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Abstract. - - Cont ai ner- grown ponderosa pine, Douglas-fir, and
Engel mann spruce seedlings were cold acclimted and deacclimted in
growt h chanbers over 19 weeks. Weekly whol e-plant freeze tests and 7-

and 1l4-day root growth potential (RGP)

tests indicated 7-day RGP

results were msleading during cold acclimation and that the 14-day
test period was preferable. During cold deacclimtion, both RGP test
periods were suitable. Quantification of RGP as total length and total
nunber of new roots per seedling were nearly equally informative from
budset to bud break, independent of the length of the RGP test.

| NTRODUCT! ON

Root growth potential (RGP) is the ability of
a tree seedling to initiate and el ongate new roots
when placed into an environnent favorable for root
growmh (Ritchie 1985). It is a measure of seed-
Iing physiological quality and vigor. To becone
established in the field after outplanting,
seedlings nust be able to utilize new soil
reserves of water and nutrients as those reserves
in imediate contact with existing roots are
depl eted. New roots nust be produced to accom
plish this. Seedlings wth a high capacity to
produce new roots are likely to becone established
nore rapidly and with | ess stress than conparable
seedlings with a low RGP. For this reason, RGP
nmeasurements nmade prior to outplanting have been
found to be positively correlated with the field
survival and growth of nmany species of forest tree
seedl i ngs (Burdett 1979, Burdett et al. 1983,
Jenki nson 1980, Ritchie and Dunl ap 1980, Stone et
al. 1961). Measurenent of the RGP attribute is
currently thought to be the nost reliable
predictor of field performance of the various
seedling quality tests available (Ritchie 1985).

RGP is commonly neasured using one of three
approaches: the pot test, a hydroponic system or
an aeroponic system In the pot test, originally
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devel oped by Stone (Stone 1955, Stone and

Jenki nson 1970, Stone and Schubert 1959),
seedlings are potted, several per container, and
mai nt ai ned for 28 days at 20°C under a 16- hour
phot operiod and as near field capacity as

possi bl e. Seedlings are washed fromthe mediumto
assess root growth. Wile this technique is
successful, it has disadvantages (Ritchie 1985).
Considerable tine is required before results are
avai |l abl e, and plant naintenance during that tinme
i s expensive. Potting and unpotting of seedlings
is not only |abor intensive, but requires |arge
quantities of nedia, can result in root system
damage, and does not permt exami nation of the
root systemprior to the end of the test period.
Burdett (1979) addressed the problem of the

| engthy test period by developing a 7-day test in
whi ch root growmh was accel erated by increasing

t he day/ ni ght tenperatures to 30°/25°C. The 7-day
and 28-day test results are well correlated in a
nunber of conifers (Ritchie 1985), though not in
all species (Ritchie 1984).

The hydroponi c system uses tenperature-
control |l ed aerated water baths nade from aquari uns
pai nted black and covered with |lids which support
the seedlings with the roots submerged. W njum
(1963) used a 28-day test period, while others
have successfully shortened the test to between 15
and 21 days (DeWald et al. 1985, Rose and Whiles
1985, Sutton 1980). Hydroponic systens elimnate
the di sadvant ages associated with potting and
unpotting of seedlings. Additionally, this
techni que requires 50% | ess bench space than the
pot test, and the roots are easily neasured
because they remain clean and unbroken. Ritchie
(1984, 1985) found that seedlings tested
hydr oponi cal |l y produced about the sanme |ength and
nunber of new roots as simlar in concurrent pot
tests. However, hydroponic culture of tree
seedlings can result in steadily decreasing xylem
wat er potential and mnimal new root production



(Rietveld 1986). An additional problem suspected
with the hydroponic systemis an unsuitability for
the testing of container stock because of failure
to adequately aerate the root balls.

