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Abstract

Egg development, growth, and emergence of Isonychia bicolor were observed in White
Clay Creek (Pennsylvania) at ambient temperatures and in fluctuating experimental regimes
with diel minima ranging from 12°-12.9°C and maxima between 12° and 20.1°C. Development
rate of both eggs and nymphs was correlated positively with increased magnitude of the diel
temperature pulse. Adult metamorphosis was most successful in regimes with diel maxima
>16°C.

Subimago body size and fecundity for winter generation females were about double those
for the summer generation. Reducing spring and summer water temperatures lowered the
fecundity of winter and summer subimagoes.

Weight-specific respiration rates of nymphs measured at 14 constant temperatures (range,
1°-21°C) increased with temperature but were inversely related to body size at a given tem-
perature. Metabolic response to short term (1 h) changes in temperature was immediate;
thermal acclimation or compensation was not observed.

Energy budgets were calculated for male and female nymphs reared in various thermal
regimes. Growth rates, net growth efficiencies, and production:respiration ratios of female
nymphs were about twice those of males at all temperatures. Overall net growth efficiencies

for I. bicolor averaged 44.16% and P:R ratios 0.84 for the combined sexes.

Freshwater biologists have long rec-
ognized the importance of a river’s ther-
mal condition in affecting the distribu-
tion and well being of aquatic fauna (e.g.
Ricker 1934; Ide 1935; Reid 1961). Al-
though alteration of natural thermal re-
gimes can have serious ecological con-
sequences, our ability to predict and
interpret the results of altered tempera-
ture patterns are poor despite a large
“thermal effect” literature. Our usual
evaluation of biological response at con-
stant temperatures may be inappropriate
for application to streams with ectother-
mic species that exhibit diel and sea-
sonal temperature fluctuations (Macan
1958; Edington 1966; Crisp and LeCren
1970; Smith 1972).

Fluctuating temperatures are impor-
tant in the growth and reproduction of
stream invertebrates, with their effects
mediated through both the magnitude
and pattern of thermal variation (Swee-
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ney 1976a). I here report the effects of
diel and seasonal changes in natural and
experimental temperature regimes on
egg development, nymphal growth and
respiration, and adult fecundity of the
mayfly Isonychia bicolor (Walker).

I acknowledge the help of J. Hendrick-
son and R. Vannote throughout this
study. I thank E. Weymouth for the use
of his spring and meadow, and two re-
viewers for helpful suggestions.

Methods

Study species—Isonychia bicolor in-
habits riffles of small to medium rivers in
eastern North America (Leonard and
Leonard 1962). It eats diatoms, filamen-
tous algae, and detritus in White Clay
Creek, Chester County (39°53'N,
75°47'W), Pennsylvania (Vannote unpub-
lished). Nymphs gather food from the
stream bottom (Clemens 1917) or strain
material from the current through setae
on each foreleg (Edmunds et al. 1976).

Egg development and nymphal
growth—The flow-through system with
diel fluctuating temperatures, thermal re-
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gimes, and methods used were described
by Sweeney (1976a).

Eggs were inseminated artificially for
developmental studies. Sperm and eggs
from single animals were combined on a
culture slide for 5 min and washed into
a glass jar (5.5-cm OD X 6.5 cm) with 100
ml of filtered (0.45 wm) stream water.
Each jar or “replicate batch” was partial-
ly submerged in a particular thermal re-
gime. Six replicates per experimental re-
gime and nine at natural stream
temperatures were observed daily for
eclosion. Newly hatched nymphs were
counted and removed immediately from
jars.

Methods for nymphal growth studies
in experimental regimes have been de-
scribed elsewhere (Sweeney 1976a).
Laboratory experiments at White Clay
Creek temperatures were doneinaclosed,
recirculating system consisting of four
plastic (PVC) troughs (each 1.5 m x 14.5
cm X 8.5-cm max depth) positioned overa
250-liter reservoir. Water was pumped
from the reservoir into the troughs. Sub-
strate, screening, and netting of each
trough are similar to those of Sweeney
(1976a). Temperatures were regulated by
pumping reservoir water through glass
coils submerged in an indoor stream.
Continuous pumping kept temperatures
within 1°C of the laboratory stream,
which is similar thermally to the creek.
Algae and detritus collected from the
creek were added to all troughs from a
single container. Glass slides (26 x 77
mm) were placed in each trough to study
the abundance and diversity of algae.
Food quality (algal species, composition
of detritus) and quantity were not signif-
icantly different among troughs (Swee-
ney 1976b).

Growth studies were started with
about 750 small (<1 mg) nymphs in each
trough at a specific thermal regime. Av-
erage dry weight of nymphs sampled on
the first day was compared with later sub-
samples to measure growth. Since fe-
males grew much faster than males, the
range of body weights increased during
each experiment and the distribution be-
came bimodal. This bimodality was used
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to determine the sex of nymphs subsam-
pled from experimental populations that
appear similar morphologically; exten-
sive rearing studies (unpublished data)
have shown this method to be accurate.

Respiration—Oxygen uptake at con-
stant temperatures was measured with a
differential respirometer (Gilson 1963).
Nymphs were collected from the creek,
placed immediately in test vessels with
7 ml of filtered (0.45 wm) stream water,
and acclimated to test conditions for 1 h.
A cheesecloth strip (2.5 X 2.5 c¢cm) was
put in each vessel for nymphs to grasp.
Oxygen use was measured at 30-min in-
tervals for 3 h. Carbon dioxide evolved
during respiration was absorbed by
KOH. The number of animals per vessel
varied (1-10) depending on body size
and temperature so that measurable
quantities of oxygen were consumed in
each vessel. Density effects were not sig-
nificant when vessels with one and more
than one animal of similar size were com-
pared at temperatures and with sizes
where this was possible.

