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Abstract

« Context Fine scale regeneration patterns of coexistent spe-
cies are influenced by regeneration mechanisms and microsite
requirements. Spatial patterns may be either disjunct or over-
lapping, which will determine competitive effects and
microsite dominance, and future forest composition.

+ Aims Using American beech (Fagus grandifolia Ehrh.) and
sugar maple (Acer saccharum Marshall) as an example, three
hypotheses were tested: (1) random beech spatial patterns, (2)
clumped spatial patterns of small sugar maple seedlings, and
(3) disjunct beech and sugar maple patterns.

+ Methods Individual stems were sampled in a contiguous
grid of 1-m? quadrats across a 576-m” area at three sites.
Densities were separated into three height classes (<30 cm,
30-90 cm, and>90 cm, <4 cm diameter at breast height).
Spatial statistics and regression were used to analyze spatial
patterns and correlations.

+ Results Beech and seedling sugar maple patterns were
patchy, rejecting the first and not rejecting the second hypoth-
eses. Hypothesis three was rejected because patches of the two
species overlapped with advance regeneration beech
overtopping sugar maple.
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+ Conclusion Patchy patterns of advance regeneration beech
and post-harvest sugar maple establishment suggest spatio-
temporal niche partitioning. Beech had a competitive height
advantage following harvest, but sugar maple still occurred in
beech-free patches and beneath overtopping beech at a fine
scale. Self-replacing beech patterns will ensure the species
will continue dominance unless a selective chemical or man-
ual treatment is applied that removes beech and releases sugar
maple.
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1 Introduction

Natural forest regeneration can be a stochastic process, influ-
enced by the type of reproduction (sexual or asexual), dispers-
al characteristics (seed size, dispersal agents), and the avail-
ability of suitable microsites for germination and establish-
ment (Kozlowski 2002). Once germinants become
established, light and soil resources are required for survival.
If regeneration is prolific, intra- and interspecific competition
for available resources and microsite dominance soon occur.
Therefore, patterns of individual survival and microsite dom-
inance will also be influenced by species-specific traits (e.g.,
shade tolerance) through competitive interactions and re-
sponses to microsite characteristics (e.g., overstory light pen-
etration) (Beatty 1984). This will influence whether spatial
patterns of a particular species will be patchy or random in
response to spatiotemporal microsite availability (Houle 1994;
Messaoud and Houle 2006). For instance, the niche (sensu
Grubb 1977) of some shade-tolerant species may include a
stage as advance regeneration beneath partially closed cano-
pies, where spatial patterns are determined by overstory can-
opy density and patterns of light extinction.
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Spatiotemporal regeneration niche partitioning, where re-
sources are captured in different areas or at different times
during development, can influence species coexistence
(Grubb 1977). One example is regeneration dynamics in
managed northern hardwood forests in north-central ME,
USA. American beech (Fagus grandifolia Ehrh.) and sugar
maple (Acer saccharum Marsh.) are adapted to partial over-
story shading (Godman et al. 1990; Tubbs and Houston 1990),
arising from small and moderate canopy gaps in these forests.
Beech often develops as advance regeneration and can dom-
inate the understory prior to overstory disturbance because of
high shade tolerance and plastic growth responses to slight
changes in understory light conditions (Poulson and Platt
1996; Tubbs and Houston 1990). Development as advance
regeneration gives beech a competitive height advantage fol-
lowing overstory disturbance, possibly excluding other spe-
cies (Bohn and Nyland 2003). Sugar maple can also establish
as advance regeneration, but grows slower than beech under
low-light conditions (Canham 1988). Comparatively, if sugar
maple has a height advantage, it can outcompete beech in gaps
(Canham 1990) and on sites with high soil calcium content
(Juice et al. 2006). Sugar maple also produces many small
seeds that may establish post-disturbance in gaps of suitable
microsites, while the large size of beech seeds limits similar
microsite capture.

