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The relationship between the condition of bare-rooted 2-year-old seedlings of Sitka
spruce and larch at the time of planting and their survival and growth after 2 years was
examined. Data were analysed for 2 experiments using seedlings lifted and stored at
+1°C throughout the winter for planting in April and also for 2 experiments using
seedlings planted directly on different dates without cold storage. Electrolyte leakage
from the fine roots of spruce was closely correlated to survival following direct planting
at different times from September to April and fine root leakage was a more accurate
indicator of spruce performance than root growth potential. However the pattern of larch
survival of directly planted stock was more closely related to root growth potential than
to root leakage. When seedlings were cold-stored, root electrolyte leakage and root
growth potential were modified during storage and following cold storage, the perform-
ance of both species was more closely related to root electrolyte leakage than root
growth potential. These results are interpreted as meaning that successful establishment
of bare-rooted seedlings requires a functional nursery root system that is capable of both
supplying adequate water for a limited period immediately after transplanting and of
producing roots to meet the seedling’s increased water demand later in the growing
season.
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1 Introduction

There are many ways of assessing the potential
of tree seedlings to survive and grow well after
transplanting from nursery to forest. Ritchie
(1984) organised these into material attributes,

which can be measured directly, and perform-
ance attributes, which are measures of the per-
formance of whole seedlings when subjected to
specified test conditions. Material attributes in-
clude bud dormancy, water status, mineral nutri-
tion, carbohydrate status, morphology and levels
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of growth regulators and enzymes while per-
formance attributes include vigour, root growth,
frost hardiness and seedling temperature. Since
then methods of assessing plant quality have
been described and evaluated, for example Du-
ryea (1985) and Rose et al. (1990).

Root growth potential (RGP), or root growth
capacity, is one of the most commonly used
tests; it is defined as the seedlings’ ability to
grow roots when placed in a favourable environ-
ment. Ritchie and Dunlap (1980) found that 85
% of the 26 papers they reviewed showed a
positive correlation between RGP and field per-
formance and Ritchie and Tanaka (1990) found
that, of 12 studies published in the intervening
years, 75 % showed a positive relationship.

The ability of cell membranes to control the
rate of ion movement in and out of cells is used
as a test of damage to a great range of tissue
samples from seeds (Sahlén and Gjelsvik 1993)
and bulbs (Bonnier et al. 1994) to roots (McKay
1994), needles (Burr et al. 1990) and stem (Dean
et al. 1995) following exposure to a wide range
of environmental conditions including frost
(Green and Warrington 1978, van den Driessche
1976), desiccation (Martin et al. 1987) and high
temperatures (Binder and Fielder 1995). The rate
of electrolyte leakage from needles or shoots has
been used to determine frost hardiness (eg Co-
lombo and Hickie 1987, Murray et al. 1989).
More recently, Bigras and Calmé (1993) con-
cluded that it was the best test to estimate dam-
age to the root system a short time after simulat-
ed freezing of black spruce seedlings (Picea mari-
ana (Mill.) B.S.P.). Electrolyte leakage from the
fine roots of Sitka spruce (Picea sitchensis
(Bong.) Carr.), Douglas fir (Pseudotsuga men-
ziesii (Mirb.) Franco), and Japanese larch (Larix
leptolepis (Sieb. and Zucc.) Gord.) was highly
correlated to both survival and height growth
after 2 growing seasons (McKay 1992); bare-
root seedlings had been cold-stored at +1°C for
various durations and seedlings were tested at
the end of the cold storage period.

This paper describes two cold-storage experi-
ments and two experiments using directly-plant-
ed stock. In all these experiments seedlings were
lifted at intervals from Wykeham Research Nurs-
ery during the winter and cold-stored (1°C) or
directly planted within 24 h on second-rotation

sites on the North York Moors. Root electrolyte
leakage and RGP, measured on a subsample of
plants, were related statistically and graphically
to survival and growth after two years. Although
a range of conifers was included in these experi-
ments, this paper is restricted to Sitka spruce and
larch (Japanese larch and its hybrid with Euro-
pean larch (L. eurolepis)) to contrast an ever-
green and deciduous conifer. The objective of
this paper was to investigate the relationship be-
tween seedling performance and the physiologi-
cal indicators REL and RGP measured at the
time of planting contrasting a deciduous and ev-
ergreen conifer and cold-stored and directly-
planted stock.

