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Abstract Holm oak (Quercus ilex L.) seedlings were

exponentially (E) nutrient loaded using incremental

increases in fertilizer addition or conventionally (C) fer-

tilized using a constant fertilizer rate during nursery

culture. The fertility treatments (mg N plant-1) were con-

trol (0), 25E, 100E, and 100C. Subsequently, 1-year-old

plants were transplanted under simulated soil fertility gra-

dients in a greenhouse to evaluate effects of nutrient

loading and post-transplant fertility on seedling perfor-

mance. Post-transplant fertility consisted of fertilizing

plants at two rates (0 vs. 200 mg N plant-1). A water-

soluble fertilizer 20-20-20 was supplied in both nursery and

post-transplant experiments. Nutrient loading increased

plant N content by 73% in 100E and by 75% in 100C

relative to controls, although no significant differences

were detected between constant and exponential fertiliza-

tion regimes at the 100 mg N plant-1 rate. When

transplanted, nutrient loading promoted post-transplant

root growth relative to shoot, implicating potential to

confer competitive advantage to loaded holm oak seedlings

after trans-planting. In contrast, post-transplant fertility

increased new shoot dry mass by 140% as well as N, P and

K content relative to controls. Results suggest that holm

oak seedlings can be successfully nutrient loaded in the

nursery at higher fertility rates, improving its potential to

extend new roots, but alternative fertilization regimes and

schedules that better fit nutrient availability to the growth

rhythm and conservative strategy of this species must be

tested.

Keywords Exponential fertilization � Forest restoration �
Nitrogen � Mineral nutrition � Remobilization

Introduction

Holm oak (Quercus ilex L.) is an important evergreen tree

species widely used for forest restoration in Mediterranean

ecosystems (Rodà et al. 1999; Rey Benayas and Camacho-

Cruz 2004). Holm oak survives and grows from warm and

arid areas to dry and cold highlands and mountains in Spain

and the western Mediterranean basin (Ruiz de la Torre

2006). This is mainly due to its ability to cope with summer

drought by different water stress avoidance and tolerance

mechanisms (Hinckley et al. 1983; Romane and Terradas

1992; Terradas and Savè 1992). However, seedlings are

vulnerable to transplanting stress and to summer drought,

exhibiting high mortality and slow growth compared with

other Mediterranean species (Rodà et al. 1999). Water

deficits (Gakis et al. 2004; Villar-Salvador et al. 2004a, b),

low site fertility (Pardos et al. 2005; Valdecantos et al.

2006; Sanz-Perez et al. 2007), and poor seedling quality

(Villar-Salvador et al. 2004a) are key factors that could

explain poor survival and growth of holm oak seedlings in

restoration plantings in Mediterranean ecosystems.

Field fertilization has the potential to ameliorate nutrient

limitations on low-fertility soils and enhance seedling

growth (Vilà and Terradas 1995; Jacobs et al. 2005;
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Sardans et al. 2006a, b). However, field fertilization may

inadvertently stimulate growth of competing vegetation

rather than target trees (Staples et al. 1999; Jobidon et al.

2003), and has been shown to be detrimental in dry areas of

some Mediterranean ecosystems (Oliet et al. 2003).

Therefore, storing nutrients in seedlings through nursery

nutrient loading (Timmer and Aidelbaum 1996; Salifu and

Timmer 2003a) may provide a better rationale to build

plant nutrient reserves, which are subsequently retranslo-

cated to promote seedling field survival and growth.

Nursery nutrient loading has been successfully applied to

several conifer species (Burgess 1991; McAlister and

Timmer 1998; Qu et al. 2003; Rytter et al. 2003), sub-

tropical and tropical species (Xu and Timmer 1998; Imo

and Timmer 1992; Close et al. 2005), and temperate

deciduous species (Birge et al. 2006; Salifu and Jacobs

2006). Nutrient loaded seedlings may exhibit superior

survival, growth and competitiveness over non-loaded

cohorts when transplanted in a variety of habitats (Timmer

and Munson 1991; Malik and Timmer 1996; Thompson

and Pitt 2003; Salifu et al. 2009). Retranslocation of

internal nutrient reserves to support new growth is a key

mechanism to explain improved performance of nutrient

loaded plants (Malik and Timmer 1996; Salifu and Timmer

2003b).

