
ORIGINAL PAPER

Two provenances of Quercus ilex ssp. ballota (Desf) Samp. nursery
seedlings have different response to frost tolerance and autumn
fertilization

Enrique Andivia • Manuel Fernández •

Javier Vázquez-Piqué • Reyes Alejano
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Abstract Despite evidences that Holm oak has a high

plasticity and great adaptability, there is limited or con-

tradictory knowledge of the morphological and physio-

logical variability of this species. Holm oak has been

widely used for reforestation projects in Mediterranean

areas, but has frequently shown poor field performance. We

hypothesized that Holm oak has inter-population differ-

ences in physiological responses to abiotic stressors that

could affect reforestation success. The influence of nursery

culture on the characteristics of Holm oaks from different

provenances has not been explored in depth. Thus, we

studied the effect of nursery autumn fertilization on mor-

phological traits, frost tolerance, root growth potential, and

nutritional status of two Spanish provenances of Holm oak,

La Alcarria (a region with inland Mediterranean climate)

and Sierra Morena Occidental (a region with a warm

coastal Mediterranean climate). There were significant

differences between the provenances in frost tolerance,

biomass allocation, and leaf nutrient content, suggesting a

role of genetic factors. The leaves of seedlings from La

Alcarria had less visual damage at -12�C than seedlings

from the warmer provenance (45% vs. 92%). Seedlings

from La Alcarria, compared to those from Sierra Morena,

had higher leaf P concentration (0.17% vs. 0.15%), greater

stem diameter (3.1 mm vs. 2.7 mm), lower shoot-to-root

dry mass ratio (0.46 vs. 0.53), and lower slenderness (4.03

vs. 5.31). For both provenances, N autumn fertilization

improved growth, root growth potential, cold hardiness,

and nutritional status of seedlings. We suggest that forest

reforestation programs should consider to a greater extent

Holm oak provenances and their tolerances to different

abiotic stressors.
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Introduction

Quercus ilex L. (Holm oak) is a sclerophyllous evergreen

tree widely distributed in the western Mediterranean Basin

(Barbero et al. 1992) and is one of the most important

species in these communities (Palacios et al. 2009). The

use of this species for reforestation has increased signifi-

cantly in recent years (MAPA 2006; Rodà et al. 1999).

Nevertheless, Holm oak has poor field performance in

comparison to other Mediterranean species, particularly in

areas with unfavorable climatic conditions (Pausas et al.

2004). This and low plant quality are believed to be the

main factors that limit plantation success (del Campo et al.

2010). In Spain, legislation about the sale and use of

provenance regions (i.e. areas with similar ecological and

climatic characteristics) for reforestation was really estab-

lished in 2003, but these new laws are only recommenda-

tions, and are not legal obligations (Alı́a et al. 2005).

Therefore, the extent to which the use of inappropriate

provenances contributes to plantation failure is unknown.

Genetic adaptation and environmental acclimation are

key processes that allow a tree to survive and compete

successfully in different environments (Morin et al. 2007;

Palmroth et al. 1999). The wide distribution of Holm oak

and the heterogeneity of the environments that colonizes
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suggest that this species has high phenotypic plasticity in

terms of morpho-phenology (Gratani 1995), and that it has

a great adaptation capacity (Valladares et al. 2000). Pre-

vious studies of physiological plasticity in oaks (Gimeno

et al. 2009; Gratani et al. 2003; Laureano et al. 2008; Morin

et al. 2007; Pesoli et al. 2003; Sánchez-Vilas and Retuerto

2007) are in disagreement about the main factors that

contribute to stress tolerance. Tolerance may be due to the

ability to acclimate to diverse environmental conditions

(high plasticity within populations) and due to genetic

adaptations of individual provenances leading to the

emergence of locally adapted ecotypes. Michaud et al.

(1995) observed a homogeneous genetic structure of Holm

oak in the Mediterranean region with only slight geo-

graphic variations due to isolation, and that only a ten per

cent of the total genetic diversity was accounted for by

among-population variation. However, the physiological

responses of different populations to stress factors, such as

low temperature or drought, could be under strong genetic

control (Gratani et al. 2003; Pesoli et al. 2003), and this

fact has practical implications for the choice of seedlings

for reforestation. Scenarios for climate change in Medi-

terranean areas predict an increase in temperature, a

decrease in rainfall (Christensen et al. 2007), and increased

frequency of extreme events, such as late season frosts (Gu

et al. 2008). Analysis of the variability of ecologically

important traits among populations may provide valuable

information for the establishment of early selection criteria

in breeding programs. Thus, the knowledge of the

responses of different provenances to stressors, such as

frost, is required for successful early establishment of

seedlings (Terradas and Savé 1992). Such analysis is also

essential to improve our understanding of the processes

involved in the maintenance and divergence of species and

to predict how species and ecosystems will respond to

environmental change. There are contrasting reports on the

degree of its morphological and physiological variability

but very little research on the extent of the variability

among populations (Sánchez-Vilas and Retuerto 2007).