2 Methods

2.1 Nursery Phase

Plants were raised at Wykeham Research Nurs-
ery, NE England (0°32’W, 54°16’N). The nurs-
ery is 215 m above sea level with an annual
precipitation of 760 mm. Sitka spruce of Queen
Charlotte Islands origin and Japanese larch of
unknown seed origin were used for a cold-stor-
age experiment in 1989–1990, both a cold-stor-
age and a direct-planting experiment in 1990–
91, and a direct-planting experiment in 1991–92.
The second direct-planting experiment also in-
cluded hybrid larch from seed collected from a
seed orchard with equal numbers of Japanese
and European larch clones. Two-year-old seed-
lings were raised in an open nursery using a
regime of precision sowing, undercutting and
wrenching (Mason 1994). In both years, seed-
lings were first undercut in late June or early
July, side cut 2 weeks later and then wrenched at
two-weekly intervals until early October.

In 1990, plants were lifted and planted within
2 days on 8 dates at two-week intervals from 4
September to 11 December. In the following
year, there were 13 lifting and planting dates
from 1 October to early April. Plants for cold-
storage were lifted on 9 dates between 1 October
1989 and 28 February 1990 and on 8 dates be-
tween 13 November 1990 and 12 March 1991.
In both cold-storage experiments, seedlings were
removed from cold storage and planted in early
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April along with seedlings freshly lifted in early
April. On each lifting date, plants were carefully
removed from 4 randomly located positions along
each nursery bed. Plants were sealed in co-ex-
truded black and white polythene bags. Directly-
planted seedlings were planted within 24 h of
lifting. Cold-storage plants were placed in the
dark at 1°C. Plants for testing were sent over-
night to the Northern Research Station.

Meteorological data (total monthly precipita-
tion, mean monthly air temperature, maximum
and minimum air temperature to occur in the
month, and mean monthly soil temperature re-
corded at 9.00 am) were obtained from a nearby
station (High Mowthorpe, 00°38'W, 56°06'N,
175 m altitude). Data are relevant to seedlings in
both the nursery and in the planting sites.

2.2 Outplanting Experiments

2.2.1 Sites

The site used in 1990 (0°31'W, 54°16'N) had
been clear felled in 1988–89 and ploughed with
a double mould board plough to a depth of 45 cm
and disturbed to a further 15 cm with a tine (D45
T60) in January 1990. The site was flat, sloping
slightly to the south, with an elevation of 155 m
and annual precipitation of 788 mm. An iron pan
soil had developed over lower calcareous grit of
jurassic age. The vegetation regrowth, mainly
brambles (Rubus fruticosa agg L.), birch (Betula
pendula Roth.) and oak (Quercus robur L.), was
controlled by glyphosate and handweeding. Un-
ground rock phosphate was added at 450 kg ha–1

in July 1991. The planting site used in 1991–92
had been clearfelled in 1989 following gale dam-
age and ploughed (D45 T60) in August 1991.
There was a 7° slope to the west with an eleva-
tion of 190 m. Iron pan soils had developed over
a soft limestone lithology. Cultivation gave good
vegetation control and no further control was
necessary; no fertiliser was added.

2.2.2 Assessments

Height was measured at planting and after one
and two growing seasons. Survival was assessed

after one and two growing seasons in November
to February. Spruce was considered alive if any
green needles were present even if the leading
shoot had died back. Larches were considered
alive if the buds were well formed and the stem,
when scratched, was green. Because of this as-
sessment method, it is possible that trees classi-
fied as not surviving the first growing season
may regrow in the second year and also that first
year growth may be negative.