Despite evidence of nutrient limitations in Mediterra-

nean ecosystems, relatively little information is currently

available on the nutritional status of nursery-grown seed-

lings used in restoration plantings (Oliet et al. 2006;

Valdecantos et al. 2006). Although it is suggested that high

nitrogen (Villar-Salvador et al. 2004a; Sanz-Perez et al.

2007) and phosphorus (Sardans et al. 2006b) fertilization of

holm oak seedlings in the nursery can improve early field

survival and growth on abandoned croplands, seedlings of

evergreen oak species are often poorly or not fertilized at

all because it is assumed that acorn nutrient reserves will

meet annual nutrient demand (Peñuelas and Ocaña 1996).

Additionally, potential implications of using exponential

nursery fertilizer additions (Timmer and Aidelbaum 1996)

to nutrient load holm oak seedlings to enhance field per-

formance in Mediterranean ecosystems have received little

attention. Generally, holm oak is a conservative species

and exhibits low phenotypic plasticity to resource avail-

ability (Mayor and Roda 1994; Valladares et al. 2000;

Sardans et al. 2006a) compared to other Mediterranean

species. However, increased nutrient storage without

stimulating dry mass production in response to nutrient

availability (El Omari et al. 2003; Sanz-Perez et al. 2007),

suggests the potential to successfully nutrient load holm

oak seedlings. Characterizing how holm oak seedlings

respond to nutrient loading and subsequent effects on post-

transplant performance will improve our understanding of

how to manipulate nutrition at the nursery stage to enhance

success of holm oak under field conditions. Additionally,

studies are needed to evaluate whether nutrient enrichment

at transplanting can further benefit post-transplant perfor-

mance of holm oak seedlings. Therefore, the objectives of

the current study were (1) to determine if holm oak seed-

lings could be nutrient loaded at the nursery stage to build

reserves to benefit future growth using constant and (or)

exponential addition schedules, (2) to evaluate effects of

nursery nutrient loading on seedling post-transplanting

performance, and (3) to examine post-transplant response

of nutrient-loaded stock to fertilized or unfertilized (UF)

soils under controlled greenhouse conditions. Although the

post-transplant response is studied under controlled

greenhouse environments, we propose that results may

have portability to field conditions. For example, based on

a similar approach, black spruce (Picea mariana Mill BSP)

seedling responses on bioassays under controlled green-

house conditions corresponded well with field performance

(Munson and Timmer 1989; Malik and Timmer 1996).

Materials and methods

Nursery phase

Holm oak acorns from ES-45-1 ‘‘Región Extremadurense’’

provenances were sown at the University of Córdoba

(37�510N, 4�500W, 123 m above sea level) greenhouse on 3

January 2004 in 300 ml Forest Pot containers (50 con-

tainers per tray; Nuevos Sistemas de Cultivo, S.L., Girona,

Spain) filled with peat moss. Fertilization started on 14

May, and was applied weekly for 21 weeks, terminating on

1 October. Four fertilization treatments were tested: (1)

control (no fertilization, 0), (2) 25 mg N plant-1 applied

exponentially (25E), (3) 100 mg N plant-1 applied expo-

nentially (100E), and (4) 100 mg N plant-1 applied

conventionally (100C).

Exponential fertilization delivered nutrients at expo-

nential addition rates (Ingestad and Lund 1986; Timmer

and Aidelbaum 1996) according to Eq. 1:

NT ¼ Ns ert � 1ð Þ ð1Þ

where r is the relative addition rate required to increase NS

(initial N content in seed) to a final N content (NT ? NS),

and NT was the desired amount of fertilizer to be added

over the number of fertilizer applications (t = 21).

Average NS was determined to be 10 mg N seed-1. The

quantity of fertilizer to apply on a specific week (Nt) was

calculated using Eq. 2:

Nt ¼ Ns ert � 1ð Þ � Nt�1 ð2Þ

where Nt-1 is the cumulative amount of N added up to and

including the previous application.

