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eBackground and Aims  Acer saccharum and Fagus grandifolia are among the most
dominant late-successional tree species in North America. We examined the influence of
sapling growth responses to canopy gaps on the codominance of the two species in an
old-growth forest in southern Quebec, Canada. We evaluated two predictions: 1) Fagus
grandifolia is more shade tolerant than Acer saccharum due to greater sapling leaf area
and net production per sapling in closed-canopy conditions, and 2) the height growth
rate of Acer saccharum in canopy gaps is greater than Fagus grandifolia due to
increased net production per sapling.

eMethods We compared sapling crown allometry, net production and height growth
rates between and within the two species in closed canopy versus canopy gaps. We used
standardised major axis regression to analyse differences in crown allometry.

eKey Results Fagus grandifolia had greater crown projection, sapling leaf area and
net production rate per sapling than Acer saccharum in closed-canopy conditions. In
response to canopy gaps, net production per sapling increased to the same degree in
both species. The net production per sapling of Fagus grandifolia thus was much
greater than that of Acer saccharum in both canopy gap and closed-canopy conditions.
The height growth rate of both species increased in canopy gaps, but the degree of
increase was greater in Fagus grandifolia than Acer saccharum.

eConclusions Fagus grandifolia regenerated more successfully than Acer saccharum
in both closed-canopy conditions and canopy gaps, which indicates that the
codominance of the two species cannot be maintained simply by interspecific
differences in shade tolerance and growth in gaps. Previous research showed that
although Fagus and Acer shared dominance at this site their relative dominance shifted
with edaphic conditions. This suggests that the widespread codominance of the two
species in eastern North American forests is maintained by the joint influence of canopy
disturbance and species-specific responses to the heterogeneity of moisture and fertility

regimes within forested landscapes.
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INTRODUCTION
Acer saccharum March. and Fagus grandifolia Ehrh. are frequently
codominant in northern hardwood forests, and this codominance apparently is unique
among the 125 extant Acer species (van Gelderen et al., 1994) and 11 Fagus species

(Fang and Lechowicz, 2006) worldwide. Many mechanisms have been proposed to



account for this unusual codominance: reciprocal replacement of canopy trees,
contrasting modes of reproduction, differences in edaphic affinity, and differences in
sapling responses to disturbance (Fox, 1977; Woods, 1979, 1984; Runkle, 1981, 1984;
Cypher and Boucher, 1982; Canham, 1988; Arii and Lechowicz, 2002). The prevailing
view is that a tradeoff between survival rate in low light conditions typical of forest
understorey versus growth rate in high light conditions associated with canopy gaps is
the primary mechanism accounting for the frequent codominance of Acer saccharum
and Fagus grandifolia. Canham (1988) and Poulson and Platt (1996) reported that Acer
saccharum grew more slowly than Fagus grandifolia in closed-canopy conditions, but
that the height growth of Acer saccharum was greater than that of Fagus grandifolia in
canopy gaps. Theory shows that this sort of tradeoff can underpin species coexistence or
codominance (Chesson, 2000), and the tradeoff has been shown to be important in a
wide variety of forests (Kitajima, 1994; Kobe et al., 1995; Condit et al., 1996; Poorter
and Arets, 2003; Baraloto et al., 2005; Sterck et al., 2006). Beaudet and Messier (1998),
however, showed that the height growth of Fagus saplings was greater than Acer
saplings at any light condition less than 50% of full sun; a more complete analysis of
sapling growth responses is needed to better understand the factors leading to the
frequent codominance of Acer saccharum and Fagus grandifolia.

Plant growth is a reiterative process whereby net production is allocated
differentially to each organ (trunk, roots, branches and leaves), and the growth of each
organ in turn influences future rates of net production. The total leaf area of a sapling
and its crown architecture in particular greatly influence rates of growth and net
production. Crown architecture of saplings falls along a gradient between two extremes:
lateral-growth and vertical-growth architectures (Kohyama, 1987; Kohyama and Hotta,
1990). The larger crown of lateral-growth species increases the probability of survival in
closed-canopy conditions because of greater net production rate due to greater
assimilative area (Kohyama, 1991). At the other end of the spectrum, height growth in
canopy gaps is higher in vertical-growth species with less crown development than
lateral-growth species, because a lower biomass increment is required per unit height
growth for the former (Kohyama, 1987; Kohyama and Hotta, 1990; Sakai, 1990).
Furthermore, biomass allocation to each organ changes with light conditions. Takahashi
et al. (2001) and Takahashi and Rustandi (2006) showed that vertical- and
lateral-growth species show opposite responses to canopy gaps according to their
crown-architectural constraints. Lateral-growth species increase height growth rate in
canopy gaps by allocating more biomass to the main trunk because the reduced

allocation to branches for leaf distribution increases the height growth per unit biomass.



In contrast, vertical-growth species increase height growth rate in canopy gaps by
increasing the net production per sapling through increase of allocation to leaves
compared with lateral-growth species. Lower cost of leaf support allows vertical-growth
species to invest more in leaves. This sort of variation in crown architecture can affect
the growth and net production of saplings, and potentially could figure in the
maintenance of codominance in Acer saccharum and Fagus grandifolia.

Considering the growth traits of Acer saccharum and Fagus grandifolia
(Canham, 1988), we can make two predictions if a tradeoff between net production and
height growth efficiency plays a major role in their codominance relationship. First,
Fagus grandifolia should be more shade tolerant than Acer saccharum by virtue of
having a more developed crown and greater net production per sapling in closed-canopy
conditions. Second, the height growth in canopy gaps should be greater in Acer
saccharum than Fagus grandifolia by virtue of a higher net production rate per sapling
arising in a lower leaf support cost in Acer saplings under closed-canopy conditions.
Testing this second prediction requires measurement of current-year leader shoot
characteristics, which can be evaluated by comparing shoot growth and the number of
leaves per leader shoot between the two species.

To more completely assess the strategies of sapling growth in Acer saccharum
and Fagus grandifolia, we examined the net production per sapling, the pattern of
allocation and the growth of leader shoot in saplings growing under different canopy
regimes (closed and gaps) in an old-growth forest in southern Quebec, Canada. Our
objectives were (1) to test whether crown development is greater in Fagus grandifolia
than in Acer saccharum in closed-canopy conditions, and (2) to test whether Acer
saccharum grows in height faster in canopy gaps by increasing net production rate
through greater allocation to leaves compared with Fagus grandifolia, and (3) to discuss

the implications of our results for codominance relationships between the two species.

