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Abstract

Recent research undertaken in Mediterranean pine forests suggests that the establishment of Pinus pinea L. and Pinus pinaster
Ait. natural regeneration is determined by different spatial and temporal factors. In this context, we analyzed the establishment
and success of natural regeneration in these two species and we examined the hypothesis that the spatial pattern of natural
regeneration depends on adult tree presence, density or stand composition, while temporal patterns are typically driven by
climatic conditions. For the purposes of the experiment we used 1936 plots of 0.02 ha established in mixed and pure for-
ests of P. pinea and P. pinaster in the Northern Plateau of Spain. Plots were installed following regeneration fellings, and
regeneration was monitored annually between 2001 and 2015. We used contingency tables and principal component analysis
(PCA) to evaluate the main factors affecting the spatial distribution of the regeneration. PCA was also used to assess the
temporal variation as a function of climatic variables. Finally, we checked for the existence of interspecific and intraspecific
synchrony through Tau-Kendall synchrony analysis. We found that natural regeneration of P. pinea was more successful
than that of P. pinaster over the whole of the studied period. Contingency tables showed that P. pinaster regeneration was
associated with conspecific adult trees, while the relationship between P. pinea regeneration and adult trees varied depending
on the regeneration development stage, i.e., seedling or saplings. Furthermore, we found that natural regeneration in both
species could be enhanced through the presence of mixtures of adult trees. The spatial variability, analyzed through PCA,
showed similar responses in both species, although temporal variability associated with climate variables differed between
P. pinea and P. pinaster. Finally, we found different synchrony patterns affecting natural regeneration, depending on the
species and the regeneration stages. In this context, temporal patterns seem to be species specific during the sapling stage
of regeneration. These findings allow the observed regeneration patterns in Mediterranean pinewoods to be generalized at
forest management scale.
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Introduction

Many of the projected future changes in climate, as well
as the indirect effects of these changes, are likely to have
a negative impact on forest systems (Keenan 2015). Medi-
terranean forests are considered among the most vulner-
able to climate change (Bernier and Schoene 2009), and
the increase in drought frequency, which is already being
observed, has been shown to have a negative impact on
the long-term establishment of this type of forests. Among
other effects, an increase in drought events might have
an adverse impact on plant regeneration (Doblas-Miranda
et al. 2016), which is considered a key factor when eval-
uating the capacity of forest systems to adapt (Gémez-
Aparicio et al. 2008). Forest regeneration is a successional
process in which the success of the establishment phase is
essential to ensure the long-term persistence of the forest.
During this process, the ontogenic developmental stages
in which natural regeneration is recognized and identi-
fied (seedling or sapling) are influenced differently by the
vegetation structure, species composition and functional
attributes (Walker et al. 2007). In this context, the species-
specific requirements and limitations (incoming light, site
and climate conditions, vegetation structure, etc.) play a
key role, which may explain why the regeneration of one
species is more successful than the other in forests where
the two species coexist. Moreover, these specific require-
ments and limitations could hold the key to developing a
strategy to improve the resilience of Mediterranean for-
ests. This idea has been proposed in several studies (Kol-
strom et al. 2011; Pretzsch et al. 2013; Forrester 2014; del
Rio et al. 2016), which advocate the use of mixed species
stands as one of the main adaptation strategies in forest
management due to the greater efficiency of these stands
as regards resource uptake, resistance to pests and diseases
and greater resilience in the face of climate change.
Through appropriate management we can control the
overstory vegetation that intercepts the incoming light
and competes for ground resources (Stancioiu and O’hara
2006a, b), thus achieving vigorous regeneration in both
mixed and pure forests. It is therefore essential to deter-
mine how regeneration fellings contribute to and interact
with the regeneration process, taking into account the spe-
cies-specific regeneration strategies (Yoshida et al. 2005;
Stancioiu and O’Hara 2006a, b; Webb and Jarrett 2013).
These strategies mainly relate to the degree of shade toler-
ance, water use efficiency or resistance to drought of the
species, although other factors such as the frequency of
biotic and abiotic disturbances (e.g., pests and diseases,
fire or windthrow) also influence regeneration success. The
joint occurrence of these intrinsic and extrinsic factors
leads to a diversity of forest dynamics (Oliver and Larson
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1996). Thus, it is important not only to identify the factors
that affect natural regeneration but also to determine how
the effects can be modified through different management
options.