254 Eur J Forest Res (2009) 128:253–263

123



Each fertilization treatment was applied to three trays,

resulting in a total of 12 trays. Trays were completely

randomized and their position rotated every 15 days to

minimize edge effect. Fertilization treatments were applied

via the water-soluble fertilizer 20N–20P2O5–20K2O

(Scotts Co., Marysville, OH, USA). The desired amount of

fertilizer was added to a watering can and applied to

individual trays once per week. Supplemental irrigation

was applied to field capacity based on gravimetric methods

(Timmer and Armstrong 1989). Plants were cultured in the

greenhouse from sowing to 30 July, after which time the

trays were moved to an exterior environment under 80%

shade cloth until the end of nursery culture. On 13 October,

eight plants were harvested per tray. Plants were separated

into roots and shoots (leaves plus stem), dried (48 h at

65�C), and then weighed for dry mass determination.

Plants were composited by treatment replication for nutri-

tional analysis (three trays per treatment). Nutrient analysis

was conducted in the Laboratorio Agroalimentario de

Córdoba (Junta de Andalucı́a, Spain) according to Official

Methods of Spanish Department of Agriculture (Ministerio

de Agricultura 1994): Kjeldahl procedure for N, colori-

metry for P (blue-molibdate method), and K was determined

with flame photometry.

Transplanting phase

The transplanting experiment was conducted under con-

trolled greenhouse environments to eliminate potential

confounding of other factors on treatment responses. On 25

November 2004, 57 plants per nursery treatment (19 plants

per tray) were transplanted into 5.3 l pots filled with a

mixture of peat moss, bark pine and vermiculite (60:20:20)

plus Ca (6 g l-1 of Dolokal, R.H.P., The Netherlands) to

raise pH. Pine bark and vermiculite were included in the

mixture to improve the stability of the growing media

considering the duration of the transplanting study and the

dimensions of the pot. At planting, 27 plants per nursery

treatment were randomly chosen to be fertilized with

200 mg N plant-1 (fertilized, F) at two split applications

(22 December 2004 and 4 May 2005) of 100 mg N plant-1

at each application. A total of 30 plants per nursery treat-

ment were not fertilized (UF) during the entire

transplanting experiment. The experimental design in this

phase was a 4 9 2 factorial, testing four nursery fertiliza-

tion (0, 25E, 100C, and 100E) and two post-transplant

fertility levels (F and UF). Thus, eight treatments were

evaluated during the transplanting phase. The plants were

arranged in a randomized complete block design in three

replicate blocks (with 9 or 10 seedlings per nursery ferti-

lization treatment replicate for fertilized and UF seedlings,

respectively). Temperature during planting experiment was

registered with a HOBO H8 Pro Series (Onset Computer

Co., Cape Cod, MA, USA). Mean temperature was 21.1�C

(mean maximum 31.5�C, mean minimum 13.6�C). The

same 20-20-20 fertilizer was dissolved in solution and

supplied to the plants at each fertigation. Supplemental

irrigation was applied to container capacity based on

gravimetric methods (Timmer and Armstrong 1989).

Plants were sampled at two time periods after trans-

planting (H1 and H2). The first sampling after transplanting

was conducted on 13 April 2005 (5 months after planting,

H1), and the second at the end of the study on 30 June 2005

(7 months after planting, H2). Between five and six plants

were harvested per treatment replicate during the first

sampling and between three and four plants during the

second. Plants were partitioned into new shoots, old shoots

and roots, dried (48 h 65�C), and weighed for dry mass

determination. Plants were composited by treatment repli-

cation for nutritional analysis. Nutritional analysis was

conducted as described in the nursery phase experiment.

Statistical data analysis

Morphological and nutritional data were evaluated by

separate analysis of variance (ANOVA) for the nursery and

transplanting trials using SAS Software (SAS Institute Inc.,

Cary, NC, USA). Treatment means computed from indi-

vidual seedlings for each tray (nursery experiment) and for

each block (transplanting trial) were used for morpholo-

gical data analysis. For mineral nutrition, data were

analyzed from a composite sample for each treatment from

a tray (nursery experiment) or a block (transplanting trial).

Significant treatment means were ranked according to

Tukey’s HSD test at a = 0.05. Data not presented in tables

such as summary ANOVA for seedling shoot height, shoot

basal diameter and component P and K concentration at the

nursery phase were declared significant at P \ 0.05 and

significant treatment means ranked according to Tukey’s

HSD test at a = 0.05.