There is interest in understanding the post-harvest regener-
ation patterns of beech and sugar maple in northern hardwood
forests because beech has become an undesirable species for
landowners. The species is affected by beech bark disease
(Neonectria faginata (Lohman, Watson & Ayers) Castl. &
Rossman and Neonectria ditissima (Tul. & C. Tul.) Samuels
& Rossman since the 1940s (Morin et al. 2007). Once a
dominant species in the overstory, most beech trees decline
and die, relegating beech to a perpetual understory and
midstory species, rarely reaching 20 cm diameter at breast
height (dbh) (Houston 1994). An understanding of beech and
sugar maple spatial coexistence at fine scales can assist in the
design of treatments to increase microsite availability for
sugar maple. Therefore, the objectives of this study were to
quantify the spatial patterns of and relationships between
beech and sugar maple regeneration at the sub-stand level in
post-harvest stands. In particular, three hypotheses were test-
ed, including: (1) the spatial patterns of beech regeneration
(>6 cm tall but <4 cm dbh) are random since preliminary
observation suggested an even cover across the sites; (2)
clumped small (<30 c¢m tall) sugar maple regeneration because
of post-harvest establishment in areas absent of beech, while
tall seedling sugar maple regeneration (>30 cm tall, <4 cm
dbh) spatial patterns would be random because few microsites
would be captured before harvest compared to beech; and (3)
negative relationship between beech and sugar maple regen-
eration patterns because of competitive exclusion of sugar
maple by beech.
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2 Methods
2.1 Study sites

Three northern hardwood stands with beech-dominated un-
derstories were selected in north-central ME, USA that were
managed by three different landowners. These stands were
selected because beech regeneration dominated the sites after
harvest, and sugar maple was in the overstory before and after
harvest. Sites were located less than 20 miles of Millinocket,
ME, USA. Site 1 (S1) was located at 45° 49" N, 68° 33" W, Site
2(S2)at45°47' N, 68°42' W, and Site 3 (S3) at45° 35’ N, 68°
36" W, all ~150 m above sea level in elevation. Mean monthly
temperatures from the nearest weather station at Millinocket,
ME, USA in January is —10.0 °C, and 19.8 °C in July, with an
annual mean of 5.3 °C, and precipitation is evenly distributed
throughout the year with an average of 1,058 mm per year.
Soils at all sites are glacial till origin, Typic Haplorthods stony
sandy-silty loams with slopes between 0 and 15 %. The three
stands were located in a region first affected by beech bark
disease between 1945 and 1950 (Morin et al. 2007). As of the
early 2000s, the stands were in the “aftermath forest” disease
progression stage, where trees rarely reach 20 cm dbh before
dying, while seedlings and small saplings are prolific and
rarely affected (Houston 1994).

Shelterwood establishment cuts were performed at all three
sites between 2002 and 2004 with the objective of removing
suppressed stems and enough overstory basal area to stimulate
natural regeneration (landowner personal communication). In
2009, stump diameters were measured in all three sample
areas. Stump diameter was used to predict dbh of the harvest-
ed trees using regression equations developed for Northeast-
em trees species by Wharton (1984). Predicted cut-tree dbh
and measured dbh for residual trees were used to calculate
residual and pre-harvest basal areas. All three sites had similar
pre-harvest overstory basal area ranging from 29.9 m? ha ' at
S2 to 34.0 m* ha ' at S1 (Table 1). Total basal area was
reduced by 45.3, 70.2, and 39.5 % at S1, S2, and S3, respec-
tively. Sugar maple and beech were well represented in the
overstory pre-harvest and post-harvest at all three sites. Other
species were also present in the overstory, including red maple
(Acer rubrum L.), striped maple (4Acer pensylvanicum L.),
yellow birch (Betula alleghaniensis Britton), white ash
(Fraxinus americana L.), hophombeam (Ostrya virginiana
(Mill.) K. Koch), eastern hemlock (7suga canadensis (L.)
Carriere), red spruce (Picea rubens Sarg.), and balsam fir
(dbies balsamea (L.) Mill.).

