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Abstract

Significant population growth over the last three decades, as well as efforts to improve surface-water quality
mandated by the Clean Water Act, potentially have had opposing influences on aquatic ecosystems in the U.S.
Because historical data on water-quality trends are limited over this time period, we developed a diatom-based
transfer function to reconstruct chloride, color, acid neutralizing capacity (ANC), total phosphorus (TP), and
pH in 55 Minnesota lakes. The lakes span three different ecoregions, as well as the Twin Cities metropolitan
area, and differ in their history of settlement and land use, and in surficial geology, climate, and vegetation.
Lakes in the Northern Lakes and Forest ecoregion are nearly pristine, whereas those in the other regions likely
are strongly affected by urban or agricultural pollutants. Reconstructions of water-chemistry trends since 1970
suggest that recent human activities have had substantial impacts in both urban and rural areas. Chloride con-
centrations have increased in many Metro lakes, which may be due to road salts, and phosphorus levels have
been steady or rising in agricultural regions. The majority of Metro lakes show some decline in TP, although
many of the changes are not statistically significant based on our reconstruction techniques. There is no evi-
dence that atmospheric deposition of sulfate or nitrate has caused acidification or changes in trophic state for
remote lakes in the northeastern part of the state.

Keywords: acidification, diatoms, eutrophication, Minnesota lakes, phosphorus, transfer function

Introduction

The period since 1970 has been one of dynamic
change for water resources in North America. On
one hand, intense human population growth has in-
creased stress on aquatic systems, yet environmen-
tal laws have mandated cleaner surface waters. For
example, the Federal Water Pollution Control Act of
1972 and the Clean Water Act Amendments of 1977
were aimed at improving surface-water quality (Fet-
ter 1994).

Throughout the United States, a number of moni-
toring studies of individual or small clusters of lakes
have been carried out during the last few decades
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to assess changes in water quality (Edmondson and
Lehman 1981; Jassby et al. 1995; Johengen et al.
1994). However, there are relatively few investiga-
tions that address large-scale regional trends in wa-
ter quality over this time period, with the exception
of studies of lake acidification (Kingston et al. 1990;
Cumming et al. 1992; Hall and Smol 1996) and eu-
trophication in eastern North America (Dixit et al.
1999; Siver et al. 1999). Sparse data exist for agricul-
turally dominated landscapes in the North American
mid-continent, with adjoining areas that experience
the impacts of urbanization, mining and atmospheric
pollution. Thus, it is currently not possible to eval-
uate regional patterns of water-quality change or to
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compare the extent of change attributable to differing
human impacts and land-use histories.

We developed a diatom-based calibration data
set (e.g., Charles and Smol (1994), Charles et al.
(1994)) from 55 lakes in Minnesota (Figure 1) and
use this data set to reconstruct historical trends in
water chemistry over the last c. 30 years (Fritz et al.
1993; Reavie et al. 1995a; Reavie and Smol 2001) by
comparing core sections equivalent to ¢. 1970 with
modern conditions in each of the lakes. We chose
this 30-year period to assess whether efforts to im-
prove water quality over this time period have had
a significant impact on the state’s lake ecosystems.
Nonpoint source pollution is a problem for Minne-
sota’s aquatic ecosystems, as a result of agriculture,
urban sprawl, lakeshore development, and deposi-
tion of atmospheric pollutants. The lakes that were
used in this study range from nearly pristine sites in
the northeastern part of the state to those strongly af-
fected by urban and agricultural nutrient loading in
the south. This range of lakes allows us to assess re-
cent changes in water quality in a variety of ecosys-
tems and to compare the extent of change attributable
to different types of human impact. The limited his-
torical data for this region can also be used to test the
accuracy of our paleolimnological reconstructions.

Study area

The lakes in this study represent three of Minneso-
ta’s ecoregions: Northern Lakes and Forests, North
Central Hardwood Forests, and Western Corn Belt
Plains, as well as the Twin Cities (Minneapolis-St.
Paul) metropolitan region (Table 1, Figure 1). These
regions represent a gradient in vegetation, precipita-
tion, geology, and land use from the northeast to the
southwest portion of the state.

Fifty of the lakes in this study were selected for
a previous study on mercury deposition across Min-
nesota (Engstrom et al. 1999). For this study, five ad-
ditional lakes were added from agricultural regions
in the southern portion of the state (those in the Corn
Belt Plains ecoregion). The lakes were chosen in a
non-random manner, but they are qualitatively repre-
sentative of the larger population of lakes in each of
the regions.

The Northern Lakes and Forests region is primar-
ily forested, with only small tracts of land perma-
nently cleared for agriculture and iron mining (Eng-
strom et al. 1999). There is little urban development,
although the shores of some lakes are lined with re-

sorts and cabins (Tester 1995). Lakes tend to be small
and deep and are generally oligotrophic (<0.010 mg/
L TP) to mesotrophic (0.010-0.030 mg/L TP) (Heis-
kary et al. 1987). Soils are very thin and overlie crys-
talline bedrock of the Canadian Shield. Many of
these lakes have a very low-buffering capacity, mak-
ing them potentially susceptible to acidification by
acid rain (Kingston et al. 1990). Twenty of the study
lakes are in this northern ecoregion (Table 1). Five of
these lakes are clustered near the city of Grand Rap-
ids, five are located within Voyageurs National Park,
near the U.S./Canadian border, six are within the
Lake Superior Highlands, within 5 km of the North
Shore of Lake Superior, and the remaining four lakes
are located within the Superior National forest.

The North Central Hardwood Forests region is
characterized by a mosaic of land uses (Heiskary et
al. 1987). The west-central portion is dominated by
agricultural and forested use, while the eastern met-
ropolitan area is dominated by urban, wetland, and
forested areas (Engstrom et al. 1999). In recent de-
cades, the proportion of land used for agriculture
and urban development has increased. Currently the
lakes in the North Central Hardwood Forests region
range from oligotrophic to hypereutrophic (>0.100
mg/L TP) (Tables 1 and 2). Most lakes overlie cal-
careous glacial drift and consequently are high in
alkalinity. Approximately 44% of the lakes in this
ecoregion do not fully support swimable use because
of eutrophication related impacts (Minnesota Pollu-
tion Control Agency 2000). Average annual evapora-
tion exceeds precipitation in this region, so lake lev-
els fluctuate seasonally and from year to year. Of the
ten study lakes located in this region, half have large,
agriculturally dominated watersheds and low water
quality. The other half are not as heavily influenced
by agriculture, have smaller watersheds, and higher
water quality. All ten of the lakes are in rural areas,
and all but two are at least partially ringed by sum-
mer cottages and year-round homes (Engstrom et al.
1999).