Nursery practices, as well as genetic and environmental

factors, affect the functional characteristics of seedlings

and their field performance (Birchler et al. 1998). The

adjustment of the availability of nutrients is a useful tool

for the modification of seedling characteristics (Puttonen

1997). However, the effects of mineral nutrition on plant

quality and field performance of Quercus species are still

uncertain (Andivia et al. 2011a, b; Broncano et al. 1998;

Oliet et al. 2009; Villar-Salvador et al. 2004a). Previous

studies of Quercus ilex L. seedlings grown in the same

nursery but subjected to different fertilization treatments

with N, P, and K during autumn (Andivia et al. 2011a, b)

found that N and K improved plant quality and frost har-

diness. However, the role of provenance on responses to

nutrient supply during the hardening phase and on sub-

sequent plant quality is unknown.

In this study, we examined seedlings from two Spanish

provenances of Quercus ilex ssp. ballota, one characterized

by a continental climate with cold winters (La Alcarria,

ALC) and the other by a warm climate with Atlantic

influence (Sierra Morena Occidental, HU). We applied

different doses of N and K to these provenances during the

autumn to: (1) identify morphological traits and nutritional

status at the end of the nursery phase of seedlings from

each provenance, and (2) study the response to frost of

seedlings from different provenances. As there are evi-

dences of differences in structural and functional variabil-

ity between Holm oak populations (Gratani et al. 2003;

Jorrı́n Novo et al. 2004; Sánchez-Vilas and Retuerto 2007),

we tested the hypothesis that seedlings from colder prov-

enances have a higher resistance to frost events than

seedlings from warmer provenances. Our results have

important implications for the selection of acorn prove-

nance for regeneration programs in different regions.

Materials and methods

Plant material and growth conditions

Acorns of Q. ilex ssp. ballota were collected during the

autumn of 2008 from two locations with different climatic

conditions. At each location, 300 acorns per tree were

taken from 25 trees that were more than 80 m apart. The

ALC location is in Cuenca (UTM, zone 30: X, 586871; Y

4420928; altitude 1,135 m), inside the provenance of La

Alcarria and Serranı́a de Cuenca; the other location is in

Sierra de Huelva (HU) (UTM, zone 29: X, 644288; Y,

4161376; altitude 160 m) inside the provenance of Sierra

Morena Occidental (Jiménez-Sancho et al. 1996). Table 1

shows climatic conditions of both regions for the period

2001–2010. Daily climatic data for this period were

obtained from two automatic weather stations belonging to

the Regional Governments: ‘‘Cañete’’ (UTM, zone 30: X,

615300; Y, 4432004; altitude 1,053 m) for ALC and ‘‘La

Puebla de Guzman’’ (UTM, zone 29: X, 654836; Y,

4157771; altitude 288 m) for HU.

At the beginning of 2009, 300 acorns per provenance

(12 randomly selected healthy acorns per tree) were pre-

germinated in a growth chamber at 20�C on wet perlite. All

acorns from each location were pooled together, so the

genetic variability was only considered at the provenance

level, without taken into account the mother effect. The

mean dry mass of acorns was significantly different

(P \ 0.05) between provenances: 2.61 ± 0.50 g in ALC

and 3.89 ± 0.60 g in HU (n = 50 acorns). In the third

week of February 2009, 120 acorns per provenance were
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randomly taken and sown in 300 cm3 Plasnor� containers

(45 containers per tray) that contained sphagnum peat

Kekkilä� B0, with pH corrected to 6.0 using Dolokal�.

Pre-germination was performed to reduce germination time

and to ensure that all cells in the tray will contain a plant.

The 240 acorns were sown in 8 trays (each tray containing

15 acorns per provenance and three rows of five border

acorns). Seedlings were grown in a nursery in Huelva

(UTM, zone 29: X, 684708; Y, 4119184; altitude 23 m)

under a shade-cloth that reduced radiation by *50%. All

containers were well watered and moved weekly to elim-

inate microsite effects. Mean air temperature inside the

nursery during the study was 18.2�C, mean of the maxi-

mum temperatures was 25.4�C and mean of the minimum

temperatures was 11.6�C, mean humidity was 69.7% and

maximum photosynthetic photon flux density (PPFD) was

900 lmol m-2 s-1.

