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DYNAMICS IN LATE-SUCCESSIONAL HEMLOCK-HARDWOOD FORESTS
OVER THREE DECADES :

KerrY D. WooDs

Natural Sciences. Bennington College. Bennington, Vermont 5201 USA

Absiract. Permanent plots in old-growth hemlock-northern hardwood forests of Mich-
igan's upper peninsula have been remeasured over periods of 16-32 yr. A gradient from
hemlock (Tsuga canadensis) to sugar maple (Acer saccharum) dominance is associated
with increasing soil pH and calcium. Secondary species include yellow birch (Betula al-
leghaniensis) and basswood (Tilia americana). From 1962 to 1994 hemlock increased in
basal area and dominance in most plots. Sugar maple showed little overall change, while
basswood and especially yellow birch showed sporadic but often large declines in basal
area. Birch populations declined due to lack of recruitment, and sugar maple and basswood
may be subject to similar decline; only hemlock showed a fairly stable size structure.
Montality rates were lowest for hemlock (0.3%/yr) and highest for yellow birch (1.6%/yr),
corresponding to canopy residence times of 357 and 61 yr, respectively. Stem maps allowed
assessment of neighborhood influences on growth and mortality. Growth and mortality rates
were negatively correlated for all species. Growth rate was influenced by tree size and site
conditions for all species, but hemlock and sugar maple growth rates were also affected
by size- and distance-weighted indices of neighbor influence, Old-growth stands several
centuries old continue to undergo compositional change related to both stand history and
current population interactions. Yellow birch and basswood are probably maintained by
significant disturbances and will decline under a disturbance regime of small gaps. Hemlock
may be the ultimate competitive dominant in most sites but may require well over a mil-
lennium without major disturbance to displace sugar maple.

Kev words: Acer saccharum; Betula alleghaniensis: canopy dvnamics: competition; hemlock-
northern hardwood foress: long-term studies; old-growth foresi: permanent plots; succession; tree

demography; Tsuga canadensis.
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I used data from a 32-yr study of permanent plots
in old-growth hemlock-northern hardwood stands in
northern Michigan to interpret community and popu-

INTRODUCTION

Much of our understanding of late-successional for-
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ests is based on untested anecdotes and conceptual
models and lacks strong empirical support. Because
tree generation times exceed a century, direct mea-
surement of community dynamics is daunting, while
indirect approaches are hampered by assumptions
about environmental history (chronosequence studies
and inferences from current stand patterns) or limits
on resolution, precision, or generalizability of data (pa-
lececology and historical reconstruction) (Davis 1989,
Pickett 1989). New generations of simulation models
(e.g., Pacala et al, 1993, 1996) may overcome some of
these limitations, but are difficult to apply retrospec-
tively. These limitations threaten the effectiveness of
conservation management focused on old-growth for-
ests. Ultimately, direct, long-term observation is critical
in testing and extending hypotheses about propertes of
late-successional communities (Bakker et al. 1996)..but
few studies of late-successional forests have been main-
 tained over more than & decade (but see Filip et al. 1960,
Leak 1970, Hough 1965, Whitney 1984, Peet 1984).
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lation dynamics and to assess some frequent assump-
tions and expectations of succession theory. Succession
models often suggest that with the passage of time
following stand initiation, stand composition will be-
come more stable, community and population prop-
erties will become more fully controlled by processes
and interactions internal to the stand. and.stand struc-
ture and composition will become less directly attrib-
utable to particular historical events. Do late-succes-
sional stands, in fact, increase in stability? If so, what
is the relevant time frame? If more than two or three
generations of canopy dominants are required, infre-
quent major disturbances may make stable “old-
growth™ stands relatively rare. Do structure and com-
‘position of late-successional stands become substan-
tially independent of the direct effects of massive dis-
turbance (as indicated by lack of even-aged cohorts
.and light-demanding species), becoming increasingly
shaped by processes internal to the stand? I
. Changes. in basal area and- size structure, mortality
and establishment rates, and the effects of local com-
petition on growth and mertality over three decades all
suggest that successional change continues in these old-
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- growth forests. Current composition reflects probable
disturbances several centuries past, but panerns in
growth and mortality are-also shaped by current com-
petitive interactions. Trends suggest an ultimate. hems=
lock-dominated, and potentially stable com munity'. but

only after several more centuries without major dis-

turbance.
hY| ETHODS

.. Site description.and field methods

- The Huron Mountains.on'the central south shore of

Lake Superiorin Michigan. USA (Fig. 1), display local
relief of ~270 m above mean lake surface of 182 m.
" Bedrock is Pre-Cambrian granite; gneiss. and sand-
‘stones (Dorr and Eschmann1970). Soils are generally

thin ‘and acidic; dérived from rocky glacial till.- with

" smal} areas of deeper till and alluvium. Research sites
- arelocated within 4:2500-ha reserve in mesic forests

Location of the Huron Mountains study site. The outline map at lower left focates the study area ithin the Great
Lakes region of the United States and Canada. The expanded ins<t shows topography for an area of roughly 20 X 20 Knu
contour lines are at 30-m intervals, Water surfaces ¢[.ake Superior and larger inland lakes) are hatched. Lake Superior surface
alevation is ~ 183 m: highest elevations (=510 m) are at the southwest corner of the map. Permanent plots are distributed
a1 several sites aear the ciuster of large inland lakes.