MATERIALS AND METHODS
Study site
This study was conducted on Mont St. Hilaire (MSH: 45°31' N, 73°08' W), 32 km east
of Montreal, in southern Quebec, eastern Canada. MSH is a rugged hill complex
standing abruptly above the floor of the St. Lawrence River Valley; the 10 km? site is
protected under provincial law as the Gault Nature Reserve. The site is near the northern
edge of the range for both Acer saccharum and Fagus grandifolia. The monthly mean
temperature in this region is between —10.2°C (February) and 20.6°C (August) with an

annual mean temperature of 5.9°C. Annual precipitation is 1017 mm (Environment



Canada, 2002). These climatic data are for St. Hubert Airport [1928 — 1990], 45°31' N,
73°25' W, on the valley floor 20 km west of MSH.

The forests on MSH are old-growth with many of the trees exceeding 150 years
in age and a few over 400 years old (Cook, 1971). In addition to Acer saccharum and
Fagus grandifolia, the frequent canopy trees include Quercus rubra L., Fraxinus
americana L., Tilia americana L., Betula alleghaniensis Britton, Acer rubrum L.,
Populus grandidentata Michx, Pinus strobus L. and Tsuga canadensis (L.) Carriére
(Maycock, 1961; Arii et al., 2005). Acer saccharum and Fagus grandifolia are the two
most frequent canopy trees throughout the reserve, but Acer saccharum tends to be
more abundant than Fagus grandifolia on drier, upper slopes (Arii et al., 2005;
Takahashi et al., 2007). This study was done on mid- to lower-slopes where Acer-Fagus

codominance is prevalent.

Field methods
We collected saplings in several small canopy gaps of 60—80 m?; canopy gaps

were distinguished from closed canopy by the absence of upper canopy above 10 m. We
harvested undamaged saplings (23—193 cm tall) of each species in each canopy
condition (gap and closed) in summer 2005, noting the seed- or sprout-origin (Jones and
Raynal, 1986) of Fagus grandifolia saplings. We measured sapling trunk height (the
vertical distance from the ground to the highest apex) and trunk diameter at 1/10 height.
To estimate crown projection we measured crown width in two perpendicular directions,
including the maximum. We measured total stem length, the number of leaves on the
current-year leader shoot of the main trunk, and vertical height of the terminal bud scar
from the previous year. We calculated annual vertical height growth rate as the
current-year’s trunk height minus the previous-year’s trunk height. We emphasize that
the height growth in this study is vertical trunk growth, not extension growth of the
leader shoot; this avoids confounding interspecific comparisons of crown extent and
overtopping. We measured annual diameter growth of the trunk from annual rings at
1/10 of the total sapling height. Saplings were divided into trunk, lateral branches,
current-year stem, and leaf lamina plus petiole. These components were weighed after
oven-drying at 80°C for at least 2 days; before oven-drying leaves, the total fresh leaf
area of each sapling was measured using an LI-3100 area meter (Li-Cor Inc., Nebraska,
USA).

We estimated the above-ground net production rate during 2005 as the total
mass of newly produced parts (leaves, current-year stems and radial increment of older

trunk-stem). We used the following procedure to determine the mass increment due to



current-year radial growth on the main trunk. For each species, log-transformed trunk
mass in the year 2005 was linear-regressed as a function of log-transformed Dj;H,,

where Dys and Hys are trunk diameter and height, respectively, in 2005. The r? of the
regressions was 0.98 for Acer saccharum and 0.99 for Fagus grandifolia. We then
estimated trunk mass in 2004 by substituting Dg4 for Dys and Hy4 for Hys in this
allometric equation, where Do4 and Hyg4 are trunk diameter and height, respectively, in
2004. We obtained the mass increment of the old trunk by radial growth by subtracting
the estimated trunk mass in 2004 and the current-year leader-stem mass from the
observed trunk mass in 2005. We did not measure the branch-diameter growth, so this
approach may underestimate the mass increment per sapling, especially for larger
saplings.

Of the 23 and 25 randomly chosen Fagus saplings in closed-canopy and
canopy gaps, respectively, 8 and 11 saplings were sprout-origin. Of the total 16
variables examined (crown allometry, net production and height growth rates in
closed-canopy and gap conditions), there were only a few significant differences
between seed- and sprout-derived saplings. Canham (1988) also observed similar
morphology and growth rates between seed- and sprout-derived saplings. For simplicity,
we therefore pooled data from Fagus sprouts and seedlings, and report the overall
average, above-ground growth traits of Fagus grandifolia at this study site.

Data analysis

We used allometric relationships between parts of a plant based on log-log linear
regression to assess quantitative characteristics of crown architecture for each species in
each category of canopy condition (closed and gap). We examined four allometric
relationships relating to crown development and leaf support cost: sapling leaf mass,
sapling leaf area and crown projection each plotted against trunk height, branch mass
against sapling leaf area. We also examined two relations involving net production rate:
above-ground net production rate (NP) against sapling leaf area and NP against trunk
height before the current-year growth (i.e., trunk height in 2004). To compare trunk
inclination between the two canopy conditions, we examined the relationship between
trunk length and vertical height by regression.

Allometric trait relationships were fitted using Standardised Major Axis
regression (program (S)MATR, version 1: Falster et al., 2003; Warton et al., 2006). We
assessed differences in slope and intercept by t-test and analysis of covariance
(ANCOVA), respectively, to compare allometric regressions between Acer saccharum



and Fagus grandifolia within the same canopy condition (closed or gap) and between
closed-canopy conditions and canopy gaps within each species.

Both between-species and within-species differences in allometry were
persistently found in the intercept rather than the slope (Appendix 1, Fig. 1). In other
words, the proportionate value of any dependent variable in canopy gaps versus
closed-canopy conditions was constant across the sampled range of sapling size. Using
the value of dependent variables at the overall means of independent variables, we
evaluated the degree of plasticity as the ratio of the value for canopy gaps to the value
for closed-canopy conditions. Overall means of independent variables were 90 cm and

0.17 m* for trunk height and sapling leaf area, respectively.

