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Abstract

Field surveys of the distribution of mayfly nymphs suggest that Stenonema femoratum are more
acid-sensitive than Leptophlebia cupida. To assess whether this apparent difference in sensitivity of
nymphs is reflected in differences in the degree of whole-body loss of [Na], [Cl], [Ca] or [K] under
laboratory conditions, we exposed nymphs of both species to low pH for 96-192 h in soft water
([Ca] = 0.1 mM). Although mortality and loss of whole-body [Na] and [Cl] occurred in both species
at pH 3.5, unexpectedly they were considerably greater in L. cupida than in S. femoratum. Ion loss was
not size related within the range of nymphal weights used (2-14 mg dry wt) for S. femoratum. Exposure
to the environmentally more common pH 4.5 had no effect on whole-body [Na] and [Cl] or on mortality
in either species. However, in L. cupida, molting by nymphs increased at both pH 3.5 and 4.5. A decrease
in whole-body [Ca] occurred, and the loss of whole-body [Na] and [Ca] at pH 3.5 appeared to cease
following the period of molting. In S. femoratum no molting or Ca loss occurred and whole-body [Na]
and [Cl] decreased between 96 and 192 h exposures.

Introduction

Stream pH depressions commonly occur during
spring snowmelt in areas receiving acidic depo-
sitions (Dillon et al., 1984) and synoptic surveys
of such streams consistently demonstrate a loss of
aquatic insect species (particularily mayflies; Hall
& Ide, 1987; Kimmel etal., 1985; Mackay &
Kersey, 1985; Sutcliffe & Carrick, 1973; Raddum
& Fjellheim, 1984). Proposed explanatory hypo-

theses include reduction of food supplies (Sut-
cliffe & Carrick, 1973), changes in trophic re-
lationships (Eriksson, 1980) and increased toxici-
ty of mobilized or aqueous metals such as
aluminum (Herrmann, 1987). Little quantitative
evidence exists to support these hypotheses
(Okland & Okland, 1986; Herrmann, 1987).

More often, the loss of these species is
attributed to the direct toxicity of H +, due to a
failure to regulate major body ions (Na, Cl, Ca,
and K) (Hall et al., 1980; Havas, 1981; Havas &
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Hutchinson, 1983; Lechlietner et al., 1985;
Okland & Okland, 1986). However, no laboratory
studies of acid-sensitive species or comparative
studies of species that appear to vary in acid-
sensitivity have been undertaken (Mierle etal.,
1986). Therefore, we have little indication to what
degree toxicity or ion loss is correlated with the
observed loss of aquatic insects from streams
currently undergoing acidification.

In contrast, the degree of toxicity and whole-
body Na and Cl loss during laboratory exposures
to low pH is correlated with interspecific differ-
ences in the acid sensitivity of some fish, amphi-
bians and crustaceans observed in the field
(Fraser & Harvey, 1984; Freda & Dunson, 1984;
1985; Havas & Likens, 1985; Berrill et al., 1985;
Hollett et al., 1986). Given that aquatic insects,
including mayflies, share similar mechanisms of
ionic regulation as these taxa (Shaw & Stobbart,
1963; Komnick, 1977) we should expect greater
mortality and whole-body ion loss in species lost
from acidified streams than those that are not.

Mayfly species (Ephemeroptera) are particu-
larly suited for examining this response. Although
field surveys indicate that mayflies are relatively
sensitive to low pH, interspecific variation is con-
siderable (Sutcliffe & Carrick, 1973; Raddum &
Fjellheim, 1984). In Haliburton Co., Ontario,
where lakes and streams have undergone gradual
acidification, the mayfly community was reduced
in moderately acidic streams of yearly pH range
of 5.0-6.3 and almost eliminated from strongly
acidic streams of pH range 4.3-4.8 (MacKay &
Kersey, 1985). We selected two species from this
region for testing; an acid-sensitive species,
Stenonema femoratum (Heptageniidae) and an
acid-tolerant species Leptophebia cupida
(Leptophlebidae). Stenonema spp. (including
S. femoratum) occur in circumneutral streams of
Haliburton Co. but are absent in moderately
acidic streams (pH < 5.3) (MacKay & Kersey,
1985; Hall unpub. data). The loss of Stenonema
spp has also been correlated with the long-term
acidification of a stream in the same area (Hall &
Ide, 1987). In contrast, L. cupida is abundant in
both circumneutral and acidic streams (pH
4.2-4.8; MacKay & Kersey, 1985).

