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A diurnally fluctuating thermal system for studying
the effect of temperature on aquatic organisms'

Abstract—An open, flow-through system
with diurnally fluctuating temperature re-
gimes has been designed to study growth and
developmental dynamics of benthic macro-
invertebrates. Animals are kept in five sets
of plastic troughs and trays arranged in a
longitudinal series and separated by poly-
ethylene-lined warming pools. Five diurnally
oscillating temperature regimes of various
magnitudes are produced depending on pool
size. The magnitudes of the temperature
pulse are quite predictable for each regime.

This work was supported by Environmental
Protection Agency research fellowship grant
900126.

Fluctuating temperatures are character-
istic of most natural lotic systems. This di-
urnal and seasonal thermal diversity has
been physically characterized (Macan
1958; Edington 1966), but its biological
and ecological implications have been
poorly evaluated. Past research on aquatic
species has emphasized constant tempera-
ture laboratory systems. Few, if any, stud-
ies can be cited where species were main-
tained under quasi-natural conditions with
respect to substrate, flow, light, and food
resources and in which fluctuating temper-
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Fig. 1. Overview of entire system with polyethylene covers gradually removed to illustrate pool
construction. 1—Spring overflow pipe; 2—Dblack polvethylene cover.

ature was the important experimental vari-
able.

Warren and Davis (1971) studied fish
growth at elevated oscillating temperatures
by the addition of artificial heat to ambient
stream water; Edington and Hildrew (1973)
observed caddisfly growth and respiration
in a recirculated fluctuating system pro-
duced by electric heating and cooling de-
vices. In contrast, the system described
here provides an open, flow-through design
with fluctuating temperature regimes of
variable magnitudes. The capture and
transfer of solar heat produces the fluctuat-
ing water temperatures. The system was de-
signed for use with benthic macroinverte-
brates, particularly insects.

The experimental system was constructed
in an open meadow in Chester County,
Pennsylvania. Water (11.5-13.0°C) from a
spring was piped into ten plastic (PVC)
troughs (ca. 3 m X 14.5 cm X 8.5 cm max
depth), positioned as a longitudinal series
of five sets of two. Thermal heterogeneity
among sets was provided by holding pools
between successive sets of troughs (Fig. 1).

The pools (ea. 3 m X2 m X 50 ¢cm max.

depth) were made by widening, deepen-
ing, and damming an existing water chan-
nel. A lining of 4-mille black polyethylene
retained about 3,600 liters of water in each
pool; a layer of the same plastic was spread
over the surface in direct contact with the
water and fastened to boards at the perim-
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Fig. 2. Expanded view of trough set 4, pool 4, and trough sct 5. I—Mosquito netting; 2—troughs;
3—screen; 4—perimeter board; 5-—polyethylene lining; é—baffle; 7—PVC pipe; 8—plastic reservoir;

9-—spigot tap; 10—overflow pipe.
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Fig. 3. Continuous 24-h recording of air and
water temperatures for each experimental regime
during a typical summer day.

eter. Four wooden baffles, positioned be-
fore lining the pool, provided maximum cir-
culation. The average retention time for
water passing through a pool between two
trough sets was 75 min. Water leaving a
given pool entered a plastic reservoir (45
X 24 X 12 ¢m) equipped with two 1.5-inch
(3.7 cm) OD overflow pipes and two spigot
taps (Fig. 2). Overflow pipes supplied the
next set of troughs, while the taps chan-
neled water into plastic rearing trays. Bag-
like screens filtered the water as it left
each trough and tray.

Warm summer air and direct exposure to
sunlight provided natural heating for the
system. The large black surface and long
retention time of each pool were conducive
to capture and transfer of solar heat. Daily
excursions of solar intensity and air temper-
ature produced diurnally oscillating tem-
perature regimes (Fig. 3). Thermal max-
ima and minima were at times of day
approximating natural conditions in the
White Clay Creek. First order tributaries
to the White Clay system originate as
spring outflows (11.5-13.0°C) and temper-
ature increases with distance downstream
in summer. The maximum temperature of
trough set 5 was typical of local fourth or-
der streams. The remaining trough sets
represented thermal conditions at points

along the natural first through fourth order-

Table 1. Average thermal conditions of the
five experimental regimes during a 6-week summer
period, 1975. Standard deviation of the mean is
in parentheses.

