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Interpreting basal sediments and plant fossils in kettle lakes:
insights from Silver Lake, Michigan, USA
Catherine H. Yansa, Albert E. Fulton II, Randall J. Schaetzl, Jennifer M. Kettle, and Alan F. Arbogast

Abstract: We report on pollen, plant macrofossils, and associated lithostratigraphy of a sediment core extracted from the base
of Silver Lake, a kettle lake in northern LowerMichigan, USA,which reveal a complex deglacial scenario for ice blockmelting and
lake formation, and subsequent plant colonization. Complementarymultivariate statistical and squared chord distance analyses
of the pollen data support these interpretations. The basal radiocarbon age from the core (17 540 cal years BP) is rejected as being
anomalously old, based on biostratigraphic anomalies in the core and the date’s incongruity with respect to the accepted
regional deglaciation chronology. We reason that this erroneous age estimate resulted from the redeposition of middle-
Wisconsin-age fossils by the ice sheet, mixed with the remains of plants that existed as the kettle lake formed at
ca. 10 940 cal years BP by ice block ablation. Thereafter, the kettle lake became a reliable repository of Holocene-age fossils,
documenting a mature boreal forest that existed until 10 640 cal years BP, followed by a pine-dominated mixed forest, an early
variant of the mixed conifer–hardwood forest that persists to the present day. Our study demonstrates that researchers
investigating kettle lakes, a common depositional archive for plant fossils in deglaciated landscapes, should exercise caution in
interpreting the basal (Late Pleistocene/early Holocene-age) part of lake sediment cores.
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Résumé : Nous rendons compte des pollens, des macrofossiles de plantes et de la lithostratigraphie associée d’une carotte de
sédiments extraite de la base du lac Silver, un lac de kettle situé dans le nord du bas Michigan (États-Unis), qui révèlent un
scénario de déglaciation complexe pour la fonte de blocs de glace et la formation de lacs, et la colonisation subséquente par des
plantes. Des analyses statistiques multivariables et du carré de la distance de cordes complémentaires des données sur le pollen
appuient ces interprétations. L’âge au carbone radioactif basal obtenu pour la carotte (17 540 a étal. BP) est rejeté parce qu’il est
anormalement vieux, à la lumière d’anomalies biostratigraphiques dans la carotte et de l’incongruité de cet âge par rapport à la
chronologie de déglaciation régionale acceptée. Nous interprétons cet âge estimé erroné comme étant le résultat du re-dépôt de
fossiles d’âge wisconsinien moyen par l’inlandsis, mélangés aux restes de plantes qui existaient au moment de la formation du
lac de kettle vers 10 940 a étal. BP par ablation de blocs de glace. Par la suite, le lac de kettle est devenu un centre de dépôt fiable
de fossiles d’âge holocène, qui documentent la forêt boréalemature qui existait jusqu’à 10 640 a étal. BP, suivie d’une forêtmixte
dominée par les pins, une variante précoce de la forêt mixte à conifères et feuillus qui persiste à ce jour. L’étude démontre que
les chercheurs qui étudient les lacs de kettle, une archive répandue de fossiles de plantes dans des paysages de déglaciation,
devraient faire preuve de prudence dans l’interprétation de la partie basale (d’âge pléistocène tardif à holocène précoce) de
carottes de sédiments de lac. [Traduit par la Rédaction]

Mots-clés : déglaciation, Holocène, lacs de kettle, Michigan, pollen, datation au carbone radioactif.

Introduction
Researchers are becoming increasingly aware of the challenges

and intricacies of reconstructing terminal Pleistocene environ-
ments, including elucidating the timing of deglaciation events
and the stages of landscape evolution at the end ofmarine isotope
stage 2 (e.g., Jiménez-Moreno et al. 2010; Carson et al. 2018). Much
of this research has focused on the final recession of the Lauren-
tide ice sheet of North America from its terminus in northern
Ohio and adjacent states, revealing a more intricate sequence of
biogeomorphic processes associated with deglaciation than had
been originally assumed. One area with complex glacial geology is
the Lower Peninsula ofMichigan (i.e., LowerMichigan), USA; here,
several ice lobes converged, depositing, in places, hundreds of
metres of sediment (Schaetzl et al. 2017; Blewett et al. 2018). Con-

sidering the dynamic nature of the Laurentide ice sheet, establish-
ing the chronology of its retreat is challenging.

Wood and other plantmacrofossils dated using the radiocarbon
(14C) method often provide minimum-limiting ages for deglacial
events; e.g., the deposition of moraines associated with ice-sheet
recession or the final melt-out of ice blocks in kettles. Key to
this procedure is the proper selection of organic materials for
14C dating; they should be derived from terrestrial, not aquatic,
plants, because the latter typically incorporate ancient (dead) car-
bon from ground water in their tissues, and, thus, provide anom-
alously old ages (Marty and Myrbo 2014). One also has to assume
that the material being examined correlates to the geomorphic
event that is under study. A few paleobotanical studies have con-
sidered the possibility of redeposited terrestrial organics derived
from older deposits, as these would provide erroneous ages, usu-
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ally dates older than actuality for the timing of sediment (and
fossil) deposition (Schirrmeister et al. 2002; Work et al. 2005).
However, none of these prior taphonomic-focused studies in-
volved the paleobotanical analysis of fossils from kettle lakes,
which form by topographic inversion as ice blocks melt out, cap-
turing organics from nearby plants during deglaciation.

Numerous researchers have reported on the characteristic
trash layer of plant fossils, primarily of Picea (spruce), found at the
bottom of kettle lakes located in the glaciated portions of the
Great Lakes region and adjacent area (e.g., Clayton 1967; Clayton
et al. 2001; Watson et al. 2018). However, these studies have not
adequately questioned the validity of basal ages obtained by 14C
dating organics from those fossil assemblages, because they over-
looked or underemphasized the role of taphonomic processes.
This complex melt-out process, moreover, brings into question
what the plant remains from trash layers found in the bottoms of
kettle lakes are actually dating. Were the plants existing at the
time when the kettle lakes finally took form? Or do they date to
prior times, when plants grew in sediments overlying the stag-
nant ice, or even earlier if the glacier eroded plant fossils from
buried organic deposits and reworked them during ice melting?
Alternatively, do the organics in the trash layer come from a mix
of thesematerials? Our study of the fossil and stratigraphic record
of Silver Lake is the first to examine this issue.

In this paper, we offer a detailed chronostratigraphic and paleo-
botanical examination of the basal, post-glacial sediments and
plant fossils of Silver Lake in northern Lower Michigan with the
goals of (1) improving understanding of the depositional processes
associated with kettle lake formation and (2) assessing the accu-
racy of paleobotanical assemblages identified from the basal part

of a kettle lake’s record (i.e., the trash layer). Our work documents the
complexities of interpreting environmental events from post-
glacial deposits in kettle lakes. We also report on multivariate
statistical analyses of the Silver Lake pollen data set, non-metric
multidimensional scaling (NMS), agglomerative hierarchical clus-
tering (AHC), and squared chord distance (SCD) analysis, which
strengthen our paleoecological interpretations. The results are
then situated within the context of local and regional deglacial
chronologies and paleovegetation records. Because kettle lakes
are common fossil repositories in the formerly glaciated areas of
the northern USA, Canada, and northern Europe (sites within
Neotoma Paleoecological Database 2018), the findings we present
provide insights into the interpretation of other paleoenviron-
mental records archived in the sediments of kettle lakes.

Study area
Silver Lake (45°16.3=N, 84°38.1=W) is a 30-hectare kettle lake in

Cheboygan County, 2 kmwest of the town ofWolverine, in north-
ern LowerMichigan (Fig. 1). It has a surface elevation of 251m a.s.l.
Although it has neither an inlet nor or an outlet, it is part of the
West Branch Sturgeon River watershed, which drains eastward
towards Lake Huron (Godby 2012). Local soils are predominantly
sandy, having formed in morainic and other stagnation deposits
of coarse-textured sandy tills and glacial outwash (Godby 2012;
Fig. 2). The current model of Late Pleistocene deglaciation for the
region has the Silver Lake area being deglaciated shortly after the
Port Huron re-advance at ca. 15 500 cal years BP (Blewett et al.
1993). Silver Lake is one of several kettle lakes within this interlo-
bate region. Besides kettle lakes, there are several other land-

Fig. 1. (A) Location of study area in northern Lower Michigan, USA. (B) Close-up of study area with location and bathymetry of Silver Lake, as
well as the locations of other fossil sites and the Port Huron moraine in the region. [Color online.]
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forms indicating collapse and stagnation topography in this area,
as well as thick sequences of glaciofluvial sediments in the formof
fans and kame deltas (Blewett et al. 2009; Schaetzl et al. 2017).

Today, Silver Lake is situated within the lake-effect climate belt,
induced by lakes Michigan and Huron. This climatic modification
accounts for the high annual snowfall (2000–2200 mm) totals
found here (Scott and Huff 1996; Henne and Hu 2010). For this
latitude, modern summertime precipitation is low compared
with elsewhere in the Great Lakes region, with the annual total
for precipitation being 750–800 mm (NOAA n.d.; Schaetzl et al.
2018). Temperatures are cool in summer (July mean of 19 °C) and
cold during winter (January mean of −8 °C) (NOAA n.d.).

We used Public Land Survey notes and maps to determine veg-
etation in the Silver Lake area at the time of initial settlement by
Euro-Americans. These data (Comer et al. 1995) indicate that a
great diversity of forest types existed within a 30 km radius of the
lake at ca. 1800 CE (Fig. 2). The most common plant communities
at this time were (1) northern mixed conifer–hardwood (deciduous)
forests, specifically forests of Fagus grandifolia – Acer saccharum –
Tsuga canadensis (beech – sugar maple – hemlock), Pinus strobus –
Tsuga canadensis (white pine – hemlock), as well as Betula
alleghaniensis – Tsuga canadensis (yellow birch – hemlock); and
(2) pine forests, specifically Pinus banksiana – Pinus resinosa (jack
pine – red pine), Pinus strobus – Pinus resinosa (white pine – red pine),
and Pinus strobus-mixed hardwoods. There was also a stand of Picea
mariana – Abies balsamea – Thuja occidentalis (black spruce – balsam
fir – northern white cedar) situated �5 km north of Silver Lake.
There were several other small areas of swamp forest as well,
specifically scattered communities of Fraxinus nigra (black ash),
Thuja occidentalis, mixed hardwood, and mixed conifer swamp.
These same species exist today in this area, although the popula-
tion and age structure of each species have been altered by 19th

century logging and subsequent forest regrowth (Comer et al.
1995).

Materials and methods
In June 1999, a 575 cm long sediment core was extracted from

the bottom of Silver Lake through a 27 m deep water column
(Fig. 1) by ChadWittkop. The core was photographed and archived
(MIVS-SL99-1-1K) in cold storage at the Limnological Research Cen-
ter (LacCore), at the University of Minnesota, Minneapolis, USA,
until it was made available for this study. One of us (Catherine
Yansa) described the lithology, sampled the core for pollen and
plantmacrofossil analysis, and stored the samples in refrigeration
until analyzed at Michigan State University, East Lansing, USA.
This paper reports on plant fossil analysis from 528 to 438 cm in
the sediment core; with the sediments below (575 to 528 cm)
lacking fossils (Fig. 3). We studied the early postglacial interval of
deposition, and not the entire Holocene biostratigraphic record,
because our goal was to differentiate allochthonous deposition,
i.e., taphonomic processes associated with stagnant ice ablation,
from autochthonous (in situ) deposition of organic remains of the
local vegetation once the lake basin stabilized.