Natural regeneration of Mediterranean pine forests is
often unsuccessful due to the existence of certain limiting
factors. The main bottlenecks for regeneration are directly
linked to either the intrinsic characteristics of the species
(e.g., seed size, masting), to those of the habitat (e.g., soil
compaction) or to climatic conditions (mainly summer
drought). However, inadequate forest management can also
lead to regeneration failure (Calama et al. 2017). In the
Northern Plateau of Spain, Pinus pinea L. and P. pinaster
Ait. occur in both pure and mixed stands and share not only
territory, but also ecological conditions and historical man-
agement traits (Calama et al. 2017). P. pinea and P. pinaster
have traditionally been favored over other species due to
the high economic importance of edible pine nut produc-
tion in the case of P. pinea and timber and resin collection
associated with P. pinaster (Gordo et al. 2012). Unfortu-
nately, in certain areas, natural regeneration in both spe-
cies is far from successful and the problem is getting worse
under the current climate change scenarios. Various studies
have been undertaken in this field in order to identify the
main limitations affecting natural regeneration (Gordo et al.
2012). Manso et al. (2014) observed that the regeneration of
P. pinea is limited by mast-year occurrence, seed dispersal
limitations and seed predation, all of which are influenced by
climatic conditions. Furthermore, Calama et al. (2015) found
that the joint occurrence of severe water stress and negative
rates of net assimilation (circumstances commonly found
during the summer), result in P. pinea seedling mortality.
Natural regeneration in P. pinaster is mainly limited by seed-
ling establishment and survival during the first summer after
emergence (Del Peso et al. 2012). It is important to consider
the initial conditions required by each species, in accordance
with the species-specific shade needs for germination and
initial seedling growth and survival. In this regard, regenera-
tion in both species is highly favored by water availability in
soils (Rodriguez-Garcia et al. 201 1a, b). Mid-shade positions
provide the optimal conditions required by P. pinaster regen-
eration (Ruano et al. 2009), while P. pinea regeneration is
favored by the presence of dense shade environments during
the first stages of regeneration, followed by progressive and
flexible release of the seedlings (Manso et al. 2014). These
conditions are especially important during the hot, dry sum-
mer, since shade and adequate levels of water availability in
soils prevent water stress conditions, reducing the air tem-
perature and evaporative demand (Valladares et al. 2005).

Studies concerning the natural regeneration of forests
have generally adopted one of the two following approaches:
(1) to study the different processes involved in successful
natural regeneration (seed production, seed dispersal, seed
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predation, germination, emergence, survival and initial
seedling growth) (Pukkala and Kolstréom 2008; Price et al.
2001; Ordoiez et al. 2006; Manso et al. 2013) or (2) to study
regeneration by focusing on the established regeneration;
linking the probability of success to site conditions and
adult tree composition (Grassi et al. 2004; Rodriguez-Garcia
et al. 2007; Eerikédinen et al. 2007). In the first approach,
the regeneration process is considered a set of sequential
states defined by the probability of transition from one to
another (Pardos et al. 2012). In the second approach a wider
range of spatial heterogeneity can be addressed since the
sampling tends to be easier (Pardos et al. 2012). However,
scarce research has been undertaken into the way in which
different environmental factors and silvicultural practices
can modulate natural regeneration at greater spatial scales.

In this study we used a network of 1936 permanent plots
established in pure and mixed forests to study the natu-
ral regeneration of P. pinea and P. pinaster in the North-
ern Plateau of Spain. The plots cover 3529.9 ha in which
regeneration fellings were carried out and were monitored
over a 15-year period to identify the key factors influenc-
ing natural regeneration in these Mediterranean forests. We
hypothesize that: (1) P. pinea and P. pinaster seedlings and
saplings have different ecological requirements and limita-
tions, which could result in interspecific differences in the
rate of establishment and success of the natural regeneration;
(2) the occurrence and the abundance of adult trees of one
of the species could have a significant effect on the natural
regeneration not only of that species but also of the other
species; hence, regeneration fellings could be regulated to
modify future stand composition; (3) the effect of climatic
drivers on natural regeneration is not constant across species
and/or regeneration stages. Thus, the specific aims of the
study were (1) to evaluate the establishment and success of
natural regeneration of P. pinea and P. pinaster in pure and
mixed Mediterranean forests following regeneration fellings;
(2) to analyze the recruitment of seedlings and saplings of
both species, depending on adult stand composition, stock-
ing and maturity; (3) to identify whether there is intra- and
interspecific synchrony in regeneration establishment and
developmental stage change and to determine how temporal
variation in establishment is related to climatic conditions.

Table 1 Main characteristics of natural units

Materials and methods
Study site

The study was conducted in pure and mixed forests of
P. pinea and P. pinaster located at 700 m a.s.l. on the
Northern Plateau of Spain. In this region, the two spe-
cies cover approximately 68.000 ha, with pure P. pinea
stands covering 70% of the area, pure P. pinaster 10%
and mixed forest of the two species, 20% (PORF 2008).
The climate is continental-Mediterranean characterized by
absolute temperatures in summer and winter of 40 °C and
— 10 °C, respectively, with a mean annual temperature of
11.2 °C. Mean annual precipitation is 435 mm, and there
is a period of summer drought (July to September) with
mean precipitation of 66 mm. Frosts may occur from Sep-
tember to May. The main soil types found in the area are
shown in Table 1. From an ecological perspective, Calama
et al. (2008) proposed a stratification for the region based
on soil, lithology and climatic attributes, resulting in ten
groups denominated natural units. Hence, the plots used
in this study are distributed among three very homogenous
natural units 6, 7 and 8, so no spatial pattern was observed
in the studied area (Table 1).

Clear-cutting followed by direct sowing of seeds col-
lected from adjacent stands in rows was the system most
commonly used in the Northern Plateau for both species
until the 1970s. However, this method was replaced by the
uniform shelterwood system, involving an initial seeding
felling in which dominated, co-dominant and poor con-
dition dominant trees are removed. Secondary fellings
are subsequently applied every 5-10 years over the fol-
lowing 20 years (Montero et al. 2008). Rotations in pure
stands of P. pinea currently range from 100 to 120 years,
while for pure stands of P. pinaster the rotation is around
80-100 years (Calama et al. 2017). In mixed stands, regen-
eration fellings tend to mimic the practices proposed for
the dominant species, since no specific guidelines for these
mixtures are currently available.

