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Summary

I Tree populations were monitored for six decades on a grid of 140 permanent
plots in old-growth mesic (hemlock-northern hardwood) forests in northern
Michigan. USA. Multiple rermeasurements allow assessment of stability of late-suc-
cessional forests and analysis of spatial patterns and environmental linkages.

2 This forest is not compositionaily stable. Betla alleghaniensis has declined with
little regeneration, suggesting dependence on episodic canopy disruption for persis-
tence. Tsuga canadensis and Fagus grandifolia have increased in dominance in all
size classes independently of major disturbances. Acer saccharum populations have
remained little changed overall. Dynamics appear to be successional in nature, even
though there has been no major disturbance for at least 400 years. Different areas
in the stand may have experienced different histories.

3 Fagus grandifolia has invaded the stand recently through range expansion, and
has come to dominate regeneration in some parts of the stand.

4 Canonical correspondence analysis suggests that soil texture. chemistry. and
drainage influence successional dynamics, producing strong spatial pattern. Fagus
grandifolia has invaded only on relatively fine-textured soils with impeded drai-
nage.

5 Trends suggest that Fagus, Tsuga, and perhaps Acer saccharum would. in differ-
ent parts of the stand. achieve near-total dominance in the absence of large-scale
disturbance. but only after elapsed time of a millennium or more. Estimated return
times for major disturbance in this region are of similar magnitude.
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Introduction

When unlogged, mesic forests of the Great Lakes
region of North America are “slow systems’, domi-
nant trees can live for over 300vears and canopy-
residence times range from 100 to over 200 yvears
(Frelich & Lorimer 1991: Frelich & Graumlich
1994: Parshall 1995; Dahir & Lorimer 1996; Woods
2000). Catastrophic wind-throw caused by torna-
does and “derecho’ events may be the most impor-

tant stand-initiating disturbances in mesic stands,.

but . return times for such occurrences appear o
exceed a millennium (Lorimer 1977; Canham &
Loucks 1984: Whitney 1990: Seischab & Orwig
1991). Tt is therefore likely that. prior 1o the onset of
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widespread logging, large portions of the landscape
were occupied by late-successional forests in which
intense disturbance had not occurred for severai tree
generations.

Such late-successional mesic forests. dominated
by combinations of Acer saccharwm (sugar maple).
Tsuga canadensis (eastern hemlock). Berula allegha-
niensis  (yellow birch) and Fagus grandifolia
(American beech). have been described from rem-
nant stands (e.g. Darlington 1930; Woods 1984:

‘Frelich er af. 1993; Davis et al. 1994: Tyrrell &

Crow 1994} and from analysis of early survey
records (e.g. Stearns 1949; Smith er al. 1993). These
forests were long assumed to be examples of a rela-
tively stable regional ‘cimax’ or ‘potential’ vegeta-
tion {e.g. Kuchier 1966) in equilibrium with climate.

. More recently, non-equilibrium models have gained
. currency. and these suggest that intense disturbances
‘and environmenta} change are sufficient 1o prevent
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arrival at any equilibrium in temperate forests.
Stand composition, therefore, always reflects history
(e.g. Strong et af. 1984; Davis er al. 1986; Diamond
& Case 1986; Webb 1986), although larger land-
scapes may maintain an equilibrium distribution of
successional states (Frelich . & Lorimer 1991).
Nonetheless. recent disqussions of succession suggest
that forest succession does tend towards a recogniz-
able steady-state (c.g. Peet 1992; Oliver & Larson
1996) that is maintained by biological interactions
internal to the community.

There are, however, few emptrtcal assessments of
dynamic properties of late-successional forests, and
most of these depend on data from chronosequences
{Brown & Curtis 1952; Tyrrell & Crow 1994), extra-
polation from within-stand parterns of regeneration
and disturbance (Goff & Zedler 1972; Zedier & Goff
1973: Woods 1979, 1984: Runkle 1981, Dahir &
Lorimer 1996), simulation models {Leak [970;
Davis & Botkin 1985), or palaeoecological studies
(Davis et al. 1991, 1994; Foster & Zebryk 1993). All
of these approaches are valuable but they are fimited
in comparison to direct, long-term observation.
Only a handful of studies have monitored stand
composition and tree population dynamics in late-
successional northern hardwood forests for more
than & decade (Woods 2000) and most of these are
based on sampled areas of less than 1.0ha. Such stu-
dies are nevertheless essential for assessing whether
communities are equilibrial (dnd so understandable
from knowledge of species properties, climate and
substrate) or not (in which case historical informa-
tion is also needed).

Understanding the dymnamics of late-successional
communities is important for both theory and man-
agement. If communities are in equilibfium, it is
important to understand the mechanisms by which
canopy species coexist, for instance by subdivision
of niche space or resource use in space or time (e.g.
Woods 1979, 1984; Runkie 1981). If they are not in
compositional equilibrium, management strategies
must recognize that species coexistence is unstable
and dependent on occasional, large-scale distur-
bance. For instance, the notion put forward in con-

servation management that natural, late-

_successiopal commiunities may resist invasion by

non-indigenous species becomies intuitively less plau-
sible if non-equilibrium conditions apply.
In this paper, I draw on 60years of data from

permanent plots in old-growth T. canadensis-porth- -

ern hardwood forests in northern Michigan, USA,
to assess the dynamic properties of.late-successional
forests. These data allow direct evaluation of the
stability of community properties and of individual
tree populations, A dense array of plots (total area

- ¢, 12ha) also- permits analysis of the interplay ' of

spatial and dynamic patterns. Comparison of results
with a 30-year study in other old-growth ‘stands
located about 100km away (Woods 2000) sheds

light on regional patterns and the possible effects of
geological factors and climate change. Finaily. the
location of the study area just within the recently
expanded range limit of a shade-tolerant canopy
dominant (F. grandifelia) allows assessment of the
dvnamics of invasion and establishment of a late-
successional species in an established forest commu-

nity.

