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We reconstructed Holocene water-level and vegetation dynamics
based on pollen and plant macrofossils from a coastal lake in Up-
per Michigan. Our primary objective was to test the hypothesis that
major fluctuations in Great Lakes water levels resulted in part from
climatic changes. We also used our data to provide temporal con-
straints to the mid-Holocene dry period in Upper Michigan. From
9600 to 8600 cal yr B.P. a shallow, lacustrine environment character-
ized the Mud Lake basin. A Sphagnum-dominated wetland occupied
the basin during the mid-Holocene dry period (~8600 to 6600 cal yr
B.P.). The basin flooded at 6600 cal yr B.P. as a result of rising water
levels associated with the onset of the Nipissing I phase of ancestral
Lake Superior. This flooding event occurred contemporaneously
with a well-documented regional expansion of Tsuga. Betula pollen
increased during the Nipissing II phase (4500 cal yr B.P.). Macro-
fossil evidence from Mud Lake suggests that Betula alleghaniensis
expansion was primarily responsible for the rising Betula pollen
percentages. Major regional and local vegetational changes were
associated with all the major Holocene highstands of the western
Great Lakes (Nipissing I, Nipissing II, and Algoma). Traditional
interpretations of Great Lakes water-level history should be revised
to include a major role of climate.  © 2002 University of Washington.

Key Words: Holocene climate; dry period; paleohydrology; pale-
oecology; Upper Michigan; Nipissing I; Nipissing II; Algoma; Great
Lakes water levels; Betula alleghaniensis.

INTRODUCTION

Although the mid-Holocene was characterized by a warm, dr
climate in the region (Bartleiet al,, 1984), the period of max-
imum warmth and drought was asynchronous across the regi
(Webbet al, 1983; Bakeret al,, 1992; Yuet al, 1997). Dra-
matic fluctuations in the water levels of the western Great Lake
also occurred during the Holocene, and recent work in coast
sedimentology and shoreline behavior has improved our unde
standing of the timing, rate, and magnitude of Great Lakes wate
level fluctuations (Thompson and Baedke, 1997; Baedke al
Thompson, 2000). However, especially in the early to mid
Holocene, the lack of precise temporal constraint of Great Lake
water-level phases and terrestrial proxy climate data has hi
dered direct comparisons among vegetation, climate, and Gre
Lakes water levels.

The northwestern Great Lakes region (Minnesota, Uppe
Michigan) was particularly dry between approximately 8800 an
5700 cal yr B.P. (8000-5006C yr B.P.) (McAndrews, 1966;
Brubaker, 1975; Weblet al, 1983), while the southwestern
Great Lakes region (eastern lowa, southern Wisconsin, nort
ern Indiana, southern Michigan) experienced maximum dryne:
later, between 6600 and 3200 cal yr B.P. (5800-360Gr B.P.)
(Manny et al, 1978; Winkleret al, 1986; Bakeret al., 1992,
1996; Singeet al,, 1996). Mid-Holocene climate change in the
region was related to changes in atmospheric circulation th
are still not well understood. However, recent studies point t
changes in precipitation seasonality and/or sourcedtyal.,
1997; Dennistoret al., 1999).

Holocene climate change in the western Great Lakes region ofContemporaneous with the mid-Holocene shift from wet tc
North Americais well documented from paleoecological and pary in southern Michigan and from dry to wet in Upper

leolimnological studies (Webét al,, 1983; Bartleiret al,, 1984;

Michigan, Tsuga(hemlock) expanded its range westward ove

Bakeret al, 1992; Daviset al,, 2000). These studies reveal thah large portion of the Upper Peninsula (Brubaker, 1975; Wooc
latitudinal and longitudinal climatic and vegetational gradientsnd Davis, 1989; Davist al., 1986; Davis, 1987; Brugaet al,,
have shifted position within the region during the Holocena.997). Atthe same time, prairie vegetation invaded mesic fores