Respiration during temperature fluc-
tuations was measured with dissolved ox-
ygen (DO) probes (Weston and Stack).
Each probe had a thermistor for automat-
ic temperature compensation and a stir-
rer for circulating water within the res-
piration chambers (300-ml BOD bottles).
A known volume of sterilized substrate
(gravel: 1.4-2-mm size) and filtered (0.45
um) stream water was placed in each
chamber. Cheesecloth was not used be-
cause it tangled in the stirring device.
Before each experiment, chambers and
water were heated to the maximum tem-
perature expected during the experi-
ment, aerated to saturation, and then
cooled to the lowest experimental (base)
temperature. This prevented air bubbles
from forming during increases in temper-
ature. Water was always >80% saturated
when experiments began.

For DO probe studies, nymphs were
collected from the creek at dawn, divided
into four-five size categories, and several
(5-17 depending on size and tempera-
ture) from a given category put into each
chamber. One probe per chamber was fit-
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Table 1.
regimes (WCC—White Clay Creek).
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Summary of egg development experiments for [sonychia bicolor in six fluctuating temperature

Thermal Regimes

1 2 3 4 5 wcCcC
Avg max (°C) 12.1 14.1 16.1 17.1 19.2 18.1
Avg min (°C) 11.7 12.1 11.8 11.8 12.1 15.1
Avg (°C) 11.8 12.7 13.3 13.5 14.5 17.0
First hatch (d) 47 47 38 35 30 25
Median hatch (d) 50 51 40 43 34 27
Last hatch (d) 78 77 71 70 57 54
First hatch (deg-h > 0°C) 13,992 14,685 13,555 11,658 10,778 10,101
Median hatch (deg-h > 0°C) 14,515 16,598 14,243 14,510 13,665 11,421
No. hatches 608 256 1,721 192 681 1,248

ted and sealed with lanolin. The number
of animal chambers (size classes) per ex-
periment varied (1-4) according to the
range of weights in the population and
the condition of the equipment. Two
Winkler oxygen determinations were av-
eraged and used to calibrate probes. Out-
put from the probes was relayed into a
switch box and read (or recorded) from
one DO meter. One probe-chamber sys-
tem was kept free of animals and moni-
tored continuously for control. Chambers
were put in White Clay Creek water from
0800-1600 hours for studies of natural
temperature pulses. Water baths were
used to produce “controlled” fluctuating
regimes. A typical controlled sequence
was: 1 h at base temperature, 2.5 h of
gradual rise of 5°C, 1 h at base +5°C, 2.5
h of gradual decrease of 5°C, and 1 h at
base temperature. No food was provided
during the experiments.

Test animals were killed in hot water,
dried at 50°C for 24 h, and weighed on
an electrobalance. Temperatures for most
experiments were at or near prevailing
field conditions.

Fecundity—Subimago females were
dried at 50°C for 24 h, weighed, and re-
wet in 95% ethanol. Eggs were removed
from rewetted specimens and counted.

Energy budget—Energy partitioning
was expressed as

A=G+M +R,

Where A is assimilation, G is growth, M
is molt skin production, and R is respi-
ration. Assimilation was estimated indi-

rectly as the sum of G, M, and R. Relative
growth rates (G) were calculated using
the equation of Waldbauer (1968).

The rate of molting was used to esti-
mate the number of molts and body size
per molt for an average nymph growing
from 0.5 to 13.0 mg. Molt skin weights for
each molt were predicted from nymphal
body weight by an equation (MSW =
0.097 NBW + 0.214; n = 31; R?= 0.82).
Molt skin production was the sum of all
predicted skin weights for a given inter-
val and was converted from milligrams
dry weight to calories (0.764 cal-mg=:
Stockner 1971) for the energy
budget.

Study animals were not starved initially
and were free to move in respiration
vessels. Measurements thus include
both active and standard metabolism,
plus a portion of energy used in the
digestion, assimilation, and storage of
consumed materials (Warren and Davis
1967). Oxygen consumption (ul
0, mg'-d') was related to biomass pro-
duction (mg-mg='-d~') by a conversion
factor of 9.359 x 10~* mg- ul™? of O,. This
factor represents the quotient of the ox-
ycaloric equivalent (4.825 x 10~ 3cal - ul™*
of O,: Brody 1945) divided by the caloric
content of an I. bicolor nymph (5.155
cal-mg™!, microbomb calorimeter deter-
mination: Vannote unpublished). Respi-
ration in mg-mg~!-d~! was converted to
cal-mg!-d~! for the energy budget. Res-
piration costs for a given period were the
sum of hourly values for an average-sized
individual. In this way, the effects of both
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Fig. 1. Temporal distribution of egg hatch for
Isonychia bicolor at White Clay Creek (WCC) tem-
peratures and in five experimental regimes. Cu-
mulative hatch was calculated at 1-day intervals;
lines were visually drawn. (For maximum, mini-
mum, and average temperatures of each regime see
Table 1.)

short term (1 h) changes in temperature
and growth on respiration energy were
included.

Results and discussion

Egg development—Developmental
time (days to first hatch) and degree-hour
(>0°C) accumulations for eclosion were
related inversely to maximum diel tem-
perature in regimes pulsing above 14°C
(Table 1). Variation in hatching success
was not correlated with temperature and
may be due largely to problems with ar-
tificial insemination.

The small difference between mini-
mum and average temperatures among
experimental regimes suggests that the
diel maximum may be the best predictor
for rate of egg development at fluctuating
temperatures. A comparison of egg de-
velopment in regimes 1-5 and at creek
temperatures, however, shows that eclo-
sion occurs sooner in White Clay Creek
than would be predicted from the trend
of maximum temperatures in experimen-
tal regimes, but later with respect to the
average temperature trend (Table 1).
These data suggest that fluctuating re-
gimes are best characterized for egg
hatching by a thermal value lying be-
tween average and maximum diel tem-
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peratures but more closely aligned with
the latter.

