
Abstract To determine the effect of shade on morphology, growth and biomass
allocation in Picea sitchensis, Larix · eurolepis and Thuja plicata, seedlings were
grown in the open or under shadehouses providing 25%, 50% and 75% reductions of
full-light for two growing seasons. For most of the characteristics assessed there was
no significant interaction between species and shade indicating that the morpho-
logical responses to changing shade treatments were not species-dependent. After
two growing seasons the mean height increment for the three species was signifi-
cantly greater in 25% (76.1 cm) and 50% shade (74.9 cm) than in the open
(69.5 cm). Root collar diameter increment, shoot, root and total biomass declined
significantly with increasing shade while the opposite was true for the height:diam-
eter ratio. In both western red cedar and hybrid larch the shoot:root ratio was
significantly greater in the shade while in Sitka spruce this characteristic was not
influenced by shade. While all species had significantly greater specific shoot areas in
75% shade than in 0% shade, this trend was particularly pronounced in hybrid larch.
In hybrid larch and western red cedar, the normalised specific projected shoot area
increased significantly with increasing shade. The opposite trend was observed for
Sitka spruce. We conclude that in the main the species studied demonstrated similar
shade acclimation responses despite their reported differences in shade tolerance.

Keywords Shadehouses Æ Height increment Æ Root collar diameter increment Æ
Specific shoot area Æ Shade tolerance

Introduction

In Ireland, the majority of forests are managed under the clearfell system. However,
Ireland’s commitment to sustainable forest management and society’s desire for a

S. Kennedy Æ K. Black Æ C. O’Reilly Æ Á. N. Dhubháin (&)
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broader range of forest management options has led to increased interest in con-
tinuous cover forestry and hence in alternative silvicultural systems to clearfelling.
The alternative systems currently being considered in Ireland include the shelter-
wood systems and the group selection system. A common feature of these systems is
that a young stand develops under the canopy of an older stand which influences the
amount of light available to the understorey species. To date, the process of con-
verting forests currently managed under the clearfell system in Ireland to continuous
cover forestry has only commenced in a limited number of stands. One of the main
difficulties that forest managers face in choosing which system to implement and
what silvicultural management to subsequently undertake is the lack of information
on how some of the commonly planted tree species in Ireland will grow in the shaded
conditions that prevail in silvicultural systems that deliver continuous cover forestry.

The shade tolerance of a tree species is a function of a species’ ability to efficiently
capture and use limiting light resources and thereby optimise the whole-plant carbon
balance in shade (Khan et al. 2000). This is achieved through a combination of
morphological and physiological adaptations. Thus tree species characterised as
being shade-tolerant or light-demanding exhibit differing morphological and physi-
ological responses along a light availability gradient (Chen et al. 1996) and the
responses to shade may be indicative of how a species copes and survives as light
becomes limiting (Van Hees and Clerkx 2003). Plants usually respond to decreasing
light availability by reducing growth (Givnish 1988; Wang et al. 1994). Height
increment, for example, decreases with shade, but the rate of decline is usually less in
shade-intolerant species than in shade-tolerant species (Walters et al. 1993; Chen
et al. 1996). This has been attributed in part to the tendency of some shade-tolerant
species to sacrifice height growth in the shade in favour of branch elongation
(Kimmins 1987). The strategy inherent in shade-intolerant species is to increase
height growth in an attempt to out-compete neighbouring plants and improve their
chance of light interception in the open. However, in the shade, this strategy is
costly, as it requires more energy in an already light limited environment to maintain
the increasing proportion of non-photosynthetic tissues (Messier et al. 1999; Claveau
et al. 2002).

Specialisation for functioning in shade has also been reported to include an in-
crease in shoot:root ratios (S:R ratios) and height:diameter ratios (H:D ratios), since
as light decreases plants allocate more biomass to the above-ground structures
especially leaves, to increase photosynthetic leaf area (Wang et al. 1994; Chen 1997;
Van Hees and Clerkx 2003; Robakowski et al. 2004). Changes to the structure of
leaves with changing light availability have also been noted. Many studies have
found that shade-tolerant species exhibit a greater capacity to change leaf structure
than shade-intolerant species (Chen et al. 1996). These changes in leaf structure can
involve the development of greater leaf area per leaf dry mass (specific leaf area) by
decreasing the number and size of the palisade cells (i.e. leaf thickness) and
decreasing the leaf stomata density (Chen and Klinka 1996; Fownes and Harrington
2004; Robakowski et al. 2004).

