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Fertilizer location modifies root zone salinity, root morphology, and waterstress resistance of tree seedlings according to the watering regime in a
dryland reforestation
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Abstract
There is a direct relationship between soil nutrient concentration in localized zones and root proliferation and elongation under well-watered conditions. However, in field studies under semiarid
conditions this relationship can change due to higher salt accumulation and soil dryness that affect root growth, water stress resistance, and seedling survival. We assessed the effect of different locations of fertilizer placement in the soil profile and water availability on root zone salinity,
root development and ecophysiological responses of Quillaja saponaria Mol. after outplanting. A
single dose (6 g L–1) of controlled-release nitrogen fertilizer (CRFN) was placed at 0 cm (top
layer), 15 cm (middle layer), or 30 cm (bottom layer) depth in the containers in a greenhouse, in
addition to an unfertilized treatment (control). After 6 months, seedlings were transplanted to the
field and subjected to weekly watering regimes (2 L plant–1 and unwatered). Morphological and
ecophysiological parameters were periodically measured on seedlings, as well as soil electrical
conductivity (EC). After 1 year, the shoot : root ratio of unwatered seedlings decreased as a function of CRFN placement depth, which was attributed to lower shoot growth and not to greater root
growth. The root morphology of the bottom layer treatment was negatively affected by high EC in
unwatered seedlings. Greater total root length and root volume of the middle layer treatment was
found only when well-watered; however, this did not contribute to improve physiological responses against water stress. The lowest EC and the highest photochemical efficiency, net photosynthesis, and stomatal conductance were shown by unfertilized seedlings, independent of
water availability. Our findings suggest that varying depth of CRFN placement does not contribute
significantly to improve root growth under water restriction. Water supplements, independently of
the CRFN location in the substrate, contribute to decrease root zone salinity, and consequently,
improve root volume growth.
Key words: nutritional patches / root plasticity / salt concentration / seedling ecophysiology / South
American dryland forest
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1 Introduction
Inorganic fertilization and watering regime are the most common culture practices applied to forest tree seedlings to improve quality attributes, field performance and survival under
water-stressed conditions (Luis et al., 2009; Villar-Salvador et
al., 2012; Cortina et al., 2013). Morphological root development of tree species established under severely dry conditions is of particular importance because this allows moisture
to reach the deepest soil layers (Padilla and Pugnaire, 2007;
Paula and Pausas, 2011), and consequently maintains higher
productivity rates, better seedling water status (Giliberto and
Estay, 1978; Armas et al., 2010; Lopes and Reynolds, 2010),
and shoot growth rates during summer drought (Ovalle et al.,
2015).

An effective strategy to promote root proliferation and growth
is localized nutrient application (Drew, 1975; Li et al., 2014;
Zhan et al., 2014). The underlying principle is the ability of the
root system to adjust its architecture, morphology and physiology to the spatial and temporal distribution of resources in
the soil profile to optimize their acquisition (Jackson et al.,
1990; Hodge, 2004; Lambers et al., 2006; Lynch, 2013). A
recent study of crop species showed a positive relationship
between deep phosphorus application and watering, and the
development of deep roots (Zhan et al., 2014), reflecting an
interaction between nutrients and water with important implications for water use efficiency (Song et al., 2010). However,
Chapman et al. (2011) suggested that deep rooting ability is
determined by water availability rather than by nutrient
supply.
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In environments with prolonged exposure to dry soils, such
as Mediterranean-type ecosystems, root growth and functionality as well as plant survival may be adversely affected
(Padilla and Pugnaire, 2007; Grossnickle, 2012). An increase
in dryness in the soil profile affects the extension and exploration of lateral and fine roots into deeper soil layers due to
greater penetration resistance because of lower soil matric
potential (Whitmore and Whalley, 2009; Bengough et al.,
2011; Jin et al., 2015). Increased stem water stress generates
total or partial reduction of root growth potential (Tinus, 1996;
Villar-Salvador et al., 2004), root hydraulic conductivity
(Hernández et al., 2009), stomatal conductance (Jacobs
et al., 2004) and transpiration rates, which decrease the diffusion rate of nutrients from soil to root surface, reducing both
nutrient uptake by roots and root-to-shoot transport (Alam,
1999).
Application of inorganic nutrients under drought or sub-irrigation regimes tends to produce excessive accumulation of fertilizer salts and/or specific ion toxicity (e.g., Na+ and Cl–) in the
rhizosphere (Hu and Schmidhalter, 2005; Bumgarner et al.,
2015), decreasing soil osmotic potential and altering soil pH
(Jacobs et al., 2003). An electrical conductivity (EC)
2.5–2.6 dS m–1 has been identified as potentially harmful for
fertilized tree seedlings (Timmer and Parton, 1984; Landis
et al., 1989; Jacobs et al., 2003). Under saline conditions,
anatomical and morphological changes to the root system
may occur (Jacobs and Timmer, 2005; Hu and Schmidhalter,
2005; Tattini et al., 2006) such as lower root apical meristem
activity (Drew, 1975) and inhibition of lateral root growth and
changes in vertical root growth orientation (Galvan-Ampudia
and Testerink, 2011). Functional root traits are also affected
by high salinity (Bernstein, 2013), highlighting the reduced
absorption of phosphorus (Rewald et al., 2013).
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those in semiarid areas. However, there is not enough information regarding CRFN application criteria in semiarid environments, despite the risk that high soil temperatures may
affect root development. In addition, it is necessary to understand the interaction between salinity and water stress
(Munns, 2002; Hu and Schmidhalter, 2005) to optimize the
CRFN and watering management at nursery and post-planting
stages under stressful conditions (Jacobs et al., 2004; Oliet
et al., 2004).
In the present study we hypothesized that field water shortage restricts the positive effect of localized nutrient concentration on root growth and, consequently, influences seedling
performance under drought conditions in the Mediterranean
zone of central Chile. Our objective was to assess the postplanting impact of different locations of inorganic fertilizer
placement in the soil profile and water availability on root
zone salinity, root development and ecophysiological responses of Quillaja saponaria Mol. (Quillajaceae) seedlings.
We chose this species because (1) it is a representative evergreen tree species of South American Mediterranean forests
(30–38°W) (Donoso, 1982), (2) it has been extensively used
for forest restoration with irregular outcomes (Becerra et al.,
2013; Ovalle et al., 2015), and (3) it develops a strong tap
root as one of the main survival strategies to long drought
periods (Giliberto and Estay, 1978).

