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SUMMARY

1. Habitat complexity is thought to exert a significant influence on ecological communities,

but its operation under variable natural conditions is not well understood, particularly

in freshwater. To elucidate the role of habitat complexity, in particular the fractal

structure of surface irregularity, in a stream system, field colonisation experiments were

conducted at three times of year (summer, winter and spring) using natural substrates

with different levels of fractal dimension in a small coastal mountain stream of southern

Japan.

2. In the winter experiment, comparison was also made between the standard (control)

treatment and the resource-preconditioning treatment whereby experimental plates were

conditioned in the natural stream environment to allow the accumulation of potential food

resources (algae and detritus) for 1 month prior to the experiment.

3. Species abundance patterns observed at different times of year showed little systematic

variation with levels of habitat complexity but largely followed the patterns expected from,

or lying in between, the Random Assortment model and the random fraction model.

4. Taxon richness and density increased with habitat complexity in all seasons except for

density in spring. Different taxa showed different patterns of change with habitat

complexity, which also varied with seasons. Biomass of invertebrates showed no

systematic trend with an increase in habitat complexity.

5. Chlorophyll-a concentrations tended to be lower in more complex habitats, particularly

in summer. In contrast, fine particulate organic matter (FPOM) tended to increase with

habitat complexity. However, the relationship between these potential food resources and

invertebrate assemblages remain unclear.

6. While there were no significant differences in taxon richness and biomass of

invertebrates between the resource-preconditioning and the control treatment, density was

higher in the former than in the latter. The abundance of relatively large, surface-dwelling

animals showed more marked temporal variation over the entire period of colonisation

in the resource-preconditioning treatment than in the control treatment.

7. Body size of invertebrates tended to decline with fractal complexity, indicating that

crevice sizes could affect habitat use by benthic animals of different sizes. In addition, body

size was larger in the resource-preconditioning treatment than in the control treatment,

suggesting that body size in invertebrate assemblages was controlled by a mixture of

factors. Thus, the present study demonstrates that habitat structure affects benthic

invertebrate assemblages in a complex manner.
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Introduction

A large body of work, both theoretical and empirical,

has been undertaken to investigate how species

diversity is controlled in different communities (Toke-

shi, 1999). In particular, habitat structure has been

thought to play an important role in determining

diversity, with more physically complex habitats

supporting greater species richness than simple ones

(Menge & Lubchenco, 1981; Underwood & Chapman,

1989; Bell, McCoy & Mushinsky, 1991). Despite the

popularity of this idea, there has been a limited

number of studies in which this was tested in a

rigorous manner, due partly to the technical difficulty

of quantifying habitat structure and the complicated

manner in which supposed habitat complexity affects

biotic communities.

In stream systems, habitat complexity generated by

surface irregularities such as pits, crevices, moss and

other projections, has been recognised to exert a

significant influence on the abundance and diversity

of benthic invertebrates (Dudley & D’Antonio, 1991;

Douglas & Lake, 1994; Downes, Lake & Schreiber,

1995; Robson & Barmuta, 1998). Surface features are

important because they could affect food supply such

as epiphytic algae (Dudley, Cooper & Hemphill, 1986)

and detritus (O’Connor, 1991; Douglas & Lake, 1994),

and generate ‘refuges’ from high flow conditions and

mobile predators (Crowder & Cooper, 1982; Palmer

et al., 1996; Resh et al., 1998; Lake, 2000). Stream

habitats are also subject to temporally variable condi-

tions such as algal growth in spring and litter fall in

autumn affecting food availability (Dudley &

D’Antonio, 1991; Downes et al., 2000) and seasonal

spates having negative impacts on invertebrate

assemblages (Giller, Sangpradub & Twomey, 1991;

Resh et al., 1998; Lake, 2000). While these marked

temporal changes provide excellent opportunities for

assessing how habitat complexity influences the

diversity of stream assemblages under variable con-

ditions, there have been few studies in which experi-

ments were conducted in more than one season

(Robson, 1996).

As there is no fixed approach to quantifying habitat

complexity, the majority of previous experimental

studies on benthic communities relied on categorical

classifications of substrate characteristics such as

‘rough versus smooth’ and ‘gap versus no gap’. With

such an ‘all-or-nothing’ design of habitat complexity,

the presumed ‘effect’ of habitat complexity may be

easily detected; this, however, cannot provide accu-

rate information on how complexity affects assem-

blages. On the contrary, increasing attention has been

paid to the concept of fractal geometry that allows the

quantification of some aspects of habitat complexity

as a continuous variable and is applicable to a variety

of types of habitats, (e.g. tree branches for insects –

Morse et al., 1985; mussel beds for marine benthos –

Commito & Rusignuolo, 2000; submerged macro-

phytes for freshwater invertebrates – Jeffries, 1993;

see Schmid’s (2000) excellent review on the applica-

tion of fractal concepts to benthic ecology). Despite

this background, little experimental work has been

undertaken involving fractal approaches in freshwa-

ter benthic research, apart from Jeffries’ (1993) work.