The objective of this study was to examine under controlled conditions the impact
of shade on morphology, growth and biomass allocation in Sitka spruce (Picea
sitchensis (Bong.) Carr.), hybrid larch (Larix · eurolepis, Henry) and western red
cedar (Thuja plicata, Donn ex D. Donn). In these controlled conditions seedlings of
the three species were exposed to different shade levels but other resources such as
water and nutrients were kept at almost the same levels for all treatments. In a forest
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understorey the response to changing light levels is influenced by the availability of
other resources (Kimmins 1987). In this study the aim was to separate the effects of
these confounding factors and focus only on the response to changing light conditions.

The species chosen for study are, or will be, among the conifer species most
commonly planted in Ireland and they vary in their reported shade tolerance. In
Ireland, the forest estate is dominated by Sitka spruce, which accounts for 60% of
the annual afforestation programme. This species has been variably classed as light
demanding (Savill 1992; Horgan et al. 2003); as intermediate in its light requirements
(Mason et al. 1999) or as shade-tolerant (Wenger 1984). Hybrid larch, which is
described as light demanding (Savill 1992; Wenger 1984; Mason et al. 1999; Horgan
et al. 2003), has accounted for a significant component of the planting programme in
recent years, where it is mainly used for landscape and amenity purposes. Western
red cedar, which is considered to be shade-tolerant (Wenger 1984; Mason et al. 1999;
Horgan et al. 2003), is currently only a minor species in Irish forestry but its
importance is set to increase. These classifications are based, in most instances, on
the traditional categorisation of tree species into shade tolerance classes based on
the silvics of the species rather than on specific research trials evaluating the re-
sponse of the species to varying shade levels. Such trials are few especially in the case
of hybrid larch and Sitka spruce. This controlled experiment is the first stage of a
larger study involving field experiments examining the growth of the species under
various levels of shade.

Materials and methods

The shadehouses

Shadehouses (2 m(h) · 2.5 m(w) · 5 m(l)) were constructed on a 0.2-ha section of
an open field at the Thornfield Research Complex, located on the Belfield Campus
of University College Dublin. Green polypropylene shade fabrics of different mesh
gauges were erected on frames to simulate three shade treatments: 25%, 50% and
75%. Frames without shade fabric served as controls (i.e. 0% shade). The shade-
houses were placed on Mypex ground cover in the open, 2 m apart to prevent
treatment overlap. The experimental area was divided into three blocks to account
for any shade effect from adjacent buildings (all of which were one storey tall and at
least 20 m away from the shadehouses).

The plants

In April 2003, containerised Sitka spruce (Irish provenance, origin Queen Charlotte
Islands, Canada), hybrid larch (British provenance, origin unknown) and western
red cedar seedlings (provenance and origin Hoquaim Washington) were purchased
from a container nursery in Aughrim, Co. Wicklow. The seedlings had been grown in
this operational nursery according to the following standard nursery practice. The
Sitka spruce seedlings were derived from seed that had been sown in early spring
2002 in containers in a polyhouse in the nursery where they remained until June of
that year. The seedlings were then moved outdoors until the following spring. The
seed of both hybrid larch and western red cedar were sown in the same nursery in
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late spring 2001 in containers in a polyhouse where they also remained until June.
The seedlings were moved outdoors in the spring of 2003. The mean seedling heights
were 42 cm (s.e. 0.53 cm) for hybrid larch, 30 cm (s.e. 0.30 cm) for Sitka spruce and
39 cm (s.e. 0.41 cm) for western red cedar. The mean root collar diameters were
5.8 mm (s.e. 0.092 mm) for hybrid larch, 4.5 mm (s.e. 0.047 mm) for Sitka spruce and
5.2 mm (s.e. 0.077 mm) for western red cedar. The heights and diameters of the
seedlings are typical for seedlings used in forest establishment in Ireland. At the
experimental site the seedlings were put into 3-l pots with potting compost. They
were then placed in a glasshouse and watered for one month. During this period,
weeding took place once.