2.3 Physiological Tests

2.3.1 Root Growth Potential

The height and root collar diameter of each seed-
ling were measured and the root system was
sandwiched between moist peat contained in a
long, 3-sided growth box and a clear acrylic
panel which formed the fourth side following
the method of Tabbush (1988). Each box was
stacked at a slight angle against another box to
exclude light and encourage root growth against
the clear viewing panel. Seedlings were grown
for 2 weeks at a temperature of 20°C, a relative
humidity of 75 % and a photon flux density of
350µmol m–2 s–1 for a 16 h day. The total number
of new roots longer than 1 cm was counted for
each seedling. At lifting, 20 replicates were used
but, because of limited growth room space, only
16 replicates were used for seedlings coming out
of cold-store.

2.3.2 Root Electrolyte Leakage

Electrolyte leakage from fine roots (ie < 2 mm
diameter) was determined using the relative con-
ductivity method of Wilner (1955, 1960) as mod-
ified in McKay (1992). Root material was washed
in cold tap water to remove soil and rinsed in
deionized water to remove surface ions. The cen-
tral root mass of each plant was sampled, in this
case by removing a 2 cm wide band of roots at a
distance of approximately 8–10 cm from the root
collar. Samples were taken at random from the
band of roots. Sample fresh weight ranged from
100 to 500 mg. Individual samples were added
to 28-mL universal glass bottles containing 16
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mL distilled water of a known conductivity. The
bottles were capped, shaken, and left at room
temperature for 24 h. The bottles were shaken
again, and the conductivity of the bathing solu-
tion was measured using a conductivity probe
with in-built temperature compensation. Sam-
ples were killed by autoclaving at 110°C for 10
mins. When the samples had cooled to room
temperature the total conductivity of each sam-
ple was measured. The 24 h conductivity was
expressed as a percentage of the value after auto-
claving, having first subtracted the distilled wa-
ter conductivity value from both. At lifting, 15
replicates were used but after storage only 10
replicates were used because of the quantity of
material to be tested.

2.4 Statistical Analysis

The relationship between performance (survival
and height increment in the first and second years)
and the physiological measurements (REL and
RGP) was investigated separately for each ex-
periment and species by fitting linear and (if
necessary) quadratic functions. When both were
necessary, the linear and quadratic functions were
fitted in orthogonal form. The quadratic term
then indicates the amount and direction of cur-

vature in the relationships, while the coefficient
of the linear term gives the amount and direction
of the linear trend combined with the curvature.

3 Results

Climate prior to lifting is expected to affect the
seedlings’ cold hardiness and water and carbo-
hydrate status when they are lifted for direct
planting or cold storage. All three winters at a
nearby meteorological station had a decline in
mean air temperature from 12–13°C in Septem-
ber to 4°C in December with at least 20 mm
rainfall per month (Table 1) so conditions were
conducive to hardening. The lowest air tempera-
tures were around –9°C which were unlikely to
cause shoot damage to Sitka spruce (McKay and
Mason 1991) or larch (McKay and Morgan in
prep). Soil temperatures followed air tempera-
tures and temperatures in the rooting zone were
unlikely to cause damage (McKay 1994). How-
ever January and February 1990 were mild and
soil temperatures were probably high enough to
allow active root growth. Climate after planting
is expected to affect the stress experienced by
the seedling and may influence the relationship
between indicators and performance within and
between years. Low temperature per se was un-

Table 1. Total monthly precipitation (mm), mean monthly air temperature at 1 m in a Stevenson screen and soil
(30 cm depth) temperature (°C), and the maximum and minimum temperature to occur in the month at High
Mowthorpe. (NA = not awailable)

Month 1989–90 1990–91 1991–92
Temperature Precipi- Temperature Precipi- Temperature Precipi-

Mean Max Min Mean tation Mean Max Min Mean tation Mean Max Min Mean tation
Air Air Air Soil Air Air Air Soil Air Air Air Soil