2.2 Study design
Even though beech and sugar maple were dominant species in

the post-harvest understories (Tables 2 and 3), red maple,
striped maple, and yellow birch were also common at the
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Table 1 Pre-harvest and post-harvest overstory basal areas for all trees within the 576-m? sampling areas by species in m* ha '

Site 1 Site 2 Site 3
Species Pre-harvest Post-harvest Pre-harvest Post-harvest Pre-harvest Post-harvest
Beech 6.0 1.5 24.6 5.9 55 5.5
Sugar maple 59 43 3.0 3.0 13.9 42
Red maple 13.5 9.5 - - - -
Striped maple - - 0.1 0.1 0.4 04
Yellow birch 0.2 0.2 - - 43 1.7
White ash - - - - 0.9 0.9
Hophornbeam 04 04 - - - -
Hemlock - - - - 6.3 6.3
Red spruce 24 1.6 23 - 1.8 1.4
Balsam fir 23 1.1 - - - -
Total 34.0 18.6 29.9 8.9 33.7 20.4

Pre-harvest basal areas were calculated using the cut-stump diameters and the stump-breast height regression equations developed in Wharton (1984)

three sites. At each site, a 24 X24-m area between harvest trails
was gridded into 1-m* sampling plots (576 contiguous plots).
Individual stems by species were counted and stratified into
three height classes: h1 (630 cm), h2 (31 cm—90 cm), and h3
(91 cm—<4 cm dbh) in each plot. Trees >4 cm dbh were few in
the post-harvest stands since the treatments targeted midstory
removal and were therefore excluded from analysis.

The age of beech and sugar maple regeneration and beech
origin (seed vs. root sucker) were measured in each grid using
four 50.27-m> plots. Stems sampled for age determination
were selected by starting at the center of each plot and moving
towards the plot edge at a random azimuth. Sampled stems
were cut at the root collar until three stems per species and
height class were obtained. Cut stems were kiln dried at 65 °C,
sanded and aged 1 cm above the root collar using a hand lens.
Beech origin was determined by removing the organic and
upper mineral soil around individuals and observing the be-
lowground rooting structure since beech root suckers are
typically attached to shallow parent roots (Ward 1961). Sugar
maple origin was not measured as part of this investigation,
since the species is not known to root sucker and minimal
stump sprouting was observed.

Table 2 Mean percent cover of the five most abundance hardwood
species at three different sites

Species Site 1 Site 2 Site 3
American beech 26.9 393 12.6
Sugar maple 234 12.3 17.8
Striped maple 54 5.6 17.8
Red maple 6.5 1.5 4.9
Yellow birch 8.6 1.7 18.3

Cover was estimated to the nearest 5 % in each 1-m* sample plot

2.3 Analytical approach
2.3.1 Regeneration spatial patterns

Kriging was used to create smoothed surfaces of beech and
sugar maple spatial patterns for all height classes and sites.
Kriging is a geostatistical interpolation method commonly
used to predict patterns at unknown locations, but can also
provide an accurate representation of the spatial patterns of a
completely sampled area. Variogram parameters for the kriged
models were estimated in R (R Core Team 2013). The kriged
surfaces were then created in ArcGIS using the geostatistical
analyst extension and estimated variogram parameters.
Moran’s I correlograms were used to test the hypotheses of
beech and sugar maple spatial patterns. A significant Moran’s
I statistic (Bonferroni corrected p<0.03) at any distance indi-
cates that spatial autocorrelation was detected in the data
(Legendre and Fortin 1989). Moran’s I statistics and signifi-
cance tests were performed in R using the spdep package
(Bivand 2013). The range of spatial autocorrelation, common-
ly interpreted as the average patch size (Legendre and Fortin
1989), was estimated as the distance of the last positive
Moran’s I value of the correlogram prior to non-significance
at greater distances. For all correlograms, distance classes
were binned into 1.6 m intervals based on preliminary analy-
ses to maximize the number of plots in each distance class.
To test the hypothesis that beech and sugar maple regener-
ation densities were negatively related, linear mixed-effects
models were fit using the nlme package in R (Pinheiro et al.
2013). A total of five models were selected. The models
investigated the relationships between: (i) total beech and
small (hl) sugar maple, (ii) large (h2+h3) beech and small
(h1) sugar maple, (iii) total beech and large (h2+h3) sugar
maple, (iv) large beech and large sugar maple, and (v) total
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beech and total sugar maple. Sugar maple density (stems m )
was square root transformed to improve residuals prior to
analysis. Study site was treated as a random effect in the
models. Observations were not random since systematic grids
were used for sampling. To account for the inherent spatial
autocorrelation among observations, a spatial correlation term
was included in the models accounting for spatial correlation
in the residuals, blocked by site. Based on preliminary analy-
sis, the spherical variogram was chosen to account for the
isotropic spatial correlation in the models.

