
we propose those for use in forestry practice. Furthermore, the exact contribution of each inherent
variable in crown width allometry was evaluated, thus providing a framework to facilitate field
measurements for forest management predictions.

Keywords: crown width prediction; forest management; nonlinear forest models; mixed effects
models; Black pine

1. Introduction

Crown size is defined as the horizontal space that is available for the display of leaves [1]. It forms
the tree growing space, which is associated with the availability of all of the required supplies for the tree
growth [2]. Therefore, crown size is a critical feature of any tree growing at stand or open conditions,
particularly in mountain areas, where water limitations rarely occur. In forestry practice, crown size
estimation is considered of vital importance because it is associated with many different factors of forest
management concern, such as the photosynthetic capacity [3], stem volume [4], increment efficiency [5],
tree competition [6,7], tree health and vigor [8], as well as carbon, water and energy exchange [9]. From an
ecological point of view, crown size directly affects many of the understory flora and fauna components by
regulating the amount of the penetrated sunlight and precipitation to the lowest layers, thus retaining the
forest moisture [10]. In order to measure the dimensions of a crown, Gregoire and Valentine [11] suggested
several approaches. In the current research, it was assumed that crown size at above-ground level depends
mainly on the crown dimensions at different directions forming an approximately circular shape via
vertical projection [12]. Hence, its mathematical expression involves crown width measurements, or the
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horizontal distance between the edges of each tree crown passing through the center of the trunk to at
least two vertical directions.

Hemery et al. [3] have pointed out the importance of modeling crown width under a thinning
regime for final crop spacing by linking the diameter at breast height and the crown width (crown
diameter) with the available growing space. However, the increasing use of remote sensing
techniques in forestry has generated a need for well-defined allometric relationships between the
basic dendrometric parameters in order to perform accurate estimations of the standing wood volume.
Popescu et al. [13] demonstrated that the crown width is a tree dimension that is possible to measure
directly with a lidar photogrammetric technique, while Gering and May [14] inversed a simple linear
model for crown width prediction in order to predict diameter at breast height from aerial photos
or photogrammetric data. Therefore, the development of forest tree allometric statistical models
would provide valuable tools in forest management decision making by allowing the prediction of
the relevant stand attributes. Despite the importance of crown width modeling, a limited number
of studies have been published to date in comparison to studies related to tree-height prediction.
In crown width modeling, the typical variable that has been used as a regressor is the diameter at
breast height (e.g., [3,12,15–17]), mainly due to the fact that this variable is included in almost all types
of forest inventories and it is easy to measure it in the field. Incorporation of additional variables would
improve the fitting ability of the candidate regression models; however, it would require additional
sampling effort. From a practical point of view, therefore, it would be very useful to use any variable
that could be easily measured in the field as an independent variable, such as the dominant height,
instead of their mean values [18]. A possible disadvantage of using stand-level attributes as regressors
is the assumption that stands with similar characteristics are described by similar linear or nonlinear
models, which is not fully accurate [19].

In many cases, crown width modeling has been based on data that has been obtained from
installed sample plots or even from repeated measurements along the same tree, which most often
present a hierarchical nested structure, thus violating the assumption of between observations error
independence [20]. Therefore, we applied non-linear mixed effect modeling in order to ensure the
independency assumption by adding a plot-specific random-effect part along with a fixed part in each
estimated parameter during the modeling process. Mixed-effect models of forest growth and yield
have been recommended by several authors in the literature as an alternative solution to independency
issues emanating from ordinary least squares application (e.g., [19,21–28]). As far as crown width
modeling is concerned, application of the mixed-effect modeling approach has been more limited as
yet (Sánchez-González et al. [23], Ducey [29], Fu et al. [30,31], Hao et al. [32], Yang and Huang [7]
and Sharma et al. [33,34]). In most cases, the mixed-effect models were reported to have generated
more accurate predictions than the fixed effect models, since the structural heterogeneity, at tree or at
stand level, was reflected by the random-effect parameters. In any case, a subsample of observations
would always be used for calibration, although this might be a disadvantage during the data analysis.
However, in many cases, four to five observations would suffice for a reasonable accuracy of the
mixed-modeling predictions [21].

Black pine (Pinus nigra Arn.) is an important commercial tree species in Greece that covers an
area of 281,692 hectares. Its annual wood volume amounts to 13,892,819 m3, corresponding to 10%
of the country’s total wood production [35]. Black pine geographically extends from the Iberian
Peninsula to the Alps, Apennine Mountains, and the Balkan region, Asia Minor, Crimea and the USA
and Canada. In Greece, Black pine is mainly located in the mountains of the continental country with
some populations also extending to the islands of the North Aegean Sea. In Olympus Mountain,
which has served as the study area for the research presented in the current article, the Black pine
forest stands are, to a big extent, pure, even-aged and they are managed by the Hellenic Forest
Service predominately for wood production. Black pine, in addition to its economic value, has the
ability to grow in degraded ecosystems. This is the reason that Black pine has been widely used in
afforestation of mountain areas [36]. The canopy of Black pine protects the vulnerable soils from
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erosion by creating a physical obstacle against erodibility factors, such as rain and wind and also
by supplying material for the formation of a thick protective layer of pine litter [37]. Therefore, the
prediction possibility of the required growing space of this species would support forest management
decisions regarding afforestation. Furthermore, the development of crown width prediction models
could facilitate standing volume estimations via remote sensing analysis and the establishment of the
most appropriate silvicultural regimes in the framework of sustainable forest management.

In the context of our research, the main hypothesis was that the crown width-diameter allometry
of Black pine (Pinus nigra Arn.) would be significantly influenced by a combination of basic tree- and
stand-level parameters, such as diameter, basal area, stand density measures and tree characteristics.
Furthermore, an additional hypothesis was that the generalized crown width-diameter models of
Black pine would be more accurate than the single mixed ones. Therefore, the specific objectives of
our research involved the following: (i) to develop a crown width prediction model of Black pine for
use in Greece and other countries (ii) to evaluate the combinatorial effect of basic tree- and stand-level
parameters along with random variables of mixed models on crown prediction and (iii) to compare
different crown prediction strategies.

2. Materials and Methods

2.1. Data

The research reported in the current article was conducted over a two-year period in Olympus
Mountain, Central Greece, where 66 non-permanent sample plots were installed, so as to measure a
number of variables at tree and stand level (Figure 1). Measurements were carried out in a total of 3442
trees over an area of approximately 73,477 hectares that also included the Olympus National Park. The
main forest species in the area is Black pine (Pinus nigra Arn.) and, to a lesser extent, the Macedonian fir
(Abies borisii-regis Mattf.), intermingled with broadleaved species in some restricted locations. The climate
is a typical sub-Mediterranean and the annual rainfall is about 715 mm. The geological substratum is
mainly composed of limestones, granite outcrops and flysch. The elevation from the sea level in the
established sample plots varied between 780 and 1520 m, with a mean value of 1148 m. Slope steepness
ranged between 1.11% and 64.90%, and averaged at 36.51% from the horizontal level.

 

Figure 1. Study area location map and distribution of the sample plots.
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In order to select forest stands with Black pine as dominant species, a representative vector-format
file (shapefile) of vegetation type and cover was used in GIS environment (ArcGIS 10.2, ESRI, Redlands,
CA, USA) and 70 potential plot locations were selected randomly, using the random point function.
Due to the complex terrain of the study area, the random sampling process made it possible to cover
all the potential site qualities of the area. The shape of the sample plots was circular with stable radius,
covering an area of 500 m2 in each case. In order to minimize the repeated measurements in each
tree in an attempt to avoid the within-tree error correlation, we used the “canopy spread” module of
LaserAce hypsometer (Trimble, Sunnyvale, CA, USA) to estimate the crown width (CW) in two vertical
directions [38]. The diameter at breast height (DBH) was measured using a digital caliper to the nearest
0.1 m, and the total height (H) of each tree was measured by using the three-point measurement of
LaserAce hypsometer. At stand level, the total basal area per hectare (BA in m2·ha−1), the number of
stems per hectare (N·ha−1), the dominant height (mean height of the 100 largest trees per hectare or
equally proportional—HDOM), the dominant diameter (mean diameter of the 100 largest trees per
hectare or equally proportional—DDOM) and the quadratic mean diameter (QMD) were calculated.
The HDOM and the DDOM were measured locally by selecting the five largest trees in each plot [39].

The Site Index in each plot was estimated using the Site Index Curves for Black Pine in Greece [40].
The total sample was composed of 3442 trees, the majority of which 90% was used for model
development and about 10% for model validation [41]. The descriptive statistics of the total sample
are shown in Table 1.

Table 1. Descriptive statistics of the total sample.

Variables

Fitting Data (n = 3080) Validation Data (n = 362)

Mean Min Max
Standard
Deviation

Mean Min Max
Standard
Deviation

diameter (cm) 23.85 1.10 85.40 11.52 21.99 1.20 64.0 12.45
height (m) 14.75 1.40 30.40 5.41 13.26 2.30 23.40 4.48

canopy base height (m) 7.37 0.20 19.90 3.53 5.81 0.30 10.80 2.12
crown width (m) 4.04 0.20 13.70 1.92 4.58 0.60 11.60 2.18

height/diameter ratio 67.67 23.64 154.54 19.91 71.74 33.78 143.63 19.50
stems per hectare (N·ha−1) 1050 240 2100 396 1196 480 1500 386

dominant height (m) 20.17 13.58 27.92 3.04 18.00 1.06 20.80 2.20
dominant diameter (m) 38.19 25.34 72.90 8.89 34.91 26.32 45.24 6.17

site index (m) 17.15 8.80 22.20 2.99 17.72 12.10 19.90 2.39
basal area (m2·ha−1) 56.70 25.70 99.09 16.06 54.97 28.07 76.80 16.18

quadratic diameter (cm) 27.11 17.76 40.10 5.04 24.71 21.48 38.86 4.77
basal area of larger

trees(m2·ha−1) 41.63 1.68 99.09 20.76 36.27 1.68 76.80 18.59

diameter to dominant diameter 0.67 0.02 1.70 0.30 0.63 0.06 1.34 0.31
diameter to quadratic diameter 0.93 0.03 2.68 0.41 0.90 0.10 2.06 0.43

height to dominant height 0.73 0.06 1.15 0.24 0.68 0.12 1.10 0.24
reineke stand density index 1166.4 437.0 1960 312.8 1053.6 480.3 1513.3 293.4

relative spacing index 0.153 0.100 0.442 0.04 0.152 0.124 0.235 0.035

2.2. Model Development

Diameter at breast height (DBH) is the most commonly used independent variable in crown width
modeling, since the relationship between DBH and crown width (CW) has been well established in
the literature. The mathematical form that links DBH and CW could be either linear [12,14,16,42] or
nonlinear [7,23,30,34]. For the needs of the current research, a number of candidate simple linear and
nonlinear models were fitted and the best ones, in terms of their fitting ability, were selected for further
analysis. The candidate models are shown in Table 2.
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Table 2. Simple linear and nonlinear models for crown width modeling.

Model Name Mathematical Expression Reference

M1 Linear CW = β0 + β1DBH [12,14]
M2 Power CW = β0DBHβ1 [43]
M3 Monomolecular CW = β0[1 − exp(−β1DBH)] [23]
M4 Exponential CW = β0 exp(β1DBH) [7]
M5 Logistic CW = β0/[1 + β1 exp(−β2DH)] [30]

CW = crown width, DBH = The diameter at breast height, M1, . . . ,M5 = Candidate models.

2.3. Additional Variables for Prediction-A Generalized Crown Width Model

It has been well established that DBH and CW for open and stand grown trees are closely
correlated [44]. The incorporation of DBH as the only predictive variable assumes that trees of the
same stem diameter also have the same mean crown dimensions, regardless of the competition levels
inside the stand; an assumption that does not hold. In order to relax this assumption, previous
research efforts have instead used tree variables, such as the crown length or ratio, the tree height
and the distance dependent or independent stand-level predictors, which reflect the competition
status [7,15,23,34,45]. The inclusion of additional variables leads to the creation of generalized models,
which usually improve the crown width predictability in large areas under different stand competition
regimes. However, a potential disadvantage of the generalized crown width prediction models is the
inherent assumption that stands with similar attributes also present similar trends in crown modeling.

The inclusion of a number of stand attributes in the base model, which affect crown size,
constitutes a standard procedure for expanding a simple model to a generalized form. For the
sake of model simplicity, a number of predictors at stand level were tested [31] and the final form of
the model was created. In this context, tree attributes, such as the total height (H), the height/diameter
ratio (HDR) and the canopy base height (CBH), were used as covariates for crown width prediction.
Furthermore, one tree-centered competition variable that is the basal area of the largest trees (BAL)
and three size ratios, the diameter/dominant-diameter (DBH/DDOM), the height/dominant height
(H/HDOM) and the diameter/quadratic mean diameter (DQMD), were tested in order to explain a
larger part of crown variation. The most common distance-independent predictors at stand level that
have been incorporated in generalized crown width models were the dominant height or diameter,
the number of stems per hectare, the basal area, the quadratic mean diameter and the Reineke’s
Stand Density Index (SDI), which was expressed as SDI = (N per ha) × (QMD/25.4)1.605 [46]. In the
current research, in addition to the aforementioned stand level variables, the Relative Spacing Index

(RSI), estimated as RSI =
√

1000
N per ha /HDOM [34,47,48], was also evaluated during the development

stage of a generalized nonlinear crown prediction model following a methodology which involved
a direct addition of a variable into the model [33], thus approximating a forward selection method.
The relationships of crown width with the basic variables at tree- and at stand- level are presented in
the corresponding scatter plots (Figure 2). The candidate models were evaluated against each other
using the ANOVA function for nested models in R statistical language (R Core Team) by using the
Akaike information criterion (AIC), together with the log-likelihood (−2LL) ratio test and the statistical
significance of each associated parameter.
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Figure 2. Scatter plots of crown width against basic parameters at tree and stand level of the fitting data.
DBH = diameter at breast height, H = total height, CBH = canopy base height, HDR = height/diameter
ratio, HDOM = height of the 100 largest trees per hectare or equally proportional, DDOM = diameter of
the 100 largest trees per hectare or equally proportional, RSI = relative spacing index, SDI = Reineke’s
stand density index, BA = basal area, BAL = basal area of the largest trees. (A) diameter at breast
height versus crown width (B) total height versus crown width (C) canopy base height versus crown
width (D) height/diameter ratio versus crown width (E) dominant height versus crown width (F)
dominant diameter versus crown width (G) relative spacing index versus crown width (H) Reineke’s
stand density index versus crown width (I) basal area versus crown width (J) basal area of large trees
versus crown width.
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2.4. Mixed Effect Models

Very often, the field measurements that are obtained from established sample plots present a
hierarchical nested structure, which violates the basic least square assumption of between observations
independence [32]. The mixed effect models provide an appropriate framework to overcome this
limitation [49] by estimating plot average parameters along with a random part, which is related
specifically to each sample plot and, consequently, to the stand average conditions. The general vector
form of a mixed effect model, with respect to crown width modeling, was expressed as:

CWi = f( i , DBHi) + ei (1)

where CWi was a (ni × 1) vector of crown widths for the ith plot, f was a nonlinear function, i was a
(ri × 1) parameter vector, with r to represent the total number of the fixed effects in the model, DBHi
was the (ni × 1) predictor vector for ni observations and ei was (ni × 1) the vector of the residuals. The

i vector consisted of one fixed effect part which was the same for the entire population and a random
effect part which was unique for each plot [20]. The vector of random effects and the error vector
were assumed to be uncorrelated and normally distributed with zero mean and variance-covariance
matrices D and Ri, respectively [7,27]. The Ri variance-covariance matrix was expressed as [50]:

Ri = σ2G0.5
i ΓiG0.5

i (2)

where σ2 was a scaling factor for error dispersion [49], Gi was the diagonal matrix for within
plot variance heteroscedasticity and Γi was an identity matrix that was related to the within plot
autocorrelation structure of the residuals. When evidences of heteroscedasticity are present, a
variance function may be applied, such as the power, the exponential and the constant/power
functions [20,30,34,51], so as to link variance with a predictor. The diagonal elements of G matrix are
provided by the selected variance function. Assuming that the i indicator represents the different plots
and the j indicator represents each tree located within the plot, the variance functions were expressed
through the following mathematical expressions [31]:

Var
(
εij

)
= σ2DBH2δ

ij (power function) (3)

Var
(
εij

)
= σ2exp

(
2δDBHij

)
(exponential function) (4)

Var
(
εij

)
= σ2

(
δ1 + DBHδ2

ij

)2
(constant-power function) (5)

where δ, δ1 and δ2 are parameters to be estimated. The most suitable function was determined by
visual inspection of the residuals and the Akaike Criterion (AIC).

2.5. Statistical Analysis

In order to evaluate the fitting ability of the ordinary least square and the mixed effect models,
the following criteria were selected:

1. the root mean square error (RMSE)

RMSE =

√√√√∑n
j=1

(
CWj − ĈWj

)2

n
(6)

2. an efficiency index (EI) based on R-squared expression [28]:

EI = 1 −
∑n

j=1

(
CWj − ĈWj

)2

∑n
j=1

(
CWj − CWj

)2 (7)
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3. the Akaike Information Criterion (AIC):

AIC = −2log(L) + 2p (8)

4. the mean prediction bias:

Bias =
∑n

j=1

(
CWj − ĈWj

)
n

(9)

where CWj, ĈWj και CWj represent the measured, estimated and mean values of crown width
of the jth observation, n the total number of observations, p the number of the estimated model
parameters and L the log-likelihood function of the fitted model. In addition, the model parameter
estimates should be statistically different from zero. Visual inspection of the residuals was used,
so as to detect heteroscedasticity trends. Following the suggestions of Temesgen et al. [52], the
threshold value of bias was set to 10cm in order to preclude severely biased equations.

2.6. Calibrated Response

In general, the fitting procedure of crown width modeling requires a minimum number of
observations to produce unbiased estimates at stand level. The corresponding required number of
observations for height-diameter model fitting should be at least 20–25 per stand, according to van
Laar and Akça [53]. An interesting property of mixed models is the ability to calibrate the random
part of the parameters, even if a small number of observations would be available, and still obtain
sufficiently accurate estimates. Usually four to five observations per stand would be sufficient enough
to calibrate a mixed model and to obtain reliable parameter estimates [21,30]. In our case, the random
effects vector prediction was based on the following Bayesian estimator [54]:

b̂i ≈ D̂ ẐT
i
(
R̂i +Ẑi D̂ ẐT

i

)−1
êi (10)

where D̂ was the estimated variance-covariance matrix for the random parameters, R̂i the
variance-covariance matrix for within plot variability, Ẑi was the matrix of partial derivatives, estimated
at b̂i, with respect to its fixed parameters [21]. Using the derivatives of Equation (11) for a total sample

of j = 2 trees from ith plot, the Ẑi matrix becomes [
DBHb0

i1 b0DBHb1
i1 ln(DBHi1)

DBHb0
i2 b0DBHb1

i2 ln(DBHi2)
]. The algorithm was

suitably implemented in R statistical language along with the nlme function.
The performance of each Black pine crown width model, generalized or mixed, was further

evaluated against independent Black pine validation data, which were not included in model
development. Two main sample scenarios were formulated in an effort to assess the predictive
ability of each modeling technique separately:

1. No calibration, use of only fixed effect parameters.
2. Four observations of crown width-diameter [34].

The procedure was repeated 100 times for each plot, following different combinations of randomly
selected trees [28]. The mean values of the statistical measures after 100 repetitions were reported
for comparison.

The evaluation was based on the mean values of RMSE and bias, which were obtained through
the fitting process of the proposed models in each of the six validation sample plots. The analysis
was based on R statistical language, the nls function for nonlinear modeling and the nlme function for
nonlinear mixed effect models.
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3. Results

3.1. A Simple Mixed Effect Model

The fitting statistics of the simple least square nonlinear models are presented in Table 3.

Table 3. Fitting statistics of the simple models

Fitting Criteria
Simple Models

M1 M2 M3 M4 M5

EI 0.6445 0.6477 0.6420 0.5738 0.6394
RMSE 1.1202 1.1151 1.1241 1.2266 1.1282
Bias 0.0000 0.0031 0.0322 −0.0405 −0.0085

EI = efficiency index, RMSE = root mean square error, Bias = prediction bias.

All the parameter estimates were statistically significant at (p < 0.01) level. All models, except
the M4 model, predicted crown width relatively well, although the linear M1 and the nonlinear M2
appeared more accurate during the calibration stage. Based on the fitting statistics of Table 3, the M2
model performed slightly better than the M1 and, therefore, it was selected as the basis for mixed effect
development. At the first stage, it was assumed that both the M2 fixed parameters contained a random
part [55], according to the following form (MM1):

CW = (β0 + b0)DBH(β1+b1) (11)

where b0 and b1 were the random effects of the model. The model converged at the calibration stage,
however we detected evidence of heteroscedasticity in the residual plots. In order to minimize the
unequal variance trends, the variance was modeled with functions, which were compared in terms of
their fitting performance.

According to the results presented in Table 4, the constant-power function provided significantly
different results compared to the same model using equal residual variance. The parameter estimates
and fit statistics of the final model are presented in Table 5. In order to examine the coverage extent of
the mixed model on both the fitting and the validation data, the mixed model was localized for each
plot by using four randomly selected trees (Figure 3). According to Figure 3, the simple mixed model
covered the range of the observed crown width values of the total sample.

Table 4. Fitting statistics of the simple mixed model (MM1), using different types of variance functions.

Variance Function Akaike Criterion (AIC)

σ2 8534.211
constant–power 8169.929

exponential 8263.744
power 8208.646

Table 5. Estimated parameters and fitting statistics of the simple mixed model (MM2).

Fixed Parameters Random Effects Covariance Elements Parameters of 
Function Variance 

0 1 Var (b0) Var (b1) Cov (b0, b1) 2 1 2 
0.3459 
(0.016) 

0.7885 
(0.014) 

0.0095 0.0066 0.0067 0.0503 0.0002 0.4515 

Fit Statistics 
EI RMSE AIC Bias 

0.7613 0.9178 8169.9 0.0034 
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(A) (B) 

Figure 3. Localized curves of simple mixed model (MM2) based on four randomly selected trees
overlaid on the fitting data (A) and on validation data (B).

Hence, the final form of the simple mixed-effect model was

MM1 + constant-power function MM2 (12)

All the estimated parameters were significantly different than zero, according to the t-statistic
test values.

3.2. Development of a Generalized Model

The following model form (13) presented the best fitting ability and it was selected as a generalized
model for the prediction of black pine crown width. Using a total number of six predictors, it can be
expressed as (GM1):

CW = β0DBHβ1(BAβ2+β3CBH+β4RSI+β5H+β6DQMD) (13)

The residual analysis of the GM1 model revealed trends of unequal variance (heteroscedasticity),
since variance changed as diameter values were increasing. Following the methodology described by
Ritz and Streibig [56], a weighted least square method was used with weights in form of a function.
The power function yielded the best results, and the final form of the proposed ordinary least square
model is presented in Table 6.

Table 6. Estimated parameters and fitting statistics of GM2.

Fixed Parameters Parameters of Function 
Variance 

0 1 2 3 4 5 6  

0.3601 
1.3017 
(0.061) 

0.1013 
(0.008) 

0.0032 
(0.001) 

0.2729 
(0.0314) 

0.0019 
(0.001) 

0.0246 
(0.006) 0.4809 

Fit Statistics 
EI RMSE AIC Bias 

0.6917 1.0433 8570.3 0.0012 

Hence, the final form of the generalized model was

GM1 + power function GM2 (14)

The fixed parameters of the GM2 model were statistically significant at the p < 0.001 level.
The contribution of each covariate of the GM1 model to the variations of crown width is presented

in Figure 4. The curves were created by using the mean values of the variables in Table 1, the fixed
parameters of Table 6 and equal intervals of the test variable, starting from the minimum to the
maximum range [33,34].
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Figure 4. Effects of the GM2 model’s covariates ((A) BA, (B) CBH, (C) RSI, (D) H, and (E) the
diameter/quadratic mean diameter, DQMD) on the crown width of Black pine.
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3.3. Development of a Generalized Mixed Effect Model

Starting from the mathematical form of the GM1 model, it was assumed that both fixed parameters,
that is β0 and β1, contain a random part and that the model converged for the fitting data. However,
the random part of the β1 parameter revealed almost zero variation and the model was simplified
by modifying the β1 parameter to fixed. In addition, the parameter estimate (β6) that was linked to
DQMD was not significant according to the t-statistic criterion and the mixed model was precluded
from further analysis. The GM1 model was further modified by excluding the DQMD variable and
convergence was achieved with both two and one random parameters. The two nested models were
compared between them with the ANOVA method [20] and no significant differences were detected
between them following the results of the log-likelihood ratio test (−2LL) (p > 0.05). This resulted
in the selection of the simplest form of the two models with one random variable, according to the
following mathematical expression (GMM1):

CW = (β0 + b0)DBHβ1(BAβ2+β3CBH+β4RSI+β5H) (15)

The residual analysis of the GMM1 model revealed treads of unequal variance and a
constant-power function was used to model variance with diameter. The final form of the proposed
generalized mixed model was (GMM2):

GMM1 + constant-power function GMM2 (16)

The parameter estimates and fit statistics of the proposed generalized mixed model are presented
in Table 7. The fixed parameters of the GMM2 model were significant at the p < 0.001 level.

Table 7. Estimated parameters and fitting statistics of the GMM2.

Fixed Parameters 
Parameters of Function 

Variance 
0 1 2 3 4 5 Var (b0) 2 1 2 

0.2654 
(0.012) 

1.3794 
(0.122) 

0.0773 
(0.019) 

0.0044 
(0.001) 

0.2852 
(0.067) 

0.0015 
(0.001) 

0.0011 0.0290 0.0002 0.4515 

Fit Statistics 
EI RMSE AIC Bias 

0.7644 0.9119 8078.0 0.0018 

The extent of GMM2 coverage to crown width variation of the total sample was tested graphically
by localizing the mixed-effect parameters to each sample plot using a random sample of four trees.
According to Figure 5, the generalized mixed effect model covered the largest part of crown variation.

  
(A) (B) 

Figure 5. Localized curves of the generalized mixed model (GMM2) based on four randomly selected
trees overlaid on the fitting data (A) and on validation data (B).
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In an effort to compare the two modeling strategies (simple and generalized mixed modelling),
the distribution of the standardized residuals was evaluated graphically (Figure 6).

 

 

 

 

 

 
Figure 6. Cont.
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(A) Simple Mixed Model (MM2) (B) Generalized Mixed Model (GMM2) 

Figure 6. Comparison of the two modelling strategies, simple mixed model (A) and generalized mixed
model (B).

According to Figure 6, the two models performed equally well, with slightly better fitting of the
GMM2 model. However, both models revealed no trends of unequal variance across the total range of
the tested variables.

3.4. Evaluation

A total set of n = 362 trees from six randomly selected independent plots that were located at
different stands within the study area was used in order to evaluate the predictive ability of the simple
mixed (MM2) and the generalized mixed (GMM2) models. The fixed-effect (FE) corresponded to the
fixed-effect part of the corresponding model.

The value attributes of the independent sample were among those that were used for model
development, while the calibration of the mixed model random parameters was based on the random
selection of four trees.

After a series of combinations of random tree selection, the mean RMSE values of all the modeling
techniques were calculated, and they are presented in Figure 7. As it is shown in Figure 7, it can be
concluded that both mixed models (MM2 and GMM2), for which a pre-sample for calibration of four
random trees was used, could predict crown width with low RMSE, when compared to fixed models.
The RMSE for all six sample plots was 0.966 m and the mean bias was 0.0021 m for the MM2 model,
while the corresponding values for GMM2 were 0.933 m and 0.2557 m, respectively.

 

Figure 7. Root mean square error values per sample plot and total sample during model evaluation
against independent data of crown width-diameter. FE = fixed-effect part of the corresponding model
in the parenthesis.

The corresponding mean value as the minimum possible RMSE from the simple least square
analysis for each separate plot was 0.782 m for the basic model and 0.994 m for GM2, whereas the fixed
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parts (FE) of the mixed models presented the highest RMSE, that is, 1.232 m for MM2 and 1005 m for
GMM2. The mean bias of the generalized model (GM2) was about 0.445 m which is relevant to under
prediction biases of crown width.

4. Discussion

The models presented in the current article explained the greatest part of the crown width
variation, a finding that has also been pointed out by other relevant studies [33,34]. The crown
width-diameter allometry tends to be explained by a linear model, despite the slightly better
performance of the M2 model, which complies with the findings of Dawkins [42]. However, the
power-type M2 model was considered as more flexible since it was easy to be linearized and then
expanded to a mixed effect model. The same model for crown width modeling has also been used
by Russell and Weiskittel [57] and Sharma et al. [33,34]. In its simple form, the stem diameter is the
only predictor of crown horizontal dimension, which is not as accurate because such models seem to
overestimate crown size for dense stands and to underestimate it for sparse stands [33,58]. Indeed, as
it is shown in Figures 7 and 8, the simple model that only uses DBH as the independent variable, that
is the FE (MM2) model, presented the largest error values along with the most biased estimates of all
models that were tested. For this reason, a number of covariates at tree and at stand level were added
to increase the percentage of crown variation that could be explained by the model.

 

Figure 8. Mean prediction bias per sample plot and total sample during model evaluation against
independent data of crown width-diameter.

