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The U.S. Environmental Protection Agency and Environment Canada are supporting the development of
indicators of ecosystem health that can be used to report on progress in restoring and maintaining the Great
Lakes ecosystem, as called for in the Great Lakes Water Quality Agreement between the United States and Canada.
One indicator under development for Great Lakes mesotrophic environments is based on burrowing mayflies
( Hexagenia: Ephemeroptera: Ephemeridae). In this paper, we report the results of a benthic survey in spring
2002 to determine the status of nymphal populations of Hexagenia in two western Lake Superior embayments,
the St. Louis River estuary, an area with significant water-use impairments, and Chequamegon Bay, an area with
no known water-use impairments. Ponar grab samples collected throughout these embayments showed nymphs
were generally abundant in finely particulate, cohesive substrate (clay or mixtures of clay and sand) in both
embayments. However, in the St. Louis River estuary nymphs were absent in those preferred substrates at 11
stations in the eastern portion of St. Louis Bay and the adjoining northwestern portion of the Duluth-Superior
Harbor, where the sediments were variously contaminated with visible amounts of taconite pellets, paint chips,
oil, or combusted coal waste (clinkers). Our results suggest that human activities have rendered those portions
of the St. Louis River estuary unsuitable for habitation by Hexagenia nymphs and we recommend that trend
monitoring of the nymphal population there be conducted to permit reporting on progress in restoring and
maintaining the health and integrity of this Great Lakes ecosystem embayment, consistent with the intent of the
Great Lakes Water Quality Agreement.
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Introduction

The U.S. Environmental Protection Agency and
Environment Canada are supporting the development
of indicators of ecosystem health that can be used to re-
port on progress made in restoring and maintaining the
chemical, physical, and biological integrity of the Great
Lakes ecosystem, as called for in the Great Lakes Wa-
ter Quality Agreement (GLWQA, 1989). Descriptions
of some of the indicators proposed for development
are available in EC and EPA (2001) and an indicator
based on burrowing mayflies of the genus Hexagenia
(Ephemeroptera: Ephemeridae) is described in more

detail in Edsall (2001). Hexagenia was selected for
development as an indicator of ecosystem health pri-
marily because it was historically abundant in un-
polluted Great Lakes mesotrophic habitats, is sensi-
tive to and was exterminated by pollution in many of
those habitats, and has demonstrated the ability to re-
cover there following pollution abatement. Hexagenia
was also selected because it is a major trophic inte-
grator, linking the detrital energy resources directly
to fish, and because the mating swarms of Hexa-
genia are highly visible and can be readily recog-
nized by the public as indicative of a healthy aquatic
ecosystem.
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Figure 1. Sampling locations in the St. Louis River estuary, 2002.

We selected the St. Louis River estuary (Figure 1)
for study because it is the heavily used western termi-
nus for commercial shipping in the Great Lakes and has
significant water-use impairments, which have caused
it to be designated as an Area of Concern (IJC, 1985).
The St. Louis River estuary covers about 4,860 ha, is
fed by the St. Louis River, and discharges into Lake Su-
perior through the Duluth Ship Canal in Minnesota and
the Superior Entry in Wisconsin. The estuary includes
Spirit Lake, St. Louis Bay, the Duluth-Superior Harbor,
and Allouez Bay. Allouez Bay is fed by the Nemadji
River, covers about 400 ha, and discharges into the
southeastern end of the St. Louis River estuary. Earlier
studies by Breneman et al. (2000) and Swanson (1999)
provide additional information on the distribution and
abundance of Hexagenia in the St. Louis River estuary.

We selected Chequamegon Bay (Figure 2) for study
because it has good water and sediment quality, no
known water-use impairments, and is not designated
as an Area of Concern. The bay covers about 14,600 ha
and is fed by several small streams, the largest of which
is Fish Creek. We are unaware of any earlier surveys of
theHexagenia population in Chequamegon Bay.

The primary objectives of the present study were
to determine the status of the Hexagenia populations
in the St. Louis River estuary and Chequamegon Bay,
develop an assessment of ecosystem health for the

two embayments based on that status information, and
make recommendations regarding the need for long-
term monitoring of those populations and ecosystems.

