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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 is based on burrowing mayflies (Hexagenia: Ephemeroptera: Ephemeridae).
We sampled in western Lake Erie, Saginaw Bay (Lake Huron), and Green Bay (Lake Michigan) in spring 2001 at
117 stations covering about 1,870 km2 of lake bed, to determine the status of nymphal populations of Hexagenia,
and to provide information that would further the technical development of an indicator of ecosystem health
based on Hexagenia. In western Lake Erie, density and biomass of nymphs were generally highest on fine-grained
substrate in offshore waters and were lower on coarser substrates in near shore waters. Nymphs were virtually
absent from Saginaw Bay, where only one nymph was collected at 28 stations. Nymphs were collected at only 6 of
48 stations in Green Bay, and density and biomass were highest at the northern end of the bay. Polluted sediments
are likely responsible for the absence or low density and biomass of nymphs observed on fine-grained substrates
in western Lake Erie, Saginaw Bay, and Green Bay, all of which historically supported abundant populations.
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Introduction

State of the Lakes Ecosystem Conferences
(SOLEC) were hosted by the U.S. Environmental Pro-
tection Agency and Environment Canada in 1996,
1998, 2000, and 2002 to encourage the develop-
ment of Great Lakes indicators of ecosystem health.
These indicators are to be used for reporting to the
governments of the United States and Canada and
to the public on progress in restoring and main-
taining the Great Lakes ecosystem, as called for in
the Great Lakes Water Quality Agreement (GLWQA,

1989). Descriptions of some of the SOLEC indica-
tors proposed for development are available in EC
and EPA (1999, 2001, 2003) and a SOLEC indicator
based on burrowing mayflies of the genus Hexagenia
(Ephemeroptera: Ephemeridae) is described in Edsall
(2001). Hexagenia was selected for development as
an indicator of ecosystem health primarily because it
was historically abundant in unpolluted Great Lakes
mesotrophic habitats, is sensitive to and was extermi-
nated by pollution in many of those habitats, and has
demonstrated the ability to recover following pollution
abatement.
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In major Great Lakes mesotrophic habitats, Hex-
agenia was abundant until the 1940s to1950s, after
which populations declined sharply or were extirpated
(Schneider et al., 1969; Howmiller, 1971; Cook and
Johnson, 1974; Mozley and LaDronka, 1988; Edsall
et al., 1991, 1999; Schloesser et al., 1991). These de-
clines were directly linked in some areas to eutrophica-
tion and low dissolved oxygen in bottom waters (Britt,
1955; Beeton, 1961, 1969; Verduin, 1964; Carr and
Hiltunen, 1965; Krieger et al., 1996), and pollution of
sediments by metals and petroleum products (Edsall
et al., 1991, 2001; Schloesser et al., 1991). Improve-
ments in water and sediment quality in some of these
historical Hexagenia habitats resulting from sharp de-
creases in oil loadings between the mid-to-late 1940s
and 1961 (USDHEW, 1962), and decreased phospho-
rus loadings beginning in the late 1960s and early 1970s
(Manny et al., 1988), were not immediately followed by
population recovery. However, there is evidence of the
beginnings of recovery in the lower Fox River, the ma-
jor tributary to Green Bay, Lake Michigan (Cochran,
1992; Cochran and Kinziger, 1997), and recovery may
be nearly complete in western Lake Erie (Madenjian
et al., 1998; Edsall et al., 1999) and the Bay of Quinte,
Lake Ontario (John Casselman, Ontario Ministry of
Natural Resources, July 14, 2000, personal comm.).

The major objective of this study was to docu-
ment the status of Hexagenia in western Lake Erie,
Saginaw Bay, and Green Bay and establish a baseline
for long-term monitoring of those populations using the
published protocol for indicator development (Edsall,
2001).

Methods

We superimposed sampling grids on NOAA lake
charts of western Lake Erie, Saginaw Bay, and Green
Bay to distribute sampling effort evenly across the
study area (Figures 1–3). The grid for each water body
was centered normally on the lake chart at a prominent
latitude-longitude intersection near the center of the
water body. Each grid cell was about 8 km square. Sta-
tion locations were determined by DGPS to the nearest
0.1 second of latitude and longitude. One station was
located in each grid cell whose surface area was more
than 50% water. Because Hexagenia nymphs are virtu-
ally absent in the hypolimnion (Mozley and LaDronka,
1988; Dermott, 1995), stations were not located in wa-
ter deeper than 20 m. We attempted to locate all sta-
tions in sediment deposition areas where the substrate
was soft mud with a sticky consistency that would sup-

port burrowing by the nymphs (Hunt, 1953; Wright and
Mattice, 1981).