dominated by hemlock (Tsuga canadensis) and sugar
magple (Acer saccharum), with yeltow birch (Berula al-

“teghaniensisy and basswood (Tilia americana). There

has been-no logging within the reserve.
In 1962 E. A. Bourdo and J. A, Johnson {Michigan

" Technological University) established 21 circular 0.08-

ha plots {**old plots™™) distributed across the reserve.
Trees >12.5 cm diameter at breast height {dbh) were
labeled and 1allied by species and dbh, Selected trees
were cored for ages. Trees were remeasured by the
original investigators in 1967. In 1978 [ esiablished

_seven 0.1-ha plots (20 X 50 m) (Woods 1984). On these

“new plats,” all stems > 1 ¢m dbh were measured and
mapped. and several increment cores were coilected
from each plot. Trees on these plots were remeasured

‘in 1984,

In. 1989 [ measured -ail stems >1 cm dbh on all 28
(aew and old) plots. On old plots, stems were mapped
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on polar coordinates. Distance from plot center was
measured by tape (later with Sonin [Scarsdale. New
York. USA] ultrasonic rangefinders), and azimuth was
measured with a sight-through compass {Suunto. Hel-
sinki. Finland). Experiment and reptication indicated
that maximum mapping error was <1 m. Trees were
measured and mapped beyond plot boundaries to in-
clude all canopy dominants within § m of any stem
within the plot. Mortality since the last census was
noted. I repeated measurements in 1994

In 1992. soil samples were collected from depths of
1020 cm at two locations in each plot. Chemical anal-
yses (P K. Mg, Ca. Fe. Al, Mn, Zn, Cu, pH, exchange
acidity. and NO,;") were done at the Cornell University
Nutrient Analysis Laboratories. Fractions of gravel (>2
mm), sand. and clay were determined by sieving and
densitometry.

Analysis

Compositional patterns and community dynamics.—
Tree ages. determined by ring counts on increment
cores. were used to assess stand history and to discover
evidence of even-aged cohorts that might indicate past
fire or other disturbance.

Association between environmental and historical
variables and species composition of plots was assessed
using canonical correspondence analysis {CCA: ter
Braak 1986). The following environmental variables
were submitted to CCA after initial inspection of pat-
terns of variation and correlation: slope and aspect
{coded as degrees from north-northeast, so that higher
scores are edaphically drier): soil concentrations of P,
K. Ca. Fe. Al and NO,~: soil pH; and percentage sand
and gravel (by mass). A dummy variable coded for
three plots that burned in about 1320. CCA ordinations
were performed for each sampling period, but trends
were the same, and results are reported only for the
1994 data set. Detrended correspondence analysis (DE-
CORANA: Hill 1980) ordinations of poocled sample
dates were used to assess temporal patterns of com-
positional change and to partition the data set inio com-
positionally defined *plot groups.” Analyses of pop-
ulation dynamics and competitive effects were carried
out for the entire data set, and also on each plot group
~ separately where sample size was sufficient and there
were statistical differences among groups. -

Popularion dvnamics and competitive interac- -

tions.—Annual mortality rates were caiculated as mor-
tality rate = [In N(r) — tn N@)e, ~ 6) where Nt
and M(t.) are stem numbers at the beginning and end
© of a time interval. Growth and mortality rate were sum-
marized by size class for sampling dates and intervals
and for each plot group.-Stem maps were used to de-
velop indices of potential necighborhood competition
for each tree. As a measure of competitive influence
of neighboring (“influencing™) trees on a focal (“in-
Auenced™) tree. I calculated an influence index (/)
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where D, is dbh of an individual neighboring tree and
dist, . is the distance beiween neighboring and focal
trees. The summation is over all neighbors within 3 m
of the focal tree with a diameter greater than that of
the focal tree (see Woods 1979, Monserud and Ek 1977,
Lorimer 1983). Influence indices were calculated sep-
arately for neighbors of each dominant canopy species
as well as for all species pooled.

Analyses of covariance were used to assess rela-
tionship of growth rates to dbh, influence indices, plot
group, and their interactions. Logistic regressions and
resampling methods (Simon 1993) were used to test
whether probability of mortality was influenced by tree
size, growth rate, or influence indices. In these anal-
yses, [ used growth rate for the immediately previous
measurement interval (e.g.. for mortality during 1989-
1994, growth rate for 1967-1989 was the independent
variable). Mann-Whitney tests and resampling were
used to compare influence index means for trees that
survived to those for trees that died (parametric com-
parisons of means tests could not be used because in-
dices had highly skewed distributions and many zero
values). Resampling tests were based on 1000 boot-
strapped data sets created by resampling with replace-
ment from influence indices for surviving and dying
trees. Mann-Whitney and resampling tests were used
to compare growth rates for trees that survived or died
during cach sampling interval.

