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Abstract

Experiments on the colonization of artificial substrates by aquatic insects were conducted to test the effects of two different
sizes of substrate (cobbles=64-128mm and gravel =16-32mm) in the upper Chingmei Stream, Taiwan. The artificial substrates were
colonized by aquatic insects for periods of 3, 6, 12, 21, 30, and 42 d from 14 March to 25 April 1991. The substratum types
influenced only the total number of individuals colonizing baskets. In general, aquatic insect taxa on the gravel substrate had
greater daily colonization rates than did those on the cobble substraate. The gravel substrate provided more surface area for
aquatic insects and supported more individuals. Baetis spp. and chironomid larvae were most abundant; they accounted for over
84% of the individuals from days 6 to 42 on both gravel and cobble. The chironomid larvae comprised 36-65% of the fauna on the
gravel substrate and 35-79% of the fauna on the cobble substrate. The results of association analysis on the abundance of taxa
pairs within the same functional feeding group showed that there were more taxa paris with significant associations on the cobble
than on the gravel, indicating that biological interatctions might be important in determining the development of community on
the cobble substrate. Disturbance caused by floods, occurring just after day 12. influenced the colonization patterns, especially on
the gravel substrate. It reset the artificial substrates back to earlier conditions. However, the results from longormal distribution
indicated that aquatic insect communities on the gravel substrate showed a higher degree of equilibrium than did those on the
gravel substrate showed a higher degree of equilibrium than did those on the cobble substrate. The degree of equilibrium and the
intensity of biological interactions appeared to be reflected in the stability of substrate which is related to the size of the substrate.
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Sen-Her Shieh” and Ping-Shih Yang  Depariment of Entomology. National Taiwan University, Taipei 106, Taiwan. R.0.C.

ABSTRACT

Experiments on the colonization of artificial substrates by aquatic insects
were conducted to test the effects of two different sizes of substrate { cobbles =64
-128 mm and gravel =16-32 mm) in the upper Chingmei Stream, Taiwan. The ar-
tificial substrates were colonized by aquatic insects for periods of 3, 6, 12, 21, 30,
and 42 d from 14 March to 25 April 1991. The substratum types influenced only
the total number of individuals colonizing baskets. In general, aquatic insect
taxa on the gravel substrate had greater daily colonization rates than did those
on the cobble substrate. The gravel substrate provided more surface area for
aguatic ingects and supported more individuals. Baefis spp. and chironomid la-
rvae were most abundant; they accounted for over 84% of the individuals from
days 6 to 42 on both gravel and cobble. The chironomid larvae comprised 36-65%
of the fauna on the gravel substrate and 35-79% of the fauna on the cobble sub-
strate. The results of association analysis on the abundance of taxa pairs within
the same functional feeding group showed that there were more taxa pairs with
significant associations on the cobble than on the gravel, indicating that biolog-
ical interactions might be important in determining the development of com-
munity on the cobble substrate. Disturbance caused by floods, oceurring just
after day 12, influenced the colonization patterns, especially on the gravel sub-
strate. It reset the artificial substrates back to earlier conditions. However, the
results from lognormal distribution indicated that aguatic insect communities
on the gravel substrate showed a higher degree of equilibrium than did those on
the cobble substrate. The degree of equilibrium and the intensity of biological
interactions appeared to be reflected in the stability of substrate which is re-
lated to the size of the substrate.
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streams.
Introduction cting stream aquatic insect assemblages
{Minshall, 1984; Ward, 1992). The factors
Substrate has been considered to be of substrates that influence aquatic insect
one of the most important factors affe- colonizers are changes in the surface
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characteristics of substrates and the size
of substrate particles (Mackay, 1992).
The size of substrate particle affects the
colonization of aguatic insects in two
ways: stability of the substrate and ac-
cumulation and size of detritus particles
(Mackay, 1992). The stability of the sub-
strate is defined as the degree of re
sistance to movement and is generally
proportional to the size of the particle
(Minshall, 1984). Large pebbles and co-
bbles tend to be more stable than small
pebbles and gravel. McAuliffe {1983) indi-
cated that small stones would have =a
higher probability of being overturned by
flood waters. However, small pebbles and
gravel tend to trap more fine particulate
organic matter than do coarser substrates
(Rabeni and Minshall, 1977; Wise and
Molles, 1979; Parker, 1989). These charac-
teristics of substrate particle size, there-
fore, play important roles in determining
the distribution and abundance of stream
macroinvertebrates (Minshall, 1984) and
in mediating their responses to dis-
turbance (Gurtz and Wallace, 1984).
Stream ecosystems in Taiwan are
frequently disturbed by different flood ev-
ents, such as typhoons and heavy rains.
Typhoens and heavy rains often give rise
to unpredictable flooding on different sca-
les. The floods affect aguatic insect abu-
ndance and community composition both
by causing bed-load movement and by in-
creasing the amount of suspended sedi-
ment that settles in the substrate trays.
Increased current velocity and bed-load
movement cause catastrophic drift of
aquatic insects, physical damage to some
individuals, and reduction in the food
supply available by abrading algal po-
pulations from the substrate (Sagar,
1986). This study dealt with the coloniza-
tion of substrata by aquatic inscets in the
upper Chingmei Stream in subtropical
northern Taiwan. It was undertaken with
a view to comparing the patterns of co-
lonization of two different sizes of subs-
trate; cobbles (higher stability of subs-
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trate) and gravel (lower stability of subs-
trate), examining the relationship be-
tween dominance and community struc-
ture of aquatic insects during the process
of colonization, and assessing the effects
of floods on colonization patterns and
community structure of aquatic insects in
the two different sizes of sub-
strate, if any floods occurred during the
experimental period.

