staining part d the chromosome (nucleolar organizer) could
be seen to traversethe nucleolus( Fi g. 16).

Discussion

The techniques described above were well suited for
study d the early stages of microsporogenesis in Pinus.
For the later stages d meiosis, these methods were less
effective because the cytoplasm generally remained intact,
thus preventing spreading d the chromosomes. The vari-
ous chemical treatments designed to dissolve the callose
wallsof the meiocytes did not improve removal of the cyto-
plasm. It is not known if these treatments failed to remove
the callose walls, thus inhibiting contact between the hot
stain solvents and the cytoplasm, or if the cytoplasm in the
later meiotic stages was less sensitive to the solvents than
the cytoplasm in earlier stages. This failure to disintegrate
the cytoplasm resulted in clumping of the chromosomes.

The most effective treatment to disintegrate the cyto-
plasm, and separate the chromosomes in the later stages
d meiosis was prolonged boiling in EGW; the main draw-
back o this method being swelling d the chromosomes.
However, the results were sufficiently promising to start a
series o experiments to determine if thisboiling technique
could be modified to one that would cause |ess chromosome
swelling. These experiments will be discussed in the next

paper.
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Seedling Growth Rates, Water StressResponsesand Root-Shoot
RelationshipsRelated to Eight-year Volumesamong
Familiesof Pinustaedal.
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Summary

First-year seedling growth characteristics were corre-
lated with mean individual -tree 8-year volumesd 16 North
Carolinafamiliesd Pinustaeda L., with aview to develop-
ing seedling screening methods for early volume growth.

Rates o seedling height growth (mmlweek) were in-
fluenced by family differences in seed size until the seed-
lings were about 140 mm tall. Thereafter, until bud-set,
the growth rates o well-watered seedlings became posi-
tively correlated with 8-year volumes, on a mean family
basis, especially for families field tested on a poorly drained
site. For families tested on a better-drained site, the cor-
relations with seedling height growth rates were significant
only when the seedlings were subjected to mild water
stress: familieswhich produced the greatest 8-year volumes
grew fastest under mild water stress as seedlings. These
families also tended to have high root to shoot relative
growth rates, as revealed by regressions of shoot on root

1) Tree Physiologist, Institute of Terrestrial Ecology, Bush Estate,
Penicuik, Midlothian, Scotland. This work was done while on sab-
batical leave with the Weyerhaeuser Company, Southern Forestry
Research Center, Hot Springs, Arkansas, U.SA.

?) and % Geneticist and Tree Physiologist, respectively, Weyer-
haeuser Company, Southern Forestry Research Center, Hot Springs,
Arkansas, U.S.A.

Silvae Genetica 27, Heft 6 (1978)

dry weights d seedlings grown in two contrasting media.
This suggested that superior volume-producers on the bet-
ter-drained site avoided water stress by producing ex-
tensive root systems.

There was little evidence that superior volume-produc-
ing families had prolonged seasonal periods of growth as
seedlings.

It seems promising to further examine seedling height
growth rates as a measure o future family field perform-
ance, taking measurements after seed size effects have
disappeared and under environmental stresses that mimic
those which influence growth in thefield.

Key words: bud-set, early genetic evaluation, juvenile-mature

correlations, progeny-test, root-shoot relationships,
water Stress responses.
Zusammenfassung

Einjahrige Samlinge von Pinustaeda L. aus 16 Familien
in North Carolina wurden im Wachstum mit 8 Jahre alten
Kiefern aus dan gleichen Familien verglichen. Hierbei wur-
de gefunden, dal3 bis zu einer Samlingsgréfe von etwa 14
cm eine Abhéangigkeit zur mittleren Samengrée der jewei-
ligen Familie gegeben ist, wéhrend danach Standorteinfliis-
se, wie z. B. die Wasserfithrung des Bodensfur den Holz-
zuwachs bestimmend sind. So waren spater Beziehungenim
Gesamtwachstum (Volumen) der Sdmlinge zum mittleren
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Gesamtwachstum der betreffenden Familien nur bei aus-
reichender Wasserzufuhr zu erkennen.

Introduction and Literature Review

This paper reports significant and repeatable correla-
tions between some first-year seedling growth traits and
8-year individual-tree volumes among families of loblolly
pine (Pinus taeda L.). If further work substantiates these
findings, we may have revealed some simple, cheap methods
of screening loblolly pine families at the seedlings stage for
early volume growth.

Mean family seedling or sapling heights are poorly cor-
related with mature-tree heights in many species (NANsoN
1968, NamkoonG et al. 1972, LArarGce 1975, SteiNnHOFF 1974,
GiertycH 1974, NamkooNG and Conkire 1976) and single mor-
phological or physiological traits are rarely good predictors
of future performance (e.g. photosynthetic rates, Zrrawski
1976). The predictive value of multivariate or computer
models of many morpho-physiological seedling attributes
is promising, but these approaches are expensive (LEpiG
1976, GorpoN and PromniTz 1976).

The approach taken in these studies was to measure four
aspects of the growth of open-pollinated orchard seedlings,
namely (a) dates of bud-set, (b) height and diameter growth
rates, recognizing that these are influenced by maternal
factors as well as by differences inherent in the embryos,
(c) growth responses to water stress, and (d) the distribution
of dry matter between shoots and roots. These seedling stu-
dies were done in Arkansas. Eight-year-old control-pol-
linated families with the same female parents, and five of
the same male parents, were growing in field tests in North
Carolina. These families were measured in height and
diameter to provide 8-year volume estimates which were
correlated with the four aspects of seedling growth.

