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Afforestation with Pinus nigra Arn ssp salzmannii along an elevation gradient: controlling

factors and implications for climate change adaptation

Abstract

Spanish black pine (Pinus nigra Arn ssp. salzmannii) is the most widely distributed pine species in
mountain areas of the Mediterranean Basin and is commonly used for afforestation in endangered
and degraded areas. Despite its importance, little is known regarding the factors driving seedling
survival for this species, which may hamper afforestation success in Mediterranean areas. In this
study, we assessed the effects of seed origin and plantation site along a natural gradient with
contrasting elevation and climatic conditions in a Mediterranean forest in Central-Eastern Spain.
Our results showed: 1) higher seedling survival rates when seed origin differed from plantation site
(25.3 + 5.4%) compared to same origin and plantation site (5.3 £ 2.7%); (ii) higher survival
probability (~ 20%) for high and medium elevation seeds (colder and wetter locations) compared to
the warmer and drier low elevation sites (15%); (iii) higher seedling survival (~ 40%) at higher
elevation sites compared to low-elevation sites (< 20%); and (iv) increased hazard of seedling death
with decreasing elevation of the plantation site. We also reported a complete mortality at the drier
sites after the first summer following plantation. Overall, the combination of seeds from medium
elevation and high elevation plantation sites increased the survival of Spanish black pine. These
results have direct implications for forest management of Spanish black pine in Mediterranean

regions, particularly in current and future climate change scenarios.

Keywords: afforestation; seedling survival; Spanish black pine; transplantation; climate change;

species adaptation.

1. Introduction

Preventing and reverting ecosystem degradation have become urgent and crucial goals for achieving
land and ecosystem sustainability globally (Willemen et al., 2020). To accomplish these targets, the
United Nations have declared 2021-2030 as the Decade on Ecosystem Restoration, calling for
urgent and strong commitments to achieve transformational ecosystem restoration (Ockendon et al.,
2018). Afforestation with native tree species can restore degraded forests and assist naturally
regeneration, particularly in fragile forestland ecosystems (Lof et al., 2019; Parhizkar et al., 2020).
Afforestation practices can ensure the supply of seedlings to a particular forest area and have

beneficial impacts on the environment, such as the improvement of microclimatic conditions in



degraded sites, increased biodiversity (Wenhua, 2004; El-Keblawy and Ksiksi, 2005; Fiandino et
al., 2018), carbon sequestration (Niu and Duiker, 2006; Hernandez et al., 2016) and an overall

positive economic impact on degraded lands (Djorovi¢ et al., 2003; Zeng et al., 2018).

Spanish black pine (Pinus nigra Arn ssp. Salzmannii) is the most widely distributed pine species in
mountain areas of the Mediterrancan Basin (Barbéro et al., 1998) (Barbéro et al., 1998), and
commonly used for afforestation in eroded areas after widespread abandonment of arable land
(Campo et al., 2019). These pine forests are classified as “habitats of European interest” and require
specific conservation measures according to the Convention for the Conservation of European
Wildlife and Natural Habitats (Resolution 4/1996), due to the lack of successful natural
regeneration. Despite large efforts, several conservation and management challenges have been
identified for Spanish black pines. These challenges include irregular masting events (the
synchronous production of large seed crops within a population every six years), dependence of
seed mass on climatic conditions, seed predation, summer drought periods over three consecutive
years, excessive grazing, and uncontrolled ploughing (Del Cerro et al., 2009; Lucas-Borja et al.,
2011; 2012a; 2012b; Tiscar-Oliver and Lucas-Borja, 2010; Tiscar-Oliver et al., 2014). Failure in
natural regeneration of Spanish black pine has also been associated to unsuitable seed provenance
and/or environmental conditions of plantation sites (Bischoff et al., 2010; Tiscar-Oliver and
Linares, 2014). Throughout historical times, this species has disappeared in some habitats due to
crown wildfires (Morales-Molino et al., 2017) or by interspecific competition, mainly with Pinus

pinaster Ait. (Barbéro et al., 1998).

