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Abstract Holm oak (Quercus ilex ssp. ballota [Desf.]

Samp) is one of the most important species in forest

communities of the western Mediterranean Basin, but is

very vulnerable to environmental stress during the first

years of its life. In particular, summer drought and winter

frosts limit the distribution, survival, and growth of Holm

oak. These two stress factors can lead to plasmolysis and/or

oxidative stress. We hypothesized that autumn fertilization

with nitrogen (N) can improve plant tolerance to these

abiotic stress factors and improve plant quality and there-

fore reforestation success. A 12-week autumn application

of 30 or 60 mg N (plus 70 mg N applied to both treatments

during the previous 28 weeks in the nursery, i.e. 100 and

130 mg N in total, respectively) improved overall growth,

root growth capacity, frost tolerance, and nutritional status

of plants relative to plants given 0.0 and 1.5 mg autumnal

N, and had no negative effect on seedling response to water

stress. A very small increment in N doses during the

autumn (1.5 vs. 0.0 mg N) improved some morphological

parameters, such as stem diameter (D) and shoot dry

weight, and physiological parameters, such as total anti-

oxidant activity. The highest autumnal N dose (60 mg)

increased leaf nutrient content without decreasing the

concentration, but had a tendency to reduce frost tolerance

relative to seedlings given a lower autumnal N dose

(30 mg).

Keywords Holm oak � Water stress � Mineral nutrients �
Frost tolerance � Oxidative stress

Introduction

Holm oak (Quercus ilex ssp. ballota [Desf.] Samp) is one

of the most important species in forest communities of the

western Mediterranean Basin (Palacios et al. 2009). This

evergreen sclerophyllous species has been increasingly

used for reforestation (MAPA 2006). However, Holm oak

usually has poor early out-planting performance compared

to other Mediterranean species, particularly in sites with

unfavorable climatic conditions (Pausas et al. 2004). This

poor performance has been attributed to water stress

(Villar-Salvador et al. 2004a, b), low site fertility (Pardos

et al. 2005; Sanz-Pérez et al. 2007; Valdecantos et al.

2006), and poor seedling quality (del Campo et al. 2010).

Drought and frosts are the main factors that limit the

distribution, abundance, survival, and growth of this spe-

cies in Mediterranean areas (Larcher 2000), and Holm oak

is very vulnerable to stress conditions during early life

(Ruiz de la Torre 2006). Afforestation projects conducted

with this species are usually subjected to long periods of

low temperatures and frosts and extreme summer drought,

especially in continental areas (Aranda et al. 2005;

Corcuera et al. 2005; Garcı́a-Plazaola et al. 1999; Gimeno

et al. 2009), limiting the survival and growth after field

planting. The exposure to suboptimal non-lethal growth

temperatures causes a depression of photosynthesis and
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photosystem II efficiency (Strand and Öquist 1985), exac-

erbating the formation of reactive oxygen species (ROS) in

chloroplasts and oxidative stress (Mittler 2002). Oxidative

stress damages cell membranes by inducing lipid peroxi-

dation, protein oxidation, enzyme inhibition, and DNA

damage (Briat 2002; Clijsters et al. 1999). Detoxification of

ROS is carried out by enzymatic mechanisms and by a

system of physiological antioxidant molecules, which can

be lipophilic (tocopherols, carotenoids) or hydrophilic

(ascorbate, glutathione) (Garcı́a-Plazaola et al. 1999;

Márquez-Garcı́a et al. 2009; Márquez-Garcı́a and Córdoba

2010). Cold-tolerant plants respond to low temperatures by

increasing the levels of these antioxidant compounds and

the activity of some antioxidative enzymes (Garcı́a-Plaza-

ola et al. 1999). Therefore, the maintenance of adequate

levels of antioxidants in plants could improve the physio-

logical status and, consequently, field performance of

Holm oak. As far as we know, there are not studies on

oxidative stress applied to nursery plants subjected to

sublethal low temperatures.

Nursery practices, environmental conditions, and

genetic factors affect the functional characteristics of

seedlings and field performance after transplantation

(Birchler et al. 1998). Manipulation of nutrient availability

in the nursery can modify morphophysiological character-

istics of seedlings (Puttonen 1997), although the relation-

ship with field performance is uncertain for species of

Quercus (Broncano et al. 1998; Oliet et al. 2009; Trubat

et al. 2010; Villar-Salvador et al. 2004a, 2005). During the

hardening phase in the nursery, numerous environmental

factors (including chill temperature, short photoperiod,

irrigation, and fertilization) can induce plant dormancy and

improve hardiness (Colombo et al. 2003; Fernández et al.