In the Western Corn Belt Plains ecoregion, agricul-
ture is the primary land use, and more than 80% of
the land has been under cultivation during the past
few decades (Heiskary and Wilson 1989). The lakes
in this region tend to be large and shallow and fre-
quently receive runoff of sediment and nutrients
from cultivated fields and animal feedlots. As a re-
sult of the combination of rich soils, shallow lake ba-
sins, and agricultural runoff, most lakes are classified
as eutrophic (0.030-0.100 mg/L TP) or hypereutro-
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Figure 1. Location of the fifty-five study lakes in Minnesota (key to lake numbers provided in Table 1), along with the ecoregions of Min-

nesota (modified from Tester (1995)).

phic (Tables 1 and 2). Five study lakes are located
in this region, and all have watersheds dominated
by agricultural lands, as is typical for the ecoregion
(Engstrom et al. 1999). The five lakes, however, are
slightly deeper (Table 1) than the norm for the region
(Heiskary et al. 1987).

In the Minneapolis-St. Paul metropolitan area, al-

most all of the lakes are affected to some extent by
urban runoff; many lakes receive direct, or indirect,
input from storm sewers. Twenty of the study lakes
are in this region, with roughly half in urban neigh-
borhoods (within 10 km of the center of either Min-
neapolis or St. Paul). The other half are located in
more rural landscapes.
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Table 1. Location and size of each of the study lakes and their catchments (modified from Engstrom et al. (1999)). Metro
= Twin Cities Metropolitan area, NL&F = Northern Lakes and Forests ecoregion {GR = Grand Rapids, NS = North Shore,
SNF = Superior National Forest, and VNP = Voyageurs National Park}, HF = Hardwood Forests ecoregion {For = watershed
is primarily forested, Ag = agriculturally dominated watershed}, and CBP = Corn Belt Plains ecoregion (refer to text for
description of regions).

Map Ecoregion County Lake Latitude Longitude  Lake Max. Total Primary
number N W area depth  catchment catchment
(ha) (m) (ha) (ha)

1 Metro Washington Tanners 44° 57.00 92° 58.88' 30.2 13.7 669 669
2 Metro Washington Carver 44° 54.36' 92° 58.83' 19.6 11.0 864 864
3 Metro Washington Elmo 44°59.37 92° 52.96' 114.6 42.7 2076 569
4 Metro Washington Square 45°09.40 92° 48.26' 81.9 20.7 226 226
5 Metro Washington L. Carnelian 45°07.07' 92°47.79' 46.7 19.2 1854 162
6 Metro Dakota Dickman 44° 51.69' 93°04.74' 9.1 2.4 57 57
7 Metro Dakota Fish 44° 49.35' 93°10.03' 12.5 10.1 1506 106
8 Metro Dakota Marcott 44° 48.95' 93°04.02' 7.5 10.1 251 56
9 Metro Dakota Schultz 44° 47.07' 93°07.47 53 49 69 18
10 Metro Ramsey Johanna 45°02.43' 93°09.93' 86.4 12.5 1026 228
11 Metro Ramsey Turtle 45°06.22' 93°08.18' 1333 8.8 180 180
12 Metro Ramsey Owasso 45°02.28' 93°07.45' 150.9 12.2 423 224
13 Metro Ramsey McCarrons 44° 59.85" 93°06.67 30.1 17.4 412 43
14 Metro Ramsey Gervais 45°01.05" 93°04.30 94.4 12.5 4028 243
15 Metro Hennepin Calhoun 44° 56.63' 93°18.79' 168.5 27.4 2515 1236
16 Metro Hennepin Christmas 44° 53.85" 93° 3247 105.7 26.5 189 189
17 Metro Hennepin Harriet 44° 55.15' 93°18.58' 138.6 25.0 387 387
18 Metro Hennepin Little Long 44° 56.88' 93°42.47 21.8 232 32 32
19 Metro Hennepin Sweeney 44° 59.44' 93°20.48' 283 7.6 1011 78
20 Metro Hennepin Twin 44° 59.52" 93°20.17 8.7 17.1 33 33
21 NL&F Itasca (GR) Forsythe 47° 1597 93°36.06 27.1 3.1 191 191
22 NL&F Itasca (GR) Snells 47° 14.46 93°40.16' 35.8 15.2 288 288
23 NL&F Itasca (GR) Long 47°13.63' 93°39.39' 54.5 22.9 165 165
24 NL&F Itasca (GR) Loon 47°13.95" 93°38.42' 92.9 21.0 364 144
25 NL&F Itasca (GR) Little Bass 47°17.05" 93°36.09 64.5 18.9 540 540
26 NL&F Cook (NS) Dyers 47°31.62' 90° 58.79' 27.8 6.1 854 854
27 NL&F Lake (NS) Tettegouche 47° 20.66 91°16.18' 26.7 4.6 103 103
28 NL&F Lake (NS) Nipisiquit 47°21.31" 91° 14.94' 23.7 5.5 298 60
29 NL&F Lake (NS) Wolf 47°22.61" 91° 11.58' 13.1 7.3 68 68
30 NL&F Lake (NS) Bear 47°17.05" 91°20.62' 18.3 8.8 60 60
31 NL&F Lake (NS) Bean 47°18.51" 91° 18.02' 12.5 7.9 64 34
32 NL&F Lake (SNF) Ninemile 47° 34.55" 91° 04.88' 120.3 9.1 209 209
33 NL&F Lake (SNF) Wilson 47° 40.45' 91° 04.53' 257.1 14.9 719 719
34 NL&F Lake (SNF) Windy 47°44.13' 91°04.31" 184.6 11.9 1705 1464
35 NL&F Lake (SNF) August 47°45.79 91°36.37 76.5 5.8 937 372
36 NL&F St. Louis (VNP) Shoepack 48°29.82" 92°53.27 155.4 7.3 1768 1635
37 NL&F St. Louis (VNP) Little Trout 48°23.72" 92°31.63' 107.6 29.0 140 140
38 NL&F St. Louis (VNP) Locator 48°32.47 93°00.34' 54.1 159 1489 444
39 NL&F St. Louis (VNP) Loiten 48° 31.60" 92° 55.61' 39.0 14.9 242 242
40 NL&F St. Louis (VNP) Tooth 48° 23.88' 92° 38.59' 23.6 13.1 151 151
41 HF Stearns (For) Kreighle 45°34.72" 94° 28.69' 41.0 17.1 88 88
42 HF Stearns (For) Sagatagan 45°34.47 94° 23.45' 88.7 14.3 252 252
43 HF Kandyohi (For) George 45° 14.55' 94° 59.06' 91.6 9.1 102 87
44 HF Kandyohi (For) Long 45°19.87 94° 51.13' 129.8 13.4 363 363
45 HF Kandyohi (For) Henderson 45°13.82" 94° 59.56' 29.1 12.2 59 59
46 HF Kandyohi (Ag) Diamond 45°11.16' 94° 51.23' 644.8 8.2 3590 1850
47 HF Mcleod (Ag) Hook 44° 57.21" 94° 2047 133.1 5.5 620 399
48 HF Mcleod (Ag) Stahl 44° 57.18' 94° 25.24' 54.6 10.7 630 186
49 HF Meeker (Ag) Dunns 45°09.50" 94° 25.74' 63.0 6.1 1381 165
50 HF Meeker (Ag) Richardson 45°09.57' 94° 26.40' 483 14.3 1168 1168
51 CBP Jackson Fish 43°50.82" 95°02.67 120.7 8.2 649 649
52 CBP Faribault Bass 43°49.22' 94° 04.67 75.7 6.1 136 136
53 CBP Blue Earth Duck 44°13.07' 93°48.89' 116.6 7.6 385 385
54 CBP Blue Earth George 44° 14.02" 93°52.29' 36.2 8.5 54 54
55 CBP Steele Beaver 43°53.52" 93°20.90 37.8 8.2 71 71
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Table 2. Modern water-chemistry values for each of the reconstructed variables. Refer to Table 1 for explanation of region
abbreviations.