Although seedling emergence and early growth of most species are largely controlled by climatic
conditions at broad scale, other factors are relevant at local scales, e.g., soil and site characteristics
(Pigliucci, 2001). In Mediterranean ecosystems, drought and soil desiccation are serious restrictions
to seedling establishment, particularly after germination, due to long and dry summer periods
(Moles and Westoby, 2004). For the Spanish black pine, water availability is one of the most
important factors affecting the success of initial recruitment (Tiscar-Oliver et al., 2011). Increases in
severity, length and frequency of summer droughts can critically affect the dynamic processes, plant
distribution, establishment, and growth of this pine species (Lucas-Borja et al., 2017). Thus,
projected decreases in precipitation and increases in temperature in future climate scenarios may
aggravate their vulnerability and alter their current distribution in the Mediterranean Basin (Lindner
et al., 2010; Lopez-Serrano et al., 2009). Also, natural enemies like pathogens and seed predators
can be important drivers limiting the success of early stage recruitment (Dulamsuren et al., 2013;

Ordoinez and Retana, 2004).



Several forest management strategies such as in-situ use of extant species, or ex-situ assisted-
migration, i.e., human-assisted shift of plants to more suitable habitats, may be effective for
improving plant survival (Lof et al., 2019). Assisted population migrations and translocation to
different latitudes or elevations have also been proposed as a climate mitigation measure. However,
tree adaptation to changing environments has shown contradictory results i.e., under global
warming scenarios of forest upslope migration, high-elevation variants may be outperformed by
low-elevation ones and vice-versa (Gray et al., 2016; Mathiasen and Premoli, 2016; Wang et al.,
2019). The use of autochthonous seeds, more adapted to dry and warm climatic conditions at lower
elevations, has been suggested as an effective approach to improve afforestation success under
changing conditions and to support the process of species diversification (Garrido et al., 2012).The
lower adaptation capacity of the species above the treeline (high-elevation) may be considered as a
negative trait, as species from lower altitudes are more plastic in their responses to drought and
temperature during germination (Walder and Erschbamer, 2015). Some studies have remarked that
climate warming may have already disrupted local adaptation. Nevertheless, this is a unclear
equation as higher temperatures can either promote (seed germination) or threaten (seedling
establishment) different early life-history stages of plants (Vazquez-Ramirez and Venn, 2021).
Despite the importance of elevation for species adaptation to a changing climate, important

influencing factors such as seed origin and plantation site remain largely unexplored.

Here, we aimed to assess whether the interaction between seed origin and plantation site had an
effect on the survival of Spanish black pine seedlings one year after afforestation along an
altitudinal gradient (low, medium and high elevation) in Central-Eastern Spain. In this
Mediterranean-climate area, black pine is naturally distributed along an altitudinal range. We
hypothesized that throughout the first year after afforestation: (i) seeds from warmer and drier
locations would be more adapted to drought conditions compared to seeds from other origins; and
(i1) plantation sites at higher elevation locations (with lower air temperature and higher

precipitation) could promote survival of seedlings.

2. Materials and Methods
2.1. Study area

This study was carried out between 2011 and 2012 in the Cuenca Mountains (Central-eastern
Spain). Climate in this area is characterized by wet and cold winters, and dry and hot summers.
During the monitoring period at the studied sites, precipitation and temperature ranges were 204-

371 mm and 2.6-4.7 °C, respectively in winter, and 86-117 mm and 18.8-21.7 °C in summer.



Precipitation was below the long-term (30 year) average (except for November 2012), showing the
drought condition of the study area during the monitoring period. The temperature anomaly was
less pronounced, and the mean temperatures in 2011-2012 were similar to the long-term average
(Lucas-Borja et al., 2020). In Spain, Spanish black pine is distributed between 900 and 2,200
m.a.s.l. (Zaghi, 2008). Within the study area (Cuenca Mountains), Spanish black pine is naturally
distributed between 1,000 and 1,700 m.a.s.l. and dominates the forest composition as nearly pure
stands. Mixed stands of Spanish black pine and Pinus Pinaster grow at lowest elevations (about
1,000-1,100 m) of this altitudinal range, while Spanish black pine is mixed with Pinus Sylvestris at
higher elevations (about 1,400-1,700 m). At the lower and upper extremes of the altitudinal
gradient, Spanish black pine appears displaced as isolated populations that are further fragmented
into smaller stands (Lucas-Borja et al., 2010). Slope was between 2-7% and aspect was north across

all plots in our study.