2 Material and methods
2.1 Plant material and fertilization applied under
controlled conditions

Controlled-release nitrogen fertilizer (CRFN) is a nutritional
source widely used in culture and plantation of forest tree
seedlings in diverse forest ecosystems (Shaviv, 2001). The
technology associated with CRFN helps to reduce salinity
risks because nutrients are contained inside thermosensitive
polymer-coated granules, and thus nutrient release is gradual
(Sharma, 1979; Rose et al., 2004). However, as polymercoated permeability depends on soil temperature, the nutrient
release rate is accelerated under warm conditions (Huett and
Gogel, 2000), increasing the risk of saline stress and root
damage (Handreck and Bunker, 1996; Jacobs et al., 2003).
This not only shows the potential impacts of CRFN location,
but also suggests that morphological root development is
conditioned by the degree of interference between fertilizer
and the zone of active root growth, especially under low water
availability.

Seeds of Quillaja saponaria were collected from a forest located in Cuesta Zapata (33°23’S–71°16’ W), central Chile.
Germination and initial growth phase took place at Vivero y
Jardı́n Pumahuida Ltda, Santiago, Chile. Seedlings selected
(n = 240) for the study were homogeneous in size (6–8 cm in
height and 1.0–1.5 mm in stem diameter), thus, differences in
initial seedling sizes were minor (MacFarlane and Kobe,
2006). Selected seedlings were transplanted in 400 cm3 black
polyethylene bags at a research site at the Pontificia Universidad Católica de Chile (33°29’S–70°36’W) and grown for
6 months starting in January 2011. The potting substrate consisted of a mixture of loam soil, leaf mold and compost at a ratio of 2 : 1 : 1. A chemical analysis showed a nutritional composition of 0.47% N, 0.18% P, 0.38% K, 0.64% Mg, and
1.94% Ca. Chemical soil properties were: pH 7.0, EC
1.5 dS m–1, and 13.9% organic matter. All seedlings were
watered three times a week (200 cm3) and covered with a
Rashell mesh to avoid excess radiation.

There have been several studies with localized root fertilization treatments with crop species (Hordeum vulgare, Triticum aestivum, Vicia faba, Zea mays; Drew, 1975; Li et al.,
2014; Jin et al., 2015) and tree seedlings of temperate and
boreal forests (Pseudotsuga menziesii, Cedrus atlantica,
Quercus rubra; Jacobs et al., 2003; Boukcim et al., 2006;
Bumgarner et al., 2015) grown in nurseries or greenhouses.
The effects on root growth have generally been positive because the environmental conditions are more favorable than

