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Changes in Abundance of
Burrowing Mayflies in Southern

Indian Lake: Lessons for

Environmental Monitoring

Surveys of benthic invertebrates in subarctic Southern Indian Lake, Manitoba,
before and after manipulation of the lake for hydroelectric development, revealed
that Hexagenia (Insecta: Ephemeroptera) populations collapsed following the
diversion phase. Initial conclusions attributed the collapse to lake manipulation, but
intensive life-history studies indicated that the cause was a series of cold years
immediately following diversion. A simple model relating air temperature during the
open-water season to Hexagenia abundance was successful in predicting
burrowing mayfly abundance in the lake. This indicated the significance of
temperature in regulating these populations, which are near their northern limits of
distribution in Manitoba. The difficulty in discriminating between natural ecosystem
variability and anthropogenic effects during the course of an environmental
monitoring program is illustrated by this study.

Figure 1. Southern Indian Lake,
showing Churchill River inflow,
former and present outlets, re-
gional divisions, and benthic
macroinvertebrate sampling sta-
tions (¢). Reglonal divisions are
based on channel constrictions
and physical and chemical influ-
ence of the Churchili River (4, 5).
Pre-impoundment surface area
of the lake was 1977 km?; post-
impoundment area is 2391 km?2.
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INTRODUCTION

A basic problem in monitoring industrial
developments is discriminating between
natural  ecosystem  variability  and
anthropogenic effects. Although good ex-
amples of the possible confusion of these
factors exist for marine habitats (1-3), few
are available for fresh waters. Surveys of
populations of burrowing mayflies
(Hexagenia limbata and H. rigida; Insecta:
Ephemeroptera) in Southern Indian Lake
(SIL), northern Manitoba, provided an ex-
ample of how the causes of dramatic
changes in standing stocks of biota can be
misinterpreted.

SIL (lat. 57°N, long. 99°W) is a major
lake on the Churchill River in central
Canada. The lake lies on the western arm of
the Precambrian Shield within a zone of
widespread  discontinuous  permafrost.
Glacio-lacustrine sediments overlie much
of the bedrock, and boreal forest with peat
deposits up to 5 m deep surround the lake.
Mean annual temperature is -5°C, mean
daily temperatures range from -26°C in
January to +16°C in July. The average ice
free period lasts from June to late October.

Manitoba Hydro’s long-term plan to de-
velop the 10 000 MW hydroelectric poten-
tial of the nearby lower Nelson River called
for diversion of about 850 m?- sec’! of wa-
ter, or 75% of the flow, from the Churchill
River into the Nelson catchment at SIL (4).
The Churchill flows into SIL from the
southwest and, prior to diversion, exited
from the northeast on its way to Hudson
Bay (Fig. 1). In 1976, the natural outlet of
SIL was dammed and water levels in the
lake rose 3 m. By fall 1977, the diversion
was operating at full capacity through a
newly excavated channel in the southeast-
emn part of the lake that led into the Nelson
catchment.

Long-term (1912-1967) pre-impound-
ment mean water level of SIL was 254.93
m (MSL) (max.: 256.79 m, min.: 253.82
m), whereas licensed operating range of the
lake is 257.25 m—258.17 m (MSL) (4). Lev-
els generally have been maintained from
257-258 m (MSL) since reservoir forma-
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Figure 2. Standing stocks of benthic macroinvertebrates from surveys
of Southern Indian Lake; A) total macroinvertebrates, B) immature flies
(Diptera), C) freshwater shrimp (Pontoporeia brevicornis grp.), D}
aquatic worms (Oligochaeta), E) freshwater clams (Pelecypoda), F)
burrowing mayflies (Hexagenia limbata and H. rigida;

note difference in scale).

tion (G.K. McCullough, Freshwater Insti-
tute, Winnipeg, pers. comm.).