The purpose of the present study is to test the
hypothesis that the degree of whole-body Na and
Cl loss from nymphs of two mayfly species, ex-
posed to low pH in the laboratory, reflects their
relative sensitivity reported in field surveys. We
also determine the effect of these short-term expo-
sures on mortality, molting and whole-body con-
centrations of K and Ca, as well as the relation-
ship between body-size and whole-body Na and
Cl conentrations.

Methods

Stenonema femoratum was collected from
Thompsons Creek, a small relatively hard water
(Ca = 0.95 mM) stream in Peterborough Co. and
L. cupida from Plastic Lake outflow, a soft water
(Ca = 0.05 mM) stream in Halibuton Co. Prior to
exposures nymphs were maintained at 15 C for
24 h in aerated water from which they were col-
lected. Nymphs were then transferred to aerated
experimental water (pH 6.5), at the same temper-
ature, for 48 h prior to exposures. Experimental
water was collected from two soft water lakes,
Lake of Bays and Paint Lake, with similar chemi-
cal (mM) composition (Paint Lake: Ca = 0.10,
Na = 0.10, Cl = 0.09, K = 0.02, Al = 0.001;
Lake of Bays: Ca = 0.10, Na = 0.07, Cl = 0.06,
K = 0.02, A1.001). Exposures were carried out in
2.5 L static aerated glass containers, each
containing fiberglass screening to which nymphs
could cling.

In preliminary experiments whole-body Na and
Cl concentrations remained constant in controls
from day 0 to day 8, but mortality of nymphs often
occurred after 10 days, therefore, exposures were
limited to 8 days. Mortality was probably due to
starvation and not the static nature of the expo-
sures, since both species commonly occur natur-
ally in static waters (pers. obs.). In these experi-
ments Na and Cl concentrations of S. femoratum
did not vary between exposures in their home
water and the more dilute Paint Lake water.
These results indicate that S. femoratum was not
stressed due to the transfer to Paint Lake water
for the following experiments (Rowe, 1986; un-
pub. data).
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To compensate for the short duration of our
current experiments, we used pH levels (3.5, 4.5
and 6.5) that encompass, but go below the range
of spring pH depressions experienced in Halibu-
ton Co. (Jefferies etal., 1979; La-Zerte, 1984).
S. femoratum and L. cupida nymphs were expos-
ed to one replicate each of pH 3.5, 4.5 and 6.5
(S. femoratum: Lake of Bays; L. cupida: Paint L.)
for both 96 and 192 h. pH of the water, molting
and mortality of the nymphs were monitored at
least every 24 h. Dead nymphs and molts were
recorded and discarded. pH was maintained with
0.1 M H2 SO4 or 0.1 M KOH and varied no more
than + 0.2 pH units.

Since neither species grows through the winter
(unpub. data), body size of nymphs used in these
exposures (S. femoratum, 2-14 mg dry wt; L. cu-
pida, 1-2 dry wt) were those that would typically
be present during spring pH depressions. Mean
body weight of nymphs were not significantly dif-
ferent, within species or between treatments
(p > 0.1). The wide range in body size (approx.
2-14 mg dry wt) of S.femoratum allowed us to
assess the relationship between ion concentration
and body size, following exposures at the various
pH levels.

Following exposure, remaining live nymphs
were removed and dried to a constant weight at
60 C. Analysis of whole-body ion concentra-
tions (Na, Cl, Ca and K) was determined by In-
strumental Neutron Activation Analysis. Indi-
vidual nymphs were palced in capped vials and
irradiated for 3-5 minutes, depending on size, at
a neutron flux of 5* 1012 neutrons/cm2 /sec. Fol-
lowing irradiation, individual nymphs were placed
in the tip of a non-irradiated eppendorf pipette
with the tip heat sealed. Irradiated samples were
counted with an Atec hyper-pure germanium de-
tector coupled to a Canberra Series 90 multi-
channel analyser with a built in pile up rejection
unit. Counting efficiency of the detector was 21 %
and a FWHM (full width at half maximum) reso-
lution of 2.2 kev for the 1332 kev gamma ray of
Co60o .

