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INTRODUCTION 

 

Lake sediments are an archive of a wide variety of materials that are produced within the 

water column itself or enter the lake from air-borne fallout, slope-wash, groundwater, or streams. 

These materials include diatoms, zooplankton, ostracodes, and chemical precipitates from within 

the lake, as well as pollen from local and regional vegetation, charcoal generated by forest fires, 

and particulate and soluble chemicals from catchment soils and atmospheric deposition. These 

sedimentary constituents accumulate through time and provide a more or less continuous record 

of deposition, which can be used to reconstruct the history of the lake and its watershed. 

Among the fossils contained in lake sediments diatoms are undoubtedly the most 

powerful tool for the reconstruction of limnological change. Diatoms are a major component of 

the algal flora of most lacustrine ecosystems and are sensitive to changes in lakewater nutrient 

concentrations, pH, ionic composition, water clarity and light availability, lake-level, and water-

column stability. Consequently the diatom species composition of a lake sediment core can be 

used to reconstruct changes in the aquatic environment through time and to infer their proximate 

cause (Bradbury, 1975; Engstrom et al., 1985; Fritz, 1989). Chrysophytes, an exclusively 

planktonic algal group, have also been used to reconstruct past trophic status and can be a useful 

adjunct to diatom-based stratigraphic studies (Smol, 1985; Smol, 1988). 

The major focus of the project described here is the reconstruction of the limnological 

history of Bellaire, Elk, and Intermediate lakes in Antrim Co., Michigan over the last 150 - 200 

years. The diatom stratigraphy of a dated sediment core from each lake is used to identify 

periods of limnological change and to assess changes in water-quality. These periods of 

limnological change are correlated with land-use changes, particularly changes in catchment 

erosion rates. Sediment-accumulation rates, determined from lead-210 dating, and the 

geochemistry of the lake sediments are used to assess alterations in the erosion of catchment 

soils. In addition we present trace-metal analyses from the lake sediments to reconstruct trends in 

the deposition of atmospheric pollutants. 

 

METHODS 

 

Coring: 

Sediment cores were taken in July 1990 with a modified Kayak-Brinkhurst (K-B) gravity 

corer (Glew, 1991) in the deep-water basin of each lake. Cores were extruded in the field and 

sectioned in 0.5 cm slices to 10 cm depth and in 1.0 cm slices below this. Samples were stored in 

polypropylene jars prior to subsampling. 

 Surface-sediment samples were collected from the deep-water hole of an 

additional 39 lakes, using either a Hongve (Wright, 1990) or a modified Glew mini-corer (Glew, 

1991). The uppermost 0.5 cm of sediment from each lake was sampled and stored in a Whirlpak 

prior to subsampling. 17 lakes were sampled in July 1990, and an additional 22 lakes were 

sampled in July 1991. 
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Water chemistry: 

Water temperature and conductivity were measured every 5 to 10 feet in the field, and an 

integrated water sample was collected from the mixed zone. pH was measured within 12 hours of 

sample collection. Alkalinity, chlorophyll A, Kjeldahl nitrogen, and total phosphorus 

concentrations were measured by the Michigan Department of Natural Resources Environmental 

Laboratory. Total dissolved Si and major cation concentrations were measured on filtered water 

samples with DC-plasma spectrometry in the Environmental Geology Laboratory, University of 

Minnesota. Water-chemistry and environmental data are given in Table 1. 

 

 

Lead-210 Dating: 

Sediment cores were analyzed at 14-16 depth intervals for 2i0Pb to determine age and 

sediment-accumulation rates for the past 100-150 years. Lead-210 was measured through its 

granddaughter product 210Po, with 208Po added as an internal yield tracer. The polonium isotopes 

were distilled from 0.4-5.9 g dry sediment at 550° C following pre-treatment with concentrated 

HC1 and were plated directly (without HNO3 oxidation) onto silver planchettes from a 0.5 N HC1 

solution (modified from Eakins & Morrison, 1978). Activity was measured for 1-5 x 105 s with Si-

depleted surface barrier detectors and an Ortec AdcamTM alpha-spectroscopy system. Unsupported 
210Pb was calculated by subtracting supported 210Pb (estimated from constant activity at depth) 

from total activity at each level. Dates and sedimentation rates were determined according to the 

c.r.s. (constant rate of supply) model (Appleby & Oldfield, 1978), with confidence intervals 

calculated by first-order error analysis of counting uncertainty (Binford, 1990). Dates and 

sediment-accumulation rates for older sediments beyond the range of the 210Pb chronologies were 

extrapolated from the mean dry-mass accumulation rate for pre-settlement sediments in each core. 

 

 

Diatoms and Chrysophytes: 

Subsamples of 0.5 cm3 of sediment were heated in nitric acid for 15 min to digest organic 

matter and then washed repeatedly with distilled water to remove the acid. A known volume of a 

calibrated polystyrene microsphere solution was added to each sample for calculation of 

concentrations and accumulation rates (Battarbee & Kneen, 1982). The prepared sediment was 

settled onto coverslips, and the coverslips were mounted on slides with Naphrax. Diatoms, 

chrysophyte scales, and chrysophyte cysts were counted in transects on a Leitz Ortholux 

microscope at a magnification of 1425x. A minimum of 500 diatom valves was counted in each 

sample, except for samples where diatom concentrations were extremely low. In these cases a 

minimum of 40 transects (2 slides) was counted. 

The relationships between water-chemistry variables and diatom distribution in the 

surface-sample data set were explored with canonical correspondence analysis (CCA), an 

ordination technique for direct gradient analysis (ter Braak, 1987). In CCA the axes are constrained 

to be linear combinations of the measured environmental variables. CCA was also used to identify 

environmental variables with strong correlations with modem diatom distributions. Subsequently 

weighted-averaging regression (Line & Birks, 1990; ter Braak & Looman, 1986) was used to 

estimate the weighted-average optima (abundance-weighted means) and tolerances (weighted 

standard deviations) for diatom taxa in the modem data set and to generate an inference equation for 

quantitative reconstruction of total phosphorus concentrations from the fossil diatom assemblages. 

A total of 102 diatom taxa was used in the ordination, including all taxa composing >1% of 



any one sample. Rare species were down-weighted, meaning that the abundant taxa are given more 

weight than the rare taxa. Forty-one lakes were analyzed in the ordination. The Torch Lake sample 

was excluded as an outlier (see Results: surface samples). To satisfy the assumptions of the CCA 

ordination, water-chemistry variables were tested for skewness (Zar, 1984), and variables with 

skewed distributions within the surface-sample data set were log transformed (in (x+l)) to achieve 

normal distributions of environmental data. In the Michigan ordination the transformed variables 

include all variables except pH, conductivity, alkalinity, and dissolved Si. None of the 

environmental variables are collinear. 