Black pine forests in the Cuenca Mountains have traditionally been managed using the shelterwood
system, with a shelter-period of 20-25 years and a rotation period of 100—125 years (Tiscar-Oliver
et al., 2011). This method consists of a uniform opening of the canopy for regeneration purposes
without site preparation (Lucas-Borja et al., 2011). Ground vegetation is composed by herbaceous
vegetation (Eryngium campestre L., Geranium selvaticum L., Festuca rubra L. and Cirsium acaule
L.) and small shrubby species (mainly Thymus bracteatus L.). Main soil types are calcium-rich and
overlie shallow calcareous bedrocks (United States Department of Agriculture, 1999). Lithic

haploxeroll to Typical xerorthent are the dominant soils in the study area (Lucas-Borja et al., 2011).
2.2. Experimental sites

Three experimental sites along an elevation gradient were selected in the studied area: i) Las
Majadas (hereinafter indicated as “high elevation”; 1,416 m.a.s.l.); ii) Los Palancares y Agregados
(“medium elevation”; 1,210 m.a.s.l.); and ii1) El Cardozo y Los Llecos (“low elevation™; 1,082
m.a.s.l.). Each of the three sites covered around five ha of naturally regenerated mature pine stands
(mean age of 85-110 years, and mean density of 700-800 trees per ha). Climate characteristics for

each site are described in Table 1 and Figure S1.
2.3. Experimental design

In January 2011, three plots of 30 x 30 m (separated at least 300 metres from each other) were
randomly selected at each experimental site, i.e., high, medium, and low elevation. Site
characteristics, e.g., slope, aspect, shrub composition and cover (zero canopy cover), herbal
vegetation (Eryngium campestre L., Thymus bracteatus L., Geranium selvaticum L., Festuca rubra

L. and Cirsium acaule L.), and soil type (¢ypical Xerorthent and Leptosol) were similar among plots



(Lucas-Borja et al., 2017). All plots were enclosed using a 1.5 m height fence of wire mesh (1 x 1
cm) for protection against predators. In February 2011, at least 20-30 mature cones of Spanish black
pine were collected from 10 trees randomly selected at each site. Cones were dried at 30 °C in the
oven for 48 h to promote opening and collect the seeds. Seeds were then pooled by site and a
germination test was performed on a sub-sample under controlled conditions in the laboratory to
assess seed viability. Germination rates were over 95% for all sites without any difference (Lucas-

Borja et al., 2017). Seeds were then kept refrigerated at 4 °C until the sowing experiment began.

A sample of 144 seeds (48 seeds per site) was randomly selected for the field experiment. Seeds
were individually weighed and taken to an outdoor nursery in Albacete (704 m.a.s.l., 38°57"N —
1°52'W,), 150, 175 and 270 km far from the low, medium and high elevation sites, respectively. At
the nursery, in late February-2011, seeds sampled from each site were sown (1 cm depth) in
individual containers (1,000 cm’ of volume) in trays, each one filled with soil collected from the
corresponding site. Trials were carried out using a randomized disposition of the trays with a
periodical change of positions every 10 days, to avoid dissimilar growth conditions among
replicates and treatments. In relation to seedling cultivation in the nursery, we did not fertilize any
seedling. Each seedling was watered with the same water quality and quantity and all seedlings

were under the same shading conditions.

At the end of March 2012, seedlings grown in the nursery were planted in the field experimental
areas at the Cuenca Mountains Range. In relation to site preparation, seedlings plantation was made
using manual holes (0.75 x 0.75 x 0.75 m). A total of 118 seedlings were used for the field
experiment, after removing those dead or damaged during transportation from the nursery to the
field site (Table 1). All seedlings and seeds used in this study were similar in height (7.8+1.1 cm per
seedling) immediately after plantation) and weight (9.7£10-3 grams per seed immediately after
plantation). Litter accumulation and competition from ground vegetation effects were avoided since

litter and plants were previously removed from the sowing points.