During the first 28 weeks, a constant fertilization regi-

men was applied using a water-soluble fertilizer (Peters

professional� 20-20-20) at a rate of 125 mg l-1 N (dose

N1), 54 mg l-1 P (dose P1), and 104 mg l-1 K (dose (K1),

so that each seedling received a weekly dose of 20 ml of

fertilized solution corresponding to 2.500 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). This

corresponds to 70.0 mg N, 30.5 mg P, and 58.1 mg K over

the first 28-week culture period. The doses N1, P1, and K1

were close to those typically recommended in forest

nurseries for Holm oak during the growing phase (Navarro-

Cerrillo et al. 2009). Fertilizer was added to each seedling

once per week and plants were watered as needed with tap

water between two consecutive fertilizations.

For the next 12 weeks (first week of October to third

week of December, the hardening phase), the doses of N

and K were modified by a 2 9 2 factorial experiment,

using two nutrients (N, K) with two levels each (N1, N1/20

and K1, K1/50). P remained constant (P1). The doses of N1,

P1, and K1 were the same as in the previous 28 weeks, so it

implied to maintain a constant fertilization treatment

because autumn fertilization of Holm oak has reported

favorable results (Andivia et al. 2011a; Oliet et al. 2011).

The low nutrient doses N1/20 (0.125 mg N) and K1/50

(0.042 mg K) were chosen to apply reduced doses but

preventing total nutrient deprivation (Boivin et al. 2002;

Trubat et al. 2011). Therefore, four different fertilization

treatments were tested (N1P1K1, N1P1K1/50, N1/20P1K1 and

N1/20P1K1/50), and 60 seedlings (30 per provenance)

received each treatment. Each tray contained two prove-

nances and received a dose of N, so each treatment was

applied to 60 seedlings (30 per provenance) that were

distributed in two trays. Autumn fertilization was applied

using a nutrient solution composed at the laboratory, using

calcium nitrate and ammonium sulphate as nitrogen sour-

ces. In early November, plants showed no visual signs of

shoot growth.

Morphological traits and nutritional status

The assessment of morphological traits and nutritional

status was done in two dates: at the end of the first

28 weeks (at the beginning of October 2009) in eight

seedlings per provenance (1 per tray) randomly selected,

and at the end of the 12 weeks of autumn fertilization (at

the end of December 2009) in six plants per treatment and

provenance (three seedlings per provenance and tray)

randomly selected. Shoots were cut at the cotyledon

insertion point, leaves and stems were separated and roots

were cleaned. Shoot height (H) was measured and stem

diameter (D) was assessed at 0.5 cm above the cotyledon

insertion point. Next, all samples were washed with dis-

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

reduction was observed, and the dry mass of leaves

(LDW), stems (StDW) and roots (RDW) were measured.

Shoot dry mass (ShDW = LDW ? StDW) and the shoot-

to-root dry mass ratio (SRDW = ShDW/RDW) were

calculated.

Nutrients were only determined in leaves because

Andivia et al. (2011a) reported that the differences in

nutrient concentration and content due to different fertil-

ization treatments were larger in leaves than in the other

tissues. To obtain leaf samples sufficiently large for

nutrient analysis, three groups (two plants randomly

selected per group) were formed. For N analysis, an ele-

mental 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 5M HCl, and analyzed by ICP-OES Jobin–

Yvon Ultima 2 (Tokyo; Japan). Hydroalcoholic extraction

Table 1 Climatic conditions of the Alcarria (ALC) and Sierra

Morena (HU) locations during the period 2001–2010

Location ALC HU

P (mm) 569 564

Tm (�C) 10.6 16.5

Tmax (�C) 36.7 43.6

Tmmax (�C) 31.1 33.8

Tmin (�C) -18.6 -4.0

Tmmin -5.0 5.2

R (MJ m-2 day-1) 16.6 18.3

P mean annual precipitation, Tm mean annual temperature, Tmax
absolute maximum annual temperature, Tmmax mean of the maxi-

mum temperatures of the hottest month, Tmin absolute minimum

annual temperature, Tmmin mean of the minimum temperatures of the

coldest month, and R mean solar radiation
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and anthrone colorimetry (using the UV-1601 spectro-

photometer; Shimadzu�, Tokyo, Japan) were used to

determine soluble sugars (SS) (Spiro 1966). Acid hydrolysis

followed by anthrone colorimetry was used to determine

starch (St) (Rose et al. 1991). Nutrient and non-structural

carbohydrates (NSC) contents (in mg) were calculated as

the products of concentration (%) and dry mass (g). The

same leaves were used for the analysis of N, P, K, SS,

and St.

Frost tolerance and root growth potential

A detached leaf test was used for evaluating cold hardiness,

as previously described for Eucalyptus globulus L. (Fern-

ández et al. 2007) and Quercus ilex L. (Andivia et al.

