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Summary

1 Tree populations were monitored for six decades on a grid of 140 permanent

plots in old-_rowth_ mesic (hemlock-northern hardwood) forests in northern _,-_
Michigan. USA. Multiple remeasurements allow assessment of stability of late-suc- _ o

cessional forests and analysis of spatial patterns and environmental linkages. _ _

2 This forest is not compositionally stable. Betula alleghaniensis has declined with _ _"

regeneration, suggesting dependence on episodic canopy disruption for persis-little

tence. Tsuga canadensis and Fagus grand_folia have increased in dominance in all ._ _
size classes independently of major disturbances. Acer saccha!'um 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 grandfolia has invaded the stand recently through range expansion, and _J
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- to o

nage. _
5 Trends suggest that Fagus, Tsuga, and perhaps Acer saccharum would, in differ- 0o _

ent parts of the stand, achieve near-total dominance in the absence of large-scale _ _.

disturbance, bat only after elapsed time of a millennium or more. Estimated return

times for major disturbance in this region are of similar magnitude.

Key-words: Acer saccharum, succession. Fagus grand(folia, permanent plots. Tsuga
canadellsis
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Introduction w despread logging, large portions of the landscape
were occupied by late-successional forests in which

When unlogged, mesle forests of the Great Lakes intense disturbance had not occurred for several tree
region of North America are "slow systems', domi- generations
nant trees can live for over 300years and canopy- Such late-successional mesic forests, dominated

residence nines range from 100 to over 200years by combinations of Acer saccharum (sugar maple).
_Frelich & Lorimer 1991: Frelich & Graumlich

Tsuga canadensi_ eastern hemlock). Betula a11egha-
1994: Parshall 1995: Dahir & Lorimer 1996: Woods

niensis tyellow birch, and Fagus grandifolia
2000/. Catastrophic wind-throw caused by torna- tAmerican beech'k have been described from rein-
does and 'derecho' events may be the most impor-

nant stands te.g. Darlington 1930: Woods 1984:
tam stand-initiating disturbances in mesic stands, Frelich et al. 1993: Davis et al. 1994: Tyrrell &
bat return times for such occurrences appear to Crow 1994 and from analysls of early survey
exceed a millennium _Lorimer 1977: Canham &

records (e.g. Stearns 1945. Smith et al. 1993). These
Loucks 1984:Whitne3 1990: Seischab & Orwig forests were long assumed to be examples of a rela-
1991,. It is therefore likely that. prior to the onset of tively stable regmnal 'climax" or "potential" vegeta-

tion te.g. Kuchler 1966) in equilibrium with climate.
More recently, non-equilibrium models have gained
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268 arrival at any equilibrium in temperate forests, light on re_onal patterns and the possible effects of
Long-term change Stand composition, therefore, always reflects history geological factors and climate change. Finally, the

in old-growth (e.g. Strong et al. 1984; Davis et aL 1986; Diamond location of the study area just within the recently

Jbrest & Case 1986: Webb 1986), although larger land- expanded range limit of a shade-tolerant canopy
scapes may maintain an equilibrium distribution of dominant (F. grandijblia) allows assessment of the

successional states (Frelich & Lorimer 1991). dynamics of invasion and establishment of a late-

Nonetheless, recent discussions of succession suggest successional species in an established tbrest comma-

that forest succession does tend towards a recogniz- nity.

able steady-state (e.g. Poet 1992; Oliver & Larson
1996) that is maintained by biological interactions
internal to the community.

Methods
There are, however, t-ew empirical assessments of

dynamic properties of late-successional forests, and SITE DESCRIPTION
most of these depend on data from chronosequences
(Brown & Curtis 1952: Tyrrell & Crow 1994), extra- The Dukes Research Natural Area (RNA). in the

polation from within-stand patterns of regeneration Hiawatha National Forest, is situated at 46- 25'N,
and disturbance (Goff & Zedler 1972; Zedler & Goff 87° 10' W in northern Michigan. USA, 12 km from

t973: Woods 1979, 1984: Kunkle 1981; Dahir & the shore of Lake Superior and at an elevation of

Lorimer 1996), simulation models (Leak 1970; about 330m (Fig. 1). The 100ha of the RNA has

Davis & Botkin 1985), or palaeoecologic_ studies not been logged, although anecdotal histor/es sag-

(Davis et al. 1991, 1994; Foster & Zebryk 1993). All gest that a few trees, especially of Pinus strobus
of these approaches are valuable but they are limited (white pine), may have been removed from small
in comparison to direct, long-term observation, portions of the stand in the early 1900s, shortly

Only a handful of studies have monitored stand after European-American settlement in the area.

composition and tree population dynamics in late- There is less than 10m of topographic relief
successional northern hardwood forests for more within the RNA. Portions that are poorly drained

than a decade (Woods 2000) and most of these are (about half the area) support swamp forests of

based on sampled areas of less than 1.0ha. Such stu- mixed conifers and hardwoods and are not

dies are nevertheless essential for assessing whether addressed in this paper. Elsewhere in the stand, soils

communities are equilibrial (and so understandable range from very well-drained, coarse sandy loams

from knowledge of species properties, climate and (alfic fragiorthods and alfic haptorthods) to fine

substrate) or not (in which case historical informu- sandy Ioarns (entic haplorthods and aquic haplobo-

tion isalso needed), rolls) with well-developed pans (ortsteins). The

Understanding the dynamics of late-successional RNA and areas to the east are underlain by

communities is important for both theory and man- Palaeozoic sedimentary bedrock with deep, some-

agement. If communities are in equilibrium, it is times calcareous till deposits (Dorr & Eschmann

important to understand the mechanisms by which 1970). Less than 10kin west of the RNA, sedimen-

canopy species coexist, for instance by subdivision tary formations give way to Pro-Cambrian igneous

of niche space or resource use in space or time (e.g. bedrock, typically with thinner and more acidic

Woods 1979, 1984; Runkle 1981). If they are not in overlying till.