In May 2003, 1,008 (336 · 3 species) seedlings were taken from the glasshouse
and placed in the shadehouses. A total of 28 potted seedlings of each species were
placed in each level of shade. The inner 10 seedlings served as sample seedlings
while the outer 18 acted as buffer seedlings. The total number of trees in each block
was 336. The hybrid larch, which tends to have soft shoots, was staked with 0.5-m
split canes to reduce overlapping and shoot breakage. This support was removed
when the seedlings were repotted for the second growing season. The pot sizes used
allowed the roots to grow freely at all stages during the experiment. All seedlings
were watered to field capacity on a twice-weekly basis during the summer months
and on a weekly basis otherwise. One litre of Kemira Feed (167 mg/l N; 46 mg/l P;
291 mg/l K; 140 mg/l Ca; 35 mg/l Mg; 64 mg/l S; 0.5 mg/l B; 0.6 mg/l Mn; 0.2 mg/l
Cu; 0.4 mg/l Zn; 0.05 mg/l Mo) was applied to each pot every 8 weeks to ensure that
lack of nutrients did not become a confounding factor over the duration of the study.
Weeding was carried out when required.

Morphological measurements

At the beginning and at the end of the first growing season, the heights (cm) and the
root collar diameters (mm) of all sample seedlings were measured. The height and
root collar diameter increments at the end of one growing season were the differ-
ences in the two sets of values. At the end of the first growing season, three seedlings
of each species (two sample seedlings and one buffer seedling) were removed from
each shade treatment per block for a total of 108 seedlings. The remaining seedlings
were re-potted into 10-l pots. The heights of the shadehouses were increased to 2 m
at this time to allow for further unrestricted height growth.

The selected seedlings were carefully removed from the pots and most of the soil
was removed from the roots by gentle shaking. Any remaining soil was removed by
washing the roots with tapwater on site. The shoots and roots of each of the seedlings
were separated by excising the stem at root collar after which they were dried in an
oven for 24 h at 105�C. The shoot and root dry weights of each plant were
determined after drying.

At the end of the second growing season the heights and root collar diameters of
the remaining sample seedlings were measured and the increments calculated for
two growing seasons. At this stage the remaining 288 sample seedlings were
harvested and biomass data collected following the procedure outlined earlier.

Assessments were made of two aspects of leaf morphology, namely specific shoot
area (SSA) and the normalised specific projected shoot area at the end of the second
growing season. Measurements were only taken in three shade treatments (i.e. 0%,

123

142 New Forests (2007) 33:139–153



50% and 75% shade) as they formed part of another section of the study examining
the physiological responses of the seedlings to shade (e.g. carbon isotope discrimi-
nation) (Kennedy et al. submitted). The measurement of these physiological char-
acteristics is time consuming and costly thus it was limited to only three shade
treatments. To estimate SSA, sections of branch and foliage, 8 cm long including the
tip, were removed from the second whorl down from the top of the plant in three
randomly chosen seedlings in the three shade treatments. The sections were placed
on a scanner and the one-sided projected shoot and leaf area was measured using
Scion Imaging Software (Beta 4.0.1, Scion Corporation, Maryland, USA). They were
then placed in an oven at 80�C and dried for 48 h. The ratio of projected leaf and
stem area to leaf and stem dry mass, i.e. SSA (cm2/g) was then calculated.

To make inter-specific comparisons of the amount of light interception per unit
area for an individual shoot, additional 6 cm long sections of shoot tip were taken
from the same whorl as had been used for measuring SSA. These were then trimmed
so as not to extend beyond 6 cm in width and images were obtained using the flat
bed scanner and Scion Imaging Software to calculate the normalised specific pro-
jected shoot area, i.e. the ratio of projected leaf and stem area (cm2) to a standard
area of 36 cm2.

Experimental design and data analysis

The experimental design was a split plot. The four shade treatments (i.e. the main
treatments) were randomly assigned within three blocks and within each shade
treatment the groups of 28 seedlings of each tree species (i.e. the subtreatments)
were assigned at random to one of three positions.

Tests for normality and homogeneity of variance were undertaken on the data to
ensure that the assumptions of ANOVA were satisfied. The data were then analysed
using the ANOVA procedure on the GENSTAT statistical package (Payne 2002)
with light levels, species and their interaction as model parameters. When the spe-
cies · shade interaction was not significant (a = 0.05) the main effects of species and
shade were tested further using Fisher’s protected least significant difference pro-
cedure. When the interaction was significant, shade treatments were compared
separately for each species.