Significance of differences between mean ion
concentrations in nymphs of each treatment was
established using an analysis of variance. Signifi-

cance of differences in cumulative molting and
mortality rates were established using the Kolmo-
grov-Smirnov test.

Results

96 h exposures

96 h exposure of S. femoratum to pH 3.5 or 4.5
had no significant effect on mortality (5 % at pH
3.5), molting rate (0) and whole-body [Na], [Cl],
[K], or [Ca], relative to the control of pH 6.5
(p > 0.05, Fig. 1).

In contrast, 96 h exposure of L. cupida to low
pH resulted in increased molting and mortality
and a decrease in wholerbody [Na], [Cl] and
[Ca]. Molting occurred more often in nymphs at
low pH (3.5 and 4.5) relative to those in pH 6.5
(p < 0.001), while there was no significant differ-
ence between these rates at pH 3.5 and 4.5
(p > 0.5, Fig. 2). Exposure to pH 3.5 also resulted
in 30% mortality while no mortality occurred in
either pH 4.5 or pH 6.5 (Fig. 2). Nymphs sur-
viving 96 h exposure to pH 3.5 had significantly
lower whole-body [Na] (23%, p < 0.005), [Cl]
(31%, p < 0.005) and [Ca] (29%, p < 0.001) re-
lative to those exposed to pH 6.5 (Fig. 1). The
mean loss of whole-body Na (116 M/g dry wt)
was similar to the loss of Cl (109 M/g dry wt).
Nymphs exposed to pH 4.5 had significantly
lower whole-body [Ca] (33%, p < 0.001), while
whole-body [Na] and [Cl] were unchanged rela-
tive to those exposed to pH 6.5 (Fig. 1). Whole-
body [K] was unaffected by pH (p> 0.05,
Fig. 1).

192 h exposures:

In contrast to 96 h exposure, S. femoratum
nymphs surviving 192h at pH 3.5 suffered a
significant increase in mortality (25 %; p < 0.05)
and decrease in whole-body [Na] (36%;
p < 0.001) and [C1] (59%; p < 0.001) (Fig. 1).
Mortality began only after 104 h exposure. The
mean loss of [Na] (90 tM/mg dru wt) was less
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Fig. 1. Whole-body Na, CI, K and Ca concentrations for nymphs of S. femoratum and L. cupida following 96 h (light bars) and
192 h (dark bars) exposure to three pH levels. Bars represent mean concentrations ( + 95% C.I.) for the number of individuals

shown above bar. * indicates a significant difference relative to pH 6.5.

than the loss of [Cl] (110 #M/mg dry wt). Expo-
sure to pH 3.5 had no significant effect on whole-
body [K] or [Ca] relative to pH 6.5 (p > 0.05)
and exposure to pH 4.5 had no significant effect
on molting, mortality rate or whole-body ion con-
centrations relative to pH 6.5 (p > 0.05; Fig. 1).
Losses of Na and Cl at low pH do not appear to
be related to body size; whole-body [Na] and
[CI] of individual nymphs were not significantly
correlated to individual body size in control expo-
sures or following Na and Cl losses at pH 3.5.

Using the equation [ion] = a + b (dry wt), corre-
lation coefficients (r) were all below 0.20.

Similar to 96 h exposure, 192 h exposure of
L. cupida to low pH (3.5 and 4.5) again resulted
in increased molting (p < 0.001) relative to those
in pH 6.5, while there was no significant differ-
ence between pH 3.5 and 4.5 (p > 0.05; Fig. 2).
Exposure to pH 3.5 also resulted in a significant
increase in mortality (40 % ; p < 0.001) and lower
whole-body [Na] (14%o; p <0.05), [C1] (31%;
p < 0.02) and [Ca] 23 %, p < 0.02) relative to
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Fig. 2. Cumulative 0% molting and mortality of L. cupida during 96 h and 192 h exposure to pH 6.5 (A), 4,5 0) and 3.5 (0). The
number exposed in each treatment ranged from 15-27. * indicates a significant difference relative to pH 6.5.

those exposed to pH 6.5 (Fig. 1 & 2). The mean
loss of whole-body Na (116/~M/g dry wt) was
similar to the loss of Cl (109 ,M/g dry wt). Expo-
sure to pH 4.5 resulted in significantly lower
whole-body [Ca] (45%, p < 0.001), while whole-
body [Na] and [Cl] were unchanged relative to
those exposed to pH 6.5 (Fig. 1). Whole-body
[K] was unaffected by pH (p > 0.05; Fig. 2).