Methods

SITE DESCRIPTION

The Dukes Research Natural Arsa (RNA). in the
Hizwatha National Forest, is situated at 467 23N,
37° 10 W in northern Michigan, USA, 12km from
the shore of Lake Superior and at an elevation of
about 330m {Fig. 1). The 100ha of the RNA has
not been logged, although anecdotal histories sug-
gest that a few trees, especialy of Pinus strobus
(white pine), may have been removed from small
portions of the stand in the early 1900s, shortly
after Buropean-American settlement in the area.
There is less than 10m of topographic relief
within the RNA. Portions that are poorly drained
(about half the area) support swamp forests of
mixed conifers and hardwoods and are not
addressed in this paper. Elsewhere in the stand. sotls
range from very well-drained, coarse sandy loams
{alfic fragiorthods and alfic haplorthods) to fine
sandy loams (entic haplorthods and aquic haplobo-
rolls) with well-developed pans (oristeins). The
RNA and areas to the east are underlain by
Palacozoic sedimentary bedrock with deep, some-
times calcareous till deposits (Dorr & Eschmann
1970). Less than 10km west of the RNA, sedimen-
tary formations give way to Pre-Cambrian igneous
bedrock, typically with thinner and more acidic

‘overiying till.

The north-western limit of continuous distribution
of F. grandifolia lies only a few kilometres west of
the RNA (Fig.1). Palaeoecological studies suggest
that the species has been present locally for less than
500 years (Woods & Davis 1989), and that the range
limit may be at least indirectly related to the geolo-
gical boundary.

Plant npames
Cronquist (1991).

used here follow Gleason &

SAMPLING HiSTORY

In 1935, 240 circular 0.2acre (309m®) permanent

plots were ~established within the RNA, on a
132 % 330 ft (c. 40 > 100 m) grid (Fig. 2}. Plot centres -
were marked with a steel pipe. Trees > Sin

. (12.7cm) diameter at breast height (d.b.h.) were cen- .
-sussed in all plots (excepting a few that were deemed

transitional between forest ‘types’). In' 1948, mea-
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Fig. I Location of the Dukes Experimental Forest study site. Outline at lower feft fovaies study aren within the Great
Lakes region of the United States und Canada. Expunded inset shows topography for the central Upper Perunsub of
Michigan: contour lines wre ut 30-m intersals. und elevation ranges from 183 m at Lake Superior to ¢ 330m, The hewvy
dushed line approximates the border between Pre-Cambriun granitic shield rock and Pakwozoi sedimentary rock. The
reavy dotted line is the approximaw western runge limit of Fugus grandifolia.

~suréments were repeated for every second plot. In

197478, woody stems > 0.6in (1.3cm) were telijed
in all plots under the direction of Dr Fred Metzger
of the Northern Hardwoods Laberatory of the U8,

~Forest Service. Data from these measurements were

compiled under the direction of Dr Thomas Crow

-of the U.8. Forest Service.

In 1992-94, 1 remeasured all upland plots. some

of ‘which also contained wetland species (a total of -

139 plots; Fig. 2). Original plot centres were lovated

" fori138 plots: (sometimes using a metal detector. o
" relocate’ the ‘'steel pipe) and .in the remaining plota .
Lo neie o news centre was established by oy from adjacent
o 2000 Brtish 5 gstablished by survey frem ad)
" - Ecological Society
Journul of Ecology; - 9T _ _
< sibplotof 8:m radius (200 h7).

*plots. F measured all stems > Scm d.b.h. within the

otiginal plot and stems 2-3em d.b.h. in a centred

{ described soil profiles from 77 plots distributed
over the stand. Pooled soil samples for each plot
were collected from approximately 10-20 cm <lepth
{below organic humus horizon but within rooting
zone) at four predetermined locations. Basic soil
chemistry and nutrient analyses were done by
Cornell University Soil Science Labs. | assessed soil
texture by densitometric analysis and conducted

loss-on-lgnition measuremnents for subsamples.

ANALYSES

Data from different years were cross-checked for

consistency of total basal areas and size distribi-
tions of trees. In several instances, plots were gither

~ misidentified or data were incomplete. If data could
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Fig. 2 Distribation of permanent plots in the Dukes
Experimental Forest RNA. Dots are piots in wetland for-
ests (swamp conifer and black ash). not resampled 1992~
94, Crosses are upland and marginal plots resampled dur-
ing [992-94. Outlined portions of the stand correspond to
plot groups in Tablel and text. Groups M1 and M2 are
strongly dominated by Acer saccharum, groups Bl and B2
by mixed hardwoods (including Fagus grandifolia) and
Tsuga canadensis, groups Hl and H2 by Tsuga. with Pirus
strobus in aroup HI.