Unit Name Total area (ha) Altitude (m) Annual rain-  SI (m) Geology texture Soil origin Water
fall (mm) retention
(mm)
6 Viana de Cega 7211 707 369 15.1 Quartz sands Wind deposits 80-150
Iscar 2945 745 380 16.7 Quartz sands—clays Alluvial wind >300
8 Medina 4044 746 371 12.5 Quartz sands Wind deposits 75-130

where SI is site index, as stated by Calama et al. (2013)
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Experimental design

The data were gathered from a network of permanent
plots established to monitor natural regeneration follow-
ing regeneration fellings in the study area (Gordo et al.
2012). The plots were systematically located in 32 public
forests (13,951 ha) within the study area (Fig. 1), which
are divided into blocks and stands for management plan-
ning. The first plots were installed in 2001, covering forest
blocks where the first shelterwood felling had already been
carried out, but they were still in the regeneration period.
Since then, new blocks where the regeneration period has
begun have gradually been included in the monitored area.
At the end of 2015 the number of available plots was 1936.
The plots are circular with a radius of 8 m (0.02 ha). The
stock quadrant method was used to monitor the regenera-
tion annually (Stein 1992), dividing the plots into four
quadrants according to cardinal points.

Dataset

Depending on the size and viability of the monitored plants,
natural regeneration was classified into two stages of devel-
opment: well-established plants with the presence of adult
needles, hereafter termed “saplings”; and young plants
showing uncertain future, with juvenile needles and height
commonly below 20 cm, hereafter termed “seedlings.” The
number of plants of each category in each quadrant of the
plot was recorded annually, between October and December
from 2001 to 2015, along with the level of grass cover (high,
medium and low) and the number of adult trees per species
in each plot. According to the composition of the adult stra-
tum of each plot they were classified as pure adult P. pinea
plots (accounting for 56.8% of the plots, 1100), pure adult
P. pinaster plots (16.4%, 318 plots) and plots with mixed
composition, and the proportion was 5.9% (115 plots). The
remaining 20.9% (402 plots) corresponds to plots where no
adult trees of any of the species remain standing in the plot
after regeneration fellings were applied.
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Fig. 1 Distribution of the monospecific and mixed stands of P. pinea and P. pinaster as well as the distribution of the permanent plots that com-
prise the dataset from Valladolid province. The upper right corner of the figure shows a zoom of the systematic distribution of the plots
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In addition, other general information as regards stand
structure was obtained from the forest management inven-
tories at block and stand level—i.e., forest management unit.
The variables used in this study at this scale were age, domi-
nant height, quadratic mean diameter, basal area and number
of adult trees per ha by species, along with the Reineke stand
density index. Finally, we used the number of years since
the regeneration felling as a potential explanatory covari-
able (Table 2).

Climate data were obtained from the nearby meteorologi-
cal stations (Valladolid, 04°46"27"W; 41°38'402N; 735 m
and Olmedo 04°41'15"W,; 41°17'19"N; 769 m [data avail-
able at www.inforiego.org]). Seasonal and yearly precipita-
tion and mean temperatures were calculated for the study
period (2001-2015) (Table 3).

Regeneration occurrence and success

The occurrence of regeneration during the studied period
was analyzed as a proxy to evaluate the capacity of the ter-
ritory to engender regeneration. For this purpose, plots were
classified into: Pp, plots where only P. pinea regeneration
has been identified during the studied period; Pt, plots in
which only P. pinaster regeneration has occurred; Mixed,
plots where regeneration of both species has taken place; and
No_Reg, plots in which no regeneration has been recorded
during the studied period. In this analysis, the identification
of a single plant during the whole period was sufficient to
consider that regeneration had occurred.

In addition, to evaluate the success of the regeneration
at the end of period, we studied the presence of saplings of
both species in the last year of the study (2015), analyzing
the distribution of observed frequencies and presenting the
percentage of plots in which saplings of P. pinea, P. pinaster,
both species or no saplings at all were present.

Table3 Summary of the climate variables of interest for the study
period (2001-2015)

Code Variable units

Temporal variation

T_spring Mean spring temperature (°C) 10.73 (0.23)

T_summer Mean summer temperature 20.59 (0.20)
()

T_autumn Mean autumn temperature (°C)  11.62 (0.38)

T_winter Mean winter temperature (°C) 3.57 (0.25)

T_annual Mean annual temperature (°C) 11.62 (0.13)

P_spring Mean spring precipitation 427.58 (35.91)
(mm)

P_summer Mean summer precipitation 184.36 (23.06)
(mm)

P_autumn Mean autumn precipitation 471.22 (41.95)
(mm)

P_winter Mean winter precipitation 404.80 (44.21)
(mm)

P_annual Mean annual precipitation 374.57 (17.30)
(mm)

Mean (+SE)

Statistical analysis

The spatial pattern of natural regeneration was studied using
the records from the last year of the study (2015) in order to
observe the most recent spatial relationships at two different
spatial scales: plot and forest stand. Spearman’s correlation
analysis was carried out to determine whether there was a
significant correlation among the two species and develop-
ment stages at plot level. To this end, we applied the analysis
in plots where recruitment of at least one species is present,
leaving out the 0, 0 combinations (no presence of regenera-
tion at all) which could obscure the results. We also analyzed