Regime Naximum Minimum  Ava change
1 12.08(0.52) 12,51(0,19) 0,46
2 14.87(1.05) 12.87(0,22) 2.00
3 17.4001,357 12.7400.34) 4,66
4 18,55t 1,581 12,810,440 5.74
5 20.3001.29 13.38(0.77) 6.92

temperature gradient. The magnitudes of
the temperature pulses were quite predic-
table for each regime (Table 1).

Temperature regimes similar to these
can be obtained with much smaller holding
pools if the black cover is removed and the
water directly exposed to air and sunlight.
This may result, however, in rapid, uncon-
trollable algal blooms and colonization of
pools by undesirable animals. Such small,
open systems can be recommended only for
short term studies (<7 days). Open pools
are rejuvenated by extensive cleaning or
the addition of a new liner. Pool liners can
be replaced without interrupting an experi-
ment by laying polyethylene on the pool
surface and allowing water to flow into it:
old water is forced out as the new liner
fills. - This procedure leaves most of the al-
gal mat, leaves, etc. trapped between the
old and new liner rather than flowing into
the experimental trough.

Maintenance during an experiment in-
cludes removal of pool surface water after
occasional rains and cleaning of screens at
the outflow of troughs and trays. Daily
cleaning of screens is required when ani-
mals are small (200400-um mesh), but
several days may elapse between cleanings
as mesh size is incréased. Occasional shad-
ing may be necessary if algal production
becomes excessive. :

The system described has operated suc-
cessfully for 3 years. No significant differ-
ences were observed for any of the follow-
ing chemical constituents: nitrates, nitrites,
ammonia, phosphates, chlorides, iron, man-
ganese, potassium, sodium, pH, or total al-
kalinity; this facilitates interpreting tem-
perature effects. Detailed 24-h studies of
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dissolved oxygen show maximum differ-
ences at dawn when all five trough sets
were at their lowest temperature with only
2°C range between them. Average dis-
solved oxygen concentrations at 0600 hours
were 8.70, 8.85, 9.10, 9.40, and 9.55 mg
liter-* for sets one through five. These dif-
ferences, which can be explained by ac-
crual of oxygen during exposure in the
troughs, were not considered significant for
the experiments performed thus far. The
quantity of oxygen also seems suffi-
cient. Analyses of oxygen utilization and
ventilation rates as a function of dissolved
oxygen concentration for many aquatic in-
vertebrates suggest that dissolved oxygen
levels above 8-9 mg liter! have minimal
effects on increased energy output for oxy-
gen regulation.

Rheophilic species were reared in the
plastic troughs with a substrate sequence
(bottom to surface) of sand, gravel, peb-
bles, and rubble. Troughs were seeded
with algae from local streams and slopes
adjusted to equilibrate surface velocity.
Water entered each trough at a rate ap-
proaching 0.5 liters s-'. All five sets of
troughs were monitored continuously by
two multiple pen thermographs.

Slack water species were maintained in
plastic trays (45X 24 X 12 cm). Water
flow was regulated by adjustable reservoir
spigots to yield a tray turnover time of 2

min, Water exiting a tray passed through’

screening and into the PVC overflow pipe
which emptied into the next pool.

Growth experiments for each insect spe-
cies were started by placing a known num-
ber of newly hatched larvae into test cham-
bers at each thermal regime: the number
depended on the species but never ex-
ceeded typical saturation densities ob-
served in the field. The initial population
biomass per chamber was determined by
dry weight of a random subsample of the
“seed” individuals. Each chamber was sub-
sampled at regular intervals to provide data
on population growth (biomass) and to
minimize density effects on the growing or-
ganisms. Emerging adults were trapped in
mosquito netting above each trough and

tray (Fig. 2). Experiments ended after all
individuals had metamorphosed into adults.