Basal area, as a measure of stand density, is expected to affect crown width [59], while the
canopy base height has been mentioned as a valid predictor of crown width by a number of relevant
studies [31–34]. Tree height has also been used as a valid regressor of crown width allometry at tree
level [31,32], while both the RSI and the fraction between diameter and quadratic mean diameter have
been found to affect crown width variation according to Ducey [29]. Sharma et al. [33,34] have used
the RSI in crown width modeling along with a number of other variables at tree or at stand level.
In our current research, as it can be concluded from Figure 4, the contribution of RSI in crown width
variation is increased, second only to basal area. However, the contribution of each parameter alone
is quite different than altogether, as long as the crown width expression is concerned. In this sense,
the differences that emerged were related to the overall contribution of each variable in crown width
modeling. From Figure 2, it is quite clear that as height increases, crown width increases too, which is
biologically valid. However, in conjunction with other variables (Equation (13) and Table 6), crown
width decreases as height increases. This, however, was reported much earlier by Briegleb [60], who
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concluded that “for trees of given diameter, the shorter trees have larger crowns than the taller”. As a
result, the value of the GM2 model can be evaluated in a biological base, since it explains the crown
width allometry by considering the combined effect of a number of parameters rather than the effect of
each one independently. In this sense, dominant height is expected to affect crown width according
to the findings of other relevant studies (e.g., [31,33,34]). In the current study, during the forward
modeling process, HDOM appeared strongly related to crown width, however after the inclusion of BA
and CBH, the associated parameter of HDOM turned to insignificant at the p > 0.05 level. In addition,
despite the positive correlation between crown width and RSI, an inverse relationship was detected
according to Equation (13). This phenomenon may be attributed to the inclusion of the basal area in
the model, which seems to affect crown width variation more than the other inherent predictors—a
hypothesis that is further supported by Figure 4. As such, RSI decreases as the number of trees and the
dominant height increases, however the basal area and the tree diameter provide a biological limit
which actually determines the size of the trees in the stand.

Another interesting outcome from the current study is the exclusion of DQMD variable from the
GM2 model after its expansion to mixed-effect. The inclusion of a random part in the model replaced
the contribution of the DQMD in the crown width variation, while the almost zero variance of β1

parameter in Equation (15) can be attributed to the combined effect of the inherent variables.
The expansion of the base model M2 to mixed-effect significantly improved the predictive ability

of the model. As can be observed in Tables 3 and 5, the efficiency index (similar to R2) increased to
13% in comparison to that of the base model, indicating that the random part explained a great part of
crown variation, which was not possible to explain before. This may be attributed to the increased
flexibility of the MM2 model, since both parameters were assumed to contain a random part. However,
during the evaluation stage, the sub-sample of four random trees at plot level was not sufficient enough
to restrict the potential error to the minimum possible; instead, the unbiased estimations increased
their overall efficiency. A possible disadvantage in using this technique is the typical lack of crown
size measurements in standard forest inventories [61], which might limit the practical use of mixed
effect modeling.

The inclusion of four predictors in the mixed model increased the model’s precision by 0.41%,
a relatively low rate, taking into consideration its increased complexity. During model evaluation,
the GMM2 model presented reduced prediction error in comparison to the MM2 model, however its
prediction bias increased, according to Figures 7 and 8, which was not observed during the model’s
calibration. Comparison between simple and generalized mixed models has been attempted earlier
by several authors. Temesgen et al. [62] demonstrated that a generalized mixed-effect model which
included both random and stand-level variables resulted in low RMSE reductions, compared to simple
mixed models which included random effects and tree-level predictors. The results of the current
study confirm this hypothesis, since the prediction improvement of the GMM2 model is relatively low
compared to the MM2 model as far as crown width modeling is concerned. The random part of the
simple MM2 model explained a large part of crown width variation, which the generalized GMM2
model managed to explain with the additional prediction variables.

Ease of use in forestry practice should be an important concern of the analysts towards the
development of such models. DBH and basal area are the main variables at tree and stand level,
respectively that are used extensively around the world in forest inventories and forest management
planning. Often, crown width allometry is used inversed [13], aiming at stem diameter calculations via
remote sensing techniques in order to estimate the wood standing volume within stands, a procedure
that could be further facilitated by using simple models calibrated at stand level. In this case, the fixed
part of the MM2 model is proposed for practical use in the field.

5. Conclusions

In conclusion, a crown width mixed effect model for crown size prediction of Black pine is
proposed in the current article. The model, which uses the stem diameter as the basic regressor,
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improves the fitting ability of the simple fixed effect model. It is also more accurate than a model which
includes a basic stand density covariate in its formulation, as it uses a number of random variables
that explain a great part of crown variation. By defining crown width allometry, a very useful tool for
wood volume estimation is provided, which can also be linked to remote sensing analysis in the frame
of sustainable forest management.
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Abstract: The dynamics of Scots pine (Pinus sylvestris L.) in Europe during the Holocene have been
spatially and temporally complex. The species underwent extirpation and reintroduction in several
north-west European countries. This study investigated the late Holocene vegetation history of a
present-day pinewood in western Ireland, to test the widely accepted hypothesis that P. sylvestris
became extinct in Ireland c. AD 400. Palaeoecological, chronological and loss-on-ignition analyses
were conducted on a sediment core extracted from an adjacent lake. The pollen profile showed
no major Pinus decline and a Pinus macrofossil occurred c. AD 840, indicating localised survival
of P. sylvestris from c. AD 350 to the present. The available archival maps and historical literature
provide supporting evidence for continuity of forest cover. The hypothesis that P. sylvestris became
extinct in Ireland is rejected. The implications for ecological management are significant. We argue
that P. sylvestris should be considered native to Ireland, at least at this site. As Ireland’s only putative
native P. sylvestris population and the western limit of the species’ native range, this site is of high
conservation value and must be carefully managed and monitored. Seed-sourcing for ex-situ forest
restoration must be compatible with the long-term viability of the population in-situ.

Keywords: conservation value; ecological management; forest ecology; native status; palaeoecology;
Pinus sylvestris; pollen analysis; the Burren; woodland ecology

1. Introduction

Palaeoecological data provide a valuable long-term perspective on contemporary ecosystem
dynamics but are under-utilised in conservation management [1]. Site-based palaeoecological studies
can provide an evidence base for conservation management decisions, particularly in determining land
use history, assessing naturalness and setting appropriate targets for restoration. However, published
examples in which palaeoecology is used to inform practical management decisions are rare [2].

Palaeoecological studies have shown P. sylvestris to be one of Europe’s most dynamic tree species.
Its postglacial history in northern Europe is considered particularly well known due to the abundance
of its pollen and macrofossils [3]. Its distribution in Europe over the last 13,000 years has been
mapped [4] and, in Britain and Ireland, over the last 10,000 years [5]. These maps record large-scale
range shifts but may not detect fine-scale, local distribution patterns [6].

P. sylvestris is a pioneer species with broad ecological tolerances. Its distribution is heavily
influenced by competitive interactions but it forms stable vegetation communities on nutrient-poor
soils [7]. It was most abundant in European forests during the early postglacial when, in response to
climatic amelioration, it migrated rapidly across the northern European lowlands at up to 150 km per
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century. It formed pioneer Pinus-Betula forests, which were most extensive from c. 9500–7000 cal BP
(calibrated radiocarbon years before AD 1950) [4,8]. P. sylvestris then declined in the south, while
its northern range limits continued to expand, colonising north-west Scotland c. 9900 cal BP and
northernmost Fennoscandia by c. 8500 cal BP [9,10]. P. sylvestris underwent marked range reductions
in north-west Europe c. 4500 cal BP. This Pinus decline is an important pollen stratigraphic marker,
observed in northern Scotland, England, Ireland and Finland, probably due to a large-scale climatic
shift to wetter conditions and associated competitive exclusion [11–15]. It appears that P. sylvestris
became extinct in several north-west European countries including Denmark, the Netherlands,
Belgium, England, Wales and Ireland [5,16–19].

P. sylvestris colonised Ireland relatively early in the Holocene; one of its earliest records, evidenced
by pollen and macrofossils, is from Gortlecka in the Burren c. 10,500 cal BP [20]. Pinus was the
dominant arboreal pollen type in most western and upland sites for at least part of the early Holocene
and an important component of raised bog, river valley and upland habitats. A major Pinus decline
began c. 4500 cal BP, possibly due to climate change, competition with Alnus glutinosa, blanket bog
expansion and human activity [5,6]. A late outpost occurred at Gortlecka; Pinus pollen and macrofossils
were present c. 1050 ± 160 cal BP/AD 900 [20] but Watts, the author of that study, expressed concern
that this date may be too young. The latest unambiguous record was a preserved stump from Clonsast
Bog, a raised bog in County Offaly. This was directly dated to 1550 ± 140 cal BP/AD 400 [21], at which
point P. sylvestris is widely believed to have become extinct in Ireland [6]. The species’ supposed
extirpation is of great interest as it is asynchronous between sites across Ireland and the apparent
causal factors differ between sites [20].

P. sylvestris was reintroduced to Ireland in the mid-17th century and has been widely planted [22].
Due to its supposed extirpation and reintroduction, the native status of P. sylvestris is disputed, causing
inconsistencies in conservation and forest management policy [23]. The Native Woodland Scheme
provides funding to plant P. sylvestris when establishing or restoring native woodland [24] yet the
Irish Peatland Conservation Council lists it as an invasive alien species [25]. Further palaeoecological
research is urgently needed to determine if P. sylvestris became extinct in Ireland and to clarify its
native status.

This study examines the late Holocene vegetation history of a pinewood in western Ireland,
to test the widely accepted hypothesis that P. sylvestris became extinct in Ireland. Palaeoecological
evidence is presented for localised survival of native P. sylvestris from 1600 cal BP/AD 350 to the
present. The available historical sources and archival maps indicate a long history of woodland cover.
Recommendations for the ecological management of the site are presented.

2. Materials and Methods

2.1. Site Description

Rockforest Lough (53.005, −8.958, Irish Grid Reference R 356 953) is situated 10 km north-east
of Corofin, County Clare, western Ireland at 16 m above sea level (Figure 1). It lies on Carboniferous
Limestone in the Burren, a karstic area covering over 300 km2 and renowned for its rich archaeological
heritage and plant diversity [26,27]. The climate is oceanic; mean rainfall is 1400–1600 mm and mean
air temperature is 10 ◦C (1981–2010) annually. The prevailing winds at Shannon Airport, County Clare
(1946–2010) are south-westerly [28].
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Figure 1. Location of Rockforest Lough and other pollen sampling sites mentioned in the text.

Satisfactory coring sites can be difficult to obtain in the karstic limestone of the Burren. Permanent
lakes with brown algal mud are preferable to turloughs, swamps and lakes with carbonate mud,
as pollen preservation is better and the hard water effect, which impairs radiocarbon dating, is less
pronounced [20]. Rockforest Lough is a permanent lake c. 8 ha in area with a deep basin (7.48 m)
and a shallower arm to the north-east. Its pollen source area is estimated to be 300–800 m (after [29]).
The water level varies seasonally due to karstic hydrology [20] but the basin has not been known to
dry out, at least in living memory (J. Cunningham, pers. comm.). It is bordered by reeds with pasture
on glacial till to the south and limestone pavement to the north. Rockforest House is located on the
south-western edge of Rockforest Lough (Figure 2). A pinewood occurs on limestone pavement c.
500 m to the south-west. Stunted, mature P. sylvestris is scattered through patchy Corylus avellana
scrub. P. sylvestris regeneration is scarce. The species-rich vegetation was surveyed and classified as
the Corylus avellana–Brachypodium sylvaticum pinewood type, which has affinities with Norwegian
basiphilous pinewoods [23,30]. The woodland is located in the state-owned Burren National Park
and the East Burren Special Area of Conservation, which is protected under the European Union (EU)
Habitats Directive (92/43/EEC).
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Figure 2. Aerial photograph (2000) showing the locations of (1) Rockforest Lough, (2) Rockforest Wood,
(3) Rockforest House, (4) Corofin to Gort road/Bealach an Fhiodhfail [31].

2.2. Coring

Coring was conducted in the deepest area of Rockforest Lough on 18–19 June 2008. A short
core (RFB, 81 cm) was extracted with a modified rod-operated plexiglass piston corer, preserving the
sediment-water interface, and vertically extruded at 1 cm intervals on-site. The lower sediment (RFC)
was sampled to a depth of 153 cm using a Livingstone corer [32]. The cores were wrapped on-site,
stored at 4 ◦C and sliced at 1 cm intervals in the laboratory.

2.3. Loss-on-Ignition (LOI)

To ensure sufficient material, 2 cm thick samples were used for LOI analysis. Using a Thermolyne
Type 6000 furnace, oven-dried, weighed samples were ignited for five hours at 550 ◦C to estimate
organic content and three hours at 950 ◦C to estimate carbonate content [33]. The LOI profile was used
to match the cores.

2.4. Chronology

Spheroidal Carbonaceous Particle (SCP) extraction followed Rose [34,35] with some modifications
due to abundant fine material and low SCP numbers [14]. Sample dry weights were increased to
0.6–4.7 g; solvent volumes were increased accordingly. To remove fine material and facilitate counting,
samples were filtered using a 10 μm sieve. To avoid the hard water effect, terrestrial plant macrofossils
were sieved or hand-picked from the sediment. Eight macrofossil samples were radiocarbon dated
using accelerator mass spectrometry (AMS). A chronology was generated using Bchron (version 3.1.4
with the IntCal13 calibration curve), a Bayesian modelling method which uses stochastic linear
interpolation [36].

2.5. Pollen Analysis

Pollen analysis was conducted on 1 cm thick samples at 8 cm intervals, reducing to 4 cm in the
upper core. Sediment subsamples of 0.5 cm3 were treated by standard methods [14,37]. Lycopodium
tablets were added to enable pollen concentration calculation [38]. Samples were mounted in silicone
oil and counted with an Olympus BX40 microscope at 400× magnification and 1000× under oil
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immersion when required. Slides were systematically checked for Pinus stomata during routine
pollen counting. Pollen and spores were identified following Moore et al. [37], the illustrations of
Beug [39] and Reille [40] and a reference collection held by Trinity College. Nomenclature followed
Moore et al. [37], excepting the aggregation of the Urticaceae, Polypodium, Rumex and Coryloid taxa.
Coryloid pollen was assumed to be Corylus avellana, which is much more frequent than Myrica gale
in the Burren [26]. A minimum of 400 identifiable terrestrial pollen and spores were counted from
each sample. Indeterminate grains were also counted. A percentage pollen diagram was generated
with TILIA version 2.0.19 [41]. The pollen sum was total terrestrial pollen and spores including
indeterminate grains. The latter were included to reduce overrepresentation of Pinus as its distinctive
pollen morphology makes it less likely to be classified as indeterminate. Concentrations were examined
to ensure that no major changes arose that were not observed in the percentage pollen diagram.

3. Results

3.1. Loss-on-Ignition (LOI)

The sediment comprised homogeneous brown algal mud. Mineral input was relatively stable
from 153–35 cm (Figure 3), with a mean of 32.0%. It increased abruptly at 33 cm, with a mean of 34.4%
until the present. Peak values exceeded 38.6% at 7–11 cm.

Figure 3. Loss-on-ignition (LOI) profile for Rockforest Lough.

3.2. Chronology

SCPs, produced from fossil fuel combustion and preserved in lake sediments, provide a
historical record of atmospheric pollutant deposition. SCP concentration profiles are consistent and
often regionally characteristic such that the main profile features can be used for sediment dating.
The Rockforest SCP record began at 13 cm (Figure 4). SCP numbers were low initially, likely due to low
levels of industrialisation in the region. A rapid increase and sub-surface peak appeared at 8 cm and
7 cm respectively. Based on mean dates from Irish SCP profiles [42], these features were assigned to

163



Forests 2018, 9, 350

the 1880s, 1960s and 1981 respectively (Table 1). A second rapid increase at 4 cm was assigned to 1985,
when Moneypoint Power Station, c. 50 km to the south-west, was commissioned. The filtration of
samples may have selectively removed SCPs generated by oil combustion, which are usually smaller
than those from coal [34]. However, as the nearest power station is primarily coal-fired and the main
profile features described by Rose et al. [42] were observed, selective removal does not appear to have
been a significant issue.

The chronology is well-constrained in the upper metre but less so below as fewer dates were
obtainable (Table 1). The model excluded an anomalously old date from bulked organic material at
72–74 cm (Figure 5). Sediment accumulation was relatively constant in the upper metre (0.7 mm year−1)
but considerably lower below (0.1 mm year−1). Pollen analysis was confined to the upper 112 cm due
to increased uncertainty in the chronology below the AMS date at 104–107 cm.

Figure 4. Spheroidal Carbonaceous Particle (SCP) concentration profile for Rockforest Lough.

Figure 5. Bchron age-depth model for Rockforest Lough based on dates given in Table 1.
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3.3. Pollen and Macrofossil Stratigraphy

Figure 6 spans from c. 1600 cal BP/AD 350 to the present; 68 terrestrial taxa were recorded.
Pollen preservation was sub-optimal with frequencies of 10.3–29.1% indeterminate grains. These were
included in the pollen sum to reduce overrepresentation of Pinus. Arboreal pollen (AP) dominates
throughout, ranging from 54.6–73.0%. The Pinus signal is consistently high, peaking at the base of the
profile (51.3%) and never falling below 38.2%. Corylus is frequent throughout. Betula, Alnus, Quercus
and Ulmus are present at lower frequencies. Fagus appears in the upper half, becoming consistently
present at 24 cm. Poaceae dominate the non-arboreal pollen, increasing gradually from 3.5–10.3%.

No Pinus stomata were found. Macrofossils were scarce but a Pinus needle and Pinus wood
fragment were found at 66 and 153 cm respectively.

4. Discussion

The pollen profile is relatively static. It opens with relatively high AP frequencies (71%) from c.
1600–1450 cal BP/AD 350–500 (Figure 6). Pinus dominated, indicating an open woodland structure as
P. sylvestris cannot tolerate heavy shade from other trees [7]. Alnus may represent regional pollen as
Alnus macrofossils were not recorded at Gortlecka [20] and it is rare in the Burren today [26]. This period
of high AP frequencies may represent the Late Iron Age Lull (LIAL), when declining farming activity
resulted in widespread woodland regeneration. The LIAL appears in other pollen profiles from the
area, at Lios Lairthín Mór and Molly’s Lough (Figure 1), from c. 1950–1450 cal BP/AD 0–500, typically
followed by declining AP indicating a resumption of human activity and woodland clearance [43,44].
Indeed, AP declined at Rockforest during the early medieval period c. 1450–1300 cal BP/AD 500–650.
Pinus fell to its lowest frequency, 38.2%, c. 1300 cal BP/AD 650 but still dominated the AP.

For the remainder of the early medieval period, and until c. 800 cal BP/AD 1150, little change
was observed overall. A P. sylvestris needle found in the sediment at 66 cm demonstrates that Pinus
was locally present at 1110 cal BP/AD 840. From c. 800–50 cal BP/AD 1150–1900, AP and Pinus rose
gradually. Mineral input increased abruptly at 600 cal BP/AD 1350, which may reflect intensified
human activity in the lake catchment. However, this was not apparent in the pollen profile as AP and
Pinus continued to rise. The non-native Fagus peaks c. 125 cal BP/AD 1825. Between c. 50 cal BP/AD
1900 and the present, mineral input and Poaceae reach maximum values, indicating intensive human
activity and grassland expansion, while AP and Pinus decrease. The overall rise in Poaceae from 1600
cal BP/AD 350 to the present indicates the gradual opening up of the woodland and expansion of
open grassland. The Cerealia signal, though discontinuous, indicates arable farming.

While palaeoecological methods are most effective in elucidating woodland history [45],
archaeological and historical sources are essential in data interpretation [46]. The archaeology within
a 1 km radius of Rockforest Lough includes a fulacht fia (putative cooking pit), earthwork, ringfort
(residence or farmstead generally dating to AD 500–1000) and tower house (fortified house generally
dating to AD 1400–1600) [47].

Rockforest is referenced in historical sources, which refer to both woodland cover and human
activities. The ancient name of Rockforest Wood was Coill Ó Flanchada. The Wars of Thomond affected
County Clare in the 12th–14th century. A strategically important pass, Bealach an Fhiodhfail, once the
main route from Clare to Galway, now the Corofin to Gort road, went through the wood [48] (Figure 2).
A battle was fought at the entrance to the wood to contest the pass in 1311 and a defeated force fled
through it in 1314 [49]. The Annals of the Four Masters recorded that in 1599 Red Hugh O’Donnell’s
army massed at the “eastern extremity” of the wood and marched “through the centre of Coill Ó
Flanchada, through Bealach an Fhiodhfail” [50]. In 1655, the Down Survey showed that the only timber
woods in this barony (Inchiquin) lay in this parish (Kilkeedy), occurring in nearly every townland
in the parish. Covering 850 ha, they likely formed one of the county’s largest woods [51]. Henry
Pelham’s Grand Jury Map of County Clare (1787) depicts woodland at Rockforest but little in the
surrounding landscape. Rockforest House was built in the late 18th century [52]; its estate included a
grain silo, ice house and walled garden [53]. By 1808, over 30 ha of rocky soil of poor agricultural value
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had been planted with Acer, Alnus, Betula, Fagus, Fraxinus, Larix, Picea, Pinus pinaster, Pinus sylvestris,
Quercus, Ulmus and other species [54]. A “finely planted demesne” extended almost a mile along the
road [53]. The first (1840) and second (1899) editions of the Ordnance Survey six inch maps depict
the area as wooded [14]. Selective felling and scrub clearance was undertaken in the 20th century
(J. Cunningham, pers. comm.). Though fragmentary in nature, the available historical sources imply
continuous presence of woodland cover at Rockforest despite ongoing human activity. However,
historical sources are generally dated with a high level of certainty, while dating of palaeoecological
data must be inferred from the age-depth model, making it prone to inherent errors; these data should
be compared cautiously.

The continuously elevated AP signal and the available historical sources both suggest that
Rockforest has a long history of woodland cover. This contrasts, however, with patterns seen in
contemporaneous Irish pollen profiles. Prior to the Great Famine of 1845, Ireland’s population reached
almost nine million, causing severe land-use pressure. Poorer land was cleared for agriculture over
much of Ireland [55]. In the Burren, AP frequencies were just 4% from 250–100 cal BP/AD 1700–1850
at Cappanawalla (Figure 1) [56]. Firewood was so scarce that Pteridium aquilinum and Dryas octopetala
were used [57]. The dissimilarity may relate to the management of the Rockforest Estate. Nationally,
the woodland resource steadily diminished until the 20th century, excepting woodland remnants
within estates [58,59]. Rockforest appears to be one such estate.

Pinus pollen is usually abundantly produced and well-dispersed and so is generally
overrepresented in the pollen rain [60]. A ‘critical pollen percentage’ of 20% was proposed [5] and
later revised to 5% to indicate local presence of P. sylvestris [61]. However, analyses of fossil stomata
provided unambiguous evidence of local presence of P. sylvestris when Pinus pollen frequencies were
as low as 2.8% [62] and 0.4% [63]. From a study of modern pollen deposition in the Rockforest area,
McGeever and Mitchell [64] concluded that a Pinus pollen value of 5% indicated local presence of
P. sylvestris in this area. The Pinus curve from Rockforest Lough is consistently high, never less than
38.2%, and greatly exceeds the critical pollen percentages. This strongly suggests that P. sylvestris was
locally present and was a significant component of the vegetation.

Furthermore, macrofossil evidence demonstrates local presence of P. sylvestris around Rockforest
Lough during the Neolithic at 5810 cal BP/3860 BC and the early medieval period at 1110 cal
BP/AD 840. The latter is significant as the species was presumed to have become extinct in
Ireland during that period [6]. The latest unambiguous Irish specimen was a preserved stump from
Clonsast Bog, which was directly dated to 1550 ± 140 cal BP/AD 400 [21]. The later Rockforest
macrofossil (1110 ± 120 cal BP/AD 840) is contemporaneous with the last recorded Pinus macrofossils
from Gortlecka (1050 ± 160 cal BP/AD 900) [20], which is located 3.3 km west of Rockforest Lough
(Figure 1). Watts expressed concern that the date appeared too young but this new evidence
strongly indicates that Watts’ date was accurate and Pinus persisted in the Burren after its assumed
disappearance from midland raised bogs.

The later Rockforest macrofossil coincides with a Pinus pollen frequency of 45%. Subsequently,
the Pinus signal remains high, dominating the AP to the present. Though Pinus had been planted on
the Rockforest Estate by 1808 [54], its pollen was previously strongly represented. Rockforest Wood,
which is located 500 m upwind of the coring site and matches the vegetation type recorded in the
pollen profile, is the likely source of this Pinus signal. The P. sylvestris population at Rockforest appears
to have persisted through the late Holocene to the present.

These findings are also supported by those of McGeever and Mitchell’s [64] analysis of a
radiocarbon-dated terrestrial core from Aughrim Swamp, which is located 650 m north-east of the
Rockforest Lough coring site (Figure 1). Pollen preservation was good throughout the pollen profile,
which extends from the present to 1600 cal BP/AD 350. A continuous Pinus signal was observed.
Although a decline began c. 1550 cal BP/AD 400, reaching minimum values of c. 8% of total terrestrial
pollen (TTP) c. 1350 cal BP/AD 600, the Pinus signal recovered quickly, reaching sustained levels
of c. 15–25% of TTP, before declining to c. 5% at the top of the core. It is likely that Rockforest
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Lough (8 ha) mainly samples extralocal pollen from a pollen source area of 300–800 m [29], while the
small wetland of Aughrim Swamp (0.4 ha) mainly samples local pollen, making it more sensitive to
localised vegetation change [65]. The upper halves of undated cores from Rinn na Mona [20] and the
Carron Depression [66] (Figure 1) also show continuous Pinus signals during the period of supposed
extirpation, with frequencies of c. 3% and up to c. 7% of TTP respectively. While this may indicate that
P. sylvestris at Rockforest dispersed pollen to these sites or that other localised stands were present,
the frequencies in question are rather low in relation to the critical pollen percentage. Macrofossil data
were not presented for these sites.

Floristically similar pinewoods existed on limestone pavement elsewhere in Ireland at various
times during the Holocene but are no longer extant. Pollen and macrofossil evidence suggest that
open woodland composed of Pinus, Ulmus, Corylus and Betula existed at Gortlecka (Figure 1) in the
early Holocene [20]. Fine spatial resolution pollen analysis indicates that woodland rich in Pinus,
Corylus, Quercus and Ulmus at Reenadinna, County Kerry developed into Taxus woodland c. 5730 cal
BP/3780 BC [67]. Fine spatial resolution pollen analysis also suggests that open, species-rich woodland
dominated by Pinus and Corylus, with Calluna and Succisa, existed at Cappanawalla (Figure 1) in
the north-west Burren uplands from c. 3450–2450 cal BP/1500–500 BC. Pinus appeared to have been
extirpated there c. 500 BC due to clearance by humans, followed by an expansion in grassland [56].
Pinewoods on limestone are present today at Rockvale in the Burren, Castletaylor and Coole Park in
County Galway and Keel Bridge and Ballykine in County Mayo but most appear to have originated
from introduced P. sylvestris [30]. Pinewoods on limestone no longer occur in Britain but pollen and
macrofossil evidence indicate that they once existed at Malham, northern England [68]. They are extant
and widespread in Fennoscandia [23,69].

These findings provoke the question of why P. sylvestris could have survived at Rockforest,
in contrast to the decline and extirpation observed elsewhere. Climate is the main determinant
of large-scale forest composition but edaphic factors, succession and human disturbance become
increasingly important at the local scale [8]. The Burren’s patchy, shallow soils suffer periodic drought
and low phosphorus and nitrogen availability [70]. P. sylvestris tolerates these stresses, giving it
a competitive advantage [5]. During its decline in Ireland, Pinus was replaced by blanket peat in
the uplands and Alnus in the lowlands, probably due to a climatic shift to wetter conditions [6].
In the karstic Burren lowlands, blanket peat did not develop and Alnus is not thought to have
been a significant component of the Holocene vegetation [20,26]. Fine spatial resolution pollen and
charcoal analyses have shown that late outposts of Pinus in Counties Sligo and Kerry died out c.
1800 cal BP/AD 150 and 1700 cal BP/AD 250 respectively, likely due to human activity including
woodland clearance using fire [45,71–74]. The aforementioned dated pine stump (1550 ± 140 cal
BP/AD 400) from Clonsast Bog came from a layer of stumps found on a recurrence surface [21] i.e., an
abrupt stratigraphic transition from highly humified peat to unhumified peat, indicating increased
surface wetness caused by a climatic shift to wetter conditions [75]. Waterlogging is unlikely to have
been significant at Rockforest Wood due to the karstic hydrology of limestone pavement. While
substantial deforestation occurred in the Burren and Pinus declines there have been attributed to
human activity [56,76], the pollen data and historical sources suggest that Rockforest was an exception
to this pattern. The area was subject to continued human activity but the level of disturbance does not
appear to have been sufficient to eradicate P. sylvestris.

5. Conclusions

The absence of a Pinus decline strongly indicates that a relict population of P. sylvestris persisted
at Rockforest from at least 1600 cal BP/AD 350 to the present (Figure 6). This is supported by the
presence of a P. sylvestris macrofossil dated to 1110 cal BP/AD 840, which demonstrates that Pinus
was locally present. The widely accepted hypothesis that P. sylvestris became extinct in Ireland is
therefore rejected.
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Existing research on the postglacial dynamics of Pinus in Ireland should be re-evaluated in light of
these findings. When Pinus pollen was recorded during the period of presumed extinction in Ireland,
authors questioned the validity of dating analyses [20] or invoked redeposition or long distance
transport [66]. Localised survival of Pinus should be considered as a potential source of such a signal,
at least in the Burren. A review of the postglacial dynamics of Pinus in Ireland is recommended,
incorporating relevant studies completed since those of Bradshaw and Browne [6] and Bennett [5] and
utilising Geographic Information Systems.