The experiment consisted of a completely randomized design
with four treatments of depth of CRFN placement. Each treatment was applied to 60 replicates (240 plants in total). The
experimental unit and the sampling unit was the individual
plant. The conditions in the greenhouse site were homogeneous in luminosity, temperature, slope, and airflow. Treatments
consisted of a single dose of 6 g L–1 or 17.10 g plant–1 of
CRFN [6–7 kg m–3 substrate recommended by the manufacturer for nurseries and by the author based on previous nurs-
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2.2 Field site description and plantation
Seedlings were planted at Quebrada de la Plata
(33°29’S–70°52’O; 490 m asl), central Chile. The study area
has a semi-arid Mediterranean climate characterized by prolonged summer drought (6–8 months) and marked rainfall
seasonality with an annual average of 330 mm, a mean temperature of 15°C and 67% relative humidity (Di Castri and
Hajek, 1976). The summer drought lasted for 8 months during
the present study, with maximum mean temperatures of 30°C
and absolute lack of rain for 5 months (Fig. 2). The soil texture
was characterized as clay loam with abundant gravel, pH 6.0,
EC 0.2 dS m–1 and 3.1% organic matter. The soil nutritional
composition was 14 mg P kg–1 and 274 mg K kg–1.
Plantation was performed in July 2011. The plot was fenced
using a protective mesh of 1.50 m height to prevent herbivore
attacks. Manually opened planting holes (0.40 m wide ·
0.60 m deep) were distributed 1.5 m · 2.0 m apart to prevent
the wet bulbs of plants from influencing the water availability
of neighbor plants (observations by trial pit in the experimental plot). To minimize the loss of fine roots and facilitate the
work at the time of extraction, each plant was introduced into
a 0.40 m wide · 0.65 cm deep permeable bag. An initial
establishment period was defined as the first 90 days from
planting (July–September 2011), in which 2 L water
(plant × week)–1 were manually applied to each seedling to
overcome transplant shock.
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ery tree studies (Jacobs et al., 2003; Bustos et al., 2008)]
placed at 0 cm (top layer), 15 cm (middle layer), and 30 cm
(bottom layer) depth in the container, and an unfertilized control (Fig. 1). The CRFN used was Basacote Plus (COMPO)

15 N (8% NHþ
4 and 7% NO3 )–8 P2O5–12 K2O–2 MgO, with a
12-month release period (estimated for a constant temperature of 21°C). The nitrogen contribution of the CRFN dose was
equivalent to 0.90 g N L–1 or 2.56 g N plant–1.
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Date

Figure 2: Monthly temperature (mean, minimum, and maximum;
lines) and mean precipitation (bars) during the field experiment
period, 2011–2012 growing season (source: Estación Pudahuel,
Dirección Meteorológica de Chile).

2.3 Field treatments and experimental design
All fertilization treatments in the field were planted under two
watering regimes: 2 L (plant × week)–1 (W+) applied on one
day and unwatered (W–), representing moderate and severe
water stress, respectively, following an operational criterion
commonly used in reforestation (Luna, 2006; Valenzuela,
2007). For the 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 the severe drought season 2011–2012 (Fig. 2). The experimental design for the field
phase was a 4 · 2 factorial (eight treatments). Each treatment
considered 15 replicates (120 plants in total) randomly assigned to each planting spot. The experimental unit and sampling unit was an individual plant. The study site conditions
were homogeneous in luminosity, temperature, and airflow.

Figure 1: Schematic presentation of the experiment with different depths of controlled-release nitrogen fertilizer (CRFN) placement in Q. saponaria seedlings.
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2.4 Field samplings, harvest and measurements
Shoot height (SH, cm), stem diameter (SD, mm), and survival
(number of living plants) were evaluated monthly (n = 15).
Pre-dawn xylem water potential (YW), chlorophyll fluorescence (Fv/Fm), net photosynthetic rate (Pn, mmol m–2 s–1), and
stomatal conductance (gS, mmol m–2 s–1) were assessed
every 2 months between July 2011 and May 2012. Pre-dawn
YW was obtained from terminal parts of 5 cm-long lignified
twigs from five randomly selected seedlings per treatment,
with three or four mature leaves (second growing season).
Measurements were carried out only in predawn hours
(04:00-07:00) using a Scholander pressure probe (Model
1000, PMS Instruments, Inc., Corvallis, OR, USA). Chlorophyll fluorescence, expressed as maximal photochemical efficiency (Fv/Fm), was measured with 12 randomly selected
seedlings at peak radiation (12:00–14:00) using a portable
modulated chlorophyll fluorometer (Model OS-30 Opti-Sciences Inc., Hudson, NH, USA). Each measurement represented
three readings of different leaves (mature leaves exposed to
direct radiation) from the same plant. Each leaf was obscured
for 20–25 min prior to measurement so that all components of
the electron transport chain were fully oxidized and the energy dissipation mechanisms had descended to a basal level
(Maxwell and Johnson, 2000), after which the optical fiber
was installed in the darkened area of the leaf and the light
pulse that determined minimum fluorescence (F0) was applied. A saturating actinic light pulse (approx. 8000 mmol–1
s–2) was applied for 0.8 s to obtain maximum fluorescence
(Fm). Variable fluorescence (Fv) was calculated as the difference between Fm and F0, while the ratio between Fv and Fm
(Fv/Fm) gave the maximum photochemical efficiency of PSII.
To obtain gS and Pn values (n = 5) an infrared gas analyzer
(IRGA) Model CI-340 (CID Inc., WA, USA) was used, and the
measurement was taken at the same time and following the
same sampling protocol described for Fv/Fm.
Eleven months after outplanting (May 2012), a random sample (n = 12) from each treatment was unearthed to analyze
the effect of fertilization treatments on SH, SD, shoot dry mass
(SDM, g), shoot/root ratio (g g–1), total root length (total RL, m),
total root volume (total RV, cm3), and root dry mass (RDM, g
g–1). Roots were separated from the substrate by applying
abundant water at low pressure to avoid loss of fine roots.
Each plant was divided into shoots and roots by cutting at the
cotyledon scar. Roots were grouped according to their diameter as fine (< 1 mm), medium (1–2 mm) and coarse
(> 2 mm) roots. Morphological root variables were quantified
using a high-resolution scanner (1200 DPI resolution, Epson
Perfection 4490 Scanner, Nagano, Japan) and the image
analysis software WinRHIZO Basic (Regent Instruments
Inc., Quebec, Canada). SDM and RDM data were obtained by
drying in a forced air oven at 65°C until constant weight. The
shoot : root ratio was calculated as the quotient between SDM
and RDM. Concentrations of macro (N, P, K, Ca, Mg in %) and
micronutrients (Cu, Zn, Mn in mg kg–1) were analyzed based
on composite leaf samples of three seedlings per treatment
(n = 4), which were dried in an oven at 65°C for 72 h. Nitrogen
concentration was determined with the Kjeldahl digestion process, and P, K, Ca, and Mg concentrations after wet-ashing.
Electrical conductivity measurements (Hanna Instruments
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DIST 3 Conductivity Meter Tester, Woonsocket, RI, USA)
were obtained from five samples from each soil layer (15 soil
samples per treatment). Samples were dried in a forced-air
oven at 70°C for 72 h. Subsequently, a sample of 5 g of dry
soil (< 2 mm) was diluted in 50 cm3 of distilled water until a
homogeneous solution was obtained and after 24 h the EC
was registered.