A total of 24 samples (each 50 cm3) were sieved and searched for
plant macrofossils, following the protocol of Birks and Birks
(1980). Recovery of seeds and other subfossil plant remains was
low and sporadic (in reference to sample depth), so they were not
plotted, but instead are described in the text. Four strata con-
tained sufficient plant remains to provide a radiocarbon (14C)
chronology (Table 1), although the amount of carbon available for
the basal age was near the lower limit so it could not be subdi-
vided based on identified plant remains. All four dated samples
were calibrated using CALIB 7.04 (Reimer et al. 2013). We excluded

Fig. 2. Pre-Euro-American settlement vegetation (left) and soil texture (right) within a 30 km radius of Silver Lake. Data source for
presettlement vegetation shapefiles: State of Michigan GIS Open Data, “Land Cover Circa 1800”: http://gis-michigan.opendata.arcgis.com/
datasets/3269b9e0d086429c8472c508fe5ad6bb_2 (accessed 15 September 2018). Data source for soils shapefiles: United States Department of
Agriculture, Natural Resources Conservation Service, Web Soil Survey homepage: https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.
aspx (accessed 15 September 2018). Geographic projection for both maps: NAD 1983 Michigan GeoRef (metres). [Color online.]
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Fig. 3. Correlation of lithology, lithological units, core photography, and pollen zones (last from Fig. 4). (A) Close-up photograph of the basal
sediments showing rip-up clay pieces. (B) Close-up photograph of the 518–510 cm strata that produced the 17 540 cal years BP date. (C) Box-
and-whisker plots of the calibrated ages associated with the Bacon age-depth model (Blaauw and Christen 2011) for the Silver Lake core.
(D) Age-depth modeling (grey shading) with calibrated 14C dates (see Table 1), represented as probability distributions for individual age
estimates (in purple); darker grey = more robust age estimates; stippling = 95% confidence interval; and red = best-fit line. (E) Markov Chain
Monte Carlo iterations. (F) Accumulation rates. (G) Memory (autocorrelation strength; green curves = prior distributions; grey histograms =
posterior distributions). [Color online.]

Table 1. Radiocarbon dates and their calibrated ages from the Silver Lake core samples.

Depth (cm)
Uncorrected
14C year BPa

Calibrated 2-sigma
age rangeb

Mean cal
age BP Lab No. Plant materials used for dating (mg carbon, dried)

438–442 8120±25 9006–9095 (92%)c 9050 UGAMS 30952d 1 Abies balsamea seed, small charcoal fragments (2.1)
484–488 9530±30 10 708–11 073 (100%)c 10 890 UGAMS 29168d 1.5 Picea glauca seeds, 1 Picea mariana seed, 1 fragment of

Picea seed, 1 charred Picea needle, wood fragments (2.9)
496–500 9590±30 10 763–11 106 (100%)c 10 930 UGAMS 30951d 1 Picea needle, 3 Potentilla seeds, small wood fragments (1.8)
510–518 14 390±100 17 226–17 848 (100%) 17 540 CAMS 175419e 2 Dryas leaves, 1 Ranunculus seed, 1 Betula fruit wing, 2 Picea

twigs, 1 small charcoal fragment (0.7)
aAll dated samples had a �13C of −25.
bDates (14C) for all four samples were calibrated using CALIB 7.04, with the ranges shown (92%–100%) have the highest likelihoods. CALIB 7.04 is based on the IntCal13

calibration curve (Reimer et al. 2013).
cThe age model is based on these three calibrated ages. Bacon software was used to create this model, based on the IntCal13 calibration curve (Reimer et al. 2013).
dUGAMS = Center for Applied Isotope Studies, University of Georgia AMS Laboratory, Athens, Georgia, USA.
eCAMS = Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, Livermore, California, USA.
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the basal age of 14 390 ± 100 14C years BP from age-depth model-
ing, because we considered it erroneous (see below). This model-
ing, therefore, was performed on the three other dates using the
Bacon 2.3.3 software package (Blaauw and Christen 2011). Bacon
employs Bayesian statistics to divide a core into numerous small
vertical segments and performs repeated Markov Chain Monte
Carlo iterations to estimate sedimentation time (year−1·cm−1) for
each segment, which collectively form a core’s age-depth model.
For this study, default settings of 5 cm thickness and a mean
accumulation rate of 20 year−1·cm−1 were used.

The calibrated ages of the four samples (levels) obtained using
CALIB 7.04 software, are comparable with the age estimates for
strata between the dated levels acquired using Bacon software,
because both programs are based on the same IntCal13 calibration
curve (Reimer et al. 2013). Additionally, we propose that our use of
two different AMS 14C dating facilities, namely the Center for
Accelerator Mass Spectrometry (CAMS; Lawrence Livermore Na-
tional Laboratory, Livermore, California, USA) for the basal date
(14 390 ± 100 14C years BP; 17 540 cal years BP) and the University of
Georgia AMS Laboratory (UGAMS; Athens, Georgia, USA) for the
three younger 14C ages, does not account for any error. Our justi-
fication is that both laboratories have excellent reputations for
producing accurate results that are periodically cross-validated
with other AMS labs (Norton 2011). Additionally, the 13C values of
all four dates are the same (−25; Table 1), suggesting that the 14C
ages are directly comparable.

Additionally, 24 pollen samples (each 0.5 cm3) were analyzed
using a series of chemical treatments to remove sediment and
debris and to concentrate the pollen and spores (Faegri and
Iverson 1975). Per sample, a minimum of 300 (mean = 378) grains
of upland tree and herb pollen (excluding Cyperaceae and other
aquatics) were counted and identified, based on McAndrews et al.
(1973) and the modern pollen collection in the Pollen Laboratory
at Michigan State University. Pollen percentage data were plotted
using Tilia 1.7.16 (Grimm 2011; Fig. 4), and the CONISS cluster-
analysis application within Tilia identified the pollen zones. Plant
taxonomy, ecology, and range distributions are based on Voss
(1972), unless otherwise noted. Most pollen grains were identified
to genus, with species-level taxonomic precision inferred where
only one of the species lives in the Great Lakes region (Larix laricina
(tamarack) and Abies balsamea), and where ecology identified the
most likely candidate of related species (e.g., Cupressaceae pollen
inferred as Thuja occidentalis (Parent and Richard 1990)). Where
possible, some of the Picea pollen were differentiated between
Picea glauca and Picea mariana, and the Pinus pollen were parti-
tioned into Pinus strobus or Pinus banksiana/Pinus resinosa.

Raw pollen count datawere analyzed using two complementary
multivariate statistical methods commonly used in terrestrial
plant ecology: (1) AHC (Peck 2016); and (2) NMS (Kent 2012), using
the PC-ORD 6.19 statistical software package (McCune and
Mefford 2011). The AHC analysis was conducted on pollen taxa to
group them into discrete vegetation assemblages, irrespective of

Fig. 4. Pollen percentage diagram for the Silver Lake core. Bar graphs were used to plot the two pollen samples comprising Zone 1a, instead
of silhouettes (Zones 1b, 2, and 3), to improve the readability of this basal zone in the diagram. Ages were not assigned to the Zone 1a samples;
instead they are referred to as basal unknown age-estimate (BAU) 1 (at 520 cm depth) and BAU 2 (at 518 cm depth). [Color online.]
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chronology; these results were also used to verify the CONISS
clustering of the dated pollen sampling units. The AHC analysis
was accomplished using a Ward’s Method sorting strategy on a
matrix of Pearson product-moment correlation coefficients (r) be-
tween pollen taxa abundances and across stratigraphic levels. Ter-
minology for vegetation community types identified in the Silver
Lake pollen record and having a modern regional analog follows
Dickmann (2004).

Biplots of NMS species scores, dated stratigraphic units, and
AHC community types were generated to infer relationships be-
tween underlying paleoenvironmental gradients and major vege-
tation assemblages. NMS scores were plotted chronologically to
ordinate pollen taxa along major paleoenvironmental gradients
modulating Late Pleistocene–early Holocene forest dynamics.
NMS uses rank-order information within a (dis)similarity matrix
between taxa and sampling units to reduce data dimensionality
to 1–6 synthetic axes (k-space) in which distances between taxa
and sampling units have the same rank-order as in the original
(dis)similarity matrix (Kent 2012). Goodness-of-fit between rank-
orders in the k-space ordination and the (dis)similarity matrix is
determined through a corresponding stress value (range 0–100),
with values <20 generally indicating a stable, interpretable ordi-
nation (Clarke 1993). Pollen count data were relativized using a
square-root (Hellinger) transformation prior to statistical analysis
(Legendre and Gallagher 2001), to down-weight the overly com-
mon taxa while still preserving the proportional relationships
among the taxa. To estimate the proportion of the total variance
in the Silver Lake pollen data explained by each NMS axis, coeffi-
cients of determination (r2) were calculated between the Relative
Euclidean distance in the original, unreduced species space and
Euclidean distance in the NMS ordination space. Finally, pollen
frequencies from modern lake and wetland surface samples
within the Great Lakes region and adjacent northeastern North
America (n = 1609; Whitmore et al. 2005), obtained from the
Neotoma Paleoecological Database (2018) were used to determine
modern pollen analog sites for each stratigraphic unit of the Sil-
ver Lake pollen record. A SCD (Gajewski 2015) dissimilaritymatrix
was generated from the Hellinger-transformed pollen data using
XLSTAT Version 2014.5.03 software (Addinsoft 2014). We selected
and plotted the threemodern pollen sites having the smallest SCD
dissimilarity values as representing the closest analogs for each
corresponding pollen sample, with associated calibrated dates de-
rived from the core’s age-depth model.

Results and interpretations

Core lithostratigraphy
Figure 3 shows the core lithology and interpretation of three

lithological units, which roughly correlate to the three major
pollen zones (Fig. 4) described below. Unit 1 (575–528 cm) is
coarse sand with isolated clay pieces (1–5 cm diameter) that
appear “ripped up”. The clay was likely deposited in a pool
overlying a sandy till-covered ice block, and upon ice ablation
the clay pieces were re-bedded with sand at the bottom of Silver
Lake. Unit 1 sediments lack plant fossils, and a gradual bound-
ary separates this lithological unit from the overlying one. Unit 2
(528–501 cm) is banded, composed of several very thin organic
lens within predominately coarse sand. This unit represents the
final stage of ice ablation, culminating in the formation of Silver
Lake, with the organics laid down between short pulses of sand
deposition within the basin. This unit contained no pollen grains
(as expected given that pollen is silt-sized), but did yield some
plant macrofossils, enough to provide one 14C dating sample at
518–510 cm (Table 1). The three pollen samples (520, 518, and
506 cm) analyzed from Unit 2 sediments came from two thin
layers of clayey, silty sand containing fine plant fragments (Fig. 3).
Unit 3 is amassive, black diatomaceous silty sapropel that extends
from 501 cm (abrupt contact) to the top of the core. The lithology

of Unit 3 indicates that Silver Lake became a quiet deposition
basin at 10 940 cal years BP (age estimate for 501 cm). To confirm
this assumption, we analyzed plant fossils from 21 levels, up to
438 cm (dating to the early Holocene), to correlate to the pollen
spectra of other sites in the Great Lakes region, where agreement
indicates landscape stability and in situ fossil deposition at Silver
Lake.