The aeroponic systemincludes the use of m st
boxes or chanmbers in which the seedling root
systens are suspended (Day 1982, Hileman 1986). A
28-day test period has been used with Pistacia
chinensis (Lee and Hackett 1976), but Tinus et al.
1986) have successfully shortened the test to 14
days with conifers by using a warmwater mst to
accel erate root growth. The aeroponic system has
all the desirable characteristics of hydroponics
plus some inportant additional advantages.
Seedlings in mst chanbers initiate new roots 1
week sooner than potted seedlings (Rietveld 1986)
and produce greater numbers of regenerating roots
than seedlings in concurrent pot tests (Lee and
Hackett 1976). This permts shorter test periods.
In addition, the aeroponically-created root
envi ronment mai ntains xyl emwater potentials
simlar to those of potted seedlings (Rietveld
1986) and is ideal for the testing of container
stock (Tinus et al. 1986). The aeroponic systemis
rapi dly becom ng the method of choice for these
reasons. USDA Forest Service initiated aeroponic
RGP testing at all 11 of its nurseries in 1987.

The nost desirable paranmeter of root growth
is total new root surface area, because it is
proportional to water and nutrient uptake ability
(Newman 1966). However, root surface area is not
readi ly measured. Thus, RGP is usually quantified
as total length and/or total nunber of new roots
per seedling (Ritchie 1984). Total new root |ength
is directly proportional to surface area, if, as
assumed, the new roots are nearly all the sane
dianeter. If it is further assuned that npst new
roots are the same length when root growth is
neasured after a linmted period of tine, such as
14 or 28 days, then nunmber of new roots will be
strongly correlated to new root |ength, and thus
to new root surface area al so. Nunber and | ength
of roots are the consequence of different
processes, however. Number of roots per seedling
is a measure of the initiation of new roots and
the initiation of renewed growth of existing roots
(Stone et al. 1963). Total length of new roots
produced neasures both initiation and el ongation
(Ritchie and Dunlap 1980). Root initiation and
el ongation are controlled by different nechanisns
(Torrey 1976), and respond differently to factors
such as chilling hours (Krugnman and Stone 1966),
soi|l tenperature (Nanmbiar et al. 1979), and
nutrient status (Nanbiar 1980). Thus, it should
not be assuned that nunber and |length of roots
will always be strongly correlated under all RGP
test conditions.

Total |ength and nunber of new roots per
seedling are thought to be fairly well correl ated
usi ng the standard pot test (Ritchie 1985). Total
nunmber of new roots (>0.5 cmin |[ength) was
correlated (R=0.8667) with total |ength of those
new roots in Pinus taeda using a 28-day got test
with an average root tenperature of 26.5°C (Larsen
and Boyer 1986). When RGP was neasured as total
nunber of new roots >1.25 cmand as total |ength
of newroots >2.5 cmwith a 30-day pot test and

20°C root tenperatures, the two approaches gave
simlar results (Krugman and Stone 1966). This
type of data has led to the preval ent procedure of
measuring only total number of roots per seedling
because of the considerable reduction in the tinme
required to count the roots as opposed to
nmeasuring root length (Ritchie 1985). Simlar
informati on on the correl ation between | ength and
nunber of roots is unavailable for the aeroponic
nmet hod and shorter test periods.

A seedling quality test should, ideally,
provi de the highest quality information, in the
shortest possible time, in the nost efficient
manner, and for the w dest range of stock types.
Toward this ideal with the RGP test, the
objectives of this study were to exam ne the
quality of information provided by 7-day vs 14-day
aeroponic tests of container stock frombud set to
bud break, with root growth quantified as total
I ength of new roots per seedling vs total nunber
of new roots per seedling. This research was
performed within the context of a |larger study
exam ning the rel ati onship between root growth
potential and two other seedling quality
paraneters: cold hardi ness and bud dor mancy.