in lowa (Bakeret al, 1992, 1996), and forest expanded west

1To whom correspondence should be addressed. Fax: (307) 766-284@rd into prairie in central Minnesota (McAndrews, 1966). Ir
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the southern Lake Michigan region, oak savanna replaced mc
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mesic forests, while water levels in lakes and wetlands dropptbe rate and characteristics of the effective moisture increase |
(Winkler et al,, 1986; Singeet al.,, 1996). tween 5700 and 6800 cal yr B.P. We also test the hypothesis tt
Unlike the climate shift that occurred between 5700 arttie major water-level phases of the western Great Lakes we
6800 cal yr B.P., which was antipodal in northern and southeassociated with changes in climate by comparing the timin
portions of the western Great Lakes region, the entire regiohregional and local records of vegetational and hydrologic:
shows evidence of increasing effective moisture after abathange with that of western Great Lakes water levels. Althoug
3200 cal yr B.PTsugaresumed westward expansion in Uppethe mid-Holocene was characterized by a warm, dry climate |
Michigan and northern Wisconsin (Brugatal, 1997), accom- theregion (Bartleietal, 1984), the period of maximum warmth
panied by expansion of other mesic and cool-temperate t@@f drought was asynchronous across the region (\&ehbh
(Betula, Fagus, Acer sacchar)r{Brubaker, 1975; Woods and 1983; Bakeret al,, 1992; Wright, 1992; Yiet al,, 1997).
Davis, 1989; Davigt al., 2000). Oak savanna replaced prairie in
eastern lowa (Bakatal, 1992, 1996), while mesic taxBdgus, STUDY SITE
Acel) increased in southern Michigan, southern Wisconsin, and
northern Indiana (Webébt al., 1983). Water levels of lakes and
wetlands increased throughout the region (Futyma and Mill

igﬁﬁ;c\)lxmlkézgt al, 1986; Singeret al, 1996; Brugam and Lake Superior, and the water surface is at approximately 189
' ' levation, which is~6 m above Lake Superior (Fig. 1b). In-

The western Great Lakes themselves underwent dram:ﬁlc ; .
ow and outflow streams function seasonally. Surface materie

fluctuations in water levels during the Holocene, which are ge F(?ydominated by coarse- to medium-grained sands, presu

erally ascribed to geological processes (isostatic rebound, ou Bl eroded and redeposited from the numerous outcrops
incision, outlet switching). The highest Holocene water leve cobsville Sandstone in the eastern Keweenaw Penins
of the western Great Lakes (Nipissing phase) were attained ohnstonet al, 2000). Forest vegetation around the lake i

ter transgressions from extreme low water levels of the eal Bminated byPinus strobugwhite pine) Picea mariangblack
Hologenle gC?r;ppEV\I/(a, '\SAFaE'Iey, a|r_1|d Hough(tjog low 'phfgse.s, %’ruce),Picea glauca(white spruce)Acer saccharungsugar
Spectively in the Lake viichigan, Furon, and superior basin aple) Betula papyriferdpaper birch), anBetula alleghanien-

The Nipissing transgression, conventionally attributed to isgl— ; -
. . : ~Sis (yellow birch).Myrica gale (wax myrtle) andAlnus rugosa
static uplift of the North Bay outlet (Lewis, 1970), occurred vg by )-My gale( yrte) g

Mud Lake occupies a shallow, 72-ha depression on the eastt
ide of the Keweenaw Peninsula in Upper Michigar® 08N,
819W) (Figs. 1la and 1b). The lake is 1.25 km inland from

C . alder) are common around the lake border. Abundant aqua
two phases (I and Il). The Nipissing | high-water phase pro lants (e.g.Pontedaria cordata, Potamogetapp.,Nymphaea
ably &ccurred betwegn ca. 6800 and 5700 cal yr BP (600 dorata, Carexspp.) inhabit shallower areas of the lake.