not be confidently reconciled. particular piot mea-
surements were discarded. '
Compositional patterns  were
detrended correspondence -analysis {DECORANA:
Hill 1980) and noametric multidimensional scaling
(MDS) ordinations. The complete data set from
1935 was used to assess the full range of composi-
tion and relationships betwéen upland and wetland
forests. Analvses of 1992-94 data were used for
more detailed examination of compositional pat-
terns within upland stands. Associations between
composition and soil characteristics (primary nutri-
ents, texture, depths of Ag As and A- horizons,
presence of cemented layers, and presence and depth
of mot humus) were examined using canonical cor-
respondence analysis (CCA: Palmer 1993)-
Population size structures were compared over
measurement ingervals. Ordinations of multiple plot

assessed  with

measurements over time (up to four per plot)
allowed eéxamination of plot trajectories 1 ordina-
tion space ‘and patterns of community change. As”

1933 apd 1948 measuremetits only include-.st'éﬁls
> 1lem dib.h., smaller stems were excluded in com-

parisons involving these dates. To assess spatial var-
iarion in population dynmamics. spatiaily contiguous
sroups of compesitionaliy similac olos were devel-
oped using multidimensional scaling classiication
and maps of ordinatien scoras. Changes in popula-
rion structure were 2xamined for such species for
such plot group.

Results

GENERAL COMPOSITIONAL PATTERNS

Ordination of all 240 plots (1935 or 1948 measure-
menrs) shows coptinueus variation in compesition
across i broad range from swamp o upland forasts
iFig. 3). Dominant species shape the ordination
Held. three plot clusters corresponding 10 ngar-com-
plete dominance of A. saceharum, Thuja occidentalis
(white cedar), and T canadensis. The first axis corre-
sponds to a continuum from upland (1. saccharum)
1o wetland (7. occidenialis) stands. Soil chemistry
may shape the second axis; Fraxinus nigra and Tilia
americana. a1 low values on the axis, eccur primasily
in moist to wet sites of high pH and soil Ca. while
T. canadensis and F. grandifelia are found predomi-
nantly on more acidic soils. B. alleghaniensis and
Acer rubrum, widely distributed on soils of diverse
character, are positioned near the centre of the ordi-
nation field, The third axis (not illustrated) is influ-
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Fig.3 Detrended Correspondence Analysis ordination of
240 plots measured in 1935 or 1948, Data are 19335 mea-
surements except for 15 “transitional plots which were not,
measured in 1933, but for which 1948 data were avaiiable.
Filled circles are plot locations on first two axes of DCA
ordination. Squares show DCA ordination of primary spe-
cies on same axes. Species codes are: Abba = Abies balsa-
mea, Acru = dcer rubrum, Acsa = Acer saccharum, Beal =
Betula alleghaniensis, Lala = Larix laricina, Fagr = Fagus
grandifolia, Froi = Fraxinus nigra, Osvi = Osirya virgini-
ang, Pigl = Picea glauca, Pima = Piceq mariana, Thoc =
Thija occidentalis, Tiam = Tilia americana, Tsca = Tsugn

' canadetisis:
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Fig. 4 Detrended Correspondence Analysis ocdination of
138 plots measured in {992-94. Symbols and species codes
as in Fig. 3.

enceéd primarily by a few plots with shade-intolerant
spectes (Quercus rubra and P. strobus).
Ordinations of upland plots alone (1992-94 mea-

Csurements) extract a dominant axis from A, sac-

charum to T. canadensis dominance (Fig. 4). Ostrva
virginiana is associated with A. saccharten domi-
nance, The second axis separates plots with signifi-
cant reprasentation of F. gramdifolic (and, (o a lesser
A. rubrum) from plots with I". sccidentalis
alleghaniensis s

extent.
and other swamp conifers. 5.
broadly distributed.

CCA ordination extracts a simtlar first axis. and
first ‘axis scores are negatively associated with pH
and depth of A; horizon and positively associated
with depth of A, horizon and development of a mot
humus (Fig. 32 & b). Second axis scores are corre-

- lated with basal area of F. grandifolia and with soil

chemistrv. £, grandifolia achieves greatest impot-
tance on finer soils with a well-developed cemented
horizon, at high values on the third axis (Fig.3b).
Ca concentrations are positively correlated with
both-A. saccharum and F. grandifolia basal area. but
negau'velv correlated with T. canadensis. There were

“strong sparial patterns in these soil characteristics
' ,__'(Flz 6).

- Plot groups derived from classification of 1992-94

- 'dita.on. the basis of canopy composition tended to .
~be. bpatmllv coherent' (Fig. 7) Basal arcas by plot-
gr_ou_pa and species are shown in Table 1. Soil prop-

- erties show. related spatial patterns (Fig. 6) and vary
~ among:- plot ‘groups (Table 2). These results are con-

sistent with results of CCA ordinations. The follow.
ing piot groups are used in subsequent analyses,

M1 maple-dominated plots on fine-textured soils
with little pan development and relatively high Ca
and pH. Oth:.r species (particularly 8. allezhaniensis
are mere important than in M2, and the understore
is comparatively diverse. with sirong tepresentation
of spring ephemeral herbs.