MATERI ALS AND METHODS

Seedl i ngs of ponderosa pine (Pinus ponderosa
var. scopul orum Engel m, Chevelon District,
Apache-Sitgreaves National Forests, elev. 2,300
m, Douglas-fir (Pseudotsuga nenziesii var. glauca
(Beissn.) Franco, Cloudcroft District, Lincoln
Nat i onal Forest, elev. 2,700 n), and Engel mann
spruce ( Picea engel mannii (Parry) Engelm,
Springerville District, Apache-Sitgreaves Nati onal
Forests, elev. 3,000 m) were greenhouse-grown in
400-m Rootrai ner3 book containers in a
peat-vermculite mx for 9 nmonths (COctober 1984
June 24, 1985. Greenhouse tenperatures ranged from
23 to 28 C daily (average 25°C) and 18 to 21°C at
ni ght (average 20°C). Dayl ength was extended to 22
hours with fluorescent light. O her cultural
conditions were as reconmended by Tinus and
McDonal d (1979). During the ninth nonth, the trees
set bud and entered dormancy. The seedlings were
then graded and those of uniformsize were placed
in Percival HL-60 growth chanmbers for a 4-stage,
19-week cold acclimation and deacclimation regine
(table 1). Sodium and multivapor arc lights
provi ded 43,000 |ux, and watering was as needed
with nutrient solution. At approxi mately weekly
intervals, a sanple of 20 seedlings per species
was taken for concurrent tests of cold hardiness
and root growth potential.

Whol e- Pl ant Freeze Test

Col d hardi ness was nmeasured by a whol e-pl ant
freeze test. One book of four seedlings of each

3Trade names are used for brevity and
specificity and do not inply endorsement by USDA
or Col orado State University to the exclusion of
other equally suitable products.



Table 1. --Cold acclimation and deacclimation
condi tions.

St age Day Dur - Day Ni ght Day Nutri -
nos. ation tenp. t enp. length ent
(wks) (°O (°0O (hrs)  Sol u-
tion
1 0-21 3 20 15 10 I ow N,
hi gh PK
2 22-71 7 10 3 10 | ow N
hi gh PK
3 72- 105 5 5 -3 10 | ow N
hi gh PK
4 106-133 4 22 22 16 high N

species was placed in each of three styrofoam
coolers with the rootballs supported and covered
to a depth of 5 cmwith dry vermculite. The
coolers, with the lids wired shut and fitted with
therm ster probes into the crowns of the
seedlings, were placed in a 650-1iter househol d
chest freezer. Crown tenperature was | owered
rapidly fromanbient to 0°C and at a rate of 3 to
5°C per hour thereafter. A baking pan filled with
liquid nitrogen was placed in the freezer to
reach tenperatures bel ow -25°C. The pan size and
degree of foaminsulation controlled the rate of
tenperature fall. Three tenperatures, 5°C apart,
were selected to bracket the expected LT of the
stem tissue. When a cool er reached a sel ected
test tenperature, it was renoved fromthe freezer
and placed in a refrigerator at 1°C to thaw
overni ght. The seedlings were then renmoved from
the coolers and placed in a warm greenhouse (day
26°C, night 19°C, 22-hour day).

Extent of injury to each seedling was
assessed after 7 days. The percentage of the
length of the stemthat was killed was estimted
by exam ning the canbi um and phl oem for browning
and | oss of tissue integrity. Rates of increasing
injury with decreasing tenperature were conpared
across test day and species, and data with
simlar rates were subjectively placed into six
groups. This pooling of data was necessary
because 12 trees per species per test day did not
provi de adequate information for statistical
analysis. Injury in the range of 10 to 90% was
regressed agai nst tenperature for each group, and
the 50% injury point (LTg509) was estinmated by
calibration nethods (Graybill 1976). The range 10
to 90% was chosen because the relation between
injury and tenperature was primarily |inear, but
nonl i near above and bel ow t hat range.

Root Growt h Potential (RGP)

Ei ght additional seedlings per species were
pl aced in an aeroponic nmist box in a greenhouse
(day 26°C, night 18°C, long days) to measure RGP.
A m st box nmeasuring 1.0 mwide x 2.4 mlong x
0.6 m high, was constructed of 5 cmthick rigid
urethane foam and was fitted with a PVC pi ping,
3-nozzl e system 25 cm above the floor of the box.
The seedlings were inserted through holes in

strips of plywood which fornmed the top of the box,
and were held in place with soft urethane foam
plugs. The intact rootballs, suspended within the
box, were exposed to 100% relative humdity at
27°C maintained by a warmwater intermttent mist.
After 7 and 14 days, the total nunber of new white
roots, >0.5 cmin length, that had emerged from
the rootball were nmeasured to the nearest cm and
counted. Tallied roots were marked with tenpera
paint to prevent duplicate neasurement. (The

pai nt was subsequently renoved by the mst.)

