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Abstract: Differences in water-acquisition strategies of tree root systems can determine
the capacity to survive under severe drought. We evaluate the effects of field water
shortage on early survival, growth and root morphological variables of two South American
Mediterranean tree species with different rooting strategies during two growing seasons.
One year-old Quillaja saponaria (deep-rooted) and Cryptocarya alba (shallow-rooted)
seedlings were established under two watering treatments (2 L-week !-plant™! and no
water) in a complete randomized design. Watering improved the final survival of both
species, but the increase was only significantly higher for the shallow-rooted species.
The survival rates of deep- and shallow-rooted species was 100% and 71% with watering
treatment, and 96% and 10% for the unwatered treatment, respectively. Root morphological
variables of deep-rooted species such as surface area, volume, and diameter were higher
under unwatered treatment. On the other hand, shallow-rooted species had a higher total
root dry mass, length, surface area with watering treatments. Our findings suggest that
deep-rooted species are highly recommended for reforestation in dry conditions, even
under low soil water availability. Water supplements during the summer season can
attenuate the differences between deep- and shallow-rooted species in their ability to
survive drought during the early stage.
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1. Introduction

Summer drought is one of the main factors negatively affecting the tree survival in all
Mediterranean-type ecosystems [1-4]. Several studies report mortality rates above 70% after just the
first post-planting growing season [5—10]. To address the environmental limitations, Mediterranean
plants develop different structural and functional strategies to resist water stress and early mortality [11-14].
Efficient carbon assimilation and water use, xylem resistance to cavitation, maintenance of
photosynthetic activity, and stomatal closure are among the key mechanisms of plant adaptation to
drought [15,16].

A morpho-functional strategy to resist water stress that has been broadly reported in ecological
studies is the rapid increase in soil exploration capacity toward the strata with the high moisture levels
by allocating resources to root growth at the onset of field establishment [17-20]. Therefore, rapid and
deep rooting appears to be a very important functional trait for successful first-year survival under arid
and semiarid conditions [21,22]. In addition to small secondary roots, high specific root length and
absorptive root surface are key attributes [23—26] that determine a greater ability to maintain high and
relatively stable xylem water potential (Ww) during summer drought [27-29]. In contrast, species with
shallow roots are only able to take advantage of available surface water [30,31]. Generally, species
with this rooting strategy have low xylem potential during summer drought [27]. Hence, rooting habits
and root plasticity are two key functional components to increase survival and growth potential under
drought conditions [13,19,32—-34]. However, root morphological studies focused on plant quality for
dryland reforestation have not given sufficient consideration to the functional significance of different
rooting strategies of tree species [35-38].

Independent of the rooting ability of the species, dry soils impose serious physical limitations to
root growth [39,40]. Soil desiccation increases resistance to soil penetration by roots, which, in turn,
affects water absorption and exploration by lateral and fine roots [40—42]. The restrictions imposed by
soil dryness on root growth will be even more severe with the predicted climatic changes by the end of
this century of reduced rainfall and extended dry seasons in Mediterranean regions [43].
However, plant roots can respond to reduced rainfall or water shortage by increasing both root length
density [44] and the size and productivity of fine roots [45], in what ultimately translates into
allocating more biomass to the root system [19,24].

Because roots are highly sensitive to small changes in soil moisture and plant mortality rates
increase exponentially with a decrease in rainfall, watering can encourage root growth and survival
among established plants [21,46]. In fact, several authors have recommended applying summer water
supplements in the first years after establishment [21,47,48]. In addition to watering inputs, when
rainfall levels in semiarid ecosystems have been unusually high, such as rainfall levels associated with
El Nifio Southern Oscillation (ENSO), tree seedling survival rates have been higher than in normal
years [30,49]. We therefore have sought to understand how changes in water availability affect the
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morpho-functional traits of species with different rooting strategies, and how these strategies
contribute to sapling survival, especially a shallow-rooting strategy. In this context, the relationship
between tree rooting systems and water availability can provide key information about how different
planting strategies influence the success of reforestation efforts in degraded environments that
experience severe drought [18].