2008). N fertilization can improve photosynthetic rate, root

growth, and water-use efficiency (Fernández et al. 2006;

Lambers et al. 1990). A previous study with Holm oak has

reported that N has a greater effect than P or K on mor-

phological and nutritional status and improvement of

seedling frost tolerance (Andivia et al. 2011). However, the

latter assay only studied two levels of N fertilization and

the nursery fertilization programs for this species require

additional refinement (Jacobs et al. 2009).

In order to contribute to the knowledge of the Holm

oak nursery fertilization program, we hypothesized that

autumnal N fertilization can affect growth and minerals

content but also the cellular response to a sublethal dosage

of an abiotic stress-like frosts. Therefore, the main objec-

tives of this study were: (i) to evaluate the effect of four

different doses of autumn fertilization with N on morpho-

physiological characteristics of seedlings and (ii) to explore

the oxidative stress reaction to a non-lethal frost tolerance

test of nursery plants subjected to different autumnal N

doses.

Materials and methods

Plant material and growth conditions

During autumn 2008, acorns of Q. ilex ssp. ballota (Desf.)

Samp. were collected from the Spanish provenance region

of La Alcarria y Serranı́a de Cuenca (39�250–41�200N,

1�400–3�150W). At the beginning of 2009, 600 acorns were

pre-germinated in a growth chamber at 20�C on wet perlite

to reduce germination time and intra-population variability.

On the third week of February 2009, 360 healthy germi-

nated acorns were randomly selected and sown in 300 cm3

Plasnor� cells (45 cells per tray, 8 trays) that contained

sphagnum peat Kekkilä� B0 (pH corrected to 6.0 using

Dolokal�). Seedlings were grown in a nursery under white

shade-cloth that reduced radiation by *50%. Daily nursery

temperatures are shown in Fig. 1. All trays were well

watered, moved weekly, and rotated to eliminate microsite

effects during the entire study period.

During 28 weeks (third week of March to the end of

September), a constant fertilization regimen was applied

using a water-soluble fertilizer (Peters professional�

20-20-20) at a rate of 125 ppm N, 54 ppm P, and 104 ppm

K. Each seedling received a weekly dose of 2.5 mg N

(3.94% ammoniacal N, 6.05% nitrate N, 10.01% urea N, all

w/w), 1.088 mg P, and 2.075 mg K (monoammonium

phosphate, monopotassium phosphate, and potassium

nitrate). These weekly doses were called N1, P1, and K1 and

corresponded to 70.0 mg N, 30.5 mg P, and 58.1 mg K

over the entire 28-week period. The fertilizer was added to

each seedling once per week in distilled water; plants were

watered as needed with tap water between fertilizer

applications. At the end of the first 28 weeks, seedlings had

a mean ± SD height of 9.37 ± 0.74 cm, stem diameter of

2.51 ± 0.11 mm, shoot dry weight (ShDW) of 1.21 ±

0.09 g, root dry weight of 2.53 ± 0.34 g, shoot-to-root dry

Fig. 1 Daily minimum (TMin) and maximum (TMax) temperature (�C)

at the nursery during the study period (February 2009–2010)
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weight ratio of 0.59 ± 0.03, and 1.01% N, 0.09% P, 0.61%

K in the leaves.

After the 28 weeks period 270 healthy seedlings were

randomly chosen (33–34 plant per tray) and distributed in 6

trays (45 cells per tray). For the next 12 weeks (first week

of October to third week of December, the hardening

phase), four different dose of N were used (N0, N1/20, N1,

N2). Two different dose of N per tray were tested (each

applied to half of the plants) so that in the six trays all

fertilization treatments were combined (N0–N1/20, N0–N1,

N0–N2, N1/20–N1, N1/20–N2, N1–N2) with 67–68 seedlings

given each treatment and distributed in three trays. Autumn

fertilization was applied using a nutrient solution com-

posed at the laboratory, using calcium nitrate and ammo-

nium sulfate as nitrogen sources. The doses of N were

weekly applied in a single weekly dose. Over the entire

12-week period, each plant received 0.0 mg N (N0),

1.5 mg N (N1/20), 30.0 mg N (N1), or 60.0 mg N (N2). The

doses of P and K were constant and similar as in the pre-

vious 28 weeks, and each seedling received during the

12 weeks of the hardening phase 13.1 mg P and 24.9 mg

K. Plants developed new sprouts from late summer to the

end of October, and there were no significant differences in

the number of sprouted plants among treatments. In early

November, no plants had visual signs of shoot elongation.

The weekly doses of N1, P1, and K1 were the same as in the

previous 28 weeks, and close to those typically recom-

mended in forest nurseries for Holm oak during the

growing phase (Navarro-Cerillo et al. 2009). A group with

low N dose (N1/20) was used to avoid total nutrient depri-

vation (Boivin et al. 2002). Total N deprivation was tested

by dose N0, and N2 was used to test a high dose of N, but

was still within the optimal range for this species (Jacobs

et al. 2009).