compositional equilibrium, management strategies The north-western limit of continuous distribution

must recognize that species coexistence is unstable of F. grandifolia lies only a few kilometres west of

and dependent on occasional, large-scale distur- the RNA (Fig 1). Palaeoecological studies suggest

bance. For instance, the notion put forward in con- that the species has been present locally for less than

servatiou management that natural, late- 500years (Woods & Davis i989), and that the range

successional communities may resist invasion by limit may be at least indirectly related to the geolo-

non-indigenous species becomes intuitively less plau- gical boundary.

sible if non-equilibrium conditions apply. Plant names used here follow Gleason &

In this paper, T draw on 60years of data from Cronquist (1991).

permanenl plots in old-growth T. canadensis-north-
ern hardwood forests in northern Miclugan. USA. SAMPLING HISTORY
tO assess the dynamic properties of late-successional
forests. These data allow direct evaluation of the In t935, 240 circular 0.2acre (809m 2) permanent

stability of community properties and of individual plots were established within the RNA, on a

tree populations. A dense array of plots (total area 132 x 330 ft (c. 40 x t00 m) grid (Fig. 2). Plot centres

c. 12ha) also permits analysis of the interplay of were marked with a steel pipe. '1'rees > 5in
© 2000 British
Ecological Society spatial and dynamic patterns. Comparison of results (12.7 cm) diameter at breast height (d.b.h.) were con-
Journal of Ecology, with a 30-year study in other old-growth stands sussed in all plots (excepting a few that were deemed
88 267-282 located about t00km away (Woods 2000) sheds transitional between forest 'types'), In I948, men-



surements were repeated for ever;* se_:on_a plot. [n [ described soil profiles from 77 plots distributed
S;. "rid C_

1974-78. woody stems > 0.6In, l.Scm _ere milled over the stand. Pooled so{l for each plot
m all plots under the dtrectlon of Dr Fred Metzger were collected from approx_'n_te_? 10-.20 cm ueplh
of the Northern Hardwoods Laboratory of the U.S. 'belov, organlc namus nonzon but whhin room, S
Forest Service. Data from these measurements were zonel a_ tour l:'edetermined iocatlons. Baste sod

compiled under the direcnon of Dr Thomas Crow chemist D and autrlent malyses were done W
of the U.S Forest Service. Cornell Universit_ Soil Science Laos. I assessed soil

In 1992-94. I remeasured all upland plots, some texture by dens_tomemc analysis and conC*ucted

of which also contained wetland species ta total of loss-onqgnmon measurements for subs tmples.

139 plots: Fig. 2). Original plot centres were moated

for 138 plots (somenmes using a metal detector to ANALYSES
relocate the steel pipe) and in the remaining plot a
new centre was established by survey from adjacent Data from different years were cross-checked tbr

C_ 2000 Bdtish consls encv of total basal areas and _ize distribu-
I ociet plots [ measured all stems > 5cm d.b.h w un theEcologaca S y " ' .

lourna of Ecology. original plot and stems 2-5cm d.b,h, m a centred tions of trees. In several instances, plots were either
88. 267-282 subplot of 8 m radius __01 m"l. misidentified or data were incomplete- If data could

!



270 DuReS ExperimentalForest RNA parisons involving these dates To assess spatiai var-
Long-term change iation in population dynamics, spat/ally contiguous
itl ol¢[-aro erli Un_lrnpl_t Vvetiane .

. Samgled groups of compositiona!P, similar -_lots were de,,et-
/bre_'t •pod using multidimensional scaling classification

2cOrn ] _/2"-,, and maps of ordination scores Changes in popuht-

• • __* tlO_l _tructure were examined for eacilspec:es for
• . . /,m,, ,,. earn plot group.

• • • ; • 4,-[ • •

_e_// * ,, * . . • : Results
_• • t • * • , . GENERAL COMPOStT[ONa. L P_TTERNS

• • ', • • . . .

_ • • ..... • Ordination of all 240 piots (1935 or 1948 measure-
• -e -.. . • . . .... ._-e_,-,)_'shows continuous ,.ariation m composition

zo _H1 • _B1 • . • . •. e • _ . . ., • across u broad range from s_,,amp to upland forests
° ., ° • ;'_: . ,. •

_/ ,_ • ** _ :/ • * /Fig. 3). Dominant speczes shape :be ordination• I *F • •
_* //, * • ", H2* /* * • field, three plot clusters corresponding to near-com-
_tl. • :• • • • i,• ,ip 4k:

_-*/ - * - I + ,,-_/' * u'_* • plete dominance of .4. _accharurn, Thuja occide_ltalis
• -r-- . II.///g ",'='• / (white cedar), and T. canadensis. The first axis corre-

/
• o, ---* ,, , ._%, sponds to a contipuum from upland (A. saccharum)

to wetland (72 occidentalgsl stands. Soil chemistry"

Easting--- may shape the second axis; Fraxinus nigra and Tilia

americana, at low vaIues on the axis. occur primarily

Fig. 2 Distribution of pemlanent plots m the Dukes in moist to wet sites of high pH and soil Ca. while
Experimental Forest RNA. Dots are plots in _etland for- T. c'anadolsis and F. grandifolia are found predomi-
ests (swamp coniger and black ash). not resampled 1992- namly on more acidic soils. B. alleghaniensis and

94. Crosses are upland and marginal plots resampled dur- Acer rubrum, widely distributed on soils of di,,erse

ing I992-94. Outlined portions of the stand correspond to character, are positioned near the centre of the ordi-plot groups in Tahiti and text. Groups Nil and M2 are
strongly dominated by .4cer saccharum, groups BI and B2 nation field. The third axis (not illustrated) is influ-
by mixed hardwoods (including Fag s grandiJblial and
Tsuga canade_rsis, groups HI and H2 by Tsuga. with Pinus
strobus in group H 1.