Further site-specific research and conservation measures are needed. Research on the genetics of
P. sylvestris at Rockforest is ongoing (C. Kelleher, unpublished). Data on the number of individuals,
age structure and spatial extent of this population are urgently required to determine its conservation
status. P. sylvestris has been placed on the waiting list of the Irish Red Data List, pending further
research to enable assessment [77]. Based on our current understanding of the distribution of native
P. sylvestris in Ireland as being limited to a single known location, it could be assessed as critically
endangered i.e., facing an extremely high risk of extinction in the wild. The insect fauna should be
studied to determine whether any pine-dependent species, many of which are considered extinct in
Ireland [78–80], occur there.

On the basis of the evidence presented, we argue that Rockforest Wood is Ireland’s only known
native P. sylvestris population. At a longitude of 8◦57′ W, Rockforest Wood appears to be the western
limit of the global native range of P. sylvestris, previously thought to be the north-west Iberian Peninsula
at c. 8◦ W [3,16]. This population is of high conservation value but its rarity increases its extinction
risk. Furthermore, reintroduced P. sylvestris in the vicinity may threaten the genetic integrity of the
genepool. Rockforest Wood is located within a protected area but, given the scarcity of P. sylvestris
regeneration, should be carefully managed and monitored. While ex-situ conservation is recommended,
any seed-sourcing for native woodland restoration must be compatible with the long-term viability of
the population in-situ. Coordinated action between conservation and forestry agencies will be required
to ensure the continued survival of native P. sylvestris at Rockforest and to develop opportunities for
the restoration of native pinewoods in Ireland.
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43. Jeličić, L.; O’Connell, M. History of vegetation and land use from 3200 B.P. to the present in the north-west
Burren, a karstic region of western Ireland. Veg. Hist. Archaeobot. 1992, 1, 119–140. [CrossRef]

44. Lamb, H.; Thompson, A. Unusual mid-Holocene abundance of Ulmus in western Ireland-human impact in
the absence of a pathogen? Holocene 2005, 15, 447–452. [CrossRef]

45. Mitchell, F.J.G. The vegetational history of the Killarney oakwoods, SW Ireland: Evidence from fine
spatial-resolution pollen analysis. J. Ecol. 1988, 76, 415–436. [CrossRef]

46. Van Geel, B.; Middeldorp, A.A. Vegetational history of Carbury Bog (Co. Kildare, Ireland) during the last
850 years and a test of the temperature indicator value of 2H/1H measurements of peat samples in relation
to historical sources and meteorological data. New Phytol. 1988, 109, 377–392. [CrossRef]

47. National Monuments Service Sites and Monuments Record. Available online: http://webgis.archaeology.ie/
historicenvironment (accessed on 1 April 2018).

48. Frost, J. The History and Topography of the County of Clare, from the Earliest Times to the Beginning of the 18th
Century; Sealey, Byers and Walter: Dublin, Ireland, 1893.

49. MacCraith, S.M.R. Caithréim Thoirdhealbhaigh; Irish Texts Society: London, UK, 1929.
50. O’Donovan, J. Annals of the Kingdom of Ireland by the Four Masters, from the Earliest Period to the Year 1616;

Hodges and Smith: Dublin, Ireland, 1851.
51. Westropp, T.J. The forests of the counties of the Lower Shannon Valley. Proc. R. Ir. Acad. 1909, 27C, 270–300.
52. Weir, H. Historical Genealogical Architectural Notes on Some Houses of Clare; Ballinakella Press: Whitegate, UK,

1999; ISBN 094653828X.
53. Lewis, S. County Clare: A History and Topography, 2nd ed.; Clasp Press: Ennis, Ireland, 1837.
54. Dutton, H. Statistical Survey of the County of Clare; Graisberry and Campbell: Dublin, Ireland, 1808.
55. Cole, E.E.; Mitchell, F.J.G. Human impact on the Irish landscape during the late Holocene inferred from

palynological studies at three peatland sites. Holocene 2003, 13, 507–515. [CrossRef]
56. Feeser, I.; O’Connell, M. Fresh insights into long-term changes in flora, vegetation, land use and soil erosion

in the karstic environment of the Burren, western Ireland. J. Ecol. 2009, 97, 1083–1100. [CrossRef]
57. Foot, F.J. On the distribution of plants in the Burren, County of Clare. Proc. R. Ir. Acad. 1864, 24, 143–160.
58. Hickie, D. Native Trees & Forests of Ireland; Gill & Macmillan: Dublin, Ireland, 2002; ISBN 0717134113.
59. Everett, N. The Woods of Ireland. A History, 700–1800; Four Courts Press: Dublin, Ireland, 2014;

ISBN 9781846825910.
60. Broström, A.; Nielsen, A.B.; Gaillard, M.J.; Hjelle, K.; Mazier, F.; Binney, H.; Bunting, J.; Fyfe, R.; Meltsov, V.;

Poska, A.; et al. Pollen productivity estimates of key European plant taxa for quantitative reconstruction of
past vegetation: A review. Veg. Hist. Archaeobot. 2008, 17, 461–478. [CrossRef]

61. Bennett, K.D. Post-glacial dynamics of pine (Pinus sylvestris L.) and pinewoods in Scotland. In Our Pinewood
Heritage; Aldhous, J.R., Ed.; Forestry Commission, Royal Society for the Protection of Birds, Scottish Natural
Heritage: Inverness, UK, 1995; pp. 23–39, ISBN 0855383259.

172



Forests 2018, 9, 350

62. Fossitt, J.A. Late-glacial and Holocene vegetation history of western Donegal, Ireland. Biol. Environ. 1994, 94,
1–31.

63. Froyd, C.A. Fossil stomata reveal early pine presence in Scotland: Implications for postglacial colonization
analyses. Ecology 2005, 86, 579–586. [CrossRef]

64. McGeever, A.H.; Mitchell, F.J.G. Re-defining the natural range of Scots Pine (Pinus sylvestris L.): A newly
discovered microrefugium in western Ireland. J. Biogeog. 2016, 43, 2199–2208. [CrossRef]

65. Jacobson, G.L.; Bradshaw, R.H.W. The selection of sites for paleovegetational studies. Q. Res. 1981, 16, 80–96.
[CrossRef]

66. Crabtree, K. Evidence for the Burren’s forest cover. In Archaeological Aspects of Woodland Ecology. Symposia of
the Association for Environmental Archaeology No. 2; Bell, M., Limbrey, S., Eds.; British Archaeological Reports;
BAR International Series 146: Oxford, UK, 1982; pp. 105–113.

67. Mitchell, F.J.G. The history and vegetation dynamics of a yew wood (Taxus baccata L.) in S.W. Ireland.
New Phytol. 1990, 115, 573–577. [CrossRef]

68. Peterken, G.F. Woodland Conservation and Management; Chapman & Hall: London, UK, 1981; ISBN 0412128209.
69. Bjørndalen, J.E. Some synchorological aspects of basiphilous pine forests in Fennoscandia. Vegetatio 1985, 59,

211–224. [CrossRef]
70. Jeffrey, D.W. Grasslands and heath: A review and hypothesis to explain the distribution of Burren plant

communities. Biol. Environ. 2003, 103, 111–123. [CrossRef]
71. Dodson, J.R.; Bradshaw, R.H.W. A history of vegetation and fire, 6600 BP to present, County Sligo,

Western Ireland. Boreas 1987, 16, 113–123. [CrossRef]
72. Little, D.J.; Mitchell, F.J.G.; von Engelbrechten, S.; Farrell, E.P. Assessment of the impact of past disturbance

and prehistoric Pinus sylvestris on vegetation dynamics and soil development in Uragh Wood, SW Ireland.
Holocene 1996, 6, 90–99. [CrossRef]

73. Ghilardi, B.; O’Connell, M. Fine-resolution pollen-analytical study of Holocene woodland dynamics and
land use in north Sligo, Ireland. Boreas 2013, 42, 623–649. [CrossRef]

74. Watts, W.A. Contemporary accounts of the Killarney woods 1580–1870. Ir. Geogr. 1984, 17, 1–13. [CrossRef]
75. Allaby, M. A Dictionary of Ecology, 4th ed.; Oxford University Press: Oxford, UK, 2010.
76. Feeser, I.; O’Connell, M. Late Holocene land-use and vegetation dynamics in an upland karst based on pollen

and coprophilous fungal spore analyses: An example from the Burren, western Ireland. Veg. Hist. Archaeobot.
2010, 19, 409–426. [CrossRef]

77. Wyse Jackson, M.; FitzPatrick, Ú.; Cole, E.; Jebb, M.; McFerran, D.; Sheehy Skeffington, M.; Wright, M. Ireland
Red List No. 10: Vascular Plants; National Parks & Wildlife Service: Dublin, Ireland, 2016; ISSN 2009-2016.

78. Speight, M.C.D. The extinction of indigenous Pinus sylvestris in Ireland: Relevant faunal data. Ir. Nat. J. 1985,
21, 449–453.

79. Reilly, E. An ever closing gap? Modern ecological and palaeoecological contributions towards understanding
the Irish postglacial insect fauna. In Mind the Gap. Postglacial Colonization of Ireland; Davenport, J.L.,
Sleeman, D.P., Woodman, P.C., Eds.; Irish Naturalists’ Journal: Belfast, UK, 2008; pp. 63–71.

80. Whitehouse, N. The Holocene British and Irish ancient forest fossil beetle fauna: Implications for forest
history, biodiversity and faunal colonization. Q. Sci. Rev. 2006, 25, 1755–1789. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

173



Article

Sustainability Assessment of Alternative Thinning
Operations in Mediterranean Softwood Plantations

Janine Schweier 1,* ID , Raffaele Spinelli 2 ID , Natascia Magagnotti 2, Bernhard Wolfslehner 3 and

Manfred J. Lexer 4

1 Albert-Ludwigs-University of Freiburg, Werthmannstraße 6, 79085 Freiburg, Germany
2 CNR–IVALSA, Via Madonna del Piano 10, I-50019 Sesto Fiorentino (FI), Italy; spinelli@ivalsa.cnr.it (R.S.);

magagnotti@ivalsa.cnr.it (N.M.)
3 Central-East and South-East European Regional Office of the European Forest Institute,

Department of Economics and Social Sciences, University of Natural Resources and Life Sciences,
Vienna (BOKU), Feistmantelstr. 4, A-1180 Vienna, Austria; bernhard.wolfslehner@boku.ac.at

4 Department of Forest and Soil Sciences, University of Natural Resources and Life Sciences, Vienna (BOKU),
Peter-Jordan-Strasse 82, A-1190 Vienna, Austria; mj.lexer@boku.ac.at

* Correspondence: Janine.Schweier@foresteng.uni-freiburg.de; Tel.: +49-761-203-97616

Received: 20 April 2018; Accepted: 15 June 2018; Published: 21 June 2018

Abstract: Mediterranean pines account for 14,000 ha in Tuscany alone, where they form large and
homogeneous stands and represent an important resource for the forest economy. Among the
harvesting systems applied to thinning operations, the most popular are whole-tree and cut-to-length
harvestings. Both systems can be deployed with different levels of mechanization. The decision
about which system might be the best option in a specific case possibly leads to conflicts due to
different management goals, for instance when the shift from cut-to-length to whole-tree harvesting
systems results in a decrease of costs and an increase of environmental burdens. Thus, an accurate
determination of economic, environmental and social indicators is crucial to make balanced decisions.
With that in mind, we carried out a sustainability impact assessment of typical forest-wood chain
alternatives applied to young Mediterranean pine plantations and made a comparative evaluation
by means of multi-criteria analyses. Trials were carried out in umbrella pine (Pinus pinea L.)
plantations in Tuscany. The analyzed cases considered four thinning operations and included the
processes of harvesting, extraction and chipping. In the analysis, 12 indicators were considered (e.g.,
global warming potential, fatal accidents). Results of the investigation allow quantifying possible
sustainability impacts and, thus, supporting management decisions.

Keywords: motor-manual harvesting; mechanized harvesting; WT harvesting; CTL harvesting;
energy chips; life cycle assessment; social indicators; sustainable forest management; decision support;
multi-criteria analysis

1. Introduction

Mediterranean pines represent a group of highly adaptable species that include Pinus brutia,
Pinus halepensis, Pinus nigra, Pinus pinaster and others such as Pinus pinea L. as the main representatives.
These are specifically adapted to the fire regime that characterizes the area and play a central role in the
vegetation dynamics of the Mediterranean regions [1]. Their aggressive colonizing strategy explains
the rapid occupation of abandoned fields, as well as a relatively simple silviculture [2]. The total
surface occupied by these pines is estimated at 13 million ha, or 25% of the total forest area of the
Mediterranean basin. In regions like North Africa and Anatolia, Mediterranean pines may account
for up to 75% of the total forest area [3]. The adaptability, rapid early growth and general colonizing
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capacity explain why Mediterranean pines have been traditionally used for reforestation projects and
often form extensive plantations.

Umbrella pine (Pinus pinea L.) likely occupies the smallest area among Mediterranean pines, and
yet, it accounts for almost 14,000 ha in Tuscany alone, where it forms large and homogeneous stands
along the coastal region and represents an important resource for the forest economy [4].

The mainstream silvicultural prescription for umbrella pine stands is two to four thinning
operations, followed by clear-cutting and replanting or re-naturalization, if the quality of the hardwood
understory is good [5]. Among the many harvesting systems applied to thinning operations, the most
popular are whole-tree (WT) and cut-to-length (CTL) harvesting. The former consists of felling trees
and extracting them whole (stem, top and branches) to the landing, which offers the advantages of
simplified in-forest handling and increased volume recovery. The latter describes a logging method
where the felled trees are processed into commercial assortments already in the forest [6]: that requires
laborious in-stand tree processing, but results in lower organic matter removals, which is especially
desirable for poorer sites, where organic fertility may be a serious issue [7,8].

Both WT and CTL harvesting can be deployed with different levels of mechanization. In the
motor-manual (MM) version, trees are felled or felled and processed with chainsaws, and the product
is extracted with skidders, forwarders or forestry-fitted farm tractors [9]. Motor-manual harvesting
is especially suited to self-employed forest owners and small contractors, with limited investment
capacity [10]. At the other end of the scale, fully-mechanized (FM) harvesting is implemented:
fully-mechanized whole-tree (FM-WT) harvesting is applied by feller-bunchers and grapple skidders.
Self-propelled feller-bunchers are designed to fell standing trees and arrange them in bunches
along skid roads, ready for pick-up by grapple skidders. Fully-mechanized cut-to-length (FM-CTL)
harvesting is applied by harvesters, which are designed to combine felling and processing. Harvesters
are also capable of stacking cut logs into neat piles by the strip road, where forwarders pick them up
and carry them to the landing.

The intersection of the two harvesting systems with the two mechanization levels generates four
possible options, each with its own specific pros and cons, especially as concerns financial performance,
environmental impact and social consequences. These should be discussed carefully before deciding
for or against any specific option.

Different management goals will favor different aspects of system performance, and yet, most
managers will aim at financial sustainability and minimum adverse impacts on the natural environment
and the community. For this reason, it is important to determine with some accuracy the financial,
environmental and social performance of each individual option. With that in mind, we carried out a
sustainability impact assessment (SIA) for the product obtained from the thinning of umbrella pine
plantations, under the four technical choices derived from the intersection of the two harvesting
systems and the two mechanizations described above and customarily applied to these stands. SIA
methods have been specifically developed for this task, namely to evaluate how management choices
influence the economic, environmental and social dimensions of system sustainability [11]. In addition,
a multi-criteria analysis (MCA) was applied to compare alternative management scenarios on a
cumulative preference scale. The results of our investigation will support management decisions by
offering accurate information about sustainability indicators. Results for different indicators are often
conflicting, and an accurate determination of these indicators is crucial to make balanced decisions that
may reflect specific management goals. In particular, the specific objectives of this study are to apply
an SIA to the typical forest-wood chain alternatives that can be applied to the thinning of umbrella
pine plantations and to make comprehensive evaluations of the alternative forest-wood chains. Strictly
speaking, the external validity of the study results is limited to umbrella pine plantations under similar
conditions to those encountered in the study. However, the general trends found with this experiment
could be extended to young pine plantations, although with much caution.
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2. Materials and Methods

2.1. Approach

The SIA was carried out to determine the impacts with regard to sustainability of four alternative
forest-wood chains, applied to umbrella pine plantations in Central Italy. This method was proposed
by [12,13]. According to them, a proper SIA should be comprised of the following characteristics:
(i) supply chains are described as a set of processes; (ii) each process is characterized by a set
of sustainability indicators; (iii) the total amount of material flowing through the processes is
the basis for assessing the overall sustainability impact; and (iv) an analysis of the trade-offs
between the characteristics is carried out to assess holistically the impact of changes between the
proposed alternatives.

2.2. Supply Chain Modelling

The so-called “cradle-to-gate” approach was applied, meaning that the analysis was restricted to
a selected life cycle stage [14]. In our case, the study concentrates on the harvesting, extraction and
chipping of trees. Four alternative thinning operations were modelled as forest-wood chains, as follows:
Chain 1 = 1-MM-WT (motor-manual whole-tree harvesting); Chain 2 = 2-MM-CTL (motor-manual
cut-to-length harvesting); Chain 3 = 3-FM-WT (fully-mechanized whole-tree harvesting) and Chain
4 = 4-FM-CTL (fully-mechanized cut-to-length harvesting). The chipping operations did not differ
between the cases. According to the modelling rules [13] in each process, the wood material changes its
appearance and/or moves to another location. Thus, the SIA builds on the conceptual representation
of forest-wood chains as chains of value-adding production processes [15].

Modelling was carried out with the dedicated software Umberto (v 5.6), developed by IFU
Hamburg GmbH [16]. With Umberto, material flow networks are created allowing one to model
material and energy flows occurring in the system.

2.3. System Description and Boundaries

In all cases, the system boundaries covered the felling, extraction and chipping processes used
in four alternative second thinning operations. In 1-MM-WT and 2-MM-CTL, trees were felled with
chainsaws (Husqvarna 357XP, 3.2 kW) by professional operators and skidded to the roadside landing
with a forestry-fitted farm tractor (Valtra 6400, 75 kW), equipped with a forestry winch. In 2-MM-CTL,
trees were also delimbed and crosscut into random lengths (4–7 m) before skidding. In 3-FM-WT,
trees were felled and bunched with a 27-t tracked feller buncher (JD759 J, 164 kW) and skidded to
the roadside with a rubber-tired grapple skidder (JD460 G, 127 kW). In 4-FM-CTL, trees were felled,
delimbed and crosscut to random lengths (4–7 m) with a 14-t four-wheel harvester (JD870 B, 114 kW),
while logs were extracted to the roadside with a 10-t capacity forwarder (JD1110 B, 121 kW). In all cases,
chipping was performed about four months after harvesting and extraction by a forwarder-mounted
drum chipper (Erjo 12/90, 370/129 kW).

System boundaries were designated to be from where machines are brought to the working
sites to where the wood chips are discharged into chip vans. Therefore, transport of personnel
and equipment to the work site, as well as transport of the chips to the final destination were not
considered. The building of roads and road maintenance were not included. In contrast, the production
of materials and machines, so-called indirect or upstream processes, was considered within the
boundaries. The CO2 uptake due to tree growth and its release to the environment after biomass
oxidation at the end of the life cycle was not considered, as well as changes in the soil organic matter
stocks, the latter due to rare long-term data.

2.4. Selection of Sustainability Indicators

The indicators selected for the calculations were relevant and balanced with regard to economic,
environmental and social sustainability, as well as feasibility in terms of data availability and
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quality [17]. In the present study, a set of 12 indicators was chosen (Table 1) to be analyzed based
on existing indicator sets, e.g., [18,19]. The most relevant economic indicators were production costs,
productivity and working delays. Production costs include all fixed and variable machine costs, as well
as personnel costs. Productivity describes the machine performance per productive machine hour, and
delays express nonproductive working times caused by mechanical, personnel or operational issues.

Table 1. Applied sustainability indicators.

No. Indicator Description Unit

1 Productivity
Rate of product output per unit of time for a
production system. A productivity ratio may
also be calculated for resources other than time.

PMH gt−1

2 Costs

Sum of production costs (fixed costs accruing
regardless of the rate of activity inclusive of
personnel costs, as well as variable costs that
vary with the quantity of production).

€ gt−1

3 Delays

Interruptions of the work process that can be
related back to the organization of the work;
commonly subdivided into the categories
mechanical (e.g., repair), personnel (e.g., rest
breaks) and operational delays (e.g.,
waiting times).

% of total working time

4 GWP

The potential of global warming is mainly
caused by the release of greenhouse gas
emissions due to anthropogenic activities such
as fossil fuel combustion, chemical processing
and transportation.

kg CO2-eq. gt−1

5 CED of fossil energy

The cumulative energy demand of fossil
energy investigates the energy use throughout
the overall life cycle, including the use of direct
and indirect consumption of energy due to the
use of materials.

MJ gt−1

6 EP

Potential eutrophication due to some
substances, calculated through the conversion
factor of phosphorous and nitrogen
compounds into phosphorous equivalents.

kg PO4-eq. gt−1

7 POPC (low NOx)

The potential of photochemical ozone creation,
also known as summer smog, contains
nitrogen oxides and volatile
organic compounds.

kg ethylene gt−1

8 AP Potential acidification due to atmospheric
deposition of sulfur and nitrogen. kg SO2-eq. gt−1

9 Employment Rate of full-time employments related to forest
operations. FTE 1000 gt−1

10 Fatal accident Fatal accidents related to forest operations. Fatalities 10−6 gt−1

11 Tree damage
Percentage of stand damage after forest
operations (excluding wounds with an
exposed surface <10 cm2).

% of total trees

12 Soil compaction The increase of bulk density was used to show
possible soil compaction.

Difference in %
(untrafficked/trafficked)

Note: PMH = productive machine hours, exclusive of delays; gt = green tonnes (fresh weight); min = minutes;
CED = cumulated energy demand; MJ = megajoules; EE = energy efficiency; GWP = global warming potential;
CO2 = carbon dioxide; EP = eutrophication potential; PO4 = phosphate; POPC = Photochemical ozone creation
potential; AP = acidification potential; SO2 = sulfur dioxide; FTE = full-time equivalent.

Concerning site impact, field measurements covered tree damage (frequency and severity), soil
compaction and biomass retention, i.e., the amount of tops and branches left on site after harvesting.
Biomass retention may offer a first indication about the potential for nutrient depletion, even when the
actual amount of nutrients left on site is not determined. Biomass retention is relatively easy to gauge
and is used here for comparing the risk for soil nutrient impact under the two treatments considered
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with this study. The basic concept is that a larger biomass retention for one of the treatments will point
at a proportionally lower risk for soil nutrient depletion compared with the other treatment. This
indicator does not define risk in absolute terms (i.e., quantity of nutrients released per ha), but only in
relative terms, which is consistent with the comparative character of the study.

Besides the well-known environmental impact category global warming potential (GWP) and
the cumulated energy demand (CED) of fossil energy, results were presented in the following
environmental impact categories: eutrophication potential (EP), acidification potential (AP) and
photochemical ozone creation potential (POPC). All of them are important categories for biomass
cultivation and distribution and are highly influenced by nitrous and carbon oxides, which are of
special interest to coastal pine plantations along the Tyrrhenian coast and generally in Central Italy,
where most of such stands are included within natural reserves, under special conservation rules (e.g.,
Parco Regionale di San Rossore, Tenuta di Castel Porziano, Parco Nazionale del Circeo).

When it comes to societal aspects, attention was focused on fatal accident and employment rate,
both of which are strongly impacted by the treatment of young stands.

2.5. Indicator Calculation

The system modelling outcome served as the basis for the comparative environmental and
social-economic analysis. The analysis of environmental impacts (GWP, EP, AP, POPC) focused on
technical aspects of the alternative operations and followed the ISO 14040 guidelines [20], which
prescribe the inclusion of indirect impacts (e.g., machinery used, material transportation; cf. [11]).
The database Ecoinvent (vs. 2.3) developed by the Swiss Centre for Life Cycle Inventories [21] was
used to determine the impacts of the different thinning operations. Thereby, specific characteristics of
the analyzed machines (weight, lifetime, duration of use) were considered. The Ecoinvent database is
implemented in the modelling software Umberto and provides emission data for numerous materials
(e.g., diesel). These emission data are then linked to the environmental categories to which they
contribute (e.g., CO2 to GWP).

In order to report the energy efficiency (EE), the CED of fossil energy was calculated, also by use
of Umberto and Ecoinvent. The EE shows how much fossil energy is required to produce one unit of
renewable energy.

Damage of trees by the harvest operations was determined by inspecting all residual trees
according to the method described by [22]. Results refer to the total amount of trees damaged and,
thus, do not relate to single operations. Wounds with an exposed surface <10 cm2 were not recorded.
Soil compaction was determined by collecting undisturbed core samples before and after harvests, as
described in detail in [23]. Samples do not refer to single operations, but to the total area.

Statistical data are neither available for the accidents occurring during the thinning of Italian
coastal pine plantations, nor for working accidents in Italian forestry in general, since the Italian work
accident statistics lump forestry and agriculture together. Therefore, it is not possible to determine
with any accuracy the number and severity of work accidents per unit product, nor to discriminate
between different forest-wood chains and mechanization levels. However, a good proxy was found in
the statistical data provided in the international scientific literature. In particular, Ref. [24] provide the
fatal accidents among professional forest workers reported in the national statistics of Austria, Finland,
Slovenia, Sweden and Switzerland. While these data do not discriminate between different forest-wood
chains (i.e., CTL- vs. WT harvesting), they can be used to discriminate between mechanized and
motor-manual operations, on the assumption that over 90% of the operations in Finland and Sweden
are fully mechanized, while operations in the other countries are motor-manual to a large extent [25].
Based on this reasoning, the number of fatalities per m3 recorded in the two Nordic countries was
converted into a per tonne figure and the result, 0.03 fatalities per million tonnes, was assumed as the
reference for mechanized operations. The fatality rate for motor-manual operations was estimated
from the mean data for Austria, Slovenia and Switzerland and amounted to 0.22 fatalities per million
green tonnes (10−6 gt).
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The effect of the alternative operations on employment rate was calculated from the productivity
data actually recorded in the study, after inflating these data for crew size and assuming 1510 h per
year as full employment of one worker unit (FTE). Machine costs referred to Euros (€) per productive
machine hour (PMH) and were calculated with the harmonized method developed within the scope of
European COST Action FP0902 [26]. Delay time was reported separately in order to calculate delay
factors [27,28], i.e., the ratio of delay time to productive working time. Data related to time input,
fuel consumption and machine productivity were determined with a time study as reported in detail
in [23] (see the Data Collection Section).

2.6. Biomass Removal and Retention

Table 2 indicates how much biomass was removed per alternative; cf. [23]. The concentration of
nutrients within different biomass components was not determined. Conversely, biomass retention
(tops and branches) was determined on twenty 1 × 1-m sample plots per treatment, using an improved
version of the protocol developed by the Australian Forest Operations Research Alliance at the
University of the Sunshine Coast [29]. Before locating the plots, the sampled area was divided in
two strata according to the residual biomass load, in order to increase the accuracy of sampling and
reduce the number of required sample plots. After that, 50 sample plots per corridor were located
systematically on the terrain, and each of them was attributed to one of the strata. From the original
50 plots, 20 plots were selected randomly for measurement, reflecting the proportion between the
strata. Then, all tops and branches on each plot were manually collected and weighed, using a portable
electronic scale, accurate to ±10 g. Since stumps were not harvested under either treatment and the
assessment was a comparative one, stump biomass was not determined.

Table 2. Biomass removal, in green tonnes (fresh weight).

Forest-Wood Chain Biomass Volume (gt ha−1)

1-MM-WT 51.0
2-MM-CTL 29.6
3-FM-WT 53.9
4-FM-CTL 33.5

Note: MM-WT = motor-manual whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting;
FM-WT = fully-mechanized whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.

2.7. Multi-Criteria Analysis

MCA is a methodology to structure a decision problem (e.g., by means of indicators) and provide
a formal model to compare a finite number of alternatives on a one-dimensional preference scale [30].
MCA has been richly taken up as a decision-support tool in forest management planning and practice
as documented in scientific literature; cf. [31,32]. As in [33], the Promethee method [34] was employed
in this application to compare four thinning operations via 12 environmental, economic and social
impact indicators. In this method, preference information is required at two levels: (i) weights of
importance for indicators; and (ii) preferences regarding when one alternative dominates another with
regard to one of the indicators (i.e., the selection and definition of preference functions). The pair-wise
comparisons of alternatives with regard to the evaluation criteria (i.e., indicators) result in a summed-up
and weighed degree of dominance of one alternative over another and a cardinal ranking of all
examined alternatives.

These two sources of preference information were modelled in an experimental way. First, we
assumed equal weights for clusters of economic, environmental and social indicators (1/3 each). This
means that in clusters with more indicators (4 economic, 6 environmental, 2 social indicators), these
have a lower relative weight because of the distributive effect, which is a feasible way to smoothen an
imbalance of representation in a decision-making problem [35]. A second arrangement, in absence
of empirical preference information, is to set the preference threshold, i.e., where strict preference of

179



Forests 2018, 9, 375

one alternative over another will be applied, for each indicator to 10% of the highest value. For all
indicators, a V-shape preference function has been applied; cf. [34].

2.8. Stand

Comparative trials were carried out in pine plantations located near Pisa, Italy, inside the Regional
Park of San Rossore, which encloses a surface of about 3000 ha and is covered in a large part by
umbrella pine plantations. This area is a typical example for the wider cohort of pine plantations
growing along the coastlines of Southern Europe, where they have been established and managed for
many centuries [3].

When the first thinning was conducted in 2002, all alternate rows had been removed, so that
spacing at the time of the second thinning was 5 × 2.5 m. In the second thinning in 2014, trials were
conducted of a 15-hectare tract, consisting of a 21-year old umbrella pine plantation. Selection of trees
to remove was left to the logger, whose main task was to create enough space around candidate trees.
Detailed information regarding site and thinning characteristics, as well as machineries is reported
in [23,36].