Seedl i ng hei ght and caliper data were al so taken.
Measur enents were nmade wi t hout dammge to the

seedl i ngs, which were kept in the m st chanber
until bud break to assess dornmancy status.

RGP was expressed as total nunber of new
roots per seedling and total |ength of new roots
per seedling, at 7 and 14 days. The data sets for
total new root length per seedling at 14 days for
the three species were selected to assess the
significance of possible covariates. There was no
trend over tine in seedling height or caliper in
any of the three species. No consistent covari-
ance existed between RGP and hei ght, caliper, or
(hei ght x caliperz) i n Engel mann spruce and
ponder osa pine. Seedling height was a significant
(p=.02) covariate in Douglas-fir, but the
contribution of the covariate was so snal
(R2 =.04) that it did not warrant inclusion in
further data analysis. There was no consi stent
covari ace between RGP and caliper or (height x
caliper2) in Douglas-fir.

Box plots were used to flag outliers in the
same three data sets (Chambers et al. 1983).
Thirteen of the 360 seedlings, with RGP neasure-
ments several standard deviations fromthe weekly
nean, were omtted after each seedling was found
to be defective in sonme way, and therefore not
properly part of the mmin popul ati on. Weekly
means, with 95%confidence intervals, were cal cu-
|lated fromthe remaining observations for all 12
RGP data sets.

Honpgeneity of variances was rejected
(p<.005) for all data sets using Bartlett's test.
Wel ch's test was used for conparing all neans
wi thin each data set because the data were not
suitable for transformation. All hypotheses of
equal neans were rejected (p<.0001). Pairw se
conpari son of means with an F-protected LSD test,
approxi mat ed using heterogeneous variance t-tests,
resulted in many statistically significant
di fferences (p=.05). However, because of the
het er ogeneous vari ances, detecting differences
bet ween neans was not as straight forward as
appl ying a standard | east significant difference
for all pairs conpared. Thus, for ease of
interpretation, major differences between neans,
as determ ned by the test of non-overl apping 95%
confidence intervals (Jones 1984), were
establ i shed and indicated on Figures 2, 3, and 4.
The test of non-overl apping 95% confi dence
intervals was found to be internmedi ate between the
nore conservative Dunnett's T3 test (p=.05)
(Dunnett 1980) and the nore |liberal F-protected
LSD (p=.05). Mre inportantly, the chosen nethod
identified significant changes in RGP which could
be readily envisioned as biologically inportant



di fferences. Means with 95% confi dence intervals
for the 12 data sets are presented in Burr (1987).

A correl ation anal ysis between | ength and
nunber was performed for both 7- and 14-day data,
on an individual seedling basis within each
species, to deternmne how well total nunber of new
roots per seedling might indicate total |ength of
new roots per seedling.

RESULTS
Whol e- pl ant Freeze Test

Col d hardi ness was gained and lost in
response to the four successive tenperature stages
(fig. 1). Seedlings of the three species did not
harden during the first stage with warm
tenperatures and short days (day 20°C, night 15°C,
10- hour day). Stem cold hardi ness, expressed as an
LTs0, ranged from-11 to -17°C for the three
species during these first 21 days. When growth
chanmber tenperatures were lowered to 10°C day and
3°C night in the second stage, there was a | ag
period of variable I ength, dependi ng upon the
speci es, before cold hardening of stemtissue
proceeded. There was a 1-week lag (test days 21 to
28) in ponderosa pine, a 2-week lag (test days 21
to 35) in Engel mann spruce, and a 2-week lag after
the first week of the second stage (test days 28
to 42) in Douglas-fir. Cold hardiness increased
after these lag periods until maxi num col d
har di ness was reached at the end of the third
stage (day 5°C, night -3°C) on test day 105.
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Figure 1.--Stem cold hardiness (LTgg) of ponderosa
pine (PP), Douglas-fir (DF), and Engel mann
spruce (ES) as a function of tine, determ ned
by the whol e-plant freeze test. Engel nann
spruce col d hardiness on test dais 98 and 105
is indicated by asterisks at -80°C. On these
two test days there was no injury (LTg) to
stemtissue at -75°C, the lower limt of the
freezer. Gowth chanber conditions are
i ndi cated across the bottom of the graph and
are described in table 1.