Our choice of four seedling traits was based on the fol-
lowing analyses of published literature.

(a) Dates of bud-set.

The best-growing loblolly pine provenances in many re-

gions of the southern U.S.A. are those from coastal or south-

erly regions with frost-free seasons at least 20—30 days
longer than the ones at the planting sites (climatic data:
THoRNTHWAITE 1941, Hocker 1955, provenance trial data:
Tuaor and Brown 1962, CorLins 1964, BArBer 1966, WeLLs and
WakeLEY 1966, Kraus 1967, THor 1967, WeLLs 1969, GriGgsY
1973, 1977, Lararce 1974). These provenances may be able to
utilize summer rainfall better than the local provenances
(WeLLs 1969), or they may respond more favourably to
cooler night temperatures (Kramer 1957, HeLimers and Rook
1973), but a more obvious explanation, supported by studies
of Perry et al. (1966), KraLL (1969) and WoEessNer (1972) is
that they have longer seasonal periods of growth.

Variation within provenances of loblolly pine has also
been reported in (a) time of height growth cessation among
10 half-sib east Texas families (Bian 1965), (b) seasonal
duration of rapid net assimilation rates among 26 full-sib
North Carolina families (Lepic and Perry 1969) and (c) ap-
parent low temperature threshold for growth, among 10
individuals in Alabama (Bover 1976).

Our hypothesis was that some of the variation in 8-year
volumes among half-sib North Carolina families might be
due to differences in seasonal growth duration, detectable
at the seedling stage as differences in time of bud-set in
response to seedling size, temperature and/or photoperiod.
(b) Seedling growth rates in relation to seed weights
Seedling growth, in size, weight or numbers of needles, is
the integrated expression of interacting component phys-
iological processes, no one of which is likely to account for
variation in the performance of a wide range of genotypes
(WarLace et al. 1976). The success of early genetic evalua-
tion may depend on measuring appropriate integrated
aspects of seedling growth, over suitable time periods, and
in environments that simulate those in the forest. We
began by measuring height increments, during most of the
first year, on outdoor grown seedlings without nutrient or
water stress.

But the early growth rates of seedlings are influenced by
endosperm and embryo weights (as well as by other mater-
nal factors). In classical growth analysis it is assumed that
seedlings increase in weight exponentially, so that their

Table 1. — Mean individual-tree stem volumes of Pinus taeda L. half-sib families at age 8 estimated from full-sib
fertilized progeny tests, and mean weights of open-pollinated seeds collected from orchard clones of the same geno-
types. The plus trees and progeny tests were either in north or south coastal regions of North Carolina, U.S.A.

Location of
plus trees and
progeny tests

Mean stem volume*

Family dm?® t S.E. (d.f.)
A 17.5 £ 3.26 (247)
B 16.6 + 3.74 (378)
C 16.5 + 2.07 (139)
North of D 16.1 + 3.84 (250)
Pamlico River E 16.0 = 2.51 (923)
N. Carolina F 15.2 + 2.73 (675)
(north G 15.0 = 2.86 (874)
coastal) H 15.0 = 2.96 (384)
I 14.9 + 3.24 (198)
Commercial 14.3 £ 2.43 (102)

check
J 12.9 + 1.45 (238)
K 12.6 X 1.16 (817)
South of L 12.5 + 1.40 (284)
Pamlico River M 10.9 = 1.13 (337)
N. Carolina N 10.7 £ 0.71 (311)
(south o) 10.7 + 0.77 (175)
coastal) P 10.6 + 0.94 (376)
Commercial 11.2 + 1.91 (100)

check

Difference from** Weight per seed***
commercial check
dm3 + S.E. mg * S.E.
3.18 = 0.609 319+ 3.17
2.24 + 0.527 3441431
2.22 + 0.647 27.7 1+ 4.26
1.78 * 0.654 29.7 + 2,71
1.69 £ 0.277 39.2 1+ 435
0.88 £ 0.337 479+ 5.18
0.67  0.304 40.2 + 3.32
0.65 * 0.466 28.6 + 2.52
0.55 * 0.678 33.1+3.65
0.00 £ 0.816 25.0 + 5.82
1.67 + 0.414 38.1+4.34
1.34 + 0.201 348+ 434
1.31 % 0.372 37.8 + 4.67
—0.26 + 0.308 39.0 £ 4.64
—0.52 + 0.255 39.2+4.18
—0.56 + 0.354 428+ 494
—0.66 + 0.265 39.0 £ 5.09
0.00 = 0.729 25.0 £ 5.82

* Regression means, and S.E.s about those means, see text; divide by 1000 to give ms,

** Realized genetic gain.
*** Means of 100 air-dried seeds before stratification.
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Table 2. — Details of experiments to evaluate family differences in seedling growth traits of Pinus taeda L.

I 11
Purpose of Growth rates Water stress
experiments was in relation to responses
to measure: seed weights and bud-set
and bud set
Medium Peaty Peaty
Date of sowing 29 June 29 June
Environment Outside after 1 Aug. Outside
1 Aug.—5 Sept.
in open shelter
in 14 h photo-
periods from
5 Sept.—7 Oct.
Treatments Well-watered, Same as I, with
soil-fungicide 2 levels of
for first two water stress
weeks only begun 14 Sept.,
(see Fig. 5)
Measurements, Heights on Heights on
and dates 17, 24, 31 August, 15,17, 19, 21,
when taken. 7, 14, 20, 28 Sept., 23, 25, 29 Sept.
(see Fig. 1) 5, 12, 26 Oct. and
Basal diameters on 1, 3, 5, 7 Oct.
28 Sept., Percentage bud-
5,12, 26 Oct., set on 7 Oct.
9, 22 Nov.
Percentage bud-set
on 26 Oct.
Experimental 4 Seedlings of each Split plot
design of 19 families in (see Table 4),