2.9. Data Collection and Assumptions

Fuel input was determined by refilling all machine tanks at the end of each working day and
recording the amount of fuel used during that day. This figure was divided by stopwatch hours and
prorated to each plot based on the hours actually needed to harvest it. Wood moisture content was
determined according to the European standard CEN/TS 14774-2 on the determination of moisture
content, on one 500-g chip samples per load. These samples were obtained from the reduction of larger
3 L samples collected at different places within the same load. Data about utilization and maintenance
of machines and value recovery were obtained directly from the machine owners and are described
in [23].

3. Results

3.1. Material Flow and System Productivity

Table 2 shows the amount of harvested biomass for each alternative. The volume harvested
was much lower when CTL harvesting was applied, compared with WT harvesting. Average
productivity was also lower with CTL, for the same mechanization level (0.0237–0.0165 PMH gt−1

in 2-MM-CTL and 4-FM-CTL compared to 0.0196–0.0092 PMH gt−1 in 1-MM-WT and 3-FM-WT).
Figure 1 shows the specific productivity by treatment and work phase. As reported by [23], felling and
extraction productivity were significantly different between treatments, whereas chipping productivity
was not. Mechanization allowed a dramatic increase of labor productivity. With mechanization,
felling-processing productivity increased eight times and felling-bunching productivity 20 times.
Extraction productivity increased from 6–8 times, as a result of mechanization. Shifting from CTL to
WT harvesting resulted in productivity increases between 40% and 270%, depending on the work step
and mechanization level.

The highest share of delays occurred in the chains with manual harvesting operations. In both
cases, delay time was 29.7% of the total working time compared to 11.7–14.4% in the mechanized cases
(4-FM-CTL, 3-FM-WT) (Table 3). When looking at the harvesting process only, the share of delays
was 54.0% in 1-MM-WT and 2-MM-CTL, while it was 10.0–19.0% in 4-FM-CTL and 3-FM-WT. The
resulting delay factors were 42 in 1-MM-WT and 2-MM-CTL, 17 in 3-FM-WT and 13 in 4-FM-CTL.
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Figure 1. Specific productivity by treatment and work phase. Note: MM-WT = motor-manual
whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized
whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.

3.2. Indicator Results

Relative indicator results per gt of wood chips are presented in Table 3. The sum is shown in bold
letters, and the process causing highest impacts in each chain is highlighted in italic letters.

The economic indicator production costs followed the same pattern as the system productivity:
forest-wood chains with motor-manual harvesting operations were significantly more expensive
(40.36–77.19 € gt−1 in 1-MM-WT and 2-MM-CTL) than those applying fully-mechanized harvesting
systems (9.99–19.28 € gt−1 in 3-FM-WT and 4-FM-CTL, Table 3): in 1-MM-WT, the manual felling was
responsible for 69% and in 2-MM-CTL for 52% of the production costs. In the latter case, extraction
was very time consuming and expensive (42% of costs).

When considering social indicators, the amounts of fatal accidents and FTEs were significantly
higher in manual than in mechanized systems. The rate of accidents varied between 0.2108 and 0.2168
fatalities 10−6 gt−1 (2-MM-CTL, 1-MM-WT) compared to 0.0283–0.0259 fatalities 10−6 gt−1 (4-FM-CTL,
3-FM-WT) and, thus, was 7.5–8.4 times higher in manual cases (Table 3).

The rate of FTE 1000 gt−1 was 6.4–14.7-times higher in manual cases, as well, compared to
mechanized cases: indicator results varied between 1.7659 and 0.9729 FTE 1000 gt−1 (2-MM-CTL,
1-MM-WT) vs. 0.1520 and 0.0664 FTE 1000 gt−1 (4-FM-CTL, 3-FM-WT) (Table 3).

It turned out that the percentage of tree damage also increased when shifting from FM to MM
and from CTL to WT harvesting. Between 1.5% and 15% of the residual trees presented wounds larger
than 10 cm2 (Table 3). However, the 15% figure (2-MM-CTL) could be excluded from the comparison
(cf. [23]), which results in a wounding frequency range between 1.5% and 6%.

In contrast, the other environmental indicators significantly depended on the choice of the
applied system (CTL/WT). The GWP is highly influenced by the fuel consumption. As shown
previously [23], mechanization entailed a reduction of fuel consumption between 10% and 40%.
Shifting from mechanized CTL to manual WT harvesting allowed reducing fuel consumption by
19%. Differences were statistically significant between motor-manual CTL harvesting and all other
treatments, as well as of harvesting system and mechanization level. The calculated GWP was 2.37–2.49
kg CO2-eq. gt−1 (3-FM-WT, 1-MM-WT) when WT harvesting was applied and 3.85–5.55 kg CO2-eq.
gt−1 (4-FM-CTL, 2-MM-CTL) when CTL harvesting was applied (Table 3). Potential impacts caused by
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the extraction process in 2-MM-CTL were seven-times higher compared to the best case (3-FM-WT). In
2-MM-CTL, the use of fuel and lubricants contributed 43% to this result and the machinery 57%, while
it was almost the opposite (58% and 42%) in the case of 3-FM-WT, which shows that the extraction
process was sub-optimal in 2-MM-CTL.

The CED of fossil energy (Table 3) was much lower, as well, when WT harvesting was applied.
It varied between 137.75 and 156.14 MJ gt−1 (3-FM-WT, 1-MM-WT) compared to 227.92 and 314.27
MJ gt−1 (4-FM-CTL, 2-MM-CTL). Assuming an average energy content of about 9200 MJ per tonne
(moisture content = 45%), the resulting energy ratios are respectively 66.7, 59.0, 40.4 and 20.3. In the
first named, 3-FM-WT, this means that 66.7 units of fossil energy are necessary to generate one unit of
renewable energy from biomass. The analysis of the other environmental categories EP, POPC and
AP confirmed that the CTL harvesting system led to significantly higher impacts than WT harvesting
systems (Table 3), in the manual case (2-MM-CTL) due to the low productivity in the extraction system
and in the mechanized case (4-FM-CTL) due to the high fuel consumption during the harvesting
operation. Furthermore, results showed that only CTL harvesting caused soil compaction. However,
the increase was low, ranging from 8.8–11.9% of the original value (Table 3). In 1-MM-WT, soil
compaction was indicated to be negative (−1.2%) because the machines loosened up the soil and, thus,
caused disturbance.

When looking at the total indicator results per hectare (Table 4), one needs to have in mind that a
comparable amount of trees was harvested in all cases, but a greater amount of biomass was mobilized
in 1-MM-WT and 3-FM-WT (Table 2). This may lead to changing results, e.g., in the category EP, the
lowest impacts were expected in 3-FM-WT when looking at results per gt, while the value was equal
in 3-FM-WT and 4-FM-CTL when looking at the results per ha (cf. GWP and accidents) (Table 4).

Table 3. Relative indicator results.

Indicator Unit Process 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Costs € gt−1 felling 27.70 40.40 2.76 8.99
extraction 8.72 32.50 2.69 5.90
chipping 3.94 4.29 4.55 4.39

total value 40.36 77.19 9.99 19.28

Delay % felling 54.00 54.00 19.00 10.00
extraction 28.00 28.00 10.00 10.00
chipping 17.00 17.00 17.00 17.00

total value 29.70 29.70 14.40 11.70

GWP kg CO2-eq. gt−1 felling 0.43 0.58 0.68 1.73
extraction 1.16 4.01 0.58 1.01
chipping 0.89 0.96 1.12 1.11

total value 2.49 5.55 2.37 3.85

CED of MJ gt−1 felling 29.89 39.98 34.93 100.50
fossil energy extraction 65.04 209.23 33.02 57.37

chipping 61.21 65.06 69.80 70.05
total value 156.14 314.27 137.75 227,92

EP kg PO4-eq gt−1 felling 0.0006 0.0021 0.0012 0.0031
extraction 0.0023 0.0120 0.0010 0.0017
chipping 0.0017 0.0034 0.0018 0.0018

total value 0.0046 0.0175 0.0040 0.0066

POPC kg ethylene gt−1 felling 0.0001 0.0001 0.0002 0.0005
(low NOx) extraction 0.0004 0.0010 0.0002 0.0003

chipping 0.0003 0.0007 0.0004 0.0004
total value 0.0008 0.0019 0.0008 0.0012

AP kg SO2-eq gt−1 felling 0.0038 0.0051 0.0042 0.0120
extraction 0.0091 0.0301 0.0036 0.0065
chipping 0.0079 0.0084 0.0077 0.0075

total value 0.0208 0.0437 0.0156 0.0260
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Table 3. Cont.

Indicator Unit Process 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Employment FTE 1000 gt−1 felling 0.7976 1.1634 0.0188 0.0764
extraction 0.1561 0.5817 0.0254 0.0542
chipping 0.0192 0.0209 0.0221 0.0214

total value 0.9729 1.7659 0.0664 0.1520

Fatal fatalities 10−6 gt−1 felling n.a. n.a. n.a. n.a.
accident extraction n.a. n.a. n.a. n.a.

chipping n.a. n.a. n.a. n.a.
total value 0.2168 0.2108 0.0259 0.0283

Tree damage % trees felling n.a. n.a. n.a. n.a.
extraction n.a. n.a. n.a. n.a.
chipping n.a. n.a. n.a. n.a.

total value 6.0 15.7 2.5 1.5

Soil % difference felling n.a. n.a. n.a. n.a.
compaction (untrafficked/ extraction n.a. n.a. n.a. n.a.

trafficked) chipping n.a. n.a. n.a. n.a.
total value −1.2 8.8 2.5 11.9

Note: The sum is shown in bold. The highest value in each alternative is shown in italics. The incidence
of delay time over total harvesting time is the average delay incidence recorded for each single work step,
weighted for the contribution of each work step to total harvesting time. MM-WT = motor-manual whole-tree
harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized whole-tree harvesting;
FM-CTL = fully-mechanized cut-to-length harvesting; PMH = productive machine hours; CED = cumulated
energy demand; GWP = global warming potential; CO2 = carbon dioxide; EP = eutrophication potential;
PO4 = phosphate; POPC = photochemical ozone creation potential; AP = acidification potential; SO2 = sulfur
dioxide; FTE = full-time equivalent.

Table 4. Total indicator results per hectare.

Indicator Unit 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Productivity PMH ha−1 24.01 31.45 4.60 6.84
Costs € ha−1 2058.52 2284.92 538.55 645.89
Delays % 29.70 29.70 14.40 11.70
GWP kg CO2-eq. ha−1 126.91 164.21 127.68 128.83
CED of fossil energy GJ-eq. ha−1 7.96 16.03 7.03 11.62
EP kg PO4-eq. ha−1 0.23 0.52 0.22 0.22
POPC (low NOx) kg ethylene ha−1 0.04 0.06 0.04 0.04
AP kg SO2-eq. ha−1 1.06 1.29 0.84 0.87
Employment FTE 1000 ha−1 49.62 52.27 3.58 5.09
Fatal accident fatalities 10−6 ha−1 11.06 6.24 1.40 0.95
Tree damage % trees 6.00 15.70 2.50 1.50
Soil compaction % difference −1.20 8.80 2.50 11.90

Note: MM-WT = motor-manual whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting;
FM-WT = fully-mechanized whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.
PMH = productive machine hours; CED = cumulated energy demand; GWP = global warming potential;
CO2 = carbon dioxide; EP = eutrophication potential; PO4 = phosphate; POPC = photochemical ozone creation
potential; AP = acidification potential; SO2 = sulfur dioxide; FTE = full-time equivalent.

3.3. Multi-Criteria Analysis of Harvesting Operations

The MCA of the four harvesting alternatives (Figures 2 and 3) was based on per hectare results
for the 12 indicators (Table 1).

The overall ranking results of the four alternative thinning operations showed a robust preference
for both FM alternatives (Figure 2). The difference in the overall preference value ϕ between FM-WT
(0.3612) and FM-CLT (0.2887) was relatively small, while MM alternatives showed both negative
overall preference values with MM-CLT (−0.5156) having a much larger preference than MM-WT
(−0.1343) (Figure 2).
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MM-WT: -0.1243

FM-CTL:0.2887

FM-WT: 0.3612

Figure 2. Ranking results of the multi-criteria analysis. Overall ranking of four alternative thinning
operations. Phi (ϕ) indicates the degree of dominance of one alternative over another. Equal weights for
the economic, environmental and social indicator cluster. Note: MM-WT = motor-manual whole-tree
harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized whole-tree
harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.
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Figure 3. Preference results of the multi-criteria analysis. Preferences (Phi-values) for the four
alternative thinning operations over all impact indicators. Note: MM-WT = motor-manual whole-tree
harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized whole-tree
harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.
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A deeper look into the action profiles of the alternatives, i.e., their performance in each indicator,
reveals the reasons for the overall ranking (Figure 3). It shows that FM alternatives consequently
have positive net flows apart from employment, while MM-CTL is not competitive in eight out of
12 indicators.

Pre-empting a full sensitivity analysis, the examination of stability intervals unravels the
sensitivity of the ranking of alternatives to changing indicator weights. This analysis shows
only increased weights for indicators ‘tree damage’ (weight > 21.69%), ‘GWP’ (weight > 79.52%),
‘soil compaction’ (weight > 22.02%), ‘fatal accidents’ (weight > 34.24%) and ‘employment’
(weight > 37.24%), while maintaining the initial weight relations in other indicators could change
the overall ranking results.

4. Discussion

A major challenge of forest management is to consider the consequences of different management
strategies and to estimate the financial, environmental and social performance of each individual
option before an action is carried out. It is important to consider different pillars of sustainability
and to link environmental impacts to socio-economic activities in order to guide decision-makers in
their actions and to ensure that the impacts of their decisions are measured. With that in mind, we
carried out an SIA for felling, processing and extraction of four alternative thinning operations in
Mediterranean softwood plantations. The system boundaries included all steps necessary for turning
standing trees in the forest into whole-tree chips loaded on trucks and ready for delivery to the mill.

Twelve indicators were considered to be important and feasible with regard to data collection.
Input data were gathered mainly from field studies and in the case of fatal accidents from statistics.
Respective indicator values were calculated by the use of different tools, e.g., potential environmental
impacts of exhaust gases under the use of the Ecoinvent database and Umberto, a tool for life cycle
assessments. Previous studies have shown that the use of several indicators and the combination of
different methods to calculate indicator values lead to a strong analytical power for embracing financial,
technological, environmental and other aspects of a production system, e.g., [37]. In particular, the
feature of Umberto to include ‘own’ indicators and data, as well as data from the database Ecoinvent
turned out to be efficient and productive. However, although a significant effort was made to collect
realistic input data, there were some limitations, e.g., in the accuracy of the indicators, as results reflect
average cost and emission values only or in the generalization of the results, as soil compaction for
example is highly complex. Furthermore, system boundaries need to be considered when interpreting
results. For instance, the transport of personnel and equipment to the work site was not included
in our study, which would be a weak point if this were of major importance. There are numerous
variables influencing the overall sustainability of a product, a process or a system, and the challenge is
to find the most important ones in a specific case.

Furthermore, it is well known that WT harvesting leads to a higher removal of biomass (cf. Table 2)
and, thus, of nutrients [38], because branches and foliage account for a significant proportion of the
total nutrients bound in trees. However, it is still uncertain whether the lower biomass retention after
WT harvesting actually has any visible effects on forest growth, stability or diversity. Kaarakk et
al. [39] assessed the effects of WT harvesting and conventional stem-only harvesting and found out
that 10 years after the final harvest, repeated WT harvesting had a decreasing effect on total carbon
and nitrogen pools in the combined organic and mineral soil layer. In another study [40], the effects of
WT harvesting (needles left on site) and conventional stem-only harvesting were compared 30 years
after clear-cutting of Norway spruces, and any significant treatment effects with regard to the amount
of organic matter, the amounts of nutrients in the forest floor or the concentrations of foliar nutrients
were found. In [41], the impacts of WT harvesting were distinguished according to the harvesting
intensity (thinning, clear-cutting). The authors figured out that negative effects of WT harvesting were
lower in thinning than in clear-cutting operations [41]. In [42], soil carbon and nitrogen contents were
determined over a period of 15–16 years after clear-cutting of conifers in Sweden, and any conclusive
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evidence was obtained about a general effect of harvest intensity on soil carbon or nitrogen pools,
but only site-specific impacts. To conclude, the long-term impacts of intensified forest harvesting on
nutrient losses are not clear (cf. [43]), and it is most likely that regional site interactions influence the
overall effect of increased removal [42,43]. As we did not determine the concentration of nutrients
within the different biomass components, we can state from our results only that seven-times more
residue biomass (34 vs. 4.3 t ha−1) was retained with CTL harvesting compared to WT harvesting.

The results have shown that highest productivities were reached in FM harvesting operations.
Shifting from CTL to WT harvesting systems resulted in further productivity increases (Figure 1).
The resulting monetary cost of felling, processing and extraction varied between 10 and 77 € gt−1

(Table 3) (=̂ 19–147 € per oven dry tonne). Forest-wood chains with motor-manual harvesting
operations were significantly more expensive (40–77 € gt−1 in 1-MM-WT and 2-MM-CTL, Table 3)
than those applying fully-mechanized harvesting systems (10–19 € gt−1 in 3-FM-WT and 4-FM-CTL,
Table 3). In addition, the highest share of delays occurred in the manual cases, in particular in the
felling processes (Tables 3 and 4). However, not only the level of mechanization, but also the applied
harvesting system had a significant effect on the costs, as well as on the productivity: it decreased
with increasing level of mechanization and when shifting from CTL to WT harvesting. Other studies
comparing WT and CTL harvesting confirm the better performance of forest-wood chains applying
WT harvesting, e.g., [44,45].

In contrast, environmental indicator values (CED, GWP, EP, POPC, AP) depended on the
applied harvesting system and were much better when WT harvesting was applied compared to
CTL harvesting. This can be explained due mainly to the productivity: in 4-FM-CTL, the felling
process was four-times less productive than in 3-FM-WT, and in 2-MM-CTL, the extraction process
was 3.7-times less productive and, thus, more fuel consuming than in 1-MM-WT (Table 3). As stated
above, the use of a forestry trailer would have been more appropriate. As potential environmental
impacts strongly depend on exhaust gases and the use of machineries, an increase in productivity
would result in lower impacts at the same time.

With regard to soil compaction, it should be noted that only the CTL treatments caused a
compaction. However, such an increase was very low, ranging from 8.8–11.9% of the original value.
The density increase recorded for the mechanized CTL treatment was significantly higher than for the
manual CTL treatment. As soil compaction is highly complex and a very recent research topic [46–50],
further analysis should be conducted if this indicator is of crucial importance.

The rate of FTE 1000 gt−1 was 9.8–14.6-times higher in the manual cases (Table 4). However,
one should have in mind that it is increasingly difficult to find skilled labor in many regions. A very
important argument to further support the process of mechanization in felling operations is that many
fatal accidents occur during manual felling operations [51], as also shown in this study. Therefore,
replacing manual with mechanized felling is likely to result in a reduction of accident frequency
and severity.

Based on the indicator results, an MCA was carried out. In general, an MCA provides a proven
suite of methods for sustainability evaluation in the context of forest management [31,52–55]. In
particular, its use in SIA of forest-wood chains has been demonstrated previously [33,56,57]. MCA
strives at contributing a cumulative assessment of alternative options that combines all indicator
performances into one common preference ranking. Having in mind that the total surface occupied by
homogeneous pine stands is estimated at about 25% of the total forest area of the Mediterranean basin
(=ca. 13 million ha), indicator results per hectare (Table 4) were quite impressive, such that the MCA is
a very useful method to support the comparison of given alternatives, because associated impacts were
huge and conflicting in some cases (e.g., 3-FM-WT and 2-MM-CTL). To give one example: managing
“just” the 13,800-ha umbrella pine plantations in Italy with the thinning system presented in 3-FM-WT
would result in overall production costs of 7.4 million €. In contrast, managing them with 2-MM-CTL
would cost 31.5 million €.
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The MCA results in the current application showed very robust preferences for the FM harvesting
operations, while the difference between FM-WT and FM-CLT was rather small (<0.1 of total preference
value ϕ). This indicates that a final selection of the most appropriate option cannot be generalized, but
has to be scrutinized in more detail in a specific decision-making context. It is remarkable that MM-CLT
is by far the least preferred option, since it has the highest negative preference values in eight out of
12 indicators. MM-WT might be a compromise solution, if entrepreneurial limitations (e.g., investment
capital for mechanization, skills and workforce) are a major obstacle to pursue FM options. MCA has
been used is an exploratory way, i.e., no real indicator weights by decision-makers or stakeholders
were used. While this renders the MCA application incomplete to a certain extent, the sensitivity
analysis is to give insights into the impact of changing weights. In this respect, the analysis of stability
intervals shows very robust rankings, unless indicator weights for five of the indicators are increased
beyond 100% of what has been assumed for the preference modelling. Even if a decision maker would
state such preferences in a specific decision-making situation, such an unbalanced weighting scheme
might compromise the underlying assumptions of a well-balanced concept of all sustainability aspects
within the current understanding of sustainable forest management.

5. Conclusions

An SIA was conducted for typical forest-wood chain alternatives that can be applied to the
thinning of pine plantations, which are widespread in the Mediterranean region. Four technical
choices derived from the intersection of the two harvesting systems and two levels of them were
analyzed with regard to 12 indicators considering economic, environmental and social aspects.

The results offered quantitative support to the assessments made by field experts, namely that
mechanized harvesting operations should be preferred unless there are entrepreneurial limitations to
pursue mechanized options and that motor-manual harvesting with a cut-to-length system is by far
the least preferred option, due mainly to the time-extraction process by the forestry-fitted farm tractor.
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MM motor-manual
FM fully-mechanized
WT whole-tree
CTL cut-to-length
SIA sustainability impact assessment
MCA multi-criteria analysis
PMH productive machine hours, exclusive of delays
gt green tonne (fresh weight)
CED cumulated energy demand
MJ megajoules
EE energy efficiency
GWP global warming potential
CO2 carbon dioxide
EP eutrophication potential
PO4 phosphate
POPC photochemical ozone creation potential
AP acidification potential
SO2 sulfur dioxide
FTE full-time equivalent
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Abstract: More than a third of Romania’s surface has low-productive soils, at the same time exposed
to risks of climatic phenomena and generating high economic loss. Afforestation with pine has been
the most common solution for the recovery of sheet erosion. Many of the pines grown on such
land have run down. This paper presents the results of the first dendroecological investigation of
degraded lands in Romania, 80 years after the first ecological reconstruction. In this way, the effects
of reconstruction were assessed, supporting the adoption of future solutions for the improvement
and efficiency of recovered ecosystems. Reconstructed radial growth was set against rainfall, air
temperature, and management history. A total of 330 black pine and Scots pine trees (Pinus sylvestris
L. and Pinus nigra Arn.) of different ages and social positions from 11 stands of different densities
were cored for retrospective tree-ring analysis. Scots pine has made better use of these sites, with a
better growth rate than black pine especially in plantations with lower survival and on dominant
trees. The dynamics of radial growth distinguish the two pine species, with Scots pine showing an
accentuated juvenile growth spurt and bigger growth range. The growth decline is predominantly a
maturation effect that begins when the tree is around 40 years old and seems to be irreversible. After
this age, weak or moderated removal is not enough to revive growth. The contribution of climate (air
temperature and rainfall) to the last radial increments in decline is 3–57% and is higher than in the
previous decades. On moderately degraded land by farming and grazing, the mixture of Scots pine
and black pine, rather than monocultures, proved to be a sustainable solution. Dendrochronological
surveying of restored ecosystems allows development of management strategies, which becomes
critically important in the circumstances of climate warming.

Keywords: afforestation; bad lands; black pine; climate change; dendroecology; growth decline;
plantations; Scots pine

1. Introduction

The large ecological amplitude of pine species [1–4], supported by their geographical
distribution [5] and their ability to capitalize lands unsuited to forest vegetation through superior
production [6–8], have been long been acknowledged [9]. These characteristics have favored the use of
pines as species for afforestation or reforestation of naturally or anthropically degraded fields [10–15].
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The diversity of climate, geological substratum, relief, and vegetal cover and their interactions,
as well as the effects of the anthropogenic factor, make the natural environment in Romania vulnerable
to geomorphologic, hydrologic, and climatic risks [16,17]. The recent national inventory indicates
8.34 million ha of degraded or unproductive land, affected especially by pluvial erosion [18], which
amounts to 35% of the country’s surface and nearly half of the agricultural land. By 2008, 0.3 million ha
of degraded land was reforested, mostly with pine species [18]. Between 4000 and 10,000 seedlings per
hectare were used for reforestation, depending on the erosion harshness, densities considerably higher
than usual [15]. The postwar ecological reconstruction fulfilled its purpose, managing to eradicate the
erosion areas 5–15 years after the afforestation [19].

Using pine in the recovery of degraded land is limited to sheet erosion [10]. The black pine proved
to have sustained high growth even on highly eroded lands [20]. Pines can offer good protection of
the land and good yields: 3–8 m3 yearly per hectare in forest steppe, 5–10 m3 yearly per hectare in
hill mixed hardwood area, 5–8.5 m3 yearly per hectare in oaks and beech area, and 7–12 m3 yearly
per hectare in Norway spruce area, at the age of 30 years and on moderately pluvial eroded land [20].
On rock outcrops, the yields are inconspicuous. On heavy soils, the volume of black pine growth is
up to 15% less than on coarse-textured soils [10]. Mixes of pines with broad-leaved trees (wild cherry,
ash, maple) are the most productive. The yields of Scots pine are superior to those of black pine on
degraded fields in the same site [10]. Twenty-five years marks the maximum growth in height of Scots
pines on degraded fields that were afforested during the last century [21]. In Romanian natural stands
of Scots pine, 50 years is the age of maximum growth of the basal area [22], while black pine crops
from the USA accelerate their growth just after this age [23]. The soil’s pluvial erosion intensity does
not influence the growth of Scots pines in the first 5–10 years [10].

Pines are particularly receptive to annual climate fluctuations [24–27]. In natural stands,
for example, the sensitivity of Scots pine to rainfall is above that of Norway spruce and firs [22]. The
dry sites accentuate the sensitivity of the trees’ growth structure to fluctuations of the environment [28]
and their tolerance to drought [29]. However, the pines’ tolerance to the stress caused by drought is
limited [26]. The limits have become more visible in the last decades through massive and repeated
death occasioned by severe droughts [30,31], requiring care in choosing pines [32] and avoiding
planting them in forest steppe [20].

However, diagnosing the trees’ growth decay is difficult. Dryness, soil scarcity, nutrient deficiency
in soil, excessive plantation density, and the biotic stressors incite a decrease in growth [33–37].
Growth depression may also be the symptom of tree maturation [38–40], as a growth increase can be a
consequence of not only favorable climatic circumstances, but also a decrease in competition through
logging, for example [41–44]. Pollution and fires can have a long-lasting and stimulating effect on
the growth of Scots pines [45] respectively of black pine [46]. The contribution of genotype to the
radial growth of the Scots pine is low, at least in the first 30 years, allowing for a stronger influence of
ontogenetic factors (related to age or resource availability) [47].

Decreasing wood bioaccumulation is also a symptom of tree vitality decline [48]. Consequently,
on degraded lands, the survival rate of pines will be lower [11]. Their fragility [49] and low
biodiversity [50], as well as the subsequent natural colonization by rustic deciduous trees [51], make
pine stands rather temporary solutions [52,53]. After 15–20 years, Scots pine plantations also show
reduced density as a result of wind and snow breaking or tearing down the trees [51]. Almost a third
of the pine forests on Romanian degraded lands require urgent improvement, promoting deciduous
trees as the main species [54].

No dendroecology research has been carried out so far on reforested degraded lands in Romania.
Established plantations have been followed for their survival, yield, competition, and health [55].
There has been no species-specific inquiry on radial growth dynamics, especially under different
conditions of soil, climate, and vegetation imposed on pine plantations [20]. Increasingly, climatic
extremes, deepening of land torrentiality [56], aridity of lands around the steppe, and dieback of pine
plantations are a continuing challenge for forest management in choosing sustainable solutions for
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afforestation [57]. The degradation of plantations through the decline of the tree layer can reactivate
erosion processes [58]. Surveillance of plantations with dendroecological methods allows us to predict
and check the effects of various solutions for the ecological reconstruction of degraded lands.

This study was conducted in one of the most pluvial erosive areas of Romania [59]. We sought to
delineate the dynamic behavior of pines (Scots pine and black pine) by means of growth ring time series,
queried in relation to rainfall, air temperature, stand density, tree age and social position, and logging.
The following hypotheses will be verified: (a) growth behavior is different between the two pines due
to higher tolerance of black pine to drought and heavy soil, especially on degraded land [10,60–63];
(b) growth decline is climatically triggered by drought and warming [64]; and (c) human disturbance
may have a highly xylogenetic contribution similar to that of the climate, by growth revival due to
reduced competition following logging [65].

2. Materials and Methods

2.1. Erosion Background

The research was done in the Curvature Carpathians (Figure 1), the second greatest erosion area
in Romania [16].

Figure 1. (a) Geographical location of the study area in the Carpathians area (South-eastern Europe);
(b) Map of the sample plots area (the yellow dots mark the sampled stands); (c) A pine plantation on a
Buzau’ badland.

The dynamics of the erosion process are so active that it has led to elimination of large areas
from agriculture, called Buzau badlands [59]. The erosivity of the pelitic formation in the clay-marl
substratum explains the pluviodenudation in the hollows [66].

The sites have a mostly moderate temperate continental climate. The amount of precipitation
(665 mm·year−1 at 420 m altitude) is exceeded by evapotranspiration (695 mm·year−1) [67], so there is
a water deficit over the entire vegetation season, totaling 173–195 days. These data confirm the relative
aridity of the eroded slopes. Heavy rains are very aggressive: high intensity (1.35 mm·min−1 at 420 m
altitude) and runoff [68].
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Before afforestation, the sites were intensively exploited for agriculture and grazing, which led to
the loss of productive capacity and protective functions. The soil-limiting factors for tree growth are
shallow depth, weak trophicity, and damage to bioactive horizons.