2011a, b). These tests were performed in the third week of

December 2009 on two fully expanded leaves per tem-

perature and plant (one leaf from the medium-higher part

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

and four plants per treatment and provenance. At each

temperature 64 leaves from 32 plants were used, 16 plants

per provenance (4 plants per fertilization treatment). The

minimum tested temperatures were -8, -10, -12 and

-14�C and were analyzed separately. There was a total of

239 h of total chilling hours (B8�C) accumulated in the

nursery at the time the tests were in progress.

Selected leaves were inserted into test tubes (2.2 cm

diameter, 15 cm length) and placed in a programmable

freezer (West� 4400; ISE Inc., Cleveland, OH) with two

internal fans to remove air. The test began at 12�C, and the

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

which was maintained for 3 h. Then, the temperature was

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

14–16 h. After completion of this temperature cycle, the

leaves were removed from the freezer, distilled water

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

petiole was immersed, and the samples were maintained in

a growth chamber (25�C day/17�C night; 12 h photope-

riod; C70% relative humidity, 350 lmol m-2 s-1 PPFD).

Damage was visually assessed at 4, 24, 48, and 96 h

after the end of the freezing test, by measurement of leaf

percentage that suffered from visual damage (VD). VD was

estimated as the percentage of leaf surface which suffered

cell lysis, as determined by a particular dimming and/or

browning. To estimate VD, 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 final value of

VD was the average of the estimated percentage of damage

of each part.

Root growth potential (RGP) was assessed in December

2009 (6 plants per treatment and provenance). Seedlings

were carefully removed from containers, white root tips

emanating from the plug were cut, and seedlings were

planted with undamaged plugs in 2.5 l pots with wet per-

lite. The pots were randomly distributed on a heating table

(20�C) inside a greenhouse for 4 weeks. The seedlings

were irrigated every 2–3 days and given no fertilization.

After 4 weeks, all seedlings were lifted, carefully cleaned

from the medium, and all the new roots protruding from

the root plug were excised, separated in fine roots (roots

\2 mm diameter) and thick roots (roots[2 mm) and dried

at 65�C for at least 48 h. RGP was determined as the fine

root dry mass (FRW), and thick root dry mass (ThRW).

Data analysis

The effect of autumn fertilization and provenance on

morphological traits, nutritional status and RGP of seed-

lings was evaluated with a general linear model (GLM):

yijkl ¼ lþ Ni þ Kj þ PROk þ NKij þ NPROik

þ KPROjk þ NKPROijk þ eijkl ð1Þ

where yijkl is the value of the dependent variable in plant

l fertilized at a dose i of N (i = 1, 2), at dose j of K (k = 1,

2) and from provenance k (k = 1, 2); l is the overall mean;

N, K, and PRO are the fixed effects of nutrients and

provenance; the double and triple terms represent interac-

tions; and e is the error term with the hypothesis eijkl *
N(0, re

2). Significant differences between effects were

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

The influence of fertilization and provenance on VD was

estimated by a mixed model:

yijklmno ¼ lþ aj þ tk þ hl þ Nm þ Kn þ PROo

þ thkl þ NKmn þ NPROmo þ KPROno

þ tNkm þ tKkn þ tPROko þ tNKkmn

þ tNPROkmo þ tKPROkno þ thNklm

þ thKk ln þ thPROklo þ eijklmnoq ð2Þ

where yijklmno is arcsin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VDð%Þ=100
p

of leaf i of plant j,

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

or 96 h), at dose m of N, dose n of K and from provenance

o; l is the overall mean; a is a random plant effect with

hypothesis a * N(0, rp
2); t is the temperature fixed effect;

h is the measurement time (fixed effect); N, K, and PRO are

the fixed effects of nutrients and provenance; 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) observations

taken in the same leaf at different measurement time

(24, 48, 72 and 96 h) can also be correlated and have

heterogeneous variance. To test (1), we tested the signifi-

cance of the plant random effect with a likelihood ratio test,
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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 (see Wolfinger (1996) for a description of the vari-

ance–covariance structures): diagonal with homogeneous

variance, 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 has

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

smaller the better). Variance components for each structure

were estimated by restricted maximum likelihood (REML).

Least squares means estimates of the different levels of the

significant fixed effects and their standard errors were

calculated to account for significant differences.

Results

Morphological traits and nutritional status of seedlings

At the end of the first 28 weeks, the seedling characteristics

of both provenances as a whole were: height

(9.45 ± 0.44 cm), stem diameter (2.38 ± 0.07 mm), shoot

dry mass (1.19 ± 0.07 g), root dry mass (2.46 ± 0.28 g),

shoot-to-root dry mass ratio (0.58 ± 0.04), and 0.99% N,

0.09% P, 0.63% K in leaves. At this time, there were only

significant differences between the provenances for height

(P = 0.049), with HU seedlings taller than ALC seedlings

(11.41 cm vs. 8.87 cm).