Replicate batches of eggs in a given re-
gime usually began hatching on the same
day. The temporal distribution of egg
hatch, however, was skewed at all tem-
peratures (Fig. 1). Most eggs from a sin-
gle female would hatch synchronously
(e.g. within a week of the first hatch); re-
maining eggs (=20%) would hatch after
4-5 weeks. The time between first and
last hatch was not correlated with ther-
mal regime. The variation in develop-
mental time within a single clutch may
be due largely to differences in eggs with
respect to size, nutrient supply, genetic
composition, etc. Microenvironmental
differences seemed unlikely because
eggs were distributed evenly on the jar
bottom, siltation and fungal contamina-
tion were not a problem, and oxygen con-
centration was consistently at saturation.

Few workers have studied egg devel-
opment of lotic macroinvertebrates in
fluctuating thermal regimes. Pattée (1975)
and Roux (1975) studied the rate of egg
development in a planarian and amphi-
pod; Sweeney and Schnack (1977) pre-
sented data for an aquatic insect. My re-
sults for 1. bicolor agree with the above
studies in that mean temperature appears
inadequate to describe egg development
in variable regimes, developmental rate
increased with increased maximum tem-
perature of the diel regime, and the phys-
iological effect of a given temperature
depended on exposure time and the
range of diel temperatures associated
with it.

Nymphal growth: White Clay Creek
temperatures—Isonychia bicolor is bi-
voltine in the creek (Fig. 2). Winter gen-
eration adults emerge, mate, and oviposit
in early June and eggs hatch in 1-4
weeks. These nymphs metamorphose by
early August and egg deposition contin-
ues into September. Eggs hatch through
autumn and nymphs grow until stream
temperatures fall below 15°C. Nymphs
collected in late December and divided
into four size classes did not grow in lab-
oratory streams when fed algae and de-
tritus and kept at winter stream temper-
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Fig. 2. Population growth of Isonychia bicolor
in a third-order tributary of White Clay Creek. Solid
dots and vertical lines depict diel mean and range
of temperature. Upper and lower curved line for
each generation shows average of three largest and
three smallest nymphs collected from creek (qual-
itative samples >100 individuals) at 1-week (or less)
intervals throughout year. Solid dots and vertical
bars indicate mean dry weight and 1 SE for each of
four size classes of nymphs reared in laboratory
streams at creek temperatures. Arrows show aver-
age body size and emergence date of subimagoes
from laboratory growth experiments. Sexual com-
position of four size classes of nymphs collected in
early April is indicated.

atures (Fig. 2). Growth resumed in early
spring for all four size classes. Figure 2
also shows that male and female nymphs
in the creek reach different sizes by mid-
winter; that the first adults to emerge in
June were the largest nymphs of either
sex in midwinter (Fig. 2: arrows); that the
last cohort to emerge in June of either sex
experiences a warmer thermal regime
and adults are smaller than earlier co-
horts; and that summer generation
nymphs grow rapidly but metamorphose
at half the size of winter generation
adults.

The seasonal variation in adult size of
I. bicolor agrees with field observations
on other polyvoltine species (Thibault
1971; Benech 1972; Fahy 1973; Clifford
and Boerger 1974). Few data are avail-
able on the quality or quantity of food in
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streams where seasonal trends in size
have been observed. In forested sections
of White Clay Creek, net primary pro-
duction and the concentration of partic-
ulate organic matter are greatest in spring
and decrease through summer (Bott and
Vannote unpublished). Net primary pro-
duction in open meadow sections ex-
ceeds that in wooded reaches and the
spring—summer decrease is not as marked.
Midsummer levels of both primary pro-
duction and particulate matter are low
but do not appear limiting in this creek.
Large quantities of diatoms, detritus, etc.
were found in the digestive tract of
nymphs throughout summer. Also, the
smallest adults to emerge from the winter
generation completed nymphal growth
during the period of maximum food sup-
ply. It appears that food availability is
probably not a major factor in the size
variation of I. bicolor in nature.

Nymphal growth: Experimental re-
gimes—The development of summer
generation nymphs was observed at am-
bient creek temperatures and in five ex-
perimental regimes (Fig. 3). The magni-
tude and rate of growth appeared similar
in regimes pulsing above 18°C (regimes
4, 5, and WCC); a slight reduction was
observed in regime 3 (diel maximum =
17°C). Temperatures below 15°C atten-
uated growth and metamorphosis was not
observed during either of the two 90-day
experiments (regimes 1 and 2). The pat-
tern of growth was similar for both sexes
at all temperatures. Female growth rate
from hatching to emergence and adult
body size were usually about twice those
of males.

Maximum stream temperatures in
White Clay Creek range from 12°C (first-
order tributaries) to 23°C (fourth-order)
during summer. Experimental regimes in
this study were intended to simulate
thermal conditions at points along the
creek gradient. The results of growth ex-
periments (Fig. 3) suggest that low-order
tributaries might be too cool for I. bico-
lor, and the species does not occur in
first- or second-order tributaries of the
creek. In addition to temperature, other
factors (e.g. qualitative and quantitative
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Fig. 3. Growth of male and female Isonychia
bicolor nymphs at White Clay Creek (WCC) tem-
peratures and in five experimental regimes. Lines
were visually drawn through mean dry weight for
each collection (sample size = 20 on each date).
(For standard error of mean dry weights as well as
diel maximum, minimum, and average temperature
of each regime see Table 7.)

changes in channel geometry, current
structure, and food base) probably affect
the ability of 1. bicolor to colonize and
compete successfully in low-order tribu-
taries.

Data from this study and others (Head-
lee 1940, 1941; Huffaker 1944; Pattée
1975; Sweeney and Schnack 1977) sug-
gest an immediate response to diel
changes in temperature. The exact re-
sponse depends on both the magnitude
and pattern of temperature fluctuations.
Forl. bicolor, brief exposure to high tem-
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peratures greatly increases the rate of
nymphal growth. Studies at constant tem-
peratures usually show the thermal opti-
mum for growth to be higher than a spe-
cies normally encounters in nature. My
data support Howe’s (1967) contention
that high thermal optima may have re-
sulted from selection of those genotypes
growing most rapidly in variable temper-
atures.