Maxi mum stem col d hardi ness, expressed as an LTsgq,
reached -35°C in ponderosa pine and -49°Cin
Dougl as-fir. Engel mann spruce col d hardi ness on
test days 98 and 105 is indicated by asterisks at
-80°C (fig. 1). On these two days there was no
injury (LTg) to stemtissue at -75°C, the | ower
limt of the freezer. Deacclimation began
imediately in all three species upon exposure to
the fourth stage conditions (day 22°C, night 22°C,
16- hour day). Cold hardi ness was rapidly |ost and
reached m ninmum | evels on test day 133 at the end
of the 19 weeks. Stemtissue cold hardiness on
test day 133 was -13°C in ponderosa pine and
-11.5°C in Douglas-fir and Engel mann spruce.

Bud Dor mancy

Dor mancy requirenments for ponderosa pine were
fully net by test day 21, at the end of the first
stage, and for both Douglas-fir and Engel mann
spruce by test day 71, at the end of the second
stage. Bud break occurred during the 18th week of
the regine in Engel mann spruce, and during the
19th week in ponderosa pine and Douglas-fir.

Root Growth Potential (RGP)

The RGP patterns were simlar, in a general
way, for the three species, whether neasured as
total length or total nunber of new roots per
seedling, after either 7 or 14 days in the m st
chanber (figs. 2, 3, 4). RGP was low in the first
stage when col d hardi ness was at a m ni rum and
dormancy intensity was maxi rum RGP renmi ned | ow
for differing portions of the second stage. High,
t hough variable, RGP | evels were reached in the
second and/or third stages as cold hardiness
increased and chilling requirenents for bud
dormancy were net. Maxi mum RGP | evel s were at
| east 5-fold greater than m ni mum RGP | evel s.
During the first week of deacclimation in the
fourth stage, RGP did not decrease, although
approxi mately 65% of nmaxi mum col d hardi ness was
lost. Following the first week of deacclimation,
RGP declined rapidly. Both cold hardiness and RGP
had returned to mninmumlevels at bud 'break.

Correl ation analysis within each species
indicated that total length and total numnber of
new roots at 7 days were strongly correl ated
(R=.918 to .933), as were total length and total
nunmber of new roots at 14 days (R=.889 to .948)
(table 2). The strength of the correlation
bet ween | ength and nunber at 7 days was simlar to
that at 14 days in Douglas-fir and Engel mann
spruce. In ponderosa pine, the correlation
bet ween | ength and nunber was stronger at 7 days
than after 14 days. The variability in total
nunber of new roots per seedling accounted for
79.0 to 89.9% of the variability in total new root
| ength per seedling, depending upon species and
time of neasurenent. The patterns of the RGP
means, expressed as total length and total nunber
of new roots at each of the two neasurenent tines,
were thus very simlar within each species (figs.

2, 3, 4).

In general, for the three species, changes as
|l arge or larger than a 100% i ncrease or decrease



Table 2. --Correl ation anal ysis between tota
I ength and total nunber of new roots per
seedling for each species after 7 and 14
days in the m st chamber.

Speci es R R2

Ponder osa pi ne

7 days . 93330 . 87105

14 days . 88901 . 79034
Dougl as-fir

7 days . 92333 . 85255

14 days . 94828 . 89924
Engel mann spruce

7 days . 91811 . 84293

14 days . 90630 82138

(e.g. doubling) in RGP over tine were
significantly different, independent of time or
net hod of measurenment. Changes in number or

| ength of roots during the 19-week regi me were not
statistically significant on the sanme test date
when nmeasured at 7 and 14 days. \Wen ponderosa
pine RGP was neasured as total new root |ength per
seedling (fig. 2A), the first significant increase
in RGP during cold acclimation occurred on test
day 42 when neasured at 14 days, and on test day
56 when neasured at 7 days. The decrease in RGP
during the third stage was not significantly
different fromthe peak on test day 71 when
measured at either tinme. However, the | ow RGP
levels in the third stage were not significantly
different fromthe earlier |ow |evels, such as
between test days 14 and 28. RGP increased on