RESULTS
Communiry composition and dynamics

$ugar maple and hemlock dominated all stands.
while basswood and yellow birch were abundant in
several plots (Table 1; plot numbers >7000 were as-
signed by the original investigators in 1962: 1 estab-
lished plots 1-7 in 1978). Hop-hornbeam (Ostrya vir-
giniana) occared with high frequency in the subcanopy.
Canopy trees cored ranged from about 150 10 400 yr
old, and there was no apparent clustering of ages within
stands except in hermlock-dominated plots 7094-7096.
where most stems were about 170 yr old. Stand struc-
ture (high stem density with modest maximum size)
and shallow soil charcoal (not noted in other stands)
suggest a stand-initiating fire in about 1820 in these
three plots, which are subsequently referred 1 as
“burned plots.” ' s :

DECORANA ordination of untransformed 1994 data
is typical of all ordinations-(Fig. 2)- The primary axis
réflects gradation from sugar maple 1o hemlock dom-
inance. with basswood more frequent in association
with sugar maple. The second axis separates three plots
{two in the burned stand) with minor, predominantly
shade-intolerant species (Pinus strobus, Picea glaica.
Populus grandidentdta; Quercus’ borealis, Thuja oc-

cidentalis, atid Acer rubrum). The third axis separates
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Hop-

Sugar horn- Baisam  Red Yellow Minor
Plot Total maple beam Basswood fir maple birch  Hemlock species®
Group [
97 39.01 38.37 0.60 0.00 .00 0.00 0.00 0.64
7089 30.54 28.65 0.c0 0.00 0.00 0.00 1.8%9 0.00
7090 40.13 35.15 0.11 418 0.00 0.00 0.70 0.00
7093 67.22 63.72 .36 0.00 0.00 0.00 0.14 3.00
7190 3197 28.91 Q.49 1.32 0.00 0.00 0.00 .24
7 2844 24540 0.09 340 0.00 0.00 0.56 0.00
7088 29.76 236l .00 37 0.00 (.00 242 0.00
Group U
7104 49.00 37.66 0.00 1134 0.00 0.00 0.00 0.00
7103 +3.32 15534 0.73 143,69 0.00 0.00 1.42 31l
! 50.60 36.45 .30 3.33 0.1l 0.00 1.45 7.92
7099 43.29 23 1.26 10.69 091 0.00 7.33 1.39
2 32.10 28.87 0.58 9.94 .00 0.00 3.20 9.51
7102 35.56 37.28 0.23 8.06 0.00 0.00 5.80 14.19
7104 47.92 25.14 0.91 212 0.97 0.00 2.43 16.30
3 60.71 30.16 0.43 5.12 0.00 0.00 +.46 20.54
6 58.23 18.08 0.91 19.83 0.00 0.00 1.40 £7.96
Group [II ’
4 55.68 31.21 0.07 9.79 0.00 N B 0.23 20.96 acpe = 0.27
3 335.04 17.57 0.31 an 0.00 0.00 8.34 2593 thoe = 0.16
7091 59.07 11.83 0.00 4.63 0.00 0.00 18.24 2434
7105 5412 14.58 0.00 1.11 0.00 0.00 0.31 38.12
- 7092 63.07 [1.64 0.00 9.02 0.00 0.00 0.00 47.40
7086 . 5313 8.29 0.00 0.00 0.64 212 4.63 3747
7106 35.87 9.62 0.07 1.26 0.05 7.30 4.90 24.35 uiam = 0.77, pigl = 1.46.
pogr = 2.9, pist = 3.2
7093 - - 7109 5.44 0.60 1.98 0.00 0.00 £2.40 51.27
T083 4253 (.59 0.00 0.00 0.11 0.00 6.27 35.55
Group [V {burned) .
7096 63.21- 11.36 0.06 17.43 0.00 0.00 [.78 26.35 pigt = 0.64. qubo = 3.88.
) pist = 0.7
7094 63.51 10.21 0.37 0.0 0.00 0.71 417 48.07
7093 63.33 1.23 0.00 0.00 0.00 3.69 1.6+ 47.83 pogr = 9.34. thoe = 1.53
+ Codes for minor species: acpe = Acer pensylvanicum. pigl = Picea glauca. _pisr = Pinus strobus. pogr = Populus

grundidentara, qubo = Quercus borealis, thoe = Thetja occidentalis,

plots with higher basal area of the two secondary dom-
inants, basswood and yellow birch. Yellow birch is
broadly and irregularly distributed, but reaches greatest
importance in some of the hemlock-dominated stands.

In the subcanopy. hop-hornbeam is largely restricted
' . deep glacial drift (plots 2. 3, 6).

to maple-dominated stands.

. CCA ordinations. showed similar compositional
structure (Fig. 3). Burned plots are at extremes on all
axes, and the “fire” variable is heavily weighted. Sugar

maple-dominated .stands had high pH and NO;~ and

low total acidity as compared to hemlock-dominated
stands. Soil Ca was positively correlated with pH and
. NO,, while Al.and percentage gravel were negatively
- corrélated with the samie variables. Soil K.and Mg were
‘associated with the third axis and positively correlated
with basswood basal area. Ordinations and soil char-

| acteristics were sibjectively used to assign plots to the
- following four groups for demographic analyses (Fig..

e T_able-‘l-):_-'-. R e a .
Group [.—Plots strongly dominated by sugar maple on

- “fine-texiured atluvial-soils with relatively high mos-

ture-holding capacity and cation exchange capacity
(Marquette County Soil Survey, unpublished data).