Emergence: White Clay Creek temper-
atures—Winter generation adults emerge
from late May through June in the creek,
with peak emergence in the first 10 days.
Mean body size of subimagoes decreases
linearly for both sexes during the emer-
gence period (Fig. 4). Subimagoes col-
lected from 12 and 23 June were used for
egg studies and body weights were not
determined. A Student-Newman-Keuls
(SNK) test (Sokal and Rohlf 1969) showed
a significant (P < 0.05) reduction of body
size for both males and females during
emergence. This has been shown quali-
tatively for other aquatic species (Ide
1940; Benech 1972; Clifford and Boerger
1974).

Summer generation emergence is
asynchronous (late July through Septem-
ber) and adult males and females average
4 and 9.5 mg dry wt. Body weights did
not decrease significantly for either sex
during summer emergence (SNK test: P
< 0.05). Summer generation adults are
similar in size to late emerging adults of
the winter generation, perhaps because
late winter cohorts are exposed to warm
“summerlike” temperatures during
growth.

Emergence: Experimental regimes—
Female nymphs were collected from the
creek in late April when stream temper-
atures averaged 12.5°C. Fifty nymphs
(avg dry wt—10.6 mg) were placed in
each of five fluctuating thermal regimes,
fed, and reared to maturity. Reduced ver-
nal temperatures delayed emergence,
suppressed growth, reduced adult body
size, and increased the probability of
death during metamorphosis (Table 2).
Unsuccessful metamorphosis at low tem-
peratures was indicated by a partial ex-
tension of the subimago through the split
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Fig. 4. Linear decrease in body size for Isonychia bicolor subimagoes emerging from White Clay

Creek.

nymphal thorax just before death. Sum-
mer generation nymphs showed no emer-
gence at or below 10°C (Sweeney 1976b).

These data suggest that seasonal vari-
ation in temperature affects both nym-
phal tissue growth and the rate of adult
tissue maturation in I. bicolor. Low tem-
peratures apparently suppress nymphal
tissue growth more than adult develop-
ment and nymphs metamorphose before
reaching maximum size. Similarly, adult
tissue maturation seems to begin earlier
in nymphal development at high temper-
atures (e.g. summer generation), result-
ing in small adults. A gradual change
from low through intermediate tempera-
tures therefore produces the largest adult
by optimizing the relationship between

nymphal growth and adult tissue matura-
tion.

Fecundity: Winter generation—Egg
production of subimagoes collected the
first and last week of emergence from the
creek was compared separately (Fig. 5A).
Results indicate a gradual shift in weight-
specific fecundity, since differences in
slope are approaching significance (anal-
ysis of covariance, ANCOVA: F, s =
3.52, 0.05 < P < 0.10). Thus, both female
body size (Fig. 4) and weight-specific egg
production (Fig. 5A) decrease during
spring emergence.

The effect on fecundity of altering ver-
nal water temperatures was studied by
placing female nymphs (avg wt= 10.6
mg) in various thermal regimes 30 days



468 Sweeney

3600 71_A- Y=100.5X +738.5
. R=0.91 (first wk) ®
2800+ *
2000 1 -
! gﬂé
A [c]
w 1200 1 “y1815X - 440.2
g 1 R=0.83 (last wk)
S 400
u'l o T T T T T T L T T T 1
u o 4 8 12 16 20 24
0
w
a
w
(@]
O ;
w -B-
2000 A
S i
Z 1200
] Y =1242X - 1511
400 R=0.67
0 L] T L) T T

DRY

O 4 8 12 16 20 24

2000 -C- M

1200

Y=189.1X - 837.4
400 {1 R=0.93

0 T T T T T T T T T T T

4 8 12 16 20

2000 -D-
[ ]
1200 o °
°
Y=104.6 X -578.8 T o
4004 R=0.50 ¢
0 t T T T T T T T T T TV

0 4 8 12 16 20
2000 1_E—

(1]
°
[

Y=941X -277.6
4004 R=0.63

O T L T T T T T T T ™

0 4 8 12 16 20
WEIGHT (mg)

Fig. 5. Weight-specific egg production for Isonychia bicolor subimagoes kept at various temperatures
during last nymphal instar of winter generation. A—White Clay Creek temperatures; B—regime 4; C—
regime 3; D—regime 2; E—regime 1. (For diel maximum, minimum, and average temperatures of each

regime see Table 2.)

before normal emergence (i.e. subima-
goes of Table 2). Egg production in the
warmest experimental regime (Fig. 5B;
max diel temp, 17.5°C) was similar to re-

sults at creek temperatures. Fecundity
was depressed in regimes with diel max-
ima <16.5°C (Fig. 5C,D,E). Large fat
bodies were found in subimagoes kept at

Table 2. Adult emergence of Isonychia bicolor females kept in five different thermal regimes during

last nymphal instar (WCC—White Clay Creek).

Thermal Regimes

1 2 3 4 wcc

Avg max (°C) 12.0 14.2 16.1 17.2 19.0
Avg min (°C) 11.6 12.0 11.9 11.9 13.5
Avg (°C) 11.8 12.9 13.4 14.0 16.1
Xi*_ 10.600 10.600 10.600 10.600 10.600
SEX; 0.636 0.636 0.636 0.636 0.636
X 13.976 14.169 14.930 15.582 15.887
SE X; 0.376 0.533 1.545 0.044 1.131
First emergence (d) 67 59 55 53 30
Median emergence (d) 71 66 61 54 40
Last emergence (d) 76 78 69 55 51
Emergence success (%) 20.0 28.5 714 100.0 100.0

* Avg initial weight (mg) of female nymph.
t Avg final weight of subimago.
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imum, minimum, and average temperatures of each
regime see Table 7.)

low temperatures (12°-16°C) during late
instars; at higher temperatures, fat re-
serves were depleted during oocyte syn-
thesis. This suggests that reduced tem-
peratures greatly impair the conversion
of stored energy into eggs.