'7 O
I
I
1 Tsca

not be confidently reconciled, particular plot mea- _ _C Pima

surements were discarded. _ ,ac_, o_ _o _o2 o ¢eoo dr_4__

Compositional patterns were assessed with °]_]_e_oOo o°o o_-detrended correspondence analysis (DECORANA: _ 2 ^ :9 oO_, oco
Hill 1980) and n0nmetrie multidimensional scaling

(MDS/ ordinations. The complete data set from N . | Oo oo_ _0_] __
1935 was used to assess the full range of compos_- ] Tiara OC_Ptgl. __ --

[] Fmi 0 Samples

don and relationships between upland and wetland _ o s_=ie_

forests. Analyses of 1992-94 data were used for o o -
more detailed examination of compositional pat- o 2 a a 5

terns withir_ upland stands. Associations between OECORANAAxi_One
composition and soil characteristics (primary nutri-

ents. texture, depths of Ao, Ab and A_, horizons. Fig.3 Oeuended Correspondence Analysis ordinanon of

presence of cemented layers, and presence and depth 240 plots measured m 1935 or 1948 Data are 1935 mea-
of mot humusl were examined using canonical cor- surements except for 15 "transitional plots which were notmeasured in t935. but for which 1948 data were available.
respondence analysis (CCA: Palmer 1993). Filled circles are plot locations on first two axes of/)CA

Population size structures were compared over ordination. Squares show DCA ordination of primary spe-
measurement intervals. Ordinations of multiple plot cies on same axes. Species codes are: Abba = Abies balsa-

measurements over time mp to four per plot) me,*, Acru = deer rubrum. Acsa = Acer saccharum. Beat =

allowed examinanon of plot trajectories in ordina- Bend; alleghanlensis. Lala = Larix larichla. Fagr = Fagus2000 British grandifolia, Frm = Fraxinus nigra, Osvi = Ostrya v*rgim-
Ecological Society lion space and patterns of community change. As ana. p g = Picea glauca, Pima= Picea marian;, Thoc =
Journal of Ecology 1935 and 1948 measurements only include stems Thu]a occident;Its. Tiam = Tglia americana, Tsca = Tsuga

88. 267-282 > 11 ern d.b It. smaller stems were excluded in corn- canadensis.
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271 = -. s_stent v4m resuhs of CCA ordinations The: [olIo,*-

KD. t_ods a -, mg plot groups are useu n subsequent anaI'._cs
Abba .Is[[_ #n(IDld-do_nithlied Jlol on _]ne-t_x[ufeG sotls

3 _ C

'Wlttl lltUe Dztn de,,eh)pmenl arid re[ahvel, nigh ("4

c and 31-1.Other ;oecles parncularl) B a[le_&miens_2

o_ O are more rn_sr_am than In MI. atld tile _rlderstore,.

Thoc tSea _ C . ' , , _•a C _ OF[qlDdra_l,_:l% diverse, vlth sr-:'orlg reproach[Litton

,_ 3 - _ 2_ s. % osvl of spring ephemeral heros.

,@

rsca _ _0 _ SOILS Of h _h Ca content {south_east section • yctc_

o o _ c L,tl¢lt, lltt I domln_llce is ne_/riv told] ill [P_cse cta[_(_s.

0 - _Ac,'u g tiiL| the undersl 3re'. lb O( [clati'.eP. low .IV.CFSI/j Ll,qd

_Iort]In_ted b 2, Ft.]apse SeeOllR_b

C Samotes

Fsg[
Z

2 3

DECORANA Axis On_ (a)
Th¢_c

c_

Fig, 4 De[rended Correspofl(leglce -knalvsls )rdinadon of C" Samples
- 3 SDec:es

138ptots measurea in t992-94. S_n bo s nd specles coues
as m Fig. 3

AOba

C
n

¢o

g
8enced

primarily by a few plots with shade-intolerant
Species _Quereu,_rubra and P. strobus, P/- Ca

Ordinations of upland plots alone 1992-94 men- ; _*_42>m_ca_sv_

surements, extract a dominant axis from q *ac- rata

cnarum to T. canadensis dominance Fig. 4). Ostrra
vtr_lnlatla 15 associated with ,4 _aCClhlrffltl Jornl-

nance Tile second axis separates plots wtm signl{[- _F_ }'r

cant represenultion of F. grandifi_h'a and. to a esser

extent. 4. rubrttm from plots with T. )cctaentaus FirstCCAAxis

and omer swamp conifers. B. allegham'ensis _s (bl
broadb distributed. Thoc Fagr{

CCA ordination extracts a similar first ax_s. and
,j4C_U

first axis scores are negatively associated with pH ,_ o o_rm _elu
and depth of A horizon and pos ve y associated <

ca (2

o< 0 aa'oOAt_ba
with depth of A, horizon and development of a mor _ ,.,,_,.9,,_ _ - _ o

" _OPh oCOo0 2 0

humus (Fig. 5a & b). Second axis scores are corre- _ A

[ated w: :h basal area of F. grandiJblia artd with soil E, mofO

chemistry. F. granaffblia achieves greatest _mpor- o °o,_a ce
lance on finer soils with a well.developed cemented Osvi c_rsca

horizon, a_ high values on the third ax_s (Fig 5bl
FiPst CCA Axis

Ca concentrations are positively correlated with

both ,4. saccharum and F, grandifolia basal area• but
negative _ correlated with 1". canadensis. There were Fig.g Canonical Correspondence Analys S ordinatton of

• -- pints, with environmental data measured in 1992-94
strong spatial patterns in these soil characteristics tal axes I and 2. gb) _xes 1and 3. Open c*rctes show posi-
IFig. 6). lions of plots in ordination, open squares position of spe-

Plot groups derived from classification of 1992-94 c_es. Species codes are as m Fig. 3, Vectors indicate

data on the basis of canopy composttton tended to strength and sign of correlation of indicated soil variables

C 2¢t._0British be spatiaUv coherent (Fig. 2). Basal areas by plot with ordination axes. "roof refers to depth af mor humus• layer, "AI' and 'A2" to depth of mdmated soil horizons.
Ecological Society groups and species are shown tn Table 1. Soil prop- "pan" to degree of development of cemented ortstem hori-
Journaloj'Ecology, erues show related spatial patterns (Fig. 61 and vary zon. "Ca' and "Mg" to untransformed concentranons of