September 13.6 24.1 6.1 13.6 20 11.9 23.0 3.7 12.9 35 13.5 22.8 3.5 14.4 30
October 10.4 16.9 2.4 10.8 57 10.9 19.8 2.8 10.8 74 9.1 16.8 0.3 10.0 64
November 5.8 12.6 –1.6 7.0 39 5.9 14.3 –0.8 6.8 65 6.1 15.1 –3.4 NA 86
December 3.7 10.6 –3.6 4.6 75 3.6 10.8 –0.7 4.0 102 3.8 12.3 –9.1 4.4 32
January 5.1 13.3 –0.5 4.8 75 1.9 10.9 –3.2 2.1 49 3.0 11.4 –4.6 3.7 34
February 5.5 14.4 –1.6 4.8 68 0.8 11.9 –8.7 NA 87 4.5 11.9 –5.8 3.6 33
March 6.9 17.8 –4.6 5.9 17 7.1 17.9 –2.4 5.9 51 5.6 13.4 –1.2 5.6 85
April 6.9 20.4 –4.5 7.2 17 6.4 16.6 –1.8 7.0 34 7.4 16.6 –0.7 7.3 63
May 10.7 21.7 1.1 11.8 33 9.1 17.6 1.7 9.6 12 11.3 23.7 2.0 11.4 12
June 12.4 21.0 5.3 13.4 127 10.7 18.7 1.2 11.4 70 14.7 25.6 7.1 15.0 48
July 14.8 27.1 4.3 15.6 27 16.3 26.3 8.5 15.9 31 14.9 23.3 7.1 15.7 95
August 16.9 33.2 7.2 16.5 33 16.3 25.4 6.5 16.2 9 14.5 22.3 6.1 15.0 74
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likely to cause damage (McKay and Mason 1991,
McKay 1994, and McKay and Morgan in prep).
However, in April 1990, the combination of
–4.5°C and low rainfall may have lead to exces-
sive water loss especially if they coincided with
strong winds; this would apply to all cold stor-
age treatments since they were planted out with-
in a few days of one another. Conditions seemed
favourable for all directly planted seedlings in
September to December 1990 but it is possible
that, during the following winter, seedlings plant-
ed in December, January and February may have
been exposed to a stressful combination of low
temperatures and low rainfall leading to exces-
sive water loss.

3.1 Direct Planting

3.1.1 Sitka Spruce and Japanese Larch
Planted between Early September and
Mid- December, 1990

Sitka spruce survival was closely and negatively
related to REL; non-linear regressions between
REL and first and second year survival explained
98 and 84 % of the variation with P < 0.001 and
0.004 respectively (Table 2). Survival was not
significantly related to RGP over this period.

Height growth in general was not closely related
to either indicator.

Japanese larch survival and height growth were
closely related to REL, especially when non-
linear relationships were used; REL accounted
for 87 % (P = 0.002) and 69 % (P = 0.024) of the
variation in first and second year survival re-
spectively (Table 2). REL was negatively related
to survival and first year height growth but was
positively related to growth in the second year
and over the 2 years after planting. Survival and
first-year growth were not related to RGP over
this period though second-year and total height
growth were positively related to RGP, which
explained 75 % of the variation in total height
growth. Although there was no significant statis-
tical relationship between larch survival and RGP,
there were some similarities in their patterns (see
Fig. 1).

3.1.2 Sitka Spruce, Japanese Larch and
Hybrid Larch Planted between Late
September 1991 and Early April 1992

Growth of Sitka spruce was not related to either
REL or RGP but survival was related to REL
especially when non-linear regressions were used
and to RGP when non-linear regression were

Table 2. The significance and correlation coefficients of the relationship between physiological indicators (REL
and RGP) measured at the time of planting and the performance of stock planted without storage during
1990. The significance and correlation coefficients of quadratic relationships are given only where they
were more highly significant than linear regressions.

