
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=sfor20

Download by: [Purdue University Libraries] Date: 09 March 2017, At: 11:46

Scandinavian Journal of Forest Research

ISSN: 0282-7581 (Print) 1651-1891 (Online) Journal homepage: http://www.tandfonline.com/loi/sfor20

Modified exponential nitrogen loading to promote
morphological quality and nutrient storage of
bareroot-cultured Quercus rubra and Quercus
alba seedlings

Zonda K. D. Birge , K. Francis Salifu & Douglass F. Jacobs

To cite this article: Zonda K. D. Birge , K. Francis Salifu & Douglass F. Jacobs (2006) Modified
exponential nitrogen loading to promote morphological quality and nutrient storage of bareroot-
cultured Quercus rubra and Quercus alba seedlings, Scandinavian Journal of Forest Research,
21:4, 306-316, DOI: 10.1080/02827580600761611

To link to this article:  http://dx.doi.org/10.1080/02827580600761611

Published online: 18 Feb 2007.

Submit your article to this journal 

Article views: 62

View related articles 

Citing articles: 16 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=sfor20
http://www.tandfonline.com/loi/sfor20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02827580600761611
http://dx.doi.org/10.1080/02827580600761611
http://www.tandfonline.com/action/authorSubmission?journalCode=sfor20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=sfor20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/02827580600761611
http://www.tandfonline.com/doi/mlt/10.1080/02827580600761611
http://www.tandfonline.com/doi/citedby/10.1080/02827580600761611#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/02827580600761611#tabModule


ORIGINAL ARTICLE

Modified exponential nitrogen loading to promote morphological
quality and nutrient storage of bareroot-cultured Quercus rubra and
Quercus alba seedlings

ZONDA K. D. BIRGE, K. FRANCIS SALIFU & DOUGLASS F. JACOBS

Hardwood Tree Improvement and Regeneration Center, Department of Forestry and Natural Resources, Purdue University,

West Lafayette, Indiana, USA

Abstract
Exponential nutrient loading has been used to improve nursery fertilizer uptake efficiency of conifer seedlings, but the
technique has received little attention in the culture of temperate deciduous hardwoods. This study examined responses of
northern red oak (Quercus rubra L.) and white oak (Q. alba L.) seedlings to modified exponential nitrogen loading during
bareroot nursery culture using a broad range of nutrient supply from 0 to 3.35 g nitrogen (N) per plant per season for
18 weeks in Indiana, USA. Seedling growth and nutritional parameters followed a curvilinear pattern that ranged from
deficiency to toxicity with increased fertilization consistent with trends depicted in the proposed model for nutrient loading.
Fertilization increased plant dry mass by 113�260% for red oak and 49�144% for white oak. Severe nutrient deficiency
occurred under indigenous soil fertility, and limited phosphorus and potassium uptake were found to inhibit seedling growth
at higher N supply. The sufficiency and optimum rates were determined to be 0.84 and 1.68 g N per seedling per season,
respectively, under the current cultural conditions. Fertilization at 1.68 g N per plant increased N content by 40% in red oak
and 35% in white oak. This approach may be used to help refine nursery fertilization practices in hardwood culture to
produce high-quality seedlings for field planting.

Keywords: Luxury consumption, nitrogen, northern red oak, nutrient loading, reforestation, white oak.

Introduction

Recent trends in the declining proportions of natural

oak regeneration in many stands is of concern and is

partly the result of fire suppression (Olson, 1996). In

addition, present-day silvicultural practices such as

single and group tree selection harvests limit oak

regeneration because canopy openings are insuffi-

cient to allow shade-intolerant oak seedlings to

compete with co-occurring shade-tolerant species

(Dey & Parker, 1997; Larsen & Johnson, 1998;

Rogers & Johnson, 1998; Jenkins & Parker, 2001).

Conservation tree plantations may be a viable option

to maintain or increase relative proportions of oak

species in future forests (Jacobs et al., 2004). Many

of these plantations are established on former

agricultural fields or mine reclamation sites where

seedlings must overcome intensive weed competition

(Crow, 1988), animal browsing (Stange & Shea,

1998; Tripler et al., 2002) and harsh soil conditions

(Bussler et al., 1984; Andersen et al., 1989). Seed-

ling performance on these sites is often poor (Belli

et al., 1999; Clark et al., 2000; Ward et al., 2000). A

recent survey in Indiana, USA, reported mean

survival rates of 66%, with only 33% of northern

red oak (Quercus rubra L.) and 53% of white oak

(Quercus alba L.) surviving seedlings deemed free to

grow at 5 years of age (Jacobs et al., 2004).

