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ARTICLE INFO ABSTRACT

Oaks develop robust taproots that enable them to access water from deeper soil layers and thrive in drought-
prone environments. Understanding how different revegetation methods influence oak root development is
therefore crucial for improving restoration strategies. In a common garden experiment, we compared the root
systems of holm oaks (Quercus ilex L.) established through two revegetation methods: seedling outplanting after

Dataset link: Effect of revegetation method
(seedling outplanting versus direct seeding) on
holm oak root architecture: implications for
restoration success under a global change

scenario - DATASET nursery cultivation and direct acorn seeding. After five growing seasons, we excavated holm oak root systems to

a depth of 50-60 cm using a bulldozer and scanned them with terrestrial laser scanning (TLS). Two TLS-derived
Keywords: metrics described the apical dominance gradient of the taproot (index of principal axis dominance and path
Outplanting fraction), while another assessed root ramification (total number of forks per meter). Manual measurements were
Resprouting capacity also taken for taproot diameter, branching root diameters, root branching density, and root:shoot ratio. More-
Root branching density over, we assessed the resprouting capacity of seeded and planted oaks harvested two years earlier in the same
FSreedingt common garden. Multivariate analyses and generalized linear models revealed significant differences between

aproo

outplanting and direct seeding in root characteristics. Seeded individuals showed greater apical dominance and a
higher root:shoot ratio, whereas outplanted ones developed more root ramifications and root branching density,
with thicker taproot and branching roots, and a higher ratio of the mean branching root diameter to the taproot
diameter. Furthermore, plants from the seeding treatment exhibited a slight but significantly higher resprouting
capacity than those from the outplanting treatment. These results indicate that direct seeding promotes a more
natural root structure, with stronger taproots and better resprouting capacity than outplanting. Our findings
suggest that direct seeding may provide a more nature-based solution than outplanting for forest restoration by
emulating natural regeneration. In the mid-term, the root development shown by direct acorn seeding may
enhance the ability of holm oaks to withstand disturbances such as droughts in the Mediterranean Region under
global change.

Terrestrial laser scanning

1. Introduction increasing degradation of ecosystems (Lewis et al., 2019; Hua et al.,
2022; Mansourian et al., 2024, 2025). Approximately 2 billion hectares

Restoring forests has never been more critical than now, given the of land are suitable for forest restoration (Laestadius et al., 2011; Cer-
intensifying impacts of climate change, biodiversity loss, and the nansky, 2018), offering a key opportunity for large-scale initiatives
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(Bastin et al., 2019). However, high costs and misguided technical de-
cisions present challenges that can compromise the success of these ef-
forts (Austin et al., 2020; Castro et al., 2021; Cook-Patton et al., 2021).
Revegetation plays a crucial role in stabilizing soils (e.g., Scotton and
Andreatta, 2021), regulating the water cycle (e.g., Trabucco et al., 2008;
Keller and Fox, 2019), and enhancing carbon sequestration (e.g., Walker
et al., 2022; Ménard et al., 2023), among other benefits. In areas where
natural regeneration is blocked or too slow, active interventions such as
outplanting and direct seeding become essential (Ceccon et al., 2016;
Grossnickle and Iveti¢, 2017). However, for such actions to be effective,
we need to carefully select appropriate revegetation methods to ensure
plant survival and growth (Lazaro-Gonzdlez et al., 2023 and references
therein; Preece et al., 2023).

After revegetation, proper root development underlies the plant’s
capacity for water and nutrient uptake (Freschet et al., 2021). For spe-
cies like oaks (Quercus spp.), whose extensive root systems allow them to
thrive across diverse environments, root growth is a requisite for
long-term restoration success (Gil-Pelegrin et al., 2017). Oaks are
well-known for their ability to access water and nutrients from deep soil
layers, an adaptation for surviving in nutrient-poor and drought-prone
environments (Osonubi and Davies, 1981; Padilla and Pugnaire,
2007). Their deep taproots enhance resilience to abiotic stressors,
enabling stable growth even under challenging climatic conditions,
including prolonged droughts and high temperatures (Barbeta and
Penuelas, 2017). Equally important, robust root systems sustain a strong
resprouting ability, and in Mediterranean and other disturbance-prone
ecosystems, resprouting is one of the most reliable persistence strate-
gies among angiosperms, allowing trees to recover after damage (Pausas
and Keeley, 2014). In oaks, this capacity is crucial for survival and de-
mographic stability in the face of recurrent disturbances such as wild-
fires, herbivory by ungulates and other large animals, pest outbreaks,
multiple forms of management, and extreme climatic events (Sakai
et al.,, 1997; Pyttel et al., 2013). Resprouting enables oaks to maintain
high functional levels even under severe stress by rapidly regenerating
shoots from protected buds and well-resourced root systems (Espelta
et al., 2003). In the context of forest restoration, deep rooting and
vigorous resprouting are thus decisive for long-term success. Both,
however, can be strongly influenced by the revegetation method, i.e.,
whether trees are established after nursery cultivation or through the
direct seeding of acorns (Castro et al., 2015; Lof et al., 2019).