2.5 Statistical analyses
Simple Pearson correlation models were used to determine
relations among variables. Prior to testing, compliance with
normality, homogeneity of variance and linearity assumptions
were verified. Variables that did not meet normality assumptions (SH, SD, RDM) were transformed logarithmically (pretransformation values are presented). Data were subjected to
a two-way analysis of variance performed with the general
linear ANOVA model (GLM) to evaluate the effects of depth of
CRFN placement and watering regimes and interaction effects. Treatments with significant differences (P < 5%) were
identified with the Tukey multiple comparison test. To analyze
survival, the non-parametric Chi-square test was applied
based on the Kaplan-Meier method with a log-rank test
(Mantel-Cox). Statistical analyses were carried out using the
SPSS v. 17.0 program (SPSS Inc., Chicago, IL, USA).

3 Results
3.1 Electric conductivity in the root zone
After the first year post-planting, EC in the root zone differed
significantly between fertilizer locations, between watering
regimes, and the interaction between these two factors
(Table 1). Among all treatments, EC varied approx. in the
range of 0.5 to 2.0 dS m–1. Fertilized and unwatered seedlings concentrated the higher EC values; the top layer treatment had significantly higher EC values. The unfertilized
seedlings (control) had the lowest EC values for both watering regimes (Fig. 3). Unwatered seedlings (W–) had an average increase of EC of 50% in all fertilizer location treatments
with respect to W+, while the unwatered control only increased 19% (Fig. 3).

3.2 Root morphological traits
Total RV, total RL, RDM, and the shoot : root ratio differed significantly between CRFN locations, between watering regimes
and the interaction between these two factors, whereas SRL
differed significantly only between watering regimes and the
interaction between factors (Table 1). Under both watering regimes the highest total RV was observed in middle layer treatment (Fig. 4a). With respect to the effects of EC relative to
each soil layer under W– conditions, the highest salinity value
coincided with the lowest total RV (bottom layer treatment).
However, the lowest salinity value did not coincide with the
highest total RV (control). For both watering regimes the top
and middle layer treatments showed similar EC levels, how-
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Table 1: Two-way ANOVA results for main treatment effects (fertilizer location and watering regime) and their interaction on morphology, ecophysiology, foliar nutrients and soil properties measured in Q. saponaria seedlings. YW data were analyzed based on YW averages of the driest
months (September, November, March, and April). Abbreviations are defined in the ‘Material and methods’ section.
Variables

Fertilizer location (FL)

Watering regime (W)

