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Abstract.--This paper reports experinments that conpared root growth
potential (RGP) testing nethods, nethods of quantifying root growth, and
di agnostic ability of test methods. Factors that affect root growh in RGP
tests are discussed. New root growth and plant water potential patterns of

jack pine seedlings in pot, hydroponic,

and aeroponic culture were simlar,

but new roots appeared first in hydroponic and aeroponic culture. The
simpl est nethod of quantifying root growh is to neasure the nunber of
roots |longer than a mininmumlength. Electronic neasurement of root area

index is fast and well correlated with root
equi pment cost nekes it npst suitable for

nunber and | ength, but the
| arge operations. Test nethod and

test length may affect results. Fourteen-day pot and aeroponic culture
tests of jack pine seedlings subjected to root exposure treatnents

accurately diagnosed the weakened seedlings,
28-day tests, especially in aeroponic culture.

but the seedlings recovered in

For new applications, it is

recormended that prelimnary screening tests be run to determ ne the nost

suitabl e testing conditions.

| NTRODUCTI ON

Root growth potential (RGP) is the nost
i mportant nmeasurable attribute of physiol ogical
quality because it quantifies the ability of
seedlings to initiate and el ongate new roots
pronptly and abundantly after transplanting.
RGP i s unique because it integrates an array of
physi ol ogi cal factors into a single biologically
meani ngf ul estimate of performance potential --
the ability to grow new roots. Mich information
has been published on RGP in the past few years.
Avai |l abl e evidence to date indicates a strong
relati on between RGP and field survival and
growth (Ritchie 1985). Factors that affect the
devel opnment and expressi on of RGP were extensive-
ly reviewed by Ritchie and Dunlap (1980), the
rel ati on of new root growth to several seedling
and environnental factors was discussed by Carlson
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(1986), and the role of new root growth in the
mechani sm of transplanting stress was discussed
by Sands (1984).

In contrast to nost norphol ogical quality
neasur enents, which can be neasured al nbst instan-
t aneously, physiological quality attributes take
time to measure (except for plant noisture stress).
Consequently, it is not yet feasible to test stock
and grade it physiologically before shipping.

Until a faster method is available to estimte
RGP, e.g. via a connection with cold hardi ness
(Ritchie 1985; Tinus, et al. 1986), we nust be
content to rely on present root growh tests to
docunent RGP, and obtain the results in 2-4 weeks,
usual ly after the seedlings have left the nursery.

Many peopl e have hesitated to becone invol ved
in RGP testing because of: (1) equipnment costs,
(2) long test length, and (3) |abor requirements
and tedium of taking data. For the npbst part,

t hese drawbacks are nore imagi ned than real. The
many variations on the original 28-day RGP test
are sunmarized by Ritchie (1985). RGP tests may
be shortened to as little as 7 days for certain
speci es (Burdett 1979), and root growth nay be
quantified by new root nunber, |ength, vol une,
area index, or dry weight. In this paper we wll
focus on: (1) selection of nethods to test the
seedlings; (2) alternative nmethods to neasure new
root growh; and (3) the effects of testing



net hod, test conditions, and test length on
resul ts.

COWPARI SON OF TESTI NG METHODS

Al t hough many different grow ng systens and
medi a have been tried, the three main nmethods
currently used to test seedlings are pot culture,
hydroponic culture using an aquarium and aero-
ponic culture using a root msting chanber. Pot
culture is the traditional nmethod (Stone 1955).
It appears to be straight forward and inexpen-
sive, but two inportant test conditions nust be
satisfied: (1) root tenperature mnmust be kept
uniform and (2) the growi ng medi um nust be well
aerated. To provide a uniformroot tenperature,
a growmth roomor water bath systemis usually
required, which raises the cost to a |level com
parable with other methods. Well-designed and
rel atively inexpensive hydroponi c nethods have
recently been reported (DeWald et al. 1985, Pal ner
and Hol en 1986). Hydroponic culture keeps the
seedl ings clean of grow ng nmedium allows peri-
odi c observation of the progress of root growth,
m ni m zes danmage to new roots, and allows the
test seedlings to be grown in fewer containers,
whi | e mai ntaining uniformroot tenperature and
aeration within containers. It is inmportant that
aeration be gentle and uni form anong cont ai ners,
otherwi se the agitation may inhibit root growh
and increase variation. Aeroponic culture in a
root msting chanmber is another new technique.
It was originally reported by Lee and Hackett
(1976), refined by Harvey and Day (1983), and
nore recently refined by Rietveld and Ti nus
(1987). The root m sting chanber has the same
advant ages as hydroponic culture, plus it is
portabl e and provides a uniformtenperature,
hum dity, and aeration environment for the roots
in one container.