After the autumn fertilization, Holm oak seedlings fer-

tilized with high N dose (N1) had greater H, D, ShDW, and

RWD, but not SRDW, than those given low N dose (N1/20)

(Table 2). Provenance also had a significant effect on leaf

dry mass (P = 0.031; 1.17 g [HU] vs. 1.02 g [ALC]), and

slenderness (H/D) (P \ 0.001; 5.12 – 0.31 [HU] vs.

4.03 – 0.19 [ALC]). K and the interactions of fixed effects

were not significant for any measured parameters.

Table 3 shows that autumn N fertilization significantly

increased leaf nitrogen concentration and content (1.53%N

[N1] vs. 1.31%N [N1/20] and 18.54 mgN [N1] vs. 12.83

mgN [N1/20]), and that provenance had a significant effect

on leaf N content (17.04 mgN [HU] vs. 14.29 mg N

[ALC]). Provenance also had an effect, albeit not signifi-

cant, in leaf K concentration (P = 0.073), with HU seed-

lings showing higher leaf K concentration. However,

autumn fertilization with K had no significant effect on leaf

nutrient concentration or content. The interaction N9K had

a significant effect on leaf K concentration (Fig. 1a), in that

Table 2 Morphological parameters of Q. ilex seedlings (measured in December 2009) cultivated with different doses of N (N1 y N1/20) and from

different provenances (ALC or HU)

N PRO

N1 N1/20 P ALC HU P

H (cm) 14.43 11.61 <0.001 12.53 13.41 0.153

D (mm) 3.15 2.68 <0.001 3.14 2.69 <0.001

ShDW (g) 1.71 1.33 0.007 1.45 1.58 0.395

RDW (g) 3.43 2.79 0.002 3.20 3.01 0.284

SRDW 0.51 0.48 0.253 0.46 0.53 0.005

The significance of differences (P values) is indicated. H height, D diameter, ShDW shoot dry mass, RDW root dry mass, SRDW shoot-to-root dry

mass ratio

Bold values show significant differences (P \ 0.05)

Table 3 P values derived from the general linear model that evaluated the effect of autumn fertilization (N, K), provenance (PRO), and their

interactions on leaf concentrations and content of N, P, and K of Q. Ilex seedlings (December 2009)

N K PRO N�K N�PRO K�PRO N�K�PRO

[N] 0.003 0.322 0.229 0.970 0.995 0.238 0.758

[P] 0.006 0.060 0.007 0.812 0.012 0.119 0.749

[K] 0.037 0.070 0.073 0.039 0.715 0.300 0.446

Ncont <0.001 0.395 0.005 0.550 0.449 0.102 0.500

Pcont <0.001 0.125 0.266 0.966 0.005 0.140 0.257

Kcont 0.003 0.176 0.023 0.191 0.913 0.037 0.324

Bold values show significant differences (P \ 0.05)
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leaf K concentration increased significantly in seedlings

fertilized with higher doses of both nutrients (N1 and K1).

The interaction N9PRO was also significant for leaf P

concentration and content (Fig. 1b, c), in that seedlings

from ALC and fertilized with N1 had the highest values of

leaf P concentration and content. The interaction K9PRO

also had a significant effect on leaf K content (Fig. 1d):

seedlings from HU and fertilized with K1 had the highest

values of leaf K content.

Fertilization treatment had no significant effect on leaf

SS and St concentration (4.97 and 25.05%, respectively) or

content (56.40 and 276.45 mg, respectively). However,

provenance had a significant effect on leaf SS content

(P = 0.043), and was higher in HU seedlings than ALC

seedlings (69.21 mg vs. 43.60 mg, respectively). Prove-

nance also had a small non-significant effect (P = 0.122)

in leaf SS concentration, with HU seedlings showing

higher leaf SS concentration.

Frost tolerance and root growth potential

The selected model for the analysis of the influence of

autumn fertilization and provenance on leaf visual damage

(VD) after freezing tests indicates a significant plant ran-

dom effect (P = 0.013). 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 mea-

surement times. Table 4 shows the significance of the fixed

effects in the selected model. Our results indicate signifi-

cantly more VD at lower temperatures except at tempera-

tures of -10 and -12�C. Furthermore, VD was

significantly greater as the time after the freezing test

increased (38% at 24 h, 55% at 48 h, 68% at 72 h and 76%

at 96 h). Autumn N fertilization and provenance had sig-

nificant effect on VD, but autumn K fertilization had not.

Seedlings given low dose N (N1/20) had greater VD than

seedlings given high dose of N (N1) for all temperatures

except -14�C (Fig. 2, above). HU seedlings had signifi-

cantly greater VD than ALC seedlings at -10 and -12�C

(Fig. 2, below).