5000 CyrB.P.) (Lewis, 1969, 1970), although bracketing dates

and interpretations differ among sites and studies (Haets]
1985; Larsen, 1985a; Chrzastowski and Thompson, 1992). The
Nipissing Il high-water phase is better constrained, occurringeld Methods
between 4600 and 4400 cal yr B.P. (Thompson and Baedke, . )
1997; Baedke and Thompson, 2000). Water-level drops from” 5-96-m sediment core was obtained from the deepest ar
these highstands are attributed to incision of outlets at P&rt3 M) of the lake in July 1999 (Fig. 1c). The top 53 cm wa:
Huron (Lewis, 1970). Water-level fluctuations of higher frefécovered using a 5.1-cm-diameter Plexiglas piston corer, :
quency and lower magnitude during the past 4500 yr probag}ﬂt the sediment—water mterface.could _be clearly d_|fferent
represent hydrological responses to climatic variation (Fragdfd- The top 24 cm was sampled in the field at 1-cm interval
et al, 1975, 1990; Larsen, 1985a,b; Thompson and BaedIIé‘,e remgmder of the core was retrieved in 1-m drives using
1997), and Larsen (1985a) has suggested a role for clim&t&-cm dl_ameter_square-rod piston corer. Core increments we
change in the major mid-Holocene highstands. The role of cfXtruded in the field.
matic change in driving the high-magnitude water-level changﬁf
ofthe mid-Holocene can be assessed by comparing the lake-leval
records with temporally constrained paleohydrological and pa-Ninety macrofossil samples spanning the length of the col
leoclimatic data from the western Great Lakes region. were collected in 2-cm slices. Macrofossils were isolated fror
In this study we examine the macrofossil, pollen, and sediere samples and sorted according to standard methods (Jack:
mentary record of a coastal lake on the Keweenaw Peninsti299), although we analyzed only macrofossils from th
in Upper Michigan. The lake was chosen because it is sh&t0-um sieve fraction. Taxonomic identifications were made b
low (~3 m deep) and is located within late Holocene coastebmparison with herbarium specimens and modern collectior
features and deposits. Therefore, it should have been hydroldgixonomy follows Voss (1972, 1985, 1996). Numbers of eac
cally sensitive to both the Holocene dry period and the Nipissimgacrofossil morphotype were tallied and expressed as nui
| transgression. We assess the local and regional effects of tiees per 65 crhof sediment (the average sample volume of al
Holocene dry period in the Upper Peninsula and briefly discusamples from the core). Macroscopic charcoal particles we

METHODOLOGY

rofossil Analyses
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cording to standard procedures (Jackson, 1999). Pollen coul
were continued until at least 250 arboreal grains were tallie
Pollen percentages were calculated using an arboreal pollen s
for arboreal taxa and a total pollen sum for all other pollen taxe
A sum of all palynomorphs was used to express the abundan
of Peridinium a freshwater dinoflagellate. Stratigraphically con-
strained cluster analysis, using the program CONISS (Grimn
1987), was performed on the arboreal pollen data to aid in polle
zonation. Microscopic charcoal fragments were counted and &
signed to size classes using an ocular grid (ning.6@-classes
spanning 50 to 50@m?), and data were expressed as squar
micrometers per 250 arboreal pollen grains.

Radiocarbon Dating

Eight accelerator mass spectrometry (AMS) radiocarbo
dates were obtained from the Mud Lake sediment core. All dat
were from terrestrial plant material (Table 1). Radiocarbon age
were converted to approximate calendar-year ages using CAL
4.1 (Stuiver and Reimer, 1993).

RESULTS AND DISCUSSION

Chronology and Sediment Stratigraphy

One young date (NSRL-11620) from near the top of a driv:
increment was rejected because of its age and unusual pol
composition. The sample was probably contaminated by mat
rial pushed downward when the corer was reinserted. An ag
depth model was constructed using the seven other radiocark
dates and thAmbrosiapollen-rise (ca. A.D. 1850), assuming a
constant rate of sedimentation between dated horizons (Fig. |
Sedimentation rates ranged from 0.34 to 1.26 mm/yr (Fig. 2
Sedimentation rates are highest at the top and base of the ¢
and lowest between 300 and 400 cm depth (approximately 78
to 5400 cal yr B.P.).

The sediment stratigraphy of the core is characterized by se
eral conspicuous changes (Fig. 3). An organic-rich, brown gytt]
began accumulating in the Mud Lake basin about 9600 cal
B.P. The gyttja gradually becomes more fibrous upward, ar

FIG.1. (a) Location of Mud Lake and selected regional fossil pollen site@ variably fibrous peat occurs from 460 to 353 crvB600-

1: Yellow Dog Pond, Lost Lake, Camp 11 Lake (Brubaker, 1975). 2: Crookdsi700 cal yr B.P.). Above the peat there is a relatively abruy
Eaa'\‘/?s' Cl"g;”g";‘f:?g‘;s (L)z'ieali':f(UDg;?; %7185;9;)-}( icfepr':_';t:'zsv é\é\gsc’:sdaggv_transition to gyjtta. Small amounts of silt and sand are prese
1989)’. 6: WolverineyLake (Futyma, ’unpublished data). 7: Lake Mary (Web[?,I lower portions of this gytija.