 

Loss-on-ignition: 

Loss-on-ignition analysis operationally separates sediment into organic, carbonate and 

inorganic fractions. The data are proportional, meaning that an increase in one component causes 

a proportional decrease in the other components. Samples for loss-onignition were taken at 1-cm 

intervals throughout the length of the cores. Sediment dryweight was determined after oven-

drying the sediment at 105° C for twenty-four hours. Percentage organic matter and percentage 

calcium carbonate were calculated as weight loss after ignition at 550° C and 950° C 

respectively, and expressed as percentages of sediment dry weight. The weight loss between 

550° and 950° was multiplied by 2.27 in order to convert CO2 loss to CaCO3 (Dean, 1974). 

Percentage inorganic expresses the relative abundance of material other than organic matter and 

carbonate in the dried sediment. 

 

 

Sediment Geochemistry: 

Core subsamples taken at the same intervals as those analyzed for 210Pb and diatoms were 

oven dried at 105° C, ground to a fine powder, and placed into solution by lithium-borate fusion 

(Suhr & Ingamells, 1966). In this bulk dissolution technique, 0.5 g of dried sediment is mixed with 

1.5 g of LiBO2 flux in a graphite crucible and fused for 15 minutes at 950° C. The molten glass 

bead is dissolved in 123.0 g of 1 N HCl/1% citric-acid solution after 15-20 min. of mechanical 

shaking. The method quantitatively recovers all but the most volatile sedimentary components and 

is particularly effective at dissolving silicate minerals. The resulting solution was analyzed in 

concentrated form (dilution factor = 250) for minor elements (Ba, Sr, Zn, Cu, Co, Pb, Ni, Cr, and 

V) and after further dilution (d.f. = 10,000) for major elements (Si, Ti, Mn, Mg, Al, Fe, K, Na, and 

Ca) by DCP/AES (direct-current plasma, atomic emission spectrometry) on a Spectraspan IIIB 

spectrometer. Of the trace elements analyzed, Co and Pb were consistently below detection (3 

sigma above background); at the dilutions analyzed these limits represent approximately 5 and 50 

ppm of Co and Pb in the solid. 

The concentrations of major elements are expressed in weight % of their common oxides; 

minor components are in ppm of their elemental form. Accumulation rates are calculated for 

selected components as the product of their concentration and the dry mass sedimentation rate 

(from 210Pb dating). Because sediments were analyzed in bulk (as opposed to fractionation by 

selective dissolution, (Engstrom & Wright, 1984)), selected metals with possible pollution sources 

are also expressed as ratios to a conservative element (in this case potassium) present in lacustrine 

sediments solely in terrigenous silicates. By normalizing metal concentrations to silicate content, 

the influence of compositional changes in the sediment matrix is removed; increases in metal 

concentration beyond that present in silicate minerals are revealed as possible anthropogenic 

inputs. Sediment enrichment factors (SEF) are also calculated for these same metals according to 



Kemp et al. (1976) as: 

 

 SEF = (MS/KS – MD/KD)/(MD/KD)      (1) 

 

where MD and KD equal the average metal and K concentrations in sediments deposited before 

1850 and KS and Ks are the average concentrations in sediments deposited since 1950. This metric 

corrects the metal concentration of recent sediments for nonanthropogenic inputs and normalizes 

the excess to the mean concentration at depth. In a similar fashion, it is possible to recognize 

changes in the deposition of biogenic (diatom and chrysophyte derived) silica by calculating the 

SiO2 content in recent sediments that exceeds that found in pre-settlement sediments as 

aluminosilicates. In this calculation the ratio of SiO2 to Al203 in pre-settlement sediments is used 

to correct the silica content of upper core sediments for silicate-SiO2: 

 

 Excess b-SiO2 = SiS - (SiD/AlD) *Als (2) 

 

where SiD and AID are the mean SiO2 and Al203 concentrations in pre-1850 sediments, and Sis 

and Als are those concentrations in core samples younger than 1850. This calculation is predicated 

on fairly constant Si/Al ratios at depth, and since biogenic silica is also present in these deeper 

sediments, the excess b-SiO2 is that exceeding the b-SiO2 in pre-settlement sediments. A more 

complete discussion of these normalization techniques is contained in Hilton et al. (1985). 

 

 

RESULTS  

Lead-210 Dating 

A summary of 210Pb parameters in Table 2 indicates very similar sedimentary conditions 

among the three study lakes. Unsupported 210Pb concentrations in the surface sediments are 

uniformly high (18-22 pCi/g), implying rather modest rates of sediment accumulation, which 

would otherwise dilute the atmospheric flux of 210Pb. Values for cumulative unsupported activity 

range from 27-30 pCi/cm2, which is equivalent to a mean 210Pb flux of 0.87- 0.97 pCi cm-2 yrl. 

These flux values are at the high end of the estimated mean annual deposition rate (ca. 0.2-1.0 pCi 

cm-2 yr-1) for atmospheric fallout (Krishnaswamy & Lai, 1978), indicating that fine-grained 

sediments in the three lakes are highly focused into the deep basins (where the cores were 

collected). Intense focusing of this type is typical of large deep lakes with relatively low rates of 

sediment accumulation. Supported 210Pb activities at depth in these cores ranges from 0.4 to 0.7 

pCi/g, which is low relative to surface concentrations, lending confidence to the dating 

calculations. However, supported activity in the core from Intermediate Lake is attained only in the 

bottom-most sample. The core did not penetrate deeply enough to secure several deep samples of 

constant 210Pb, so there is some additional uncertainty associated with dates near the base of this 

profile. 

Plots of 210Pb concentration versus cumulative dry mass (Fig. 1) are, for the most part, non-

exponential and in some cases non-monotonic. In these curves changes of slope, particularly flat 

spots and kinks, represent major shifts in sediment accumulation that can only be fully explored by 

the c.r.s dating model. Age-depth relationships derived from c.r.s. calculations and sediment-

accumulation rates are also illustrated in Figure 1. The error bars shown in these graphs represent 



one standard deviation propagated from counting errors and are minimal estimates of dating 

uncertainty. The error terms become notably large for dates greater than 150-175 years old (about 

seven 210Pb half-lives). However, this is sufficiently old that dating of pre-settlement sediments is 

reasonably well constrained. 