Whi | e devel opi ng the new root m sting
chanber, we needed docunentation to show how the
new device conpares with existing nethods for
growi ng the test seedlings. To provide that
docunment ati on, we grew overw nter-stored 2+0 jack
pi ne (Pinus banksi ana Lanb) seedlings in pot
cul ture, hydroponic culture, and aeroponic cul ture
in the new root msting chanber, and conpared new
root production, anong-seedling variation , and
root size distribution. Potted seedlings were
grown in a mxture of 1:1:1 sand /perlite/vermcu-
lite with no fertilizer added. The hydroponic
system consi sted of tree holders laid across a
| arge 20-cmdeep gal vani zed tank of water gently
aerated through aquarium stones. The three grow
ing systens were located in a growth roomset at
a constant 27°C tenperature, 18 hour photoperi od,
and light intensity of 165 uE/ n?/sec. The root
m sting chamber was al so set at 27°C. Seedling
root growth of 10 seedling sanples was neasured
after 9, 11, 14, 16, 18, 21, 23, 25, and 28 days
using a new root area index nethod (Rietveld and
Ti nus 1987). Nunmber and | ength of new roots
| onger than 0.5 cm were al so neasured on day 28.
Additionally, plant water potential of each test
seedl i ng was neasured, using a pressure chanber,

at the same time root growth was neasured. Data
were subjected to anal ysis of variance and
Bartlett's test of honpgeneity of variances.

New root grow h was observed first in the
root msting chamber and in hydroponic culture on
day 9, then in pot culture on day 11 (fig. 1).

Al t hough seedlings grown in the root msting
chamber had consistently higher |evels of new
root growth, the data were statistically indis-

ti ngui shable fromthe hydroponic and pot nethods
on all neasurenent days, due to high anpbng-seedling
variation. The variances of the three nethods,
conpared for the overall test and for days 14, 21,
and 28, were |ikew se indistinguishable.

Root size distributions on day 28 for seed-
lings tested by the three methods are shown in
figure 2. Although the patterns are simlar for
roots less than 15 cmlong, seedlings grown in the
root msting chamber and hydroponic culture had
nore long roots, reflecting the earlier and faster
rooting apparent in figure 1. The response may
also reflect the lack of soil resistance to root
el ongati on.

The pattern of plant water potential in test
seedlings is shown in figure 3. Average potentia
of seedlings taken fromthe cooler on day zero was
-0.5 bar. Wthin 1 day in the growth room poten-
tial dropped (becane nore negative) to approxi-
mately -6 bars, bottoned at approximately -6.5
bars on day two, then gradually increased during
the course of the test to the range of -3 to -4
bars. The increase in plant water potential was
weakly correlated with the initiation of new roots
(r=-0.34), and may be better explained by osnotic
adj ustnent. There were no significant differences
in plant water potential anong the cul tural methods
on any of the nmeasurenment days
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Figure 1. Root growth potential of 2+0 jack pine
seedl i ngs grown in aeroponic, hydroponic,
and pot culture, quantified as change in
root area index for nine test periods.
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These data show that the three grow ng
net hods produce simlar growth patterns for
nor mal planting stock. Root growth was sonewhat
faster in the root m sting chanber than in hydro-
ponic or pot culture. For jack pine, 14 days
appears to be the mnimumtest length to obtain
an acceptabl e root growth response for
eval uation.

COVPARI SON OF METHODS TO MEASURE ROOT GROWIH

The task of quantifying new root growth may
seeminitially form dable when you | ook at a
seedling that has up to 400 new roots on it, but
the job is not as big as it |ooks. Researchers
have devi sed many nmethods to | essen the task while
still obtaining nmeaningful data. Originally both
nunber of new roots and total |ength of new roots
wer e neasured. Eventually it was found that root
nunber and root length are strongly correl ated
(Stone and Schubert 1959), so only nunber of roots
| onger than a minimuml ength was neasured. Note,
however that the correlati on woul d be expected to
decrease as test length increases because sonme of
the new roots grow quite long (see fig. 2)

Harvey and Day (1983) were the first to quantify
new root growth in RGP tests by change in root
area i ndex using a Rhizoneter (Mrrison and
Arnmson 1968), a photoelectric device devel oped
for seedling norphol ogy neasurenents in Ontario.
Racey (1985) conpared root neasurenent by root
area index (using the Rhizoneter), volunme, and
dry wei ght. He found strong correl ati ons between
the three quantification nethods and the cal cul a-
ted area of new root tips, and recomended root
vol ume because it was the easiest to neasure
However, the Rhizonmeter has problens detecting
new white roots at high Iight intensities (Racey
1985), and root volune determ ned by the Archi-
nedes principle (neasuring weight increase when
the roots are dipped into a | arge beaker of water
on a bal ance) has problens due to | ack of repeat-
ability of individual nmeasurenments (Ritchie 1985).
A new root area index nmethod for quantifying root
growth in RGP tests was-devel oped by the authors
(Rietveld and Tinus 1987). The nethod is based
on a mcroprocessor area neter (Delta-T Devices
Canbri dge, England3), and involves placing an
intact root systemon a light box in view of a

bl ack and white TV canmera. The image is scanned
by the area neter, and a nicroprocessor totals
all the line segnents in the viewing area that
are covered by roots. The nethod is very fast

(up to 500 seedlings/day), but the equi pment cost
much nore ($3670) than that needed to count the
new roots Manually.