1974). (b) Topography of Mud Lake and vicinity. (c) Bathymetry (depth i .
meters, contours at 2.8 m and 1.4 m) of Mud Lake showing the core Iocatiorrq.aaleOhydrqIOgy’ Wetland Vegetguon, and Effects
of the Mid-Holocene Dry Period

. . . : The Minong phase, the last of the proglacial lakes in th
picked, dried, and weighed. A few samples contained smﬁll . ! .
. . . ake Superior basin, began about 11,000 yr ago when ice a
amounts of sand, and this was also dried and weighed. Con-
. . vanced southward (Marquette advance) to the northern Upp
centrations of macroscopic charcoal and sand were expresselga as ol d and | 98 frectively dividing th
weight per 65 cr of sediment en_mgua(Farran and Drexler, 1985), effectively dividing th
' basin into two lakes. These lakes coalesced to occupy the ¢
tire basin following final deglaciation of the Keweenaw Penin
sula~10,500 yr ago. Elevation of the Minong phase lake wa
Fifty-five pollen samples (1 ctneach) were collected from controlled by a morainal sill crossing from Nadoway Point

acrossthe core, each spanning 1 cm. Samples were processelllattigan, to Gross Cap, Ontario. Minong waters were

Palynological Analyses
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TABLE 1
Radiocarbon Dates Obtained from the Mud Lake Sediment Core
Depth (cm) Material dated Lab number 14CyrB.P. Calibrated yr B.P.
108-110 Betula alleghaniensiéseeds) and NSRL-11614 148030 1298 (1347-1275)
Pinus strobugbud scales)
184-186 Betulaspp. (seeds) anfdinus NSRL-11615 253@ 70 2713 (2775-2356)
strobus(bud scales)
295-297 Betula papyriferg(seeds) and NSRL-11616 464045 5439, 5420, 5321
Pinus strobugbud scales) (5568-5297)
337-339 Pinus strobugbud scales) NSRL-11617 583050 6659, 6647, 6653
(6775-6495)
395-397 Larix laricina (needles) NSRL-11618 699050 7815, 7813, 7790
(7936-7678)
437-439 Betula payrifera(seeds), NSRL-11619 746040 8326, 8305, 8303,
Piceasp. (needles), andiola 8259, 8248, 8238,
sp. (seeds) 8215 (8368-8175)
469-471 Larix laricina (needles) NSRL-11620 704055° 7919, 7901, 7857
(7964-7737)
593-595 Piceasp. (needles) andinus NSRL-11241 870&: 90 9677, 9667, 9662,
banksiananeedles) 9646, 9629 (10147-9528)

2 Means and 2 ranges (in parentheses) are shown. Calculated using CALIB version 4.1 (Stuiver and Reimer, 1993).
b Date rejected because it is young, from near the top of a core drive, and has an anomalous pollen assemblage.

approximately 40 m higher than today (Farrand and Drexlerear the Sault outlet were about 14 m higher than today. /
1985). Successive influxes from Lake Agassiz to the west erodbis time Lakes Superior, Michigan, and Huron were conflu
the Nadoway sill down to bedrock at Sault Sainte. Marient, and three outlets at North Bay, Port Huron, and Chicag
(Saarnisto, 1975). The ensuing low-water period, the Houghtaere active. Continued uplift of the North Bay outlet made i
phase, lasted from 10,000 to 8200 cal yr B.P. Differential umactive by 5500 cal yr B.P., transferring control to the south
lift between the outlet at North Bay (Ontario) and the Sault siéfrn outlets (Lewis, 1969). Farrand (1962) suggested that tl
caused water to rise in the Lake Superior basin until the ele@ault Sainte Marie outlet rebounded above the elevation of
tion of the Nipissing | phase was reached. Nipissing | watePort Huron outlet at~2100 cal yr B.P. Recent work by Johnston
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FIG. 2. Age-depth curve and sedimentation rates for the Mud Lake sediment core.
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Aquatic and herbaceous wetland taxa
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etal.(2000) suggeststhat this separation may be closerto 1200
ago.