5 randomized blocks,
analysis done on
means of

4 seedlings

analysis done
on means of

4 seedlings in
each sub-plot

ITI v v
Repeat expt I1 Root-shoot Repeat
in a glasshouse relationships expt IV
ina
different
medium
Peaty Peaty Sandy
25 August 29 June 25 August
Glasshouse Glasshouse Glasshouse
One level of Well-watered, Same as IV
water stress, soil fungicide
begun 9 Dec., applied throughout
no control, the experiment
soil fungicide
applied throughout
the experiment
Heights on Shoot dry weights, Same as
10, 12, 14, 16, root dry weights Expt IV,
18, 20, 22 Dec. and from
total length of 28 Sept.
roots to
from 22—29 July 3 Oct.
Same as Expt I 4 seedlings of Same as
each of 15 Expt IV

families in
5 randomized
blocks

* (0.5 g Benlate + 0.5 g Dexon/litre, applied to control damping off

weight W at time t is equal to W xt, where W, was their ini-
tial weight and x their relative growth rate (Sweer and
WAREING 1966, Prrry 1976). But in practice, family variation
in W, due to seed size becomes less important with time as
W becomes increasingly closely correlated with x (RiGHTER
1965). Our approach, then, was to measure each weekly
height increment of outdoor-grown seedlings (x) and see
how quickly family differences in x became poorly cor-
related with initial seed weights (W,) and more closely cor-
related with seedling heights and 8-year volumes (W).

(c) Water stress responses

Internal water stress was judged to be the most critical
factor limiting height and volume growth of loblolly pine
during the growing season, even on wet sites, in the south-
ern U.S.A. Consider the following observations. Yearly
differences in basal area increment can be closely cor-
related with numbers of days when sufficient water is
available to permit radial growth (Basserr 1964). Water
stress commonly limits the number of shoot flushes
(WenNGer 1952, Zauner 1962), the distance between needle
fascicles (ALLeN and ScarsroucH 1970, working with Pinus
palustris ML) and bud development (ZauNer 1962). Seed-
lings close their stomata and stop growing in height at
mild levels of water stress and are slow to begin growing
again (e.g. Brix 1962, Stransky and WiLsoN 1964, KAUFMAN
1968). Diurnal changes in water potential may account for
the fact that most radial and extension growth occurs at

night (Reep 1939, Barney 1951, Zauner 1968). Provenances
from areas with frequent summer rainfall perform well
at a range of sites (WeLLs 1969, Grigsy 1973) possibly be-
cause they lack growth-restricting water-stress avoidance
mechanisms to some small degree.

In view of these facts, we hypothesized that even small
differences in water stress tolerance, avoidance or re-
covery might give rise to substantial differences in volume
growth. We were not interested in drought survival, but
rather in small differences in response to mild levels of
water-stress that can check height and diameter growth.
(d) Root-shoot relationships
Small differences in dry matter partitioning between
shoots and roots can have a major effect on total plant
growth (e.g. Lepic 1969). The ratio of the relative growth
rates of shoots and roots in young plants with exponential
growth in given approximately by the allometric coefficient
k in the equation: log, shoot dry weight = a + k log, root
dry weight, which is more meaningful than the root : shoot
ratio (see Lepi¢c and Perry 1965). It is often argued that
genotypes with high k values grow rapidly because they
reinvest a high proportion of their assimilates in photo-
synthetic capital (Lepic 1975). On the other hand, if growth
is limited by water and nutrient supply, genotypes with
low k values may grow fastest because they may develop
the largest root systems and make the greatest claims on
soil water and nutrient resources. Rapid root development
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after transplanting is important for early growth in south-
ern pines (Snyper 1961, Bieneke and Perry 1965, KAUEMAN
1968, van BuutenenN et al. 1976). There are known family
differences in k (Lepic et al. 1970) and root morphology
(StoNecYPHER et al. 1965) measured on seedlings of loblolly
pine, and we hypothesized that such differences might be
correlated with the rate of ‘site-capture’ and hence individ-
ual-tree growth in the field. We therefore measured k on
young seedlings and looked for negative relationships with
8-year volumes.

Materials and Methods

Seedling studies were done in Arkansas using open-
pollinated seed of 16 families of Pinus taeda L., taken from
two first-generation seed orchards, both located near Wash-
ington on the Pamlico River estuary, North Carolina (77°
15 W, 35° 35’ N, ca 5 m altitude). Nine families (A—I, Ta-
ble 1) were from a ‘north coastal’ orchard, consisting of
clones (grafts) from candidate plus trees selected on the

Seedling

Expts W & ¥
Expts. I
I1al Shoot
> Root
cm
O T |
o
Figure 1. — Appearance of Pinus taeda seedlings and their con-

tainers when evaluations were made of height growth rates (ex-
periments I—III) and shoot and root dry weights (experiments IV
and V).

Percentage
of seedlings 4o |-
with distinct
terminal buds 30 |- 6

10
o
ot Comm. i
check.