test day 112, after 1 week of deacclimation, when
measured at both times, but the increase was
significant only at 7 days. RGP then returned to
the original low levels. Wen ponderosa pine RGP
was neasured as total nunber of new roots per
seedling (fig. 2B), the first significant increase
in RGP during cold acclimtion also occurred on
test day 42 when neasured at 14 days, and on test
day 56 when neasured at 7 days. The decrease in
RGP during the third stage was significantly | ower
than the peak on test day 71 but also
significantly greater than the earlier |owest (a)
| evel s, when neasured at both 7 and 14 days. The
increase in RGP during the first week of
deacclimtion was significant only when nmeasured
at 7 days. RGP then returned to the original |ow

| evel s.

I'n Douglas-fir, when RGP was neasured as
total length or nunber of new roots per seedling
(figs. 3A, 3B), the first significant increase in
RGP during cold acclimtion occurred on test day
42 when measured at 14 days, and on test day 71
when neasured at 7 days. A second significant
i ncrease occurred in both the 7- and 14-day
neasurenents by test day 84. This was foll owed by
a significant decrease in RGP on test day 98, when
neasured at 7 days, which was not significantly
different fromthe earlier |owest (a) levels
The pattern was not the sane at 14 days. The
changes in RGP during the first week of

deaccl i mati on were not significant at either
measurenent tine, and by the end of the fourth
stage, RGP had returned to the earlier |owest

| evel s.

When Engel mann spruce RGP was neasured as
total length or nunber of new roots per seedling
(figs. 4A, 4B), the first significant increase
during cold acclimtion occurred on test day
42 when neasured at 14 days, but did not occur
until test day 84 when nmeasured at 7 days. RGP
fluctuated fromtest day 42 to the end of the
third stage, on test day 105, when neasured at 14
days, though none of the changes were
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Fi gure 2.--Ponderosa pine root growh potentia
expressed as (A) total length of new roots
per seedling and (B) total nunber of new
roots per seedling neasured after 7 or 14
days in a m st chanber, as a function of
time. Wthin each curve (7 days and 14
days), nmeans with the same letter are not
significantly different. Growh chamnber
conditions are indicated across the top of
the graphs and are described in table 1



statistically significant. There was al so no
further significant change in RGP during the third
st age when neasured at 7 days. None of the
changes in RGP during the first week of
deacclimation were significant when neasured after
either 7 or 14 days. RGP had returned to fairly
low | evels at the end of the fourth stage.

Ponderosa pine data were nornalized to test
day 71, and Dougl as-fir and Engel mann spruce data

to test day 84, to illustrate the differences and
A. Douglas-fir
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Figure 3.--Douglas-fir root growth potenti al
expressed as (A) total length of new roots
per seedling and (B) total nunber of new
roots per seedling neasured after 7 or 14
days in a m st chanber, as a function of
time. Wthin each curve (7 days and
14 days), neans with the same letter are not
significantly different. G owh chamber
conditions are indicated across the top of
the graphs and are described in table 1.

simlarities in the patterns of the 7- and 14-day
measurenents (figs. 5, 6, 7). The nornmalized
ponderosa pine data (fig. 5) nade nore apparent
the 2-week delay in detecting the increase in RGP
during cold acclimation when RGP was neasured
after 7 days. Measurenent of total nunber of new
roots per seedling at 14 days best differentiated
between the I ow RGP | evels of the third stage and
of the first two stages. The increase in RGP
during the first week of deacclimation was readily
det ect ed when neasurenents were made after 7 days.
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Fi gure 4.--Engel mann spruce root growth potenti al
expressed as (A) total length of new roots
per seedling and (B) total nunber of new
roots per seedling neasured after 7 or 14
days in a m st chanber, as a function of
time. Wthin each curve (7 days and 14
days), nmeans with the same letter are not
significantly different. Growh chanber
conditions are indicated across the top of
the graphs and are described in table 1.