During the Minong phase, the level of Lake Superior woulc
have been more than 24 m higher than the current elevation
Mud Lake. Lowering of the lake to the Houghton phase droppe
Lake Superior roughly 31 m, and in 9600 cal yr B.P. an isolate
lake formed in the Mud Lake basin. Macrofossils and pollen c
the lowest sediments of Mud Lake indicate a shallow lake don
inated by aquatic plantdyriophyllum, Najas flexilis, Nuphar,
Nymphaea, Potamogeteend aquatic moss) from about 9600 to
8600 cal yr B.P. (Fig. 3Myrica gale, Larix laricing andSalix
grew along the edges of the basin (Fig. 4).

A drying trend around 8800 cal yr B.P. is indicated by the
disappearance of submersed aquatic speciedkephyllum
and Najas flexilis (Fig. 3). This drying trend marks the be-
ginning of the mid-Holocene drought in the region. Floating:
leaved aquatic species (e.jymphaea, Nuphar, Potamogejon
persisted longer thallyriophyllumand Najas although they
were eventually replaced by emergent and rich-fen species (e.
Menyanthes trifoliata, Carex buxbauntyipe, Dulichium arun-
dinaceum, Scirpus subterminalis, S. validuSonsistent with
further drying,Sphagnurdominated peat and macrofossils of
other bog and fen species (e.digla sp.,Chamaedaphne caly-
culata, Kalmia/Andromeda, Larix laricifaappear by 8200 cal
yr B.P. Many of the rich-fen and emergent species (blgnyan-
thes trifoliata, Dulichium arundinaceum, Scirpus subterminalis
S. validu3 also disappear at this time. Fragments of pterido
phyte fiddleheads and abundant monolete spores indicate the
cal abundance of ferns. The abundanc&pfiagnunand other
bog-fen species indicate that that average water levels were
or below the surface of the wetland, indicating that Mud Lake
basin water levels were at léasm lowerthan today.

Many of the previously extirpated aquatic species (e.g
Myriophyllum, Najas flexilis, Potamogeton, Scirpus subterm
nalis, S. validusrecolonized the basin as water levels rose af
ter 7200 cal yr B.P. The trend toward wetter conditions culmi
nated 6600 cal yr B.P. when the entire site was flooded by risir
Lake Superior water levels during the post-Houghton transgre
sion to the Nipissing | maximum. At the Nipissing | maximum,
the level of Lake Superior was about 6.5 m above the curre
elevation of Mud Lake. The transition to an open-water estt
ary is marked by replacement of peat by gyttja and by the aj
pearance oPeridinium a planktonic freshwater dinoflagellate
(Fig. 3). Lowermost gyttja sediments are characterized by a mi
ture of aquatic, wetland, and terrestrial macrofossils, althouc

FIG. 3. Agquatic and herbaceous wetland pollen and plant macrofossil dié
gram for Mud Lake. Accelerator mass spectrometry (AMS) radiocarbon date
corresponding calibrated ages, depth, and lithology are on the left side of t
diagram. Shaded silhouettes show palynomorph percentages, with fivefold ex:
geration (gray) shown for infrequent taxa. Histograms are shown for macrofos:
and sand concentrations (numbers/65 @nd mg/65 cri, respectively). The
presence of infrequent or low-abundance taxa is indicated by closed circles.
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littoral-zone taxa are especially well represented (TrichopteahundanBetula papyriferaseeds. This suggests tigstulatree
(caddis fly) tubes, Bryozoan statoblasBglygonunm). Some abundance did not decrease appreciably wPiens strobusa
macrofossils are slightly abraded in the lowermost gyttja , apdolific pollen producer, expandet@isugapollen also increased
small amounts of sand and silt occur. Sand and silt are abseithin zone P-2, at 6600 cal yr B.P. THesugapollen increase
from the gyttja after about 5500 cal yr B.P., suggesting that tia¢ Mud Lake is part of the rapid westward migrationTsfuga
Mud Lake basin became isolated from Lake Superior at thasross the Upper Peninsula observed between 6800 and 5800
time. Water-level fluctuations during the lake phase (5500 yo B.P. This rapid migration has been interpreted as a respon