Nursery-grown oak seedlings are typically cultivated for one year or
less in seedbeds or small containers before being outplanted in the field
(Peman et al., 2006; Wilson et al., 2007; Chirino et al., 2008). This
method tends to result in larger initial plant size compared to direct
seeding and it avoids the risk of demographic bottlenecks during seed
predation and germination and seedling early growth (Dey et al., 2008).
However, the confined conditions in nursery containers restrict root
development, leading to issues such as root deformities, which can limit
the formation of a deep taproot and impair water uptake (Tsakaldimi
et al., 2009; Mariotti et al., 2015; Grossnickle and Iveti¢, 2022). These
deformities can reduce access to soil resources, thereby increasing water
stress and compromising long-term plant performance in the field
(Zadworny et al., 2014, 2019). In contrast, direct seeding of acorns may
allow for more natural root development, fostering the growth of deeper
taproots that are better suited for accessing water and nutrients (Peman
et al., 2006; Tsakaldimi et al., 2009; Castro et al., 2015; Lof et al., 2019).
Direct seeding offers additional advantages, such as lower cost, lower
difficulty, greater flexibility in terms of timing and planning, and
reduced risk of introducing pathogens through nursery stocks
(Fernandez-Habas et al., 2019; Lazaro-Gonzalez et al., 2023). Moreover,
for Quercus and more generally for large-seeded species, direct seeding
has often resulted in higher establishment success than outplanting (Lof
et al., 2019).

Despite the well-documented differences in early development and
the relevance of root development for a better accessibility to soil re-
sources, the relationship between revegetation method, root system
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architecture, and resprouting capacity has not yet been evaluated in tree
saplings under experimental field conditions. Previous studies address-
ing this question have largely focused on seedlings or very young plants,
whereas little is known about how these processes occur in fully
developed trees several years after establishment. In particular, research
on the response of oaks to revegetation methods has mostly concen-
trated on short-term responses (i.e., 1 year old trees or even less), and
particularly on survival and aboveground parameters such as growth
and biomass accumulation (Lazaro-Gonzalez et al., 2003). Root traits
have also been examined, but predominantly at very early develop-
mental stages (e.g., Peman et al., 2006; Tsakaldimi et al., 2009). To
address this gap, we focused on the holm oak (Quercus ilex L.), the most
widely distributed tree in the Mediterranean region and highly adapted
to summer drought, nutrient-poor soils, and high temperatures
(Navarro-Cerrillo et al., 2018; Martin-Sanchez et al., 2022; Juan-Ovejero
et al., 2024), which makes it a key species for Mediterranean forest
restoration (Leverkus et al., 2015a,b). We analyzed the architecture of
the taproot system and its main branching roots (i.e., those coarse roots
emerging directly from the taproot rather than fine roots) as well as
resprouting capacity in Q. ilex five years after establishment under
contrasting revegetation methods, thereby offering new insights into
their implications for forest restoration. Moreover, we combined
advanced terrestrial laser scanning (TLS) and manually-measured vari-
ables to provide a detailed analysis of the root architecture of Q. ilex
individuals from experimental outplanting and seeding treatments. We
hypothesized (i) that holm oaks established through seeding would
exhibit a stronger dominance of the taproot compared to planted in-
dividuals. We also hypothesized (ii) that seeding would result in an
enhanced resprouting capacity compared to planting as a result of an
enhanced ability to access resources. We seek to improve our under-
standing of oak root morphology and help optimize revegetation stra-
tegies in the Mediterranean Basin by balancing the trade-offs between
seedling outplanting and direct acorn seeding.

2. Materials and methods
2.1. Study location and experimental design

A common garden experiment was established in December 2017 at
the IFAPA-Camino de Purchil Research Station (37°10°20 N,
—3°38°39"" W; 625 m a.s.l.; Granada, southern Spain) to investigate how
revegetation method (seedling outplanting versus direct acorn seeding)
influences plant performance and the success of reforestation with the
holm oak. The site is characterized by a Mediterranean climate, with
hot, dry summers and rainfall mainly in autumn and spring. The mean
annual precipitation is 389 mm, and the mean annual temperature is
15.3 °C. January is the coldest month, with an average temperature of
6.2 °C, whereas July is the warmest, with an average temperature of 26.0
°C (data extracted from the IFAPA meteorological station; period
2006-2021). The soil is calcaric fluvisol, with an average of 40 % sand,
18 % clay, 17 % coarse loam, and 25 % fine loam in the first 20 cm of the
profile. More detailed information of the characteristics of the soil
profile up to 1 m depth is shown in Table S1.

