
Summary Light-related plasticity in a variety of crown mor-
phology and within-tree characteristics was examined in sun
and shade saplings of Abies amabilis Dougl. ex J. Forbes grow-
ing in two late-successional forests with different snow re-
gimes in the Cascade Mountains of Washington, USA. Com-
pared with sun saplings, shade saplings typically had broad flat
crowns as a result of acclimation at several scales (needle,
shoot, branch, crown and whole sapling). Shoots of shade sap-
lings had a smaller needle mass per unit of stem length than
shoots of sun saplings, a feature that enhances light-intercep-
tion efficiency by reducing among-needle shading. The low an-
nual rate of needle production by shade saplings was associated
with a longer needle lifespan and slower needle turnover. Re-
duced needle production within a shoot was reflected at the
branch level, with lateral branches of shade saplings having a
smaller needle mass than branches of the same length of sun
saplings. Reduced allocation to needles permits greater invest-
ment in branches and stems, which is necessary to support the
horizontally expanding branch system characteristic of shade
saplings. Mean branch age of shade saplings was significantly
higher than that of sun saplings. Shade saplings had lower nee-
dle mass per unit of trunk biomass or total biomass, reflecting
greater investment in the trunk as a support organ. Increased in-
vestment in support organs in shade was more evident in the
snowier habitat. The observed morphological acclimation makes
A. amabilis highly shade and snow-tolerant and thus able to
dominate in many late-successional forests in snowy coastal
mountain regions.

Keywords: biomass allocation, crown morphology, current-
year shoot structure, lateral branch development, light regime,
phenotypic plasticity.

Introduction

In late-successional coniferous forests, which are character-

ized by well-developed vertical and horizontal stand structures
(Franklin et al. 2002, Kneeshaw and Gauthier 2003, Franklin
and Van Pelt 2004, Ishii et al. 2004, Spies 2004, Mori et al.
2007a), suppressed juveniles of shade-tolerant canopy species
are often abundant in the understory (e.g., Messier et al. 1999,
Mori and Takeda 2004a, Antos et al. 2005). Antos et al. (2005)
noted that suppressed conifers are “excellent facultative stress
tolerators, because they may persist for over a century at a size
less than a small shrub, then start growing rapidly and finally
develop into trees more than 30 m tall.” Late-successional
old-growth forests are characterized by small-scale patch dy-
namics (Lertzman 1992, Antos and Parish 2002, Mori and
Takeda 2004b, Worrall et al. 2005), so the ability of conifers to
persist in dense shade is critical to their regeneration success
and eventual dominance.

Highly shade-tolerant conifers often show great phenotypic
plasticity in juvenile morphology (e.g., Mori and Hasegawa
2007), which is adaptive over a wide range of understory envi-
ronments (Antos et al. 2005). When growing in the poorly lit
forest understory, many species exhibit morphological charac-
teristics that promote survival and growth in dim light. Firs
(Abies spp.) are typical of late-successional species that de-
velop a flattened crown in poor light that tends to maximize
light interception per unit leaf area (e.g., Kohyama 1980,
Kubota and Hara 1996, King 1997, Duchesneau et al. 2001,
Claveau et al. 2002, Mori and Takeda 2003a).

In the Pacific coast mountains from Oregon to British Co-
lumbia, Abies amabilis Douglas ex J. Forbes (Pacific silver fir)
is a major component of late-successional forests (Franklin
and Dyrness 1988) and is common in both the overstory and
the shady understory (Antos et al. 2005). Abies amabilis is
classified in Section Amabilis, which makes it phylogeneti-
cally distinct from all other North American Abies species
(Farjon and Rushforth 1989). The only other species in Sec-
tion Amabilis is Abies mariesii M.T. Mast (Farjon and Rush-
forth 1989), which is a dominating subalpine conifer species in
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Honshu, Japan (Franklin et al. 1979). Thus A. mariesii (Kaji
1982, Kajimoto et al. 2002, Yamazaki et al. 2003, Seki et al.
2005, Mori and Hasegawa 2007, Mori and Komiyama 2008)
and A. amabilis (Zolbrod and Peterson 1999, Gavin et al.
2001) are ecologically and physiologically similar in their
high shade- and snow-tolerance and limited drought- and
cold-tolerance.