An adult male
burrowing mayfly
(Hexagenia
limbata) resting on
black spruce (Picea
mariana) in the
northern part of
Southern Indian
Lake, Manitoba.
Nymphal
development takes
at least three years,
and is closely tied
to air and water
temperatures.
Successful
emergence and
mating depend on
calm, warm
weather. Burrowing
mayflies in the lake
are near their
northern limits of
distribution in
Manitoba, and are
very sensitive to
environmental

METHODS

Benthic macroinvertebrates in SIL were
surveyed before impoundment (1972) as
part of a multidisciplinary environmental
impact assessment (5, 6). Surveys were
continued after impoundment but before di-
version was complete (1977), after full di-
version (1979), and every 2 yrs thereafter
until 1987. Replicate benthic samples were
collected with a 15 x 15 x 23 cm weighted,
modified Ekman grab, along with physical
and chemical data, at 58 stations spread
throughout the lake (Fig. 1). The surveys
usually were done during the first 10 days
of July.

Samples were sieved in the field using
400-um mesh nets, and were preserved in
10% formalin. Invertebrates were sorted
under a stereomicroscope, identified, enu-

disruptions merated, and stored in 70% ethanol.

involving Weather data were based on daily air
:)ehrr;?:.rzgu‘;e. temperatures taken from the Canada De-
ABEisos. | partment of Environment, Atmospheric En-

vironment Service Record of Meteorologi-
cal Observations for Western Canada. Ice-
free days were calculated as described in

).

RESULTS AND DISCUSSION

Standing  stocks of the  benthic
macroinvertebrate community as a whole
responded to impoundment by initially in-
creasing and then by decreasing to near or
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Figure 4A. Relationship between air temperature during the life cycle
and mean standing stocks of Hexagenia in Southern Indian Lake. Air
temperature is expressed as annual atmospheric degree days (> 0°C)
averaged over the 3 yrs of the life cycle. Y = 0.152 (X) - 235 (R* =

0.951, p = 0.0006).

below pre-impoundment levels (Fig. 2A). A
post-impoundment “trophic upsurge” is
typical of new reservoirs. It results from an
initial input and then subsequent depletion
of nutrients and organic matter originating
from newly flooded land. In SIL, benthic
macroinvertebrates were the only biotic
group to show this pattern of response (6,
8).

The four most abundant benthic groups,

the immature flies (Diptera, mainly
Chironomidae), the freshwater shrimp
(Amphipoda:  Pontoporeia  brevicornis

grp.), the aquatic worms (Oligochaeta), and
the freshwater clams (Pelecypoda), all re-
sponded similarly, thus creating the overall
pattern (Figs 2B-2E). However, an opposite
pattern was observed for burrowing may-
flies (Fig. 2F). Lakewide standing stocks
increased slightly following impoundment
(1977 survey), but fell dramatically follow-
ing full diversion to about 15% of the pre-
development level by 1981. Following the
1983 survey, we attributed the reduction in
Hexagenia standing stocks to an inability by
Hexagenia to maintain their burrows be-
cause of severe shoreline erosion and al-
tered substrate composition, and to a de-
crease in water temperatures in the northern
part of the lake because of river diversion
and incipient thermal stratification (9). Had
no further surveys been done, we would
have claimed, erroneously, that burrowing
mayflies in SIL were adversely affected
solely by manipulations of the lake for hy-
droelectric development. However, the sur-
veys were continued, and although standing
stocks never returned to the pre-develop-

AMBIO VOL. 20 NO.3-4, MAY 1991

ment level during the 10 yrs of post-devel-
opment monitoring, populations increased
substantially after 1981 and stabilized at
about 50% of the 1972 level, despite the fact
that impoundment and diversion still af-
fected the lake.

In 1986, an experimentally based pro-
gram of autecological research was initi-
ated. Its intent was to describe the life his-
tory of Hexagenia populations in SIL, with
a view to interpreting the long-term survey
data.