 

Lake Bellaire 

 

Sediment description and loss-on-ignition: 

A 37-cm long core was recovered from Lake Bellaire in 28.5 m of water on 23 July 1990. 

The uppermost 2.5 cm of sediment was pale flocculent tan, which graded into a fine grey organic-

rich sediment to ca. 20 cm depth. Below 20 cm sediments were browner in color. Loss-on-ignition 

(Fig. 2) shows that the sediments are primarily carbonates (55-73%). The basal layers of the core 

have a relatively high organic content (24-27%), which decreases sharply relative to carbonate 

above 19 cm depth (ca. 1850). Inorganic percentages remain relatively constant throughout the 

core (16-18%), except for a rise at the sediment surface. 

 

Diatoms: 

Total diatom-accumulation rates in the Bellaire core are extremely low in the basal 

sediments and gradually begin to increase in the early 1800s, increasing by approximately an order 

of magnitude between the mid-1800s and the early part of the 20th century (Fig. 3). Accumulation 

rates fluctuate within a fairly restricted range from the late 1920s through early 1960s and 

thereafter increase dramatically to the present date. 

The Lake Bellaire diatom plankton is dominated throughout the last 200 years by 

oligotrophic to mesotrophic Cyclotella species, including Cyclotella michiganiana, Cyclotella 

stelligera, Cyclotella distinguenda, Cyclotella delicatula, Cyclotella bodanica, and a variety of 

small unnamed Cyclotellas in the Cyclotella comensis group (hereafter grouped together as 

Cyclotella cf. comensis). Also present in smaller percentages are the planktonic Aulacoseira 

ambigua, Fragilaria crotonensis, Asterionella formosa, Stephanodiscus niagarae, and 

Stephanodiscus parvus. Benthic diatoms are also present in moderate percentages (ca. 30% of the 

diatom sum) through the 1950s. 

Relatively small-scale shifts in the relative abundance of the planktonic species (Fig. 4) 

characterize the 1800s through 1930s, with slight increases in the percentages of Cyclotella 

michiganiana, Aulacosiera ambigua, Cyclotella stelligera, and Asterionella formosa relative to 

Cyclotella cf. comensis over this time period. Thereafter follow a series of shifts in dominance with 

rising percentages of Cyclotella distinguenda and Cyclotella bodanica v. affinis through the early 

1950s, a small peak in the meso/eutrophic Stephanodiscus parvus in the mid-1960s, followed by a 

dramatic increase in the relative abundance of Cyclotella cf. comensis. 

 

Chrysophytes: 

The proportion of chrysophyte cysts relative to diatom frustules (Fig. 4) is high in the basal 

sediments of the Lake Bellaire core and decreases after that point. Mallomonas pseudocoronata 

scales increase slightly after the mid-18th century, rise sharply both in relative abundance and 

accumulation rates (Fig. 3) after ca. 1940, and then decline after the mid-1960s. 

 

 



Sediment Accumulation and Chemistry: 

The stratigraphic change in LOI c. 1850 for Lake Bellaire shows up as a major increase in 

sediment accumulation that continues until about 1900 and then levels off (Fig. 5). Across this 

transition, total sediment flux rises from 100 to 500 g m-2 y-1, primarily because of a 5-fold 

increase in carbonate deposition (Fig. 5). The accumulation of inorganic matter rises by nearly the 

same proportion, principally due to increased silicate deposition as shown in the accumulation 

profiles for K20 and MgO. Organic deposition increases by a more modest factor of 2, which 

explains the decrease in organic content as a dilution by the higher fluxes of carbonates and mineral 

matter. Such increases in sediment accumulation coincident with major changes in sediment 

composition provide strong evidence for changes in material input to the lake as opposed to 

changes in sediment focusing (Engstrom et al., 1991). 

The proportion of total-Si that is derived from diatoms and chrysophytes (biogenic-SiO2) 

also rises dramatically toward the surface; biogenic SiO2 in excess of that present at depth 

comprises >5% of sediment dry weight after 1900 (Fig. 2). Of the metals possibly derived from 

atmospheric pollution, only Zn and Cu show a significant increase when normalized to 

potassium (Fig. 6). Both of these curves show a sharp sub-surface peakaround 1965; sediment-

enrichment factors (SEF) equal 0.6 and 1.35, respectively (Table 3). Similar results are obtained 

for these metals when normalized to other elements restricted to the clastic mineral fraction (Ti, 

Al, Mg, Na). 

 

Elk Lake 

 

Sediment description and loss-on-ignition: 

A 40-cm long core was recovered from Elk Lake on 24 July 1990. The uppermost 

centimeter of the core is tan flocculent sediment, which grades into pale-grey sediment below. The 

Elk Lake sediments are carbonate rich (68-88%) (Fig. 2) with a very low organic content (5-9%) 

throughout. Between 17 cm (mid-1830s) and 14 cm (the end of the century) the inorganic content 

of the sediment increases markedly from <10% to approximately 25%. Above 7 cm (ca. 1943) the 

inorganic proportion decreases slightly (16-20%) reflecting a small increase in carbonate content. 

 

Diatoms: 

Diatom-accumulation rates are low in the basal sediments of the core (Fig. 7) and increase 

by nearly an order of magnitude after the mid-1860s. Accumulation rates remain relatively stable 

from the 1920s through mid 1960s and then increase sharply after that date. 

The Elk Lake diatom assemblage is dominated throughout most of the record by 

planktonic Cyclotella species (Figs. 7, 8). In the base of the core, where total diatom accumulation 

is very low, Cyclotella cf. comensis is the dominant taxon. This is followed by a brief interval of 

low diatom accumulation and high relative abundance of benthic diatom species, including 

Mastogloia smithii v. lacustris, Amphora perpusilla, Fragilaria brevistriata, and Fragilaria 

construens v. venter. 

After the mid-1860s several Cyclotella species, including Cyclotella ocellata, Cyclotella 

distinguenda, Cyclotella stelligera, Cyclotella michiganiana, and Cyclotella glomerata, as well as 

Asterionella formosa increase in relative abundance and dominate the diatom flora through the 

1950s. These are replaced in the uppermost sediments by the Cyclotella cf. comensis group, which 

comprises nearly 90% of the diatom assemblage in the 1970s and 1980s. 

 



Chrysophytes: 

The relative abundance and accumulation rates of both Mallomonas pseudocoronata scales 

and chrysophycean cysts (Figs. 7, 8) is low in the basal sediments of Elk Lake.  Cyst percentages 

and accumulation rates increase in the early decades of the 19th century and subsequently decline 

as M. pseudocoronata scales increase after the mid-1860s. Peak M. pseudocoronata percentages 

occur around 1950 and then decline in both relative and absolute abundance after that time. 

