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Abstract

Key message The rapid production of a large, deep root system during seedling establishment is critical for pines to
colonize dry Mediterranean locations.

Abstract Root properties can influence plant drought resistance, and consequently plant species distribution. Root structure
strongly varies across biomes partly as a result of phylogeny. However, whether the spatial distribution of phylogenetically
close plant species is linked to differences in root properties remains unclear. We examined whether root properties medi-
ate the strong correlation between summer drought intensity and the spatial segregation of pine species native to southern
Europe. For this, we compared the seedling root growth and structure of five ecologically distinct pine species grown in
360 L rhizotrons for 19 months under typical hot and dry Mediterranean conditions. We studied the mountain and boreo-
alpine pines Pinus sylvestris and Pinus nigra, and the Mediterranean pines Pinus pinaster, Pinus pinea, and Pinus halepen-
sis. Mediterranean pines formed deep roots faster than mountain pines, their shoots and roots grew faster and had higher
root growth, especially P. halepensis, at low air temperature. By the end of the study, Mediterranean pines had larger root
systems than mountain pines. Neither distribution of root mass with depth nor root-to-shoot mass ratio varied significantly
among species. Across species, minimal annual rainfall to which species are exposed in their range related negatively to root
growth but positively to specific root length and the time needed for roots to reach a depth of 40 cm. This study highlights
the importance of root growth as a driver of pine distribution in southern Europe and suggests that rapidly producing a large,
deep root system may be a key attribute for pines to colonize dry Mediterranean locations.
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Introduction

Water stress constrains plant life in many terrestrial ecosys-
tems (Vicente-Serrano et al. 2013). Plants show a wide vari-
Communicated by Nardini. ety of adaptations to survive in dry ecosystems (Levitt 1980;
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have been related to drought resistance of plants (Padilla
and Pugnaire 2007; Alsina et al. 2011; Comas et al. 2013;
Brunner et al. 2015). The size of the root system and root-
ing depth determine the plant’s ability to access deep soil
moisture reserves during dry periods (Schulze et al. 1996).
Across species, the size of the root system, rooting depth and
root hydraulic conductance increase with the size of growth
forms (Canadell et al. 1996; Schenk and Jackson 2002; De
Herralde et al. 2010). However, for a specific growth form,
species inhabiting water-limited environments tend to have
deeper roots than their mesic counterparts (Jackson et al.
1996).

The proportion of mass allocated to roots has also been
related to plant drought resistance. The proportion of root
mass relative to either shoot mass (R/S) or entire plant mass
(root mass fraction, RMF) are indicators of the potential
balance between water uptake and evaporative capacity of
a plant (Grossnickle 2012). Globally, R/S (Mokany et al.
2006), RMF (Poorter et al. 2012b) and the relative distri-
bution of root mass in depth (Schenk and Jackson 2002)
usually increase with aridity. In addition, plants species
differ substantially in fine-root production (Ostonen et al.
2007; Valverde-Barrantes et al. 2017). Fine-root growth
is often studied using the proxy variable of specific root
length (SRL), defined as the length of roots per root mass
unit (Ostonen et al. 2007). High-SRL root systems have a
large root surface and consequently high capacity to take up
soil resources (Comas et al. 2013). In a global review of fine-
root traits, SRL was greater in plants from cold and temper-
ate climatic areas than in plants from arid and tropical areas
(Freschet et al. 2017). Fast growing woody plants, which
have high nutrient demand, grow more high-SRL roots than
slow growing plants (Reich et al. 1998; Comas and Eissen-
stat 2004; Hernandez et al. 2010).