In our study, we hypothesized that the rooting strategies (deep- and shallow-rooting) of
two South American Mediterranean tree species have important implications for field performance
under severe drought conditions. However, the expected differences in survival and growth rates
between the two species can be attenuated through greater water availability. The objective of the
study was to evaluate the effects of water shortage during the first two years of field establishment on
survival, sapling growth, and root morphological responses of two South American Mediterranean
species with different rooting strategies. As target species, we used Quillaja saponaria (deep-rooted)
and Cryptocarya alba (shallow-rooted) saplings. Both are endemic Neotropical species widely
distributed in central Chile (30° S—38° W) [50] and are commonly used in active restoration plans of
degraded native forests, although with high heterogeneity in growth and survival [51].

2. Material and Methods

2.1. Plant Material

Quillaja saponaria (Quillajaceae) is a drought-deciduous and shade-intolerant pioneer tree species
that develops a strong tap root in natural conditions as one of its main strategies to survive long
drought periods [27]. Cryptocarya alba (Lauraceae) is an evergreen and shade-tolerant late-successional
species that grows in moist areas [50], and develops shallow roots [52]. Seeds of Q. saponaria and
C. alba were collected in spring 2009 from the same forest located in Cuesta Zapata (33°23" S-71°16' W),
central Chile. Seedlings of both species were grown under operational conditions at the Pumahuida
Nursery (Santiago, Chile) in 400 cm?® black polyethylene bags from January 2009 until June 2010.
At the time of planting, seedlings were homogenous and showed no signs of spiraling. The potting
substrate consisted of a mixture of loam soil, leaf mold and compost at a ratio of 2:1:1. Seedlings were
grown under 50% shade and a regular irrigation regime to keep the soil permanently moist.
Seedlings did not receive nutritional supply (fertilization) in the nursery. Foliar analysis that
determined the nutritional status of seedlings at the end of the growing period in the nursery showed
1.3% N, 0.3% P and 1.9% K for Q. saponaria, and 0.9% N, 0.4% P and 1.3% K for C. alba. Final
seedling heights were 26.4 = 1.3 cm (p > 0.096) for Q. saponaria and 27.1 = 0.6 cm (p > 0.871) for
C. alba.

2.2. Site Description

Seedlings were carefully planted on June 2010 at the experimental station of the Pontificia
Universidad Catoélica de Chile (33°26" S—71°01" W; altitude 195 m), located in Curacavi Valley,
central Chile. The soil was neutral (6.85 pH), sandy loam (72.7% sand, 20% silt, 7.3% clay), with low
electrical conductivity (0.4 dS-m™') and 1.7% organic matter content. The soil nutrient composition
was 93 mg-kg ! P2Os and 153 mg-kg ' K20 and was determined by wet-ashing techniques [53] on
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composite soil samples from five points within the study plot that were dried in an oven at 65 °C for
48 h. Chemical analysis of the water used to irrigate plants showed pH 7.28, 1.42 dS'm™! electrical
conductivity and 4.14 meq-L™! HCOs, 21.2 mg-L™! N-NHa, 1.3 mg-L™' N-NOs.

The climate of the study site is Mediterranean, with a 6—8 month dry period and marked rainfall
seasonality, with mean annual temperatures of 15 °C, mean annual rainfall of 330 mm, and 67%
relative humidity [54]. During the study period, the drought seasons lasted four months in the first year
(2010-2011) and seven months in the second (2011-2012) (Figure 1).