Nitrogen (N) availability is one key factor limiting

seedling development (Nambiar & Sands, 1984;

Burdett, 1990; Margolis & Brand, 1990). Hence,

judicious nursery N fertilization can lead to the

production of high-quality seedlings with adequate

stored nutrient and carbohydrate reserves to ensure

satisfactory survival and growth under field condi-

tions (Ingestad, 1979; Imo & Timmer, 1992). Thus,

high-quality seedlings can be raised through nursery
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fertilization to promote early establishment success

of hardwood plantations. Conventional nursery

fertilization practices in bareroot nursery culture

often involve the supply of N fertilizers in equal

doses at regularly spaced intervals over the growing

season. This practice creates a surplus of nutrients at

the beginning of culture and a deficiency by the end

of the growing season owing to growth dilution (Imo

& Timmer, 1992). Exponential fertilization better

synchronizes nutrient supply with crop demand,

which induces stable internal N concentration in

plant tissues over time, referred to as steady-state

nutrition (Ingestad, 1979; Imo & Timmer, 1992).

Nutrient loading (Timmer, 1997) is another

approach that induces luxury nutrient uptake in

excess of growth demand. Acquired excess nutrients

are stored in seedling tissues as reserves for subse-

quent utilization following outplanting (Malik &

Timmer, 1995; Salifu & Timmer, 2001). Nutrient

loading is more compatible with exponential than

with conventional fertilization, as shown in Figure 1

(Timmer et al., 1991; Timmer, 1997). The model

shows that growth is limited at low fertility, increases

rapidly to sufficiency with increased fertilization,

remains constant at luxury nutrient application,

but eventually declines at toxic addition. Trends in

nutrient content are similar to biomass, except that

luxury uptake occurs beyond sufficiency until toxi-

city, when levels decline owing to toxic accumulation

(Imo & Timmer, 1992). By contrast, nutrient

concentration continues to rise through the range

of nutrient supply, slowly in the deficiency range

owing to growth dilution and more rapidly in the

toxic range owing to excess accumulation (Ingestad

& Lund, 1986; Timmer et al., 1991). Improved

outplanting performance of exponentially cultured

seedlings has frequently been reported and attribu-

ted to the depletion of stored excess N, which is

retranslocated to support growth until roots establish

and can exploit native soil resources (Malik &

Timmer, 1995; Salifu & Timmer, 2001, 2003a).

Exponentially cultured seedlings may also be more

competitive with surrounding vegetation than con-

ventionally reared cohorts (Malik & Timmer, 1995;

McAlister & Timmer, 1998).

Exponential fertilization has been successfully

tested in culture of conifer species including white

spruce [Picea glauca (Moench) Voss] (McAlister &

Timmer, 1998), black spruce [Picea mariana (Mill.)

BSP] (Salifu & Timmer, 2003b), Norway spruce

[Picea abies (L.) Karst.] (Rytter et al., 2003) and a

tropical angiosperm (Close et al., 2005). By con-

trast, little is know about nutrient storage and

remobilization processes in temperate deciduous

species, especially in relation to how exponential

nutrient loading may influence these processes. Oak

species, in particular, have received little attention

in nutritional research (Tinus, 1978; Struve, 1995).

Exponential nutrient loading may benefit deci-

duous species because about 50�90% of nutrients

are resorbed from foliage (Aerts, 1996; Tagliavini

et al., 1998) into root and shoot tissues (Dickson,

1989; Lacointe et al., 1994; Aerts, 1996; Duchesne

et al., 2001) before senescence. Conserved nutrients

are drawn upon immediately in spring to meet

increased sink demand, especially for red oak during

episodic growth events (Reich et al., 1980; Crow,

1988; Dickson et al., 2000).