The seedling stage is a major bottleneck in the life his-
tory of plants and consequently in population dynamics
(Pulido et al. 2010). Rooting depth determines the capacity
of seedlings to access deep soil layers (Padilla and Pugnaire
2007), which usually hold stable water reserves during the
dry season (Brum et al. 2017). This fact likely explains why
the ability of seedlings in seasonal dry climates to survive
their first dry season depends on root system size and root-
ing depth (Grossnickle 2005; Padilla and Pugnaire 2007;
Villar-Salvador et al. 2012). Plants can achieve a deep and
extensive root system either by starting to grow early in the
wet season (De Luis et al. 2008) and/or by growing rapidly
during the wet season (Holmgren et al. 2006; Stella and Bat-
tles 2010). Root growth in the wet season depends on soil
and air temperature. Response of root growth to temperature
varies among species (Lyr 1996; Pregitzer et al. 2000). Most
plant species slow root growth greatly when soil tempera-
ture is < 10 °C and root growth cessation occurs at 2—-6 °C
(Alvarez-Uria and Korner 2007). Species differences in the
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response of root growth to temperature seem to be related to
the temperature to which species are exposed in their range
(Lyr 1996).

The spatial segregation of native pine species in south-
ern Europe is correlated with summer drought and winter
temperature (Barbero et al. 1998). Pinus nigra J.F. Arnold
and P. sylvestris L. (hereafter referred to as mountain and
boreo-alpine pines) inhabit cold winter sites in the high
mountains of southern Europe, where rainfall is high and
summer drought is mild and short. At these locations, cold
is the main limitation for plant life (Barbero et al. 1998). In
contrast, Pinus halepensis Mill., Pinus pinaster Ait., and
Pinus pinea L. (hereafter referred to as Mediterranean pines)
thrive in low- and mid-altitude locations in a typical Medi-
terranean climate, where winter is mild-to-cool and humid,
while the summer is hot and dry (Barbero et al. 1998). At
these sites, summer water stress is the main limiting factor
for plant life (Mitrakos 1980). The spatial segregation of
these pine species can be explained in part by their capacity
to withstand frost events. Pinus halepensis, P. pinea and
to a lesser extent P. pinaster are less frost-tolerant than the
high-mountain pines P. sylvestris and P. nigra (Climent et al.
2009; Fernandez et al. 2018; Toca et al. 2018). However,
the fact that P. sylvestris and P. nigra do not occur at low-
altitude locations, where summers are dry and hot could be
explained by a lower capacity to survive water stress than
Mediterranean pines in the early life stages (Salazar-Tortosa
et al. 2018a).

The objective of this study was to compare the growth
and structure of root systems of five ecologically distinct
pine species native to the Iberian Peninsula (P. sylvestris, P.
nigra, P. pinaster, P. pinea and P. halepensis) under lowland
Mediterranean conditions. For this, we grew seedlings of
these pine species in a common garden experiment simulat-
ing the low precipitation and high temperature regime typi-
cal of low- and mid-altitude Mediterranean location. Plants
were grown in 360-L rhizotrons to avoid small rooting vol-
ume constraints (Poorter et al. 2012a), and we analyzed the
root dynamics and structure for 19 months. We hypothesized
that Mediterranean pines will grow faster a larger and deeper
root system, showing higher SRL than mountain and boreo-
alpine pines under these experimental conditions. This study
will contribute to explain why mountain and boreo-alpine
pines species fail to colonize low-altitude Mediterranean
environments.

Materials and methods
Experimental setup and plant growth

Seeds of the five pine species were collected from popu-
lations in the southern part of the Iberian Range, eastern
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Spain (see Table S1 for locations and their environmental
details, Alia Miranda et al. 2009). This region covers around
8500 km? and natural populations of all studied species seg-
regate along an altitudinal gradient from 650 to 2020 m a.s.l.
(Blanco et al. 1998). Seeds were seeded in February 2012
and seedlings were cultivated in trays (190/300-45, Plasnor,
Spain) with cells of 300 mL. Growing medium was fertilized
peat (White 420 F6, Kekkild, Finland) containing 0.8—1 kg/
m? of slow-release fertilizer NPK 16-10-20. Seedlings were
initially grown in a greenhouse of the Centro Nacional de
Recursos Genéticos Forestales “El Serranillo” (Guadalajara,
Spain) until late March 2012, then transported to the IRTA
in Caldes de Montbui (Barcelona, Spain), where the rest
of the study was performed. From late March to early June
2012, seedlings were kept inside a greenhouse and periodi-
cally watered until transplanted to rhizotrons.

