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Abstract

6‘“0[(“()3, values of late Holocene sagittal fish otoliths from Lake Erie provide a record of seasonal temperature
variation for mid-western North America. Freshwater drum (Aplodinonus grunniens) sagittal otoliths obtained from
Paleo-Indian middens, ranging in age from x A.D. 985 to A.D. 1530 as well as a recent specimen, were sampled at a
resolution representing time-averaging of as little as 3 5 days to estimate seasonal climatic variation over the last
thousand vyears. Regional differences in climate. as well as asynchronous variation inferred by comparison with
historical records of Europe, Greenland and Iceland. suggest that the climate trends of castern North America may
not always correspond to those of Europe or even the North Atlantic. Results suggest that summer temperatures of
the Laurentian Great Lakes region at the beginning of the millennium were 2-6 C warmer. while winter temperatures
may have been nearly 2 C cooler thar the 20th century average. By the late 1200s. summer temperatures decreased
to nearly modern values. In the 1400s and through the [500s. summer maxima exhibited enhanced intra-annual
variation as well as temperatures which were as much as 8 C cooler. while winter temperatures were 0.4-2.7 C warmer
than 20th century values. An additional outcome of this research is the estimation of lake water 3180 values for
several time periods throughout the Holocene. Mean annual temperatures inferred from %0y, ¢, values display a
decrease from A.D. 985 through at least A.D. 1530, concomitant with summer temperature trends. The long residence
time of these large lakes suggests that secular trends in B0 values must represent long-term variation in climate
which can be used in concert with the short-term. high-resolution temperature record for a comprehensive estimation
of climatic trends. Temperature variation and paleohydrology of the Great Lakes region is discussed in terms of
variation in storm tracks and source region with time. 3'0 values of lake water coupled with paleotemperature data
suggest that changing climate is the result of secular variation in the position. shape. and strength of the circumpolar
vortex. 0 1998 Elsevier Science B.V.
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1. Introduction them to forcing parameters such as orbital varia-
tion (e.g. Imbrie, 1982), variation in solar output

Geologists have long been awarc that major (e.g. Ladurie. 1971) changes in ocean circulation
fluctuations in climate have taken place, ascribing (e.¢. Rind and Chandler. 1991), variation in atmo-

spheric CO, (e.g. Berner. 1994), and tectonism
(¢.g. Ruddimen et al.. 1989). etc. However. climate
* E-mail: wppatter@syr.edu change can occur rapidly and be of an evanescent
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nature (i.e. 10! to 10* years). Clearly, many of the
forcing parameters listed above cannot apply to
rapidly changing and ephemeral climatic condi-
tions, suggesting fundamental flaws in our under-
standing of climate (Hare, 1976). To examine
forcing functions which drive climate variation,
continental proxies for climate are often used.
Examples of such proxies include arch-
aeology/cultural artifacts (e.g. Bryson and Murray,
1977), historical records of agriculture (e.g.
Hoskins, 1964; Parry, 1978; Pfister, 1981), pollen
(e.g. Prentice et al., 1991), floral and faunal records
(e.g. Smith and Patterson, 1994), tree rings (e.g.
Hughes et al., 1982), and sedimentological records
(e.g. Anderson et al., 1997). These proxies can be
used to establish long-term qualitative trends in
climate. However, the secular resolution of samples
precludes analysis of rapid anc/or short-lived cli-
mate variation which is necessary if we are to
understand rapid climate change.

In contrast, secular trends in 3D and 8'%0 values
of ice cores (e.g. Dansgaard et al., 1993) have been
touted as long-term high-resolution records of
temperature variation at high latitudes and alti-
tudes. However, recent studies have suggested that
the actual record preserved within the ice may be
complicated by variations in moisture source (Steig
et al., 1994; Charles et al., 1994; Kapsner et al.,
1995). Consequently, the potential temperature
record that may be obtained is somewhat more
difficult to decipher.

