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The effect of planting density and nitrogen (N) fertilization on growth, yield, and

N partitioning in young and mature 'Bluecrop' blueberry plants was studied over a two

year period. Depleted '5N-ammonium sulfate was applied at different rates and on

different dates in a mature planting, and at different rates in a young, newly established

planting during the first year of study (2002). Non-labeled fertilizerwas applied the

second year (2003). Three rates of N fertilizer (0, 100, and 200 kgha1 of N) in

combination with two in-row spacing treatments (0.45 m and 1.2 m) were studied in the

mature planting. In addition, three different dates of application of labeled fertilizer at

the same rate was also tested. In a young planting, four N fertilizer rates (0, 50, 100 and

150 kgha1 of N) were applied in the establishment year. In all studies, the N fertilizer

was divided into three equal portions and applied from April through June. Plants were

destructively harvested from the field and divided into parts on 6 to 11 dates from Feb.

2002 to Jan. 2004, depending on experiment. Plant parts were analyzed for dry weight

(DW), N, and '5N concentration (%) and nitrogen derived from the fertilizer (NDFF)

calculated. Shoots on mature plants were divided into small (S), medium (M), large (L)



and extra large (XL) categories, based on length, and the effect of N and plant spacing on

the number, DW, and flushes of growth characterized. The number of shoots per plant

ranged from 249 to 298 with plants spaced at 1.2 m having more shoots than those at 0.45

m. Fifty percent of the shoots in the plant were S, whereas only 8% were XL. Nitrogen

rate did not affect shoot number, but higher rates of N did increase shoot biomass and the

proportion of XL and S shoots. One to four flushes of growth per shoot were recorded,

with the number of flushes dependent upon shoot size; 60 to 80% of S shoots had only

one flush of growth compared to 8 to 12% of XL shoots. Eighty percent of total shoot

biomass was in the first flush of growth and 20% in the second or later flushes with no

effect of in-row spacing or N rate. Yield per plant was 30 to 80% greater at 1.2 m than at

0.45 m. However, yield per hectare was 30 to 140% higher in plants at 0.45 m than those

at 1.2 m. The roots and crown were the heaviest organs, whereas roots and leaves

contained the most nitrogen. Percent biomass partitioning was affected by sampling date

for all plant parts, and by in-row spacing only for the crown and three-year-old wood. In

the mature planting, total plant DW was affected by sampling date, in-row spacing, and N

fertilization rate. Plants at the 1.2 m in-row spacing had 32% more DW over time than

those at 0.45 m, but less DW per hectare. Nitrogen fertilization increased plant DW in

the second year of study, affecting mainly the younger plant parts. Plants fertilized with

200 kgha1 of N had the greatest total N. Nitrogen concentration (%N) varied greatly

with plant part and was affected by sampling date and N fertilization rate. Younger

tissues had the highest %N in spring (3.5%) and flower buds in winter (2.4%). Total

plant NDFF increased from Apr. 2002 to May 2003. The lowest NDFF per plant and per

hectare was found in Apr. 2002, when almost 60% of the NDFF was in the new shoots.



Nitrogen fertilization rate and in-row plant spacing had an impact on total NDFF

accumulated per plant and per hectare. More total NDFF was found in plants fertilized

with 200 kgha' of N than with 100 kgha' of N, independent of spacing. Fertilizer

recovery was 17% for plants at 1.2 m and 23% for plants at 0.45 m, independent of N

fertilization rate. Partitioning of 15N (mg per plant part) and percent of total '5N per part

changed with sampling date. Nitrogen fertilization rate and spacing did affect the total

amount of fertilizer-15N present in each part, but percent partitioning of '5N was only

affected by plant part. Plants at 1.2 m had a higher percentage of 15N partitioned to the

crown and three-year and older wood, but reduced partitioning to large roots than plants

at 0.45 m. Application date had a large effect on the total amount of NIDFF recovered in

the plant at the end of the first season. Application of N fertilizer in either April or May

resulted in five times more NDFF in the plant than fertilizer application in July. Percent

partitioning of NDFF was also affected by application date. Late fertilization resulted in

labeled N allocated mainly to small roots, leaves and shoots, whereas spring-applied

fertilizer was allocated mainly to leaves and fruits. In the new planting, established using

two-year-old plants, N fertilization rate affected plant dry weight, total N content, percent

NDFF, and fertilizer recovery. By October, plants fertilized with 50 kgha1 of N had the

largest dry weight and N accumulation. Ammonium toxicity was observed in plants

fertilized with 100 and 150 kgha1 of N. Percent NDFF was 60% and 67% for the 50

and 100 kgha' of N, respectively. Fertilizer recovery reached a maximum of 10 to 17%

in October, depending on N fertilization rate.
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Dry Weight and '5N-Nitrogen partitioning, Growth, and Development of Young and

Mature Blueberry Plants

CHAPTER 1

Introduction

In the past five years, blueberry plantings have increased worldwide, due to good

prices in the fresh and processed markets and strong demand for this fruit that has

positive health benefits (Strik and Yarborough, 2005). Highbush blueberry (Vaccinium

corymbosum L.) is a deciduous, woody, perennial shrub with a shallow root system, a

crown, and stems or canes of various ages. Permanent organs, such as roots, crown, and

older wood are present on the plant throughout the year, whereas shoots, leaves, flowers,

and fruit are present only during active growth in spring and summer Blueberry

alternates its annual cycle between a period of dormancy in the fall and winter, and a

period of active growth during spring and summer. Shoot growth begins with bud break

in the spring and ceases in mid-summer preceding the initiation of flower buds from the

tip of the shoot basipetally (Gough et al., 1978). Shoots grow in flushes during the season

accompanied by a varying number of apical abortions often called the "black tip stage"

(Gough et al., 1978). Two to five weeks after black-tip abscission, one lamma shoot



typically develops from the most distal vegetative bud and assumes apical dominance

preventing more proximal buds from breaking.

In blueberry, flowers are produced on one-year-old wood so an appropriate balance

amongst plant parts is required for sustainable, high yields of good quality fruit (Sieficer and

Hancock, 1986). Short days photoperiods induce flower bud initiation in lowbush

(Vaccinium angustfolium Ait.) blueberry (Hall and Ludwig, 1961), rabbiteye (V. ashei

Reade) blueberry (Darnell, 1991; Phatak and Austin, 1990), southern highbush (V.

corymbosum L. and V. darrowi Camp interspecific hybrids) blueberry (Spann Ct al., 2003;

2004) and northern highbush (V. corymbosum L.) blueberry (Hall et al., 1963). Northern

highbush blueberry is native to latitudes 40 to 45° N, where the natural photoperiod ranges

from 8 to 16 h. Hall and Ludwig (1961) suggested that short daylength (SD) can induce

endodormancy, however they did not measure dormancy in their study. In southern highbush

blueberry, vegetative growth was greatest in longday (LD) plants while flower bud initiation

was greatest in SD plants, but SD plants did not flower until moved to LD growing

conditions (Spann et al., 2003). The effect of photoperiod and the duration of exposure to

short and long days on the induction of dormancy and on the annual growth cycle of

highbush bluebeny is not well defined.

There are also several cultural practices that affect blueberry growth and

production, including planting density and nitrogen fertilization. Planting density has

increased in the last ten years, due mainly to closer planting distance in the row, with

increased yield and precocity (Strik and Buller, 2005). The most common plant spacing

in 1992 was 1.2 m in the row and 3 m between rows (Moore, 1994). Moore et al. (1993),

in a five-year spacing study with 'Bluecrop' and 'Blueray', reported the highest yield at



0.6 m spacing (compared to 0.9 and 1.2 m) with no difference between cultivars. Strik

and Buller (2002) found that cumulative yield of 'Bluecrop' from year three to seven was

104% higher at 0.45 m in-row spacing than at 1.2 m. There is however no information on

the effect of in-row spacing or planting density on biomass and nitrogen partitioning

amongst plant parts in mature or young blueberry or on the effect on those variables on

shoot length and on the number of growth flushes per shoot.

The growth pattern of individual organs (Gough, 1980; Gough et al., 1976; 1978)

and the entire plant (Throop and Hanson, 1997) has been described in blueberry. Abbot

and Gough (1987) found that shoot growth was rapid before fruit maturity and root

growth was greatest after fruit ripening. Total plant biomass and total nitrogen in young

highbush blueberry plants changed over time with a gradual accumulation between May

and June and the most rapid accumulation in July and early August (Throop and Hanson,

1997). They reported partitioning of dry weight in stems, roots, and new growth per

plant over one year of study, without mentioning planting density or biomass

accumulation per hectare.

Biomass and nitrogen (N) partitioning in plants are affected by several factors

such us plant species, cultural practices, time of the year, and fruiting habit (Mediene et

al., 2002). In blueberry, Throop and Hanson (1997) found that biomass changed over

time with the most rapid accumulation in July and little change between August and

October.

Various studies have been completed on the effect of rate of N fertilization on the

growth and yield of mature blueberry plants. Hanson and Retamales (1992) found that

'Bluecrop' plants fertilized with 75 kgha1 of N had a higher yield than un-fertilized

3



plants. Yield of 'Collins' was not affected by fertilization with 22 or 112 kgha1 of N;

however, applications of 67 and 134 kgha1 of N reduced yield compared to the 22

kgha' of N treatment over two years (Clark et al., 1988). Yield and berry weight in

'Wolcott' blueberry were affected by N fertilization rate (Ballinger et al., 1963).

Fertilizer use efficiency is an important aspect of blueberry production, due to the

potential impact of fertilizer on the environment and the effect on plant growth and

development. The storage of nitrogen in perennial tissues has been studied in several

deciduous species, in relation to early spring growth and mobilization of nitrogen

(Millard and Neilsen, 1989), and is influenced by cultural practices and the rate and

timing of N fertilization. Labeled 15N fertilizer has been extensively used in perennial

plants to trace N in the plant throughout the season and to study the internal cycling of N

to distinguish N fertilizer uptake within a growing season from N from stored reserves.

Results from several species (Birkhold and Darnell, 1993; Cheng and Fuchigami, 2002;

Millard and Neilsen, 1989; Sanchez et al., 1992; Strik et al., 2004) have shown that the

main location of stored N depends on the growth habit of the plant and there can be large

variation in the contribution of stored or remobilized N to support new spring growth (30

to 90%).

Mature blueberry plants absorbed fertilizer N most efficiently during active

growth between late bloom and fruit maturity; however, only 8% of the fertilizer was

recovered two weeks after application (Throop and Hanson, 1997). Mature 'Bluecrop'

fertilized with 40 kgha1 of N as urea, before bud break, recovered 32% of the fertilizer

N by the following fall (Retamales and Hanson, 1989).
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Growers in Oregon have generally been applying recommended rates of nitrogen

(N) fertilizer, 110 kgha' of N for mature plantings (Strik and Hart, 1991; Strik et al.,

1993). Recommendations on rates and timing of N fertilization vary with location. In

Michigan, recommendations for mature plantings range from 56 to 78 kgha' of N, and

doses are adjusted according to soil type (Hanson and Hancock, 1996). Blueberry plants

established in sandy soils with low organic matter, or when sawdust mulch is used,

require higher rates of N fertilizer than those in heavier soil with high organic matter

content or with mulch (Hanson et al., 1996). In New Zealand, standard recommendations

vary from 30 to 40 kgha' of N in organic soils, or 50 to 60 kgha1 of N in mineral soils.

They recommend fertilizer N be applied in spring between September and October

(southern hemisphere; Anonymous, 1996). In Idaho, 84 to 112 kgha' of N is

recommended for optimum yield (Mahier and Barney, 2000).

Previous researchers have suggested that multiple applications of fertilizer

nitrogen would be necessary to maintain sufficient soil N levels throughout the period of

high demand. Most agree that yield, fertilizer use efficiency, and absorption increase if N

fertilizer is applied using split doses. This is particularly important in sandy soils where

N can be rapidly lost through leaching. Although there is available information on the

beneficial effect of spring application of N in blueberries compared to summer or fall

application, the long term effect of either date of application, in mature blueberry grown

under field conditions is not known.

The objectives of this study were: 1) to determine the effects of in-row plant

spacing and nitrogen (N) fertilization on shoot growth, seasonal changes in biomass and

N partitioning amongst plant parts, N fertilizer uptake and mobilization, in a mature,

5



field-grown highbush blueberry over a two year period; 2) ascertain the impact of rate of

N fertilizer application on N uptake, partitioning, and growth of young, field-grown

blueberry plants; and 3) quantify the effect of short- and long-day photoperiod on the

growth, dormancy, and flower bud development of three northern highbush blueberry

cultivars.
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CHAPTER 2

CHARACTERIZATION OF SHOOT GROWTH iN HIGHBUSH BLUEBERRY AS

AFFECTED BY PLANTING DENSITY AND RATE OF NITROGEN

FERTILIZATION



Abstract

This study was conducted to characterize shoot growth, including shoot length

and biomass and the number of flushes of growth and flower buds in mature 'Bluecrop'

blueberry plants grown under two in-row spacing treatments (0.45 and 1.2 m) and three

nitrogen (N) fertilization rates (0, 100 and 200 kgha1 of N) in the field over two years.

Shoots on whole plants were divided into small (5), medium (M), large (L) and extra

large (XL) based on length on three dates (Sept. 2002, Jan. 2003, and Jan. 2004). The

total number of shoots per plant ranged from 261 to 298 on Sept. 2002 and from 249 to

382 on Jan. 2004. Plants spaced at 1.2 m had more shoots than those at 0.45 m in Jan.

2004, but not in Sept. 2002. Fifty percent of the shoots were S and only 8% were XL.

Nitrogen rate did not affect shoot number, but higher rates of N did increase shoot

biomass and also the proportion of XL and S shoots on plants on Jan. 2004. Total shoot

dry weight (DW) was affected by spacing in both years and by N rate in 2004. Plants at

1.2 m and fertilized with 100 or 200 kgha1 of N had a greater shoot biomass than un-

fertilized plants at 0.45 m in-the-row. Shoots had from one to four flushes of growth and

the number of flushes was highly correlated with shoot size -- 60 to 80% of S shoots had

only one flush of growth compared to 8 to 12% of XL shoots. In general, XL shoots had

at least three flushes of growth. Plants at the 1.2 m spacing had more shoots with two

flushes in 2002 and with two or three flushes in 2004 than those at 0.45 m. The number

of flushes of growth in L and XL shoots tended to increase with N fertilization rate.

Nitrogen fertilization increased the number of XL shoots having one or two flushes.

Eighty percent of the shoot biomass was in the first flush of growth and 20% in the

8



second or later flushes with no effect of spacing or N rate on biomass partitioning.

Larger shoots had more total buds and flower buds than S shoots and flower buds were

always located in the last flush of growth.

Introduction

Highbush blueberry ( Vaccinium corymbosum L.) is a deciduous, woody, perennial

shrub that alternates its annual cycle between a period of dormancy in the fall and winter,

and a period of active growth during spring and summer. Shoot growth begins with bud

break in the spring and ceases in mid-summer preceding the initiation of flower buds

from the tip of the shoot basipetally (Gough et al., 1978). The number of flower buds per

shoot is cultivar dependant and is affected by flush of growth and cultural practices

(Gough et al., 1976, 1978). Tn blueberry plants, there are two different types of shoots: 1)

shoots that originate from vegetative buds formed the previous season on one-year-old

wood. These shoots can be of different length depending on their position on the plant

and cultural practices; and 2) shoots that originate from latent buds that were formed

earlier, located on the crown or on older wood or roots (epicormic shoots; Marzocca,

1985).

Growth of individual shoots in blueberry is episodic and sympodial; they grow in

flushes during the season accompanied by a varying number of apical abortions often

called the "black tip stage" (Gough et al., 1978). The aborted shoot apex usually remains

visible on individual shoots for one to two weeks, after which the necrotic area sloughs

off. Two to five weeks after black-tip abscission, one lamma shoot typically develops

from the most distal vegetative bud and assumes apical dominance preventing more



proximal buds from breaking. The shoot often remains un-branched, although branched

shoots may occur. The continued growth of the shoot is designated as the "second flush"

or later flushes of growth (Gough et al., 1978). New flushes of growth have also been

called summer-growth flushes or lamma growth (Andersen and Broadbeck, 1988).

Episodic growth is a natural phenomenon in blueberry shoots. Although this type of

growth is less common in other temperate species, it has been described (Cobb et al.,

1985).

According to Gough et al. (1976), the number of flushes of growth in blueberry

shoots is dependant on cultivar and vigor, with early-ripening cultivars having more

flushes than later cultivars. The length of individual shoots and the number of flushes

that occur on a single shoot vary and may affect the potential number of flower buds.

The effect of planting density or rate of nitrogen fertilization on shoot length, the total

number of shoots per plant, and the number of growth flushes per shoot has not yet been

quantified. Since shoot growth cessation precedes flower bud development, late growth

flushes may affect the number of flower buds per shoot.

The objectives of this study were to determine the effect of in-row plant spacing

and nitrogen (N) fertilization rate of mature field-grown blueberry on: 1) the number and

length of shoots and the number of growth flushes per shoot length category; 2) the

partitioning of biomass and N amongst different shoot size categories and growth flushes;

and 3) the effect of shoot size and growth flush on the number of total and floral buds.
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Materials and Methods

An existing nine-year-old (in 2002) 'Bluecrop' planting at the North Willamette

Research and Extension Center (NWREC) in Aurora, Ore., USA (lat. 450 17 'N, long.

1 22°45 'W; 46 m above sea level; average last freeze date 17 Apr.; average first freeze

date 25 Oct.) was used in this study. Plants were established on a Quantama series soil

(fine-loamy, mixed, mesic Aquatic Haploxeralfs) at two planting densities: 2778 and

7407 plantsha' (in-row spacing of 1.2 m and 0.45 m, respectively, with 3.0 m between

rows). In 2002 and 2003, plants were fertilized with 0, 100, or 200 kgha' of N.

Nitrogen was applied as ammonium sulfate (2 1-0-0) in thirds (33% in April; 33% in May

and 33% in June) and broadcast under the plant canopy in the row. Plants were otherwise

maintained according to standard commercial practice (Strik et al., 1993). The

experimental design was a randomized complete block with the experimental unit

consisting of a plot of 12 plants. There were three replicates for each spacing and N rate

combination.

At the end of the first growing season, on 11 Sept. 2002, when shoot growth had

ceased, but before leaf senescence, one plant per plot was dug from the field and all

shoots removed. Shoots were classified according to their length into the following sizes

and counted: Small (S, < 0.10 m); Medium (M, 0.10 - 0.29 m); Large (L, 0.30 - 0.50 m);

and Extra-large (XL, > 0.50 m). The number of growth flushes within each shoot was

recorded. Shoots were then dried to a constant weight (70°C) and the dry weight of each

shoot obtained.
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On 10 Jan. 2003, when the plants were dormant, all of the shoots that grew in the

2002 season ("one-year-old") were removed from one plant per plot. Shoots were

divided by growth flush, dried to a constant weight and biomass partitioning per growth

flush determined. The concentration of N (%) was analyzed for each size of shoot in

Sept. 2002 and growth flush in Jan. 2003 by mass spectrometry (Isotope Service, Los

Alamos, N.M.) and total N content calculated as the product between weight and %N.

At the end of the second season (12 Jan. 2004) data on the shoots that grew in

2003 were collected as described for 2002. In addition, the total number of buds and

flower buds were counted on each shoot size category and flush of growth, and percent

floral buds calculated.

Treatment effects were analyzed using the PROC GLM procedure in SAS (SAS

Institute Inc., 1999); in-row spacing, N fertilization rate and shoot size (in the case of

flushes of growth) were considered treatments. Treatment means were compared using a

Fisher's protected least significant differences (LSD) test.

Results and Discussion

Shoot number and dry weight. The effect of in-row spacing and rate of N

fertilization on the number and dry weight (DW) of each shoot size category is presented

in Tables 2.1 and 2.2. Only the main effects are shown since there was no interaction

between rate of N fertilization and in-row spacing on shoot number and dry weight at the

end of the 2002 and 2003 growing seasons.
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At the end of the first growing season of study, in Sept. 2002, the total number of

shoots per plant ranged from 261 to 298 with no significant treatment effect (Table 2.1).

About 50% of the shoots per plant were small (S), 32% medium (M), 10% large (L) and

8% extra large (XL). Plants spaced at 1.2 m tended to produce more XL and L shoots

than those at 0.45m (Table 2.1). Rate of N fertilization had no significant effect on the

number or proportion of shoot types (Table 2.1).

A similar percent distribution amongst shoot sizes was observed after the second

season of study (Table 2.2). In this case however, plants spaced at 1.2 m produced more

total, S and M shoots than those at 0.45m. Plants at the wider spacing were larger in size

than those at 0.45 m (Chapter 3). Although rate of N fertilization did not affect the

number of shoots per plant, fertilized plants tended to produce a larger proportion of S

and L shoots than un-fertilized plants (Table 2.2). The total number of shoots per plant

was similar in both years (Tables 2.1 and 2.2). Gough et al. (1978) recorded from 62 to

190 shoots per plant in ten-year-old 'Lateblue'. They separated shoots into three diameter

categories and reported 70% thin (<2.5 mm in diameter), 25% medium (2.5 to 5 nim),

and 5% thick shoots (>5mm). In this study, shoot diameter was not measured, but, by

observation, the S and M shoots in this study could correspond to Gough's thin shoots, L

to medium-thick and the XL to thick; if so, our results are similar to those of Gough et al.

(1978).

Total shoot dry weight (DW) per plant was affected by in-row spacing, but not by

N fertilization rate in 2002 (Table 2.1). Plants spaced at 1.2 m had more total shoot

biomass and more dry weight per L and XL shoots and tended to have more dry weight

per M shoots, than plants spaced at 0.45 m (Table 2.1). Tn general, plants at the closer
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spacing were smaller in size as has also been reported by Strik and Buller (2005). There

was no effect of in-row spacing on biomass partitioning amongst shoot size categories,

except for plants at 0.45 m that partitioned significantly more biomass to S shoots (Table

2.1). Strik and Buller (2005) found no effect of in-row spacing (0.45 m and 1.2 m) on the

proportion of total plant dry weight partitioned to one-, two-, or three-year-old wood,

crown and roots. They did not study different sizes of one-year-old stems. In our study,

although XL shoots accounted for 6 to 9% of the total number of shoots per plant, they

represented 64% of the total shoot DW due to their large size. The opposite was true for

S shoots that represented 50% of the number of shoots but only 4 to 8% of shoot DW

(Table 2.1). The DW of total, S and M shoots that grew in 2003 was greater in plants

spaced at 1.2 m than those at 0.45 m. Again, there was no effect of in-row spacing on dry

weight partitioning (Table 2.2).

After the first year the N fertilization treatments were imposed, rate of N fertilizer

did not affect total shoot DW, but did change DW partitioning (Table 2.1). Plants

fertilized with 200 kgha1 of N had a larger proportion of total shoot biomass in XL

shoots and tended to have a smaller percentage in S shoots than un-fertilized plants

(Table 2.1).

After two years, plants fertilized with N had more total shoot biomass,

particularly in M and L shoots, than plants that had not received N fertilizer for two years

(Table 2). This effect was not observed in Sept. 2002 (Table 1), probably because mature

blueberry plants have a large storage or buffering capacity and one growing season was

insufficient time to observe differences amongst N fertilization treatments. In Michigan,

it took Hanson and Retamales (1992) three years for a yield response as a result of no
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fertilization in mature 'Bluecrop' plants (Extra-large (XL) shoots accounted for only 6 to

7% of the total shoot number per plant, but 60% of the total shoot DW in 2003. In

contrast, S shoots accounted for 50% of the total number of shoots, but only 4% of the

shoot DW (Table 2.2).

It is important to note that in Sept. 2002 plants were dug from the field when

shoot growth had ceased, but before leaf senescence (that normally occurs in November

in Oregon). In Jan. 2004, however, plants were sampled when dormant to evaluate the

number of flower buds per plant and to detect any possible late flush of growth in 2003.

Flushes of growth. The number of growth flushes varied with shoot size, with

longer shoots having more flushes (Table 2.3). Nitrogen fertilization rate did not affect

the number of flushes per shoot. Spacing had little effect on flushes of growth, with the

exception that more XL shoots in plants at 1.2 m had three flushes of growth than XL

shoots in plants at 0.45 m (Table 2.3). Plants at 1.2 m also produced more shoots with

two flushes than those at 0.45 m (Table 2.3). Shoots had one to four flushes of growth,

with 70% of the shoots per plant having only one flush and 30% producing two or more

flushes by Sept. 2002 (Table 2.3). Extra large (XL) shoots had up to four flushes of

growth, but the majority of XL shoots had two flushes. In general, shorter shoots had

fewer flushes of growth and a larger proportion with only one flush of growth compared

to longer shoots. Eighty percent of S shoots had only one flush, compared to 12 % of XL

shoots (Table 2.3).

Nitrogen supply altered the growth pattern of Vaccinium species, with the growth

of the second leaf flush stopping sooner under low N compared to high N fertilization

rates (Gretel et al., 2001). Higher N rates also promoted more and later flushes of growth
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in Ligustrum (Kuehny et al., 1997). In this study we found no effect on the number of

growth flushes after one season of differing N fertilization rates; we did not, however,

measure the time when growth cessation occurred in the later flushes, and if this was

affected by N fertilization.

Sixty two percent of the shoots that grew in 2003 had only one flush of growth

(Table 2.4). As in the previous season, the number of flushes of growth varied with shoot

size. Extra large (XL) and L shoots had up to four flushes of growth. Forty-two percent

of XL shoots had three flushes of growth compared to less than 1% of M and S shoots.

Shorter shoots had fewer flushes of growth than longer shoots, as was observed the first

year (Table 2.4).