We believe that the observed collapse of
Hexagenia populations in SIL was caused
by unusually cold temperatures that imme-
diately followed lake diversion (Fig. 3).
Growth and development of Hexagenia
species in more southerly locations is inti-
mately tied to degree-day (dd) accumula-
tion; most reseachers indicate that 2000—
2500 water dd above a threshold of 10°C
are required to complete a 1-2 yr life cycle
(e.g. 10-12). Hexagenia mayflies in SIL are
near their northern limits of distribution in
Manitoba and require at least 3 yrs to accu-
mulate the necessary dd for development
(13). Moreover, the threshold of develop-
ment for the SIL population was experi-
mentally determined to be near 8°C (14),
rather than the 10°C reported for southern
populations.

Weather conditions affect Hexagenia
abundance in three major ways in SIL.
First, cooler water temperatures extend du-
ration of the nymphal life cycle, which re-
sults in a higher probability of natural mor-
tality, fewer emerging adults, and lower re-
production (15). Second, water tempera-

Figure 4B. Predicted vs observed Hexagenia abundances based on
relationship shown in Fig. 4A. Samples were not collected in
Southern Indian Lake between 1972 and 1977, but they were collected
every 2 years after 1977.

tures affect egg-hatching success, i.e. fewer
eggs hatch at lower temperatures (16).
Third, windy or stormy weather during
emergence periods results in high mortality
and low mating success, again limiting re-
cruitment (17).

One weather variable, air temperature
(expressed as atmospheric dd > 0°C during
the open-water season), correlates well with
the factors that affect Hexagenia abundance
in SIL. Most areas of the lake do not ther-
mally stratify, so bottom-water tempera-
tures are directly related to air temperatures
during the open-water season. Also, during
the 10-yr period of weather records for SIL,
windy and stormy conditions during emer-
gence were associated with cool mean sum-
mer air temperatures, whereas calm and
clear summers were usually warm (G.K.
McCullough, Freshwater Institute, Winni-
peg, pers. comm.). Moreover, air tempera-
tures > 0°C are biologically important be-
cause they contribute to heating the water
mass up to the 8°C developmental threshold
for Hexagenia in SIL. Thus, air tempera-
tures were used in the following predictive
manner: when atmospheric dd > 0°C (from
July--July) were averaged over the 3 yrs of
the life cycle and regressed against mean
abundance of Hexagenia (numbers - m?) in
SIL, > 95% of the variability in Hexagenia
standing stocks during the study period
could be explained (Fig. 4A). The resulting
relationship was then used to predict
Hexagenia abundance based upon air tem-
peratures alone. The close relationship be-
tween predicted abundances and those ob-
served on each lake survey (Fig. 4B) indi-
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cates the importance of temperature in
regulating populations of Hexagenia in
SIL.

Effects of lake manipulation, however,
were not entirely blameless in changing
standing stocks of Hexagenia in SIL. After
impoundment and diversion, water tem-
peratures decreased in the large northern
areas of the lake (regions 3 and 4) because
warm Churchill River water was diverted
away from these regions. This resulted in
delayed ice break-up in the spring, reduc-
tion in length of the heating season, and
lowered maximum water temperatures rela-
tive to regions upstream of the diversion (6,
18). Hexagenia was never very abundant in
regions 3 and 4 (because of their deep, cool
nature even before diversion), so changes of
standing stock in these regions had little ef-
fect on total lake response. However, the
period of below-average temperatures com-
bined with cooling due to water diversion
produced a different pattern of abundance
for regions 3 and 4 than for the rest of the
lake (Fig. 5). Although Hexagenia appears
to be recovering in most regions of SIL,
these mayflies have disappeared from all
but the warmest, most sheltered areas of re-
gions 3 and 4.

CONCLUSION

The challenge in environmental monitoring
is to discriminate between natural variabil-
ity and anthropogenic effects. This problem
is especially critical when dealing with
populations at or near their limits of distri-
bution, because such populations can be
extremely sensitive to environmental
change.