Fecundity: Summer generation—Sum-
mer generation I. bicolor (Fig. 6A) had
fewer eggs per individual and per unit
weight than the winter generation (Fig.
5A). For example, a 13-mg female con-
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Fig. 7. Weight-specific respiration rates for
Isonychia bicolor at 14 constant temperatures.
Lines are linear regressions on log-transformed data
(for regression equation and sample size at each
temperature see Table 3). Vertical bars at end of
each line segment denote size range of nymphs
used.

tained about 2,050 eggs in the winter
generation but only 1,350 eggs in the
summer. Although egg size was not stud-
ied in detail, egg diameter did not appear
to differ significantly among winter and
summer generation females. Individual
eggs were not weighed.

Fecundity of females from the creek
(Fig. 6A) was compared statistically with
that of animals reared in three experi-
mental regimes with diel maxima of 20°,
18.5°, and 16.9°C (Fig. 6B,C,D). Weight-
specific egg production in the 16.9°C re-
gime (Fig. 6C) was significantly lower
(ANCOVA: P < 0.05) than all other re-
gimes. No difference was observed
among the three warmer regimes (Fig.
6A,B,C).

In mayflies, ovulation occurs in the last
nymphal instar and eggs are released into
oviducts before metamorphosis (Need-
ham et al. 1935). Egg counts on subima-
goes are direct estimates of total fecun-
dity and reflect both genetic and phenetic
response to the environment during de-
velopment. Mayfly fecundity has been
correlated positively with body length
(e.g. Ide 1940; Hunt 1951; Britt 1962;
Clifford 1970). Few, if any, data are avail-
able on weight-specific fecundity for
mayflies. My results indicate that sum-
mer adults of I. bicolor are smaller and
produce fewer eggs per individual and
per unit weight than winter adults in
White Clay Creek. This suggests a sea-
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Table 3. Regression equations (log Y =b log X +log a) for weight-specific metabolism (ul
O, mg~!-h™?) of Isonychia bicolor at 14 constant temperatures.

Temp
°C byx Sy loga df* Ft P}
1.0 -0.201 0.076 -0.265 1,23 6.9 0.025
3.0 -0.338 0.111 -0.104 1,18 9.2 0.010
5.0 -0.267 0.038 +0.013 1,62 48.9 0.001
6.0 -0.276 0.058 +0.044 1,23 22.4 0.001
8.0 -0.182 0.095 +0.058 1,46 3.6 0.100
10.0 -0.101 0.072 +0.075 1,53 1.9 0.250
11.0 -0.201 0.094 +0.151 1,17 4.5 0.050
12.5 -0.241 0.049 +0.211 1,33 23.8 0.001
15.0 -0.179 0.022 +0.202 1,82 62.0 0.001
16.0 -0.183 0.028 +0.253 1,41 40.9 0.001
17.5 -0.222 0.054 +0.334 1,38 16.9 0.001
19.0 -0.177 0.053 +0.351 1,9 10.9 0.010
20.0 -0.231 0.041 +0.419 1,50 31.3 0.001
21.0 -0.273 0.071 +0.519 1,14 14.6 0.005

* Degrees of freedom.
t Variance ratio.
{ Level of significance.

sonal response far more complex than
simple shifts in body size and egg num-
bers.

A possible but untested hypothesis is
that rearing temperatures affect the num-
ber of ovarioles in I. bicolor. Increased
rearing temperatures reduced both weight
and ovariole number in adult Aedes ae-
gypti (L.) (Heuvel 1963), but Culex pi-
piens L. reared at lower temperatures
had fewer ovarian follicles per unit dry
weight (Hosoi 1954). David and Clavel
(1967), studying a broader thermal range,
found reductions in ovariole numbers
both above and below intermediate tem-
peratures for Drosophila melanogaster
Meigen. Fewer active sites for egg pro-
duction may explain partially the re-
duced fecundity at high temperatures
(summer vs. winter generation adults)
and experimentally low temperatures
(both generations).

Respiration: Constant temperatures—
Respiration rates were correlated posi-
tively with temperature (between 1° and
21°C) but inversely related to body size
for any specific temperature (Fig. 7).
Regression coefficients of fitted equa-
tions seemed to vary considerably over
the range of test temperatures (Table 3).
But this variation was not significant sta-
tistically when all 14 regressions were
compared simultaneously (ANCOVA:
F13,509 = 0.69, P> 0.05). Signiﬁcant dif'
ferences among regression coefficients
were obtained when smaller subsets of
data were analyzed (e.g. data between 3°
and 10°C). These differences were
masked statistically in the initial analysis
by the total variation and the tendency
for coefficients not to vary in one direc-
tion with respect to the overall mean
coefficient. A shift in regression coeffi-
cients over a specific thermal range sug-

Table 4. Multiple linear regression analysis of combined respiration data for Isonychia bicolor (log Y

= —0.225 log X; + 0.031 log X, — 0.193).

Variable X Sz N b* Sy b't ra})tlio
Y (ul Oy/mg/h) 0.068 0.010 537 — — — —
X, (mg) 0.449 0.017 537 -0.2253 0.0137 —0.3829 —
X, (°C) 11.897 0.245 537 +0.0305 0.0009 +0.7290 1.9

* Partial regression coefficient.
t Standardized partial regression coefficient.
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Table 6. Respiration rates (ul O, mg™'-h™?) of Isonychia bicolor nymphs during White Clay Creek

temperature pulses.