88. 267-282 among plot groups (Table 2). These results are con* these elemems, and 'pH" to unlransformed soil pH.
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#.
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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 irtdicated measured value of zero. gee Table2 for ranges
and mean values. (aj pH at c. I0crn depth: (b) Ca concentration at c. I0 cm depth; (¢) depth of A_ hodzon; (d) depth of A 2

horizon; (el depth of mor humus: (f') degree of ortstein or pan development (assigned to three classes,

BI: mi.vetl maple-beech-hemlock plots on fine-tex- HI: hemlock-dominated plots with coarse, exces-

tured soils with some pan development, Both B, sively drained soils, and significant presence of P.

alleghaniensis and A. rubrum are stg'aificant canopy strobus in the canopy.
components, Understorey commumties are variable. H2: hemlock-dominated plots with deep mor

B2: mixed maple-beech-hemlock plots composttton- humus and strongly developed podzol, generally

ally similar to BI but with strong pan development, along margins of wetlands.
2000 British

Ecological Society Low areas often retain standing Water. There is Unassigned plots are either along margins of
Journal of Ecology, abundant F. grandifolia regeneration, and under- swampy areas, with significant canopy representa-
88. 267-282 storey commumties are of low diversity• tion of such spectes as T. occidentalis and F. mgra.



273 'table ! 8_;a area re-'ha "l) by year. plot group, and _pecie:.

No ,gcer Tlu_a Betula Fag_ Acer O_t<va .-Ibie_ _ F:_Jvi- _l_
Plo_ of sac. cana. a[leghlm- _r t !- rub. _ir_lnl. _,al_a. Picelt occi- nits Pirul._ _tr_leri- Othe7

group plot_ carum densis iensi._ Jbha rum _ma r,_e:_ g/auc_a _a[is ni_ra _tro_us c_n_l species" Total

19._:

MI 35 27.14 017 49? 0,3_ 045 0_0 02g 00] 000 _:0-_ _)E)O _31_ !)¸09 3._04
M2 24 29¸44 0.10 .132 0.01 015 036 007 001 006 I).00 0c)0 0 I3 009 _ _,

Bl 13 1375 994 10¸27 037 452 006 033 004 0 I!) 001 0_)0 000 00_) 39SI)

_2 16 992 766 10.gl 3,41 4.65 005 063 0.02 002 003 0_)0 ,_1)_1 029 37.08

1'tE 12 1.56 1:._4 9.59 0,11 _-_ 003 _.01 0.32 2.71 0¸6!) 376 O.00 0.59 ;-.-I !
H2 $ 1.14 39.71 949 0. I0 3.75 000 I09 l.g3 1,72 050 ()l)0 OI4 032 597_
UN --'" 4._0 _.,<_7 10.35 I),__,_" 1.55 03) !30 l.-._ 6.19 3,61 0.!)4 !)5:" 115 37¸09
:_g6

M_ _ 25.39 015 4 4-_ 0.'*4 0.46 0 4_ 0.19 0.00 0,00 0.00 000 015 0(_l 3164

M2 12 32.21 000 317 03)0 0.00 0.35 000 000 0_)0 000 000 031 0.11 36_5

gl 6 l)l_ l0 17 1_1)3 1.39 3.91 03)0 0.2 003 021 000 000 000 0_0 37.19
B2 g 958 5.8 _ 1153 3.62 4.23 0./)0 009 0./)0 00_ I)_3 000 O00 005 35._6

HI 9 3.1_ 16.95 909 0.02 4,17 000 091 0. I4 170 0.44 2 )4 OI)0 051 39 14
}J2 5 IA4 39¸71 949 0. J0 .._7>5 I) 0!) 1.09 t.,_3 1.72 0.50 01_) t) 14 /)..__ 597g

UN 12 4.24 645 10,23 0,38 2A2 023 1,27 1.94 721 31_ 010 066 !)._5 38_5
1976

MI 34 29.72 0. I4 4.89 0.34 0.37 0. I3 0.05 001 0.02 0.00 0_) 0.22 001 35.9I

M2 25 30.25 0.01 3.62 0,02 0.20 014 0.02 0,05 0.48 0.09 0.00 002 I).4:_ 35.38
BI 12 1274 7.90 13.48 1.04 5.53 006 0.25 0.02 0.12 0.00 0._)0 '0.00 0.42 40.26

B2 _6 990 6.9l 10.00 5,82 4.64 0.01 0.06 0.00 0.00 005 0.00 0.00 006 37¸45
Ht 17 2,63 I9.90 9.31 0,07 5.56 000 029 0.28 1.58 02_ 2.92 0.0_ 0.02 42.83

H2 10 1.2S 28.71 8. I5 0.41 3,43 0 _0• 0.13 0.46 125 0.14 107 0,00 067 45.69
UN 22 6.99 700 9.95 0,25 1.95 0.04 031 1,31 6.08 1._2 0AO 143 LS0 39.25
1993

MI 35 32.01 0A6 2.90 0.48 029 0.2_ 0.09 0.0t 003 000 000 021 002 36.2l

M2 25 32.38 0,01 1.50 0,06 0.34 0.40 0.01 0.04 0.43 0,04 0.00 0.04 0,00 35,21
_ 2.56_l 13 14.96 985 _-._9 4,09 010 0.2t (}.08 0. ll 0.00 000 0,32 0g)0 4435

B2 16 12.54 8.39 8,05 7.89 4,85 0.00 0,00 0.03 000 0.00 0.00 000 0.00 41.75

Ht 17 3,96 20.89 8.37 0.58 7.00 000 0.66 0.19 2.23 0.1B 317 0.01 000 47¸24

H2 l0 1,47 32,$5 8.00 0.97 5.26 0,00 0.19 0.45 0.42 0AS l. II 0.00 0.03 50.92
UN 2_ 7,89 _3.83 9.95 0.71 _ • 030 1.04 1.22.... 6 6.96 1.84 OA[ 1.62 0.4[ 42,84

