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Day-night changes in stream benthos density
in relation to current velocity
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Abstract

Day-night changes in stream benthos density on bricks were studied in re-
lation to current velocity between June and November, 1973 in the Pigeon River,
Michigan, U.S.A. Current-related differences in the magnitude and direction of
nocturnal density changes were variable among species and among dates but one
general pattern emerged. Over the range of currents studied (40—100 cm/sy the
pattern was typically bimodal with two peaks of density increase separated by
cither smaller density increases or density - decreases. Small density increases or
density decreases frequently occurred on either side of the peaks as well. There
was a tendency for peaks of density increase to occur at faster current velocities
at higher temperatures and as insects increased in size. A model based on the as-
sumption that density changes depend on the balance between immigration and
emigration via drift was developed which accounted for most of the current-
related differences in the magnitude and direction of nocturnal density changes
reported here.

Introduction

Recent studies (reviewed by WaATERs, 1972) have emphasized the mag-
nitude of invertebrate drift and jts implied importance to the population
dynamics of stream benthos, Although most drift activity follows a diel
periodicity with a nocturnal maximum (WaTERS, 1972), few attempts have
been made to determine the impact of drift on stream benthos by assessing
day-night changes in benthos density. Crirrorp (1972) compared benthos
density in areal samples collected during the day and at night on six dates
and reported nighttime densities were higher in 30 cases, lower in 31 cases
and unchanged in 3 cases. Kovarax (1978 b) reported that on stones col-
lected at noon and midnight in three Michigan rivers, nighttime densities
were higher in 37 cases, lower in 35 cases and unchanged in 3 cases. There
were considerable variations in the magnitude and direction of diel density
changes among dates and among rivers which were attributed to variations
in current velocity, water temperature and organism size not controlled in
that study.
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Changes in benthos density depend on the balance berween rates of
immigration and emigration (ULFSTRAND, 1968). The most important
modes of migration are drift, upstream movement and vertical movement
from and to surface and subsurface gravel (WirLiams & Hrynes, 1976)
which have been shown to be influenced by many factors including current
velocity, water temperature and organism size (ANGELIER, 1962;
Bismor & HynEs, 1969 a, 1969 b; ErLiorT, 1971; WaTers, 1972). There-
fore, this study was carried out to assess dicl changes in benthos density
on stony substrates primarily in relation to current velocity and secondarily
in relation to water temperature and organism size. Emphasis was placed
on the fauna living on stony substrates as it has been hypothesized that
organisms enter drift by being swept from the tops of stones where the
erosive action of current is greatest (WaATERs, 1965; ELriorT, 1967
McLay, 1968).

Methods

This study was conducted at the Pigeon River, Otsego Co., Michigan in
che vicinity of the Pigeon River Trout Research Station which has been described
elsewhere (Kovaiak, 1976, 1978b). The study site was a2 27 m long riffle where
current velocities ranged between 40 and 100 cm/s. Mean stream width was 13.2 m
and mean depth at modal flow was 0.31m (range 0.05—0.46 m). The stream
bottom was composed primarily of cobble and pebble with some gravel and sand.

Sand-cast bricks were used as standardized substrates to eliminate the variabi-
lity in the size and shape of naturally occurring stones. Forty bricks (20.6 X
9.8 X 5.9 cm) were placed in the riffle with their longitudinal axes parallel with
the direction of flow and pushed 1cm into the bottom. To facilitate sampling
and analysis, current velocities on the riffle were grouped into six 10-cm/s in-
tervals covering the 40—100 cm/s range. An attempt was made to place at least
six bricks in each current interval, bur this was not always possible because the
fraction of riffle area represented by cach current interval changed with varia-
tions in discharge. Bricks were exposed for colonization about four weeks before
sampling.