Morphological and nutritional status

At the end of December 2009, six plants per treatment

(2 seedlings per tray) were randomly chosen for assessment

of morphological and nutritional status. Shoots were cut at

the cotyledon insertion point, leaves and stems were sep-

arated, and roots were cleaned. Shoot height was measured

and stem diameter was measured 0.5 cm above the coty-

ledon insertion point. All samples were washed with dis-

tilled water, oven-dried at 65�C until no further weight

reduction occurred, and the dry weights of leaves (LDW),

stems (StDW), and roots (RDW) were measured. The shoot

dry weight (ShDW = LDW ? StDW) and shoot-to-root

dry weight ratio (SRDW = ShDW/RDW) were calculated.

Mineral nutrients (N, P, K) were only determined in

leaves because Andivia et al. (2011) reported that differ-

ences in nutrient concentration and content of plants given

different N fertilization treatments were much greater in

leaves than in other tissues. To obtain leaf samples suffi-

ciently large for nutrient analysis, three groups per dose of

N were formed. Each group was formed with two plants

belonging to a tray. For N analysis, an elemental analyzer

(Termo Finnigan 1112 Series EA, Milan, Italy) was used.

For P and K analyses, dry samples were treated at 550�C

for approximately 7 h, subjected to acid digestion in 5 M

HCl, and analyzed by ICP-OES Jobin Yvon Ultima 2

(Tokyo, Japan). Non-structural carbohydrates (NSC) were

also determined. Hydroalcoholic extraction and anthr-

one colorimetry (using a spectrophotometer; UV-1601,

Shimadzu�, Tokyo, Japan) was used to determine soluble

sugars (SS) (Spiro 1966) and acid hydrolysis followed by

anthrone colorimetry was used to determine starch (St)

(Rose et al. 1991). Nutrient and NSC levels (in mg) were

calculated as the multiplication of concentration (%) and

leaf dry mass (g).

Frost tolerance

Cold hardiness was assessed by a detached leaf test, as

described for Eucalyptus globulus L. (Fernández et al.

2007) and previously tested on Holm oak (Andivia et al.

2011). A temperature programmable freezer (West� 4400;

ISE Inc., Cleveland, OH) with two internal fans to remove

air was used. The test began at 12�C, and the temperature

was reduced by 3�C h-1 to the minimum. The temperature

was maintained at the minimum for 3 h, and was then

increased by 5�C h-1 to 12�C. A complete cycle lasted

14–16 h.

The detached leaf tests were performed in the third week

of December 2009. Our previous experience (Andivia et al.

2011; Fernández et al. 2008) and the preliminary checking

of the plants guaranteed that the effect of autumn fertil-

ization was evident in that time. Two fully expanded leaves

per temperature and plant (one from the medium-higher

part of the shoot and other from the medium-lower part)

and four plants per treatment (1–2 per tray randomly

selected) were sampled and tested at minimum tempera-

tures of -8, -10, -12, and -14�C. There were 239 h of

total chilling time (B8�C) accumulated in the nursery at the

time of the freezing tests. Selected leaves were inserted

into test tubes (2.2 cm diameter, 15 cm length), and placed

in the freezer. After completion of temperature regimen,

leaves were removed from the freezer, distilled water

(B2 mL) was added until the cross-section of the short

petiole was immersed, and samples were maintained in a

growth chamber (25�C day/17�C night; photoperiod of

12 h; C70% relative humidity; 350 lmol m-2 s-1 photo-

synthetic photon flux). Damage was assessed at 24, 48, 72,

and 96 h after the end of the freezing test by measurement

of the leaf percentage that had visual damage (VD), defined

as dimming and/or browning of the leaf due to cell lysis.
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To estimate visual damage, each leaf lamina was observed

by dividing it into two longitudinal parts considering each

part as the 50% of the leaf surface (we did not account the

central vein), and we estimated visually the surface of each

part that was dimming and/or browning. The VD final data

was the average of the damage estimated percentages of

each part.

At the end of January 2010, six plants per treatment

(2 per tray) were randomly selected (treatments N0, N1/20,

N1) to assess frost-induced oxidative stress. At this time,

plants had reached maximum cold hardiness in this

nursery (Andivia et al. 2011), so it was possible to apply

a very low (-12�C) but non-lethal minimum temperature

to induce a plant reaction. Plants given treatment N2 were

not tested because our previous results (December, 2009)

indicated no significant differences in cold tolerance for

plants given doses N1 and N2. There were 493 h of total

chilling time (B8�C) accumulated in the nursery at the

time of the freezing test. Twelve of the 18 plants selected

(4 per treatment) were subjected to a freezing cycle, as

previously described for detached leaf tests, with a min-

imum temperature of -12�C. Selected seedlings were

placed in Plasnor� trays of 300 cm3 and put into a

cardboard box filled up to the cotyledon insertion point

with polystyrene to prevent the freezing of roots. Other

six plants (2 per treatment) were used as controls and

maintained in a growth chamber under the same condi-

tions as in the detached leaf tests. After the freezing

cycle, plants were also kept in the growth chamber with

control plants for 24 h. Leaves were cut, the central nerve

was removed, and they were immediately frozen in liquid

nitrogen and stored at -80�C. Frost-induced oxidative

stress was determined by measurement of lipid peroxi-

dation, level of ascorbic acid (AsA), and total antioxidant

activity (AAT).