8-h Temperature Pulse

Animals xX* ST First hour Last hour Av,

per 8-h

Date chamber mg °C ratet °C rate rate
11 Apr 75 11 2.148 0.153 5.0 0.998 12.0 1.825 1.521
14 Apr 75 9 2,780 0.384 5.0 0.856 13.0 1.385 1.219
16 Apr 75 8 3.957 0.406 7.5 1.147 13.0 1.448 1.296
2 Apr 75 8 4.476 0.350 7.0 0.778 14.0 1.152 1.073
28 Apr 75 8 1.323 0.242 9.0 1.286 13.5 1.821 1.483
8 2.608 0.258 9.0 0.967 13.5 1.205 1.114
17 Apr 75 8 2.742 0.240 8.0 1.029 15.5 1.442 1.261
5 7.694 0.463 8.0 0.930 15.5 1.273 1.089
8 Aug 75 13 1.711 0.093 12.2 1.542 20.5 3.048 2.360
13 3.511 0.192 12.2 1.463 20.5 2.987 2.132
9 Aug 75 13 2.061 0.070 12.5 1.502 19.2 2.321 1.932
7 5.789 0.363 12.5 0.973 19.2 1.473 1.263
10 Aug 75 12 2.029 0.124 12.6 1.436 17.5 1.825 1.603
9 3.914 0.431 12.6 1.292 17.5 1.595 1.417
12 Aug 75 12 2.500 0.263 13.0 1.468 14.7 1.583 1.508
10 3.643 0.401 13.0 1413 14.7 1.526 1.483

* Average weight of a single nymph.
t Metabolic rate (ul O, mg™'-h™Y).

gests fundamental differences in the met-
abolic response of small vs. large nymphs
to changes in temperature.

The relative importance of size and
temperature in predicting the respiration
rate of I. bicolor was analyzed by multi-
ple linear regression (Sokal and Rohlf
1969). Partial regression coefficients
were standardized and their ratios indi-
cate that temperature is about twice as
important as biomass in predicting res-
piration rate (Table 4). In this analysis,
56% of the variation in respiration rate
was explained by temperature alone.
Body weight increased the explained
variance to 84%.

Respiration: Controlled and naturally
fluctuating temperature regimes—
Nymphal respiration appears highly sen-
sitive to short term increases and de-
creases in temperature (Table 5). Only
one chamber per 8-h experiment was
monitored continuously; average 8-h
rates for the remaining chambers were
computed from initial and final dissolved
oxygen readings. Expected values were
derived from regression equations de-
scribing respiration at constant tempera-
tures (see Table 3). Respiration rate in-
creased rapidly when temperatures were

increased (5°-6°C) over a 2.5-h period.
Elevated rates returned to original levels
when temperatures were lowered back to
the initial test temperature. Observed
rates were usually close to values pre-
dicted from constant temperature studies.

Respiration rates measured during
temperature pulses in White Clay Creek
also indicate that the metabolism of I.
bicolor changes diurnally—the amount of
change being correlated largely with
temperature (Table 6). In the creek, daily
water temperatures are usually lowest at
0700 and highest at 1500 hours. It ap-
pears that I. bicolor metabolism exhibits
a similar daily pattern. I do not know if
maximum metabolic activity coincides
temporally with maximum food inges-
tion, assimilation, etc. Nymphs collected
at 0900 and 1500 always seemed to have
their digestive tracts completely filled.
The efficiency and rate of processing in-
gested material, however, may vary con-
siderably over a 24-h cycle.

The metabolism of freshwater gastro-
pods (Berg et al. 1958; Calow 1975) and
aquatic insects (Sayle 1928; Pattée 1965;
Sweeney 1976b) also responds rapidly to
diel changes in temperature. I suggest
that existing data fail to support Gordon’s
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Table 7. Partial energy budget and efficiency statistics for Isonychia bicolor nymphs
fluctuating thermal regimes of varying magnitudes (WCC—White Clay Creek).
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reared in six

Max/
o X swo Xt % Gt R M A GiMl G+MmI
Regime Sex  (°C) Days (mg) (cal-mg~'-d™) R§ Al
1 ? 12.6/ 1-13 0.707 0.074 2.130 0.867 0.3979 0.1731 0.0062 0.5773 2.33 69.9
12.0/ 13-27 2.130 0.867 2970 0.262 0.1212 0.1502 0.0028 0.2743 0.82 45.2
12.3 27-87 2.970 0.262 3.740 0.422 0.0193 0.1406 0.0006 0.1606 0.14 12.4
1-87 0.707 0.074 3.740 0.422 0.0808 0.1553 0.0017 0.2379 0.53 34.7
3 1-13 0.707 0.074 0.840 0.044 0.0682 0.2005 0.0033 0.2720 0.35 26.3
13-27 0.840 0.044 1.137 0.158 0.1106 0.1889 0.0027 0.3024 0.59 37.5
27-87 1.137 0.158 2.196 0.438 0.0536 0.1665 0.0009 0.2210 0.32 24.6
1-87 0.707 0.074 2.196 0.438 0.0607 0.1722 0.0012 0.2343 0.35 264
2 Q  14.7/ 1-25 0.825 0.046 3.016 0.314 0.2352 0.1621 0.0045 0.4019 1.48 59.7
12.1/ 25-87 3.016 0.314 4.736 0.482 0.0368 0.1382 0.0008 0.1759 0.27 214
13.1 1-87 0.825 0.046 4.736 0.482 0.0833 0.1491 0.0017 0.2342 0.57 36.3
3 1-25 0.825 0.046 1.393 0.096 0.1055 0.1837 0.0025 0.2918 0.58 37.0
25-87 1.393 0.096 2.834 0.246 0.0566 0.1587 0.0011 0.2164 0.36 26.6
1-87 0.825 0.046 2.834 0.246 0.0650 0.1639 0.0013 0.2304 0.40 28.8
3 ? 16.9/ 1-13 0.748 0.045 2.863 0.229 0.4590 0.1704 0.0094 0.6388 2.74 73.3
12.4/ 13-27 2.803 0.229 4.208 0.592 0.1475 0.1467 0.0025 0.2968 1.02 50.5
13.8 27-60 4.208 0.592 8.092 0.386 0.0986 0.1295 0.0026 0.2308 0.78 43.8
1-60 0.748 0.045 8.092 0.386 0.1427 0.1393 0.0033 0.2854 1.04 51.1
3 1-13 0.748 0.048 1.033 0.094 0.1269 0.1985 0.0028 0.3283 0.65 39.5
13-27 1.033 0.094 1.297 0.405 0.0834 0.1870 0.0025 0.2729 045 31.4
27-60 1.297 0.405 4.031 0.031 0.1602 0.1558 0.0016 0.3177 1.03 50.9
1-60 0.748 0.048 4.031 0.031 0.1180 0.1596 0.0023 0.2800 0.75 42.9
4 ? 18.5/ 1-13 0.774 0.038 2.752 0.159 0.4448 0.1806 0.0095 0.6350 2.51 71.5
12.6/ 13-34 2.752 0.159 6.892 0.820 0.2107 0.1452 0.0054 0.3613 1.48 359.8
14.5 34-46 6.896 0.820 9.626 0.542 0.1419 0.1292 0.0024 0.2735 1.11 52.7
146 0.774 0.038 9.626 0.542 0.1907 0.1428 0.0042 0.3377 1.36 57.7
3 1-13 0.774 0.038 1.260 0.086 0.1894 0.2035 0.0054 0.3983 0.95 48.9
13-34 1.260 0.086 2.722 0.188 0.1802 0.1758 0.0034 0.3596 1.04 51.1
3446 2.722 0.188 4.215 0.349 0.1849 0.1559 0.0029 0.3438 1.20 54.6
146 0.774 0.038 4.215 0.349 0.1541 0.1675 0.0029 0.3246 0.93 484
5 ? 20.1/ 1-25 0.743 0.032 5.897 0.653 0.3200 0.1671 0.0069 0.4940 1.95 66.2
12,9/ 2542 5.897 0.653 9.537 0.560 0.1429 0.1393 0.0032 0.2855 0.87 46.6
15.4 142 0.743 0.032 9.537 0.560 0.2099 0.1521 0.0046 0.3667 1.41 58.5
3 1-25 0.743 0.032 2.809 0.299 0.2398 0.1913 0.0049 0.4361 1.27 56.1
25-42 2.809 0.299 4.511 0.347 0.1409 0.1636 0.0031 0.3078 0.88 46.8
142 0.743 0.032 4.511 0.347 0.1760 0.1758 0.0037 0.3556 1.02 50.5
WCC ?  20.5 1-25 0.762 0.041 5.763 0.542 0.3161 0.2030 0.0070 0.5262 1.59 614
16.6/ 25-43 5.763 0.542 9.431 0.832 0.1383 0.1709 0.0033 0.3125 0.82 45.3
18.5 143 0.762 0.041 9.431 0.832 0.3039 0.2107 0.0047 0.4192 0.99 49.7
3 1-25 0.762 0.041 2.793 0.094 0.2356 0.2336 0.0049 0.4742 1.02 50.7
25-43 2.793 0.094 4.487 0.396 0.2456 0.2046 0.0036 0.4540 1.21 54.9
143 0.762 0.041 4.487 0.396 0.1701 0.2122 0.0037 0.3862 0.81 45.0