Pollen and plant macrofossil abundance data

Zones 1a (age?; 520–518 cm) and 1b (10 940–10 890 cal years BP;
506–486 cm)

Several lines of evidence suggest that the sediments and fossils
of Zone 1a (Figs. 3 and 4) are a mixture of materials of different
ages. The most probable explanation being that older plant re-
mains originally incorporated into the glacier ice were later rede-
posited, along with those of the vegetation living at the time the
kettle lake formed, by ca. 10 940 cal years BP. We assign this date,
for the beginning of an intact fossil record in Silver Lake, based on
an age model estimate for the onset of sapropel deposition at a
core depth of 501 cm (base of Unit 3, Fig. 3). This age approxima-
tion seems reasonable given we obtained a 14C date of 10 930 cal
years BP for a depth immediately above (500–496 cm; Table 1).
Silver Lake was probably established sometime before this time,
but we were unable to ascertain when, and hence use 10 940 cal
years BP as a minimum limiting age.

We reject the basal age of 17 540 cal years BP (14 390 ± 100 14C
years BP; core depth of 518–510 cm; Table 1) because (1) the date
is >2000 years too old with respect to its geographic occurrence
(Blewett et al. 1993; Blewett and Winters 1995; see discussion be-
low); and (2) the stratigraphic placement of this dated level is
anomalous with respect to the three dates obtained for strata
upcore (Fig. 3). Specifically, the mere �18 cm of the core between
the dated samples of 17 540 and 10 930 cal years BP (base of Zone 1b;
Table 1) represent a short amount of time, definitely not 6660 cal
years as suggested by the difference in these 14C dates. We further
reason that significantly more sediment (several metres) would
have accumulated in the lake basin during six millennia, espe-
cially during the transition from a glacial to post-glacial environ-
ment. Schaetzl (2008) provided evidence of widespread landscape
instability on sandy landforms across northern Lower Michigan,
including the Silver Lake area, in the formof extensive permafrost
melting, runoff, and gully development during immediate post-
glacial times.

We attribute the late establishment of Silver Lake at 10 940 cal
years BP to the prolonged melting of the ice block to create this
lake. Geologic mapping and dating by Attig and Rawling (2018)
indicate that ice block ablation in north-central Wisconsin, USA,
took several millennia, given the considerable thickness (initially
at least 35 m) of these ice blocks. The ice block that formed Silver
Lake may have been of comparable thickness, given that its cur-
rent water depth is 27 m, and >5 m of postglacial sediment were
subsequently deposited into this closed basin. After factoring in
the melting process, we interpret the study area as being deglaci-
ated a few millennia before 10 940 cal years BP. This ablation was
slowed by the ice blocks (including the one that created Silver
Lake) being fully or partially covered by an insulating layer of till,
which over time was colonized by plants. This reconstruction
is well accepted by glacial geologists and paleoecologists (e.g.,
Clayton 1967; Clayton et al. 2001; Yansa 2006; Curry et al. 2010) and
is backed by modern observations of vegetated glacier forelands
(Fickert et al. 2007; Walker et al. 2010). These researchers also
proposed that the remains of these plants, rooted in till overlying
stagnant ice, were redeposited as trash layers at the bottom of
kettle lakes during the topographic inversion that created knob-
and-kettle, hummocky topography.

Additionally, the biostratigraphy of Zone 1a and the lower part
of Zone 1b (Unit 2, Fig. 3) indicate allochthonous deposition during
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formation of this lake, as evidenced by (1) the presence of organic
stringers within sand, suggestive of rapid sedimentation and
(2) the taxonomic composition of the fossils within these stringers
(samples at 520, 518, and 506 cm; Fig. 4). These samples contain
pre-Quaternary palynomorphs (as described by Nambudiri et al.
(1980) and Yansa et al. (2007)), which were likely unearthed from
Paleozoic carbonate bedrock and incorporated into the glacial
sediment flooring the lake. Also, Sporormiella (dung spores; 0.4%–
1.9%) indicate the inclusion of materials pre-dating 13 000 cal
years BP, given that these spores drastically decline in lacustrine
sediment core records after the megafaunal extinction that oc-
curred in North America around that time (Feranec et al. 2011; Gill
et al. 2012). Given that we were unable to assign accurate ages for
these samples, we refer to themas “basal unknown age-estimates”
(BAUs), with BAU 1 indicating the 520 cm pollen sample and BAU 2
representing the 518 cm sample with the erroneous 14C date.

We were unable to identify which of the plant fossils in the
Zone 1a dating sample (518–510 cm; BAU 1) comprised the older
component of the date. However, our observations point to a
mingling of older tundra fossils with contemporaneous boreal
forest plant remains when Silver Lake formed sometime before
10 940 cal years BP. Based on both fossil and modern ecological
contexts (Curry and Yansa 2004; Blinnikov et al. 2011; Williams
et al. 2011), we are suspicious of the Dryas integrifolia (arctic avens)
fossils; the six leaves scattered from 518–500 cm, counting the two
included in the 17 540 cal years BP dating sample (Table 1), and the
pollen of this taxon in Zones 1a (1.9%–3.4%) and 1b (0.4%–0.8%)
(Fig. 4). According to vegetation succession, Dryas integrifolia, being
an arctic plant, would have existed in a tundra before the arrival
of Picea trees; although, both Dryas and Picea can co-exist in for-
ested tundra, a transitional vegetation phase between tundra and
succeeding boreal forest. The fossil remains ofDryas integrifolia, how-
ever, are too few in number to indicate a forested tundra, which
suggests that these fossils, and possibly some portion of the other
non-arboreal taxa (Artemisia (wormwood), Ambrosia (ragweed), and
Poaceae (grass family) pollen grains), predate the tree fossils. A
likely scenario is that Dryas and other arctic plants colonized the
area during ice block ablation, with some of their materials pre-
served in shallow water created by melting ice, and later redepos-
ited along with extant remains of the surrounding boreal forest
into the newly created Silver Lake. Possibly, there was an addi-
tional source, of even older materials, in the amalgamation of
carbon materials dated from the base (518–510 cm) of the core,
which is discussed below, in the context of the regional fossil
record.

Importantly, all of the conifers identified in Zones 1a and 1b
(Fig. 4) exist in the study area, today (Dickmann 2004) and at the
time of the �1800 CE land surveys (Comer et al. 1995), within
small, presumably remnant, patches consisting of low-lying areas
within the hemlock – northern hardwood forest. The strong pres-
ence of Thuja occidentalis (�34% in Zone 1a, declining from 22.6% to
5.8% in Zone 1b) and Abies balsamea (�11% in Zone 1a, decreasing
from 10.8% to 6.7% in Zone 1b), and the moderate pollen values of
Picea (ranging from 9.2% to 22.6% in Zones 1a and 1b), indicate that
a mature boreal forest existed during the early Holocene. Picea
mariana likely inhabited lowland swamps along with Thuja occidentalis
and Larix laricina, whereas upland mesic sites were probably dom-
inated by Picea glauca (white spruce) and Abies balsamea, based on
modern forest composition (Ritchie 1987; Dickmann 2004). Picea
needles in both zones and a few seeds of Abies balsamea in Zone 1b
confirm the local presence of these conifers, and a seed of Lychnis sp.
(formerly called Silene sp., rose campion), also indicates a forested
environment (Ritchie 1987). The closest modern analog for our
interpretation of Zones 1a and 1b would be the southern/central
boreal forest of southern Ontario and Quebec, Canada (described
in Sirois 1997), and, by inference, the early Holocene climate of the
study area would have been slightly colder than at present.

A caveat is our recognition that the vegetation reconstructed
for Zones 1a and 1b (Fig. 4) was not an exact facsimile of the
modern boreal forest, due to the absence of certain late-migrating
trees. This provides another example of a novel plant community,
lacking an exact modern counterpart, established during the Late
Pleistocene and early Holocene in northern North America (first
identified byWilliams and Jackson 2007). For example, the values
for Pinus (averaged 26% in Zone 1b) are considered low, after ac-
counting for pine species substantially overproducing wind-
dispersed pollen with respect to their actual abundance in a local
flora (Birks and Birks 1980). Most of the pollen grains of Pinus and
several deciduous arboreal taxa identified in Zones 1a and 1bwere
probably wind-transported to Silver Lake from trees living to the
south. Research by Schaetzl et al. (2016) concluded that strong
winds, particularly from the east and southeast, prevailed during
the Late Pleistocene and earliest Holocene across the central (in-
cluding the Silver Lake area) and northern Great Lakes region.
One Betula (birch) wing found in Zone 1a (Table 1), and a few bracts
of Populus (poplar/aspen) occur at 470 cm (10 250 cal years BP) and
occasionally at levels upcore, do, however, confirm the local pres-
ence of these boreal hardwoods.

The local presence of open water and wetlands is also evident
from fossil analysis of the basal sediments of Silver Lake, as ex-
pected for the landscape context. A fruit of Stuckenia filiformis
subsp. filiformis (fineleaf pondweed), a submerged aquatic pioneer,
was recovered from Zone 1a sediments. The existence of wetland/
shoreline vegetation is verified by pollen of Cyperaceae (an
aquatic-emergent plant family composed of sedges and bulrushes)
in both Zones 1a (9.7%–12.7%) and 1b (1.5%–5.0%), and a seed of
Carex sp. (sedge) found within the bottommost zone. The rela-
tively low fossil abundances of these taxa suggest that the propor-
tion of the Silver Lake area covered by wetland was likely low.
Rather, the landscape at this time is best described as a closed-
canopy boreal forest lacking pine and some of the temperate de-
ciduous hardwood species, which arrived during the subsequent
zone.

Zone 2 (10 890–10 640 cal years BP; 486–480 cm)
The rest of the Silver Lake pollen record bears no overt signs of

taphonomic disturbance. Viewing Fig. 4 at face value, the boreal
forest phase at Silver Lake began at 10 890 cal years BP, at the base
of Zone 2. However, above we reasoned that this phase began
earlier, before 10 940 cal years BP during Zone 1b. An earlier onset,
and hence, longer duration of boreal forest at the study site seems
more realistic, in terms of the timing of plant succession, than the
duration of just 250 years implied by Zone 2. Overall, this zone is
distinguished by the following: (1) a sharp decline in the pollen
values for Thuja occidentalis, a drought-sensitive wetland tree
(Housset et al. 2015); (2) a dramatic increase in pollen counts for
the drought-tolerant Pinus, mainly of Pinus banksiana/Pinus resinosa,
with some Pinus strobus; (3) a gradual decrease in Cyperaceae
(sedge wetland taxa); and (4) the peak abundance of herbaceous
pollen. Nonetheless, the vegetation at this time was still predom-
inately arboreal. Picea, Abies, and Larix values remained high
throughout Zone 2, as did pollen percentages indicating the local
presence of Ulmus (elm), Betula, and other deciduous hardwoods
adapted tomesic andhydric soils.Normally, thesepollen spectrawould
indicate reduced precipitation from 10 890 to 10 640 cal years BP, com-
pared with before. Instead, the strong representation of bog coni-
fers and increased values of pine suggest that the local boreal
forest was adjusting to the arrival of Pinus, which at this time
became an important constituent of subsequent upland vegeta-
tion. This interpretation is supported by reconstruction of a cool
andmoist climate at this time, based onmulti-proxy records from
numerous other sites in the northern mid-latitudes (Voelker et al.
2015; Shuman and Marsicek 2016), which conflicts with the con-
ventional interpretation of Pinus as a xeric taxon (Birks and Birks
1980; Ritchie 1987).
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Zone 3 (10 640–9130 cal years BP; 480–442 cm)
The CONISS plot in Fig. 4 shows a major change in the pollen

spectra from Zone 2 to Zone 3a at 10 640 cal years BP, which we
interpret as the shift from boreal forest to a pine-dominated,
mixed conifer–hardwood forest. Compared with older zones, the
pollen values of Pinus are considerably higher (56.5%–75.2%) in
Zone 3, concurrent with drastic declines of Picea and Abies; there
are no significant percentage increases of the deciduous arboreal
taxa. The decline of Picea glauca pollen in Zone 3 of Silver Lake
suggests that the average summer temperature then probably
exceeded 18 °C, because white spruce recruitment is inhibited
above this temperature (Ritchie 1987). In contrast, Picea mariana
can tolerate warmer summers, because it is thermally buffered by
residing in the cooler microclimates of swamps (Dickmann 2004).
Thus, we interpret the spruce pollen in Zone 3 as coming mainly
from Picea mariana. A spike of Thuja occidentalis pollen at 9605 cal
years BP is the most significant excursion in Zone 3, contributing
to the differentiation of Zones 3a (10 640–9690 cal years BP, 480–
456 cm) and 3b (9690–9130 cal years BP, 456–442 cm). This pollen
peak of northern white cedar may indicate greater moisture, be-
cause it is a swamp tree, or, alternatively, water table lowering
during droughts expanded the area of shallow wetland around
lake margins.