The actual distribution of sampling effort in Green
Bay was problematic. Although we initially planned to
sample in all of the 55 grid cells shown in Figure 3, pub-
lished information on the bathymetry and substrate type
distribution (Hall, 1970; Howmiller, 1971) suggested
some grid cells might not have suitable sites for sam-
pling and, indeed, 31 were found to be unsuitable when
we visited them. Thus, we did not attempt to sample in
11 grid cells (13, 15–17,19–21 24, 27, 28, and 34), be-
cause the water was deeper than 20 m. In 20 other cells
with water depths of 20 m or less, sampling revealed
unsuitably coarse substrate; in these cells we collected
either two or four Ponar grab samples. In practice, when
two grab samples at a site yielded only coarse substrate
we searched for another site in the proper depth range
in the grid cell and collected two additional grab sam-
ples. If a second site in the proper depth range could
not be found, or if sampling at the second site showed
it also had coarse substrate we discontinued sampling
and moved to the next grid cell. To partly compensate
for the reduced sampling effort, we added four stations
in grid cells 54 and 55 in southern Green Bay, near
the mouth of the Fox River, where the beginnings of
a recovery were documented by Cochran (1992), and
Cochran and Kinziger (1997).

Sampling was conducted in 2001 from April 30 to
June 4 in western Lake Erie, May 20 to 30 in Saginaw
Bay, and May 9 to June 7 in Green Bay, as vessel avail-
ability and weather permitted. Thus, all sampling was
completed before the annual Hexagenia emergence,
which typically occurs in late June or early July. Each
station was visited once and five samples were taken
with a standard Ponar grab (0.0538 m2 opening) during
the visit. Each sample was washed gently with lake wa-
ter on a coarse (3.2-mm mesh) screen (Edsall, 2001) to
remove the sediment and detritus. Hexagenia nymphs
were manually extracted from the screen, preserved in
weak (about 10% v/v) formalin in a capped vial labeled
with the station and sample number, and taken to the
laboratory for study.

In the laboratory, nymphs from each sample were
measured (total length to the nearest 0.5 mm under
7 × magnification) to provide a length-frequency dis-
tribution that would permit us to separate the nymphs
of the cohort that was about to emerge from those
in the younger cohort that would emerge next year.
We obtained dry weights by holding each sample in
a drying oven at 105◦C for 12 h and then weighing
the sample on an electronic balance to the nearest
0.001 g.
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Figure 1. Sampling grid for western Lake Erie. Depths are in feet: 24 ft = 7.3 m, 30 ft = 9.1 m.

Station data (coordinates, substrate type, and water
depth) and catch (density and biomass) and effort data
for each station are available from the Librarian, U.S.
Geological Survey, Great Lakes Science Center.

Results and discussion

Western Lake Erie

We intended to use the cohort-based approach given
in Edsall (2001) to estimate the mean annual biomass
and annual production of the populations sampled in

the present study. We collected sufficient numbers of
nymphs in western Lake Erie to estimate the mean an-
nual biomass and annual production, but the length-
frequency distribution of the nymphs in our samples
was essentially unimodal (Figure 4), which prevented
us from distinguishing the cohorts and using the cohort-
based method. As a result, we reported the density and
biomass of all of the nymphs of both cohorts in each
sample.

We found Hexagenia nymphs at 44 of 49 stations.
The substrate in the study area was mud (32 stations),
mixtures of mud and fine or coarse sand (5 stations),
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Figure 2. Sampling grid for Saginaw Bay, Lake Huron. Depths are in feet: 6 ft = 1.8 m, 18 ft = 5.5 m, 30 ft = 9.1 m.

fine and coarse sand (11 stations), and hard clay (1 sta-
tion). Nymphs were absent at one station with mud sub-
strate (station 33), three with fine sand (stations 19, 36,
and 44), and one with coarse sand (station 1). Mean
density and biomass were highest on mud substrates
(136 nymphs m−2 and 2.8 g m−2) and much lower on
the other substrates (9.4 nymphs m−2 and 0.3 g m−2).

There was no obvious zonation of substrates that
would fully explain the observed pattern of density and
biomass values across the basin. Density and biomass
(0–364.3 nymphs m−2; mean, 98.5) and biomass (0–

6.2 g m−2; mean, 2.1) were highest offshore in the
western half of the basin, along the northern side of
the basin, and in the southeastern corner of the basin
(Figures 5 and 6), and the two metrics were closely
related (Figure 7; R = 0.81).