In early June 2012, six 4-month-old seedlings per species
were transplanted into 30 rhizotrons (1 seedling per rhizo-
tron; rhizotron dimensions were height 1.2 m, width 0.5 m
and depth 0.6 m) filled with washed river sand. The side and
rear walls of the rhizotrons were made of galvanized iron
sheets, while the front wall was glass, which was covered
by reflective plastic to avoid radiation (light and tempera-
ture) at root level. The rhizotrons were placed inside an open
greenhouse tunnel, which reduced ambient photosynthetic
photon flux density by 30%. At the time of transplanting
seedling height and diameter (+ SE) were: 11.4+0.7 cm
and 2.3 +0.1 mm for P. halepensis; 15.9+0.2 cm and
3.1+£0.2 mm for P. pinea; 14.7+1.3 cm and 2.8 £ 0.1 mm
for P. pinaster; 8.7+0.2 cm and 2.1 +0.1 mm for P. nigra;
and 7.4 +0.2 cm and 2.5+ 0.1 mm for P. sylvestris, respec-
tively. Seedlings were water-supplied with approximately the
average rainfall rate of Caldes de Montbui (altitude 203 m
a.s.l.). This location has a typical Mediterranean climate
with a mean temperature of 15.5 °C and a mean annual rain-
fall of 633 mm. Water was supplied daily during the first
month and then every 2-3 days thereafter. The cumulative
amount of water supplied per plant during the study was
572 L. Soil volumetric water content (VWYV, %) was meas-
ured every 2 weeks using a 70-cm frequency domain reflec-
tometry probe (Diviner 2000, Sentek Sensor Technologies
Stepney, Australia). The accession tube was inserted before
planting of seedlings, and soil moisture was measured at
10-cm intervals. For simplicity, we performed data analysis
using soil VWC for the depth intervals of 0-20, 20—40 and
40-70 cm. Mean VWC increased with depth and was higher
in mountain and boreal pines than in Mediterranean pines
(Figure S1). In general, soil VWC decreased slightly over
time in the depth layers of 20—40 and 40-70 cm, whereas
it fluctuated without any clear pattern in the 0-20 cm layer.

Air temperature was measured daily using electronic
sensors (PASSRHT, Decagon Devices, Washington, USA)
placed next to the rhizotrons. Mean air temperature during

the study was 16.6 °C, fluctuating between 30.3 °C in mid-
August 2012 and 3.2 °C in early December 2012 (Figure
S2). The lowest air temperature was —2.6 °C in late Febru-
ary 2013; the highest temperature was 40.9 °C in late July
2012.

Root and shoot measurements

Root elongation measurement was initiated after seedlings
were established in early October 2012 and were taken every
2 weeks until May 2014. The length of the visible roots
growing against the rhizotron wall was measured in four soil
layers, each of which was 20—40 cm thick: these layers cov-
ered depths of 0-20, 20-40, 40-80, and 80—110 cm. These
layers were photographed with a digital camera, and root
length was determined using WinRHIZO (Regent Instru-
ments, Canada).

At the end of the experiment in early June 2014, plants
were extracted from the rhizotrons by gently removing the
growing medium with water. Plants were separated into
shoots and roots and washed with tap water. The roots were
cut at three depth layers (040, 40—80 and 80-120 cm),
scanned and their length quantified using WinRHIZO. Then
all plant fractions were dried at 60 °C until constant weight.
SRL was calculated as the ratio between total root length and
total root mass, while R/S was calculated by dividing root
mass by shoot mass.

Shoot growth was monitored by periodically measuring
stem height and diameter, which was measured at 1 cm from
the ground. Both measurements were performed at planting
and on the following days after transplanting: 336 (18 June
2013), 456 (16 October 2013), 545 (13 January 2014), 618
(26 March 2014) and 686 (02 June 2014). We also used the
relative growth rate (RGR) as a surrogated of plant growth.
RGR was calculated as:

In (m,,) — In(m,y)

RGR =
2 —1t1

where m is the plant mass at the time of transplantation into
the rhizotron (¢1) and at the end of the experiment (z2). The
mass at r1 was measured on ten seedlings per species ran-
domly sampled after drying at 60 °C for 48 h.