RESULTS
In closed-canopy conditions, the crown projection of Fagus grandifolia was much
greater than that of Acer saccharum at any trunk height (ANCOVA, F4,=34.7, P <
0.001, Fig. 1). The crown projection at 90 cm trunk height (overall mean of the sampled
saplings) in Fagus grandifolia was about twice that of Acer saccharum in
closed-canopy conditions (Fig. 1). The sapling leaf mass and area of Fagus grandifolia
were also greater than those of Acer saccharum at any trunk height in closed-canopy
conditions (ANCOVA, F;4,=10.2, P <0.01 for leaf mass, F; 4 =21.3, P <0.001 for
leaf area, Fig. 1). Fagus grandifolia basically developed its crown more than Acer
saccharum. However, leaf support cost expressed as branch mass divided by sapling
leaf area was not significantly different between Fagus grandifolia and Acer saccharum
in closed-canopy conditions (Fig. 1).

Although net production rate (NP) per leaf area did not differ between Acer
saccharum and Fagus grandifolia in closed-canopy conditions (ANCOVA, F; 4; = 0.34,
P =0.562, Fig. 1), NP per sapling was greater in Fagus grandifolia than in Acer
saccharum (ANCOVA, F,4;=11.4, P <0.001, Fig. 1). The NP per sapling at 90 cm
trunk height in Fagus grandifolia was about twice that of Acer saccharum in
closed-canopy conditions. Greater NP per sapling of Fagus grandifolia can be ascribed
to its greater sapling leaf area compared to Acer saccharum (Fig. 1).

In response to canopy gaps, the crown projection of smaller saplings of Acer
saccharum became larger, compared with closed-canopy conditions, i.e., the slope for
the gap saplings was significantly lower than that for the understorey saplings (t = 4.0, P
<0.05, Appendix 1). In canopy gaps, sapling leaf mass and area increased at any trunk
height in Acer saccharum (ANCOVA, F;43=17.2, P <0.001 for leaf mass, and F; 43=
4.6 , P <0.05 for leaf area, Fig. 1, Appendix 1), with reduced leaf support cost



(ANCOVA, F;4,=13.6, P <0.001, Fig. 2, Appendix 1). Because of an increase in leaf
mass per area (LMA) (closed 23.9 g m™ and gap 29.9 g m™), the increase in sapling leaf
area was smaller than that of sapling leaf mass (Fig. 1). In canopy gaps Fagus
grandifolia had lower crown projection (ANCOVA, F; 4=4.1, P <0.05, Fig. 1,
Appendix 1), reduced the leaf support cost (ANCOVA, F; 4= 6.1, P <0.05, Figs. 1, 2,
Appendix 1), and increased sapling leaf mass at any trunk height (ANCOVA, F, 46= 6.0,
P <0.05, Fig. 1, Appendix 1). However, the sapling leaf area of Fagus grandifolia did
not increase in canopy gaps (Fig. 1, Appendix 1), because the increase of sapling leaf
mass was counterbalanced by an increase in LMA (closed 21.9 g m™ and gap 29.3 g
m?). Thus, the relative crown development in canopy gaps was greater in Acer
saccharum than in Fagus grandifolia, but the differences were not large (Fig. 1).

The NP per leaf area did not significantly increase in either species in canopy
gaps (Figs. 1, 3, Appendix 1), but NP per sapling increased similarly in the two species
(ANCOVA, P <0.001, Figs. 1, 4, Appendix 1). NP per sapling at 90 cm trunk height in
canopy gaps was 2.1 and 1.8 times greater that in closed-canopy conditions for Acer
saccharum and Fagus grandifolia, respectively (Fig. 1). The absolute value of NP per
sapling at 90 cm trunk height was considerably higher in Fagus grandifolia than Acer
saccharum (ANCOVA, F,4;=16.9, P <0.001, Fig. 1).

The mean height growth rate of Acer saccharum was slightly higher than that
of Fagus grandifolia in closed-canopy conditions (Mann-Whitney U-test, P < 0.001,
Fig. 1). The two species increased height growth rate in canopy gaps (Mann-Whitney
U-test, P <0.001, Fig. 1). The degree of the increase in the mean height growth rate was
much greater in Fagus grandifolia than Acer saccharum, although the degree of the
increase of NP per sapling was similar between the two species. Mean height growth
rate in canopy gaps was 36 times greater than that in closed-canopy conditions for
Fagus grandifolia, but only 6 times greater for Acer saccharum (Fig. 1).

Trunk length per unit trunk height was higher in closed-canopy conditions than
in canopy gaps for Fagus grandifolia (ANCOVA, F,46=9.7, P <0.01, Fig. 1, Appendix
1), indicating the trunk of Fagus grandifolia inclined in closed-canopy conditions but
stood erect in canopy gaps. On the contrary, the relationship between trunk length and
trunk height did not differ between closed-canopy conditions and canopy gaps for Acer
saccharum (Fig. 1, Appendix 1). Thus, the change in trunk inclination of Fagus
grandifolia effectively increased its height growth rate in canopy gaps.

Mean length of the current-year leader shoot increased in canopy gaps for Acer
saccharum (closed 2.5 cm and gap 9.1 cm, Fig. 1). The length of the current-year leader
shoot also increased in Fagus grandifolia, but much more than in Acer saccharum



(closed 1.6 cm and gap 22.9 cm, Fig. 1). Although the number of leaves per shoot was
positively correlated with the stem length for Acer saccharum (r =0.414, P = 0.005, n =
44, Fig. 5), 80% of the examined shoots had only four leaves per shoot. On the contrary,
the number of leaves per shoot varied from one to nine leaves for Fagus grandifolia,
and was highly correlated with stem length (r =0.930, P <0.001, n =48, Fig. 5). Thus,
the stem length and the number of leaves per shoot were more plastic in Fagus

grandifolia, which contributes to its greater increase in height growth in canopy gaps.