L 1 I 1 1 J
220 240 260 280 300 320
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»
z

Seedling heights {mm)

Figure 2. — Relationship between (a) the percentage of seedlings

of 16 Pinus taeda families (A—P, Table 1) and a commercial check

population having terminal winter buds on 26 October, and (b)

the mean heights of the seedlings (experiment I). Seedlings were

growing outside at Hot Springs, Arkansas. Correlation coefficient
r = 0.71, significant P = 0.01.
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Figure 3. — Mean height and diameter growth rates of Pinus taeda
seedlings growing outside at Hot Springs, Arkansas, shown in
relation to ambient screen temperatures. Asterisks indicate the
presence of significant differences among 16 families (A—P, Table 1)
and 3 check populations- at *P = 0.05, **P = 0.01 and ***P = 0.001.

coastal plain north of the estuary, and 7 families (J—P)
were from a ‘south coastal’ orchard consisting of clones
selected on the coastal plain south of the estuary. These
families had been included in full-sib genetic tests in North
Carolina as part of the North Carolina State University —
Industry Cooperative Tree Improvement Program as de-
scribed below (Evaluation of 8-year wolumes). Three ad-
ditional seed lots were included for comparison in our seed-
ling experiments, namely (a) a North Carolina ‘commercial
check’ seed lot collected from native forests in the south
coastal region, (b) a mixture of 5 select-tree half-sib fam-
ilies from southern Louisiana, and (c¢) a mixture of 5 select-
tree half-sib families from Arkansas and Oklahoma.

Evaluation of first-year seedling traits

Five experiments (I—V) were done at Hot Springs, Ar-
kansas (95° 5° W, 34° 30’ N, 210 m altitude) as detailed in
Table 2.

Stratified seeds were sown in 164 cm? well-drained tube-
shaped plastic containers (Fig. 1) in a glasshouse in either
peat : vermiculite : perlite (5:5:1 by volume) or sandy
loam (from Magnolia, Arkansas) in both cases with added
slow-release fertilizer containing about 80 mg N, 30 mg
P,O; and 60 mg K,O per seedling (11.3 g ‘Osmocote’ in 4.5 1
of medium). Additionally, experiments I—III received com-
plete Hoagland’s solution weekly. The peaty and sandy
media contained about 45% and 1% organic matter, with
bulk densities of 0.13 g cm—* and 1.33 ecm—3, respectively.
While in the glasshouse (Table 2) the seedlings were in
14 h photoperiods under incandescent lights, at tempera-
tures which fluctuated between 16° C and 32° C. While out-
side the seedlings experienced ambient temperatures (e.g.
Fig. 5) and natural photoperiods of 14.4 h in mid-June,
decreasing to 11.4 h by mid-October. Competition was
minimized by spacing the seedlings 8 cm apart.
Treatments. Experiment I recorded the height and dia-
meter growth of well-watered seedlings growing outside,
up to and after winter bud-set.

Experiment II recorded the height growth of seedlings
outside in open shelter in 14 h photoperiods, given three
water stress treatments beginning 14 September, 77 days
after sowing: (1) well-watered control, (2) mildly stressed
seedlings, not watered for 5 days on two occasions (14—19



Sept. and 24—29 Sept., see Fig. 5), producing pre-dawn
shoot water potentials of —3.8 atm. compared with —2.9
atm. on the controls and (3) moderately stressed seedlings
which were not watered for 6 days in the first stress cycle
(14—20 Sept.) which caused daytime wilting following pre-
dawn shoot water potentials of only —5.6 atm. Care was
taken to ensure that the medium was rewetted on rewater-
ing. Bud-set began on 1 October.

Experiment III was a repeat, from seed, of experiment II,
but with the seedlings growing in a glasshouse, with no con-
trol, and only one mild water stress treatment. Two water
stress cycles were given (10—12 and 16—18 Dec.) beginning
106 days after sowing. Bud-set began on 20 December.

Experiments IV and V recorded the root-shoot relation-
ships of glasshouse-grown seedlings harvested 23—30 days
and 34—39 days after sowing, respectively, before their
root morphologies became modified by the containers.
Measurements. Heights and basal stem diameters were

0.8 a
0.6}

0.4 |-p=0.10

0.2}

measured in experiments I—III (Table 2) using an elec-
tronic device described by Incram (1978). The base reference
for height measurements was changed from the rims of the
containers in experiments I and II to the cotyledons in ex-
periment III (Fig. 1) to avoid error resulting from movement
of the seedlings within the tubes during water stress cycles.
The upper reference points were always the tips of newly-
emerging needles, and to ensure that they were rigid and
erect it was important not to extend the photoperiod be-
yond 14 h, and also to take measurements at the end of
each water stress cycle 2 h after rewatering at dawn.

In experiments IV and V the roots were washed out,
floated on paper, and every root was measured in length.
Roots and shoots were separated (Fig. 1) and dried at 95° C
for 24 h. All root weighings were done twice.

Statistical analyses. A few abnormal seedlings (never ex-
ceeding 5% in any experiment) were omitted from the ana-
lyses. Analyses of variance in experiments I—III were done

Seedling heights
correlated with
seed weights.

14 d. f.

o

0.6 rp.o.05

Seedling growth rates

correlated with
seed weights.

Correlation coeffieient (r)

-0.2L
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0.6 [p=0.05
0.4k Seedling growth rates
: pe0.10 correlated with
0.2 8- year volumes.
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0.2
“veer bud - set
occurring
-0.4 L
L t ]
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Figure 4. — Correlation coefficients for 16 Pinus taeda families (A—P,

Table 1) between family mean seedling heights or height growth rates

during August—October outside at Hot Springs, Arkansas, and family

mean seed weights or 8-year volumes (from Table 1). Bars indicate r
values significantly different from zero at P = 0.05 and 0.01.
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Figure 5. — Height growth rates of seedlings of Pinus taeda subjected to vary-
ing watering regimes growing in an open shelter outside at Hot Springs, Arkan-
sas, shown in relation to ambient screen temperatures. These are the overall

means of 16 families and 3 check populations.
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on the means of each row of seedlings (4 before elimina-
tion) per family per block per treatment, for the variates:
heights, diameters, height and diameter increments in each
measurement period, relative increment in each period (in-
crements per mean heights or diameters in the incremental
periods). Family means were then correlated with mean
family seed weights and 8-year volumes for each of the
north and south coastal types (Table 1).