Data analysis

Differences in height and diameter growth rates between
species were assessed using a linear mixed model in which
the random effect was individuals and the fixed effect was
the interaction between species factor and the covariate time
(days since planting). Significant differences (P <0.05) in
the model slope meant that growth rates were different
among species.

@ Springer



296

Trees (2019) 33:293-303

The effect of species on root and shoot measurements
after harvesting were analyzed using one-way ANOVA.
The response variables were shoot mass, total root mass,
RGR, total root length, R/S, and SRL. We also evaluated the
effect of species on the total root mass, and on the root mass
proportion at the three different soil layers (0—40, 40-80 and
80-120 cm). Significant differences between species were
evaluated using a Tukey HSD test (P <0.05).

Root elongation rate was analyzed using a Generalized
Additive Mixed Model (GAMM) in which the random fac-
tor was individuals, the smoothed term was time (days since
planting), and the fixed effect was species. We fitted four
different GAMM models, one for each soil layer. To evaluate
whether species had a significant effect on root elongation,
we compared the model with a model in which species was
omitted. If the difference between the two models was <2
in the corrected Akaike’s information criterion (AICc), then
the simpler model was selected (Burnham and Anderson
2002).

We also analyzed the effect of air temperature on spe-
cies root growth. For this, root length of all soil layers was
added up to yield the total root length per seedling and meas-
urement date. Then, we calculated root length increment
(mm day~") as the difference in root length between two
consecutive measurement dates divided by the number of
days between both measurements. As the magnitude of root
length increment greatly differs among species, it was spe-
cies-scaled to 0-1 values (hereafter RLI). We used a linear
mixed model to evaluate whether the relationship between
RLI and temperature was species idiosyncratic. This model
included the interaction between species and temperature as
fixed effect, and each individual as random term. First, we
compared based on the AICc—this model with a model in
which temperature was considered as a second order poly-
nomial. The selected model in this step was then compared
with a model in which species factor was dropped.

To assess whether species influenced root growth speed
through depth, we quantified the time taken by each indi-
vidual to reach a depth of 40 cm after transplanting into the
rhizotrons. We considered that the roots of an individual
reached a depth of 40 cm when the roots became visible in
the layer at a depth of 40-50 cm. Data were analyzed using
one-way ANOVA in which the response variable was the
time taken by roots to reach a depth of 40 cm.

We used linear regression to analyze whether inter-spe-
cies differences in root properties were related to climatic
conditions normally encountered by the species in their
distribution range in the Iberian Peninsula. We used dis-
tribution data for continental Spain from the third Spanish
Forest Inventory, which analyzed adults and saplings of all
woody species in plots distributed over forest ecosystems
according to a 1-km? grid. We selected those plots classi-
fied as natural pine forests based on the Spanish Regions
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of Provenance (Ruiz-Benito et al. 2012). Then we selected
the plots showing saplings for each studied pine species.
Climatic variables were calculated from a map with 1-km?
spatial resolution (Gonzalo 2008) for each species, we chose
the 2.5% percentile values for mean annual precipitation.
This value represents the mean annual rainfall in the 2.5%
most arid locations in the range of each species. All statisti-
cal analyses were performed using R 3.2.5.

Results
Aboveground growth

At the end of the experiment on day 728 after planting, P.
halepensis, P. pinea and P. pinaster showed greater shoot
mass than P. nigra and P. sylvestris (Figure S3). We found
a significant interaction between species and time (days
since planting) on seedling stem height and diameter (both
P <0.001). Pinus halepensis showed a significantly larger
diameter and faster height growth (higher interaction slope)
than the other pine species, whereas P. sylvestris showed the
slowest growth (Figure S4). Pinus pinaster showed faster
height growth than P. pinea, P. nigra and P. sylvestris, while
no significant differences were found between P. nigra and
P. pinea. Similarly, no significant differences in diameter
growth rate were observed among P. pinea, P. pinaster and
P. nigra. P. halepensis also showed the highest RGR and
P. nigra and P. sylvestris showed the lowest RGR, while P.
pinea and P. pinaster had similar RGR (Figure S5).