The extent of lipid peroxidation was estimated by

measurement of the level of malondialdehyde (MDA), as

described by Hodges et al. (1999). Frozen leaves were

ground in a pre-cooled mortar and pestle with liquid N2 and

homogenized in 80% (v/v) ethanol. The extract was cen-

trifuged at 3,000g for 10 min and the supernatant was used

for the assay. This method corrects for interference caused

by anthocyanins. A 1 mL aliquot of a diluted sample was

added to a test tube with 1 mL of either: (i) TBA solution,

containing 20% (w/v) trichloroacetic acid and 0.01%

butylated hydroxytoluene, or (ii) ?TBA solution, con-

taining the above plus 0.65% of TBA. Samples were mixed

and heated at 95�C for 25 min and then cooled and cen-

trifuged at 3,000g for 10 min. Absorbance was read at 440,

532, and 600 nm using a spectrophotometer (Beckman

Coulter DU 800) and the concentration of MDA equiva-

lents (nmol mL-1) was calculated by the following

equations:

½MDA� ¼ 103 � ½ðA� BÞ=157�

A ¼ ðAbs532þTBA � Abs600þTBAÞ � ðAbs532�TBA

� Abs600�TBAÞ

B ¼ 0:0571 � ðAbs440þTBA � Abs600þTBAÞ:

Reduced AsA was quantified by the bipyridyl method

(Knörzer et al. 1996). For extraction, leaves stored at

-80�C were weighed and macerated with liquid N2 in

porcelain mortars using metaphosphoric acid at 5% (w/v).

The homogenate was centrifuged at 10,000g for 30 min

and the absorbance was measured at 525 nm. Total

ascorbate was determined after incubation with

dithiothreitol (DTT), and oxidized ascorbate (DHA) was

calculated as the difference between total and reduced

levels of ascorbate.

The AAT of the extracts was determined using 2,2-

diphenyl-1-picryl-hydrazyl radical (DPPH�) method as

described by Brand-Williams et al. (1995), with some

modifications (Leong and Shui 2002; Wong et al. 2006).

An aliquot fraction (40 lL) of a methanolic plant extract

was added to 3 mL of 0.1 mM DPPH in 30% methanol,

vortexed, and then left to stand at room temperature for

30 min. The antioxidant capacity based on DPPH� scav-

enging activity was expressed as lmol trolox equivalents

(TE) per mg plant dry weight (DW).

Root growth capacity and drought resistance

Root growth capacity (RGC) was assessed in December

2009 using six plants per treatment (2 plants per tray)

randomly selected. Seedlings were carefully removed from

tray cells, the white root tips were cut, and seedlings were

planted with undamaged plugs in 2.5 L pots with wet

perlite. Pots were randomly distributed on a heating table

(20�C) inside a greenhouse for 4 weeks. Seedlings were

watered every 2–3 days and given no fertilization. After

4 weeks, seedlings were cleaned and the total new roots

dry mass (TRW) was measured.

To evaluate the resistance to water stress, eight plants

per treatment (2–3 plants per tray) were randomly taken

and randomly distributed between two polystyrene boxes

(16 plants per box). The boxes (50 L volume) were filled

with a mixture of perlite and vermiculite (1:1) and the

plants were transplanted on 30 March 2010. Then, the

boxes were placed inside a greenhouse and not watered

during the test. At time of transplantation, the height and

number of leaves of each plant were determined. At the

beginning of this test plants had started the new spring

growth and morphological parameters were still signifi-

cantly different between N treatments. From the second

week (April 9), predawn water potential (pressure chamber

Model 1000, PMS Instruments, Corvallis, OR, USA) of
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these plants was measured every 2–4 days until 29 April

2010. One leaf per plant from the central part of the stem

was used for these measurements.

Data analysis

The effect of autumn fertilization on seedling morphology,

nutritional status, and RGC was assessed using a general

linear model (GLM):

yij ¼ lþ Ni þ eij ð1Þ

where yij is the value of the dependent variable in plant j, or

group of plant j in the case of nutritional status, fertilized at

dose i of N (i = 1, 2, 3, 4); l is the overall mean; N is the fixed

effect of N fertilization, and e is the error term, with the

hypothesis eij * N(0, re
2). When the dependent variable was

a percentage, the transformation arcsin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

varð%Þ=100
p

was

used. Significant differences between effects were assessed

by Tukey’s HSD test, with a = 0.05.