To provide docunentation for the micropro-
cessor root area index nethod, we conducted a
test to determine the relation anong new root
growt h nmeasured by change in root area index

3The use of trade or firmnames in this
publication is for reader information and does
not inply endorsement by the U S. Department of
Agricul ture of any product or service.



count ed nunber of new roots, and neasured | ength length of new roots (r2=0.93). These strong

of new roots. To conpare the nethods over a rel ations indicate that measuring new root growth
range of RGP, we gave 50 jack pine seedlings root as change in root area index is a valid quantifi -
exposures of 0, 10, 20, 30, and 40 min by placing cation nethod ,that provides a close estimte of
themin a large forced-air oven at 40° C. The actual root nunber and | ength.

seedlings were grown in a root msting chanber

| ocated in a greenhouse with maxi num air tenper- Change in root area index nay be a better
atures ranging between 18 and 28° C, mininmumair estimate of rooting response than either root
tenperature of 15.5° C, photoperiod extended to nunber or root |ength because (1) it neasures all
18 hours with high pressure sodium | anps, and new roots, (2) it takes both root dianmeter and
light intensity ranging from 300 to 800 pE/ m2/ Il ength into account, and (3) it detects root
sec. The root nmisting chamber tenperature was set decrement as well as increnment. However, the

at 27° C, which is favorable for jack pine. After root area index nmethod does not distinguish the
17 days, new roots > 0.5 cm on each seedling origin of newroots and does not give any infor-
were neasured manual ly, and all new roots were mati on on individual root size classes, i.e. the
measured by the root area index nmethod. Root rel ati ve abundance of coarse and fine roots.

growt h neasurenents were conpared by |inear
regressions using individual seedlings as obser-

vations (n=50). The coefficients of determ na- RGP TEST ENVI RONMENT AND SAMPLI NG

tion (r2) for change in root area index on total

nunber of new roots and total |length of new roots Al though it is widely accepted that a uniform
were 0.88 and 0.90, respectively (fig. 4). Total and favorabl e root environnent is nost inportant
nunber of new roots was closely related to total for conducting RGP tests, the shoot environnent
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Figure 4. Regressions of root growh quantified by number of
new roots (NNR) and length of new roots (LNR) on change
in root area index (<>RAl), neasured on the sane seed-
lings. n=50. Several points represent nultiple seed-
l'ings, especially those with zero NNR or LNR.



shoul d al so be favorable and repeatabl e when a
series of RGP tests are run and the results
conpared. Abod et al. (1979) found that RGP of
Pinus caribaea Mov. and P. kesiya Royle ex
Gordon seedlings was optim zed at air and soil

t enperatures between 24 and 30° C, and |ight
intensity of approximtely 50% of full sunlight
(500- 750 PE/ m2/sec). The optinum tenperature for
seedling root growth of many North Anerican
species is near 20° C (Ritchie 1985). Root
growt h potential tests are commonly run at ele-
vated root and shoot tenperatures and extended
phot operi ods. These conditions are well beyond
the normal environment when seedlings are trans-
pl anted, but test results are obtained in a
shorter time. Significant seed source and famly
differences in optinumtenperature for root re-
generation have been documented within a species
(Carlson 1986, DeWald and Feret 1985, Jenkinson
1980, Nambiar et al. 1982). Therefore, it is
advi sabl e to experinent with root and shoot
tenperatures, and test length to determine the
nost suitable conditions for the species being
eval uated, as well as seedlot or famly varia-
tion in response to tenperature. If seedlot or
famly variation is significant, it may be useful
to adjust RGP to a base tenperature (e.g. 20° C)
for conparison.

Anot her factor to consider is seedling size.
Seedl ings with higher root volune have higher
RGP (Carlson 1986), so it is inportant that the
sanmpl e tested represents the range of seedling
sizes in the stock lot. Note that selecting
seedl ings of uniformsize for testing RGP woul d
give a biased estimate of RGP if the average
size of the sanpled seedlings was not the same
as the nean size for the stock lot. To obtain
a true random sanpl e that represents the range
of seedling size and condition inn the seedl ot,
the seedlings to be tested nust be sanpled from
many | ocations in the popul ation.