Mori and Takeda (2004c) showed that high morphological
plasticity of A. mariesii saplings in the understory is manifest
through light-acclimation at various organ and tissue levels.
Mori and Hasegawa (2007) found that A. mariesii acclimates
phenotypically to understory environments in snowy habitats.
Like A. mariesii, A. amabilis might be expected to show high
phenotypic plasticity in juvenile morphology enabling it to
dominate in the shady late-successional forests of the Pacific
coast of North America, which are characterized by high win-
ter precipitation including abundant snowfall. However, the
mechanisms by which A. amabilis changes its morphology in
response to the forest understory environment under the simul-
taneous influence of snow are unknown (Mori et al. 2007b).

Here, we focus on plasticity in a variety of crown morphol-
ogy and within-tree characteristics of A. amabilis saplings
growing in two late-successional forests with different snow
regimes in the Cascade Mountains of Washington, USA. We
aimed to elucidate the pattern of phenotypic variation that al-
lows A. amabilis to acclimate to various forest understory
environments.

Materials and methods

Study sites

We selected two study areas, Olallie Meadows and the Wind
River Experimental forest in the Cascade Mountain Range,
Washington, USA, both of which are characterized by abun-
dant Abies amabilis.

Olallie Meadows is located in a subalpine area of the central
Cascade Range (altitude 1110 m, 47°22′ N, 121°26′ W). Mean
temperature is 4.2 °C, mean annual precipitation is about
3110 mm, and mean maximum snow depth is about 2.6 m
(Washington SNOTEL Site Information, Natural Resources
Conservation Service, U.S. Department of Agriculture). The
Olallie Meadows are temporary meadows created by wild-
fires. The meadows are characterized by grasses and forbs,
and an abundance of small, regenerating A. amabilis and
Abies lasiocarpa (Hook.) Nutt. (subalpine fir). Adjacent to the
meadows are mature late-successional subalpine forests. In
contrast to open sunlit meadows, these forests are structurally
well developed and the understory is shady. Juveniles of Abies
species, although strongly suppressed, are nevertheless abun-
dant in the forest understory.

The Wind River Experimental Forest is located in temperate
old-growth forest in the southern Cascade Range (altitude
about 370 m, 45°49′ N, 121°57′ W). Mean temperature is
8.7 °C, and mean annual precipitation is 2223 mm. Much of
the winter precipitation falls as snow, and snowpack is around
1 m. The dominant species are Pseudotsuga menziesii (Mirb.)

Franco var. menziesii (Douglas-fir), Tsuga heterophylla (Raf.)
Sarg. (western hemlock), Taxus brevifolia Nutt. (Pacific yew),
Thuja plicata Donn ex D. Don (western redcedar) and Abies
amabilis (Shaw et al. 2004). In this 500-year-old forest, where
the canopy height of dominant trees exceeds 50 m (Ishii and
Ford 2002), the understory is quite shady and includes an
abundance of A. amabilis saplings.

Field measurements

In the Olallie Meadows area, we selected five strongly sup-
pressed shade saplings from the forest understory and five vig-
orously growing sun saplings from the adjacent open mead-
ows. At Wind River, we selected five shade saplings in the
shady understory and five sun saplings in the understory near a
sunlit forest edge. For each sapling, we measured the follow-
ing properties as in previous studies (Mori and Takeda 2004c,
Mori and Hasegawa 2007): height (H); height 5 years earlier
(Hp–5); trunk diameter at ground level; vertical crown length
(LC); longest horizontal crown width (WCmax); and shortest hor-
izontal crown width (WCmin). We took a hemispheric fish-eye
photograph of the sky projected on a horizontal plane located
at the top of each sapling. The aboveground part of each sap-
ling was harvested for biomass measurements.

We estimated each sapling's age by measuring the length of
trunk growth for each year. Based on the measured properties,
we calculated horizontally projected crown area (AC), crown
profile (PC) and relative height growth rate (RHG). We esti-
mated AC as an ellipse (π/4)WCmaxWCmin (Kubota and Hara
1996), and PC was calculated as LC/mean WC (Claveau et al.
2002). We calculated RHG for the previous 5 years as: RHG =
(lnH – lnHp–5)/5.