*Other species include (with basal areas lbr 1993 :Grotto ,_[h Quercus rubra 0.02Group t'{2: Q_tercus rubra 0,03. Prunus
pensl41"anica ( ) Group UN Q ere s • br_t 0 3 , Frl ._:t Is an erictma 0.03. Ubmls am_,ricltna 00l

Table 2 Soil properties (mean _ standard deviation, range) by pIot group

Mot A, A_,

Plol horizon horizon horizon Mg Ca

group n Icm _cm _ :m I Img kg'_ mg kg" } pH

All _ _ 5 _ = 2 g = o __,0 = 38,0 [69 :± 234 5.0 ± 05

0-21 I-8 0-25 4.4-256,5 _5-1238 4.0-7.2

Nil 27 i1 3 =: I a = 2 21.2 = 18,6 202 =: I55 5.2 = 0.4
0-0 I-6 (_-7 6. I--80,6 __-607 4.5-5.9

M2 13 0 - = 4 10 := 5 37.8 = 65 262 e 310 5.3 ± 0.6

0-0 2-5 4-20 4.4-256.5 32-t23g 4.8-7.2

B 3 3_5 2-+-0.5 8_2 IA =3.0 46=:8 4.7=0A

0-10 I-2 5-1 6.9--13.9 34-53 4.5-4.8
B2 t6 1 =: 5 2 ± 0.7 8 =: 5 I0.9 = 7.0 68.5 =: 70.7 4.8 ± 0.2

0-21 I-3 3-20 5.7-36.8 23-330 4.4-5.2

HI g 5±5 0.3&0.4 17:_o 7.2±2.4 ,l.i± 2g 4.5_0.J

:_ 2000 British 0-.t2 I-2 10--25 4.4--11,3 22-114 4.0-4.g

EcologicalSoeiety H2 8 _7 2_:0.7 12_6 9.1=:1,3 48:_26 4.6:_0.2
7 I_'_ 4.1-4.9Journal o/Ecology. 0-20 1-3 3--20 7, - ... 15--95

88, 267-282 ....



274 or composhional[F [mermedktte be:'a¢en groups declined by as much as 7re-'ha -_ '.,.hile others

Lott?z-_erm c/lore!Co defined above, increased by up to ll)m: ha -!

i_1 ohl-_ro_th B. a!l#_ghaniettxis and F. _raml(lblia. by contrast.

/bre>r shox_ed pronounced directional trends in basM area.

OY 5.', NIItS B. all<4hattiensis/fig. 8J declined during all measure*

ment in{er,,als, but decline> _ere much greu_er dur-

Basal etre_tcha*z£_'_ ing the last interim i I-_ears of the total of 58:

There was a slight but significam tende::c,. :maarda Fig. 8cl. Some plo!s experienced modest gro'._h in

an increase in stand basal area in :_.e !39 plo[s _aa_d area. but declines were both more frequem

remeasured in I992-9-'. over both the t"_]_ interval of _md often of much larger magnitude ¢up to

nearly six decades _Fig "a) and for eack of the inter- 20 m-" ha-ll. F. gremdi;bJJa occurred in fewer plots

vals between measucements (Table '. _. Stands of hal sho_ed consistent and ktrge basaI area increases

initially low basal area tended to iacrease _hiIe (F_g. 9!. Maximum F g,-_mdijiEh: base1 area

stands o_" initially high basal area ,sere more likely increased from c. 6mZhu -i in 1935 to o_er

to decrease. 15 m-'ha-E in L992-94 On average, basal areas

Basal area dynamics xaried among d,_,minani spe- approximately doubled over the stnd._ period, and

ties and. in some caseq, suggest direc_ o::al changes, se,,eral p_ots lacking /-" _ra_ul(/,al& in 1935 had basal

although T <a_tddett_i: and .q. rubru_,: showed no areas as great as 4re-'ha -_ in 1992 94. Rates of

strong directional trends overall (Fig. -c & d. respec- increase were not constant, so that. e_en accov!ming

timely) or for any of the sampling inter,.als..4, _-_w- for its greater length, the period from 1948 to L976

charum showed a small but significant increase in showed greater proportional increases.

basal area over the lull range of basal areas only Trends are more difficult to assess for minor spe-

when the tkdl 58 years was considered. The scatter of cies. All three subcanopy species (,4hies balsamea.

points for ,4. rubrum appears broader than for either Picea ghu,,'a, and O. rir,,ginkltut) showed inconsistent

A. SaCC]larttt_l or T. c_lnadensis, suggesting more patterns among measurement intervals, but overall

rapid populalion change: by the 1992-94 remeasure- declines in basal area v_ere recorded. However. since

ment..4, rubru*rl basal areas in some plots had comparisons involve only stems >11 cm d.b,h.

(at Total basal acea (b) Acersaccharum

70 _ _ _ / 40
oo^c

2, C

0 0 - --

0 10 20 30 40 50 60 70 80 0 tO 20 90 40 50

(c} msuga CEf_,_en,slS {(_} Acer rubrum

50- o : /

40

_ _° /"

-40 _, ,,

_c

0 10 20 30 40 50 60 0 5 10 15 20

Basal area in 1935 tm_ ha-_t Basal area n 1935 fin- ha )

© 2000 British Fig.7 Changes m basal area from 1935 to most recent measurement. Each symbol represents one sample plot. Only' the 139

Ecological Socie v plots remeasured in 1992-94 are shown. Solid lines at I : I slope show locus of no change; dashed lines are linear reg*ession

Journal o/'Ecology, of later measuremem on earlier measurement: dotted lines are 95% confidence interval for regression. (a) Total plot basal
88. 267-282 area. Ib) Acer saccharum. _c) Tsuga canadensis, rd} Acer rubrwn.
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Journal Of_cology, Fig,9 Changes in basal area t'or Fagus grartdi_b[Ia b_ measurement Imriod, (a) 1o (d). Syrnbols represent sample plots,88. 267-282 Number of plots varies among intervals. "