Results

Nursery phase

Component nutrient concentration increased with the

amount of fertilizer applied and differed significantly

(P \ 0.05) between treatments, except for shoot K (Fig. 1;

Table 1). However, 100E and 100C had similar and higher

component nutrient concentration levels than in 25E. With

exception of root K and root and plant P concentrations, no

significant differences appeared between 25E and non-

fertilized (control) seedlings. Nursery fertilization signifi-

cantly affected component dry mass except for roots

(Fig. 2; Table 1). Shoot dry mass was stimulated 68% in
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100E and 83% in 100C compared with the UF treatment.

Similarly, plant dry mass increased by 15% in 100E and

23% in 100C relative to the control. With the exception of

root K, component nutrient content increased with ferti-

lization rate and differed significantly (Fig. 2; Table 2).

For example, compared with control, 100E increased N

content by 116% in shoots, by 38% in roots, and by 73% in

plant. Similarly, N content increased by 110% in shoots, by

47% in roots and by 75% in plant for 100C relative to

control seedlings.

Post-transplant phase

At the end of transplant experiment, nursery fertilization

significantly affected root and whole plant dry mass pro-

duction (Fig. 3c, d; Table 1). Root dry mass was

stimulated by 67% in 100C and by 42% in 100E relative to

the control. Similarly, plant dry mass increased by 73% in

100C and by 35% in 100E relative to the control, although

differences between 100E, 25E and control were not sig-

nificant for these traits. In contrast, post-transplant fertility

significantly stimulated new shoot dry mass production

only (Fig. 3e; Table 1). Post-transplant fertility increased

new shoot dry mass 140% compared to UF plants. Old

shoot dry mass increased during the transplant experiment,

with the exception of 100E that maintained a relatively

constant pattern (Fig. 3b). Post-transplant fertility did not

affect old shoot growth, which followed the same trend

irrespective of nutrient availability within the growing

media (Fig. 3f; Table 1). As a result of old shoot growth, N

content 7 months after planting increased 8.7, 6.5 and

2.5 mg for 100C, 25E and control, respectively, while P

and K content only increased in old shoot 0.2 and 2.8 mg,

respectively, for the 25E nursery treatment (Figs. 2, 4).

Nursery fertilization significantly affected N and K

accumulation in roots during the transplant experiment, but

not P (Fig. 4; Table 2). Root nutrient content responses in

100C and 100E were generally greater than those noted for

25E. Root N content increased 60% in 100C and 56% in

100E relative to the control, while root K content also

increased 63 and 44% compared to the non-fertilized

nursery stock. Nursery fertilization did not affect N, P or K

content in new shoots after planting (Fig. 4; Table 2). Post-

transplant fertility significantly promoted N, P, and K

accumulation in new shoots and roots, while accumulation

in old shoots was only found for P (Fig. 4; Table 2). For

example, post-transplant fertility increased N, P, and K

content 160, 183, and 123%, respectively, in new shoots

relative to UF plants. Nitrogen concentration declined

rapidly in roots of nursery fertilized 100E and 100C plants

during the growing season (Fig. 5c, d; Table 1), and sta-

bilized by the first sampling event. Post-transplant

fertilization maintained stable tissue N concentration in

both roots and whole plant following an initial drop, but

levels for UF seedlings continued to decrease throughout

the study (Fig. 5g, h; Table 1). Generally, both the E and C
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Fig. 1 Holm oak seedling component nutrient concentration follow-

ing nursery growth in relation to nursery fertilization applied

exponentially (E), conventionally (C) or unfertilized (0) for one

growing season. Similar bars marked with different letters differ

statistically according to Tukey’s HSD test a = 0.05
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Table 1 ANOVA summary

testing effects of nursery

fertilization (NF) (see Figs. 1,

2) and subsequent effects of NF

and fertilization at transplanting

(FT) (see Figs. 3, 5) on Q. ilex
seedling dry mass and nitrogen

concentration

Source Component dry mass Component nitrogen concentration

New shoot Old shoot Root Plant New shoot Old shoot Root Plant

Nursery culture phase

NF – 0.003 0.279 0.050 – 0.033 \0.001 \0.001

Transplanting phase

First destructive sample (H1)