3 Results
3.1 General understory conditions

Across all three sites, beech regeneration was the most numerous
in the h2 and h3 height classes, while sugar maple regeneration
was more numerous in hl ranging from 8.8x 10’ stems ha ' at
S2 t0 96.8%10° stems ha ' at S1 (Table 3). Beech regeneration
at all three sites was predominantly seed origin, while root
suckers accounted for only 11.2, 6.9, and 21.2 % of beech
regeneration at S1, S2, and S3 respectively, thus unexpectedly
making root suckering a minor contributor to beech regeneration
in the understory (Table 4). Regeneration of h3 was the oldest at
S2, averaging 9.9+3.1 years for beech and 8.5+2.5 years for
sugar maple, indicating that h3 regeneration established prior to
harvest. The average age of hl beech and sugar maple were all
less than 5 years indicating establishment after harvest.

3.2 Regeneration spatial patterns

The kriged surfaces (Figs. 1, 2, and 3) show variability in
regeneration patterns between the two species, across sites and
height classes. At S1, both species had patchy patterns, with
the greatest beech densities in h2 and h3, while sugar maple
patterns were dominated by hl. The kriged surfaces of S2
show a similar pattern of stratified patchy beech overtopping
sugar maple, while at S3, sugar maple patches were more
numerous than beech.

Beech and sugar maple both exhibited clumped spatial
patterns for all three height classes. Pooled across height
classes, the range of autocorrelation of beech was the greatest
for S2 (9.51+£0.35 m), S3 (6.28+0.28 m), and S1 (2.76+
0.92 m) (Table 5). Comparatively, the range of autocorrelation
of sugar maple was similar among sites ranging from 7.51+
0.12 m at S2 to 11.79+0.02 m at S3. The range of autocorre-
lation was not significantly different among height classes for
both species (p>0.05) (Table 6). The range of autocorrelation
for beech was the lowest for h1 (3.52+0.90 m) to h3 (8.08+
0.51 m), while for sugar maple, the smallest range of autocor-
relation was for h2 (8.40+£0.37 m) and the largest for hl
(10.67+0.18 m).

3.3 Beech-sugar maple relationships

A positive relationship was found between beech and sugar
maple densities with all five models (Table 7). In addition, the
slopes of the models were similar, ranging from 0.014+0.007
for equation iii to 0.025+0.008 for equation v. The values of
the slopes suggest a small increase in sugar maple densities
with increasing beech densities. For instance, the model in-
vestigating the relationship between h1 sugar maple and total
beech shows that when beech density was two stems m 2,
sugar maple density was 2.2 stems m 2, but when beech
density was 15 stems m 2, sugar maple density only increased
to 2.9 stems m °. The standard deviation of the site random
effect showed that there was greater variability among sites
when hl sugar maple was the dependent variable (1.068 to
1.075) in the model than when h2+h3 sugar maple was the
dependent variable (0.354 to 0.360).

4 Discussion
4.1 Beech and sugar maple spatial patterns
We initially observed an even cover of beech regeneration

across the post-harvest study areas, which led to the hypoth-
esis that beech spatial patterns were random. We rejected this

Table 3 Total stem density (thousand stems per ha) of the five most abundant hardwood species by height class for each of the three sites

Site 1 Site 2 Site 3
Species hl h2 h3 hl h2 h3 hl h2 h3
American beech 0.94 3.19 12.72 10.75 22.29 9.50 3.82 3.66 245
Sugar maple 96.82 29.77 1.09 6.70 3.63 2.53 41.18 15.61 2.64
Striped maple 5.87 4.74 2.74 0.78 0.95 1.94 12.48 10.78 8.12
Red maple 18.54 141 1.13 0.54 0.50 0.36 2.79 2.53 1.28
Yellow birch 5.56 4.03 444 047 1.18 045 15.29 14.37 10.83