Autumn N fertilization also had a significant effect on

RGP. Seedlings fertilized with N1 had more new roots at

the end of the test than seedlings fertilized with N1/20

(59.8 mg ThRW [N1] vs. 20.8 mg ThRW [N1/20]); 7.6 mg

FRW [N1] vs. 4.2 mg FRW [N1/20]. There were no sig-

nificant effects of autumn K fertilization or provenance,

and no significant interactions between fixed effects for any

of the measured variables.

Fig. 1 Significant interactions derived from the general linear model

that evaluated the effect of nutrient autumn dose (N1, N1/20, K1 and K1/

20) and provenance (ALC and HU) on leaf concentrations and content

of nutrients. a shows the effect of N 9 K interaction on K leaf

concentration, b shows the effect of N 9 PRO interaction on P leaf

concentration, c the effect of N 9 PRO interaction on P leaf content,

and d shows the effect of K 9 PRO interaction on K leaf content.

Asterisks indicate significant differences (P \ 0.05)
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Discussion

Our results indicated that autumn N fertilization is an

effective tool for modifying the morphological parameters

(H, D, ShDW and RDW) of Holm oak seedlings. In par-

ticular, at the end of the growth phase in the nursery, the

values of these parameters were about 20% higher in

seedlings fertilized with N1 than N1/20. Our observation of

higher values of H, D, and ShDW is in agreement with

previous studies (Broncano et al. 1998; Villar-Salvador

et al. 2004a), and our observation of greater root growth

following N fertilization confirms the positive effect of

autumn N fertilization on the development of the root

system in Holm oak grown in warm autumn nurseries

(Andivia et al. 2011a, b). Our results also indicated that N

fertilization was the main factor affecting leaf nitrogen

concentration and content: more autumn supplement of N

increased significantly concentration and content of N. In

addition, the application of higher N and K doses was

necessary to increase leaf K concentration suggesting that

it is necessary to apply higher doses of both nutrients to

avoid nutrient dilution during the hardening phase. Our

carbohydrate analysis indicated that, although N1 increased

plant growth, leaf NSC concentrations and content were

unaffected by N dose. Autumn fertilization avoided the

dilution effect in leaf concentration of NSC, despite the

highest growth of seedlings given N1 dose and therefore the

higher carbon consumption and demand of carbohydrates

of these plants (Fernández et al. 2008; Sanz-Pérez et al.

2007). These data confirm that Holm oak seedlings can

take up mineral nutrients from their growing medium and

accumulate them during the autumn, as reported by

Andivia et al. (2011a). Nevertheless, the lack of nutrient

and NSC dilution could be influenced by the reduced

growing conditions of the hardening phase compared, for

instance, with the growing phase.

In spite of the differences in the acorns mass from HU

and ALC, total dry mass of the seedlings was not signifi-

cantly different for both provenances 7–10 months after

germination in the nursery. However, we observed a sig-

nificant effect of provenance on D, LDW, SRDW and H/

D. In particular, HU seedlings had greater increases in

height and foliar tissue than ALC seedlings, and ALC

seedlings tended to a greater allocation of biomass to the

roots than HU seedlings. As acorns from each provenance

were pooled together, we cannot analyze the possibility of

maternal effects mediated by seed size, as acorn and

seedling size are usually correlated (Gimeno et al. 2009;

Leiva and Fernández-Alés 1998). We found the biggest

acorns in the provenance with the warmer climatic condi-

tions as a likely consequence of a greater window of time

for growth and reproduction, and this would confer sur-

vival and competitive advantages to the emerging seedlings

(Gimeno et al. 2009). Nevertheless, our results suggest that

morphologic differences in early seedling performance

between the two provenances are also induced by genetic

effects other than seed size. In addition, the effect of acorn

Table 4 F and P values derived from the selected mixed model used

for studying the influence of fertilization and provenance on leaf

visual damage after freezing tests

Effect F value Pr [ F

PRO 68.19 \0.0001

N 44.86 \0.0001

K 0.35 0.5548

Time 195.85 \0.0001

Temp 172.09 \0.0001

PRO 9 N 0.14 0.7036

PRO 9 K 1.51 0.2190

PRO 9 Time 2.76 0.0413

PRO 9 Temp 11.57 \0.0001

N 9 K 0.05 0.8263

N 9 Time 5.69 0.0007

N 9 Temp 3.74 0.0109

K 9 Time 1.99 0.1143

K 9 Temp 0.40 0.7497

PRO, N, K, Time and Temp are the fixed effects of provenance, dose

of N, dose of K, measurement time and temperature

Fig. 2 Least squares means estimates of seedlings fertilized with two

doses of N (N1 and N1/20) (above) and of seedlings from different

provenances (ALC and HU) (below) at different temperatures. Different
letters indicate significant differences between N doses (P \ 0.05) and