Interaction FL · W

F value

P value

F value

F value

8.383

< 0.001

9.808

SD / mm

268.170

< 0.001

416.232

< 0.001

237.781

SDM / g

77.416

< 0.001

34.243

< 0.001

0.654

9.108

< 0.001

28.450

< 0.001

10.517

14.462

< 0.001

21.280

< 0.001

5.321

RDM / g

23.575

< 0.001

52.134

< 0.001

10.892

< 0.001

Shoot/root ratio / g g–1

18.032

< 0.001

118.972

< 0.001

10.151

< 0.001

P value

P value

MORPHOLOGY
SH / cm

Total RL / m
Total RV /

cm3

SRL / cm g–1

0.002

0.377

0.769
< 0.001
0.582
< 0.001
0.002

1.628

0.187

38.032

< 0.001

7.491

< 0.001

Pre-dawn Yw / MPa

2.986

0.048

48.824

< 0.001

0.531

0.594

Fv/Fm

2.355

0.076

17.560

< 0.001

3.054

0.031

99.588

< 0.001

17.954

< 0.001

1.599

0.209

56.736

< 0.001

60.344

< 0.001

1.107

0.361

ECOPHYSIOLOGY

gS / mmol m–2 s–1
Pn / mmol

m–2

s–1

FOLIAR NUTRITION
N/%

1.357

0.280

0.226

0.639

10.806

< 0.001

P/%

1.245

0.315

11.955

0.002

8.468

K/%

626.401

< 0.001

17720.548

< 0.001

138.481

< 0.001

103.397

< 0.001

358.251

< 0.001

28.284

< 0.001

0.001

SOIL PROPERTIES
EC / dS m–1

ever, the total RV of the former was significantly lower than
the latter (Fig. 4a).
Total RL was positively and significantly affected by the middle
layer treatment in well-watered seedlings (W+), exceeding by
more than twice the treatment with the lowest value (bottom
layer/W–; Fig. 4b). Under W+, CRFN location treatments
(independent of placement depth) had significantly higher total RL compared to W–, while control treatments showed no
differences for any of the watering regimes. With respect to
the total RL by diameter class, thin roots (30.56 – 3.51 m,
P < 0.1%) and medium roots (4.76 – 0.42 m; P < 0.1%) were
significantly greater in the middle layer/W+ treatment compared to thick roots. Thick roots were significantly greater than
fine and medium roots in the bottom layer/W+ treatment
(1.31 – 0.07 m; P < 0.1%; Fig. 4b).
The RDM results showed an opposite trend to that observed
for total RV and total RL. Under W–, the middle layer
(21.51 – 3.20 g) and bottom layer treatments (24.30 – 2.50 g)
had significantly higher values than the top layer treatment.
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As well, under W–, the thin root dry mass showed significantly
higher values (P < 0.1%) in the middle (3.53 – 0.25 g) and
bottom layer treatments (3.47 – 0.25 g). A significant increase
of thick root dry mass (P < 0.1%) was observed in the bottom
layer/W– treatment (15.60 – 1.15 g), coinciding with the response shown by total RL for the same soil layer (Fig. 4b).
The highest shoot : root ratio was produced by the top layer/
W+ treatment (Fig. 4c). The shoot : root ratio was affected by
W–, showing a 35% decrease with respect to watered seedlings. The lowest shoot : root ratio was observed for the bottom layer/W– treatment, with a ratio less than 1. Under both
watering regimes we observed a decrease of shoot : root ratio
according to depth of CRFN placement (Fig. 4c).

3.3 Shoot growth
SH and SDM differed significantly between CRFN locations
and between watering regimes. For SD, there was a significant effect of the principal factors and the interaction between
these was also significant (Table 1). SH growth did not show
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significant differences among CRFN location treatments, but
there were significant differences between CRFN location
treatments and control. Well-watered seedlings had significantly higher SH values than unwatered seedlings (Table 2).

3.4 Physiology, nutrition and survival
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The highest SD increase (21.45 – 1.23 mm) was found in the
bottom layer/W+ treatment. Under W+ and W– regimes the
control treatment had the lowest SD (11.15 – 1.51 mm and
10.11 – 1.45 mm, respectively). A significant positive correlation (Pearson R = 0.72; P < 0.1%) between SD and RDM was
found, which indicates that more than 50% of root biomass
variation was attributed to increased SD (Fig. 5). The highest
SDM was found in the middle layer/W+ treatment (Table 2).
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Figure 3: Electrical conductivity (EC, dS m–1) in the root plug of Q.
saponaria seedlings cultivated under different depths of CRFN placement (control, top layer, middle layer, bottom layer), and two contrasting watering regimes [W+: 2 L (plant × week)–1; W–: unwatered].
Numbers above the bars indicate the differences in EC between the
two watering regimes under each fertilizer location treatment. The
evaluation was made at the end of dry season after outplanting (May
2012). Mean values – SE (n = 15) with different letters indicate significant differences at P < 5% (Tukey’s HSD test).
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At the end of first dry season after outplanting (April 2012),
Yw differed significantly between fertilizer location and watering regimes (Table 1). All treatments experienced a strong
pre-dawn Yw decrease during the dry months (September
2011 to April 2012) of the first year of Q. saponaria establishment (Fig. 6). The top layer treatment showed the highest
pre-dawn Yw (Table 2). However, there was a significant difference only with the middle layer treatment. The W+ regime
had a significantly higher pre-dawn Yw than the W– (Table 2).
There was a rapid water status recovery in all treatments after
the first rain (May 13, 2012; Fig. 2). This response resulted in
strong pre-dawn Yw increases, reaching values from –0.91 to
–1.59 MPa (P > 5%) (Fig. 6).