DISCUSSION
It frequently is supposed that Fagus grandifolia saplings can survive longer than Acer
saccharum saplings in the understorey, but that Acer saccharum coexists with Fagus
grandifolia by growing more rapidly in canopy gaps (Canham, 1988; Poulson and Platt,
1996). We therefore expected 1) that Fagus grandifolia would have a more developed
crown and greater net production rate per sapling than Acer saccharum in
closed-canopy conditions because a well-developed crown enhances assimilation and
increases survival in these conditions (Kohyama, 1987; Sterck et al., 2003), and 2) that
the relative increase of height growth rate in canopy gaps compared to understorey
saplings would be greater in Acer saccharum. If the leaf support cost of Acer saplings is
smaller than Fagus saplings in closed-canopy conditions, Acer saplings can grow faster
than Fagus saplings through increase in net production rate per sapling due to an
increase of sapling leaf area in canopy gaps. Such interspecific differences in growth
response to light conditions affecting the regeneration niche are often considered the
primary factor governing species coexistence in both tropical and temperate forests
(Kitajima, 1994; Kobe et al., 1995; Condit et al., 1996; Poorter and Arets, 2003;
Baraloto et al., 2005; Sterck et al., 2006).

As expected, we did find that Fagus grandifolia had a more developed crown
and greater net production rate per sapling than Acer saccharum in closed-canopy
conditions, substantiating claims that Fagus grandifolia is more shade-tolerant than
Acer saccharum (Niinemets and Valladares, 2006). Contrary to expectations, the two
species have similar leaf support costs and a similar degree of increase in net production
per sapling in gaps. Nevertheless, the height growth rate of Fagus grandifolia in gaps
was much greater than that of Acer saccharum. This interspecific difference in the
relative increase of the height growth rate was larger than that of the net production per
sapling. Contrary to widely accepted opinion, the frequent codominance of Fagus
grandifolia and Acer saccharum therefore cannot be explained simply by the species
differences in shade tolerance and growth in gaps. The light-mediated “regeneration
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niche” model for maintenance of Acer-Fagus codominance does not appear to apply in
the old-growth forest at Mont St. Hilaire.

One initially might expect that the greater relative increase of height growth of
Fagus saplings in gaps than Acer saplings is due to the growth of Fagus sprouts (Arii &
Lechowicz 2002). However, in this study, the growth of Fagus sprouts was not
significantly greater than that of seed-derived saplings in canopy gaps. Instead two
factors contribute to the greater relative increase of height growth rate in canopy gaps
by Fagus grandifolia. First, the trunk of Fagus grandifolia grows inclined in
closed-canopy conditions but become more vertical in canopy gaps. The plagiotropic
trunk in Fagus minimises self-shading in closed-canopy conditions and maximises
production efficiency in canopy gaps by growing more vertically. Second, the relative
increase of stem elongation of the current-year leader shoot in canopy gaps was greater
in Fagus grandifolia than Acer saccharum. This difference in shoot growth between the
two species was associated with the difference in their deployment of leaves in relation
to shoot length. Acer saccharum has a fixed number of leaves, while the number of
leaves per shoot in Fagus grandifolia is proportional to the stem length. This increase of
leaf number per shoot increases carbon gain at the shoot level, thus enabling greater
shoot elongation in gaps. Whatever the causal basis, it is clear that at this site and
contrary to the seminal study by Canham (1988), Fagus grandifolia enjoys an
advantage over Acer saccharum for height growth in canopy gaps.

Canham (1988) reported a mean height growth rate in small canopy gaps of
28.7 cm year for Acer saccharum and 12.5 cm year™ for Fagus grandifolia in forests
not far south of our study site. This value for Acer saccharum was almost threefold
greater than at our site, although the growth rate of Fagus grandifolia was similar
between the two studies. Canham (1988) reported Fagus grandifolia saplings with
mostly only three leaves per shoot in both closed-canopy and gap conditions, while we
found up to nine leaves on a shoot. We believe these differences arise in edaphic
differences that have been undervalued in previous studies of Acer-Fagus codominance,
which have generally emphasized shade tolerance and growth responses to canopy gaps
(Canham, 1988; Poulson and Platt, 1996) without reference to edaphic regime.

Spatial distribution and the growth of plant species are often regulated by
edaphic conditions such as soil nutrient and water availability (Svenning, 1999;
Palmiotto et al., 2004; Silvertown, 2004; Russo et al., 2005; Paoli et al., 2006). Fagus
grandifolia favors sites with lower pH and less available Ca than Acer saccharum,
although the environmental affinities of the two species overlap substantially (Iverson et
al., 1999; Arii and Lechowicz, 2002; Bigelow and Canham, 2002; Kobe et al., 2002).
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Low Ca concentration in the leaf litter of Fagus grandifolia (C6té and Fyles, 1994a, b)
in fact gradually makes the soil beneath Fagus canopy trees less favorable for Acer
saplings, an autogenic enhancement of local dominance by Fagus (Hane et al., 2003).
Arii (2002) reported that the growth of Acer saplings was lower in more
Fagus-dominated sites in MSH, supporting the idea that the presence of Fagus canopy
trees reduces the growth of Acer saplings. At MSH, Fagus grandifolia also tends to
become more dominant on lower slopes that have greater soil moisture, Acer saccharum
on drier upper slopes (Arii and Lechowicz, 2002; Arii et al., 2005). Tree density and
stand basal area on the upper slope at MSH were ca. 60% and 85% of those at the lower
slope, respectively (our unpublished data), which influences understorey light regime.
Dense canopy shade on the lower slope favors Fagus regeneration over that of less
shade-tolerant Acer saplings. On the other hand, lower soil moisture on the upper slope
is unfavorable to the somewhat less drought tolerant Fagus (Woods, 2000; Caspersen
and Kobe, 2001; Niinemets and Valladares, 2006). This situation at MSH, clearly
suggests that understanding the unusual codominance of Acer saccharum and Fagus
grandifolia in the forests of eastern North America requires consideration of species
responses to both edaphic and insolation regimes. Codominance can be maintained
through niche partitioning along local edaphic edaphic gradients even if the disturbance
regime generally favors Fagus over Acer in terms of shade tolerance and growt in
canopy gaps.