Height classes were hl, 6 to 30 cm; h2, 31 to 90 cm; and h3, 91 cm to <4 cm dbh
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Table 4 Average age (standard deviation) and proportion of American beech root suckers by height class for each of the three sites
Species Height class Site 1 Site 2 Site 3
Age (years) Sugar maple hl 2.5(0.7) 4.2 (1.5) 2.0 (0.1)
h2 52(2.4) 54(1.7) 3.6 (1.0)
h3 7.0 (4.0) 8.5(2.5) 6.2 (2.6)
Beech hi - 3.7(0.6) 3.0 (0.5)
h2 52(1.5) 53(12) 5.1(1.3)
h3 74 (1.7) 99 (3.1) 7.7 (4.3)
Beech root-sucker proportion (%) 11.2 6.9 21.2

Height classes were hl, 6 to 30 cm; h2, 31 to 90 cm; and h3, 91 cm to <4 cm dbh

hypothesis because autocorrelation was detected for all three
height classes, indicating clumped spatial patterns. The
clumped spatial patterning of beech regeneration was influ-
enced by the pre-harvest understory conditions, since most
individuals were in h2 and h3 height classes that were between
5 and 10 years old, and the harvests occurred 5 to 7 years
before measurement. Pre-harvest basal areas ranged from 30
to 34 m? ha ', where beech occupied between 16 % (S3) and
88 % (S2). Since the forests were in the “aftermath stage” of
beech bark disease, many of the beech overstory trees and
crowns were declining, which would have allowed light to
penetrate to the understory and stimulate beech regeneration

By

b) sugar maple h2

f) beech h2

a) sugar maple hl

e) beech hl

(Ward and Parker 1989). Crown decline would have been
patchy, influencing the extent and frequency of patches. Sim-
ilar patterns of self-replacement by shade-tolerant species
have been observed in European forests where shade-
tolerant Fagus sylvatica L. can be the dominant species to
develop in small canopy gaps of undisturbed forests (Nagel
et al. 2010).

Beech root suckering and seed dispersal patterns may also
have influenced clumped spatial patterns. Beech root suckers
often develop in clumps along parent tree roots (Jones and
Raynal 1986), but diseased trees tend to produce fewer
suckers than healthy trees (Houston 2001). This is a possible

_

¢) sugar maple h3 d) sugar maple total

= ¥

g) beech h3 h) beech total

BT T I TTTTIET T I
W E 1 4 7 20 0

35+ 6 12 24 meters

S ten thousand stems ha’'

Fig. 1 Kriged surfaces of sugar maple (a—d) and American beech (e-h)
stem densities (stems m 2) at Site 1 by height class and for total stem
density. Lighter shades indicate greater stem densities, ranging from 0 to

30 stems m 2. Height classes were hl, 6 to 30 cm; h2, 31 to 90 cm; and
h3, 91 cm to <4 cm dbh
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b) sugar maple h2

a) sugar maple hl

Y

¢) sugar maple h3 d) sugar maple total

e) beech hl

f) beech h2

g) beech h3 h) beech total

W<€}>E 1 4 7 20

ol
35+ 0 6 12 24 meters

S ten thousand stems ha’'

Fig. 2 Kriged surfaces of sugar maple (a—d) and American beech (e-h)
stem densities (stems m 2) at Site 2 by height class and for total stem
density. Lighter shades indicate greater stem densities, ranging from 0 to

reason why root suckering was low at all three sites. In
addition, beech seeds are relatively large, about 3,500 kg™’
(Tubbs and Houston 1990) and typically disperse within
10.5 m around the parent tree (Ribbens et al. 1994). Clumping
of seeds around parent trees would also have affected
regeneration spatial patterns (Hughes and Fahey 1988).
Ecological attributes of beech therefore suggest that
seed dispersal limitations combined with the availability
of favorable microsites for advance regeneration estab-
lishment prior to harvest were likely the two major
mechanisms influencing the clumped spatial patterns of
beech following harvest.