Furthermore, except for the study by McAlister

and Timmer (1998), the authors are not aware of

other studies that examined exponential nutrient

loading in bareroot nursery production systems, the

standard practice for growing hardwood seedlings in

most regions of the USA. Therefore, the objectives

of this study were: (1) to evaluate the suitability of

the exponential nutrient loading model for applica-

tion in hardwood tree seedling culture using a broad

range of N supply from deficiency to toxicity; (2) to

determine optimum fertilizer prescriptions for grow-

ing bareroot northern red oak and white oak during

nursery culture; and (3) to quantify the contribution

of native soil fertility to seedling growth and nutri-

tion. The focus is on northern red oak and white oak

because of their economic importance and frequent

use in conservation tree plantings (Jacobs et al.,

2004).

Materials and methods

Plant material and growing conditions

Bareroot northern red oak and white oak seedlings

were grown for 18 weeks at the Indiana Department

of Natural Resources Vallonia State Nursery (38885?
N, 86810? W) in southern Indiana, USA. Initial soil

samples were collected and analyzed to characterize

native fertility. The soil textural class was a sandy

loam with 65% sand, 23% silt and 12% clay. Aver-

age soil pH was 6.2 and available phosphorus (P)

was 61.9 mg kg�1 soil. Mean soil organic matter

was 1.2%. Mean potassium (K), calcium (Ca)

and magnesium (Mg) were 12.4, 41.5 and 20.9

cmol(�/) kg�1, respectively. Seeds were obtained

from local sources, uniformly mixed within species

and mechanically sown in the fall (autumn) of 2003

at 81�90 seed m�2. Beds were covered with straw to

improve moisture retention and prevent seed preda-

tion. Germinants were thinned within 1.2�/1.5 m2

study plots to 120 seedlings per plot to ensure

uniform densities.

The experimental design was a randomized com-

plete block design with four replications (blocks).
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The 10 treatments examined were represented in

each of the four beds, resulting in a total of 480

seedlings per treatment per species. Treatment plots

were separated by 0.6 m buffers. In addition, one

bed to either side of the study, one 7.5 m in front of

the plots and one 4.5 m behind the plots were

retained as unfertilized buffers to prevent fertilizer

drift. Each species was grown separately and repre-

sents a separate experiment.

Fertility treatments and fertilizer models

Seedlings were grown under operational conditions

(Jacobs, 2003), except for the fertilizer treatments.

The standard practice at this nursery is to supply a

total of 0.84 g N per seedling per season in seven

equal amounts (fortnightly, i.e. every 2 weeks),

which represents the conventional (C) treatment in

this study. A treatment of 0 g N per seedling served

as a control to examine the effect of indigenous soil

fertility on seedling growth. The other eight treat-

ments (0.42, 0.84, 1.26, 1.68, 2.10, 2.52, 2.94 and

3.35 g N per seedling) followed exponential (E)

functions to match nutrient supply with seedling

growth (Timmer & Aidelbaum, 1996; Timmer,

1997; Salifu & Timmer, 2003b) using eq. (1):

NT �NS(ert�1) (1)

where r is the relative addition rate required to

increase NS (N content in seed) to a final N content

(NT�/NS), and NT was the desired amount to be

added over the number of fertilizer applications (t�/

7). Average NS determined from samples of five

seeds per species ranged from 20 to 24 mg N per

Change in plant Diagnostic

interpretation Growth Nutrient content Nutrient conc. 

Deficiency + + + 

Luxury consumption 0 + + 

Toxicity - - + 

Nutrient supply 

Deficiency

Sufficiency

ToxicityLuxury consumption 

OptimumNutrient loading 

 tneirtu
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D
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Figure 1. Relationships between nutrient supply and plant growth, tissue nutrient content and concentration. Nutrient supply maximizes

growth at the sufficiency rate. Fertilization beyond sufficiency may induce luxury consumption where growth remains unchanged but tissue

nitrogen (N) status increases. Increased tissue N concentration during luxury uptake allows the excess N to be stored as reserves. Toxicity is

induced once plant growth begins to decline at increasing tissue N concentration. The optimum fertilization rate maximizes seedling growth

and tissue N content. Adapted from Salifu (2003).
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seed. The quantity of fertilizer to apply on a specific

day (Nt) was computed using eq. (2):

Nt �Ns(e
rt�1)�Nt�1 (2)

where Nt�1 is the cumulative amount of N added up

to and including the previous application. A mod-

ified exponential function was used to increase initial

nutrient additions to facilitate nutrient exploitation

by small root systems early in the season and to

reduce application near the end of the season and

avoid overfertilization, which could induce potential

nutritional imbalances close to the end of nursery

culture (Imo & Timmer, 1992; Jacobs & Timmer,

2005). The amount of N compensation (Nc) was

initially subtracted from the last two applications

calculated from eq. (2) and was delivered exponen-

tially to correspond with exponential expansion of

the root system based on eq. (3):

Nc�N0(e�rt�1) (3)

where N0 is the final amount of N added during the

compensation period. Fortnightly N applications

to seedlings in each treatment are summarized in

Table I. Ammonium nitrate (34�0�0) in crystal

form was broadcast manually on treatment plots

followed by irrigation for about 1.5�2 h to incorpo-

rate the fertilizer after each broadcast application.