The experimental setup of the common garden site included five
adjacent blocks measuring 56 x 28 m, each with 384 planting points
arranged in a regular 2 m grid (Fig. 1). Within each block, 192 points
were randomly assigned to nursery-grown seedlings (outplanting
treatment, hereafter), and the remaining 192 were allocated to direct
seeding of an acorn in the field (direct seeding treatment, hereafter). In
December 2017, the experiment was established by transplanting the
nursery-grown plants (cultivated from February to December 2017;
outplanting treatment) and by directly sowing acorns in the field (direct
seeding treatment, hereafter). Acorns for the outplanting tratment were
collected in autumn 2016 from four provenance populations located in
distant regions of the Iberian Peninsula with contrasting climatic con-
ditions, elevations, and bedrock types (see Juan-Ovejero et al. 2024 for
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Fig. 1. a) Layout of the common garden experiment with the 110 excavated
root systems (outplanting in red and seeding in blue; 104 were used for ana-
lyses), b) Harvested and resprouted (black triangles; n = 594 excluding exca-
vated individuals) and non-resprouted plants (white triangles; n = 155), ¢) Root
extraction with heavy machinery, and d) Terrestrial laser scanning of the root
systems: left, a root from the outplanting treatment; right, a root from the
seeding treatment.

more details). For each population, a similar number of acorns from 3
maternal plants were harvested and later cultivated until Autumn 2017
in a commercial nursery (Viveros Ponce Lajara; 37°46°18.18 N,
—2°32’34.19”” W; 864 m a.s.l.; Galera, Granada, southern Spain) under
standard nursery conditions in 300-ml containers filled with a Pindstrup
substrate (peat:vermiculite 1:1 v:v), coconut coir dust, slow-release
fertilizer (NPK 15:9:11) and conventional irrigation. Acorns for the
seeding treatment were collected in Autumn 2017 in the same pop-
ulations from another 3 maternal plants per population, with a similar
number per maternal plant. In December 2017, the experiment was
established by transplanting the nursery-grown plants (therefore culti-
vated in the nursery for one-growing season; outplanting treatment) and
by directly sowing acorns in the field (seeding treatment). Outplanted
plants had a leader shoot length of 24.10 + 0.28 cm at the moment of the
experimental set up. Weeds were periodically removed from the entire
experimental area using manual methods and a cultivator. The area is
fenced and therefore free from large mammals such as wild boar or
ungulates. Herbivory by ungulates is therefore absent. More detailed
information about the experimental set up of the common garden can be
found in Juan-Ovejero et al. (2024).
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2.2. Root excavation and resprouting assessment

In autumn 2021 (October and November), the aboveground portion
of 859 holm oaks distributed within the common garden was harvested,
including 617 plants from the outplanting treatment (that were 5-year
old at the moment of harvest, 4 in the field plus 1 in the nursery) and
242 from the seeding treatment (that were 4-year old). Before harvest-
ing, the leader shoot length of all plants was measured, and the shoot
biomass was also determined after oven-drying at 60 °C to constant
weight. Leader shoot length and shoot biomass were greater in out-
planted holm oaks (96.62 + 1.95 cm and 638.81 + 35.88 g) compared
to seeded individuals (59.75 + 2.61 cm and 147.02 + 16.15 g). Statis-
tical analysis revealed significant differences between revegetation
methods in both leader shoot length (F = 110, p-value < 0.001) and
shoot biomass (F = 71.41, p-value < 0.001). These data were used to
analyze resprouting capacity (see below).

Later, in spring 2022 (May), 110 resprouted individuals from the
previously harvested ones were randomly selected for excavation (55
from the outplanting treatment and 55 from the direct seeding treat-
ment; Fig. 1a). A bulldozer was used to extract the roots to a depth of
50-60 cm (Fig. 1c). Root systems were collected randomly across blocks,
using a similar number of plants per treatment and block, so potential
edaphic effects can be reasonably excluded from influencing our results.
The root systems within this depth were carefully removed, transported
to a warehouse, and thoroughly cleaned using a brush. The root exca-
vation was carried out six months after the harvest of the aboveground
part of the plant, and the time elapsed between aboveground harvest
and root excavation corresponded mostly to the winter, a dormant phase
for holm oak in the region. Moreover, all the root systems excavated
corresponded to individuals that were initiating resprouting, and thus
they were live individuals (resprouting capacity was in any case very
high, see Results). Altogether, this supports that aboveground cutting six
months before root extraction would not affect the root architectural
parameters analyzed in this work. Of the 110 excavated root systems,
104 were retained for analysis based on their minimal root damage (52
from outplanting treatment and 52 from seeding treatment).