We hypothesized that h1 sugar maple regeneration would
be clumped since sugar maple would only be able to establish
post-harvest on scattered microsites not dominated by ad-
vance regeneration beech (and other hardwood species). The
spatial patterns were clumped (Figs. 1, 2, and 3), but the
patches were more numerous, larger in size, and had higher
densities than expected. We suspect this was influenced by the
clumped patterns of beech regeneration that left more
microsites available for colonization by small seeded species.
Mature sugar maple trees can produce substantial amounts of
viable seeds that can be transported more than 100 m by wind
with high germinant survival, resulting in high densities on
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30 stems m 2. Height classes were hl, 6 to 30 cm; h2, 31 to 90 cm; and
h3, 91 cm to <4 cm dbh

available microsites (Caspersen and Saprunoff 2005; Godman
etal. 1990). The residual sugar maple overstory basal area was
between 3.0 m* ha ' (S2) and 4.3 m* ha™' (S1), which would
have been sufficient to provide seeds for regeneration since h1
sugar maple was between 2 and 4 years old. Self-thinning of
the high seedling densities within the patches is inevitable, but
we expect sugar maple to competitively exclude other species
within these clumps, ensuring sugar maple will be present
through development in the areas. Although factors such as
mammalian browsing and acidic soils may negatively influ-
ence sugar maple regeneration (Didier and Porter 2003; Long
etal. 1997), the high seedling densities and lack of observable
browse (personal observation) should not affect the viability
of the species.

Our hypothesis that taller (h2+h3) sugar maple spatial
patterns were random was rejected because significant auto-
correlation was detected, with average patch sizes of 8.40 and
8.62 m for h2 and h3, respectively. We suspected that the
taller sugar maple would establish as scattered advance
regeneration individuals among the more competitive
beech prior to overstory disturbance since beech is
better adapted to very low-light conditions (Canham
1988). The results suggest that the pre-harvest beech-
free microsites were suitable for sugar maple
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a) sugar maple hl b) sugar maple h2

¢) sugar maple h3

®w

d) sugar maple total

e) beech hl f) beech h2 g) beech h3 h) beech total
N
BT T T 1] T 1 |
w E 1 4 7 20 35+ 0 6 12 24 meters

S ten thousand stems ha’!

Fig. 3 Kriged surfaces of sugar maple (a—d) and American beech (e—h)
stem densities (stems m 2) at Site 3 by height class and for total stem
density. Lighter shades indicate greater stem densities, ranging from 0 to

establishment, maybe because of areas with greater light
penetration, such as through the declining beech canopy.

4.2 Beech and sugar maple coexistence

Overlapping patches of beech and sugar maple (Figs. 1, 2, and
3) and positive correlations found with regression (Table 7)
suggest both species were growing on the same microsites.
Therefore, we rejected the hypothesis of negatively related
spatial patterns. The two species often coexist within northern
hardwood stands (Poulson and Platt 1996), because of

Table 5 Means and coefficients of variation (CV) of autocorrelation
ranges by site, averaged among height classes

30 stems m . Height classes were hl, 6 to 30 cm; h2, 31 to 90 cm; and
h3, 91 cm to <4 ¢cm dbh

differences in growth and survival in relation to canopy open-
ness (Forcier 1975; Poulson and Platt 1996) and soil texture
and chemical content (Arii and Lechowicz 2002). We did not
expect microsite coexistence because of niche partitioning
(sensu Grubb 1977) where beech would capture available
space prior to overstory disturbance, while sugar maple would
occur primarily in beech-free patches. Niche partitioning is
also a mechanism proposed for maintaining diversity in trop-
ical rainforests, where non-random regeneration spatial pat-
terns have been attributed to sub-stand microtopographic gra-
dients (Clark et al. 1998) and species differences in dispersal

Table 6 Means and coefficients of variation (CV) of autocorrelation
ranges by height (height 1, 6 to 30 cm; height 2, 31 to 90 cm; and height
3,91 cm to <4 cm dbh), averaged among sites

Species Site 1 Site 2 Site 3 Species Height 1 Height 2 Height 3

American beech 276 a 9.51b 628ab American beech 352a 695a 8.08 a
(0.92) (0.35) (0.28) (0.90) (0.48) (0.51)