Methods

We conducted sampling for Hexagenia nymphs in
the St. Louis River estuary on July 2–11, 2002, and in
Chequamegon Bay on June 26–July 8, 2002. Sampling

Figure 2. Sampling locations in Chequamegon Bay, 2002.
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locations were chosen by imposing a grid with 20-ha
cells on a map of the St Louis River estuary, and a grid
with 25-ha cells on a map of Chequamegon Bay. Forty-
eight grid cells in the St. Louis River estuary and 33
in Chequamegon Bay were selected randomly for sam-
pling. One sampling station was established in each of
these grid cells where the substrate most closely resem-
bled the type preferred by Hexagenia nymphs, which is
a mixture of finely particulate materials that permits the
nymphs to burrow and is sufficiently cohesive to pre-
vent the burrows from collapsing (Hunt, 1953; Wright
and Mattice, 1981). In the present study clay or mix-
tures of clay and sand most closely approximated the
preferred substrate. A GPS receiver was used to deter-
mine latitude and longitude to the nearest 0.1 second
at each sampling station.

Five sediment samples were collected with a Ponar
grab (524 cm2 jaw opening) at each station. Each sam-
ple was washed individually on a 3.2-mm mesh sieve
and the nymphs retained on the sieve were extracted
manually, preserved in formalin, and taken to the labo-
ratory. The coarse screen was used because published
protocols (Edsall, 2001) showed it greatly facilitated
sample washing while retaining the larger nymphs in
the sample that were about to emerge and become
winged adults in late spring-early summer. These larger
nymphs were targeted for sampling because most of the
nymphal biomass occurs in this population segment.

In the laboratory, each nymph was measured (total
length from the anterior tip of the rostrum to the base
of the caudal filaments) to the nearest 0.5 mm. All of
the nymphs from a station were then dried overnight in
an oven at 105◦C and weighed the following day, as a
group, to the nearest 0.001 g.

Results and discussion

Lengths of nymphs in samples

Nymphs collected during the study in the St. Louis
River estuary and Chequamegon Bay had similar
length-frequency distributions (Figure 3), and the mean
lengths of nymphs in the samples (15.8, and 17.2 mm,
respectively) were nearly identical. We had intended to
use the length-frequency distributions, as proposed by
Edsall (2001), to separate the nymphs of the cohort that
was about to emerge from nymphs in the younger co-
hort that would emerge the following year. This would
have allowed us to use the data for the emerging cohort
only as the basis for assessing the status of the Hexage-
nia population. However, both length-frequency distri-
butions were unimodal and we were unable to separate

Figure 3. Length frequency distributions of Hexagenia nymphs col-
lected in the St. Louis River estuary (SLRE), including Allouez Bay
(AB), and in Chequamegon Bay (CB), 2002.

the cohorts. As a result, we based our study on all of
the nymphs in each sample.

Biomass and density estimates

Sampling at 48 stations in the St. Louis River es-
tuary revealed that biomass and density of nymphs
in the estuary were influenced by substrate type and
quality (Table 1, Figure 1). Five major substrate types
were represented in the samples: coarse sand, fine sand,
sand with clay, clay with sand, and clay, and there was
no obvious zonation of substrate types in the estuary.
Substrates of clay or mixtures of clay and sand were
judged suitable for habitation by Hexagenia nymphs,
and at 29 of 44 stations with those substrates, the mean
nymphal biomass was 420.2 mg m−2 and the mean den-
sity was 53.6 m−2. The 15 other stations with substrates
of clay or mixtures of clay and sand were located in
St. Louis Bay and the adjoining Duluth-Superior Har-
bor portion of the estuary and were variously contam-
inated with visible amounts of taconite pellets, paint
chips, oil, and coal combustion wastes (clinkers). No
nymphs were found at 12 of these 15 contaminated
stations suggesting the substrate there was seriously
degraded. The mean biomass and density at the other
3 stations was low (186.9 mg m−2 and 10.2 m−2), also
suggesting degraded substrate quality. The remaining
four stations in the estuary had coarse sand or fine sand
substrates, which were physically unsuitable for habi-
tation by Hexagenia nymphs. Three of these four sta-
tions had no nymphs and the mean biomass and density
at the fourth was low (186.9 mg m−2 and 30.5 m−2).
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Table 1. Sampling station characteristics and mean density and biomass of Hexagenia nymphs in the St. Louis River estuary. Substrate
types: CS = coarse sand, FS = fine sand, S = sand, CL = clay, Habitat types: F = flats, U = un-dredged channels, and D = dredged channels.
Asterisk (∗) indicates substrate variously polluted by visible amounts of taconite pellets, oil, paint chips, coal, or combusted coal waste
(clinkers).