In spring 2023 (two years after cutting), the resprouting capacity was
assessed on the non-excavated plants by identifying which of the in-
dividuals harvested in 2021 had successfully produced new shoots
(n =749, excluding the 110 individuals whose root systems were
extracted; Fig. 1b). The leader shoot length of all plants was measured
again at this stage.

2.3. Root architectural metrics and terrestrial laser scanning (TLS)

Once washed and cleaned of all soil material, the 104 excavated roots
were brought to laboratory for data acquisition. Both manual and
scanned data were collected. First, we manually measured taproot
length at the cut made by the bulldozer, the number of coarse branching
roots emerging from the taproot (ranging from 0 to over 15), and the
diameters of both the taproot and branching roots, with all measure-
ments done at 1 mm precision. Taproot diameter was determined using
two perpendicular measurements at the base of the collar, while
branching root diameter was measured similarly at the point of insertion
with the taproot. Root branching density was calculated as the number
of branching roots per meter, and the ratio of the mean branching root
diameter to the taproot diameter was also determined. Additionally, the
104 root systems were weighed, and the root:shoot ratio was calculated
as the ratio of the total weight of the roots to the weight of the shoot
biomass harvested in autumn 2021. We assume that significant changes
in the weight of the coarse roots extracted for our study did not happen
during the period elapsed from aboveground harvest to root excavation.
In any case, any potential effect may affect similarly all the plants, and
the data of root:shoot ratio were used for comparisons among revege-
tation treatments.

Later, roots were scanned using terrestrial laser scanning (TLS)
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technology (Fig. 1d). A Leica ScanStation 2 terrestrial laser scanner was
employed to capture 3D point clouds of the root systems (0.005 m dis-
tance between points) from multiple angles to minimize occlusions. This
system operates in the green region of the spectrum (532 nm) and has a
maximum range of 300 m (at 90 % albedo), laser spot size of 6 mm,
beam divergence of 0.15 prad, and accuracy and precision of 4 and
2 mm, respectively. The scanning process took place over four sessions
across three days. The different point clouds of each session were
merged using four targets common to both scans with the Cyclone 7.1
software (Leica Geosystems).

Each root system was manually extracted from the merged TLS point
cloud and used to develop a quantitative structure model (QSM). First,
the point cloud was divided into 2 cm-thick rectangular layers. These
layers were then segmented into distinct clusters based on point dis-
tances, with points that exceeded a specified threshold (i.e., defined as
the average distance of the points of the previous cluster to the center of
their corresponding cluster) considered separate objects. Cluster centers
were subsequently used as nodes to iteratively construct the root system
skeleton, and the radius of each segment was determined. Finally, root
topology was established by identifying ‘mother’ and ‘daughter’ seg-
ments, the paths (i.e., defined as a continuous sequence of segments
extending from the tip of a branching root to the taproot), ramifications
(i.e., forks), and branching root angles.

Obtained QSMs were used for the calculation of different TLS-
derived root architectural metrics related with the dominance of the
principal root axis and the ramifications of roots following the meth-
odology described by Martin-Ducup et al. (2020).

We first calculated the number of paths of each root system. Because
the finest root tips were likely lost during excavation with the bulldozer
(the smallest radio of the different segments conforming each root sys-
tem was 0.003 m), we quantified root branching architecture following
the approach of Martin-Ducup et al. (2020), recording the number of
branching paths as a continuous variable from the first visible segment
(even if cut) down to the taproot. Afterwards, the length of the different
paths found at each root system was calculated, and used to estimate the
path fraction (Pf) as indicator of the apical dominance gradient of the
taproot (Smith et al., 2014):
_L

Bf = ¥

whereLy is the mean path length and L, is the length of the longest path.
The maximum value of Pfis 1 and corresponds to a root system with all
paths having the same length (i.e., full symmetry of the root system).
After extracting the Pf, the index of dominance of the principal axis
or taproot (DA) was also calculated. DA differentiates root systems with
strong central root dominance, where the taproot grows more vigorously
than the branching roots, from systems with a more distributed
branching pattern and no clearly dominant taproot (Martin-Ducup et al.,
2020). To calculate the DA, A1 was determined for each single path:

