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Abstract .-- A technique to determne the effective nursery bed
density of individual seedlings was devel oped and then used to
eval uate density influence on shortleaf pine (Pinus echinata M 11 . )

bare-root seedlings. At lifting,

nean hei ght had increased whil e nean

root collar diameter and root volunme had decreased with increasing
effective density. After the first grow ng season, seedlings produced
at |l ower effective densities exhibited greater height and di aneter
growt h than seedlings grown at higher effective densities.

I NTRCDUCTI ON

Sbort ! eaf pine (Pinus echinata M11.) is the
nost i nportant species used for artificia
regeneration on the Quachita and Qzark Nationa
Forests (Kitchens 1987). Approximately 12 mllion
seedlings are planted annually on about 7,000
hectares of the two forests. A though artificia
regeneration of shortleaf pine represents a |large
investment on the two forests, success of the
program has been linmted by poor seedling survival
and growt h. Excluding the severe drought year of
1980, seedling survival has averaged about 50
percent since |large-scale planting was begun in
the 1970's. The reasons for poor seedling
performance are not clear. The planting sites are
harsh, the soils are rocky, and the south and west
aspects are exposed to hot, droughty conditions
t hroughout the sumrer. However, many forest
managers do not think that difficult site
condi tions al one explain the poor seedling
performance. They note that seedling quality also
nmust be consi dered. Consi stent production of
quality planting stock requires a thorough
know edge of seedling devel opnent in the nursery
and an understandi ng of how nursery culture
i npacts field performance

In a recent review, Barnett and others (1987)
found few references to shortleaf pine stock
quality. Two of the nost enlightening itens were
by Chaprman (1948) and d ark and Phares (1961).
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The earlier paper dealt with the effects of

nor phol ogi cal characteristics on the survival and
initial growth of seedlings planted on old field
sites in Arkansas, M ssouri, |ndiana, and Chio.
The |l ater paper dealt with survival and growth of
the plantations in Mssouri and Indiana at age 19
and 20. In general, larger dianmeter seedlings
performed better initially, and that early
superiority was maintai ned over tine.

One of the nmost critical factors determ ning
seedling quality is seedbed density. Density is a.
neasure of conpetition anong seedlings for grow ng;
space and relates to their ability to receive
light, water, and nutrients. As density
i ncreases, yield of cull seedlings increases and
average root collar dianeter decreases (Shoul ders
1961). Seedling weight also decreases with
increasing density. In loblolly pine (P. taeda
L.), root weight is reduced proportionately nore
than shoot weight, resulting in a correspondi ng
decrease in root-to-shoot ratio (Harns and Langdom
1977). Mexal (1981) concluded that the biological)
opti mumdensity for growing loblolly pine
seedlings is 200/ me.

Wth the nmechani cal sow ng nethods in use,
and | ess than perfect germ nation, nursery bed
density is seldomuniform Although bed density
is auseful criterion for eval uating average
seedling characteristics on a plot basis, bed
density consequence on individual seedlings is
difficult to determ ne.

In 1985 a study was established at
Weyer haeuser Conpany's Magnol i a Forest
Regeneration Center in southwest Arkansas to
address the quality of shortleaf pine planting
stock used to reforest Quachita and Qzark Muntain
sites. The effects of nursery bed density and
fertilization on the norphol ogy, nutrient status,
and root growth potential of seedlings fromthat



study were reported previously (Brissette and

Carl son 1987). (njectives of this paper are to
describe a nmethod of determning the effective
density of individual seedlings and to conpare the
nor phol ogy and subsequent first-year field
performance of seedlings grown at a range of
effective densities.

MATERI ALS AND METHODS

This study was part of one designed to
eval uate nitrogen (N) and phosphorus (P)
fertilization as well as seedbed density. The
design and installation of the experinent were
described in a previous paper (Brissette and
Carlson 1987), and will be only briefly revi ened
here. There were two levels of P, five levels of
density, and four levels of N applied in a
split-split plot design with four replications.
The levels of P were the level in the soil before
t he experinent and enough 0-300-0 fertilizer
i ncorporated prior to seedbed fornation to
theoretically raise the | evel 150 percent. No
significant effects were attributed to the P
treatnents (Brissette and Carl son 1987).