2.2. Study Stands

The plantations discussed were established between 1935 and 1992 using native seedlings (Pinus
sylvestris var. romanica Svoboda and Pinus nigra var. austriaca (Höss) Novak), with barren roots,
3 years old, planted at 2 × 1 m spacing, in 30 × 30 × 30 cm holes. All plantations started with
5000 trees per hectare, to achieve the stand closure by the age of 10 [20]. Slopes over 40◦ were
terraced and reinforced with vegetation (especially sea-buckthorn stems, branches, and suckers).
Along monocultures, mixtures of hardwoods were also planted. The plantations were followed yearly
until they reached canopy closure, which occurred at 8–15 years. Where necessary, gap-filling from
the same species was done. In the first decade, there were annual cleanings. After 25 years, some
plantations were thinned only once, which led to 2–21% removal from the total volume (Table 1).

Table 1. Description of study plots.

Features
Site Plot

RATE SATU CAN1 DILM CAN2 NIF1 NIF2 PINU BRAS CAN3 CAN4

Altitude (m a.s.l.) 300 295 370 700 325 305 320 665 505 325 340

Exposition W NW N SE W N N W N NW W

Slope (◦) 15 25 21 20 40 10 10 18 25 40 30

Soil substratum marl marl marl
chalky
sand
stone

marl clayey
marl marl sands loess marl marl

Soil type * Cmeu Cmeu Cmeu Cmeu-li Cmeu Cmeu Cmeu Cmeu-ll Cmeu Cmeu Cmeu

Soil physiological thickness
(cm) 42 46 48 32 45 45 54 50 47 47 48

Nitrogen in horizon A (%) 0.28 0.26 0.22 0.18 0.30 0.47 0.36 0.20 0.15 0.21 0.14

Carbon in horizon A (%) 2.95 3.76 2.05 2.37 3.52 7.03 5.08 2.78 1.80 3.21 1.63

Base saturation (%) 57.36 55.76 56.76 53.92 58.53 39.22 53.65 54.07 54.68 58.85 56.95

Cation exchange capacity in
horizon A (0.01 meq g−1) 16.98 17.36 18.13 16.95 17.17 23.15 16.17 16.72 16.68 17.23 17.33

The year of plantation
establishment 1992 1962 1962 1957 1952 1948 1935 1935 1947 1937 1937

Stand composition (%) ** 90BP
10HD 100BP

70SP
20BP
10HD

100SP
70BP
20SP

10HD

90SP
10HD 100BP 90SP

10BP
70SP
30BP

80BP
20SP 100BP

Stand density (trees·ha−1) 1840 1680 1520 740 1100 1160 1080 680 1280 640 780

The management of plantations

Stand age at intervention - 31 32 39 43 25 - - 42 59 59

Harvest intensity
(% of removal) - 3.2 3.8 2.2 7.0 6.4 - - 21.1 1.5 3.2

* Cmeu: Eutric Cambisols; Cmeu-li: Leptic-eutric Cambisols; Cmeu-ll: Lamellic Cambisols. ** SP–Scots pine,
BP–Black pine, HD–miscellaneous hardwoods [69].

Erosion was stopped in all the sampled sites. The main type of soils in this area is cambisoil,
which makes up 48% of the total forestry soils in Romania [70] and whose features depend on the
geomorphological units [71]. In the current state of site recovery, cambisoil exhibits lower volume,
slight acidification of the mineral horizons, sandy-loamy texture in the mineral horizon A, and higher
content of sand and humus. These are medium-deep soils (physiological thickness 45.8 ± 1.7 cm),
poorly stony (the content of rock material 1–9%), high organic carbon (180–210 t/ha [72]), and medium
supply of water and nitrogen available to the woody plants (0.25 ± 0.1% in the A horizon). The organic
horizon is unbroken only in plantations older than 75 years [73].
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2.3. Sampling Design and Data Compilation

Before sampling, we screened the degraded land areas afforested with pines in order to cover all
the recovery levels of the local sites. Forty plots of 20 × 25 m2 were established in the chosen sites,
where we performed full inventories. For cross-dating, a master chronology was also used, from a
108 years old black pine stand grown in sites favorable for pine vegetation, at an altitude of 790–815 m.

The core sampling was drawn from 11 stands, mostly older than 40 years, which facilitated
analysis of the long-term growth trend. For comparison, a younger stand was also chosen (Table 1).
One sample 5 mm thick was taken from each tree, in the uphill breast height, with an increment borer.
We opted for a single drilling direction, following a preliminary study in the CAN4 plot, where it was
found that the differences in ring width between breast height radii were not statistically significant
(F = 0.482, p = 0.70). A total of 30 trees in each plot were cored. Each tree was classified according to its
top social position (in the Kraft classification), which became the KP variable. KP is a discrete variable
with the following values: 1: dominant; 2: codominant; 3: subdominant; 4: suppressed; 5: dying [74].

The climatic data for the dendroecological study came from weather stations in Buzau (45◦09′ N,
26◦49′ E, 102 m a.s.l.) and Pătârlagele (45◦19′ N, 25◦91′ E, 390 m a.s.l.) in the research area. The
continuous climatic time series have a length of 53 years (1961–2013).

2.4. Dendroecological Study

After seasoning, the samples were glued to wooden frames and sanded at a 60–240×
granulation [75]. They were then scanned at 1200 dpi resolution using the WinDENDRO Density 2006c
device from Régent Instruments [76]. We obtained raw time series for the 5 variables of the annual
rings: annual ring width (RW), earlywood width (EW), latewood width (LW), and the corresponding
proportions of earlywood (EP) and latewood (LP). For each individual series of RW, we subsequently
calculated the range values, designated by the variable ring width range (RWR).

For cross-dating, which was also performed on the WinDENDRO, we used a reference series
from the control stand. We kept the growth series with the Gleichläufigkeit nonparametric correlation
coefficient with the control series [77] over 0.65.

The series of individuals from the same plot were averaged. At the far end, the average series was
truncated at the depth of at least 3 trees [78]. The average series was converted by standardization in
series of indices, performed again on WinDENDRO, where the smoothing filter was the spline curve
and for which the value of −4 of the Lagrange parameter was chosen [79]. The signal thus extracted
(a series of indices) was verified against the climate through the nonparametric test of signs [80].
Age-related and stand dynamics effects were quantified as the difference between the raw series and
the standardized series of RW.

In order to identify the events from the average series of RW and the standardized indices, we
calculated the moving growth change rates using a 4-year moving window, adapted from [81] and [82]:

GCi =

i+3
∑
i

Xi −
i−1
∑

i−4
Xi

i−1
∑

i−4
Xi

× 100(%) (1)

where i is the current calendar year and Xi is the RW value of year i (from the raw series) or the
value corresponding to the signal (standardized series) or the value of the noise series (the difference
between the previous series). Consequently, three types of growth change rate were used. Change
rates of radial growth (GC_RW) denote the level of the periodic changes in the annual ring width from
the breast height. Change rates of standardized indices (GC_D) indicate the level of fluctuation in the
signal. GC_N indicate the level of fluctuation in the noise series.

In order to separate the contribution of the climate from the logging effects, we similarly calculated
the change rates for temperature and precipitation (TC and RC, respectively). TC expresses the relative
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change in average temperature from four consecutive calendar years after the current year as compared
to the 4 previous years. The relationship of these climatic indices with the growth change rates was
verified by nonparametric correlation.

For the diagnosis of the recent trees’ vitality, we extracted the last 10 years from the growth time
series [83], thus we obtained the average width of the last 10 years of the series (10 RW variable).

2.5. Statistical Analyses

To recognize the influences on growth, we chose a multifactorial design, wherein the dependents
were the tree ring variables, the fixed factors were the species of trees and their social position, the
covariates were the age of the trees and the current stand density, and the tree was random. To avoid
age-related bias in the growth series, we chose analysis of covariance and partial correlation. Thus, to
assess the involvement of species and social position in tree growth, independent of their age and of
the density of plantation, analysis of variance was replaced by analysis of covariance (ANCOVA) [84].
The variables were previously checked to avoid multicollinearity. In ANCOVA, the tree species and
social position were designated as categorically independent variables, the annual growth (RW, RWR,
10R, LP) as dependent, and the age of the trees and density of the stands as covariates. Similarly, in
order to remove the age share in the relationship of stand density with tree growth, partial correlations
were chosen. To measure the strength of the relationship between climate variables (as predictors)
and growth (as dependent variables), multiple correlation was used. Time series synchronization was
checked with cross correlation function [85]. Statistical data processing was carried out in Statistica 8.0.

3. Results

3.1. Differences in Tree Growth between the Two Pine Species

RW ranges from 0.026 to 21.11 mm·year−1. At the breast height, the RW reaches its peak in the
first 13 years, especially around the age of 7. RW together with LP allow the partition of radial growth
into 5–18 juvenile wood rings, followed by a transition to mature wood, which can extend up to the
age of 36. The differences between the sampled sites with regards to radial growth occur from the age
of 11 years. Starting the age of 40, when all the trees are stucturally mature, the RW stabilizes around
an average of 1.1 mm. The width of the annual rings in the last decade of trees growth is 50–80% of the
average value over the entire series. In what concern the dominated trees over 40 years old, the width
of the rings of the last decade did not reach 20% of the average value per series. Tree age, stand density,
and tree social position are factors that influence RW size (Table 2). The contribution of species to
growth differences between the trees seems to be small. At the same age, Scots pine grows on average
0.1–0.35 mm·year−1 faster than black pine. There are no differences between the two pine species with
regards to the age when the annual rings become mature (χ2 = 0.018, p = 0.89, df = 1). Even though the
radial growth is fairly similar for the two pines, Scots pine shows larger spreading of its annual values
(higher values by about 1 mm of RWR). The radial growth from the last decade, which is placed in the
decline, also does not distinguish between the two species.
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Table 2. Analysis of covariance (ANCOVA) of the growth structural traits.

Dependent
Variables

Median
Total Variance
between Rings

Predictors (Fixed Effects)

Tree Age
Stand

Density

Specie Tree Social Position

Covariates

Tree Age
Stand

Density
Tree Age

Stand
Density

p Values from F Test

Annual ring
width, mm 1.50 2.65 <0.01 <0.001 0.04 0.04 <0.001 <0.001

Annual range of
ring width, mm 6.61 3.78 0.30 <0.001 <0.01 <0.01 0.05 0.08

Annual average of
the last 10 years
ring width, mm

0.97 0.34 <0.01 <0.001 0.53 0.57 <0.001 <0.001

The differences between species is increased for Scots pine, into more sparse stands (Figure 2).

Figure 2. Specie x tree age x stand density interaction in pines radial growth at breast height (the
asterisks mark significant differences (p < 0.05)).

The hierarchical tree position (KP) is an even more important source of annual growth variation.
The understories (KP = 4 and 5) emphasize the differences between the two species of pine (Figure 3).

In older plantations, radial growth had a faster start in the Scots pine than in the black pine
(Figure 4). Faster growth is supported longer by Scots pine, but a decline in growth usually occurs
simultaneously after 39 years. The averages of RW were recorded simultaneously for the two pines
without being influenced by the current stand density.
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Figure 3. Distinguishing between social classes stand in terms of radial growth (1: dominant; 2:
codominant; 3: subdominant; 4: suppressed; 5: dying. Stars mark significant differences: p < 0.001).

Figure 4. Ring width dynamic: comparisons between the black pine and the Scots pine for
densities level.
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In Table 3 we presented the density of the tree stands whose growth depression is in fact
irreversible. The mixtures of black pine and Scots pine, rather than pure tree stands, survived better on
degraded land.

Table 3. The current density of plantations with the age of more than 40 years.

Stand Composition No of Trees·ha−1 (Mean ± Standard Deviation)

Scots pine stands 1193 ± 228
Black pine stands 1109 ± 468

Pine mixtures 1364 ± 344

3.2. Climate Share in Radial Growth

Multiple correlations of detrended growth change rate with climate change rate (rainfall together
with air temperature act to separate the climate share from radial tree growth (Figure 5). We started
from the assumption that any change in temperature and precipitation (shown by RC and TC) would
cause a corresponding shift in growth (reflected by the GC from the signal). The hypothesis was
verified in the sequence of recent and very narrow rings (with an average RW per plot <1 mm).

Figure 5. Verifying the growth response to the climate.

The multiple correlation coefficients, varying from one plot to another, between 0.175 and 0.757,
show a sound affinity of the growth regime to the climate regime. Therefore, the contribution of
climatic range to the latest narrow ring widths can be 57% at most. The differences among plots
originate from the time lags between them. Improving correlation coefficients with temperature
x precipitation in the growth suppression phase (Figure 5) argues that the climate maintains and
accentuates the decline. The local climate trend over the past 50 years shows a warming of 0.24 ◦C
per decade (R2 = 0.26; p < 0.001)), more pronounced since 1994. The precipitations have suffered an
insignificant decrease by 0.3 mm·year−1 (R2 = 0.002, p = 0.77), being more consistent in the dry decade
1981–1990. By consequence, in the researched area, we cannot talk about the climate becoming arid
which means that the decline of growth is not an argument for this.

Growth response to rainfall varies from one plot to another (Figure 6). The drought from the ninth
decade of the last century did not seem to have any influence on the RW oscillations. An improvement
in the water supply in 1998 was not able to revive the trees’ growth. Crosscorrelations in time series
analysis indicate a growth rate delay of 1–3 years versus rainfall change rate. It has been noted that the
site with highest delay in growth as a response to rainfall (lag = 3 years) is distinguished by the highest
carbon content and the lowest base saturation in the top soil layer. The correlation between growth
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change rate and temperature change rate is poor (simple nonparametric correlation coefficients which
in the modulus do not exceed 0.198) and not significant (p > 0.19).

Figure 6. The dynamic of the change rates of detrended ring width, temperatures, and rainfall in the
examined sample plots.
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3.3. Logging Effects

Only logging from the BRAS and CAN3 stands seemed to stimulate radial growth (Table 4).
In order to customize the logging effects, the nonclimatic noise series of radial growth was employed.

By comparing the GC values with the multiannual climatic regime, we noticed several aspects.
The increased growth following the relative powerful thinning in the BRAS plot (GC = 294%) could
have been caused, to some extent, by rainfall (RC = 10.5%). Indeed, the amount in the year prior to
the intervention exceeded the multiannual average by 84.4 mm and was reached especially in May
and June. In the following years, it oscillated a great deal, from 818.5 mm in 1991 to 461.7 mm in 1992.
After 1989, the year of the intervention, the temperature increased again until 1994.

In order to delimit the contribution of climatic factors, we verified the multiple correlations
between the detrended growth series and the temperature along with precipitation. For the eight-year
sequence around the intervention, multiple R (0.774) shows a contribution to RW of up to 55.4% from
temperature and rainfall from the period following the intervention. The sudden increase of GC_N
was prepared in the previous year, when it became positive (Figure 7). Consequently, the revival of
growth after 1989 in the BRAS plot was arranged by rainfall, but was actually allowed by thinning.
The increase rate lasted only nine years, with GC subsequently returning to negative values.

Figure 7. The variation of the growth change rate in the residual series of the ring width on the plot
intensively managed.

The moderated logging on CAN2 seems to have had no bearing on growth (Table 4), despite the
climatic incitement. The logging effects from the NIF1 plot on growth (Table 4) seem to be neutralized
by temporary dryness. Actually, the RC value was on account of the low amount of rainfall during the
year of logging, the surrounding seasons being normally supplied with water.

Table 4. The logging effects on the radial growth of trees.

The Managed
Plots

The Growth Changes after the Intervention

Change Rate of
Undetrended Ring

Width (%)

Change Rate of
Residual Serie of
Ring Width (%)

Change Rate of
Air Temperature

(%)

Change Rate of
Rainfall (%)

BRAS +18.93 +294.23 −9.60 +10.46
CAN1 −7.03 −25.61 −0.90 +4.51
CAN2 −2.69 −15.98 +3.49 +10.16
CAN3 +16.47 7.72 +2.46 +23.56
CAN4 +2.37 +86.64 +2.46 +23.56
DILM −12.18 −18.86 +2.46 +23.56
NIF1 −30.62 −36.74 +2.43 −21.63
SATU −17.36 −26.65 +3.00 +8.49
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4. Discussion

In the present study, the retrospective analysis of time series of the radial increments allowed
the reconstruction of the behavior of pines planted on pluvial eroded land, at 80 years after the first
afforestation. We have identified the sources of variation of the radial growth size, among which the
age, the species and the fluctuations of rainfall, together with the temperature, have the greatest impact.
The radial growth trends were analyzed in relation to the particular soil conditions. We diagnosed,
at the same time, the effect of tending operations (cleanings and thinnings) on the rate of growth in
relation to their intensity and climatic context.

Despite the adequate fitting and the relevant contribution of this research, we speculate that
these multifactorial models could get more resolution with dendroecological data using individual
tree models based on other studies [40]. For a better estimate of radial growth, the model should be
strengthened with other variables related to vegetation, such as competition indices, spatial distribution
indices, trees quality and health [86–92]. These should be tracked in dynamics, which extends research
over time. The model could be improved with other climate variables as fixed effects, such as sunshine
hours, soil temperature, relative air humidity, vapour pressure deficiency, as well rainfall and air
temperature extremes [93,94].

4.1. Scots Pine vs. Black Pine in Terms of Radial Growth and Survival

The size and the dynamics of tree growth are specie, genotype and age specific. In previous studies,
growth rate differences have been reported between the two pine species, which are usually in favor
of the black pine (on carbonate soils [95], on rendzinic leptosols [96], on deep soils on limestone [97],
on the sunny slopes and on superficial soils in steppe [10], and in the tree nursery [98]), sometimes in
favor of the Scots pine (on degraded land in the dry areas [99]). In the natural tree stands vulnerable
to fires from the Dinaric Alps [100], as well on the well sunny slopes or on superficial soils in the
Carpathians [51], the differences of growth between the two pin species are insignificant. In the present
study, the differences in growth between the two species became perceptible only after stratification
of the values according to the social positioning of the trees and the actual density of the plantations
(Table 2, Figures 2 and 3).

If we take as starting point the assumption of physiological similarities of pine species, especially
the photosynthetic ones, then the differences between black pine and Scots pine in terms of net
production are due to a different level of climatic sensitivities [101]. Out the investigations we
carried so far, it has been demonstrated that black pine is more resistant to drought [97]. The Scots
pine is more sensitive to heat and drought [102], even after irrigation [103], due to the more drastic
limitation of photosynthesis and transpiration, in the soil water deficit [104], by a stronger stomatal
control [97]. Pines resistance to drought is due to their isohydric behavior [105], to the reduction
of crown conductivity [106,107] and to a more efficient way to use the water [108] that leads to a
diminished water loss. In relation to the pines, the dryness leads to cell walls becoming thinner
and to tracheid’s lumen becoming larger, with positive impact on the conductivity of the water [97].
The accelerate juvenile growth of the Scots pine comparing to the black pine (Figure 4) it was noticed
shortly after planting pine trees on the degraded lands [99].

In our sites, it may be the reaction of pines to soil conditions rather than their different climatic
sensitivities. The sandy cambisoils, with a high level of humus and a small level of stone, in a climate
where rainfalls sometimes exceed 800 m·year−1, have a positive influence on Scots pine [109]. The Scots
pine also makes better use of the favorable microclimatic conditions in the under storey (Figure 3).
Limiting factors such as shading or heavily declivous slopes, as well as the reduced physiological
thickness of soils affects the two pine species equally.

In plantations established on degraded lands, more the erosion is advanced, more the black
pine turned out to be competitive at a higher level than the Scots pine, in terms of the survival [10].
In our sites, moderately affected by pluvial erosion, 80 years after planting, only 13–22% of the initial
trees (5000 trees·ha−1) survived. The mixture of black pine and Scots pine, rather than pure tree
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stands, survived better on degraded land (Table 3). Scots pine in Romanian plantations proved to be
vulnerable to wind and breaks caused by the snow [51]. It is, moreover, one of the most important
causes of the reduced survival rate (Table 3). In these plantations, Scots pine grew faster (Figure 2),
also because it is more shade-intolerant than the black pine [109]. The trees that survived have a good
health. When they occur, the defoliations do not exceed 25% of the crown and are more pronounced to
Scots pine than to black pine [110].

4.2. Age-Dependency against Climate-Related Trends in Growth

The ontogenetic exponential decay of radial increments in sampled plantations (Figure 4) has the
appearance of dynamics generated by the age of cambium. In Scots pine, the rapid decline in growth
with age is a characteristic of trees with low wood quality of trunks [111], and the delay in mature
wood formation is a result of difficult growing conditions [112]. Some sample plots from the present
study showed a linear decline in radial growth, which is similar with a delay in maturation. The Scots
pine stands from our plots are located on soils with very low level of nitrogen (0.15–0.20% nitrogen
in mineral horizon A). The depletion of nitrogen occurred by sustaining an increased growth level
of the trees for over 40 years. In fact, it is known that intensive land use with coniferous plantations,
particularly pine, leads to alteration of soil fertility [113,114]. The length of the juvenile wood formation
period in the examined trees corresponds to the values from the literature–between 6 and 16 years [115].

From 14–18 years, growth in the analyzed stands is declining. The decline of growth is
primarily an aging process, physiologically and genetically controlled, which can be maintained
by the environment [38].

The decline of radial growth is primarily an aging process, physiologically and genetically
controlled, which can be supported by the environment [38]. Separating factors becomes even more
difficult with maturation because the genetic control of wood formation gradually decreases [116].
The decline of growth closely followed the decline in the efficiency of water use [117]. Thus, it is not a
random coincidence that the water intake in pine trees peaks at the age of 30–35 years [31], ie the age
at which the transition to mature wood ends and the decline in growth is inevitable. In the internal
silvosteppe, the decline of pine plantations is even faster at 25 years [21]. On degraded lands, the
growth suppression phase ends with the die-back of Scots pine at 30 years, and black pine at 40–45
years [30].

Quantitatively, the climate (rainfall and temperature) contributed 3.1–57.3% to tree radial growth
from the last decade variance in our plots. The contribution of rainfall seems to be greater than that
of temperature (Figure 6), proving the xeric character of the sites. Temperature smooths the growth
fluctuation with rainfall. The contribution of rainfall to black pine radial growth was estimated to be
54% [24], very similar to the cumulated contribution of rainfall and temperature to our BRAS plot.
In black pine marginal populations, smaller contributions were reported (34% from rainfall and 27%
from temperature) [118].

The temporal instability of the climate-growth link (Figure 5) was also noticed by
Johnson et al. [64] and Pärn [119]. In an analysis of the red spruce’s decline after 1960 in the eastern
USA, this instability advocates the hypothesis that the causes of the recent auxologic regress are
different from those in past centuries [38].

At the stage of decline, increased rainfall is no longer able to revive tree growth (Figure 6). Thus,
the decline seems irreversible. In these conditions, the constancy of growth in the last decades seems
to be mostly the physiological age effect, and the growth amount due to the effect of inhospitable
soil conditions.

4.3. The Management of the Ecological Reconstruction on Land Degraded by Pluvial Erosion

The degraded lands are unable to recover spontaneously, requiring human interventions
through ecological reconstruction [13]. In the ecological reconstruction of eroded land, pines
are only a supportive solution, the vegetation makeup being directed toward restoring local
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biodiversity [13,53,120,121]. Moreover, in the pine plantations made on degraded lands on the outskirts
of the Carpathians, we observed that, after the age of 40, the stands were invaded by rustic deciduous
trees [51]. Pine plantations have managed to recover degraded stations (Figure 1) and remain models
to follow for similar actions, especially in climate warming. On the soils well supplied with water, the
Scots pine and the black pine mixes are better than monocultures (Table 3).

The first technical measure for achieving this should be thinning. Failing a remedial management
response, denser crops are more vulnerable to drought [35] and very low in biodiversity [122], due
to the physiological inhibition of the understorey [35]. However, the authors argued that the dense
forest microclimate can mitigate climate excesses, which have escalated in the past 50 years [123].
The thinned stands can be subsequently cut for regeneration and hygiene [124], and thus gradually
substituted by local mixtures that are more effective from a hydrological and protective point of view.
The pine monocultures can become functionally and productively unfit after only 15–20 years, being
exposed to breakage and windthrow [19].

The former recovery solutions for eroded land in Romania were directed toward optimizing
anti-erosion protection with the gain of maximum biomass. Overstressing the forest productive
potential cannot be a long-term solution [125]. Our previous inquiries [73] stated that pine sites with
greater physiological thickness of soil are not the most productive (partial correlation of the soil’s
physiological thickness with the site class: −0.899, p < 0.05). We can therefore infer that the recovered
sites we studied were not well exploited by pines. Thus, they represent a reserve of resources available
to future late-successional vegetation. The yield availability of our crops does not look promising,
since the vegetation successional trend toward the climax leads to reduced productivity [126].

The most influential management measures distribute the competition in the trees’ layer.
The density of pine plantations on degraded lands must be optimized to reduce runoff by avoiding
water stress on individuals [35]. In the dense pine forests of Romania, the drought was felt more
strongly, with the decline it caused stopped only by a radical intervention, heavy thinning [127].
All the examined plantations in this study had the same initial density (5000 seedlings·ha−1), and
so the same competitive start. In the inhospitable sites where they were founded, the low survival
demanded periodical gap-filling, which sometimes lasted up to 20 years. The behavior of the black
pine understory (Figure 3) did not recommend it in gap-filling, which will use Scots pine or local
hardwood, which is less light demanding.

4.4. Trees Response to Management

The tree growth answer to thinning is according to its intensity [128]. At Scots Pine, it was
found that the thinnings stimulate the division of cambium [39]. In our stands, the moderate thinning
had a slight effect on tree growth for nine consecutive years (Figure 6). The weak interventions
were not able to counteract the temporary deficit of rainfall and stop the decline (Table 4). In our
findings, the effects of the release of competition on growth are biased toward climate. According to
the results obtained for other species, following heavy thinning, the responsiveness of the subjects to
temperature increased [128]. For ponderosa pine, the competition does not affect climatic sensitivity in
the overstory [78].

A forcible management on degraded land would be likely to be risky, especially in the warming
of the local climate. As a matter of fact, in Scots pine heavy thinnings do not generate a surplus of
growth compared to moderate ones, on the contrary [129]. Pine plantations from recovered sites can
be managed, with moderate intensities, also after the age at which growth enters declining, depending
on the state of tree health. For Scots pine, for example, the prolonged decline in radial growth precedes
mortality by 15–40 years [130]. However, it needs to be taken into account that the longevity of
pine trees on eroded land is lower [10] and postponing the renewal of the vegetation layer could
compromise ecological reconstruction. Because the degraded sites in the area we studied have not
heavily treated, the present study can provide only suggestions for forest management, requiring
further experimental research.

204



Forests 2018, 9, 213

5. Conclusions

In the sites moderately affected by sheet erosion from Buzau, Scots pine showed a slightly greater
increase in radial growth than black pine.

Moderately eroded lands in Buzău under the Carpathians (Eastern Romania) have been
systematically afforested for 80 years. A retrospective analysis of the radial growth time series revealed
several differences between the two pine species used for afforestation. In comparison with black pine,
Scots pine had (1) stronger youth growth, (2) a higher growth range over time, and (3) a significant
growth advantage for the plantations with lower survival rates and trees from the understory.

A decline in growth occurs in both species after 39 years. Declining growth rates are similar for
both pines. Climate (air temperature together with rainfall) has a global contribution that can reach
57% in tree growth. The contribution is higher in the growth decline sequence. The response to rainfall
can be prompt or delayed by 1–4 years. By analyzing the reaction to drought and improving rainfall in
individual sample plots, the conclusion is that climate has allowed the decline or even accentuated it,
without causing it.

Management of the pine plantations on degraded land in Romania has been quite mild. Slight
to moderate logging did not have a substantial impact on the growth of standing trees. The largest
growth rate after logging occurred with rainfall assistance. In this case, the growth increase after
logging lasted nine years.

Acknowledgments: The authors received no specific funding for this work.

Author Contributions: Conceived and designed the experiment: C.V.S.-G. and F.D. Performed the experiment:
C.V.S.-G. Analyzed the data: F.D., R.E.E., V.E.C. and A.F.H. Interpreted the results: F.D., L.C.D., V.E.C. and G.S.
Conceived the paper, wrote the first draft and edited the manuscript: F.D., R.E.E. and C.V.S.-G. Supervised the
manuscript: G.S., L.C.D.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roman-Amat, B. Les programmes d’amélioration: Résultats actuels et escomptés: Pin sylvestre (Pinus
sylvestris L). Rev. For. Fr. 1986, 38, 132–134. [CrossRef]

2. Portefaix, C.; Roman-Amat, B. Les programmes d’amélioration: Résultats actuels et escomptés: Pins laricio
de Corse et de Calabre (Pinus nigra Arb. ssp. laricio Poiret 1804) (Breeding programmes: Current and
anticipated results: Corsican and Calabrian pine). Rev. For. Fr. 1986, 38, 129–131.

3. Schulze, E.-D.; Beck, E.; Müller-Hohenstein, K. Plant Ecology; Springer: Berlin/Heidelberg, Germany, 2005;
p. 702. ISBN 9783540208334.

4. Vorob’ev, V.N. Pine Forests: Utilization of Their Products; Science Publishers: Enfield, CT, USA, 2007; p. 271.
ISBN 9781578085941.

5. Critchfield, W.B.; Little, E.L. Geographic Distribution of the Pines of the World; U.S. Department of Agriculture,
Forest Service: Washington, DC, USA, 1966; Volume 19, p. 116.