In conclusion we have shown that (1) Fagus grandifolia is more shade-tolerant
than Acer saccharum because of greater crown development and net production per
sapling in closed-canopy conditions, (2) the direction and the degree of the plasticity of
the crown architecture in response to canopy gaps were similar between the two species,
but the height growth rate is much greater in Fagus grandifolia than Acer saccharum in
canopy gaps due to greater height growth rate per unit dry mass, and (3) the
codominance of the two species at a site can be influenced by topographic gradients in
soil moisture and nutrients. We predict that the widespread codominance of Acer
saccharum and Fagus grandifolia in eastern North America is determined not simply by
interspecific differences in shade tolerance and growth in gaps (i.e., regeneration niche)
but also by species-specific responses to the heterogeneity of moisture and fertility

regimes within forested landscapes.

ACKNOWLEDGEMENTS
This work was supported by funds from the Japan Society for Promotion of Science to

KT and the Natural Sciences and Engineering Research Council of Canada to MJL. We



12

are grateful to McGill University for its support of the Gault Nature Reserve at Mont St.
Hilaire. We thank two anonymous referees for suggestions that improved the

manuscript.

LITERATURE CITED

Arii K, Hamel BR, Lechowicz MJ. 2005. Environmental correlates of canopy
composition at Mont St. Hilaire, Quebec, Canada. Journal of the Torrey
Botanical Society 132: 90-102.

Arii K, Lechowicz MJ. 2002. The influence of overstory trees and abiotic factors on
the sapling community in an old-growth Fagus-Acer forest. Ecoscience 9:
386-396.

Baraloto C, Goldberg DE, Bonal D. 2005. Performance trade-offs among tropical tree
seedlings in contrasting microhabitats. Ecology 86: 2461-2472.

Beaudet M, Messier C. 1998. Growth and morphological responses of yellow birch,
sugar maple, and beech seedlings growing under a natural light gradient.
Canadian Journal of Forest Research 28: 1007-1015.

Bigelow SW, Canham CD. 2002. Community organization of tree species along soil
gradients in a north-eastern USA forest. Journal of Ecology 90: 188-200.

Canham CD. 1988. Growth and canopy architecture of shade-tolerant trees: response to
canopy gaps. Ecology 69: 786-795.

Caspersen JP, Kobe RK. 2001. Interspecific variation in sapling mortality in relation
to growth and soil moisture. Oikos 92: 160—168.

Chesson PL. 2000. Mechanisms of maintenance of species diversity. Annual Review of
Ecology and Systematics 31: 343-366.

Condit R, Hubbell SP, Foster RB. 1996. Assessing the response of plant functional
types to climatic change in tropical forests. Journal of Vegetation Science 7:
405-416.

Cook BD. 1971. Tree-age distribution in a northern hardwood forest. MSc thesis,
McGill University, Canada.

Coté B, Fyles JW. 1994a. Leaf litter disappearance of hardwood species southern
Québec: Interaction between litter quality and stand type. Ecoscience 1:
322-328.

Coté B, Fyles JW. 1994b. Nutrient concentration and acid-base status of leaf litter of
tree species characteristic of the hardwood forest of southern Quebec.
Canadian Journal of Forest Research 24: 192—196.

Cypher J, Boucher DH. 1982. Beech-maple coexistence and seedling growth rates at



13

Mount Saint Hilaire, Quebec. Canadian Journal of Forest Research 60:
1279-1281.

Environment Canada. 2002. Canadian Climate Normals, St. Hubert A., Quebec.
(1928-1990).

http://www.msc.ec.gc.ca/climate/climate_normals/show_normals/show_normal

s_e.cfm.

Falster DS, Warton DI, Wright 1J. 2003. (S)MATR: standardised major axis tests and
routines. Version 1.0. http://www.bio.mg.edu.au/ecology/SMATR.

Fang J, Lechowicz MJ. 2006. Climatic limits for the present distribution of beech
(Fagus L.) species in the world. Journal of Biogeography 33: 1804—1819.

Fox JF. 1977. Alternation and coexistence of tree species. American Naturalist 111:
69-89.

Hane EN, Hamburg SP, Barber AL, Plaut JA. 2003. Phytotoxicity of American
beech leaf leachate to sugar maple seedlings in greenhouse experiment.
Canadian Journal of Forest Research 33: 814-821.

Iverson LR, Prasad AM, Hale BJ, Sutherland EK. 1999. An atlas of current and
potential future distributions of common trees of the eastern United States.
General Technical Report NE-265. Northeastern Research Station, USDA
Forest Service. 245 pp.

Jones RH, Raynal DJ. 1986. Spatial distribution and development of root sprouts in
Fagus grandifolia (Fagaceae). American Journal of Botany 73: 1723—-1731.

Kitajima K. 1994. Relative importance of photosynthetic traits and allocation patterns
as correlates of seedling shade tolerance of 13 tropical trees. Oecologia 98:
419-428.

Kobe RK, Likens GE, Eagar C. 2002. Tree seedling growth and mortality responses to
manipulations of calcium and alminum in a northern hardwood forest.
Canadian Journal of Forest Research 32: 954-966.

Kobe RK, Pacala SW, Silander JA, Canham CD. 1995. Juvenile tree survivorship as
a component of shade tolerance. Ecological Applications 5: 517-532.

Kohyama T. 1987. Significance of architecture and allometry in saplings. Functional
Ecology 1: 399-404.

Kohyama T. 1991. A functional model describing sapling growth under a tropical forest
canopy. Functional Ecology 5: 83-90.

Kohyama T, Hotta M. 1990. Siginificance of allometry in tropical saplings. Functional
Ecology 4: 515-521.

Maycock PF. 1961. Botanical studies on Mont St. Hilaire, Rouville country, Quebec.


http://www.msc.ec.gc.ca/climate/climate_normals/show_normals/show_normals_e.cfm
http://www.msc.ec.gc.ca/climate/climate_normals/show_normals/show_normals_e.cfm
http://www.bio.mq.edu.au/ecology/SMATR

14

General description of the area and a floristic survey. Canadian Journal of
Botany 39: 1293—-1325.

Niinemets U, Valladares F. 2006. Tolerance to shade, drought, and waterlogging of
temperate Northern Hemisphere trees and shrubs. Ecological Monographs 76:
521-547.