0 cal yr B.P.) are impossible to discern from our data. to increasingly moist climate (Brugaet al, 1997) and de-
creased fire frequency (Davés al., 1994).
T|m|ng and Effect of the N|p|ss|ng | Great Lakes Zone P-3 (4800’““130 cal yr BP) is characterized by abun-
Water-Level Phase dant Betula and Pinus SubgenusStrobus pollen. Betula

o ~_ alleghaniensiseeds first appear at 4100 cal yr B.P. and becorn
Rising Great Lakes water levels, eventually culminating ifgre common after 3400 cal yr B.P. The appearandgetdla
the Nipissing | highstand, created an estuary or embaymentjifbghaniensisoincides with increaseBetulapollen percent-
the Mud Lake basin. This inference is consistent with hypothggeS at Mud Lake and other lakes in the region (Brubaker, 197
sized elevations and age estimates for the Nipissing I highstafgods and Davis. 1989: Davit al. 2000). This suggests that
(Lewis, 1969, 1970; Hanselt al, 1985). Increased wave ac-yg|jow birch expanded or migrated into the region at this time
tion related to connection of the basin with Lake Superior led {3, is responsible for the regiorBétulapollen increase. How-

transport of sand and macrofossils from the littoral zone to tlé@er, the first macrofossil occurrenceBsitula alleghaniensiat

cpring site. Although sedimentation rates are lowest during thifud Lake follows the local increase Betulapollen by 700 yr.

high-water period, rates (0.34 mmlyr) are still nearly three timggore macrofossil data are needed from throughout the region
those considered to indicate a possible hiatus (Webb and Wefyermine the timing and spatial pattern of yellow birch expar
1988). Also, the pollen stratigraphy of Mud Lake is similar tQjon and how it was related to the regional birch pollen increas
other pollen diagrams from lakes in the western Upper Peninsgigea and Tsugapollen also increase within this zone at abou
(Brubaker, 1975; Woods and Davis, 1989; Brugaral, 1997) 2500 to 3000 cal yr B.P. The modern mosaic of northern hare

and northwest Wisconsin (Webb, 1974), indicating continuoyg,ods and conifers became established at this time (Brubak

deposition. 1975; Daviset al., 1994).
Zone P-4 represents the historical peried 800-2000A.D.).
Regional and Local Terrestrial Vegetation PinusSubgenustrobuspollen decreases markedly in this zone,

We define four pollen zones at Mud Lake (Fig. 5). Zone P_(‘lonsistent with historical records Bfnus strobusogging. For-

(9600-8300 cal yr B.P.) is characterized by abundant pollen R fires were common i'n Upper Michigan dgring the logging er
Pinussubgenud’inusandPicea Betulapollen also occurs in ate 1800s), and the microscopic charcoal increase presuma

relatively high percentages in this zone. High percentage$-of records these regional fires.

musoccur at the base of the zone. The lower samples from trai‘s .
: omparisons among Mud Lake Paleohydrology, Great Lake
zone were the only ones from the core to contain macroscopi

charcoal, suggesting local fires during this time periithus ‘Water-Level Phases, and Holocene Vegetation Changes

banksiananeedles are associated with hifinus Subgenus To facilitate comparison between the paleohydrologice
Pinuspine percentages, supporting the hypothesis that forestsord of Mud Lake and other regional and local Holocen
in the region were dominated by jack pine at this time (Wrighévents, we created a relative water-level curve for Mud Lake. T
1964). do this objectively, we applied detrended correspondence an.

Zone P-2 (8300-4800 cal yr B.P.) is characterized by abuysis (DCA) to selected wetland and aquatic macrofossil dat
dantPinussubgenustrobuspollen and marks the migration of Taxa included were present in at least seven samples. Beca
Pinus strobusnto the regionPinus strobusud scales also ap- of the variability of macrofossil data, concentrations were cor
pear inthe sediments at this time. Drier conditions may have pr@rted to an abundance scale ranging from 1 to 5 (low to hig
moted the expansion &finus strobusnto the Upper Peninsula concentration). These abundance categories were defined
(Brubaker, 1975). Drier conditions are documented in northegach macrofossil type independently by dividing the highe:
Minnesota at this time (McAndrews, 1966; Wright and Wattgbserved concentration by five to determine the range of ea
1969). Coincident witlPinus strobugxpansion into the region, abundance category. The species scores for the resulting D(
water levels in the Mud Lake basin dropped, supporting the hgemonstrate that axis 1 generally corresponds to a water-le\
pothesis thaPinus strobusexpansion was related to inceptiorgradient (Fig. 6). Therefore, axis 1 sample scores were plc
of a mid-Holocene dry period in the northwestern Great Lakésd against age to generate a relative water-level curve (Fig.
region. Similar methods have been applied to macrofossil assemblag

Zone P-2 is also characterized by I@etulaandPiceaper- from European peat bogs to compare late Holocene hydrologic
centages. The loBetulapollen percentages are associated witthanges (Barbegt al,, 2000).