The normalized Douglas-fir RGP data (fig. 6)
made nore apparent the 4-week delay in detecting
the increase in RGP during cold acclination when
measured at 7 days. Al so apparent was the
inability to distinguish the | ow RGP on test day
98 fromthe RGP prior to test day 42, when
neasured at 7 days. \Wen neasured at 14 days, the
decline on test day 98 indicated a fluctuation
during a period of high RGP, rather than a sudden
|l oss of RGP. During the first week of
deaccl i mati on, 7-day neasurenents suggested an
increase in RGP nore strongly than 14-day
measur ement s.

Nor el i zed Engel mann spruce RGP data (fig.7)
i ndi cated that detection of a significant increase
in RGP above the low levels prior to cold
acclimation in the second stage required an
additional 5 to 6 weeks when nmeasured at 7 days.
During the first week of deacclimtion, 7-day
neasurement s suggested an increase in RGP, while
14- day neasurenents indicated no change

DI SCUSSI ONS AND CONCLUSI ONS

The RGP patterns of the three species (figs.
2, 3, 4) were a function of seedling response to
si mul at ed seasonal environnental changes created
in growm h chanbers. Neverthel ess, these patterns
were quite representative of RGP patterns reported
inthe literature for nursery-grown bareroot
seedlings lifted at regular intervals frombud set
to bud break (Jenkinson 1980, Ritchie and Dunl ap
1980, Stone et al. 1962).

RGP's nmeasured as total nunmber and as tota
| ength of new roots per seedling were strongly
correlated in all three species, whether neasured
after 7 or 14 days in the m st chanber (table 2).
Number of roots was a good predictor of |ength,
i ndi cating that changes over tinme in total new
root length were mainly the result of changes in
the nunber of roots elongating rather than changes
in the elongation rate of the individual roots.
Ri etvel d (1986) found that total number (R2 =.88)
and total length (RZ =.90) of new roots were
strongly correlated to a root area index, using a
17-day aeroponic test. Thus, not only were nunber
and I ength of new roots well correlated, but both
wer e al so good estimators of new root surface
area, the paranmeter of primary interest. Since
| ength and nunber were nearly equally informative
under the test conditions used here, neasuring
total nunmber of new roots is recommended because
it required only 252 of the tinme necessary to
measure total new root |length. Mre information
can thus be gained per unit of time spent in data
coll ection by neasuring only the number of new
roots on a 4-fold larger sanple of seedlings than
by al so measuring total new root |ength on a 75%
smal | er sanple of seedlings. For exanple, using
the test of non-overlappi ng 95% confi dence
intervals, a doubling of the sanmple size from8 to
16 seedlings would reduce the size of the
confidence interval by 35% Since a change in RGP
of approxi mately 100% was required to be
significantly different with a sanple size of 8, a
651 increase or decrease would be significantly
different with a sanple size of 16. A 4-fold

increase in sanple size from8 to 32 would reduce
the size of the confidence interval by 56% and a
44% i ncrease or decrease in RGP woul d be
significantly different.

A significant increase in RGP during cold
acclimation was detected 2 to 6 weeks earlier in
the three species when RGP was neasured after 14
days, rather than after 7 days, regardl ess of
whet her root nunber or |ength was neasured. The
inability to detect the increase when neasured at
7 days was apparently the result of |ow growth

A. Ponderosa Pine

800 | T | T

® SD20/N15 SD10/N3 SD5/N-3 M LD22/N22

& 700} 4250 §
3 i ~
% soof A i
£ . —200 €
L . L
2 500 [ 2
5 S S
[0} H ', | [0
& 400 i\ 150 3
2 / g
K Ny
300 d100 B
(] [0}
) -
E 200 E
£ 100 1 3
i 2

0 | | | |
26 57 88 119 150
Time (days)
B. Ponderosa Pine

¢ 250 T I T T 2
A SD20/N15 SD10/N3 SD5/N-3 s LD22/N22 d150 &
g ~
5 200 ®
o 1125 2
§ 150 4100 8
. [}
g q7s 2
g 100 é
£