Group IL.-—Plots dominated by sugar maple with bass-
wood, yellow birch, and hop-hornbeam on well-drained
sandy atluvial soils (plots 1, 7099-7104) or relatively

Group I[I.—-Mixed hemlock-hardwood 10 hemlock-
dominated plots, often with yellow birch, on gtacial
till-derived soils of varying depth and drainage.
Group [V.—The three burned sites, site characteristics
similar to Group LIL '

Over 32 yr, hemlock dominance increased except in
the most strongly sugar maple-dominated plots. In or-
dination space (Fig. 4). plot trajectories converge on
the center of hemlock distribution except in regions of
maple dorinance {left side of field). Hemlock basal
area and total basal ar:ea incréased in most plots with
initial hemlock presence (plot groups H-1V). Sugar ma-
ple basal area increases were ‘proportionately smaller

~and less consistent, Overal basal area declines for yel-

jow birch and basswood are a consequence of several
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FiG. 2. DECORANA ordination of 1994 data. showing first and third axes. Sample ordination (solid dotsy is based on

basal area. unweighted. for all species. Species ordination (open squares) is shown for dominant species: Acer suaccharam

(Acsa). Betula alleghaniensis \Belu), Ostrya virginiana (Osvi).
separate plot groups L. [L. and (11 used in analyses {Table 1) Asterisks indicate “burned plots™ in

plots experiencing large declines while others changed
little or increased stightly: basal area of hop-hornbeam
showed large proportional increases in the majority of
plots (Fig. 5). Regressions of 1994 basal arca on 1962

_Jiam

CCA Axis_2

acidity

. CCAAxis1

. EiG. 3.. Canonical correspondence analysis {CCA) biplot
of . 1994 data. showing first and second axes. Sample .and
species arrangements are indicated as in Fig. 2. Vectors in-
dicate the sirength and sign of correlation of indicated en-
‘vironmental variables with ordination axes (e.g.. soil acidity
is negatively correlated with both axis | and 2). “Fire” isa
qualitati ve variable. coded | for plots that burned.circa 1325,
.0 for unburned plots. :

Titia americana (Tiam). and Tsuga canadensis (Tscay. Lines
plot group IV.

basal area had slopes significantly differing from unity
(P < 0.05} only for hemlock and for total basal area.

Demography

Density of sugar maples <42 cm dbh decreased
monotonically, but no density trend was evident for
larger stems (Fig. 6a). Average growth rates increased
with stem $ize, ranging from about 1.5 to 3 mm/vr.
Mortality ranged from 0.5 to 1%/yr. but showed no
clear trend with size class. Hemlock size distribution
remained relatively constant in a’ smoothly decaying
curve (Fig. 6b), with stight but consistent density de-
clines in the smallest size class and comparable in-
creases in larger classes. Growth rates were similar to
those for sugar maple, but mortality rates were much
lower (<0.4%/yr for size classes <62 cm dbh).

Yeilow birch trees <32 cm dbh (corresponding
roughly to subcanopy trees) decreased by more than
50% in density (Figure 6c). Growth rates were similar
1o those for sugar maple and hemlock, but mortality
rates were higher, ranging up to 4% for smaller size
classes and from 1-2%/yr for diameters up to 52 cm.
Small basswood trees were néver as frequent as larger
stems, and densities of small stems declined during the.
study (Fig. 6d). Growth rates increased with size. but
mortality estimates are uncertain due to small sample:” -
sizes. ) ST . i

Increased mortality rates for smaller stems. over -

time, are suggested for sugar maple, hemlock, and yel-
“fow birch (Fig: 6). Only hop-hornbeam and.hemlock
“increased in stem density {(new stems exceeding mot-
tality in Table 2). Among trees of canopy size (dbh >
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Plot trajectories in DECORANA ordination space. Ordination includes all measurements of all plots. Lines connect

ordinated positions for each plot for successive dates in the temporal sequence. Diamonds represent the most recent (1994)

are as in Fig.

30 cm). mortality was lowest for hemlock and highest
for yellow birch (Table 3). Corresponding estimates of
turnover time for canopy tree poputations range from

less than one to more than three centuries. Maples in

plot group I had higher mortality than in ploe groups
II-IV. Hemlock canopy trees in the burned plots (group
IV} experienced no mortality, but even with exclusion
. of these plots. canopy residence times are still esti-
mated at 230 yr

~ Growth rates for all canepy species were influenced
by plot group, initial dbh. and their interaction (analysis
of covariance; P < 0.05). Hop-hornbeam diameter
“growth was independent of plot group and was only
slightly affected by dbh (P < 0.10). In comparisons
among plot groups within species (Bonfetroni multiple
comparison of means test, P = (.05), sugar maple and
yellow birch grew faster in plot group I than in other
groups (Table 4).'Sugar maple growth in group I also
showed less size dependency (Figure 7). Hemlock
growth rates decreased from plot group II through IV
_ (group [ had few hemlock trees and was statistically
indistinguishable from other groups). Low overall
growth in group [V (burned plots) was due to slower
'orowth in trees less than 32 ¢m dbh, which constitute
the majority of stems in these plots (Fl" 8). Separate

results for stemns larger and smaller than 42 cm dbh.
were similar for all species, so results are gwcn only '

for the more powerful overall test,
Low orowth rate’was absocmted with ¢levated mor-