The experimental design consisted of the following factors: 1) Transplantation (“home”, seed origin
matched the plantation site, vs. “away”, seed origin differed the plantation site); ii) Seed origin
(high, medium, and low elevation); and iii) Plantation site (high, medium, and low elevation).
Moreover, the interactions (nine combinations) of seed origin and plantation site were also
evaluated. Hereinafter the “transplantation”, “seed origin” and “plantation site” factors are indicated

with “T”, “SO” and “PS”, respectively. Seedlings (n=118) were manually planted using a hoe and

survival was monitored monthly from March 2012 to the end of the year. The number of seedlings



planted at each plot can be seen in table 2. Dates and causes of seedling death (mainly desiccation)

were recorded.
2.3 Statistical analyses

Seedling survival was analysed using three methods (as in Cripps et al., 2018): 1) non-parametric
Kaplan-Meier to estimate survival probability of seedlings (Therneau,and Grambsch, 2000); ii)
non-parametric log-rank test to compare the seedling survival among the experimental factors; and
i1i1) Cox proportional hazard regression (hereinafter simply “Cox model”) to determine the effects of
seed origin, plantation site and their interaction on seedling survival. In the Kaplan-Meier method
(Kaplan, 1958), the survival functions from lifetime data were estimated. More specifically,
considering the day of seedling planting as the entry time (day zero), the “time to event” was
measured, i.e. time elapsed from the day zero until a particular event, for example onset of seedling

death. Based on time to event data, the seedling survival probability at time ¢, S(¢;) was estimated as

follows:

s<t,.>=s<r,._l{ -4 n
ni

where:

- 8(¢:.;) 1s the probability of seedlings being alive at #;;
- n; 1s the number of seedlings alive before ¢;
- d; 1s the number of seedling death at ¢;.

The estimated survival probability is a step function that ¢y = day zero and S(z)) = 1 and the values
change only at the day of seedling death. Seedling survival probability for each experimental
treatment was visualized using “survival curves”. To compare survival probability among groups
(i.e., the groups discriminated by the experimental factor, as mentioned above), a log-rank test was
used (Harrington and Fleming, 1982) followed by chi-square test. The log-rank test was used to test
the null hypothesis that there is no significant difference in survival probability among groups. The

main advantage of this test is that no prior assumptions are needed about the survival distributions.

Since the Kaplan-Meier curves and log-rank tests are applied only to univariate analysis, the Cox
model (Cox, 1972) was used to determine the effects of each factor considered for the Kaplan-
Meier method and log-rank test on seedling survival, i.e. to examine whether the rate of seedling

death is influenced by the factor. Therefore, the Cox model can be written as follows:

h(t): h, (t)'eXp(/B;xi): hy (t)'eXp(ﬂT T+ Bgo SO+ Brg - PS+ Boours 'SOXPS) (2



where:
- h(?) is a “hazard” function, measuring the hazard of seedling death
- ¢ 1s the survival time

- X; 1s a covariate (in this study, the values of the experimental factors, T, SO, PS and the interaction

SO x PS)

- i are experimental coefficients, which measure the effect size of the factor (in this study, fr, fso,

Bps and Bsoxps)

- hy(t) is the baseline hazard, which corresponds to the value of the hazard if all the x; are equal to

Z€10.

The quantities exp(f;) are called hazard ratios (HR). A value off; greater than zero, or,
equivalently, a HR greater than one, indicates that as the value of the i™ factor increases, the hazard
of seedling death increases and thus the length of survival decreases; conversely, a negative 5; (HR
value lower than one) denotes a positive effect of that factor on seedling survival. To summarize, if
HR = 1, the factor has not any effect on seedling survival, if HR < 1, the death hazard is reduced,

while, if HR > 1, the hazard is increased.

3. Results

The “home” seedlings (i.e., seedlings with the same seed origin than the plantation site) showed a
lower survival probability (ysq =9, df = 1, p = 0.0027, Figure 1) and seedling survival (5.3 + 2.7%)
compared to the “away” seedlings, i.e., planted away from the place of the seed origin (25.3 +

5.4%) (Table 2).

Survival rates at the end of the experiment were similar for seeds from high and medium elevations
(21.6 £ 2.5% vs. 21.0 £ 7.1%, respectively), and higher than those recorded at low elevations (14.9
+ 7.9%) (Table 2). Nevertheless, differences in survival probability for seedlings among groups
were not significant (log-rank test, p = 0.14, Figure 2B). Across plantation sites, survival probability
for seedlings was significantly different (ysq = 6, df = 2, p = 0.049) (Figure 2A). All the seeds
planted in low elevation sites died, while seedlings in high elevation plantation sites showed the
highest survival percentage (38.2 + 20.0%) (Table 2).