Samples were collected on seven dates (see Table 1) berween June and
November, 1973. A minimum of two bricks was collected at noon and at mid-
night from each current velocity interval. Before collecting noon samples current
velocity measurements were made on both sides of all bricks using a Gurley pygmy
current meter {(Model 625). Current measurements were made with the center of
the meter’s cups 2.5 cm above the bottom which corresponded to the midpoint
of the exposed portion of the bricks. Bricks at locations where current velocity
differed by more than 6 cm/s between the two sides were not used.

Bricks were collected by placing a small hand ner (156 um mesh) directly
behind them and then carefully lifting the bricks free of the bottom and placing
them in the net. Day samples were always collected first and in a manner that
minimized disturbance to samples collected at night. Bricks collected at night
were marked with thin steel rods inserted into the stream bottom about 15 cm
downstream from the bricks and were located with a flashlight with a red lens.
The red lens reduced light intensity and presumably gave wavelengths that mi-
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nimized phototactic disturbance of organisms (ELLioTT, 1968). To avoid possible
phototactic disturbance by moonlight (ANDERSON, 1966) samples were collected
during new moon or, in one case, on a completely overcast night.

To remove organisms, bricks were soaked for 10—15min in tepid water.
Organisms and debris were scraped from the brick surface with a hard tooth-
brush, concentrated in a sieve (156 um mesh) and preserved in 10 % formalin.
Bricks were thoroughly cleaned with a wire brush and hot water to remove re-
sidual debris (e.g., periphyton and marl) before reuse in the next experiment.

Insects were separated from debris under 10X magnification. For the most
abundant taxa, headwidth across the eyes was mcasured to the nearest 0.05 mm
using an ocular micrometer.

Results

Although current velocities on the riffle were divided into six intervals,
samples were collected from only five current intervals on any, date. Be-
tween June and August 6 samples were collected from the 40 to 80 cm/s in-
tervals but between August 27 and November samples were collected from
the 50 to 90 cm/s intervals.

All species occurred over the entire range of current velocities sampled,
but on most dates densities were higher in specific current intervals (Fig. 1).
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Fig. 1. Mean density (number/brick) of stream insccts in relation to current velo-
city during the day (open bars) and at night (black bars).

The preferred current interval varied among species, among dates and be-
tween day and night. Although there was some tendency for insects to move
into faster currents at higher temperatures, this pattern was not consistent.
Paraleptophlebia mollis, Baetis intercalaris and Ephemerella subvaria moved
progressively into faster current intervals as they grew.
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One-way analysis of variance (ANOVA) was performed separately on
the day and night samples to determine if differences in density among cur-
rent intervals were significant (Table 1). To perform ANOVA, counts of in-

Table 1. F-statistics from ANOVA comparing benthos densities (number/brick) at
five current velocities during the day (D) and at night (N). Significantly unequal
variances among current velocities are denoted by U.

Taxon June July 6 August
D N D N D N

Allocapnia
Total Plecoptera 1.14 7.81% 3.58 U7.18*% 0.75 0.81
Baetis levitans
B. intercalaris 0:28 2.08 5.08 0.48 U1.04 1.35
Baetinae 0.70 0.28 0.47 1.45 U1.56 0.70
Pseudocloeon 2.09 2.36 1.45 8.91%* 0.85 2.76
Ephemerella subvaria 0.87 0.54
E. deficiens 091 1.11 0.48 0.57
Paraleptophlebia mollis  0.46 0.44 2.50 0.96 1.05 0.95
Stenonema
Total Ephemeroptera 0.38 0.56 0.73 0.36 U1.29 Uo.71
Cheumatopsyche
Hydropsyche sp. 1 1.74 uo.27

sp. 4
Hydropsychidae U9.43*+ U4.65*  UL51 Uo0.62
Chimarra aterrima 3.54 1.66
Helicopsyche borealis 1.41 1.3 uUo.75 U1.51
Protoptila i 3.91 2.65
Glossosoma nigrior 1.83 1.23 12.27%*
Total Trichoptera 1.16 0.67 3.23 U3.40 1.97 U0.48