Station number Water depth (m) Substrate type Habitat type Density (number m−2) Biomass (mg m−2)

1 4.0 CS U 0 0
2 6.1 CL U 0 0
3 1.2 CL, S F 144.9 839.1
4 1.8 CL, S F 53.4 389.0
5 0.9 CL F 15.3 171.6
6 5.8 CL, S U 45.8 560.6
7 6.7 CL, S U 49.6 392.8
8 1.8 CL F 83.9 686.5
9 2.7 CL, S F 19.1 144.1

10 1.2 CL F 34.3 411.9
11 4.0 S, CL U 11.4 87.7
12 0.9 CL, S F 83.9 759.0
13 4.6 CL U 83.9 1072.9
14 2.4 CL F 114.4 713.2
15 1.8 CL F 87.7 682.7
16 1.8 CL, S F 22.9 95.3
17 1.5 CL F 11.4 122.0
18 1.5 CL F 26.7 606.4
19 7.6 S, CL D 7.6 49.6
20 7.3 FS D 30.5 186.9
21 2.4 CL∗ F 3.8 19.1
22 2.1 CL∗ F 15.3 331.8
23 1.5 S, CL∗ F 0 0
24 1.8 CL F 3.8 164.0
25 1.8 S, CL∗ F 0 0
26 7.3 CL∗ D 0 0
27 7.6 CL∗ D 0 0
28 1.5 CL∗ F 0 0
29 2.1 S, CL∗ F 0 0
30 8.5 CL∗ U 0 0
31 8.8 CL, S∗ D 0 0
32 7.6 S, CL∗ D 0 0
33 9.1 S, CL∗ D 0 0
34 4.6 CL∗ U 11.4 209.8
35 1.8 FS F 0 0
36 1.8 CL∗ F 0 0
37 5.2 CL, S∗ U 0 0
38 3.0 CL F 15.3 202.1
39 2.4 CL F 22.9 167.8
40 2.7 CL F 83.9 621.7
41 1.5 CL F 22.9 244.1
42 2.4 CL F 53.4 778.0
43 1.5 CL F 7.6 164.0
44 8.5 CL D 3.8 42.0
45 1.2 CS F 0 0
46 1.8 CL, S F 175.4 781.8
47 1.8 CL, S F 141.1 636.9
48 1.8 CL F 129.7 598.8
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Breneman et al. (2000) also found the density of Hexa-
genia nymphs was lower at sites in St. Louis Bay and the
Duluth-Superior Harbor than in the rest of the St. Louis
River estuary, but were unable to establish a statistically
significant relation between the density of Hexagenia
nymphs in their samples and measured pollutants or
substrate types in the study area.

Habitat type also influenced the biomass and den-
sity of nymphs in the estuary. The three major habi-
tat types (Swanson, 1999) represented in the St. Louis
River estuary samples (Table 1) were: flats (littoral ar-
eas; 0.9–3.1 m deep; 31 stations), un-dredged channels
(river channels, pools, and old dredged areas that are
longer maintained by dredging; 4.0–8.8 m deep; 9 sta-
tions), and dredged channels (channels maintained by
dredging for use by commercial vessels; 7.3–9.1 m
deep; 8 stations). Mean biomass and density at our
29 stations with clay or clay and sand mixtures were
highest in the flats habitat (453.6 mg m−2 and 61.5 m−2;
22 stations), slightly lower in the un-dredged channel
habitat (422.8 mg m−2 and 38.1 m−2; 5 stations), and
much lower in the dredged channel habitat (45.8 mg
m−2 and 5.7 m−2; 2 stations). Mean biomass and den-
sity at contaminated stations with substrates of clay or
clay and sand mixtures was low in the flats (50.1 mg
m−2 and 2.7 m−2; 7 stations), lower in the dredged chan-
nel habitat (35.0 mg m−2 and 1.9 m−2; 6 stations), and
lowest in the un-dredged channel habitat (zero nymphs;
2 stations). Our results agree with Swanson (1999),
who reported that the density of Hexagenia nymphs
was highest in flats. Swanson also reported that density
declined as water depth increased, but our regression
analysis of the data did not show a relation between wa-
ter depth and nymphal biomass (R2 = 0.120) or density
(R2 = 0.109).

Sampling at 33 stations in Chequamegon Bay re-
vealed that biomass and density of nymphs there was
also strongly influenced by substrate type (Table 2,
Figure 2). The five major substrate types represented
in the St. Louis River estuary were also present in
Chequamegon Bay. However, in Chequamegon Bay
there was a distinct zonation of substrate types that
did not occur in the St. Louis River Estuary. In
Chequamegon Bay, 16 of 18 inner bay stations had
clay or mixed clay and sand substrates, and the other
2 had fine sand substrates, whereas 13 of 15 outer bay
stations had substrates of coarse sand or fine sand, and
the other 2 had clay and mixed clay and sand substrates.
Throughout the bay, 13 of the 18 stations with clay or
mixed clay and sand substrates had nymphs and the
biomass and density of nymphs at those 13 stations
was 572.3 mg m−2 and 45.8 m−2. Only 2 of the 15

stations with coarse sand or fine sand had nymphs and
the biomass and density of nymphs at those 2 stations
was 93.4 mg m−2 and 9.5 m−2.