Sitka spruce Japanese larch
REL RGP REL RGP

Linear Quadratic Linear Quadratic Linear Quadratic Linear Quadratic

Year 1
Survival .078, 33.5 <.001, 98.0 ns .031, 49.7 .002, 87.3 ns
Height increment ns ns .030, 50.2 .006, 81.6 ns
Height increment % ns ns .031, 49.6 .005, 82.9 ns

Year 2
Survival ns .004, 84.0 ns ns .024, 68.7 ns
Height increment ns ns .014, 60.5 .013, 75.5 ns .020, 68.5
Height increment % .019, 56.3 ns <.001, 85.3 <.001, 90.0 ns

Total height increment ns ns ns .011, 63.8 .010, 74.9
Total height increment % ns ns .040, 60.7 .044, 44.3 .024, 68.7 .041, 45.4 .030, 64.2
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used (Table 3). Over the whole planting season
REL explained more of the variation in second
year survival than RGP (67 vs 57 % respective-
ly) and the pattern of REL resembled the surviv-
al pattern more closely than RGP (Fig. 2).

Growth of Japanese larch was not significant-
ly related to either REL or RGP. Survival was
closely related to REL especially the non-linear
relationship which explained 65 % of the varia-
tion in survival after 2 years. Hybrid larch sur-
vival or growth were not significantly related to
REL. RGP explained some of the variation in
height growth in the first year and in second year

survival. The pattern of larch survival reassem-
bled the pattern of RGP. Both had peaks in au-
tumn and spring with lower values during mid-
winter.

Fig. 1. The mean survival after 2 growing seasons, root
electrolyte leakage and root growth potential meas-
ured at the time of planting of Sitka spruce () and
Japanese larch (■) planted without storage in 1990.

Fig. 2. The mean survival after 2 growing seasons, root
electrolyte leakage and root growth potential meas-
ured at the time of planting of Sitka spruce (),
Japanese larch (■), and hybrid larch (▲) planted
without storage in 1991–92.
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3.2 Cold Storage of Sitka Spruce and
Japanese Larch

3.2.1 Storage at +1°C on Different Dates
from Early October 1989 to Early
March 1990 with Planting in Early
April

Sitka spruce survival and height growth were
significantly, negatively related to REL at the
end of cold storage (Table 4 and Fig. 3). The
relationship between survival and REL was par-
ticularly close. A non-linear relationship ex-
plained a higher proportion of the variation in
survival and height increment than linear rela-
tionships. Survival and first-year height growth
were not significantly related to RGP and RGP
explained a slightly smaller proportion of the
variation in total increment than REL. For these
reasons, REL was a better indicator of Sitka
spruce performance in this experiment.

The survival and first-year height growth of
larch were significantly negatively related to REL
at the end of storage (Table 4). Non-linear rela-
tionships explained more of the variation than
linear regressions. Height growth in the second
year and total 2-year increment when expressed
as proportions of initial height were not general-
ly influenced by REL. RGP was not related to
survival or first-year growth. Although RGP was

significantly related to second-year and total
height increment it explained < 45 % of the vari-
ation. Consequently, REL was generally a better
indication of Japanese larch performance after
storage than RGP.

3.2.2 Storage at +1°C on Different Dates
from Mid-November 1990 to Mid-
March 1991 with Planting in Early
April

Both species established well over these storage
dates, for example the range in survival of Sitka
spruce and Japanese larch was 88–100 % and
89–97 % respectively while the range in their
total height increment was 51–64 cm and 62–87
cm respectively, and neither REL or RGP at
planting was related to performance.

3.2.3 Changes in REL and RGP during Cold
Storage

In 1989 the REL rates of both species lifted in
October for cold storage increased during stor-
age indicating deterioration (Fig. 3). The deteri-
oration decreased with later storage dates and by
storage dates in mid-winter there was no signifi-
cant difference (P < 0.001) between REL before

Table 4. The significant and correlation coefficients of the relationship between physiological indicators (REL
and RGP) measured at the time of planting and the performance of stock after storage at +1°C and planting
in April 1990. The significance and correlation coefficients of quadratic relationships are given only where
they were more highly significant.