To investigate biomass allocation patterns, we divided each
sapling into separate organs. We measured the length of all
current-year shoots of each sapling and randomly chose at
least one current-year shoot within each lateral branch and
measured its basal diameter, stem mass excluding needles
and needle mass per shoot. Based on data from current-year
shoots, we estimated needle mass from shoot length of intact
current-year shoots of sun and shade saplings at each site,
and summed these estimates to obtain total needle mass for
each branch and for each sapling. For all lateral branches
originating from the main trunk of each harvested sapling, we
recorded branch age, branch length (LB), stem diameter at
branch base (DSB), stem mass per branch (MSB) and estimated
needle mass per branch (MNB). Needle mass on the main trunk,
and trunk mass of each sapling were also measured. All tissues
were dried for 72 h at 70 °C before weighing. From the bio-
mass measurements, total stem mass per sapling, total needle
mass within all branches of each sapling, total branch mass per
sapling, including both needles and stems, and aboveground
sapling mass were obtained (Mori and Takeda 2004c, Mori
and Hasegawa 2007). Needle survivorship ratio for each har-
vested sapling was measured by the method of Kimura (1963),
and maximum needle age and needle age for 50% survival
were determined (Mori and Takeda 2004c, Mori and Hase-
gawa 2007).
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Data analysis

Canopy openness was calculated from the hemispheric photo-
graphs with HEMIVIEW Canopy Analysis software Version 2.1
(Delta-T Devices). Height, diameter, aboveground mass, sap-
ling age, RHG and needle longevity of sun and shade saplings
were compared by the Mann-Whitney U test. Morphological
differences in sapling crowns were tested by analysis of co-
variance (ANCOVA) with H as the covariable. Based on these
analyses, we compared the profiles of sun and shade saplings
at each site.

Allometric relationships in current-year shoots, lateral
branches and whole saplings were evaluated by: lny = a + blnx,
where x and y are any two shoot traits, and a and b are parame-
ters determined from the reduced major axis (RMA) regres-
sion (Niklas 1994). Because both x and y vary due to measure-
ment errors, RMA regression is more appropriate than regres-
sion minimizing sum of squares in the y-dimension only (Nik-
las 1994). We then analyzed the differences in slope and, if
necessary, in adjusted mean from each RMA regression be-
tween sun and shade saplings. Homogeneity of slopes from the
RMA regressions was tested, and if not statistically signifi-
cant, the interaction term was excluded from the analyses of
the adjusted means (Sokal and Rohlf 1995). In this analysis,
the y-value at grand mean x (mean of x across all data points in
two groups) can be regarded as the adjusted mean (Mori
and Hasegawa 2007). This analysis is similar to traditional
ANCOVA, but because it is based on RMA regression rather
than normal regression, we refer to it as an ANCOVA-like
comparison (Mori and Takeda 2005, Mori and Hasegawa
2007).

Results

Height growth

Relative height growth rate was positively correlated with can-
opy openness (r = 0.859, P < 0.001). This confirms the well-
established pattern that vertical height growth of Abies sap-
lings is strongly dependent on light availability (Kohyama
1980, Klinka et al. 1992, King 1997, Mori and Takeda 2003a,
2003b, 2004c, Mori and Hasegawa 2007).

Sun and shade sapling profiles

Profiles of the harvested sun and shade saplings at both sites
are summarized in Table 1. At both sites, no significant differ-
ences between sun and shade saplings were found in sap-
ling height, diameter or aboveground biomass. However, at
both sites, shade saplings were older and had a significantly
lower RHG than sun saplings. Shade saplings had a greater AC

than sun saplings at both sites, but the difference was not sig-
nificant at either site. Shade saplings had significantly flatter
crowns, with smaller LC and PC.

Current-year shoot properties

Shoot length increased consistently with stem diameter (RMA
regression, both P < 0.0001). At both sites, adjusted mean
shoot length was significantly smaller in sun saplings than in

shade saplings (Table 2), indicating that current-year shoots of
sun saplings were much shorter than shoots of the same diame-
ter on shade saplings.

Stem mass and needle mass of current-year shoots increased
with shoot length in both sun and shade saplings at both sites
(RMA regression, all P < 0.0001). At Olallie Meadows, the
adjusted mean values of stem and needle mass at a common
shoot length were significantly smaller in shade saplings than
in sun saplings (Table 2, Figure 1a). At Wind River, adjusted
mean stem mass for a given shoot length was less in shade sap-
lings than in sun saplings (Table 2). The slopes of the relation-
ships between needle mass and shoot length differed signifi-
cantly between sun and shade saplings (Figure 1b, Table 2);
however, for all but the longest shoots, current-year shoots of
shade saplings had less needle mass than current-year shoots
of sun saplings, as reflected in a smaller intercept (Figure 1b).
Thus, shade saplings at both Wind River and Olallie Meadows
produced less stem and needle mass per unit shoot length than
sun saplings.