Belowground growth

At the end of the experiment, P. halepensis, P. pinea and
P. pinaster showed greater root mass than P. nigra and P.
sylvestris (Fig. 1a). However, species did not significantly
differ in R/S. Root mass varied with depth in the same way
that total root mass did (Fig. 1). Differences among species
affected the mass of the roots produced in the soil profile
but not the relative distribution of root mass with depth.
Pinus nigra and P. sylvestris showed the smallest root mass
at all depths. Pinus halepensis and P. pinaster had longer
roots than P. nigra and P. sylvestris; the latter two species
had roots of similar length (Fig. 2a). Species SRL showed
the opposite trend as root length and mass, with P. sylves-
tris showing the largest SRL and P. halepensis the smallest
(Fig. 2b).

Root length increased over time to different extents
among the various Iberian pine species (Fig. 3, Table S2).
Pinus halepensis showed the greatest capacity to quickly
colonize soil layers (Fig. 3), especially the layer at
0-20 cm, followed by P. pinaster and P. pinea. In gen-
eral, these three species showed the greatest root length
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increase in each soil layer, whereas P. sylvestris showed
the smallest and slowest increase in root length (Fig. 3).
Root length in P. nigra increased more than in P. sylvestris
but less than in Mediterranean pines except in the 0-20-cm
layer, where P. nigra showed the lowest increase in root

length of all five pine species. From day 385 onwards, P.
pinea showed the longest roots in the layers at depths of
20-40 and 40-80 cm. Roots of P. nigra and P. sylvestris
lengthened more slowly towards the end of the experiment
than initially, except for soil layer at a depth of 80-110 cm,
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where growth remained active (Fig. 3). The Mediterranean
pines, in contrast, showed active growth across all the soil
depth layers. Roots lengthened at similar rates across all
species in the soil layer at 80—-110 cm (Table S2).

Scaled root length increment (RLI) showed a quad-
ratic and idiosyncratic species response to temperature
(Table S3). RLI monotonically increased in P. nigra and
P. sylvestris (Fig. 4). P. pinaster and P. pinea showed a
similar response to mountain pines but reaching con-
stant values around 20 °C. On the contrary, P. halepensis
showed maximum RLI values at low temperatures and
then decreased with temperature (Fig. 4). RLI values at
7 °C was highest in P. halepensis (0.18 +0.03) followed
by P. pinea and P. pinaster (0.04 +0.03, for both species).
P. sylvestris and P. nigra showed the lowest scaled RLI
values (0.02 +0.03 and 0.01 +0.03, respectively).

Species differed in how long roots needed to reach a
depth of 40 cm (F=3.21, P=0.034) according to the
trend: P. halepensis < P. pinea and P. pinaster < P. nigra
(150 days after P. halepensis) < P. sylvestris (180 days
after P. halepensis) (Fig. 5).
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Relationship between root characteristics
and rainfall in the distribution range

Root mass at the end of the experiment and the stem diam-
eter growth rate of each species correlated negatively with
the 2.5% smallest annual precipitation in the natural range of
that species (Fig. 6). In contrast, SRL and the time for roots
to reach a depth of 40 cm correlated positively with the 2.5%
smallest annual rainfall in the natural range (Fig. 6).