The water was applied by an above-ground irrigation

system with a double nozzle impact head. About

5 cm of irrigation water was supplied per 0.41 ha per

week, which required irrigating twice a week for 4 h

at each event. Rainfall was taken into account. For

example, if it rained 2 cm, subsequent irrigation was

adjusted by that amount.

Seedling sampling, chemical and statistical analysis

Following seedling emergence and first leaf flush

(representing the baseline or time 0), five seedlings

per plot (20 per treatment) were harvested and

placed in coolers (28C) for further processing at

Purdue University (West Lafayette, IN, USA).

Samples were washed and measured for stem height

and root-collar diameter (RCD). Samples were

pooled into shoot or leaf parts, dried for 72 h at

708C and weighed for dry mass determination. Plant

samples were subsequently ground and sent for

chemical analysis (A&L Great Lakes Laboratories,

Fort Wayne, IN, USA), which followed standard

analytical protocols. Total N was determined by

combustion (‘‘Dumas’’ procedure; AOAC 968.06)

using a LECO nitrogen analyzer (LECO Corpora-

tion, St. Joseph, MI, USA). Plant samples were

digested in nitric acid plus perchloric acid (AOAC

935.13) and other elements determined using in-

ductively coupled argon plasma (ICAP) analysis

(AOAC 985.01). P, K, Ca and Mg were determined

by ICAP using extracted aliquots from soils as

detailed in Brown (1997). Morphological and nutri-

tional data were evaluated by separate analysis of

variance (ANOVA) for each species based on Ander-

son and McLean’s (1974) linear model

(eq. 4) using SAS (SAS Institute, 2001):

Yij �m�ti�o(i)j (4)

where Yij is the measured seedling response asso-

ciated with the j th block or replicate (j�/1, 2, 3, 4)

from the ith fertility treatment (i�/1, 2, . . ., 10), m is

the overall mean, ti is the fixed effect of the ith

fertility treatment and o is the error (random effect)

associated with measured response from replicates.

Significant treatment means were ranked according

to Waller�Duncan’s multiple range tests at a�/0.05.

Results

Total above-ground plant dry mass, leaf and

stem components increased with fertilization com-

pared with controls, which clearly demonstrates

the benefits of supplemental nutrient enrichment in

Table I. Fortnightly fertilizer nitrogen (N) applied to seedlings under conventional (C) or exponential (E) fertilization regimens for 14

weeks during an 18 week nursery culture.

Fortnightly N applied (g per seedling)

Week 0.00 0.42E 0.84C 0.84E 1.26E 1.68E 2.10E 2.51E 2.93E 3.35E

0 0.000 0.031 0.120 0.078 0.138 0.209 0.287 0.369 0.459 0.554

2 0.000 0.033 0.120 0.065 0.098 0.132 0.165 0.198 0.231 0.264

4 0.000 0.039 0.120 0.068 0.093 0.115 0.136 0.154 0.172 0.188

6 0.000 0.051 0.120 0.089 0.121 0.149 0.174 0.197 0.220 0.240

8 0.000 0.066 0.120 0.124 0.179 0.230 0.279 0.325 0.371 0.416

10 0.000 0.100 0.120 0.207 0.315 0.423 0.529 0.633 0.738 0.843

12 0.000 0.100 0.120 0.207 0.315 0.423 0.529 0.633 0.738 0.843

Total 0.000 0.420 0.840 0.840 1.260 1.680 2.100 2.510 2.930 3.350

Note: the 0.84C treatment is the standard operational rate used for raising bareroot oak planting stock at this nursery. Higher rates represent

loading treatments.
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promoting seedling growth (Figure 2). Similarly, dry

mass production increased over time and differed

(p�/0.0001) between treatments by the end of the

growing season (4 months after fertilization). Red

oak (Figure 2, left) showed increased sink strength

compared with white oak (Figure 2, right), as

indicated by differences in scale. The 0.84E and

1.68E treatments had the highest above-ground

biomass regardless of tissue part examined for red

oak (Figure 2, left). By contrast, the white oak data

show that seedlings fertilized exponentially, except

for 3.35E, had greater growth than did the conven-

tional treatment (Figure 2, right). The remainder

of the paper presents detailed results and disc-

ussion of the data sampled at 4 months after

fertilization.