dividual taxa (X) were transformed ot logiw (X + 1). Normality of the
transformed data was not tested but equality of variances among current
intervals was; significantly unequal variances are denoted in Table 1 by U.
ANOVA was performed on 161 cases over the seven dates, but in only
10 cases were density differences among current intervals significant (Table
1). Of the 10 significant density differences, 8 occurred during the period of
highest water temperatures (July—August, 20—24 °C). In general, F values
from ANOVA were greatest during the period of highest water temperagures
suggesting density differences among current intervals were greatest at that
time. Further, all cases where variances were significantly different among
current intervals occurred during the period of highest water temperatures.
The direction and magnitude of day-night density changes over all cur-
rent intervals are summarized in Table 2. Day and night densities are the
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.

mean of all samples in a collection regardless of the current intervals from
which they were collected. No attempt was made to weight means for unequal
sample sizes among current intervals because on each date sample size
within a current interval was the same day and night. Changes in density
were expressed as a proportion of daytime density.

Table 1 (continued)

27 August September October November
D N D N D N D N
2.49 062 0.1 1.02
3.73 1.27 0.69 0.32 2.16 0.50 0.29 2.01
UQ.26 0.71
Uo.52 U267
U0.98 0.51 :
2.65 0.66
1.98 1.34 1.43 1.31 1.23 1.24
0.80 1.24
1.16 0.66 10.48%* 0.23 3.24 0.24 4.78* 2.89
1.04 0.47
213 1.82 1.63 1.29 1.98 0.23 0.9C 0.90
U246 0.37 0.68 0.17
2.03 1.46 1.16 0.73 0.82 2.97
0.08 1.98 0.76 0.72
0.35 0.81 0.32 1.94
0.89 0.31
1.09 0.91 0.63 0.36 0.72 0.32 0.28 2.36
1.09 1.24 3.23 0.92 3.11 0.43
0.97 8.60% 2.60 0.59 0.33 0.43 0.60 1.58
1.36 3.95 0.88 2.33 0.82 0.97 0.31 1.97

* P £0.05; % P£0.01.

The direction and magnitude of day-night density changes varied
among taxa and among dates (Table 2). Over all dates nighttime densities
were higher for 35 of the 62 cases analyzed. The mean increase in density
at night (expressed as a proportion of day density) averaged over all taxa
exhibiting higher nighttime densities was 0.46 (range 0.02—3.50). The mean
decrease in density for taxa exhibiting lower nighttime densities was 0.25
(range 0.01—0.77).

The relationship between the magnitude and direction of day-night
density changes (expressed as a proportion of daytime density) and current
velocity was highly variable among taxa and among dates (Fig. 2) but one
general pattern emerged. This pattern was typically bimodal with two peaks
of density increase separated by either smaller density increases or density
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decreases (e.g., Paraleptophlebia mollis, October and November). Small den-
sity increases or density decreases frequently occurred at the low and high
ends of the current velocity spectrum as well. This very general pattern and
slight modifications thereof were observed for Ephemerella subvaria (Aug.

Table 2. Mean density (number/brick) over all current velocities during the day (D)
and at night (N) and day-night changes in density (A\) expressed as a proportion

o e T ST

of day density.

Taxon June July 6 August
D N A D N VAN D N A

Allocapnia
Total Plecoptera 1.8 09 —.50 1.0 1.8 +.80 52 45 —13
Baetis levitans
B. intercalaris 126 51 —60 58 68 +.17 381 164 —.57
Baetinae 11.5 55 —.52 55 85 +.55 968 63.6 —.34
Pseudocloeon 45 36 +.89 171 83 —31
Ephemerella subvaria 22 53 +.64 198 215 +.09
E. deficiens 113 73 —35 69 48 —23
Paraleptophlebia mollis 185 75 —59 4.1 +.17 9.8 10.0 +.02
Stenonema
Total Ephemeroptera 53.4 279 —.48 414 476 +.15 2021 140.7 —.30
Cheumatopsyche
Hydropsyche sp. 1 55.6 52.4 —.06

sp. 4
Hydropsychidae 127 29.2 +13 203.7 2125 .04
Chimarra aterrima 359 62.6 -+.94
Helicopsyche borealis 42 47 +.12 105 83 —.21
Protoptila
Glossosoma nigrior 1.0 45 +35 144 196 +.36 159 218 +.37
Total Trichoptera 324 266 —.18 556 80.8 +.45 3674 4052 +.10