The relationships between needle mass and stem mass in
current-year shoots differed between sun and shade saplings at
both sites (Table 2). At Olallie Meadows, shade saplings had a
significantly smaller slope compared with sun saplings (Fig-
ure 1c), indicating that biomass allocation to needles was pro-
portionally smaller in the shade, especially in larger shoots. At
Wind River, the relationship of needle mass to stem mass of
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Table 1. Profiles of Abies amibilis saplings growing in full sun or
understory shade at Olallie Meadows and Wind River (n = 5). Values
are means ± SE compared with the Mann-Whitney U test, except for
vertical crown length (LC), projected crown area (AC) and crown pro-
file (PC) for which the adjusted means are given (y at mean x) and
were compared by analysis of covariance (ANCOVA; with sapling
height (H) as covariable; x and y were ln-transformed). Abbrevia-
tions: D, diameter at ground level; MSAP, aboveground sapling mass;
and RHG, relative height growth rate.

Property Sun saplings Shade saplings P

Olallie Meadows
H (cm) 52.5 ± 6.9 47.2 ± 6.5 0.690
D (mm) 18.9 ± 2.5 15.1 ± 2.6 0.310
MSAP (g) 151.0 ± 38.2 78.3 ± 19.5 0.222
Sapling age (years) 22.6 ± 3.1 54.2 ± 6.5 < 0.01
RHG (year–1) 0.053 ± 0.009 0.009 ± 0.002 < 0.01
LC (cm) 33.5 8.8 < 0.001
AC (cm2) 1774.0 2499.9 0.093
PC 0.700 0.155 < 0.0001

Wind River
H (cm) 49.8 ± 7.5 50.5 ± 7.1 1.000
D (mm) 13.0 ± 1.3 10.4 ± 3.2 0.222
MSAP (g) 81.5 ± 19.3 56.0 ± 20.0 0.310
Sapling age (years) 27.4 ± 2.4 38.4 ± 3.8 0.056
RHG (year–1) 0.059 ± 0.008 0.015 ± 0.004 < 0.01
LC (cm) 26.4 8.2 < 0.0001
AC (cm2) 1966.5 2760.0 0.195
PC 0.521 0.136 < 0.01
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current-year shoots of shade saplings had a significantly
steeper slope than that of sun saplings but shade saplings had
lower needle masses per stem mass than sun saplings, espe-
cially in smaller shoots (Figure 1d).

Lateral branch properties

At both sites, branch length increased with stem diameter
(RMA regression, both P < 0.0001), and stem mass and needle
mass per branch increased with branch length (RMA regres-
sion, all P < 0.0001). Also, needle mass increased with stem
mass (RMA regression, both P < 0.0001). The adjusted means
of stem and needle mass with common branch length were sig-
nificantly smaller in lateral branches of shade saplings than of
sun saplings at both sites (Table 3). Further, the adjusted mean

needle mass at a common stem mass was significantly smaller
in shade saplings than in sun saplings at both sites (Table 3),
indicating that lateral branches allocated more to stem and less
to needles in shade saplings than in sun saplings. Lateral
branches of shade saplings at the snowy Olallie Meadows had
significantly smaller needle mass per unit stem mass com-
pared with those of shade saplings at the less snowy Wind
River (ANCOVA-like comparisons, P < 0.05).

Branch-age distribution differed significantly between sun
and shade saplings at Olallie Meadows (Kolmogorov-Smir-
nov test, P < 0.0001) and at Wind River (Kolmogorov-Smir-
nov test, P < 0.01), with shade saplings having more old
branches than sun saplings (Figure 2). Mean branch age was
significantly higher in shade saplings than in sun saplings at
both sites (Mann-Whitney U test, both P < 0.0001). At both
sites, compared with sun saplings, shade saplings had signifi-
cantly smaller adjusted mean values of total branch mass at a
common branch age (Table 4).

Needles generally lived longer on shade saplings than on
sun saplings. At Olallie Meadows, maximum needle age was
significantly higher in shade saplings, although needle age for
50% survival did not differ between sun and shade saplings
(Table 5). At Wind River, both needle age at 50% survival and
maximum needle age were significantly higher in shade sap-
lings than in sun saplings (Table 5).