The site was fenced and cleared to avoid herbivore damage and competing vegetation.
Seedlings were shovel-planted 1.5 m % 2.0 m apart. Field conditions were homogeneous in luminosity,
temperature, slope and airflow. To overcome transplant shock all plants were watered regularly
(2 L-plant '-week™!) for 90 days (June to August 2010). To minimize the loss of thin roots and to
facilitate the whole plant extraction, each plant was placed in a permeable bag that was deep enough to
avoid root damage or deformation (0.4 m wide % 0.7 cm long). The bag is biodegradable and made of
highly water-permeable polyethylene material. At the time of final plant harvest, there was no sign of
root damage or limitation that could be attributing to the bag.
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Figure 1. Monthly temperature (mean, minimum and maximum) (lines) and mean
precipitation (bars) during the period of field establishment (2010-2012) (Source: Estacion
Pudahuel, Direccion Meteorologica de Chile).

2.3. Experimental Design and Watering Treatments

The experiment consisted of a completely randomized design with two watering treatments:
2 L-plant !-week ' (W+) and no water (W—) for each species independently. Each treatment was
applied to 48 replicates per species (96 plants in total per species). Each individual sapling was treated
as a replicate for the purpose of the statistical analyses. The water treatment correspond to a common
operational practice use in reforestation plans during the first growing season in semiarid conditions [55].
For W—, it was not possible to control the water received from rain or fog during the dry season,
although these contributions were negligible due to severe seasonal drought (Figure 1).
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2.4. Sampling and Measurements

During two growing seasons (June 2010 to June 2012), random samples of 25 individuals of each
treatment and species were used to periodically measure shoot height (cm) and collar diameter (mm).
Survival (%) was assessed every three months during the two growing seasons, considering all
saplings of the two treatments and species. Saplings were considered dead when their shoots were dry
and brittle, and had no green leaves. At the end of the study (June 2012), a random sample of
15 individuals of each treatment and species were completely harvested. Individuals were removed
from the ground carefully pulled out the permeable bag. In general, the whole root system remained
into the bags. Only in five of the deep-rooted species, the roots penetrated beyond the basal depth of
bags. Roots were washed with a fine mesh sieve to remove soil while retaining thin roots.
Saplings were divided into shoot and roots by cutting at the cotyledon scar and subsequently measuring
shoot dry mass (g), root dry mass (g), the shoot/root ratio (g-g™!), total root length (m), root volume
(cm?®), root surface area (cm?) and root diameter (mm). Dry mass was obtained by forced air oven
drying at 65 °C until reaching a constant weight. The shoot/root ratio was estimated as the quotient
between shoot dry mass and root dry mass. Roots were grouped according to their diameter as thin
(<1 mm), medium (1-2 mm) and thick (>2 mm). Growth of below and aboveground components was
evaluated using the absolute difference between the initial and final measurement dates. The root
morphological variables of the two species were quantified by high-resolution scanner (1200 DPI
resolution, Epson Perfection 4490 Scanner, USA) and image analysis software (WinRHIZO—Regent
Instruments Inc., Quebec, QC, Canada).

2.5. Statistical Analysis

The effect of water availability on survival was analyzed for each species at every year by
a Chi-square test based on the Kaplan-Meier procedure with a log-rank (Mantel-Cox) survival curve
test. The effects of water availability on morphological variables were analyzed with the Student’s
t-test (p < 0.05) as no repeated-measures were available (randomly collected data at each sampling
date). Because of the high mortality showed by the shallow-rooted species under the W— treatment,
and the consequent imbalance in the sample size, the Bootstrap re-sampling procedure was used with
25 iterations for the original sample of morphological variables [56]. In the absence of other
information about distribution, the Bootstrap procedure ensures that the sample contains all available
information about the underlying distribution [56]. All statistical analyses were carried out using the
SPSS v 17.0 program (SPSS Inc., Chicago, IL, USA).