Figure 4: Root volume (n = 12) and EC by layer of root plug (n = 15)
(a), root length (n = 12) (b), and shoot/root ratio (n = 12) (c) of Q. saponaria seedlings cultivated under different depths of CRFN placement
and two contrasting watering regimes [W+: 2 L (plant × week)–1 and
W–: unwatered]. The evaluation was made at the end of the dry season after outplanting (May 2012). Mean values – SE with different letters indicate significant differences at P < 5% (Tukey’s HSD test).
Arrows show the significantly highest value (P < 5%).

The Fv/Fm differed significantly between watering regimes
and the interaction between the main factors (Table 1). Under
the W– regime Fv/Fm was significantly lower in all CRFN location treatments than in the control treatment (Fig. 7). The con-

trol treatment showed the most stable Fv/Fm values to changes in water availability, with a slight difference between the
two watering regimes. The top layer/W+ treatment had the
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Table 2: Shoot morphology and physiology of two-year-old Q. saponaria seedlings grown under different depths of CRFN placement in the
container (6 g L–1 Basacote Plus) and contrasting watering regimes [W+: 2 L (plant × week)–1 and W–: unwatered]. Data were collected at the
end of dry season after outplanting (May 2012). Values are means – SE (n = 5). Means with different letters indicate significant differences at P
< 5% (Tukey’s HSD test). Abbreviations are defined in the Material and methods section.
Variables

Fertilizer location
Control

Watering regime
Top layer

Middle layer

Bottom layer

W+

W–

SHOOT MORPHOLOGY
SH / cm

50.91 – 2.09 B

60.24 – 3.41 AB

63.44 – 1.76 A

56.88 – 2.56 AB

60.76 – 1.31 a

54.97 – 1.32 b

SDM / g

17.25 – 1.03 C

25.96 – 1.35 B

30.45 – 0.89 A

17.97 – 0.45 C

25.03 – 0.59 a

20.78 – 0.43 b

–4.76 – 0.61 AB –4.29 – 0.74 A

–5.11 – 0.72 B

–4.87 – 0.59 AB

–3.83 – 0.67 a

–5.68 – 0.70 b

PHYSIOLOGY
Pre-dawn Yw / MPa
gS / mmol

m–2

s–1

113.60 – 8.23 A

61.65 – 2.84 B

30.58 – 2.47 C

38.42 – 4.73 C

69.01 – 2.45 a

53.12 – 0.88 b

Pn / mmol

m–2

s–1

12.80 – 0.76 A

10.14 – 0.54 B

6.05 – 0.45 C

6.63 – 0.48 C

10.54 – 0.39 a

7.27 – 0.12 b

20
18

a

0.75
0.70

16

b b

b

b

0.65
Fv/Fm

Stem diameter / mm

0.80

y = 0.468x + 5.401
2
R Pearson = 0.72; R = 0.52

14
12
Top layer
Middle layer
Bottom layer
Control

10
8
0
0

5

10
15
20
Root dry mass / g

25

30

c

0.60

c

0.55

c

0.50
0.45
0.40
0.00

W+ W–
Control

W+ W–
W+ W–
W+ W–
Top layer Middle layer Bottom layer

Treatments

Figure 5: Relationship between stem diameter (SD, mm) and root dry
mass (RDM, g) of Q. saponaria seedlings. Points represent mean values of watering treatments for each CRFN placement treatment – SE
(n = 60).

Figure 7: Maximum photochemical efficiency of PSII (chlorophyll fluorescence; Fv/Fm) in Q. saponaria seedlings cultivated under different
depths of CRFN placement (control, top layer, middle layer, bottom
layer), and contrasting watering regimes [W+: 2 L (plant × week)–1 and
W–: unwatered]. The evaluation was made at the end of dry season
after outplanting (April 2012). Mean values – SE (n = 12) with different
letters indicate significant differences at P < 5% (Tukey’s HSD test).