In Jan. 2004, plants spaced at 1.2 m produced more shoots per plant (Table 2.2)

and therefore also had more shoots with one, two, and three flushes of growth than plants

spaced at 0.45 m (Table 2.4). However, the proportion of shoots with one to four flushes

of growth was not affected by in-row spacing (Table 2.4).

As the rate of N fertilization increased, there was a trend for plants to have more

shoots with three or four flushes (data not shown). Also, there was an interaction

between rate of N fertilization, in-row spacing, and shoot type. Extra-large (XL) and L

shoots had more flushes of growth in plants spaced at 1.2 m than those at 0.45 m and

higher rates of N fertilization further increased the number of flushes of growth.

Gough et al. (1976) reported an average of 1.5 flushes of growth in medium

diameter shoots often-year-old 'Bluecrop' plants. In their study, the number of flushes of

growth per season was affected by cultivar, ranging from 1.02 in 'Coville' to 1.96 in
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'Bluetta'. There is no other published report on the effect of shoot size, N rate or in-row

spacing on flushes of growth or partitioning amongst shoot types in blueberry plants.

Dry weight per flush of growth. At the end of the first growing season, 80% of

the shoot biomass was in the first flush of growth and 20% in the later flushes, regardless

of shoot size. Neither in-row spacing nor rate of N fertilization affected the partitioning

of DW amongst flushes of growth (Table 2.5).

Bud number per shoot. The total number of buds per shoot was affected by shoot

size (p<O.001), in-row spacing (p<0.05) and N fertilization rate @<0.05). The interaction

between shoot size and spacing was significant (p<0.05), but not the interaction with N

rate (Table 2.6). Larger shoots had more buds than S shoots. Fewer buds were found in

shoots of plants at 0.45 m than shoots from plants at 1.2 m, perhaps because a larger

proportion of XL shoots were found at the wider spacing. Plants fertilized with N had

more buds per shoot (35) than un-fertilized plants (31).

Shoot size and in-row spacing affected the number of flower buds per shoot, but

not N fertilization rate (Table 2.6). The number of flower buds per shoot ranged from 3

to 13 in S and XL shoots, respectively. Fewer floral buds were on M and L shoots on

plants spaced at 0.45 m than plants at 1.2 m. Percent flower buds varied from 16% to

35% depending on shoot size and spacing. In contrast to what was observed for total and

floral buds, M and S shoots had a higher percent flower bud set than did L or XL shoots

(Table 2.6). Although the percentage of flower buds was higher in S shoots, the actual

number of flower buds was higher in L shoots. This is important to keep in mind when

estimating potential fruit production per shoot or when comparing treatment effects on

blueberry plants; using total flower bud number would be better that using percentages.
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Plants at 1.2 m had a higher percentage of flower buds on L shoots than those at 0.45 m.

Plant density therefore will affect the total number of flower buds per plant, with more

flower buds per hectare and thus a higher yield potential expected at an in-row spacing of

0.45 m compared to 1.2 m. Strik and Buller (2005) found that early cropped 'Bluecrop',

'Duke', and 'Elliott' had 62 to 140% more yield at the closer (0.45 m) spacing than at 1.2

m. Gough et al. (1976), in 'Bluecrop' and 'Earliblue', found more flower buds in thin and

medium sized shoots than in thick shoots, but more total buds on thick shoots. Their

findings agree with our results if L shoots are considered similar to their thick shoots.

The quality of flower buds (number of flowers or potential fruit size) per S, M, L,

or XL shoot was not studied here, but it would be interesting to measure in future studies.

Bud number per growth flush was affected by shoot size (p<O.0001), spacing

(p=0.04), and by their interaction (p=0.03). The total bud number, number of flower

buds, and the percent flower buds per growth flush was affected by shoot size (data not

shown). More buds were found in the first flush of growth than in later flushes for all

shoot size categories, except the XL, where the second and third flush of growth had

more buds than the first flush. As was previously described in Table 2.5, longer shoots

(XL and L) had more flushes of growth than S or M shoots; in S shoots 100% of the buds

were found in the first two flushes compared to only 36% in XL shoots. In all shoot

sizes, there were buds on the first and second flushes, but buds in the third or fourth

flushes were only found on L and XL shoots. Since flower bud induction and

differentiation proceeds basipetally in blueberry shoots, flower buds are typically found

on the distal portion of the shoot. In our study, flower buds occurred in the distal most

two flushes of growth. Bud number per flush was therefore dependent on the number of
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flushes per shoot. The last two flushes occurred later in the season, so the stage of flower

bud differentiation probably differs amongst shoot flushes If shoot cessation occurs late

in the season, one would expect to find a reduction in the number of flower buds on these

later flushes. We speculate that fruit produced on those later flushes would be smaller

and have a later fruiting season compared to fruit originating from the first two flushes

that had more time for differentiation and development. This has been observed in the

field but to our knowledge it has not been reported to date.

Nitrogen concentration and N content of shoots by size category were measured

in Sept. 2002. Concentration of N was affected by shoot size, N fertilization rate, and

spacing (Table 2.7). Larger shoots (XL) had a lower average %N (0.6 1%) than the

smaller shoot sizes; S shoots had the highest %N (1.1%). This may be an indirect effect

due to differences in dry weight amongst shoot sizes. Nitrogen fertilization increased

%N in all shoot sizes from an average of 0.7% in shoots of un-fertilized plants to 1.0% N

in shoots of plants fertilized with 200 kgha' of N (Table 2.8). Tn contrast, total N

content (mg) was higher in XL than in L, M, and S shoots, due to the larger biomass in

the longer shoots, as previously described (Table 2.3).

Shoots on plants spaced at 0.45 m had a higher N concentration and N content

than shoots on plants at 1.2 m (Table 2.7).

Flushes of growth did not differ in N concentration. However, more N was found

in the first flush of growth than in the second and later flushes in Jan. 2003, again

because of a greater dry weight in the first flush (Table 2.8).
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Conclusions

Mature blueberry plants produced shoots that differed in origin and length. Shoot

number per plant ranged from 260 to 290 and was affected by planting density. Plants

spaced at 1.2 m had more shoots and a greater total shoot weight than plants at 0.45 m.

Higher rates of N fertilization increased total shoot weight after two years compared to

un-fertilized plants. Fifty percent of the total shoots per plant were short (less than 0.10

m), but this size represented only 4 to 8% of total shoot dry weight. The percentage of S,

M, L, or XL shoots was not affected by in-row spacing. In 2002, plants fertilized with

higher rates of N produced a larger proportion of XL shoots and fewer S shoots. There

were one to four flushes of growth on shoots in this study, affected mainly by shoot

length longer shoots had more flushes than shorter shoots. Sixty to 80% of small

shoots had only one flush of growth compared with 8 to 12% of XL shoots that, in

general, had at least three flushes. The number of flushes was not affected by in-row

spacing, but tended to increase with N fertilization in L and XL shoots.

After the first season of growth, 80% of the shoot biomass was in the first flush

compared to 20% in the second and later flushes. In-row spacing increased the total, first

and second flush biomass but did not affect partitioning. No effect of N rate on biomass

partitioning by shoot size was found.

Smaller shoots had a higher N concentration but less N content due to a lower dry

weight. Nitrogen fertilization rate increased the N concentration and content of shoots.

Flushes of growth did not affect N concentration but N fertilization did. More N was

found in the first flush of growth compared to the second and later flushes.
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The number of total and flower buds was dependent on shoot size. Longer shoots

had more buds than shorter shoots. Flower buds were always in the distal portion of the

shoot in the last flush of growth. Shorter shoots produced fewer floral buds, but had a

higher percentage of fruit bud set than longer shoots. When estimating potential fruit

production per shoot or when comparing treatment effects on blueberry plants, using total

flower bud number would be better that using percent fruit bud set. Planting density

affected the total number of flower buds per plant, with more flower buds per hectare and

thus a higher yield potential is expected in a higher density planting. To attain this yield

potential, however the appropriate balance among shoot sizes would be necessary.

Medium (M) and L shoots are more productive than S or XL shoots, but XL shoots are

important replacement canes for future production. The majority of smaller shoots would

be removed at pruning time. We did not determine the effect of shoot size on the quality

of flowers or fruits, an important thing to measure in future studies. Identifying the

optimum combination of shoot size categories for high yield in blueberry would facilitate

pruning decisions to maximize yield. With the information presented here, it is clear that

plant size and N fertilization rate have an impact on the number, dry weight and flushes

of growth. However, there may be some other cultural practices like pruning that may

impact the distribution of shoot sizes in blueberry plants.
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Table 2.1. The effect of in-row spacing (averaged over N fertilization rate) and N fertilization rate (averaged over spacing) on the
number of shoots and shoot dry weight amongst shoot size categories in mature 'Bluecrop' blueberry plants, Sept. 2002 (n=1 8 for
spacing; n=12 for N rate).

p-value 0.83 0.8 0.9 0.75 0.37 0.22 0.96 0.62 0.79 0.64 0.01 0.25 0.16 0.69 0.55 0.07 0.03 0.82

zXL: shoots > 0.50 m, L: shoots 0.30-0.50 m, M: shoots 0.10-0.29 m, S: shoots < 0.10 m
'%: percentage of total.

Spacing
(m)

N

(kgha')

XLZ

Number %Y

L

Number

Number of shoots
M

% Number %

S

Number % Total

XL

(g) % (g)

Shoot dry weight
L M

% (g) % (g)

S

% Total (g)

0.45 13 6 21.8 9 70.4 28 156.1 58 261.3 147.7 64 41.1 17 25.6 10 19.7 8 234.2

1.2 -- 22.3 9 34.3 12 98.0 34 143.4 45 298.1 244.0 64 77.4 20 45.7 12 15.5 4 382.6

p-value 005 0.25 0.07 0.1 0.18 0.18 0.76 0.06 0.5 0.002 0.97 0.04 0.43 0.05 0.49 0.34 0.01 0.004

0 19.0 7 30.0 12 69.0 27 156.2 56 273.8 192.1 60a 75.8 22 40.6 12 17.6 6a 325.7

100 18.0 9 26.0 10 80.0 31 143.2 51 267.7 184.6 60a 60.1 20 35.4 11 24.6 9a 304.3

200 16.0 7 29.0 10 103.0 36 150 49 297.7 210.2 72b 42.3 14 31.8 10 10.7 4b 295



Table 2.2. The effect of in-row spacing (averaged over N fertilization rate) and N fertilization rate (averaged over spacing) on the
number of shoots and shoot dry weight amongst shoot size categories in mature 'Bluecrop' blueberry plants, Jan. 2004 (n=18 for
spacing; n=12 for N rate).

zXL: shoots > 0.50 m, L: shoots 0.30- 0.50 m, M: shoots 0.10 - 0.29 m, S: shoots < 0.10 m
'%: percentage of total.

Number of shoots
XLZ L

Spacing N rate
(m) (kgha') Number %' Number %

M

Number %

S

Number % Total

XL

(g) %

Shoot dry weight
L M

(g) % (g) %

S

(g) % Total (g)
0.45 -- 17.6 7 25.0 10 93.8 37 113.3 46 249.7 250.1 61 70.6 19 62.4 a 16 12.1 3 395.2

1.20 -- 22.8 6 30.2 8 139.1 36 190.2 50 382.3 348.5 60 85.8 16 l02.2b 19 21.8 4 558.3

p-value 0.21 0.41 0.14 0.04 0.02 0.95 0.002 0.34 0.001 0.10 0.89 0.11 0.36 0.002 0.27 0.002 0.07 0.02

0 14.9 6 22.0 8 85.0 33 162.2 52 284.0 209.4 59 59.5 a 19 56.5 a 18 16.3 5 b 341.6 a

100 25.7 7 30.5 9 148.0 36 140.0 47 344.2 385.1 64 84.9 b 15 101.5 b 18 16.2 3 a 587.5 b

- 200 20.0 7 30.4 10 116.3 40 153.2 43 319.8 303.5 60 90.2b 19 88.9b 17 18.5 4ab 501.3b
p-value 0.3 0.34 0.06 0.27 0.16 0.13 0.73 0.06 0.39 0.11 0.75 0.04 0.55 0.005 0.93 0.68 0.03 0.03



Table 2.3. The effect of in-row spacing (averaged over N fertilization rate) on the number
and percentage of shoots with 1, 2, 3 or 4 flushes of growth per shoot size category of
mature 'Bluecrop' blueberry, Sept. 2002 (n=6).

p-value shoot size <0.0001 0.01 0.0001 0.12 <0.0001 0.0001 0.0001 0.0001 0.13

spacing 0.86 0.02 0.11 1.0 0.33 0.12 0.37 0.38 0.80
shoot size x

spacing 0.53 0.83 0.001 1.0 0.52 0.32 0.74 0.19 0.98

ZS: shoots < 0.10 m, M: shoots 0.10-0.29 m, L: shoots 0.30-0.50 m, XL: shoots>
0.50m
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In-row
spacing

(m) Shoot sizez

Number of shoots with indicated flushes

1 2 3 4 Total

Percent of shoots with
indicated flushes (%)

1 2 3 4

0.45

1.20

S

M
L

XL
Total

S

M
L

XL
Total

131.4
56.1

9.6
2.0

199.1

115.9
76.4
11.3

1.3

205.0

24.7
13.3

11.3

8.4
57.7

27.6
21.4
22.1
15.0

86.1

0.0
1.0

0.9
2.4
4.3

0.0
0.1

0.9
5.9
6.8

0.0
0.0
0.0
0.1

0.1

0.0
0.0
0.0
0.1

0.1

156.1

70.4
21.8
13.0

261.0

143.4

98.0
34.3
22.3

298.0

81

78
40
18

72.7

80

80

33
6

67.8

19

20
55
62

25.1

20
20
63
64

29.3

0

1

5

19

2.1

0

0
4
29
2.9

0

0

0
1

0.03

0

0
0

1

0.06



Table 2.4. The effect of spacing and shoot size, averaged over N fertilization rate, on the
number and percentage of shoots with 1, 2, 3 or 4 flushes of growth of mature IBluecrop!
blueberry, Jan. 2004 (n18).

ZS: shoots < 0.10 m, M: shoots 0.10 - 0.29 m, L: shoots 0.30- 0.50 m, XL: shoots>
0.50m

Table 2.5. Dry weight (DW) and biomass partitioning in the first or later flushes of shoot
growth in mature 'Bluecrop' blueberry plants at the end of the season, as affected by in-
row spacing and nitrogen fertilization rate, Jan. 2003 (n=3).
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In-row
spacing (m) shoot sizeZ

Number of shoots with indicated
flushes

1 2 3 4

Percentage of shoots (%) with
indicated flushes

1 2 3 4

0.45 S 68.9 44.3 0.1 0.0 62.9 38.0 0.1 0.0

M 71.3 22.3 0.1 0.0 75.5 24.4 0.1 0.0

L 11.4 11.2 2.2 0.1 48.5 42.1 8.8 0.6

XL 1.7 7.0 7.0 1.9 9.6 43.1 37.1 10.2

Total 153.3 84.9 9.4 2.0 61.0 34.0 3.7 0.7

1.2 S 131.6 58.6 0.1 0.0 70.0 30.0 0.0 0.0

M 95.6 42.8 0.8 0.0 68.3 31.2 0.5 0.0

L 10.4 17.2 2.3 0.2 34.9 56.6 7.5 1.0

XL 2.1 6.8 10.4 3.4 7.9 29.3 45.9 16.9

Total 239.7 125.3 13.7 3.7 63.0 32.1 3.6 1.0

p-value shoot size 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000

spacing 0.001 0.017 0.044 0.056 0.190 0.960 0.250 0.120

Spacingxshoot size 0.000 0.3 10 0.070 0.032 0.05 0.008 0.015 0.110

In-row N Dry weight in
spacing (m) (kgtha1) first flush (g) %

Dry weight in second
and later flushes (g) %

Total shoot
DW (g)

0.45 -- 175.3 81 38.9 19 214.2
1.2 430.8 83 88.3 17 519.1

p-value 0.0001 0.41 0.00003 0.41 0.0005

0 308.5 83 59.7 17 368.4

100 303.5 80 63.6 20 366.7

200 297.1 82 67.5 18 364.9
p-value 0.82 0.66 0.36 0.66 0.94



Table 2.6. The effect of shoot size, nitrogen fertilization rate and spacing on the total number of buds and the number and percentage
of flower buds per shoot in mature 'Bluecrop' blueberry plants, Jan. 2004 (n=3).

zXL: shoots > 0.50 m, L: shoots 0.30-0.50 m, M: shoots 0.10 0.29 m, S: shoots <0.10 m

In-row
spacing (m)

N rate
(kgha1)

Total number of buds per shoot

XLZ L M S

Floral bud number per shoot

XL L M S

Percent floral buds (%)

XL L M S

0.45 0 63 25 20 11 12 7 7 3 18 26 33 28

100 70 34 17 10 10 9 6 3 16 26 38 32

200 81 29 20 11 10 6 4 3 11 21 21 34

1.20 0 77 29 19 9 14 10 6 3 19 35 30 28

100 100 32 21 10 16 12 10 4 16 36 46 36

200 84 33 19 10 12 12 8 4 14 38 42 42

p-value spacing NS NS NS NS NS 0.01 0.02 NS NS 0.005 NS NS

N rate NS NS NS NS NS NS NS NS 0.01 NS NS NS
spacing*N rate NS NS NS NS NS 0.02 NS NS NS 0.005 NS NS



Table 2.7. Nitrogen (N) concentration (%) and total N content (mg) of each shoot size of
mature Bluecrop' blueberry plants as affected by in-row spacing and N fertilization rate,
Sept. 2002 (n=3).

Treatment Shoot sizez Nitrogen concentration (%) Total nitrogen (mg)

In-row Spacing (m)

0.45 S 1.15 103.9

M 0.78 92.9

L 0.85 160.7

XL 0.64 440.7

1.2 82.2S 1.08

zS: shoots < 0.10 m, M: shoots 0.10-0.29 m, L: shoots 0.30-0.50 m, XL: shoots>
0.50m
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M 0.75 165.8

L 0,76 275.9

XL 0.575 699.9

p-value shoot size 0.00 1 0.001

p-value spacing 0.038 0.001

p-value shoot*spacing 0.830 0.002

N rate (kg'ha-l)
0 0.66 212.9

100 0.81 259.2

200 1.00 286.2

p-value 0.001 0.020



Table 2.8. Nitrogen (N) concentration (%) and total N content (mg) per flush of growth
in mature 'Bluecrop' blueberry plants as affected by in-row spacing and N fertilization
rate, Jan. 2003 (n=3).

0 0.81 1400

100 0.96 1799

200 1.02 1729

p-value 0.03 0.29
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Treatment Growth flush Nitrogen concentration (%) Total nitrogen (mg)

In-row spacing (m)

045 1st 0.97 1653

21 and later 0.96 369

1.2 l' 0.85 3722

2' and later 0.94 827

p-value flush 0.53 0.0001

p-value spacing 0.27 0.001

p-value flushxspacing 0.47 0.001

N rate
(kgha- 1)



CHAPTER 3

BIOMASS AND NITROGEN PARTITIONING IN MATURE HIGHBUSH

BLUEBERRY AS AFFECTED BY PLANTING DENSITY



Abstract

This study was conducted in a mature 'Bluecrop' blueberry field, to quantify the

seasonal changes in biomass and nitrogen partitioning amongst plant parts over two

growing seasons at two planting densities (1.2 m vs. 0.45 m in the row; 2,778 and 7,407

plantsha1, respectively). One plant per plot was randomly selected and destructively

harvested on 11 dates from winter 2002 to winter 2004. Plants were separated into parts

and biomass and nitrogen (N) content quantified. Blueberry plants grown at 1.2 m in-the-

row had more biomass and more N than plants grown at the higher density, 0.45 m, on

every sampling date during this two-year study. The biomass of each individual plant

part was also greater at the wider spacing. Yield per plant was 30 to 80% greater at 1.2

m. However, yield per hectare was 30 to 140% higher in plants at 0.45 m than those at

1.2 m. Roots and crown were the heaviest organs, whereas roots and leaves contained the

most nitrogen. Percent biomass partitioning was affected by sampling date for all plant

parts, and by in row spacing only in the crown and 3-year-old wood, because a large

proportion of the biomass was found in these organs and plants were so much larger at

1.2 m than at 0.45 m. Nitrogen content per plant was affected by in-row spacing and

date. Plants at 0.45 m had less total N (15.5 g) than those spaced at 1.2 m (27.7 g).

Nitrogen content increased in plants over the two-year period, with a larger increase at

1.2 m than at 0.45 m. Nitrogen partitioning to each organ was affected by sampling date

and by spacing only in 3-year-wood, crown and fruit. According to these results, plants

at the higher density per hectare produced more fruit biomass and had a lower proportion

of their biomass and total N in crowns and 3-year and older wood.
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Introduction

Highbush blueberry is a deciduous perennial shrub with a shallow root system, a

crown, and stems or canes of various ages. Permanent organs, such as roots, crown, and

older wood are present on the plant throughout the year, whereas shoots, leaves, flowers,

and fruit are present only during active growth in spring and summer. An appropriate

balance amongst plant parts is required for sustainable, high yields of good quality fruit

(Siefker and Hancock, 1986). In blueberry, flowers are produced on one-year-old wood;

therefore an appropriate balance between new growth and old wood needs to be

maintained for sustainable production. Shoot size affects the number of flower buds with

longer, more vigorous shoots producing more total buds and flower buds (see Chapter 2).

Cultural practices such as pruning (Strik et al., 2003) or nitrogen fertilization (Ballinger

et al., 1963) can affect the total dry weight per plant and biomass partitioning. Plants

conventionally pruned had more biomass allocated to younger wood than un-pruned

plants (Strik et al., 2003). The growth pattern of individual organs (Gough, 1980; Gough

et al., 1976; 1978) and the entire plant (Throop and Hanson, 1997) has been described in

blueberry. Abbot and Gough (1987) found that shoot growth was rapid before fruit

maturity and root growth was greatest after fruit ripening. Total plant biomass and total

nitrogen in young highbush blueberry plants changed over time with a gradual

accumulation between May and June and the most rapid accumulation in July and early

August (Throop and Hanson, 1997). They reported partitioning of dry weight in stems,
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roots, and new growth per plant over one year of study, without mentioning planting

density or biomass accumulation per hectare.

Planting density has increased in the last ten years (Strik and Yarborough, 2005),

particularly with closer in-row spacing, to increase yield and precocity (Strik and Buller,

2005). The most common plant spacing in 1992 was 1.2 m in the row and 3 m between

rows (Moore, 1994). Moore et al. (1993), in a five-year spacing study with 'Bluecrop'

and 'Blueray', reported the highest yield at 0.6 m spacing (compared to 0.9 and 1.2 m)

with no difference between cultivars. Strik and Buller (2002) found that cumulative yield

of 'Bluecrop' from year three to seven was 104% higher at 0.45 m in-row spacing than at

1.2 m. Strik and Buller (2005) found that plants at 0.45 m in the row had a lower

biomass than those spaced at 1.2 m; however, yield per hectare was 62 to 140% greater at

higher density, depending on cultivar, due to increased plant number. There is presently

no information on the effect of in-row spacing or planting density on biomass and

nitrogen partitioning amongst plant parts in mature blueberry.

This study was conducted to quantify the seasonal changes in biomass and

nitrogen partitioning amongst plant parts in mature blueberry over two growing seasons

at two planting densities.

Materials and Methods

An existing 'Bluecrop' planting at the North Willamette Research and Extension

Center (NWREC) in Aurora, Ore., USA (lat. 45° 17 'N, long. 122°45 'W; 46 m above

sea level; average last freeze date 17 Apr.; average first freeze date 25 Oct.) was used for
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this study. Plants were established in Oct. 1993 on a Quantama series soil (fine-loamy,

mixed, mesic Aqualtic Haploxeralfs) at two in-row spacing (1.2 m and 0.45 m) with 3.0

m between rows, corresponding to planting densities 2,778 and 7,407 plantsha',

respectively. In 2002 and 2003, plants were fertilized with 100 kgha1 of N applied as

ammonium sulfate (2 1-0-0) and divided into thirds (33% in April; 33% in May and 33%

in June). Plots were also fertilized with 35 kgha1 of P and 66 kgha1 of K each spring.

Fertilizers were broadcasted under the plant canopy in the row.

Plants were otherwise maintained according to standard commercial practice

(Strik et al., 1993). The experimental design was a randomized block with three

replicates. The experimental unit consisted of a plot of 12 plants.

One plant per plot was randomly selected and destructively harvested on each of

11 dates from winter 2002 to winter 2004; in 2002: 2 Feb. (dormancy), 25 Apr. (one

month after bud break), 23 May (bloom), 2 July (blue fruit), 11 Sept. (shoot growth

cessation); and in 2003: 10 Jan. (dormancy), 17 Apr. (two weeks after bud break), 20

May (bloom), 8 July (two weeks before harvest), 14 Oct. (leaf discoloration) and 12 Jan.

2004 (dormancy). At each sampling date, one plant was randomly selected within each

plot and dug from the field to a depth of 0.5 m to ensure recovery of as much of the root

system as possible. Roots were washed and plants separated into parts: flowers, fruit,

shoots, leaves (removed from shoots), 1-year-old, 2-year-old, and? 3-year-old wood,

crown, small roots (<5 mm diameter), and large roots (>5mm diameter), depending on

stage of plant development. Each part was dried to a constant weight at 70°C (Fisher

Scientific Isotemp oven Model 65SF) and dry weight measured. A sub-sample of each
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tissue was ground to pass a 40 mesh screen (0.42 mm) and N concentration measured by

mass spectrometry (Isotope Service, Los Alamos, NM, USA).