Ecoregion County Lake pH ANC (ueq/l) Color (PT-Co) Cl (mg/1) TP (mg/l)

Metro Washington Tanners 8.9 2370 26 99.0 0.056
Metro Washington Carver 8.7 2190 24 123.0 0.036
Metro Washington Elmo 8.5 2870 8 17.0 0.010
Metro Washington Square 8.7 2430 4 5.6 0.012
Metro Washington L. Carnelian 8.8 2120 7 8.3 0.009
Metro Dakota Dickman 7.9 1480 13 58.0 0.105
Metro Dakota Fish 7.6 1613 19 101.0 0.079
Metro Dakota Marcott 7.8 2393 10 36.0 0.019
Metro Dakota Schultz 7.8 1690 18 32.0 0.026
Metro Ramsey Johanna 8.3 1620 17 119.0 0.036
Metro Ramsey Turtle 8.3 2320 8 22.0 0.027
Metro Ramsey Owasso 8.2 2030 15 81.0 0.040
Metro Ramsey McCarrons 8.6 1591 19 74.7 0.048
Metro Ramsey Gervais 8.3 2320 18 102.0 0.033
Metro Hennepin Calhoun 8.7 2150 9 117.0 0.028
Metro Hennepin Christmas 8.9 2620 7 23.0 0.015
Metro Hennepin Harriet 8.9 2090 9 96.0 0.027
Metro Hennepin Little Long 8.8 1680 9 3.7 0.010
Metro Hennepin Sweeney 8.4 4200 18 183.0 0.046
Metro Hennepin Twin 8.6 2927 14 100.0 0.022
NL&F Itasca (GR) Forsythe 6.9 233 85 0.7 0.021
NL&F Itasca (GR) Snells 8.2 2507 18 6.3 0.024
NL&F Itasca (GR) Long 8.1 2294 10 2.1 0.013
NL&F Itasca (GR) Loon 8.6 2468 9 2.8 0.011
NL&F Itasca (GR) Little Bass 8.2 2421 17 1.8 0.013
NL&F Cook (NS) Dyers 7.6 690 69 0.8 0.027
NL&F Lake (NS) Tettegouche 7.3 303 33 0.4 0.017
NL&F Lake (NS) Nipisiquit 7.4 486 23 0.3 0.016
NL&F Lake (NS) Wolf 7.8 610 18 1.9 0.014
NL&F Lake (NS) Bear 7.5 342 9 0.4 0.011
NL&F Lake (NS) Bean 7.6 526 8 0.3 0.017
NL&F Lake (SNF) Ninemile 7.4 356 17 0.8 0.017
NL&F Lake (SNF) Wilson 7.5 342 14 0.3 0.013
NL&F Lake (SNF) Windy 6.9 148 98 0.3 0.012
NL&F Lake (SNF) August 7.3 290 97 0.9 0.015
NL&F St. Louis (VNP) Shoepack 6.6 100 117 0.2 0.019
NL&F St. Louis (VNP) Little Trout 7.4 306 3 0.3 0.007
NL&F St. Louis (VNP) Locator 7.0 123 58 0.4 0.009
NL&F St. Louis (VNP) Loiten 7.1 150 29 0.3 0.008
NL&F St. Louis (VNP) Tooth 6.8 189 39 0.4 0.012
HF Stearns (For) Krighle 8.5 2008 3 1.2 0.011
HF Stearns (For) Sagatagan 8.5 1741 7 3.7 0.027
HF Kandyohi (For) George 8.8 4548 5 28.4 0.015
HF Kandyohi (For) Long 8.5 3407 9 9.2 0.019
HF Kandyohi (For) Henderson 8.6 4176 7 17.6 0.022
HF Kandyohi (Ag) Diamond 8.6 3365 16 16.1 0.080
HF Mcleod (Ag) Hook 8.4 2952 15 253 0.068
HF Mcleod (Ag) Stahl 8.4 3107 20 11.6 0.046
HF Meeker (Ag) Dunns 8.6 2232 15 17.5 0.139
HF Meeker (Ag) Richardson 8.3 2715 18 17.4 0.098
CBP Jackson Fish 8.8 3245 9 20.2 0.038
CBP Faribault Bass 9.0 3338 20 15.0 0.081
CBP Blue Earth Duck 8.9 2892 12 16.3 0.065
CBP Blue Earth George 9.2 1982 25 11.2 0.130

CBP Steele Beaver 8.9 2501 9 15.0 0.030
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Methods
Sediment cores and sample preparation

Sediment cores were obtained with a piston corer from
a deep flat region of each of the fifty-five study lakes.
Cores from the original fifty lakes were obtained in
1995 and 1996. The additional five lakes added for
this study were cored during 1997 and 1998. The cores
were sectioned, freeze dried, and a chronology was es-
tablished with 2!%Pb dating, using the constant rate of
supply model (Appleby and Oldfield 1978). Based on
the 2!%Pb chronology and calculated sediment accu-
mulation rates, samples were taken to represent equiv-
alent time periods from the core top (ranging from the
top 1 to 5 cm and representing 1-3 years of accumu-
lation) and from the interval representing c. 1970 (see
Engstrom et al. (1999) for detailed methods on core
collection and 2!°Pb dating).