Materials and Methods

Study area

The experiments were conducted in
the upper reaches of the Chingmei Stream
(lat. 25°01'N, log. 121°41'E) flowing
through Shihting Township, Taipei Cou-
nty, about 25 km east of Taipei City in
northern Taiwan. The strata in the area
are of Miocene and Pliocene age, and the
soil group is yellow earth (Hsich, 1964).
The annual average precipitation is about
4000 mm. The study reach of the stream
has a riparian zone with evergreen
hardwood vegetation: Boehmeric de-
nsiflora {Urticaceae), Piper kadsura (Pi-
peraceae), Acacia confusa (Legumino-
sae), Ficus erecta (Moraceae), and Dio-
spyros morrisiana  (Ebenaceae); and
herbs: Alpinia speciosa (Zingiberaceae),
Miscanthus floridulus (Gramineae), and
Eclipta prostrata (Compositae). The head-
waters of the streams are in agricultural
areas with tea plantations of Thea sine-
nsis (L) Sims. The fish were dominated
by an omnivorous goby (Rhinogobius bru-
nneus (Temminck et Schiegel)) and the
herbivorous Crossostoma lacustre (Stei-
ndachner). Filamenlous algae {Cladopho-
ra sp., Spirogyra sp., and Oscillatoria sp.)
commonly covered the upper surface of
cobbles and small stones throughout the
entire vear.,

Sampling methods

From 14 March to 25 April 1891, the
community structure and colonization pa-
tterns of aquatic insects on the gravel



and cobble substrate were compared. Plas-
tic baskets (mesh=4 mm, dimension=
25X 20X 6 em) were filled with one of the
two substratum types: cobbles (84-128
mm) or gravel (1632 mm). Cobhles were
collected from the dry streambed, and gra-
vel was collected from a quarry. Each sto-
ne was washed in stream water. All ba-
skets were placed randomly in the stream
bottom on 14 March 1991, These baskets
were flush with the surface of the subs-
trate and left in the stream for periods of
3, 6, 12, 21, 30, and 42 d. Each treatment
had four replicates, so at least 8 baskets
were sampled on each sampling date. For-
ty-cight baskets were arranged randomly
into an 8 (columns)xX6 (rows) matrix.
The space between columns and between
rows was at least 1 m. During the experi-
ment period, disturbance due to floods,
occurring between day 12 and day 21, was
observed.

At the end of the colonization period,
a basket was lifted off the streambed and
transferred into a basket of the same size
but without mesh. The rocks in the
basket were washed carefully with stream
water which was sieved (mesh=0.25 mm)
to collect sessile and other insects. The
other sediment in the basket was placed
in labeled individual plastic bags.

During the experiment, water temper-
ature, water depth, stream width, current
velocity (Hydro-bio Kiel digital flow me-
ter), discharge, pH (WTW pH 90/set pH
meter), conductivity (WTW LF90 con-
ductivity meter), and dissolved oxygen
(Jenway 9070 oxygen meter) were measu-
red at a fixed transect of the stream on
each sampling day. To measure the amou-
nts of organic matter trapped by baskets,
the sediment was oven-dried at 60°C for at
least 24 h and weighed. It was then com-
busted at 500°C for 2 h, cooled, and re-
welghed to determine organic content.

In the laboratory, the sediment was
transferred to a white plastic pan and the
aguatic insects picked. All animals were
preserved in 70% ethyl alcohol. Then the

animals were keyed to genus whenever
possible according to Kawai (1985), Me-
rritt and Cummins (1984), or Wiggins
(1977). Ephemeroptera were identified us-
ing Kang (1993) and Kang and Yang
(1994a, b). All Chironomidae found were
counted. Hydropsychidae were not identi-
fied further, because many first instar la-
rvae were collected during the sampling
period. In addition, taxa were classified
into functional feeding groups based on
Merritt and Cummins (1984}. Since most
taxa within grazers also were collector-
gatherers, they were grouped as grazers/
collector-gatherers. Members of the Chi-
ronomidae were classified as filter-feeders
and grazers/collectors because Tanytars-
ini are filter-feeders and Chironomini are
collector-gatherers.

Data analysis

The design was a two-way factorial
analysis of variance with substrate (two
levels: cobble and gravel) and time (six
sample dates) as factors (2X6 design
with 12 treatment combinations). There
were four replicates of each combination.
The total number of individuals, total nu-
mber of taxa, Shannon-Weaver diversity,
and evenness for every substratum basket
were analyzed in the designs described
above (see Ludwing and Reynolds (1988)
for caleulation of Shannon-Weaver diver-
sity and evenness). Numerical data were
log-transformed to stabilize variance. Si-
mple regression (Y=a+bX, where Y =nu-
mhber of individuals of a given taxon and
X =number of day for colonization) was
used to determine daily colonization rates
(b) of the 18 most dominant taxa on the
two different substrates. Spearman rank
correlation coefficients were used to ex-
amine potential biological interactions
between taxa. The lognormal distribution
(Ludwig and Reynolds, 1988) was used to
examine the degree of equilibrium of
agquatic insect communities in the co-
lonization baskets. The equilibrium state
was viewed as a continuum between r'=1
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for equilibrium and r*'=0 for maximum
nonequilibrium.

Results

Physicochemical factors and organic
matter

Values for physical and chemical
characteristics during the experiment
(from 14 March to 25 April 1991) are gi-
ven in Tahle 1. During the experiment,
water temperature and conductivity had a
tendency to increase. The pH values sho-
wed the stream water to be shightly al-
kaline. Heavy rains occurring just after
day 12 resulted in floods {pers. observ.),

Table 1.
Stream, Taiwan

yvet the discharge on day 21 did not reflect
the situation. The amount of organic ma-
tter collected by trays did not increasc
until day 12 (Fig. 1). There was more or-
ganic matter in the cobble substrate than
in the gravel substrate. This may partly
be due to the greater amount of peri-
phyton growing on the cobble substrate.

Aquatic insect fauna

During this experiment, a total of b1
taxa were collected from the experimental
substrates (Appendices 1 and 2). There
were 45 taxa collected in the cobble ha-
skets and 43 taxa collected in the gravel
baskets. Trichoptera were the most diver-

Physical and chemical characteristics on each sampling day in the Chingmel

Sampling day

3 i 12 21 30 42
Temperature { T) 16.2 20,9 21,5 23.8 20.8 24.0
Stream width (m) 9.4 8.8 10.2 8.4 8.5 8.3
Depth (cm) 20.7 22.3 24,8 18.4 19.1 138
Veloeity {m/s) .51 0.69 0.42 0.35 0.23 0.19
Discharge {m’/s) 0.97 1.32 1.06 00.54 .37 0.22
pH 7.92 8.10 7.58 8.07 7.79 8.34
Conductivity (ps/em) 172 180 125 294 217 324
Dissolved oxygen ( ppm) 10.1 10.3 9.1 9.4 9.8 10.7

307
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20“-
15“.