The pollen data of these zones record shifts of Pinus (xeric soil
indicator) vs. Thuja, Larix, Picea, and Abies (mesic/hydric taxa); how-
ever, these fluctuations were not pronounced enough to have
altered the species composition of the pine-dominated mixed for-
est at this time during the early Holocene. These taxa, we reason,
partitioned the landscape according to their soil moisture prefer-
ences to form distinct communities, as observed in the �1800 CE
public land surveys (Fig. 2) and today. Scant macrofossils confirm
the local presence of Larix (a needle found at 450–446 cm), Populus
(bracts at several levels), and Picea (seed wing fragments recovered
in a few samples). Additionally, a fewpollen grains and one seed of
Typha latifolia (cattail) found in Zone 3 (not plotted) indicate the
local presence of marsh vegetation, as seen today.

Zone 3 provides another interesting case of a non-analog
vegetation, typical for other pollen records dating to this time
throughout the region (Williams and Jackson 2007; Shuman and
Marsicek 2016). Specifically, this zone represents a transitional
stage in the development of a mixed conifer–hardwood forest.
Compared with the modern version of this forest, Zone 3 pollen
contained lesser numbers of Acer saccharum (sugar maple) and
Betula alleghaniensis (yellow birch). Today, these mesophytic taxa
are highly dependent upon heavy snowfall to offset living on
well-drained sandy soils in the study area (Dickmann 2004). The
lake effect snows also reduce spring-season fires, which are detri-
mental to Acer and Betula trees (Cleland et al. 2004; Schaetzl et al.
2018). However, the lake-effect climate was not in place until

sometime between 9500 and 5500 cal years BP in northern Lower
Michigan, when the Great Lakes became large enough to impact
the climate downwind (Rea et al. 1994; Lewis et al. 2007; Henne
and Hu 2010; Lewis 2016), and thus could support greater popula-
tions of sugar maple, yellow birch, and other fire-intolerant,
mesophytic arboreal species.

A more significant difference in the pollen interpretation of
Zone 3 is the absence of two species that dominate the modern
mixed conifer–hardwood forest, Tsuga canadensis (hemlock) and
Fagus grandifolia (beech). These tree species did not arrive until
later (9000–6800 cal years BP) in the Great Lakes region, although
the exact timing varies by location and is explained by delays in
developing a suitable microclimate for hemlock, and the slow
dispersal rate of beech seeds (Davis et al. 1986; Calcote 2003). We
interpret the occasional pollen grains of Tsuga and Fagus in Zone 3
as long-distance dispersal from populations, as these species were
migrating northwards towards Silver Lake, but had not yet ar-
rived. We further reason that the pine species (Pinus strobus, Pinus
banksiana, and Pinus resinosa) occupied not just the sandy upland
sites, but also mesic sites where later they would be outcompeted
by shade-tolerant, late-successional species, including hemlock,
beech, sugarmaple, and yellow birch. Additionally, a reduction of
precipitation at this time, as reconstructed from other paleoenvi-
ronmental records in the region (Booth et al. 2004;
Henne and Hu 2010; Shuman and Marsicek 2016), also likely con-
tributed to Pinus dominating the pollen spectra of Zone 3 at Silver
Lake.

Statistical analysis of raw pollen data
AHC (Fig. 5) partitioned the Silver Lake pollen data into two

primary vegetation assemblages: (1) forested tundra-boreal forest
(AHC cluster 1); and (2) mixed conifer–hardwood forest (AHC clus-
ter 2). AHC cluster 1 was further subdivided into two minor
vegetation types: AHC cluster 1a of Abies–Thuja–Alnus–Poaceae–
Cyperaceae–Dryas interpreted as forested tundra-boreal forest;
and AHC cluster 1b composed of Populus–Picea–Artemisia–Larix–
Corylus–Ambrosia classified as boreal forest. AHC cluster 2 was sim-
ilarly subdivided into two secondary vegetation community types:
AHC cluster 2a of Pinus–Acer–Quercus–Carya–Ulmus considered in-
dicative of a dry/dry-mesic northern forest; and AHC cluster 2b of
Betula–Fraxinus–Juglans–Ostrya/Carpinus interpreted as northern
hardwood swamp.

NMS (Fig. 6) arrived at a two-dimensional solution with a final
stress value of 1.1, well below Clarke’s (1993) suggested upper limit
of 20, indicating an extremely robust ordination. NMS axis 1 ex-
plained 93.0% of the total variance in the Silver Lake pollen data,
separating pollen taxa indicative of a forested tundra environ-
ment including Dryas (−1.047), Cyperaceae (−0.856), Thuja (−0.813),
and Abies (−0.723), from those associated with warmer/drier envi-

Fig. 5. Agglomerative hierarchal clustering (AHC) dendrogram of the Silver Lake pollen data partitioned into inferred modern plant
communities (as defined by Dickmann 2004).
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ronmental conditions, such as Pinus (0.341), Carya (0.335), Ulmus
(0.323), and Quercus (0.279). NMS axis 2 explained an additional
1.1% of the total variance in the pollen data, with high scores on
Fraxinus (0.257), Juglans (0.254), Picea (0.232), and Artemisia (0.225).
Figure 5 also shows these taxa arranged into the four AHC cluster
subtypes.

Comparison of pollen percentage zonation with AHC/NMS
results

The AHC analysis discerned nearly identical plant communities
(Fig. 5) to those interpreted from CONISS (clustering) zonation of
the pollen diagram (Fig. 4). Identical matches of these clades in-
cluded the forested tundra (AHC 1a; pollen Zone 1a) and boreal
forest (AHC 1b; Zones 1b and 2) assemblages. However, above we
argued for Dryas and other arctic plant materials being redepos-
ited and, thus, Zone 1a and 1b actually represent a boreal forest
like that of Zone 2; by correlation, all of these zones are best
represented by the AHC 1b cluster. In other words, AHC 1a (for-
ested tundra) is considered an artifact of the mixed fossil assem-
blage, which supports our decision to not assign ages to the basal
samples, denoted as BAU 1 (at 520 cm) and BAU 2 (at 518 cm) in
Fig. 4. The AHC analysis also discerned two minor community
types within AHC cluster 2, which compared favorably with the
habitat partitioning inferred for Zone 3 using CONISS andmodern
ecological analogs (e.g., Dickmann 2004). The dry/dry-mesic north-
ern forest (AHC 2a), particularly the dry aspect of this vegetation,
correlated well with the upland pine-dominated forest inter-
preted for this zone, which is best expressed in Zone 3a. The
northern hardwood swamp (AHC 2b) was similar to interpretation
of a mixed conifer–hardwood forest that inhabited low-lying lo-
cales in the study area from 10 640 to 9130 cal years BP, and ismost
evident in Zone 3b due to the Thuja occidentalis pollen rise.

The chronology of NMS scores (Fig. 6) is also consistent with the
CONISS-derived pollen zonation (Fig. 4) and inferred paleovegeta-
tion dynamics. NMS axis 1 scores are strongly negative (x̄ = −1.895)
within basal Zone 1a, further substantiating our interpretation of
this bottommost pollen zone (samples BAU 1 and BAU 2) being
anomalous in its taxonomic composition, and best explained by
older fossil redeposition. The NMS axis 1 scores rise abruptly dur-
ing subsequent Zone 1b and Zone 2 to positive values within ap-
proximately a century, between 10 903 cal years BP (−1.270) and
10 810 ca years BP (0.441). This spike in NMS axis 1 scores indicates
very rapid warming in the study area resulting in a major turn-
over of species composition in the local vegetation during the
early Holocene, but also points to a shift from a taphonomically
mixed Zone 1a to autochthonous Zones 1b (except for the basal
sample, 506 cm) and 2. NMS axis 1 scores maintain positive values
(x̄ = 0.637) from 10 810 to 9130 cal year (rest of Zone 2 as well as
Zone 3). Given the trajectory of the NMS data, and that NMS axis 1
(Fig. 6) explained 93.0% of the total variance in the Silver Lake
pollen data, we interpret NMS axis 1 scores as acceptable proxies
for temperature during the early Holocene. Colder climates by age
BAU 1, BAU 2, 10 950, 10 930, 10 917, and 10 903 cal years BP) are
positioned on the left and warmer climates associated with
younger samples are on the right in Fig. 6.

NMS axis 2 scores (Fig. 6), explaining 1.1% of the total variance,
identified rapid compositional changes in the local vegetation
during the earliest Holocene. NMS axis 2 scores rise sharply from
negative (−0.162) to positive (1.004) values between 10 950 and
10 890 cal years BP, nearly identical to the century-long interval
(10 903–10 810 cal years BP) identified in the NMS axis 1 scores, and
correlates well to Zone 1b (10 940–10 890 cal years BP). There are
two possible causes for this step-function shift in the local vege-

Fig. 6. Non-metric multi-dimensional scaling (NMS) of the Silver Lake pollen data. Symbols indicate those taxa clustered within each of the
four agglomerative hierarchal clustering (AHC) cluster subtypes, and crosses show the placement of calibrated ages for pollen samples. Note:
Zone 1a samples basal unknown age-estimate (BUA) 1 (at 520 cm depth) and BUA 2 (at 518 cm depth, with the erroneous age of 17 540 cal years BP)
are outliers with regard to other dated pollen samples.
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tation: (1) regional climate change, given that Shuman and
Marsicek (2016) identified rate-of-change values from 40 paleo-
ecological sites peaking at 10 900 cal years BP, and (2) the loss of
Dryas integrifolia from the fossil record, and if this material was truly
allochthonous this shift may have been due to local geomorphic
processes associated with kettle lake formation. The subsequent
decline in NMS axis 2 scores records the transient nature of the
boreal forest and its subsequent replacement by pine-dominated
mixed forest. Thereafter, the NMS axis 2 scores gradually decline
to negative values (–0.085) by 10 570 cal years BP (within Zone 3a).
NMS axis 2 scores also remain negative (x̄ = –0.193) through the
rest of Zones 3a and 3b.