A 10% hydrochloric acid solution was used to dis-
solve carbonates in the samples, and hydrogen per-
oxide was used to oxidize organic matter. After the
chemical treatments, samples were rinsed and stored
in distilled water. The diatom suspensions were set-
tled onto coverslips, and the coverslips were affixed
to slides with Naphrax®. At least 400 diatom valves
were counted along transects in the modern sam-
ples. In the c. 1970 core sections, 300 valves were
counted, except when the concentration of diatoms
was extremely low. In these cases, 10 transects were
counted. Due to poor diatom preservation, reconstruc-
tions for Marcott Lake (Dakota County) and Sagata-
gan Lake (Stearns County) were based on 145 and 80
diatom valves, respectively. Diatoms were identified
to species following primarily (Krammer and Lange-
Bertalot 1986 to 1991; Patrick and Reimer 1966).

Water-chemistry analysis

A modern water-chemistry data set was compiled for
the study lakes by the Minnesota Pollution Control
Agency (Table 2). Lakes were sampled a minimum
of two times between 1996 and 1998. Sampling was
done between mid-May and early October (the vast
majority of samples were collected between June and
September, the few samples taken in May were col-
lected well after spring turnover). In addition, a lim-
ited set of water-chemistry data from 1993—-1998 is
available for 22 of the lakes (Minnesota Pollution
Control Agency, unpublished data), and some of
these values are incorporated here.

Epilimnetic water samples were collected just
below the lake surface in 10L plastic cubitainers,
placed on ice, and analyzed within one to four days
of collection. Conductivity (temperature corrected),
pH (closed head-space), and true color (Pt-Co
units) (Standard Methods 2120B; American Public
Health Association, American Water Works Asso-
ciation, and Water Environment Federation (1995))
were measured in the lab. Acid neutralizing capacity
(alkalinity) was determined by fixed end-point titra-
tion, dissolved organic carbon (DOC) was measured
with a carbon analyzer (UV-persulfate digestion), and
chlorophyll a was measured with a spectrophotome-
ter (EPA method 446.0). Major ions were measured
on filtered (0.45m) subsamples by ion chromatogra-
phy (Cl and SO, ) and flame AA (K, Mg, Ca, Na).
Total phosphorus (TP), total nitrogen (TN), and SiO,
were determined by colorimetric methods (EPA pa-
rameter number 365.2) using either an autoanalyzer
or spectrophotometer (American Public Health Asso-
ciation, American Water Works Association, and Wa-
ter Environment Federation 1995).

Limited historical water-quality data exist for thir-
teen of the study lakes (eleven lakes in the Metro re-
gion, one in the Hardwood Forest, and one in the
Corn Belt Plains). This data set consists of a compila-
tion of TP, chlorophyll a, and Secchi depth measure-
ments made over the past few decades (Heiskary,
unpublished data summarized from STORET).
These data are used for comparison with our core
reconstructions.

Statistical analysis

Modern diatom species assemblages were compared
to the following water-chemistry variables: pH, acid
neutralizing capacity (ANC), conductivity, K, Mg,
Ca, Na, Cl, SO, , SiO,, Secchi depth, color, dissolved
organic carbon (DOC), total phosphorus (TP), to-
tal nitrogen (TN), and chlorophyll a. Some variables
had a non-normal, skewed distribution (Na, CI, SO,,
SiO,, color, TP, TN, and chlorophyll a) and were log
transformed to achieve a normal distribution prior to
any further statistical analyses.

Relationships between water-chemistry variables
and diatom assemblages were evaluated using canoni-
cal correspondence analysis (CCA) in the program
CANOCO (ter Braak 1987). Taxa that occurred in
at least two of the modern samples and had a max-
imum abundance greater than or equal to 1% of the
diatom sum were included. In addition, three species
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that had only one occurrence, but that represented
more than 5% of that lake’s total diatom assemblage
were added. A total of 108 diatom taxa were used
in these ordinations. Species with rare occurrences
were downweighted (rare was defined as a species
with <20% abundance of the most common spe-
cies). Because some of the environmental variables
are highly correlated, forward selection was used to
select a subset of variables that best explained sta-
tistically the variation in the species data (p < 0.05).
For this subset of variables, a series of constrained
CCAs were conducted to test the significance of each
variable on the first axis, using Monte Carlo permu-
tation tests with 199 permutations. In addition, par-
tial CCAs were conducted for all pairs of variables.
Weighted averaging (WA) calibration with inverse
deshrinking was used to develop a transfer function
that was applied to the 1970 core section.

The strength of the transfer function is reported
in terms of the squared correlation (r2) and the root
mean square error (RMSE). Because the same data
are used cipitation to generate the model and test it,
the RMSE usually underestimates the RMSE of pre-
diction (RMSEP), and the validation step of jackknif-
ing was used. precipitation. Jackknifing reruns the
model multiple times, each time leaving one sample
out of the model and reconstructing that lake’s chem-
istry. This approach gives a more realistic error for
reconstructions (Fritz et al. 1999). Outliers were de-
tected by examining plots of residuals and were re-
moved before performing the reconstructions. The
WA calibration and reconstructions were performed
using the program CALIBRATE (Juggins and ter
Braak 1999).

Results

Calibration data set

Canonical correspondence analysis (CCA) indicates
that the 16 environmental variables collectively ac-
count for 42.7% of the variation in the diatom data.
Forward selection indicates that Cl, ANC, color, TP,
SO,, pH, and SiO, (in order of the amount of varia-
tion explained) explain independent variation in the
diatom data and together account for 27.2% of the
variation in the diatom data (64% of the variance ex-
plained by all environmental variables). In the con-
strained CCAs, all variables (Cl, pH, ANC, TP,
and color) had a statistically significant (p < 0.005)
influence on diatom distribution. The ordination in-

dicates that Cl was the strongest explanatory variable
(explains 8.5% of the variation in the species data),
followed by pH (7.6%), ANC (6.9%), TP (6.5%), and
color (4.5%). In the partial CCA analyses, the ratios
of the first to the second eigenvalues were large for
all pairs of variables, and Monte Carlo permutation
indicated significance (p < 0.01), except for ANC
with pH as a co-variable, which was only marginally
significant (p = 0.065).

In the CCA biplot (Figure 2), lakes cluster by
ecoregion along the environmental gradients. Axis 1
accounts for 32.8% of the explained variation in the
diatom data, while axis 2 accounts for an additional
19.6% of the explained variation. The first axis repre-
sents the maximum variation in the data set and is
most closely correlated with log Cl and log TP; log
Cl accounts for more of the variation in the species
data than does log TP (represented in Figure 2 by
the longer vector). The CI gradient represents a gra-
dient of ionic concentration from lakes in base-poor
areas in the northeastern part of the state, which re-
ceive precipitation well in excess of evaporation, to
lakes in western portions of the state with more eas-
ily weathered soils and where evaporation equals or
exceeds precipitation. The lakes in the more pris-
tine Northern Lakes and Forests region cluster to-
ward the lower end of the TP and CI gradients com-
pared to the other three regions. Lakes also array
themselves along the second axis, which is correlated
most strongly with color, pH and ANC. The major-
ity of lakes in the Northern Lakes and Forests region
plot low along the pH/ANC gradient.