Organic matter (g/sample)

—— Cobble

12 18

Colonization time (d)

T ! I ! 1 ' I

2430 36 42

Fig. 1.

Amounts of orgnic matter collected by colenizing baskets filled with cobbles and gra-

vel on each sampiing day in the Chingmei Stream, Taiwan.
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se, with 13 taxa; while Ephemeroptera
and Diptera each had 12 taxa. Numbers of
taxa for the other orders were: 7 {(Co-
leoptera), 4 (Plecoptera), 3 (Odonata), 1
(Lepidoptera), and 1 (Hemiptera).

The most abundant Ephemeroptera
for the cobble substrate was Baetis spp.
with the greatest abundance (9465 m®)
occurring on day 6 (Appendix 1). The
more abundant Trichoptera were Hydro-
psychidae (1255 m*®) and Stenopsychidae
(910 m?): the largest numbers of thcse
occurred on day 42. The most abundant
Diptera was Chironomidae, and the grea-
test abundance (53560 m®) occurred on
day 42. Comparing Buaetis spp. and Chiro-
nomidae, the latter were always more
abundant than were Baetis spp. during
the entire study.

The most abundant Ephemeroptera
for the gravel substrate was Baetis spp.
which reached a density of 17,220 m’on
day 42 (Appendix 2). The most abundant
caddisflies were Hydropsychidae (3,860
m*) and Stenopsychidae (1,800 m”) which
also peaked on day 42. The largest nu-
mber of Chironomidae (50,730 m?) also
occurred on day 42. Comparing Baetis
spp. and Chironomidae, there was a shift
from Baetis spp. to Chironomidae being
the most abundant taxon after day 3. Mo-
reover, comparing the cobble and gravel
substrate, the most abundant taxa in dif-
ferent orders had higher abundances on
the gravel substrate than on the cobble
substrate, except the Chironomidae.

For the gravel substrale, Baetis spp.
and chironomid larvae accounted for 84-
959, of the colonizing individuals from
days 8 to 42. The chironomid larvae com-
prised 36-65% of the fauna during the
same interval. For the cobble substrate,
the two taxa accounted for over 85% of
individuals from days 6 to 42. They only
comprised 49% of the same fauna on day
3. Prosimulium spp. accounted for the
other 44% of the fauna on day 3. Chirono-
mid larvae accounted for 35-79% of the
fauna from days 3 to 42.

The number of taxa in each order
changed with time of colonization on the
two substrates (Fig. 2). For Ephemero-
ptera, the number of taxa remained aimo-
st constant on both the cobble and gravel
substrates during the experiment, except
day 3 on the cobble substrate and day 21
on the gravel substrate. For Trichoptera,
the number of taxa inereased on both co-
bble and gravel substrates during the ex-
periment except day 30 on the gravel sub-
strate. For Diptera, the number of taxa
increased before day 21, decreased on day
21 and then increased on both cobble and
gravel substrates. = Coleoptera usually
occurred in the later period of coloniza-
tion. .

The decrease in the total number of
taxa on day 21 for hoth the cobble and
gravel substrates was probably due to
floods which occurred just after day 12
(Fig. 2). The colonization was reset to
earlier conditions because of the major
disturbance by floods. For the gravel sub-
strate, day 21 is more similar to 3 d than
to 21 d of colonization. In comparing the
number of taxa in cach order hetween
days 12 and 21, those of Ephemeroptera,
Plecoptera, and Diptera decreased, while
the number of taxa of Trichoptera and
Odonata increased for both cobble and
gravel substrates. The number of Co-
leoptera taxa increased on the cobble sub-
gtrate but decreased on the gravel subs-
trate. The results indicate that some
Ephemeroptera, Plecoptera, and Diptera
were easily dislodged by the floods. The
(Odonata and Trichoptera appeared to be
less affected by the floods.

The abundance of some taxa was also
highly affected by floods which cccurred
just after day 12. The floods resulted in
significant decreases in  Baetis spp.,
Caenis sp., Afronurus hyalinus, Para-
leptophlebia sp., and Chironomidae on the
gravel substrate (Appendix 2), and Bae-
tiella bhispinosa, Baetis spp., and Caenis
sp. on the cobble substrate (Appendix 1).
This indicates that some taxa were more
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Fig. 2. Number of taxa in each order colonizing baskets filled with cobbles {A) and gravel (B} on each sampling

day in the Chingmei Stream, Taiwan.

easily affected by floods on the gravel
substrate than on the cobble substrate.
Some taxa showed significant increases in
numbers of individuals on day 21, such as
Serratelia sp., Neoperla sp., Hydropsy-
chidae, Stenopsyche sp., and Antocha sp.
in baskets filled with cobbles, and Neoper-
la sp., Stenopsyche sp., Antocha sp., and
Zaitzevia sp. 1n baskets filled with gravel.
This suggests that some taxa were less
mmpacted by floods and continued coloni-
zing the artificial substrate.
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Colonization patterns of aquatic insect
communities

The mean number of individuals per
basket was significantly affected by the
duration of baskets in the stream (p<
0.0001) and by substrate {p —0.048) (Table
23, and there was no significant effect of
interaction between duration of exposure
and substrate on mean number of indiv-
iduals per basket. In addition, mean nu-
mber of taxa was highly affected by the
duration of exposurc of baskets to co-
lonization (p<0.0001) but was not af-



fected by the substrate, or the interaction
between the duration of exposure and the
gsubstrate. Likewise, mean diversity was
affccted by the duration of exposure {p=
0.002), but was not affected by the sub-
gtrate and the interaction hetween the
duration of exposure and the substrate
(Table 2). Mean evenness differed in the
duration of exposure of baskets in the
stream (p<0.0001), but not in the sub-
strate. The effect of interaction between
duration of exposure and substrate on
mean evenness was significant (p=0.044),
According to the results, it is suggested
that the four community indices were
highly affected by the length of time the
baskets remained in the stream with le
sser effects of substrate and the interac-
tion between the duration of exposurc
and substrate,

The mean number of taxa per basket
for the cobble substrate increased before
day 30 and then decreased (Fig. 3A). For
the gravel substrate, it increased by
arithmetical progression between days 3
and 12 and between days 21 and 42, It de-
creased somewhat between days 12 and
21. Furthermore, the colonization pa-
tterns of mean total number of individu-
als per basket were similar to each other
between the two kinds of substrate (Tig.
3B). Numbers appeared to level off be-
tween days 3 and 21, bul they increased
by arithmetical progression after day 21.
There were about three times more on
day 42 than on day 21. The patterns of di-

versity during the process of colonization
for the cobble and gravel substrates were
similar to each other on each sampling
day except day 42 (Fig. 3C). They de-
creased between days 3 and 6 and then
appeared to level off between days 6 und
30. For the cobble substrate they de-
crcased, but for the gravel substrate they
increased between days 30 and 42.