The interactions between seed origin and plantation site had significant effects on the survival
probability for seedlings (log-rank test with ysq = 45.6, df = 8, p < 0.001, Figure 3) and large

survival variability was observed among these combinations (Table 2). In more detail, none of the



seedlings survived at the low plantation sites and at medium elevation site with medium elevation
seeds. Medium elevation seeds in high elevation plantation sites showed the highest survival
percentage (63.9 + 24.7%), followed by high elevation seeds in medium elevation plantation sites

(50.0 = 14.4%, Table 2).

The Cox model identified “transplantation” (ysq = 8.17, df = 1, p = 0.004), “plantation site” (ysq =
7.82,df =2, p = 0.02) and the interaction between “seed origin” and “plantation site” (ysq = 17.73,
df = 3, p < 0.001) as the factors that most influenced the death hazard of seedlings (Figure 4).
Specifically, “home” seedlings had a significantly higher death hazard (mean HR = 5.8 [2.8 — 11.8],
p < 0.001) compared to “away” seedlings (HR = 1). The death hazard of seeds from low (HR = 5.3
[2.1 — 13.2], p < 0.001) and medium (HR = 2.0 [1.0 — 4.1], p = 0.045) elevations was higher
compared to the reference seeds (from high elevation, HR = 1). The HRs of plantation sites showed
similar trends than the seed origins, since seedlings in plantation sites with low (HR = 7.3 [2.9 —
18.3], p < 0.001) and medium (HR = 2.2 [1.1 —4.5], p = 0.024) elevations had higher death hazard
compared to seedlings with plantation sites at high elevation (HR = 1) (Figure 4).

Across the nine combinations of seed origin and plantation site, only seedlings with both seed
origin and plantation site from low elevation showed significantly different death hazards (HR =
0.04 [0.007 — 0.19], p < 0.001) compared to the reference seedlings (high elevation for both seed
origin and plantation site, HR = 1) (data not shown). Conversely, the differences in HR among the
other combinations of seed origin and plantation site were not significant compared to the reference

HRs.

4. Discussion

Overall, our results showed a low survival of planted seedlings during the experiment. We should
be cautious when reporting and discussing main model effect when interactions are highly
significant. However, we detected that higher seedling survival and reduced death hazard was
observed when seed origin differed from the plantation site. This was unexpected as previous
studies found that the success of early recruitment of Spanish black pine was improved when seed
and site origin matched (Lucas-Borja et al., 2016). For example, in a cross-sown experiment, Lucas-
Borja et al. (2017) found that emergence for Spanish black pine seedlings depended on both soil
and seed provenance and reported higher survival when these concurred. Nevertheless, available
studies for pine species have reported contrasting results with some provenance trials reinforcing
the existence of local adaptation (Savolainen et al., 2007, Alberto et al., 2013; Savolainen et al.,

2013), whereas other field experiments did not find a significant interaction between seed origin



and destination (Tiscar et al., 2018; Vizcaino-Palomar et al., 2014). Where lower elevation families
outperformed local families, it is possible that climate warming may have already disrupted local

adaptation (Anderson and Wadgymar, 2020).

Spanish black pine is considered a long-lived pine species with ecological and physiological
adaptation traits to broad environmental conditions (Navarro-Cerrillo et al., 2018). Commonly
studied traits for the mast-seeding Spanish black pine are the high genetic variation within
populations (Rubio-Moraga et al., 2012) and local adaptation at the seedling life stage (Alberto et
al., 2013). However, previous findings have evidenced the lack of climatic adaptation of this species
at early growth stages (Tiscar et al., 2018). Here we found that, according to the Kaplan-Meier test,
seedling survival of Spanish black pine across seed origins was not significantly different.
However, our results showed that survival was improved at medium and high elevations and that
death hazard was higher at low and medium elevations, confirming our second hypothesis. Our
results suggest that higher elevations with lower air temperature and more abundant precipitation
rates can present more favourable climatic conditions for establishment of Spanish black pine’s
seedlings. Together with the complete mortality recorded at the low elevation site, our findings
underline the challenging natural regeneration of Spanish black pine under increasing dry

conditions in the Mediterranean region (Linares and Tiscar, 2010).