 

Sediment Accumulation and Chemistry: 

The temporal pattern of sediment accumulation in Elk Lake is very similar to that in Lake 

Bellaire. Total sediment flux to the core site rises sharply between 1865 and 1920, falling thereafter 

to present-day values about twice that of pre-settlement times (Fig. 1). At this site the accumulation 

of inorganic materials shows the most dramatic increase, rising 7-fold above pre-settlement rates 

(Fig. 5). Again terrigenous silicates are the primary cause of this rise as shown by the profiles for 

K2O and MgO. Organic inputs rise apace with clastic materials across the transition, whereas the 

flux of carbonates does not quite double (hence the decrease in carbonate content by dilution). 

Furthermore, the rise in carbonates is delayed until after 1900. The decline in sediment 

accumulation after 1920 is largely a response to lower fluxes for clastics and carbonates; organic 

accumulation does not drop appreciably. A large excess of b-SiO2 is present in post-settlement 

sediments (Fig. 2), while only Zn shows significant enrichment in surface sediment (SEF = 1.13, 

Fig. 6 and Table 3). 

 

 

Intermediate Lake 

 

Sediment description and loss-on-ignition: 

A 27-cm long sediment core was recovered from Intermediate Lake on 23 July 1990. The 

uppermost centimeter is tan flocculent sediment that grades into dark grey. Below 18 cm the 

sediments are browner in color and the lowermost part of the core contains shell fragments. The 

Intermediate Lake sediments are rich in carbonates (50-70%), with moderate proportions of 

organic (13-22%) and inorganic (17-28%) matter (Fig. 2). The inorganic proportion increases 

above 21 cm (ca 1820) and then declines again above 14 cm (ca. 1895). The organic fraction is 

also elevated between 17 and 14 cm. Above 12 cm the profiles are relatively stable. 

 

Diatoms: 

Diatom-accumulation rates are extremely low prior to 1880, and then increase steadily 

from that time through the 1940s (Fig. 9). Between ca. 1940 and 1970 accumulation rates are 

relatively stable, and thereafter increase to the present day. 

The basal sediments of the Intermediate Lake core are dominated by Aulacosiera ambigua, 

with moderate percentages of Step hanodiscus parvus and smaller proportions of Fragilaria 

crotonensis, Asterionella formosa, Cyclotella michiganiana, and Cyclotella bodanica v. affinis 

(Figs. 9, 10). Between the early 1940s and 1950s Stephanodiscus parvus percentages increase, with 

a coincident depression of Aulacosiera granulata. S. parvus percentages remain high through 1970 

and are then replaced by increasing proportions of Cyclotella bodanica, Cyclotella cf. comensis, as 

well as Asterionella formosa and Fragilaria crotonensis. 
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Chrysophytes: 

The relative abundance of chrysophyte cysts is fairly high throughout the analyzed 

sediments (Fig. 10). The abundance and accumulation (Fig. 9) of both cysts and Mallomonas 

pseudocoronata scales increases from ca 1880 through the 1940s, decreases after 1940, and then 

increases again in the late 1970s. The relative abundance and accumulation of chrysophycean 

cysts, however, is low in the uppermost sample (1990). 

 

Sediment Accumulation and Chemistry: 

There is a small peak in sediment accumulation at this site c. 1860, followed by a return to 

pre-settlement rates; around 1915 sediment flux rises sharply as it does 50 years earlier at the other 

two sites (Fig. 1). The total sediment flux from 1930 to present fluctuates about a mean of 44 g m-2 

yl, a rate twice that of pre-settlement times. As in Lake Bellaire, the major increase after 1915 is in 

the carbonate fraction, the flux of which triples across the settlement horizon (Fig. 5). The 1860 

sediment-accumulation peak is more evident in the organic and inorganic fractions, such that 

carbonate content decreases during this period. The flux of clastic materials, as illustrated by K2O 

and MgO accumulation, shows a decreasing trend after 1945. Biogenic-SiO2 is enriched in the 

post-settlement sediments of Intermediate Lake (Fig. 2), as is Zn and possibly Cu (SEF = 0.81 and 

0.33, respectively, Table 3, Fig. 6). 

 

 

Surface samples: 

 

The majority of the large deep lakes are oligotrophic and dominated by small Cyclotellas 

spp. in the C. comensis group and in some lakes moderate percentages of Cyclotella 

michiganiana, Cyclotella stelligera, and Aulacoseira ambigua in addition to Cyclotella cf. 

comensis. In shallower and/or mesotrophic systems (e.g. Intermediate, Six-Mile, Ellsworth, 

Black) Cyclotella cf. comensis percentages are lower and percentages of Fragilaria 

crotonensis, Asterionella formosa, Aulacoseira ambigua, and other Cyclotella spp. are 

moderately high. Benthic diatom percentages (e.g. Achnanthes minutissima, Cocconeis 

diminuta, Amphora perpusilla) are quite low in the deep lakes with the exception of Torch 

Lake. The Torch Lake sample was taken at 31 m depth, probably on a sloping sediment surface, 

rather than in the 76-m deep hole, and this may account for the slightly higher benthic-diatom 

abundance in this sample. Many of the smaller shallower lakes are productive, with floras 

dominated by small Stephanodiscus species (e.g. Jordan, Coldwater, Camp, Montcalm, 

Horseshoe, Freemont, Kimball), by Asterionella formosa, Synedra taxa, Aulacoseira taxa, and 

Fragilaria crotonensis (Upper Crooked, Ford, Little Whitefish, Muskellunge, McClaren, 

George Lake, Lake George, Hardwood), or by Fragilaria capucina (Peach). A few lakes have 

high percentages of benthic Fragilaria taxa, and many of the mesotrophic and eutrophic lakes in 

the data set have diverse benthic assemblages (e.g. Black, Clam, Ellsworth, Benway, Wilson, 

Chippewa, Horsehead). 

Detrended Correspondence Analysis (DCA) of the diatom relative-abundance data from the 

42 Michigan lakes shows a spread of 3.854 standard-deviation units along axis 1, which indicates 

that a unimodal model of species response and weighted-average calibration are appropriate for 

the Michigan data set. The first two eigenvalues of 0.670 and 0.194 indicate that the first and 

second axes account for a large proportion of the species variance. 