* Avg mitial weight of individual nymEh for the growth interval.
for the growth interval.
ﬁG = growth, R = respiration, M = molt skin, A = assimilation.

 Avg final weight of individual nymp!
Production.Res

(1972) proposal of extensive metabolic
regulation by aquatic ectotherms during

iration ratio.
| Net growth efficiency (NGE).

thermal fluctuations.

Insects in general have not shown sea-
sonal compensation or acclimation to en-

vironmental temperatures (Lawton 1971;

Stockner 1971; Keister and Buck 1974).

Data for I. bicolor and other stream spe-
cies (Sweeney 1976b) do not show me-
tabolism to be a simple homeostatic pro-
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cess. It is hard to tell whether these
animals respond completely to environ-
mental temperatures. For example, me-
tabolism doubles for I. bicolor nymphs
when temperatures change from 12.2°C
to 20.5°C (Table 6). This may represent
partial compensation, without which a
greater increase would have resulted. It
seems that existing data on aquatic spe-
cies do not support temperature indepen-
dence but rather temperature-specific
stimulation of metabolic processes. “Im-
perfect” thermal compensation should
not necessarily be equated with ineffi-
ciency. The overall strategy of aquatic in-
vertebrates may be to keep metabolism
within a wide activity range. Diel and sea-
sonal shifts in metabolism may increase
the efficiency of resource allocations, en-
ergy partitioning, and synthesis or distri-
bution of important cellular compounds.
Energy budget—Table 7 summarizes
energy use by I. bicolor nymphs during
growth in various thermal regimes. Fe-
male nymphs had higher assimilation
rates and grew faster and more efficiently
than males at all temperatures. Net
growth efficiencies of both sexes were
usually highest when nymphs were small
and decreased during growth. Net growth
efficiency for the entire growth period
was correlated positively with tempera-
ture in experimental regimes. Female
and male nymphs kept at creek temper-
atures assimilated 13.4 and 8.1% more
energy than animals in regime 5 during
development. Growth rates, however,
were slightly lower (2.9%—female;
3.3%—male) in the White Clay Creek re-
gime because increased respiration re-
duced net growth efficiency. High res-
piration in the creek probably reflects
warmer temperatures at night since re-
gime 5 had similar diurnal maxima.
High production to respiration (P:R)
ratios were observed for small I. bicolor
females (range, 1.59-2.74). Average P:R
ratios for the entire growth period were
0.71 for males and 0.98 for females. P:R
ratios > 0.75 and high net growth effi-
ciencies have been reported for other
aquatic macroinvertebrates (see Sweeney

and Schnack 1977) but both seem higher

Sweeney

for I. bicolor than in past studies at con-
stant temperatures. Few energy budgets
are available for lotic species kept in
quasi-natural conditions where tempera-
tures fluctuate diurnally. Edington and
Hildrew (1973) and Sweeney and Schnack
(1977) studied the energetics of stream
insects at fluctuating temperatures and
also found that growth rates and efficien-
cies decreased in summer regimes with
reduced diel maxima.