Fruit on each plot were harvested by an over-the-row rotary machine harvester

(Littau Harvesters Inc., Stayton, Ore.) in 2002 and 2003 and total yield per plant

calculated.

The effect of in-row spacing and sampling date on the measured variables was

analyzed using the PROC GLM procedure in SAS (SAS Institute Inc., 1999). Regression

analysis was used to determine the relationship between dry weight and sampling date.

Treatment means were compared using a Fisher's protected least significant difference

(LSD) test.

Results and Discussion

Biomass accumulation

Total plant dry weight was affected by spacing (p<0.001) and sampling date

(p<0.001), with no significant interaction between spacing and date. Plants grown at a

wider spacing (1.2 m) had more total dry weight (DW) than plants grown at a narrower

spacing (0.45 m) at all sampling dates (Fig. 3.1). Plant dry weight increased from Feb.

2002 through Jan. 2004, the ninth through the tenth season of this planting, with a

significant polynomial regression. On the first sampling date, in Feb. 2002 after pruning,

plant DW was 1.7 kg and 2.9 kg for plants spaced at 0.45 m and 1.2 m, respectively

(Table 3.1). In Jan 2003, by the end of the first growing season, there was a significant

increase to 4.0 kg DW before pruning in plants at 1.2 m, but not in plants at 0.45 m. In
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the first year, a net biomass gain of 412 kg and 2,894 kg per hectare was measured at the

7,407 and 2,778 plant density respectively (Table 3.1). Harvested fruit was included in

the biomass gained, since it was removed from the field. Fifty percent more fruit

biomass was removed from individual plants at 0.45 m compared to those at 1.2 m;

however the opposite occurred for fruit biomass per hectare, due to differences in plant

density (Table 3.1). After two growing seasons, in Jan. 2004, before pruning, plants at

both in-row spacing had a significant increase in DW. The biomass accumulation in 2003

was greater than in 2002, in part, because plants had not yet been pruned in Jan. 2004 and

removal of wood at pruning time would have significantly reduced plant DW and also

DW of harvested fruit was greater in 2003 than in 2002, particularly in plants at 0.45 m

(Table 3.1). Weather during bloom was poor in 2002 (data not shown) resulting in poor

fruit set and a lower yield. Tn 2003, plant growth may have been greater than in 2002,

particularly at 0.45 m, as there was more space for plant growth due to plant removal

within each plot on prior sample dates.

In contrast to the per plant data, biomass per hectare was always greater at the

narrow spacing (higher plant density). A total DW of 12.7 tha' was measured at the

0.45 m in-row spacing, compared to 7.9 tha'1 at 1.2 m at the beginning of this study in

Feb. 2002 (Table 3.1). By the end of the two-year period, biomass (before pruning) had

increased two fold to 26.8 and 14.6 tha' for the narrow and wider spacing, respectively.

Yield per hectare was 30% and 140% higher at the 0.45 m than at the 1.2 m spacing in

2002 and 2003, respectively (Table 3.1). Our results agree with those of Strik and Buller

(2002) where the cumulative yield from years three through seven was 104% greater at
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0.45 m than at 1.2 m in a mature 'Bluecrop' field, and 62% to 140% greater in a young

blueberry field depending on cultivar (Strik and Buller, 2005).

A similar biomass gain of 2.4 and 2.1 kgplant was measured after two-years of

study (2002-04) for plants at 0.45 and 1.2 m, respectively. Biomass gained per hectare

was 17.3 t and 6.7 t for plants at 0.45 m and 1.2 m, respectively (Table 3.1), an average of

8.6 and 3.3 tha1, respectively, per year. Fifty percent of that biomass was removed as

fruit.

Total plant dry weight and biomass partitioning in blueberry are affected by

several cultural practices such as pruning intensity (Strik et al., 2003), nitrogen

fertilization (Merhaut and Damell, 1996), and early cropping (Strik and Buller, 2005). In

other species, biomass partitioning has been affected by training systems (Caruso et al.,

1999), crop load, and rootstock (Inglese et al., 2002) in peaches, de-blossoming in

strawberry (Forney and Breen, 1985), fertilizer rate in citrus (Alva et al., 2003) and

strawberry (Strik et al., 2004), cultivar in raspberry (Popenoe, 1994), and shading in

grapes (Vanden Heuvel et al., 2004). In mature 'Bluecrop' blueberry, Strik et al. (2003)

found that the DW of above-ground plant parts was affected by the method and severity

of pruning and ranged from 3.7 to 5.4 kgplant1 at an in-row spacing of 1.2 m, similar to

what we observed in this study. Pruning severity might also change with spacing, since

plants at high density are smaller and, in general, have a younger average wood age.

Biomass removed by pruning in Jan. 2003 was 278 and 472 gplant at 0.45 m and 1.2

m, respectively, with larger amounts of biomass removed per hectare at the higher

density.
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Most biomass studies in blueberry have involved younger plants (Birkhold and

Damell, 1993; Merhaut and Damell, 1996) where the effects of any cultural practice tend

to be more dramatic compared to studies using mature plants. For example, Throop and

Hanson (1997) found that young 'Bluecrop' plants had a three-fold increase in DW from

May to Aug., from 152 to 411 gplant In young plantings, where each plant has not yet

filled its available space within the row, the potential increase in biomass per year is

larger than in a mature field where plants have already occupied the space within the row.

In summer-bearing red raspberry, Rempel et al. (2004) found an accumulation of

5.5 tha' of DW and 88 to 96 kgha' of nitrogen in the aboveground biomass in a mature

field. Similar results were found in a mature 'Kotata' blackberry field with a total DW

accumulation of 4.8 to 5.3 tha' and 45 kgha1 of nitrogen in the aboveground biomass

(Mohadjer et al., 2001). In perennial strawberry, 'Totem', Strik et al. (2004) measured a

maximum DW accumulation of 7.2 tha' during the first fruiting season; they reported a

large variation in dry weight throughout the season, with a 45% decline from November

(leaf fall) to February (dormancy). In our study, blueberries accumulated more biomass

per hectare than has been reported for raspberry (Rempel et al., 2004) and blackberry

(Mohadjer et al., 2001), but our results were similar to those reported for perennial

strawberry (Strik et al., 2004).

Total Nitrogen accumulation

Total nitrogen (N) per plant was also affected by in-row spacing and date

(p<0.001). Nitrogen content per plant increased linearly with time at the 0.45 m in-row
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spacing and there was a polynomial relationship in plants at 1.2 m (Fig. 3.2). Plants

spaced at 0.45 m had less total N (19.6 g average over time) compared to those spaced at

1.2 m (31.8 g, averaged over time). Nitrogen content increased in plants over the two-

year period (p<0.001), with a larger increase in total N per plant at 1.2 m, 33.9 g, than in

plants at 0.45 m, 19.3 g (Table 3.2; Fig.3.2). Total N per hectare also increased over the

study period; however in this case total N was greater at the closer spacing (higher plant

density), 143 kgha1 gain at 0.45 m from 2002 to 2004 (before pruning) compared to 95

kgha1 at 1.2 m (Table 3.2). Net accumulation of N averaged 72 and 48 kgh&' per year

at 0.45 m and 1.2 m, respectively. Rempel et al. (2004) found an accumulation of 88 to

96 kgha1 of N in the aboveground biomass in mature summer-bearing red raspberry. In

trailing blackberry, 45 kgha' of N was accumulated in the aboveground biomass

(Mohadjer et al., 2001).

Although this was a mature blueberry field, the accumulation of DW and N per

plant still increased over time (Fig. 3.1 and 3.2). Total nitrogen was correlated to total

plant biomass as has been found in other studies (Mohadjer et al., 2001; Rempel et al,

2004; Strik et al., 2004).

Biomass allocation and percent partitioning

Biomass partitioning amongst plant parts was affected by spacing (p<0.00l; Fig.

3.3) and by sampling date (p<O.001). Roots and crown had the largest portion of plant

biomass at both in-row spacing treatments in all sampling dates. One-year and 2-year-old

wood were the organs with the lowest proportion of biomass of the permanent plant parts.
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Shoots, leaves, flowers and fruit, accounted for as low as 2% of the total plant biomass in

Apr. 2002 and 2003, to a maximum of 25% and 30% in July 2002 and 2003, respectively,

independent of spacing (Fig.3.3).

Roots (large plus small) accounted for the largest portion of total plant biomass at

all sampling dates. Large roots represented 16% of the plant biomass, independent of

spacing. Percent partitioning to small roots, however, was affected by spacing

(p<0.0001) with 8% in plants at 1.2 m spacing and 13% in plants at 0.45 m in-row

spacing. Strik and Buller (2005) did not find an effect of spacing on percent of total DW

in the roots of young blueberry plants, but in their study small and large roots were not

separated. In our study, seasonal changes in root DW partitioning were observed at both

spacing treatments. In winter (Feb. 2002, Jan. 2003, and Jan. 2004) roots accounted for

the greatest portion of total plant DW (42%), whereas the lowest percentage (18 to 21%)

was measured in Oct. 2003, at the end of the growing season, when shoots and leaves

represented a larger portion of total biomass (Fig. 3.3).

A larger root system was found at the lower plant density (886 g at 1.2 m; vs. 690

g at 0.45 m, averaged over time), where plants were larger. The amount of DW (g) in

large-roots was affected by spacing (p<O.001) and by sampling date (p<0.001). Small-

root biomass was affected by sampling date (p <0.001), but not by spacing. A larger

proportion of small-roots may have remained in the soil when plants were dug,

particularly in the larger plants at 1.2 m, since the sampling method recovered roots down

to 0.5 m and some roots were perhaps below this depth. Gough (1980) measured 1.7 kg

of root biomass per plant in mature highbush blueberry and noted that 40 to 70% of the

roots were smaller than 2 mm. In their study, the crown accounted for an average of 25%
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of the biomass of the above ground portion of the plant in winter, similar to what was

found in this study. A decline in root and shoot dry weight between dormancy and

anthesis was reported for container grown blueberry plants (Birkhold and Damell, 1993).

They hypothesized that biomass in the roots was used to support early plant growth. In

our study, a decline in root biomass was observed in May of both years. However we are

not completely sure that a decline in root reserves was causing this reduction, since total

plant biomass was lower at those sampling dates also, suggesting a probable variation in

plant size in thç sample plots by date.

The crown and 3-year and older wood were the next largest plant organs. The

total DW and the percentage of total DW in these organs were affected by spacing

(i<0.001) and by sampling date (p<.Ol). At 1.2 m, plants had almost double the mass in

crowns and 3-year and older wood than at 0.45 m (p<O.0O1) at all sampling dates (907 g

vs. 514 g for crown and 817 g vs. 441 g for older wood, respectively). However, as a

percent of total plant DW, differences between spacing treatments were smaller, 22% of

the total DW in the crown at 0.45 m compared to 25% at 1.2 m (p<O.01); and 19% vs.

22% for 3-year and older wood at 0.45 m and 1.2 m (p<O.01), respectively.

The biomass in one-year-old wood was more than double in plants at 1.2 m than

at 0.45 m (p<0.0Ol). However at both spacing treatments, one-year-old wood accounted

for an average of 9% of the total plant DW, and varied from 6 to 14% depending on date

(p<0.001). The largest accumulation of DW in one-year-old wood was measured in

January before pruning (Fig. 3.3).

The dry weight of shoots and leaves was also higher in plants at 1.2 m than those

at 0.45 m (p<0.00l). Percent partitioning to shoots was 6% and to leaves 7%, and was
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not affected by spacing. Total biomass and partitioning in these organs varied throughout

the season (p<O.Ol) with the largest mass accumulation and percentage of total dry

weight at the end of the season in Sept. 2002 and Oct. 2003.

Fruit yield per plant was affected by spacing and by date (p<O.00l) with the larger

plants at 1.2 m having more fruit biomass than the smaller plants at 0.45 m. In contrast,

yield per hectare at 0.45 m was 30% higher in 2002 and 144% higher in 2003 than at the

lower density, 1.2 m (Table 3.1). Fruit accounted for 10% and 16% of the total biomass

before harvest in July 2002 and 2003. Percent of total DW partitioned to fruit was not

affected by spacing.

Our results indicate that in-row spacing affected plant size and yield, with larger

plants growing at the wide in-row spacing having more biomass per each individual plant

part. However, percent DW partitioning, was only affected by spacing in older organs

such as the crown and 3-year and older wood and not in the rest of the plant. As plants

are spaced further apart in the row, they have more available space and therefore produce

larger crowns and older wood. This implies that an older or a more "permanent"

structure is present in plants at wide in-row spacing. We also observed a tendency for

plants at 0.45 m to produce a higher proportion of shoots and leaves than in plants at 1.2

m. These results indicate that as plant density increases in the field, plants have less

biomass in older tissues like crown and 3-year and older stems.

Nitrogen partitioning
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Total N content per plant part was affected by spacing (p<O.001) and sampling

date (p<O.0O1), except for small roots where N content was only affected by sampling

date. The percentage of N partitioned to each organ was affected by date (p<0.O01) in all

plant parts and also, in the case of 3-year-old wood, the crown and fruit, was also

dependant on spacing (Fig. 3.4).

Roots accounted for the largest proportion of N in the plant (36 %) through the

two-year study, due to their large dry weight (Fig.3.3) and high N concentration.

Partitioning of total plant N to the roots was significantly affected by date (p<O.O5),

ranging from 26% at the end of the summer to over 50% in winter. Nitrogen

concentration in roots also varied with date (See Chapter 4).

After roots, leaves had the next highest nitrogen content per plant. Total N

content of leaves was higher in the larger plants at 1.2 m than in those at 0.45 m and was

highest at the end of each growing season (Sept. 2002 and Oct. 2003). A five fold

increase in total N in leaves was observed between May and Sept. 2002, and a three fold

increase occurred from May to Oct. 2003 (Fig.3.4). This difference between years may

have been caused by earlier bud break in 2003 due to warmer weather than in 2002

resulting in a larger DW already present in leaves in May 2003. The percentage of total

plant N in leaves averaged 8.8% in May, 2 1.2% in July, and 24.7% in Sept./Oct.

(p<0.00l). Large changes in the total N content and percent partitioning of N were

observed in leaves through this two year study, since they are a temporary organ in

blueberry plants. Total N in leaves varied from 0.7 gplant 1 in May 2002 to 5.4 gplant -

in Oct. 2003 for plants spaced at 0.45 m and from 1.8 gin May 2002 to 9.1 gplant 1in

Oct. 2003 for plants at 1.2 m (p<O.001, Fig. 3.4).
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More N was accumulated and partitioned to the crown and 3-year and older wood

in plants at 1.2 m, mainly due to their large size. Percent partitioning to the crown was

17% and 15% (p<0.01) and 14% and 10% to the 3-year and older wood @<0.0l) in

plants at 1.2 m and 0.45 m spacing, respectively. Accumulation of N in crown and older

wood varied through the season (p<O.0001) with minimums occurring in July at both

spacing treatments, and maximums in Feb. 2002 at 0.45 m and in Apr. 2002 at 1.2 m

(Fig. 4). Total N in the crown and 3-year- and older wood was more stable over time

than in leaves, since crowns and older wood are a more permanent part of the plant.

Total N in fruit was 1.8 times higher in plants at 1.2 m than those at 0.45 m

(p<0.001), due to a higher yield per plant at 1.2 m, and reached maximum levels in July

of both years at either in row spacing (Fig. 3.4). Total N in fruit varied from 0.4 to 3.9

gplanf1 in Apr. and July 2002, respectively, for plants at 0.45 m, and from 1.1 to 5.9

gplanf1 in plants at 1.2 m in Apr. and July 2002, respectively (p<0.0001). A three to

nine fold increase in total N in fruit was observed between April and July, depending on

year and spacing (Fig. 3.4). Fruit N concentration, however, went down in that same

period; therefore the increase in total N was due to DW accumulation in the fruit and not

due to increasing N concentration. Partitioning of total plant N to fruit was 8.1% at the

0.45 m spacing and 9.0% in plants spaced at 1.2 m, with the maximum value in July.

Total N content in 1-year and 2-year old wood was affected by spacing

(p<O.0001) and date (p<0.0001), but partitioning was only affected by date (p<O.0001).

Total N in 1- and 2-year-old wood was 1.7 times higher in plants at 1.2 m than those at

0.45 m and reached its highest level at the end of each season, in January (Fig. 4). It is

important to note that in the winter sample (Jan.) we began to call the "shoots" of the

45



previous season (Apr. through Oct.) "1-year-old wood" and the 1-year-old wood became

"2-year-old wood". An average of 8.5% and 5.7% of the total N in the plant was

allocated to the 1-year and 2-year-old wood, respectively with maximum N partitioning

to these organs observed in January of each year.

Nitrogen content in shoots was 1.6 times greater in plants at 1.2 m spacing than in

plants at 0.45 m (j<0.0001) and both total N content and percent partitioning were

maximum at the end of each season in Sept. 2002 and Oct. 2003 (p<O.0001). Percent

partitioning was 7% on average, with 11% as a maximum value in Oct. 2003 independent

of spacing.

Conclusions

Blueberry plants grown at 1.2 m in-the-row had more biomass and nitrogen than

plants grown at the higher density, 0.45 m, on all sampling dates during this two-year

study. The biomass of each individual plant part was also greater at the wider spacing.

Yield per plant was 30 to 80% greater at 1.2 m. However, yield per hectare was 30 to

140% higher in plants at 0.45 m in the row than those at 1.2 m. Roots and crown were

the heaviest organs, whereas roots and leaves contained the most nitrogen. Percent

biomass partitioning was affected by sampling date for all plant parts, and by in row

spacing only in the crown and 3-year-old wood, because a large proportion of the

biomass was found in these organs and plants were so much larger at 1.2 m than at 0.45

m. Shoots, leaves, flowers, and fruit, accounted for as little as 2% of the total plant

biomass in April to as high as 25% to 30% in July, depending on year.
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Nitrogen content per plant was also affected by in-row spacing and date. Plants at

0.45 m had less total N (15.5 g) than those spaced at 1.2 m (27.7 g). Nitrogen content

increased in plants over the two-year period, with a larger increase at 1.2 m than at 0.45

m. Nitrogen partitioning to each organ was affected by sampling date and by spacing

only in 3-year-wood, crown and fruit.

According to our results, plants at the higher density per hectare produced more

fruit biomass, a scaling effect, and they had a lower proportion of their biomass and total

N in crowns and 3-year and older wood. Therefore, differences between spacing

treatments indicate that even after ten years in the field, plants at higher density produce

more fruit per hectare.
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Table 3.1. Accounting of biomass per plant and per hectare in mature 'Bluecrop'

blueberry as affected by in-row spacing and year, n=3. Mean ±SE.

total plant
' Percent dry weight in fruit in 2002 and 2003= 11%
plant post pruning Jan 03-Feb 02 + fruit
plant pre pruning Jan 04- Jan 03 + fruit
7,407 plants per ha at 0.45 m in-row spacing and 2,778 at 1.2 m in-row spacing

51

Date Stage of development

Dry weight (gplanft) Dry weight (kgha')

0.45 m 1.2 m 0.45 m 1.2 m

Feb.2002 Plant, postpruningz 1719 ±466 2874±387 12735 7984

July2002 Fruit harvested' 192 ±26 385 ±133 1422 1070

Jan.2003 Plant,post-pruning 1583 ±437 3531±815 11725 9808

2002-2003 Net dry weight X 56 1042 412 2894

July2003 Fruitharvested 375 ±124 410 ±44 2778 1138

Jan.2004 Plant, pre-pruning 3621 ±162 5272 ±529 26818 14647

2003-2004 Net dry weight W 2413 2151 17294 5977



Table 3.2. Accounting of total nitrogen per plant and per hectare in mature 'Bluecrop'

blueberry as affected by in-row spacing and year, n=3. Mean ±SE.

Z total plant
N% in fruit in 2002= 0.8 1% and 0.84% for 0.45 m and 1.2 m respectively; in 2003=

0.58% and 0.73% for 0.45 m and 1.2 m, respectively.
plant post pruning Jan 03-Feb 02+ fruit
plant pre pruning Jan 04- Jan 03 + fruit
7,407 plants per ha at 0.45 m in-row spacing and 2,778 at 1.2 m in-row spacing
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Date Stage of development

Total nitrogen (gplanf') Total nitrogen (kgha')

0.45 m 1.2 m 0.45 m 1.2 m

Feb. 2002 Plant, post-pruning 13.2±3.7 17.2±0.6 98 48

July 2002 Fruit harvested ' 1.6±0.3 3.4±0.7 12 9

Jan. 2003 Plant, post-pruning 15.7±2.3 31.2±7.0 116 87

2002-2003 Net nitrogen 4.1 17.1 30 48

July 2003 Fruit harvested 2.3 ±0.9 2.9 ±0.2 16 21

Jan. 2004 Plant, pre-pruning 28.7 ±0.8 44.9 ±5.3 213 125

2003-2004 Net nitrogen 153 16.8 113 47



Ete

Fig. 3.1. Total dry weight of mature 'Bluecrop' blueberry plants at two in-row spacings

from Feb. 2002 trough Jan. 2004. Mean ±SE (n=3). Regression models: for 0.45

m (°) y= 0.0043 x2 - 322.58 x + 0.00000006; R2 = 0.76 and for 1.2 m () y = 0.0034 x2

- 251.95x + 0.0000006; r2 = 0.80.
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Fig. 3.2. Total nitrogen content of mature 'Bluecrop' blueberry plants at two in-row

spacings from Feb. 2002 trough Jan. 2004. Mean ±SE (n=3). Regression models:

for 0.45 m (°) y= 16.008x 583096; r2 = 0.51; and for 1.2 m() y = -0.0201 x2 +

1544.6x - 0.00007; r2= 0.81.
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Fig. 3.3. Biomass partitioning amongst mature 'Bluecrop' blueberry plant parts A) at 0.45

m in-row spacing and B) at 1.2 m in-row spacing, (n=3). "Flofruit"= flowers or

fruit, "shoots"= current season growth with leaves removed, "leaves"= off the

current season's growth, "1-year", "2-year" or "3-year"=wood of different ages.
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or fruit, "shoots"= current season growth with leaves removed, "1eaves" off the

current season's growth, "1-year", "2-year" or "3-year"=wood of different ages.
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CHAPTER 4

15N NITROGEN AND DRY WEIGHT PARTITIONTh4G IN MATURE HIGHBUSH

BLUEBERRY AS AFFECTED BY IN-ROW SPACING AND NITROGEN

FERTILIZATION RATE



Abstract

The effect of nitrogen (N) fertilization rate and in-row spacing, on growth, yield

and N partitioning in mature field-grown 'Bluecrop' was studied for two years. Labeled

15N-ammonium sulfate was applied in the first year (2002) and non-labeled fertilizer in

the second year (2003). Two in row spacing treatments (0.45 and 1.2 m) and three N

fertilizer rates were applied (0, 100 and 200 kgha1 of N) in three equal portions each

spring. Plants were destructively harvested from the field and divided into parts on 11

dates from Feb. 2002 to Jan. 2004. Total plant dry weight (DW) was affected by

sampling date, in-row spacing, and N fertilization rate. Plants at the 1.2 m in-row

spacing had 32% more DW over time than those at 0.45 m, but less DW per hectare.

Nitrogen fertilization increased plant DW in the second year of study, affecting mainly

the younger plant parts. Percent partitioning was dependant on the time of year rather

than in-row spacing or N fertilization rate, with the exception that a larger percentage of

total plant DW was found in crowns and three-year or older wood at the wider spacing.

Nitrogen fertilization increased DW partitioning to shoots and to one-year-old wood in

the second year of study. Yield or fruit DW biomass in 2002 was greater at the narrow

spacing as there were more plants per hectare, but was not affected by N fertilization rate.

The largest accumulation of N per plant was measured at the end of the two year period,

in Jan. 2004, and was dependant on N rate. Plants fertilized with 200 kgtha1 of N had the

greatest total N. Nitrogen concentration (%N) varied greatly with plant part and was

affected by sampling date and N fertilization rate. Younger tissues had the highest N

concentration in the plant in spring (3.5%) and flower buds in winter (2.4%). The total
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nitrogen derived from the fertilizer (NDFF) increased from Apr. 2002 to May 2003. The

lowest NDFF per plant and per hectare was found in Apr. 2002, when almost 60% of the

NDFF was in the new shoots. Nitrogen fertilization rate and in-row plant spacing had an

impact on total NDFF accumulated per plant and per hectare. More total NDFF (mg) was

found in plants fertilized with 200 kgha1 of N than with 100 kgtha1 of N, independent of

spacing. Fertilizer recovery was 17% for plants at 1.2 m and 23% for plants at 0.45 m,

independent of N fertilization rate. Partitioning of 15N (mg per plant part) and percent of

total '5N per part changed with sampling date. Nitrogen fertilization rate and spacing did

affect the total amount of fertilizer-15N present in each part, but percent partitioning of

was dependent only on plant part. Plants at 1.2 m had a higher percentage of 15N

partitioned to crown and three-year and older wood, but reduced partitioning to large

roots than plants at 0.45 m.

Introduction

Biomass and nitrogen (N) partitioning in plants are affected by several factors

such us plant species, cultural practices, time of the year, and fruiting habit (Mediene et

al., 2002). In blueberry, pruning (Strik et al., 2003), nitrogen fertilization rate (Ballinger

et al., 1963; Peterson et al., 1988), fertilizer source (Brown et al., 1988; Merhaut and

Darnell, 1995; Peterson et al., 1988), and soil pH (Haynes and Swift, 1985; Rosen et al.,

1990) affect the total dry weight per plant and biomass partitioning. Throop and Hanson

(1997) found that total plant biomass in highbush blueberry changes over time with the

most rapid accumulation in July and little change between August and October. Strik et
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al. (2003) reported that plants pruned conventionally had more biomass allocated to

younger wood than un-pruned plants

Various studies have been completed on the effect of rate of N fertilization on the

growth and yield of mature blueberry plants. Hanson and Retamales (1992) found that

'Bluecrop' plants fertilized with 75 kgha1 of N had a higher yield than un-fertilized

plants. Yield of 'Collins' was not affected by fertilization with 22 or 112 kgha' of N;

however, applications of 67 and 134 kgha' of N reduced yield compared to the 22

kgha' of N treatment over two years (Clark et al., 1988). Ballinger et al. (1963) found

that yield and berry weight in 'Wolcott' blueberry were affected by N fertilization rate.