An exploratory CCA ordination of the diatom surface-sediment assemblages and water-



chemistry variables was performed on the 41-lake data set (Torch Lake excluded). Eigenvalues, 

which explain the amount of variance accounted for by each of the axes, were 0.573, 0.168, 0.110, 

and 0.094 for the first 4 axes, respectively. The first axis, which by definition accounts for most 

of the variance in the data, was highly significant (p4101). Trophic variables (TP, chl a, TN, and 

secchi depth), conductivity, and pH vary primarily along axis one (Fig. 11), while alkalinity, 

morphometric characteristics (surface area, maximum depth, mean depth), and to some extent 

dissolved silica gradients follow the second axis. A forward selection of the variables, which was 

used to identify the minimal number of explanatory variables that could satisfacorily explain 

variance in the diatom data (ter Braak, 1990), showed that TT, maximum depth, and surface area 

were the most significant variables in order of importance. The first 3 eigenvalues of this forward 

selection (0.514, 0.140, 0.054) are similar in strength to those of the exploratory ordination, 

which demonstrates that the major axis of variation (axis 1) is well described with this smaller 

subset of variables. 

A constrained ordination (ter Braak, 1987) was used to test the strength of the four trophic 

variables, TP, TN, chlorophyll a, and secchi depth. In this analysis the first 

eigenvalue represents the proportion of species variance explained by the chosen variable, and the 

second eigenvalue represents unconstrained variance not explained by the variable. A ratio of the 

two eigenvalues >1.0 indicates that the variable has a strong signal along the first axis. Eigenvalue 

ratios of 1.57, 1.19, 1.52, and 0.28 for TP, TN, Chl a, and secchi depth, respectively suggest that 

reconstructions of TP, TN, and Chl a are acceptable from the data set. 

In the ordination diagram of species (Figure 11a), taxa characteristic of higher trophic 

state plot on the left, as indicated by the gradients for TP, TN, and chlorophyll a, whereas those 

species characteristic of lakes with low nutrients and biomass occur on the right. Most of the 

Cyclotella species, characteristic of large deep oligotrophic lakes, are in the upper right of the 

diagram. Planktonic indicators of high trophic status, such as the small Step hanodiscus spp., plot 

in the upper left of the diagram. The taxa in the lower part of the diagram along the entire length 

of axis 1 are primarily benthic forms. 

 

 

DISCUSSION 

 

Diatom Stratigraphy and Trophic Change 

The diatom and chrysophyte data from the Bellaire, Elk and Intermediate cores suggest 

that the lakes have been oligo/mesotrophic throughout the last ca. 250 years. Changes in diatom 

accumulation rates, excess biogenic-SiO2 concentrations, and the relative dominance of 

planktonic diatom taxa over this time period, however, do indicate some changes in diatom 

production and nutrient inputs, although these fluctuations occur within a fairly narrow range. 

One of the most striking features of the diatom data are the exceedingly low diatom 

concentrations and accumulation rates in the bases of the cores. The cause of low diatom 

accumulation in stratigraphic profiles is rarely unambiguous, and such is the case in the present 

systems. Low accumulation rates can result from low diatom production, dilution of 

accumulating valves by rapid accumulation of clastic sediment, dissolution of valves in the water 

column before they reach the sediment surface, or dissolution and breakage of valves within the 

sediment column itself. 

It is clear that dilution is not the cause of the low diatom accumulations, for sediment-

accumulation rates increase coincident with the increase in diatom accumulation, contrary to what 
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one would expect if dilution were the causative factor. Diatom valves in the base of all three 

cores do not show evidence of significant dissolution or breakage, and given the modem-day water 

chemistry (Table 1) it is difficult to imagine that dissolved silica concentrations in the recent past 

were sufficiently low or that alkalinity wassufficiently high to promote dissolution of valves 

within the water column. The increased rates of diatom accumulation from the mid-19th century 

onward could reflect more efficient delivery of diatom valves from the epilimnion to the sediment 

surface in zooplankton fecal pellets as a result of changes in zooplankton community structure 

driven by changes in fish predation. However, we have no means of evaluating this hypothesis 

with the available data. 

The most reasonable hypothesis for the low diatom-accumulation rates seems to be that of 

low diatom production, although we cannot confidently reject the hypothesis of valve dissolution. 

All three cores show a dramatic increase in diatom-accumulation rate between the mid-19th 

century and the first decades of the 20th century, which corresponds with only small shifts in the 

relative proportion of planktonic diatom taxa. We hypothesize that these changes in diatom 

accumulation result from increased diatom production caused by elevated nutrient concentrations 

from settlement and logging in the lake catchments. In all three lakes, coincident increases in scales 

and/or cysts of chrysophytes corroborate the hypothesis of increased algal production. 

The geochemical data offer additional support for our interpretation of increased lake 

productivity following settlement. All sites show increased accumulation of organic matter and 

carbonates between 1875 and 1925 and a rise in excess biogenic silica that mirrors the increased 

diatom concentrations. An increase in carbonate accumulation associated with lake eutrophication 

and the biotic uptake of CO2 has been noted in paleolimnological studies of other 

anthropogenically impacted lakes (Engstrom & Swain, 1986). In Elk and Intermediate lakes there 

is fairly clear evidence that the productivity increase was delayed relative to the signal for mineral 

erosion, which suggests that agricultural practices rather than early logging was responsible for much of 

the trophic enrichment. 

In Elk and Bellaire lakes the basal diatom assemblages are dominated by small Cyclotella 

species, primarily C. cf. comensis in Elk Lake and a mixture of C. cf. comensis, C. michiganiana, C. 

stelligera, Aulacoseira ambigua, Fragilaria crotonensis, and Asterionella formosa in Lake Bellaire. 