27), P. mollis (Aug. 6, Sept., Oct., Nov.), Baetis intercalaris (July, Aug. 27),
Baetis spp. (early instar B. intercalaris and B. levitans) (July), Chimarra
aterrima (Aug. 6, Aug. 27), and Glossosoma nigrior (July, Sept.). Larger
deviations from this pattern may have resulted from the limited range of
current velocities studied here. Had a broader range of currents been studied,
the bimodal pattern may have been evident in more cases as indicated
by the hypothesized relationships given in Figure 2.

Temporal changes in the current intervals where peaks of nocturnal
density increase occurred appeared to be related to seasonal changes in water
temperature and organism size. In general, as water temperature decreased,
peaks of density increase occurred at progressively lower current speeds and
as insects increased in size, peaks of density increase occurred at progressi-
vely faster current speeds. For E. subvaria the peak of density increase at
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the faster end of the current spectrum occurred at progressively lower current
speeds as water temperatures decreased between August and November (Fig. 2).
There was no change in pattern between September and October, which was
a period of rapid growth. For P. mollis peaks of density increase occurred
at progressively faster current velocities between July and August 27 which
was a period of relatively stable temperature and steady growth but with

Table 2 (continued)

27 August September October November
D N A D N A D N A D N A

7

21.4 145 —32 11.2 111 —01
30 46 +.53 131 120 —.08 243 178 —27 169 177 +.04
334 77 —77 ,
253 214 —.15
221 177 —.20
81 96 +.19
374 477 +.25 706 717 .02 264 248 —06 44 23 —.48
74 114 .54
155 120 —23 451 485 +.08 200 19.7 —02 11.6 193 +.66
33.6 28,6 —.15
168.5 145.0 —.14 168.8 1439 —.15 658 68.4 +.04 402 47.1 +.19
147 215 .46 245 269 +.10 74 69 —07
13.6 179 +.32 300 393 -+.31 67 55 —.18
163 18.0 .10 485 575 +.19
55.7 664 +.19
48.1 416 -—.14 481 466 —03 99 112 .13
71 60 —.15 250 239 —04 154 146 —.05
16.4 199 +.21 129 394 ++2.1 7.7 91 +.18
423 455 +.08 1585 199.7 +.26 1268 167.9 +.32 548 694 +.27
302.2 3034 +.00 3668 455.6 .24 201.8 2493 24 709 $6.8 +.22

lower temperatures in October and November peaks of density increase oc-
curred at lower current velocities.

There was no consistent pattern to relationships between mean indivi-
dual headwidth and current velocity in either the day or night samples
(Table 3). In some cases insects were larger in the fast currents; in others
they were larger in the slower currents or at intermediate currents. In most
cases the differences in mean size among current intervals were small. The
significance of day-night size changes in each current interval was tested
by comparing the day and night size frequency distributions using the
Kolmogorov-Smirnov t (Conover, 1972). In only a few cases were day-
night size changes significant and these appeared to be related to the larger
numbers of insects collected on those dates. As sample size increases, the
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K-S t becomes sensitive to smaller differences in size frequency distribu-
tion. Overall, there were no apparent relationships between patterns of day-

night density changes and either current-related
night size changes.
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Fig. 2. Relationships between day-night changes in benthos density (expressed as
a proportion of day density) and current velocity. Dashed lines indicate hypo-
thesized relationships.

Discussion

Current-related variations in density reported here mimicked patterns
reported by earlier workers (e.g. ScorT, 1958; AmpinL, 1959; CHUTTER,
1969; PeTR, 1970; MinsHALL & MinsHalr, 1977). Higher densities at
specific current velocities presumably reflect current preferences (HyneEs,
1970) whereas occurrence over the entire current spectrum presumably re-
sults from genetic variability, intraspecific competition and the ran-
domizing effects of drift.