Mature blueberry plants absorbed fertilizer N most efficiently during active

growth between late bloom and fruit maturity; however, only 8% of the fertilizer was

recovered two weeks after application (Throop and Hanson, 1997). Mature 'Bluecrop'

fertilized with 40 kgha1 of N as urea, before bud break, recovered 32% of the fertilizer

N by the following fall (Retamales and Hanson, 1989). It has been suggested that

multiple applications of fertilizer nitrogen would be necessary to maintain sufficient soil

N levels throughout the period of high demand.

Planting density has increased in the last ten years, due mainly to closer planting

distance in the row (Strik and Yarborough, 2005), with increased yield and precocity

(Strik and Buller, 2005). The most common plant spacing in 1992 was 1.2 m in the row

and 3 m between rows (Moore, 1994). Moore et al. (1993), in a five-year spacing study

with 'Bluecrop' and 'Blueray', reported the highest yield at 0.6 m in the row (compared

to 0.9 and 1.2 m) with no differences between cultivars. Strik and Buller (2002) found

that cumulative yield of 'Bluecrop' from year three to seven was 104% higher at a 0.45 m
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in-row spacing compared to 1.2 m. Plants at 0.45 m in the row had a lower biomass than

those spaced at 1.2 m (Strik and Buller, 2005). However, yield per hectare was 62 to

140% greater at higher density, depending on cultivar, due to increased plant number.

Labeled '5N fertilizer has been extensively used in perennial plants to trace N in

the plant throughout the season and to study the internal cycling of N to distinguish N

fertilizer uptake within a growing season from N from stored reserves. Results from

several species (Birkhold and Darnell, 1993; Cheng and Fuchigami, 2002; Millard and

Neilsen, 1989; Sanchez et al., 1992, Strik et al., 2004) have shown that the main location

of stored N depends on growth habit and there can be large variation in the contribution

of stored or remobilized N to support new spring growth (30 to 90%).

In this study, we used labeled 15N at different rates of application in mature

blueberry plants at two in-row spacing treatments (0.45 m or 1.2 m) to determine the

effect of nitrogen fertilization rate and in-row spacing on N uptake, mobilization,

partitioning, growth, and yield of mature blueberry plants over a two year period in the

field.

Materials and Methods

An existing nine-year-old (in 2002) 'Bluecrop' planting at the North Willamette

Research and Extension Center (NWREC) in Aurora, Ore., USA (lat. 45° 17 'N, long.

1 22°45 'W; 46 m above sea level; average last freeze date 17 Apr.; average first freeze

date 25 Oct.) was used in this study. Plants were established in Oct. 1993 on a Quantama

series soil (fine-loamy, mixed, mesic Aquatic Haploxeralfs). Treatments for this study
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were in-row spacing and nitrogen (N) fertilization rate. Plants were established at 1.2 m

or 0.45 rn in the row, with 3 m between rows (planting densities: 2,778 and 7,407

plants'ha1, respectively). From the planting year through year eight (2001), plants were

maintained and fertilized according to standard recommendation (Strik et al., 1993),

specifically with 100 kgha' of N in 2000 and 2001. Nitrogen fertilizer rate treatments in

2002 and 2003 were 0, 100 or 200 kgha4 of N at each in-row spacing. The equivalent

rates per plant were 0, 14, and 28 gplanf' at 0.45 m and 0, 37, and 74 gplanf' at 1.2 m.

The N fertilizer was applied in thirds (33% 9 Apr.; 33% 9 May; and 33% 17 June 2002)

as labeled 15N-depleted ammonium sulfate {(NH4)2SO4] in 2002 and as un-labeled N

fertilizer at the same rate in 2003 on similar dates of application. All treated plots were

fertilized with 35 kghi1 of P and 66 kgh&1 of K each spring. Fertilizer was broadcast

on the soil under the plant canopy on either side of the row. Plants were otherwise

maintained according to standard commercial practice (Strik et al., 1993).

The experiment consisted of six treatments for the combination of the variables

in-row spacing and nitrogen fertilization rate arranged in a randomized block design with

three replicates. The experimental unit consisted of a plot of 12 plants.

One plant per plot was randomly selected and destructively harvested on each of

11 dates; in 2002: 2 Feb., 25 Apr., 23 May, 2 July, 11 Sept.; and in 2003: 10 Jan., 17

Apr., 20 May, 8 July, 14 Oct., and 12 Jan. 2004. Plants were dug from the field to a

depth of 0.5 m to ensure recovery of as much of the root system as possible. Roots were

washed to remove soil and plants were separated into parts: flowers, fruit, shoots, leaves

(removed from shoots), 1-year-old, 2-year-old, and? 3-year-old wood, crown, small

roots (< 5 mm diameter), large roots (> 5 mm diameter), and senescing leaves, depending
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on stage of plant development. Each part was dried to a constant weight at 70° C (Fisher

Scientific Isotemp oven Model 655F) and dry weight measured. A sub-sample of each

tissue was ground to pass a 40 mesh screen (0.42 mm) and N and '5N concentration

measured by mass spectrometry (Isotope Service, Los Alamos, N.M., USA).

Fruit on each plot were harvested by an over-the-row rotary machine harvester

(Littau Harvesters Inc., Stayton, Ore.) in 2002 and 2003. Average berry weight was

measured on 25 fruit per plot at each harvest date. Total yield per plant was calculated.

To determine fruit dry weight, fruit were sub-sampled from an early, middle and

late harvest date each year and freeze-dried. Freeze-dried fruit were weighed, ground in

liquid nitrogen and analyzed for total N concentration and 15N as described above.

Average fruit N and '5N concentration were calculated.

Atom percent values were converted to the proportion of the nitrogen derived

from fertilizer (NDFF), using standard conversions (Hauck and Brenmer, 1976):

%NDFF = ((15N natural abundance) - (atom % '5Nsampie)) / ((15N natural abundance) -

(atom % l5Nfertilizer))* 100

The 15N natural abundance was assumed equal to 0.366 atom percent.

Soil samples were collected at each sampling date to determine total N and the

presence of 15N. Soil was taken from the soil removed from each plant's root system as it

was dug from the field.

The effect of in-row spacing, N fertilization rate, and sampling date on the

measured variables was analyzed using the PROC GLM procedure in SAS (SAS Institute
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Inc., 1999). Regression analysis was used to determine the relationship between dry

weight, total nitrogen and sampling date. Treatment means were compared using a

Fisher's protected least significant difference (LSD) test.

Results for dry weight, nitrogen content and nitrogen derived from fertilizer

(NDFF) in the plants are expressed as total content or as a percentage of the biomass,

total N or total NDFF. Similarly, partitioning amongst plant parts is also expressed as

total amount or as a percentage of the total plant.

Results and Discussion

Dry weight

Total plant dry weight (DW) over this two-year-study was affected by sampling

date (p< 0.000 1), in-row spacing (p<O.000l), and N fertilization rate (p<0.05). The

interaction between N rate and time was also significant (p<0.01).

Plants at the 1.2 m in-row spacing had a larger total plant DW over time (3.7 kg)

than those at 0.45 m (2.3 kg), but less DW per hectare. Total plant DW significantly

increased from Feb. 2002 to Apr. 2002 and from Apr. 2002 to Apr. 2003 (Fig. 4.1). On

average, over N rate, DW increased from 1.7 kgplanf1 in Feb. 2002 to 3.1 kgplanf1 in

Jan. 2004 for plants at 0.45 m, and from 2.9 kgplant1 in Feb. 2003 to 4.7 kgplanf' in

Jan. 2004. Total DW accumulation per ha was affected by time and spacing, but not by

N fertilization. Biomass per hectare in plants spaced at 0.45 m in the row increased from

12.7 tha1 in Feb. 2002, after pruning, to 14.4 tha1 in Jan. 2003 and 22.3 tha1 in Jan.
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2004, before pruning, a 9.6 tha' net biomass increase over the two year period. For

plants at 1.2 m, biomass accumulation per hectare was less than at 0.45 m, but also

increased over time from 7.9 tha' in Feb. 2002 to 11 and 12.9 tha1 in Jan. 2003 and Jan.

2004, respectively, resulting in a net increase of 5 tha' of DW over the two year period.

Thus, our findings over all levels of fertilization, including un-fertilized plants, were

similar to what was described in Chapter 3.

Nitrogen fertilization had an impact on biomass accumulation per plant, but not

per hectare over the length of the study. The DW of plants receiving 100 kgha' of N

increased from 1.5 and 3.1 kgplanf1 in Apr. 2002 to 3.6 and 5.2 kgp1ant' in Jan. 2004,

for the 0.45 m and 1.2 m in-row spacing, respectively. Plants at the 0.45 m spacing

tended to have a more stable DW over time than plants at 1.2 m did for all N rate

treatments (Fig. 4.1).

Thus, as has been reported in other crops (Alva et al., 2004; Strik et al., 2004),

nitrogen fertilization affected biomass accumulation per plant in blueberry. Biomass

accumulation per hectare is described in Chapter 3.

The amount (g) of biomass allocated to each plant part (organ) was affected by

sampling date (p<O.0001) for every organ and by in-row spacing in all plant parts except

small roots. Nitrogen fertilization rate increased the total biornass in 1-year-wood

(p<0.01), 2-year-wood @<0.05), leaves (p<0.05), and shoots (p<O.001). At the 1.2 m

spacing, each plant part, except small roots, was larger than at the narrow spacing. It is

interesting to note that the higher N fertilization rate resulted in more biomass in younger

plant parts, mainly leaves and shoots and thus high N fertilization may have resulted in

excess vegetative growth.
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The percentage (% of plant DW) of biomass partitioned to each organ varied with

sampling date (p< 0.0001; Fig. 4.2 and 4.3). In-row spacing only affected DW

partitioned to the crown (p<O.001), 3-year-old wood (p<O.0001), and small roots

(p<O.000 1) in a similar way as described in Chapter 3. Plants at the 1.2 m spacing had a

larger proportion of biomass in crowns and 3-year-old wood and a lower proportion in

small roots, independent of N fertilization rate. Nitrogen fertilization rate only affected

percent biomass partitioning to 1-year-old wood (p<O.Ol), shoots (p<0.05), and large

roots (p<0.05) with fertilized plants having a higher percentage of total biomass, 8.5%

and 5.8% in 1-year-old wood and shoots, respectively, compared to 7.5% and 5.1% in un-

fertilized plants, respectively (Fig. 4.2 and 4.3).

Nitrogen fertilization rate had no effect on the DW of the root system, averaging

927 g (1.2 m) and 686 g (0.45 m). The DW of large-roots was affected by spacing

(p<0.001) and by sampling date (p<0.001), whereas the biomass of small-roots was only

affected by sampling date (p <0.00 1). It is possible that a portion of the small roots may

have remained in the soil when plants were dug, particularly in the larger plants at 1.2 m,

since the sampling method recovered roots down to 0.5 m and some roots were perhaps

below this depth. This may explain why differences in small root DW between spacing

treatments were not significant, in contrast to the other plant parts.

Averaged over time, the largest proportion of plant biomass at both in-row

spacing treatments was found in crown, 3-year and older wood, and large roots.

However, if the small and large root weight were combined, the roots were the largest

plant organ. The least amount of biomass was measured in flowers or fruit, shoots and 2-

year-old wood. Plants at the 1.2 m spacing had almost a two-fold greater biomass of each
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organ (Fig. 3). Roots (small + large) accounted for 30 and 25% (averaged over time) of

the plant DW for plants at 0.45 and 1.2 m respectively, followed by the crown (22 and

26%), and 3-year and older wood (18 and 20%). Fruit and shoots accounted for 5% of

plant DW each regardless of spacing (Fig. 4.2 and 4.3).

There were seasonal changes in the proportion of biomass partitioned to the large

and small roots. On average over time, small roots accounted for 10% of DW in plants at

1.2 m and 15% in plants at 0.45 m. The maximum percentage DW in small roots

occurred in April in both years (20 to 22% for 0.45 m and 10 to 13% for 1.2 m), whereas

the lowest percentage was measured in Oct. 2003 (9% for 0.45 m and 5.6% for 1.2 m), at

the end of the growing season, when shoots and leaves accounted for a larger portion of

total biomass (Fig. 4.2 and 4.3). Large-roots had their greatest biomass in Jan. 2004 (480

g in plants at 0.45 m and 786 g in plants at 1.2 m) and lowest in May 2002 at both

spacing treatments. Maximum biomass partitioning to large roots occurred in Feb. 2002

(22%) at the beginning of the experiment, and in un-fertilized plants (16% vs. 14.5% in

fertilized plants, on average).

The crown and 3-year and older wood were the next largest plant organs. At 1.2

m, plants had almost double the mass in crowns and 3-year and older wood than at 0.45

m at all sampling dates (977 g vs. 502 g for crown and 788 g vs. 432 g for 3-year and

older wood, respectively). However, as a percentage of total plant DW, differences

between spacing treatments were smaller, 22% of the total DW in the crown at 0.45 m

compared to 26% at 1.2 m, and 18% vs. 21% for 3-year and older wood at 0.45 m and 1.2

m, respectively. Nitrogen fertilization rate did not affect total DW or partitioning of DW

to these two organs over this two year study.
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The combined crown and root DW accounted for 43% to 52% of total plant

biomass, similar to the amount reported by Retamales and Hanson (1989). Gough (1980)

measured 1.7 kg of root biomass per plant in mature highbush blueberry and noted that

40 to 70% of the roots were smaller than 2 mm. In their study, the crown accounted for

an average of 25% of the biomass of the above ground portion of the plant in winter,

similar to what was found in this study.

Biomass in two-year-old wood varied with time, spacing and N fertilization rate

(p<O.O5). However, the percentage of total plant biomass in two-year-old wood varied

from 4 to 13% and was only affected by date (p<0.001). The largest accumulation of

DW in two-year-old wood (464 g) was measured in Jan. 2004, before pruning, and the

least in July 2003 before harvest. Plants at 1.2 m had 40% more biomass in two-year

wood than plants at 0.45 m and fertilized plants had more biomass in two-year-old wood

than un-fertilized plants (250 g vs. 202 g; Fig. 4.2 and 4.3).

During the first year, from Feb. to Sept. 2002, biomass of one-year-old wood

remained stable at about 150 gplanf1, but a significant increase was observed the second

year, with biomass reaching a maximum on the last sampling date in Jan. 2004 (476

gplanf1). Plants at 1.2 m had 38% more biomass in one-year-old wood than those at

0.45 m (p<0.00l).

Nitrogen fertilization only increased the biomass partitioned to one-year wood in

plants at 1.2 m (Fig. 4.3). The percentage of total plant biomass in one-year-old wood

was 4% in July and Sept. 2002, reached a maximum of 13% in Jan. 2004, before pruning,

and was only affected by date (p<0.001). Plants at 0.45 m and at the higher N
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fertilization rate had more DW partitioned to one-year-old wood when compared with un-

fertilized plants.

The dry weight of shoots and leaves varied with date (p<0.001) and was greater in

plants at 1.2 m than those at 0.45 m (p<0.001, Fig. 4.2 and 4.3). In May, July and Oct.

2003, N fertilization increased the total amount of DW in shoots and leaves (p<0.05 for

shoots and p<O.Ol for leaves). Biomass partitioned to shoots and leaves was only

affected by sampling date (p<0.001). The largest DW accumulation and percentage of

total dry weight (12 to 13% in leaves and 10 to 12% in shoots) occurred at the end of the

season in Sept. 2002 and Oct. 2003.

Fruit yield per plant was affected by spacing and by date (p<0.001) with the larger

plants at 1.2 m having more fruit biomass than the smaller plants at 0.45 m. In contrast,

yield per hectare at 0.45 m was 30% higher in 2002 and 144% higher in 2003 than at the

lower density, 1.2 m (Table 4.1). Fruit accounted for 10% and 16% of the total DW

before harvest in July 2002 and 2003 with partitioning not affected by in-row spacing or

plant size. Nitrogen fertilization did not affect the total fruit biomass or partitioning.

In-row spacing had a large impact on plant size and yield, with the larger plants at

1.2 m having more biomass per each individual plant part. Nitrogen fertilization

increased plant dry weight in the second year, affecting mainly the younger plant parts,

shoots, leaves, and one-year-old wood. Percent DW partitioning was more dependent on

the time of the year than on in-row spacing or N fertilization rate. However differences

in partitioning as affected by spacing were observed in older plant parts, where a larger

percentage of the biomass was found in crowns and 3-year-old wood at 1.2 m than at 0.45

m. In contrast, N fertilization affected only the percent DW partitioning to shoots and
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one-year-old wood in the second year of study. Yield and berry weight in 2002, the first

year N fertilization treatments were imposed, were not affected by N fertilization rate,

only by in-row spacing. Un-fertilized mature 'Bluecrop' plants in Michigan did not have

reduced yield, compared to those fertilized with 75 kgha1 of N until year three (Hanson

and Retamales, 1992). The high-density planting (0.45 m) had 40% more yield per

hectare than the 1.2 m spacing, 14 tha' compared to 10 tha1 (averaged over fertilization

rate). Our results agree with those of Strik and Buller (2002) where the cumulative yield

from years three through seven was 104% greater at 0.45 m than at 1.2 m in a mature

'Bluecrop' field, and 62% to 140% greater in a young blueberry field depending on

cultivar (Strik and Buller, 2005).

Total Nitrogen

Total nitrogen (TN) content per plant and per hectare increased throughout the

two year study (p< 0.000 1) and was affected by spacing (p<0.0001) and N fertilization

rate (p<0.0001). A significant increase of N per plant and per hectare over time was

measured in the fertilized plants at both spacing treatments, whereas total N in un-

fertilized plants did not increase during this study. The largest accumulation of N was

measured at the end of the two year period in Jan. 2004 and in Sept. 2002 and Oct. 2003

(Fig. 4.4), depending on N rate. Plants fertilized with 200 kgha1 of N had the greatest

TN in Oct. 2003, at both spacing treatments, before leaf senescence. In plants at 1.2 m,

TN declined from 160 to 126 kgha1 of N from Oct. 2003 to Jan. 2004 in plants fertilized

with 200 kgha4 of N, probably due to losses in the leaves at senescence (Table 4.1), a
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likely result of luxury uptake of N. Plants spaced at 1.2 m accumulated more N (31

gplant1, on average) than those at 0.45 m (18 gplanf1), probably due to their larger dry

weight. At the closer plant spacing, with more plants per hectare, there were 137 kgha1

of total N compared to 88 kghi1 of N at the 1.2 m in-row spacing. Nitrogen fertilization

rate had a significant effect on TN at both spacing treatments with the least accumulation

in the un-fertilized plants and the largest at the 200 kgtha1 of N rate (Fig. 4.2). Total N

per hectare was 97, 116 and 127 kgha' of N for the 0, 100 and 200 kgha1 of N

fertilization rates, respectively. Total N per hectare increased in this two year study for

both spacing treatments. A net gain of 54 and 110 kghi' of N was measured in whole

plants at the 0.45 m in-row spacing in the un-fertilized and fertilized plants, respectively,

and 27 and 68 kgha1 of N in plants at the 1.2 m spacing.

Partitioning of N (mg) amongst plant parts (organs), except for fruit, was affected

by sampling date and spacing (p<0.0001) in both years, and by N rate during the second

year of study. The percentage of TN partitioned to each organ varied with sampling date

(p<0.0001) and, in some cases, with spacing and N rate as described below. Roots

accounted for the largest proportion of N in the plant (37%) through the two-year study,

due to their large dry weight (Fig. 4.5 and 4.6) and high N concentration (Table 4.1). The

crown and leaves had the next highest percent of TN with 17% each. Partitioning of total

N to small and large roots varied with sampling date (p< 0.0001), spacing (p< 0.0001)

and in the second year, with N fertilization rate (p<0.05). The TN in roots was

maximum in Apr. 2003 (10 g at 0.45 m and 16 g at 1.2 m), but as percent of TN

maximum partitioning (50%) was measured in winter (Feb. 2002 and Jan. 2003). In July

and October, roots had the lowest percentage of TN (27%; Fig. 4.5 and 4.6).
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Total N content of leaves was almost double in plants at 1.2 m than those at 0.45

m, however percent partitioning was the same (17%). Highest N content in leaves was

measured at the end of each growing season (Sept. 2002 and Oct. 2003). Nitrogen

fertilization increased total N in leaves in the second year of the study (p<O.00 1), but not

in the first year. Percent partitioning of TN in leaves was not affected by N rate or

spacing.

More N was accumulated and partitioned to the crown in plants at 1.2 m than at

0.45 m and at the higher N fertilization rate, mainly due to the larger crown dry weight.

Flowers or fruit were present on plants from Apr. to July. Total N content and

percent partitioning were affected by sampling date and by spacing (p< 0.00 1), but not by

N fertilization rate. Total N in fruit was double in plants at 1.2 m than those at 0.45 m,

due to a higher yield per plant at 1.2 m in 2003, and reached maximum levels in July of

both years at either in row spacing (Fig. 4.5 and 4.6). Total N in fruit varied from 0.6 to

3.6 gplanf' in Apr. and July 2002, respectively, for plants at 0.45 m and from 0.9 to 5.3

gplanf1 in plants at 1.2 m in Apr. and July 2003, respectively. A three to nine fold

increase in total N in flowers/fruit was observed between Apr. and July, depending on

year and spacing (Fig. 4.5 and 4.6). Fruit/flower N concentration, however, went down

in that same period (Table 4.3); therefore the increase in total N was due to DW

accumulation in the fruit and not due to increased N concentration. Partitioning of total

plant N to flowers/fruit was 8.1% at the 0.45 m spacing and 9.3% in plants spaced at 1.2

m, with the maximum value of 17% found in July 2002 and 12 to 15% in July 2003,

before harvest.
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Total N content in shoots, one-year-old, and two-year-old wood was affected by

date (p<0.0001), spacing (p<0.0001), and N fertilization rate @<0.0001). Percent TN

partitioning was only affected by date (p<0.0001) and N rate in July and Oct. 2003

(p<0.05 in shoots and 1-year-old wood). Total N of one- to two-year-old wood was 1.7

times higher in plants at 1.2 m than those at 0.45 m and reached the highest level in

January (Fig. 4.5 and 4.6). Averaged over time, shoots had 6.5% of total plant N at either

spacing. In Oct. 2003, 9% and 13% of TN was in shoots of un-fertilized plants and plants

fertilized with 200 kgha' of N, respectively. It is important to note that in the winter

sample (January) we began to call the "shoots" of the previous season (April through

October) "1-year-old wood" and the 1-year-old wood became "2-year-old wood". An

average of 7.7% and 5.7% of the total N in the plant was allocated to the 1-year and 2-

year-old wood, respectively, with maximum N partitioning to these organs observed in

January of each year.

It is interesting to note that in mature blueberry plants it takes at least two years to

see an effect from varying nitrogen fertilization rates on vegetative growth. Mature

plants have a significant amount of nitrogen accumulated in their permanent organs,

likely serving as a buffer. Hanson and Retamales (1992) found that 'Bluecrop' plants

fertilized with 75 kgha1 of N had a higher yield than un-fertilized plants over a five year

study, but differences in yield were not observed until two years into the study. Yield of

'Collins' was not affected by fertilization wjth 22 or 112 kgha' of N for one season

(Clark et al., 1998).
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Nitrogen concentration

Nitrogen concentration (%N) varied greatly with plant part (p<0.0001), was

mainly affected by sampling date and N fertilization rate (Table 4.1), and in the case of

roots, leaves, and one- and two-year-old wood, was also affected by spacing (Table 4.2).

Younger and temporary tissues, like shoots, leaves, and flowers/fruit, in early spring, had

the highest N concentration in the plant compared to older, permanent organs and late in

the season (Table 4.1). For example, shoots had 3.2% N in April with %N declining to

0.7% at the end of the season in September or October. Similarly, flowers/fruit had 3.6%

N in early April and then %N declined to 0.9% a week before harvest. In midwinter,

Feb. 2002, Jan. 2003, and Jan. 2004, floral and vegetative buds had the highest %N in the

plant, followed by roots. The N concentration in buds might play an important role in

initial flower and fruit development in early spring, especially in early-fruiting cultivars.

In Apr. 2002 and 2003, new shoots (with leaves) and flowers had the highest %N in the

plant, followed again by small roots. Winter buds became shoots and flowers in April, so

N concentration increased from buds to shoots and flowers (Table 4.1). The lowest N

concentration was always found in 3-year and older wood and in the crown. In Feb. 2003

and Jan. 2004, nitrogen fertilization rate increased the N concentration in buds compared

to un-fertilized plants (Table 4.1). The shoots and one-year-old wood in September

became one-year-old wood and two-year-old wood, respectively, in January, so the

winter sampling date was the start date and September/October the end date for each

growth cycle.
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Leaves, on average for the whole plant, had a high N concentration early in the

season (May) and then %N in leaves declined. The lowest N concentration in leaves, as

expected, was measured at the end of the season in Sept. 2002 or Oct. 2003 before

senescence (Table 4.1). Nitrogen fertilization affected the %N of leaves from as early as

May 2002 (p<0.01), just one month after the first fertilizer application, through the length

of the study. Leaves in fertilized plants had higher %N than those from un-fertilized

plants. Our findings agree with those of Ballinger et al. (1963) who showed that %N in

'Wolcott' blueberry increased from 1.4% in un-fertilized plants to 1.7% in plants

fertilized with 130 kgh&', although the %N of leaves in our study were higher. Our

values were also higher than those reported by Brown et al., (1988). Still, %N of all

leaves in July was in the adequate range according to Oregon standard recommendations

(Strik and Hart., 1991) and higher than those recommended for blueberry in Michigan

(Hancock and Hanson, 1986).