For nornmal bed-run stock, we consider a
sanmpl e size of 25 seedlings to be m ninum
because variation is often high in RGP tests
(Ritchie 1985, Sutton 1983). Depending on the
uniformty of the test plants and the precision
desired, 50 seedlings or nore may be necessary.
Very uniform plant material, such as stock grown
by famly (e.g. fromseed collected froma clone
in a seed orchard), may require fewer test seed-
l'ings.

DI AGNOSTI C ABI LITY OF THE TEST METHODS

An addi tional question that needs to be
addressed is how do the nmethods conpare in
di agnosi ng stock that differs in vigor -- wll
the same concl usi ons be reached using different
testing nmethods? To answer this question, we
gener ated several |evels of seedling vigor by
subj ecting jack pine seedlings froma comon
seedl ot to root exposures of 0, 10, 20, 30, 40,
and 50 min at 40° Cin a large forced-air oven.
We then assigned 15-seedling random sanples to
14-day and 28-day RGP tests in the root misting

chanber and pot culture. The experinent was
conducted in a large root misting chanber (0.9 m
wide x 3.7 mlong) located in a greenhouse under
the sanme environment as the previous experinment.
Potted seedlings were suspended in the root m st-
ing chanber so that the root tenperature in the
pots was mmintained at the same tenperature as
the m sting chamber. New root growth was quanti -
fied by the root area index nethod described
above.

The results were quite surprising. At 14
days the root misting chanber and pot culture
net hods gave the sane diagnosis (fig. 5): i.e.
RGP of all root exposure treatnments was signifi-
cantly lower than the control (O min root exposure).
The root growth difference between control and
root exposed seedlings was substantially higher
when seedlings were tested in the root msting
chamber (fig. 5). In the 28-day test, however,
seedlings frommany of the root exposure treat-
ments recovered, especially in the root msting
chamber. The testing nethods did not give the
sane diagnosis in the 28-day test: in pot culture,
only seedlings root exposed for 10 min recovered
(n.s. fromcontrol), while in the root m sting
chanber seedlings in all root exposure treatnents
recovered (all n.s. fromcontrol).

It appears that under sone conditions the
root msting chanber environment may be too favor-
able for root growth, so that weakened seedlings
may recover in longer tests (28 days) and show
acceptable RGP. This was true to sone extent for
the potting method as well. In a 14-day test,
however, the two nmethods were equally capabl e of
di agnosi ng the weakened seedlings. These results
suggest that tests should be no |l onger than
necessary to detect differences in quality; |onger
tests may result in greater variation anong seed-
lings, recovery of weakened seedlings, and nore
roots to nmeasure. Additional research is needed
to determne all the inplications of test nethod
and test |ength.

Thi s experinent also denonstrated clearly
the difference in root growth rates between the
root msting chamber and pot culture. For the O
m n root exposure treatnment, root area index
increnment at 14 days was 16.2 for the root misting
chanber and 12.1 in pot culture (significant at
ad = 0.05); at 28 days it was 60.6 for the root
m sting chanber and 26.8 in pot culture
(significant at @ = 0.005).

SUMVARY AND CONCLUSI ONS

1. RGP is the npst inportant neasure of seedling
physi ol ogi cal quality because it integrates
an array of attributes into a single biolo-
gically neani ngful nmeasure - the ability to
grow new roots. However, physiol ogical grad-
ing is still not practical because RGP testing
is not imediate |ike norphol ogi cal measurenents.

2. RGP testing in pot culture, hydroponic culture,
and aeroponic culture (root msting chanber)
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gives simlar root growh patterns. New root
growmt h was observed first in hydroponic and
aeroponic culture. The three nethods require
approxi mately the same investment in equip-
ment when mai nt enance of uniformroot tenper-
ature is taken into account.

For smal |l er nunbers of seedlings, it appears
that the sinplest and | east expensive nethod
of quantifying root growth is to count the
nunber of new roots |longer than a m ni mum

I ength. This approach is based on a strong
rel ati on between root nunber and root |ength.
The relation would be expected to weaken with
| onger test periods (sonme roots grow very

I ong), but should still be satisfactory.
Measurement of root area index increnent is
the easiest and fastest method of quantifying
new root growth, and is well correlated with
root nunmber and | ength, but the equi pnent
cost mekes it nore suitable for |arge opera-
tions.

Test nethod and test length may affect test
results. Seedlings weakened fromroot

exposure treatments were found to recover in
28-day aeroponic tests, and to sone extent in
pot culture. However, both methods accurately
di agnosed differences in seedling vigor in
14- day tests.

Root tenperature, light intensity, seedling
size, test nethod, test |ength, species, and
seed source/famly within species have al

been reported to affect RGP. If a series of
RGP tests will be run and the results conpared
it is advisable to run prelimnary screening
tests before a set of testing conditions is
establ i shed. The "best" testing nethod and
conditions are those that neet specific needs
and obj ectives, and can distinguish differences
in physiological quality in the | east anpunt of
time
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