A preliminary analysis of the data showed that the mean initial heights and root
collar diameters of the species differed significantly. Thus the height increment and
root collar diameter increment data were initially converted to relative height
growth and relative root collar diameter growth as per the formulae below and an
ANOVA undertaken:

Relative height growth ¼ ðln H2 � ln H1Þ ðadapted from Hunt 1982Þ
Relative root collar diameter growth ¼ ðln D2 � ln D1Þ ðadapted from Hunt 1982Þ

where H1 = initial height (cm), H2 = height at end of first growing season (cm),
D1 = initial diameter (mm) and D2 = diameter at end of first growing season (mm).

The results of the ANOVA of both the relative height growth data and relative
root collar diameter growth data were similar to those of the actual increment data
so the results that are presented are those for actual increment. It was not possible to
undertake a similar test for the biomass data because there were too few plants to
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carry out destructive tests at the beginning of the period of study. However, biomass
relative growth rate (RGR) between the first and second growing seasons was cal-
culated (using a similar formula to that used above for height and root collar
diameter growth); these data would provide useful information as the seedlings
should have acclimated to the shade treatments by the beginning of the second year.
Thus the biomass data presented includes the actual biomass values (g dry weight) at
the end of both the first and second growing seasons as well as the biomass RGR
during this period.

Results

Survival, height increment and root collar diameter increment

Over the entire study period, i.e. 2 years, only two fatalities were recorded. These
occurred in the hybrid larch in 0% shade and were due to disturbance by foxes.
Height increment and root collar diameter increment were significantly influenced
by shade in both growing seasons (Table 1). At the end of the first growing season,
the mean height increment of seedlings of the three species was greater in 25%, 50%
and 75% shade than in 0% shade (Table 3). In contrast, the root collar diameter
increment was lower in 75% shade than in all other shade treatments (Table 3). As
expected, height increment and root collar diameter increment differed significantly
between species regardless of shade treatment at the end of the first growing season
(Table 1). The greatest height and root collar diameter increment was recorded in
hybrid larch while the lowest was found in Sitka spruce (Table 3). While there was
no significant interaction between shade and species with respect to height increment
and root collar diameter increment this was not true for the H:D ratio (Table 1,
Fig. 1). In both hybrid larch and Sitka spruce the H:D ratio increased with increasing
shade with the ratio in the most shaded plots being 30% higher for both species than
the ratio in the unshaded plots. In contrast, the relative increases in the H:D ratio in
western red cedar with increasing shade were much lower.

By the end of the second growing season, height increment in the most shaded
plots was significantly lower than in all other shade treatments; however, height

Table 1 Height increment, root collar diameter increment and H:D ratio after one and two growing
seasons (summary of ANOVA)

Source df Height increment Root collar
diameter
increment

H:D ratio

MS F-ratio MS F-ratio MS F-ratio

One growing season
Shade 3 66.8 7.8* 3.8 12.8** 349.2 11.2**
Species 2 4,836.6 415.4*** 17.2 56.1*** 3,050.2 290.4***
Shade · Species 6 13.4 1.1 0.5 1.8 37.7 3.6*

Two growing seasons
Shade 3 323.5 59.5*** 47.1 52.9*** 340.9 35.8***
Species 2 6,555.8 239.6*** 51.6 43.0*** 979.9 151.9***
Shade · Species 6 20.5 0.7 0.9 0.8 11.0 1.7

*** Significant at P < 0.001; ** Significant at P < 0.01; * Significant at P < 0.05
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increment remained significantly higher in 25% and 50% shade than in the open
(Table 4). In contrast, the root collar diameter increment was significantly lower in
50% and 75% shade than in the open (Table 4). At this stage the mean height and
root collar diameter increments of western red cedar and hybrid larch were similar
and significantly greater than those of Sitka spruce. There was no significant inter-
action between species and shade for the H:D ratio at the end of the second growing
season (Table 1) with this ratio greater for all species in 25%, 50% and 75% shade
than in 0% shade (Table 4). The smallest H:D ratio was found in Sitka spruce while
the ratio was greatest in hybrid larch (Table 4).