Figure 3 for red oak and Figure 4 for white oak

demonstrate that seedling growth and nutritional

responses to increased fertilization conformed clo-

sely to the trends shown in the conceptual model

(Figure 1). For example, seedling growth signifi-

cantly increased (p�/0.001) with N supply in the

deficiency range (B/0.84 g N per plant), remained

fairly stable in the luxury consumption range (0.84�
1.68 g N per plant) and began to decline at higher

N addition (�/1.68 g N per plant) (Figure 3).

Compared with unfertilized seedlings (controls),

fertilization increased (p�/0.001) plant biomass by

113�260% for red oak and 49�144% for white oak

(Figures 3 and 4, top). Similarly, shoot height and

RCD increased with N supply relative to controls

(Table II). Shoot height increased by 99�162% for
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Figure 2. Above-ground seedling growth in response to increasing nutrient supply over one growing season (18 weeks) and sampled at 0, 2

and 4 months for red oak (left) and white oak (right). Treatments marked with different letters at the 4 month sampling event are statistically

different according to Waller�Duncan’s multiple range tests at a�/0.05.
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red oak and by 5�66% for white oak relative to

unfertilized seedlings (Table II).

Tissue N concentration increased with increasing

fertilization (Figures 3 and 4, bottom), consistent

with the trends shown in Figure 1. For example, N

concentration increased (p�/0.001) from 13 to 22 g

kg�1 for red oak and from 15 to 23 g kg�1 for white

oak (Figures 3 and 4, bottom) across the treatments

relative to controls. Similarly, leaf N concentration

ranged from 18 to 30 g kg�1 in red oak and from 20

to 29 g kg�1 in white oak and differed within species

(Table II). The results for seedling nutrient content

also followed the conceptual model and maximum

nutrient uptake occurred at the 1.68 g N per

seedling rate for both species (Figures 3 and 4,

middle). Seedlings reared at 1.68E were able to store

more N, P and K, by 40, 32 and 30% for red oak and

35, 2 and 5% for white oak, respectively, than those

grown at 0.84C (Figures 3 and 4, middle). Nutrient

content declined beyond the 1.68 g rate, suggesting

induced toxicity at higher fertility and/or P and K

limitation.
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Figure 3. Red oak seedling shoot dry mass (top), nutrient content

(middle) and concentration (bottom) in relation to increasing

nitrogen (N) supply for one growing season (18 weeks) in the

nursery. Trends suggest 1.68 g N per seedling as the optimum

loading target.
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Figure 4. White oak seedling shoot dry mass (top), nutrient

content (middle) and concentration (bottom) in relation to

increasing nitrogen (N) supply for one growing season (18 weeks)

in the nursery. Trends suggest 1.68 g N per seedling as the

optimum loading target.
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For the same fertilizer rate (0.84 mg N per plant),

the exponential delivery schedule (0.84E) increased

total above-ground N uptake by 16 and 21% for red

and white oak, respectively, than when applied

conventionally (0.84C) (Figure 5, bottom). The

observed differences can be explained by the differ-

ent fertilization strategies adapted. The C treatment

received more N early in the season than could be

used; thus, substantial N quantities were leached out

of the system and not available to plants. Later in the

season, N became increasingly limited in the C

treatment, resulting in growth decline. By contrast,

the E treatment matched N supply with plant

demand, which led to efficient uptake and utiliza-

tion, resulting in larger plants with higher nutrient

contents (Figure 5, bottom).

In addition, component dry mass increased with

nutrient enrichment (Figure 5), consistent with the

trends shown in Figure 1. Greater proportional N

allocation to leaves relative to stems (Figure 5,

bottom) suggests that the former act as primary

sinks for nutrients. Average initial seed N content

ranged from 20 to 24 mg for red and white oak. The

amount of N contributed by native fertility to above-

ground seedling growth can be calculated from the

total N content in control seedlings minus N content

in seed (Ns , see eq. 1), which equals 83 mg N per

seedling per season for red oak and 34 mg N per

seedling per season for white oak.