Table 2 Description of stand-
level variables

Code

Variable units

Spatial variation
Age

Ho

Dg

G Pp

N Pp

GPt

N Pt

SDI

Years since reg. fellings
Level of grass

Age of adult trees (years) 82.39 (0.16)
Dominant height (m) 14.60 (0.02)
Quadratic mean diameter of adult trees (cm) 49.36 (0.18)
P. pinea adult trees area basal (m?/ha) 7.74 (0.06)

P. pinea number of adult trees (trees/ha) 50.14 (0.45)
P. pinaster adult trees area basal (m?/ha) 3.39 (0.04)

P. pinaster number of adult trees (trees/ha) 25.93 (0.30)

Reineke stand density index
Number of years since regeneration fellings (years)
Factor of level of grass on soil

325.79 (1.46)
1-24

High (1)
Medium (2)
Low (3)

Mean (+ SE)
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the association at plot level between the presence/absence
of natural regeneration of P. pinea and P. pinaster and the
composition of the stratum of adult trees by means of y?
contingency tables. The composition of the adult tree stra-
tum was classified into four categories: (1) pure P. pinea,
(2) pure P. pinaster, (3) mixed and (4) plots without adult
trees. This analysis was carried out separately for seedlings
and saplings.

Principal component analysis (PCA) was used to deter-
mine the dependence between adult stand characteristics and
the natural regeneration of both species at stand level. Vari-
ables included in the PCA were the stand variables presented
in Table 2, the number of years since regeneration fellings
started, the level of grass and the average number of seed-
lings and saplings of each species recorded in the last year
of the study (2015).

We also used PCA to identify the main temporal-varying
factors influencing the natural regeneration. In this case we
used the annual ingrowth, defined as the observed difference
between the number of plants recorded in two consecutive
years for each developmental stage and species. In the case
of seedlings, a positive value can be interpreted as an indica-
tor of seedling recruitment, whereas for saplings a positive
value in this covariate is a proxy of the change from seedling
to sapling, thus a change in ontogeny phase. As potential
temporal influencing factors, we evaluated the annual and
seasonal averaged values of the different climatic variables
corresponding to the current and the previous year (Table 3).

The Kendall coefficient of concordance, W (Sokal and
Rohlf 1995), was used to evaluate the degree of concordance
in interannual variation of regeneration (synchrony). Ken-
dall’s W is a nonparametric measure of agreement among
several complete sets of rankings of a number of objects,
in this case, series of number of individuals by species or
development stages—seedlings or saplings. Kendall’s W
ranges from 0 (no association) to 1 (perfect association).
In order to determine the existence of common temporal
pattern, the analysis was performed in three different ways.

Fig.2 Diagrams showing

frequencies of occurrence of (a)
regeneration for a seedlings and
saplings during the complete
study period and b saplings
during the last studied year,
2015. (Pp) refers to plots where
only regeneration of P. pinea
has been observed; (Pt) refers
to plots where only regen-
eration of P. pinaster has been
observed; (Mix) plots where
regeneration of both species has
been observed; (No Reg) plots
without regeneration

2%
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2001-2015

First, we calculated the Kendall coefficient of concordance,
W, to determine whether each regeneration stage, seedlings
or saplings, of each of the two species follows the same
temporal pattern between the three natural units (Case A).
Here, the P value indicates whether synchrony exists (or not)
between the three natural units in each of the analyzed cases.
Subsequently, within each natural unit, we used Kendall’'s W
to study: (1) whether the two developmental stages of regen-
eration of the same species shared the same temporal pattern
(intraspecific synchrony, Case B); and (2) the occurrence
of an interspecific synchrony between species at the same
developmental stage (interspecific synchrony, Case C).

The statistical analyses were carried out using the R
software environment (R Core Team 2017), specifically
the “descr” package for contingency table analysis (Aquino
2016) and the “vegan” package for multivariate PCAs and
synchrony analysis (Oksanen et al. 2018).

Results
Regeneration success

During the whole studied period (15 years), natural regen-
eration of either of the two studied species at any develop-
mental stage was recorded in 83% of the sampling plots.
Hence, 332 out of the 1939 plots (17%) showed no regenera-
tion at all of either P. pinea or P. pinaster during the whole
period (Fig. 2a).

When each species was analyzed separately, the number
of plots with P. pinea regeneration was 1598 plots, while P.
pinaster regeneration was recorded in 445 plots (23% of the
plots) during this period (Fig. 2a). Only 40 (2%) of these
plots presented pure P. pinaster regeneration, while in the
rest of plots, 405 (21%), the natural regeneration observed
was of mixed composition (Fig. 2a).

As regards successfully established saplings, only 35%
of the plots had established saplings of any species at the

2015

(b)

Pt
~_2%

3%
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Fig.3 Histogram of frequencies for the number of P. pinea and P.
pinaster saplings observed per plot in the last year of the study (2015)

end of the monitoring period (Fig. 2b). P. pinaster saplings
were only observed in 5% of the plots, while the figure was
33% in the case of P. pinea. In this regard, it was possible
to identify a pattern of zero abundance and asymmetry in

the distribution of frequencies for the number of established
saplings per plot, which would indicate that most of the suc-
cessful natural regeneration occurred in only a few parts of
our study area (Fig. 3).

Spatial analysis

Using Spearman’s rank correlation coefficient to check for
a significant spatial correlation between the regeneration
stages and species at plot level, we identified a significant
negative correlation between the number of P. pinea seed-
lings and P. pinaster seedlings and saplings. Conversely, we
found a significant positive correlation between the number
of P. pinea and P. pinaster saplings. Moreover, a significant
positive, strong correlation was observed between seedlings
and saplings belonging to the same species (Table 4).