Biomass allocation within saplings

Allometric relationships related to branch systems and support
organs are shown in Figure 3. In sun and shade saplings
at both sites, total branch needle mass of each sapling in-
creased significantly with increasing total branch stem mass
(all P < 0.05), and, at both sites, shade saplings had a signifi-
cantly smaller branch needle mass per unit branch stem
mass than sun saplings (ANCOVA-like comparison, both
P < 0.0001) (Figures 3a and 3b). Likewise, total branch
mass per sapling increased significantly (all P < 0.01) with
trunk mass, and at both sites, shade saplings had significantly
(ANCOVA-like comparison, both P < 0.01) less branch mass
per unit trunk mass than sun saplings (Figures 3c and 3d).
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Table 2. Comparisons of allometric relationships of current-year Abies amibilis shoots based on reduced major axis (RMA) regressions (y = bx +
a) for sun and shade saplings growing at both microsites. All variables were ln-transformed. The adjusted mean is y at grand mean x. Significance
is indicated by asterisks: *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.

Dependent variable (y) Independent variable (x) Difference between sun and shade Common slope Adjusted mean

Slope (b) Intercept (a) Sun Shade

Olallie Meadows
Shoot length Stem diameter 0.46 10.29** 1.83 19.2 24.0
Stem mass Shoot length 0.74 4.90* 1.82 0.01 0.01
Needle mass Shoot length 3.57 30.72**** 1.52 0.07 0.04
Needle mass Stem mass 8.31** – – – –

Wind River
Shoot length Stem diameter 0.00 4.39* 2.19 20.7 25.9
Stem mass Shoot length 0.12 11.73*** 1.85 0.01 0.01
Needle mass Shoot length 11.44*** – – – –
Needle mass Stem mass 4.71* – – – –

Figure 1. Needle mass of current-year shoots (MN0) in relation to (a, b)
shoot length (L0) and (c, d) stem mass (MS0) in sun (�) and shade (�)
Abies amabilis saplings growing at Olallie Meadows and Wind River.
Reduced major axis (RMA) regressions are shown for both sun (solid
line) and shade (dotted line) saplings. Results of ANCOVA-like com-
parisons are given in Table 2.
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Irrespective of light environment and site, trunk mass, total
branch stem mass and total foliage mass of each sapling in-
creased significantly (all P < 0.05) with sapling mass (Fig-
ure 4). No significant differences were found in adjusted means
of branch stem mass at either Olallie Meadows (ANCOVA-
like comparisons, P = 0.43) or Wind River (ANCOVA-like
comparisons, P = 0.72), but trunk and foliage mass differed
significantly (ANCOVA-like comparisons, all P < 0.01), with
shade saplings allocating more to the trunk (Figures 4a and
4d), and sun saplings allocating more to foliage (Figures 4c
and 4f). Furthermore, the proportion of current-year needles in
total foliage mass per sapling was significantly greater in sun
saplings than in shade saplings at both sites (Figure 5). The ra-
tio of total foliage mass to sapling mass was less in shade sap-
lings at Olallie Meadows than in shade saplings at Wind River
(ANCOVA-like comparison, P = 0.08).

Height growth and biomass allocation

Trunk mass ratio was negatively correlated with RHG at both
sites (both P < 0.05). Because no significant difference in this
relationship was found between sites (ANCOVA-like compar-

isons, P = 0.42), they are summarized in one RMA regression
line (Figure 6a). Branch/stem mass ratio showed no relation-
ship with sapling mass at either Olallie Meadows (P = 0.54) or
Wind River (P = 0.94) (Figure 6b), and the mean ratio did not
differ between sites (Mann-Whitney U test, P = 0.12). Foliage
mass ratio was positively correlated with RHG at both sites
(both P < 0.01), but no significant difference between sites was
observed (ANCOVA-like comparisons, P = 0.50) (Figure 6c).

Discussion

Abies amabilis is one of the most shade-tolerant species in
coastal forests of North America (Klinka et al. 1992, Antos et
al. 2005). Seedlings and saplings of A. amabilis are abundant
in the shady understory of forests of the North American Pa-
cific Northwest. Previous studies have shown that, to accli-
mate to various light environments, A. amabilis saplings ex-
hibit high morphological plasticity at various levels, including
needle and shoot morphology (Sprugel et al. 1996, Stenberg et
al. 1998), lateral branch growth (Klinka et al. 1992) and crown
shape (King 1997). As seen in other conifers (Kohyama 1980,
Duchesneau et al. 2001, Mori and Takeda 2003a, Robakow-
ski et al. 2003), the flat crown morphology of shade-grown
A. amabilis allows efficient capture of dim light (Klinka et al.
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Figure 2. Branch age distributions of sun and shade Abies amabilis
saplings growing at Olallie Meadows and Wind River. Upper and
lower bars indicate maximum and minimum values, respectively, and
boxes show 75%, median and 25% values

Table 3. Comparisons of allometric relationships of Abies amibilis lateral branches based on reduced major axis (RMA) regressions (y = bx + a)
for sun and shade saplings growing at both microsites. All variables were ln-transformed. The adjusted mean is y at grand mean x. Significance is
indicated by asterisks: *, P < 0.05; and ****, P < 0.0001.