Shoots were sampled with leaves in April due to their small size, and then

individually sampled (separated from leaves) through the rest of the season. Nitrogen

concentration of shoots declined four fold between April and September/October.

Similar to leaves, the highest %N of shoots was measured in April in both years, and the

lowest in September or October.

Flower/fruit %N declined from 3.6% in Apr. 2002 (at pre-bloom) to 1.5% in July

2002 (two weeks before harvest) and from 3.2% in April to 0.8% in July 2003 (Table

4.1). Differences in %N between years might have been due to different stages of

development at equivalent sampling dates. In 2002, bud break, bloom and harvest were

later than in 2003, so at a similar sampling date, a larger proportion of immature green
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fruit was present in the fruit sample in July 2002 than in July 2003. Green fruit had a

higher %N than mature fruit (Table 4.1). The %N of fruit increased with N fertilization

rate in both years, mainly due to early spring applications (Chapter 5). In this study, we

did not evaluate the effect of fruit %N on fruit firmness or post harvest quality, but this

would be worth evaluating.

The N concentration of one- and two-year-old wood also declined from January to

September, from 1% to 0.6% in one-year-wood, and from 0.8% to 0.5% in two-year-old

wood (Table 4.1). Three-year and older wood, and the crown had the lowest %N in the

plant and had more stable values, around 0.5% N, depending on N fertilization rate and

sampling date. Roots were an important N storage organ, both with high N concentration

and total N accumulation. The concentration of N in small roots and large roots was

around 1.3% and 1%, respectively, depending on sampling date and N fertilization rate.

Similar shoot and root N concentration, 0.99% to 1.3%, were reported by Peterson

et al. (1988) when they grew young blueberry plants under either nitrate or ammonium N.

They also reported an increase in N concentration in roots from 0.94% to 1.95% with

higher N fertilization rate in container plants.

Plant parts that are high in %N are either green tissue in spring and summer, or

storage organs in winter. We hypothesize that organs with higher %N during winter,

have a larger capacity to be storage organs, compared to organs with a low %N. For

example, three-year-old wood had a low N concentration, but a high DW resulting in an

apparent large quantity of N available for the plant. However, since %N is low, the

export capacity of three-year-old-wood is probably smaller than that of roots or one-year-

old wood. There is likely a base amount or structural component of N that cannot be
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remobilized from one part to another; this value should be determined in blueberry, but

we hypothesize that this base amount may be around 0.1 to 0.3% N.

Tissue N concentrations found in this study coincide with those reported by

Retamales and Hanson (1898); they found similar %N in one- to three-year and older

wood, but %N was higher in the crown in their study.

Nitrogen Derived from Fertilizer

Labeled 15N fertilizer was applied the first season of this study in 2002 but un-

labeled N was applied in year two. Thus, the '5N measured the first year corresponded to

uptake of new fertilizer N, whereas in year two 15N originated from reserve 15N (fertilizer

applied in year one) or uptake of remaining labeled 15N fertilizer in the soil. Total

nitrogen from fertilizer (NDFF) increased with time (p<0.0001) from Apr. 2002 to May

2003, and then declined (Fig. 4.7). Maximum accumulation of NDFF was measured in

April and May 2003, one year after application. The lowest NDFF per plant and per

hectare was found two weeks after the first application of fertilizer in Apr. 2002, when

almost 60% of the NDFF was in the new shoots. Nitrogen fertilization rate (p<0.0001),

spacing (p<0.000l) and the interaction between time and spacing and time and N rate had

an impact on the total NDFF accumulated per plant and per hectare. More total NIDFF

(mg) was found in plants fertilized with 200 kgha1 of N than with 100 kgha' of N,

independent of spacing (4.3 and 7.8 g for NlOO and N200). The percentage of total N

that came from the fertilizer (percent NDFF) was also higher for plants treated with 200

kgha1 of N, 24% compared to 16% in plants fertilized with 100 kgha'1 of N, but was not
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affected by spacing. Fertilizer N was taken up quickly after the first and second

application, if we consider the three to seven fold increase in the total amount of' 5N in

the plant in only one month (from Apr. to May 2002), and the five to seven fold increase

in 15N in the following 42 days, depending on spacing and N rate (Fig. 4.7). Fertilizer

uptake was greatest between the end of Apr. and July 2002. Two weeks after the first

portion of fertilizer N was applied, plants had recovered only 1 to 2% of the applied

fertilizer; this recovery is similar to the 1% fertilizer recovered two weeks after an

application before bud break reported by Throop and Hanson (1997). In our study,

fertilizer recovery increased to 4% in May (two of the three portions applied), to 12 to

17% in July (two weeks after last portion applied), and 22 to 35% in September, at the

end of the first season. These recovery rates are similar to the 32% reported for mature

blueberry (Retamales and Hanson, 1989). By the end of the study in Jan. 2004, recovery

was 17% for plants at 1.2 m and 23% for plants at 0.45 m (p<0.05), independent of N

fertilization rate, with the maximum values of 33 and 22% recovery in Apr. 2003 for the

0.45 m and 1.2 m spacing. A larger amount of fertilizer was recovered in plants at 0.45

m (37.6 kgha1 of 15N) compared to plants at 1.2 m (24 kgha' of 15N; p<0.Ol). Our

results differ from those of Retamales and Hanson (1989) who found that fertilizer N

content in plants peaked three weeks after a single application of labeled urea before bud

break. It seems like fertilizer uptake is more dependant upon vegetative growth demand,

as was proposed by Throop and Hanson (1997).

The percent of the total N in the plant that came from the labeled fertilizer

changed with time (p<0.0001) and N fertilization rate (p<O.0001), but not with spacing.

In May 2002, 3% and 6% of the total N in the plant came from the fertilizer, for the 100
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and 200 kgha1 of N, respectively. By July 2002, before harvest, 13% to 20% of the N

came from the fertilizer, and 24% and 29% in Sept. 2002. The maximum value of 27%

NIDFF was measured in Jan. 2003 for the 100 kgha' of N and of 35% by Jan. through

May 2003 for the 200 kgha' of N. More N came from the fertilizer in plants fertilized

with 200 kgha' of N, but differences were larger when the season started than at the end

of the season. By the end of the experiment, after two years of fertilizer application,

14% and 25% of the total N in the plant came from the labeled fertilizer for plants

fertilized with 100 or 200 kghi1 of N, respectively, independent of spacing. The higher

fertilizer uptake at the 200 kgha1 of N rate may have been "luxury" uptake, or may

imply that if fertilizer is provided to the plant, it can change from soil or reserve sources

of N to newly applied fertilizer.

'5N-Nitrogen partitioning

Partitioning of 15N (mg per plant part) and percent (%) of total 15N per part

changed with sampling date (p<O.0001). Nitrogen fertilization rate and spacing did affect

the total amount of fertilizer-15N present in each part, but percent partitioning of 15N was

only affected by plant part (Table 4.3). Thus higher N fertilization rates increased the

partitioning of 15N to roots (p<0.01), from 12 to 17% in the 100 kgh&' of N and 200

kgha1 of N respectively, but reduced the percent partitioned to leaves and shoots

(p<O.O5) from 29% at N100 to 24% in N200. A wider in-row spacing increased the

percent '5N partitioned to the crown (p<O.O5) and three-year-old wood (p<0.01), but
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reduced partitioning to large roots (p<0.0 1; Table 3). A similar pattern was observed

with total N partitioning, as previously described (Chapter 3).

From early spring until Sept. 2002, more than 50% of the 15N from the fertilizer in

the plant was found in leaves and shoots (Table 4.3). However large changes in the

percentage of the total N that was labeled in each part (percent NIDFF) was observed in

that same period, from 16% in May 2002 to 48% in Sept. 2002. Larger amounts (mg) of

were found in each plant part at the high N fertilization rate and in plants at the 1.2 m

spacing compared to plants at 0.45 m, due to their large DW.

During the second season of study, labeled N (reserve 15N) was distributed more

uniformly in all plant parts and larger amounts were found in roots in early spring. It is

interesting to note that in July 2002 and 2003, just before fruit harvest, a similar

proportion of the N in fruit was labeled (25% NIDFF), indicating that new fertilizer N and

reserve N are both important sources of N for fruit development. The labeled N in the

first year increased in flowers/fruit from 3% in April and 12% in May, to 25% in July

2002, but in 2003 percent NDFF went from 40% in Apr, to 36% in May to 25% in July.

Concentration of N in flowers/fruit declined in both years from April to July, as described

previously. These results may be explained as a dilution of '5N with new un-labeled N

during fruit development over time, and also shows the importance of N reserves at early

stages of fruit development. When higher rates of fertilizer N were applied, 40% more

was found in fruit of plants compared to those fertilized with 100 kg ha ' of N at

either spacing, at all sampling dates (p<0.0001).

The greater fertilizer uptake in plants fertilized with 200 kgha1 of N may have

been "luxury" uptake. The N concentration of leaves of un-fertilized plants averaged
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0.57 % at senescence (Nov. 11), whereas the leaves of fertilized plants averaged 0.76 and

1.0 %N at 100 or 200 kgha1 of N, respectively. The percent of total N in the leaves that

came from the fertilizer averaged 41% and 49% at 100 and 200 kgha1 of N, respectively

(data not shown). Thus, a considerable amount of fertilizer N (from 3 to 10 kgha1 of N)

was "lost" at leaf senescence. This would, however, be returned to the soil pool, of N.

Total N harvested in the fruit averaged 12 and 9 kgha1 for the 0.45 m and 1.2 m

spacing, respectively. The percentage of N derived from the fertilizer (NDFF) in the

harvested fruit was 28% for the 100 kgha1 of N treatment at either in-row spacing.

However, plants fertilized with 200 kgha1 of N had 42% NDFF in fruit at the 0.45 m

spacing and 35% NDFF at 1.2 m.

Conclusions

Plant dry weight varied through the season, and was affected by in-row spacing,

and N fertilization rate. Plants at the 1.2 m in-row spacing had more space to grow, even

12 years after planting, and thus had a greater total DW than those at 0.45 m. A higher

number of plants per hectare at the narrow spacing resulted in more biomass and yield

per hectare. It was generally believed that differences in yield and growth of plants at

high or low density occurred only the first few years of establishment. However, under

the growing conditions of this experiment, the differences among planting densities still

existed, probably because the plants at 1.2 m were not yet completely filling their allotted

space, compared to those at 0.45 m.
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Nitrogen fertilization increased plant dry weight in the second year, but not in the

first year, due probably to the buffering capacity of mature plants. Increasing N rate

affected mainly the number and weight of shoots and leaves produced in larger plants

during the second year. In contrast, plant spacing had an effect on the partitioning of

biomass to the more structural part of the plant, where a larger percentage was found in

crowns and 3-year-old wood in plants at 1.2 m than at 0.45 m. Yield and beny weight

however were not affected by N fertilization rate, only by in-row spacing.

Plants at the 0.45 m spacing tended to have a more stable DW over time than

plants at 1.2 m at all N fertilization rates. The largest plant parts at both in-row spacing

treatments were crown, 3-year and older wood, and large roots. The largest N

accumulation in the plants was measured at the end of the two year period in Jan. 2004,

and in Sept. 2002 and Oct. 2003, and was dependant on N fertilization rate. Plants

fertilized with 200 kgha' of N had the greatest total N. Partitioning of N (mg) amongst

plant parts was affected by sampling date and spacing in both years, and by N rate during

the second year of study. Roots accounted for the largest proportion of N in the plant

followed by crown and leaves.

Nitrogen concentration (%N) varied greatly with plant part, sampling date, and N

fertilization rate. The highest N concentration was measured in young tissue, in early

spring. Increasing N fertilization rate resulted in higher %N of each plant part. However,

the effect of N rate was greater in younger plant parts.

Total nitrogen from fertilizer (NDFF) increased from Apr. 2002 to May 2003 with

maximum accumulation measured in Apr. and May 2003. The lowest NDFF per plant

and per hectare was found in Apr. 2002, when almost 60% of the NDFF was in the new
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shoots. Nitrogen fertilization rate and spacing had an impact on the total NDFF

accumulated per plant and per hectare, due mainly to an indirect effect of treatment

effects on dry weight. More total NDFF was found in plants fertilized with 200 kgha' of

N than with 100 kgha1 of N, independent of spacing. With the results presented here,

there is supporting evidence that plants exposed to a high rate of N fertilizer, change their

source of N uptake from soil N to fertilizer N. For example, the difference in total N in

Jan. 2004 between plants fertilized with 100 and 200 kg of N ha' was 10% and 5% at

0.45 m and 1.2 m in-row spacing, respectively; however, the difference in total '5N in

these same plants was 64% (0.45 m) and 70% (1.2 m).

Partitioning of 15N (mg per plant part) and percent (%) of total '5N per part

changed with sampling date. Nitrogen fertilization rate and spacing did affect the total

amount of fertilizer-'5N present in each part, but percent partitioning of 15N was

dependent only on plant part. Plants at 1.2 m had increased percent '5N partitioned to

crown and three-year-old wood, but reduced partitioning to large roots compared to

plants 0.45 m.
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Fig. 4.1. Plant dry weight of mature 'Bluecrop' plants at an in-row spacing of A) 0.45 m

or B) 1.2 m. At each spacing, fertilization rates were 0, 100 or 200 kgha 1 of N

per year. Mean ± SE. Regression model for A) 0.45 m yO= 0.0008x2 - 57.867x +

1E+06, r2= 0.41; ylOO = 0.0043x2 - 322.58x + 6E+06, r2 = 0.76; Y200 = 0.0012x2

- 85.46x + 2E+06, r2 = 0.54 and for B) 1.2m yO= -0.0035x2 + 268.47x - 5E+06, r2

= 0.52 ; ylOO= O.0034x2 - 251.95x + 5E+06, r2 = 0.80; y200 -O.0021x2 +

159.21x - 3E+06, r2 = 0.4585.
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Fig. 4.2. Dry weight partitioning amongst plant parts of mature 'Bluecrop' at an in-row

spacing of 0.45 m and fertilization rates A) 0 B)100 or C) 200 kg ha of N per

year.
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Fig. 4.4 Plant total nitrogen content of mature 'Bluecrop' at two in-row spacings A) 0.45

m and B) 1.2 m. At each spacing, fertilization rates were 0, 100 or 200 kgha 1 of

N per year. Mean ± SE. Regression model for A) 0.45 m yO=0.0035x2 - 257.29x +

5E+06, r2 = 0.1; ylOO = 0.0096x2 - 708.56x + 1E+07, r2 = 0.5 158; y200= -0.028x2

+ 2130.3x - 4E+07, r2 = 0.64 and for B) 1.2m yO= -0.0418x2 + 3160.4x - 6E+07,

r2 = 0.4663; ylOO= -0.0201x2 + 1544.6x - 3E+07, r2 0.8076; y200= -0.05 14x2 +

3912.2x - 7E+07, r2 = 0.6995.
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Table 4.1. The effect of date and nitrogen fertilization rate (averaged over in-row
spacing) on nitrogen concentration of plant parts in mature 'Bluecrop' blueberry plants.

Z control plants were harvested in Feb. 2002 before N fertilization treatments were imposed.

94

Date

N rate
(kgha

I)
Large
roots

Small
roots Crown

1-

year
2-

year
3-

year Leaves Shoots
Vegetative

buds
Flower
buds

Flowers
or fruit

8Feb2002 controlz 0.98 1.34 0.51 0.86 0.55 0.53 1.43 2.54

25 April 2002 0 0.96 1.37 0.67 0.83 0.61 0.52 3.22 3.59

100 1.04 1.27 0.69 0.76 0.67 0.57 3.28 3.65

200 0.94 1.15 0.59 0.75 0.60 0.55 3.28 3.48

23 May 2002 0 0.95 1.21 0.60 0.65 0.50 0.44 2.52 1.50 2.70

100 0.98 1.24 0.64 0.68 0.57 0.50 2.82 1.62 2.88

200 0.89 1.25 0.56 0.63 0.52 0.43 2.78 1.58 2.80

2 July 2002 0 0.68 0.98 0.54 0.60 0.44 0.33 1.97 0.78 1.34

100 0.73 1.06 0.61 0.58 0.46 0.39 2.20 0.94 1.56

200 0.71 1.09 0.60 0.70 0.63 0.66 2.46 1.10 1.64

11 Sept2002 0 0.90 1.07 0.71 1.05 0.80 0.52 1.41 0.64

100 1.15 1.33 0.79 1.15 0.84 0.67 1.67 0.72

200 1.16 1.40 0.91 1.25 1.12 1.15 1.97 0.92

10 Jan. 2003 0 0.92 1.09 0.51 0.78 0.61 0.43 1.46 2.07

100 1.19 1.62 0.63 1.00 0.80 0.59 1.75 2.27

200 1.33 1.71 0.66 1.00 0.85 0.55 1.63 2.38

17 April2003 0 0.87 1.15 0.59 0.49 0.47 0.44 3.32 3.13

100 1.28 1.65 0.67 0.68 0.60 0.51 3.66 3.28

200 1.19 1.41 0.66 0.78 0.67 0.60 3.53 3.31

May 20, 2003 0 0.99 1.10 0.56 0.58 0.42 0.40 2.47 1.55 2.89

100 1.07 1.38 0.64 0.63 0.51 0.45 2.30 1.36 2.90

200 1.15 1.53 0.68 0.87 0.67 0.52 2.64 1.49 2.98

July 8,2003 0 0.75 0.99 0.54 0.45 0.37 0.43 1.88 0.66 0.69

100 0.90 1.26 0.49 0.68 0.64 0.52 2.11 0.75 0.66

200 0.99 1.35 0.58 0.68 0.56 0.52 2.07 0.73 0.91

Oct 14, 2003 0 0.92 1.04 0.49 0.51 0.42 0.41 1.33 0.60

100 1.03 1.34 0.46 0.60 0.49 0.44 1.47 0.65

200 1.09 1.38 0.51 0.62 0.52 0.49 1.43 0.83

Jan. 12, 2004 0 0.93 1.14 0.57 1.02 0.66 0.48 1.26 1.99

100 1.12 1.56 0.60 1.04 0.78 0.55 L29 2.21

200 1.41 1.68 0.64 1.22 0.82 0.65 1.51 2.39

p-value Dale <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Wrage <0.001 <0.001 0.0004 <0.001 <0.001 <0.001 <0.001 <0.001 0.07

Nrate* date <0.001 0.005 NS <0.001 <0.001 0.001 0.003 0.01 NS



Table 4.2. The effect of in-row spacing on nitrogen concentration of plant parts in mature 'Bluecrop' blueberry plants averaged over N
fertilization rate and sampling time during a two year study from Feb 2002 to Jan 2004.

In-row spacing Vegetative Flower Flowers
(m) Large roots Small roots Crown 1-year 2-year 3-year Leaves Shoots buds buds or fruit
0.45 0.97 1.22 0.61 0.76 0.59 0.51 2.03 1.60 2.42 2.24 1.50
1.2 1.04 1.38 0.61 0.80 0.65 0.54 2.14 1.63 2.51 2.25 1.47

p-value 0.0008 <0.001 NS 0.032 0.0015 NS 0.005 NS NS NS 0.05



Table 4.3. The effect of date and spacing (averaged over nitrogen fertilization rate) on the percent of nitrogen derived from fertilizer in

plant parts of mature 'Bluecrop' blueberry plants.

hi-row spacing (m) Date Large roots Small roots Crown 1-year 2-year 3-year Leaves Shoots Flowers or fruit
0.45 25Apr2002 0.0 15.8 3.5 10.7 6.7 0.0 52.6 10.7

23 May2002 0.5 12.0 10.1 5.0 4.2 4.0 23.8 25.7 14.6
2Ju1y2002 2.7 5.8 4.5 3.3 3.1 5.2 39.3 11.8 24.2

11 Sept2002 6.3 15.6 7.9 6.8 4.1 4.4 40.6 14.4
lOJan2003 14.1 36.0 12.3 18.5 9.1 10.0
17Apr2003 18.5 25.6 14.1 12.4 5.9 10.5 7.3 5.8

20May2003 16.1 15.5 12.9 14.6 5.3 10.0 12.0 4.5 9.1
8 July2003 12.8 12.1 7.1 10.6 3.7 7.0 24.9 7.4 14.3
14 Oct2003 15.7 10.9 9.5 9.2 5.2 10.3 26.8 12.3
12Jan2004 19.6 17.7 11.3 17.4 16.1 17.9

1.2 25Apr2002 0.0 9.6 8.6 9.0 8.0 6.8 47.8 10.2
23 May2002 0.2 11.3 4.3 7.0 3.2 2.9 25.2 24.6 21.3

2 July2002 4.6 7.0 4.2 2.9 3.2 5.2 38.1 11.6 23.1
11 Sept2002 10.6 13.8 12.3 5.1 4.6 3.5 36.7 13.4
lOJan2003 15.9 19.9 16.0 21.1 9.4 17.5
17 Apr 2003 22.4 22.7 20.2 9.3 3.9 12.3 4.4 4.9

20May2003 17.8 12.5 16.3 13.5 7.3 9.3 11.2 4.2 8.1
8 July2003 13.4 11.9 5.8 8.9 3.5 7.4 25.5 7.7 16.0
l40ct2003 18.4 9.8 12.9 9.5 6.6 11.5 19.9 11.5
12 Jan2004 23.1 15.6 10.4 18.7 13.2 18.9

p-value Date <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Spacing 0.005 0.04 0.03 NS NS 0.01 NS NS NS
Date* spacing NS NS 0.03 NS NS 0.01 NS NS NS



CHAPTER 5

15N-NITROGEN USE EFFICIENCY AND PARTITIONING IN MATURE HIGHBUSH

BLUEBERRIES DEPENDS ON FERTILIZATION DATE



Abstract

This study was conducted to determine the effect of date of nitrogen (N) fertilizer

application on N uptake, partitioning and growth of blueberry plants under field

conditions over a two year period. Mature 'Bluecrop' blueberry plants were fertilized

with the same rate of N, 150 kgha1 applied in thirds, but using labeled '5N-depleted

ammonium sulfate on different application dates: in April after bud-break (ti); May 2002

at bloom (t2); or July 2002, one week before harvest (t3). In the second year of the

experiment (2003), non-labeled N fertilizer was applied at the same rate and on the same

dates. One plant per plot was randomly selected and destructively harvested on six dates

from winter 2002 to winter 2004. There was no effect of fertilizer application date on

total plant dry weight (DW), total nitrogen (N), or DW or N partitioning, mainly because

the rate of N was the same amongst treatments. Application date had a large effect on the

total amount of N derived from the fertilizer (NDFF) recovered in the plant at the end of

the first season. Application of N fertilizer in either April or May resulted in five times

more NIDFF in the plant than fertilizer application in July. Percent partitioning of NDFF

was also affected by application date. Late fertilization resulted in labeled N allocated

mainly to small roots, leaves and shoots, whereas fertilizer applied in the springwas

allocated mainly to leaves and fruit. Spring application of N (ti or t2) resulted in the

highest recovery of fertilizer N (28%) at the end of the first season in Sept. 2002,

compared to only 3.3% recovery in when the labeled N was applied in July (t3).

Fertilizer recovery, calculated in Oct. 2004, however, increased in t3 to 14%, whereas in

t 1 and t2 recovery decreased to 19%. Our results show that date of fertilizer application
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greatly affects percent fertilizer recovery and partitioning and remobilization of N in the

plant. Spring application, two weeks after bud break or at bloom resulted in higher

fertilizer recovery and a more efficient use of fertilizer the same year of application

compared to summer application. Summer applications seem to remain in the soil and

are absorbed the following season, but still at lower final recoveries. These results

support the hypothesis that N absorption is more dependent on growth demand than on N

supply in the soil.

Introduction

Fertilizer use efficiency is an important aspect of blueberry production, due to the

potential impact of fertilizer on the environment and the effect on plant growth and

development. The storage of nitrogen in perennial tissues has been studied in several

deciduous species, in relation to early spring growth and mobilization of nitrogen

(Millard and Neilsen, 1989) and is influenced by cultural practices and the rate and

timing of N fertilization. In the previous chapter, we showed that blueberry fertilizer use

efficiency was influenced by spacing and nitrogen fertilization rate (Chapter 4).

Growers in Oregon have generally been applying recommended rates of nitrogen

(N) fertilizer, 110 kg'ha' of N for mature plantings (Strik and Hart, 1991; Strik et al.,

1993) or higher rates, depending on their production practices (Martin et al., 2001).

Recommendations on rates and timing of N fertilization vary with location. In Michigan,

recommendations for mature plantings range from 56 to 78 kgha' of N, and doses are

adjusted according to soil type (Hanson and Hancock, 1996). Blueberry plants
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established in sandy soils with low organic matter, or when sawdust mulch is used

require higher rates of N fertilizer than those in heavier soil with high organic matter

content or with mulch (Hanson et. al, 1996). Tn New Zealand, standard recommendations

vary from 30 to 40 kgha1 of N in organic soils, or 50 to 60 kgha1 of N in mineral soils.