The association between natural regeneration and the
composition of the stratum of adult trees at plot level is
presented in Table 5. The significant values indicate the

Table 4 Correlation matrix
between the numbers of plants

P. pinea (seed-

P. pinea (saplings) P. pinaster (seed- P. pinaster

of the different regeneration lings) lings) (saplings)
deve.lopmer.lt stages of each P. pinea (seedlings) 1
species duing he s Searof i saplings) 021 |
P. pinaster (seedlings) —0.09 —0.01 1
P. pinaster (saplings) —0.06 0.13 0.42 1
Significant correlations in bold (P <0.05)
Table 5 Contingency table analysis for the presence of regeneration and composition of the stratum of adult trees
Species Regeneration stages Regeneration Mix Na Pp Pt Total Ve df P value
P. pinea Seedlings Presence 84 235 724 184 1227 16.08 3 0.00109
72.9 2554 697.2 201.5
Absence 31 168 376 134 709
42.1 147.6 402.8 116.5
Saplings Presence 46 143 340 114 643 7.02 3 0.07117
382 133.6 365.5 105.7
Absence 69 259 760 204 1292
76.8 268.4 734.5 212.3
P. pinaster Seedlings Presence 42 42 46 153 283 431.74 3 2.2e—16
16.8 589 160.8 46.5
Absence 73 361 1054 165 1653
98.2 344.1 939.2 271.5
Saplings Presence 12 21 20 50 103 101.03 3 2.20E-16
6.1 21.4 58.6 16.9
Absence 103 381 1080 268 1832
109.9 380.6 1041.4 301.1

Observed values are presented in bold, and the rest are expected values. (Pp) Pure P. pinea, (Pt) pure P. Pinaster, (Mix) mixed and (Na) plots

without adult trees

Significant correlations (P value <0.05)
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existence of dependence between different natural regen-
eration stages and the presence of adult trees. In the case
of P. pinaster a strong association was observed between
the natural regeneration and the composition of the adult
stratum, specifically with conspecific adult trees (203 plots
with regeneration vs. 63.4 expected plots under a random
distribution of regeneration). Moreover, there was scarce
presence of P. pinaster regeneration in plots with only P.
pinea adult trees (66 observed plots vs. 219.4 expected under
arandom distribution). As regards P. pinea, the contingency
table showed no significant differences among observed and
expected values for saplings, while an influence of conspe-
cific adult trees over the presence of P. pinea seedlings was
observed. A mixed composition of adult trees had a benefi-
cial effect on natural regeneration, especially in the case of
P. pinaster.

The PCA showed that in the four analyzed cases—P.
pinea seedlings and saplings/P. pinaster seedlings and
saplings—the PC1 explained approximately 25% of the
variability and the PC2 around 20%. In the analysis we
observed that seedlings of both species showed a close,
positive relationship with the basal area of conspecific

(a)
0.2 Basal Area Pp
Seedlings Pp
D
Years since_ A N Pp
0.0 { Reg. fellings
N
O Grass in soil > SPI
o
-0.2
Basal Area Pt N Pt
-0.2 0.0 0.2 0.4
PC1
(c)
Basal Area Pt
N Pt
0.2
Years since
Reg. felli
™ 0.0 DG Grass in soil
(@)
o SDI
Saplings P,
Basal Area P
-0.2 ’ N Pp

-0.25 0.0
PC1

0.25

adult trees (Fig. 4a, b). For P. pinaster seedlings, we also
found a positive influence of the number of P. pinaster
adult trees (Fig. 4b). In the case of saplings, these vari-
ables—basal area and number of conspecific adult trees—
had less impact (Fig. 4c, d). Moreover, negative relation-
ships were observed between the number of seedlings of
each species and the stand density index (SDI). Similarly,
saplings of the two species displayed negative relation-
ships with this variable, although in the case of P. pinaster
this relationship was closer. Other variables that seemed to
have an influence on natural regeneration were the number
of years since fellings had been carried out as well as the
age of the stand and the mean squared diameter of adult
trees. In this case, the magnitude of the variables used in
the analysis is related to the degree of relevance of these
same variables in PC1 and PC2. Thus, it is likely that SDI,
which is at least one order of magnitude larger than all the
other variables, will also have a large variance and, there-
fore, a greater probability of becoming highly relevant in
the first component. This could also occur with the basal
area and the number of trees in conspecific situations in
the second component.
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Fig.4 Results for the first two axes of the PCA combining stand variables and natural regeneration; a P. pinea seedlings; b P. pinaster seedlings;
¢ P. pinea saplings; and d P. pinaster saplings. Abbreviations as shown in Table 2
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Temporal association

The percentage of variability explained by PCA using cli-
matic variables was around 30% for the first axis and 20%
for the second, for both P. pinea and P. pinaster. It was
observed that the association between climate and natural
regeneration changed depending on the time lag used for
the climatic variable as well as on the species (Fig. 5).
PCA revealed that there was a perfect, opposite relation-
ship between the annual ingrowth (observed difference
in the number of seedlings or saplings between two con-
secutive years) in both species and the mean annual and
spring temperature of the current year (Fig. 5a, c¢). In this
regard, sapling ingrowth also showed a negative relation-
ship with the mean autumn temperature and a positive,
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0.3 T winter
T
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(@] T summer
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Fig.5 Results for the first two axes of the PCA combining climatic
variables and annual ingrowth natural regeneration; a P. pinea and P.
pinaster seedlings and current year climatic variables, b P. pinea and
P. pinaster seedlings and previous year climatic variables, ¢ P. pinea

close relationship with the mean autumn precipitation of
the current year.