Modern pollen analogs
SCD analysis (Fig. 7) was able to situate modern analog sites,

based upon Neotoma Paleoecological Database (2018) pollen data,
for Silver Lake’s terminal Pleistocene/early Holocene pollen re-
cord (Fig. 4) within the broader Great Lakes region. However, the
two pollen samples comprising Zone 1a, BAU 1 (520 cm depth) and
BAU 2 (518 cm depth), displayed noteworthy anomalies in SCD
values and the geographic distribution of associated analog sites
that contrasted sharply with the other CONISS-derived pollen
zones. For example, analog sites possessing the highest SCD
scores were associated with basal Zone 1a (x̄ = 0.327, s = 0.032,
range = 0.297–0.372), whereas analog sites associated with overly-
ing Zones 1b–3b had uniformly lower values (x̄ = 0.188, s = 0.046,
range = 0.103–0.301). Additionally, the wide geographic spread of
Zone 1a analog sites (�2500 km east–west, �1300 km north–
south; Fig. 7A), encompassing both boreal and mixed conifer–
hardwood forest zones, is juxtaposed against the stronger spatial
clustering of subsequent Zones 1b–3b (Figs. 7B–7E). These spatial
patterns suggest an allochthonous, non-contemporaneous origin
for Zone 1a, which agrees with our interpretation based on the
pollen percentage data (Fig. 4).

The spatiotemporal sequence of analog sites within Zones 1b–3b
(Fig. 7), however, reflects pronounced and coherent patterns of
postglacial vegetation response. In general, there is an overall
southeastward shift in the distribution of analog sites through
time, supporting the interpretations for the upcore pollen se-
quence at Silver Lake. For example, analog sites associated with
Zone 1b (10 950–10 900 cal years BP; Fig. 7B) and Zone 2 (10 890–
10 730 cal years BP; Fig. 7C) are positioned near the current bound-
ary between boreal forest and mixed conifer–hardwood forest in
the far western Great Lakes region. In fact, eleven of the twelve
analog sites for Zone 1b (91.7%) and eight of nine associated with
Zone 2 (88.9%) are situated within a �350 km, north–south axis
centred upon northern Minnesota and adjacent Ontario. Silver
Lake is currently located �200 km south of the southern limit of
boreal forest within the mixed conifer–hardwood forest zone,
indicating that the local climate was slightly cooler (and possible
drier) than present from �10 950–10 730 cal yr BP (Zones 1b and 2),
substantiating our interpretations of the pollen data (Fig. 4).

In contrast, analog sites pertaining to Zones 3a and 3b are situ-
ated farther south and east than previous pollen zones, forming a
distinctive east–west belt generally straddling the modern eco-
tone between the mixed conifer–hardwood forest and the hard-
wood forest biomes (Figs. 7D, 7E). Importantly, the majority of
these analog sites lie at latitudinal positions comparable with that
of Silver Lake (Fig. 7). Therefore, we infer that (1) by �10 600 cal
years BP temperature conditions at Silver Lake were roughly com-
parable with modern values, and (2) a mixed conifer–hardwood
forest having relatively high Pinus values (in the absence of late-
successional competitors that arrived later) had become estab-
lished in the Silver Lake catchment during Zone 3.

Discussion
Timing and nature of kettle lake formation

Our study provides compelling evidence for a mixture of plant
fossils of different ages in the trash layer (below 501 cm, Figs. 3–7)

Fig. 7. Geographic distribution of modern analog pollen sites for Silver Lake pollen Zones 1a–3b, shown in relationship to major biomes.
Analog sites (n = 3) for each stratigraphic interval are shown as contrasting colored symbols, and were selected on the basis of having the
lowest squared chord distance values. (A) Zone 1a trash zone. (B) Zone 1b (10 950–10 900 cal years BP). (C) Zone 2 (10 890–10 730 cal years BP).
(D) Zone 3a (10 570–9770 cal years BP). (E) Zone 3b (9610–9130 cal years BP). [Color online.]
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of Silver Lake, including the carbon comprising the 17 540 cal
years BP dating sample. We attribute this amalgamation to the
topographic inversion inherent to kettle lake formation. Simi-
larly, Maher et al. (1998) interpreted a glacial re-bedding of older
tundra fossils with younger ones at the Valders site in eastern
Wisconsin (Fig. 1), which produced ages ranging from 17 690 to
15 800 cal years BP thought to be too old for the site’s deglacial
history. In modern glacial environments, researchers have ob-
served organics being transported considerable distances by gla-
ciers before the plant remains are released upon melting (Fickert
et al. 2007; Hood et al. 2009).

The allochthonous older carbon incorporated into the basal age
sample from Silver Lake probably came from plant fossils dating
to the middle Wisconsin (marine isotope stage 3), sometime be-
tween 50 000 and 30 000 14C years BP. If some of this older mate-
rial had been combined with the organics of plants living in the
vicinity of the newly formed Silver Lake (�10 940 cal years BP), the
ensuing date would have reflected the mean age of all compo-
nents, such as the 17 540 cal years BP date that we received from
the radiocarbon lab. There are many sites containing buried peat/
organic deposits of middle Wisconsin age in the region, in south-
ernMichigan (Winters et al. 1986), southern Ontario (Warner et al.
1988; Bajc et al. 2015), and Cape Breton Island in Atlantic Canada
(Fréchette and de Vernel 2013). These investigations indicate that
the plant communities (arctic tundra and boreal forest) were the
same during the middle Wisconsin as they were after the last
glaciation (e.g., Webb et al. 2004; Yansa 2006; Hupy and Yansa
2009).

Therefore, we cannot conclusively ascertain which of the plant
fossils that made up the 17 540 cal years BP dating sample were of
middle Wisconsin age, but we suspect the Dryas integrifolia leaves
for reasons described above. The implications of our study are
that researchers should not assume that the 14C ages obtained
from trash layer fossils necessarily reflect the age of final melt-out
and kettle lake formation, given the possibility of temporally
mixed fossils deposits that can include considerably older mate-
rials. Consequently, we recommend that basal 14C ages obtained
from kettle trash layers be compared with those dates obtained
from ice-contact depositional settings formed earlier, to better
constrain the timing of deglaciation in a study area.

Regional assessment of deglaciation chronologies and
onset of plant colonization

The strong and multifaceted evidence for rejection of the 17 540 cal
years BP date for the final melt-out of ice in the Silver Lake basin,
provided in this paper, is further validated by the currently ac-
cepted deglacial models, which place this area under ice of the
Port Huron re-advance until at least 15 200 cal years BP (Blewett
et al. 1993, 2009). That date is taken from the Inner Port Huron
moraine in northwestern Lower Michigan (Fig. 1). Because Silver
Lake is in the interlobate region of this advance, it could theoret-
ically have been uncovered slightly earlier, but nonetheless, the
basal age of 17 540 cal years BP appears to be too old for this
landscape context. For comparison, Barney Lake (Fig. 1) has a basal
date of 13 220 cal years BP (11 380 ± 30 14C years BP) obtained from
conifer wood (R.J. Schaetzl and C.H. Yansa, unpublished data), and
given that this kettle lake is located 120 km south of the study site
it would have formed earlier than Silver Lake. Hence, Silver Lake
likely formed sometime after 13 220 cal years BP, with deglacia-
tion occurring at least a millennium beforehand.

Pollen and plantmacrofossil analyses of two fossil sites situated
north of Silver Lake also help to constrain the timeframe. The
Tower buried forest site, located 27 km northeast of Silver Lake
(Fig. 1), identified a forested tundra established on outwash from
11 720 to 11 460 cal years BP (Schaetzl et al. 2013). The Tower site’s
basal date thus provides a minimum age for vegetation establish-
ment at Silver Lake, given their close proximity, and nearly iden-
tical floras. The Cheboygan bryophyte bed (Fig. 1), positioned

�32 km north–northwest of Silver Lake, contained an arctic tun-
dra plant assemblage that included Dryas integrifolia (Miller and
Benninghoff 1969), and was dated to 13 930 cal years BP (12 050 ±
80 14C years BP on Salix stems) by Larson et al. (1994). This moss
bed in northern Lower Michigan, as well as the Two Creeks
buried forest bed inWisconsin (Fig. 1; dated between 14 500 and
13 900 cal years BP), are both overlain by glacigenic sediments
attributed to the Greatlakean re-advance of the Lake Michigan
lobe, the last glacial advance to enter these areas between
13 790 and 13 400 cal years BP (Kaiser 1994; Larson et al. 1994;
Rech et al. 2011). It remains debatable whether Greatlakean ice
reached the Silver Lake and Tower site areas (Schaetzl 2001). If it
did, the age for deglaciation of the Silver Lake area should post-
date 13 400 cal years BP. The ages of these other locales in north-
ern Lower Michigan, therefore, suggest that the deglaciation of
the study area occurred sometime between �15 000 and �13 400
cal years BP, followed by formation of Silver Lake at least a mil-
lennium later.

Stabilized kettle lakes as reliable Holocene-age
paleovegetation archives

Silver Lake began to accurately accumulate plant remains of the
existing local vegetation starting at about 10 940 cal years BP and,
based on reliable chronologies from other pollen sites, we inter-
pret this to have occurred during the latter part of a boreal forest
phase. The same Picea-dominated boreal vegetation existed at the
nearby Tower site from 11 460 to 10 660 cal years BP (Schaetzl et al.
2013) and from 13 860 to 11 500 cal years BP at two pollen sites in
southwestern Ontario (Yu 2000, 2003). North of our study area,
this same or similar boreal vegetation inhabited the central Upper
Peninsula of Michigan from 13 000 to 10 300 cal years BP (Woods
and Davis 1989). The late appearance and short duration of the
boreal phase at Silver Lake is thus an anomaly, providing addi-
tional evidence for the lag in kettle lake formation with respect to
plant arrival and establishment, which began earlier by plant
colonization of sediment on ablating ice blocks. This interpreta-
tion is reinforced by the mature nature of the boreal forest inter-
preted for Zones 1b and 2 (Fig. 4), which is verified by the highly
clustered geographic placement of modern analog sites for these
zones (Figs. 7B, 7C) at the ecotone between boreal forest and
mixed conifer–hardwood forest.

Continuation of cool and moist conditions well into the early
Holocene in the central Great Lakes region, as exemplified by the
persistence of boreal forest at Silver Lake and the Tower site
(Schaetzl et al. 2013) until �10 640 cal years BP, was probably due
to localized cooling downwind from glacial lake drainage at this
time. Based on a seismostratigraphic, lithological, and pollen
study of sediments in a bay of Lake Huron, Lewis and Anderson
(2017) attributed a recurrence of Picea after the more temperate
Pinus became common in the local vegetation to cold-water dis-
charge fromGlacial Lake Agassiz. This drainage occurred as down-
stream (eastward) outburst floods that caused the Mattawa high
stands of Lake Huron between 10 800 and 10 600 cal years BP,
which produced a climate that favored spruce. Silver Lake and the
Tower site are close enough to Lake Huron to have been impacted
by localized cooling resulting from these cold-water outbursts,
which likely explains, at least in part, the late dominance of Picea
in northern Lower Michigan until �10 640 cal years BP. Addition-
ally, strong, cold easterly and southeasterly winds off Lake Huron
dominated the region at this time, further delaying warming
(Schaetzl et al. 2016).