A better understanding of ‘ong-term trends in
climate may be gained if we can first learn to
interpret climate variation over the short-term.
*Greenhouse effect” climates predicted by many
scientists for the near future, represent just such a
short-term or rapid climate change. Accurate for-
ward models of climate variation, require that we
first inventory and understand past climate change
because better constrained boundary conditions
will permit development of more accurate models
of paleoclimate. The period of time for which the
best preserved and most abundant climate inven-
tory exists is the late Holocene, the focus of
this paper.

Holocene climate has undergone rigorous analy-
sis for many years using historical accounts in
regions where such were recorded. However, quan-

tification of variation as described in historical
accounts is difficult prior to development of meteo-
rological apparatus such as the thermometer and
barometer. Regions lacking historical data are
even more difficult to characterize. Northeastern
and mid-western North America (the focus of this
paper) lack a written record of climate prior to
the establishment of settlements by European
immigrants in the early 17th century, and detailed
records do not become available until the 19th
century. How then can we approach questions
regarding North American climate variation
during the late Holocene? For instance, was North
American climate similar to that of Europe during
the last millennium? Comparisons of proxy data,
where available, set the stage for attempts to
quantify the more dramatic periods of change.
Two primary characteristics of ancient climate
which scientists seek to characterize are temper-
ature and precipitation. Though mean annual tem-
perature and precipitation may help define modern
climatic zones, the underlying control of floral and
faunal distribution, as well as the nature and
degree of weathering, is the seasonal distribution
of temperature and precipitation. Seasonality, or
intra-annual fluctuation in temperature and precip-
itation, exerts a tremendous influence upon geo-
logic and biologic processes (e.g. Strahler and
Strahler, 1997). Weathering rates along with
accompanying sediment and nutrient flux to
aquatic systems are determined to a great extent
by the magnitude of annual variation as well as
mean annual temperature and precipitation.
Because distribution of flora, fauna, and ultimately
evolution and extinction are strongly influenced
by the seasonal temperature regime ( Fischer, 1960;
Hibbard, 1960; Axelrod, 1968a; Graham and
Meade, 1987), many workers use data on species
distribution to make qualitative estimates of paleo-
seasonality (e.g. Axelrod, 1968ab; Smith and
Patterson, 1994). Other reconstructions of season-
ality are often made on the basis of historical
records of season specific parameters (i.e. harvest
dates, 3D and &80 values of ice cores, sea ice
indices, extent of snow cover, tree ring thickness,
etc.), which can only serve to approximate seasonal
temperature variation (Bradley and Jones, 1992).
Historical records suggest that late Holocene



W.P. Patterson / Palacogeography. Palacoclimatology, Palueoccology 138 (1998, 271 303

climate variation may show significant regional
variation. For example. the Medieval Optimum
observed throughout Europe and the North
Atlantic (circa A.D. 1100-1300) may have been
expressed between A.D. 600--1000 in Antarctica
(Morgan, 1985), while China and Japan experi-
enced a relatively warm climate from about A.D.
650 through A.D. 850 (e.g. Chi-chun and Pen-
Hsing, 1978: Ya-feng and Jingtai, 1979; Lamb,
1995). Variation in atmospheric circulation may
be responsible for such regional incongruity
(Crowley and North, 1991).

A test of this mechanism requires that detailed
climate records be derived from numerous, widely
spaced locales. While detailed historical records of
climate can be obtained from much of Europe and
Asia, they are lacking for North America prior to
about A.D. 1600. Although §'3C and 3'*O values
of lake sediment can provide valuable information
on past climate (e.g. McKenzie and Hollander,
1993). sometimes hinting at relative length of
seasons ( Drummond et al., 1995), varations in
seasonality cannot be quantified. Bioturbation of
lake and ocean sediment obliterates seasonal struc-
ture in the sediment, homogenizing seasonal varia-
tion in chemical composition and 3'%0 values of
carbonate. An alternative to carbonate sediment
1s found in the aragonitic sagittas of freshwater
fishes.

Sagittal aragonite has been demonstrated to
precipitate in isotopic equilibrium with the 30
value of environmental water (e.g. Devereux, 1967:
Degens et al., 1969; Kalish, 1991a,b; Patterson
et al., 1993: Thorrold et al., 1997}). Daily growth
banding within the sagittae of freshwater fishes
can record variation in water temperature, which
is determined by variation in air temperature.
Therefore, interpretation of 8'%Q values of sagittal
aragonite provides the opportunity to examine
seasonal temperature variation within continental
settings, prior to documentation by historical
records.