Intermediate Lake differs from Elk and Bellaire in the dominance of Aulacoseira ambigua and 

Stephanodiscus parvus for most of the record and the low relative proportions of Cyclotella species, 

except in the recent sediments. These floristic differences suggest that at the time of European settlement 

in the mid-19th century Intermediate Lake had slightly higher nutrient concentrations than either Elk or 

Bellaire, a contrast that has been maintained throughout most of its recent history.  In Lake Bellaire the 

first significant changes in diatom community composition occur from the late 1920s through early 1950s 

with the increase in Cyclotella distinguenda and decline in Aulacoseira ambigua. Little is known 

about the ecology of Cyclotella distinguenda, but Aulacoseira ambigua has relatively high Si 

requirements for growth (Kilham et al., 1986), and its decline is probably related to decreased Si 

availability. The concurrent increase in Mallomonas pseudocoronata scales apparently reflects increased 

production of this widely distributed chrysophyte, found in oligotrophic through eutrophic lakes (Siver et 

al., 1990). The small peak in the abundance of Stephanodiscus parvus in the mid 1960s consequently 

suggests a slight but significant increase in phosphorus concentrations in the lake (Bradbury, 1975; 

Tilman et al., 1982). In Intermediate Lake only small changes in diatom relative abundance characterize 

the first four to five decades of the 20th century. In Elk Lake, however, Cyclotella ocellata, C. 

stelligera, C. michiganiana, and several other planktonic taxa increase relative to C. cf. comensis over 

this period. Cyclotella spp. are typified as indicators of oligotrophic to mesotrophic conditions, but 



unfortunately the factors controlling the relative dominance of various species within the genus are not 

known. This is partly a taxonomic problem. With the advent of the scanning electron microscope, careful 

splitting and description of many species within the genus is only just now taking place, and thus the 

available ecological information on these newly defined taxa is restricted. The 42-lake modern data set, 

however, suggests that most of the Cyclotella cf. comensis group is characteristic of lower nutrient 

concentrations than other Cyclotella spp, and the shift from C. cf. comensis to a suite of other 

Cyclotella spp. plus A. formosa may reflect a very slight increase in available nutrients. All three lakes 

show a signficant change in the relative dominance of diatom taxa sometime around 1950. In Intermediate 

Lake the shift from Aulacoseira ambigua to Stephanodiscus parvus dominance clearly suggests a 

period of declining Si/P ratios and increasing phosphorus availability (Kilham et al., 1986). The rise 

within the last two decades of Cyclotella relative to Stephanodiscus spp. suggests that phosphorus 

concentrations have declined to levels lower than at any time in the recent past. In both Elk and Bellaire 

lakes the diatom flora shifts from a multi-dominated assemblage of Cyclotella michiganiana, C. 

distinguenda, C. stelligera, and in Elk Lake C. ocellata to one dominated by a suite of small diatoms in 

the C. cf. comensis group and C. delicatula. Again the interpretation of these floristic changes in Elk and 

Bellaire Lakes is not clear-cut because the factors controlling the competitive dominance of diatoms within 

the oligo-mesotrophic genus Cyclotella is not known. However, the modern C. comensis-dominated 

communities are similar to those prior to settlement, which suggests that the modern condition is similar 

to that prior to disturbance.  

The shift to Cyclotella cf. comensis dominance in recent decades involves a tremendous 

increase in total diatom-accumulation rates and excess biogenic-silica concentrations in the 

sediments. Sediment-accumulation rates are fairly stable over this period, which indicates that the 

elevated diatom accumulation involves increased diatom production and not simply increased 

delivery of sediment to the coring site. The elevated diatom-accumulation rates may reflect 

increased total algal production or alternatively an increase in diatom production relative to other 

algal groups. A change in nutrient concentrations and/or in the seasonality of nutrient inputs 

could favor diatoms over other algae, such as greens. Benthic diatom-accumulation rates decline 

over this period, which suggests a decrease in water clarity associated with increased planktonic 

production. 

 

Erosion Rates and Metal Deposition 

The geochemical data provide clear evidence for increased erosion associated with logging 

and settlement in the Bellaire, Elk, and Intermediate catchments. The accumulation rates for 

silicate-bound K20 and MgO in Lake Bellaire show a five-fold increase over pre-settlement values, 

and although a single core cannot be extrapolated to the entire basin, these numbers do suggest a 

major erosional increase that has not abated since peaking around 1930. Elk Lake sediments 

contain an even stronger signal than those of Lake Bellaire. The seven-fold increase in K20 and 

MgO accumulation indicates an acceleration of mineral soil inputs from the time of settlement until 

c. 1920. The decline in inorganic deposition since that time suggests that re-forestation of the 

catchment and/or less-intensive land-use practices have substantially reduced erosive inputs to the 

lake. Sediment accumulation in Intermediate Lake differs from the other two sites in that inputs of 

clastic materials decline after an initial peak around the time of settlement, only to rise sharply 

again in the early 1900s. Differences in land-use history, local topography, or surface hydrology 

could account for the implied cessation in catchment erosion in the late 1800s. As in Elk Lake, the 

decline in K20 and MgO accumulation after 1950 suggests decreased inwash of clastic sediments 

in more recent times. At all sites present-thy sediment fluxes exceed pre-settlement rates by factors 
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of 2-4. 

The profiles for metals commonly associated with atmospheric pollution show recent 

enrichment only for Zn in all three sites and also for Cu in Lake Bellaire. Paleolimnological 

records of atmospheric deposition from elsewhere in the eastern U.S. and Canada show far 

greater enrichment for these and other metals associated with fossil-fuel combustion and 

industrial development, particularly for sites closer to emission sources (e.g. Cole et al., 1990; 

Goldberg et al., 1981, for southern Lake Michigan). A steep depositional gradient away from 

pollution sources is to be anticipated for those elements strongly associated with fly ash. The 

sediment enrichment factors for Zn (0.6 - 1.3) are consistent with global estimates of 

anthropogenic emissions that are roughly twice that from natural sources including dust, forest 

fires, and volcanoes (Nriagu, 1989). The decline in Zn content after 1965 in Bellaire and Elk 

lakes may indicate decreased input, although a diagenetic explanation for the subsurface Zn 

maximum cannot be discounted (Carignan & Tessier, 1985). The fact that only Lake Bellaire 

shows strong surface enrichment for Cu implies that local rather than regional sources are 

responsible for elevated levels of this metal. 

 

Quantitative Trophic Reconstruction 

Quantitative reconstruction of changes in water-chemistry from stratigraphic diatom data 

requires a modem calibration data set that establishes the relationship between diatom assemblages 

and the chemical variable(s) of interest. In order to be useful in the reconstruction of past lake 

history from core data, this calibration data set must cover the range of chemical conditions 

experienced by a given lake throughout the historical period of concern and must be sufficiently 

large to accurately describe the distribution of diatoms along various ecological gradients. 

The ordination of the 41-lake data set from Michigan indicates that trophic variables, 

including TP, TN, and chlorophyll, vary along axis 1 and are strongly correlated with sedimentary 

diatom distributions. Among these phosphorus explains the most variance in the species data, and 

here we have reconstructed TP concentrations from the stratigraphic data. Chlorophyll a 

reconstructions show nearly identical trajectories. A comparison of observed total phosphorus 

values with concentrations calculated by weighted averaging for the 41 modern lakes is shown in 

Figure 12. The data indicate a good agreement betwen measured and inferred TP. 