3. Results

There were substantial differences in the survival rates between deep- and shallow-rooted species,
independent of the water availability treatments (Figure 2). There was no significant difference in the
survival rates of deep-rooted species according to the water availability treatments at the end of second
growing season (X2 = 1.231, p = 0.341), with survival rates of 100% and 96% for the W+ and W—
treatments, respectively. This species showed significant effects of the water availability treatments in
terms of total root length, root surface area, root volume, root diameter, thin root dry mass (p = 0.013),
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shoot dry mass and the shoot/root ratio at the end of second growing season (Table 1). Saplings of the
deep-rooted species showed no significant differences for collar diameter at the different evaluation
dates and at the final of study period (p = 0.188), except in December 2011 (p = 0.06; Figure 3a).
As well, there were no significant differences in shoot height (p = 0.252; Figure 3b) and total root dry
mass (Table 1) at the final of the second growing season. Shoot dry mass, thin root dry mass
(Figure 4b), shoot/root ratio (Figure 5) and total root length (Table 1) were higher with the W+
treatment than with the W— treatment. Root surface area, root volume and root diameter were higher
with the W— treatment than with the W+ treatment (Table 1).

Table 1. Estimated means + SE (n = 15) of a set of morphological variables measured in
deep-rooted (Q. saponaria) and shallow-rooted (C. alba) saplings under different water
availability treatments (W+ and W—) after two years post-planting (from June 2010 to
June 2012). Values with different letters indicate significant differences at p < 0.05 derived
from Student’s #-tests.

Variables Deep-rooted Shallow-rooted
Mean = SE p-Value Mean + SE p-Value
W+ W- W+ W-
Shoot dry mass (g) 1427.5£134.1 858.6 £97.2 0.001 313+5.5 4.7+0.3 <0.001
Total root dry mass (g) 147.2+21.3 158.1+12.0 0.055 214+3.5 4.0+22 <0.001
Total root length (m) 234+13 19.7+0.5 0.006 239+29 7.8+0.9 <0.001
Root surface area (cm?)  4241.4+301.4 74622+ 4744 <0.001 810.1+£102.2 240.0+31.2  <0.001
Root volume (cm?) 1054.7+150.2  2343.7+265.3 <0.001 23.1+3.1 6.2+0.9 0.062
Root diameter (mm) 7.1+0.7 12.1+0.6 <0.001 23+£03 1.8+0.3 0.083
Shoot/root ratio (g'g™") 9.7+ 0.9 5.5+0.3 0.042 1.9+0.5 1.3+0.3 0.357
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Figure 2. Survival (%) of deep-rooted (Q. saponaria, white circles) and shallow-rooted
(C. alba, black circles) species growing in the field under different water availability
treatments (W+: solid line; W—: dashed line). Each point is the percentage of saplings
remaining alive out of 48 planted initially in June 2010 (Deep-rooted species W+ and W—:
final n = 48 and 46 saplings, respectively; Shallow-rooted species W+ and W—: final
n = 34 and 5 saplings, respectively). Asterisks indicate significant statistical differences at
p < 0.05 (Chi-Square test) between W+ and W-— treatments of saplings with the
shallow-rooted strategy.
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Figure 3. Mean values £ SE of (a) collar diameter (mm) and (b) shoot height (cm) of
deep-rooted (Q. saponaria, white circles) and shallow-rooted (C. alba, black circles)
saplings growing in the field under different water availability treatments (W+: solid line;
W—: dashed line). Data were obtained during two growing seasons, specifically in
June 2010, December 2010, March 2011, June 2011, December 2011, March 2012, and
June 2012. Asterisks indicate significant differences at p < 0.05 (Student’s z-test).