Amoni um sul phate was applied in five
bi weekl y topdressings at |evels rangi ng between
55kg N ha and 170kg N ha. The effect of N on
nor phol ogi cal attributes peaked at an internediate
level, and interacted with nmean seedbed density in
its effect on root growh potential (Brissette and
Carl son 1987).

The study was sown on April 16, 1985, with
Weyer haeuser- desi gned preci si on vacuum equi prent
that sowed ei ght double rows of seeds. The five
target densities of living seedlings were: (1)
160/ 2, (2) 230/ n?, (3) 295/n?, (4) 360/n?, and
(5) 430/ n?.

Actual average seedbed densities were |ower
than the target densities because gernination was
poorer than expected. Average density for each
level in the stud was: 141/ m?, 218/ n?, 269/n?,
296/ 2, and 296/n? , Note that the two hi ghest
I evel s were the same. Al though the highest
density was well bel ow the sowing target it was
hi gher than the operational |evel (270/m?)
recommended by Chapman (1948) but nuch | ower than
the density (540-590/n?) suggested as a maxi num by
Wakel ey (1954).

Early in the study a transect was taken
across the center of each plot and one seedling
fromeach double drill row was permanently tagged
as a neasurenent tree. Thus, 1280 identified
seedlings were followed throughout the study.
Those seedlings are the basis for this paper.

To determne effective density we reasoned
that seedling shoots are nost affected by other
seedlings that are closer than about 15 cm Root
conpetition probably occurs at greater distances,

but we assuned that nost water and nutrient uptake
is also within 15 cm Thus, seedlings sown in
conventional drills on 15 cm spaci ng conpete
within their own drill row and with seedlings in
adj acent drill rows. To deternmine the effective
density of each of the |abel ed seedlings the
nunber of seedlings in the double drill row for 15
cmon either side was added to the simlar nunber
obt ai ned on adjacent drill rows. The total is an
estimate of the nunber of seedlings with which the
measurenent tree was conpeting.

Because conpetition is usually expressed as
the nunber of seedlings per unit area, the nunber
of conpeting seedlings was converted to nunber per
square neter, i.e., the effective density for each
measur ement tree. The conversion was based on the
area included in obtaining the nunber of conpeting
seedl i ngs. The neasurenent area was 30 cm | ong,
the nursery beds were 1.2 mwide with eight drill
rows. Since the seedlings fromthe six interior
drill rows are conpeting with those on either side
(three rows total-) the area was calcul ated to be
3/8 X 1.2 mX 0.3 m=0.135 n?. The effective
density was then cal cul ated as the nunber of
compet i ng seedl i ngs/0.135 m?--for exanple, 36
seedl i ngs/0.135 m = 267 seedlings/ mé. Because
the seedlings on the outside of the nursery bed
only have one adjacent drill row (two conpeting
rows) their area of conpetition was calculated to
be 1/4 X 1.2 mX 0.3 m= 0.09 n?. Thus for a
seedling on the outside drill row conmpeting with
19 additional seedlings, its effective density is
20 seedlings/0.09 n? = 222 seed!ings/ mé.

Each of the 1280 neasurenent seedlings was
| abeled with an alumnumtag attached to the stem
with a wire. Wien the beds were laterally root
pruned prior to lifting the tags and wires caused
ext ensi ve stem damage. Wien the seedlings were
hand-lifted on January 20-21, 1986, 970 of the
original 1280, were undamaged. These undanaged
were nmeasured for root collar diameter, height
(shoot length), and root volune, using the
di spl acenent nethod (Burdett 1979). The seedlings
were kept in cold storage between lifting and
pl anti ng except when they were bei ng neasured.
The measurenents were nade in a | aboratory and
required less than 5 nmin per seedling.