In experiments IT and III covariance analyses were done
adjusting height increments on seedling heights, but in most
instances adjustments were not significant, or family ranks
changed very little (rank correlations before and after ad-
justment always exceeded r = 0.8***). Consequently only
unadjusted values are reported.

In experiments IV and V linear regressions of shoot dry
weights on root dry weights and lengths were calculated
for each family. Regressions were not significantly non-
linear. Tests were made for family differences in the over-
all regressions and regression coefficients following RAO
(1965, p. 281—4). Regression coefficients were then cor-
related with 8-year volumes

Evaluation of 8-year volumes given in Table 1. Genetic
material.

Five early pollen producers in each of the north and
south coastal seed orchards had been used as male parents
in two separate tester mating schemes. These testers
included F and G within the north coastal orchard and
K within the south coastal orchard. Within each scheme,
each tester was to have been mated with every other in-
dividual within its seed orchard (north and south coastal)
and each full-sib family was to have been included in three
genetic tests planted in successive years within its coastal
region (north and south). However, because some crosses
could not be made, or failed, each test had a different ge-
netic constitution. That is, each -full-sib family was not
planted in all three tests in its coastal region, but instead
occurred in any one, two or three tests.

Even though the data were not balanced in a genetic or

an experimental design context, estimates of 8-year vol-
umes for half-sib families in this study were based on
many trees (Table 1) growing in several tests. The relative
performance of half-sib families is therefore though to be
reliable.
Sites, layout and treatments. The five north coastal tests
were planted at a site north of the Pamlico River estuary
(76° 50’ W, 36° 00’ N) in 1964, ’65, ’66, and ’67, and in 1968 at
a nearby site (76° 40’ W, 36° 10’ N) chosen for its similar
physical and soil water characteristics. These were moder-
ately well-drained sites favouring rapid growth. The five
south coastal tests were planted at one site south of the
Pamlico River estuary (76° 55° W, 35° 15° W) which was
poorly-drained, with a water table closer to the surface,
and had less rapid growth. The water table at the south
coastal site was approximately 0.0—0.3 m and 0.3—0.6 m
below the surface during winters and growing seasons, re-
spectively. Drawdown rates at the north coastal site were
about twice those at the south coastal site (Hucues, pers.
comm.).

Each test (2 sites, 5 planting years) was a randomized
complete block with six blocks each containing full-sib
families arranged in 10-tree row plots. Three of six blocks
in each test were randomly chosen to receive dolomitic lime
at the beginning of the first field season and triple super-
phosphate and muriate of potash at the beginning of the
first and third growing seasons. A complete fertilizer (N,
P and K) was applied as crown closure occurred (during
the 6th, 7th or 8th field season). Data from only these ferti-
lized blocks were used to calculate volumes because growth
can be enhanced on these sites by the addition of phos-
phate fertilizers (Matziris and ZoseL 1976) and it is an
operational practice to do so on Weyerhaeuser Company
lands in this region.
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Statistical analyses. Individual-tree stem volumes (Table 1)
were calculated after the eight growing season in the field
using the equation of Scumirr and Bower (1970). Stem vol-
umes were estimated for half-sib families only for clones
which occurred as males or females in at least two full-sib
crosses in each of three test years. If there had been no
mortality, this gave 180 individual tree values (2 full-sib
families, 3 out of 5 test years, 3 blocks, 10-tree rows).

As mentioned, the amount of information available for
each test year varied among full-sib families, and hence
among the half-sib means to which they contributed. Con-
sequently, we took the volumes of all trees in each test as
in a stability analysis (Fintay and Witkinson 1963). The
mean volume of each half-sib family was then taken as the
predicted volume of that family at the mean of all five
tests (Table 1, column one). Standard errors were calculated
for each regression mean (Table 1). Statistical comparisons
were not made among means because some full-sib values
were used to estimate both their male and female parent
half-sib means.

Results

Families are listed alphabetically in order of their mean
8-year volumes at the two test locations (A—I north coast-
al, J—P south coastal). Note that A, B and C were out-
standing volume producers, whereas M, N, O and P were
poorer than the commercial check (Table 1).

Family mean values for the first-year seedling traits and
their correlations with 8-year volumes (Table 1) are sum-
marized in Table 3.

Percentage Bud-set (Expts I and II)

Using chi-square, large significant family differences
were found in the percentage of outdoor-grown seedlings,
sown 29 June, which had set buds in September—October
(Table 3). Some of this variation could be attributed to dif-
ferences in mean seedling size because loblolly pine seed-
lings need to reach a critical size in order to set buds. Thus,
mean family percentage bud-set values were positively cor-
related with mean seedling heights (Fig. 2, r = 0.71***); the
intercept in Fig. 2 of about 220 mm height was the apparent
mean critical height for bud-set. Assuming that the varia-
tion in percentage bud-set about the regression line in
Fig. 2 was genetic, families P, J, H, L, and G seemed prone
to early bud-set, whereas the outstanding volume producers
at age eight, families A, B and C, all set buds relatively
late as seedlings. However, the evidence that families prone
to early bud-set in their first year were poor volume prod-
ucers was rather weak (Table 3).