Colonization patterns of individual taxon
The colonization patterns of individu-
al taxa on the cobble substrate and on
the gravel substrate were compared using
Spearman rank correlation coelficients
for signiflicant association hetween po-
pulation density per basket and davs of
colonization. The 18 taxa which were
most abundant were chosen. For the co-
bble substrate, 13 of 18 taxa showed a sig-
nificant increase in number per hasket
with increasing days in the stream; four
taxa decreased, and one tuxa had no con-
sistent pattern (Table 3). For the gravel
substrate, nine of 18 showed significant
increases in number per basket with in-
creasing days in stream, five taxa de-
creased, and four taxa showed no consist-
ent pattern (Table 8). In comparing the
two types of substrates, there were three
taxa (Baetis spp., Caenis sp., and Hydro-
psychidae) that increased in number with
the length of exposure period on the co-
bble substrate but showcd no consistent
pattern on the gravel substrate. Two taxa
{Rhyacophile sp.A and Paraleptophlebia

Table 2. Resulls of two-way ANOVA For log (density), total number ol aguatic insect taxa,
Shannon-Weaver diversity, and evenness versus duration of exposure of subsirate
to coionization and substrate in the Chingmei Stream, Taiwan (n.s.=not signifi-

cant, p<0.05*, p<0.01**, p<0.001***)

Source of variation

No. of days Substrate Interaction
(n=8) (n—2) {(n=6%2)
Log (density) 10,34%* 4.25" 1.14n.s.
No. of taxa 8.51"** 3.71n.s. 0.86n.s.
Diversity 4 89** 0.71n.s. 1.20n.8.
Evenness 22.85"** 0.50n.s. 2.63*
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Fig. 3. Mean number of taxa {(A), number of individuals (B), and species diversity {C) of colonizing baskets filled

with cobbles and gravel left in the stream for 3-42 days in the Chingmei Stream, Taiwan.
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Table 3. Summary of results of Spearman rank correlation on numbers of individuals per basket filled with co-
bbles and gravel versus days in stream for 18 abundant taxa in the Chingmei Stream, Taiwan

Functional feeding Increase in number

group with days in stream

Decrease in number
with days in stream

Nuo consistent pattern
with days in stream

Cobbles
Grazers/collectors Afronurus hyalinus
Caenis sp.
Serratella sp.
Paraleptophlebia sp.
Chironomidae

Antocha sp.

Buetiella bispinosa

Buaetis spp.

Stenopsyche sp,
Hydropsychidae
Chironomidae

Filter-feeders

Prosimulium spp.
Stmulium spp.

Predators Euphaea sp.
Neaperla sp.
Rhyacophila sp. A
Hemerodromia sp.

Ceratopogonidae

Shredders

Protonemura sp.

Gravel

Afronurus hyelinus
Serratella sp.
Chironomidae
Antocha sp.

Grazers/ collectors

Puraleplophlebia sp.

Baetis spp.
Baetiella bispinosa
Caenis sp.

Stenopsyche sp.
Chironomidae

Filter-feeders

Prosimulium spp.
Simulium spp.

Hydropsychidae

Predators Euphaea sp.
Neoperia sp.
Hemerodromia sp.

Ceratopogonidae

Rhyacophila sp. A

Shredders

Protonemura sp.

sp.) with a pattern of increase on the co-
bble substrate showed a decrease on the
gravel substrate. B. bispirnsa with a de-
creasing pattern on the cobble substrate
showed no consistent pattern on the gra-
vel substrate.

The daily rates of colonization for a
given taxon on both cobble substrate and
gravel substrate were compared using
leust-squares regression (Table 4). Thir-
teen of 18 taxa on the cobble substrate
and 12 of 18 taxa on the gravel substrate
showed a slope of the regression line with
statistical significance (p<0.05}. In these
taxa with significant slopes, ten occu-

rred on both cobble and gravel substrates
at the same time. Seven of the ten taxa
on the gravel substrate had greater daily
colonization rates than those on the co-
bble substrate. Using signed-rank test
(Devore and Peck, 1986) to compare the
daily colonization rates of the nine taxa
{with Chironomidae excluded), showed
that there was a significant difference in
the daily colonization rates between the
gravel and cobble substrates (p<0.05).
The Spearman rank correlation
coefficient was used to examine the po-
tential influence of biological interaction
between species sharing common re-
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Table 4. Values for the constants a and b obtained from the regression model (y=a+bx) with numbers of day in
stream as the independent variable{x} and numbers of individuals per basket filled with cobbles or gra-
vel as the dependent variable(y). r*=coefficient of detrmination, n=24, p=significance level of the mo-
del {*p<0.05; **p<0.01; ***p<0.001; ns= not significant)