Sitka spruce Japanese larch
REL RGP REL RGP

Linear Quadratic Linear Quadratic Linear Quadratic Linear Quadratic

Year 1
Survival <.001, 97.3 <.001, 98.3 ns .001, 75.3 <.001, 89.4 ns
Height increment .002, 73.6 ns .019, 50.9 .013, 68.8 ns
Height increment % .003, 70.0 ns .015, 5.6 .009, 71.9 ns

Year 2
Survival <.001, 97.3 <.001, 98.1 ns .005, 65.8 <.001, 90.4 ns
Height increment ns .036, 41.7 ns .029, 44.8
Height increment % ns ns ns ns

Total height incremen .028, 45.1 .014, 67.8 .039, 40.5 .028, 45.5 .018, 65.4 .041, 39.8
Total height increment % .037, 41.0 .021, 63.0 .037, 41.3 ns .033, 43.1
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and after storage in either 1989–90 or 1990–91.
In fact, in some cases the leakage levels after
storage were slightly less than those at lifting.

The RGP of spruce was lower after storage for
almost all storage dates than at lifting (Fig. 3)
but the patterns before and after storage were
generally similar. In contrast, the RGP pattern of

larch altered during storage. The peaks evident
in stock lifted in autumn and spring declined
while the low mid-winter values of directly lift-
ed stock increased slightly. Consequently the
double peak patterns of freshly lifted larch was
not evident after cold-storage.

4 Discussion

The survival and in a few cases height growth of
Sitka spruce was closely related to REL meas-
ured at planting in stock that was both directly
planted and cold stored. This has been observed
in other experiments with evergreen conifers
which differed in the quality of their fine roots
because of cold storage (McKay and Mason 1991,
McKay 1993), and desiccation (McKay and
White 1996). In one of the present experiments,
survival was also significantly related to RGP
but even in this instance, non-linear regressions
of RGP explained a smaller proportion of the
variation in second-year survival than REL (57
vs 67 %).

The present finding that survival of both larch
and spruce after storage was more closely relat-
ed to REL than RGP may be explained as fol-
lows. The primary cause of transplanting shock
is water stress (Blake and Sutton 1987, Gross-
nickle 1988) and it is frequently stated that water
stress after transplanting is overcome by root
growth (Burdett 1988). Soil temperatures during
the planting season are normally sub-optimal for
root growth and may even be lower than the
minimum for root growth which ranges from 2
to 5°C depending on species (Tabbush 1986,
Coutts and Philipson 1987). Tabbush (1986) has
shown that Sitka spruce at 8°C produced only 2
roots longer than 1 cm in 18 days and less than
20 roots in total after 10 days at 8°C. Therefore,
in the period immediately after planting, the seed-
ling must rely on water uptake via its existing
root system. Electrolyte leakage is an index of
the semi-permeable properties of cell membranes
(Palta et al. 1977); if fine roots are capable of
maintaining a low level of electrolyte leakage it
is probable that they will also be capable of
water uptake. As water demand increases during
spring because of the increase in needle area and
evapotranspiration, the original root system may

Fig. 3. The mean survival after 2 growing seasons and
root electrolyte leakage and root growth potential
measured after cold storage of Sitka spruce ()
and Japanese larch (■) planted in April 1990 after
storage at +1°C on different dates in 1989–90.
Mean root electrolyte leakage and root growth
potential at lifting of Sitka spruce () and Japa-
nese larch are also shown (■■). Values before and
after storage can be compared using the 95 %
confidence intervals of 3.1 for REL and 3.9 for
RGP.
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not supply sufficient water; the transplanted seed-
ling then relies on root growth. Root growth
enhances water absorption by i) increasing the
surface area of unsuberized roots ii) providing
access to a larger soil volume and iii) improving
root-soil contact (Burdett 1988). Both Sitka
spruce (Philipson 1988) and larch, as demon-
strated in RGP tests, are capable of producing
some roots from stored carbohydrate so root
growth is not entirely dependent on maintaining
sufficient water levels to allow photosynthesis to
proceed. Nevertheless, root growth is faster when
photosynthesis is possible (Philipson 1988). The
present cold storage results suggest firstly that,
immediately after planting, the condition of the
existing root system is of greater importance
than the plant’s potential to produce roots and
secondly, provided root condition is adequate to
support vital processes during the early stages of
establishment, root growth in time influences
survival and growth.