Changes in benthos density depend on the relationship between rates
of immigration and emigration (ULFSTRAND, 1968) both of which 3re
primarily a function of drift rate (MULLER, 1954; WaTERs, 1964, 1965;
ULrsTRAND, 1968; Witiiams & Hynes, 1976). Several "workers (e.g.
ELLioTT, 1967; ANDERSON & LEHMKUHL, 1968; PEARSON & FRANKLIN, 1968;



Day-night changes in stream benthos density 9

Table 3. Comparison of mean headwidth of insects (expressed in 0.05 mm units)
during the day (D) and at nigth (N) in relation to current velocity.

Tascon Current June July 6 August 27 August  September  October  November
Interval D N D N D N D N D N D N D N
(cm/s)

Ephemerella 40
subvaria 50

AN AR
Lovoen
AR A
X R-R NN
N NN
NoB NNy
Nt N N
—0 N Ut

Baétis intercalaris 40 123 125 138 15.9*% 13.3 13.9
8 14.7 154 13.0 129

2 147 154 121 14.3%4

70 — 115 132 148 12.1 119

6 13.6 141 129 13.4

.

Baetinae 40

rroonn
AU IV I S NN )

Paraleptophblebia 40 1
mollis 50 20.

n-l et
a2l Neo
WU

N

N

o

N o= -
[ X% "

6.2
6.0
6.5
6.0
5.3

~
NN

g B4

[Z TN

NSNS
NNNo
N— oW
NoNe
[=JN-o 151
':ﬂoo.\loo
NNwo
N oy
A IR
PY©o
-
09000
Liviiv

—

O Nwwo
oo L

Glossosoma nigrior 40

o
<)
AN
NOVYhy
SN
[P PRI

H
5550w

NWN=-O
V000

Ly
e

Chimarra aterrima 50

o
o
NONoeoe 000N
_
0205w ©®NN®

Nolbhaanp uhni
BV D NO =0

obhairie WoON®HR
WO ONNNN
WNWONp =00

PWOOS wNALN

%
-
ON®®me RaUVva

N®wwon oo Ui
PCRENELR NN
i

* P £0.05; * P £0.01.

ULFSTRAND, 1968; Bisnor & HyNEs, 1969 a; REisen & Prins, 1972) have
reported a positive relationship between drift rate and flow rate (cither
current velocity or discharge) which suggests that nocturnal decreases in
benthos density should have been greater at higher current velocities.
Clearly this generally was not the case. Alternatively, I (unpublished) have
developed a model which shows the relationship between drift rate and
current velocity is a unimodal curve. Below, I use this drift model to
develop a model of day-night density changes which accounted for much
of the variability in the direction and magnitude of day-night density
changes reported here.

The drift model was based on two assumptions. First, at constant tem-
peratures, the probability of insects moving to tops of stones (exposure)
at night was an inverse function of current velocity (Fig. 3). This assump-
tion is supported by the observation that Stenomema wvicarium (personal
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observation) and Paragnetina media (D. R. OTTEY, personal communica-
tion) did not move to tops of stones at night when current was applied to
bottoms of stones. At low current velocities a large proportion of S. vicarium
were observed on tops of stones both during the day and at night. Several
workers (e.g. ZaHAr, 1951; PHiueson, 1956; Scort, 1958; AMmBUHL,
1959) have reported that many stream insects move to more sheltered mi-
crohabitats with increases in flow rate. Second, for those individuals on tops
of stones, the probability of erosion was a positive function of current velo-
city (Fig. 3). The probability of drifting (the proportion of benthos removed

~

Fig. 3. Hypothesized relationships between the probabilities of exposure, erosion,
and drifting and current velocity.