Factors other than substrate type that presently in-
fluence the density and biomass of Hexagenia in west-
ern Lake Erie are incompletely known. A review of
the status of Hexagenia in western Lake Erie (Edsall
et al., 1999) presented evidence that low dissolved oxy-
gen levels near the lake bed caused by vertical thermal
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Figure 3. Sampling grid for Green Bay, Lake Michigan. Depths are in feet: 30 ft = 9.1 m.
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Figure 4. Length-frequency distribution of Hexagenia nymphs col-
lected in western Lake Erie, spring 2001.

stratification or intrusions of central basin hy-
polimnionic water could have been a contributing fac-
tor. The review also presented evidence that areas in
western Lake Erie where nymphs were absent or in low
abundance were still impacted by toxic pollutants and

Figure 5. Hexagenia density (number m−2) at 49 stations in western
Lake Erie, spring 2001. Station orientation follows that in Figure 1.
Row “A” bounds the north side of the study area and includes only
station 1 at the mouth of the Detroit River (density = 0); row “H”
bounds the south side of the study area and includes only station 49
(density = 29.7); row “a” bounds the west side of the study area and
includes only station 28 near Toledo, Ohio (density = 74.3); and row
“j” bounds the east side of the study area and includes stations 9,
18, and 23 near Point, Pelee, Ontario (density = 14.9, 85.5, and 78.1,
respectively).

Figure 6. Hexagenia biomass (g m−2) at 49 stations in western Lake
Erie, spring 2001. Station orientation follows that in Figure 5.

eutrophication. A subsequent review (Schloesser et al.,
2000) reached essentially the same conclusions.

Saginaw Bay, Lake Huron

Hexagenia was represented at the 28 stations sam-
pled in inner Saginaw Bay by a single nymph collected
at station 14. The substrate at station 14 and at six other
stations in the study area was mud. The other substrates
in the study area were fine sand (12 stations), fine sand
mixed with mud, clay, or rock rubble (5 stations), coarse
sand and coarse sand mixed with gravel or rock rubble
(3 stations), and bedrock (1 station).

Figure 7. Relation between Hexagenia density and biomass at 49
stations in western Lake Erie, spring 2001.
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The virtual absence of Hexagenia in our samples
from Saginaw Bay limits discussion. However, data for
1955, 1956, and 1965 (Surber, 1955; Schneider et al.,
1969; Schuttema and Powers, 1966) provide an histori-
cal context for our results. These earlier studies showed
that the mean density of mayflies (mostly Hexagenia)
declined from 63 m−2 in 1955, to 9 m−2 in 1956, to
1 m−2 in 1965, and Schneider et al. (1969) hypothe-
sized that the decline was due to an unspecified catas-
trophic event in 1955 or 1956. It is not known pre-
cisely when Hexagenia disappeared completely from
Saginaw Bay, but no mating swarms were reported
after the 1950s (Reynoldson et al., 1989). Diet stud-
ies of yellow perch (Perca flavescens; Tharratt, 1959)
and rainbow smelt (Osmerus mordax; Gordon, 1961)
in the bay show Hexagenia was still being eaten in sub-
stantial numbers by those fishes in October 1956, but
no nymphs were found in stomachs of about 50,000
yellow perch examined in 1986 to 1988 (Haas and
Schaeffer, 1992). In 1988 to 1991, the Michigan De-
partment of Natural Resources introduced nearly one
billion Hexagenia eggs and larvae into the bay in an
attempt to restore this resource (Bryant, 1992) and in
July 1993, two Hexagenia nymphs were found in yel-
low perch stomachs in the inner bay near Au Gres,
the site of heaviest plantings (Haas, 1995). No nymphs
were collected during extensive benthic sampling in
1986 to 1988 (Schaeffer et al., 2000), and only five
nymphs were collected in extensive benthic sampling
in 1987 to 1988 and 1990 to 1996 (Nalepa et al.,
2003).

The finding of Hexagenia nymphs in yellow perch
stomachs in 1993, and the few nymphs collected in
benthic studies since 1987 suggest that some areas
in the inner bay may be able to support Hexagenia
and that recovery in those areas is possible. However,
the Saginaw River and Saginaw Bay are still listed as
one of the 42 Areas of Concern in the Great Lakes
(IJC, 1985), and pollution studies indicate the lower
river and offshore sediment deposition areas in the bay
where sediments from the river would tend to accumu-
late may still be unsuitable for Hexagenia. The river
suffers multiple inputs of chemicals from agriculture,
industry, and municipalities and its waters and sedi-
ments are the major source of pollution to the bay (Moll
et al., 1995; Rossman, 1995). Toxic organic compounds
were a problem in the early 1980s (Rice, 1983), and
concentrations of metals in river sediments were high
enough in 1989 to 1990 to cause them to be classified
as moderately polluted with nickel and heavily pol-
luted with copper and zinc (USEPA, 1993), according
to USEPA guidelines for dredged sediments (USEPA,