The survival and growth of Sitka spruce plant-
ed throughout the winter was also more closely
related to REL than RGP. Clear seasonal pat-
terns in REL were evident in the present experi-
ments; leakage rates were high in early winter
and decreased to a minimum for some period
between mid-December and mid-January with a
very gradual increase in spring. This general
trend has been found in a range of evergreen
conifers over 7 years (see McKay and Mason
1991, McKay 1993, McKay 1994 and unpub-
lished data) and appears to reflect an intrinsic
response of plants to the overwinter environ-
ment in the same way as RGP periodicity has
been related to season (Ritchie and Dunlap 1980).
The pattern is so consistent that it is unlikely to
result from differences in damage in the same
way as high leakage values of plants stored early
or for long periods reflect cell membrane dam-
age. I suggest instead that seasonal changes in
the REL at lifting are due to some aspect of the
molecular changes that plasma membranes un-
dergo during cold acclimation. In most plants
there are qualitative changes in membrane pro-
teins (Yoshida and Uemura 1990) and, since
proteins constitute the specific carriers and chan-
nels in the plasma membrane which mediate
movement in and out of cells (Larsson et al.
1990), any such changes are likely to influence

the leakage rate of undamaged cells. There are
also many changes in lipid composition associ-
ated with freezing tolerance in particular an in-
crease in the relative content of phospholipids
(Yoshida and Uemura 1990) which may also
affect membrane permeability. It is not clear
how such protein and lipid changes might influ-
ence survival; it seems more probable that REL
and survival are linked indirectly rather than cas-
ually related. It is possible that seedlings with
high RELs in autumn have still active cell divi-
sion and expansion and are more easily damaged
than seedlings later in the year when RELs have
decreased.

There were marked similarities in the pattern
of survival and of RGP for freshly lifted larch. In
mid-winter survival was apparently reduced by
low RGP even though the existing root system
was in good condition and should have been
capable of taking up limited amounts of water.
The present similarity between larch RGP and
survival suggests that, in mid winter when root
growth would be negligible, the nursery root
system of larch was insufficient to supply water
to meet the needs of larch in exposed, windy and
comparatively dry sites. Water loss through the
periderm depends on its structure and the densi-
ty and permeability of the lenticels and in sum-
mer is only about 1 % of the potential evapotran-
spiration (Larcher 1995). However no figures
are available for young larch in winter.

In mid winter, larch did not, even in favoura-
ble growth room conditions, produce roots even
though the low REL indicated that the cell mem-
branes had not been ruptured and were able to
control ion movement. It seems unlikely that the
double peak pattern could be caused by fluctua-
tions in either current or stored carbohydrate.
These points suggest that, in mid winter, larch
roots are undamaged and probably have suffi-
cient starch reserves but are not stimulated to
produce roots. Initiation of new root primordia
follows a stimulus originating in the shoot which
is transported in the phloem (Ritchie and Dunlap
1980). There is some evidence the stimulus for
root initiation in Douglas-fir (Pseudotsuga men-
ziesii (Mirb.) Franco.) and red pine (Pinus resin-
osa Ait.) come mainly from the needles (see
Ritchie and Dunlap 1980) but there is no infor-
mation available for larch.
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In conclusion, differences between larch and
spruce suggest that the establishment of bare-
rooted seedlings has 2 phases and that successful
establishment requires a nursery root system that
is both capable of supplying adequate water im-
mediately after transplanting for a limited period
and producing roots to meet the increased water
demand later in the growing season.
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