EXPOSURE ™
EROSION
DRIFTING

>

CURRENT VELOCITY

from an area of bottom per unit time) is the product of the probabilities
of exposure and erosion and is a unimodal curve where the highest probabi-
lity of drifting was at intermediate current velocities with lower probabi-
lities of drifting at higher and lower current velocities (Fig. 3).

To test the drift model, the data of UrrsTrRaND (1968) were used.
Probability of drifting was estimated by dividing 24-hr drift rates by ben-
thos density. Because ULrsTRAND did not report current velocities, his
estimates of discharge were used instead. The resulting relationship was
a unimodal curve (Fig. 4) as predicted by the drift model which suggests
that as a first approximation the drift model is valid. I am presently testing
the drift model in the field and results of this study as well as further ana-
lysis of data in the literature will be presented in another paper.
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The model of density changes developed below does not specifically
address density changes on bricks or stones but those occurring over larger
areas of stream bottom (i.e., m2). To develop the model of density chan-
ges, the drift model was modified to make it more realistic. It was assumed
that rheophilic insects do not occur at current velocities less than 40 cm/s
because deposition of unstable fine inorganic sediments (HynEs, 1970) sig-
nificantly reduces habitable space. The assumed relationships between prob-
ability of exposure and erosion and current are given in Figure 5. The as-

Exposure Erosion

-

PROBABILITY
N » D D O

T T ) T T T T T T )
40 60 80 100 40 60 80 100

CURRENT VELOCITY (CM/S)

Fig. 5. Hypothesized relationships between the probabilities of exposure and ero-
sion and current velocity used to predict day-night changes in density of
Paraleptophlebia mollis.

sumed higher erosion rates at low current velocities were based on the
observation that in slow currents, particularly at higher temperatures, insects
often clevate themselves above the boundary layer thereby increasing the
probability of erosion. Furthermore, in slow currents insects may swim
from the surface of stones just as lotic baetids do when placed in still water
(WATERSs, 1969).

To account for nocturnal density increases attributable to accrual from
the drift, settling rate was predicted from

N = N, e-Rx

where N, is the initial number of insects in the drift, Ny is the number
stilll in the drift after traveling distance x and R is a constant for settling
rate (McLay, 1970; Ertiorr, 1971).Ris equal to 1/D where D is mean drift
distance at a given carrent velocity. Although EruiotT (1971) reported mean
drift distance was an exponential function of current velocity, reanalysis
of his data indicated a linear relationships was more appropriate and was
used here. The mean drift distances (in meters) used here were taken from
E1LioTT’s (1971) data for Ephemerella ignita where D = 0.288 V and V is
current velocity in cm/s.

The magnitude of nocturnal density increases (expressed as a propor-
tion of day-time density) depends not only on the number of insects in
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the drift (N,) but also on daytime densities. To predict No, the following

relationship was used:

N, = (1/c) 3 NyR;
i=1

where N; is the number eroded from current interval i and is equal to
the product of erosion rate and the initial population density, R; is the
current specific settling rate and ¢ is the total number of current inter-
vals investigated. By dividing by c each unit of stream bottom was treated
was though it were composed of equal proportions of each current interval
for which predictions were being made.

Density changes were predicted for P. mollis (Fig. 6) using initial (day-
time) densities patterned after those observed on bricks (Fig. 1). Except
for August 6, the predicted (Fig. 6) and observed (Fig. 2) patterns were similar.

11
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Fig. 6. Predicted relationships between day-night changes in density of Paralepto-
phlebia mollis (expressed as a proportion of daytime density) and current velocity.

The magnitudes of predicted density changes, however, were notably smaller
than observed density changes which may be related to the fact that predic-
tions were made for large areas of stream bottom rahter than for bricks
or stones. Because little is known about nocturnal movements of insects
onto stones, artempting to improve the accuracy of the model by correcting
for this behavior is beyond the scope of this paper. -
Agreement between the predicted and observed patterns was remarkable
considering the potential sources of error. In manipulating the model it
was clear that proportional changes in density were srrongly dependent on
initial densities. The potential for error in density estimates reported here
was great because of small sample sizes (2 or 3 replicates). It also was apparent
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that density changes depend on drift rates (N,). Drift rates used here were
equilibrium values based on the drift distance models of McLay (1970) and
Erviort (1971). The advantage of this method was that variations in drift
distance among taxa did not affect the predictions. In nature, however,
any deviations from equilibrium values, particularly spatial variations on
a riffle, would significantly affect the magnitude and direction of observed
density changes.