Sampling date
Jul-11

Sep-11

Nov-11

Mar-12

Apr-12

May-12

0.0

Pre-dawn Ψw / MPa

–1.0

Dry season in
Chilean Mediterranean region

–2.0
–3.0

Top layer W+
Middle layer W+
Bottom layer W+

–4.0
–5.0
–6.0
–7.0
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Control W+
Top layer WMiddle layer WBottom layer WControl W-

Figure 6: Pre-dawn xylem water potential
(pre-dawn Yw, MPa) of Q. saponaria seedlings cultivated under different depths of
CRFN placement (control, top layer, middle
layer, bottom layer), and contrasting watering regimes [W+: 2 L (plant × week)–1; W–:
unwatered] during the first year after outplanting (2011/2012). Each point represents
the mean value – SE (n = 5). The arrow
indicates significant differences (P < 5%,
Tukey’s HSD test) of the final measurement
of the dry season (April 2012). The area between the double-dashed lines shows the
dry period (severe drought), which strongly
affects the plant water status.
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closest value to the optimum range at the end of the dry season (April 2012). All Fv/Fm values were below the optimal
reference range 0.80–0.83 recommended by Maxwell and
Johnson (2000).
The gS and Pn differed significantly among fertilizer location
and watering regimes, but not in the interaction between the
main factors (Table 1). The control treatment showed a significantly higher gS value than the other fertilizer treatments
(Table 2). The gS values were higher in the W+ than the W–
treatment. The control treatment had the highest Pn values,
while the middle and bottom layer treatments had the lowest
values for this variable. Finally, Pn was higher in the W+ treatments than the W– treatment (Table 2).
The foliar nutrition variables (N, P, K) differed significantly in
the interaction between the main factors (Table 1). Nutrient
concentrations varied slightly among treatments and all had
within-normal ranges (Table 3). Potassium was the only nutrient to show significant differences, especially in the middle
layer/W+ treatment, when its concentration was greater than
the other treatments (Table 3).
After the first dry season (11 months after planting), the survival rate was 100% in all treatments (data not shown) except
for the bottom layer/W– treatment, which reported a slight
mortality of 20% by the end of the dry season.

4 Discussion
4.1 Influence of localized fertilization and water
availability on root morphological traits
Our findings suggest that the effects of localized CRFN on the
development of root morphological traits of Q. saponaria
seedlings were highly dependent on the watering regime
(Table 1), because watering is effective in washing excess
soil salts at the level of the root zone (Fig. 3). Therefore, these
results partially confirm our hypothesis that field water shortage restricts the positive effect of localized nutrient concentration on root growth. For example, we found more root growth
after outplanting under the middle layer treatment with watering, because it maintained moderate EC levels (< 1.5 dS m–1;
Fig. 4a,b). The results of watering seedling were consistent
with several studies that found positive responses of root
growth from localized nutrient application (Drew, 1975; Pregitzer et al., 1993; Hodge, 2004; Boukcim et al., 2006; Nan

et al., 2013). Jacobs et al. (2003) found the opposite when
they applied a similar CRFN dose to that of our study in the
middle layer of containerized Pseudotsuga menziesii seedlings. The authors reported a marked decrease in the growth
of white and lateral roots, which prevented root penetration
into the deepest layer of the container. These differences are
due to species- and nutrient-specific plasticity responses to
localized nutritional enrichment (Li et al., 2014).
Soil localized fertilization to promote root growth is not recommended under water shortage, especially for deep-rooted
species in dryland ecosystems that require rapid and early
root development (Padilla and Pugnaire, 2007; Paula and
Pausas, 2011). Edaphic factors impeding root growth and
penetration are mainly physical limitations such as compaction, water stress, hypoxia (Bengough et al., 2011), and
chemical limitations caused by over-fertilization, which generates toxic conditions due to high levels of salinity in the rhizosphere (Jacobs and Timmer, 2005; Bernstein, 2013). Saline
stress can affect the activity of the apical meristem (Drew,
1975), which directly affects lateral root growth, and therefore
soil nutrient uptake ability in poor soils (Bernstein, 2013). In
our study, despite not having applied high fertilization doses,
we found high salt concentration values in the treatments
under W– (Fig. 3), which we attribute to lower washing effect
of salts in the soil profile. However, these EC values do not
exceed the critical EC range (> 2.5 dS m–1) described for
Northern Hemisphere conifers (Timmer and Parton, 1984;
Landis et al., 1989; Jacobs et al., 2003). Furthermore, negative effects on root morphological traits of Q. saponaria were
observed even under moderate levels of salinity (2.0 dS m–1),
particularly in total RL (Fig. 4b). In contrast, total RL did not decrease in the control/W– treatment, which can be attributed to
a low average EC value (0.7 dS m–1). The higher EC values
(1.6 dS m–1) of the bottom layer/W– treatment reduced total
RV (Fig. 4a) , probably because the lower soil layer had higher
salt concentrations due to the fertilizer-rich water accumulation from the upper layer, but the negative effects disappeared
when watering was applied (Zhan et al., 2014).
Under water-restricted conditions, fertilizer placement in the
top layer is a questionable practice because of the presence
of higher surface temperatures and water evaporation, which
results in a higher nutrient release rate and more salt accumulation (Jacobs and Timmer, 2005). However, there is no
consensus about the most appropriate fertilizer location in
containers or planting holes, generating discussions about
whether the dose should be homogeneously mixed with the