Table 3 summarizes the performance of the trans-
fer function. The results indicate a high correlation
between the observed and estimated values for all
seven environmental variables. The RMSE values
are higher for ANC, because this is the only variable
that is not presented on a log-based scale.

Modern diatom assemblages

In the Northern Lakes and Forest ecoregion, modern
samples from the North Shore (Table 1) are dominated
by Fragilaria construens var. venter (Ehrenberg)
Grunow and Aulacoseira ambigua (Grunow) Simon-
sen. Both of these species are common in oligotrophic
to mesotrophic waters (Reavie et al. 1995b; Reavie
and Smol 2001), although Brugam (1979) has argued
that, in Minnesota, Aulacoseira ambigua is unrelated
to trophic state. Lakes within Voyageurs National Park
are dominated by Asterionella formosa Hassall, Cy-
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Figure 2. Canonical Correspondence Analysis of the fifty-five study lakes with forward selection of environmental variables. Lakes are

coded by ecoregion.

clotella stelligera Cleve and Grunow, and Tabellaria
flocculosa (Roth) Kiitzing, which generally have me-
sotrophic TP optima (Hall and Smol 1992; Reavie
et al. 1995a). The four lakes within the Superior Na-
tional Forest are dominated by a combination of spe-
cies found in both the North Shore and Voyageurs Na-
tional Park areas. Fragilaria crotonensis Kitton is one
of the dominant species in four of the five lakes clus-
tered near the city of Grand Rapids and is not a dom-
inant part of any of the other lakes in the Northern
Lakes and Forests region. This diatom is often associ-
ated with nutrient enrichment in lakes of low to mod-
erate alkalinity (Bradbury 1975; Brugam 1979).

In the Metro region of Minneapolis-St. Paul, many
the of the modern samples are dominated by small

Stephanodiscus species, which are known to have
high phosphorus requirements (Bradbury 1975; Ben-
nion et al. 1996). Bradbury (1975) found increases in
four Stephanodiscus species in a sediment core from
a lake in northeastern Minnesota, coincident with in-
creased inputs of domestic and municipal wastes.
Eleven of the Metro lakes are in urban areas within 10
km of the center of Minneapolis or St. Paul; Stepha-
nodiscus parvus Stoermer and Hakansson makes up at
least 30% of the count in six of these lakes. The re-
maining nine lakes in the Metro region are in more ru-
ral or suburban landscapes, and only two of these have
Stephanodiscus parvus as 30% or more of the assem-
blage. The majority of lakes in the rural part of this
region are dominated by Asterionella formosa, Frag-

Table 3. Results of the Weighted Averaging (WA) Regression. The strength of the transfer function is reported in terms of
the squared correlation (7 2), the root mean square error (RMSE; observed -inferred), and the jackknifing root mean square

error (RMSE of prediction).

Environmental variable r2 Root mean square error (apparent) Root mean square error of prediction
log Cl 0.77 0.43 0.55
ANC 0.79 476 597
log Color 0.68 0.20 0.28
log TP 0.68 0.19 0.25
log SO, 0.65 0.29 0.37
pH 0.80 0.28 0.35
log SiO, 0.69 0.28 0.42
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ilaria crotonensis, and Cyclotella bodanica var. le-
manica (O. Miiller) Bachmann, which are common in
mesotrophic systems (Reavie et al. 1995).

In the Corn Belt Plains ecoregion, samples are
dominated by Aulacoseira ambigua and small Steph-
anodiscus species, which have moderate to high phos-
phorus requirements (Hall and Smol 1992; Reavie et
al. 1995a). One of the five lakes in this region has a
high percentage of Fragilaria crotonen- sis.

The agricultural lakes in the Hardwood Forests re-
gion (Table 1) show a similar species composition to
those in the Corn Belt Plains, with Aulacoseira spe-
cies and small Stephanodiscus species dominating
the modern assemblage in these lakes. The lakes of
this region that are in smaller, less agricultural wa-
ter- sheds tend to be dominated by Fragilaria cro-
tonensis, and only two of these five lakes have high
percentages of Stephanodiscus minutulus (Kiitzing)
Cleve and Moller.

Fossil diatom assemblages

In the Northern Lakes and Forests ecoregion, sites
do not show major changes in species assemblages
in the 1970 samples compared with the modern
samples, although two of the lakes in the North
Shore region show an increase in Cyclotella pseu-
dostelligera Hus-tedt. Otherwise, there are no ap-
parent changes in species assemblages in any of the
other lakes of this ecoregion.

Shifts in species assemblages from 1970 to mod-
ern times are evident in the Metro region. For ex-
ample, Stephanodiscus pawus or S. minutulus oc-
cur as at least 10% of the species count in 10 of the
modern samples, as compared with 14 of the 1970
samples. Three of the lakes closest to the urban core
show decreases in these small Stephanodiscus spe-
cies over the past few decades. In the more rural ar-
eas of the Metro region, Stephanodiscus species de-
clined as a significant part of the diatom flora in two
lakes but increased in one other lake from 1970 to
the present.

Within the Corn Belt Plains ecoregion, the lakes
are dominated by Aulacoseira species and small
Stephanodiscus species in both the modern and 1970
samples. However, the small Stephanodiscus species
are more prevalent in modern samples, whereas Au-
lacoseira ambigua and Aulacoseira granulata (Eh-
renberg) Simonsen decrease in abundance.

Few significant changes occur within the Hard-
wood Forests ecoregion. However, in the less agricul-

tural sites, Fragilaria crotonensis is more prevalent in
the modern samples compared with the 1970 samples.

Water-chemistry reconstructions

Water-chemistry reconstructions are expressed as
the change from 1970 to the present (Figure 3). Re-
constructions were performed for five water-chem-
istry variables that are most interesting limnologi-
cally, and potentially impacted by cultural influences
(Cl, ANC, color, TP, and pH). Even though pH and
ANC are often highly correlated in aquatic systems,
we chose to include ANC because the constrained or-
dination suggested it exhibited some independent in-
fluence as an explanatory variable (see Section 3 on
Calibration Data Set). Although the statistical anal-
yses indicate that the influence of TP is weaker than
Cl, pH, or ANC, we reconstruct this variable because
its influence is statistically significant and clearly it is
of strong interest to those concerned with water qual-
ity trends.