On February 7, 1986, the seedlings were
machi ne- pl anted on a sod-covered site at the J. K
Johnson Tract of the Palustris Experinental Forest
west of Al exandria, LA. On March 56, 1987, the
total height and ground line dianeter of all
living trees were neasured. Relative growth rates
(RGR) were calculated as percent change in height
and di aneter between the nursery and first-year
field measurenments (field measurenent- nursery
nmeasur erment / nur sery neasur ement X 100) .

Seedl i ng nor phol ogy and first-year field
performance data were anal yzed by regression
t echni ques. The 970 trees were subdivided in 10
density classes of 97 observations each and the
neans were used in the anal yses.



RESULTS AND DI SCUSSI ON

The effective densities for the 970 seedlings
ranged from55 to 431 seedlings/m? with a nean of
246/ m? and a coefficient of variation (CV) of 30
percent. Wien divided into 10 subcl asses of 97
seedl i ngs each, the mean densities ranged from 123
to 365/ m2 (table 1). The amount of N available
per seedling was conputed by dividing the total N
applied by the effective density. It ranged from
13 to 260 ng/seedling with a mean of 47
ng/ seedling. Wthin the density classes, nean N
ranged from 30 to 87 ng/seedling (table 1).

Wth density as the independent variabl e,
regressions with the three norphol ogi cal
characteristics as dependent variables were all
significant (p<.001). Coefficients of

determnation (r2) were 0.78, 0.92, and 0.98 for
hei ght, dianeter, and root vol une respectively.
field performance. Under operational conditions
where the rate of N application is usually nore
uni formthan bed density, this relationship may be
even nore inportant.

Nursery bed density clearly had affected
seedl i ng norphology at tinme of lifting (table 1).

Table 1. --Nursery bed density effects on shortleaf pine seedling norphology and first-year

field perfornance

Density Mean Mean Nur sery First-year field Rel ative growth
cl ass density N &/ Ht Da RV Ht D a Ht Da
--/n@- - -nmg/tree- --Mm - --CC--  ------- Mm------  ------- % ------
1 123 87 163 4.8 4.1 357 6.8 124 42
2 155 65 167 4.7 3.9 373 6.8 130 47
3 188 59 181 4.7 3.5 356 6.5 100 41
4 217 46 182 4.6 3.3 353 6.2 100 36
5 237 43 183 4.6 3.2 356 6.1 100 36
6 261 39 181 4.4 2.8 348 5.9 94 38
7 282 38 182 4.4 2.7 328 5.8 86 37
8 303 33 183 4.3 2.7 328 5.8 82 38
9 331 32 187 4.3 2.6 335 5.7 83 35
10 365 30 190 4.3 2.5 328 5.6 76 32
r2¢/ .98 .78 .92 98 .75 97 .88 .68
a/ N = nitrogen
b/ Rv = root vol une

N
1]

variabl e, see text for individual

Determnation of nutrient uptake in fertilizer
experiments requires destructive sanpling. For
this study concentrations of N, P, and Kin
seedl i ng shoots were reported previously (Brissette
and Carlson 1987). Although a theoretical anount
of N was cal cul ated for each seedling on the basis
of effective density, it cannot be confirnmed
Therefore, this paper's discussion is confined to
the effects of density. Differences due to the
four Nrates applied are taken into account by
anal yzing the nmeans of the density classes that are
made up of approxi mately equal nunbers fromeach N
treatnent. As shown in table 1, the average anount
of N avail abl e per seedling decreases as density
i ncreases. Thus the effects of density on an
i ndi vi dual seedling cannot be totally separated
fromthe effects of N. This relationship should be
kept in mnd during the foll ow ng di scussion about
nor phol ogy and field perfornmance. Under
operational conditions where the rate of N
application is usually nore uniformthan bed

density, this relationship nmay be even nore inportant.

coefficient of determi nation with nean effective density as the independent
regressi on equations

As nean density increased, nmean hei ght increased
whil e nean di aneter and root vol une decreased.
Wth density as the independent vari abl e,
regressions with the three norphol ogi cal
characteristics as dependent variables were all
significant (p<.001). Coefficients of
deternination (r2) were 0.78, 0.92, and 0.98 for
hei ght, diarmeter, and root vol unme respectively.