between provenances (P \ 0.05) for each temperature tested
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biomass on seedling size is not the main effect after the first

flush of growth (Garcı́a-Cebrián et al. 2003; Villar-Salva-

dor et al. 2010), as mother effects other than seed size

and environmental conditions can affect seedling growth

(Andersson and Frost 1996; Leiva and Fernández-Alés

1998; Miao 1995; Puértolas et al. 2009). Interactions

between fertilization and provenance indicated that in ALC

seedlings, leaf P concentration and content increased con-

siderably in seedlings fertilized with dose N1. P dynamics

is affected by fall fertilization, occurring during the hard-

ening phase a partial translocation of P to the shoots (Oliet

et al. 2011). Our data suggest that higher N dose increases

P fall uptake and/or P translocation to shoots probably due

to the higher remobilization and absorption of nutrients

expected in large seedlings (Cuesta et al. 2010). However,

the higher leaf P concentrations and contents in seedlings

given higher N dose have been reported only for ALC

seedlings. P is an important constituent of phospholipids

(Marschner 1995), and frost-induced damage first occurs in

phospholipid membranes (Heino and Palva 2003). Cold

hardening is associated with increased membrane fluidity

(Levitt 1980), and this is determined by different concen-

trations of saturated and unsaturated phospholipids, pro-

teins, and sterols (Livonen et al. 2004). Thus, the higher

accumulation of P in ALC seedlings could allow them to

better withstand winter frosts, which are more frequent and

severe in this region.

On the other hand, HU seedlings showed a higher leaf

N, K and SS contents than ALC seedlings, due to a com-

bination of increased leaf biomass with a higher, albeit not

significant, leaf N, SS and K concentration (especially for

leaf K concentration) in HU seedlings, indicating differ-

ences in the accumulation of N, K and SS of plants from

these two provenances. This and the differences in mor-

phological parameters could be related to climatic differ-

ences between the two regions (Gratani et al. 2003). The

absence of frosts and the longer and wetter growing season

in HU could have led to their greater N accumulation and

shoot growth, which would provide them with a competi-

tive advantage. HU has a longer and drier summer drought

period than ALC and K plays an important role in con-

trolling stomatal aperture and cell osmotic adjustment

(Hsiao and Läuchli 1986). Thus, higher leaf K concentra-

tion of HU seedlings could be an adaptation to summer

drought that is common in the HU region. However, it is

necessary to conduct further studies that consider a greater

number of provenances from diverse climatic conditions to

clarify the effect of provenance on seedling morphology

and nutrient and carbohydrates accumulation.

Previous studies of other species (Fernández et al. 2007,

2008; Puértolas et al. 2005) and Holm oak (Andivia et al.

2011a, b) have shown that leaf VD is an effective indicator

for assessing frost-induced plant damage. Our data suggest

that autumn N fertilization in a warm autumn nursery

significantly improved the cold tolerance of Holm oak

seedlings. Previous studies have shown a positive effect of

increased SS concentration on cold tolerance for several

Quercus species (Fernández et al. 2008; Mollá et al. 2006;

Morin et al. 2007). Although our data show similar con-

centrations and content of SS in seedlings given different N

doses, autumn fertilization with N nonetheless improved

cold tolerance. Accumulation of SS is only one mechanism

that prevents frost damage, and other molecules and solutes

also have important roles in improving cold tolerance

(Larcher 2000; Zwiazek et al. 2001). In fact, Villar-Sal-

vador et al. (2004a, b) suggest that individual sugars or

other compounds such as organic acids in Holm oaks, as

well as cell membrane stability, may be more important in

osmotic adjustment than the total concentration of soluble

sugars. K content is inversely related to frost damage and P

is needed for membrane synthesis (Marschner 1995) that

are the first structures damaged by low temperature stress

(Elstner 1982). In our study, K and P leaf concentrations

were higher in seedlings fertilized with N1, and these

seedlings also had greater cold tolerance.

Provenance was a significant factor in cold tolerance at

the intermediate temperatures tested (-10 and -12�C),

where seedlings showed the limit of tolerance in this study.

Just at the end of autumn (3rd week of December), before

the colder winter period, ALC seedlings (from the cooler

region) had VD values of *40%, whereas HU seedlings

(from the warmer region) had VD values of *80–90%.