276 (relatively large for these species) apparent tluctua- south-east, maple-dominated area (group M2). F,

Long-term change tions may be artefactS of sampling, grandifolia, although increasing rapidly in basal

in old-growth area, remains patchily distributed in the stand.

foresz Spatial patterns of change

Comparisons of spatial distributions from 1935 and Size distributions
1992-94 measurements (Fig. 10) show that popula-

tion dynamics are related to patterns of community A. saccharum size distributions changed little and

differentiation discussed above. 72 canadensis and A. showed little difference among plot groups
saccharum show strong spatial segregation, and (Fig. lla). Stem densities were reladvely uniform in

show only modest basal area changes without evi- size classes from 20 to 60cm (generally subcanopy
dent spatial clustering. A. rubrum is distributed rela- and canopy status), while stems of 2-12cm d.b.h.

tivety concordantly with 72 cana&'nsis: basal area (measured only in the last two sampling periods)

shows little overall trend, but may be consistent had densities approximately an order of magnitude

,aithin plot groups (compare group B1 and H1 with greater. Densities fell off rapidly above about 70cm

reference to Fig. 2). B- alh,ghaniensis is broadly dis- d.b.h.T, canadensis size distributions also changed

tributed in the stand. Large declines in basal area little over time but differed in having lower densities
occur throughout, but are especially notable in the in the smallest size classes and a relatively constant

(at Acersaccharum (max.=54 me ha"_) (bl Tsuga canadens[s (max.=60 m2ha-_) (c) Acerrubrum (max.=19me ha-_}

I . : " : . .* . .* ! .

2 e • . : :

o _ - ® :

• $, : !

(d) Betula alleghaniensis tmax.=24 _2 ha-') (e) Fagus grandffolia (max.=17 m2ha-_) (f) Ostrya virginiana (max.=4.1m_ha-'t

_,_ : . :• • o .

a_
c ® .

= " - : " : :o o * * •

o* ". ? _? --°, : : : .... _.
= ;$ _ _-_4 : : : : : : - -- , ,

._ _ ; _: ; : . : _ •

Eastin9 > EastJng_ EastJng

e 1993 basal area 400 m
o 1935 basal area

SamNed plots

Fig. l0 Basal area changes mapped over s and tsee Fig. 2 for plot groups1 for six tree spec es,/a) to (f). Area of symbol for
,_ 2010 British each plot is scaled to basal area. Crosses alone show measurea plots where species concerned was not present. Shaded cir-
EcoloDcal SocieL, ties indicating 1992-94 basal area are superimposed on open circles indicating 1935 basal area tot 1948 basal area in those
Journal qfEcolog - plots no[ measured in 1935'. Basal area change is therefore indicated b3 "bull's-eyes': those with unshaded outer rings indi-
88. -6.-_8_ cate declines in basal area. while shaded outer rings indicate increases in basal area.





278 proportional dechne :n density _,ith s;ze o_er a x_ide and weiI-de,,eloped ,\_, horizon, generally near the

Lo*:g<erm cha*zge range of size diameters _Fig. 1 [hi. margins of wetter areas of the RNA. These patterns

ill O!'_[-erolrrh .4. ¢ubrum size diszributions were ,-..ore _ariabie ma? reflect both influences of soil properties on spe-

,';)roe; among measurement periods and amoxg giot groups cies distributions and. especially with respect to che-
IFig. llcL Curves in plot groups B: and B2 micaI properties, influences of canop) comf.osition

resembled those for ,4 _accharum in -;?:ape. although on soii properties.

densities were lower, and there is some suggestion B a[leghaniensLs is _del3 distributed acre_-,_- soil

that densities for stems below 5flcm d_.h. declined t)pes and plot groups. Th_ is consislent ,site ..: rehl-
over time. In /_ruga-dominated plots _H! and H2). libel? opportunistic life histor?: occurrence cc.a3 be

.4. ruhrum densities _ere higher overa_! and time- more reflective of disturbance history than .-:_:rent

invariant, but showed a math sharper and propor- environmental patterns. Greater abundance of B.
tionatly constant dec!ine with size. al[e_.haniensis in stands of T. c_made*zsis don:inance

B. agleghanie*z._i.s_._as present in all plot groups, ¢also see Brown & Curtis 1952: Whittaker !956:
with lowest densities in plot groups ?,[_ and M2, Mclmosh t972: Leak I9-5: Rogers 1978: Woods

and highest densities m hemlock-dominated areas 1084} might indicate o,,erIapping environment-,i pro-

(HI and H21. In nil plot groups except HI. size ferences or differences in diaturbance dynam:c,, but
classes < 50cm d.b.h, declined more o: :e.ss continu- Woods ( I9841 suggested :_,at the ver? low dens::} of

ously over the course of the study iFig lid}. This
decline was most marked in the smallest diameter

classes in maple-dominated areas (not iltustratedl. F.

grandijblia size distributions remalnea constant m 300 -
form /Fig. lle/. but overall densit3 increased in all

size :lasses. typicall) by two-fold or more. Small Tiam
trees were. markedly more abundant than larger
stems and density dechned cominuousl_ with

increasing s_ze 200 -

Communi O, change _z

Plot time-trajectortes m ordination space reflect

overall compositional changes (Fig. 12L Patterns are _ 100 _ __t-

complex and noisy., out some trends are visible. .-_ "_ Beal
Many plot trajectories are directed towaros the _ z ,:_.

lower centre of the ordination field, their dlrectmn ._z , _._ _'2_-__ z - _ _ --.o,, -_ z
influenced b3, lncreasm_ F grandijbtia basal area. a: ,, _<-_ 7_