The model used for P. mollis also accounted for some of the density
changes observed for other taxa (e.g., Baetis). For most other taxa, how-
ever, the probabilities of exposure and erosion had to be varied, even be-
tween dates within species, to fit the observed patterns. Because there are no
available experimental data for the probabilities of exposure and erosion
and because the general relationships between exposure and erosion and cur-
rent remain the same it seems counterproductive to generate a set of rela-
tionships to account for all of the patterns observed here. Clearly, the need
for experimental determination of exposure and erosion rates under con-
trolled conditions is indicated.

The probabilities of exposure and erosion can be expected to change
primarily in relation to water temperature and organism size if the role
of current in controlling nocturnal movements of insects to tops of stones
is related to the importance of current in renewing oxygen supply to res-
piratory surfaces of insects. KovaLak (1976) reported Glossosoma nigrior
used positioning on bricks to help satisfy respiratory requierments. At high
temperatures and low current velocities G. nigrior aggregated on the front
(upstream) faces of bricks where turbulence increased the rate of oxygen
supply. Aggregation on front faces was greater at night presumably because
of higher oxygen consumption rates controlled by endogenous rhythms
(sce ZoLapEk & Karoor, 1971; Karoor, 1972; ULanoskr & McDir-
FETT, 1972). Kovarak (1978 b) suggested that other taxa may move to
tops of stones at night to satisfy nocturnal increases in oxygen consump-
tion rate rather than for feeding as suggested by earlier workers (ErLiOTT,
1967, 1968; UrrsTRAND, 1968; BisHor, 1973). Consequently, probability of
exposure should increase with increases in water temperature because oxygen
consumption rates are a positive function of temperature and oxygen con-
tent of water is an inverse function of temperature. Further, large indivi-
duals which have a lower surface area to volume ratio are more liable to
respiratory stress. Therefore, at a given temperature and current, larger
individuals should exhibit higher probabilities of exposure than smaller
individuals.

The probability of erosion also should increase with water temperature
because the thickness of the boundary layer decreases (AmsUHL, 1959).
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The probable effect of organism size on erosion is less clear. In some cases
small individual appear more liable to drift because they are not as strong
and cannot withstand the erosive action of current whereas in other cases
large individuals are more liable to drift presumably because they project
above the boundary layer (reviewed by WaTkrs, 1972).

As noted earlier, patterns of density change were strongly dependent on
initial (daytime) densities. To determine if obscrved daytime densities were
controlled primarily by drift, the following exercise was carried out. Starting
with a distribution where density was 1000 individuals m2 at all current velo-
cities, changes in daytime densities were followed through ten diel cycles
(Fig. 7). In only a few cases did the resulting daytime distribution mimic
those observed druing this study.

NUMBER /M? x 102
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N [0} @

©
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CURRENT VELOCITY (CM/S)

Fig. 7. Predicted relationship between the daytime density of stream benthos and
current velocity assuming drift is the primary determinant of distribution and
abundance.

Differences between the predicted and observed distributions suggest that
other factors also are important in controlling daytime distiributions on
bricks. Particularly important here are vertical movements to and from
surface and subsurface (hyporheic) gravel and upstream movements. It is
generally thought that insects which move onto stones during the night
return to surface and subsurface gravel at dawn (WaTers, 1972). The por-
tion of fauna moving to interstices of gravel probably depend on water
temperature, current velocity (ANGELIER, 1962) and particle size. The im-
portance of upstream movement in controlling daytime distribution also
may be great. In another study, I (unpublished) observed that during the
day insects were aggregated near the upstream end of a riffle in the fastest
current. At night, distribution over the riffle became very uniform, but
the following morning the insects were once again aggregated near the front
of the riffle. Presumably one of the important mechanisms accounting
for this diel change in distribution was upstream movement.