The objective of the present study was to elucidate

the effect of one component of habitat complexity,

namely the fractal structure of surface irregularity, on

stream invertebrate assemblages in a seasonally vari-

able environment. To overcome some of the problem-

atic issues described above, attempts were made to

generate gradually changing levels of habitat com-

plexity rather than adopting an ‘all-or-nothing’

design, using the same substrate material as found

in the field. The field experiments were also repeated

at different times of year under different hydrological

regimes. Furthermore, the effect of resource condi-

tioning was independently assessed by introducing a

resource-preconditioning treatment in addition to the

standard treatment. The combination of these experi-

mental approaches has allowed a more rigorous

examination of the effects of the some aspects of

habitat complexity on stream benthic communities

than have been attempted to date.

Methods

Study area

The study was conducted in a 150 m stretch of a

small coastal mountain stream, the Kamitsu-Futae

Stream, in the Amakusa Shimoshima Island, south-

ern Japan (32�32¢N, 130�02¢E). The water temperature

of this subtropical stream was relatively stable

(summer, 12–15 �C; winter and spring, 8–12 �C),

while rainfall fluctuated markedly during the ty-

phoon season (June to November), a typical climatic

situation in temperate-subtropical East Asia (Fig. 1).
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In this system, high discharge events were typically

flashy and caused substantial physical disturbance to

the streambed. The streambed had a rocky base

(predominantly serpentinites of the Miocene or

younger origin) on which stones of various sizes

were scattered (dominant size: 20–30 cm in largest

dimension). The riparian vegetation was character-

ised by temperate-subtropical broadleaved trees with

the Japanese green oak (Quercus glauca Thunberg)

being the most dominant. The study site was heavily

shaded by these trees with no growth of submerged

macrophytes. No scientific work has been previously

undertaken in this stream.

Experimental design

Field experiments were carried out using experimen-

tal plates with a set of fractal designs in summer,

winter and spring. The plates were cut out from

natural serpentinite stones, which were of the same

material as the streambed. Five levels of complexity

were created with stone squares of different sizes

(10 · 10 cm, 5 · 5 cm, 2.5 · 2.5 cm, 1 · 1 cm, all of

0.3 cm thick) attached to a basal plate (20 · 20 · 1 cm)

such that the total upper surface area remained

constant (400 cm2) while increasing numbers of cav-

ities with decreasing cavity sizes were formed (Fig. 2).

Fractal dimension, calculated by the grid method

(Williamson & Lawton, 1991), ranged from 1.12 at

level 1 (the least complex design) to 1.81 at level 5 (the

most complex design). In each experiment, a total of

60 experimental plates (12 replicates for each of five

complexity levels) were placed on the streambed

randomly and animals on the surfaces of plates were

counted in situ at 4-day intervals for 36 days using a

viewing box. Note that these in situ counts refer to

large individuals (>3 mm in overall size) only, which

were recognisable by eye without removing the

experimental plates in the field. For the resource-

preconditioning experiment in winter, a total of 30

experimental plates (six replicates for each level of

complexity) were placed on the streambed 1 month

before the start of the experiment to allow the

accumulation of algae and detritus. These were then

recovered and all visible invertebrates were removed

by hand before reintroducing the plates to the stream.

The preconditioning experiment was conducted at the

same time as the winter experiment [i.e. with standard

(non-precondition) plates].

On the last day of the experiments, plates were

retrieved and invertebrates and particulate organic

matter were washed into a 125 lm mesh Surber

sampler by gently rubbing the plate surface with the

fingers. Remaining invertebrates, often with their tube

cases and/or nets attached to plates (mainly midge

and caddis larvae), were picked off using tweezers.

Exp. 1 Exp. 4

Jan M
ar May Ju

l

Sep Nov
  

Ja
n

M
ar

M
ay Ju

l

2000 2001

Exp. 2 & 3

0

60

120

180
R

ai
nf

al
l (

m
m

 d
ay

–1
)

Typhoon season

Fig. 1 Variation in rainfall during the

study period. Experimental periods are

shown by horizontal bars.
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These samples were immediately preserved in 70%

alcohol. Algae were removed from the top surface of

each experimental plate using a toothbrush and kept

in an aluminium-coated polythene bag. These were

transported in a cool box (approximately 5 �C) and

immediately preserved in a freezer ()15 �C) in the

laboratory until analysis. During the summer experi-

ment, a heavy spate (rainfall of 164 mm day)1, the

highest value recorded for this year) destroyed 11

plates and replications were reduced. No plate was

lost in the winter and spring experiments.