Dependent variable (y) Independent variable (x) Difference between sun and shade Common slope Adjusted mean

Slope (b) Intercept (a) Sun Shade

Olallie Meadows
Branch length Stem diameter 1.19 45.8**** 2.27 9.90 16.5
Stem mass Branch length 1.31 35.2**** 1.81 0.38 0.23
Needle mass Branch length 2.46 91.2**** 1.65 1.10 0.37
Needle mass Stem mass 1.16 67.0**** 0.91 0.96 0.51

Wind River
Branch length Stem diameter 7.38* – – – –
Stem mass Branch length 3.21 27.1**** 1.92 0.74 0.51
Needle mass Branch length 3.14 81.6**** 1.87 1.79 0.89
Needle mass Stem mass 1.20 34.3**** 0.97 1.56 1.12

Table 4. Mean branch mass in crowns of sun (n = 84) and shade
(n = 52) Abies amibilis saplings growing at Olallie Meadows and
Wind River. Differences between light treatments were significant at
P < 0.0001 for both sites (ANCOVA-like comparison with com-
mon branch age (CBA) as covariable). Branch mass and CBA were
ln-transformed and ln(CBA+ 1)-transformed, respectively.

Microsite Branch mass (g) CBA (years)

Sun Shade

Olallie Meadows 4.45 1.45 6.23
Wind River 2.75 1.37 4.84
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1992, King 1997). We observed that shade saplings make less
height growth and thus have flattened crowns (Table 1). In pre-
vious studies, saplings of A. mariesii, which is the only species
phylogenetically close to A. amabilis (Farjon and Rushforth
1989), exhibited a typical flattened crown as a result of func-
tional interactions of shoots, needles and branches during ac-
climation to shade (Mori and Takeda 2004c) even in heavy-
snow environments (Mori and Hasegawa 2007). Here, we

have shown that the acclimation patterns seen at various hier-
archical levels in A. mariesii saplings also occur in A. amabilis
saplings.

Shoot and needle level variability

The shoot is a fundamental unit of branch systems and thus of
within-crown structure (e.g., Room et al. 1994, Kawamura and
Takeda 2002, Osada et al. 2004, Mori and Takeda 2005). Be-
cause evergreen conifers retain needles for a long time, needle
arrangement on shoots is a critical determinant of photo-
synthetic capacity (Carter and Smith 1985, Stenberg et al.
1995, Smolander and Stenberg 2001, Cescatti and Zorer 2003),
especially in harsh cold habitats (Smith and Carter 1988,
Germino and Smith 1999). Self-shading within shoots is
sometimes greater than among-tree shading (Cescatti and
Zorer 2003). Thus, conifers show great variability in needle
and shoot morphology, depending on light regime (Niinemets
and Kull 1995, Sprugel et al. 1996, Stenberg 1996, Stenberg et
al. 1998, Bernier et al. 2001, Cescatti and Zorer 2003, Roba-
kowski et al. 2003).

Several studies have clarified light-related variation in shoot
and needle morphology in A. amabilis (Sprugel et al. 1996,
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Table 5. Needle age at 50% survival and maximum needle age in sun
and shade Abies amibilis saplings growing at Olallie Meadows and
Wind River. Values are means ± SE; n = 5. Light treatments were
compared with the Mann-Whitney U test.

Treatment 50% survival Maximum

Olallie Meadows
Sun saplings 5.97 ± 0.70 8.40 ± 0.60
Shade saplings 6.75 ± 0.42 13.00 ± 0.45
P 0.55 < 0.01

Wind River
Sun saplings 6.55 ± 0.72 8.80 ± 0.20
Shade saplings 8.75 ± 0.42 12.40 ± 1.21
P < 0.05 < 0.05

Figure 3. Allometric relationships between (a, b) total branch-stem
mass (MSBSAP) and total branch–needle mass (MNBSAP) and between
(c, d) trunk mass (MT) and total branch mass (MBSAP) for sun (�) and
shade (�) saplings of Abies amabilis growing at Olallie Meadows
and Wind River. Reduced major axis (RMA) regressions are shown
for both sun (solid line) and shade (dotted line) saplings. The sig-
nificances of differences in adjusted mean between sun and shade sap-
lings are shown in each figure.