Temporal changes in distribution relative to current were characterized
by movement of insects into faster currents with increases in mean indivi-
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dual size and to a lesser extent with increases in temperature. Concurrent
with movements into faster currents with temperature increases, there was
an increase in the statistical magnitude of density differences among cur-
rents and an increase in the inequality of variances among currents. The
overall pattern suggests insects may have been clumping in faster currents
to help satisfy oxygen requirements.

Although insects moved into faster currents as they grew there was no
consistent pattern to the relationship between mean individual size and cur-
rent velocity. The lack of consistent patterns may be attributable to the
randomizing effect of drift or to microdistributional patterns overlooked
in this study. From the drift model it is apparent that large proportions
of the fauna may be turned over per night. It is doubtful whether drift,
which is here largely viewed to be a passive function of exposure and erosion,
can act at a sensitive mechanism of microhabitat selection although re-
cently WaLTON et al. (1977) suggested that it could. Larger and more con-
sistent differences in size relative to current reported by Arien (1951) and
Kovarak (1978 a) may be related to the fact that they sampled current
regimes that were not contiguous. Spatially separated habitats would be less
likely to be affected by the randomizing effects of drift.

Alwrnatively, variability in the size data may have resulted from
differential selection of the various brick faces by individuals of different
size. Although differential selection of faces of stones and bricks has been
well documented (e.g., Scorr, 1958; MorerTr & GIANOTTI, 1962;
Kovaraxk, 1976), no attempts have been made to determine if selection
of faces is size-dependent. If positioning on stony substrates is used to help
. satisfy oxygen requirements (KovaLak, 1976) and if surface area to vol-
ume ratios of insects decrease with increasing size, one would expect larger
individuals to select faces with higher oxygen richness. Size-dependent dif-
ferences in face selection coupled with the inequality of the area of each
face may account for statistical variability in relationships between mean
individual size on all brick faces treated as a unit and current velocity.

Zusammenfassung

Tag-Nacht-Anderungen in der auf Ziegelsteinen in Abhingigkeit von der
Strémungsgeschwindigkeit im Laufe der Monate Juni bis November 1973 aufge-
tretenen Besiedlungsdichte von Flulbenthos des Pigeon River, Michigan State, wur-
den untersucht. Es zeigte sich, daf die stromungsbedingten Unterschiede in der
Menge und Richtung der nachts auftretenden Besiedlungsdichte von Art zu Art
verschieden waren und sich auch von dem Zeitpunkt der Probeentnahme abhin-
gig erwiesen; aber es lieR sich ein allgemein giiltiges Muster fiir diese Beziehun-
sen ableiten. Im Gesamtbereich der beobachteten Strémungsgeschwindigkeiten (40—
183 ¢em/s) war das Muster typisch bimodal mit zwei Maxima der Besiedlungszu-
nahme, von einander getrennt durch schwichere Dichtezunahmen oder Besiedlungs-
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abnahmen. Diese schwachen Zunahmen bzw. Abnahmen traten hiufig an beiden
Seiten der Maxima auf. Eine Tendenz der schnellen Besiedlungszunahme wurde
bei grofleren Stromungsgeschwindigkeiten und bei hsheren Temperaturen beobach-
tet, desgleichen auch dann, wenn die Insekten an Grofle zunahmen. Es wurde ein
Modell der Besiedlung entwickelt und zwar unter der Voraussetzung, dafl dic
Besiedlungsinderungen vom Gleichgewicht zwischen Immigration und Emigration
auf dem Wege der Drift abhingig sind. Tatsichlich war die Drift fiir die meisten
der hier beobachteten strémungsbedingten Unterschiede in Menge und Richtung
der niichtlichen Besiedlungsinderungen verantwortlich.
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