Al = (1 - AAng) + (1 — ADiam) + HP + Ang 2

where AAng and ADiam represent the average relative differences in
zenithal angles and diameters, respectively, between two consecutive
segments (the ‘mother’ and ‘daughter’ within the same path). Diam re-
fers to the root branch diameter measured at the midpoint of each
segment; HP is the relative length of the path, calculated as the ratio
between the length of the path’s largest segment and the total length of
the root system; and An g represents the mean relative zenithal angle of
all segments within a path, ranging from 0 (completely horizontal) to 1
(completely vertical). The A1 metric spans from 0 to 4, where 0 is a path
with a low likelihood of being the principal axis, and 4 indicates a high
likelihood (see a more detailed description for this in Martin-Ducup
et al., 2020, Supplementary Material). For each root system, the path
with the highest A1 value was designated as the principal axis, PAI. The
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dominance index (DA) of a given root system’s principal axis was then
defined as the difference between PA1 and the mean A1l value across all
paths i in the root system, where np denotes the number of paths:

DA — PA1 — an;\)ll ©)]

For analyzing root system ramifications, we used the fork rate, which
represents the average number of forks per meter and reflects the root
system’s ability to diverge from its growth pattern and spread laterally,
as described by Barthelemy and Caraglio (2007) in the concept of
sequential reiteration. The number of forks were calculated by exam-
ining the root QSM from the base to the top. A ramification point was
classified as a fork if at least one non-dominant daughter had a diameter
of at least 75 % of the largest daughter’s diameter. Once a fork was
identified, all retained daughter branches were traced to the next
ramification point and beyond until the end of the path.

All estimations were performed using the “aRchi” package (Martin
and Lecigne, 2021) in RStudio (RStudio Team, 2020) and point clouds
were filtered before QSM generation.

2.4. Statistical analysis

First, to evaluate how TLS-derived root architectural metrics (Pf, DA,
and fork rate) varied between revegetation methods (outplanting versus
direct seeding), we used Non-Metric Multidimensional Scaling (NMDS)
and Permutational Multivariate Analysis of Variance (PERMANOVA).
NMDS was used to visualize patterns in root architecture, while PER-
MANOVA tested whether the observed differences between revegetation
methods were statistically significant. Both NMDS and PERMANOVA
were assessed based on the Bray-Curtis dissimilarity matrix with 999
permutations. To further explore these differences, we conducted
separate linear models for each root metric (i.e., both TLS-derived
metrics and manually measured variables) using revegetation method
as the independent variable. These linear models allowed for a detailed
analysis of how each revegetation method influenced individual root
characteristics, enabling us to assess specific effects rather than relying
solely on broader trends identified in multivariate analyses.

To assess differences in the resprouting capacity of holm oaks be-
tween outplanting and seeding, we fitted a binomial logistic model with
resprouting in 2023 (alive = 1, dead = 0) as the response variable.
Unlike the linear regressions used for continuous variables, this model
designed for binary outcomes estimated the likelihood of survival using
the logit function:

log (1’%1)) — SO+ F1RM + 212021 + f3(RMxL2021) + p4X + f5Y
(€)

where p is the probability of resprouting success, RM is the revegetation
method, L2021 is the leader shoot length measured in 2021, the inter-
action term (RM x L2021) tests whether initial plant size influences
resprouting differently between outplanting and seeding, and X and Y
are spatial coordinates of each plant within the common garden site,
which were used as covariates. Additionally, we ran an analogous model
in which L2021 was replaced by $2021, while keeping the same cova-
riates and interaction term, in order to test the effects for shoot biomass
accumulation measured in 2021:

log (1’%1) = 0+ F1RM + 252021 + f3(RMxS2021) + 4X + f5Y

(5)

Finally, we examined how the leader shoot length of resprouted
plants in 2023 was affected by the revegetation method (levels: “out-
planting” and “direct seeding”) using another linear regression, with
leader shoot length in 2021 and plant spatial position (coordinates X, Y)
as covariates. As in the binomial logistic model, we included an
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interaction term (revegetation method x leader shoot length measured in
2021) to assess whether initial plant size influenced the leader shoot
length in 2023 differently between outplanting and seeding.

All analyses were conducted in R (R Core Team, 2023), and NMDS
and PERMANOVA were performed using the “vegan” package (Oksanen
et al., 2022).