Upland tree and shrub taxa

CLIMATE, VEGETATION, AND GREAT LAKES WATER LEVELS

F i

A
ik

= | LT [T

= AF

X ! -

Jg‘ L3 [“ ) B Ffil-\ : [ -&L . -ﬁ{_\h-{)i
%%%ftm — f
%‘}%[ s AL Illh|| el i:

L o

wa ‘yidaq

i

® B

— 1400430 -

EEEEE N
[-d.-s 44 jea) a.h pwwulus:;ul

¥ 8 ® %
«;«5

5
]
gk

4 H
vl sejeq UogIEsOIPEY SNY

i

B700 £90 -

Flbrous peat Dark brown gyttja

Silty gyttja

Brown gyttja

127

®
Menyanthes tifoliata ¢ )"P136@ SP-

Dulichium arundinaceum
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FIG. 6. Detrended correspondence analysis (DCA) species scores f
macrofossil taxa used to generate the relative water-level curve shown
Figure 7. Note that axis 1 generally corresponds to a water-level gradient.

A comparison of Mud Lake paleohydrology, western Grea
Lakes water levels, and both regional and local vegetation ever
indicates that many of these changes correspond in time (Fig.
The onset of the mid-Holocene dry period in Upper Michigar
converted the basin from a shallow lake toSphagnum
dominated wetland and promoted the expansidtidis strobus
in the region. The mid-Holocene dry period ended at 6600 ¢
yr B.P., resulting in the well-documented expansiorTsefiga
in Upper Michigan (Woods and Davis, 1989; Brugaal,,
1997). The expansion disugaand the end of the mid-Holocene
drought also correspond temporally to rising western Gre:
Lakes water levels associated with the onset of Nipissing I. A
though rebound of the North Bay outlet is well documented, th
rapid regional expansion dfsugasuggests that increased ef-
fective moisture was at least partly responsible for the observi
lake-level rise. The Mud Lake basin flooded as a result of the:
rising water levels.

Nipissing I, which peaked at 4500 cal yr B.P. (Baedke ant
Thompson, 2000), is also associated with regional vegetatic
changesBetulapollen increased at Mud Lake and other poller
sites in Upper Michigan recorBetulaexpansion at a similar
time (Webb, 1974; Brubaker, 1975; Woods and Davis, 1989
Macrofossils from Mud Lake indicate that this regional rise

FIG. 5. Upland pollen and plant macrofossil diagram for Mud Lake. Ac-
celerator mass spectrometry (AMS) radiocarbon dates, corresponding calibra
ages, depth, and lithology are on the left side of the diagram. Shaded silhc
ettes show pollen percentages, with fivefold exaggeration (gray) shown for il
frequent taxa. Histograms are shown for macrofossil and sand concentratic
(numbers/65 crhand mg/65 crd, respectively). The presence of infrequent or
low-abundance taxa is indicated by closed circles.
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a b c d e
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FIG.7. Comparison of (a) Mud Lake paleohydrology, (b) Mud Lake hydrologic phases, (c) Mud Lake pollen zones, (d) upper Great Lakes water-level |
and (e) regional and local vegetation changes. The solid portion of the upper Great Lakes water-level reconstruction is from the Lake Michafébaedked
and Thompson (2000). The dotted line is interpreted from the literature (e.g., Hamdell985; Larsen, 1985a).