NF 0.053 0.001 \0.001 \0.001 0.589 0.011 0.514 0.195

FT \0.001 0.070 0.754 0.423 0.279 0.060 0.283 0.0750

NF 9 FT 0.190 0.416 0.749 0.561 0.957 0.808 0.783 0.965

Second destructive sample (H2)

NF 0.520 0.018 0.012 0.018 0.995 0.034 0.183 0.254

FT 0.001 0.729 0.238 0.127 0.199 0.155 0.018 0.010

NF 9 FT 0.567 0.932 0.935 0.960 0.817 0.467 0.779 0.762
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relation to nursery fertilization

applied exponentially (E),

conventionally (C) or

unfertilized (0) for one growing

season. Similar bars marked

with different letters differ

statistically according to

Tukey’s HSD test a = 0.05
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regimes that received the same fertilizer rate in the nursery

(100 mg N plant-1) produced similar effects in cultured

plants, and post-transplanting response of 25E seedlings

did not differ from control (non-fertilized) seedlings.

Nursery 9 post-transplant fertility interaction effects were

non-significant (Tables 1, 2).

Discussion

Nursery phase

Increased growth and nutritional response of Q. ilex seed-

lings to fertilization rate (Figs. 1, 2) suggests that this

species can be effectively nutrient loaded in the nursery, as

confirmed by previous studies (Villar-Salvador et al.

2004a; Sanz-Perez et al. 2007). However, the relatively low

N concentration (\10 g kg-1) reached in both 100E and

100C is likely associated with the low plasticity of holm

oak seedlings to resource availability (Sardans et al.

2006a), and has been observed in a similar nursery study

with this species (Villar-Salvador et al. 2004a). In addition,

the apparent lack of response to fertilization regime

(exponential vs. constant) at the rates applied likely results

from the differences between growth model and exponen-

tial fertilizer application pattern, as suggested by Everett

et al. (2007). Similarities of 100E versus 100C, as well as

25E versus control, suggest that the exponential regime at

these rates does not increase uptake efficiency in holm oak,

as it does in other species (Timmer and Armstrong 1987;

Salifu and Jacobs 2006). As a species exhibiting episodic

growth through multiple flushes during a growing season

(Terradas and Savè 1999) similar to other Quercus spp.

(Hanson et al. 1986; Sloan and Jacobs 2008), holm oak

may have non-continuous nutrient demands along the

season. Apparently, a need exists for additional studies to

encompass broad N rates ranging from deficiency to toxi-

city to characterize and quantify targets rates for effective

nutrient loading of holm oak. Moreover, different fertili-

zation delivery regimes and schedules that better match

growth rhythm of this species must be tested. Although

previous studies have confirmed that other oak species can

be nutrient loaded by exponential regimes (Birge et al.

2006; Salifu and Jacobs 2006), the ability of exponential

fertilization regimes to nutrient load seedlings may be

species-specific, as shown for red pine (Pinus resinosa

Ait.) (Timmer and Armstrong 1989), western hemlock

(Tsuga heterophylla (Raf.) Sarg.) (Hawkins et al. 2005)

and Douglas-fir (Pseudotsuga menziesii var. glauca (Bei-

ssn.) Franco) seedlings (Everett et al. 2007). On the other

hand, the lack of significant differences in root dry mass in

the nursery (Fig. 2) may be associated with the relatively

small container size, which limits capacity for root growth

and extension (Oliet et al. 2004; Villar-Salvador et al.

2004a).

Post-transplant phase

The nursery fertilizer regimes of 100C and 100E had

similar effects on post-transplant growth and nutrition of

holm oak seedlings (Figs. 3, 4, 5), which were greater than

those noted for 25E. This suggests that constant and

exponential regimes at higher fertility rates can produce

plants that are equally competitive in the field (Timmer and

Armstrong 1989; Hawkins et al. 2005). Exponentially and

conventionally fertilized white pine (Pinus monticola

Table 2 ANOVA summary testing effects of nursery fertilization (NF) (see Fig. 2) and subsequent effects of NF and fertilization at trans-

planting (FT) (see Fig. 4) on Q. ilex seedling nutrient (N, P and K) content

New shoot Old shoot Root

N P K N P K N P K

Nursery culture phase

NF – – – \0.001 \0.001 0.002 0.004 0.005 0.331

Transplanting phase

First destructive sample (H1a)