Discussion

The proposed conceptual model of nutrient loading

suggests that plant growth and nutrient status will

conform to a curvilinear pattern ranging from

nutrient deficiency to toxicity with increased fertili-

zation (Figure 1). Close correspondence of experi-

mental data (Figures 3, 4 and 5) with the trends in

Figure 1 demonstrates the model’s suitability for

application in hardwood bareroot seedling culture.

Similar results have been noted for black spruce

(Salifu & Timmer, 2003b) and red oak (Salifu &

Jacobs, 2006) seedlings grown in containers. Thus,

exponential nutrient loading can be effectively trans-

lated from a controlled greenhouse setting to prac-

tical bareroot nursery production systems, as

demonstrated here and elsewhere (McAlister &

Timmer, 1998). Exponential N loading induced

luxury nutrient uptake and storage in plant tissues,

which is in agreement with the results of other

studies (Imo & Timmer, 1992; McAlister & Tim-

mer, 1998; Qu et al., 2003; Salifu & Timmer,

2003b). In addition, the present study results sup-

port the contention that increased fertility can

induce luxury nutrient uptake in red oak (Kim et

al., 1996; Salifu & Jacobs, 2006), differing from the

results of studies suggesting that red oak may not

exhibit luxury nutrient consumption (Tripler et al.,

2002). Exponential fertilization should result in the

production of well-balanced seedlings with root:-

shoot kinetics well adapted to field conditions

(Timmer, 1997; Salifu & Timmer, 2003). Although

this study lacks root data, strong correlations were

noted for RCD versus root volume for northern red

oak (R2�/0.75) and for white oak (R2�/0.68) seed-

lings grown at this same nursery facility (Jacobs &

Seifert, 2004). Thus, the root volume and biomass

data of the studied plants are likely to follow similar

patterns across treatments as observed for RCD

(Table II).

Leaves of controls exhibited chlorosis reflective of

severe N deficiency (Table II). The observed darker

Table II. Morphological and leaf nitrogen (N) data for red oak and white oak seedlings in response to conventional (C) or exponential (E)

fertilization for 14 weeks during an 18 week nursery culture.

Red oak White oak

Fertilizer rate Shoot height (cm) RCD (mm) Leaf N (g kg�1) Shoot height (cm) RCD (mm) Leaf N (g kg�1)

0.00 34.49/3.2d 5.29/0.2d 189/1.1d 22.09/1.6d 3.89/0.2c 209/0.8c

0.42E 80.39/3.4ac 6.49/0.4cd 249/0.5c 34.29/2.4ab 5.69/0.3a 249/0.5b

0.84C 79.09/1.4ac 6.89/0.2ab 279/0.5b 28.49/3.4ac 5.39/0.3ab 249/1.1b

0.84E 82.19/4.4ab 7.29/0.3ab 279/0.5b 36.69/4.3a 5.79/0.2ab 259/0.9b

1.26E 90.29/4.2a 7.59/0.2a 279/0.9b 28.99/1.0ac 5.29/0.2ab 279/1.0ab

1.68E 85.39/3.9ab 7.69/0.3a 279/0.8b 32.89/4.1ab 5.69/0.4a 279/1.0ab

2.10E 77.79/1.5ac 6.89/0.1ab 289/1.1ab 32.89/1.6ab 5.29/0.4ab 279/0.8ab

2.51E 73.69/3.3bc 6.79/0.2ab 289/0.5ab 27.19/1.6ac 5.49/0.3ab 289/0.5a

2.93E 78.49/6.5ac 6.89/0.2ab 299/1.1a 23.19/1.7d 4.59/0.5ab 299/1.3a

3.35E 68.49/5.3c 6.29/0.2cd 309/1.4a 24.49/3.2cd 4.89/0.2ab 299/0.9a

ANOVA p �/F

Fertilizer rate 0.0001 0.0001 0.0001 0.0067 0.0033 0.0001

Note: the 0.84C treatment is the standard operational rate used for culturing bareroot oak planting stock at this nursery. Higher rates

represent loading treatments. Data are means9/SE. RCD�/root-collar diameter.