Fig. 1 H:D ratios (at the end of one growing season) and S:R ratios (at the end of two growing
seasons) of hybrid larch, Sitka spruce and western red cedar in four levels of shade (means followed
by different letters are significantly different at the a £ 0.05 level for within-species comparisons).
Vertical lines on bars are standard errors
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Total biomass, shoot and root biomass and S:R ratios

Shade did not have a significant effect on total biomass, shoot biomass, root biomass
or the S:R ratio in the three species at the end of the first growing season (Table 2).
As expected, the biomass characteristics did differ between species with all mean
values for the biomass characteristics in western red cedar significantly greater than
those in the two other species (Table 3). The trend with regards to shade differed at
the end of the second growing season (Table 2). At this stage total biomass declined
significantly with increasing shade (Table 4), but there was no statistically significant
interaction between species and shade. A similar trend was noted in shoot and root
biomass as well as biomass RGR. Western red cedar continued to have greater total,
root and shoot biomass than the two other species while there was no significant
difference between species with respect to biomass RGR. However, a species-spe-
cific response to increasing shade was noted in the S:R ratios (Table 2, Fig. 1). The
S:R ratio of western red cedar consistently increased with shade with the ratio 74%
higher in the most shaded plots than in the unshaded plots. In hybrid larch, the S:R
ratio in 75% shade was significantly greater than in 0% shade but only by 42%. In
contrast, there was no significant difference in the S:R ratios of Sitka spruce in the
four shade treatments.

SSA and normalised specific projected shoot area

The trend in SSA among species over the three shade treatments differed signifi-
cantly as indicated by the significant interaction between species and shade (Table 5,
Fig. 2). While all species had significantly greater SSAs in 75% shade than in 0%
shade, this trend was particularly pronounced in hybrid larch. There was a significant
interaction between species and shade for the normalised specific projected shoot
area (Table 5, Figs. 2 and 3). In both hybrid larch and western red cedar, the nor-
malised specific projected shoot area increased significantly with increasing shade
albeit to a much greater extent in the latter species. The opposite trend was observed
for Sitka spruce.

Table 2 Biomass characteristics after one and two growing seasons (summary of ANOVA)

Source df Total biomass Shoot biomass Root biomass Shoot:root
ratio

Biomass
RGRa

MS F-ratio MS F-ratio MS F-ratio MS F-ratio MS F-ratio

One growing season
Shade 3 236.4 2.0 55.3 1.3 76.1 2.9 0.3 2.6
Species 2 1,349.6 22.1*** 686.6 22.8*** 110.9 11.6*** 0.6 9.0**
Shade · Species 6 14.4 0.2 10.7 0.3 1.8 0.2 0.0 0.7

Two growing seasons
Shade 3 26,500.0 111.7*** 7,656.1 46.3*** 6,021.6 41.3*** 0.7 13.9** 0.72 15.52**
Species 2 36,404.7 39.3*** 16,208.0 44.6*** 4,205.2 21.7*** 0.8 22.9*** 0.06 1.29
Shade · Species 6 1,286.3 1.4 481.6 1.3 413.1 2.1 0.1 4.0** 0.04 0.91

*** Significant at P < 0.001; ** Significant at P < 0.01; * Significant at P < 0.05
a Biomass RGR during the period between the end of the first growing season and the end of the
second
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Discussion

The species chosen for this study were selected to represent a range of shade tolerances
with hybrid larch classed as a light demanding species, Sitka spruce variably described
as light-demanding, shade-tolerant or intermediate in its light requirements while
western red cedar is considered to be shade-tolerant. Some morphological and struc-
tural characteristics of these three species were compared in a range of shade levels.

Survival, height increment and root collar diameter increment

In this study, survival rates of the three species were not influenced by shade with the
only two fatalities attributed to disturbance by foxes. Greater mortality in the less

Fig. 2 SSA and the normalised specific projected shoot area of Sitka spruce, hybrid larch and
western red cedar grown in three shade treatments for two years (means followed by different letters
are significantly different at the a £ 0.05 level for within-species comparisons). Vertical lines on bars
are standard errors
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shade-tolerant species was expected in the more shaded plots as lower survival rates
than those of shade-tolerant species have been noted for these species previously in
both natural (Daniel et al. 1979; Pacala et al. 1994; Chen 1997; Kaelke et al. 2001)
and controlled environmental conditions (Fairbairn and Neustein 1970; Walters and
Reich 1996). Height increment has also been shown to decline in shade, with the rate
of decline usually less in shade-intolerant species than in shade-tolerant species.
Beaudet and Messier (1998) found that the decline in height increment in yellow
birch (Betula alleghaniensis Britton) with increasing shade was less than that re-
corded for beech (Fagus grandifolia Ehrh). Similarly the root collar diameter growth
of tree species is expected to decline as shade increases. Pacala et al. (1994) noted a
higher diameter growth in shade-tolerant temperate conifer and broadleaved species
than in the shade-intolerant species in low light conditions. However, the results
from our study do not agree with these previous findings. The first growing season’s