Tsuga-dominated plots, clustered at the n_ht. side o1" _ 0 _' -_::%:'_ .., : _t_ _"_ ¢2_ ._."_-_%

the ordination field, appear to converge on the _ Acsal : = Ysca
regmn of maxlmum T. canadens[s _mportance. There _ ---_-_- ---

ts little indication of convergent trajectories for .4. :_" = - =

saccharum-dominated plots, at the lefi side of the : : =_--_: Acru
ordination but these trajectories seem to be strongly -m0 - - '_

confined within a neighbourhood defined by strong a

A. saccharum dominance. ,.,-

2F r

Discussion
-200

COMMUNITY PATTERNS -100 0 100
DECORANAAxis One

Compositional patterns at the scale of tens to hun-

dreds of metres are strongly correlated with spatial
variation in so chemistry and structure (Figs6 & Fig. 12 Plol trajectones m DCA ordinanon space o_er

• time. Ordination includes all measurements of all plots,
10). el. saccharum achieves maximum dominance on Square symbols indicate posmon in ordinatmn for men-
well-drained soils of high pH and Ca content tplot surements an 1992-94 lines connect these symbo s with

group MI). F. grandiJblia is confined largely to soils ordinated positions for the same plots at previous dates
of finer texture, particularly where drainage is tordination positions lbr earlier positions are typica y indi-

impeded by pan developmem (plot group B2"k cared by inflections in line Directionality of compositional
© 2000 British where A. rubrum is also more abundant. 2-. canaden- trajectories should be seen as along lines toward the
Ecological Society squares. Note that actual time elapsed for trajectories
Journal of Ecology. sis is dominant, often to the near-exclusion of other shown varies since not all plots were measured in 1935.
88. 267-282 species, on soils of low pH and with a mor humus Species distributional centres are shown as in Figs 3 & 4,.



279 suppressed saplings of B. al&,gha*::e,_si_ in T, cana- don of relatively high mortality among the smalle-st
K,D. _ods densis stands could ['avour B, _t[_'e_/_anie_lsisregen- size chtsses of A. caccharttm _Lnd much lo_er Imtl_l

eration in gaps. mortalhy land density) of smaller T, canadezlsis trees
Canopy species do not she'll, concordantdistribu- IFig. llt is consis[em :vhh other research /Kobe

lions '*ithht the study area. but <:':'canop? species et al. 1995: Woods 2000) Decreases from the {9-Os

are signilicantl? associated _.sith pa:-Iic_.dar canop._ to I990s in the smallest size classes for A. r,wcharu,,n

species. O. virginhma is strongi? .'.<_.ociated vdth .1. in mixed stands Igroups BI and B2) m_? (oresha-
Succh{Irlttn canop) dominance, ,-t a_l£_{lDleLland P. dew eventual increases in relatp, e 7. ggll?gYel_*t?Si7 or

glauca are more widely distr%uted, but both are F. '._randi./blia dominance.
strongly correlated with T. canade,rsis. The coinci- B. alleghaniensis populations, on the other hand.

dence of phenolog_cal strategtes- deciduous with are clearly changing in basal area and size structure
deciduous and evergreen conifer x;!_h evergreen con- Large basal area declines ha_.e increased m (te-

ller - may reflect common response to physical quency over the course of the study and are not
en_ironmem, or it may be due :o environmental matched by increases in other piers, Size .tructures

constraints imposed b.,. canopy, type. suggest a population with ver? little regencra_ton.
Total plot basai areas are high compared to other small trees dying or gro\ving into larger size classes

studies _n northern hardwood forasts: studies cited are not being replaced, so the trend of declining
by Keddy & Drummond {[996) ha_e basal areas basal areas _ith the death of current canop? trees _s

ranging fronl 23 to 40maha -_, Higher basal area in likely to continue. B, ullegha*fiensis is re{atbe]y

;E_uga-dominated plots {Tabie I1 is consistent with shade-lntolerar_t and thereWre depends on canopy
observations in other studies, bul reasons for the gaps for establishment (Erdmann I990). Patlerns ,:It

difference are not apparent, the Dukes RNA suggest a population dominated by
Community variation is eominuous and strongly a cohort, or cohorts, established during some period

associated with environmental variation, There is no of disturbance and now experiencing increasing

evidence of distinct canopy types or recognizable mortality with age. There has beer', a tack of suceess-
chtsters within ordinations ]Figs3 & 4_. except in ful establishment in recently formed gaps of up to

the conceptual b trivial instances of single-species 400m z (personal observation), suggesting that B.

domimmce by ,4. saccharum and. to a lesser degree, alleghaniensis requires more intetase disturbance for
72 canadensis, regeneration. Increment cores from the Dukes stand

suggest that current B, alleghaniensis cohorts (late to

the last decades of the 1700s. perhaps indicating the
DYNAMICS most recent major stand-wlde disturbance. Near-

There _s no overall trend m plot basal areas over the total loss of B alleghanienso from plot group M2

six decades of the study. The tendency of plots with Figs2 & l0 _ugges[s a pattern distinct from the
mmally high basal areas to show declines and tl_ose remainder of the stand: either the II. alle'e!:oniensi_

with initially low basal areas to ncrease m basal in this part of the stand date from an earlier dismr-

area (Fig. Ya ts consistent with stand-level bmmass bance, or the life expectancy of B. alleghaniens_¢ is
equilibrium maintained b__ fine-scale disturbance lower on the sandy, well-drained, high-Ca soils of

and recovery typical of patch or gap models of equt- this area

librial old-growth forests te.g. Forcier t975: Runkle l-he Dukes site is within a few km of the north-

1981, Patches of high basal area e high densities western range limit of F. grand]/hi]a, and palaeoeco-
of large, mature car:,opy treesl are more likely to logical data ,Woods & Davis ]989) indicate local

expertence mortality of large mdlvtduals and eonse- arr!vat only within the last 500years. The rap_d

qnem sharp declines m basal area Plots of low popmanon expansion observed here may be part of
basal area are generally dominated by smaller trees, this ongoing invasmn. Increment cores suggest an

presumably colomsts in old canopy gaps, where age mstribution conststent with size distributions.
accretmn of basal area more than balances less fie- strongly weighted to classes less than 150 years o_d

quent mortality and a maxtmum age of just over 200 years.