6. Nys, C.; Bonischot, R.; Gelhaye, D. Réponse d’un peuplement de pin laricio de corse (Pinus nigra espèce
laricio) à la fertilisation en Sologne (The response to fertilizers of a Corsican pine (Pinus nigra var. laricio)
stand in Sologne). Rev. For. Fr. 1985, 37, 482–486.

7. Schultz, R.P. Loblolly—The pine for the twenty-first century. New For. 1999, 17, 71–88. [CrossRef]
8. Baumann, K.; Schneider, B.U.; Marschner, P.; Hüttl, R.F. Seedling biomass and element content of Pinus

sylvestris and Pinus nigra grown in sandy substrates with lignite. Geoderma 2006, 136, 573–578. [CrossRef]
9. Jolyet, A. Lemnul de pin negru (Pinus austriaca). Rev. Păd 1908, 23, 53–55.
10. Traci, C. Împădurirea Terenurilor Degradate (Afforestation of Degraded Lands); Ceres Publishing House: Bucharest,

Romania, 1985; p. 282.
11. Sanchez, L.G.; Prada, M.A. Los pinos como especies basicas de la restauracion forestal en el medio

mediterraneo. Ecología 1993, 7, 113–126.
12. Madrigal, A. Problématica de la ordenación de masas artificiales en España. Cuad. Soc. Esp. Cienc. For. 1998,

6, 13–20.

205



Forests 2018, 9, 213

13. Cortina, J.; Amat, B.; Castillo, V.; Fuentes, D.; Maestre, F.T.; Padilla, F.M.; Rojo, L. The restoration of vegetation
cover in the semi-arid Iberian southeast. J. Arid Environ. 2011, 75, 1377–1384. [CrossRef]

14. Kuznetsova, T.; Tilk, M.; Pärn, H.; Lukjanova, A.; Mandre, M. Growth, aboveground biomass, and nutrient
concentrationof young Scots pine and longepole pine in oil shale post-mining landscapes in Estonia. Environ.
Monit. Assess. 2011, 183, 341–350. [CrossRef] [PubMed]

15. Ganatsas, P.; Tsitsoni, T.; Tsakaldimi, M.; Zagas, T. Reforestation of degraded Kermes oak shrublands with
planted pines: Effects on vegetation cover, species diversity and community structure. New For. 2012, 43,
1–11. [CrossRef]

16. Ciortuz, I.; Păcurar, V. Ameliorat,ii Silvice; LuxLibris Publishing House: Bras, ov, Romania, 2004; p. 231. ISBN
9739458130.

17. Giurgiu, V. Considerat,ii asupra stării pădurilor României I: Declinul suprafet,ei pădurilor s, i marginalizarea
împădurilor. Rev. Păd 2010, 125, 3–16.

18. Untaru, E.; Constandache, C.; Nistor, S. Starea actuală s, i proiect,ii pentru viitor în privint,a reconstruct,iei
ecologice prin împădurire a terenurilor degradate din România. (I). Rev. Păd 2012, 127, 28–34.

19. Constandache, C. Ameliorarea s, i Refacerea Pinetelor Necorespunzătoare sub Raport Productiv s, i Protectiv
Instalate pe Terenurile Degradate Din Bazinul Hidrografic al Râului Putna. Ph.D. Thesis, Transilvania
University of Bras, ov, Bras, ov, Romania, 2003.

20. Traci, C.; Untaru, E. Comportarea s, i Efectul Ameliorativ s, i de Consolidare a Culturilor Forestiere de pe Terenurile
Degradate din Perimetrele Experimentale; Forest Research and Management Institute Research Paper; Forest
Research and Management Institute: Bucharest, Romania, 1986.

21. Traci, C.; Mus, at, I. Folosirea pinului negru s, i a pinului silvestru la împăduririle terenurilor degradate. Rev.
Păd 1955, 70, 211–217.

22. Bouriaud, O.; Popa, I. Comparative dendroclimatic study of Scots pine, Norway spruce and silver fir in the
Vrancea Range, Eastern Carpathians Mountains. Trees 2009, 23, 95–106. [CrossRef]

23. Sander, D.H. Height-Age Curves for Austrian Pine in Windbreaks on Loess Soils of Nebraska; USDA Forest Service
Research Note RM; Rocky Mountain Forest and Range Experiment Station: Fort Collins, CO, USA, 1963;
p. 13.

24. Amodei, T.; Guibal, F.; Fady, B. Relationship between climate and radial growth in black pine (Pinus nigra
Arnold ssp. salzmanni (Dunal) Franco) from the south of France. Ann. For. Sci. 2013, 70, 41–47.

25. Martín-Benito, D.; Cherubini, P.; del Río, M.; Cañellas, I. Growth response to climate and drought in Pinus
nigra Arn. trees of different crown classes. Trees 2008, 22, 363–373. [CrossRef]

26. Ruiz-Labourdette, D.; Génova, M.; Schmitz, M.F. Summer rainfall variability in European Mediterranean
mountains from the sixteenth to the twentieth century reconstructed from tree rings. Int. J. Biometeorol. 2014,
58, 1627–1639. [CrossRef] [PubMed]

27. Sangüesa-Barreda, G.; Camarero, J.J.; Linares, J.C.; Hernández, R.; Oliva, J.; Gazol, A.; González de Andrés, E.;
Montes, F.; García-Martín, A.; de la Riva, J. Papel de los factores bióticos y las sequías en el decaimiento del
bosque: Aportaciones desde la dendroecología (Role of biotic factors and droughts in the forest decline:
Contributions from dendroecology). Rev. Ecosist. 2015, 24, 15–23. [CrossRef]

28. Rigling, A.; Bräker, O.; Schneider, G.; Schweingruber, F. Intra-annual tree-ring parameters indicating
differences in drought stress of Pinus sylvestris forests within the Erico-Pinion in the Valais (Switzerland).
Plant Ecol. 2002, 163, 105–121. [CrossRef]

29. Orwig, D.A.; Abrams, M.D. Variation in radial growth responses to drought among species, site and canopy
strata. Trees 1997, 11, 474–484. [CrossRef]

30. Simionescu, A.; Traci, C.; Frat,ian, A.; Popescu, T.; Mărcioiu, A. Despre uscarea unor arborete de pin s, i măsuri
de prevenire a extinderii acestui fenomen. Rev. Păd 1963, 78, 442–446.

31. Ceuca, G.; Constantinescu, N.; Drocan, R.; Georgescu, C.C.; Nit,u, G.; Tomescu, A. Studiu privind condit,iile
de vegetat,ie ale arboretelor de pin cu fenomene de uscare. Ann. For. Res. 1957, 18, 204–249.

32. Untaru, E. Premise privind împădurirea terenurilor degradate în condit,iile schimbărilor climatice generate
de încălzirea globală. Rev. Păd 2010, 125, 20–25.

33. Lebourgeois, F. Climatic signals in earlywood, latewood and total ring width of Corsican pine from western
France. Ann. For. Sci. 2000, 57, 155–164. [CrossRef]

34. Waring, R.H. Characteristics of trees predisposed to die. BioScience 1987, 37, 569–574. [CrossRef]

206



Forests 2018, 9, 213

35. Moreno-Gutiérrez, C.; Battipaglia, G.; Cherubini, P.; Saurer, M.; Nicolás, E.; Contreras, S.; Querejeta, J.
Stand structure modulates the long-term vulnerability of Pinus halepensis to climatic drought in a semiarid
Mediterranean ecosystem. Plant Cell Environ. 2012, 35, 1026–1039. [CrossRef] [PubMed]

36. Schweingruber, F.H. Wood Structure and Environment, 1st ed.; Springer: Berlin/Heidelberg, Germany, 2007;
p. 279. ISBN 978-3-540-48548-3.

37. Bednarz, B.; Kochanowski, D. Radial growth response of Scots pine (Pinus sylvestris L.), black pine (Pinus
nigra Arnold), and black alder (Alnus glutinosa (L.) Gaertn.) to the nun moth (Lymantria monacha L.) outbreak
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Abstract: The removal of nonnative species can lead to re-invasion by nonnative species, especially
in communities with multiple co-occurring invaders. Biotic and abiotic conditions shape community
structure, reducing the predictability of nonnative management. We evaluated plant community
recovery after the removal of nonnative pines with an emphasis on the effect of environmental
conditions on the nonnative species response. We compared clearcuts (where pine plantations were
removed), pine plantations, and native communities along a precipitation gradient in Patagonia.
Nonnative richness and cover were higher in clearcuts compared to native communities along
nearly the entire precipitation gradient, with the exception of the harshest sites. Compared to native
communities, invasion resistance was lower in clearcuts in the wetter sites. Native richness and cover
were lower in clearcuts relative to native communities along the gradient. Species composition in
clearcuts diverged in similarity from native communities towards the wetter sites. Plantations showed
an extremely lower richness and cover compared to both clearcuts and native communities. Our study
highlights that clearcutting is an ineffective strategy to manage nonnatives aimed at restoring native
communities and elucidates the importance of environmental context in management approaches.
Taken together, our findings reinforce the important consideration of both the biotic and abiotic
context of nonnative management.

Keywords: Argentina; invasive species; management; environmental gradient; Pinaceae;
restoration; silviculture

1. Introduction

The management of nonnative species is a current challenge for ecological restoration [1–3],
whose major goal is recovering the characteristics of an ecosystem that were prevalent before invasion,
such as increasing biodiversity and restoring ecological functions [4]. The outcome of nonnative
species management is highly unpredictable and the recovery of community structure and ecosystem
functioning are hardly ever achieved or even evaluated [2,5]. An increasingly reported problem
is that after the removal of a dominant nonnative species, other nonnative species invade the area,
a process called secondary invasions [2,6,7]. Yet, most studies addressing the management of nonnative
species focus on the management of a single-invader, without considering their community context [2].
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The fact that many ecosystems are invaded by multiple co-occurring nonnative species, and that many
factors can modulate nonnative species establishment, both contribute towards the unpredictability
of nonnative species management [6]. Thus, a better understanding of the conditions that promote
nonnative species invasion after the removal of a dominant nonnative can help predict management
outcomes, as well as improve the allocation of management efforts [8].

Under certain conditions, the removal of nonnative species has led to successful outcomes [9,10].
However, it is not clear yet which conditions favored successful or unsuccessful restoration
outcomes. Abiotic conditions can shape the variability in relative abundances and overall plant
species composition in post-removal areas, which increases the unpredictability of nonnative species
management [6]. Particularly, harsh environmental conditions (i.e., sites with extreme resource
limitations where the occurrence of abiotic conditions that create rapid plant mortality is common,
such as frost, extreme heat, and drought) may act as a strong filter for nonnative species. In fact,
it has been found that harsh environments have a lower number of invaders than favorable
environments [11–15]. For example, Sorte et al. [16] found that drought favored native over nonnative
species. Secondary invasions in harsh sites will likely depend on nonnative species adapted to harsh
conditions being present and able to respond rapidly under poor growing conditions [6,17]. Therefore,
secondary invasions should take place less often under harsh environmental conditions than in more
benign conditions.

Biotic conditions may also shape the community response in different ways to environmental
conditions. For instance, the diversity-invasibility hypothesis posits that more diverse communities
exhibit greater resistance to invasions than less diverse communities [18,19]. More diverse communities
have fewer unexploited resources reducing invasions via resource competition [20]. Further, resource
competition may be stronger in more benign environments, consequently promoting biotic resistance [21].
Similarly, interactions among nonnative species can influence secondary invasions [7,22]. Competition
among nonnative species can determine that the removal of a dominant nonnative releases other
sub-dominant nonnatives from competition, thus favoring secondary invasions [7,22]. Additionally,
an indirect positive interaction among nonnatives can drive the accumulation of nonnative species in
the community, an interaction mediated by the reduction of native species abundance [22]. This positive
interaction promotes secondary invasions after the removal of dominant nonnative species [6]. In this
context, there is a need to develop general principles regarding invader interactions across varying
environmental conditions so that secondary invasions can be anticipated and managers can allocate
efforts toward pre- or post- removal actions [6].

Nonnative Pinaceae species (hereafter pines) have been planted in several regions of the southern
hemisphere (e.g., New Zealand, Australia, South Africa, and South America) for forestry purposes
and have subsequently invaded native habitats [23]. Both pine plantations and invasions produce
a wide spectrum of changes in native ecosystems [23]. For example, pines have changed vegetation
structure and fuel loads in Patagonian treeless ecosystems, which increase the intensity and frequency
of fires [24]. As a consequence, changes in fire regimes reduce the recovery of nonnative species
and promote further nonnative invasions [25,26]. Additionally, below-ground impacts may be more
difficult to reverse, giving rise to both biotic and abiotic soil legacy effects (e.g., changes in soil nutrients,
soil biota, or soil seed bank) that can drive changes in subsequent plant community structure and
ecosystem processes [27,28].

Removal of nonnative pines (both planted and invasive) is a common management strategy
around the world aimed at passively recovering native ecosystems, yet little is known about its
efficacy [23]. For example, in Patagonia, many pine plantations are harvested for timber but not
replanted owing to current bans on planting nonnative tree species. Moreover, many plantations
are clearcut with the goal of restoration to native communities, especially in forest ecosystems [29].
However, it is well known that passive restoration to pre-existing states can be a challenge [30,31].
Removing nonnative pines can lead to undesired invasions of other nonnative species, halting
the recovery of native ecosystems [30,32], and leaving vast areas with low timber productivity or
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conservation values. Therefore, assessing the effect of nonnative pine removal on plant community
restoration, and understanding conditions that promote nonnative species in areas previously occupied
by pines, is critical to properly managing pine plantations after timber harvest and ultimately restoring
native communities.

The objective of our study was to evaluate plant community recovery after the removal of
nonnative pine plantations and whether the effects of clearcutting varied with environmental
conditions. We hypothesize that the previous presence of pines favors the establishment of nonnative
over native species due to soil legacy effects (e.g., changes in soil nutrients, depletion of soil seed bank,
changes in mycorrhizal communities) [23,30] and disturbance effects (e.g., an increase in resource
availability, mainly light) [33]. We also hypothesize that the strength of these effects changes along
a precipitation gradient, where they are weaker under harsher environments (i.e., drier areas) than in
more benign environments (i.e., wetter areas) [6,14]. Additionally, we expect that steppe native species
will better respond to clearcut conditions than forest native species, as light conditions in clearcuts are
more similar to those of steppes than forests. Overall, we predict that secondary invasions should be
higher and native community recovery lower in clearcuts in more benign sites. Since pine plantations
are the prior state of clearcuts, we also evaluated nonnative species invasions and the similarity of
plantations in comparison with clearcuts and native communities. These comparisons allow us to
control for the effect of initial conditions (plantation understory) on clearcut community structure and
to evaluate the impact of this land-use change on native communities, respectively.

2. Materials and Methods

2.1. Study Region

We conducted this study in Northwestern Patagonia, Argentina. This region is characterized
by a steep west–east natural precipitation gradient caused by the rain shadow effect of the Andes,
which acts as a barrier to the moist air coming from the Pacific Ocean [34]. Rainfall is concentrated
between April and September and decreases from ca. 3000 to 500 mm per year over 100 km [35,36].
In this study, mean annual precipitation decreased from 1270 mm per year in the most mesic sites
to 630 mm in the driest sites. Precipitation data for each site was obtained from Fetch Climate
Web [37]. Mean annual temperature is 7.9 ◦C, with maximum temperatures occurring during January
and February [35]. Vegetation shifts as mean annual precipitation decreases. Along this gradient,
the wettest sites are temperate forests, dominated by Nothofagus spp. that are first replaced by
Austrocedrus chilensis forest and matorral vegetation type in the forest-steppe ecotone, and finally by
semi-arid grasslands or shrublands in the dry steppe ecosystem [38].

Three distinct physiognomic units occur from west to east: forests, shrublands, and steppes [34].
In the western area of the region, the Patagonian-Andean forest dominates; a vegetation unit
dominated by deciduous, evergreen, and mixed forests [39]. The deciduous forest is mainly
dominated by N. pumilio and N. Antarctica, which are restricted to the wettest and highest elevations
of the gradient [39]. N. Antarctica also dominates stumpy forests in the driest and eastern part
of the gradient [40]. Between 37.8◦ and 47◦ S, there are also forests of N. dombeyi, N. obliqua and
A. chilensis [39], which are the most represented in the region spanned by our study sites. In the
northern portion of this region, A. araucana appears as a subdominant species in these forests.
The following trees and shrubs are also common: Lomatia hirsuta, Maytenus boaria, Schinus patagonicus,
Azara microphylla, Aristotelia chilensis, Chusquea culeou, and Berberis sp. [39]. In the extra-Andean
portion, shrubs increase and grasses decrease as mean annual precipitation decreases [34]. In this
ecotone, we find the grained steppe that enters into the eastern sector of the deciduous forests,
shaping a mosaic of both vegetation types. The vegetation cover is relatively high (64%) and it
is dominated by Festuca pallescens and accompanied by Rytidosperma pictum, Lathyrus magellanicus,
and some shrubs such as Senecio sericeonites and Azorella prolifera [39]. In the driest portion of
the gradient, the typical vegetation is the grained-shrubby steppe where the typical vegetation is
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dominated by Pappostipa speciosa, Pappostipa humilis, Poa ligularis, and Poa lanuginosa, as well as by the
shrubs Adesmia volckmannii and Berberis microphylla. This vegetation type has many variants according
to the subdominant species [39].

In this region, many nonnatives have been introduced since European occupation. For example,
several tree species from the Pinaceae family are spreading in the southern hemisphere, including
Argentina [23]. In this region, Pinus contorta and Pseudotsuga menziesii are the main invaders of the
native communities. Although conifers are naturally represented in these communities by two native
trees (A. chilensis and A. araucana), there is no native species from the Pinaceae family in this region
(e.g., all pines are nonnative). Besides pines, there is a high richness of nonnative species in the
region [41,42]. Some species are only casual but others are highly invasive, such as Rosa rubiginosa and
Cytisus scoparius [43,44].

2.2. Study Design

To evaluate if the effect of clearcutting on secondary plant invasion and community structure
varied with environmental conditions, we surveyed 16 sites (Table S1) along a precipitation gradient in
the 2016–2017 growing season. The mean distance between sites was ~20 km. At each site, we selected
three land-use types: (1) Clearcut: communities assembled after pine plantation removal. Clearcuts
were considered to be different from others when previous pine species were different or when
clearcuts had different ages. Clearcut age varied from two to eight years. It is well known that time
since clearcutting is an important factor determining native vegetation recovery, and this could produce
a bias in our results if there was a correlation between clearcut age and precipitation. We evaluated
this and we did not find a correlation between the age of the clearcut and precipitation (r = −0.013,
p-value = 0.96). Therefore, we did not find evidence of a possible bias in our results regarding clearcut
age co-varying with precipitation; (2) Plantation: pine plantations that represented the situation
previous to clearcut. All pine plantations surveyed were at a mature stage as our purpose was to
represent the ecosystem state previous to clearcuts; (3) Native communities: areas dominated by
native vegetation, with low levels of anthropogenic disturbance that represent a reference community.
Within each land-use type, we randomly placed three observational plots (4 m2 each) to assess plant
community structure. In each plot, we recorded plant species composition and abundance (i.e., percent
aerial cover per species) (Table S2). Species were classified by origin as native or nonnative following
Zuloaga et al. [36].

2.3. Data Analyses

We evaluated the interactive effect of land-use type and precipitation on different descriptors of
community structure: (1) native and nonnative species richness; (2) native and nonnative species cover;
(3) proportion of nonnative species; (4) proportion of nonnative cover; and (5) Shannon diversity index
based on species-specific foliar cover.

We tested the interactive effect of land-use type and precipitation by fitting a set of Bayesian
hierarchical linear models. We modeled each community structure descriptor separately, and all
models included land-use type and precipitation as predictors. To capture the hierarchical structure in
the data (where plots were nested into sites), we set the land-use type variable as a categorical plot-level
predictor and the precipitation variable as a continuous site-level predictor. While these models varied
in their probability distributions, all of them were represented using similar deterministic functions
that can be summarized as follows:

Plot-level model:

Response variable[j] = αN[j] + αC[j] * clearcut[i] + αP[j] * plantation[i] (1)

Site-level model:
αN[j] = β0N + β1N * precipitation[j] (1.1)

215



Forests 2018, 9, 394

αC[j] = β0C + β1C * precipitation[j] (1.2)

αP[j] = β0P + β1P * precipitation[j] (1.3)

In Equation (1), αN represents the effect of native communities at each j precipitation level,
whereas αC and αP are the analogous effect (i.e., effect size) of clearcut and plantation communities,
respectively, compared to native communities (our reference community). As the model was fitted
at two levels, parameters at the plot-level were allowed to vary with precipitation. Thus, β1N, β1C,
and β1P are the slopes of the site-level linear regression models (Equations (1.1)–(1.3)) for the native,
clearcut, and plantation land-use type, respectively, and represent the rate at which the effect of
land-use type changed with precipitation.

To describe variability around the above deterministic pattern, we used different probability
distributions depending on the nature of the response variable (i.e., on the values that it can theoretically
take). To model the species richness (count data), we assumed that the response variable drew a Poisson
distribution [45,46]. The Poisson parameter (λ) was modeled as a linear function of community type
and precipitation by means of a log link function (Code S1). To model species cover, we assumed that
the response variable drew a Gaussian distribution, and modeled the parameter μ as a linear function
of the same predictors (Code S2). To evaluate whether or not the richness and cover changed with
species origin, we included this variable in the above models (Code S1 and S2). To model the nonnative
richness and cover proportion (varying from 0 to 1), we assumed a Binomial distribution for the
response variable [45,46]. We modeled the Binomial parameter ρ as a linear function of the predictors
using a logit link function (Code S3 and S4). Finally, to model the Shannon diversity index, we assumed
that the response variable drew a Gaussian distribution, where the parameter μ was a linear function
of land-use and precipitation (Code S5). The response variables with continuous positive values
(i.e., Shannon Index and cover) were modeled using Gaussian distributions as preliminary models
employing log-normal distributions failed to converge. All these models were implemented in JAGS
via the R package ‘jagsUI’. We ran three chains with 10,000 iterations each discarding the first 5000
as burn-in.

To evaluate shifts in species’ composition among land-use types, we performed Non-Metrical
Multidimensional Scaling (NMDS). The ordination reduced the dimensionality of the distance matrix,
and provided a first step for visualizing community dissimilarities [47]. We carried out a meta-NMDS
from the R ‘vegan’ package [48] that generated an ordination of the Bray-Curtis distance matrix.
Bray-Curtis distances represent how dissimilar two communities are, not only taking into account
species composition (the list of species), but also the cover per species [47]. Bray Curtis distances
were obtained with the ‘vegan’ package from a matrix in which the abundances per species registered
at each of the three plots surveyed at each land-use type at each site were averaged. Additionally,
we performed a permutational analysis of variance with the adonis function implemented in the ‘vegan’
package [48]. This non-parametric test allowed us to evaluate the interactive effect of precipitation
and land-use type on the dissimilarity among communities. Finally, to evaluate if more invaded
communities such as clearcuts tended to have less species turnover along the precipitation gradient,
we estimated the Simpson beta-diversity index (BSIM) for each land-use type along the gradient.
If species invading clearcuts were the same along the precipitation gradient, we would expect that
nonnative species composition would be less variable than total species composition along the gradient.
For each land-use type, we estimated BSIM for total species composition and BSIM for nonnative species
composition. Beta diversity indexes were estimated from the R package ‘betapart’ [49]. All analyses
were conducted in R 3.4.3 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria) [50].

3. Results

At the regional scale, we recorded 130 plant species (85 natives and 45 nonnatives) across all
land-use types. We found 92 species (68 native and 24 nonnative species) in native communities,
83 species (46 native and 37 nonnative species) in clearcuts, and 31 species (19 native and 12 nonnative
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species) in pine plantations. The modeled native richness was lower in clearcut and plantation
communities compared to the native communities at all precipitation levels (Figure S1B,C). In contrast,
our model showed that the effect of clearcutting and plantation on nonnative richness depended on
the precipitation level (Figures 1D–F and S1E,F). Yet the modelling of the proportion of nonnative
richness resulted in higher values in clearcuts and plantations than in native communities throughout
the precipitation gradient (Figures 1G–I and S1H,I). In comparison with clearcuts, plantations harbored
the lowest species richness, regardless of plant species’ origin (Figure 1B,C,E,F).

Figure 1. Estimates of native richness (A–C), nonnative richness (D–F), and proportion of nonnative
richness (G–I) along the precipitation gradient for each land-use type (native, clearcut, and plantation),
resulting from the hierarchical linear model. The black curve represents the mean estimate of the model
that regressed richness/proportion with origin (only for richness), land-use type, and precipitation.
Gray lines correspond to 1000 simulations from the posterior distributions of the estimated parameters.

According to our models, species richness and proportion of nonnative species depended on the
precipitation level in all land-use types, as reflected by the non-zero slopes in Figure 2. While native
richness did not vary significantly with precipitation, nonnative richness increased as precipitation
increased in native communities (Figures 1A,D and 2A). This resulted in a lower proportion of
nonnative richness in more benign (wetter) sites compared to harsher (drier) sites (Figures 1G and 2B),
as our model showed. In clearcut communities, both native and nonnative species increased towards
more benign sites (Figures 1B,E and 2A). Modeled nonnative richness was, on average, ~3-fold
higher in more benign sites (higher precipitation) than in harsher sites (lower precipitation) in this
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land-use type. Thus, the modeled nonnative richness was higher in clearcuts compared to native
communities along nearly the entire precipitation gradient, with the exception of the drier sites
(Figures 1D,E and S1E). However, the proportion of nonnative species in clearcuts did not change
with precipitation (slope close to zero) although the slope was marginally different compared to
native communities (Figures 1H and 2B). Our model indicated that, compared to native communities,
plantations had fewer nonnative species in harsher sites but the difference in native and nonnative
richness was diluted in more benign sites (Figures 1D,F and S1F).

Figure 2. Modeled rate of change of native and nonnative richness (A), and proportion of nonnative
species (B) along the precipitation gradient. Points represent the mean estimated slope of the
linear model that regressed richness/proportion with origin (only for richness), land-use type,
and precipitation. Vertical lines are 95% confidence intervals (95 CI) of the posterior distribution. Slopes
in control communities represent the rate of change of species richness/proportion with precipitation.
Responses were considered different between native and nonnative species and among land-use types
when 95 CI did not overlap with each other or with zero, respectively. Slopes in clearcut and plantation
communities are relative to native communities (i.e., effect size). A positive slope indicates that species
richness/proportion increased at a higher rate than in native communities, while a negative slope
means that species richness/proportion decreased at a lower rate than native communities.

The modeled native plant cover was lower in clearcuts and plantations in comparison to
native communities along the precipitation gradient (Figures 3A–C and S2B,C). Instead, our model
showed that nonnative cover increased with precipitation (Figure A1A), following a similar pattern
as nonnative richness. In the harsher sites, nonnative cover in clearcuts was similar to native
communities, but in clearcuts, it tended to increase towards more benign sites (Figures 3D,E and S2E).
Proportion of nonnative cover decreased as sites became wetter in native and clearcut communities
(Figures 3G,H and A1B). In plantations, the modeled native and nonnative cover was close to zero
along the precipitation gradient, but nonnative cover increased as sites became more benign compared
to native communities (Figures 3C,F and S2F).
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Figure 3. Estimates of native cover (A–C), nonnative cover (D–F), and proportion of nonnative cover
(G–I) along a precipitation gradient for each land-use type (native, clearcut, and plantation), resulting
from the hierarchical linear model. The black curve represents the mean estimate of the model that
regressed cover/proportion with origin (only for cover), land-use type, and precipitation. Gray lines
correspond to 1000 simulations from the posterior distributions of the estimated parameters.

Clearcut and native communities were significantly different in terms of species composition and
species’ relative abundance (F = 3.06, p-value = 0.001; Figure 4). The stress value obtained from the
NMDS was 0.15, suggesting that the ordination was a good representation of the observed distances in
the reduced dimensions. The differences among clearcuts and native communities were high (Bray
Curtis distances higher than 0.5 in all cases) along the precipitation gradient. As the adonis test
shows, the differences in community structure among land-use types varied with level of precipitation
(F = 1.74, p-value = 0.001). Pairwise comparisons indicated greater differences between clearcuts and
native communities in the more benign sites relative to the harsher sites (F = 1.83, p-value = 0.006),
as suggested by NMDS (Figure 4). Additionally, the diversity of clearcuts increased with precipitation
(Figures 5 and A2); clearcuts were less diverse than native communities in the drier sites and became
more diverse in the wetter sites (Figures 5 and S3B). Likewise, the dissimilarity among plantations and
native communities was also affected by the precipitation gradient (F = 1.80, p-value = 0.01). Finally,
species turnover along the precipitation gradient (i.e., Simpson beta-diversity index (BSIM)) was high
for overall species composition (BSIM-control = 0.876, BSIM-clearcut = 0.851, BSIM-plantation = 0.713) and for
nonnative species composition (BSIM-control = 0.871, BSIM-clearcut = 0.814, BSIM-plantation = 0.692). In all
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land-use types, the identity of overall species composition and nonnative species alike varied along
the gradient [40].

Figure 4. Non-metric multidimensional scaling (NMDS) ordination plot of communities in
two-dimensional scales. Each point represents the ordination score of a community, and the distance
between any two points represents the difference between those two communities according to
Bray Curtis distances. Communities that are closer together are more similar in composition,
while communities that are farther apart are less similar. Ellipses represent 95% confidence intervals
around the centroid of each land-use type. Colors indicate different land-use types: green for native
communities, blue for clearcut communities, and red for plantation communities. Arrows point to
the sites with higher precipitation. Point size indicates the mean annual precipitation of each site,
where the larger the size of the point, the wetter the site.

Figure 5. Estimates of the Shannon diversity index along the precipitation gradient for each land-use
type: native (A), clearcut (B), and plantation (C), resulting from the hierarchical linear model. The black
curve represents the mean estimates of the model that regressed Shannon with land-use type and
precipitation. Gray lines correspond to 1000 simulations from the posterior distributions of the
estimated parameters.