Seedling growth rates in relation to seed weights (Expt. I)

Mean seedling heights in experiment I increased from 99
mm on 17 August to 270 mm en 26 October, and basal stem
diameters increased from 3.2 mm on 28 September to 4.2
mm on 23 November. Height growth exceeded 30 mm wk—!
during the last weeks in August and September (Fig. 3).
Height growth decreased to zero in October, while diameter
growth continued at about 0.1 mm wk—! until frost in No-
vember. Relative height growth rates decreased from about
20% per week in August to zero in October (Fig. 3) while
relative stem diameter growth continued to late November
at about 3% per week.

Significant family differences in both absolute and re-
lative height growth rates, in all but one measurement
period (Fig. 3), accounted for about 30% of the variance in
height growth. Family differences in diameter growth were
probably masked by large measurement errors.

Family mean seedling heights were positively correlated
with mean seed weights, but the correlations decreased
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mid-August but fluctuated around zero during September—

during the course of the experiment (Fig. 4 a), indicating
that height growth during September—October was less
influenced by seed weights than growth earlier on. This
was confirmed by correlations between seed weights and

seedling growth rates (Fig. 4b), which were positive in

October. Although most individual correlation coefficients

ime

Fig. 4 are not significantly different from zero, the t:
trends are thought to be real. Similar trends were found in

m

two additional studies, one on 15 loblolly pine families
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from west of the Mississippi River (CanneLL 1978 a)4) and
another on a separate set of 12 coastal North Carolina

4) Canner, M. G. R., 1978 a. Seedling growth rates and seed
weights of Pinus taeda L. families related to 4- or 8-year field
performance. Unpublished Weyerhaeuser Company Technical Re-
port, 042-3206/78/16.
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families. In all studies, seed weights were no longer cor-
related with seedling height growth rates once the seed-
ings exceeded about 140 mm in height, about 2 months
after sowing.

Seedling height growth rates became positively corre-
lated with 8-year volumes by the end of August, and re-
mained so until early October when many seedlings had
set buds (Fig. 4 c). That is, once the effects of seed weights
on seedling growth rates disappeared (at the end of August
when the seedlings were about 140 mm tall) seedling growth
rates appeared to reflect the inherent growth potential of
the families in field tests. This was true for both the north
and south coastal families, for both absolute and relative
seedling height growth rates (see correlations with 8-year
volumes, Table 3). Again, we base this conclusion on the
existence of meaningful time trends in Fig. 4 ¢ and fully
appreciate that, when many correlation coefficients are
calculated, a few can be significant by chance.

Seedling heights, as opposed to their growth rates, were
negatively and very poorly correlated with 8-year volumes
(r = —0.25 in August, r = —0.10 in October) because seed-
ling heights always showed the early effects of seed
weights; and seed weights happened to be non-significantly
negatively correlated with 8-year volumes for this set of
families (r = —0.34 and —0.65, for north and south coastal
families, respectively). In other progeny tests seed weights
have sometimes been positively correlated with inherent
field performance (Ricurer 1965, and unpublished Weyer-
haeuser data).

Seedling water stress responses (Expts II and III)

Experiments II and III were carried out on seedlings
over 150 mm tall, when seedling height growth rates were
no longer positively correlated with seed weights, but at
the ends of both experiments treatment effects were mask-
ed by bud-set, and growth rates throughout the experi-
ments were influenced by fluctuating ambient temperatures
(e.g. Fig. 5).

In experiment II the water stress treatments severely and
significantly depressed growth from 17—20 September (Fig.
5, Tab. 4). Rewatering from 19 or 20 September to 24 Sep-
tember brought about little recovery for 2 days, and did
not restore growth to those of the controls even by 23—25
September (Fig. 5). The moderately stressed seedlings (re-
watered on 20 September instead of 19 September) grew
significantly less than the mildly stressed ones from 21—23
September. The second stress cycle, beginning 24 Septem-
ber, significantly depressed growth again (Table 4) and re-
watering from 29 September to 6 October brought about
little recovery because the seedlings in all treatments began
setting buds.

In experiment III similar water-stress treatments de-
pressed height growth rates of glasshouse-grown seedlings
from 10—12 and 16—18 December.

Significant family differences occurred in the height
growth rates of both well-watered control seedlings (as in
experiment I) and seedlings subjected to water stress, ac-
counting for about 30% of the total variance in both ex-
periments II and III. But families which grew fastest when
regularly watered were not necessarily those that grew
fastest when water stressed. That is, during the periods of
water stress in experiment II there were significant family
X water stress treatment interactions (Table 4). Family
rank correlations between control and water stressed seed-
lings were less than r = 0.2.

Family rankings in height growth rates, produced by
subjecting the seedlings to water stress, were similar for



both experiments II and III (Table 3), especially for the
north coastal families (rank correlations between expts II
and III, r = 0.94*%*), Neither covariance adjustment on
seedling heights, nor calculating relative growth rates sub-
stantially changed family ranks.

The North Carolina commercial check seedlings were
small, and grew slower than most families when well-
watered. But curiously, they were among the fastest grow-
ing populations during the periods of water stress, in both
experiments II and III (Table 3). The Arkansas/Oklahoma
seedlings, which were smaller than the commercial check,
did not respond so favourably to water stress. The southern
Louisiana seedlings were relatively stress-tolerant in ex-
periment II, but were not above average in experiment III.

As in experiment I, correlations between the growth rates
of regularly watered seedlings (in experiment II), and 8-
year volumes were positive, and much greater for the south
coastal families than the north coastal ones (Fig. 6, com-
pare Table 3 expt I). Taking relative rather than absolute
seedling height growth rates made little difference to the
correlations with 8-year volumes for the south coastal
families, and only slightly increased those for the north
coastal families.