NF 0.299 – – \0.001 – – \0.001 – –

FT 0.001 – – 0.680 – – 0.208 – –

NF 9 FT 0.408 – – 0.229 – – 0.819 – –

Second destructive sample (H2)

NF 0.587 0.496 0.461 0.001 0.002 0.013 0.018 0.082 0.001

FT 0.001 \0.001 0.003 0.354 0.009 0.973 0.017 0.003 0.006

NF 9 FT 0.782 0.480 0.559 0.555 0.245 0.565 0.794 0.613 0.642

a P and K in first sample could not be analyzed due to low amount of dry mass available
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Doug. ex D. Don.) seedlings exhibited similar performance

in the field (Dumroese et al. 2005), although convention-

ally fertilized seedlings received higher applications rates

(i.e., 36 vs. 20 mg N plant kg-1).

It appears that holm oak exhibits differential plasticity to

resource availability. For instance, dry mass and nutrient

content of new shoots responded significantly only to post-

transplant fertility, while root dry mass was significantly

affected by nursery pre-planting fertilization treatments

only (Figs. 3, 4). El Omari et al. (2003) also showed that

increased root growth of 1-year-old holm oak seedlings

after 2 months was associated with nutrient reserves
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accumulated via fertilization treatments. This evidence

suggests that nutrient loading promoted post-transplant root

growth in this species. This relative response of holm oak

component growth to current fertility of the soil compared

to plant nutrient reserves demonstrates differential resource

utilization strategies employed by this species and com-

ponent plasticity to resources availability. Because nutrient

content of new shoots was not related to pre-planting

nutrient content but was associated with post-transplant

fertility (Fig. 4), nutrients in new shoots seem to be derived

mainly from external root uptake rather than from internal

reserves. This was not the case for other species, like

P. mariana, where new shoot growth was based on internal

reserves of loaded seedlings (Boivin et al. 2004). Con-

versely, N and K content in old shoots after 7 months were

not affected by post-transplant fertility (Fig. 4), suggesting

that internal reserves serve as a source of nutrients to

support secondary shoot growth. Internal dynamics of N, P,

and K seem to follow comparable patterns in most cir-

cumstances, with exception of P in some cases. This

similarity is also true for other forest nursery species (Imo

and Timmer 1999, 2001).

The similarity of root system size at planting (Fig. 2)

suggests that retranslocation of nutrients from roots

(Nambiar 1987) may partly explain increased root growth

after transplanting (Fig. 3c). Increased root growth fol-

lowing nursery nutrient loading emphasizes the importance

of stored nutrient reserves in promoting root growth, which

may confer competitive advantage to seedlings when

transplanted in the field. This contention is supported by

published data where holm oak seedlings fertilized at high

N–P–K rates in the nursery exhibited greater root growth
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potential as well as improved early field establishment and

survival in the field (Villar-Salvador et al. 2004a). Root

growth improves root–soil contact to exploit site resources,

which enhances drought avoidance in Q. ilex seedlings

(Villar-Salvador et al. 2004a, b).

Conclusions

We have shown that holm oak seedlings can be success-

fully nutrient loaded using either exponential or constant

addition regimes at higher fertility rates confirming results
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noted elsewhere (Timmer and Armstrong 1989; Hawkins

et al. 2005). Nursery nutrient loading promoted post-

transplant root growth but not shoot growth, suggesting

that the approach has potential to increase competitive

success and drought avoidance of holm oak seedlings when

transplanted under field conditions. In contrast, post-

transplant fertilization was effective in promoting new

shoot growth but not root growth, which demonstrates the

plasticity of this species to channel nutrient sources in

support of different growth tissues. Holm oak seedlings

fertilized conventionally at a high rate resulted in plants

with similar post-transplant responses to those fertilized

exponentially at the same rate. Due to the low plasticity of

holm oak seedlings to nutrient availability, additional

studies should be conducted using broad N rates ranging

from deficiency to toxicity, along with varying specific

nutrient ratios and fertilizer delivery regimes. These studies

will quantify and develop optimum target rates for effec-

tive nutrient loading of holm oak to increase forest

restoration success in Mediterranean ecosystems.
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