Determination of temperature from 'O values
of biogenic carbonate requires that the 8'®O value
of the water be known; thus, estimation of temper-
ature calculated from 8'®O values of biogenic
carbonate in continental settings is restricted
by difficulties in determining the 8'O value of
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water from which carbonate is precipitated.
Furthermore, determination of seasonal temper-
ature variation necessitates rapid deposition of
calcium carbonate and the analytical ability to
partition the specimen into time-specific samples.
Computer-controlled sampling equipment permits
determination of intra-annual temperature varia-
tion by microsampling and analysis of rhythmically
banded biogenic carbonate. These techniques have
been applied to studies of sagittae (Patterson et al.,
1993; Smith and Patterson, 1994: Smith et al.,
1998) and bivalves (Dettman and Lohmann, 1993;
Klein et al., 1996). Teleost sagittae. in particular,
are valuable for reconstruction of seasonal temper-
ature variation because they allow determination
of 80,4, values for environmental water and
are common in the archacological and geological
records.

2. Study area and materials
2.1. Western Lake Erie

Sagittae were obtained from stratiform archaeo-
logical sites located along the southern and western
basin of Lake Erie. The Kelley's Island site is
located north of the city of Sandusky Bay, Ohio.
The Eastwall, and Eiden sites are located between
Sandusky and Cleveland, Ohio. while the unnamed
site (A.D. 985+65) 1s located along the west-
ernmost  shoreline in southeastern Michigan
(Fig. 1). Lake Erie is an ideal system for recording
climate as it is shallow, has a long fetch (therefore
well-mixed ), short residence time (2.6 years), and
large source volume (Lake Huron). Forty-six per-
cent of the lake’s total volume lies between 0 and
9 m depth (Ristic and Ristic, 1985). Water of this
depth is thoroughly mixed by wind such that a
thermocline cannot be maintained during the
summer, although Beeton (1963) reported that the
bottom meter of water is generally 2 C cooler than
the remainder of the water column (Fig. 2). Lack
of a thermocline allows the bottom water to track
atmospheric temperature with this 2°C offset.
Furthermore. rapid mixing of the isothermal
waters mitigates the possibility of production of



274 W.P. Patterson ; Palaeogeography. Palucoclimatology, Palaeoecology 138 ( 1998) 271-303

83° 82°

81°  g0° 790

42°30°

42°00° A

41°30° Bay

/' /- N o
Kelley’s Island Eiden Site

Kilometers
AN NEEND
0 S

Lake Erie
Bathymetry

Laurentian Great
Lakes

fgEN %

7000 km

s

Fig. 1. Location map showing midden sites and bathymetry. Bathymetry (after Ristic and Ristic. 1985) demonstrates that sagittal
otoliths used in this study were recovered from fish which occupied shallow water areas of the lake.

surface water with high 8'®C values during the
summer months as a result of sammer precipitation
and evaporation (see discussion in Drummond
et al., 1995). Additionally, because fish used in
this study are epibenthic, and hecause evaporation
occurs primarily when the water is warmer than
the air, seasonal variation in the 8'30 value of
lake water is of minimal importance during the
mid-summer temperature maximum. Short resi-
dence time coupled with a large, well-mixed source
volume (Lake Huron, 17 year residence time) sug-
gests that the 8'0 value of the bottom water is
relatively invariant from year to year.