Nur sery managers sel dom have a seedl ot or
even a species growing at the range of densities
represented in this study. For pines, nanagers
are nost interested in densities between 215 and
325/n?. To evaluate this range in nore detail, we
sel ected two of our density classes and conpared
themw th anal ysis of variance (ANOVA). The
cl asses selected fromtable 1 were 4 and 8. d ass
4 had a nean density of 217/n?. It had a
relatively narrow range of densities of from 204
to 226/m2. Cass 4 is the one just above the
bi ol ogi cal optinmum density recomrended for
| oblolly pine by Mexal (1981). At nost nurseries



it would be considered | ow density. dass 8 had a
nmean density of 303/nm2 and a range (between 292
and 316/ n?) nearly as narrow as Cass 4. Cass 8
woul d be considered noderately high density.

Seedlings fromdasses 4 and 8 did not differ
significantly in height (MSE=1521, p =.905).
Al though the difference in nean dianeters was only
0.3 mMm it was significant (MSE=0.96, p = .020).
The 0.6 cc difference in root volume was al so
significant (MBE=1.33, p< .001).

Nursery managers often evaluate their crop
qual ity as the percentage of seedlings that
exceeds some m ni mum standard. For the southern
pi nes, norphol ogi cal seedling grades were
devel oped by Wakel ey (1954), draw ng on several
years of research results and operational
observations. These grades are still recognized
as the standard neasure of southern pine seedling
quality. Three grades are defined, two plantable
and one cull, based primarily on root collar
di anmeters of undanmaged seedlings. For shortl eaf
pine the mninmumdi aneter for plantable seedlings
(Gade 2) is 3.2 nmwhile the mnimmfor premum
seedlings (Gade 1) is 4.8 nm In our density
Class 4, only 3 percent of the seedlings were | ess
than 3.2 mmand woul d have been considered culls,
while in dass 8, 12 percent were culls. In dass
4, 40 percent of the seedlings were Gade 1, while
in Aass 8, 30 percent were G ade 1.

Root vol une is sel dom eval uated operational |y
but is considered one of the nobst inportant
nor phol ogi cal characteristics. During the period
between planting and el ongati on of new roots, root
volune | argely determines the |level of plant
noi sture stress that can develop (Carl son 1986).
Larger root volunes al so provide nore sites for
new root growth, thus root volunme has been
positively related to root growth potential in
both loblolly pine (Carlson 1986) and shortl eaf
pine (Brissette and Carl son 1987). For these
reasons large root volumes are especially
i nportant when seedlings are planted on droughty
sites. However, root volune is extremely
sensitive to nursery bed density. Across our 10
density cl asses, root volume decreased sharply as
density increased (fig. 1).

First-year field survival was excellent,

bei ng 98 percent overall. Anong seedbed density
cl asses, first-year survival was between 96 and 99
percent. Field growh was statistically rel ated
to nursery bed density (table 1). The regression
between first-year field height and seedbed
density was significant (p<.005, r2 = 0. 75). But,
unli ke nursery height, field height decreased as
the density at which the seedlings were grown
increased (fig. 2). That is, the shortest trees
fromthe nursery were the tallest in the field
after the first growing season. First-year field
diameter was also significantly related to nursery
density (p< .001, r = 0.97). Like nursery dianeter
field dianeter decreased with increasing seedbed
"density (fig. 3).
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Figure 1.--Rel ationship between nmean effective
density and nean root vol une of shortleaf pine
seedl i ngs, n=97.
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Figure 2.--Rel ationshi p between nean effective
density and nean shortleaf pine seedling
height at lifting (lower curve, n=97) and
after one year in the field (upper curve,
n=93- 96.