The five stations with clay and mixed clay and sand
substrates that had no nymphs (stations 12, 14, and 16–
18) were located along the border between the inner and
outer bays where the substrate was changing to fine
sand and coarse sand, which the nymphs apparently
avoided. The absence of nymphs at these five stations
in what appeared to be suitable substrate may reflect
subtle substrate differences that we did not recognize
when we sampled there.

A simple, open-water habitat type 1.5–18.0 m
deep (mean depth, 6.3 m) was represented by the
Chequamegon Bay samples, and regression analysis
showed there was no relation between water depth
and nymphal biomass (R2 = 0.005) or density (R2 =
0.006).

Biomass-density relation

The biomass-density regressions in Figure 4 for the
St. Louis River estuary, Allouez Bay and Chequamegon
Bay indicate there is a linear relation between nymphal
biomass and density and that the relation for each of
these three areas is best described by its own regression.
Biomass is the preferred indicator metric because it
provides trophic level information that can be used to
predict annual production (Edsall, 2001). However, the
regressions of Figure 4 indicate that either density or
biomass could be used as the indicator metric in the
these areas. The major advantage of using density as the
metric is that it facilitates sample processing, because
the nymphs in each sample can be counted in the field

Figure 4. Density-biomass relations of Hexagenia nymphs collected
in the St. Louis River estuary (SLRE), including Allouez Bay (AB),
and in Chequamegon Bay (CB), 2002.
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Table 2. Sampling station characteristics and mean density and biomass of Hexagenia nymphs in Chequamegon Bay. Substrate types:
CS = coarse sand, FS = fine sand, S = sand, CL = clay.

Station number Water depth (m) Substrate type Density (number m−2) Biomass (mg m−2)

1 1.5 S, CL 15.3 186.9
2 2.4 FS 11.4 38.1
3 3.0 S, CL 68.6 1193.7
4 4.3 CL, S 83.9 625.5
5 2.7 FS 0 0
6 8.5 CL 30.5 484.4
7 5.5 CL 167.8 2555.3
8 5.8 CL, S 49.6 289.9
9 7.6 S, CL 7.6 91.5

10 7.6 CL 3.8 160.2
11 3.0 CL, S 57.2 705.6
12 7.3 CL 0 0
13 6.1 CL 53.4 526.3
14 6.1 CL 0 0
15 7.3 CL 11.4 99.2
16 7.9 CL 0 0
17 6.7 CL, S 0 0
18 6.4 S, CL 0 0
19 4.9 FS 7.6 148.7
20 3.7 FS 0 0
21 2.1 FS 0 0
22 11.3 CS 0 0
23 12.5 CS 0 0
24 4.9 FS 0 0
25 1.8 CS 0 0
26 2.1 CL, S 11.4 190.7
27 18.0 FS 0 0
28 7.3 CS 0 0
29 6.7 CS 0 0
30 4.0 CS 0 0
31 4.0 CS 0 0
32 14.9 FS 0 0
33 11.0 CL 106.8 1289.1

and released, thus avoiding the labor associated with
sample preservation and laboratory processing.

Conclusions and recommendations

We conclude that those portions of the St. Louis
River estuary and Chequamegon Bay ecosystems that
supported substantial populations of Hexagenia were
healthy. We also conclude that human activities have
rendered a substantial portion of the St. Louis River
estuary un-suitable habitat for Hexagenia nymphs.
Thus, we recommend that trend monitoring be con-
ducted in the estuary at stations with substrates of

clay and clay and sand mixtures, to measure and per-
mit reporting on progress in restoring and maintain-
ing the health and integrity of this element of the
Great Lakes ecosystem, consistent with the intent of
the Great Lakes Water Quality Agreement. If trend
monitoring is conducted in Chequamegon Bay, we
recommend it be limited to stations in the inner
bay with substrates of clay and clay and sand mix-
tures, and that particular attention be focused on
the border between the inner and outer portions of
Chequamegon Bay (stations 12, 14, and 16–18) where
nymphs were absent from what appeared to be suitable
substrates.
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