2.2. Materials

A long record of human habitation along the
shores of Lake Erie is found in middens which
consist of stratiform deposits of cultural artifacts
correlative with *C-dated matzrials. These cultural

artifacts often consist of refuse such as worn and
broken tools as well as remains of dietary items.
Discarded bone may make up a significant portion
of the artifacts in some middens. In general, fish
remains recovered from such excavations are an
important source of information about the past
(e.g. Casteel, 1976). From the perspective of
archaeologists, fish remains can reveal significant
information regarding diet, provincial economics,
and trade (e.g. Wheeler and Jones, 1989), while to
biologists, fish remains offer important clues as to
ancient ecological and environmental conditions
(e.g. Witt, 1960; Wheeler, 1979; Smith and
Patterson, 1994). In this study, analyses were
conducted on sagittae from otoliths of the fresh-
water drum (Aplodinotus grunniens) obtained from
several sites along the southern shore of western
Lake Erie. The sagittae were dated by stratigraphic
correlation with '*C-dated materials. All sagittae
obtained from archaeological sites in this study
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Fig. 2. Three Lake Erie vertical temperature profiles for July
31. 1993 (from the Great Lakes Forecasting System) are typical
of mid-summer values. Bottom water temperatures are gen-
erally between 1 and 2 C cooler than surface water where the
lake is less than 10 m deep. During the summer months. the
lake does not develop a stable thermocline. Surface water tem-
perature accurately tracks mean weekly atmospheric temper-
ature although with approximately three week lagtime. Benthic
fish thereby occupy water which is 1 2 C cooler than the atmo-
sphere during the summer months.

were provided by the Clevelaad Museum of
Natural History.

Teleost otoliths are aragonitic structures that
display rhythmic growth patterns. three pairs of
which are generally produced (Carlstrom, 1963).
Sagittae, precipitated within the sacculus are usu-
ally the largest, and therefore are generally selected
for subsampling. Precipitation rates for otoliths of
some species may exceed ! mm/yr and display
daily growth banding (Pannella, 1971, 1980:
Bagenal, 1974: Brothers et al.. 1976: Campana,
1989), such that timing of events in the life history
of a fish can be reconstructed by examination of
the relationship between daily and yearly bands
(Fig. 3).

Rhythmic banding in otoliths (a manifestation
of alternation between growth and cessation of
growth). is expressed as protein-rich, fibrous, dis-
continuities (Degens et al., 1969 ). These disconti-
nuities take two major forms: fine-scale daily
growth banding (related to feeding and the associ-
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ated abundance of precipitated aragonite relative
to protein matrix); and less common but more
distinctive growth banding caused by major
physiological stresses such as mating, low winter
temperatures, and starvation (Boehlert and
Yoklavich, 1983: Volk et al., 1984; Morales-Nin,
1987, Fowler. 1989; Mugiyva and Uchimura, 1989:
Umezawa and Tsukamoto. 1991; Wright, 1991;
Smith and Kostlan. 1991; Zhang and Runham,
1992).

A difficulty in applying 3'O values of carbonate
precipitated in continental settings toward determi-
nation of paleotemperature 1s that it requires an
estimation of the 8'0 value of water from which
the carbonate is derived. However. several tech-
niques using 3'"O values of teleostean aragonite
have been developed to provide an estimate of the
380 value of water. In deep temperate lakes, the
380 value of water can be determined by analysis
of deep-water obligate-benthic species such as the
deep water sculpin (Myoxocephalus thompsoni).
which spend their adult life at approximately 4 C
(Geffen and Nash, 1992; Patterson et al., 1993:
Smith and Patterson, 1994). This paired-species
approach consists of coupling 60,0, values
determined for water from deep water fish with
the 80,0, value of otoliths precipitated by
shallow-water species for calculation of summer
temperatures. This approach is inappropriate
herein because Lake Erie is a shallow temperate
lake with no deep water species. However, enzyme
activity constraints of warm water eurythermic
fishes result in a growth-temperature tolerance
which can be applied towards the problem of
ancient 30y, values (Edsall. 1967; Patterson
et al.. 1993; Eaton et al. 1995). Knowledge of
growth-temperature limitations permit calculation
of the 8'%0y,0, value because the temperature of
precipitation is krown for the portion of an otolith
precipitated at the temperature tolerance threshold
(Patterson et al., 1993; Smith and Patterson. 1994).
This latter approach can be used to track changing
seasonality in shallow-water, continental settings
over time spans ranging from individual seasons
to millions of years by analyzing otoliths obtained
from dated archaeological sites (this study).
or sediment cores and outcrops (Fitch and
Lavenberg. 1983: Smith and Patterson. 1994).