In CCA, the model used here for quantitative trophic reconstruction, the equation relating 

a given environmental parameter (in this case TP) to diatom assemblages is based on diatom 

species optima. A taxon's optimum with respect to a given parameter is the average of all the 

values of that parameter for lakes in which the taxon occurs, weighted by the taxon's abundance. 

The reconstructed value of the environmental variable for a fossil sample is generated from a 

diatom assemblage by calculating the weighted average of the optima of the taxa present in that 

sample (Birks et al., 1990). Thus the phosphorus reconstructions are generated from the relative 

abundance of species with varied phosphorus optima. Accurate reconstruction using this method 

depends on having a broad enough range of modem surface samples to accurately determine the 

optimum for each taxon. 

The modem Michigan data set of 41 lakes suggests that most of the small Cyclotella cf. 

comensis varieties have lower phosphorus optima in comparison with other Cyclotella spp. (Table 

4). Among the Cyclotella spp., C. ocellata has the lowest TP optima, and C. distinguenda, C. 

michiganiana, and C. bodanica the highest. The data suggest that among the other planktonic 

species common in the cores and surface samples, Stephanodiscus spp. have the highest TP 

optima, with Fragilaria crotonensis, Asterionella formosa, and Aulacoseira ambigua 



intermediate between these and Cyclotella spp. These differences in apparent TP optima drive the 

reconstructions. 

The phosphorus reconstructions for Bellaire, Elk, and Intermediate lakes, as calculated by 

weighted averaging, are presented in Figure 13. The upper set of figures includes error estimates for 

the reconstructions, based on the root mean square error (RMSE=0.41 In (x+1)). Real errors 

determined by bootstrapping (an iterative resampling procedure) (Birks et al., 1990) would be 

slightly larger, but we have not had the opportunity to obtain this type of analysis here. The 

reconstructed values were calculated based on classical deshrinking of the TP gradient, a procedure 

that optimizes the entire regression rather than fitting the regression to the extreme values. 

Reconstructions of total phosphorus from Bellaire and Elk Lakes show similar patterns and 

suggest that TP concentrations increased coincident with logging and settlement. Maximum 

historical levels were attained around the turn of the century, and concentrations gradually declined 

from that time through the present. Concentrations from ca. 1960 onward are equal or slightly lower 

than those prior to logging and local settlement. In both Bellaire and Elk the error envelopes for 

reconstructed values are large and overlap throughout the entirety of the cores, which indicates that 

most of the reconstructed values are not statistically different from one another. The overall trends 

in phosphorus concentrations may still be meaningful, however, although certainly those trends are 

small in magnitude. In Intermediate Lake the reconstructions suggest that TP concentrations were 

more stable and increased only slightly in the mid-1950s, when small Stephanodiscus species 

increase in the sediments. Reconstructed concentrations for the last decade are lower than those 

prior to settlement, even within the error of the reconstructions. 

Plots of the trajectories of the core samples in each lake relative to the modern samples 

and environmental gradients are shown in Figure 14. These plots compare diatom assemblages of 

the cores with the modern analogs and allow one to track the pattern of change in the core 

samples through time. The trajectories all show large temporal trends along axis 2, which are 

perhaps indicative of changes in alkalinity or dissolved silica through time. However, it is the 

seemingly smaller motions along axis 1, which is statistically more significant, that drive the 

reconstuctions. The Bellaire core starts out at the lower right, goes to the lower center, and then to 

the upper-right quadrant in the present day. The Elk core goes from the upper right, to the bottom 

center, then back to the upper right. The Intermediate core bounces back and forth twice between 

the lower-left and the upper-left quadrants, with the highest trophy indicated in 1955. 

The TP reconstructions are broadly consistent with qualitative reconstructions based on 

changes in diatom species composition. In both Bellaire and Elk Lakes the modern diatom 

community, dominated by Cyclotella cf. comensis, is similar to that found in pre-settlement times, 

thus supporting the hypothesis that modern phosphorus concentrations may not be very different 

from those prior to logging and settlement. In Intermediate Lake the trend from Aulacoseira 

ambigua to Stephanodiscus spp. to Cyclotella spp. suggests elevated nutrient levels during the 

time of Stephanodiscus dominance, with a subsequent decline within the last decade or so to 

levels lower than in any time in the last century. 

These qualitative and quantitative reconstructions based on diatom species composition, 

however, must be reconciled with the evidence for trophic change suggested by accumulation 

rates of diatoms and biogenic silica. In all three lakes the increase in total diatom accumulation 

and excess biogenic-silica concentration with logging and settlement indicates increased diatom 

production caused by elevated nutrient inputs from the catchment. This is consistent with the 

quantitative TP reconstructions for the oligotrophic Elk and Bellaire Lakes. In the mesotrophic 

Intermediate Lake, however, the TP reconstruction suggests no significant increase in total-



phosphorus concentrations. 

All three lakes show an increase in diatom accumulation and excess biogenic-silica 

concentration in the last few decades, while the phosphorus reconstructions suggest a continuing 

decline in lakewater TP. The two lines of evidence are not necessarily contradictory. The increased 

diatom accumulation does suggests some sort of perturbation to produce higher diatom production, 

but a variety of mechanisms can be postulated. The available evidence suggests that the Cyclotella 

cf. comensis group blooms primarily in the summer (E.F. Stoermer & J.A. Wolin, personal 

communication), and perhaps lowered phosphorus concentrations favored diatom production over 

other algal groups during the summer growing season. Alternatively a nutrient other than 

phosphorus may be driving the recent shifts in species composition and accumulation, for example, 

elevated atmospheric nitrate loading (E.F. Stoermer, personal communication) or changes in the 

concentration of a micronutrient, such as boron, which is required for silica metabolism. 

It is clearly possible that the reconstructed phosphorus trajectories may not be realistic, 

although we have no clear reason to doubt the results. The very strong correlation between 

diatom distributions and trophic variables in the ordination suggests that have changed little over 

the last several hundred years in total-phosphorus concentration, and that the large errors 

associated with reconstructed values do indeed negate the apparent trends. It is also possible that 

despite the strong correlations apparent in the ordination, that factors other than the measured 

chemical and morphometric variables are driving these oligo/mesotrophic systems or that the 

phosphorus optima of taxa are still not adequately described by a 42-lake data set. 