MI maple-dominated plots on well-drained sands
soils of high Ca content {south-east section). . sac.
charum dominance is nearly total in these siands,
and the understorey is of relatively low diversity and
dominated by maple seedlings.
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Fig. 5 Canonical Correspondence Analysis ordination of
77 plots, with environmenial dat, measured in 199294,
{a) axes [ and 2. (b} axes | and 3. Open circles show posi-
tions of plots in ordination, open squares position of spe-
cies. Species codes are as in Fig.3. Vectors indicate

strength and sign of correlation of indicated soil variables
with ordination axes. ‘mor refers to depth of mor humus
layer, "AlY and ‘A2 to depth of indicated soil horizons,
*pan’ o degree of development of cemented ortstein hon-
zon, "Ca’ and "My ‘to untransformed concentrations of
these elements, and ‘pH’ 10 untransformed soil pH.
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Fig.6 Maps of sampled plots {see Fig. 2 for plot groups), with symbol. area scaled to values for measured soil parameters.
All plots for which soils were sampled are shown; small crosses indicated measured vaiue of zero. See Table2 for ranges
and mean values. {3) pH at c. {0cm depth: (b} Ca concentration at ¢. [Dem depth; () depth of A; horizon: (d) depth of A;
horizon; (¢} depth of mor humus; (f) degree of ortstein or pan development (assigned to three classes).

Bl mixed maple-beech-hemlock plots on fine-tex-
tured soils with some pan developmem Both B
alleghaniensis and A. rubrum are significant canopy
components. Understorey communities are variable.

B2: mixed maple-beech-hemlock plots composition-
ally similar to B1 but with strong pan developient.
Low areas often retain standing water. There is
abundant F. grandifolia -regeneration, and under-

. storey communities are of low dlvcrmty.

HI: hemlock-dominated plots with coarse. exces-
sively drained soils, and significant preseace of P,

"strobus in the canopy.

H2: hemlock-dominated plots with deep mor
humus and strongly developed podzol, generally
along margins of wetlands.

Unassigned plots are either a!ong margins of

'_ swampy areas, with significant canopy representa-

tion of such species as T. occidentalis and F. nigra,



273 Table 1 Busal area {m” ha™') by vear. plot group. and species

K.D. Woods

No.  Aver  Touga Berula Fugus  Acer Ostrya  Abies Thuja  Fraxi- Titia
Plot  of  sac-  camgs  allexhen- grendi- rub- virging balsas Picea weel- s Pinus  ameri- Qther
group piots carum densis  iensis Jolia rum dand mea  glauca alis  migra strobus cana specizs® Total
RN
M35 2044 0T 49T 038 D43 D40 038 001 000 002 000 001 D¢ 3404
MC % 943 040 433 000 045 036 007 001 006 000 500 DI3 009 3323
BL 13 1375 9341027 03T 451 006 033 D04 0DID 0nl 400 0080 000 3930
B2 e 997 766 6.4 4 463 003 063 002 002 043 000 00 028 3708
Hi 2 136 17.34 959 0.4t 420 0.03 oL 032 27T 9489 T8 .00 (.39 4221
H2 8 L4397 .49 0.10 173 N0 1.09 .83 L7200 0.30 0.00 [ 3.52 3978
UN 22 430 377 {053 0.23 135 030 LA 123 69 6t D D37 L3 3709
1948
M 13 233 0 .44 G4 Q.46 D41 09 008 0.00 008 900 Q.13 0.4 3164
M2 12 2.2 0aon 0T 0.0 000 033 0.4 000 000 008 0.00 0.3 0.1 36.1%
Bl f 013 107 103 1.39 391 000 0,32 0.03 0.21 (.00 .00 D40 0.0 379
B 8 .38 387 il 362 423 500 0% 0.00 0,03 013 .00 000 003 3318
1 9 148 1693 9w Nz 317 000 oo 0,14 170 0.4 204 0430 03l 3044
H2 3 Li+ 3971 9.4 010 373 0.00 1.og 1.33 .72 030 0.08) AR 0.a2 39,78
UN i2 424 643 1023 0.38 4023 P27 bed 720 3 0.0 0.66 0383 33.33
{974
Mi Mo 2977 014 439 0.34 037 0,13 005 001 002 BOG Q00 9.22 0.0 3591
M2 23 023 0061 362 0.02 020 014 002 003 043 009 0.80 9.02 .43 33,33
Bi 12 1274 750 1348 1.04 3.33 0.06 0,25 907 9.2 060 0.09 0600 082 40.26
82 16 990 691 10.00 5.82 4.64 004 0o HOO D00 003 000 0.00 006 37.43
H 17 281 1990 9.3t 0.07 3.36 0.00 029 028 b33 0218 el 0.01 042 42.33
H2 {0 i.28 28.71 .15 0.41 345 006 013 0446 .25 0.4 t07 0.0 0.67 45,69
UuN 2 699 00 995 0.23 Pes 0.04 03t 131 608 132 01 143 L3 39.23
1993
M1 330 3200 Ge 290 0.48 (.29 0.2 nog o0t 003 00G 600 9.2 am 36.21
M2 23 38 601 .50 0.06 .34 040 000 004 043 004 006G 4.04 000 3521
Bi 3 1496 983 1239 256 109 010 G20 03 0t %00 000 0.3 6.00 44,35
82 ) 1254 839 8.03 7.89 485 000 0.00 00Ny 0nn 000 0.00 0.00 000 41,73
- Hi 17 196 089 837 0.33 7.H00 008 0.66 .19 223 008 37 0.01 000 4724
H2 1D |47 3285 8.00 0.97 326 000 019 045 042 0148 LU 0.00 0 003 30.92
UN 23 789 883 993 0.71 226 0.30 1.04 122 696 L84 DU .62 041 42.84

*“Other species include {with basal areas for 1993nGroup Mt Quercis rubra 0.03Group M2 Quercus rubra 9.03. Prumis
penseivanica G.01Group UN: Quercus rubra 051, Fraxinus americana 0,03, Ulmus americana 0.01