They recommend fertilizer N be applied in spring between September and October

(southern hemisphere; Anonymous, 1996). In Idaho, 84 to 112 kgha1 of N is

recommended for optimum yield (Mahier and Barney, 2000). Clark et al. (1999)

recommended 100 kgha1 of N to maintain high production of blueberry in mineral soils

with mulch and 67 to 73 kgha' of N in soils without sawdust mulch.

Various studies have been completed on the effect of rate of nitrogen fertilization

on the growth and yield of mature blueberry plants. In a study on 'Bluecrop', comparing

a nitrogen rate of 75 kgha1 of N to an un-fertilized control (no fertilizer for 5 years),

plants fertilized with a split application of N had the highest yield (Hanson and

Retamales, 1992). Clark et al. (1998) found that yield of 'Collins' was not affected by

fertilization rates of 22 and 112 kgha1 of N. However, applications of 67 and 134

kgha' of N reduced yield compared to the 22 kgha1 treatment over two years.

Application date influences the amount of N that is recovered by plants. Throop

and Hanson (1997) showed that mature blueberry plants absorbed fertilizer N most

efficiently during active growth between late bloom and fruit maturity; however, only 8%

of the fertilizer was recovered two weeks after application. Mature 'Bluecrop' fertilized

with 40 kgha1 of N as urea, before bud break, recovered 32% of the fertilizer N by the

following fall (Retamales and Hanson, 1989). Previous researchers have suggested that

multiple applications of fertilizer nitrogen would be necessary to maintain sufficient soil



N levels throughout the period of high demand. Most agree that yield, fertilizer use

efficiency, and absorption increase if N fertilizer is applied using split doses. This is

particularly important in sandy soils where N can be rapidly lost through leaching.

Although there is available information on the beneficial effect of spring

application of N in blueberries compared to summer or fall application, the long term

effect of either date of application, in mature blueberry grown under field conditions is

not known.

The objectives of this study were to determine the effect of date of application of

15N-fertilizer on N uptake, partitioning, and growth of mature blueberry plants.

Materials and Methods

An existing nine-year-old (in 2002) 'Bluecrop' planting at the North Willamette

Research and Extension Center (NWREC) in Aurora, Or, USA (lat. 45° 17 'N, long.

1 22°45 'W; 46 m above sea level; average last freeze date 17 Apr.; average first freeze

date 25 Oct.) was used in this study. Plants were established in Oct. 1993 on a Quantama

series soil (fine-loamy, mixed, mesic Aquatic Haploxeralfs) at 0.9 m in the row with 3.0

m between rows (3,703 plants per hectare).

Nitrogen was applied in 2002 at 150 kgha1 of N, using labeled 15N-depleted

ammonium sulfate on different application dates: in April just after bud-break (t 1); in

May 2002 at bloom (t2); or July 2002, one week before harvest (t3). In ti, 75 kgha1 of

15N was applied in April and 75 kgha1 of N in May, whereas in t2 the dates of

application were the same, but '5N was applied in May instead of April. In t3, 50 kgha'
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of N was applied in each of April, May, and July with labeled fertilizer used only on the

July application date. In the second year of the experiment (2003), non-labeled fertilizer

was applied at the same rate and on the same dates. The experimental unit consisted of

five plants per plot (0.9 x 3.0 m) with three replicates per treatment arranged in a

randomized complete block design. All treatment plots were fertilized with 35 kgha1 of

P and 66 kgha' of K each spring and otherwise maintained according to standard

commercial recommendations (Strik et al., 1993).

One plant per plot was randomly selected and destructively harvested on each of

six dates from winter 2002 to winter 2004: 2 Feb. and 11 Sept. 2002, 10 Jan., 20 May,

and 14 Oct. 2003, and 12 Jan. 2004. Plants were dug from the field to a depth of 0.5 m to

ensure recovery of as much of the root system as possible. Roots were washed to remove

soil and plants separated into parts: flowers, fruit, shoots, leaves (removed from shoots),

1-year-old, 2-year-old, and? 3-year-old wood, crown, small roots (< 5 mm diameter),

large roots (> 5mm), and senescing leaves, depending on stage of plant development.

Each part was dried to a constant weight at 70° C (Fisher Scientific Isotemp oven Model

655F) and dry weight measured. A sub-sample of each tissue was ground to pass a 40

mesh screen (0.42 mm) and N and 15N concentration measured by mass spectrometry

(Isotope Service, Los Alamos, NM, USA).

Fruit on each plot were harvested by an over-the-row rotary machine harvester

(Littau Harvesters Inc., Stayton, Ore.) in 2002 and 2003. Fruit weight was measured on

25 berries per plot on each harvest date. Total yield per plant was calculated.

To determine dry weight, fruit were collected from an early, middle, and late

harvest date each year and freeze-dried. The freeze-dried fruit were weighed, ground in



liquid nitrogen and analyzed for total N concentration and 15N as described above.

Average fruit N and 15N concentrations were calculated. Fruit harvested in July 2002

were included in the Sept. 2002 sampling date.

Atom percent values were converted to the proportion of the nitrogen derived

from fertilizer (NDFF), using standard conversions (Hauck and Bremner, 1976):

%NDFF ((15N natural abundance) - (atom % 15Nsampie)) / ((15N natural abundance) -

(atom % l5Nfertilizer))* 100

The 15N natural abundance was assumed equal to 0.366 atom percent,

corresponding to the standard for air concentration.

Soil samples were taken at each sampling date to determine the presence of '5N.

The effect of date of nitrogen fertilization and sampling date on the measured

variables was analyzed using the PROC GLM procedure in SAS (SAS Institute Inc.,

1999). Regression analysis was used to determine the relationship between dry weight,

total nitrogen and sampling date. Treatment means were compared using a Fisher's

protected least significant difference (LSD) test.
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Results and Discussion

Dry weight

Total plant dry weight (DW) over the two-year-study was affected by sampling

date (p<0.0001), but not by fertilization date. At the beginning of the study, in Feb.

2002, total DW was 1.4 kgplanf' with a significant increase to 4.4 kgplanf' in Jan.

2004, independent of date of N fertilization (Fig. 5.1). Dry weight per hectare also

increased from 5.4 tha1 in Feb. 2002 to 16.5 tha' at the end of the study in Jan. 2004

(p< 0.000 1). Biomass partitioning and percent partitioning to plant parts was affected by

sampling date, but not by the date that labeled fertilizer was applied. The DW of 1-year,

2-year, and 3-year and older stems was greatest (p<0.0001) on the last sampling date.

Also, three times more DW in leaves was measured in Oct. 2003 compared to May 2003

(p<0.0001) with no effect of N fertilization date. Percent biomass partitioned to the

different plant parts was similar to what was described in Chapter 3 for plants at the 1.2

m spacing. It is important to remember that in this study rates of fertilization were

identical amongst treatments, so it is not surprising that there was no effect of treatment.

However, there was no difference between applying the 150 kgha' of N in two

applications (April and May) or three (April, May, or July).

Total nitrogen

Total nitrogen (TN) content per plant and per hectare increased throughout the

two year study (p<0.0001), but was not affected by fertilization date. A significant
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increase of N per plant and per hectare over time was measured from Feb. 2002 to Sept.

2002. The largest accumulation of N in the plants was measured at the end of the two

year period in Jan. 2004, and in Sept. 2002 and Oct. 2003 (Fig. 5.2), similar to what was

described in Chapter 3, but in this case with no effect of treatment. Total N was 12

gplant1 in Feb. 2002 and increased to 40 gplant' in Sept. 2002, Oct. 2003, and Jan.

2004, depending on treatment, probably due to a larger dry weight on those sampling

dates. Total N per hectare increased from 45 kgha1 in Feb. 2002 to 104 or 150 kgha' of

N in May 2003 or Jan. 2004, respectively. A net gain of 105 kgha1 of N was measured

in this study. These results are similar to what we found for plants at a 1.2 m in-row

spacing (Chapter 2 and 3) and to those reported for summer-bearing red raspberry

(Rempel et al., 2004) who found an accumulation of 88 to 96 kgh&1 of N in the

aboveground biomass. In trailing blackberry, 45 kgha1 of N were accumulated in the

aboveground biomass (Mohadjer et al., 2001). Late fertilization with N (t3) did not affect

the amount of N partitioned to each plant part or percent N partitioning. Again, there was

likely no treatment effect because the same rate of N was applied in all timing treatments.

Sampling date affected the total amount and the percentage of N partitioned to each part,

in a similar way as described previously (Chapter 3 and 4).

Nitrogen concentration in the different plant parts was only affected by sampling

date. Flower buds and vegetative buds had the highest %N in winter (2.4% and 1.7%,

respectively) and young leaves and flowers in May 2003 (2.6 and 3.2% respectively).

There was no effect of application date on the N concentration of leaves, even with the

late application of 50 kgha1 of N applied in July 2002 in t3. The concentration of N

found in this experiment agrees with those described for the same organs in Chapter 4.



Nitrogen derived from fertilizer

Labeled '5N fertilizer was applied on different dates during the first season of this

study in 2002 but not in the second year. Therefore, the labeled N measured in Sept.

2002 corresponded to uptake of new fertilizer N during spring and summer 2002

(depending on treatment), whereas '5N in the second year was mainly reserve N from

fertilizer applied the previous year. However, some 15N may have been taken up by

plants in 2003 from any remaining labeled fertilizer in the soil (Table 5.1), although no

differences were found between soil samples amongst treatments, other than more N}14

was found in t3 than in t2 and ti.

The total amount of nitrogen derived from the fertilizer (NDFF) was greatly

affected by the date of labeled fertilizer application (p<0.0001) and sampling date

(p<O.O5), but not by their interaction. On average over time, three times more labeled

fertilizer was found per plant and per hectare in plants when 15N was applied in April (ti)

or May (t2) than when it was applied in July (t3; 1.3 g vs. 4.6 g NDFF per plant; Fig. 5.3;

Table 5.2). In ti and t2, the greatest NDFF was measured in fall of the year of

application and the lowest in fall of the second year (Table 5.2). In t3, total NDFF

increased with time with minimum values in fall of the year of application and maximum

values a year later in Oct. 2004 (Table 5.2). In Sept. 2002, plants in ti and t2 had 6 g of

NDFF with the total NIDFF reduced by 40% to 3.4 g one year later. However, in t3 plants

had only 0.4 g of NDFF in Sept. 2002, with the total NDFF increasing over four fold to

1.9 gin Oct. 2004 (Table 5.2). The NDFF per hectare depended on fertilization date

(p<0.0001) and sampling date (p<0.05). Intl and t2, 17kg of 15N were recovered per
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hectare (averaged over time), compared to only 5.1 kgha1 in t3. Maximum recovery per

hectare was measured in Sept. 2004 for ti and t2 and in Oct. 2004 for t3 (22 and 7 kgha'

of 15N, respectively). Maximum recovery was 29% in t 1 and t2 and 14% in t3, similar to

the 32% recovery that was reported by Retamales and Hanson (1989) when they applied

labeled fertilizer in April before bud break. These results show that spring application of

fertilizer N was absorbed in larger quantities by the plants than a summer application in

July. Throop and Hanson (1997) found that young blueberry plants treated with labeled

fertilizer in late May, June or July recovered more N than applications in April, August,

or September. In our study, we found no difference in fertilizer recovery between an

April or May application, but much lower recovery when fertilizer was applied in July.

The fertilizer recovery in this study was larger than the 6 to 9% reported by Throop and

Hanson (1997). These differences might be explained by the phenological stages of the

plants at application time. In their study, they defined budscale separation for their April

application date, whereas, in our study, April application corresponded to two weeks after

budbreak. Thus, in addition to date of application, it is important to define the stage of

plant development when recommending fertilizer application timing.

After more than one year of application, it was apparent that there was still a

significant amount of N that came from reserves of fertilizer applied in the previous

season. In the case of the late fertilizer application (t3), the small quantity of fertilizer N

taken up was partitioned mainly to small roots, leaves, and shoots in the year of

application. The following year, the increase in labeled N present in the plants was likely

due to new uptake from remaining '5N-NH4 in the soil (Table 5.1). Intl and t2, during

the second year, labeled fertilizer in the plant was about half of the amount present during
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the year of fertilization, likely a result of new uptake of fertilizer, or N being removed in

harvested fruit and senescing leaves.

In Sept. 2002, almost fifty percent of the labeled fertilizer was found in leaves and

shoots, independent of treatment (Table 5.3). However in t3, 42% of the NDFF was

found in roots compared to only 9 to 16 % NIDFF in roots of plants in ti and t2. Fruit

harvested at the end of July and Aug. 2002 was included in the Sept. 2002 sampling date.

No labeled fertilizer was found in the fruit in t3 when the fertilizer was applied two

weeks before harvest. In contrast, 16 to 20% of the labeled fertilizer was found in fruit in

tl and t2, respectively (p<0.0 1). Twelve to 18% of the N in the fruit came from fertilizer

in ti and t2 and none in t3 (Table 5.4).

The percent of NDFF in the plant was also dependant on fertilizer application date

(p<0.0001) and sampling date (p<0.0001). Thirteen percent of the total N in the plant

came from the fertilizer when labeled-N was applied on either April or May, but only 4%

when it was applied in July (Table 5.4). In ti, maximum NDFF (15%) was measured in

Jan. and May 2003, with NDFF declining to 10% in Oct. and Jan. 2004.

These results strongly support the idea that spring applications are more effective

in supplying N to support current season growth, since a very large portion of the

fertilizer applied in the spring was allocated to leaves, shoots and fruit. In a late

application, in July, much less fertilizer was recovered.



Conclusions

We found no effect of labeled fertilizer application date on total DW and N or

DW or N partitioning in the plant, mainly because the rate of N was the same amongst

treatments. Application date had a strong effect on the total amount of NDFF recovered

per plant and per hectare at the end of the first season; spring application, in either April

or May, resulted in five times more NDFF in the plant by the end of the first season

compared to late fertilizer application in July. It is important to consider, however, that

on the July application date, 50 kg of '5N ha1 was applied, compared to 75 kg of 15N ha'

in the other two treatments. This might also have affected the final recovery of fertilizer

N. When plants were fertilized in July, N was allocated mainly to small roots, leaves and

shoots, whereas spring applications were allocated mainly to leaves and fruits. Therefore

spring applications have a larger impact on the amount of N allocated to fruit than a late

application does. Differences in allocation amongst parts were reduced between

treatments in the second year after fertilization. However the total amount of fertilizer

recovered was always smaller with a late summer application.

Spring application of N resulted in the highest fertilizer recovery at the end of the

first season in Sept. 2002. In contrast, summer application resulted in half the recovery

of a spring application, and highest values were detected one year after fertilizer

application.

Our results indicate that the time of fertilizer application greatly affects percent

fertilizer recovery, N partitioning, and remobilization of N in the plant. Spring

application, two weeks after bud break or at bloom results in higher fertilizer recovery
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and a more efficient use of fertilizer compared to summer application. These results

support the idea that absorption of N is more dependants on growth demand than on N

supply in the soil.
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Fig. 5.1. Plant dry weight of mature 'Bluecrop' with different dates of labeled fertilizer

application: April, May or July 2002. Rates were 150 kgh&' of N per year. Mean
± SE. Regression model for yApril= 10.734x2 + 26607x - 2E+07, r2 = 0.5; yMay
= 1.6637x2 - 3948.4x + 2E+06, r2 = 0.9; yJuly= -3.9749x2 + 9926.7x - 6E+06, r2
= 0.6.

113



Lte

Fig. 5.2. Plant total nitrogen content of mature 'Bluecrop' with different dates of N
fertilization. Rates were 150 kgha1 of N per year. Mean ± SE. Regression model for
yApril= -11O.8x2 + 274661x - 2E+08, r2 = 0.5; yMay= -27.747x2 + 69883x - 4E+07, r2
0.84; yJuly= -56.78 1x2 + 141214x - 9E+07, r2 = 0.51.
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Fig. 5.3. Plant total 15N..Nitrogen of mature 'Bluecrop' at three labeled fertilizer
application dates April, May and July. Rates were 150 kgh&1 of N per year.
Mean± SE. yApril -31.444x2 + 77849x - 5E+07, r2 = 0.80; yMay= -30.767x2 +
76190x - 5E+07, r2 = 0.89; yJuly = -4.8328x2 + 12025x - 7E+06, r2= 0.810.
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Table 5.1. The effect of fertilizer application date on the percentage of nitrogen derived
from fertilizer in soil samples taken from each plant of 'Bluecrop' blueberry.

116

Month of
application of

15N Sampling date pH %N NH4 NO3 NDFF %
March 11 Sept. 2002 4.50 0.133 34.60 33.10 2.81

20 May 2003 4.33 0.132 101.60 29.63 0.74

14 Oct. 2003 4.23 0.127 16.80 49.57 1.38

12 Jan. 2004 4.37 0.141 26.70 24.27 0.50

Mean 44 a

May 11 Sept. 2002 4.37 0.133 87.07 43.30 5.26

20 May 2003 4.23 0.125 114.40 28.10 2.27

14 Oct. 2003 4.50 0.122 70.10 50.37 2.49

12 Jan. 2004 4.50 0.124 11.53 9.10 0.00

Mean 70b
July 11 Sept. 2002 4.40 0.129 100.20 19.57 0.47

20 May 2003 4.27 0.132 127.93 23.87 1.87

14 Oct. 2003 4.13 0.137 261.20 49.73 2.18

12 Jan. 2004 4.20 0.135 120.70 25.43 0.10
Mean 142 c

p-value Treatment NS NS <.0001 NS NS

Date NS NS 0.03 0.001 0.03

Treat *date NS NS 0.01 NS NS



Table 5.2. The effect of 15N-fertilizer application date on the total content (mg) of nitrogen derived from fertilizer in plant parts of

mature 'Bluecrop' blueberry.

Month of
application
of 15N

Sampling
date

Large
roots

Small
roots Crown 1-year 2-year 3-year Leaves Shoots

Flowers or
fruit

Total
15N

April 11 Sept. 2002 459.0 567.6 494.7 5.4 211.9 177.6 2083.4 833.1 1230.2 6062.8

lOJan.2003 1000.8 956.5 1031.6 889.7 582.9 1448.0 5909.6

20May2003 636.1 845.9 717.8 449.8 177.2 525.7 526.4 212.1 369.4 4460.4

14 Oct. 2003 424.4 521.6 377.9 225.7 234.7 351.7 961.1 396.2 3493.3

12 Jan. 2004 704.6 629.5 484.9 456.1 635.6 504.7 3415.4

May 11 Sept.2002 317.1 1012.5 341.9 79.3 117.0 132.3 2087.6 804.7 917.6 5810.0

10 Jan. 2003 856.5 857.6 662.8 876.9 292.5 1282.4 4828.7
20 May 2003 1247.7 733.6 431.7 557.9 308.0 778.5 679.2 274.4 421.1 5432.0

l4Oct.2003 945.6 936.8 451.4 191.0 138.3 231.1 791.9 307.4 3993.4
l2Jan.2004 848.4 263.8 378.1 567.5 629.7 450.2 3137.6

July 11 Sept.2002 6.6 126.2 13.0 0.0 0.0 0.0 188.3 120.9 0.0 455.1

10 Jan. 2003 353.7 222.1 422.6 236.5 183.1 230.8 1648.8

20May2003 269.0 249.5 178.8 135.4 61.0 180.8 255.2 88.4 145.5 1563.7

14 Oct. 2003 275.8 164.5 189.6 195.1 77.1 175.0 596.3 293.2 1966.7

l2Jan.2004 193.8 155.8 246.2 176.8 232.6 308.1 1313.2
p-value Treatment 0.0002 0.0008 0.005 0.0007 0.006 <0.001 <0.001 0.002 <0.001 <0.0001

Sampling date 0.005 NS 0.002 <0.001 0.002 <0.001 <0.001 0.001 0.002 0.04
Treatment*dale NS NS NS 0.04 NS 0.007 0.0008 0.003 0.004 NS



Table 5.3. The effect of labeled fertilizer application date on the percentage of '5N in plant parts of mature 'Bluecrop' blueberry.

Month of
application
of '5N Sampling date

Large
roots

Small
roots Crown 1-year 2-year 3-year Leaves Shoots

Flowers
or fruit

Total
15N

April 11 Sept. 2002 7.6 9.4 8.2 0.1 3.4 2.9 34.3 13.7 20.4 100

lOJan.2003 16.6 16.7 16.8 15.9 11.0 23.0 100

20May2003 13.4 17.9 17.1 10.2 4.2 12.1 11.7 4.7 8.8 100

14 Oct. 2003 13.0 13.6 11.4 6.5 6.8 11.1 26.8 10.9 100

l2Jan.2004 18.4 23.4 12.9 14.2 15.3 15.8 100

May 11 Sept.2002 5.1 16.6 6.2 1.2 1.8 2.0 36.6 14.0 16.5 100

10 Jan. 2003 17.5 17.1 14.7 17.8 6.1 26.9 100

20May2003 23.4 13.3 7.9 10.3 5.6 14.3 12.5 5.0 7.7 100

14 Oct. 2003 21.6 28.9 9.7 4.1 3.6 5.8 19.0 7.3 100

l2Jan.2004 27.3 8.3 11.5 18.1 20.0 14.7 100

July 11 Sept. 2002 0.9 42.7 1.8 0.0 0.0 0.0 29.8 24.8 0.0 100

lOJan.2003 21.5 13.4 25.6 14.3 11.0 14.2 100

20May2003 16.8 15.4 11.7 9.7 3.7 10.8 16.7 5.5 9.7 100

l4Oct.2003 16.2 8.5 10.1 9.1 4.0 10.2 28.2 13.8 100

12 Jan. 2004 14.4 13.2 18.2 12.8 19.7 21.8 100

p-value Treatment NS NS NS NS NS NS NS 0.0006 0.007

Sampling date 0.002 NS <0.001 <0.001 <0.001 <0.001 0.002 <0.001 NS
Treatment*date NS NS NS NS NS NS NS 0.015 NS



Table 5.4. The effect of fertilizer application date on the percentage of nitrogen derived from fertilizer in plant parts of mature

'Bluecrop' blueberry.

Month of
application of '5N Sampling date

Large
roots

Small
roots Crown 1-year 2-year 3-year Leaves Shoots

Flowers or
fruit

Total

April 11 Sept.2002 8.5 10.1 8.0 0.1 10.8 13.6 24.0 21.2 18.2 13.1

10 Jan. 2003 13.8 13.4 13.3 15.2 14.1 22.5 15.1

20 May 2003 11.4 18.2 14.5 15.8 20.2 25.9 18.8 19.2 18.6 16.7

14 Oct. 2003 10.1 8.0 7.0 10.7 12.2 14.0 11.1 8.4 9.6
12 Jan. 2004 12.8 10.3 8.6 10.9 13.8 10.1 10.8

May 11 Sept. 2002 14.2 18.2 9.5 2.0 10.0 13.8 27.9 27.9 12.7 16.7

10 Jan. 2003 14.2 13.3 10.5 17.2 17.8 25.9 15.5

20 May 2003 21.3 12.9 12.7 14.3 17.4 25.8 18.8 18.4 19.3 17.6

14 Oct. 2003 12.0 10.4 7.6 5.5 10.6 9.9 9.0 7.4 9.7
12 Jan. 2004 7.5 5.9 4.8 6.7 9.9 6.8 6.9

July ii Sept. 2002 0.1 3.1 0.3 0.0 0.0 0.0 2.1 3.5 0.0 1.1

10 Jan. 2003 5.1 4.2 7.0 4.7 4.8 6.2 5.4
20 May 2003 4.5 6.5 5.1 5.1 5.7 6.8 8.2 7.0 7.9 6.1

14 Oct. 2003 4.3 5.5 4.2 4.7 5.9 6.5 6.6 6.8 5.6
12 Jan. 2004 2.2 2.7 3.1 3.0 4.2 4.3 3.2

p-value Treatment <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sampling date NS 0.04 0.0003 <0.001 0.012 <0.001 <0.001 <0.001 0.004 0.04
Treatment *date NS NS NS 0.001 NS NS 0.003 0.001 NS NS



CHAPTER 6

THE EFFECT OF RATE OF '5N-NJTROGEN FERTILIZER ON GROWTH, '5N AND

BIOMASS PARTITIONING IN YOUNG BLUEBERRY PLANTS



Abstract

The effect of nitrogen (N) fertilization rate on growth and biomass and N

partitioning in young, field-grown 'Bluecrop' blueberry was studied. Depleted 15N-

ammonium sulfate was applied in the first year (2002) and non-labeled fertilizer in the

second year (2003). Four N fertilizer rates (0, 50, 100, and 150 kg.ha1) were applied in

the establishment year of a new planting and in year two. The total N rate was divided

into three applications from April through June. Plants were destructively harvested from

the field and divided into parts on 11 dates from Mar. 2002 to Jan. 2004. N rate affected

plant dry weight, total N content, percent N derived from the fertilizer (NDFF), and

fertilizer recovery. Plant dry weight increased 18 fold from Mar. 2002 to July 2003, with

the largest plants produced at the 50 kgha1 of N rate. Plants fertilized with 100 and 150

kgha1 of N showed severe signs of ammonium (NH4) toxicity with significant plant loss

by the end of this study. By October, plants fertilized with 50 kgha1 of N had the largest

dry weight and N accumulation. Percent NDFF was 60% and 67% for the 50 and 100

kgha1 of N rates, respectively. Fertilizer recovery reached a maximum in Oct. 2002

(17% and 10% for the 50 and 100 kgha1 of N, respectively). Our study shows that the

rate of N fertilization has a large impact on total plant dry weight and nitrogen and N and

biomass partitioning in young blueberry plants.
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Introduction

Blueberry production has been increasing steadily in Oregon and Washington,

USA with approximately 80 to 120 ha being planted annually, on average, over the last

ten years. Growers have generally been applying recommended rates of nitrogen (N)

fertilizer, 110 kgha', for mature plantings at 1.2 m by 3 m (Strik and Hart, 1991; Strik et

al., 1993) or have been applying much higher rates, depending on their production

practices (Martin et al., 2001).