The influence of fertilization on VD was estimated by a

mixed model:

yijklm ¼ lþ aj þ tk þ hl þ Nm þ thkl þ tNkm þ thNklm

þ eijklm ð2Þ

where yijklm is arcsin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VDð%Þ=100
p

of leaf i of plant j,

tested at temperature k, measured after l hours (24, 48, 72,

and 96 h), at dose m of N (m = 1, 2, 3, 4); a is a random

plant effect with hypothesis a * N(0, rp
2); t is the tem-

perature fixed effect; h is the measurement time fixed

effect; N is the fixed effect of N fertilization; and e is the

error term under the hypothesis of Normal distribution. The

other terms describe interactions of the main effects. The

analysis considered that (1) observations belonging to the

same plant can be correlated and (2) that observations

taken in the same leaf at different measurement times (24,

48, 72, and 96 h) can also be correlated and have hetero-

geneous variance. To test (1) we tested the significance of

the plant random effect with a likelihood ratio test, as the

reduction of the statistic -2 9 log likelihood (-2LL),

after introducing the plant random effect follows a v2

distribution with 1 degree of freedom. For testing (2) we

tested different variance–covariance structures for the

submatrix corresponding to the observations taken at the

same leaf at the four different times. The structures tested

were (Wolfinger 1996) for a description of the variance–

covariance structures): diagonal with homogeneous vari-

ance, unstructured with 1, 2, 3, and 4 bands, toeplitz with 1,

2, 3, and 4 bands, heterogeneous toeplitz with 1, 2, 3, and 4

bands, autoregressive heterogeneous and first-order ante-

dependence. Comparison of different structures have been

done with Akaike’s information criteria (AIC, the smaller

the better). Variance components for each structure were

estimated by restricted maximum likelihood (REML).

The effect of autumn N fertilization on oxidative stress

(MDA, AAT, and AsA) was assessed using a GLM:

yijk ¼ lþ Ni þ Tj þ NTij þ eijk ð3Þ

where yijk is the value of the dependent variable in plant

k fertilized at dose i of N (i = 1, 2, 3) and subjected to the

frost cycle j (j = 1, 2); l is the overall mean; N is the fixed

effect of the N fertilization; T is the effect of being sub-

jected or not to a frost cycle, and e is the error term for the

hypothesis eijk * N(0, re
2). Significant differences between

effects were assessed by Tukey’s HSD test, with a = 0.05.

The influence of N fertilization on water stress resis-

tance was estimated by a mixed model:

yijk ¼ lþ ai þ Hi þ mi þ Fj þ Nk þ FNjk þ eijk ð4Þ

where yijk is the predawn water potential of plant i, eval-

uated at date j, fertilized with a dose k of N (n = 1, 2, 3, 4);

a is the random plant effect with hypothesis a* N(0, rp
2);

H is the effect of the covariable height; m is the effect of

the covariable number of leaves; N is the fixed effect of the

N fertilization; F is the fixed effect of the measurement

date; and e is the error term with the hypothesis of Normal

distribution. The double term (FN) describes the interaction

between the dose of N and the measurement date. We have

considered first the seedling as random effect, hence con-

sidering that observations taken in the same plant are

correlated with covariance equal to rp
2 and that covariance

of observations taken in different seedlings is null. We

have compared that model structure with more complex

ones that consider different structures of the variance–

covariance matrix of the observations taken in the same

seedling. We tested the same structures as in the visual

damage (VD) analysis.

Results

Morphological and nutritional status of seedlings

Autumn N fertilization had a significant effect (p \ 0.001)

on all measured morphological parameters except in shoot-

to-root dry weight ratio (SRDW) (p = 0.838) (Table 1).

Seedlings that were fertilized with high doses of N (N1 and

N2) had greater height (H), diameter (D), ShDW, and root

dry weight (RDW) than seedlings fertilized with low doses

(N0 and N1/20). There were also significant differences

between N0 and N1/20 for D (p = 0.049) and between N1

and N2 for ShDW (p = 0.027), with higher doses associ-

ated with greater D and ShDW.

Table 2 shows that autumn N fertilization significantly

increased leaf N and P concentrations (p \ 0.010) and leaf

N, P, and K contents (p \ 0.001), with higher doses having

a greater effect. There were no significant differences
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between N0 and N1/20 doses (p [ 0.900). Leaf nutrient

contents were higher in seedlings fertilized with N2 than in

those fertilized with N1 (p \ 0.010), although significant

differences between N1 and N2 doses were not found for

leaf N concentration (p = 0.217) and for leaf P concen-

tration (p = 1.000).