Although survey data alone are usually
inadequate for establishing cause and ef-
fect, they are valuable for indicating areas
that need attention in the course of a moni-
toring program. The results of post-devel-
opment monitoring at SIL indicated a need
to examine factors other than those relating
to hydroelectric development in order to
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explain patterns of abundance of burrowing
mayflies. A combination of survey and ex-
perimental approaches helped distinguish
between effects of lake manipulation and
natural variability in SIL, and should be es-
sential ingredients in most environmental
monitoring programs.

References and Notes

1. Bowman, R.S. 1973. Dounreay oil spill: major impli-
cations of a minor incident. Mar. Pollut. Bull. 9, 269—
273

2. Cullinane, J.P. and Whelan, P.M. 1983. An example of
drastic natural changes in the intertidal biota and the
implications for monitoring programmes. Estuarine
Coastal Shelf Sci. 17, 479—481.

3. Kohler, A., Harms, U. and Luckas, B. 1986. Accumu-
lation of organochlorines and mercury in flounder—an
approach to pollution assessments. Helgoldnder
Meeresunters. 40, 431-440.

4. Newbury, R.W., McCullough, G.K. and Hecky, R.E.
1984. The Southern Indian Lake impoundment and
Churchill River diversion, Can. J. Fish. Aquat. Sci. 41,
548-557.

5. Hamilton, A.L. 1974. Zoobenthos survey of Southern
Indian Lake. Lake Winnipeg, Churchill and Nelson
Rivers Study Board, 1971-1975.Tech. Rep. Append. 5.
Fish. Limnol. Stud. 1G.

6. Hecky, R.E., Newbury, R W, Bodaly, R.A,, Patalas, K.
and Rosenberg, D.M. 1984. Environmental impact
prediction and assessment: the Southern Indian Lake
experience. Can. J. Fish. Aquat. Sci. 41,720-732.

7. McCullough, G.K. 1981. Water budgets for Southern

Indian Lake, Manitoba, before and after impoundment

and Churchill River diversion, 1972-1979. Can. MS

Rep. Fish. Aquat. Sci. No. 1620.

Wiens, A.P. and Rosenberg, D.M. 1984. Effect of im-

poundment and river diversion on profundal

macrobenthos of Southern Indian Lake, Manitoba.

Can.J. Fish. Aquat. Sci. 41, 638—648.

9. Rosenberg, D.M. and Wiens, A.P. 1985. Changes in
populations of Hexagenia limbata and Hexagenia
rigida (Ephemeroptera: Ephemeridae) in Southern In-
dian Lake, Manitoba. Paper presented to 33rd annual
meeting of the North American Benthological Society,
1985, June 25-28. Corvallis, Oregon.

10. Hunt, B.P. 1953. The life history and economic impor-
tance of a burrowing mayfly, Hexagenia limbata, in
southern Michigan lakes. Mich. Conserv. Dept., Bull.
Inst. Fish. Res. No. 4.

11. Hudson, P.L. and Swanson, G.A. 1972. Production and
standing crop of Hexagenia (Ephemeroptera) in a large
reservoir. Stud. Nat. Sci., E. New Mexico Univ.,
Portales 1(4).

12. Heise, B.A,, Flannagan, J.F. and Galloway, T.D. 1987.
Life histories of Hexagenia limbata and Ephemera
simulans (Ephemeroptera) in Dauphin Lake, Manitoba.
J. N. Am. Benthol. Soc. 6, 230-240.

o0

13. Hexagenia populations were studied intensively in four
areas of Southern Indian Lake, chosen to cover a range
of temperature regimes, from 1986-1988 (D.J.
Giberson, unpublished data). Cohort analysis (based on
examination of a combination of length-frequency
measures and developmental-stage indicators over the
entire study period) indicated a 3-yr life cycle in the
warmer parts of the lake (where average annual water
degree days > 8°C for the study period ranged from
650-750) and a 4-yr cycle for the coldest location stud-
ied (where average annual water dd were approx. 500).
A 3-yr life cycle was characteristic of about 80% of the
lake.