Various studies have been completed on the effect of rate of nitrogen fertilization

on the growth and yield of mature blueberry plants. In a study on 'Bluecrop', comparing

a nitrogen rate of 75 kgha1 of N to an un-fertilized control (no fertilizer for 5 years),

plants fertilized with a split application of N had the highest yield (Hanson and

Retamales, 1992). Clark et al. (1998) found that yield of 'Collins' was not affected by

fertilization rates of 22 and 112 kg-ha1 of N; however, applications of 67 and 134 kgha1

reduced yield compared to the 22 kgha1 of N treatment over two years. We already

described the effect of in-row spacing (Chapter 3), N fertilization rate (Chapter 4) and

fertilizer application date (Chapter 5) in mature blueberry plants.

Throop and Hanson (1997) showed that mature blueberry plants absorbed

fertilizer N most efficiently during active growth between late bloom and fruit maturity;

however, only 8% of the fertilizer was recovered two weeks after application. Mature

'Bluecrop' fertilized with 40 kgha1 of N, as urea, before bud break, recovered 32% of

the fertilizer N by the following fall (Retamales and Hanson, 1989). Previous
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researchers have suggested that multiple applications of fertilizer nitrogen would be

necessary to maintain sufficient soil N levels throughout the period of high demand.

No work has been published to date on N fertilizer uptake and partitioning of N in

young blueberry plants.

The objectives of our study were to determine the impact of rate of nitrogen

fertilizer application on N uptake, partitioning and growth of young, field-grown

blueberry plants.

Materials and Methods

A planting of 'Bluecrop' was established on 27 Mar. 2002 at the North

Willamette Research and Extension Center (NWREC) in Aurora, Ore., USA (lat. 450 17

N, long. 1 22°45 'W; 46 m above sea level; average last freeze date 17 Apr.; average first

freeze date 25 Oct.). Sawdust and fertilizer (66 kgha' of N) were incorporated prior to

planting two-year-old container-grown stock. No surface sawdust mulch was applied

after planting. Flower buds were pruned off the plants at planting time to prevent fruit

production in year one. Plants were spaced at 1.2 m in the row with 3.0 m between rows.

The nitrogen (N) fertilization rate treatments were: 0, 18.6, 37.2, or 55.8 gplant1 per

year (equivalent to 0, 50, 100, or 150 kgha1 of N, respectively). The total rate of N was

divided into thirds and applied on 11 Apr., 20 May, and 27 June 2002 of the planting year

and 24 Mar., 8 May, and 23 June 2003, year two, at the same rate. Labeled 15N-depleted

ammonium sulfate [(NH4)2SO4] was applied in 2002 and un-labeled animonium sulfate

was applied in 2003. Fertilizer was broadcast on the soil surface under the plant canopy
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in a circular area. All treated plots were fertilized with 35 kgha' of P and 66 kgha1 of

K each spring. Plants were otherwise maintained according to standard commercial

practice (Strik et al., 1993).

The four experimental treatments were arranged in a randomized block design

with three replicates. The experimental unit consisted of a plot of 12 plants. One plant

per plot was randomly selected and destructively harvested on each of 11 dates; in 2002:

27 Mar., 29 Apr., 7 June, 24 July, 29 Oct.; and in 2003: 7 Feb., 22 Apr., 22 May, 25 July,

27 Oct., and 8 Jan. 2004.

Plants were dug from the field to a depth of 0.3 m to ensure recovery of as much

of the root system as possible. Roots were washed to remove soil and plants were

separated into parts: flowers, fruit (year two only), shoots, leaves (removed from shoots),

1-year-old, 2-year-old, and 3-year-old wood, crown, and roots. Each part was dried to a

constant weight at 70° C (Fisher Scientific Isotemp oven Model 655F) and dry weight

measured. A sub-sample of each tissue was ground to pass a 40 mesh screen (0.42 mm)

and N and '5N concentration measured by mass spectrometry (Isotope Service, Los

Alamos, N.M., USA).

Atom percent values were converted to the proportion of the nitrogen derived

from fertilizer (NDFF), using standard conversions (Hauck and Bremner, 1976):

%NDFF = ((15N natural abundance) - (atom % '5Nsampie)) I ((UN natural abundance) -

r o' l57..TaLom /0 1Nfj1jz))

The 15N natural abundance was assumed equal to 0.366 atom percent.

The effect of N fertilization rate, and sampling date on the measured variables

was analyzed using the PROC GLM procedure in SAS (SAS Institute Inc., 1999).



Regression analysis was used to determine the relationship between dry weight, total

nitrogen and sampling date. Treatment means were compared using a Fisher's protected

least significant difference (LSD) test.

Results for dry weight, nitrogen content and nitrogen derived from fertilizer

(NDFF) in the plants are expressed as total content or as a percentage of the biomass,

total N or total NDFF. Similarly, partitioning amongst plant parts is also expressed as

total amount or as a percentage of the total plant.

Results and Discussion

Dry weight

Nitrogen fertilization rate affected plant growth (dry weight; DW) over time

(j<O.00Ol, Fig. 6.1) with more DW per plant and per hectare at the 50 kgha' of N rate.

Differences amongst treatments were observed as early as June 2002, when total plant

DW was reduced in plants that received 0 or 150 kgha1 of N compared to those that

received 50 or 100 kgha1. By the end of the first growing season, in Oct. 2002, plants

that received 50 kgha' of N had the largest accumulation of DW (364 g). A natural

decline in plant DW (due to leaf senescence) was observed from Oct. 2002 to Feb. 2003

in all treatments. Bud break occurred the first week of Apr. 2003 and was unaffected by

treatment. Maximum biomass accumulation was measured in Oct. 2003 and July 2003

for the 0, 50 and 100 kgha1 of N treatments. Plant DW increased 18 fold from Mar.

2002 to July 2003, with the largest plants (averaged over time) receiving 50 kgha' of N.
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Biomass per hectare (2,777 plantsha') increased from 71 kgha1 in Mar. 2002 to

a maximum of 1,478 kgha1 in July 2003, and was dependant on N fertilization rate;

larger biomass was measured when plants were fertilized with 50 kgha' of N.

Plants fertilized with 100 and 150 kgha' of N showed severe symptoms of

ammonium (NIH4) toxicity, with 17% and 55% of the plants dying by Oct. 2002,

respectively. In July 2002, plants showing symptoms of toxicity had very high levels of

animonium in their shoots compared to the other treatments. As a result of ammonium

toxicity and plant death, no plants were available for sampling from the 150 kgha' of N

treatment from July 2003 through the end of the study.

The top-to-root ratio was 1.2, 1.6, 2.1, and 1.5 for the 0, 50, 100, and 150 kgha1

of N treatments in Oct. 2002, respectively. Un-fertilized plants had a lower dry weight of

leaves and shoots than those fertilized with 50 kghi' of N. Plants fertilized with 150

kgha1 of N had less total plant dry weight and individual DW of all plant parts.

The DW of plant parts and percent partitioning of biomass to plant parts varied

with sampling date and N fertilization rate (Table 6.1). Similarly to what we described in

Chapter 3, shoots in October were called 1-year old stems in the Feb. sampling date, and

1-year-old stems became 2-year-old stems. An average of 40% of total plant DW was

found in roots with a significant effect of N fertilization rate. Un-fertilized plants had

63% of total DW in roots compared to 40% in fertilized plants, on average. Partitioning

to leaves was 20% of plant DW, with a maximum value of 24% in July and Oct. 2003.

Plants fertilized with either 50 or 100 kgha1 of N had more %DW partitioned to leaves

and shoots than un-fertilized plants or ones receiving the highest rate of N. Maximum

leaf DW was measured in July 2003 and Oct. 2003 (84 and 95 g, respectively). Three-



year old canes were present and measured only at the end of the study in Jan. 2004; there

was no effect of N rate on percent DW in older wood (Table 6.1).

Tn year two, fruit accounted for 12 to 24% of total DW in July. Plants fertilized

with 50 kgha1 of N had a higher yield per plant than those fertilized with 0 or 100 kgtha

'of N, with a calculated yield potential of about 3 tha'.

Total nitrogen content

At planting time (Mar. 2002), the initial total nitrogen content of the nursery

plants was 335 mgplanf'. Total plant N increased during the length of the study

(p<0.0001, Fig. 6.2) and was significantly affected by N fertilization rate (p<0.0001).

Plants that received 50 kgha1 of N accumulated more total N than plants receiving 100,

0, or 150 kgha1of N (4.1, 3.1, 1.9, and 1.4 gplanf', respectively), a result of greater total

plant DW and a higher %N (Table 6.2).

Nitrogen fertilization rate affected total N and N concentration in all plant parts

except (Table 6.2). As N fertilization rate increased, %N increased in different

percentage depending on organ. Leaf %N on July, 2002 and 2003(Table 6.2) indicated

that the un-fertilized plants were deficient in N (1.4%; Strik and Hart, 1991), plants

fertilized with 50 and 100 kgha1 of N were above the normal range, and those fertilized

with 150 kgha1 of N had high leaf %N due to poor shoot growth. This effect was. not

observed in the mature plants during the first year of study (Chapter 3), since the large

amount of N already in the older storage tissues of the plant, acts as buffer of any change

in N fertilization in one season. In young plants, in contrast, this effect does not occur.
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After leaf senescence, a decline in total N was measured from Oct. 2002 to Feb.

2003 in all treatments except the un-fertilized plants (Fig. 6.2). The %N of senescing

leaves was significantly affected by N fertilization rate (Table 6.2) with leaves of un-

fertilized plants, senescing with a much lower %N than those of fertilized plants.

Nitrogen partitioning (mg) and percent N partitioning in plants was affected by

sampling date and by N fertilization rate (Table 6.3); only the percentage of N partitioned

to 1-year-old stems was not affected by N rate. More N was partitioned to roots (43%) in

the un-fertilized plants than in fertilized plants (35%). One-year and two-year-old stems

each contained 26% of total N in plants fertilized with 150 kgha1 of N compared to only

16% and 9%, respectively, in un-fertilized plants (Table 6.3). Un-fertilized plants had a

lower proportion of total N in leaves (22%; Table 6.3) than fertilized plants, due mainly

to a lower leaf %N in un-fertilized plants (Table 6.2).

Nitrogen from fertilizer, N uptake, and distribution

Total nitrogen derived from the fertilizer (NIDFF) in plants was affected by the

rate of nitrogen fertilization (p<0.01) and by sampling date (p<0.000l, Fig. 6.3). Plants

fertilized with 50 or 100 kgha1 of N had more 15N than plants fertilized with 150 kgha1

of N (1.6 g, on average, and 0.8 g, respectively). In these young blueberry plants, the

highest rate of N fertilization was excessive, reducing total plant DW, total N, and uptake

of N fertilizer.

There was very little uptake of fertilizer '5N two weeks after the first application,

but uptake then increased to maximum values at the end of the first season in Oct. 2002
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for the three rates of N fertilization, with 3.2, 3.6 and 1.7 g of '5N per plant for the 50,

100 and 150 kgha' of N treatments, respectively (Fig. 6.3).

Less than 1% of the fertilizer applied was taken up by plants by the end of April.

The content of NDFF increased through Oct. 2002 (Fig. 6.3). The highest percentage of

fertilizer recovery occurred in plants fertilized with 50 kgha1 of N, which took up 17%

of the fertilizer applied by Oct. 2002 (Table 6.4). Plants fertilized with 100 kghi' of N

recovered 10% of the fertilizer applied by Oct. 2002. Even though plants took up only 9

to 10 kgha1 of N, the fertilizer N accounted for 58% to 70% of the total N in the plant in

Oct. 2002, depending on N rate (Table 6.4). Thus, young blueberry plants do not require

much fertilizer N in the planting year.

Labeled fertilizer was found in every plant part, and allocation varied through the

season. At the time of maximum fertilizer recovery in Oct. 2002, 68% of the NIDFF in

the plant was found in leaves and shoots. This accounted for the large decline in fertilizer

N from Oct. 2002 to Feb. 2003 (Fig. 6.3). Tn Feb. 2003, 46% of the remaining fertilizer

N (from that applied in 2002) was in the roots and 14% in the crown of plants receiving

50kgh&1 of N.

The increase in total 15N in plants fertilized with 50 or 100 kgha' of N from Apr.

to May 2003 (Fig. 6.3), may have reflected uptake of 15N from fertilizer applied the year

before that remained in the organic matter pool in the soil.



Conclusions

Nitrogen fertilization rate had a large effect on total plant dry weight and nitrogen

and DW and N partitioning in these young blueberry plants. The best N fertilization rate

for plant growth in this experiment was 50 kgha1 of N, that resulted in larger plants, with

more yield, and an adequate N concentration in leaves. Total N, NDFF, and fertilizer

recovery was also higher at 50 kgha1 of N than the other treatments. Plants that received

no fertilizer N grew well, but by the end of the first season these plants had a lower N

concentration. Nitrogen concentration in every plant part was increased with N

fertilization rate and varies with sampling date. By the end of the second year, growth of

un-fertilized plants was not as good as plants fertilized with 50 kgha-1 of N. The N

present in the soil of the container-grown plant at establishment, was very likely of great

benefit for plant growth in un-fertilized plants the first year. A larger percentage of total

plant biomass was found in roots of un-fertilized plants than in fertilized plants.

Increasing N fertilization rate resulted in ammonium toxicity that severely affected

growth at the 100 and 150 kgha1 of N fertilization rates and killed a significant

percentage of plants. Young plants were very sensitive to under- and over-fertilization,

because they did not have a lot of stored N reserves to serve as a "buffer" and the young

root system was very sensitive to fertilizer "bum". In new plantings, N fertilizer should

likely be applied in several split applications, at a low rate, to meet N demand yet

minimize risk of harming young plants.
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Fig. 6.1. Total dry weight per plant (g) as affected by nitrogen fertilization rate in year

one and two of a newly established 'Bluecrop' blueberry planting. Mean ± SE

(n=3).
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Fig. 6.2. Total nitrogen content per plant (mg) as affected by nitrogen fertilization rate in

year one and two of a newly established 'Bluecrop' blueberry planting. Mean ±

SE(n=3).
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Fig. 6.3. Total nitrogen derived from the fertilizer (NDFF) per plant (mg) as affected by

nitrogen fertilization rate in year one and two of a newly established 'Bluecrop'

blueberry planting. Mean ± SE (n=3). Arrows indicate each of the fertilizer

applications of '5N in 2002.
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Table 6.1. Percentage of total plant dry weight (DW) in plant parts of 'Bluecrop'

blueberry in year one and two of planting establishment, as affected by nitrogen

fertilization rate, n=3.

135

Sampling date N rate (kgha') Roots Crown 1-year 2-year 3-year Leaves Shoots Flowers or fruit

27 Mar2002 34.5 65.5

29Apr2002 0 38.8 7.9 45.3 8.0

50 44.8 7.8 38.6 8.7

100 25.7 11.8 51.0 11.5

150 43.0 8.9 41.3 6.7

7 June 2002 0 49.3 6.6 20.4 18.3 5.4

50 45.9 5.5 24.7 20.1 3.8

100 46.8 7.9 21.7 19.1 4.4

150 47.8 5.6 27.0 16.7 2.8

24Ju1y2002 0 40.7 7.6 19.1 24.3 8.3

50 45.0 3.1 10.2 31.3 10.5

100 47.3 5.6 15.7 23.7 7.7

150 47.1 8.2 20.5 17.0 7.1

29 Oct2002 0 45.6 10.6 14.4 15.3 14.1

50 37.9 9.5 10.3 24.9 17.4

100 32.5 9.8 13.0 28.8 15.9

150 39.3 7.1 20.0 22.4 11.3

7Feb 2003 0 51.2 13.8 13.1 21.9

50 54.5 11.7 18.9 14.9

100 53.9 11.2 21.1 13.8

150 43.7 13.9 12.0 30.4

22Apr2003 0 48.9 21.6 13.2 11.9 2.0 2.5

50 50.2 15.9 14.6 13.0 4.2 2.1

100 49.5 16.7 11.7 16.8 3.3 2.0

150 42.9 20.7 8.4 21.8 2.8 3.3

22 May2003 0 46.7 11.6 14.8 13.7 6.1 1.2 6.1

50 47.1 7.1 15.4 9.3 14.5 2.6 4.0

100 40.9 9.0 21.4 9.5 13.4 2.4 3.4

150 46.5 9.2 14.6 19.5 6.2 1.4 2.5



Table 6.1. (Continued)
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25 July 2003 0 26.0 10.7 10.9 7.5 10.6 4.5 29.8

50 27.8 7.4 9.3 8.3 17.6 5.2 24.5

100 26.1 11.0 8.7 8.5 26.1 6.8 12.7

150

27 Oct2003 0 26.6 19.9 12.2 13.5 16.3 11.4

50 19.4 12.3 12.1 7.1 28.9 20.2

100 21.9 12.5 9.7 6.1 29.9 19.9

150

21 Jan2004 0 41.0 13.8 13.2 14.4 17.6

50 40.7 11.5 16.8 14.2 16.8

100 38.8 11.7 153.8 12.7 13.8

150

p-value Treatment <0.001 <0.001 <0.001 <0.001 NS 0.003 0.001 0.004

Sampling date NS <0.001 <0.001 <0.001 <0.001. <0.001 0.005

Treatment*dale NS <0.001 <0.001 <0.001 <0.001 <0.001 0.0008
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Table 6.2. Nitrogen concentration (%N) in plant parts of 'Bluecrop' blueberry in year one

and two of planting establishment, as affected by nitrogen fertilization rate, n=3.

Sampling date N rate (kgha') roots I-year 2-year 3-year crown leaves shoot Flowers or fruit

27 Mar2002 1.58 1.16

1.58 1.16

1.58 1.16

1.58 1.16

29 Apr 2002 0 0.95 1.08 1.49 3.08

50 1.07 1.12 1.30 3.36

100 1.32 1.02 1.35 3.41

150 1.68 1.19 1.28 3.12

7 June 2002 0 0.96 0.54 1.10 1.92 1.00

50 1.56 1.13 1.68 2.70 1.27

100 1.38 1.07 1.52 2.87 1.40

150 1.85 1.41 1.87 2.76 1.65

24 July 2002 0 1.44 0.37 0.48 1.42 0.66

50 1.25 1.19 1.21 2.82 1.32

100 1.11 1.33 1.65 2.81 1.59

150 1.19 1.38 1.69 3.84 1.79

29 Oct2002 0 0.61 0.53 0.63 0.54 0.67

50 1.12 1.24 1.27 2.39 1.19

100 1.28 1.40 1.39 3.01 1.47

150 1.11 1.67 2.04 3.73 1.97

7 Feb 2003 0 1.18 0.78 0.56 1.07

50 1.34 1.70 1.58 1.73

100 1.32 2.07 1.77 1.72

150 1.22 2.91 1.87 1.52

22 May2003

25 July 2003

27 Oct. 2003

50 0.95 1.32 1.26 1.48 4.67 5.28

100 1.11 1.40 1.23 1.59 4.74 5.05

150 1.09 1.96 1.35 1.39 5.20 5.89

0 0.77 0.56 0.35 0.64 2.77 1.43 2.52

50 1.12 0.98 0.84 0.95 2.95 1.53 3.09

100 1.34 1.30 1.09 1.34 3.34 2.02 3.53

150 1.65 1.57 1.12 1.38 3.87 2.57 3.71

0 0.88 0.48 0.52 0.66 1.42 0.66 1.05

50 1.60 0.81 0.76 1.14 2.23 1.05 1.37

100 2.15 1.00 0.86 1.57 2.62 1.34 1.79

150

0 1.08 0.68 0.56 0.84 1.10 1.07

50 1.94 1.05 1.05 1.32 1.85 1.06

100 2.18 1.29 1.10 1.37 1.11 2.34

150



Table 6.2 (Continued)

0 1.37 0.96 0.74 0.61 0.92

50 2.30 1.61 1.41 1.03 1.43

100 2.28 1.56 1.35 1.13 1.44

150

Treatment <0.001 <0.001 <0.001 0.006 0.04

Sampling date <0.001 <0.001 <0.001 <0.001

<0.001 <0.001 <0.001 - NS

<0.001 <0.001 <0.001

<0.001 <0.001 <0.001

0.002 0.007 0.009
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Table 6.3. Total nitrogen (TN, mg) and percent nitrogen partitioning (% of total N) in plant parts of 'Bluecrop' blueberry in year one

and two of planting establishment, as affected by nitrogen fertilization rate, n=3.

Roots 1-year 2-year 3-year Cron Leaves Shoots Flowers or fruit

N rate kghat) TN % TN % TN
134.9 41.1 200.2 58.9

-- 134.9 41.1 200.2 58.9
134.9 41.1 200.2 58.9
134.9 41.1 200.2 58.9

0 174.0 30.1 234.5 39.9
50 213.3 36.6 194.7 33.4

100 140.1 23.9 199.4 37.0
150 280.1 46.2 206.4 32.5

0 350.6 44.8 79.9 10.3
50 602.9 42.3 236.4 16.6

100 653.0 40.1 233.4 14.5
150 550.0 47.4 251.6 20.5

0 991.6 53.5 122.7 6.6
50 963.2 31.8 213.1 7.1

100 756.9 33.4 293.4 12.8
150 609.9 32.8 292.3 16.5

0 767.5 46.8 199.0 12.4
50 1514.1 28.7 456.7 8.6
100 1167.6 22.2 533.6 9.9
150 556.2 22.3 397.8 17.1

% TN % TN % TN % TN % TN % Total N
335.1
335.1
335.1
335.1

60.3 9.7 120.8 20.3 589.6
45.1 7.6 137.4 22.4 590.6
67.1 11.5 152.4 27.5 559.0
46.4 7.4 81.8 13.9 614.6

52.6 6.7 258.3 33.0 40.2 5.2 781.6
78.4 5.5 462.3 32.5 44.6 3.1 1424.5
119.1 7.4 546.5 34.2 61.0 3.8 1613.0
60.9 5.5 298.4 24.2 28.9 2.5 1189.9

62.6 3.4 585.0 31.5 96.0 5.1 1857.8
65.4 2.2 1549.9 50.6 247.6 8.3 3039.2
130.2 5.7 966.1 40.5 170.8 7.6 2317.4
144.7 8.1 675.1 35.3 132.6 7.4 1854.6

179.9 11.2 230.3 13.9 252.9 15.6 1629.5
430.2 8.1 2180.9 40.7 744.0 14.0 5325.9
402.0 7.5 2619.4 47.7 697.3 12.7 5420.0
184.8 7.3 1082.9 42.0 282.5 11.3 2504.2

7 Feb 2003 0 1177.4 61.9 191.2 10.1 239.8 12.5 297.8 15.5 1906.2
50 1314.5 47.6 574.1 22.0 424.9 16.1 364.6 14.3 2678.1

100 1084.3 44.7 661.1 27.6 385.6 15.4 287.6 12.3 2418.5
150 413.7 31.6 229.5 20.2 420.2 34.3 204.3 13.9 1267.7

Sampling date
27 Mar 2002

29 Apr 2002

7 June 2002

24 July 2002

29 Oct 2002



Table 6.3 (Continued)
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22Apr2003 0 566.4 44.3 109.3 8.6 74.8 5.9 278.1 21.6 115.1 9.0 134.9 10.5 1278.6
50 828.9 35.2 366.7 13.9 303.3 11.9 428.2 17.2 362.5 14.4 205.4 7.5 2495.0
100 922.2 38.1 287.2 11.4 354.9 14.3 466.4 18.8 278.2 10.4 157.5 7.0 2466.5
150 644.3 30.2 227.0 10.6 404.8 19.0 397.0 18.6 199.8 9.4 263.1 12.3 2136.0

22 May2003 0 769.9 40.2 178.8 9.2 94.4 5.2 156.7 8.1 349.9 18.5 32.7 1.8 312.2 17.1 1894.5
50 1718.3 37.3 488.5 10.9 256.8 5.6 215.2 4.8 1354.9 30.0 123.6 2.7 393.0 8.7 4550.4
100 1304.5 32.7 680.7 16.9 263.6 6.3 284.5 7.3 1094.6 26.7 115.9 2.8 281.7 7.3 4025.5
150 1038.9 44.8 311.6 13.4 295.9 12.8 172.3 7.4 326.8 14.1 47.5 2.0 125.3 5.4 2318.3

25Ju1y2003 0 807.9 24.8 187.4 5.8 150.6 4.5 245.1 7.5 555.5 18.6 104.6 3.3 1307.6 35.3 3358.6
50 3090.3 30.5 522.8 5.1 444.8 4.5 594.9 5.7 2789.6 26.9 384.5 3.7 2337.8 23.7 10164.8
100 2007.3 29.3 310.9 4.5 264.1 3.9 619.4 9.1 2445.0 35.8 327.5 4.8 871.4 12.6 6845.8
150

27 Oct2003 0 1000.9 31.3 294.6 9.0 265.8 8.3 597.9 18.4 631.6 19.7 416.2 13.2 3206.9
50 1876.6 25.4 648.6 8.7 352.4 4.9 770.6 10.8 2591.3 35.9 1035.6 14.3 7275.1
100 1479.1 29.5 377.4 7.4 173.3 4.1 499.1 10.5 936.0 20.3 1332.9 28.1 4797.9
150

21 Jan2004 0 2156.7 54.5 471.7 12.2 400.7 10.4 394.8 10.4 474.9 12.4 3898.7
50 3475.6 53.0 1131.8 15.9 782.8 11.5 701.1 10.0 652.2 9.5 6743.5
100 1682.0 814.7 21.0 409.4 10.1 310.0 8.7 351.0 9.5 3567.0
150

p-value Treatment <0.001 0.02 <0.001 NS 0.0002 0.001 0.04 NS 0.007 NS <0.001 <0.001 <0.001 0.003 0.002 0.005 <0.001
Sampling date <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001

Treatment
*date <0.001 0.02 NS NS NS NS 0.05 NS <0.001 NS <0.001 0.002 0.02 NS <0.001



Table 6.4. Nitrogen derived from fertilizer (NDFF) in plant parts of 'Bluecrop'

blueberry in year one and two of planting establishment, as affected by nitrogen

fertilization rate, n=3.