With the exception of ANC, the water chemistry
reconstructions are based on log-transformed data.
Thus, the changes are shown as log minus log val-
ues, which is an expression of the ratio of change. Be-
cause the errors are also log-based (with the exception
of ANC), significance is likewise expressed in terms
of the ratio of change. We also back-transformed the
variables that were originally log-transformed (Cl,
color, and TP) to look at the magnitude of change
(Figure 4). In Figure 4, the lakes that are starred as
showing significant change over time are simply those
that showed significance on the log scale.

Most of the changes in Cl have occurred in the
Metro region. When we look at the magnitude of
change (Figure 4), it is obvious that there has been
little change in Cl in the other three ecoregions.

Twelve of the lakes show statistically signifi-
cant changes in ANC over the past few decades, and
slightly more than half of them also show a change in
lake pH. However, there are no clear regional trends
in these variables.

Most of the lakes do not show statistically sig-
nificant changes in color over this time period, and
there do not appear to be clear regional trends in
this environmental variable (Figure 3). Most of the
lakes in the Northern Lakes and Forests region show
a decrease in color; however, this is not statistically
significant.

Some regional trends do occur in TP. Only six of
the study lakes have shown statistically significant
change in log TP over the past few decades (Fig-
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ure 3). However, when we look at the magnitude of
change in this variable (Figure 4), it is evident that
little change has occurred in the Northern Lakes and
Forests region; the majority of change has taken
place in the other three ecoregions.

Comparisons with historical data

Historical data from Wilson Lake, in Lake County (in
the Northern Lakes and Forests region), exist from
a water-chemistry survey from 1968 (Bright 1968).
Although TP was not measured, Secchi depth mea-
surements for Wilson Lake in 1966 and 1967 are 4.4
m and 3.1 m, respectively; the modern Secchi depth
value for Wilson Lake is 4.0 m. Secchi depth and
TP are commonly inversely correlated, as a lake in-
creases in trophic status (TP), water transparency
(Secchi depth) often decreases (Wetzel 1983). When
compared with Bright’s results, our modern Sec-
chi depth value suggests that this lake’s trophic sta-
tus has not changed significantly over the last three
decades; this is reflected in our TP reconstruction
which shows that TP has not changed significantly
since 1970. Species assemblages in this study and
Bright’s are consistent in that Aulacoseira ambigua
was the dominant diatom in both Bright’s sample and
our 1970 core section. Wilson Lake was also inten-
sively studied in the early 1980’s by the Minnesota
Pollution Control Agency as part of an acid rain pro-
gram. Based on eleven measurements from 1981—
1984, TP averaged 0.01 9 mg/l, and ranged between
0.011 and 0.030 mg/L (Minnesota Pollution Control
Agency, unpublished data). Our modern TP measure-
ment for Wilson lake is 0.013 mg/l. This is again con-
sistent with the results of our reconstructions, which
suggest that the trophic status of Wilson Lake has not
changed significantly over the past few decades.
Historical data on TP exist for eleven lakes in the
Metro region, as well as for one lake in the Hard-
wood Forest ecoregion and one lake in the Corn Belt
Plains (Heiskary, unpublished data summary, drawn
from STORET). For the Metro region, our data
show that three lakes recorded a significant change
in TP (Figure 3,4). Lake Elmo, which had a signif-
icant decrease in TP according to our data, showed
a decrease in measured TP since 1951, although the
change was only marginally significant (p = 0.079).
Only two lakes in the historical dataset show signif-
icant changes in TP, both Lake Calhoun (Hennepin
County) and Lake Owasso (Ramsey County) had a
significant decrease in measured TP since 1971. From
1971-1972, TP concentrations in Lake Calhoun av-

eraged 0.059 mg/l; in contrast, from 1991-1995, TP
averaged 0.032 mg/L (Minnesota Pollution Con-
trol Agency, unpublished data summary, drawn from
STORET). The TP concentration in Lake Owasso
averaged 0.083 mg/l during a period from 1971 to
1981 (based on 31 observations). In contrast, during
a period from 1990-1995, TP averaged 0.049 mg/
1 (based on 38 observations) (Minnesota Pollution
Control Agency, unpublished data summary, drawn
from STORET). Based on our reconstructions, both
of these lakes show declines in TP that were not sta-
tistically significant.

George Lake (Kandyohi County), in the Hardwood
Forest ecoregion shows a decline in TP, which is sta-
tistically insignificant in both our and Heiskary’s re-
sults (historical data for this lake go back to 1979).
Fish Lake, in the Corn Belt Pains, records a statisti-
cally insignificant post-1985 decrease in TP in histor-
ical data and a statistically insignificant post-1970 in-
crease in ours.

Discussion

Our diatom-based reconstructions suggest that a
number of lakes in the metropolitan area of Minne-
apolis-St. Paul and in the agriculturally dominated
Corn Belt Plains have changed significantly since
1970, whereas limnological change in the Northern
Lakes and Forests and Hardwood Forests areas has
been limited.

The greatest changes in CI occur in the Metro re-
gion (Figure 4). Cl is a conservative ion, and changes
in concentration can result from evaporative concen-
tration or dilution driven by climate or from seepage
of road salts into the lake basins. It seems more likely
in this case that the change has been due to the seep-
age of road salts, because the changes in Cl are con-
fined to the Metro region (Figure 4).

Only a few lakes show significant shifts in color,
in terms of the ratio of change. However, many
lakes in the Northern Lakes and Forests region show
a substantial shift in color, in terms of magnitude
of change in Pt-Co units (Figure 4). The lakes that
show changes greater than +/— 10 Pt-Co units all
have high modern color values (greater than 17 Pt-
Co units). Declines in color may result from vegeta-
tion change (Pienitz et al. 1999) (which is unlikely
in this region), or from changes in climate such as
drought (Schindler et al. 1996) that may affect color
via a variety of processes, such as increased water
residence time or altered catchment inputs of dis-
solved organic matter.
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Although a few lakes in each ecoregion show
a shift in ANC, only five of the study lakes record
a change in pH (Figure 3). None of the lakes in the
Northern Lakes and Forests region show a signifi-
cant change in pH, and only about half of the lakes
show any decrease at all. The naturally low buffer-
ing capacity of these northeastern lakes makes them
potentially susceptible to acidification by acid rain.
However, these results suggest that there has been no
significant acidification in this region in the past few
decades. These results are consistent with the find-
ings of the PIRLA project (Paleoecological Investi-
gation of Recent Lake Acidification; Kingston et al.
(1990)), which included three lakes from the North-
ern Lakes and Forests region (in St. Louis and Lake
counties) and found no significant change in 20th-
century diatom-inferred pH.