Table 2 $oil properties (mean & standard deviation. range) by plot group

Mor Ay A
Plot : horizon harizen horizon Mg Ca
group " {em) fem) femy imeka ™ fmg kg pH
All 77 15 342 856 22.0 = 38.0 169 = 234 5005
_ o-1 1-8 0-25 L4-236.3 15-1238 10-7.2
M1 2T o LR 422 2.2 = 186 207 & 133 5.0 % 0.9
S o ) -6 97 6.1-80.6 22-607 $.5-3.9
M {3 0 74 RUES] 37.8 & 65.1 262 = 310 53406
S ) 25 420 4.4-256.5 12-1238 43-7.2
Bl - T3 3£5 2035 =2 TR 46+ 8 4.7 £ 0.
BEEEEEE g 0-10 S 5 £.9-13.9 34-33 1.5-4.8
By . . I 13 107 ‘8% 10.9 = 19 68.5 = 70.7 43202
T BRIE IS 021 -3 320 5.7-36.8 23-330 4.4-5.2
o e aM L 8 . 3x53 0.3 204 17x6 7224 44 £ 28 4503
U eg2000 Brigsh. o T o2 -2 16-25 B ESE T 22-114 S48
Ecologicat Soctety. . M2 T8 87 207 12+ 6 TN 48+ 26 4.6 4 0.2
Journal of Ecology, . T T e 020 0 L3 3-20 1Tl s H1-49

- BS;26728% ¢
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DY NAMICS

Buasal ared chunges

There was a slight but significant tesdenes towards
an increase in ostand basal zrea in the 13 plocs
remensured in 1992-92. over both the il interval of
neurly six decades (Fiz. "ayand for each of the inter-
between meastirements (Table 1 Stands of
initially low  basal tended o while
stands of initially high basal aren wers more likely

vills
areu ineraase
1o decrause.

Buasal urea dyvnamics varied amony Sominunt spe-

cies and. in some cased. seggest directional changes.
although T, carttdensis and A, rubrue: showed no
strony directional trends overall (Fig. " & d. respee-
tively) or for any of ihe sampling intervals, A sue-
charum showed o small but significant increase in
basal area over the full range of basal areas only
when the full 38 vears was considered. The scatter of
points tor 4. rufrurt appears broader than for either
A, saechurum or 1. canadensiy. suggesting more
rapid population change: by the [992-94 remeasure-
ment., 4. rubrwess basal areas in some plots had

(&) Totas basal area

-
[==1

0 L [ B T I .\
0 10203040 5060708

Basal area in 1992-94 (i ha '}
B
a
SN SRS RN NOTSL FUVUNRD SYUUUE U S B
N

(¢) Tsuga canadensis
60 =

50
40

Basal area in 1992-94 (m* ha ™)

T

0 10 20 30 40 50 &
‘Basal area in 1935 (a7 ha™'y

daciined by a5 much as Tm-ha”' while others
increased by up to Om~ha ™"

B. alleghuniensis and F. grandifoliu, by contrast,
showed pronounced directional trends in busat area.
B. ulleghaniensis (Fig, 31 declined during all measure-
ment intervals, but declines were much greater dur
ing the dast interval (17 vears of the towl of 38
Fig. 801 Some plots sxperienced madest growth in
pasul area. but declines were both more fraguent
and  often of much magaitude (up Lo
SomtheTl) R grandirolin occurred in fewer plots

large

but showed consistent and large busal aren incraases

(Fig. 9, Maximum  F gramdifolic basal  area
increased  from oo omha”! in 193F W over
. JE

[Zm ha in 1992-94 On average. basal areas

approximately doubled over the stady period. and
several plots lacking £ grandifufic in 1937 had basal
in 199 2-94. Rates of
tnereuse were not constant. so that. even accouniing
for its greater length, the period from 1548 to 1976
showed greater propoertional increases. 3
Trends are more difficult to assess for minor spe--
cies. All three subcanopy species (Abies palsamea.
Picea glauca, and O, virginiana} showed inconsistent
patierns among measurement intervals. but overall
declines in basal area weres recorded. However, since
> llem dbh.

areus 45 great as 4m°ha”

¢comparisons involve oniy stems

{b) Acer saccharum
50 = ;

40
30
20

1G

3¢ 40 50

4] 16 20

T 1

_ 15 20
Basal area in 1935 {m® ha™*)

0 & 10

Fig.7 Changes in basal area.from 1935 .fo most recent measurement. Each symbol represents one sample plot. Only the 139

plots remeasurad in 1992-94 are shown. Solid lines at 1: 1 stope

area. (b) dcer saccharum. (¢) Tsuga canadensis. (d) Acer rubrum:

show locus of no change; dashed lines are linear regression

-of later measurement on earlier measurement: dotted lines are 95% confidence interval for regression.. (2) Total piot basal
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(relatively laree for these species) apparent fluctua-
tions may be artefacts of sampling.