There were no significant effects of autumn N fertil-

ization on leaf soluble sugars (SS) (p = 0.831) and starch

(St) (p = 0.796) concentrations (4.45 and 27.87%,

respectively). However, seedlings fertilized with N2 had

higher leaf SS contents (72.03 vs. 36.92 mg) (p \ 0.001)

and St (512.60 vs. 212.74 mg) (p \ 0.050) than seedlings

fertilized with N0 and N1/20. Leaf SS and St contents of

seedlings fertilized with N1 were between these values,

with no significant differences (p [ 0.200).

Frost tolerance

The selected model indicated a significant plant random

effect (p = 0.007). The selected variance–covariance

matrix of observations from the same leaf measured

at different times was the first-order ante-dependence,

hence indicating correlation between measurements from

the same leaf and heterogeneous variance at different

measurement times. Our results indicated significant

differences in visual damage (VD) between all tested

temperatures (p \ 0.001) except -10 and -12�C. VD

significantly (p \ 0.001) increased with time since the

freezing test (24, 48, 72, and 96 h). Autumn N fertilization

also significantly affected VD (p \ 0.001). Seedlings given

lower doses of N (N0 and N1/20) had greater VD than those

given higher doses (N1 and N2) at -8 and -10�C (Fig. 2):

at -12�C significant differences were only found between

N1 dose and N0 and N1/20 dose whereas at -14�C signifi-

cant differences were found between N1 and N2 doses and

N0 dose. Seedlings given N1 dose showed lower VD than

those given N2 dose for all temperature tested, although

differences were not significant (p [ 0.245).

In general, different doses of N had little or no signifi-

cant effect on oxidative stress parameters or on controls

and seedlings subjected to low temperature. The lipid

peroxidation values ranged from 13.00 to 10.41 nmol

MDA g-1 (fresh weight), without significant differences.

The AsA levels ranged from 112 to 134 lmol reduced AsA

g-1 (fresh weight) and 119 to 140 lmol total AsA g-1

(fresh weight). The percentage of reduced AsA was about

95% in all treatments, with no significant differences (data

not shown). However, there were significant differences in

total AAT in control and treated plants (Fig. 3). In partic-

ular, seedlings subjected to the freezing cycle had higher

AAT levels than controls. In addition, seedlings fertilized

with N0 had significantly lower AAT than those fertilized

with N1/20 and N1.

RGC and drought resistance

Autumn N fertilization had a significant effect on RGC

(p = 0.004). In particular, seedlings fertilized with N1 and

N2 developed more new roots than seedlings fertilized with

N0 and N1/20 (12.19 mg TRW [N0], 24.31 mg TRW [N1/20],

86.75 mg TRW [N1], 78.30 mg TRW [N2]).

Table 1 Mean values of seedling morphological parameters (in

December 2009) fertilized with different doses of N (N0, N1/20, N1 and

N2)

N0 N1/20 N1 N2

H (cm) 11.23 a 12.47 a 13.95 b 15.37 b

D (mm) 2.71 a 2.91 b 3.53 c 3.97 c

ShDW (g) 1.09 a 1.20 b 1.61 b 2.27 c

RDW (g) 2.53 a 2.71 a 3.73 b 4.85 b

SRDW 0.45 a 0.45 a 0.44 a 0.47 a

For each parameter, different letters indicate significant differences

between N doses (p \ 0.05)

H height, D diameter, ShDW shoot dry weight, RDW root dry weight,

SRDW shoot-to-root dry weight ratio

Table 2 Mean values of leaf nutrient concentrations and total con-

tents of seedlings (in December 2009) fertilized with different doses

of N (N0, N1/20, N1 and N2)

N0 N1/20 N1 N2

[N] (%) 1.24 a 1.33 a 1.57 b 1.86 b

[P] (%) 0.15 a 0.15 a 0.17 b 0.17 b

[K] (%) 0.87 a 0.87 a 0.91 a 0.94 a

N cont (mg) 9.96 a 10.85 a 17.22 b 30.84 c

P cont (mg) 1.19 a 1.30 a 1.91 b 2.88 c

K cont (mg) 6.97 a 7.34 a 10.07 b 15.57 c

For each parameter, different letters indicate significant differences

between N doses (p \ 0.05)

Fig. 2 Least squares means estimates of visual damage (VD) for the

combination of N doses and temperatures. Different letters indicate

significant differences between N doses (p \ 0.05) for each tested

temperature
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Our analysis of water stress indicated no significant

differences in water potential in plants given different

doses of N (p = 0.082), with all N treatments leading to a

similar decline of water potential, despite having the same

soil moisture. The selected variance covariance matrix for

observations from the same plant was the first-order ante-

dependence. Covariates, height and number of leaves, were

not significant (p = 0.158 and p = 0.821, respectively). At

the beginning of this test seedlings given N1 and N2 were

significantly taller (p \ 0.050) than seedlings given N0 and

N1/20 doses. Mean water potential at the beginning of the

test was -0.36 MPa and at the end of the test was

-3.70 MPa with no significant differences for the inter-

action between the measurement time and the dose of N

(p = 0.457).