Comparison of 96 and 192 hour exposures

Over the first 96 h of the 192 h exposure cumula-
tive molting and mortality was not significantly
different then the 96 h exposure at any pH in
either species (p > 0.05). Similarly, whole-body
[Na], [CI], [Ca] or [K], in either species, were
not significantly different (p > 0.05) following 96
or 192 h exposure to pH 6.5. Although, mortality
and decreases in whole-body [Na] and [Cl]
following exposure of S.femoratum to pH 3.5
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occurred only after 96 h exposure, decreases in
whole-body [Na], [C1] and [Ca] of L. cupida
nymphs following 192 h exposure were not signifi-
cantly different (p > 0.05) from those exposed to
96 h.

Discussion

Surprisingly, L. cupida appears more sensitive to
high [H+] than S. femoratum in short-term
(96-192 h) exposures, suffering higher mortality
and greater decreases in whole-body [Na] and
[Cl]: field surveys (MacKay & Kersey 1985; Hall
& Ide 1987; unpub. data) had led us to predict the
opposite. Nonetheless, where mortality occurred,
surviving nymphs of both species suffered signifi-
cant decreases in whole-body [Na] and [Cl].
Similar losses of whole-body Na and Cl in acid-
stressed aquatic insects have been reported else-
where, although at somewhat lower pH's (pH
2.8-3.0) and were also associated with mortality
(Vangenechten & Vanderborght, 1980; Havas &
Hutchinson, 1983; Lechleitner et al., 1985). The
combination of these toxicity and whole-body ion
results, suggest a high degree of tolerance to low
pH by aquatic insects relative to some fish (Wood
& McDonald, 1982), amphibians (Freda &
Dunson, 1984; 1985) and crustaceans (Havas &
Hutchinson, 1972; 1983). In these taxa, mortality
and acute ion loss typically occur at higher (and
more relevant) pH levels (4.5-5.5) in short-term
exposures.

Decreases in whole-body [Ca] of L. cupida at
low pH (3.5 and 4.5) was associated with molting
and not with mortality. Similarly, no correlation
was found between whole-body [Ca] and mortali-
ty at low pH in a midge (Orthocladius consobrinus)
and a caddisfly (Limnephilus pallens) (Havas &
Hutchinson, 1983). Whole-body burdens of mul-
tivalent cations, such as Ca, in starved aquatic
insects appear to be adsorbed on the integument
surface and lost to the exuviae following molt
(Kormondy, 1965; Smock, 1983; Harvey, 1971).

During acid-stress, the loss of whole-body K in
fish and crayfish are generally associated with
blood/haemolymph acidosis (Lade & Brown,

1963; Wood & Rogano, 1986). Another indicator
of blood/haemolymph acidosis in these taxa is
that Na losses exceed those of C1 (Wood &
Rogano, 1986). These did not occur in the present
study. Instead, no change in [K] was observed
and losses of Na and Cl were equimolar or C1
losses were much in excess of Na. Although there
was an association between mortality and Na and
C1 loss, the actual cause of death is not known,
our results suggest that mortality is probably due
to ion loss and not haemolymph acidosis.

The increase in molting observed only in
L. cupida at low pH, has not previously been
reported in any taxa. An apparent stabilization of
whole-body [Na] and [Cl] in L. cupida following
molting at pH 3.5, strongly suggest a compensato-
ry mechanism for ion loss. A similar response
occured in nymps of the mayfly Callibaetis colo-
radensis exposed to diluted (1: 100) media;
nymphs molted frequently, had significantly
higher densities of chloride cells than animals in
control treatments after 15 days. This increase in
chloride cell density apparently prevented acute
ionoregulatory disruption (Wichard et al., 1973).
Increases in chloride cell densities have recently
been demonstrated in fish following chronic expo-
sures at low pH (Leino & McCormick, 1984). In
contrast to fish, chloride cells of mayflies and
other aquatic insect are imbedded in the integu-
ment; such insects probably must molt to increase
the density of chloride cells and this increase may
result in increased Na and Cl uptake rates
(Wichard etal., 1973; Komnick, 1977).