In contrast, the survival rates of the shallow-rooted species varied with the water availability
treatments in the first (X2 = 12.962, p < 0.001) and second growing seasons (X2 = 32.941, p < 0.001)
(Figure 2). The survival rate with the W+ treatment was over 80% after the first dry period
(June 2011), while it was only 42% with the W— treatment for the same period. The differences in
survival rates between the two treatments were more pronounced after the second drought season
(June 2012), with 70.83% versus 10.4% survival with the W+ and W— treatments, respectively (Figure 2).
Saplings of the shallow-rooted species showed significant effects of the water availability treatments
on collar diameter (p = 0.004), shoot height (p < 0.001), total root length, root surface area, total root
dry mass, thin root dry mass (p < 0.001), shoot dry mass and survival at the final of the second
growing season (Table 1). In particular, statistically significant differences in collar diameter and shoot
height were observed only in the last two (March and June 2012) and the last (June 2012) evaluation
dates, respectively. At the end of the second growing season, there were no significant differences in
the shoot/root ratio (Figure 5), root volume and root diameter (Table 1). The difference between initial
and final height (height increase) was not significant (1.2 cm; p = 0.219; Figure 3b). Collar diameter,
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shoot height (Figure 3a,b), and shoot dry mass, total root dry mass, thin root dry mass (Figure 4a,b),
total root length and root surface area (Table 1) were higher with the W+ treatment.

With respect to total root dry mass, saplings of the shallow-rooted species allocated more biomass
to thin roots (41.8%) than saplings with the deep-rooted strategy (3.6%). The latter showed
a marked capacity to allocate biomass to thick roots, which represented 89.27% of total root dry mass

(Figure 4a).
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Figure 4. Mean values = SE of (a) total root dry mass (g) and (b) thin root dry mass (g) of
deep-rooted and shallow-rooted saplings grown in the field under different water
availability treatments (W+ and W—). Data were obtained at the end of the second growing
season (June 2012). Means with different letters indicate significant differences at p < 0.05
(Student’s z-test).
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Figure 5. Mean values £ SE of shoot/root ration (g-g ') of deep-rooted and shallow-rooted
saplings growing in the field under different water availability treatments (W+ and W-).
Data were obtained at the end of the second growing season (June 2012). Means with
different letters indicate significant differences at p < 0.05 (Student’s z-test).

4. Discussion

Increased water availability positively affects sapling survival and growth for both deep-rooted and
shallow-rooted species. As demonstrated in other studies, watering can increase survival and improve
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root growth during the establishment period, particularly when water supplements are applied during
the summer season in semiarid environment [21,47,48,51,57]. However, our findings suggest that
differences in water-acquisition strategies of root systems of South American Mediterranean tree
species determine different capacity to survive under situations of severe drought.

The deep-rooted and drought tolerant species (Q. saponaria) had a high survival rate, independent
of water availability, indicating the high degree of flexibility of this species to resist drought
conditions [27,58]. Several studies of plants in Mediterranean ecosystems around the world confirm
that deep-rooted species perform well with low water availability [13,18,27,32], although some studies
have reported survival in the range of 0% to 30% after extremely dry periods [6,8,10].

The shallow-rooted and less drought tolerant species (C. alba) [27,52] had different survival rates
depending on water availability. The difference in survival rates was more pronounced by the end of
the second growing season, with 70% survival for saplings under the watering treatment, while saplings
under the water shortage treatment suffered a sharp and continuing rise in mortality rates until the end
of the study period, even during the rainy season. Water availability had a positive effect on the collar
diameter and shoot growth of the shallow-rooted species, however there was practically no shoot
growth between June 2010 and June 2012.

The strategies of the two species are reflected in shoot and root biomass allocation. Under severe
drought conditions, the species with the deep-rooting strategy showed a rapid and drastic decrease in
aboveground biomass by about 43%. This could be attributed to the early foliar abscission, proper of
drought-deciduous species, and thicker roots development under water shortage [59]. This response is
consistent with the optimal resource partitioning theory, which predicts that plants increase the ratio
between water absorbing and transpiring surfaces in response to water shortage [60]. In contrast, the
shallow-rooted species did not significantly alter its balance of biomass as a function of water
availability. Similar results were found by Donoso ef al. [58] under semi-controlled conditions, where
there was a significant reduction in the shoot/root ratio of Q. saponaria (2.3 to 1.4), and no significant
change in C. alba (1.3).