3. Results

3.1. Differences in root architectural metrics between outplanting and
seeding

The NMDS revealed distinct patterns in TLS-derived root architec-
tural metrics between the outplanted and seeded holm oak root systems
(Fig. 2). Root systems from the seeding method were predominantly
associated with metrics reflecting apical dominance (DA and Pf), while
those from the outplanting method were more strongly linked to metrics
indicating root ramifications (higher Fork rate) (Fig. 2). The PERMA-
NOVA analysis revealed significant differences in root architectural
metrics between the two revegetation methods (F = 6.686; p-value =
0.006).

This pattern was corroborated by the individual anlaisys of TLS-
derived variables. The path fraction (Pf) was significantly higher in
seeded holm oaks than in outplanted individuals, reflecting a stronger
dominance of the apical axis (i.e., values closer to 1; Fig. 3, Table 1),
whereas DA did not differ significantly between revegetation methods
(Fig. 3, Table 1). Fork rate was significantly higher in outplanted in-
dividuals, indicating a greater number of ramifications compared to
those from seeding (Fig. 3, Table 1).

Taproot diameter and mean diameter of branching roots measured
manually were larger in outplanted holm oaks, averaging 3.40
+0.22cm and 2.64 + 0.14 cm, respectively, compared to 1.01
+0.03cm and 0.74 + 0.04 cm in seeded individuals, reflecting the
larger size of outplanted plants. Nonetheless, root branching density was
significantly higher in outplanted than in seeded plants (Fig. 4, Table 1).
Additionally, the ratio of mean branching root diameter to taproot

0.1

NMDsS2
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diameter was significantly greater in outplanted holm oaks than in
seeded ones (Fig. 4, Table 1). Contrarily, the root:shoot ratio was
significantly higher in seeded than in outplanted holm oaks (Fig. 4,
Table 1).

3.2. Differences in resprouting capacity between outplanting and seeding

The binomial logistic models showed that resprouting was signifi-
cantly influenced by revegetation method, leader shoot length and shoot
biomass measured in 2021, and the interactions between revegetation
method and leader shoot length and revegetation method and shoot
biomass (Table 2). Outplanted holm oaks had a significantly lower
likelihood of resprouting than those from direct seeding, with predicted
probabilities of 97.6 % and 99.96 %, respectively, for individuals with
average leader shoot length (Table 2). The likelihood of resprouting was
also higher for holm oaks with greater leader shoot length and shoot
biomass in 2021 (Table 2). Nonetheless, this effect was weaker for
outplanted individuals, as indicated by a negative interaction term
(Table 2). This reflects a size-dependent resprouting response that varied
between revegetation methods: among smaller holm oaks (i.e., with a
leader shoot length below ~25 c¢m), outplanted individuals had a higher
probability of resprouting, whereas taller holm oaks (i.e., with a leader
shoot length between 25 and 125 cm) were more likely to resprout when
established by direct seeding (Fig. 5). There was also some spatial
variability in resprouting likelihood, as indicated by a significant effect
of the Y coordinate (Table 2).

Leader shoot length in 2023 was significantly influenced by leader
shoot length in 2021 (F = 12.469, p-value < 0.001) and spatial co-
ordinates (F = 7.303, p-value < 0.001 for X, and F = 7.732, p-value <
0.001 for Y) (Table 2). However, revegetation method had no significant
effect (F = —1.026, p-value = 0.305), and its interaction with leader
shoot length measured in 2021 was also non-significant (F = —1.026, p-
value = 0.305), reflecting that changes in plant size followed a consis-
tent pattern across revegetation treatments (Table 2).

*
Se e Revegetation method
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@ Outplanting (n = 52)

e« Forkrate eseeding(n=52
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Fig. 2. Non-Metric Multidimensional Scaling (NMDS) showing the distribution of the TLS-derived root architectural metrics of the 104 samples (outplanting in red
and seeding in blue). Pf: Path fraction; DA: Index of Dominance of the Principal Axis; Fork rate: Number of forks per meter. Centroids (triangles) were drawn for each

revegetation method and follow the same colors as the points.
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Table 1

Mean =+ SE of TLS-derived and manually-measured root variables. Results of the
linear models testing for differences between revegetation methods are shown,
including F-values and associated p-values for each variable. Significant models
(p-value < 0.05) are highlighted in bold.