Discussion

Nitrogen fertilization usually increases morphological

parameters and nutritional status of Holm oak nursery

seedlings (Broncano et al. 1998; Oliet et al. 2009; Sanz-

Pérez et al. 2007; Villar-Salvador et al. 2004a). In agree-

ment to this, our results and those obtained by Andivia

et al. (2011), indicated that autumn N fertilization also

increases the H, D, ShDW and RDW of Holm oak seed-

lings. This increment took place during a three months

period, and could be enough for increasing plant quality

(Andivia et al. 2011). The differences in morphology

observed in the present study indicated that some mor-

phological parameters, such as diameter and shoot mass,

are very sensitive to small changes in N fertilization during

autumnal hardening (0.0 vs. 1.5 mg), at least for a nursery

located in a warm temperate zone. However, Oliet et al.

(2011) did not find differences in biomass increment due to

fall fertilization, although fall fertilization enhanced root P

concentration, root growth potential and field performance;

and some previous studies did not report an increase in

RDW by N fertilization (Oliet et al. 2009; Villar-Salvador

et al. 2004a). The differences between these studies and the

present study may be due to the mild autumn temperatures

of our nursery (in Huelva) and/or the addition of fertilizer

from early October until mid-December rather than early

autumn or a shorter period during autumn. In any case, the

increment in growth and nutritional status could enhance

plant quality and field response after transplanting by

improving root growth potential, frost tolerance, field

growth and a phenologically earlier development (Cuesta

et al. 2010; Oliet et al. 2011).

Our results indicate that N fertilization during hardening

phase increased the nutrient levels of seedlings. The N, P,

K content of the leaves of seedlings fertilized with highest

dose (N2) were higher than those fertilized with N1, prob-

ably due to the greater biomass in N2 seedlings, as indi-

cated by the greater leaf mass. Jacobs et al. (2009) also

reported higher N, P and K content in fertilized plants and

showed that doses of 200 mg N per plant led to no toxicity.

However, parameters such as root volume, which may

predict a good post-transplant response, decreased at N

doses higher than 100 mg. In our study, N2 (130 mg N)

dose increased shoot mass and the accumulation of nutri-

ents, did not diminish the response to water and cold stress,

but tended to reduce RGC and tolerance to frost relative to

N1, although this was not statistically significant. Thus, it

could be recommended doses of about 100 mg N fertil-

ization during Holm oak cultivation in nurseries. However,

we must take into account that applying 70 mg of N during

growing stage (before hardening occurs) plus 30 mg in

autumn could lead to smaller plants than applying 100 mg

during growing phase. In addition, the dose adjustment

may be needed depending on local weather conditions and

the ultimate destination of seedlings (Cuesta et al. 2010;

Trubat et al. 2011), an issue which should be addressed in

future studies. The autumnal N doses studied had no sig-

nificant effect on non-structural carbohydrates concentra-

tion. Our use of autumn N fertilization prevented the

growth-mediated dilution of leaf carbohydrates concentra-

tion, which would have been significant if we used only

spring fertilization (Fernández et al. 2008; Palacio et al.

2008; Sanz-Pérez et al. 2007). Furthermore, our N2 seed-

lings had higher leaf carbohydrates contents than the N0

and N1/20 seedlings, because, despite having N2 seedlings

higher values of biomass, there was no significant decrease

in leaf carbohydrates concentrations.

Previous studies have reported different effects of N

fertilization on cold hardiness (literature cited in Fernández

Fig. 3 Total antioxidant activity (AAT, lmoles trolox equivalents

[TE] per g leaf dry weight) of seedlings fertilized with different N

doses (N0, N1/20 and N1) and subjected to or not subjected to a frost

cycle (frost vs. control). Different letters indicate significant differ-

ences (p \ 0.05) between N doses (lowercase letters) and between

frost cycle (uppercase letters). 18 seedlings were sampled, 6 per dose

of N and 4 of them were subjected to the frost cycle, the other 2 were

used as controls
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2008; Vilagrosa et al. 2006). Our leaf detached test data

indicate that autumn N fertilization improved frost toler-

ance of Holm oak seedlings. Several studies reported a

positive association between soluble sugars concentration

and frost tolerance in Quercus species (Fernández et al.