Spatial patierns of change

Comparisons of spatial distributions from 1935 and
1992-94 measurements (Fig. 10) show that popula-
tion dvnamics are related to patterns of community
differentiation discussed above. T. canadensis and A.
saccharum show strong spatial segregation, and
show only modest basal area changes without avi-
dent spatial clustering. 4. rubrum is distributed rela-
uvely concordantdy with 7. caradensis; basal area
shows little overall trend, but may be consistent
within plot groups {(compare group Bl and HI with
reference to Fig. 2. B. alleghaniensis 1s broadly dis-
wributed in the stand. Large declines in basai area
occur throughout, but are especially notable in the

+  Sampled plots

(b} Tsuga canadensis {max.=60 m® ha™)

south-east, maple-dominated area (group M2). F.
grandifolia, although increasing rapidly in basal
area, remains patchily distributed in the stand.

Sice distributions

A. saccharum size distributions changed little and
showed little difference among plot  groups
(Fig. 11a). Stem densities were relatively uniform in
size classes from 20 to 60cm (generally subcanopy
and canopy status), while stems of 2-12cm d.b.h.
(measured only in the iast two sampling periods)
had densities approximately an order of magnitude
greater. Densities fell off rapidly above about 70cm
d.b.h. T. canadensis size distributions also changed
little over time but differed in having lower densities
in the smallest size classes and a relatively constant

() Acer rubrum (max.=18 m® ha™}

Fig. 10 Basal area changes mapped over stand (see Fig.z.l‘or plot groups) for six treé species, (a) to (). Area of svmbol for.
«each plot is scaled to basal area, Crosses alone show measured plots where species concerned was not present. Shaded cir-
cles indicating 1992-94 basal area are superimposed on open circles indicating 1935 basal area (or 1948 basal area in those

plots mot me'arsured it 1935). Basal area change is therefore indicated by “bull's-eyes:
cate declinesin basal area. while shaded outer rings indicate increases in basal area. .

those with unshaded outer rings indi-
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proportionai decline in density with size over a wide
range of size diameters (Fig. tib).

A, rubrum size disitibutions were mors variable
among measurement periods and ameng ciot groups
(Fig. t1c). Curves 1 plot oroups B! and B2
resembled those for 4. succharin i shape. although
densities werz lower. and there is somes suggestion
that densities for stems below 30em J.2.q. declined
over time. In Tsuga-dominated plots 1Hi and H2M.

rbrum densities were higher overai and time-
invariant. but showed a much sharper and propor-
tionally constant deciine with size,

B. ulleghaniensis was present in ah piot groups.
with lowest densities in plot groups M1 and M2,
and highest densities in hemlock-dominated areus
(H1 and H2) In all plot groups excapt HIL size
classes < 30cem d.b.h. Jdeciined more ¢r less continu-
ously over the course of the study (Fig t1dy This
decline wus most marked in the smailest diameter
classes in muple-dominated areas (not Hustrated). F.
grandifolia size distributions remained constant in
form (Fig. [1e). but overall density incraased in all
size classes. typically by two-foid or more. Small
trees werer markedly more abundant than larger
stems and density declined continuously  with
increasing size.

Community change

Plot “time-trajectories in ordination space retlect
overall compositional changes (Fig. 12). Patterns are
complex and noisy. but some trends are visible.
Many plot trajectories are directed towards the
lower centre of the ordination field. their direction
influenced by increasing F. grandifofia basal areu.

Tsugu-dominated plots, clustered at the right side of

the ordination feld. appear 10 converge on the
region of maximum 7. canadensis importance. There
is little indication of convergent trajectories for A.
saccharum-dominated plots. at the left side of the
ordination, but these trajectories seem 1o be strongly
confined within 2 neighbourhood defined by strong
A. saccharum dominance,

Discussion
COMMUNITY PATTERNS

Compositional patterns at the scale of tens to hun-
dreds of metres are strongly correlated with spatial

“variation in soil chemistry and structure (Figs6 &

10). A. saccharum achieves maximum dominance on
well-drained soils of high pH and Ca content (plot

" group MI). F. grandifolia is confined largély 1o soils
particularly ‘where drainage is

of finer texture,
impeded by pan development {piot group B2),

‘where A. rubrum is also moré abundant. T. canaden-
§is is domman:, often to the néar-exclusion of oih_g_r
species. on soils.of low pH and with a mor humus_

and well-developed A horizon. generaily near the
margins of wetter areas of the RNA. These patterns
may reflect both influences of soil properti€s on spe-
cies distributions and. especially with respect 2o che-
mical prbperties. influences of cunopy compaosition
on soil properties.

B. alleghuniensis is widely distributed across soil
types and plot groups. This 13 consistent with 2 relu-
tvely opportunistic Efe history; occurrence mayv be
more reflective of disturbance history than surrent
Greater abundancs of B

environmental patterns.
wlleghuniensis in stands of T. cupadensts dominance
(also see Brown & Curis 1931 Whittnkar 1336
Melntosh 1972: Leuk [975 Rogers [978: Woods
1984} might indicate overlapping environmeniai pre-
ferences or differences in disturbance dynamics, dut
Wouds (1934) suggested that the very tow dens

DECORANA Axis Two

400 - Lo

-200

-100 0 10C
‘DECORANA Axis One

Fig. 12 Plot trajectories in DCA ordination space over
time. Ordination includes all measurements of all plots.
Square symbols indicate position in ordination” for mea-
surerients in 1992-94; lines connect these svimbols with
ordinated positions for the same plots at previous dates
(ordination positions for earlier positions are typically indi-
cated by inflections in line). Directionality of compositional

trajectories. should be seen as along lines toward “the

squares. Note that actual -time’ elapsed for irajectories
shown varies since not.all plots were measured in 1935.
Species distributional centres are shown as.in Figs3 & 4.
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suppressed saplings of B. alleghaniensis in T, cana-
densis stands could lavour B. aficgpianiensis regen-
eration in gaps.