Table 3: Foliar nutritional status of two-year-old Q. saponaria seedlings grown under different CRFN placements (6 g L–1 Basacote Plus) and
contrasting watering regimes [W+: 2 L (plant × week)–1 and W–: unwatered]. Data were collected at the end of dry season after outplanting
(May 2012). Values are means – SE (n = 4). The mean with asterisk indicates a significant difference at P < 5 (Tukey’s HSD test).
Fertilizer location

Control

Top layer

Watering regime

W+

W–

W+

W–

W+

W–

W+

W–

N/%

2.23 – 0.07

1.93 – 0.08

2.12 – 0.08

1.94 – 0.08

1.78 – 0.06

2.34 – 0.05

2.17 – 0.08

2.20 – 0.09

P/%

0.17 – 0.02

0.15 – 0.01

0.16 – 0.01

0.17 – 0.02

0.14 – 0.01

0.20 – 0.03

0.16 – 0.01

0.19 – 0.01

K/%

1.92 – 0.01

1.20 – 0.03

1.93 – 0.02

1.33 – 0.01

2.33 – 0.03*

1.45 – 0.01

2.19 – 0.02

1.31 – 0.01
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soil (Jacobs et al., 2003; Oliet et al., 2004) or applied at the
bottom of the planting hole (Carlson and Preisig, 1981).
Although intensified water stress (W– treatment) negatively
affected the root development of Q. saponaria, the response
of RDM contrasts with the trend followed by other morphological variables affected by water (Fig. 5). We found 29% more
dry mass in W– than in W+, particularly in thin roots (Fig. 4c).
The opposite has been reported in high (Eucalyptus spp.)
and low water-demand species (Quercus spp.), in which
water stress generates a strong decrease in total dry mass
compared to watered plants (Villar-Salvador et al., 1999;
Graciano et al., 2005).

4.2 Influence of localized fertilization on
ecophysiological performance and survival
under severe drought
Inorganic fertilization promotes greater fine root production
(Domenicano et al., 2011) and longer lateral roots (Boukcim
et al., 2001), which leads to increased root hydraulic conductance (Hernández et al., 2009), better water status, and increased plant productivity, even under moderate water stress
conditions (Luis et al., 2009; Villar-Salvador et al., 2012). In
our study, the positive influence of the middle and bottom
layer treatments on morphological traits did not necessarily
result in better ecophysiological responses to the intensification of water stress. This was shown by low pre-dawn Yw,
Fv/Fm, gS, and Pn values, except for the control (Table 2). The
greater water stress resistance shown by the control treatment can be attributed to the absence of fertilization, which attenuates the possible negative effects of increasing salinity in
the root zone and osmotic stress. Armas et al. (2010) confirmed that an increase in soil salinity affected the physiological activity of plants, independent of the depth of roots. For
example, Jacobs et al. (2003) showed that low Fv/Fm values
with Pseudotsuga menziesii seedlings were attributable to
saline toxicity produced by a high dose of CRF (24 g) applied
in the growth medium. Tattini et al. (2006) subjected Myrtus
communis and Pistacia lentiscus to saline conditions (200
mM NaCl solution) and found a significant decrease in Fv/Fm,
although less pronounced in P. lentiscus.
Despite low field performance, the physiological status recovered rapidly at the beginning of the wet season (May 2012),
showing high pre-dawn Yw values (Fig. 6). A similar response
was found in Quercus rubra seedlings after the watering replacement, which could be associated with a rapid recovery
of photosynthetic activity (Jacobs et al., 2009). In our study,
lower physiological activity did not affect the feasibility of
planting. On the contrary, survival was over 80% for all treatments by the end of the first year post-planting, even under
unwatered conditions.
On the other hand, lower photochemical efficiency of PSII in
all fertilized and unwatered seedlings was observed. However, the above 0.5 values show that Q. saponaria is able to
keep stable levels of Fv/Fm despite low water availability in
the field (Fig. 7). Other studies with Mediterranean tree species reported an exponential decrease of Fv/Fm to values
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close to 0.20 when seedlings were exposed to drought
(Vilagrosa et al., 2003).

5 Conclusions
The combined effect of localized fertilization and water restriction after outplanting generates moderate salinity that in turn
negatively affects the root morphology and physiological responses of Q. saponaria seedlings, in accordance with our
hypothesis. Therefore, the technique of varying the depth of
CRFN placement is not recommended for deep-rooted species growing under dry soil conditions that require rapid and
early root development as a survival strategy. On the other
hand, low salinity conditions presented by unfertilized seedlings improve the ecophysiological responses at the end of
the dry season. We suggest that water supplements applied
to fertilized seedlings contribute to decreasing root zone salinity, and consequently, improve root volume growth in early
establishment under dry conditions.
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