Molting may also be a time of increased
vulnerability to acid-stress, as well as a mecha-
nism to cope with it. Mortality of the caddisfly
Clistoronia magnifica was greatest, at low pH,
during the molt to be forth instar (van Franken-
huyzen et al., 1985). Significant mortality of an-
other caddisfly, Lepidostoma liba, exposed to low
pH occurred only during the period of rapid
growth and presumably of frequent molting
(Burton et al., 1985). In our experiments, molting
at pH 3.5 never occurred independently of mor-
tality, suggesting that the causative mechanisms
of mortality and molting may be the same, or that
mortality may be the result of molting at low pH.
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However, mortality of S. femoratum exposed to
pH 3.5 occurred in the absence of molting,
whereas many more nymphs of L. cupida molted
than died in both pH and 3.5. The relationship
between mortality and molting at low pH remains
obscure (Rowe et al., 1988a). Future experiments,
concentrating on Na and C1 flux rates before and
after molting at low pH, should elucidate this
phenomenon.

Acid-sensitivity of aquatic insects may vary
with body size. A reduction of recruitment suc-
cess occurreed in an acid-stressed population of
the mayfly Ephemerella funeralis, perhaps due to
the sensitivity of early instars (Fiance, 1978).
Similarly, decreased colonization by early relative
to late instars occurred in experimentally acidified
(pH 4.0) stream channels (Allard & Moreau,
1987). While the apparent sensitivity of these
early instars may reflect size-dependent ion loss,
as is the case in some fish (Powell & McKeown,
1986), decreases in whole-body [Na] and [Cl] of
S. femoratum following exposure to pH 3,5 were
not size dependent. Therefore, our results do not
support the hypothesis that the apparent sensitivi-
ty of very early instars in some aquatic insects is
due to their high surface to volume ratio (Wieder-
holm & Eriksson, 1977; van Frankenhuyzen
et al., 1985; Correa etal., 1986; 1987). However,
we did not stress organisms in the > 2.0 mg and
these earliest instars may be particularly sensitive,
for other reasons (Rowe et al., 1988b).

It is not clear whether the observed loss of
whole-body Na and C1 from acid-stressed aquatic
insects is due to increased passive loss and/or
decreased active uptake of these ions. Surface:
volume increases logrithmically with decreasing
size, therefore smaller nymphs should suffer much
greater ion losses at low pH if these losses were
strongly associated with passive loss across the
integument; this did not occur in S. femoratum. In
aquatic Diptera and Hemiptera uptake rates of
Na are decreased at low pH (Stobbart, 1971;
Wright, 1975; Vangenechten & Vanderborght,
1980) while efflux rates and haemolymph levels
may remain constant (Vangenechten & Vander-
borght, 1980). On the other hand, equimolar in-
creases in Cl uptake and efflux rates have been

reported in aquatic Hemiptera (Vangenechten &
Vanderborght, 1980). However, the response of
these acid-tolerant Hemipterans is probably not
universal to aquatic insects, since they imply
whole-body losses of only Na while we report
significant whole-body losses of both Na and C1
in S. femoratum as have Havas & Hutchinson
(1983) in the midge Orthocladius consobrinus.

In summary, the degree of mortality and whole-
body ion loss following short-term exposures to
low pH are not correlated with the sensitivities of
L. cupida and S. femoratum noted in field surveys.
Bell (1971) has demonstrated that short-term
(96 h) tests of H + toxicity to aquatic insects may
underestimate long-term (192) tests by as much as
1.0 pH unit. The apparent ability of L. cupida to
curtail losses of Na and Cl suggests that increased
duration of exposures should result in increased
mortality only of S. femoratum, however, the evi-
dence for this is not strong at present. Both
species appear relatively tolerant of low pH in the
nymphal stage. Perhaps further tests should con-
centrate on other life cycle stages such as emer-
gence (Bell, 1971) and hatching (Rowe etal.,
1988b) that may be much less tolerant of low pH.
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