Outplanting  Seeding F p-value
TLS-derived variables
Path fraction 0.53 + 0.01 0.59 11.80 < 0.001
+0.01
DA 0.75 + 0.02 0.73 0.01 > 0.05
+0.02
Fork rate (forks m™") 59.96 32.36 11.20 < 0.001
+7.19 +4.03
Manually-measured variables
Root branching density 22.43 12.35 29.75 < 0.001
(branching roots m~*) +1.53 +1.04
Ratio of mean branching root 0.36 + 0.03 0.30 4.05  0.047
diameter to taproot diameter +0.02
Root:shoot ratio 0.83 +£0.35 1.14 10.06  0.002
+0.62

4. Discussion

Our findings revealed that seeded holm oaks had more pronounced
apical dominance and a higher root-to-shoot ratio. In contrast, out-
planted individuals exhibited increased root ramification and branching
density, along with thicker taproots and lateral roots, and a higher ratio
between the average diameter of branching roots and that of the taproot.
Unlike previous studies that have focused on young oak seedlings grown
in controlled nursery or greenhouse environments (e.g., Peman et al.,
2006; Tsakaldimi et al., 2007; Gonzalez-Rodriguez et al., 2011; Oliet
et al., 2015), we examined plants that have been established in the field
for five years, following either seedling outplanting or direct acorn
seeding treatments. Furthermore, we used terrestrial laser scanning, a
highly accurate technology that has previously been applied to assess
aboveground tree structure (Martin-Ducup et al., 2020), for measuring
root architecture for the first time. This allowed for precise,
three-dimensional mapping of root systems, providing detailed infor-
mation on the morphology of the coarse root system, dominance of the
taproot, and root branching patterns of 4 and 5 year old trees at the
sapling stage.

Our results support our first hypothesis, showing that holm oaks
from the seeding treatment developed a more dominant taproot, as re-
flected by their higher path fraction (Fig. 6). In contrast, outplanted oaks
exhibited greater root ramification, characterized by a higher fork rate
and root branching density. Moreover, outplanted individuals had
thicker taproots and branching roots. Interestingly, the ratio of mean
branching root diameter to taproot diameter was higher in outplanted
individuals than in seeded ones, which likely reflects growth constraints
imposed by the nursery containers that restricted taproot development,
and led to long-lasting root deformations after outplanting. This pattern
reflects a trade-off where outplanted individuals, grown in constrained
environments like forest trays, develop a root system with enhanced
lateral branching, likely to optimize resource acquisition within their
confined root space. In addition, the limited size of the containers causes
the abortion of the tap root, which may further enhance the proliferation
of thicker secondary roots, resulting in deformed, brush-like root sys-
tems (Mucha et al., 2018; Grossnickle and Iveti¢, 2022; Fig. 6). In
contrast, seeded individuals retained a well-defined taproot with
comparatively few ramifications (Fig. 6). Deep taproots reduce the
dependence on surface soil layers, which are more prone to drying out,
and minimize the overexploitation of resources in narrow soil profiles
(Pierret et al., 2016). Thus, direct seeding led to a root system better
adapted to natural conditions, with vertical growth aiding both access to
deep soil resources and greater stability against wind disturbances
(Grossnickle and Iveti¢, 2017; Lof et al., 2019). Our results are further
supported by the higher root:shoot ratio observed in the seeding treat-
ment compared to the outplanting treatment. However, this result
should be interpreted with caution, as the shoot biomass of 5-year old
outplanted oaks was larger than that of seeded individuals, and because
the depth at which roots were extracted was similar across treatments
and limited by the machinery. As a result, the root:shoot ratio may be
underestimated for the seeding treatment. Nonetheless, this finding
aligns with the hypothesis that direct seeding promotes better root
development in holm oaks.

Our second hypothesis was partially supported: seeded holm oaks
showed greater resprouting than outplanted ones, but only in the in-
termediate size range (25-125 cm). For larger plants, resprouting was
similar regardless of the revegetation method, while smaller outplanted
plants resprouted more, likely due to the initial advantages gained from
controlled nursery conditions. In contrast, the stronger resprouting
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Table 2

Coefficients + SE, z-values, and p-values from the binomial logistic model
testing resprouting probability in relation to a) leader shoot length measured in
2021 and b) shoot biomass measured in 2021. Significant terms of the model
(p < 0.05) are highlighted in bold.

Coefficient + z p-value
SE
a) Leader shoot length measured in 2021
Intercept 5.23 + 0.87 6.01 < 0.001
Revegetation method (outplanting) —2.72 + 0.89 —3.04 <0.05
Leader shoot lengthy2; 5.22 + 0.83 0.83 < 0.001
Revegetation method (outplanting) x —2.80 + 0.89 —3.14 <0.05
Leader shoot lengthsg;
X —0.16 £ 0.12 -1.33 > 0.05
Y 0.29 + 0.12 2.44 <0.05
b) Shoot biomass measured in 2021
Intercept 8.01 + 1.89 4.25 < 0.001
Revegetation method (outplanting) —5.20 + 1.91 —-2.73 <0.05
Shoot biomasssgz; 14.27 + 3.41 4.19 < 0.001
Revegetation method (outplanting) x —10.57 —3.05 <0.05
Shoot biomass,g; + 3.47
X —0.02 +0.11 -0.22  >0.05
Y 0.27 + 0.11 2.52 <0.05