Changes among land uses and along the gradient on the community descriptors were accompanied
by changes in species dominance. Overall, clearcuts had greater relative cover of annual and perennial
herbs and lower relative cover of shrubs and trees than native communities (Table A1). In clearcuts,
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the native tree Aristotelia chilensis and the non-natives Holcus lanatus (annual herb), Pseudotsuga menziesii
(tree), Cirsium vulgare (annual/biannual herb), Pinus ponderosa, and Rumex acetosella had the highest
cover values (Table S2). In contrast, in native communities, the most abundant species were the
native perennial herb Chusquea culeou, the native trees Nothofagus antarctica, Schinus patagonicus,
and Maytenus boaria, and the native shrubs Berberis microphylla and Colletia hystrix (Table S2). Plantations
showed lower total cover of both native and nonnative species but higher relative cover of trees than
clearcuts and native communities (Table A1). The most abundant species in plantations were the
non-native tree Pseudotsuga menziesii, and the rest of the species were notably less abundant than in the
other community types (Table S2). Furthermore, we found a high level of turnover where few nonnative
species occurred in more than half the sites (Table S2).

4. Discussion

Our results support the hypothesis that clearcut communities are more invaded by nonnative
species than native communities. Proportion of nonnative richness and cover were higher in clearcut
communities along the entire precipitation gradient. These results are similar to other cases previously
reported where the removal of mature nonnative pines led to secondary invasions [10,30,32,51],
but see [52]. However, Pauchard and Alaback [53] did not find high levels of invasions after
pine clearcutting in the native range of the pine species. Disturbance generated by the removal
of nonnative pines may increase resource availability and favor nonnative species, as suggested by the
fluctuating resource hypotheses [54]. This occurs either by reducing resource uptake [33,54,55] or by
increasing resource supply through residual biomass of the harvested trees [30,56]. However, these
effects are more likely to occur immediately after clearcutting [56], which suggests that long-lasting
legacy effects of pines may influence secondary invasions. In fact, pines produce below-ground
impacts that can indirectly affect post-removal above-ground communities [57]. For instance, pines
can reduce soil nutrient pools [58], decomposition rates [59], and soil pH [60,61]. Pines can also
affect soil biota and native mutualisms [31,62,63]. Thus, ecological legacies of pines can indirectly
promote the performance of nonnatives while hindering native species. For example, in New Zealand,
the nonnative Pinus contorta altered biogeochemical cycles and increased ectomycorrhizal inoculum,
which consequently generated a no-analog assemblage of species dominated by nonnative grasses and
herbs after pine removal [30].

Native and nonnative species richness in clearcuts was higher at sites with the highest amount of
precipitation. This suggests that native-rich communities tended to have more nonnative species than
native-poor communities in clearcuts [12,13]. One possible explanation is that in drier sites, there would
be fewer nonnative species adapted to the harsher conditions to be able to rapidly establish [6,14].
This would likely be due to introduction biases that altered nonnative species pools; nonnative species
adapted to harsher conditions may be underrepresented in the nonnative species pool compared to
nonnative species adapted to high-resource levels [64]. Instead, in the wettest sites, more benign
conditions would not filter out the stress-tolerant species. Therefore, clearcut communities would
have higher native and nonnative species richness and abundance [12]. The opposite occurred in
the native communities where nonnative species richness decreased in wetter sites. This led us to
hypothesize that under benign conditions, biotic resistance in native communities is higher than in
clearcuts. In undisturbed conditions, an increase in biotic resistance in native communities may explain
the lower nonnative cover and richness. Biotic resistance in native communities may be mediated
by an increase in native cover. Previous studies have discussed the role of native species enhancing
resistance to invasion owing to negative interactions among native and nonnative species [18–20].
Overall, young clearcuts showed greater nonnative invasions (had lower resistance to invasion) in
more benign sites compared to native communities.

Regardless of secondary invasion, the success of passive restoration depends on the capacity
of native species to (1) survive underneath pines and grow after removal or (2) recolonize the site
from the soil seed bank or seed rain [9]. Here, we found that plantations had a negative effect on
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native richness and cover along the gradient, as has been previously reported in Patagonia [65,66].
This suggests that plantations are not harboring native species in either the harsh or in the more benign
environments and that it is unlikely that they determine native community composition in clearcuts.
However, under more benign environmental conditions than evaluated in our study, plantations can
provide habitats for native species [67,68] and may accelerate passive restoration. For example, in more
benign environments (1855 mm of mean annual precipitation) in New Zealand, Brockerhoff et al. [69]
found a similar understory cover of native species in plantations and in the native forests. Seed banks
allow new species that do not occur in the understory vegetation to occur after the removal of pines.
Although our study did not directly address the role of seed banks influencing species composition,
evidence suggests that soil seed banks are mainly dominated by nonnative species in pine-invaded
communities around the world [10,70] and in other disturbed communities in Patagonia [71]. However,
the importance of seed banks determining native vegetation dynamics in Patagonian communities is
low [72,73] and variable along the precipitation gradient [73].

As we expected, young clearcut communities converge with native communities in the harshest
sites. We hypothesized that the current high-light environment of the clearcuts favors the dominant
native shade-intolerant species found in the harsher sites (steppe) and hinders native shade-tolerant
species commonly found in the more benign sites (forest). Patterns of diversity suggest that the increase
in native and nonnative richness in clearcut communities is driven by an increase in species abundance.
Thus, the differences among clearcuts and native communities along the gradient could likely be
explained by the higher proportion of nonnatives found in clearcuts across the gradient. Moreover,
clearcuts presented a higher relative cover of annual herbs and lower relative cover of shrubs and trees
in comparison with native communities, especially in the more benign sites. As native communities
are mainly dominated by shrubs and trees, native species in clearcuts are notably different from those
from native communities, especially in the wettest sites. We also found high species turnover along
the gradient. Nonnative species in the harsher sites may not be a subgroup of those established in
the more benign sites. Overall, one possibility is that clearcuts would need more time for passive
restoration to succeed, particularly if the stage dominated by annual herbs is transient or facilitates the
establishment of longer-live species typical of native communities. A more pessimistic scenario is that
clearcut trajectories diverge from native communities, leading to alternative states, which can occur
when plantations are burned [26]. Additionally, differences among plantation and native communities
can be due to the extremely low diversity and understory cover found in plantations.

If the goal is to restore native communities following invasion, clearcut practices may not be
an ideal technique to manage pines in Patagonia. Alternative practices, such as selective logging
or techniques that leave dead pines standing (e.g., through girdling or herbicide application), may
alleviate abiotic conditions (e.g., light, moisture) and promote native species compared to nonnative
species if native propagules are not limiting [51,53,69]. Moreover, the management of current
plantations (e.g., opening canopy) may increase understory biodiversity and accelerate clearcut
restoration [65]. Additionally, management timing can influence restoration outcomes [23,66]. It has
been found that the removal of pines allowed the regeneration of native communities in early stages
of invasion. However, larger legacy effects appeared in later stages of invasion, hindering passive
restoration [9,10,30]. In a more pessimistic scenario, return to the original native community may
require additional interventions such as the re-introduction of locally extinct native species and
their mutualists, or the modification of habitat conditions to make them more suitable for native
species establishment [31]. It is important to note that secondary invasions may also generate
economic problems by hindering the growth of desired species. For example, in its native range,
Pseudotsuga menziesii (a species of interest for forestry worldwide) was negatively affected by the
previous presence of the invasive nitrogen fixer Cytisus scoparius [74], a common nonnative species in
clearcut communities in our study area.

Our work provides empirical evidence that furthers our understanding of the response of native
and nonnative species composition to management under different environmental conditions. Thus,
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it may contribute to improve management approaches towards nonnative species and help the
development of a theoretical framework for biological invasions [2]. Our results highlight the need
to consider environmental context in the management of nonnative species. In harsh environments,
a lower number of nonnative species respond positively to the removal of a primary invader compared
to more benign environments, which also may have lower population and individual growth rates,
as suggested by lower nonnative cover. Therefore, managers may have more time to manage or control
the secondary invaders in harsher sites in comparison to more benign ones [2,6]. However, to achieve
conclusive results, further studies should increase the sampling effort and time elapsed since nonnative
removal, as well as conduct experimental studies that address the mechanisms underlying secondary
invasions’ patterns. Beyond that, based on our findings, it is not likely that clearcut communities that
are already invaded by multiple nonnative species will recover and resemble native communities
through passive restoration.

5. Conclusions

Removal of nonnative pines drives the secondary invasion of multiple nonnative species, altering
plant species composition relative to those of native community assemblages. However, nonnative
species richness and cover were higher in more benign (wetter) sites and clearcut communities were
more similar to native communities in the harshest (drier) sites. The results of our work highlight the
inefficacy of clearcutting to manage nonnative pines and restore native communities, especially in the
wettest sites. Our conclusions also draw attention to the importance of the environmental context of
management and reinforce recent arguments [2,6] that account for the biotic and abiotic context of
nonnative species management as crucial.
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Appendix A

Figure A1. Modeled rate of change of native and nonnative cover (A), and proportion of nonnative
cover (B) along the precipitation gradient. Points represent the mean estimated slope of the
hierarchical linear model that regressed cover/proportion with origin (only for cover), land-use
type, and precipitation. Vertical lines are 95% confidence intervals (95 CI) of the posterior distribution.
Responses were considered different between native and nonnative species and among land-use
types when 95 CI did not overlap with each other or with zero, respectively. Slopes in clearcut and
plantation communities are relative to native communities (i.e., effect size). A positive slope means
that cover/proportion increased at a higher rate than in native communities, while a negative slope
means that cover/proportion decreased at a lower rate than native communities.

Figure A2. Estimated rate of change of the Shannon diversity index along the precipitation gradient.
Points represent the mean estimate of the slope of the hierarchical linear model that regressed Shannon
with land-use type and precipitation. Vertical lines are credible intervals of 95% (95 CI) of the posterior
distribution. Responses were considered to be different when 95 CI did not overlap with zero.
For clearcut and plantation communities, the slopes represent the changes in the effect size of the
treatment (i.e., relative to native communities) with precipitation. A positive slope means that Shannon
diversity increased at a higher rate than in native communities, while a negative slope means that
Shannon diversity decreased at a lower rate than native communities.
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Table A1. Mean total cover (%) and mean cover (%) according to life forms (perennial herbs, annual
herbs, shrubs, and trees) for each land-use type at each site.

Sites
Land-Use

Type
Precipitation

Total
Cover

Perennial
Herbs

Annual
Herbs

Shrubs Trees

AA 2 Native 619 79.1 25.9 0.0 53.2 0.0
AA 2 Plantation 619 1.3 0.3 0.0 0.0 1.0
AA 2 Clearcut 619 15.5 0.9 0.2 1.7 12.8
AA 1 Native 648 70.4 0.0 0.0 10.8 59.7
AA 1 Plantation 648 3.2 1.2 0.0 2.0 0.0
AA 1 Clearcut 648 0.5 0.5 0.0 0.0 0.0
MC Native 805 117.4 30.5 15.6 25.5 45.8
MC Plantation 805 0.3 0.0 0.0 0.0 0.3
MC Clearcut 805 31.8 20.8 9.1 1.7 0.3
SJ 2 Native 824 65.3 10.4 3.6 28.5 22.8
SJ 2 Plantation 824 0.0 0.0 0.0 0.0 0.0
SJ 2 Clearcut 824 59.4 28.8 0.3 0.0 30.4
SJ 3 Native 827 33.5 5.5 3.1 20.7 4.3
SJ 3 Plantation 827 1.0 0.0 0.0 0.0 1.0
SJ 3 Clearcut 827 52.8 42.5 8.7 0.0 1.7
SJ 1 Native 846 108.3 24.2 37.4 31.3 15.4
SJ 1 Plantation 846 2.0 0.0 0.0 0.7 1.3
SJ 1 Clearcut 846 27.6 16.1 1.1 0.0 10.4

CON 1 Native 863 67.3 10.8 10.0 5.8 40.7
CON 1 Plantation 863 3.0 0.0 0.0 0.3 2.7
CON 1 Clearcut 863 62.3 10.3 48.1 0.5 3.5
CON 2 Native 876 66.5 10.1 1.1 50.4 4.8
CON 2 Plantation 876 2.2 1.4 0.0 0.0 0.9
CON 2 Clearcut 876 52.6 19.0 16.8 2.1 14.8
AMU 1 Native 973 106.3 27.8 0.3 24.3 53.8
AMU 1 Plantation 973 45.7 2.4 0.9 0.1 42.3
AMU 1 Clearcut 973 20.7 2.5 17.8 0.0 0.4
AMU 3 Native 983 96.3 11.3 3.6 18.0 63.4
AMU 3 Plantation 983 0.0 0.0 0.0 0.0 0.0
AMU 3 Clearcut 983 108.1 8.9 41.3 1.7 56.2
AMU 2 Native 995 97.6 7.6 0.6 25.5 63.9
AMU 2 Plantation 995 14.9 0.0 0.0 0.0 14.9
AMU 2 Clearcut 995 94.8 0.9 44.1 3.1 46.7

PM Native 1181 20.6 0.0 0.0 6.0 14.4
PM Plantation 1181 0.3 0.0 0.0 0.0 0.3
PM Clearcut 1181 68.2 32.3 17.7 18.2 0.0
VM Native 1216 38.2 23.3 0.3 8.3 6.4
VM Plantation 1216 9.0 0.1 0.0 0.0 9.0
VM Clearcut 1216 65.8 15.5 9.6 3.6 37.2
QQ3 Native 1262 111.3 76.8 0.0 0.0 34.5
QQ3 Plantation 1262 3.7 3.4 0.0 0.2 0.1
QQ3 Clearcut 1262 88.3 17.5 1.1 2.1 67.6
CF Native 1265 56.5 1.0 0.0 1.9 53.5
CF Plantation 1265 21.5 2.6 0.4 11.7 6.8
CF Clearcut 1265 48.4 17.8 20.4 9.0 1.2

QQ2 Native 1274 59.5 54.6 0.0 0.0 4.9
QQ2 Plantation 1274 0.0 0.0 0.0 0.0 0.0
QQ2 Clearcut 1274 99.0 47.3 47.3 3.8 0.6
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Abstract: We identified intra-annual climatic drivers of stem water relationships and growth in
foundation conifers at a subalpine site in the Great Basin Desert and at a montane site in the Mojave
Desert (Nevada, USA). Sites were instrumented to represent naturally different levels of heat and
drought stress as part of NevCAN (the Nevada Climate and ecohydrological Assessment Network).
We analyzed three years (2013–2015) of sub-hourly dendrometer records for limber (Pinus flexilis)
and bristlecone pine (Pinus longaeva) at the subalpine site, and for ponderosa (Pinus ponderosa) and
pinyon pine (Pinus monophylla) at the montane site. Multiple logistic regression was used to identify
relationships with environmental variables measured in-situ. At both sites, stem expansion occurred
during the early morning and late afternoon, and irreversible stem increment was concentrated in
the early morning hours. In subalpine species, stem growth started in late spring and continued until
August, while at the montane site stem growth was episodic, peaking during summer monsoonal
rainstorms. Circadian maximum and minimum stem size during the growing season were reversed
during the dormant season at the colder/wetter subalpine site but not at the warmer/drier montane
one. Knowledge of intra-annual tree-water relationships and stem growth helps understand how
sky island forests grow under highly diverse climatic conditions, including severe drought and
heat stress.

Keywords: arid environments; tree water deficit; point dendrometers; hydroclimate; north American
monsoon; stem water dynamics; Pinus longaeva; Pinus flexilis; Pinus ponderosa; Pinus monophylla

1. Introduction

The functioning and health of forest ecosystems depend on the adaptation of dominant tree
species to varying environmental conditions at multiple timescales [1]. Annual to multi-decadal
climate-growth relationships have been investigated in a broad range of biomes for a number of conifer
and broadleaf species using tree-ring proxies [2]. In order to understand how forest ecosystems will
fare under future global warming scenarios, it has become increasingly important to investigate the
physiological basis of individual plant adaptation to different levels of environmental stress [3–5].
Attention has therefore been driven towards identifying the mechanisms underlying patterns of hourly
to sub-hourly stem growth [6,7] and in particular how such patterns are affected by meteorological
and environmental variables under natural conditions [8,9].

Daily variations of woody stem size are the consequences of reversible phases of shrinkage and
swelling, reflecting reversible dynamics of stem water storage, as well as irreversible stem growth [10].
Stem contraction occurs when water uptake from the soil does not compensate for water losses from
canopy evapotranspiration [11], forcing the plant to recall water from the elastic tissues of the stem
(i.e., phloem, bark) into the sapwood [12]. Contrarily, when absorption from the roots is greater than
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the amount of water lost to the atmosphere, expansion of the stem is observed [13]. However, under
hyperarid conditions a tree may undergo prolonged periods of stem shrinkage [14]. Recently an
innovative methodological approach was proposed to separate water-deficit induced stem shrinkage
from irreversible radial growth [15], assuming that no growth is occurring during stem shrinkage
because of limited turgor pressure in the cambium cells [7].

The amount of water stored in tree stems and its contribution to daily water fluxes depends on the
tree species and individual characteristics, in particular tree size [16]. Stems, especially the sapwood,
hold the largest reserve of water in trees, and larger individuals hold greater reserves of water available
to fulfill daily physiological processes [17]. Larger proportions of sapwood may also facilitate water
movement through the stem under lower tensions compared to species with less sapwood under
similar evapotranspiration demands [18]. Even if the proportion of sapwood over total basal area is
not linked to environmental conditions [19], climatic stressors (such as drought) may deplete internal
storage by increasing water demand for transpiration [20] or by preventing the replenishment of
reserves [21].

Monitoring stem-radius changes using automated dendrometers is a widely used method to
define stem water dynamics [11,20,22,23] and tree growth response to short-term climatic factors [24].
Daily oscillations define the stem circadian cycle, which is composed by a contraction phase (i.e.,
depletion of water reserves), an expansion phase (i.e., replenishment of water reserve), and occasionally
a stem increment phase [22]. While diurnal (or diel) cycles depend on evapotranspiration, ultimately
balancing root uptake with canopy losses under normal conditions [12], prolonged periods of stem
swelling or shrinking may result in long cycles exceeding 24 h [4]. Positive/negative fluctuations of
stem radius resulting from diurnal and long cycles can then be used to highlight correlations with
environmental variables and their effect on tree growth and stem water dynamics ([10] and references
therein).

The Great Basin and Mojave Deserts of the western USA are characterized by arid and semi-arid
conditions, and water availability is generally the main limiting factor for natural systems [25].
Both deserts are characterized by pronounced elevation gradients in precipitation and temperature,
so that mountain ranges, depending on their elevation and topography, can be dominated by sky-island
conifer forests that experience dry and hot summers as well as cold and snowy winters [26]. Latitudinal
variability in climate also exists, as the northern areas tend to be characterized by winter and spring
precipitation, with associated snowpack dynamics, whereas the southern areas tend to be more affected
by summertime rainfall brought by the northwest edge of the North American Monsoon system [27].
Tree species growing in these regions are able to survive under a climatic regime characterized by
periods of hyperarid conditions [28], so that greater understanding of their ecohydrological dynamics
may help predict how tree species will fare under the warmer and drier world forecasted by global
warming scenarios in the western US.

We assessed tree-water relationships and the environmental drivers of stem circadian cycles in
four “foundation” [29] conifer species from the Great Basin and Mojave deserts of North America.
We analyzed three years (2013–2015) of continuous dendrometer records from two contrasting locations:
a subalpine site in the central Great Basin and a montane site at the border between the Mojave and
Great Basin deserts. Our study objectives were: i) to characterize daily and seasonal stem circadian
cycles in conifers experiencing different levels of heat and drought stress; ii) to characterize seasonal
dynamics and patterns of tree water deficit and irreversible radial growth; and iii) to investigate the
climatic drivers of stem size variations in order to assess species-specific levels of adaptation to local
conditions and hypothesize their responses to future warming scenarios.
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2. Materials and Methods

2.1. Study Area

Two sites separated by 2.5◦ latitude were instrumented for this study as part of the Nevada
Climate-ecohydrological Assessment Network (NevCAN; Figure 1a). Automated sensors were installed
between 2010 and 2013 to measure climatic and environmental variables at sub-hourly time intervals [30].
The Snake Subalpine West site (38◦54’22” N, 114◦18’32” W; 3355 m a.s.l.) is located on the western flank of
the Snake Range in central-eastern Nevada. Vegetation is a mixed-conifer stand dominated by bristlecone
pine (Pinus longaeva D. K. Bailey), limber pine (Pinus flexilis E. James), and Engelmann spruce (Picea
engelmannii Parry ex Engelm.). The Sheep Montane site (36◦35’25” N, 115◦12’51” W; 2320 m a.s.l.) is
located in southern Nevada, about 50 km north of Las Vegas. The canopy is composed of ponderosa pines
(Pinus ponderosa var. scopulorum Engelm.) and pinyon pines (Pinus monophylla Torr. & Frém.). The shrub
layer is absent or extremely sporadic at both sites. Parent rock material at both sites is composed by a
colluvium derived from limestone and dolomite. Soils are loamy-skeletal Lithic Cryorthens at the Snake
Range location, and loamy-skeletal Aridic Lithic Haplustolls at the Sheep Range site [31].

Figure 1. (a) Geographic location of the two study sites with respect to the hydrographic boundary
of the Great Basin (red shaded area). (b) Walter-Lieth climatic diagrams for the two study sites with
temperature (red labels) on the left y axis and total precipitation (blue labels) on the right one. Bars
below the x-axes indicate frost season (dark blue), probable frost season (light blue), and frost-free
season (no bars).
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The Snake Range, which falls within the hydrographic Great Basin, is characterized by cool-season
precipitation and associated winter snowpack dynamics. Average annual temperature during the first
five years of NevCAN operation (2010–2015) was 1.9 ◦C, and average total annual precipitation was
663 mm (Figure 1b). The Sheep Range is located near the hydrographic boundary between the Great
Basin and the Mojave Desert, one of the driest regions influenced by the North American Monsoon [32].
Based on NevCAN data for 2011–2015, the mean annual temperature was 10.7 ◦C, and the mean total
annual precipitation was 322 mm, mostly concentrated in July and August (Figure 1b).

2.2. Dendrometer Data

Automated point dendrometers manufactured by Agricultural Electronics Corporation (Tucson,
Arizona, USA) were installed on two pine species at each of the two sites. Observational noise caused
by the hydration and de-hydration of the bark is minimized by the mm2-area of the sensor tip and by
shaving off the outer bark before installing the sensor [33]. Stem radius is quantified by measuring
the horizontal linear displacement of a sensing rod, which is then turned into an electric signal with
a resolution of 4 μm over a range of 15,000 μm [34]. At the Snake Range, a total of 12 dendrometers
were installed on 6 bristlecone pines (Pinus longaeva, abbreviated as PILO), and 7 dendrometers
were installed on 4 limber pines (Pinus flexilis, PIFL) (on one tree it was possible to install only one
dendrometer). At the Sheep Range, a total of 8 dendrometers were installed on 4 ponderosa pines
(Pinus ponderosa, PIPO) and 8 dendrometers were installed on 4 pinyon pines (Pinus monophylla, PIMO).
Trees equipped with two dendrometers at different height along the stem, usually between the ground
level and about 1.5 m, were used to test that dendrometer traces did not depend on sensor location.
For each species, there was at least one dendrometer located in one of the four cardinal directions.

Instrumented trees were selected to represent the variability of stem sizes under natural conditions.
At the Snake Range the average diameter of instrumented trees was 41 ± 15 cm for PILO and 21 ± 9 cm
for PIFL, and the average height was 8 ± 2 m and 5 ± 2 m, respectively. Average diameter at the
Sheep Range was 53 ± 8 cm for ponderosa pine (mean height = 11 ± 2 m) and 30 ± 7 cm for pinyon
pine (mean height = 6 ± 2 m). Bristlecone pines instrumented at the Snake Range exceeded 240 years
of age [35], even though one of them was large enough that its stem age exceeded multiple centuries,
while limber pines usually did not exceed 100 years of age [14]. At the Sheep Range, age of instrumented
ponderosa and pinyon pines reached a maximum greater than 250 years.

2.3. Climatic Data

Climatic data recorded by the NevCAN stations were obtained from the Western Regional Climate
Center (www.wrcc.dri.edu/SRtransect/; www.wrcc.dri.edu/GBtransect/) and used to produce hourly
summaries for atmospheric and soil variables [35]. Correlation analysis was used to assess the degree
of predictor multicollinearity, and seven variables were selected for further study (Table 1): mean air
temperature (AirT), mean soil temperature at 50 cm belowground (SoilT), soil volumetric water content
at 17 cm (VWC17) and 32 cm (VWC32), total precipitation (PPT), dew point (Dew), and Vapor Pressure
Deficit (VPD). Dew point is directly related to atmospheric moisture content [36] and its importance
in hydrologic modeling is well recognized in the western US [37,38]. Dew point synthetizes four
atmospheric variables (relative humidity, barometric pressure, saturated and ambient vapor pressure),
which are required for its computation. Relative humidity (%) and barometric pressure (mb) were
acquired from the NevCAN station, while vapor pressures (hPa) were computed according to standard
formulas (equations (1) and (2), [34]) and then used to calculate dew point (◦C; equation (A.4) [39]).
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Table 1. Summary of climatic variables included in this study. Hourly means and range (minimum/
maximum) are shown for the June-September period during 2013–2015 (average climate conditions for
the whole year are shown in Figure 1b).

Snake Range Sheep Range
Variable Code Unit Subalpine West Montane

Air temperature AirT ◦C 10.4 (−12.8/25.7) 18.8 (−5.8/36.6)
Soil temperature (50 cm) SoilT ◦C 13.7 (−0.6/21.4) 19.0 (8.6/23.6)

Soil volumetric water content (17 cm) VWC17 % 7.0 (2.4/22.1) 6.9 (4.4/13.9)
Soil volumetric water content (32 cm) VWC32 % 8.8 (4.1/18.4) 8.3 (6.6/10.2)

Dew point Dew ◦C −2.6 (−34.6/8.9) 0.7 (−25.1/17.0)
Vapor Pressure Deficit VPD hPa 7.7 (0.2/21.7) 15.5 (0.2/42.2)

Total precipitation PPT mm 179 (0/9) 171 (0/51)

2.4. Extraction of Stem-Cycle Phases

All dendrometer records were processed using dendrometeR [40], a task-specific, open-source,
statistical package for analyzing sub-daily dendrometer data within the R software environment [41].
Half-hourly individual dendrometer measurements from January 1st 2013 to December 31st 2015 were
converted into daily stem increments by subtracting the previous day maximum from the current day
maximum, and then transformed into cumulative series by adding daily stem increments. Quality
control was performed to identify data gaps due to malfunctioning of dendrometers or data loggers.
Graphical and numerical data summaries were used to detect errors, and values > ± 2 standard
deviations from the daily mean were set as missing. No data gaps >12 h were found in our records,
and any shorter gaps were filled using an ARIMA model, as it is typically done in these studies [42].
To enhance the signal-to-noise ratio at the stand level while reducing possible effects of tree size
on individual measurements, corrected half-hourly records were combined in a site composite by
species [23]. Daily and monthly mean circadian cycles were computed for each species by aggregating
half-hourly measurements of stem radius from 2013 to 2015.

Xylogenesis studies conducted through repeated microcoring at the Snake Range on both
P. longaeva [35] and P. flexilis [14] found that the production of new xylem cells begins in early June
and continues until the end of August. At the Sheep Range, cellular measurements conducted on
P. ponderosa in 2015 and 2016 have shown that cambial phenology is driven by moisture availability,
with the formation of new tracheids occurring earlier in the spring after wet winters, but delayed
to late June-early July when water is supplied through monsoonal precipitation [43]. Therefore we
included in our analysis circadian cycles that started after June 1st and ended before September 30th.

Since daily cycles of stem size variations do not cover exactly a 24-h period [23], we distinguished
diurnal cycles (duration <28 h) from long cycles (duration ≥28 h) [4]. Long cycles from June to
September exceeded the average duration of diurnal cycles by two standard deviations or more.
For each species, we identified three different phases in circadian cycles [22]: 1) contraction (i.e., period
between a maximum in stem radius and the following minimum); 2) expansion (i.e., period between a
daily minimum and the following maximum); 3) stem increment (i.e., that portion of the expansion
phase starting when stem radius exceeds the previous cycle’s maximum). For each phase and for each
whole cycle, defined as contraction + expansion + increment (when present), we computed the onset
(hour of the day), the duration (hours) and the magnitude (μm), i.e., the difference between maximum
and minimum stem radius.

2.5. Modeling Relationships between Climate, Tree Water Deficit (TWD), and Real Growth (RG)

Stem water dynamics were analyzed separately from irreversible stem radial growth for each
species. To investigate daily patterns of stem water depletion and replenishment, we pooled together
expansion and increment phases to indicate “stem swelling” (SS), which indicates recharging
stem water reserves. Stem increment phases (sensu [22]) are often not associated with a “real”
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radial increment, especially when they occur as isolated peaks during prolonged phases of stem
shrinkage [44]. Therefore, to identify radial growth causing an actual increment in stem diameter,
we first created hourly time series of tree water deficit (TWD) according to [15]. Briefly, TWD is a
measure of stem shrinkage caused by water deficit, and it is measured in the same unit as stem radius
(either μm or mm). TWD is usually <0, indicating that the current stem radius is below the previous
highest recorded radius. When TWD equals 0, stem radius is increasing, stem water potential is near
saturation, and therefore irreversible real growth (RG) is observed [15]. Hourly values of stem radius
measured at TWD = 0 were used to compute curves of cumulative RG from June 1st to September 30th.