Z March 2002 was not included since '5N was applied after that date
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Sampling dateZ N rate (kg'ha1) Roots crown 1-year 2-year 3-year Flower or fruit Leaves Shoot Total 15N

29 April 2002 50 17.9 1.7 5.3 16.0 41.0

100 35.3 8.0 4.9 33.9 82.0

150 66.3 5.3 10.8 21.1 103.6

7 June 2002 50 164.2 15.6 54.0 213.8 20.9 468.5

100 187.8 27.3 63.8 298.5 32.9 610.3

150 234.7 17.4 86.7 179.5 17.2 535.5

24Ju1y2002 50 371.1 25.6 97.1 954.7 154.1 1602.6

100 359.4 54.0 140.3 624.6 107.9 1286.2

150 238.6 57.6 132.6 453.5 87.2 969.5

29 October2002 50 731.5 249.7 243.3 1486.1 490.1 3200.6

100 682.9 252.1 332.0 1884.7 514.7 3666.4

150 300.4 111.5 267.9 869.6 227.1 1776.4

7February2003 50 746.2 228.8 396.0 242.0 1613.1

100 546.5 184.7 500.4 249.7 1481.3

150 208.5 111.0 181.3 288.5 789.3

22 April 2003 50 318.5 240.1 250.0 165.0 130.3 232.1 1335.9

100 421.4 283.7 202.1 216.4 110.9 192.8 1427.2

150 343.0 237.7 170.6 260.1 190.9 143.6 1346.0

22 May2003 50 674.1 105.9 290.9 133.6 182.1 627.3 59.9 2073.9

100 587.8 146.6 428.8 151.4 151.5 575.2 59.3 2100.6

150 488.7 76.1 194.1 171.7 71.1 164.2 25.9 1191.8

25 July2003 50 1004.7 174.9 202.2 140.6 581.1 719.3 75.6 2884.2

100 921.7 271.0 128.5 101.9 365.7 806.8 108.0 2703.7

150

27 October2003 50 465.9 180,1 167.0 93.1 433.8 142.7 1482.7

100 424.3 140.8 114.5 60.6 153.1 240.9 1134.1

150

21 January2004 50 707.4 128.1 135.3 171.3 121.5 1263.6

100 518.5 103.3 219.5 162.2 108.5 1111.9

150

p-value Treatment <0.001 0.04 0.02 NS 0.01 0.03 0.001 <0.001

Sampling date <0.001 <0.001 <0.001 0.01 - 0.001 <0.001 <0.001 <0.001
Treatment

*date <0.001 NS 0.01 NS NS 0.01 0.035



CHAPTER 7

MANIPULATION OF THE ANNUAL GROWTH CYCLE OF BLUEBERRY USING

PHOTOPERIOD



Abstract

A controlled environment study was conducted using container-grown northern

highbush blueberry ( Vaccinium corymbosum L.) 'Duke', 'Bluecrop' and 'Elliott' from July

2002 to Feb. 2003 in Corvallis, Ore., USA. Plants were grown under short days (SD = 8 h

photoperiod) or long days (LD = 16 h photoperiod) at constant temperature (22° C) for up to

eight weeks. Every two weeks, a group of plants was moved from each day length treatment

to a greenhouse (16 h photoperiod, 22°C) and defoliated. Stage of dormancy, growth, and

percentage of flower buds were measured. After eight weeks of SD, a group of dormant

plants was moved to a cold room (4° C) for 900 h to satisfy chilling, and then transferred to

LD (16 hour photoperiod and 22°C) and days to bud break, bloom, and fruit ripening

recorded. Under LD, plants of all cultivars had four to five flushes of shoot growth and did

not initiate flower buds or enter endodormancy. Defoliated plants took 7 to 25 d to break bud

in the greenhouse under LD. Shoot growth in plants under SD stopped after two weeks of

treatment; plants still had two flushes of shoot growth, developed flower buds after two

weeks, and were dormant after four weeks. Plants exposed to SD for 6 weeks or more did

not break bud after defoliation and LD conditions for the 4 month observation period. The

number of flower buds per plant and the degree of dormancy increased with time of exposure

to SD. After chilling was satisfied, bud break and bloom occurred after 6 and 26 days,

respectively, with little difference among cultivars. Fruit harvest started 65, 95, or 130 days

after bud break in 'Duke', 'Bluecrop', and 'Elliott', respectively, 150 to 170 d earlier than on

plants grown under natural conditions. Fruit set in growth chambers was reduced due to

insufficient pollination.
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Introduction

Short photoperiods induce flower bud initiation in lowbush ( Vaccinium angustfolium

Ait.) blueberry (Hall and Ludwig, 1961), rabbiteye (V. ashei Reade) blueberry (Darnell,

1991; Phatak and Austin, 1990), southern highbush (V. corymbosum L. and V. darrowi Camp

interspecific hybrids) blueberry (Spann et al., 2003; 2004) and northern highbush (V.

coiymbosum L.) blueberry (Hall et al., 1963). Northern highbush blueberry is native to

latitudes 40 to 45°N, where the natural photoperiod ranges from 8 to 16 h. The northern

highbush cultivars Coville, Earliblue, and Jersey induced numerous flower buds when grown

for six weeks at 8, 10, or 12 h photoperiod, but formed relatively few flower buds at a 14 h

photoperiod (Hall et al., 1963). Hall and Ludwig (1961) found that lowbush blueberry plants

exposed to less than six weeks of an 8 h photoperiod produced abnormal inflorescences.

They also found more flowers per plant when plants were exposed to a 10 h photoperiod than

an 8 h photoperiod suggesting this may have been related to greater vegetative growth at 10 h

photoperiod. Spann et al. (2004) found no difference between 4- and 8-week durations of

shortday (SD) treatments in the number of flower buds per plant, but bloom was delayed and

reduced at the 4-week duration.

Hall and Ludwig (1961) suggested that SDs can induce endodormancy; however, they

did not measure dormancy in their study. Darrow (1942) found that highbush blueberries

normally require a cold period before growth and flowering can take place. In southern

highbush blueberry, vegetative growth was greatest in longday (LD) plants while flower bud

initiation was greatest in SD plants, but SD plants did not flower until moved to LD growing

conditions (Spann et al., 2003). The effect of photoperiod and the duration of exposure to

144



145

short and long days on the induction of dormancy and on the annual growth cycle of

highbush blueberry is not well defined.

The objectives of this study were to quantify the effect of SD and LD photoperiod

on the growth, dormancy and flower bud development of three northern highbush

blueberry cultivars with different fruit ripening seasons and to artificially manipulate the

annual growth cycle of plants in growth chambers.

Materials and Methods

Two-year-old northern highbush blueberry plants, 'Duke', 'Bluecrop' and

'Elliott', were grown in 7.6 L containers in the greenhouse from the end of March until

the end of June 2002. By that time most shoots had already completed their first flush of

growth and were developing the second. Plants were then moved to controlled

environment chambers (Conviron CMP 3023) and grown under either short days (SD 8

h photoperiod) or long days (LD = 16 h photoperiod) at a constant temperature (22° C)

for up to eight weeks. Light inside the chambers was provided by sodium lamps, spaced

at 1.5 m. Light intensity ranged from 50 pEm2sec' at 30 cm from the floor, to a

maximum of 300 jtEm2sec1. At "0" weeks (control plants), and every two weeks, three

plants within each cultivar and photoperiod (SD or LD) combination were moved to a

greenhouse (16 h photoperiod, 20°C) and completely defoliated by hand. The degree of

dormancy was measured on each plant as the number of days to first bud break. Percent

flower buds was calculated by counting the total number of flower buds and vegetative

buds per plant. After eight weeks at SD, a group of dormant plants was moved to a cold
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room (dark, 4°C) for 900 hours to satisfy chilling (Darrow, 1942) and then plants were

transferred back to a growth chamber under LD photoperiod and 25° C. The days to bud

break, bloom and first ripe fruit were recorded for each cultivar and compared with plants

of the same age, growing in containers of the same size but under natural conditions (NC)

outside the greenhouse in Corvallis, Ore. (45° N). Shoot length was measured weekly

inside the chambers under SD or LD; three shoots on three plants per cultivar were

randomly selected for measurement.

At the end of the experiment, the plants grown under SD and LD for 8 weeks

were destructively harvested to determine the final number of flushes of growth per

shoot, total plant biomass, and biomass partitioning.

Mean values were analyzed using the PROC GLM procedure in SAS (SAS

Institute Inc., 1999) Treatment means were compared using a Fisher's protected least

significant differences (LSD) test.

Results and Discussion

Shoot growth cessation and terminal bud set in plants grown under SDs occurred

after two weeks in 'Elliott' and 'Bluecrop' and after three weeks in 'Duke'. Plants grown

under LDs grew until the end of the experiment (week 8) and were more vigorous than

SD plants (Fig. 7.1). Shoots on plants grown under LDs had 4.3 to 5 flushes of growth

compared with 2 to 2.7 flushes on SD-plants (Table 7.1). Thus 2.3 to 3 new flushes were

produced in plants under LD, and 0 to 0.7 in plants under SD. Southern highbush

blueberries were found to have greater vegetative growth under LD than SD photoperiod
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also (Sparm et al., 2003). Tn our study, total plant dry weight was doubled in LD-plants

compared to SD-plants (Table 7.1). This effect was not due to more hours of light under

LD, since a terminal bud was formed under SD conditions, indicating a change in the

developmental stage of the growing shoots, probably a phytochrome response to the

change in hours of light, and the induction of endo-dormancy. In all cultivars, shoots

stopped growing after about 2 weeks of SDs, finishing the flush of growth they were in,

whereas under LDs shoots kept growing throughout the study producing more flushes

(Fig. 7.1). Shoot growth cessation in plants grown under SDs has been shown in

different plant species such as grape (Fennel and Hoover, 1991; Wacke and Fennel!,

2000), poplar (Baflados, 1992; Zhu and Coleman, 2001), birch (Welling et al., 1997), and

willow (Barros and Neil, 1987). Tn this study, SD photoperiod was a very strong

environmental trigger such that even under optimal temperature for growth, plants grown

under SDs set buds after two or three weeks, and shoot growth rate was reduced almost

immediately after one week of treatment.

Non-dormant, control plants (week 0) that were defoliated took from 7 to 10 d to

break bud in the greenhouse. Plants exposed to SDs developed endodormancy after 4

weeks with an increasing number of days required for bud break to occur (Fig. 7.2).

Plants were evaluated for up to 4 months after defoliation. Plants exposed to SDs for 6 or

8 weeks did not break bud within that time period (Fig. 7.2). The three cultivars

responded similarly (Fig.7. 2). Hall et al. (1963) found that northern highbush

blueberries grown under SD for 8 weeks would form flower buds and cease growth, but

would re-grow and flower without a chilling period when exposed to LD for 4 weeks.

However, they noted that the flower buds did not open uniformly and the internodes on
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the racemes were longer than typical, both characteristic of plants that have not had

sufficient chilling or were still in a certain degree of dormancy. In their study they did not

evaluate dormancy and they counted opening flowers not flower buds, confounding

dormancy and flower bud induction. The flowers they counted under 8 hr photoperiod

were only the ones that opened; they did not count all the flower buds present, a number

likely higher on SD plants.

'Duke', 'Bluecrop', and 'Elliott' plants grown under LDs for 2 to 6 weeks took from

7 to 25 d to break bud after defoliation. Plants grown under LD for 8 weeks took longer

to break bud (Fig. 7.2), likely due to stress. When the LD plants were transferred from

the growth chamber to the greenhouse, they were actively growing when they were

defoliated. The complete defoliation of these plants probably stressed them thus delaying

re-growth or bud break. Dormancy induction under SD photoperiod has been reported in

deciduous woody species. In poplar, an 8 h, SD photoperiod induced dormancy under

natural and controlled environmental conditions (Baflados, 1992; Jecknic and Chen,

1999). In many studies, however the effect of photoperiod and temperature was not

clearly separated. In other cultivars of northern highbush blueberry, 8 weeks of SD under

variable temperatures induced dormancy (Hall et al., 1963). In this study, blueberry

plants entered dormancy after 4 weeks of SD photoperiod at 22° C.

Fruit bud set was observed after plants were grown for two weeks at SD

photoperiod in 'Bluecrop' and 'Elliott' and after three weeks in 'Duke', but never

occurred in plants grown under LD. Hall et al. (1963) found no flower bud development

in 'Earliblue', 'Coville', or 'Jersey' highbush blueberry grown under 16 h photoperiod. In

this study, the percentage of flower buds was positively correlated with length of
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exposure to SD (Fig. 7.3). Flower bud number per plant increased in 'Bluecrop' from 2

to 8 weeks under SD conditions (Table 7.2). In 'Duke' and 'Elliott', flower bud number

increased from week 0 to 4 and then remained constant. Thus, in these two cultivars,

flower bud induction was completed earlier. An increase in flower bud development was

observed from week 4 to 8. The influence of SD photoperiod on flower bud formation in

blueberries is well documented (Darnell, 1991; Hall and Ludwig, 1961; Hall et al., 1963;

Spann et al., 2003, 2004), but this is the first report that compares the effect of length of

exposure of SD photoperiod on flower bud number, percent fruit bud set and dormancy in

northern highbush blueberry. Hall et al. (1963) compared the effect of daylength (8 to 16

h), but they did not evaluate number of flower buds, shoot growth rate, or dormancy

status of the plant. Spann et al., 2004, working with 'Misty', a southern highbush

blueberry, found no differences between the number of buds that were initiated at 4 and 8

weeks at 8 h-SD when at 21°C, but noted that floral differentiation appeared to be

incomplete at 4 weeks and bloom was delayed. In our study, we did measure an increase

in the number of flower buds induced after 8 weeks of exposure to SD compared to 4

weeks. The varying response of different Vaccinium species to length of exposure to SD,

may depend on latitude of origin. For example, southern highbush hybrids have been

developed from species native to lower latitudes where responses to changes in

photoperiod are probably faster.

Plants exposed to 8 weeks of SD followed by 900 h of chilling had bud break 7 to

10 d after being placed in a growth chamber under LD and 25° C. Bloom occurred within

one month and first mature fruit for 'Duke' was observed on 20 Dec., five months before

plants grown under natural conditions (Table 7.3). 'Bluecrop' and 'Elliott' did not differ



from 'Duke' in the time of budbreak or bloom, but did mature fruit 155 and 170 d,

respectively, earlier than plants grown outside (Table 7.3). Flowers of all three cultivars

appeared normal but fruit.set in the growth chambers was reduced due to insufficient

pollination (data not shown).

Conclusions

Shoot growth in these three highbush blueberry cultivars stopped after two or

three weeks of exposure to SD photoperiod with the formation of the terminal bud. Shoot

growth cessation preceded flower bud formation. In contrast, plants grown under LD had

continuous shoot growth until the end of the 8 week experiment.

Plants exposed to SD photoperiod for 4 weeks or more developed endo-dormancy

and did not break bud even after four months under greenhouse conditions. Plants grown

under LD did not show signs of endo-dormancy with bud break occurring from 7 to 40 d

after defoliation in the greenhouse. Flower bud formation occurred only in plants grown

under SD photoperiod. Our results showed that endo-dormancy was a qualitative

response induced by short-day photoperiod in blueberry, and flower bud induction and

differentiation were also dependant on SD.
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Table 7.1. The number of flushes of growth and dry weight biomass partitioning of

container grown blueberry plants 'Bluecrop', 'Duke' and 'Elliott' grown under long-day

(LD) or short-day (SD) photoperiod (n=3).

Z Plants started with 2 flushes
NS, c, ***: non-significant, or significant atp< 0.05, p< 0.01 orp< 0.001,
respectively.
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Cultivar

Total

flushes of

growthz

Leaves

(g)

Shoots

(g)

1-year-

wood

(g)

Crown

(g)

Roots

(g)

Total

plant

(g)

Bluecrop LD 4.3 37.6 36.8 13.8 11.8 64.6 164.6

SD 2.7 13.8 16.2 11.7 5.7 27.8 75.2

* NS * NS * * *

Duke LD 5.0 24.8 39.9 16.3 24.3 61.0 166.2

SD 2.3 12.1 7.7 10.2 9.2 28.6 67.8

* * * * NS ** **

Elliott LD 4.3 38.6 40.4 17.2 17.2 81.9 195.2

SD 2.0 15.9 18.1 14.9 11.4 44.8 105.1

* ** ** NS NS * **



Table 7.2. The number of flower buds in container grown blueberry plants of 'Bluecrop',

'Duke' and 'Elliott' grown under long-day (LD) or short-day (SD) photoperiod.

NS, ***: non-significant, or significant at p< 0.05, p< 0.01 or p< 0.001,

respectively.
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Cultivar

Weeks under treatment

0 2 4 6 8

Bluecrop LD 0 0 0 0 0

SD 0 2 18 25 28

NS * *** *** ***

Duke LD 0 0 0 0 0

SD 0 2 12 12 14

NS * *** *** ***

Elliott LD 0 0 0 0 0

SD 0 0 20 28 22

NS NS *** ***
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Table 7.3. Dates of bud break, bloom and first mature fruit in container grown blueberry

plants 'Bluecrop', 'Duke' and 'Elliott' grown in a growth chamber (GC) after being

exposed to 8 weeks of SD photoperiod or under natural conditions (NC) in Corvallis,

Ore., USA.

Cultivar Bud break First bloom First mature fruit

Duke GC 1 Nov. 2002 16 Nov. 2002 23 Dec. 2002

NC 5 Mar. 2003 30 Mar. 2003 20 June 2003

Bluecrop GC 1 Nov. 2002 16 Nov. 2002 22 Jan. 2003

NC 5 Mar. 2003 1 Apr. 2003 7 July 2004

Elliott GC 5 Nov. 2002 18 Nov. 2002 25 Feb. 2003

NC 8 Mar. 2003 4 Apr. 2003 30 July 2003
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Fig. 7.1. Shoot length of three blueberry cultivars grown in a growth chamber under long

day (LD) or shOrt-day (SD) photoperiod. Mean ± SE (n3).
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Fig.7.2. Days to bud break of vegetative buds in 'Bluecrop', 'Duke' and 'Elliott' plants

exposed to SD or LD photoperiod for the indicated days of treatment and then moved

into a greenhouse at 16 h photoperiod and defoliated. Mean ± SE (n3).
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Fig. 7.3. Percentage of flower buds (%) in blueberry plants 'Bluecrop', 'Duke' and 'Elliott'

grown under long-day (LD) or short-day (SD) photoperiod for 0 (day 1) to 8 (day 56)

weeks. Mean ± SE (n=3).
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CHAPTER 8

GENERAL CONCLUSIONS

Plants at lower density were larger and had more shoots than plants at 0.45 m.

Nitrogen fertilization increased the weight of shoots per plant. Fifty percent of the total

shoots per plant were short (less than 0.10 m), but this size represented only 4 to 8% of

total shoot dry weight per plant. In 2002, plants fertilized with higher rates of N

produced a larger proportion of XL shoots and fewer S shoots. Shoots had one to four

flushes of growth depending on length, but not on planting density. Longer shoots had

more flushes of growth than shorter shoots. Nitrogen fertilization tended to increase the

number of flushes in L and XL shoots. In this study, we did not record the time of shoot

cessation, and thus were unable to observe any possible effect of N fertilization on late-

season growth. Total bud and flower bud number were dependent on shoot size, with

more buds on longer shoots. Since blueberry production depends upon the number of

flower buds per plant, longer shoots should be favored at pruning time. It would be

important, however, to determine the effect of shoot length on flower or fruit quality.

More nitrogen was measured in larger plants at the narrow planting density, due

mainly to an indirect effect of plant dry weight. Yield per plant was higher at the low

planting density; however, yield per hectare was 30 to 140% greater at the high density.

Roots and crown were the heaviest organs in the plant, whereas roots and leaves
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contained the most nitrogen. Nitrogen partitioning to each organ was affected by

sampling date and by spacing only in 3-year-wood, crown, and fruit.

Differences in partitioning were observed in older plant parts, where a larger

percentage of the biomass was found in crowns and 3-year-old wood in plants at 1.2 m

than at 0.45 m. Nitrogen fertilization affected the percent DW partitioned to shoots and

one-year-old wood in the second year of study.

Plants fertilized with 200 kgha1 of N had the greatest total N. Partitioning of N

(mg) amongst plant parts was affected by sampling date and spacing in both years, and by

N rate during the second year of study. Roots accounted for the largest proportion of N

in the plant followed by crown and leaves.

Nitrogen concentration (%N) varied greatly with plant part and was mainly

affected by sampling date and N fertilization rate. Younger and temporary tissues, like

shoots, leaves, and flowers/fruit, in early spring, had the highest N concentration in the

plant compared to older permanent organs and late in the season. Thus, although a large

amount of N was measured in older more permanent structures, these may not necessarily

be the most important organs for N reserves or storage, due to their low N concentration,

compared to one- or two-year-old stems, roots or buds.

Total nitrogen from fertilizer (NDFF) increased from Apr. 2002 to May 2003 with

the maximum accumulation measured in Apr. and May 2003, one year after the first

application. The lowest NDFF per plant and per hectare was found in Apr. 2002, when

almost 60% of the NDFF was in the new shoots. Nitrogen fertilization rate and spacing

had an impact on the total NDFF accumulated per plant and per hectare, again due mainly

to an indirect effect of more dry weight. More total NDFF was found in plants fertilized
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with 200 kgha' of N than with 100 kgha' of N, independent of spacing, supporting

evidence for a possible switch in N source, from mineralized soil N to readily available N

from the fertilizer. Recovery of NDFF per hectare was 17% for plants at 1.2 m and 23%

for plants at 0.45 m independent of N fertilization rate. Differences in recovery as

affected by spacing, could be explained by more roots in the zone were fertilizer was

applied, and to more total root biomass per hectare at the higher plant density.

Partitioning of '5N (mg per plant part) and percent (%) of total '5N per part varied

with sampling date. Nitrogen fertilization rate and spacing did affect the total amount of

fertilizer-'5N present in each part, but percent partitioning of '5N was dependent only on

plant part. Plants at 1.2 m had increased percent 15N partitioned to crown and three-year-

old wood, but reduced partitioning to large roots compared to plants 0.45 m, similarly to

what was observed for total N. According to our results, plants at the higher density per

hectare produced more fruit biomass and had a lower proportion of their biomass and

total N in crowns and 3-year and older wood. Therefore, differences between spacing

treatments indicate that even after ten years in the field, plants at higher density produce

more fruit per hectare

Date of application of labeled fertilizer had a strong effect on the total amount of

NDFF recovered per plant. Spring application, in either April or May, resulted in five

times more NDFF in the plant by the end of the first season compared to late fertilizer

application in July. This may have been due to high N demand to support shoot growth

in the spring compared to the summer application, where a large proportion of the shoots

had already stopped their growth. However, there may also have been less '5N present in

the root zone for absorption after the July application. Percent partitioning of NDFF was
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also affected by application date; labeled fertilizer applied in summer was found mainly

in small roots, leaves and shoots, whereas spring applications were allocated mainly to

leaves and fruits. Therefore spring applications have a larger impact on the amount of N

allocated to fruit than late applications. Spring application of N resulted in the highest

fertilizer recovery at the end of the first season in Sept. 2002. In contrast, summer

application resulted in only half the recovery of a spring application. These results

support the idea that absorption of N may be more dependant on growth demand than on

N supply in the soil.

In young blueberry, nitrogen fertilization rate had a large impact on total plant dry

weight, total nitrogen and DW and N partitioning. Plants grew best with 50 kgha' of N,

that resulted in larger plants, with more yield, and an adequate N concentration in leaves.

Total N, NIDFF, and fertilizer recovery was also higher at 50 kgha' of N than the other

treatments. Increasing N fertilization rate resulted in ammonium toxicity that severely

reduced growth and killed a significant percentage of plants at the 100 and 150 kgha1 of

N fertilization rates. Young plants were very sensitive to under- and over-fertilization,

when compared to mature plants, that are more buffered in their responses to excesses or

lack of N. Therefore, N fertilizer should likely be applied in several split applications

and at a low rate, to meet the N demand, yet minimize the risk of harming young plants.

Short day photoperiod had a great impact on shoot growth, dormancy

development, and flower bud induction in blueberry. Shoot growth stopped after two or

three weeks of exposure to SD photoperiod, independent of cultivar. Terminal bud

formation was observed in the plants at the time of growth cessation and preceded flower

bud formation. In contrast, plants grown under LD had continuous shoot growth until the



end of the experiment, 8 weeks later. Plants exposed to SD photoperiod for 4 weeks or

more developed endo-dormancy and did not have bud break after four months under

greenhouse conditions. In contras,t plants grown under LD did not show signs of endo-

dormancy. Flower bud formation occurred only in plants grown under SD photoperiod

and not under LD. Photoperiod in combination with temperature, can be used to

artificially manipulate the annual growth cycle of highbush blueberry plants. These

results indicate that SD photoperiod is required for blueberry production; however,

whether the absolute 8 h-SD photoperiod is critical or whether the daylength shortening

over time, as occurs at the end of the summer or fall, is what triggers shoot growth

cessation, dormancy, and flower bud development is yet to be answered.
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