rndividual species dynamics, however, do not con- Population growth over the last six decades has

form to equilibrium models. The current domimmts, been very rapid for a slow-growing, hue-successional
A. saccharum and Y. _tnadensis. show only modest canopy dominant, and has occurred without major
trends in biomass or size distributions, but basal disturbance: there _s no evidence of higher distur-

areas of both appear to be mcreasing. A. rubrum barite intensity In the portions of the stand where F.
basal areas fluctuate re at ve y rap d y at the plot grandijblia has increased the most. The presence of

level but show no trend Equation of size distribu- many apparently vtgorous saplings and subcanopy

lion and age structure is risky for shade-tolerant trees beneath intact canopy is consistent with the

2000 British trees, but these patterns, along with unpublished extreme shade-tolerance of this species (Poulson &
Ecological Society
JournalofEcology. Increment core data. suggest that populations of Platt 1989. 1996; Pacala et al, 1993, 1994, 1996;
88. 267-282 ;hese three species are relatively stable. The sugges- Kobe et aL 1995_ F. grandi/blia populations might
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.tadchm,I_eoh:Into !ed g.__h. d_.k p,,,_.,,A d_l- !.,races-\! :he Huron ),It{.g: at::'.,llanfen_rsno;_s

rl.!_q[l]ocdi_]_of:sic!hai[!ce_<.ti(1_oi:. ",([):{kc_. _::]llhtr>I_e _{_iic[_.tc¢_+!nd <_ec{i{_cs..l[idi[]<_'d'u]ci]{

/:.'z:_.,:s rno_tabL:nd:m: :n areas o( :it:orsoft.often core age'.u{,._stcrat si:,-'hd',o_er 201),.ears%_ s &

t_Ithc?_n<nfcdher!runs and impeded <,,.l:;_,!_.,e_ _ C,){[:u_int9_'5; _%0od) -*¢)lt0 "fhes¢ages a['e4I_,s¢

erh)Ugh [o [ho{¢ ohs,¢P, cd dt :he D_kes site to {l!g-

,[es((ha( _h¢ same in:ense _',:ndc_er]t<_:isresnonsi-

bte for the disturbunces at bolh siles,
CI) MP-kRISONS .AND PROIE('T'iONS

• This'study. wilh :he parallel stud}, at Ihe Huron

Sixty years remains a brief interval - less than :: sin- Nits !Woods 2d00/, suggasts thin old-growth tbrests

gle generation ol'canopy trees -- in the rele:nnt time several centuries old ma'g not be characterized b?

scale F_r stand dynamics in these forests. Ho_,_e',er, rne:mingFul commu itv equilibrium or compost-

if observed trends are extrapoktted. Ihey ,;uggest ,I tiona[ stab ity. Cores From trees in Ihe Dukes stand

community that, although conforming :o delininons approaching four centuries in age show that the>

of "old.growth' l'orcst, continLl¢S tO undergo sucres- were subject _o strong suppression when young:

s_onal change. B. _l[[efs.lhll!i¢ll.sl&. a [_lajof component together with the near-absence oF shade-intoleram

of :he canopy 60 years ago, is likel? In be largel> species, this suggests lhat::minimun_ of five centu-

Iost ',qthin the next l)'a decades. :'ies has elapsed since standdnnkulng disturbam:e.

Among shade-fulcrum species, the expansion of Results here suggest that this m y be insufficient

F. gramliJblia is a strong directional trend, Long- tirnc for resolution of competiti,,e interactions

term studies in otd-grov, th forests in the Huron among shade-tolerant species, and the sio,.'_ trends

Nits. c. 80km north-u, est of the Dukes site and observed may nol permh competitive displace-

beyond the range-limit of g grund[/b//a, suggest ment to be achieved in the dine expected between

that. ht the _tbsence of intense dls:ttrbance, shmda catastrophic disturbances. If periods much greater

_vlu -radualty diverge u>;'_ards dominance b_ either :ban half a mJllonniun_ :/re required {_>r the compte-

f canadensis or .-l. .at{, Ir _ {Woods 20I)0L don of observed successional process,as, ctJlrlatlc

Trends observed here (Fig. 12) suggest at similar pat- chanue and soil development are also likely to inter-

tern at Dukes, with the addition era third "basin of' ,,'erie, leading to changed competitive dynamlcs and

attraction" m the region of F, grandgPlia dominance, successional patterns. For example, the recent arri-

Simulations of northern hardwood forest:, m New vul of F. grandi]o.a at me Dukes site has changed

England Pacala eta{. I996; pretl_ct eventual dotal- the likely course of ,;uccessma and delayed the

nance by F. grctndi./blia, b _t it is not clear how gee- atttamment of potentml composmonal stab lit} D!,

graphmally generalizable SUCh results are. Retadve several centuries,

shade-tOlerallce may change :rich _lte condmon> in light of these _'oncIusloi_%. It P. probably best :o

Kobe el al 1995L and m th_s slane F. grandi]bffa, comNe e y d_scard the norton of an end-pore* to

near ns range It:mr. may be competitively dominant successional change and stmt:.ty consider stands such

only in relativel? moist locations. However. observa- as me Dukes slte "late-successtonaF they are

tionm studies in southern Michigan Poulson & removed front stand origination by more than a

Ptatt 1996 and in New Hampshire (Furrier i975 generation of trees, but _ucce.stonaI change con-

suggest mat F. grandifolia may tend towards tempe- tmues. Successional change in such s ands may well

titive dominance when disturbance is limited to be slower than in earlier succession smlply because

small gaps of the longe_ life expectancies of the species

Trends. even though slow. towards local single- involved, scaling of rates of change to generation

species dominance suggest that within-stand pro- nine of dominant trees is needed to clarify this issue.
(_ 2090 British

gcedogical Society cesses invoked to explain sus a ne¢ canopy utversit} If these generahzations helot It Is inappropriate to

Journal of Ecology, may prevail for only limited periods Furrier, i975_ cc, nsider stability as a distinguishing ecological char-
88. _6,-_8_ and Woods (1979 1984) suggested that the influence ac:eristic in defining "old-growth" forests.
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