The success of deep-rooted Mediterranean forest species to survive dry conditions is in part due to
their ability to develop a greater volume of thick roots responsible for colonizing moister soil
strata [18,20]. Padilla et al. [24] also suggests that a key role is higher specific root length to resist
water stress. In our study, the deep-rooted species increased all root morphology variables under water
shortage with the exception of thin root dry mass. A similar tendency was observed in a semiarid shrub
species, where the root system showed higher total root length density in response to a 30% reduction
in annual rainfall (controlled conditions) [44].

The shallow-rooting species is characterized by allocating a greater proportion of belowground
biomass and concentrates the fine roots production at first 40 cm of soil [52]. In our study, besides
finding a greater proportion of fine or thin roots in the shallow-rooted species in relation to roots of the
other diametric class, we found that with higher water availability the thin roots increased
considerably, and, in fact, quadrupled. Although some studies confirm the positive relationship
between fine root production and water availability [46], several recent studies have found an increase
in the size and density of fine roots under drought conditions [24,25]. Hernandez et al. [61] suggest
that fine roots improve root hydraulic conductance, and, consequently, improve water status and plant
productivity under drought [22].
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Soil conditions in semiarid environments limit the growth of fine roots. Several authors have noted
that soil dryness significantly affects the capacity of fine roots to extend themselves because the high
resisting penetration by the low soil matric potential [42,44,62]. For example, in a study on
Fagus sylvatica L., Meier and Leuschner [63] found that the drought caused shortening of fine roots
and consequently reduced specific root length.

Clear differences in shoot and root growth confirm the different ecological requirements of each
species (Q. saponaria and C. alba), and therefore their distinct capacities to resist drought conditions
according to their rooting habits [18,20]. Recent studies suggest that there are major differences in the
size and structure of the xylem networks and in physiological behavior among species with distinct
root depths, resulting in different capacities to resist embolism and cavitation [14,33]. The advantages
of species with deep roots are affirmed by the results of Pefiuelas and Filella [28] and Armas et al. [29],
who describe high Ww values in dry periods in Pinus nigra Arnold and Pistacia lentiscus L. (both with
deep-rooting strategies), respectively, compared to other species with shallower roots. In addition,
Giliberto and Estay [27] found a correlation between the water status of plants and rooting habits
among South American Mediterranean tree species. The authors observed that species like Lithrea
caustica (Mol.) H. et. A. and Q. saponaria (both highly resistant drought) had the highest and least
variable Ww during summer drought. These structural and functional differences may partly explain the
contrasting responses of the species in our study.

For future field studies with shallow-rooted species in semiarid conditions, we suggest more than
two years of evaluation to demonstrate reforestation viability [64]. Our current study highlights the
importance of expanding and updating knowledge on the root morphology of species of interest for the
restoration of South American Mediterranean forests, given the high species diversity in these
regions [65], implying also diversity in rooting habits [32,52].

5. Conclusions

Differences in water acquisition strategies of tree species with deep- and shallow-rooting can
determine their capacity to survive severe summer droughts. The deep-rooted species (Q. saponaria)
had the better drought performance, independent of the water availability treatment. In contrast,
summer watering significantly improved the survival rate (close to 70%) of the shallow-rooted species.
Water restriction promoted greater root growth of the deep-rooted saplings, while it had the opposite
effect on the shallow-rooted saplings. The shallow-rooted species prioritizes root biomass allocation to
thin roots while the deep-rooted species prioritizes root biomass to thick roots. However, both species
increase thin root dry mass under greater water availability. Reforestation efforts need to consider
deep-rooted species in stressful areas, especially in projects with low technical and economic capacity
to conduct watering in the field. However, if water availability is not a constraint for the
two first years after plantation, species with a shallow-rooted strategy could be used successfully in
semi-arid environments.
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