Taxa Cobbles Gravel

a h v p a b r P

Ephemeraptera

Afronurus hyalinus 0.53ns  0.20*** 0867 s 16Tns  0.20*** 052 kay
Baetiella bispionsa 9355 0.24* 0.22 * 971ns  —0.23ns 0.02 ns
Buaetis spp. 296.46**  4.78%ns 0.10 ns  373.67°** 8.09* 0.19 *
Caenis sp. 11.49ns  0.5ins 0.14 ns 34 66* 0.08ns 0.01 ns
Paraleptophlehia sp. 0.08ns  0.04ns 0.08 ns 0.52ns  0.05ns 0.17 ns
Serratella sp. -1.02ns  0.30** 0.39 ** 043ns  017*** 078 e
Plecoptera
Nevperla sp. 043ns 012" 054 e -0.99ns  0.29%** 079 Yy
Protonemura sp. 0.78** -0.02* 0.18 * 1.06ns -0.03ns 0.02 ns
Odonata
Euphaea sp. 0.11ns  0.05** 0.30 " -0.15ns  0.05* 0.26 *
Trichoptera
Hydropsychidae -1.97ns 1.20* 0.17 * -22.23ns 3.34% 0.29 *
Rhvacophila sp. A -1.20ns  0.17** 0.34 x* -1.89ns  0.42* 0.27 *
Stenopsyche sp. -3.05ns  1.05***% 049 xrx 202ns  1.61%** 0.52 e
Diptera
Antocha sp. -1.685ns 215" 079 *AE17.10% 266 6.77 b
Ceratopogonidae h48ns 008 0.26 * -h72ns 012 .51 ¥
Chironomidae -44.88ns  55.06"*" 0.71 *** O 241.06ns 4587 0.75 *rr
Hemerodromia sp. 0.39ns  0.03ns 0.06 ns 0.12ns  0.05*** (.35 *
Prostmulium spp. 166.72%* 497" 0.22 * 53.85%"  —1.7ons 0.17 ns
Stmulium spp. 11.22*  -0.35ns 0.16 ns 18"  -0.06ns 0.12 ns

sources. For the cobble substrate, 13 of 21
taxon pairs in the group of grazers/col-
lectors were significantly positively as-
soclated, and four of 21 taxon palrs were
significantly negatively associated {Table
5). In the filter-feeders, four of ten taxon
pairs were significantly positively as-
sociated and three of ten Laxon pairs were
significantly negatively associated. Amo-
ng predator taxon pairs, six of ten were
significantly positively associated, and in
none was there a significant negative as-
sociation., These data indicate that the or-
der of the degree of biological interac-
tions among functional feeding groups
was grazers/collectors, filter-feeders, and
predators.
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On the other hand, for the gravel sub-
strate, ten of 21 taxon pairs were signifi-
cantly positively associated, and one of 21
taxon pairs were significantly negatively
associated in the group of grazers/col-
lectors (Table 5). In filter-feeders and pre-
dators, two of ten taxon pairs were sig-
nificantly posttively associated, and none
of them was negatively associated. These
data indicate that the order of the degree
of biclogical interactions among function-
al feeding groups was grazers/collectors,
filter-feeders, and predators. In addition,
the results also indicate that the intensity
of biological interaction on the cobble
substratc was greater than that on the
gravel substrate.



Table 5. Summary of species associalions ameng members of the same functional feeding groups in baskets fi-
lled with cobbles or gravel in the Chingmei Stream, Taiwan. Significant correlations are given and noted
with asterisks (n=24; n.s.=not significant)

Cohbles
Grazers/collectors (1) {2} (3) (4) (5) (&) {7}
Afronurus hyalinus (1) - ns. 072 0.58" 0.71" 0.67 0.71*
Baetis spp. (2) - n.s. 0.47* n.s. 0.75* 0.45"
Beaetiella bispinvsa (3} - -0.46* -0.86* s, —.45*
Caenis sp. (4) - 0.71% 0.64* 0.48*
Serratella sp. (5) - 0.54* 70"
Chironomidae (6) - 0.67*
Antocha sp. (T) -
Filter-feeders (1 {2) (3) (4) (5)
Stenopsyche sp. {1) - 0).45* 0.67* -0.78* -0.62"
Hydropsychidae (2) - 0.67" n.s. n.s.
Chironomidac {3) - 0.58* 1.8,
Prosimulium spp. (4) - 0.78*
Simulium spp. (3)
Predators (1) (2) (4) {1) (5}
Euphaea sp. (1) 0.64* 1.s 0.48" 0.34*
Neaperla sp. (2) - 0.60* 0.47* n.s.
Rhyacophila sp. A (3) n.s. n.s.
Prosimulium sp. (4) - 0.45*
Ceratopogonidae (5) -

Gravel
Grazers/collectors {1) (2) (3) (4) (5 {6) (7)
Afronurus hyalinus (1) - n.s. n.s. t.51* 0.81* 0.83" 0.83%
Baetis spp. (2) 0.50% 1.5, n.s. 0.52* n.s.
Baetiella bispinosa (3) - -0.53" n.s. n.s. n.s.
Coenis sp. (4) n.s. 0.50" IS,
Serratella sp. (5) - 0.72* 0.85*
Chironomidae 0.75*
Antocha sp. (7) ' -
Filter-feeders (1) (2) {3) (4) {5)
Stenopsyche sp. (1) - 0.51* n.s. s, n.s.
Hydropsychidae (2) n.s. .S, n.s.
Chironomidae {3) - n.s. ns.
Prosimulium spp. {4) - 0.78*
Simulium spp. (5) -
Predators (1) (2) (3) (4) (3)
Euphaea sp. (1) - 0.57 n.s. n.s. n.s.
Neoperla sp. (2) - n.s. 1n.s. 0.66*
Rhyacophila sp. A (3) - n.s. ..
Hemerodromia sp. (4} - n.s.

Ceratopogonidae (5)
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Equilibrium of aquatic insect communities

Colonization rates and extinction ra-
tes, expressed as number of taxa per day,
were in agreement with the MacArthur-
Wilson equilibrium model (1963 and 1967)
(Fig. 4). The colonization rates for the
cobble and gravel substrate did not level
off until around day 12. The extinction
rate for gravel substrate declined with
time except between days 3 and 6 and be-
tween days 12 and 21 (Fig. 4B). The ex-
tinction rates for cobble substrate did not

decline until day 12 and increased be-
tween days 30 and 42 (Fig. 4A). Equili-
brium is the point where the curves for
colonization and extinction cross, On the
gravel substrate, it occurred around day
15 and on the cobble substrate it cccurred
around day 19. Furthermore, extinction
rates are equivalent to turnover rates at
cquilibrium. The turnover rate for the
gravel substrate was 0.93 taxa/day at 15
d, and for cobble substrate was 1.16 taxa/
day at 19 d.