.,'tahtv (Fig. 9). Sugar maple and hemlock trees that died

" by 1989 grew more slowly during 1962-1967 than did

©trees” that’ survwed (Mann Whuney tests’ and’ resam-"
- plmo compansons. Po< 0.05) Averawe grawth rates

New™ plots. established in 1978, are indicated by asterisks at the origin of the trajectory. Species centers
2. Tilia americana is ceniered below the displayed range on Axis 3.

from 1967 to 1989 were lower for trees that died in
the subsequent five years. A similar relationship held
for yellow birch during the first time interval only.
Basswood showed marginal differences for the first
time interval (P = 0.06). but sample size was inade-
quate for testing in the second. Too few hop-hornbeam
trees were measured in early samples to assess the re-
lationship between growth rate and mortality,

Neighborhood effects on growth and mortaliry

Indices of neighborhood influence or competitive ef-
fect explained additional variation in growth rates when
added to maltiple analysis of covariance models. Step-
wise regressions selected plot group and dbh as pre-
dictors of growth rate in all cases, bur importance of
neighborhood effects varied among species.

Overall, neighbor influence indices had only modest
explanatory power tor sugar maple growth rate. but
interaction of neighbor influence index and plot group
was important {Table 5). Total neighbor influence index
had significant predictive power for maple growth in
maple-dominated plot group T, but not in the pooled
groups [I-1V. Over ail plots, hemlock growth was af-
fected by both hemlock and total neighbor influence
indices, as well as by interactions involving total in-
fluence index. Examined separately, hemlock growth

“jn" plot group IV (burned plots) was less affected by
neighbor influence indices, while separate maple and
hemlock neighbor influence indices have significantex-
planatory power for groups I-III pooled. Growth rates
of yellow birch and basswood were unrelated to neigh-

" bor influence indices. Hop- -horabeam growth was in-
fluenced by both hemiock and" maple influence index.
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and by total influence index in interaction with plot
group and dbh.

Total neighbor influence index affected chance of
mortality for all species except hop-hornbeam ( logistic
regression, Mann-Whitney and resampling compari-
sons, P < 0.05: all tests gave consistent results) (Fig.
10). Sugar maple influence index had no effect on hem-
tock mortality. but both hemlock and sugar maple in-
fluence indices affected mortality rate for sugar maple.
These patterns were maintained when plot groups were
examined separately. Only hemlock neighbor influence
index had significant effect on mortality rate in yellow
birch, and only sugar maple influence index affected
mortality for basswood. No index influenced mortality
rate in hop-hofnbeam. All tests were conducted sepa-
rately for mortality during 1989-1994 (using all plots)
and mortality during 1967-1994 (using old plots only),

" with consistent results. o : .

" - Discussion

~ Old-growth - hemlock—forthern hardwood stands,
centuries removed from stand-initiating disturbance,

are ot necessarily in demographic or compositional
equilibrium. Ongoing successional change observed
here reflects both competitive interactions among dom-
inant species and long-lasting effects of moderate dis-
turbance events. Observed rates of change, when com-
pared with rates of environmental change and the fre-
querncy of major disturbance, suggest that equilibrial
communities have rarely. if ever, been achieved during
the Holocene. :

Demographic patterns and population dvnamics

Vital rates for tree populations at the Huron Moun-

_tains indicate that hemlock popuiations are expanding

while othier species show little change or decline. Es-
timdted residence times for canopy trees in.old:growth
forests in the upper Great Lakes region range from 128
to 186 yr (Frelich and Lorimer 1991, Frelich and

. Graumlich 199+, Dahir and Lorimer 1996}, bracketing
_the-149-yr estimate from this study (Table 3). Species- .

specific estimates vary widely. Low observed hemlock -
mortality (Fig. 6, Tables 2,°3) equates with. canopy
residence times more than twice those for other species-
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TasLE 2. Overzll recruitment and mortality {no. stems-tdecade) "-ha™")
Species 1962-1967 1967-1989 19891994 19621994 -
A} New stems >12 cm dbh B
Sugar maple 1.2 3.7 7.4 5.2
Plot group [ 0 12.0 £7.2 10.8
Plot groups -V 1.7 3.0 3.3 29
Yellow birch 0 0.5 1.2 0.6
Hop-hornbeam I 1.4 1.2 1.3
Basswood 0 . 0.3 0 0.2
Hemlock 12.3 9.7 6.0 9.3
Plot groups [-[il 12.7 .5 3.6 9.3
flot group iV 3.3 11.2 8.3 8.9
B: Mortality. all stems >12 cm dbh
Sugar maple 13.6 i1.1 20.3 1.7
Plot group I . 420 1.9 381 18.7
Piot groups (I-1V 3.3 11.0 1+.6 9.6
Yeliow birch 0 7.0 1.2 7.1
Hop-hornbeam 0 0.5 4.8 1.
Basswood 4.3 38 24 37
Hemlock 36 1.9 14.7 6.3
Plot groups [-III 2.8 5.1 13.1 6.3
Plot group [V 3.3 38 17.0 6.5

(250-3350 yr, depending on whether burned plots are
included). Residence times estimated for yellow birch
range from 61 yr in this study to 232 yr by Frelich and
Graumlich ( 1994). The low estimate here may indicate
extended regeneration failure for yellow birch at the
Huron Mountains, leading to an age distribution dom-
inated by older cohorts.