in Betulapollen resulted from migration and/or expansion diVhat Aspects of Climate Are the Great Lakes Water-Level
Betula alleghaniensisYellow birch saplings are particularly Phases Recording?
drought-intolerant (Godman and Krefting, 1960), soBmtula
expansion may be connected with the inception of a relativelyThe temporal correspondence between Holocene weste
moist climatic regime. Great Lakes water-level highstands and the regional onset
Regional increases iRicea, Tsugaand Acer saccharum wetter conditions inferred from independent paleoecologic:
pollen occurred at Mud Lake and other Upper Michigan polleend paleohydrological records indicates that the Nipissing | ar
sites (e.g., Woods and Davis, 1989; Brubaker, 1975; Dehas, 1l and Algoma phases were associated with regional clima
2000) at about the same time as the Algoma highstand (23Ghvange. These climate changes resulted in major population ¢
3200 cal yr B.P.; Baedke and Thompson, 2000). Widesprepansions of mesic tree species in the Upper Peninsula, with ee
wetland paludification also occurred in northern Michigan duclimatic reorganization favoring a different species or group c
ing the past 4500 yr and was particularly rapid immediatepecies. The geographic extent of these climate changes a
preceding the Algoma highstand (Brugam and Johnson, 199iffered. For example, although increased effective moisture
However, more studies are needed to determine if wetland paledident from sites throughout the region since about 3200 ¢
ification rates correspond to the steplike pattern of increasigpgB.P. (Algoma), the effective moisture changes of the mid
effective moisture suggested by pollen diagrams and the timidglocene (Nipissing I) were antipodal in southern and norther
of the Nipissing and Algoma highstands. In summary, three mpertions of the western Great Lakes region.
jor western Great Lakes water-level highstands, and the onseThe pattern of mid-Holocene climatic change in the regiol
of the mid-Holocene drought, appear to be temporally corrsuggests that climatic changes in the northern portion of tt
lated with major vegetation changes in the western Great Lakesstern Great Lakes basin may have strongly influenced Gre
region. Lakes water levels. Between 5700 and 6800 cal yr B.F
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water levels increased in northern Michigan wetlands (Millenents indicate that rising western Great Lakes water levels &
and Futyma, 1987; Brugam and Johnson, 1997), while watarciated with onset of Nipissing | converted the wetland int
levels decreased in wetlands of southern Wisconsin (Winklan estuary at 6600 cal yr B.P. Nipissing I, Nipissing Il, anc
et al, 1986) and northwest Indiana (Singetr al, 1996). At the Algoma phase are all temporally associated with perioc
Portage Marsh in northwest Indiana, one of the few AMS-dated rapid regional vegetation change in the Upper Peninsula
chronologies, a transition to drier conditions occurred rapidly Michigan. This association implies that climate, and not jus
6500 cal yr B.P. (Singeet al, 1996). The timing of this dry- differential rebound and outlet dynamics, played a major role i
ing is simultaneous with the shift toward wetter climate in Upthese lake-level events. However, water-level drops after the
per Michigan and with rising water levels of Nipissing | ahighstands appear to be unrelated to major climate chang
recorded by Mud Lake. The simultaneous nature of these mduring Nipissing I, climatic changes that increased water leve
ture changes implies that a major change in atmospheric cireuere evidently concentrated in the northern part of the weste
lation patterns occurred rapidly, and this change had oppodesat Lakes basin. Traditional interpretations of Great Lake
effects in northern and southern portions of the region. Thusater-level history should be revised to include a major role c
the high water levels of the Nipissing | highstand were probabtjimate.
partially a result of climatic changes that occurred in the northern

part of the Great Lakes basin. Most of the western Great Lakes

catchment is in the northern part of the basin, so lake level may

be more sensitive to climate changes affecting that portion 0F:undingforthis projectwas provided by the United States Geological Survey

the basin. L Biological Resources Division (Cooperative Agreement 1434-98HQAG2181
Although both Nipissing phases and the Algoma phase appe&aé paper benefited from discussions with Steve Baedke, John Johnston, M

to be related to effective moisture increases, there is no terrestkidgrd, Jim Meeker, and Doug Wilcox. Field and/or lab assistance was provide

evidence for effective moisture decreases as water level droppégegan bunn, Steve Gray, and Summers Scholl. Reviews by Richard G. Bal

after these highstands. For example, after Nipissing II, Bigh "¢ Thompson Webb il improved the manuscript.

tula pollen percentages continued until today, and yellow birch

is still common in the Upper Peninsula. The persistence of high REFERENCES

Betulaand Tsugapollen percentages suggests that the major

lake-level highstands recorded the onset of major climatic shifgsedke, S. J., and Thompson, T. A. (2000). A 4,700-year record of lake lev

and that each new climate regime persisted after the lake-levalnd isostasy for Lake Michigadournal of Great Lakes Resear@, 416—

“event” ended. The lack of clear terrestrial evidence for effec-42°

tive moisture decreases after the major lake-level highstarfifse" R: G- Maher, L. J., Chumbley, C. A., and Van Zant, K. L. (1992). Pat

: . erns of Holocene environmental change in the Midwestern United State
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