 

 

CONCLUSIONS 

 

Changes in diatom-accumulation rates and in the relative dominance of diatom taxa in the 

Bellaire, Elk, and Intermediate cores suggest slight changes in nutrient status over the last 200 

years. The changes in the diatom assemblages, however, do not involve major species 

replacements but rather shifts in relative dominance within a group of species present at the time 

of settlement. This suggests that the magnitude of limnological change has not been large, and that 

the lakes have remained oligotrophic to mesotrophic throughout the last 200 years. At present the 

lakes range from Elk to Bellaire to Intermediate in order of increasing trophic state, and the 

stratigraphic data suggests that this ranking existed prior to the time of settlement. 

A major increase in diatom and excess biogenic-silica concentrations and the 

accumulation of organic matter and carbonates in the latter part of the 19th century indicates 

increased lake productivity following logging and settlement. Total phosphorus reconstructions 

generated with CCA suggest that phosphorus concentration increased significantly at this time in 

Elk and Bellaire Lakes and then gradually declined from that time through the present. The 

reconstructions suggest that within the last one to two decades that all three lakes have attained 

TP concentrations equal or lower to predisturbance values. However, a coincident increase in 

diatom accumulation rates and excess biogenicsilica concentrations suggests that diatom 

production has increased over this period. While this increase can be reconciled with the 

hypothesis of lowered phosphorus concentrations suggested by the quantitative reconstructions, 

the data do show that contemporary diatom-accumulation rates are many times higher than they 

were at any time in the last few hundred years and thus that in some way modem conditions are 

not entirely analogous to those prior to logging and settlement. We are unable with the available 

information to unravel the nature of these changes. But, despite the ambiguities in the 



interpretation, it is clear that these lakes, particularly the more oligotrophic Elk and Bellaire, 

have changed within a very restricted range and at the present day are not radically different 

from their pre-disturbance states in the early part of the 19th century. It is also clear from both 

the biological and geochemical evidence that the major perturbation to these oligotrophic lakes 

occured in the latter part of the 19th century with accelerated erosion, increased nutrient inputs, 

and increased algal production resulting from logging and erosion. 

The problems in interpretation point to the some of the difficulties in reconstructing trophic 

change from the stratigraphic record. The distinct changes in the biological and geochemical record 

through time show that these large oligotrophic lakes are sensitive to land-use, atmospheric, and/or 

climatic forcings. However, we have insufficient knowledge about the dynamics of these systems, 

in terms of the factors controlling the relative dominance of various algal species and those that 

limit algal production. Moreover it is clear in the present case that the perturbations to these 

systems were fairly small in magnitude, and we do not know enough about fine-scale dynamics to 

be capable of reading the sedimentary record. Lakes smaller in aeral extent or depth may be more 

sensitive to changes within the catchment than large deep lakes, such as Elk and Bellaire. The 

present data also suggest that lakes of different ambient nutrient concentrations may respond very 

differently to catchment land-use change, as evidenced by the contrast of Intermediate Lake with 

Elk and Bellaire during the time of logging and settlement. 

The ordination technique used here for quantititative reconstruction is statistically well 

founded, and the method suggests strong correlations between diatom distributions and trophic 

variables in the 42-lake Michigan data set. In more highly perturbed systems with major shifts in 

the species composition (see, for example Bradbury, 1975) we are 

confident that the modern data-set developed here for trophic reconstruction could 

produce good quantitative trajectories of trophic change through time and thus will be useful for 

trend analysis in other parts of the state. However, the fairly large range of many of the taxa with 

respect to phosphorus concentrations and thus the relatively large errors associated with the 

reconstructed values make it difficult to reconstruct fine-scale changes, such as those suggested 

here. A significantly larger data set and undoubtedly a more detailed limnological 

characterization of the lakes may be necessary to decipher such fine-scale change. Moreover, 

most trophic variables are highly intercorrelated, and to a large extent the variables measured 

here (TP, TN, chl a, secchi depth) are simply proxies for the same thing, algal biomass. Thus, it 

may not be possible with these data to unravel a single variable driving limnological change. 
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FIGURE LEGENDS 

 

Figure 1. a) Unsupported lead-210 vs. cummulative dry mass, b) Age vs. sediment depth, c) 

Sediment-accumulation rate vs. age. (Error bars represent 1 s.d. propogated from 

counting uncertainty). 

 

Figure 2. a) Percent composition of dry sediment as determined from loss-on-ignition 

methods, b) Relative proportion of biogenic silica in the sediments in excess of that 

prior to 1850. 

 

Figure 3. Accumulation rates of major diatom taxa in the Lake Bellaire core. Figure 4. 

Relative abundance of major diatom taxa in the Lake Bellaire core. 

 

Figure 5. a) Accumulation rates of organic, inorganic and carbonate components of 

sediment, b) Selected major elemental accumulation rates. 

 

Figure 6. Accumulation rates of the metals Cu, Zn, Ni, V, and Cr. 

 

Figure 7. Accumulation rates of major diatom taxa in the Elk Lake core. Figure 8. Relative 

abundance of major diatom taxa in the Elk Lake core. 

 

Figure 9. Accumulation rates of major diatom taxa in the Intermediate Lake core. Figure 

10. Relative abundance of major diatom taxa in the Intermediate Lake core. 

 

Figure 11. Canonical correspondence analysis plot for the Michigan data set (n=41). The 

arrows represent the direction of maximum variation of the measured 

environmental variables, and the origin represents the mean value for that variable 

in the data set. The relationship of the 83 most abundant taxa (open circles) to the 

measured environmental gradients is shown in the upper plot and that of the 41 

Michigan lakes (closed triangles) in the lower plot. 

 

Figure 12. Observed total phosphorus concentrations (TP) vs diatom-inferred TP 

concentrations (calculated from weighted averaging) for the 41 active Michigan 

surface-sample lakes. The upper figure is graphed in logarithmic units and the lower 

figure on a linear scale. 

 

Figure 13. Total phosphorus (TP) reconstructions for the Bellaire, Elk, and Intermediate 

cores. In the upper figure reconstructed values are expressed on a logarithmic scale. 

The dotted lines show the error estimates for the reconstructions, calculated as the 

RMSE. In the lower figure the reconstructed values are plotted on a linear scale. 

 

Figure 14. Canonical correspondence analysis plots of the core samples for Bellaire, Elk, 

and Intermediate lakes plotted relative to the environmental gradients in the 41-lake 

modern data-set (Fig. 11). The core samples are treated as passive samples in the 

ordination and here are connected by lines to show the trajectories of the samples in 

environmental space. 
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APPENDICES 

 

Complete core geochemical profiles: Concentration data 

Complete core geochemical profiles: Accumulation rates data 

Loss-on-ignition data: Bellaire, Elk, Intermediate 

210-Pb data: Bellaire, Elk, Intermediate 
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