Correlations between the growth rates of water stressed
seedlings and 8-year volumes were not significant for the
south coastal families, but exceeded r = 0.8*** for the north
coastal families in both water stress cycles in both experi-
ments II and III (i.e. during the periods 17—19 and 25—29
September in expt II, and 10—14 and 16—18 December in
expt III). These high correlations were peculiar to the
periods when the seedlings were under water stress (Fig. 6).
Adding the growth increments of the seedlings during the
2 water stress cycles in each experiment (e.g. 17—19 plus
25—29 September in expt. II) produced correlations of
r = 0.9*** with 8-year volumes for the north coastal fam-

Water
stressed

Recovery

ilies (Table 3), but did not improve the poor correlations
with 8-year volumes for the south coastal families.

In summary, 8-year volumes of the south coastal North
Carolina families could be most accurately predicted from
the height growth rates of well-watered seedlings, whereas
8-year volumes of the north coastal families could be most
accurately predicted from the height growth rates of seed-
lings when subjected to water stress.

Seedling root-shoot relationships (Expts IV and V)

The shoots and roots in the peaty medium were, on
average 35 and 7 mg in dry weight, respectively, whereas
in the sandy medium they were 32 and 10 mg. Regression
coefficients between log, shoot and log, root dry weights
were significantly different among families growing in both
media (Table 3). That is, the allometric coefficents k re-
flecting the functional relationships between shoots and
roots differed among families (Fig. 7). Significant differ-
ences also occurred when shoot dry weights were regressed
on total root lengths (tap plus lateral roots) (Table 3, Fig. 7).

The values of the regression coefficients were negatively
correlated with 8-year volumes especially among the north
coastal families (r values ranging from —0.46 to —0.80**,
Table 3). That is, superior volume producers tended to
have higher ratios of root to shoot relative growth rates,
producing proportionately greater root weights and lengths
with increase in shoot weights (Fig. 7). Commercial check
seedlings behaved like inferior families.

Discussion

These studies suggested that genetic differences in 8-
year volumes among loblolly pines families, may be fore-
seen, to some extent, by measuring the growth rates of
first-year seedlings at the right time in appropriate en-
vironmental or stress conditions. If these findings can be
repeated it may be possible to reject families with poor
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Figure 6. — Correlation coefficients for 9 north coastal North Carolina families

of Pinus taeda (e————e) and 7 south coastal North Carolina families

(O— — —O) between family mean seedling height growth rates during vary-

ing watering regimes (see Fig. 5), and their 8-year volumes (Table 1). Data for

the two water stress regimes shown with dots and broken lines in Fig. 5 have
been pooled.
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for each family. Regression coefficients given in Table 3. Families B and
D(¢------ ) were superior in volume at age 8 in progeny tests (Table 1).

early field performance at the seedling stage. There were
two important findings.

First, rankings in 8-year volumes could be crudely pre-
dicted (phenotypic juvenile-mature correlations r o 0.4)
from the height growth rates of first-year seedlings without
water or nutrient stress. The condition for this prediction
was that the seedlings were measured at least 7 weeks after
germination when their growth rates were no longer posi-
tively correlated with seed weights, but before the seed-
lings began to set buds. In both experiments I and II, and
in two other studies with different sets of 12—15 loblolly
pine families (CanneLL 1978 a')) family differences in rates
at which the seedlings grew from about 120 to 200 mm in
height (measured from the cotyledons to the tips of the up-
permost needles) accounted for at least 20% of the known
family variation in mean individual-tree volumes or heights
4 or 8 years after planting on various fertilized sites in
North Carolina and Arkansas.

Secondly, the above seedling growth/eight-year volume
correlations could be markedly improved by measuring
seedling growth rates under environmental stresses chosen
to mimic conditions believed to have influenced family dif-
ferences in eight-year volume in the field. Thus, high cor-
relations were obtained for the north coastal North Carolina
families by measuring seedling growth rates during periods
of mild water stress (experiments II and III). The north
coastal families had been progeny-tested on well-drained
sites where family differences in water stress avoidance
and tolerance were probably important. By contrast, the
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south coastal progeny-test site was virtually waterlogged
each winter, and had a water table nearer the surface
during each growing season. At that site, family differ-
ences in water stress responses may have had relatively
less effect on 8-year volumes. Accordingly, 8-year volumes
of the south coastal families were poorly correlated with the
growth rates of seedlings under water stress but were
highly correlated with the growth rates of well-watered
seedlings (Table 3). These results were repeatable, and sug-
gested that there were genotype-site interactions between
well and poorly-drained sites in coastal North Carolina.
Such interactions have been found using unpublished
Weyerhaeuser Company data for other loblolly pine fam-
ilies.

The physiological basis for the family differences in
seedling water stress responses were not investigated
directly. But the studies on root-shoot relationships sug-
gested that the superior north coastal families, which grew
well when water was withheld, may have avoided stress by
producing greater rocot masses and lengths in proportion
to their shoot weights. Family differences in root resis-
tances to water uptake could have been important in the
peaty medium used in experiments II and III which con-
tained 40—60% water by weight at —5 to —10 atmospheres.
The variation among the north coastal families in seed-
ling shoot-root regressions was negatively related to their
8-year volumes (Table 3, r = —0.46 to —0.80**), and nega-
tively related to their growth rates under water stress (r =
—~0.5). This was much less true for the south coastal fam-



ilies (Table 3). It is claimed by some authors (Lepic et al.,
1970; Wareing and Patrick 1975) that inherent functional
relationships described by root-shoot allometric coefficients
can be stable with age over a wide range of environments
in conifers. If so, it is possible that the high volume pro-
ducing north coastal families owed their superiority on
their well-drained site to their ability to produce extensive
root systems rapidly after planting, capturing surrounding
nutrient and water resources at the expense of competing
vegetation. That is, they may have been good ‘isolation’ and
‘competitive’ genotypes (Cannerr 1978). This is contrary to
the expectations of Lepic et al. (1970) and Lepic (1975) who
assumed that families with high shoot-root regression coef-
ficients would grow fastest, because they would reinvest a
larger proportion of their assimilates in shoots and photo-
synthetic capital. This did not seem to be true even on the
very wet south coastal site.