2008; Mollá et al. 2006; Morin et al. 2007). However, our

data showed similar soluble sugars concentration and

content in plants given different doses of N. Although the

accumulation of soluble sugars may improve cold hardi-

ness and osmotic cryogenic properties, elevated levels of

other molecules and solutes, such as lipids, amino acids,

proteins (those with apoplastic antifreeze activity, cryo-

protective proteins, dehydrins, etc.), organic acids, gly-

cosides and organic salts can also improve cold tolerance

(Larcher 2000; Zwiazek et al. 2001). We also found that

N fertilization increased N and P leaf concentration and

leaf content in seedlings. P is an important constituent of

the phospholipids of cell membranes (Marschner 1995),

and frost-induced damage first occurs in cell membranes

(Heino and Palva 2003; Kaminska-Rozek and Pukacki

2005). The higher N and P leaf concentration might

explain the positive effect of N fertilization on cold har-

diness, in fact seedlings given N1 and N2 doses showed

similar cold tolerance, probably due to the similar values

of N and P leaf concentration as well as carbohydrates

concentrations.

We found no difference in the lipid peroxidation and

AsA content of plants subjected to frost treatment and

controls, presumably because the test we used (-12�C)

was not cold enough to cause serious damage to plants.

Lipid peroxidation reactions lead to loss of membrane

stability, and can be stopped if the plant has sufficient

levels of antioxidants (Blokhina et al. 2003; Briat 2002;

Shaw et al. 2004). AsA is well known to play an important

role in the prevention of oxidative stress (Foyer 1993;

Smirnoff 1998, 2000). The concentration of oxidized AsA

increases as oxidative stress increases; however, in healthy

plants, the reduced form constitutes approximately 90% of

the total AsA (Foyer 1993; Smirnoff 2000). In our study,

the reduced form of AsA was approximately 95% of the

total which, together with our lipid peroxidation data,

indicates that our plants were not significantly stressed by

our freezing test. However, seedlings subjected to a

freezing cycle had higher total AAT values than the con-

trols, indicating that our treatment led to some oxidative

stress that was presumably tolerated due to other detoxifi-

cation mechanisms, possibly hydrophilic (glutathione,

AsA) or lipophilic (tocopherols and carotenoids) antioxi-

dant molecules (Walker and McKersie 1993; Wise and

Naylor 1987). For example, in a study of Q. ilex ssp.

ballota, Garcı́a-Plazaola et al. (1999) reported an increase

of a-tocopherol, b-carotene, and AsA during the cold

months.

Our data indicate that seedlings deprived of N during the

autumn hardening phase (N0) had lower antioxidant

capacity than seedlings fertilized with N (N1/20 and N1).

This suggests that the addition of a very small amount of N

during the cold hardening phase (e.g. N1/20) might be suf-

ficient to prevent frost-induced oxidative stress. Besides, it

would have been very interesting to check the response of

N2 treatment, as there was a pattern of higher VD for N2

than for N1, VD was conducted on detached leaves rather

than whole plant and N1/20, that experienced the same VD

as N0, had a higher AAT than N0. Nevertheless, our results

are preliminary and further studies are needed to assess the

effect of lower temperatures and the role of other antioxi-

dants involved in alleviating oxidative stress. It should be

also necessary to conduct frost tests at higher photon flux

because the combination of low temperatures and high

photon flux would be expected to increase the production

of reactive oxidative species in chloroplasts (Foyer et al.

1994).

Autumn N fertilization increased RGC, in agreement

with other studies (Mollá et al. 2006; Oliet et al. 2011). In

particular, seedlings fertilized with high dose N (N1 and

N2) had more new roots than seedlings fertilized with low

dose N (N0 and N1/20). RGC has been used as a predictor of

transplantation performance of forest species, and is cor-

related with cold hardiness in many species (Simpson and

Ritchie 1996).

We found no significant differences in the water

potential of plants given different N doses. Harvey and van

den Driessche (1999) concluded that highly fertilized

plants are more vulnerable to water stress because they

have a greater increase in aerial parts and this leads to

increased transpiration. Although our fertilized plants were

larger, and may have experienced a greater loss of water

via transpiration (Hernández et al. 2009), we found no

significant differences in the shoot-to-root dry weight ratio,

leading to a similar balance between absorbed and tran-

spired water (Lloret et al. 1999).

In conclusion, autumn N fertilization of Holm oak

seedlings increased their growth, nutrient content and

concentration, cold hardiness, and RGC. However, seed-

lings fertilized with different N doses had similar responses

to water stress. Our results indicate that some morpholog-

ical parameters, such as diameter and shoot mass, are

sensitive to small increases of N and that seedlings

deprived of N during the autumn hardening phase had

lower antioxidant capacity, suggesting that the addition of

a small amount of N during the cold hardening phase might

be sufficient to prevent frost-induced oxidative stress in

mild winter locations. Our data also confirm that seedlings

fertilized with doses of 100 mg N (30 mg in autumn) and

seedlings fertilized with 130 mg N (60 mg N in the fall)

had similar values of plant quality parameters, although the
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effect of these doses of N in post-transplanting response

should be corroborated, especially in areas with unfavor-

able climatic conditions.
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