Fig. 3 Images of terminal
shoot sections from branches
of the three different species
grown in 0%, 50 % and 75 %
shade for two growing seasons

Table 3 Morphological characteristics after one growing season

Treatment Height
increment
(cm)

Root collar
diameter
increment (mm)

Total
biomass
(g)

Shoot
biomass
(g)

Root
biomass
(g)

S:R ratio

Shade
0% 30.8b 5.3a 42.1a 23.5a 18.6a 1.26a

25% 35.3a 4.6b 45.7a 27.0a 18.6a 1.50a

50% 37.3a 4.8ab 38.2a 22.7a 15.5a 1.53a

75% 34.6a 3.7c 33.8a 21.2a 12.6a 1.71a

Species
Hybrid larch 50.7a 5.8a 37.7b 22.0b 15.7b 1.49b

Sitka spruce 12.1c 3.4c 30.6c 16.9c 13.7b 1.28b

Western red cedar 40.7b 4.6b 51.5a 31.8a 19.6a 1.73a

Means for each characteristic followed by different letters are significantly different at the a = 0.05
level. Because there were no significant interactions, means are presented for each shade treatment
(averaged over species) and for each species (averaged over shade)
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data show clearly that height increment in the three species was higher in all shade
levels than in the open contrary to expectation. This trend was also evident at the
end of the second growing season although height increment in the most shaded
plots (75% shade) was lower than in the open. This would suggest that the expected
decline in height growth in the shade may be time dependent, especially in seedlings
that have already been in unshaded conditions in a nursery for a number of growing
seasons before being exposed to shade. Our analysis also showed that there was no
significant interaction between species and shade for both height increment and root
collar diameter increment. While all three species showed the classic decline in root
collar diameter increment with increasing shade, there was no evidence of a sig-
nificant difference in the relative decline in root collar diameter between the three
species.

The ratio of tree height to diameter is a characteristic that has been shown in
some species to be influenced by shade. Chen (1997) found that the H:D ratio in
both Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) and Englemann spruce
(Picea engelmannii Parry ex Engelm) increased significantly with increasing shade.
However, the same author found that shade did not significantly influence the H:D
ratio in ponderosa pine (Pinus ponderosa Dougl.). In our study there was evidence

Table 4 Morphological characteristics after two growing seasons

Treatment Height
increment
(cm)

Root collar
diameter
increment (mm)

H:D
ratio

Total
biomass
(g)

Shoot
biomass
(g)

Root
biomass
(g)

Biomass
RGRA

Shade
0% 69.5b 14.6a 54.7c 213.5a 124.7a 88.7a 1.607a

25% 76.1a 13.6ab 59.8b 188.8b 117.5ab 71.4b 1.422a

50% 74.9a 12.6b 63.0b 159.4c 106.2b 53.1c 1.414a

75% 63.1c 9.3c 69.4a 88.1d 59.8c 28.3d 0.943b

Species
Hybrid larch 84.6a 13.0b 68.9a 152.9b 99.3b 53.7b 1.324a

Sitka spruce 43.9b 10.2c 51.6c 112.7c 66.8c 46.0b 1.288a

Western red cedar 84.1a 14.3a 64.7b 221.7a 140.1a 81.5a 1.428a

Means for each characteristic followed by different letters are significantly different at the a = 0.05
level. Because there were no significant interactions, means are presented for each shade treatment
(averaged over species) and for each species (averaged over shade)
A Biomass RGR during the period between the end of the first growing season and the end of the
second.

Table 5 Impact of shade (0%, 50% and 75%) on SSA (cm2/g) and normalised specific projected
shoot area

Source df SSA Normalised specific
projected shoot area

MS F MS F

Shade 2 5,817.6 19.7** 0.007311 16.94**
Species 2 13,124.1 78.7*** 0.064999 35.85***
Shade · Species 4 1,083.1 6.5** 0.030259 16.69***

*** Significant at P < 0.001; ** Significant at P < 0.01; * Significant at P < 0.05
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of a species-specific response to shade in relation to the H:D ratio at the end of the
first growing season only. This was due largely to the lower H:D ratio in western red
cedar in 50% compared to 25% shade while in the two other species the H:D ratio
increased with increasing shade. At the end of the second growing season the
response of the H:D ratio to shade was not species-dependent.