Shoot-root dry weight regressions provided a useful
second trait for early genetic evaluation. When combined
in multiple correlations with seedling growth rates of either
well-watered or water stressed seedlings, 89% and 92% of
the variation in 8-year volumes was accounted for among
the north and south coastal families, respectively.

There are a few points for concern. First, the commercial
check seedlings often grew equally as much as the superior
families, even under water stress (Table 3). The commercial
check seedlings were not unusually small, compared with
the Arkansas/Oklahoma population for instance, and they
did not germinate particularly poorly. Secondly, the rank-
ings of families G and O were different under water stress
in experiments II and III. Thirdly, the correlations be-
tween the growth rates of well-watered seedlings of north
coastal families and 8-year volumes were poorer in experi-
ment II (Fig. 6) than in experiment I (Table 3). And fourth-
ly, we have re-examined StonecypHER et al.’s (1965) data on
loblolly pine and can find little relationsship between seed-
ling shoot-root dry weight regressions and 8-year volumes
of their full-sib families growihg in Georgia. However, in
our view, these inconsistencies do not invalidate the weight
of evidence in support of our conclusions.

There is little evidence from our observations of bud-set
that high volume producing families selected within coastal
North Carolina had prolonged seasonal periods of growth.
Loblolly pines can grow considerably during the winter
(Barney 1951; Perry 1971; StraIN et al. 1971) and rates and
durations of winter bud development were not recorded.
However, no significant family differences could be found
in rates of height growth of small seedlings (sown 25 Au-
gust) placed in progressively cooler, shorter-day, controlled
environments, or placed outside in October-November
(CaNNELL 1978 b)%).

The influence of seed weights (and other maternal fac-
tors) on early seedling growth decreased as the seedlings
aged. This was assumed to be the reason why, towards the
end of the first year, family rankings in seedling height
growth rates (with or without water stress) began to reflect
inherent differences in future field performance. It is im-
portant to realize, however, that mean family seed weight/
plant size correlations remained positive until the end of
the first year, because inherent differences in seedling
growth rates and water stress responses had not had time
to override the early effects of seed weights. In many

5) CanneLL, M. G. R., 1978 b. Genetic variation in seasonal growth
phenology within Pinus taeda L.: literature review and seedling
studies on dates of bud-set. Unpublished Weyerhaeuser Company
Technical Report, 042-3206/78/15.

progeny tests these early effects may persist for 1—2 years
after outplanting, and in some circumstances for much
longer (e.g. BarBer and Haverseke 1961, ZarGer 1965, PerrY
1976).
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Free or Lammas Growth and Progeny Performance in Picea sitchensis
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Summary

Free growth is an efficient mode of leader growth ex-
pressed most by young trees of southerly provenances of
Picea sitchensis, and to varying degrees by different open-
pollinated progenies. With free growth, the stem units
(needle internodes) are elongated sooner, become longer,
and fewer are used to produce bud scales. Progenies which
produced large amounts of free growth at a favourable site
in Britain tended to improve their height rankings during
the first six years after planting. These were progenies of
plus trees selected within particular plantations in Britain,
which were considered to be of southerly provenance. Some
of these progenies performed outstandingly at the favour-
able site and selection for such ‘responsive’ progenies could
be improved by selecting for an ability to produce free
growth. At two less favourable sites, free growth produc-
tion had little influence on progeny height rankings. How-
ever, progenies which were better-adapted to the poorest
site were among those that were least able to produce free
growth. These were progenies of plus trees in other partic-
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ular plantations in Britain which were considered to be of
more northerly provenance.

Thus, free growth was considered a useful criterion to
select (or reject) progenies which contributed to genotype X
site interactions. But it was not a reliable criterion to select
for good general performance at a range of sites. Free
growth was not necessarily associated with greater leader
growth or stem unit production.

Key words: Free growth, genotype X environment interaction,
physiological-genetics, progeny evaluation.

Zusammenfassung

Freies Wachstum oder Johannistriebbildung und die Wiich--
sigkeit von Nachkommenschaften von Picea sitchensis.
~Freies Wachstum® ist eine effiziente Weise des Haupt-

triebswachstums, welches liberwiegend bei jungen Biumen

stidlicher Herkliinfte von Picea sitchensis, aber auch in un-
terschiedlichem MaBe bei verschiedenen Nachkommenschaf-
ten, beobachtet wurde. Beim freien Wachstum strecken sich
die Stammeinheiten (Nadel-Internodien) bereits eine

Wachstumsperiode frither. Diese werden insgesamt ldnger

und es werden weniger verbraucht, um Knospenschuppen zu

bilden. Nachkommenschaften, die an einem glinstigen

Standort an der schottischen Westkliste groflere Anteile

freien Wachstums produziert hatten, zeigten die Tendenz,

ihren Rang hinsichtlich des Hohenwachstums im Laufe der

Silvae Genetica 27, Heft 6 (1978)