Interestingly, mean summer precipitation of the previ-
ous year seems to have a perfect, positive relationship with
the annual ingrowth of seedlings, especially for P. Pinaster
seedlings. In contrast, an opposite relationship was found
between the current value of this variable and the annual
ingrowth of saplings. Similar relationships (positive associa-
tion with the value for the previous year and opposite rela-
tionship with the value for the current year) were observed
for the rest of analyzed climatic variables (Fig. 5b, c).

The Tau-Kendall analysis revealed an intraspecific
regeneration synchrony between the three natural units for
the variation in number of seedlings of the two species (P
value <0.05, Case A of Table 6). In the case of P. pinaster,
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T' 1 summer
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and P. pinaster saplings and current climatic variables, d P. pinea and
P. pinaster saplings and previous year climatic variables. Abbrevia-
tions as shown in Table 3
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Table 6 Parameter estimates for the Tau-Kendall analysis applied in three different cases. (A) Between the three natural units by species and cat-
egory; (B) between seedling and saplings by natural units and species; and (C) between both species by natural unit and category

Case  Unit of comparison  Time series  First year ~ Lastyear N w r Ve P value
Intraspecific synchrony A P. pinea Seedlings 2004 2015 12 0517 0360 2274  0.020
Saplings 2003 2015 13 0504 0340 2421  0.020
P. pinaster Seedlings 2003 2015 13 0.851 0.780 30.63  0.002
Saplings 2004 2015 12 039 0.009 13.08 0.288
B UNG6 P. pinea 2001 2015 14 0540 0.080 15.15 0.368
P. pinaster 2001 2015 14 0528 0290 1477  0.390
UN7 P. pinea 2003 2015 12 0.660 0320 1592 0.190
P. pinaster 2003 2015 12 0.651 0300 1560 0.201
UNS P. pinea 2003 2015 12 0530 0.061 19.03 0.080
P. pinaster 2003 2015 12 0558 0.116 1339  0.340
Interspecific synchrony C UNG6 Seedlings 2001 2015 14 0.838 0.680 2347 0.050
Saplings 2001 2015 14  0.662 0490 1853 0.180
UN7 Seedlings 2003 2015 12 0.688 0377 1653 0.168
Saplings 2003 2015 12 0.668 0.336 16.03 0.189
UNS Seedlings 2003 2015 12 0.881 0.770 2129  0.049
Saplings 2003 2015 12 0.650 0.301 15.71 0.205

Significant values are presented in bold

n number of years, W Kendall statistic parameter, » Spearman’s rank correlation coefficient test

P <0.05 indicates the existence of a temporal pattern

the value of W (0.851) reveals an almost perfect synchrony
over the studied period. In contrast, in the case of saplings
we only observed this intraspecific synchrony among natural
units in P. pinea. No synchronized temporal patterns were
observed within each natural unit between seedlings and
saplings belonging to the same species (Case B of Table 6).
Lastly, the analysis revealed an interspecific synchrony in the
variation of number of seedlings in two of the natural units
(6 and 8), with values of W (0.838 and 0.881) close to 1. No
interspecific synchrony was observed in the case of saplings
(Case C of Table 6).

Discussion

Natural regeneration in pinewood forests on the Northern
Plateau of Spain exhibited large heterogeneity linked to
density and composition of adult stands and to interannual
variability in climatic conditions. Although the density of
established saplings is at a critical level for the two studied
species, our results related to the spatio-temporal analyses
show that regeneration success was greater for P. pinea than
for P. pinaster regardless of the structure of the adult stand
(Table 5), confirming our first hypothesis and pointing to
better adaptation of P. pinea to current climatic conditions.
The large scale used in our study for the analysis of the
spatial and temporal regeneration variability complements
the findings obtained in previous studies, mainly designed at

@ Springer

smaller scales, allowing us to generalize the observed regen-
eration patterns at forest management scale.

Drivers of spatial variation in regeneration success

The significant negative spatial correlation between P. pinea
and P. pinaster seedlings indicates differences related to the
initial conditions required by each species, in accordance
with the species-specific shade needs for germination and
initial seedling growth and survival (Ruano et al. 2009;
Manso et al. 2014). However, the observed positive cor-
relation between saplings of both species suggests similar
requirements for sapling development. These requirements
could be related to a similar demand for light at this stage
and the density of adult trees in the plot. This idea is sup-
ported by Barbeito et al. 2008 and Rodriguez-Garcia et al.
(2011a), who conducted studies concerning P. pinea and P.
pinaster and found similar requirements at more advanced
stages of regeneration. Furthermore, we must consider the
existence of other uncontrolled factors, such as soil water
retention, which could have a significant influence on
regeneration success under these conditions. Surprisingly,
we detected a significant negative correlation between the
presence of P. pinea seedlings and P. pinaster saplings, but
a nonsignificant relationship between P. pinaster seedlings
and P. pinea saplings. This finding could be related to the
fact that the denser and more shaded conditions required
for P. pinea seedling establishment prevent not only the
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establishment of P. pinaster seedlings, but also the transition
to the sapling developmental stage of the established P. pin-
aster seedlings. All these results confirm our first hypothesis,
by defining how the different light and shade requirements
of the species affect the establishment and success of the
natural regeneration.