Palmiotto PA, Davies SJ, Vogt KA, Ashton MS, Vogt DJ, Ashton PS. 2004.
Soil-related habitat specialization in dipterocarp rain forest tree species in
Borneo. Journal of Ecology 92: 609-623.

Paoli GD, Curran LM, Zak DR. 2006. Soil nutrients and beta diversity in the Bornean
Dipterocarpaceae: evidence for niche partitioning by tropical rain forest trees.
Journal of Ecology 94: 157-170.

Poorter L, Arets EJMM. 2003. Light environment and tree strategies in a Bolivian
tropical moist forest: an evaluation of the light partitioning hypothesis. Plant
Ecology 166: 295-306.

Poulson TL, Platt WJ. 1996. Replacement patterns of beech and sugar maple in
Warren Woods, Michigan. Ecology 77: 1234—1253.

Russo SE, Davies SJ, King DA, Tan S. 2005. Soil-related performance variation and
distribution of tree species in a Bornean rain forest. Journal of Ecology 93:
879-889.

Runkle JR. 1981. Gap regeneration in some old-growth forests of the eastern United
States. Ecology 62: 1041-1051.

Runkle JR. 1984. Development of woody vegetation in treefall gaps in a beech-sugar
maple forest. Holarctic Ecology 7: 157-164.

Sakai S. 1990. Sympodial and monopodial branching in Acer: implications for tree
architecture and adaptive significance. Canadian Journal of Botany 68:
1549-1553.

Silvertown J. 2004. Plant coexistence and the niche. Trends in Ecology and Evolution
19: 605-611.

Sterck F, Martinéz-Ramos M, Dyer-Leal G, Rodriguez-Velazquez J, Pooter L. 2003.
The consequences of crown traits for the growth and survival of tree saplings in
a Mexican lowland rainforest. Functional Ecology 17: 194-200.

Sterck FJ, Poorter L, Schieving F. 2006. Leaf traits determine the growth-survival
trade-off across rain forest tree species. American Naturalist 167: 758-765.

Svenning JC. 1999. Microhabitat specialization in a species-rich palm community in
Amazonian Ecuador. Journal of Ecology 87: 55-65.

Takahashi K, Arii K, Lechowicz MJ. 2007. Quantitative and qualitative effects of a



15

severe ice storm on an old-growth beech-maple forest. Canadian Journal of
Forest Research 37: 598-606.

Takahashi K, Rustandi A. 2006. Responses of crown development to canopy openings
by saplings of eight tropical submontane forest tree species in Indonesia: a
comparison with cool temperate trees. Annals of Botany 97: 559-569.

Takahashi K, Seino T, Kohyama T. 2001. Responses to canopy openings in
architectural development of saplings in eight deciduous broad-leaved tree
species. Canadian Journal of Forest Research 31: 1336-1347.

van Gelderen DM, de Jong PC, Oterdoom HJ. 1994. Maples of the world. Portland:
Timber Press.

Warton DI, Wright 1J, Falster DS & Westoby M. 2006. Bivariate line-fitting methods
for allometry. Biological Reviews 81: 259-291.

Woods KD. 1979. Reciprocal replacement and the maintenance of codominance in a
beech-maple forest. Oikos 33: 31-39.

Woods KD. 1984. Patterns of tree replacement: canopy effects on understory pattern in
hemlock - northern hardwood forests. Vegetatio 56: 87—107.

Woods KD. 2000. Long-term change and spatial pattern in a late-successional
hemlock-northern hardwood forest. Journal of Ecology 88: 267-282.

FIGURE LEGENDS
Fig. 1. Comparisons of crown architectural and growth traits of Acer saccharum and
Fagus grandifolia in closed-canopy conditions and canopy gaps: (A) crown projection
(Ac), (B) sapling leaf mass (M_), (C) sapling leaf area (A.) at 90 cm trunk height in 2005
(Hos), (D) branch mass (Mg) at 0.17 m?* A, (E) net production rate per sapling (NP) at
0.17 m* A, (F) NP at 90 cm trunk height in 2004, i.e., before the current-year growth
(Ho4), (G) trunk height growth rate, (H) trunk length (Lt) at 90 cm Hys, (I) mean stem
length of current-year leader shoot. 90 cm of trunk height and 0.17 m® of sapling leaf
area are the overall mean values of the examined saplings. Dark and light shaded bars
indicate Acer saccharum and Fagus grandifolia, respectively. Each crown component
was estimated by the allometric regression listed in Appendix 1. Interspecific difference
in the intercept of regressions within each canopy condition (closed or gaps) was
denoted by asterisks (*: P <0.05, **: P <0.01, ***: P <0.001 by ANCOVA). The slope
of regression was not significantly different between the two species for each allometry.

Interspecific differences in the height growth rate and stem length were also denoted by
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asterisks (Mann-Whitney U-test).

Fig. 2. Relationship between branch mass and sapling leaf area for Acer saccharum and
Fagus grandifolia in closed-canopy conditions (e, solid line) and canopy gaps (o,

broken line). Regression equations are listed in Appendix 1.

Fig. 3. Relationship between net production rate per sapling and sapling leaf area for
Acer saccharum and Fagus grandifolia in closed-canopy conditions (e, solid line) and

canopy gaps (o, broken line). Regression equations are listed in Appendix 1.

Fig. 4. Relationship between net production rate per sapling and trunk height before the
current-year growth for Acer saccharum and Fagus grandifolia in closed-canopy
conditions (e, solid line) and canopy gaps (o, broken line). Regression equations are

listed in Appendix 1.

Fig. 5. Relationship between the number of leaves per shoot and stem length of the
current-year leader shoot for Acer saccharum and Fagus grandifolia in closed-canopy

conditions (e, solid line) and canopy gaps (o, broken line).
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Appendix 1. Standardised major axis regressions for the seven relationships. Log-log regression (log Y = a log X

+ b, base 10) was used, except for the relationship between Lt and Hgs. Differences in slope (a) and intercept (b) of

equations between saplings in closed-canopy conditions and canopy gaps were tested by the t-test and ANCOVA,

respectively, where the degree of freedom for t-test and ANCOVA are 1 and (1, n — 2). ANCOVA was not performed

for Ac — Hgs of Acer saccharum because slope was significantly different between the two canopy conditions.