Because dendrometers readings can be affected by tree size, we used a probabilistic approach to
assess how the presence/absence of circadian phases, rather than their magnitude, was controlled by
climatic drivers. The relationship between environmental variables, stem swelling/shrinkage, and real
growth was investigated by species and for different time lags using logistic regression. Summaries for
each climatic variable were calculated up to a 24-h lag with a 3-h interval (i.e., t0, t−3, t−6, . . . , t−24),
producing a total of nine time lags for each explanatory variable (i.e., AirT, PPT, SoilT, VWC17, VWC32,
VPD and Dew), and a total of 63 predictors. Each hourly observation of stem size was converted to
a binomial variable, with “0” for shrinkage and “1” for swelling. Analogously, each hourly record
was converted to a binomial variable depending on the presence/absence of RG, with “1” for growth
and “0” for no growth. A blockwise variable selection was performed to select within each group of
variables the time lag that best fitted the binary dataset of stem swelling and real growth using simple
logistic regression:

Logit (πx) ln
(

πx

1 − πx

)
= β0 + β1x

with πx being the probability of stem swelling (or real growth) for a given value of climatic parameter
x, and β0 and β1 the intercept and slope of the regression. Goodness of fit for each model was assessed
using a Hosmer-Lemeshow test [45], and significance of individual parameters was tested with Wald’s
χ2 [46]. If two or more variables, at any time lag, passed the Hosmer-Lemeshow test, then those
variables were combined into a multiple logistic regression [45]:

Logit (πx) = ln
(

πx

1 − πx

)
= β0 + β1x + β2y + . . . + βnz

where x, y, and z are the n selected climatic variables, β0 the intercept of the regression, and β1, β2,
and βn the coefficients for the n climatic variables. The Hosmer-Lemeshow test was used again to
evaluate model calibration, while model discrimination capacity (i.e., the model’s ability to predict an
event correctly) was assessed measuring the area under a Receiver Operating Characteristic (ROC)
curve [47] computed using the R package pROC [48]. In order to account for time-of-day influence
on stomatal conductance and xylem water potentials, models of stem swelling and real growth were
computed separately for night (19:00–6:00) and day hours (7:00–18:00). Since more than 90% of the
seasonal cumulative real growth was completed by the end of August, the relationship between
climate, TWD, and RG was analyzed for the June-August period.

3. Results

3.1. Climate

Climatic data from 2013 to 2015 highlight differences between the two study sites (Figure 2),
in particular for seasonal dynamics of precipitation and soil temperature. Average air and soil
temperature during the summer at the Sheep Range site were higher, respectively by 8.4 ◦C and
5.3 ◦C, than at the Snake Range site (Table 1). At the Sheep Range, soil temperature at 50-cm depth was
close to 0 ◦C only occasionally between December and January (Figure 2), while at the Snake Range
soil temperature at 50-cm depth was constantly near 0 ◦C from November to May because of snowpack
presence. From June to August, daily variability of soil temperature was higher at the Snake Range
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(northern site) than at the Sheep Range (southern site) because of larger thermal excursion between
night and day. The average volumetric water content of both shallow (VWC17) and deep (VWC32) soil
was similar at the two sites, despite a much broader range of soil moisture from June to August at the
Snake Range (Table 1).

Figure 2. Site-wide composites of stem size variation during 2013–2015 computed for: (a) Pinus longaeva
(PILO) and Pinus flexilis (PIFL) at the Snake Range Subalpine West site and (b) for Pinus ponderosa
(PIPO) and Pinus monophylla (PIMO) at the Sheep Range Montane site. Daily time series of mean
air temperature (AirT), soil temperature at 50 cm belowground (SoilT), volumetric water content at
2–17 cm (VWC17) and 17–21 cm belowground (VWC32), and total precipitation (PPT) are also shown.
Gray shaded areas represent the 4-month period (June–September) considered for the analysis of
circadian stem size phenology.

At both sites, no significant correlation emerged between VWC17 and VWC32 within a time
lag of ±3–4 days. Total June–September precipitation was similar between the two sites (Table 1),
even though at the Sheep Range precipitation was mostly concentrated in the July–August period.
In fact, during 2013–2015 the fraction of total annual precipitation falling in July–August was only
15% at the Snake Range, but about 41% at the Sheep Range because of the North American Monsoon
system. Consequently, during June–September average dew point was higher at the Sheep Range
(0.7 ◦C) than at the Snake Range (−2.6 ◦C), even though the average vapor pressure deficit during the
same period was almost twice as large at the Sheep Range than at the Snake Range (Table 1).
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3.2. Seasonal and Daily Dynamics of Stem-Size Variation

Dendrometer traces (Figure 2) recorded at the Snake Range on PILO and PIFL (the northern species)
displayed stem increment starting in May–June, concurrent with increasing deep soil temperature,
and lasting until the end of August, with a subsequent gradual shrinkage during the winter (Figure 2a).
At the Sheep Range, stem-size variation for both PIPO and PIMO (the southern species) was smaller,
with major stem enlargement occurring in July with the arrival of monsoonal precipitation (Figure 2b).
On average, stem-radius increase was 3.1 ± 1.1 mm for PILO and 5.2 ± 1.3 mm for PIFL between
June 1st 2013 and September 30th 2015 (Figure 3a,b), while in the same period PIPO and PIMO showed
lower size increases, respectively 2.2 ± 0.7 mm and 1.4 ± 0.6 mm (Figure 3c,d).

Figure 3. Half-hourly individual dendrometer tracks of stem size variation (gray lines) for PILO (a),
PIFL (b), PIPO (c), and PIMO (d) from 1 January 2013 to 31 December 2015. Black bold lines represent
the site average. Species codes are the same as in the Figure 2 caption.

Circadian cycles showed seasonal variability and substantial differences between the northern
and southern pine species. At the Snake Range circadian cycles occurring during the cold season
(November–May) were opposite in phase than those occurring during the warm season and the early
fall (June–October) (Figure 4a). During the winter, for both PILO and PIFL, minimum stem radius
occurred in the morning (7:00–7:30), while maxima were in the afternoon (15:30–16:00). During the
summer and the early autumn, stem radius reached the maximum in the first hours of the morning in
PILO (5:30) and a couple of hours later in PIFL (8:00). Then daily shrinkage began, culminating in the
afternoon, first in PIFL (15:30) and then in PILO (17:00). At the Sheep Range no differences emerged
between cold- and warm-season stem cycles in PIPO and PIMO (Figure 4b). Maximum stem radius
occurred during the morning, first in PIMO (6:30–7:30) and then in PIPO (8:00–8:30). Minimum radial
dimension was observed in the afternoon (16:30–17:00) during the warmest months, and about two
hours later (18:00–18:30) during the cold season.
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Figure 4. Daily circadian cycles calculated over three consecutive years (from January 2013 to December
2015) and averaged by species for the winter/spring (November–May) and for the summer/early
autumn (June–October) at (a) the Snake Range, and (b) the Sheep Range. Species codes are the same as
in the Figure 2 caption.

The average number of full cycles completed between June 1st and September 30th during the
three years of study was 99 for PILO and 105 for PIFL at the Snake Range, and slightly less at the Sheep
Range for PIPO (87) and PIMO (97). PIMO showed the highest amount of long cycles (60, representing
21% of total cycles), while in PIFL only 16% of all cycles were long (49). The duration of diurnal cycles
was similar between species and sites, ranging between 23.7 and 23.8 hours (Table 2).

The onset of contraction started earlier at the Snake Range (05:20 in PILO and 04:29 in PIFL) than
at the Sheep Range (06:49 in PIPO and 05:40 in PIMO). On average each diurnal cycle caused a positive
increment of stem radius, as the stem size increase caused by the replenishment of stem water reserves
(i.e., swelling) was larger than the reduction associated with water depletion (i.e., shrinkage). Average
daily stem increment was about 1 μm for PIMO and 6 μm for PIPO at the Sheep Range, while it was
about 4 μm in PILO and 11 μm in PIFL at the Snake Range. Long cycles, which showed very high
variability, were longer at the Sheep Range (57.7 h in PIPO and 52.3 h in PIMO) compared to the Snake
Range (52.1 h in PILO and 46.1 h in PIFL), but lower in magnitude (Table 2). The average increment of
stem radius associated to long cycles was highest in PIPO (65 μm), and lowest in PIMO (38 μm).

Stem increment phases were mainly associated with long cycles: on average 68% of long cycles
showed a stem increment phase against 48% of diurnal cycles, without any site-related difference
between species. Long cycles produced higher stem increments, reflected in magnitudes that were
three–four times larger than in diurnal cycles (Table 2). The duration of each phase was directly linked
to its magnitude in all species, in particular for the increment, with similar correlations for PILO
(Pearson’s correlation coefficient r = 0.89, p < 0.001), PIFL (r = 0.80, p < 0.001) and PIPO (r = 0.89,
p < 0.001) but lower in PIMO (r = 0.68, p < 0.001) (Figure S1).
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Table 2. Summary statistics (mean ± 1 standard deviation) by species and phase at our study sites
for diurnal and long cycles of stem variation occurring from June to September (see text for details).
Onset = hour of day; Duration = hours; Magnitude = μm.

Snake Range Sheep Range

Phase Type Feature Pinus longaeva Pinus flexilis Pinus ponderosa Pinus monophylla

Contraction Diurnal
Onset 5:20 ± 1 h 51 m 4:29 ± 1 h 31 m 6:46 ± 2 h 16 m 5:40 ± 1 h 51 m

Duration 11.3 ± 2.0 9.9 ± 1.6 10.8 ± 2.5 9.6 ± 2.2
Magnitude 85 ± 40 69 ± 28 35 ± 50 60 ± 44

Expansion Diurnal
Onset 16:16 ± 1 h 36 m 14:11 ± 1 h 33 m 17:05 ± 2 h 23 m 15:14 ± 1 h 30 m

Duration 10.6 ± 2.3 10.2 ± 3.6 11.6 ± 3.0 12.6 ± 3.2
Magnitude 75 ± 39 59 ± 27 28 ± 13 48 ± 24

Increment Diurnal
Onset 4:52 ± 7 h 22 m 13:39 ± 9 h 01 m 5:19 ± 5 h 07 m 7:38 ±7 h 30 m

Duration 3.5 ± 2.1 6.0 ± 3.4 3.1 ± 2.4 4.5 ± 4.4
Magnitude 14 ± 14 21 ± 18 13 ± 73 13 ± 22

Whole cycle Diurnal
Onset 5:20 ± 1 h 51 m 4:29 ± 1 h 31 m 6:46 ± 2 h 16 m 5:40 ± 1 h 51 m

Duration 23.7 ± 1.9 23.8 ± 1.6 23.7 ± 1.9 23.8 ± 1.7
Magnitude 95 ± 43 87 ± 27 44 ± 69 72 ± 61

Contraction Long
Onset 6:58 ± 4 h 59 m 5:34 ± 4 h 40 m 7:39 ± 3 h 26 m 7:07 ± 4 h 41 m

Duration 22.6 ± 14.3 14.9 ± 8.3 21.8 ± 19.2 19.8 ± 21.6
Magnitude 73 ± 69 61 ± 38 35 ± 24 48 ± 34

Expansion Long
Onset 15:25 ± 3 h 08 m 14:26 ± 1 h 59 m 17:42 ± 2 h 45 m 15:33 ± 1 h 47 m

Duration 14.2 ± 11.6 15.3 ± 9.9 21.1 ± 19.4 23.7 ± 16.1
Magnitude 45 ± 36 51 ± 34 30 ± 18 39 ± 29

Increment Long
Onset 9:09 ± 7 h 04 m 12:33 ± 7 h 55 m 11:14 ± 8 h 05 m 11:58 ± 6 h 52 m

Duration 24.4 ± 17.8 19.5 ± 14.0 25.4 ± 27.6 15.8 ± 15.6
Magnitude 71 ± 54 53 ± 44 70 ± 101 47 ± 56

Whole cycle Long
Onset 7:05 ± 4 h 57 m 5:24 ± 4 h 33 m 7:43 ± 3 h 26 m 7:10 ± 4 h 43 m

Duration 52.1 ± 23.5 46.1 ± 16.6 57.7 ± 32.3 52.3 ± 27.8
Magnitude 122 ± 90 111 ± 56 84 ± 94 85 ± 63

3.3. Climatic Influences on Tree Water Deficit and Real Growth

Time series of tree water deficit (TWD) showed different seasonal patterns of stem shrinkage/
swelling between the Snake (Figure 5) and the Sheep Range (Figure 6). In general, all species experienced
periods of water stress, particularly in the second part of the growing season (i.e., August). PILO and PIFL
experienced lower values of TWD compared to PIPO and PIMO during June and part of July. At the Snake
Range TWD values reached zero almost every day, at least for a few hours, resulting in a slow but constant
real growth. A similar pattern was observed at the Sheep Range in June 2013 and 2014, but not later
in the growing season, when TWD dropped for both PIPO and PIMO to approximately −0.25 mm,
and RG occurred as episodic pulses driven by the onset of monsoonal precipitation (Figure 6). In 2015,
after a severely dry winter, real growth for both species at the monsoonal site was concentrated in just
three pulses during three major rainstorms: first in mid-June, second in mid-July, and third in early August.
At the Snake Range, the species characterized by smaller individuals (PIFL) completed 25%, 50%, and 75%
of total June–September radial increment usually 1–2 weeks before the species with larger average stems
(PILO). At the Sheep Range radial growth was simultaneous between the two species, with no size effect.
Stem swelling between June 1st and September 30th occurred prevalently during the night, between 18:00
and 06:00, especially at the Snake Range, whereas at the Sheep Range stem swelling was observed until
08:00 (Figure 7a,b). Real growth took place only in the morning hours, between 02:00 and 08:00 at the
Sheep Range (with a drop between 06:00 and 07:00; Figure 7c) and between 04:00 and 05:00 at the Snake
Range (Figure 7d).
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Figure 5. Tree water deficit (TWD) and real growth (RG) time series in 2013–2015 for PILO and PIFL
(Snake Range). Symbols represent quartiles of real growth observed between June and September
(circles = 25%; squares = 50%; triangles = 75%). Vertical bars represent total hourly precipitation. (Right
y axes also represent 100% of RG). For a definition of TWD and RG see main text. Species codes are the
same as in the Figure 2 caption.
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Figure 6. Tree water deficit (TWD) and real growth (RG) time series in 2013–2015 for PIPO and PIMO
(Sheep Range). Symbols represent quartiles of real growth observed between June and September
(circles = 25%; squares = 50%; triangles = 75%). Vertical bars represent total hourly precipitation. (Right
y axes also represent 100% of RG). For a definition of TWD and RG see main text. Species codes are the
same as in the Figure 2 caption.
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Figure 7. Average daily cycles of stem swelling (SS) and real growth (RG). Graphs (a) and (c) are for
the Sheep Range; graphs (b) and (d) are for the Snake Range. Species codes are the same as in the
Figure 2 caption.

Precipitation was the main predictor of stem swelling (SS) and radial growth (RG), appearing in
all logistic models developed for day (Table S1) and night (Table S2) hours, although with different
significance. Precipitation increased the odds of stem swelling and radial increment, and species
response was less than six hours. During the day, a 1-mm increase in total precipitation in the previous
3 h increased the odds of SS by 2 and 2.5 times in PILO and PIFL respectively. At the Sheep Range, PIPO
responded immediately to PPT (lag0), while the odds of SS in PIMO were affected by total precipitation
in the previous 6 hours (Table S1). Precipitation in the previous hour was a significant predictor of RG
in PIMO during both day- and night-time, and it increased the odds of RG by 1.2 times in PILO as well.
Air temperature, vapor pressure deficit, and soil temperature were the other variables that emerged as
significant predictors of SS and RG, although at different time lags depending on the species (Table S1).
In general, AirT had a negative effect on the probability of SS and RG in all species during the day.
At the Snake Range, stem swelling was favored by cooler mean temperatures in the previous hour
in PILO and 24 h in PIFL. Within these time frames, a 1-◦C increase in air temperature would make
stem swelling 0.8 and 0.9 times less likely to happen respectively in PILO and PIFL. During the night,
stem swelling was promoted by warm temperatures even at the Sheep Range (Table S2), where AirT
in the previous 3 h significantly reduced the odds of RG, respectively 0.8 and 0.6 times in PIPO and
PIMO. Vapor pressure deficit negatively affected both SS and RG in all species, but in particular it
decreased the odds of irreversible growth during the day at the Snake Range, and the odds of stem
swelling during the night at the Sheep Range. Warm soils favored SS at the Snake Range and RG of
PIMO at the Sheep Range, despite limited daily variability of soil temperature.

All logistic regressions passed the Hosmer-Lemeshow test at the Sheep Range but not at the
Snake Range (Tables S1 and S2). Model performances assessed through the area under the ROC
curve varied by species and by process (i.e., stem swelling vs. real growth). At the Snake Range the
daily dynamics of stem water replenishment were better captured for PILO, where multiple logistic
regression successfully predicted 76.1% of events, while at the Sheep Range daily stem swelling
dynamics were less well captured by the models identified for PIPO (65.8%) and PIMO (53.1%)
(Table S1 and Figure S2a). During the night, logistic regressions correctly predicted events of SS 65.8%
and 55.3% of times in PIPO and PIMO (Table S2 and Figure S2b). Within species and sites, real growth
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was in general better modeled than SS, with models for PIMO and PIPO predicting, respectively, 88.9%
and 74.1% of RG events during the day (Table S1 and Figure S2c) and 74.9% and 75.8% during the
night (Table S2 and Figure S2d). At the Snake Range, irreversible radial increment during the day
was successfully predicted 96.2% in PIFL, but less well during the night (79.5% and 56.4% of events
captured in PILO and PIFL respectively).

4. Discussion

4.1. Seasonal Dynamics of Circadian Cycles

The mechanisms underlying plant-water relationships and tree hydraulic status have been
investigated on a large number of species under controlled conditions, but much less research has
focused on understanding how such mechanisms are modulated by environmental and climatic
factors in natural conditions [8,9,23]. Albeit not including all co-existing tree species, our two study
areas are both representative of natural sky-island forests in the Great Basin and Mojave Deserts [30],
and differ remarkably for the seasonal dynamics of total precipitation and soil temperature. Therefore
they provide a unique opportunity to investigate daily and seasonal relationships between stem size
variations, tree water status, and their environmental drivers. At the subalpine Snake Range site,
lower air and soil temperatures together with the seasonal dynamics of the snowpack affect tree
growth, especially in the spring and early fall. At the Sheep Range monsoonal rainfall occurring in
July and August determines a temporary improvement of water availability, with higher soil and
atmospheric moisture, alternating with hyperarid periods. The similar duration of circadian stem
cycles at the two locations points toward a strong climatic control over the timing of replenishment
(i.e., stem expansion) and depletion (i.e., stem contraction) of tree water reserves (Figure S3). Onset
of stem water replenishment is much more variable than the onset of stem contraction in all species,
regardless of diurnal or long cycles. This pattern suggests that even if environmental parameters
driving transpiration (in particular temperature) play a primary role in stem-water dynamics [11,20,49],
replenishment of stem water reserves in these arid environments may start anytime during the day
if additional moisture is supplied [50]. The expansion phase began 1–2 h earlier in the afternoon in
species characterized by smaller individuals, i.e., PIFL at the Snake Range and PIMO at the Sheep,
compared to PILO and PIPO, suggesting that tree size, including stem diameter and crown dimension,
could also influence stem rehydration.

The average yearly number of cycles was similar between species, and so was the proportion of
long cycles, which ranged between 15 and 20%. The magnitude of both diurnal and long cycles is lower
at the Sheep Range, even though the duration of long cycles, especially in PIPO, is greater. This is likely
related to the fact that precipitation at the Sheep Range was episodic and concentrated in few abundant
rainstorms that greatly raised soil moisture. The temporary improvement of moisture conditions
triggered long cycles even though the severe evapotranspiration demands of the Sheep Range limited
the magnitude of the radial increment. The importance for PIPO and PIMO of monsoonal water
supplied in July and August is evident from the dynamics of stem size variation occurring after minor
precipitation events (i.e., <5 mm/day). These atmospheric events are not strong enough to trigger a
long cycle, and moderate stem increments associated with the temporary improvement of moisture
conditions are usually followed by a sudden stem shrinkage driven by high transpiration related to
summer air temperature. Most likely, under hyperarid conditions, once stem water has been refilled,
environmental factors controlling transpiration determine whether stem water fulfils transpiration
demands or can be diverted to the formation of new xylem cells [51].

Average monthly circadian cycles at the Sheep Range suggest that seasonality of soil freezing/
thawing has little effect on stem water dynamics. Since mean soil and air temperature rarely drop
below freezing, the risk of frost-induced cavitation for species growing at the southern site is limited if
not absent. On the other hand, the reversal of stem cycle phases in winter compared to summer/early
fall at the Snake Range indicates that extra-cellular water freezes during the cold season, creating
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a withdrawal of water from the bark and the outer stem tissues that leads to frost-induced stem
shrinkage, reaching its peak in the coldest hours of the morning [52]. Reversed-phase circadian cycles
between winter and summer months are commonly observed in mountain regions [20] but not in
species experiencing mild winter temperatures [53].

4.2. Climatic Drivers of Stem Swelling and Real Growth

Cumulative dendrometer series showed that radial increment was more sustained in the northern
species compared to the southern ones. More importantly, they captured site- and species-specific strategies
to cope with seasonal heat and drought stress, reflecting a high level of phenological plasticity and
adaptation to local conditions, in particular at the Sheep Range. PILO and PIFL present a well-defined
period of stem enlargement, starting in April–May, continuing as a steep monotonic increase from June
to August, and finally reaching a plateau in September. This pattern is typical of conifer species in cold
environments [22,54] or from regions characterized by winter dormancy [55,56], and reflects the potential
limitations imposed by frozen soil water during the first phases of xylogenesis [57]. At the Sheep Range,
stem enlargement is not continuous from June to September but rather episodic, with peaks in radial
increment occurring during summer monsoonal rainstorms, as particularly evident in 2015.

Logistic regression models were better at predicting irreversible radial growth than stem swelling
(i.e., replenishment of water reserves), especially during daytime. Cellular measurements of wood
formation conducted on PIPO at the Sheep Range in 2015 have linked stem rehydration driven
by summer precipitation with enhanced cellular division, leading to the rapid formation of new
layers of xylem, especially after dry winters, starting in mid-July [43]. These findings align with
previous studies from Northern Arizona, where stem radial growth and net photosynthetic rates
in PIPO were found to peak in July and August [58], when water stress is relieved by monsoonal
precipitation [59]. Studies on wood formation conducted in 2013 and 2014 at the Snake Range on
PILO [35] and PIFL [14] have highlighted seasonal patterns of xylem production comparable to radial
growth dynamics recorded by point dendrometers, with new cell formation starting in June and ending
in late August/early September.

A relatively limited number of variables (i.e., precipitation, air temperature, vapor pressure
deficit, and soil temperature) affected stem circadian phenology at both sites. The recurrent presence
of precipitation and air temperature as predictors for the presence/absence of stem swelling and
irreversible increment suggests that patterns of radial growth reflect site-specific dynamics of
evapotranspiration and interactions between moisture conditions and heat. All four pine species
experienced prolonged periods of intense water deficit, characterized by no irreversible expansion.
During such periods, the recharge of stem water reserves is incomplete, implying that water potential
in the cambium remains negative and no radial growth takes place [44]. The range of tree water deficit
was similar between sites, but subalpine species in the first part of the growing season presented
daily variation of stem size larger than the montane ones. Nevertheless, PILO and PIFL produced
regular radial increment, reducing stem water deficit at least for a few hours. PIPO and PIMO showed
limited water deficit in June, but then entered a long phase of severe water deficit interrupted only by
summer rainstorms.

Climatic response varied by site and species. At the Snake Range, soil temperature emerged as an
important driver of stem water replenishment. We then infer that species growing at high elevations,
like PILO and PIFL, benefit from increasing soil temperature even in semi-arid environments because
in warmer soils water viscosity increases, enhancing root water supply and growth [60], whereas
low soil temperature also decreases root hydraulic conductivity by inhibiting aquaporin activity [61].
The shifting sign in the relationship between air temperature and SS (negative during the day, positive
at night), is consistent with the high transpiration demands of both sites which largely affect the
daily circadian phenology for all species. On the other hand, the effect of air temperature on the
odds of irreversible growth seems to be equally fast in both PIPO and PIMO, but much different in
PILO and PIFL, with this last species responding to air temperature over a much longer period (12 h).
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This finding highlights the role of canopy architecture in controlling transpiration rates, as larger trees
with more portions of crown exposed to incoming solar radiation tend to transpire more than smaller
ones [62].

All species showed a fast response to total precipitation for time lags up to 6 h, in particular
during the day. While the contribution of precipitation to stem swelling was highly significant for all
species, PIMO was the only species for which precipitation had an immediate effect (in the previous
hour) on irreversible growth. This behavior shows that PIMO is able to use even small amounts
of precipitation during the growing season [23], likely due to a combination of higher transpiration
demands and lower internal stem water reserves. Large trees can store water in the canopy and in the
sapwood [17] to compensate for hydraulic limitations imposed by reduced moisture availability [16].
A species like PIPO can rely on internal reserves of stem water thanks to a particularly high proportion
of sapwood [63], while species characterized by smaller trees like PIMO might rely more on water
stored in the canopy. Since canopy reserves are rapidly depleted by transpiration [50], species with
lower stem water reserves (i.e., sapwood) would then be more dependent on external sources (i.e.,
precipitation) to replenish them. In this sense, small individuals might be favored against larger ones
in a drier/warmer climate [62]. The presence of a negative, yet non-significant, effect of precipitation in
the logistic regressions describing RG for PILO and PIFL may suggest that climate-growth relationships
near treeline are more complex than at lower elevations [64].

4.3. Implications for Species Adaptation to Climate Change

The fate of tree species under future warming scenarios depends upon their plasticity to adapt,
in particular to more frequent and severe droughts [65], hence research on drought-induced tree mortality
and its causes is essential to predict future vulnerability of forest species [66,67]. Compensatory mechanisms
have been observed via increased water use efficiency [68], physiological short-term regulation [69],
or phenological avoidance of dry periods [70]. At the same time, more severe and frequent droughts have
been identified as main drivers of reduced tree growth [71,72] and extensive forest die-off, often associated
with increased fire frequency and insect outbreaks [73,74]. A trade-off between drought resistance and
post-drought recovery has been observed in conifers growing under contrasting climatic conditions,
with trees from mesic sites showing higher resistance and trees from xeric conditions showing higher
resilience [75]. However, analyses of drought response patterns in relation to stem size variations measured
by dendrometers are still scarce in the western US [76].

Conifer species included in our study showed a high level of adaptation to moisture and heat
stress, which is reflected in their rapid response to even limited water supplies and to cooler temperatures.
The ability of conifer species growing at the xeric southern site to utilize episodic precipitation events during
an otherwise hyperarid growing season may represent an adaptation to extremely variable conditions.
In particular, it points toward opportunistic growth strategies driven by a high phenological plasticity,
which allows xeric southern species to adjust the timing of stem water dynamics with improved moisture
conditions (i.e., higher soil water content) and reduced evapotranspiration demands (i.e., lower vapor
pressure deficit). The fast response of PIMO to episodic rainfall might explain why single-needle pinyon
populations were minimally affected by early 2000s drought episodes, and have continued expanding in
the Great Basin [77], whereas Colorado pinyon (Pinus edulis Engelm.) has shown unusually high mortality
rates in recent decades. Ponderosa pine was previously shown to possess high phenological plasticity [43]
and greater capacity to recover pre-drought growth rates in old trees compared to young ones [78], pointing
again to the importance of internal stem water reserves for this species.

Rather than on phenological plasticity, adaptability of northern, five-needle species (PILO and
PIFL) to a changing climate might depend on the presence of favorable microclimates [79], which
determine less demanding evapotranspiration conditions. Rugged montane topography might reduce
the effect of climate warming by sheltering temperature-sensitive species [80], and some populations
of limber pine in the eastern Sierra Nevada have in fact retreated downslope in cool ravines to escape
increasingly dry conditions [81]. High-elevation species like PILO, whose growth dynamics are
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tightly linked to snowpack dynamics, might also develop different crown architectures in response
to rising temperatures [82]. Bristlecone pine growing under water limitation regimes at the White
Mountains maintains erect growth up to the treeline, whereas at the Snake Range krummholz growth
forms are more frequent [83]. In general, higher soil moisture, steep slopes, and shallow rocky
soils, all conditions found at the Snake Range site, favor strategies of drought resistance rather than
post-drought recovery [65], and the sparse structure of such high-elevation stands might actually
promote drought adaptation [81].

5. Conclusions

Dendrometer observations provided valuable information about tree responses to environmental
stressors. We found that stem circadian phenology of four foundation conifer species growing in
sky-island forests on desert mountains in the western USA were controlled directly by moisture or
indirectly by those factors favoring accessibility to available water. In warmer and drier habitats,
evapotranspiration demands, defined by a combination of air temperature and water availability,
were crucial in determining the possibility for conifer species to mitigate tree water deficit and produce
irreversible radial growth. In cooler and moister habitats, warm soil temperature was required to
facilitate the uptake of soil moisture, derived from a melting snowpack, by subalpine conifers in order
to recharge their internal reserves. The different thermal regimes at the Sheep Range (southern site)
and at the Snake Range (northern site) resulted in phase-reversed circadian cycles between cold and
warm seasons at the northern site but not at the southern one.

Our findings highlighted drought responses that can help understand future tree growth and
survival under a changing climate. At the southern site (Sheep Range), conifer species growing in xeric
conditions were able to utilize episodic precipitation events during an otherwise hyperarid growing
season. Such pattern was not present in near-treeline five-needle pines from the northern site (Snake
Range), where seasonal dynamics of stem radial phenology were linked to spring conditions and their
linkages to moisture provided by snowpack melting.
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