The most significant postglacial vegetation change in pollen
records throughout the Great Lakes region is the rapid shift from
Picea- to Pinus-dominated forest, which at Silver Lake is recorded
by the transition from Zones 2 to 3 (Fig. 4), and by the prominent
excursions of NMS axes 1 and 2 between 10 730 and 10 570 cal years
BP (Fig. 6). The pronounced nature of this change is also clearly
evident in the distribution pattern of modern analog sites during
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this interval, shifting towards the south and east (Figs. 7C, 7D),
indicating warming temperatures and possibly increasing precip-
itation. This floristic transition occurred in the Silver Lake area at
10 640 cal years BP (base of Zone 3a), essentially the same time
(10 660 cal years BP) as at the Tower site (Schaetzl et al. 2013), but
a few centuries after (10 900 cal years BP) this shift happened at
two sites located to the southeast, in southern Ontario (Yu 2003).
The pine-dominated vegetation of Zone 3 lacks a precise modern
counterpart, which is typical of Late Pleistocene and early Holo-
cene vegetation communities in glaciated North America due to a
combination of novel climatic conditions, delays in soil develop-
ment, and lagging migration rates of some tree species (Williams
and Jackson 2007). Zone 3 at Silver Lake thus represents a transi-
tional stage in the development of a mixed conifer–hardwood
forest. Modern plant communities developed later in northern
Lower Michigan, after the initiation of lake effect precipitation
sometime between 9500 and 5500 cal years BP (Henne and Hu
2010), coincident with the late arrival of mesophytic forest taxa
that came to dominate the local flora.

Conclusions
Proxy analysis of a sediment core from Silver Lake sheds light

on the timing of deglaciation and subsequent landscape processes
that led to kettle lake formation and plant colonization and suc-
cession in northern Lower Michigan. By reconstructing the core’s
biostratigraphy, and applying multivariate statistics and SCD
analysis to the pollen data, we are able to reconstruct major plant
communities, infer the geographic correlates of their modern
pollen analogs, and identify environmental mechanisms that
likely modulated paleovegetation changes. The paleovegetation
data, when situated within the local glacial chronology, lead us to
conclude that the basal plant fossils in Silver Lake are anoma-
lously old for their depositional context, which we explain as
likely due to a mixing of non-contemporaneous plant remains
into the basal lacustrine sediments. In the case of Silver Lake,
the amalgamation of ostensibly middle Wisconsinage (�50 000–
30 000 14C years BP) plant macrofossils with those of the extant
vegetation (boreal forest by �10 940 cal years BP) probably oc-
curred during ice block ablation.

Our research has two main implications. First, we cannot as-
sume that 14C dates based on terrestrial plant macrofossils from
trash layers found at the base of kettles are accurate. Their use
may result in significant errors in establishing the chronologies of
lake formation. Our research thus highlights the importance of
closely assessing the fossil and sediment deposits of kettle lakes,
and looking to other depositional settings, such as proglacial and
ice-walled lakes and outwash locales, to find the oldest fossils
dating to the immediate recession of glacier ice lobes. By compar-
ison with other dated fossil records from northern Lower Michi-
gan, we estimate that the Silver Lake area was deglaciated
sometime between 15 700 and 11 720 cal years BP, and not at
17 540 cal years BP, as indicated by the basal 14C age sample of
Silver Lake. Further, considering that many lake cores used for
paleoecological reconstructions in the formerly glaciated areas of
the United States, Canada, and Europe come from kettle lakes, we
recommend that the basal sections of these cores be similarly
evaluated for biostratigraphic integrity. We further suggest that
whenever possible, two ormore dates be obtained for each sample
level by dating groupings of plant fossils according to plant com-
munity assemblages (e.g., tundra vs. boreal forest) in these basal
core sections. Unfortunately, in the case of Silver Lake, there were
insufficient organics in the basal dating sample to split and date
separately. Second, the concurrence between the paleoecological
patterns reconstructed for Silver Lake after 10 940 cal years BP
(Unit 3; Zones 1b, 2, and 3) with those from several other proxy
sites from the Great Lakes region, exemplify that kettle lakes,
once formed and stabilized, do provide excellent archives of past

environmental changes. We interpret the reliable part of the Sil-
ver Lake record to capture (1) the presence of a mature boreal
forest, which indicates that tundra plant colonization probably
occurred at least a millennium before; and (2) by 10 640 cal years
BP, the vegetation had shifted to a Pinus-dominated forest, an early
Holocene variant of the mixed conifer–hardwood forest that ex-
ists in the study area today.

Acknowledgements
We thank ChadWittkop (now ofMinnesota State University) for

coring Silver Lake and archiving this sediment core untouched at
LacCore, University of Minnesota-Twin Cities campus, USA. We
thank Amy Myrbo and Anders Norens of LacCore for sharing pho-
tographs they took of the Silver Lake core and for permitting us to
sample and analyze the core for this research. We also acknowl-
edge support from the National Science Foundation (NSF) grant
GSS-1759528 for this study. Any opinions, findings, and conclu-
sions or recommendations expressed are, however, those of the
authors and do not necessarily reflect the views of NSF. Comments
by Jim Gardner (associate editor), Michael Lewis, and two anony-
mous reviewers helped us refine our interpretations and improve
the manuscript.

References
Addinsoft. 2014. XLSTAT. Version 2014.5.03. New York, New York.
Attig, J.W., and Rawling, J.E., III. 2018. Influence of persistent buried ice on late

glacial landscape development in part ofWisconsin’s Northern Highlands. In
Quaternary glaciation of the Great Lakes Region: process, landforms, sedi-
ments, and chronology. Edited by A.E. Kehew and B.B. Curry. Geological Soci-
ety of America, Special Paper, 530: 103–114.

Bajc, A.F., Karrow, P.F., Yansa, C.H., Curry, B.B., Nekola, J.C., Seymour, K.L., and
Mackie, G.L. 2015. Geology and paleoecology of a Middle Wisconsin fossil
occurrence in Zorra Township, southwestern Ontario, Canada. Canadian
Journal of Earth Sciences, 52: 386–404. doi:10.1139/cjes-2015-0005.

Birks, H.J.B., and Birks, H.H. 1980. Quaternary palaeoecology. University Park
Press, Baltimore, Maryland.

Blaauw, M., and Christen, J.A. 2011. Flexible paleoclimate age-depth models
using an autoregressive gamma process. Bayesian Analysis, 6: 457–474. doi:
10.1214/11-BA618.

Blewett, W.L., and Winters, H.A. 1995. The importance of glaciofluvial features
within Michigan’s Port Huron moraine. Annals of the Association of Ameri-
can Geographers, 85: 306–319. doi:10.1111/j.1467-8306.1995.tb01796.x.

Blewett, W.L., Winters, H.A., and Rieck, R.L. 1993. New age control on the Port
Huron moraine in northern Michigan. Physical Geography, 14: 131–138. doi:
10.1080/02723646.1993.10642472.

Blewett, W.L., Schaetzl, R.J., and Lusch, D.P. 2009. The physical landscape: a
glacial legacy. In Michigan geology and geography. Edited by R.J. Schaetzl,
J.T. Darden, and D. Brandt. Pearson Custom Publishing, New York, New York.
pp. 249–273.

Blewett, W.L., Lusch, D.P., Schaetzl, R.J., and Drzyzga, S.A. 2018. A century of
change in the methods, data, and approaches to mapping glacial deposits in
Michigan. In Quaternary glaciation of the Great Lakes Region: process, land-
forms, sediments, and chronology. Edited by A.E. Kehew and B.B. Curry. Geo-
logical Society of America Special Paper, 530: 39–67.

Blinnikov, M.S., Gaglioti, B.V., Walker, D.A., Wooller, M.J., and Zazula, G.D. 2011.
Pleistocene graminoid-dominated ecosystems in the Arctic. Quaternary Sci-
ence Reviews, 30: 2906–2929. doi:10.1016/j.quascirev.2011.07.002.

Booth, R.K., Jackson, S.T., and Gray, C.E.D. 2004. Paleoecology and high-
resolution paleohydrology of a kettle peatland in upper Michigan. Quater-
nary Research, 61: 1–13. doi:10.1016/j.yqres.2003.07.013.

Calcote, R. 2003. Mid-Holocene climate and the hemlock decline: the range limit
of Tsuga canadensis in the western Great Lakes region, USA. The Holocene, 13:
215–224. doi:10.1191/0959683603hl608rp.

Carson, E.C., Rawling, J.E., III, Attig, J.W., and Bates, B.R. 2018. Late Cenozoic
evolution of the Upper Mississippi River, stream piracy, and reorganization
of North American mid-continent drainage systems. GSA Today, 28: 8 pp.
doi:10.1130/GSATG355A.1.

Clarke, K.R. 1993. Non-parametric multivariate analyses of changes in commu-
nity structure. Australian Journal of Ecology, 18: 117–143. doi:10.1111/j.1442-
9993.1993.tb00438.x.

Clayton, L. 1967. Stagnant-glacier features of the Missouri Coteau in North Da-
kota. In Glacial geology of the Missouri Coteau. Edited by L. Clayton and
T.F. Freers. North Dakota Geological Survey Miscellaneous Series, 30: 25–46.

Clayton, L., Attig, J.W., and Mickelson, D.M. 2001. Effects of late Pleistocene
permafrost on the landscape of Wisconsin, USA. Boreas, 30: 173–188. doi:10.
1080/030094801750424111.

Cleland, D.T., Crow, T.R., Saunders, S.C., Dickmann, D.I., Maclean, A.L.,
Jordan, J.K., et al. 2004. Characterizing historical and modern fire regimes in

Yansa et al. 303

Published by NRC Research Press

http://dx.doi.org/10.1139/cjes-2015-0005
http://dx.doi.org/10.1214/11-BA618
http://dx.doi.org/10.1111/j.1467-8306.1995.tb01796.x
http://dx.doi.org/10.1080/02723646.1993.10642472
http://dx.doi.org/10.1016/j.quascirev.2011.07.002
http://dx.doi.org/10.1016/j.yqres.2003.07.013
http://dx.doi.org/10.1191/0959683603hl608rp
http://dx.doi.org/10.1130/GSATG355A.1
http://dx.doi.org/10.1111/j.1442-9993.1993.tb00438.x
http://dx.doi.org/10.1111/j.1442-9993.1993.tb00438.x
http://dx.doi.org/10.1080/030094801750424111
http://dx.doi.org/10.1080/030094801750424111


Michigan (USA): a landscape ecosystem approach. Landscape Ecology, 19:
311–325. doi:10.1023/B:LAND.0000030437.29258.3c.

Comer, P.J., Albert, D.A., Wells, H.A., Hart, B.L., Raab, J.B., Price, D.L., et al. 1995.
Michigan’s presettlement vegetation, as interpreted from the General Land
Office Surveys 1816–1856. Michigan Natural Features Inventory, Lansing,
Michigan. Available from https://mnfi.anr.msu.edu/reports/MNFI-Report-
1995-06.pdf [accessed 4 April 2018].

Curry, B.B., and Yansa, C.H. 2004. Stagnation of the Harvard sublobe (Lake
Michigan lobe) in northeastern Illinois, USA, from 24,000 to 17,600 BP and
subsequent tundra-like ice-marginal paleoenvironments from 17,600 to
15,700 BP. Géographie Physique et Quaternaire, 58: 305–321.