1977). Sampling in the lower river and inner bay in
1988 (Rossman, 1995) and in the lower river in 1990 to
1991 (Moll et al., 1995) showed that chromium, cop-
per, lead, zinc, and nickel exceeded USEPA guidelines
for dredged sediments. A study of Hexagenia in the
upper Great Lakes connecting channels (Edsall et al.,
1991) showed that annual production of nymphs was
low or that nymphs were absent in sediments polluted
by metals and oil at levels that exceeded USEPA guide-
lines for dredged sediments. Thus, the virtual absence
of Hexagenia in most of the inner bay, as shown by the
present study, is consistent with the observed effects of
polluted sediments on Hexagenia in the Great Lakes
(Edsall et al., 1991) and the literature describing the
pollution status of the bay.

Green Bay, Lake Michigan

Hexagenia nymphs were present at 6 of 48 stations
sampled in Green Bay. At the mouth of Big Bay De
Noc in northern Green Bay, 52 nymphs were collected
at station 1, 1 at station 3, and 17 at station 4. One
nymph was also collected at each of stations 29, 32,
and 38 along the eastern shore of the middle reach
of Green Bay. All of the nymphs were collected at
six of eight stations where the substrate was a mix-
ture of mud and fine sand. Substrates at the other sta-
tions were mud (18 stations), fine sand (3), coarse sand
and mud (1), coarse sand (14), and rock (2). Although
the substrates at eight of the nine stations in grid cells
50 to 55 in southern Green Bay were mud or mud
and fine sand, no Hexagenia were collected in those
cells.

There are no published accounts of the historical
abundance of Hexagenia in northern Green Bay, but
fish diet studies showed Hexagenia was the organism
found most frequently in yellow perch stomachs in Big
Bay De Noc in 1956 (Toth, 1959) and it made up 60%
of the diet by weight in yellow perch in Little Bay De
Noc in 1966 (Dodge, 1968).

The virtual absence of Hexagenia in samples we
collected in middle and lower Green Bay is consis-
tent with the status of Hexagenia there as described by
Howmiller (1971). He cited an anecdotal account that
Hexagenia was once quite abundant in the bay, piling
up ‘by the bushel under electric lights in the city of
Green Bay on many summer evenings’. However, by
1939, only 37% of samples taken north of Long Tail
Point (grid cell 54 in Figure 3) in the southern end of the
bay contained Hexagenia, and density in those samples
was low (Anon., 1939). In 1952 and 1955, Hexagenia
was essentially absent in the southern end of the bay
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(Surber and Cooley, 1952), and no nymphs were found
at any of 113 stations sampled in the middle and lower
bay in 1966–1969 (Howmiller, 1971).

The Fox River is the largest tributary to the bay, its
inflow nearly equaling that of all other tributaries com-
bined (Howmiller, 1971). The river was heavily pol-
luted in the 1960s, and in 1967 the river water caused
low dissolved oxygen concentrations (0–1.7 mg l−1) in
the bay as far as 27 km from the river mouth (Schrauf-
nagel et al., 1968). These low dissolved oxygen lev-
els in lower Green Bay were similar to concentra-
tions reported by Britt (1955) and others and linked
causally to the massive die-off and virtual extinction
of Hexagenia in western Lake Erie in the mid-to-late
1950s. The continued absence of Hexagenia in lower
Green Bay suggests that area may still be too pol-
luted to support Hexagenia. However, the reports of
Hexagenia in the lower Fox River (Cochran, 1992;
Cochran and Kinziger, 1997) indicate that water and
sediment quality in the river are improving and that
recovery in lower Green Bay can be expected. The re-
covery of Hexagenia in western Lake Erie was pre-
ceded by reports of the reestablishment of small, source
populations in or near the mouths of tributaries where
water and sediment quality had first improved follow-
ing pollution clean-up efforts (Edsall et al., 1999),
and a similar recovery process may be underway in
Green Bay.

An unexpected positive result was that density and
biomass values of Hexagenia in the samples were
highly correlated, indicating that either a simple count
of nymphs on the wash screen in the field, or the
dry weight biomass data collected in the laboratory,
could be used to provide reliable status information
on the population. Thus, the protocol used here seems
suitable for long-term monitoring studies using Hex-
agenia as an indicator of ecosystem health. If addi-
tional sampling and study reveals that the two co-
horts in a grab sample can be reliably separated,
then the cohort-based method can be applied to the
data to estimate mean annual biomass and annual
production.
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