In terns of RGR, changes in heights and
di aneters between the nursery and the field were
also related to nursery density (table 1). For



the 970 trees, the mean RGR for height in the
field was 97 percent; 100 percent represents a
doubling in size. Wen regressed with seedbed
density the relationship was significant (p<.001
r2 - 0.88). Dianeter RGR was not nearly as great
with an overall mean of 38 percent, but was al so
significantly related to nursery density (p< .005
r2 - 0.68). For both height and dianmeter, RGR in
the field declined with increasing nursery density
(fig. 4).
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Figure 3.--Rel ationshi p between nean effective
density and nean shortl eaf pine seedling root
collar dianeter at lifting (lower curve, n=97
and ground line dianeter after one grow ng
season (upper curve, n=93-96).
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Figure 4.--Rel ati onshi p between nean effective
density and nean rel ative first-year growh
rates (field measurenent-nursery
nmeasur enment / nursery measurenent X 100) for
seedl i ng height (upper curve, n=93-96) and
di ameter (lower curve, n=93-96)

Both nursery managers and foresters benefit
when they agree on a set of specifications for a
target seedling that will give the desired
performance on a particular planting site. Target
seedl i ng specifications differ sonewhat from
seedl i ng grades because targets are based on
performance goals. Thus target specifications are
often nore stringent than norphol ogi cal grades
whi ch are usual ly based on a m ni num per f or mance
| evel . One proposed goal for southern pines is a
doubling in height during the first grow ng season
inthe field (Brissette 1985). Data fromthis
study can be used to help specify a target
seedling that will neet that goal. The regression
equation for relative height growth in terms of
nursery density (X = seedlings/né) is

RGR HT = 150.5 - 0.21537X, r2 = 0.88

To achieve a doubling in height (100 percent
change), the equation predicts a density of
235/ ?. The equations for nursery height (HT),
di ameter (DI A), and root volume (RV), in relation
to density are:

HT = 156.2 + 0.09608X, r2 = 0.78

DIA = 5.1 -0.00237X, r2 = 0.92

RV

5.9 -0.01648X + 0.00002X2, r2 = 0.98

These equations predict that a seedling
capabl e of doubling in height under the conditions
of this study: (a) is no nore than 179 mmtal
(m ni mum nmean height in the data set was 163 mj),
(b) is at least 4.5 nmin root collar dianeter
and (c) has a root volunme of at least 3.1 cc
These specifications could al so be estinated
graphically fromfigures 1-4.

These specifications are based on seedlings
grown on a less droughty site than those typically
found in the nmountains. However, the height
suggested by the analysis is at the | ow end and
the diameter is at the high end of the range of
specifications given for an initial target
seedling to be planted on Quachita and Qzark
Mountain sites (Barnett and ot hers 1987)

Therefore, we think that the root vol une suggested
by this analysis is an appropriate addition to
those target specifications. Note that 3.1 cc is
the target root volune, the m ni mum acceptabl e
woul d be sonewhat |ess and woul d depend on what
was defined as a m ni num perfornmance | evel

SUMVARY AND RECOMMENDATI ONS

This study was designed to eval uate the
effect of nursery bed density on the norphol ogy
and subsequent field performance of shortleaf pine
seedl i ngs. Because seedling norphology is so
strongly related to seedbed density, it was not
possible to separate the effects of density and
nor phol ogy on field performance in this study.
However, based on the above results and di scussion
the foll owi ng recommendati ons are nade



1) To produce shortleaf pine seedlings with
t he nor phol ogi cal characteristics for rapid
first-year growth in the field, nursery bed
density shoul d be kept bel ow 235/ n?.

2) For any species, root volune should be
included in the devel opment of target seedling
specifications. Wile not as easy to neasure as
shoot |ength or dianmeter, root volume
determnation is not excessively difficult nor
time consum ng.

3) Because density can influence seedling
nutrient status, it should be renmenbered that
the effects of density on growh and perfornance
are confounded by the effects of fertilization.
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