Curry, B.B., Konen, M.E., Larson, T.H., Yansa, C.H., Hackley, K.C.,
Alexanderson, H., and Lowell, T.V. 2010. The DeKalbmounds of northeastern
Illinois as archives of deglacial history and postglacial environments. Qua-
ternary Research, 74: 82–90. doi:10.1016/j.yqres.2010.04.009.

Davis, M.B., Woods, K.D., Webb, S.L., and Futyma, R.P. 1986. Dispersal versus
climate: expansion of Fagus and Tsuga into the Upper Great Lakes region.
Vegetatio, 67: 93–103. doi:10.1007/BF00037360.

Dickmann, D.I. 2004. Michigan forest communities: a field guide and reference.
Michigan State University Extension, East Lansing, Michigan.

Faegri, K., and Iverson, J. 1975. Textbook of pollen analysis. Hafner Press, New
York, New York.

Feranec, R.S., Miller, N.G., Lothrop, J.C., and Graham, R.W. 2011. The Sporormiella
proxy and end-Pleistocenemegafaunal extinction: a perspective. Quaternary
International, 245: 333–338. doi:10.1016/j.quaint.2011.06.004.

Fickert, T., Friend, D., Gruninger, F., Molnia, B., and Richter, M. 2007. Did debris-
covered glaciers serve as Pleistocene refugia for plants? A new hypothesis
derived from observations of recent plant growth on glacier surfaces. Arctic,
Antarctic and Alpine Research, 39: 245–257.

Fréchette, B., and de Vernel, A. 2013. Evidence for large-amplitude biome and
climate changes in Atlantic Canada during the last interglacial and mid-
Wisconsinan periods. Quaternary Research, 79: 242–255. doi:10.1016/j.yqres.
2012.11.011.

Gajewski, K. 2015. Quantitative reconstruction of Holocene temperatures across
the Canadian Arctic and Greenland. Global and Planetary Change, 128: 14–
23. doi:10.1016/j.gloplacha.2015.02.003.

Gill, J.L., Williams, J.W., Jackson, S.T., Donnelly, J.P., and Schellinger, G.C. 2012.
Climatic and megaherbivory controls on late-glacial vegetation dynamics: a
new, high-resolution, multi-proxy record from Silver Lake, Ohio. Quaternary
Science Reviews, 34: 66–80. doi:10.1016/j.quascirev.2011.12.008.

Godby, N. 2012. Silver Lake. Michigan Department of Natural Resources and
Environment. Status of the Fishery Resource Report, 2012-130. Available
from https://www.michigan.gov/documents/dnr/2012-130_382608_7.pdf [ac-
cessed 12 April 2018].

Grimm, E.C. 2011. TILIA software version 1.7.16. Illinois State Museum, Research
andCollectionCenter. Springfield, Illinois. https://www.neotomadb.org/data/
category/tilia [accessed 15 May 2018.]

Henne, P.D., and Hu, F.S. 2010. Holocene climatic change and the development
of the lake-effect snowbelt in Michigan, USA. Quaternary Science Reviews,
29: 940–951. doi:10.1016/j.quascirev.2009.12.014.

Hood, E., Fellman, J., Spencer, R.G., Hernes, P.J., Edwards, R., D’Arnore, D., and
Scott, D. 2009. Glaciers as a source of ancient and labile organic matter to
the marine environment. Nature, 462: 1044–1047. doi:10.1038/nature08580.
PMID:20033045.

Housset, J., Girardin, M., Baconnet, M., Carcaillet, C., and Bergeron, Y. 2015.
Effects of climate on the radial growth of Thuja occidentalis northernmarginal
populations in Québec. In TRACE – tree rings in archaeology, climatology and
ecology. Edited by R. Wilson, G. Helle, and H. Gärtner. Scientific Technical
Report 15/06, GFZ German Research Centre for Geosciences. pp. 82–85. doi:
10.2312/GFZ.b103-15069.

Hupy, C.M., and Yansa, C.H. 2009. The last 17,000 years of vegetation history. In
Michigan geography and geology. Edited by R.J. Schaetzl, J.T. Darden, and
D. Brandt. Pearson Custom Publishing, New York, New York. pp. 91–105.

Jiménez-Moreno, G., Anderson, S., Desprat, S., Grigg, L.D., Grimm, E.C.,
Heusser, L.E., et al. 2010. Millennial-scale variability during the last glacial in
vegetation records from North America. Quaternary Science Reviews, 29:
2865–2881. doi:10.1016/j.quascirev.2009.12.013.

Kaiser, K.F. 1994. Two Creeks interstade dated through dendrochronology and
AMS. Quaternary Research, 42: 288–298. doi:10.1006/qres.1994.1079.

Kent, M. 2012. Vegetation description and data analysis: a practical approach,
second edition. Wiley-Blackwell, Hoboken, New Jersey.

Larson, G.J., Lowell, T.V., and Ostrom, N.E. 1994. Evidence for the Two Creeks
interstade in the Lake Huron basin. Canadian Journal of Earth Sciences, 31:
793–797. doi:10.1139/e94-072.

Legendre, P., and Gallagher, E.D. 2001. Ecologically meaningful transforma-
tions for ordination of species data. Oecologia, 129: 271–280. doi:10.1007/
s004420100716. PMID:28547606.

Lewis, C.F.M. 2016. Geoscience Medallist 1. Understanding the Holocene closed-
basin phases (lowstands) of the Laurentian Great Lakes and their signifi-
cance. Geoscience Canada, 43: 179–197.

Lewis, C.F.M., and Anderson, T.W. 2017. Sediment sequences and palynology of
outer South Bay, Manitoulin Island, Ontario: connections to Lake Huron

paleohydrologic phases and upstream Lake Agassiz events. Quaternary Sci-
ence Reviews, 173: 248–261. doi:10.1016/j.quascirev.2017.04.030.

Lewis, C.F.M., Heil, C.W., Jr., Hubeny, J.B., King, J.W., Moore, T.C., Jr., and
Rea, D.K. 2007. The Stanley unconformity in Lake Huron basin: evidence for
a climate-driven closed lowstand about 7900 14C BP, with similar implica-
tions for the Chippewa lowstand in LakeMichigan basin. Journal of Paleolim-
nology, 37: 435–452. doi:10.1007/s10933-006-9049-y.

Maher, L.J., Miller, N.G., Baker, R.G., Curry, B.B., and Mickelson, D.M. 1998.
Paleobiology of the sand beneath the Valders diamicton at Valders, Wiscon-
sin. Quaternary Research, 49: 208–221. doi:10.1006/qres.1997.1957.

Marty, J., and Myrbo, A. 2014. Radiocarbon dating suitability of aquatic plant
macrofossils. Journal of Paleolimnology, 52: 435–443. doi:10.1007/s10933-014-
9796-0.

McAndrews, J.H., Berti, A.A., and Noris, G. 1973. Key to the Quaternary pollen
and spores of the Great Lakes region. Royal Ontario Museum Life Sciences,
Miscellaneous Publication: 1–61.

McCune, B., and Mefford, M.J. 2011. PC-ORD. Multivariate analysis of ecological
data. Version 6. MjM Software, Gleneden Beach, Oregon.

Miller, N.G., and Benninghoff, W.S. 1969. Plant fossils from a Cary-Port Huron
interstade deposit and their paleoecological interpretation. Geological Soci-
ety of America, Special Paper, 123: 225–248. doi:10.1130/SPE123-p225.

Nambudiri, E.M.V., Teller, J.T., and Last,W.M. 1980. Pre-Quaternarymicrofossils—a
guide to errors in radiocarbon dating. Geology, 8: 123–126. doi:10.1130/0091-
7613(1980)8<123:PMGTEI>2.0.CO;2.

Neotoma Paleoecological Database. 2018. Available from https://www.
neotomadb.org/ [accessed 10 June 2018].

NOAA (National Oceanographic and Atmospheric Administration). n.d.
1981–2010 U.S. Climate Normals. Available from https://www.ncdc.noaa.gov/
data-access/land-based-station-data/land-based-datasets/climate-normals/
1981-2010-normals-data [accessed 2 June 2018].

Norton, G. 2011. Interlaboratory variability of radiocarbon results obtained from
blind AMS analyses on several modern carbon samples. Radiocarbon, 53:
551–556. doi:10.1017/S0033822200034652.

Parent, J., and Richard, P.J.H. 1990. Morphologie pollinique des Cupressaceae de
l’est du Canada et du nord-est des États-Unis appliquée à l’étude des sédi-
ments quaternaires. Canadian Journal of Botany, 68: 79–89. doi:10.1139/b90-
012.

Peck, J.E. 2016. Multivariate analysis for community ecologists: step-by-step us-
ing PC-ORD, second edition. MjM Software Design, Gleneden Beach, Oregon.

Rea, D.K., Moore, T.C., Jr., Lewis, C.F.M., Mayer, L.A., Dettman, D.L., Smith, A.J.,
andDobson, D.M. 1994. Stratigraphy and paleolimnologic record of the lower
Holocene sediments in northern Lake Huron and Georgian Bay. Canadian
Journal of Earth Sciences, 31: 1586–1605. doi:10.1139/e94-141.

Rech, J.A., Nekola, J.C., and Pigati, J.S. 2011. Radiocarbon ages of terrestrial gas-
tropods extend duration of ice-free conditions at the Two Creeks forest bed,
Wisconsin, USA. Quaternary Research, 77: 289–292.

Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk Ramsey, C.,
et al. 2013. IntCal13 and Marine13 radiocarbon age calibration curves
0-50,000 yr cal BP. Radiocarbon, 55: 1869–1887. doi:10.2458/azu_js_rc.55.
16947.

Ritchie, J.C. 1987. Postglacial vegetation of Canada. Cambridge University Press,
Cambridge, U.K.

Schaetzl, R.J. 2001. Late Pleistocene ice-flow directions and the age of glacial
landscapes in northern Lower Michigan. Physical Geography, 22: 28–41. doi:
10.1080/02723646.2001.10642728.

Schaetzl, R.J. 2008. The distribution of silty soils in the Grayling Fingers region of
Michigan: evidence for loess deposition onto frozen ground. Geomorphol-
ogy, 102: 287–296. doi:10.1016/j.geomorph.2008.03.012.

Schaetzl, R.J., Yansa, C.H., and Luehmann, M.D. 2013. Paleobotanical and envi-
ronmental implications of a buried forest bed in northern Lower Michigan,
USA. Canadian Journal of Earth Sciences, 50: 483–493. doi:10.1139/cjes-2012-
0115.

Schaetzl, R.J., Krist, F.J., Jr., Luehmann, M.D., Lewis, C.F.M., and Michalek, M.J.
2016. Spits formed in Glacial Lake Algonquin indicate strong easterly winds
over the Laurentian Great Lakes during Late Pleistocene. Journal of Paleolim-
nology, 55: 49–65. doi:10.1007/s10933-015-9862-2.

Schaetzl, R.J., Lepper, K., Thomas, S., Grove, L., Treiber, E., Farmer, A., et al. 2017.
Kame deltas provide evidence for a new glacial lake and suggest early glacial
retreat from central Lower Michigan, USA. Geomorphology, 280: 167–178.
doi:10.1016/j.geomorph.2016.11.013.

Schaetzl, R.J., Rothstein, D., and Samonil, P. 2018. Gradients in lake effect
snowfall and fire across northern Lower Michigan drive patterns of soil de-
velopment and carbon dynamics. Annals of the American Association of
Geographers, 108: 638–657. doi:10.1080/24694452.2017.1375889.