Embryonic development of aquatic in-
sects has also been studied with this sys-
tem. Eggs were kept in glass vials partially
submerged in the plastic reservoirs at the
head of each trough set at densities low
enough to minimize oxygen depletion. The
100 ml of filtered (0.45 um) stream water
in each vial stayed within *=0.2°C of incu-
bation temperatures except during rapid
temperature changes, when a 5-10-min lag
period was observed. Surface diffusion of
oxygen into the vials kept levels at satura-
tion for the temperature.

Data for embryonic and larval develop-
ment of Sigara alternata (Say) at five fluc-
tuating temperatures (Table 2, Fig. 4)
indicate that average temperature is inade-
quate to describe thermal conditions in
tluctuating environments. The stimulatory
effects of brief pulses into higher tempera-
tures are shown by the decrease in embry-
onic developmental time and the increase
in larval growth rate with increased magni-
tude of the thermal fluctuation. The re-
sponse of this species to fluctuating tem-
peratures represents a response pattern
more general for several aquatic insects
(Sweeney unpublished data) and for other
insects (Huffaker 1944; Messenger and
Flitters 1959). The physiological effect of
a given temperature is affected by the
length of exposure and the range of tem-
peratures associated with it over a 24-h pe-
riod. For example, the developmental
physiology of a species is different at a
constant 15°C from that at a 10-20°C fluc-
tuation about a 15°C temperature. These
considerations are critical both to under-
standing natural temperature relations and
to establishing thermal limits for protecting
stream communities.

The use of the apparatus is not restricted
to the warm months. Short term (6-8
weeks) midwinter studies are possible
since the spring water in winter is warm
relative to ambient stream water. For these
studies the holding pools are shaded with
plywood held at a 30-degree angle over the
surface. The 12°C water becomes progres-
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Fig. 4. Larval growth curves for Sigara alter-
nata at five fluctuating temperatures. Sampling

Table 2.

Summary of egg development ex-

periments for Sigara alternata at five fluctuating

temperatures.

Thermal regimes

1

2

3

4 5

Avg temp (°C)
Flrst hatch (d)
Last hatch (d)
Avg incubation (d)
Hatch success (%)

11.49
25,0
30.0
27.5

91.1

13.28
23.0
26.0
23.5

93.3

14,13

19.0
21.0
19.8
87.5

14,44 14,86
16.0 7.0
19,0 21,0
17.5 13.7

68.3 90.0

intervals are represented by arrows; coordinates
for mean body size at metamorphosis and develop-
mental days to first adult are depicted by plus
signs. The exponential curve (Y = ae"") yielded
an R*> 0.90 for all five data sets.

sively colder as it passes through the pools.
Coldest temperatures, at 0600 hours, coin-
cide with minimum air temperatures.
 The temperatures reached with this ap-
paratus are determined by natural environ-
mental temperatures. Groundwater tem-
peratures determine the coldest available
cxperimental regime during the summer
and the warmest winter temperatures.
Since first order streams in a given area
will never be any colder (summer) or
warmer (winter) than ambient ground-
water, this would impose a restriction only
for studies at seasonally unnatural tempera-
- tures.
The apparatus provides the possibility of
studying the significance of diurnal and
seasonal temperature fluctuations to such
ecologically important processes as egg de-
velopment, growth, metabolism, emergence,
“ete. The experimental variable is presented
as it is in the field. The apparatus is inex-
pensive and requires limited maintenance

once established. Temperature regulation
is automatic; thermographs only require
winding and chart changes once a weex.
The entire system is gravity fed, spring and
solar driven: an electrical power source is
unnecessary. The flow-through design and
diurnally oscillating temperature regimes
represent a more natural approach to evalu-
ating the complexity of steam temperature
patterns than do closed constant tempera-

ture systems.
Bernard W. Sweeney®

Stroud Water Research Center,
Department of Limnology
Academy of Natural Sciences

of Philadelphia

and

Department of Biology
University of Pennsylvania, Philadelphia
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