14. Hexagenia were reared in the laboratory at 4, 8, 10,
12.5, 15, and 20°C (D.J. Giberson, unpublished data).
No larval growth was detected at 4°C for any size class,
but later stage Hexagenia showed some growth at 8°C,
and all stages showed detectable growth at tempera-
tures above 10°C. An 8°C development threshold was
further indicated by egg development and some egg
hatch at this temperature.

15. Within a life cycle, effects of stage-specific mortality
are cumulative with time, so increasing time spent
within a stage will increase mortality over the entire
length of the stage, even if the number of deaths per
unit time is unaffected; see discussion in Rempel, R.S.
and Carter, J.C.H. 1987. Modelling the effects of ac-
celerated development and reduced fecundity on the
population dynamics of aquatic Diptera. Can. J. Fish.
Aquat. Sci. 44, 1737-1742.

16. Both artificially and naturally inseminated H. limbata
eggs from Southern Indian Lake were held in the labo-
ratory to determine hatching variables at different tem-
peratures (D.J. Giberson, unpublished data). Approxi-
mately 80% of eggs hatched (in 5-14 d) at 20°C, com-
pared to only 33% at 15°C (in 9-30 d) and <10% at 8°C
(in >75 d).

17. Field observations at Southern Indian Lake indicated
that Hexagenia subimagos attempting to emerge when
waves exceeded approx. 1 m height were unsuccessful.
After prolonged periods of stormy weather (particu-
larly in 1986), shorelines were littered with dead
subimagos that had drowned while attempting to
emerge, and few young larvae were subsequently col-
lected from those regions. A similar phenomenon was
reported by Whelan, K.F. 1980. Some aspects of the
biology of Ephemera danica Miill. (Ephemeridae:
Ephemeroptera) in Irish waters. In Advances in
Ephemeroptera Biology, Flannagan, J.F. and Marshall,
K.E. (eds.) Proc. 3rd Int. Conf. on Ephemeroptera,
1979, July 4-10, Winnipeg. Plenum Press, New York,
p. 187-199 for the burrowing mayfly Ephemera
danica, and Hunt, B.P. (1953; see note 10) recorded
high mortality of mating H. limbata during a storm.

18. Hecky, R.E. 1984. Thermal and optical characteristics
of Southern Indian Lake before, during, and after im-
poundment and Churchill River diversion. Can. J. Fish.
Aquat. Sci. 41, 579-590. Region 5, the one furthest
north, was never affected by the flow of the Churchill
River; local inflows were important in determining ice
break-up in the spring.

19. Research was supported by the Canadian Department
of Fisheries and Oceans, and a University of Manitoba
Graduate Fellowship to D.J.G. D. Bodaly, M. Friesen,
T. Galloway, R. Hecky, J. Mathias, G. McCullough,
and K. Patalas provided helpful reviews of earlier
drafts of the manuscript. D. Laroque did the word
processing.

20. First submitted November 13, 1989, accepted for pub-
lication after revision May 3, 1990.

Donna J. Giberson is a Ph.D.
candidate in the Department of
Entomology, University of Manitoba.
For the past 3 yrs she has been one
of a multidisciplinary team, based at
the Freshwater Institute, studying
the ecological effects of Churchill
River diversion. She specializes in
the life histories of Ephemeroptera.
David M. Rosenberg and Allen P.
Wiens are research scientist and
biologist, respectively, with the
Freshwater Institute in Winnipeg.
Their research involves the use of
benthic macroinvertebrates in
detecting environmental impact.
Their address: Canada Department
of Fisheries and Oceans, Freshwater
Institute, 501 University Crescent,
Winnipeg, MB, Canada R3T 2N6.

AMBIO VOL. 20 NO. 34, MAY 1991