Schirrmeister, L., Siegert, C., Kuznetsova, T., Kuzmina, S., Andreev, S.,
Kienast, F., et al. 2002. Paleoenvironmental and paleoclimatic records from
permafrost deposits in the Arctic region of Northern Siberia. Quaternary
International, 89: 97–118. doi:10.1016/S1040-6182(01)00083-0.

Scott, R.W., and Huff, F.A. 1996. Impacts of the Great Lakes on regional climate
conditions. Journal of Great Lakes Research, 22: 845–863. doi:10.1016/S0380-
1330(96)71006-7.

Shuman, B.N., and Marsicek, J. 2016. The structure of Holocene climate change

304 Can. J. Earth Sci. Vol. 57, 2020

Published by NRC Research Press

http://dx.doi.org/10.1023/B%3ALAND.0000030437.29258.3c
https://mnfi.anr.msu.edu/reports/MNFI-Report-1995-06.pdf
https://mnfi.anr.msu.edu/reports/MNFI-Report-1995-06.pdf
http://dx.doi.org/10.1016/j.yqres.2010.04.009
http://dx.doi.org/10.1007/BF00037360
http://dx.doi.org/10.1016/j.quaint.2011.06.004
http://dx.doi.org/10.1016/j.yqres.2012.11.011
http://dx.doi.org/10.1016/j.yqres.2012.11.011
http://dx.doi.org/10.1016/j.gloplacha.2015.02.003
http://dx.doi.org/10.1016/j.quascirev.2011.12.008
https://www.michigan.gov/documents/dnr/2012-130_382608_7.pdf
https://www.neotomadb.org/data/category/tilia
https://www.neotomadb.org/data/category/tilia
http://dx.doi.org/10.1016/j.quascirev.2009.12.014
http://dx.doi.org/10.1038/nature08580
http://www.ncbi.nlm.nih.gov/pubmed/20033045
http://dx.doi.org/10.2312/GFZ.b103-15069
http://dx.doi.org/10.1016/j.quascirev.2009.12.013
http://dx.doi.org/10.1006/qres.1994.1079
http://dx.doi.org/10.1139/e94-072
http://dx.doi.org/10.1007/s004420100716
http://dx.doi.org/10.1007/s004420100716
http://www.ncbi.nlm.nih.gov/pubmed/28547606
http://dx.doi.org/10.1016/j.quascirev.2017.04.030
http://dx.doi.org/10.1007/s10933-006-9049-y
http://dx.doi.org/10.1006/qres.1997.1957
http://dx.doi.org/10.1007/s10933-014-9796-0
http://dx.doi.org/10.1007/s10933-014-9796-0
http://dx.doi.org/10.1130/SPE123-p225
http://dx.doi.org/10.1130/0091-7613(1980)8%3C123%3APMGTEI%3E2.0.CO;2
http://dx.doi.org/10.1130/0091-7613(1980)8%3C123%3APMGTEI%3E2.0.CO;2
https://www.neotomadb.org/
https://www.neotomadb.org/
https://www.ncdc.noaa.gov/data-access/land-based-station-data/land-based-datasets/climate-normals/1981-2010-normals-data
https://www.ncdc.noaa.gov/data-access/land-based-station-data/land-based-datasets/climate-normals/1981-2010-normals-data
https://www.ncdc.noaa.gov/data-access/land-based-station-data/land-based-datasets/climate-normals/1981-2010-normals-data
http://dx.doi.org/10.1017/S0033822200034652
http://dx.doi.org/10.1139/b90-012
http://dx.doi.org/10.1139/b90-012
http://dx.doi.org/10.1139/e94-141
http://dx.doi.org/10.2458/azu_js_rc.55.16947
http://dx.doi.org/10.2458/azu_js_rc.55.16947
http://dx.doi.org/10.1080/02723646.2001.10642728
http://dx.doi.org/10.1016/j.geomorph.2008.03.012
http://dx.doi.org/10.1139/cjes-2012-0115
http://dx.doi.org/10.1139/cjes-2012-0115
http://dx.doi.org/10.1007/s10933-015-9862-2
http://dx.doi.org/10.1016/j.geomorph.2016.11.013
http://dx.doi.org/10.1080/24694452.2017.1375889
http://dx.doi.org/10.1016/S1040-6182(01)00083-0
http://dx.doi.org/10.1016/S0380-1330(96)71006-7
http://dx.doi.org/10.1016/S0380-1330(96)71006-7


in mid-latitude North America. Quaternary Science Reviews, 141: 38–51. doi:
10.1016/j.quascirev.2016.03.009.

Sirois, L. 1997. Distribution and dynamics of balsamfir (Abies balsamea [L.] Mill.) at
its northern limit in the James Bay area. Écoscience, 4: 340–352. doi:10.1080/
11956860.1997.11682413.

Voelker, S.L., Stambaugh, M.C., Guyette, R.P., Feng, X., Grimley, D.A.,
Leavitt, S.W., et al. 2015. Deglacial hydroclimate of midcontinental North
America. Quaternary Research, 83: 336–344. doi:10.1016/j.yqres.2015.01.001.

Voss, E.G. 1972. Michigan flora: a guide to the identification and occurrence of
the native and naturalized seed plants of the state. Cranbrook Institute of
Science, Bloomfield Hills, Michigan.

Walker, L.R., Wardle, D.A., Bardgett, R.D., and Clarkson, B.D. 2010. The use of
chronosequences in studies of ecological succession and soil development.
Journal of Ecology, 98: 725–736. doi:10.1111/j.1365-2745.2010.01664.x.

Warner, B.G., Morgan, A.V., and Karrow, P.F. 1988. A Wisconsin interstadial
arctic flora and fauna from Clarksburg, southwestern Ontario. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 68: 27–47. doi:10.1016/0031-
0182(88)90014-4.

Watson, B.I., Williams, J.W., Russell, J.M., Jackson, S.T., Shane, L., and
Lowell, T.V. 2018. Temperature variations in the southern Great Lakes during
the last deglaciation: Comparison between pollen and GDGT proxies. Qua-
ternary Science Reviews, 182: 78–92. doi:10.1016/j.quascirev.2017.12.011.

Webb, T., III, Shuman, B., and Williams, J.W. 2004. Climatically forced vegeta-
tion dynamics in eastern North America during the Late Quaternary Period.
In The Quaternary Period in the United States. Edited by A.R. Gillespie,
S.C. Porter, and B.F. Atwater. Elsevier, Amsterdam, The Netherlands.
pp. 459–478.

Whitmore, J., Gajewski, K., Sawada,M.,Williams, J.W., Shuman, B., Bartlein, P.J.,
et al. 2005. Modern pollen data from North America and Greenland for
multi-scale paleoenvironmental applications. Quaternary Science Reviews,
24: 1828–1848. doi:10.1016/j.quascirev.2005.03.005.

Williams, J.W., and Jackson, S.T. 2007. Novel climates, no-analog communities,
and ecological surprises: past and future. Frontiers in Ecology and the Envi-
ronment, 5: 475–482. doi:10.1890/070037.

Williams, J.W., Tarasov, P.A., Brewer, S., and Notaro, M. 2011. Late-Quaternary
variations in tree cover at the northern forest-tundra ecotone. Journal of
Geophysical Research and Biogeosciences, 116: 10–17.

Winters, H.A., Rieck, R., and Kapp, R.O. 1986. Significance and ages of Mid-
Wisconsin organic deposits in southern Michigan. Physical Geography, 7:
292–305. doi:10.1080/02723646.1986.10642299.

Woods, K.D., and Davis, M.B. 1989. Paleoecology of range limits: beech in the
Upper Peninsula of Michigan. Ecology, 70: 681–696. doi:10.2307/1940219.

Work, P.T., Semken, H.A., and Baker, R.G. 2005. Pollen, plant macrofossils and
microvertebrates from mid-Holocene alluvium in east-central Iowa, USA:
comparative taphonomy and paleoecology. Palaeogeography, Palaeoclima-
tology, Palaeoecology, 223: 204–221. doi:10.1016/j.palaeo.2005.04.005.

Yansa, C.H. 2006. The timing and nature of Late Quaternary vegetation changes
in the northern Great Plains, USA and Canada: a re-assessment of the spruce
phase. Quaternary Science Reviews, 25: 263–281. doi:10.1016/j.quascirev.2005.
02.008.

Yansa, C.H., Dean, W.E., and Murphy, E.C. 2007. Late Quaternary paleoenviron-
ments of an ephemeral wetland in North Dakota, USA: relative interactions
of ground-water hydrology and climate change. Journal of Paleolimnology,
38: 441–457. doi:10.1007/s10933-006-9079-5.

Yu, Z. 2000. Ecosystem response to Lateglacial and early Holocene climate oscil-
lations in the Great Lakes region of North America. Quaternary Science
Reviews, 19: 1723–1747. doi:10.1016/S0277-3791(00)00080-9.

Yu, Z. 2003. Late Quaternary dynamics of tundra and forest vegetation in the
southern Niagara Escarpment, Canada. New Phytologist, 157: 365–390. doi:
10.1046/j.1469-8137.2003.00678.x.

Yansa et al. 305

Published by NRC Research Press

http://dx.doi.org/10.1016/j.quascirev.2016.03.009
http://dx.doi.org/10.1080/11956860.1997.11682413
http://dx.doi.org/10.1080/11956860.1997.11682413
http://dx.doi.org/10.1016/j.yqres.2015.01.001
http://dx.doi.org/10.1111/j.1365-2745.2010.01664.x
http://dx.doi.org/10.1016/0031-0182(88)90014-4
http://dx.doi.org/10.1016/0031-0182(88)90014-4
http://dx.doi.org/10.1016/j.quascirev.2017.12.011
http://dx.doi.org/10.1016/j.quascirev.2005.03.005
http://dx.doi.org/10.1890/070037
http://dx.doi.org/10.1080/02723646.1986.10642299
http://dx.doi.org/10.2307/1940219
http://dx.doi.org/10.1016/j.palaeo.2005.04.005
http://dx.doi.org/10.1016/j.quascirev.2005.02.008
http://dx.doi.org/10.1016/j.quascirev.2005.02.008
http://dx.doi.org/10.1007/s10933-006-9079-5
http://dx.doi.org/10.1016/S0277-3791(00)00080-9
http://dx.doi.org/10.1046/j.1469-8137.2003.00678.x


Copyright of Canadian Journal of Earth Sciences is the property of Canadian Science
Publishing and its content may not be copied or emailed to multiple sites or posted to a
listserv without the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.


	Article
	Introduction
	Study area
	Materials and methods
	Results and interpretations
	Core lithostratigraphy
	Pollen and plant macrofossil abundance data
	Zones 1a (age?; 520–518 cm) and 1b (10 940–10 890 cal years BP; 506 ...
	Zone 2 (10 890–10 640 cal years BP; 486–480 cm)
	Zone 3 (10 640–9130 cal years BP; 480–442 cm)

	Statistical analysis of raw pollen data
	Comparison of pollen percentage zonation with AHC/NMS results
	Modern pollen analogs

	Discussion
	Timing and nature of kettle lake formation
	Regional assessment of deglaciation chronologies and onset of plant colonization
	Stabilized kettle lakes as reliable Holocene-age paleovegetation archives

	Conclusions

	Acknowledgements
	References