Discussion

Juveniles of pine species differ in how rapidly they grow
during establishment and consequently in the final size of
their root systems and shoots. Interestingly, root differences
among species correlate strongly with the precipitation in
the driest areas of the species range. In accordance with
our hypothesis, seedlings of the Mediterranean pine spe-
cies, which are exposed to high drought stress in their range
(especially P. halepensis), show greater ability to rapidly
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colonize the soil profile and produce larger root systems than
the seedlings of the mountain and the boreo-alpine pines
under typical lowland Mediterranean conditions. These root
differences may drive drought survival (Grossnickle 2005;

Padilla and Pugnaire 2007; Villar-Salvador et al. 2012). Con-
sistent with this suggestion, survival and growth of P. nigra
and P. sylvestris was significantly lower than P. halepensis
survival in a common garden experiment in a dry hot Medi-
terranean location (Salazar-Tortosa et al. 2018a, b). There-
fore, this study provides new insights into the functional
basis of the latitudinal and altitudinal spatial segregation of
pines in southern Europe. However, low field survival and
growth of mountain and boreo-alpine pines might be also
explained by poor physiological performance under water
stress conditions (Salazar-Tortosa et al. 2018a, b). In addi-
tion, the use of one provenance per species requires some
caution when generalizing our results. Because we used
provenances from the southern dry edge of the range of the
mountain and boreo-alpine species, which are more drought
resistant than northern and mesic provenances (Richter et al.
2012; Matias et al. 2014), it is unlikely that the lower growth
of these pine species compared to the Mediterranean pines
is biased by provenances selection. Future studies, however,
should evaluate provenances differences in root growth.

In water-limited ecosystems, seedling mortality due to
water stress during the first dry season is a bottleneck for
forest regeneration (Castro et al. 2004; Pulido et al. 2010).
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ues of annual rainfall in the distribution range of that species. Equa-

Resistance of seedlings to drought relies on adaptations that
increase water uptake and/or reduce water loss during dry
periods (De Micco and Aronne 2012; Brunner et al. 2015).
In the present study, Mediterranean pines colonized through
soil depth more rapidly, as evidenced by shorter time to
reach a depth of 40 cm (Fig. 5) and showed the fastest above-
ground growth, growing larger than mountain pines at the
end of the experiment. This indicates that seedling estab-
lishment under Mediterranean climate conditions depends
on how rapidly the root system colonizes the soil profile.
Similar to our findings, Climent et al. (2011) observed that P.
pinaster, P. pinea and P. halepensis grew faster than P. nigra
and P. sylvestris after 32 weeks of growth in 7-L containers.
Higher shoot growth rate leads to greater foliage biomass
and higher photosynthesis (Cuesta et al. 2010). This greater
C assimilation will support the growth of new organs dur-
ing the wet season, triggering a positive feedback loop in
which shoot and root growth support each other (Burdett
1990; Villar-Salvador et al. 2012). In addition, Mediter-
ranean pines, especially P. halepensis achieved maximum
root growth potential at lower air temperature than mountain
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and boreo-alpine pines (Fig. 4). Maximizing root elonga-
tion during the cool and wet season can facilitate seedling
establishment before the summer drought, the most limiting
season for seedling life in Mediterranean climates (Castro
et al. 2004; Pulido et al. 2010). Mediterranean pines were
also able to grow faster despite they reduced soil moisture
more than the mountain and boreo-alpine pines (Figure S1).
Taken all together, our results indicate that Mediterranean
pines avoid summer drought maximizing their growth dur-
ing the wet and cool season, accessing rapidly deep water
reserves and exploring a large soil volume (Jackson et al.
1996; Schulze et al. 1996; Padilla and Pugnaire 2007). We
suspect that these pines also avoid drought because of early
emergence: they disperse seeds in the summer and most
seedlings emerge in autumn (Calama et al. 2017). This early
emergence in the wet season, together with fast growth and
higher root growth under cool air conditions, likely facili-
tates seedling establishment long before the onset of sum-
mer drought. In contrast, the two mountain pine species in
our study disperse seeds in winter, and seedlings emerge in
spring (Castro 2006; Tiscar and Linares 2011). This later
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emergence in the wet season, together with lower growth
capacity, results in less root growth prior to summer drought
and, therefore, greater seedling vulnerability to water stress
(Castro 2006; De Luis et al. 2008).