As stated in our second hypothesis, the presence and
composition of adult tress had a significant influence over
the two regeneration stages. P. pinea seedlings were mainly
favored by the presence of conspecific adult trees (Table 5),
in accordance with previous findings in monospecific stands
at smaller scales. Calama et al. (2015) found that crown
cover favors the survival of P. pinea seedlings, mitigating
the negative effect of high irradiance and drought. In this
species, the primary dispersal agent is gravity (Manso et al.
2012), which could also explain this positive association.
However, our results for P. pinea saplings revealed that
presence was only lower than expected under conspecific
conditions, suggesting that P. pinea saplings must be pro-
gressively released from overstory cover, probably due to
an increase in light requirements. Manso et al. (2014) found
that as seedlings grow, their performance is optimized in
more exposed environments. The observed negative rela-
tionship of P. pinea saplings with the SDI variable in the
PCA reinforces this theory. In addition, P. pinea recruits
manage to survive beneath P. pinaster crowns, probably as
a consequence of the higher light availability under P. pin-
aster as opposed to P. pinea crowns (Barbeito et al. 2008),
suggesting that the mixed composition of adult trees is a
plausible alternative.

In the case of P. pinaster, we found that both seedling
and sapling establishment occurred in close proximity to
conspecific adult individuals (Table 5; Fig. 3), and even
though regeneration in P. pinaster is generally less success-
ful, recruits of this species were still found in about half of
the 318 pure conspecific plots. Although P. pinaster gener-
ally exhibits a shade-intolerant behavior, our results suggest
that under the light and climate conditions present in the
study site, canopy protection by conspecific trees against
the extreme summer drought favors regeneration in this spe-
cies. Rodriguez-Garcia et al. (2011a) and Ruano et al. (2009)
reported that a certain level of canopy cover is required for
P. pinaster seedling survival and establishment, particularly
during the water stress season. However, despite the fact that
P. pinaster seeds may be able to reach P. pinea stands as
they are mainly wind-dispersed, we found limited P. pinaster
regeneration under nonconspecific trees. This fact could be
related to the dense shade conditions caused by P. pinea
crowns, which are much denser than those of P. pinaster
and therefore probably hamper successful natural regenera-
tion in the latter species. Rodriguez et al. (2008) confirm
the shade-intolerant nature of this species, providing exam-
ples of greater seedling densities at sites with open rather

than closed canopies. These somewhat contradictory results
highlight the importance of considering foliar distribution
and overstory canopy structure to characterize species as
shade-tolerant or not, according to abiotic conditions (Mar-
tinez and Tapias 2005). Given the positive influence of P.
pinaster adult trees over conspecific regeneration, retaining
a sufficient number of P. pinaster adult trees to ensure suc-
cessful regeneration should be considered when performing
regeneration fellings.

The positive effect of mixed composition in adult stands
on natural regeneration of the two species is noteworthy,
even though this mixed composition was only observed in a
few plots. Canopy cover comprising species with different
crown features can create different light and environmental
conditions, allowing the development of species with distinct
shade tolerances (Stancioiu and O’hara 2006a). Note also
that this situation could be advantageous over pure composi-
tion due to differences in existing seed sources. These facts
would explain the results obtained in mixed plots. In our
species composition, light availability in mixtures can differ
considerably from that of monospecific stands due to the dif-
ferences in crown widths and foliar densities of the studied
species, providing different niches for the development of
each (Moreno-Fernandez et al. 2017). However, quantifying
the availability of light and its effect on natural regeneration
in complex stands requires detailed measurements (Loch-
head and Comeau 2012), often carried out at local scales
(Moreno-Fernandez et al. 2017). Such measurements are not
feasible at large scales like that of our study. Conversely, by
exploring relationships between observed regeneration and
adult stand characteristics at landscape scale it would be
possible to provide meaningful information regarding the
role of mixed species composition on natural regeneration.

Intra- and interspecific synchrony

The results of Kendall coefficient of concordance, W
(Table 6), highlight the important role of climate variation
on the success of natural regeneration in Mediterranean
pinewoods (Calama et al. 2017). The synchrony found in
the seedling and sapling time series for each species among
the three natural units, with the exception of P. pinaster
saplings, suggests that temporal variation in the number of
seedlings and saplings per species was mainly driven by
interannual climatic conditions, which are similar across
the three natural units. Conversely, the lack of synchrony
among natural units in P. pinaster saplings (Case A, Table 6)
may indicate a stronger dependence at this stage of regen-
eration on other factors apart from annual climatic condi-
tions. However, this result could be affected by the large
number of plots that presented no natural regeneration at all
(Fig. 2a, b), making it difficult to detect synchrony. Accord-
ingly, the lack of intraspecific synchrony between young
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seedlings and saplings in these two species, analyzed inside
each natural unit (Case B, Table 6), underlines the different
climatic requirements shown by the two regeneration stages,
as has been reported for other Mediterranean species (Davis
et al. 2011). As regards interspecific synchrony, our results
again highlight the difference between regeneration stages
(Table 6). In the two natural units with lower water reten-
tion (6 and 8), there was synchrony between the seedling
time series of the two species (case C), suggesting a similar
dependence on climatic conditions, probably linked to suc-
cessful germination and seedling emergence in the previous
year, as well as summer drought survival in the current year
(Calama et al. 2017). These findings show the complexity
of the natural regeneration process, since our observations
suggest that regeneration in P. pinea and P. pinaster pre-
sents similar dependence on climatic conditions while at
the same time displays differences with regard to the initial
spatial conditions. In this sense, the probability of natural
regeneration occurring in one or other species could be more
related to the presence/absence of adult trees, i.e., with a
spatial requirement. After this initial life stage, both species
seem to display similar variations with climate, revealing the
dependence of this developmental stage on climatic condi-
tions. In contrast, the lack of interspecific synchrony in the
sapling stage could suggest that this stage is more closely
related to stand characteristics than with climatic factors.