Canopy species do neot show concordant distribu-
tions within the study area. but subcanopy species
are significantly associated with particular canopy
species. . virginiunag s strongly assochuted with .
succharon canopy dominance. . “afanea and P.
gharea are more widely distnibuted. but both are
strongly correlated with 7. ummz’wmv The coinci-
dence of phenological strategies — deciducus with
deciduous and 2vergreen contfer with 2vargreen con-
ifer — may reflect common response 1o physical
environment. or it may be due o environmental
constraints imposed by canopy tvpe.

Total plot basal areas are high compared to other
studies in northern hardwood forests: studies cited
by Keddy & Drummond (19961 have basal areas
canging from 23 to 40 m*ha™'. Higher basal area in
Tsuge-dominated plots {Tabie 1) 15 consistent with
observations in other studies, bur reasous for the
difference are not apparent.

Community variation s continuous and strongly
assoctuted with environmental variation. There is no
evidence of distinct canopy types or recognizable
clusters within ordinations (Figs3 & 4). except in
the conceptually srivial instances of single-species
dominance by A, succhurum and, to a lesser degree.
T. canddenyis.

DYNAMICS

There ts no overall trend in plot busal areas over the
six decades of the study. The tendency of plots with
initially high basal areas 1o show declines and those
with initially low basal areas to increase in busa

ares (Fig. 7a) is consistent with stand-level biomass

equilibrium maintained by fine-scale disturbance
and recovery typical of patch or gap models of equi-
librial old-growth forests (e.g. Forcier 1973 Runkie
1981). Patches of high basal area (i.e. high densitics
of large, mature canopy trees) are more likely to
experience mortality of large individuals and conse-
quent sharp declines in basal area. Plots of low
basal area are generally dominated by smaller trees.
presumably colonists in old canopy gaps. where
aceretion of basal area more than balances less fre-

quent mortality.

{ndividual species dvnamncs however, do not con-
form to equilibrium models, The current dominants,
A. - saccharum and T. canadensis, show only modest
wends in biomass or size distributions. but basal

Careas of both appear to be increasing. A. rubrum
' basal areas ﬂuctuate reiatwelv rapidly at the plot
~level but show no trend. Equation of size distribu-
~tivn and: age’ structure is tisky for shade-tolerant
" trees, but ‘these patterns. along with unpubhshed
_‘jmcrement core data, suggest thar populations of
' '_"shese three species are relatively stable. The sugges-

tion of relatively high mortality among the smalles;
size clusses of A saccharusr and much lower initia)
mortality (and densityy of smaller 7' canadensis iree:
(Fig. 11y is consistent with other research {Kohe
et af. 1993 Woods 20001, Decreases from the 19765
w 19905 in the smallest size
in mixed stands {groups
dow eventual increases in relative T, canadensis or
F. grandifolic dominance.

B. alleghaniensis popukitions, on the other hand,
are clearly changing in basal aren and size structure,
Large basal area declines have increased in fre.
guency over the course of the studv and are not
matched by increases in other plots, Size structures
suggest a population with very littde regen

classes for A saccharum
U and B) may foresha-

wraton.
small trees dying or growing into larger size classes
are not being replaced. so the rrend of declining
basal areas with the death of current canopy trees is
likelv to continue,
shade-intolerant and therefore depends on canopy
gaps tor establishment (Erdmann 1990). Patterns at
the Dukes RNA suggest a population dominated by
a cohort. ar cohorts, established during some perfod
of disturbance and now experiencing increasing
mortality with age. There has been a lack of success-
tul establishment in recently formed gaps of up 1o
400m° (personal observation). suggesting that B.
alleghaniensis requirss more intense disturbance for
regeneration. Increment cores from the Dukes stand
suggest that current 8. alleghaniensis cohorts date to
the last decades of the 7005, perhaps indicating the
most recent major stand-wide disturbance. Near-
total loss of B. alleghaniensis from plot group M2
{Figs2 & 10) suggests a pattern distinet from the
remainder of the stand; either the 8. alleghaniensis
it this part of the stand date from an earbier distug
bunce, or the life expectancy of 8. alleghaniensis 1
lower on the sandy. well-drained. high-Ca soils of
this area,

" The Dukes site is within a few km of the north-
western range limit of F. grandifolia, and palacoeco-
logical data (Woods & Davis 1989) indicate local
arrival only within the fast 500 years. The rapid
population expansion observed here may be part of
this ongoing invasion. Increment cores suggest an
age distribution consistent with size distributions.
strongly weighted to classes less than 130 years ofd
and 2 maximum age of just over 200 years.
Population grov}'rh over the fast six decades has
been very rapid for a slow-growing, late-successional
canopy dominant, and has occurred without major
disturbance: there is no evidence of higher distur-
bance intensity in the portions of the stand where F.
grandifolia has increased the most. The presence of
many apparently vigorous saplings and subcanopy
trees beneath intact canopy is consistent with the
extreme shade-tolerance of this species (Poulson &
Platt 1989, 1996; Pacafa er al. 1993, 1994, 1996

8. alleghaniensis s relatively

Kobe et al. 1995). F. grandifolia populations might
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arone faster with more intense sanaps disturbance,
bui tfere s 00 suggestion here of communiny resis-
ance’ o invasion {Elton 19330