Spanish black pine, with a limited root system, is prone to desiccation (Vizcaino-Palomar et al.,
2014), particularly after dry and hot summers. In other Mediterranean areas like Southwest Turkey,
increased spring/summer drought has been identified as the primarily factor decreasing the vitality
of black pine. In contrast, other areas, such as Western France, have seen an increase in this species’
growth. These findings support the idea of decreased tree productivity at the equatorial range edges
and poleward distribution shifts with increased global warming (Hickler et al., 2012) Although
temperate forests may potentially benefit from warmer temperatures in the short-medium term,
most experiments foresee a reduced productivity of Mediterranean forests due to increased droughts
as well as fire incidence (Charru et al., 2017). In agreement with these studies, our field site
observations during this experiment indicate that the total mortality of seedlings in low elevation
sites was likely caused by the high temperatures and desiccation status reached during the summer.
Enhancing the adaptive capacity of pines and other Mediterranean forests to climate change remains
a challenge, in spite of the large efforts through several forest management strategies (Vila-Cabrera
et al., 2018). Strategies to increase drought stress resistance have commonly consisted of forest
thinning (Calev et al., 2016), promoting mixed forests (del Rio et al., 2017), or modifying species or
genetic composition (Martin-Alcon et al., 2010). Here, we showed that the first bottleneck in

Spanish black pine survival is the lack of resistance to drought in their initial life stages. Therefore,



most efforts in forest management for this species should arguably go in that direction to pass

through this filter.

Most reforestation and afforestation approaches have traditionally relied on locally sourced seeds,
environmental conditions such as climate, soils, or geology at their home sites (Giencke et al.,
2018). These approaches may, however, oversee some implications on the survival of remnant
populations via over collection of seeds or through changes in the species composition of the
remnant sites (Meissen et al., 2015). Furthermore, climate change could further reduce seed
availability and supply and affect home-site advantages as genetic adaptations become decoupled
from the historic climatic conditions ranges under which they developed (Prober et al., 2015).

Altogether, our results highlight that, although natural selection may filter the survival of well-
established seedlings or seedlings, seedling survival in the first year is strongly depends on
environmental conditions (Vizcaino-Palomar et al., 2014; Tiscar et al., 2018). Afforestation efforts
to enhance adaptation of these forests in future climate scenarios will then require a combination of
methods such as the selection of more drought resistant genotypes and species, but more
importantly the transformation to mixed, multi-aged forest stands (Vizcaino-Palomar et al., 2014).
These measures could promote the forest structural diversity (i.e., uneven-aged forests) to enhance
resistance and recovery capacity through niche partitioning and differential response to stressors
(de-Dios-Garcia et al., 2015). Using transplanted seedlings previously nurtured in a tree-nursery
instead of seeds, can partially overcome the seedling emergence bottleneck under extreme
environmental conditions (Lucas-Borja et al., 2017), but as demonstrated here, extreme climate will

have a serious effect in the survival of this species even passed this life stage.

5. Conclusion

This study assessed the effects of seed origin and plantation site on the early recruitment of Spanish
black pine along a natural gradient with contrasting elevation and climatic conditions. We found
that plantation site is more important than seed origin for the success of early recruitment of
Spanish black pine. Plantation site was significantly associated with the duration of seedling
survival, whereas mean seedling survival rate and probability were similar for all the studied seed
origins. Nonetheless, some groups of seeds translocated from warmer to colder plantation sites
(from low to high elevation or from medium to high elevation) showed significantly higher seedling
survival rates. These results suggest that seedlings of Spanish black pine translocated from warmer

and drier seed origins for afforestation aims could potentially increase early species recruitment in



naturally regenerated forests. Our results evidenced that the first bottleneck in Spanish black pine
survival through afforestation is the lack of resistance to drought in their initial life stages. These
results have direct implications in forest management of the Cuenca Mountains and the overall
Mediterranean region where Spanish black pine distributes, particularly in current and future

climate change scenarios.
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