Among canopy species. recruitment rates exceed
mortality only for hemlock, with highest density de-
¢clines among smaller stems of hardwood species (Table
2}, Eurther decline may be most immediate for vellow
birch because of the marked decrease in the density of
smalier trees. This pattern apparently results from fail-
ure of recruitment in size classes smaller than those
measured here; mortality rates are not notably higher

for small size classes in hardwood species. and are -

comparable to those observed by Leak (1970). Re-
cruitment faiture is difficult to explain without long-
term data on seedlings and smaller saplings. Simulation
models (Pacala et al. 1996) suggest that competition
will drive replacement of hardwoods by hemlock. at
least in the absence of beech, indicating that patteras

TaBLE 3. Canopy mortality rates and residence time (siems
>30 cm dbh).

Stem Estimated
No. stems mortality residence
‘Species in [962 (Felyr)  time (yr)
Sugar maple 136 0.64 156
Plot group- T 63 0.85 I8
Plot groups -1V a3 0.51 196
Yellow bireh . oM 1.65 61
Basswood - 39 1.03 97
" Hemlock' - 104 0.28 337
Plot groups 1[I 74 0.40 . 350
Ptot group [V ) - 30 -0
Total C B w333 0.67 149 -

observed here may be successional. If so. persisteace
of hardwoods (especially birch) may depend on pulses
of establishment following infrequent, relatively in-
tense disturbance. '

Only small gaps, caused by the death of one or a
few trees, have been observed in this study, but these
have not resulted in establishment of birch trees. Cat-
astrophic blow-downs, the primary form of intease dis-
turbance in the study area. can foster massive regen-
eration of yellow birch (Dunn et al. 1983, Peterson and
Pickett 1993). but have return times exceeding a mil-
lennium (Lorimer 1977, Canham and Loucks 1984,
Frelich and Lorimer 1991, Seischab and Orwig 19911
Disturbances eliminating 30-50% of canopy have an
estimated return time of 300 yr (Frelich and Lorimer
1991), and may allow sufficient, episodic yellow birch
regeneration to account for patterns observed here.
Willis and Coffman (1975) found a ¢lustering of yellow
birch around 180 yr old in the Huron Mountains. Co-
horts of similar age in maple and hemlock (K. D.
Woods, unpublished data) strengthen the suggestion of
a major disturbance in the late 1700s. Basswood re-
generation may also require significant disturbance. but
its habit of basal sprouting allows extended site oc-

-cupation (Crow 1990); only sprout regeneration was

observed in this study.

Growth and mortality of seedlings and saplmcs in
forest understories are-differentially influenced by par- '
ticular species in the canopy (Woods 1979, 1984, Fre- -
tich et al. 1993, Davis et al. £1994). This study suggests
that growth and survival of large trees are influenced
both by neighbors and by sile qualmes (as indicated

~by-plot group). and. tree size {Table 5). The effect of

size, presumably related to-aceess to light, is slightin
hop-hornbeam. which . remains in. the. subcanopy.

" throughout its ht‘c. Effects of neighbors on vrowth were -
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L 1989199 imm/yr) comparisons by plot zroup {stan-

Plot group

it i v

Species {
Sugar mapie 230016y
Yeilow birch +2ihay
Hop hornbeim 0274040
Basswood 316 LG
Hemlock 260060

L8 (D145 L3318y 0.52 ¢0.36)"
0.68 (0,34 L2024 0.62 40429
0.68 (0.14) 030 (0.13 G.33 4004
2.40.47) 290045 L2057

2.3 10,169 1.9 (0. 10 0.88 (0.10y

Mow: Wahin a row (speciesy, shared superseript fetters indicate that the means do not differ

signifivanidy ¢Bonferrons P > 007

seen only in the shade-tolerant species, sugar maple,
hemlock, and hop-hornbeam. Response 1o competiton
by growth reduction may be related 1o the mechanisms
of shade tolerance {Canham 1989, Pacala et al. 1993,
19943 Even in Jarge size classes, hemlock, the maost
shade-tolerant species in this study, appears w display
the mosi fesponse 1O competition in growth rate. The
relationship between neighbor influence index and
growtdh rate may be emphasized for hemlock because
a furge propornion of hembock trees are in subcanopy
size classes, where competitive offects are likely o be
maost intense. Separate analyses for hemlock trees of
canopy size only (>335 ¢m dbh) show no affect of
neighbor influsnce on growth rate (only dbh and the

A} Acer saccharum: Group 1

plot group Lis prcscntr:d separateiy from mmammg plots.’

dbh x plot group interaction have significant effecy).
Separate analyses of small and large stems for maple
showed no such differences.