Diel thermal variation affects energy
partitioning in I. bicolor. Reduced growth
efficiency at creek temperatures was at-
tributed to increased respiration at night
over that in regime 5. Assimilation was
higher in the creek but less energy was
available for growth. Stockner (1971) and
Sweeney and Schnack (1977) made sim-
ilar observations for Hedriodiscus truquii
and Sigara alternata respectively in
warm thermal regimes. The interpreta-
tion for I. bicolor assumes that food was
not an important experimental variable.
This assumption seems justified because:
the quality (e.g. particle size, leaf species
represented in the mixture, etc.) and
quantity of detritus provided during each
experiment was similar and did not ap-
pear limiting; the rate of algal production
per unit area of substrate did not differ
significantly among experimental re-
gimes (avg=0.1 g-cm™%-d7!; SE =
0.017); the production of diatom cells was
high in each regime (avg = 18.8 cells
‘mm~2-d™!; SE = 2.73); and the domi-
nant algal species (i.e. those representing
>90% of total cell numbers) were iden-
tical in all regimes (for list of algal spe-
cies and their relative abundance see
Sweeney 1976b).

Energy lost as shed molt skins during
growth represented about 45.6% of total
biomass production (G + M), 11.4% of to-
tal energy produced in calories, but only
5.6% of total assimilated energy (G + M
+ R). Lawton (1971), McCullough (1975),
and Sweeney and Schnack (1977) also
found low values (range, 1-8.6%) for oth-
er aquatic insects.

Synthesis—Streams are often charac-
terized by seasonal and diel temperature
fluctuations (Macan 1958; Edington 1966;
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Thibault 1971). Annual thermal variance
increases with stream order in temperate
regions (Smith 1972). Diel variation in-
creases with order up to an intermediate
size (order 4-5) but then decreases in
larger tributaries (Smith 1972; Vannote
unpublished). Climatic changes associ-
ated with altitude and latitude also affect
the pattern and magnitude of stream tem-
peratures. The potential importance of
thermal variation to lotic species has
been discussed but largely ignored ex-
perimentally. My data show the mayfly I.
bicolor to be “sensitive” (i.e. responds
immediately) to both seasonal and diel
changes in temperature. My results agree
with the general notion that temperature
may be a key factor affecting the distri-
bution, life history, and competitive abil-
ity of this species.

The response of I. bicolor to short and
long term temperature fluctuations indi-
cated little or no tendency to acclimate or
compensate metabolically. Animals with-
in a generation (e.g. summer or winter)
responded immediately to diel changes
in temperature (Tables 5, 6); summer
generation animals kept in various tem-
perature regimes (i.e. regimes 2, 3, and
5 of Table 7) did not show significant dif-
ferences in respiration when measured at
a common temperature of 15°C; respira-
tion rates of animals from the winter and
summer generation did not differ signif-
icantly when compared at temperatures
common to both generations (e.g. 12.5°
and 15°C). Previous thermal history does
not seem to affect significantly the met-
abolic response of I. bicolor, nor of other
mayflies (Pattée 1965; Sweeney 1976b).

Shifts in energy use when temperature
fluctuations were reduced in diel ampli-
tude may reflect changes in the amount
of time spent above and below “thresh-
old temperatures.” The concept of lower
thermal limit, however, is difficult to de-
fine absolutely. For I. bicolor, the phys-
iological effect of a given temperature ap-
pears to be affected by both the length of
exposure and the range of temperatures
associated with it over a 24-h period.

Energy use by I. bicolor seemed opti-
mal when water temperatures pulsed
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higher than 17°C diurnally while falling
below 15°C at night. In general, daily en-
ergy flow through insect populations may
be pulsed in nature, particularly in small-
to intermediate-sized streams. This makes
it difficult to estimate any constant tem-
perature that represents adequately,
within acceptable confidence limits, a
fluctuating regime. Results for I. bicolor
suggest that the average diel temperature
may not be that appropriate temperature.

Temperature sensitivity can be adap-
tive for I. bicolor and other species since
reduced temperatures tend to lower en-
ergy requirements at times of low food
supply (e.g. winter conditions for a graz-
er) or low intake (e.g. reduced foraging
efficiency of visual predators at night,
diurnal feeding activity, etc.). Metabolic
pathways with different thermal optima
could also provide a mechanism for daily
(or seasonal) redirection of metabolic
flow (e.g. production and use of ATP) and
reorganization, without necessitating
changes in the relative concentrations of
the enzymes of the various pathways
(Hochachka and Somero 1973).

In communities of temperature sensi-
tive species, energy flow and rates of
short term processes may tend toward
uniformity in streams with fluctuating
temperatures and high diversity of con-
sumer species. Here the thermal variance
maximizes the number of species expe-
riencing an optimum temperature (e.g.
maximizes growth and reproduction)
each day and distributes their optima
over 24 h. Energy flow through popula-
tions of various species should increase
and decrease at different points in the
day, with a net effect approaching uni-
formity. Many insects, including I. bico-
lor, show maximum population growth
(and resource exploitation) during the
spring in White Clay Creek when diel
changes of 8°~10°C are common (Vannote
unpublished production estimates).

The contemporary fauna of temperate
streams have evolved within the physical
conditions of the lotic system. It seems
reasonable that diel fluctuating tempera-
tures would be the norm and perhaps
more favorable to these animals than
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semiconstant regimes. Recent studies
have shown significant changes in the in-
vertebrate fauna of streams receiving hy-
polimnial discharge from large reservoirs
(Pearson et al. 1968; Hilsenhoff 1971,
Spence and Hynes 1971; Lehmkuhl
1972; Ward 1974). These streams are typ-
ically “summer cool” and “winter warm,”
relative to conditions before dam con-
struction. The reduction of both seasonal
and diel thermal variation has been im-
plicated in the disappearance of many
aquatic species by the workers cited
above. Lehmkuhl (1974) suggested that
species may be eliminated by the loss of
key “environmental physiological sig-
nals,” particularly in species with a dia-
pause stage. It seems to me, further, that
thermally induced shifts in energy bud-
geting can disrupt normal growth and
emergence patterns and reduce adult
body size and fecundity. Reproductive
death occurs where recruitment falls be-
low a level critical to successful compe-
tition in the community and to popula-
tion survival in the physical system.
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