Climatic drivers

The results of the PCA support our third hypothesis that the
effect of climatic drivers is not constant across species and/or
regeneration stages. Favorable conditions as regards annual
and spring mean temperatures could promote seedling
establishment and the ontogenic step to the next regenera-
tion stage. Calama et al. (2015) highlighted the importance
of optimum root system development in P. pinea seedlings
during the period prior to summer to improve water uptake
in the summer months. Our findings may reflect this theory
in the sense that an increase in spring temperatures and
scarce spring precipitation could limit the development of
the root system, affecting water uptake during the following
months and therefore hindering the transition to the next
ontogenic stage. In addition, a notable positive relationship
was observed between warmer winters and ingrowth for both
seedlings and saplings, which given the high frost tolerance
observed for pine species in the region (Pardos et al. 2014)
may be related to a lengthening of the period with optimal
conditions for seedling and sapling growth (Calama et al.
2015). Furthermore, the relationship with the annual and
spring mean temperatures is stronger in the case of P. pin-
aster than for P. pinea, possibly due to the better adaptation
of P. pinea to sandy soils (Moreno-Fernandez et al. 2017),
which restrict the natural establishment and development of
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P. pinaster in years with extreme climatic conditions such
as high temperatures and severe drought (Rodriguez-Garcia
et al. 2011b; Calama et al. 2017). In general, this climatic
effect may be more direct at the seedling stage, since they are
more sensitive to extreme climatic conditions than saplings
(Cavender-Bares and Bazzaz 2000; Castro et al. 2004).

Overall, P. pinaster is a species with a narrow range of
optimal precipitation conditions (Gandullo and Sanchez-
Palomares 1994). The significance of this climatic variable
on natural regeneration of P. pinaster has been addressed
in previous studies (Rodriguez et al. 2008; Rodriguez-
Garcia et al. 2011a, b). Ruano et al. (2009) observed that
summer rainfall had a significant influence on germina-
tion, early development, and on total and viable seedling
density in P. pinaster; the availability of water being of
greater influence than light on the growth of P. pinaster
regeneration. These authors also found differing effects
of water supply on seedling development according to
the time lag used. We detected a significant positive rela-
tionship between current year seedling ingrowth and the
precipitation levels of the summer and fall seasons of the
previous year, probably due to the positive effect that this
water availability has on the emergence and survival of
recently emerged seedlings which, in the following year,
will enter the seedling stage. In contrast, precipitation of
the previous year has no effect on sapling ingrowth, indi-
cating that changes in ontogeny from seedling to sapling
are mainly linked to current year conditions. According
to future climate scenario predictions for the Mediterra-
nean basin (Brunet et al. 2009), it is likely that this narrow
range of optimal precipitation conditions will be reduced,
which could seriously limit the long-term establishment
of P. pinaster in the study area.

However, although these adverse climatic factors pre-
dicted for the studied area are not controllable, stand man-
agement can be used to facilitate natural regeneration. Our
results could help managers to decide when and how to open
the forest, releasing regeneration in order to favor differ-
ent species in the future stand. Thus, to favor P. pinaster
regeneration it would be necessary to maintain an adequate
number of P. pinaster trees when regeneration fellings are
performed. To favor P. pinea regeneration, however, it would
be necessary to maintain denser conditions, provided mainly
by conspecific crown cover, along with progressive release
of the overstory cover once establishment of P. pinea seed-
lings is observed.

These findings could constitute a starting point for future
studies on the role of ontogeny in the regeneration process.
In this sense, the identification of the spatial and temporal
factors controlling the growth and survival on each onto-
genic phase and triggering the change from seedling to
sapling is considered a key issue in the studies of natural
regeneration on forest tree species.
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Conclusions

Based on our findings, we conclude that natural generation
in P. pinea is more successful than that of P. pinaster in the
studied area, at both seedling and sapling stages. Species-
specific differences during the seedlings stage, shown by
the negative correlations between both species, are probably
related to the initial conditions required by each species. In
the two developmental stages of both species, the composi-
tion of the stratum of adult trees seems to play a significant
role. The interspecific synchrony shown by seedlings reveals
the higher sensitivity of this developmental stage to extreme
climatic conditions. In contrast, the lack of synchrony shown
by saplings, as well as the existence of a spatial correlation
in the occurrence of saplings of both species, suggests that
at landscape scale there is a greater dependence at this stage
on site and spatially explicit attributes. Optimal regeneration
establishment seems to be related to favorable conditions as
regards annual and spring mean temperatures. Precipitation
levels of the summer and fall seasons of the previous and
current year were found to have different effects on seedling
and sapling ingrowth, reflecting the complex interaction
existing between environmental factors and the optimum
conditions for natural regeneration.
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