87 (A

Taxa per day

—— (Colonization
—— Extinction

87 (B)

Taxa per day

0 6 12 18

24 30 36 42

Colonization time (d)

Fig. 4. Colonization and extinction rates of aqualic insects colonizing baskets filled with cobbles (A) and gravel

{B) in the Chingmei Stream, Taiwan.
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A high degree of fit to the lognormal
model indicates a community in a high
degree of equilibrium (Minshall et «l.,
1985). The coefficient of determination of
the least-squares fit was uscd to examine
the degree of equilibrium in a community.
For the cobble substrate, the coefficient
of determination increased with time un-
til day 30, and it declined on day 42 (Fig.
5). For the gravel substrate, the coeffi-
cient of determination increased with
time except for the period between days
12 and 21 when the floods oceurred (Fig.
6). Comparing the two kinds of substrate,
the coefficients of determination for the
gravel substrate were greater than those
for the cobble substrate between 3 and 12
d and on day 42. This suggests that the
time to reach community equilibrium for
the gravel substrate was less than that
for the cobble substrate.

Discussion

Colonization patterns of aquatic insect
communities

In this study, artificial substrates
were used to determine the effects of sub-
strale size on colonization patterns of
aquatic insect communities in the upper
Chingmei Stream. Species colonization
was rapid, with representatives of most
species arriving within 3 d of the start of
the experiment, except for Odonata and
Coleoptera (Fig. 2). Baetis spp., Chironom-
idae, and Prosimulium spp. which domina-
ted on day 3 had rapid colonization on
hoth cobble and gravel substrates (Ap-
pendices 1 and 2). Rapid colonization of
disturbed or new substrata by Baeiis spp.,
and Chironomidae has also been noted by
Ulfstrand et al. {1974), Gore (1979), Kha-
laf and Tachet (1980), Ciborowski and
Clifford (1984), Robinson and Minshall
(1986), and Boulton et ¢l. (1988). These
being early colonizers is consistent with
their ability to exploit earliest food
materials on bare substrates (Mackay,
1992).

Variation in the response of taxa to
disturbance caused by floods, which occu-
rred just after day 12 and resulted in rock
overturning, was expected and found. The
overturning of rocks dislodged some in-
dividuals, such as Baetis spp., Caenis sp.,
A, hyalinus, Paraleptophlebic sp., and
Chironomidae on the gravel substrate
(Appendix 2), and B. bispinosa, Baetis
spp., and Caenis sp. on the cobble sub-
strate (Appendix ). However, some taxa
seemed tc be little aftected by floods and
continued colonizing the artificial sub-
strates. These taxa were Serratella sp..
Neoperla sp., Hydropsychidae, Stenopsv-
che sp., and Antocha sp. on the cobble
substrate, and Neoperla sp., Stenopsyche
sp., Antocha sp., and Zaitzevia sp. on the
gravel substrate. Dilferences in mor-
phology lead to differential ability to hold
onto shifting substrate or to resist being
crushed. For example, hydropsychid
caddisflies are semi-sessile. They are able
to build a retreat to resist being dislodged
(Wigging, 1977). Furthermore, the nu-
mber of taxa in each order was reduced
by the floods, excepl Trichoplera, which
increased from 4 to 5 on the cobhble sub-
strate (Fig. 2).

Substratum type had a significant in-
fluence on the total number of colonizing
individuals (Table 2). Gravel substrate
had more individuals than did cohble sub-
strate (Fig. 3B). The results are consist-
ent with those of Minshall and Minshall
(1977) and Wise and Molles (1979) who
found significantly higher total numbers
on smaller substrate. Minshall and Mi-
nshall (1977) suggested that more indiv-
iduals colonize smaller substrate because
more surface arca is available. Rabeni
and Minshall {1977) suggested that small
particle size tends to accumulate large
amounts of small detrital particles and
that benthic insects concentrate where
the food 1s most abundant. In this study,
the cobble substrate had moare organic
matter than did gravel substrate {(Fig. 1).
This docs not mean that the suggestion of
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Fig. 6. Fit of taxa-abundance curves to a lognormal model for baskets filled with gravel on each sampling day in
the Chingmei Stream, Taiwan.
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Rabeni and Minshall cannot explain the
results, since the amounts of detritus and
primary production were not measured
separately. According to field observa-
tions, more filamentous algae grew on the
cobble substrate, while the organic matter
in the gravel could have been detritus,

Equilibrium of aquatic insect communities

The total abundance and number of
taxa colonizing either the cobble or gra-
vel substrates did not approach an as-
ymptote during the experimental period
(Fig. 3). Therefore, an equilibrium, using
these as criteria, was not attained. This
was due to the flooding evenls which
occurred after day 12 which disturbed the
substrates and reset the biota back to ear-
lier conditions. Wise and Molles (1979}
conducted a 19-d colonization experiment
comparing substrate size. The number of
individuals and species appeared to stahil-
ize on day 9 for both small substrate {10-
256 mm) and large substrate (>75 mm).
An equilibrium number of species can be
established for both gravel and cobble
substrates (Fig. 4), when the MacArthur-
Wilson equilibrium model is used as the
criterion, The equilibrium number of spe-
cics for both gravel and cobble substrates
occurred between days 12 and 21 when
floods occurred. For the gravel substrate,
the equilibrium may be due to the increa-
sing extinction rate on day 21 which was
causcd by floods. For the cobble sub-
strate, however, the extinction rate did
not increase on day 21. This may be be-
cause the cobble suhstrate was more st
able and was not overturned by high curr-
ent velocity.

The turnover rate of species refers to
the rate at which one species is lost and a
replacement gained (Smith, 1990). The co-
bhle substrate had higher turnover rates
than did the gravel substrate. Moreover,
the turnover rates were intermediate in
the study site as compared with other
places. The turnover rate for the gravel
substrate was 0.93 taxa/d at 15 d and was
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1.16 taxa/d for the cobble substrate at 19
d. The turnover rate was about 0.02 taxa/
d at 625 d for a site where the hreaking of
a dam had destroyed the fauna {Minshall
el el., 1983), about 0.10 taxa/d at 109 d for
a newly formed stream channel (Williams
and Hynes, 1977), about 1.00 taxa/d at 8 d
for river stones (Lake and Doeg, 1985),
and about 1.35 taxa/d at 42 d for floating
artificial substrates (Dickson and Cairns,
1972). The different results are probably
due to the degree of disturbance before
recolonization began and the size of the
area to be colonized.