Closed canopy Canopy gaps
Y-X Species a b r’ a b r* n t for a
F forb
Ac—Hos  Acer 1.84 434 0.87 135 336 067 45 4.0°
Fagus 1.80  -3.92 0.80 1.54 353 081 48 1.3 4.1°
M, —Hps  Acer 1.94  -3.45 0.91 1.77 —291 080 45 0.6 172"
Fagus 201 339 0.81 1.87 296 078 48 0.3 6.0°
A —Hos  Acer 1.93 487 0.91 1.81  —452 080 45 0.3 4.6
Fagus 209 491 0.83 1.87  —443 077 48 0.7 0.5
Mg—A_  Acer 1.32 1.59 0.84 1.45 152 094 44 0.2 13.6°"
Fagus 1.56 1.92 0.96 1.40 1.62  0.83 48 1.2 6.1
NP-A_  Acer 1.15 1.92 0.88 1.07 1.97 092 45 0.5 <0.1
Fagus 1.01 1.80 0.92 1.05 1.92  0.87 48 0.2 3.4
NP -H,, Acer 2.19 -3.60 0.83 1.81 253 075 45 1.7 21.9"™
Fagus  2.11  -3.14 0.87 186  —2.40 088 48 13 29.17
Ly—Hos  Acer 1.15  -5.86 0.97 1.06 200 099 43 3.0 <0.1
Fagus 1.17 751 0.92 1.05 635 095 48 1.9 9.7

*, P <0.05; **, P <0.001; *** P <0.001.

Ac: crown projection area (m”), A.: sapling leaf area (m?), M_: sapling leaf mass (g), Mg: branch

mass (g), Hos: trunk height in 2005 (cm), Ho4: trunk height in 2004 (cm), Ly: trunk length in 2005

(cm), NP: net production rate per sapling (g year™).



	●Background and Aims  Acer saccharum and Fagus grandifolia are among the most dominant late-successional tree species in North America. We examined the influence of sapling growth responses to canopy gaps on the codominance of the two species in an old-growth forest in southern Quebec, Canada. We evaluated two predictions: 1) Fagus grandifolia is more shade tolerant than Acer saccharum due to greater sapling leaf area and net production per sapling in closed-canopy conditions, and 2) the height growth rate of Acer saccharum in canopy gaps is greater than Fagus grandifolia due to increased net production per sapling.
	●Methods  We compared sapling crown allometry, net production and height growth rates between and within the two species in closed canopy versus canopy gaps. We used standardised major axis regression to analyse differences in crown allometry.
	●Key Results  Fagus grandifolia had greater crown projection, sapling leaf area and net production rate per sapling than Acer saccharum in closed-canopy conditions. In response to canopy gaps, net production per sapling increased to the same degree in both species. The net production per sapling of Fagus grandifolia thus was much greater than that of Acer saccharum in both canopy gap and closed-canopy conditions. The height growth rate of both species increased in canopy gaps, but the degree of increase was greater in Fagus grandifolia than Acer saccharum.
	●Conclusions  Fagus grandifolia regenerated more successfully than Acer saccharum in both closed-canopy conditions and canopy gaps, which indicates that the codominance of the two species cannot be maintained simply by interspecific differences in shade tolerance and growth in gaps. Previous research showed that although Fagus and Acer shared dominance at this site their relative dominance shifted with edaphic conditions. This suggests that the widespread codominance of the two species in eastern North American forests is maintained by the joint influence of canopy disturbance and species-specific responses to the heterogeneity of moisture and fertility regimes within forested landscapes.
	Key words: American beech, crown architecture, crown allometry, height growth rate, net production rate, saplings, sugar maple.
	INTRODUCTION
	 Acer saccharum March. and Fagus grandifolia Ehrh. are frequently codominant in northern hardwood forests, and this codominance apparently is unique among the 125 extant Acer species (van Gelderen et al., 1994) and 11 Fagus species (Fang and Lechowicz, 2006) worldwide. Many mechanisms have been proposed to account for this unusual codominance: reciprocal replacement of canopy trees, contrasting modes of reproduction, differences in edaphic affinity, and differences in sapling responses to disturbance (Fox, 1977; Woods, 1979, 1984; Runkle, 1981, 1984; Cypher and Boucher, 1982; Canham, 1988; Arii and Lechowicz, 2002). The prevailing view is that a tradeoff between survival rate in low light conditions typical of forest understorey versus growth rate in high light conditions associated with canopy gaps is the primary mechanism accounting for the frequent codominance of Acer saccharum and Fagus grandifolia. Canham (1988) and Poulson and Platt (1996) reported that Acer saccharum grew more slowly than Fagus grandifolia in closed-canopy conditions, but that the height growth of Acer saccharum was greater than that of Fagus grandifolia in canopy gaps. Theory shows that this sort of tradeoff can underpin species coexistence or codominance (Chesson, 2000), and the tradeoff has been shown to be important in a wide variety of forests (Kitajima, 1994; Kobe et al., 1995; Condit et al., 1996; Poorter and Arets, 2003; Baraloto et al., 2005; Sterck et al., 2006). Beaudet and Messier (1998), however, showed that the height growth of Fagus saplings was greater than Acer saplings at any light condition less than 50% of full sun; a more complete analysis of sapling growth responses is needed to better understand the factors leading to the frequent codominance of Acer saccharum and Fagus grandifolia.
	 Plant growth is a reiterative process whereby net production is allocated differentially to each organ (trunk, roots, branches and leaves), and the growth of each organ in turn influences future rates of net production. The total leaf area of a sapling and its crown architecture in particular greatly influence rates of growth and net production. Crown architecture of saplings falls along a gradient between two extremes: lateral-growth and vertical-growth architectures (Kohyama, 1987; Kohyama and Hotta, 1990). The larger crown of lateral-growth species increases the probability of survival in closed-canopy conditions because of greater net production rate due to greater assimilative area (Kohyama, 1991). At the other end of the spectrum, height growth in canopy gaps is higher in vertical-growth species with less crown development than lateral-growth species, because a lower biomass increment is required per unit height growth for the former (Kohyama, 1987; Kohyama and Hotta, 1990; Sakai, 1990). Furthermore, biomass allocation to each organ changes with light conditions. Takahashi et al. (2001) and Takahashi and Rustandi (2006) showed that vertical- and lateral-growth species show opposite responses to canopy gaps according to their crown-architectural constraints. Lateral-growth species increase height growth rate in canopy gaps by allocating more biomass to the main trunk because the reduced allocation to branches for leaf distribution increases the height growth per unit biomass. In contrast, vertical-growth species increase height growth rate in canopy gaps by increasing the net production per sapling through increase of allocation to leaves compared with lateral-growth species. Lower cost of leaf support allows vertical-growth species to invest more in leaves. This sort of variation in crown architecture can affect the growth and net production of saplings, and potentially could figure in the maintenance of codominance in Acer saccharum and Fagus grandifolia.
	Considering the growth traits of Acer saccharum and Fagus grandifolia (Canham, 1988), we can make two predictions if a tradeoff between net production and height growth efficiency plays a major role in their codominance relationship. First, Fagus grandifolia should be more shade tolerant than Acer saccharum by virtue of having a more developed crown and greater net production per sapling in closed-canopy conditions. Second, the height growth in canopy gaps should be greater in Acer saccharum than Fagus grandifolia by virtue of a higher net production rate per sapling arising in a lower leaf support cost in Acer saplings under closed-canopy conditions. Testing this second prediction requires measurement of current-year leader shoot characteristics, which can be evaluated by comparing shoot growth and the number of leaves per leader shoot between the two species.
	To more completely assess the strategies of sapling growth in Acer saccharum and Fagus grandifolia, we examined the net production per sapling, the pattern of allocation and the growth of leader shoot in saplings growing under different canopy regimes (closed and gaps) in an old-growth forest in southern Quebec, Canada. Our objectives were (1) to test whether crown development is greater in Fagus grandifolia than in Acer saccharum in closed-canopy conditions, and (2) to test whether Acer saccharum grows in height faster in canopy gaps by increasing net production rate through greater allocation to leaves compared with Fagus grandifolia, and (3) to discuss the implications of our results for codominance relationships between the two species.
	Study site
	Field methods