Biomass

Most researchers agree that total biomass production in shaded tree seedlings is
lower than that in tree seedlings growing in higher light levels (Wang et al. 1994;
Mitchell and Arnott 1995; Chen 1997; Khan et al. 2000). However, there is con-
flicting evidence as to how the shade-tolerance of a tree species influences this trend.
Walters et al. (1993) in their study of northern hardwood species and Kitajima
(1994) in his study of 13 tropical species found that shade-tolerant species show a
greater reduction in total biomass in the shade than shade-intolerant species.
However, Khan et al. (2000) found no significant difference in the rate of decline in
total biomass with shade in a number of temperate coniferous species including
western red cedar. In our study the total, shoot and root biomass as well as the
biomass RGR of western red cedar, hybrid larch and Sitka spruce declined signifi-
cantly with increasing shade at the end of the second growing season and there was
no evidence of a species-dependent response. Only in the case of the S:R ratio data
was a significant interaction between species and shade found. However, the reaction
of the species to increasing shade was not as expected with the shade-tolerant
western red cedar increasing its S:R ratio as shade increased to a greater extent that
the shade-intolerant hybrid larch. Sitka spruce demonstrated the characteristics of a
shade-tolerant species by decreasing its total biomass in the shade yet maintaining a
similar S:R ratio at all shade levels.

Foliar characteristics

Specific leaf area describes the efficiency with which a leaf captures light relative to
the biomass invested in leaf tissue (Marshall and Monserud 2003). In this study SSA
was assessed in order to include all the foliage on the shoot as it was not possible to
separate the foliage and the shoot in the case of western red cedar. SSA is effectively
specific leaf area albeit at a different organisational scale. In our study, the shade-
intolerant hybrid larch showed the greatest response to shade. The SSA of this
species was 100% greater in the most shaded plots compared to the open, whereas in
Sitka spruce and western red cedar it was only 58% and 60%, respectively. Gron-
inger et al. (1996) also found that shade-intolerant species exhibited a greater
increase in SLA in the shade compared with shade-tolerant species although Chen
et al. (1996) found the opposite. It may be, as Groninger et al. (1996) suggest, that
SLA may be a shade response ‘‘symptom’’ rather than an acclimation to a low light
intensity environment. Furthermore, while a high SLA may allow seedlings to har-
vest light more efficiently in the shade, it makes the seedlings more vulnerable to
water stress (Jones and McLeod 1990) and less resistant to herbivory (Kitajima
1994). Therefore, it is likely that a low SLA in shade-tolerant species, combined with
longer-lived leaves, is a successful strategy for survival in shaded environments (De
Lucia et al. 1998; Sack and Grubb 2002).
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The analysis of the normalised specific projected shoot area showed a sub-
stantial inter-species response to changing shade levels. In western red cedar, the
normalised specific projected shoot area increased significantly with increasing
shade. Furthermore, over the study period, the authors observed that the angular
orientation of the leaves of this species became more planar in the shade whereas
in the unshaded plots it was erect. Thus the surface area exposed to light is
reduced in the open in western red cedar suggesting a light avoidance strategy
while in the shade the area available for photosynthesis is increased. In contrast,
Sitka spruce exhibited a shade avoidance strategy by reducing its normalised
specific projected shoot area in the shade. Hybrid larch exhibited only small in-
creases with increasing shade.

Conclusion

For many of the morphological characteristics examined in this study the average
response of the three species to the changing shade levels was as expected.
However, the rate at which many of the characteristics changed with increasing
shade did not differ between the species. This latter finding was not expected given
the reported difference in the shade tolerance ranking of the three species. This
may be partly explained by the fact that the study was undertaken in an envi-
ronment where water and nutrient resources were not limiting. In contrast, the
shade tolerance rankings of the species used in this study are derived from field
observations using concepts that do not separate light from the confounding effects
of microclimate, edaphic factors and competition (Kimmins 1987). Thus the re-
ported variation in response in tree species to shade according to their shade
tolerance ranking may only emerge where other resources such as water also
change with shade (Black et al. 2005). The species-specific responses that emerged
in the S:R ratio and leaf morphology data in general support the categorisation of
hybrid larch as light-demanding. However, in the case of western red cedar and
Sitka spruce there appears to be contradictory evidence from these characteristics
as to their shade tolerance ranking. Analysis of some physiological adaptations of
the species to increasing shade may help to resolve these contradictions (Kennedy
et al. submitted).
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