Figure 4. Relationships of (a, d) trunk mass (MT), (b, e) total branch–
stem mass (MSBSAP) and (c, f) total foliage mass (MNBSAP + MNT) with
sapling mass (MSAP) for sun (�) and shade (�) saplings of Abies
amabilis growing at Olallie Meadows and Wind River. Reduced ma-
jor axis (RMA) regressions are shown for both sun (solid line) and
shade (dotted line) saplings. The significances of differences in ad-
justed mean between sun and shade saplings are shown in each figure.
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Stenberg et al. 1998). Shade shoots have a lower needle area to
shoot silhouette area ratio, which concentrates light on a mini-
mal volume of tissue, whereas sun shoots exhibit a characteris-
tic geometry with closer needle packing on the shoot cylinder
resulting in the interception of a greater proportion of incom-
ing light (Sprugel et al. 1996). In our study, a less dense, flat-
tened needle arrangement along the shoot was observed in
shade saplings at both sites, as indicated by the smaller needle
mass per unit length of current-year shoots (Table 2, Figure 1).
This arrangement enhances light-interception efficiency of
shade needles by reducing inter-needle shading (Mori and
Takeda 2004c, 2005, Mori and Hasegawa 2007). In contrast,
current-year shoots of sun saplings retained more needle bun-
dles on the shoot cylinder than shade saplings, as shown by the
greater needle mass on shoots (Table 2, Figure 1), reflecting
their adaption to maximize light capture (Mori and Takeda
2004c, 2005, Mori and Hasegawa 2007). Compared with
the slender shoots of shade saplings, sun saplings produced
thicker shoots (Table 2) to meet the support costs incurred by
greater needle density per shoot length (Sprugel et al. 1996).
Thus, the two populations of A. amabilis studied showed nee-
dle- and shoot-level morphological acclimation to the prevail-
ing light regime consistent with findings for A. mariesii (Mori
and Takeda 2004c, Mori and Hasegawa 2007).

Lateral branch systems within a crown

Branch systems of shade saplings of A. amabilis are less mas-
sive than vigorously growing branches of sun saplings, as indi-
cated by smaller stem and needle mass per unit branch length
(Table 3) and less branch mass at a common branch age (Ta-
ble 4). However, AC of shade saplings were similar to or larger
than AC of sun saplings (Table 1), as a result of the horizontally
expanded branch systems that form the flat crowns in the
shady understory (Kohyama 1980, King 1997). Thus, the lon-
ger lifespan of lateral branches (Figure 2) and consequently
longer needle longevity within branch systems (Table 5) in
shade saplings compared with sun saplings compensates for
the slower branch development under suppressed conditions
(Niinemets and Lukjanova 2003, Mori and Takeda 2004c).

Structural changes in lateral branch systems are the cumula-

tive result of acclimation at the needle and shoot levels (Mori
and Takeda 2004c). Thus, reflecting the low ratio of needle
mass to shoot mass of shade saplings (Table 2), the proportion
of branch stem mass within a lateral branch was higher in
shade saplings than in sun saplings. Increased needle longevity
can offset the effect of a low rate of needle production on light
interception, as observed in many conifers (e.g., Niinemets
and Lukjanova 2003, Pensa and Jalkanen 2005). The extended
needle longevity in shade saplings limits carbon allocation to
foliage relative to organs that support the flattened crown
(King 1997, Mori and Takeda 2004c, Mori and Hasegawa
2007). Thus, sun–shade acclimation during branch develop-
ment creates high plasticity of crown morphology in A. ama-
bilis saplings, as reported for A. mariesii (Mori and Takeda
2004c, Mori and Hasegawa 2007).

The mechanical requirement for branch support in shade is
especially evident in snowy habitats (Klinka et al. 1992, King
1997, Mori and Takeda 2003a, 2004c, Niinemets and Luk-
janova 2003, Mori and Hasegawa 2007). Lateral branches
of shade saplings at Olallie Meadows, where it is relatively
snowy, had significantly lower needle mass per unit stem mass
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Figure 5. Current-year needle mass to total foliage mass (MN0SAP /MNSAP)
in sun and shade saplings of Abies amabilis growing at (a) Olallie
Meadows and (b) Wind River. Differences were tested with the
Mann-Whitney U test.