Mediterranean pines showed shorter SRL than mountain
pines. In other words, the mountain and boreo-alpine pines
grew longer roots per root mass unit invested, which does
not support our initial hypothesis. Korner and Renhardt
(1987) reported that that perennial herb species that grow
at low altitude had thicker fine roots and lower SRL than
perennial herbs species inhabiting at high altitude location.
Differences in SRL allows for coping with changes in soil
resources. SRL variability reflects a trade-off between stress
tolerance and resource exploitation (Comas and Eissenstat
2004; de la Riva et al. 2017): fast growing species, which
usually thrive in rich resource environments, are expected
to have higher SRL, whereas slow growing, stress-tolerant
species are expected to have lower SRL. However, whether
root traits are primarily aligned along the acquisition—con-
servation axis is under debate (de la Riva et al. 2016, 2017,
Kramer-Walter et al. 2016). Our data show that although
Mediterranean pines inhabit drier locations they have lower
SRL but higher growth rates than mountain and boreo-alpine
pines. The high SRL in mountain and boreo-alpine pines
is consistent with the idea from recent global reviews that
plants inhabiting low-temperature ecosystems tend to have
higher SRL (Freschet et al. 2017; Valverde-Barrantes et al.
2017). High SRL in cold-climate plants may be an adapta-
tion to enhance soil nutrient exploitation, counteracting the
negative effects of low temperature on organic matter min-
eralization (Comas et al. 2012).

Plants can also maintain their water status through
increased biomass allocation to roots (Grossnickle 2005;
Brunner et al. 2015). However, we found no significant R/S
differences among species, suggesting a conservative pat-
tern in the allocation of biomass among pine species. These
results contrast with previous reports of higher R/S in P.
nigra and P. sylvestris than in our Mediterranean pines (Cli-
ment et al. 2011; Matias et al. 2017). Differences between
our study and previous ones may reflect that our study used
a much larger rooting volume (Poorter et al. 2012a): in our
study it was 360 L, compared to 7 L in Climent et al. (2011)
or 2.5 L in Matias et al. (2017). Similarly, our data showed
no inter-species differences in the distribution of root mass
through depth, in contrast to quantitative reviews and experi-
mental studies showing that tree species adapted to dry con-
ditions generally invest more root mass in depth than species
inhabiting mesic environments (Schenk and Jackson 2002;
Mokany et al. 2006; Markesteijn and Poorter 2009; Poorter
et al. 2012b). It is possible that root depth and root system
size are more important than R/S for survival under dry con-
ditions (Padilla and Pugnaire 2007). Plants can also respond
to water stress by constructing root systems with a larger

taproot and increasing the allocation of biomass to coarse
roots at the expenses of fine roots. It is also possible that our
results are phylogenetically biased: the species in our study
belong to the same genus, and morphological root traits are
phylogenetically structured (Valverde-Barrantes et al. 2017).
Indeed, Pinus species show a strong phylogenetic signal in
some functional traits (He et al. 2012) and mass allocation
may also have evolved conservatively.

In conclusion, seedlings of southern Europe pines differ
in how rapidly they grow and colonize the soil profile, and
the sensitivity of root growth to low temperature. Mediter-
ranean pines showed faster growth rates, larger root systems,
faster rooting through the soil depth and at lower tempera-
ture and soil moisture than mountain and boreo-alpine pines
under lowland Mediterranean conditions. These differences
related to the aridity to which the species are normally
exposed in their range. SRL was higher in mountain and
boreo-alpine pines than in Mediterranean pines. The dis-
tribution of root mass through soil depth and the ratio of
mass allocation to roots and shoots did not differ among
pines. Our results suggest that differences in growth rate
play an important role in determining the capacity of pine
species to colonize dry Mediterranean locations. However,
other functional attributes related to plant’s water economy
and tolerance to high temperatures might also contribute to
explain pine species distribution and should be addressed
in future studies. Climate change projections for southern
Europe predict an increase in aridity over the next century
(Christensen and Christensen 2007), which can potentially
trigger shifts in the tree species distribution. Based on our
results, the higher growth capacity of Mediterranean pines
may allow the colonization of zones at higher altitude and
thereby displace mountain pines, which are also more vul-
nerable to warming and drought (Matias et al. 2017; Salazar-
Tortosa et al. 2018a).
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