Thus, our data suggest that these two provenances are

adapted to local climatic conditions. Frost protection is

partially achieved by changes in the expression of genes

sensitive to low temperatures (Novillo et al. 2004; Suping

et al. 2005). Physiological adaptations among provenances

have also been studied for other species, such as Pinus

taeda (Bongarten and Teskey 1986), Picea abies (Oleksyn

et al. 1998), Pinus sylvestris (Palmroth et al. 1999), Fagus

sylvatica (Peuke et al. 2002), but data for Mediterranean

sclerophyllous hardwood species are sparse and contra-

dictory. Some studies of Quercus ilex (Gratani et al. 2003;

Sánchez-Vilas and Retuerto 2007) and Quercus suber

(Ramı́rez-Valiente et al. 2009) have reported an adaptation

of seedlings from xeric provenances to drought, whereas

other studies of seedlings from cold provenances reported

better response to frosts in different Quercus species

(Aranda et al. 2005; Morin et al. 2007).

By contrast, Gimeno et al. (2009) concluded that phys-

iological responses to drought and frost are more depen-

dent on acclimation than adaptation to local conditions.

The differences between our study and that of Gimeno

et al. (2009), who reported no differences in cold tolerance

among provenances, might be due to different durations

and conditions of the hardening phase (all in the autumn
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and nursery conditions in our study, 10 days in a growth

chamber subjected to cold temperatures and a

PPFD \ 300 lmol m-2 s-1 in the Gimeno et al. study).

The short period of time and the low PPFD could have

limited plants from Gimeno et al. study for developing

their full frost tolerance potential. Cold acclimation by

exposure to suboptimal temperatures is known to improve

cold tolerance (Thomashow 1999; Puértolas et al. 2005).

The temperatures during the hardening phase in our nurs-

ery were exceptionally warm for this assay (only 239

accumulated chilling hours [B8�C]). Hence, the acclima-

tion of our plants was less than in other studies which used

cooler weather conditions (Mollá et al. 2006; Andivia et al.

2011a). However, genetic heterogeneity among Holm oak

provenances could explain variations in functional and

structural characteristics of populations (Jorrı́n Novo et al.

2004; Sánchez-Vilas and Retuerto 2007).

RGP is considered a measure of seedling vigor, and a

proxy for photosynthetic efficiency or the amount of stored

carbohydrates (Ritchie 1985). Our results indicated that

autumn N fertilization (N1) increased RGP and shoot

growth. Previous studies have used RGP as a predictor of

transplantation performance of forest species, and RGP is

frequently correlated with cold hardiness (Simpson and

Ritchie 1996). In our study, N fertilization (N1) increased

RGP and cold hardiness, in agreement with Mollá et al.

(2006). A well-developed root system is essential for suc-

cessful reforestation. In Mediterranean summers, for

instance, roots need to access water that is deeper in the

soil (Palacios et al. 2009; Querejeta et al. 2001), and pre-

vious studies (Andivia et al. 2011a; Palacios et al. 2009)

showed that in warm winter areas, early winter root growth

could improve water status in the dry season. Differences

in RGP of different populations may be due to adaptations

to xeric conditions. In our study, there were no differences

in RGP between the warm winter provenance (HU) and the

cold winter provenance (ALC). Testing of additional

provenances, including acorns from xeric areas, could

clarify how different provenances respond to different

types of environmental stress.

Conclusions

Autumn fertilization of Holm oak seedlings with 30 mg of

N per plant during the hardening phase in the nursery (plus

70 mg N during the growing phase) improved seedling

quality, modified seedling morphology, allowed seedlings

to accumulate mineral nutrition, improved seedling

response to frost, and improved root growth potential

compared to autumn fertilization with 1.5 mg N.

Our results also indicate different uptake and/or accu-

mulation of nutrients, especially for N, K, and SS of

different provenances. Genetic factors control physiologi-

cal responses, such as cold tolerance, and these would be

expected to differ for plants from different climatic

regions. Clearly, further studies of more provenances with

more culture conditions and a more frequent measurement

of seedlings characteristics (such as freezing tolerance,

nutrients content, and NSC) on several dates are needed to

establish the effect of intra- and inter-population variability

and plasticity in cold tolerance and other physiological

responses.

Our results suggest that Holm oak provenance should be

considered in forest restoration programs. Even though

acclimation is a key factor in forest plant cultivation,

provenance should be included in the design of forest

restoration programs, particularly considering the fore-

casted climatic changes for Mediterranean areas. This

especially applies to Quercus ilex L., in which field

establishment is difficult compared with other Mediterra-

nean species.
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Española de Ciencias Forestales, Junta de Castilla y León (eds)

Proceedings V Congreso Forestal Español, Ávila, Spain, Ref.:
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(2004a) Nursery cultivation regimes, plant functional attributes,

and field performance relationships in the Mediterranean oak

Quercus ilex L. For Ecol Manage 196:257–266

Villar-Salvador P, Planelles R, Oliet J, Peñuelas-Rubira JL, Jacobss
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