Figure 6. Relationships of relative height growth rate (RHG)
with proportions of trunk mass (MT/MSAP), total branch–stem mass
(MSBSAP /MSAP) and total foliage mass (MNBSAP + MNT /MSAP) within
total sapling mass (MSAP) in sun and shade saplings of Abies amabilis
growing at Olallie Meadows (�) and Wind River (�). Common re-
duced major axis regression lines are shown where significant.
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compared with lateral branches of shade saplings at the less
snowy Wind River site. This is consistent with a previous
study showing that A. mariesii allocates less to foliage thereby
compensating for its high investment in stem support, a neces-
sity in its snowy habitat (Mori and Hasegawa 2007).

Sun–shade sapling structures

In shade-tolerant species, an important determinant of the abil-
ity to endure suppression in the forest understory is architec-
tural variability of the crown (Canham et al. 1994, Niinemets
1996). The high morphological variability of shade-tolerant
Abies species (Takahashi 1996, Barclay and Goodman 2000,
Claveau et al. 2002, Mori and Takeda 2003a), with deep coni-
cal crowns in sunny conditions and shallow flat crowns in the
shade (Table 1) depends on changes in allocation at the shoot,
branch and whole-sapling levels. In our study, to sustain hori-
zontally expanded branches, shade saplings allocated more to
support organs and less to foliage (Figure 3). Increased invest-
ment in the trunk in shade saplings helps support the branches
(Figure 3), which are mostly restricted to the top of the flat
crown (Mori and Takeda 2003a). Shade saplings thus showed
higher biomass allocation to trunk and lower allocation to fo-
liage within the total aboveground biomass compared with sun
saplings (Figure 4). Furthermore, as a proportion of all fo-
liage, current-year needles were fewer in shade saplings than
in sun saplings (Figure 5), indicating slower foliage turnover
in the shade (Mori and Takeda 2004c), which compensates for
the increased investment in support organs.

Decreased allocation to foliage in shade saplings tended to
be more marked at the snowy Olallie Meadows site than at the
Wind River site. Both the ratio of total branch-needle mass to
total branch-stem mass and the total foliage mass to sapling
mass ratio were lower in shade saplings at Olallie Meadows
than at Wind river, consistent with the pattern of variation with
snowpack depth found in A. mariesii (Mori and Hasegawa
2007).

Phenotypic acclimation to light regime

The plasticity of A. amabilis is similar at the needle, shoot,
branch, crown and whole-sapling levels to that seen in A. mari-
esii, a closely related species found in Japanese subalpine for-
ests (Mori and Takeda 2004c, Mori and Hasegawa 2007).
Therefore, in their phylogenetic group, Section Amabilis (Far-
jon and Rushforth 1989), the observed morphological vari-
ability and accompanying variation in production and alloca-
tion of biomass at various hierarchies represent the phenotypic
acclimation that determines their high shade- and snow-toler-
ance. Abies amabilis is less tolerant to drought and low tem-
perature than A. lasiocarpa (Zolbrod and Peterson 1999),
which often co-dominates at high elevations. Abies amabilis
dominates in snowy wet forests, implying that its ability to
grow and survive in understory habitats characterized by deep
snow and dense shade are key determinants of its current dis-
tribution (Mori et al. 2007b).

In dense shade, Abies saplings produce a flat crown through
a reduction in height growth relative to horizontal branch ex-

tension (Kohyama 1980, King 1997, Mori and Takeda 2003a,
2004c, Mori and Hasegawa 2007). The reduction in height
growth in response to shade changed the distribution of bio-
mass, resulting in increased trunk mass relative to foliage mass
(Figure 6). This relationship did not differ between sites, indi-
cating that such variability in growth allocation is likely a gen-
eral attribute of A. amabilis and underlies its high morphologi-
cal  plasticity.

Morphological acclimation of A. amabilis is only one aspect
of the biological complexity of late-successional forest eco-
systems. Nevertheless, our field study provided insight into the
structure and dynamics of populations, communities and eco-
systems (Walther 2003, Hinzman et al. 2005). We conclude
that the observed structural acclimation at the juvenile level is
a key process underlying the predominance of A. amabilis
in many late-successional forest ecosystems throughout the
snowy Pacific coastal mountain regions.
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