3 -50 %
- o
g H25
b (1]
© -
g o | | | | s

26 57 88 119 150

Time (days)

Fi gure 5.--Ponderosa pine root growth potentia
expressed as (A) total length of new roots
per seedling and (B) total nunber of new
roots per seedling neasured after 7 to 14
days in a m st chanber, as a function of
tinme. The 7-day Y-axis scal es have been
adj usted such that the 7- and 14-day data
converge at test day 71. Growth chamber
conditions are indicated across the top of
the graphs and are described in table 1



| evel s during the first

conmbined with high Ievels of growh during the

second 7 days (figs.
di sadvant age of 7-day measurenent

2, 3, 4). A second

period of cold acclimation was the inability to

di stingui sh between fluctuations in high RGP |evels

7 days in the m st chanber

of RGP during the

and the low RGP levels prior to the start of cold

acclimation.
Dougl as-fir

(fig.

i ncreases in RGP, when neasured after
the m st chamber,
expressed as total
roots.

This was particularly true in
(fig. 3) and also in ponderosa pine

2A). Additionally, all first significant

nunber or total

with the onset of steady,

rapid increases in cold hardiness (fig. 1). It
mar ked the end of the plateau period at the
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Figure 6.--Douglas-fir

root growth potenti al
expressed as (A) total length of new roots
per seedling and (B) total amount of new
roots per seedling neasured after 7 or 14
days in a mst chanber, as a function of
time. The 7-day Y-axis scal es have been
adj usted such that the 7- and 14-day data
converge at test day 84. G owth chanber
conditions are indicated across the top of
the graphs and are described in table 1.

14 days in
occurred on test day 42, whether
| ength of new
The increase in RGP between test days 35 and
42 corresponded wel |

Total Root Length per Seedling (cm) at 7 Days

Total Root Number per Seedling at 7 Days

begi nning of the second stage, during which there
was a lag in the devel opnent of cold hardiness as
wel | as RGP. No such relationship was apparent
bet ween col d hardi ness and RGP neasured at 7 days.
Measur enment of RGP after 7 days was not as
informative as neasurenent at 14 days during the
peri od of cold acclimation for these reasons. A
7-day test of RGP prior to cold deacclimation,
whether as a routine test of seedling quality or
over a period of time to determine lifting

wi ndows, could be very m sl eading.

However, neasurenent of RGP after
be a better indicator of the onset of
deaccl i mation than 14-day neasurenent, especially
in ponderosa pine (fig. 5). For exanple, RGP
consistently increased during the first week of

7 days may
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Fi gure 7.--Engel mann spruce root growth potenti al
expressed as (A) total length of new roots
per seedling and (B) total nunber of new
roots per seedling neasured after 7 or 14
days in a mst chanber, as a function of
time. The 7-day Y-axis scal es have been
adj usted such that the 7- and 14-day data
converge at test day 84. G owth chanber
conditions are indicated across the top of
the graphs and are described in table 1.



deaccl i mati on when neasured after 7 days. Though
the increase was significant only in ponderosa
pine (fig. 2), the normalized data (figs. 5, 6, 7)
indicated that the relative magnitude of the
increase was greater at 7 days than at 14 days in
all instances. RGP neasurenent at 14 days during
the first week of deacclinmation led to the

concl usion that no change occurred. The rapid
decline in RGP after the first week of
deacclimtion was as clearly indicated in the
7-day neasurenents as in the 14-day neasurenents
(figs. 5, 6, 7). This was true |argely because
the majority of the root growth, especially

i ncreases in nunber of roots, occurred during the
first 7 days in the m st chanber. RGP
measurenents at 7 days are thus recommended if the
data are to be used to nonitor the rapid | oss of
stock quality with approaching bud break

In sunmary, total length and total nunber of
new roots per seedling were nearly equally
informative with container stock under the m st
chanber conditions described. Use of nunber of
roots with relatively larger sanple sizes is
recommended as nost efficient and informative.
RGP tests of 7 and 14 days in duration yielded
different information. On the basis of accuracy
and quantity of information provided, the 14-day
test is recommended during cold acclinmation and
the 7-day test is suggested for use during cold
deaccl i mati on.
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