Mortality rates are not strongly refated o diameter
for any spectes (Fig, 6}, but both growth rate and the
influence of neighboring trees appear to affect survival
for all canopy species {(Figs. 9, 10). Ward and Stephen
{1997) also docurented a correlation of growth rate
and survival in successional yellow birch. Galy hop-
hornbeam {tested for the entire term of the study to
achieve a sufficient number of tree deaths) showed no
significant mortality response to neighbor influence.
Consistent with its apparent competitive superionity,
hemlock’s growth and mortality appear o be more

8) Acer saccharum: Groups 2-4
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B) Tsuga canadensis: Burned Plots
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Demographic patterns for Tsuga canadensis by plot groups. Data are presented as for Fig. 6. Burned plots (plot

group [V) are presented separately from remaining plots (plot groups [l and HI).

strongly affected by conspecific competitors than by
competition with sugar maple, while sugar maple mor-
tality increases with both conspecific and hemlock in-
fluence.

Demographic patterns and compositional trends may
be influenced by factors unrelated to the demographic
and competitive processes assessed here. Deer browse
can limit tree regeneration, especially for hemlock and
basswood, in hemlock-northern hardwood forests
(Stoeckeler et al. 1957, Webb 1957, Hough 1965,
Moore and Johnson 1967, Marquis 1974, Anderson and
Loucks 1979, Whitney 1984, Alverson et al. 1988).
Deer browse intensity on the Huron Mountains is ex-
treme and may have been elevated for most of this
century (Willis and Coffman 1975}, possibly account-
ing for progressive depletion of smaller size classes.
Effects of deer on hemlock size structure may be rel-
atively delayed due to the extreme shade tolerance of
this tree species (Kobe et al.- 1995); a large pool of
suppressed saplings, <12 cm dbh but beyond the reach
of deer, can survive.long periods of suppression to enter
measured size classes when released by canopy gaps
(Whitney 1984). Climate change-since the Little Ice
Age may mean that current canopy trees established

“under cooler and moister climates than those experi-
enced by current seedlings and saplings. Stand simu-
lations {Davis and Botkm 1983) suggest that climate

change of the magnitude experienced over the last 200
yr can alter canopy composition, but that canopy re-
sponse may lag the causal climate changes by up to
two centuries.

Compositional patterns and successional change

The dominant compositional gradient observed here,
from hemiock dominance on thinner, acidic soils to
maple dominance (with basswood and hop-hornbeam)
on deeper, richer soils, has been observed in late-suc-
cessional hemlock—northern hardwood forests through-
out their range (Willis and Coffman 1975, Leak 19784,
b, Rogers 1978, Woods 1984, Crow 1990, Metzger
1990). However, interpretations of the successional and
edaphic relationships between these two species vary.
Pastor and Broschart (1990} found nc difference in
soils between mixed and pure hemlock and hardwood
stands. Frelich et al. (1993) and Frelich and Graumlich
(1994) described mosaics of hemlock and sugar maple
patches that are not associated with underlying soil or
site differences; they suggest that this pattern may be
relatively stable. :

: Suwesnons that hemlock may be hmued to mmst
sites (e.g., Olson et al. 1959, Rogers 1978, 1980, Hix
and- Barnes 1984, Calcote 1986, Pastor and Broschart

"1990j are not consistent with trends observed here or

in some nearby-areas (Darlmt’ton 1930, Frelich et al.
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TasLE 3. Variables introduced in siepwise regression for growth.
_ Multiple Maple Hemlock Total
Species r Group influence  influence influence 1989 dbh Interactions =

Sugar maple (n = 380} 0.63 e - i a*®, pe** ¢

Group I (n = [37) 0.55 * onk

Groups [1-IV {n = 243) 0.38 A
Yeilow birch (n = 69) 0.59 * EET] s
Hop-hornbeam (n = 77) 0,48 + * = & at*, o
Basswood (n = 61) .70 = b b##=
Hemlock {n = 384) 0.69 hide ok o b Qe o

Groups -l (n = 326) 0.67 ko doxx e

Group [V (n = [38) 0.4 * ¥ Rk

Nore: Table shows P values associated with F ratio in final model: T P < 0.10. * P < 0.05. ** P < 0.01.. == P < 0.001.
+ Codes for interactions: (a) Total influence X Group: (b) 1989 dbh X Group: (¢} Total influence X 1989 dbh.

1993). Hemlock dominance in even-aged, post-fire
stands (plot group IV} is inconsistent with suggestions
that it is particularly slow in recovery following mas-
sive disturbance (Rogers 1978, Calcote 1986, Foster
and Zebryk 1993, Pacala et al. 1996). However. such
dominance has been observed elsewhere (Maissarow
1941, Miles and Smith 1960).

The broad and irregular distribution of yellow birch
in the ordinations may be a consequence of its relative
shade intolerance (Winget and Kozlowski 1965, Erd-
mann 1990) and dependence on canopy disturbance
rather than site conditions. A tendency toward asso-
ciation with hemlock rather than with other hardwoods
(see also Brown and Curtis 1952, Whittaker 1956,
Mcintosh 1972, Leak 1975, Rogers 1978, Woods 1984)
is not easily ascribed to physical environment:; birch
favors richer, less acidic soils than does hemlock (Erd-
mann 1990}, and shows highest growth here in maple-
dominated plot group I. Sparse advance regeneration
beneath herlock canopy may reduce competition and
favor yellow birch regeneration in canopy gaps (Barden
1979, Woods 1984).