The irigger Tor the current expansion of Fogrupmdis
re. Woods & Davis (1959 show that

the species wits present as close as 30 XM w0 the cast

by 2300 vears ago. indicating that

o the Dukes stte onot soieby o vonmnseguenae of Jis-

persal Himtation. They suggest that wa
have played o role in determining the wesiern ranys

fimit of the species. Pruy o ol (1995 suegest tha

road estabiishment of £ !*.'"u:'!:.-fuff;: w the ragion
wirs defoved unl o combinution of soif development
and climate change led o the development of deai-
nuge-impeding orzaing o eertain soils AL Dukes,
Fawus 13 most abundans i arens of dner soil ofen

R

with cemented fworizons und impeded draim

COMPARISONS AND PROJECTIONS

iy veors remains a briet interval - less than a sin-
gle generation of canepy trees ~ in the relevant time
scale For stund dynamics in these torests. However,
it observed trends are extrapoluted. they suzgest o
community that. although conforming w defimtions
old-growth’ {orest, continues to undergo suctes-
stonal change. 8. afleghaeniensis, a major componcm
of the canopy 60 vears age, is likely to be lurgel

(/J

f!u

lost within the next few decudes.

Among shade-tolerant species. the expunsion of
F. grandifolia is o strong directional trendh, Long-
tepm stdlies in old-growth forests in the Huron
Mis, . 80km north-west. of the Dukes site and
bevond the range-limit of F. grandifofic. suggest
that. in the uhsence of intense disturbance, swads
will gradually diverge wowards dominance by either
T canradensis ot A succharum (Woods 2000,
Trends observed here (Fig. [2) suggest a similar pat-
tern at Dukes, with the addition of a third "basin of
attraction’ in the region of £ grandifolin dominunce.
Siraulations of northern hardwood forests in New
England (Pacala et al. 1996] predict aventual dormi-
nance by F. grandifolia, but it is not clear how geo-
graphically generalizable such results are. Relative
shade-tolerance may change with site conditans
(Kobe ¢ af, 19937, and in this stund, £ grandifolia.
near its range lmit, may be competitively dominant
only in relatively moist locations. However, observi-
tional studies in southern Michigan (Poulson &
Piait 1996) and in New Hampshire (Forcier 19753}
suggest that F. grandifolia may wend towards compe-
titive dominance when disturbance is” limited to
small gaps.

Trends, even though slow, towards local smvk.-
sps_cxes dominance suggest that withinstand pro-

vesses invoked to explain sustained anopy diversity

may prevail for only limited periods. Forcier (1973}

and Woods (1979, 1984) >u0gesled that the mﬁueme: _

of the canepy on MECTOSHS comnditions might deter-
mine suevival of seediings and saplings such thar, in
sierle Cuses, replucement puatierms SUstan co-domis
nunes §f);‘1f'[ig:i}iuri\, Petwoeil F. Ker-.‘;!:'cfr:fP)!ier and .

chaeneny, Ohsepvations of tegencration in unoepy
Runkie

the exis-

waps have fed o sitular proeuens (g,
19311 Observed patterns here do ot deny
(eroe of these processas. but suggesi thab, i
2xi+i. they are ot ;'uiia 'uu\umd wind ondy detay the
final outcome of competitive interactions.

Other data support the notion that 8 allesivmion-
sivo populitions in lage- susvessiont fOTasts consist

sadhy ol w few cohoris dating rom nense distur-

bunves. At the Huron Moo B sdferhaniensis shows
smulae stz structurss and declines. and increment
core ages cluster ar stightly over 200 venrs (Witls &
Colmun 1975 Woods 20000, These ayes are close
enough o those observed ar the Dukes site 1o suy-
gest tiat the same intense wind event wis responsi-

bie for the disturbanuves ut both sites.

. Thistswudy, with the paratlel study at the Huron

Mis (Wouds 20003, sugzests that old-growth forests
severnl centuries old may not be characterized by
meaningful  community  equilibrium or  composi-
tiogal stability. Cores from trees in the Dukes stand
approaching four centuries in age show thut they
suppression when  voung:

were subject fo strong
together with the pear-absence of shade-intolerant
species. this suggests that 2 minimum of five centu.
ries hus elupsed since stund-initiating disturbanee,
Resulis here suggest that this may be insufficient
tme lor resolution of competitive interactions
among shade-tolerant species, and the slow trends
observed may not permit competitive  displace-
mient to be achieved in the tme expected between
arastrophic disturbunces. 1 pectods mueh greater
than half a millennium are reguired tor the comple-
ton of observed successional processes. climatic
change and soil development are also likely to inter-
vene. leading to changed competitive dynamics and
successional patterns. For example. the recent arri-
val of F. grandifolia at the Dukes site has changed
the likely course of succession and delayed the
attainment of potential compositional stability by |
several centuries. '

[n tight of these conciusions. it {3 probably best o
completely discard the notion of an end-point 1o
successional change and simply consider stands such
as -the Dukes  site “late-successional’; they are
removed from stand origination by more than a

generation of trees, but successional change ¢~

tinues, Successromi change in such stands may well )
be slower than in -earfier succession simply because

of the longer life expectancies of the :specids. s
involved; scaling. of rates of change 1o rfenerauon__'-

titne of dominant trees is needed to clarify this issue.

If these generalizations hold, it-is inappropriate 10-
o consider stability as a dxstmguxshmg ecolomcai ch‘:r-:
-acteristic’in deﬁmnﬂr ‘old-growth” foresis. .~ '
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