	Although net production rate (NP) per leaf area did not differ between Acer saccharum and Fagus grandifolia in closed-canopy conditions (ANCOVA, F1,41 = 0.34, P = 0.562, Fig. 1), NP per sapling was greater in Fagus grandifolia than in Acer saccharum (ANCOVA, F2,41 = 11.4, P < 0.001, Fig. 1). The NP per sapling at 90 cm trunk height in Fagus grandifolia was about twice that of Acer saccharum in closed-canopy conditions. Greater NP per sapling of Fagus grandifolia can be ascribed to its greater sapling leaf area compared to Acer saccharum (Fig. 1).
	In response to canopy gaps, the crown projection of smaller saplings of Acer saccharum became larger, compared with closed-canopy conditions, i.e., the slope for the gap saplings was significantly lower than that for the understorey saplings (t = 4.0, P < 0.05, Appendix 1). In canopy gaps, sapling leaf mass and area increased at any trunk height in Acer saccharum (ANCOVA, F1,43 = 17.2 , P < 0.001 for leaf mass, and F1,43 = 4.6 , P < 0.05 for leaf area, Fig. 1, Appendix 1), with reduced leaf support cost (ANCOVA, F1,42 = 13.6, P < 0.001, Fig. 2, Appendix 1). Because of an increase in leaf mass per area (LMA) (closed 23.9 g m-2 and gap 29.9 g m-2), the increase in sapling leaf area was smaller than that of sapling leaf mass (Fig. 1). In canopy gaps Fagus grandifolia had lower crown projection (ANCOVA, F1,46 = 4.1, P < 0.05, Fig. 1, Appendix 1), reduced the leaf support cost (ANCOVA, F1,46 = 6.1, P < 0.05, Figs. 1, 2, Appendix 1), and increased sapling leaf mass at any trunk height (ANCOVA, F1,46 = 6.0, P < 0.05, Fig. 1, Appendix 1). However, the sapling leaf area of Fagus grandifolia did not increase in canopy gaps (Fig. 1, Appendix 1), because the increase of sapling leaf mass was counterbalanced by an increase in LMA (closed 21.9 g m-2 and gap 29.3 g m-2). Thus, the relative crown development in canopy gaps was greater in Acer saccharum than in Fagus grandifolia, but the differences were not large (Fig. 1).
	The NP per leaf area did not significantly increase in either species in canopy gaps (Figs. 1, 3, Appendix 1), but NP per sapling increased similarly in the two species (ANCOVA, P < 0.001, Figs. 1, 4, Appendix 1). NP per sapling at 90 cm trunk height in canopy gaps was 2.1 and 1.8 times greater that in closed-canopy conditions for Acer saccharum and Fagus grandifolia, respectively (Fig. 1). The absolute value of NP per sapling at 90 cm trunk height was considerably higher in Fagus grandifolia than Acer saccharum (ANCOVA, F1,47 = 16.9, P < 0.001, Fig. 1).
	The mean height growth rate of Acer saccharum was slightly higher than that of Fagus grandifolia in closed-canopy conditions (Mann-Whitney U-test, P < 0.001, Fig. 1). The two species increased height growth rate in canopy gaps (Mann-Whitney U-test, P < 0.001, Fig. 1). The degree of the increase in the mean height growth rate was much greater in Fagus grandifolia than Acer saccharum, although the degree of the increase of NP per sapling was similar between the two species. Mean height growth rate in canopy gaps was 36 times greater than that in closed-canopy conditions for Fagus grandifolia, but only 6 times greater for Acer saccharum (Fig. 1).
	Trunk length per unit trunk height was higher in closed-canopy conditions than in canopy gaps for Fagus grandifolia (ANCOVA, F1,46 = 9.7, P < 0.01, Fig. 1, Appendix 1), indicating the trunk of Fagus grandifolia inclined in closed-canopy conditions but stood erect in canopy gaps. On the contrary, the relationship between trunk length and trunk height did not differ between closed-canopy conditions and canopy gaps for Acer saccharum (Fig. 1, Appendix 1). Thus, the change in trunk inclination of Fagus grandifolia effectively increased its height growth rate in canopy gaps.