[n all but the most maple-dominated stands, con-
tinuing successional change is suggested by increases
in hemlock basal area averaging about 20%, while other
canopy species change little or decrease. In mixed
stands (plot groups II and III), hemiock is often present
as discrete patches of uneven-aged (K. D. Woods, un-
published dara) hemlock saplings and subcanopy trees
beneath a hardwood canopy (see also Stearns 1951,
Whitney 19908). Hemlock's spread within stands may
be dispersal limited (Pacala et al. 1993), which adds
plausibility to the notion that patches are centers of
hemlock invasion of hardwood-dominated stands. Al-

. though maple canopy (or dense populations of maple.

seedlings) may be unfavorable to hemlock regeneration
(Tubbs 1976, Woods 1984, Frelich et al. 1993), these
. hemlock. patches indicate that some establishment is
possible. A hemlock canopy has strong inhibitory ef-

fects on advance regeneration of other species. Frelich

_etal. (1993) and Dav;s et al. (1994) suggested that the

mosaic of maple- and hemiock-dominated patches at
the Sylvania tract is stabilized by such canopy-under-
story feedbacks; data from the Huron Mountains sug-
gest that hemlock patches can spread in a maple-dom-
inated matrix.

Hemlock is more shade tolerant than are other spe-
cies at the Huron Mountains (Godman and Lancaster
1990, Whitney 1990q, Kobe et al. 1995), and may have
been important over a wider range of habitats in the
pre-logging landscape (Rogers 1978, Calcote 1986).
Darlington {1930) predicted ultimate hemlock domi-
nance in lake-influenced forests in the nearby Porcu-
pine Mountains, but expected hardwood dominance 2
few miles inland where climates are more extreme.
Brown and Curtis (1952) predicted succession to hem-
lock in mesic northern Wisconsin forests. Simulation
modeis (Pacala et al. 1996) predicted replacement of
maple by hemlock. Hemlock has increased in other
mutiti-decade studies in the northeastern United States
(Filip et al. 1960, Whitney 1984, 1990a). and may be
capable of sustained dominance for many centuries
(Foster and Zebryk 1993). The three plots burned in
the early 19th century {plot group IV) and colonized
by hemlock show low growth rates of small stems; this
suggests intense suppression of smaller stems and may
denote the onset of self-thinning, but there is no sug-
gestion that hemlock dominance will not be main-
tained.

However, some researchers have suggested ultimate
dominance by maple or maple and basswood (Stearns

- 1949, Goff and Zedler 1972, Zedler and Goff 1973),

and the successional trend fiom hardwood to hemlock
is not apparent in all plots in this study. Hemlock has.
not become established in sampled stands on fine, al-
luvial soils. (plot group I). Whether this is due to site
characteristics or historical factors cannot be assessed
here,. but. these plots are. distinguished by higher pH -
and Ca, and Kobe et al (1995) suacestcd that effective
shade tolerance of sugar maple i increases on. calcareous
substrate in New England e h
' Thxrty two years 15 stlll bnef i the mherent tlme L
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resampling tests, P < 0.05).

scale 'o_f_'_';h'ese foreésts: projection remains risky. Dy-
namics inferred from current data may be (or already
have been} alteréd by external factors, both human-
induced and natural. In particular, greenhouse-induced

climate change may force changes in these. forests:.

" hemlock ‘is close o its apparently climatically deter-

mined range limit (Davis et al. 1986, Kévanggh and

‘Kellman 1986). so modest climate changc Hay s

-species suggest that directional, successionai cha;

{1962~1994) and treés that survived for the entire period. Asterisks indicate cases where indices differ {Mann-Whitnev and -

gnif-

icantly alter the comipetitive relationships proposed
here (Davis and Zabinski 1992).
Observed trends and inferred relationshing a

forest composition will continue. In the. 2
more intense disturbance, current patierns of :
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ation and mortality should lead to increased hemlock
dominance. further decline in yetlow birch. and even-
tual decrease in sugar maple basal area in most stands.
Howsaver, age structures and observed rates of change
suggest that a period of at least 400 yr was required
to reach the successional statis of stands examined
here. Hemlock's eventual auainment of general dom-
inance is iikely to require at least several centuries
more, given canopy residence tines and currene de-
mographic patterns. Time elapsed from major distur-
bance to full hemlock dominance may trequently be
on the order of a millenium-—a period similar 1o es-
timated return times tor major disturbance events.

Since competition-induced changes continue over
several generations of canopy trees, these stands should
be considered late-successional, rather than ~climax™
or steady-state. However, rates of change are slow and
the trajectory of change is increasingly influenced by
within-stand biological interaction. In this regard these
stands differ from hemlock-northern hardwood forests
of New England. where refatively frequent hurricane
disturbance may keep a much larger proportion of the
landscape from attaining equivalently late-successional
status (Henry and Swan 1974, Foster and Boose 1992).
Even so. major disturbances with return times on the
order of a millenium. and more frequent intermediate
disturbances., appear sufficient to maintain most or alt
of the landscape in successional status, The time-frame
for successional change in these forests appears to
overlap with that for catastrophic disturbance and even
climatic change, making questions about stable or cli-
max communities of little practical consequence.
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