Means in the same column with different letters differ significantly according to Waller�Duncan’s multiple range tests, a�/ 0.05.
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leaf color of exponentially treated plants was likely to

be indicative of the presence of more N, chlorophyll

and greater photosynthetic ability (Hikosaka &

Terashima, 1996). It is anticipated that a greater

quantity of N allocated to leaves (Figure 5) will be

resorbed (Aerts, 1996; Tagliavini et al., 1998) into

root and shoot tissues (Dickson, 1989; Lacointe et

al., 1994; Duchesne et al., 2001) before senescence.

This could enable plants to provide increased N and

carbohydrate reserves to meet increased sink de-

mand (Mattsson, 1997; Tagliavini et al., 1998),

especially for red oak during episodic growth events

(Reich et al., 1980; Crow, 1988). Episodic or re-

current shoot and root growth results in large

changes in sink strength (Crow, 1988; Dickson et

al., 2000), which places severe demands on stored

carbohydrate and nutrient reserves. Seedlings with

higher internal nutrient reserves as conditioned by

loading can draw on these critical resources at

outplanting to meet increased sink demand, which

should facilitate early plantation growth and estab-

lishment success.

The modified exponential fertilizer delivery sche-

dule was more effective in promoting nutrient

acquisition and storage in seedling tissues than the

current constant feed approach used in practice,

which corroborates the results of other studies

(Timmer & Aidelbaum, 1996; Timmer, 1997;

McAlister & Timmer, 1998). For example N, P

and K increased by 16, 32 and 19%, respectively, in

0.84E compared with 0.84C for red oak. The

reduced growth and N content but elevated tissue

N concentration (Figure 6) suggests N toxicity

(Salifu & Timmer, 2003b). This condition was

induced by overfertilization. The ranges of foliar N

concentration associated with toxicity (Table II) are

similar to values reported previously for black spruce

(Salifu & Timmer, 2003b).

P and K limitation are other factors limiting

seedling growth at higher fertility. This is demon-

strated by the reduced growth, and P and K content
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and concentration (antagonistic interaction) in the

vector nomogram (Figure 6). Severe competition for

a limiting nutrient may cause this condition (Mead &

Mansur, 1993). N, P and K dynamics are closely

related (Nambiar & Fife, 1991; Munson et al., 1995;

Malik & Timmer, 1996). Thus, increased P and K

availability could have stimulated more N uptake at

the higher fertility treatment levels. The diminished

P and K with increased N concentration in plant

tissues (Figures 3 and 4, bottom) further suggests

the need to use balanced fertilizers containing N, P

and K. Therefore, another factor to explain growth

reduction is the lack of P and K in the fertilizer

source. The observed P and K limitations in this

study can be corrected by increased P and K

supplementation (van den Dreissche & Ponsford,

1995; Boivin et al., 2002, 2004).

In conclusion, this study is the first of its kind to

demonstrate the suitability of the exponential nu-

trient loading model for application in bareroot

culture of red and white oak planting stock. The

model can probably be extended to other hardwood

species. Specific levels for sufficiency and optimum

fertilizer prescriptions were determined to be 0.84E

and 1.68E, respectively, for the studied species

under the current cultural conditions. Quantified

indices may differ for each species and cultural

system because of variations in native fertility,

cultural practices and species demand for nutrients.

The exponential delivery schedule was more effec-

tive in promoting nutrient acquisition and storage in

seedling tissues than the current constant fertilizer

addition approach used in practice. This is exempli-

fied by a 16, 32 and 19% increase in N, P and K,

respectively, in 0.84E compared with 0.84C for red

oak. Further benefit could be realized by using

balanced fertilizers that contain N, P and K in

exponential fertilization programs rather than only

N-based fertilizers as currently practiced. Native soil

fertility proved deficient, contributing about 83 and

34 mg N per seedling per season to support above-

ground growth of red oak and white oak seedlings,

respectively. Such nutrient limitation was associated

with reduced seedling growth at higher N supply.

There is a need to extend exponential nutrient

loading to other hardwood species to quantify

further the optimum fertilizer prescriptions for

raising high-quality seedlings for field planting. The

importance of resorption for conserving nutrients in

stems and root tissues of deciduous species for future

utilization in the field also needs investigation. The

validated model provides a general framework for

rationalizing and quantifying target fertilizer pre-

scriptions, which can guide the production of high-

quality hardwood bareroot nursery stock for field

plantings.
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