Only one lake in the Northern Lakes and Forests
region showed a significant change in TP (Figure
3), and, in terms of the magnitude of change (Fig-
ure 4), little change in TP is evident in the Northern
Lakes and Forests region. This is a relatively pris-
tine region, with very little agriculture or urban de-
velopment, and hence land-use disturbances are min-
imal. A decrease in TP was expected in the Metro
region (Figure 4) because of considerable efforts to
reduce non-point source nutrient inputs, but most re-
constructed changes were not statistically significant.
Because many of these lakes are now eutrophic, the
magnitude of decrease in TP is not large relative to
the range of lakes surveyed, and the reconstructed
change is not sufficient to shift these lakes into the
mesotrophic category. Although only two lakes in
this region showed a statistically significant decrease
in TP in terms of a ratio of change, 14 out of 20 of
these lakes did show some decrease in this variable.
For example, seven of the Metro lakes record a de-
cline in TP of at least 0.007 mg/l P (Figure 4), but
these changes were not significant, because the ratio
of change was not greater than the error of the re-
construction. Although not statistically significant,
the decline in TP may be real and likely reflects suc-
cessful reduction of nonpoint phosphorus inputs. The
species data support the notion that subtle changes
in TP have occurred in these Metro lakes over the
past few decades. Small Stephanodiscus species,
which are associated with high TP levels, dominated
a larger percentage of lakes in the 1970s than in the
modern core sections.

Historic TP trends in Metro lakes (Heiskary, un-
published data) and our reconstructed values gen-
erally show similar trends, but are not always the

same. The differences may occur because the histor-
ical dataset includes years with limited limnological
sampling. A few spot measurements may not repre-
sent an accurate average of lake conditions for that
year. Thus, diatom-based reconstructions may be
more reliable, because the species assemblage in a
core section integrates a longer period of time than a
single sampling date.

In the Corn Belt Plains ecoregion, as well as in ag-
ricultural lakes from the Hardwood Forest region, a
few of the lakes do show decreases in TP; however
there are some lakes that show substantial increases
in TP (Figure 4). Since 1970, small Stephanodiscus
species have become more prevalent, which suggests
intensified agricultural influences in some of these
systems. Although pesticides can have significant in-
fluences on diatom community structure in agricul-
tural landscapes, we did not have data available to
evaluate these impacts (Spawn et al. 1997).

This regional approach has allowed us to compare
water-chemistry changes among regions with differ-
ences in land use. Results indicate that modern land-
use practices are having substantial impacts on Min-
nesota lakes. In urban areas, road salts, and increases
in impervious surfaces, have likely increased Cl lev-
els, which are not substantially increasing in other
regions. TP levels are declining in many urban lakes,
suggesting that efforts to reduce non-point nutri-
ent inputs (as well as reduction in development ac-
tivity in some areas) may be having a noticeable ef-
fect. However, in the agricultural areas, TP levels
are rising in some of the lakes, suggesting that land-
use practices in these regions need to be evaluated.
No significant acidification in the Northern Lakes
and Forests region is evident in recent times nor
are changes in trophic state. Thus, lakes in this re-
gion have not been significantly influenced by atmo-
spheric deposition of strong acids, and the impact of
other land-use changes have been minimal.
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Appendix 1

The 108 diatom taxa that were used in the CCA ordination, the water-chemistry optima within the fifty-five Minnesota
lakes, as determined by weighted averaging (see text), and the number of lakes in which each taxon occurred. Optima are
not given for groups not resolvable to species level (ex. Stephanodiscus spp.).

Taxon Number Cl ANC pH Color TP
of optimum optimum optimum optimum optimum

lakes (mg /1) (meq/1) (Pt-Co) (mg/1)

Achnanthes catenata Bily & Marvan 1 58.0 1480 7.9 13 0.105
Achnanthes conspicua Mayer 9 2.5 1851 8.1 15 0.018
Achnanthes grana Hohn & Hellermann 2 14.7 1364 8.0 23 0.025
Achnanthes lanceolata (Brébisson) Grunow 7 4.1 1113 7.6 37 0.026
Achnanthes lanceolata var. frequentissima Lange-Bertalot 13 12.2 1879 8.2 12 0.021
Achnanthes lanceolata var. rostrata (Oestrup) Hustedt 8 6.9 1876 8.3 14 0.029
Achnanthes linearis (W. Smith) Grunow 4 0.7 373 7.1 61 0.018
Achnanthes minutissima Kiitzing 46 2.6 1124 7.7 19 0.018
Amphora libyca Ehrenberg 12 10.3 2568 8.6 11 0.039
Amphora pediculus (Kiitzing) Grunow 15 11.2 2137 8.4 12 0.035
Anomoeoneis vitrea (Grunow) Ross 10 0.5 487 7.3 29 0.011
Asterionella formosa Hassall 51 7.4 1739 8.3 19 0.023
Aulacoseira alpigena (Grunow) Krammer 7 0.7 306 7.3 45 0.015
Aulacoseira ambigua (Grunow) Simonsen 47 3.7 1625 8.1 19 0.029
Aulacoseira distans (Ehrenberg) Simonsen 12 0.6 359 7.2 62 0.014
Aulacoseira granulata (Ehrenberg) Simonsen 24 13.4 2678 8.5 16 0.055
Aulacoseira italica (Ehrenberg) Simonsen 2 4.9 1831 8.1 17 0.030
Aulacoseira lirata var. biseriata (Grunow) Haworth 4 0.3 155 7.1 102 0.016
Aulacoseira pfaffiana (Reinsch) Krammer 2 0.7 189 7.0 32 0.012
Aulacoseira subarctica (O. Miiller) Haworth 23 5.5 1940 8.2 17 0.036
Cocconeis neodiminuta Krammer 5 9.3 2448 8.3 17 0.047
Cocconeis neothumensis Krammer 4 9.4 1987 8.5 8 0.017
Cocconeis placentula Ehrenberg 21 31.9 1957 8.5 13 0.033
Cocconeis placentula var. euglypta Ehrenberg 21 14.8 2153 8.4 12 0.030
Cocconeis placentula var. lineata (Ehrenberg) Van Heurck 7 30.7 2112 8.2 14 0.025
Cyclostephanos dubius (Fricke) Round 3 12.6 3222 8.4 17 0.050
Cyclostephanos tholiformis Stoermer, Hakansson & Theriot 4 14.5 2959 8.9 20 0.088
Cyclotella bodanica var. lemanica (O. Miiller) Bachmann 38 3.8 1867 8.3 9 0.014
Cyclotella comensis Grunow 4 2.0 2419 8.3 14 0.012
Cyclotella krammeri Hakansson 5 2.5 1877 8.3 16 0.015
Cyclotella meneghiniana Kiitzing 9 9.4 1011 7.9 14 0.025
Cyclotella michiganiana Skvortzow 27 2.1 1558 8.0 11 0.015
Cyclotella ocellata Pantocsek 9 22.1 2218 8.0 9 0.022
Cyclotella pseudostelligera Hustedt 28 0.9 865 7.6 11 0.012
Cyclotella stelligera Cleve & Grunow 17 0.5 340 7.1 54 0.012
Cymbella affinis Kiitzing 2 5.0 2928 8.5 9 0.014
Cymbella cesatii (Rabenhorst) Grunow 4 0.4 304 7.3 17 0.011
Cymbella cistula (Ehrenberg) Kirchner 7 11.7 1895 8.5 8 0.017
Cymbella descripta (Hustedt) Krammer & Lange-Bertalot 4 0.7 571 7.2 34 0.012
Cymbella silesiaca Bleisch 18 1.3 891 7.5 28 0.018
Cymbella turgidula Grunow 2 1.7 2169 8.5 4 0.014
Diatoma tenue var. elongatum Lyngbye 3 81.8 2608 8.7 11 0.022
Eunotia bilunaris (Ehrenberg) Mills 7 2.1 1303 7.8 20 0.015
Fragilaria brevistriata Grunow 36 8.5 1446 8.2 12 0.021
Fragilaria capucina Desmaziéres 10 63.2 2247 8.6 17 0.042
Fragilaria capucina var. gracilis (Oestrup) Hustedt 10 21.2 1628 8.1 23 0.028
Fragilaria capucina var. mesolepta (Rabenhorst) Rabenhorst 15 433 2562 8.4 15 0.040
Fragilaria capucina var. rumpens Kii (Lange-Bertalot) 8 15.8 2769 8.3 17 0.040
Fragilaria capucina var. vaucheriae Kiitzing (Lange-Bertalot) 15 10.3 1905 8.4 18 0.049
Fragilaria construens (Ehrenberg) Grunow 30 1.7 1319 7.9 12 0.018
Fragilaria construens var. binodis (Ehrenberg) Grunow 5 4.8 2197 8.5 5 0.014