In this study, the state of equilibrium
was affected by the particle sizes of the
substrate, flooding events, and biological
interactions (Figs. 5 and 6). The lognorm-
al distribution was a better fit for the gra-
vel substrate than for the cobble sub-
strate. The results were in accordance
with a previous study which found that
aquatic insect communities in more vari-
able environments had a higher degree of
equilibrium than those in more stable en-
vironments (Shieh and Yang, 1999). The
floods occurring just after day 12 led to
the movement or overturning of gravel
substrate and obviously decreased the de-
gree of equilibrium of aquatic insect com-
munities on the gravel substrate. The dis-
placement of some taxa from the cobble
substrate may have given rise to the de-
crease in the diversity index and the de-
gree of equilibrium on day 42 (Figs. 3C
and 5). This may be due to biological in-
teractions, such as competition, with the
increased abundance of superior competi-
tors resulting in a decrease of inferiors.
The disturbance caused by floods may in-
hibit the occurrence of competition on
the gravel substrate and thus give rise to
an increase in diversity (Fig. 3C). The re-
sults can be explained by the intermedi-
ate disturbance hypothesis (Connell,
1978) which is based on a presumption of
a competitive hierarchy in a community.
Under equilibrium conditions this hiera-
rchy results in simplification of the com-



munity by the competitive exclusion of
poorer competitors. However, analyses of
associations are not a definitive indica-
tion of competitive interactions, Direct
experimental evidence 1s needed to test
whether competition does occur in sub-
tropical Taiwanese streams, These
streams are subject to frequent and un-
predictable flooding disturbances which
are likely to interrupt biotic interactions
such as competition.

Biological interactions of aquatic insect
communities

The association analysis in the same
functional feeding group suggests that po-
tential biological interactions occurred in
the gravel and cobble substrate. The nu-
mber of significant associations is a mea-
sure of the intensity of biological interac-
tions. Thus, the communities on the co-
bble substrate possessed stronger potenti-
al biological interaction than did those
on the gravel substrate. The cobble sub-
strate in the condition of disturbance
caused by floods provided aquatic insects
with a more stable substratum type which
resulted in more intensive biological in-
teractions. Inversely, the gravel substrate
was less stable during the floods which
reduced the intensity of biclogical inter-
actions. Moreoveyr, positive associations
between taxon pairs in the same function-
al feeding group may arise from a com-
mon response to environment gradients or
the same response to the availability of
resources. Negative associations between
taxon pairs usually mean competition be-
tween the two taxa (Schluter, 1984). In
Peckarsky’s (1986) and Reice’s (1981;
1983) studies, they did not find negative
associations between potential competitor
species and interpreted the results as lack
of evidence for competition. Minshall and
Minshall (1977) suggested that compe-
tition often plays a minor role in structur-
ing communities of the stream benthos. In
this study, negative associations were
found in groups of grazers/collectors and

filter-feeders on the cobble substrate.

The colonization patterns of individu-
al species are consistent with the hypo-
thesis that biological interactions may in-
fluence alterations in specles dominance
in the benthic community (Sheldon,
1984). In the colonization process,
opportunistic species may be replaced by
superior competitors that are slower co-
lonizers. Hemphill and Cooper (1983) su-
ggested that the succession from
opportunistic species to superior specles
is common in streams. In this study, B. bi-
spinosa was replaced by A. hyalinus, Se-
rratelle sp., and Antocha sp.; and simu-
liids were displaced by stenopsychids and
hydropsychids on the cobble substrate
(Table 5). Similar displacements among
species were also observed by other inves-
tigators (Ulfstrand et al., 1974; Allan,
1975; Fisher et al., 1982; Hemphill and Co-
oper, 1983; McAuliffe, 1983, 1984; Malmg-
vist and Otto, 1987;).

In conclusion, substratum type had a
significant influence on the total number
of colonizing individuals, but did not
have a significant influence on the nu-
mber of taxa, diversity, or evenness. The
gravel substrate provided more surface
area for aquatic insects and supported
more individuals of some taxa which
characteristically have high colonization
rates. Disturbance caused by floeds led to
movement or overturning of cobble and
gravel substrate which dislodged some in-
dividuals of certain taxa. The floods obvi-
ously decreased the degree of equilibrium
of the aquatic insect communities and the
intensity of potential biological interac-
tions on the gravel substrate. This was
probably due to the gravel substrate ha-
ving a higher probability of being over-
turned by floods. The results of log-norm-
al analysis conformed to the concept that
aquatic insect communities in more vari-
able environments have a higher degree
of equilibrium than those in more stable
environments. However, direct experimen-
tal evidence is needed to test whether
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competition does occur in Taiwanese
streams.
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Appendix 1. Density (per m’} of aquatic insect fauna colonizing baskets filled with cobble substrate on each sam-
pling day in the Chingmei Steam, Taiwan. The “Total” column is the sum of numbers collected from

days 3 to 42
Taxa FFG* Day3 Day6 Day12 Day?2l Day30 TDayd2 Total
Ephemeroptera
Afronurus hyalinus G/C 0 36 110 145 200 225 715
Ameletus motivagus G/C 0 5 0 0 X 50 75
Baetiella bipinosa G/C 270 265 ] 30 5 85 735
Buetis spp. G/C 1760 9465 6010 4920 7285 9140 38680
Caenis sp: G,/C 0 285 645 410 720 479 2535
Cincticostellu sp. G/C 0 0 5 0 0 0 )
Epeorus sp. G/C 5 10 10 0 0 bt 30
Ephemera sp. G/C 0 0 5 20 30 5 60
Paraleptophlebic sp. G/C 0 0 10 10 80 5 105
Serratella sp. G/C 0 5 45 105 210 205 570
Plecoptera
Amphinemura sp. S 5 10 0 0 5 0 20
Neoperla sp. P 0 0 3 75 5 85 230
Paragneting sp. P 0 0 0 0 0 0 0
Protonemira sp. o 25 5 10 0 0 1] 10
Odonata
kuphaea sp. P 0 b 0 25 45 30 105
Onychogomphus sp. I3 0 0 3 5 b) 5 20
Sieboldius sp. P 0 0 5 0 5 0 10
Trichoptera
Chimarra sp. F 0 0 5 0 10 25 40
Goera sp. G/C ] 0 0 10 20 20 50
Hydropsychidae K 85 130 60 120 140 12hh 1790
Hydroptila sp. G/C 5 0 0 0 0 0 5
Melanotrichiu sp. G/C 0 0 0 10 10 10 30
Oecelis sp. 4 ] 0 0 0 0 0 0
Orthotrchia sp. G/C 0 0 5 0 0 0 5
Plectrocnemia sp. G/C 0 ] 0 0 0 10 10
Rhyvacophila sp.A P 0 10 0 60 % 160 955
Rhyacophila sp.B P 0 0 0} 0 5 0 6}
Stactobia sp. G/C 5 2h 0 0 0 0 ao
Stenopsyche sp. F 60 106 130 340 480 910 2025
Tinodes sp. G/C 0 0 0 ] 0 0 0
Diptera
Antocha sp. G/C 45 160 300 1225 1450 1520 4700
Atherix sp. P 0 ] a 15 20 0 40
Ceratopogonidae P 0 5 10 0 60 60 135
Chironomidae G/CF 4245 12865 11085 11035 27355 53560 120145
Dolichopodidae P 5 0 0 0 0 0 h
Eriocera sp. P 0 0 0 0 20 0 20
Hemerodromia sp. P 0 5 10 15 40 10 110
Prosimulium spp. F 5390 1905 175 0 0 b 7475
Psychoda sp. G/ C 0 5 0 0 )] ] b
Simulium spp. F 400 115 20 0 5 0 h40
Wiedemannia sp. P 0 0 5 0 0 5 10