ability of seeded individuals in the intermediate size range likely reflects
their deeper and more developed taproot, and more resource autonomy.
Direct acorn seeding facilitates the development of a taproot that can
extend beyond 1 m in depth within the first year of growth (Lof and
Welander, 2004; Zadworny et al., 2021). This deep taproot not only
promotes vertical growth but also supports the production of ephemeral
fine roots in deeper soil layers, enhancing nutrient and water absorption,
and reducing competition for water resources with close shrubs and
grasses mainly exploiting soil surface resources (Koscielniak et al.,
2021). In contrast, outplanted holm oaks, with their shallower root
systems, may be less efficient at resource acquisition, limiting their
ability to produce new shoots and recover following disturbances
(Grossnickle, 2005). Interestingly, the age difference between treat-
ments (5 years for outplanting and 4 for seeding) turns out to make our
results more conservative, as the advantage of seeding over planting in
terms of resprouting ability would most likely have increased if seeding
had occurred one year earlier. Thus, direct acorn seeding may enhance
oak resilience, favoring the establishment of mature and healthy trees
with greater stability (Grossnickle, 2018; Lof et al., 2019; Castro et al.,

2021; Navarro et al., 2023).

The high inherent variability of soils in Mediterranean ecosystems,
where resource availability is often patchy (Sardans and Penuelas,
2013), underscores the importance of choosing an appropriate revege-
tation method for species like holm oaks. Soil heterogeneity influences
root development and requires plants to adjust their rooting strategies to
efficiently capture spatially uneven and limited resources (de la Riva
et al., 2018; Maranon et al., 2020). Traits such as root diameter and root
branching density, which were measured in this study, are shaped by
fine-scale soil conditions to optimize resource acquisition (Bardgett
et al., 2014; Freschet et al., 2021). Our results suggest that direct acorn
seeding may offer an advantage for acclimation to heterogeneous local
conditions. As acorns germinate and grow directly in the field, they
produce a deep and vertically-oriented taproot able to respond to
nutrient or moisture gradients and generate fine roots for optimal
resource absorption where needed (Lopez et al., 2001; Serrada et al.,
2017). In addition, the enhanced resprouting capacity of seeded holm
oaks may further improve their survival and establishment in patchy
soils and their resilience against disturbances such as browsing.
Contrarily, seedlings grown in controlled nursery environments with
uniform substrates and regulated watering present limitations in taproot
depth, that limits the capacity of the plant to explore and acclimate
effectively to soil variability (Peman et al., 2017). This highlights an
important trade-off: while nursery-grown seedlings may initially estab-
lish more reliably due to previous nursery controlled conditions, their
restricted root architecture may limit their ability to adjust to hetero-
geneous environmental conditions once outplanted. It should be noted,
however, that in the outplanting treatment, the seedlings were grown in
300 ml containers, a size commonly used in oak nurseries in the Medi-
terranean Basin but still considered small. Larger containers, particu-
larly taller ones, could help reduce root deformities and improve
outplanting performance. Future studies should also consider the eco-
nomic and logistical trade-offs associated with the use of larger
container volumes.

Our findings are particularly relevant for the restoration of Medi-
terranean open woodlands and forests, where drought is driving wide-
spread tree mortality and root system damage (Ruiz-Gomez et al., 2019;
Encinas-Valero et al., 2022). Direct acorn seeding can enhance holm oak
resilience by fostering deeper root systems that access water from lower
soil layers. However, its success may be limited by early-stage drought
and seed predation (Leverkus et al., 2015a,b; Lof et al., 2019).
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Fig. 5. Resprouting probability of outplanted and seeded holm oaks in relation to a) the leader shoot length measured in 2021, and b) the shoot biomass measured

in 2021.

Seeding

Outplanting

Fig. 6. Examples of root systems of one outplanted individual (left) and one
seeded individual (right). The aboveground part of the plants corresponds to
the resprouting shoots in May 2022, ca. six months after cutting of the aerial
part (see Material and Methods for details). Note the strong development of the
taproot in the seeded treatment.

Integrating precision forestry techniques, such as the strategic place-
ment of seeds in microsites with favorable abiotic conditions and shelter,
can help overcome these challenges (Castro et al., 2021). Altogether,
direct acorn seeding should be considered a key revegetation strategy to
improve early establishment and support the mid-term stability of holm
oak ecosystems under escalating drought stress in Mediterranean
landscapes.
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