Fragilaria construens var. venter (Ehrenberg) Grunow 39 2.1 1060 7.8 19 0.020
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Taxon Number Cl ANC pH Color TP
of optimum  optimum optimum optimum optimum

lakes  (mg/1) (meq/1) (Pt-Co) (mg/1)

Fragilaria crotonensis Kitton 44 10.4 2342 8.6 11 0.022
Fragilaria delicatissima (W. Smith) Lange-Bertalot 3 0.4 344 7.3 7 0.009
Fragilaria exigua Grunow 8 0.8 344 7.1 69 0.017
Fragilaria nanana Lange-Bertalot 2 443 1762 8.0 13 0.081
Fragilaria pinnata Ehrenberg 34 4.8 1294 7.9 17 0.026
Fragilaria pinnata /brevistriata 6 25.1 1909 8.2 18 0.028
Fragilaria tenera (W. Smith) Lange-Bertalot 3 0.3 305 7.4 18 0.013
Fragilaria ulna var. acus (Kiitzing) Lange-Bertalot 6 435 2514 8.5 15 0.041
Fragilaria ulna var. ulna (Nitzsch) Lange-Bertalot 8 24.0 2367 8.5 20 0.033
Gomphonema minutum var. pachypus Lange-Bertalot & Reichardt 2 0.5 761 7.7 14 0.017
Gomphonema parvulum Kiitzing 10 3.5 2002 8.3 14 0.017
Navicula accomoda Hustedt 6 4.4 2420 8.4 10 0.014
Navicula capitatoradiata Germain 4 20.6 2814 8.7 10 0.036
Navicula cincta (Ehrenberg) Ralfs 4 61.2 1924 8.1 14 0.036
Navicula cryptocephala Kiitzing 23 12.1 1776 8.1 14 0.023
Navicula cryptotenella Lange-Bertalot 18 7.2 2189 8.4 8 0.017
Navicula cuspidata (Kiitzing) Kiitzing 2 0.5 459 7.4 31 0.020
Navicula declivis Hustedt 4 12.4 2394 8.4 12 0.015
Navicula halophila (Grunow) Cleve 16 0.9 846 7.7 14 0.012
Navicula laevissima Kiitzing 3 1.4 1837 8.4 5 0.014
Navicula lundii Reichardt 24 273 1978 8.4 13 0.029
Navicula pseudoscutiformis Hustedt 4 0.5 291 7.0 51 0.016
Navicula pseudoventralis Hustedt 5 0.5 510 7.5 14 0.016
Navicula pupula Kiitzing 24 22 1084 7.7 15 0.018
Navicula reichardtiana Lange-Bertalot 5 22.4 2527 8.6 9 0.026
Navicula seminulum Grunow 9 4.7 1382 7.9 24 0.024
Nitzschia acicularioides Hustedt 4 16.2 2433 8.6 15 0.100
Nitzschia amphibia Grunow 15 10.0 2587 8.6 14 0.035
Nitzschia archibaldii Lange-Bertalot 4 19.2 1526 8.0 15 0.059
Nitzschia bacillum Hustedt 4 14.6 1978 8.4 17 0.075
Nitzschia fonticola Grunow 11 4.7 1799 8.1 20 0.038
Nitzschia cf incognita 1 15.0 3338 9.0 20 0.081
Nitzschia lacuum Lange-Bertalot 7 7.3 1854 7.9 9 0.015
Nitzschia paleacea Grunow 17 12.3 1866 8.2 13 0.035
Nitzschia pusilla Grunow 7 67.2 2357 8.6 17 0.034
Nitzschia subacicularis Hustedt 2 153 1176 7.8 12 0.057
Pinnularia braunii (Grunow) Cleve 4 0.3 371 7.3 28 0.015
Pinnularia gibba Ehrenberg 3 0.5 230 7.1 70 0.012
Stauroneis anceps Ehrenberg 7 6.5 1494 8.0 15 0.018
Stephanodiscus hantzschii Grunow 21 67.4 2043 8.5 14 0.043
Stephanodiscus medius Hakansson 11 12.2 1798 8.2 9 0.030
Stephanodiscus medius /minutulus 1 9.2 3407 8.5 9 0.019
Stephanodiscus minutulus (Kiitzing) Cleve & Moller 24 22.0 2696 8.7 11 0.037
Stephanodiscus niagarae Ehrenberg 30 24.0 2381 8.6 14 0.046
Stephanodiscus parvus Stoermer & Hakansson 29 52.9 2201 8.6 14 0.042
Synedra cyclopum Brutschy 4 21.1 2357 8.6 7 0.019
Tabellaria flocculosa (Roth) Kiitzing 23 0.5 479 7.3 32 0.011
Tabellaria quadriseptata Knudson 8 2.6 1728 8.3 19 0.015
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