Effects of Substrate Size on Aguativ Insects 139



Appedix 1. Continued

Taxa FFG' Day 3 Day6 Day12 Day21 Day 30 Day42  Total
Coleoptera
Grouvellinus sp. G/C 0 b 0 10 0 ) 20
Hydrophilidae P ] 40 0 5 5 b 55
Mataeopsphus sp. G/C 0 0 0 0 5 0 5
Psephenotdes sp. G,/C 0 0 0 0 | 1] 0
Stenelmis sp. G/C ] 0 0 5 10 5 20
Zaizevia sp. G/C 0 0 0 5 10 ) 20
Lepidoptera
Eoophyla sp. G/C 0 0 0 10 5 40 55
Hemiptera
Micronecta sp. P 0 0 0 0 0 20 20
Total 12305 25465 18755 18640 38350 67945 181460

*FFG=functional feeding groups; G/C = grazers,collectors;, I'=filterfeeders; P=predators; S =shredders.

140 hiER@H+ILEF B



Appendix 2. Density (per m®) of aquatic insect fauna colonizing baskets filled with gravel substrate on each sam-
pling day in the Chingmei Stream, Taiwan. The *Total” coulumn is the sum of numbers ccllected

from days 3 to 42

Taxa FFG* Day3 Day6 Day12 Day2l Day30 Day42 Total
Ephemeroptera
Afronurus hyelinus G/C 35 50 195 100 190 300 870
Ameletus motivagus G/C 0 5 0 0 10 30 45
Baetiella bipinosa G/C 450 83 3h 0 20 310 900
Buelis spp. G/C 11095 7965 9530 7240 11650 17220 64720
Caenis sp. G/C 75 680 1675 260 750 480 3840
Cincticostella sp. G/C 0 0 0 0 0 0 0
Epeorus sp. G/C 15 0 0 0 0 60 75
Ephemera sp. G/C 0 15 10 1] 40) 30 95
Paraleptuphlebia sp. G/C b 10 45 10 60 40 170
Serratella sp. G/C 5 3 40 50 80 140 320
Plecoptera
Amphinemura sp. 8 0 3 3 0 ] 10 20
Neoperla sp. P ] 20 45 130 a0 260 p4b
Paragnetina sp. P h 0 0 ] 0 0 5
Protonemura sp. 5 25 5 10 ] ] 0 40
(donata
Euphaea sp. P 0 3 10 20 10 ol 9%
Onychogomphus sp. P 0 0 0 10 20 10 40
Steboldius sp. P 0 3 0 0 0 0 5
Trichoptera
Chimarra sp. F 0 0] 5 10 0] 10 25
Goera sp. G/C 0 0 0 20 20 20 G0
Hydropsychidae F 220 145 120 110 70 3860 4525
Hydroptila sp. G/C ] 0 0 1] 0 0 0
Melanotrichia sp. G/C 0 0 0 0 G 10 10
Oecetis sp. P 0 5 5 0 ] 0 10
Orthotrchia sp. G/C 0 ¥ 0 1] 0 0 0
Plectrocnemia sp. G/C ] 0 0 0 ] 0 0
Rhyacophila sp.A P 45 36 20 50 70 47) 690
Rhyacophila sp.B P 0 0 0 0 0 30 30
Stactobia sp. G/C 10 0 0 0 0 0 10
Stenopsyche sp. ¥ 295 330 265 450 6490 1800 3830
Tinodes sp. G/C 0 0 0 0 0 10 10
Diptera
Antocha sp. G/C 20 70 90 500 R90 2330 3520
Atherix sp. P 0 0 5 0 20 0 25
Ceratopogonidae p 0 5 0] 40 40 100 185
Chironomidae G/CF 2140 11350 19760 9040 28870 30730 127940
Dolichopodidae P 0 0 0 0 0 0 0
Eriocera sp. P 0 0 0 30 0 10 40
Hemerodromia sp. P ) 10 15 10 50 40 130
Prasimulium spp. F 1890 325 235 0 10 50 2510
Psychoda sp. G/C 0 5 ( 0 0 0 5
Simulivm spp. F 60 20 5 0 0 0 85
Wiedemannia sp. P 0 0 0 0 0 10 10
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Appedix 2. Conlinued

Taxa FFG* Day3 Day6 Dayl? Day2l Daysd) Dayd42 Total
Coleoptera
Grouvellinus sp. G/C 0 0 15 0 0 20 35
Hydrophilidae I 0 0 0 0 10 10 20
Mataeopsphus sp. G/C 0 0 ] 0 0 0 0
Psephencides sp. G/C 0 0 5 0 ] 10 15
Stenelmis sp. G/C 0 0 ] 0 ] 0 0
Zaizeuia sp. G/C 0 0 3 90 0 10 105
Lepidoptera
Eoophyla sp. G/C (t 0 0 0 10 10 20
Hemiptera
Micranecta sp. P 0 0 0 (} 0 0 0
Total 22445 21155 32170 18170 43670 78470 216080

*FFG = functional feeding groups; G/C= grazers/collectors; ¥ — filter-feeders, P = predutors; S=shredders,
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