Sugar maple 8.38a 751 a 11.79 a Sugar maple 10.67 a 840 a 8.62a
(0.35) (0.12) (0.02) (0.18) 0.37) (0.30)

CVs are shown in parentheses. For each row, the same letters (a, b)
indicate mean values that were not significantly different between sites
at p<0.05, based on one-way ANOVA results of range of autocorrelation
as the dependent variable and site as the independent variable

CVs are shown in parentheses. For each row, the same letters (a) indicate
mean values that were not significantly different between height classes at
p=0.05, based on one-way ANOVA results of range of autocorrelation as
the dependent variable and height class as the independent variable
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Table 7 Linear mixed-effects intercept and slope parameter estimates with standard errors in parentheses and associated p values

Dependent variable ~ Independent variable  Intercept (SE) p value  Slope (SE) pvalue SiteSD  Range (m) Nugget(m) R>

Sugar maple hl Beech total 1.455 (0.686)  0.034 0.016 (0.008)  0.033 1.075 15.382 0.163 0.405
Sugar maple hl Beech h2+h3 1.464 (0.682)  0.032 0.016 (0.009)  0.078 1.068 15.362 0.162 0.403
Sugar maple h2+h3  Beech total 0.808 (0.281)  0.004 0.014 (0.007)  0.035 0.360 13.134 0.241 0.126
Sugar maple h2+h3  Beech h2+h3 0.813 (0.279)  0.004 0.015 (0.008)  0.052 0.354 13.136 0.241 0.125
Sugar maple total Beech total 1.836 (0.742)  0.013 0.025 (0.008)  0.002 1.170 13.874 0.136 0.404

Also shown is the standard deviation of the site random effect, range, and nugget parameters of the spherical variograms included in the models to
account for the residual correlation. Five models were fit with sugar maple height class 1 (h1), height class 2 (h2), height class 3 (h3), and total density as
the dependent variables, and beech height classes h2 and h3 and total density as the independent variables

mechanisms. For instance, coexistence of some tropical tree
species in forests with heterogeneous overstory conditions is
attributed to niche differentiation where high rates of growth
and survival vary by light availability (Kobe 1999). Although
not nearly as diverse, five hardwood species (beech, sugar
maple, red maple, striped maple, and yellow birch) were
common across our sites. All these species have different
regeneration mechanisms and microsite requirements. Sto-
chastic seed fall patterns, heterogeneous growing space before
and after harvest, and inherent species-specific traits (e.g.,
shade tolerance) interacted to produce coexistent understories.

Overlapping patches and positive correlations between hl
sugar maple and total beech is particularly interesting, as it
demonstrates understory stratification, with beech
overtopping sugar maple. Similar patterns have been found
in Quebec, Canada following catastrophic overstory distur-
bance (Beaudet et al. 2007). Pre-harvest understory stratifi-
cation was unlikely due to low-light availability since
radiation decreases exponentially with increasing leaf
area (Vose et al. 1995). This would have excluded
almost all light beneath advance regeneration beech.
Following overstory disturbance, a sufficient amount of
light must have penetrated through the beech strata to
allow sugar maple establishment. Beech already had a
height advantage, so it is unlikely that the sugar maple
established beneath will displace the beech without
some form of understory treatment.

The mosaic of overlapping and non-overlapping patches of
beech and sugar maple across the areas will influence future
development. Species differences in regeneration strategies,
including seed dispersal and response to canopy gaps, will
ensure that both species will be present in the future. As the
beech-dominated patches mature and succumb to beech bark
disease, a new patchy advance regeneration understory may
form, resulting in perpetual self-replacement. These ecologi-
cal patterns pose major management concerns since such
patterns would reduce the economic viability of these indus-
trially managed forests. The coexistent post-harvest patches of
beech and sugar maple suggest selective techniques that re-
move beech while releasing overtopped sugar maple seedlings
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could shift regeneration dominance to sugar maple and min-
imize beech self-replacement (Nelson and Wagner 2011).
Removing beech patches would also create suitable microsites
for the establishment of other light-seeded species, such as red
maple and yellow birch.
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