In the laboratory, invertebrates were separated

from particulate organic matter, and identified and

counted under a dissecting microscope. In most cases

identification was carried out to the species level

with some designated as ‘morphospecies’ (Chiro-

nomidae in particular), while some groups with

uncertain taxonomy and/or young instar larvae

could be identified to genus only. Body size of each

individual was measured to the nearest 0.05 mm

using an ocular micrometer and biomass was esti-

mated using a length-dry weight relationship estab-

lished for each taxon (H. Miyasaka, Y. Miyake, &

H. Taniguchi, unpublished data). Particulate organic

matter was divided into fine matter (<1 mm; here-

after FPOM) and coarse matter (>1 mm; hereafter

CPOM) and dried at 60 �C for 24 h, weighed to the

nearest 0.01 mg, combusted at 550 �C for 5 h and re-

weighed to obtain ash-free dry mass (AFDM). To

estimate algal biomass, scraped algae samples were

filtered onto Whatman GF/C filters and photosyn-

thetic pigments were extracted in 99.5% ethanol.

These solutions were measured using a spectropho-

tometer and algal biomass was assessed as the

amount of chlorophyll-a (Unesco, 1969).

Data analysis

Variation in different community measures (taxon

richness, number and biomass of individuals, chloro-

phyll a, FPOM and CPOM) in relation to habitat

complexity as expressed by fractal dimensions was

examined by linear regression analysis. Linear regres-

sion was adopted not because an underlying pattern

of change was assumed to take a linear form but

because (i) detection of a simple increasing/decreas-

ing trend, irrespective linearity/non-linearity, can be

most efficiently achieved by linear regression, and (ii)

data with a total of five levels of fractal dimension are

too coarse for a reliable detection of non-linearity

including peaked patterns, given naturally large

variability in measured values. Differences in the

community measures between the resource-precondi-

tioning and the control treatments (winter) were

tested by either a t-test or one-way analysis of

covariance (ANCOVAANCOVA), the latter being applied only

where regression lines were significant. Data on taxon

richness and number of individuals were log trans-

formed where necessary to satisfy the assumptions of

statistical tests. Variation in body size of invertebrates

in relation to habitat complexity was also examined by

linear regression analysis.

Data on relative abundance patterns were analysed

with reference to two niche-apportionment models,

the random fraction and random assortment models

(sensu Tokeshi, 1990, 1993). These two models were

chosen as they often appeared to fit abundance

patterns of stream invertebrate assemblages which

are under the strong influences of supposedly stoch-

astic factors such as immigration and disturbance

(Tokeshi, 1990, 1999; Schmid, 1997; Fesl, 2002). The

Fractal dimension of habitat complexity

Low High

Level 1 Level 2 Level 3 Level 4 Level 5

D = 1.116 D = 1.245 D = 1.420 D = 1.596 D = 1.813

Fig. 2 Five designs of experimental plates (top view). Raised parts are shown in black. D indicates fractal dimension.
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random fraction model represents random allocation

of abundances among taxa, while the random assort-

ment model represents no or little interaction among

existing species, due mainly to unfilled total niche

space [for general reviews of niche-apportionment

models, see Tokeshi (1993, 1999 and Magurran (2003)].

In the present analysis, the models were used simply

as a benchmark for general comparison rather than for

a model-fitting exercise, as the abundance data were

usable only as an unreplicated, amalgamated data set

for each experimental trial. For model calculations, see

Tokeshi (1990) and Magurran (2003).

Results

Faunal composition and relative abundance patterns

A total of 44 taxa and 15 813 individuals were

recorded from the samples collected at the end of

each experimental trial; faunal composition is shown

in the Appendix. Taxon richness was higher in

summer (29) and spring (27) than in winter (control

plates, 22; resource-preconditioning plates, 19), while

number of individuals and biomass were higher in

spring than in summer and winter. Ephemeropterans

were dominant (in terms of both number and bio-

mass) in all experimental trials. Marked seasonal

variation in abundance was apparent in some taxa,

including Paraleptophlebia westoni Imanishi, Goerodes

sp. and Simulium spp.

Relative abundance patterns demonstrated some

seasonal variation, but largely lay within the patterns

expected of the random assortment model and the

random fraction model (Fig. 3). In summer, assem-

blages at all (except the highest) levels of complexity

had similar patterns of relative abundance, mostly

following the random assortment model. The assem-

blage associated with the highest level of complexity

showed a more equitable pattern approaching the

random fraction. Patterns in winter seemed to depart

more from the random assortment, while the assem-

blages in the resource-preconditioning treatment

showed different patterns, with less difference among

complexity levels and largely following the random

assortment. The spring data also demonstrated indis-

tinct differences among different levels of complexity

and appeared to approach the random fraction (par-

ticularly assemblages at the two high levels of com-

plexity).

Colonisation patterns

Temporal patterns of colonisation of large inverte-

brates varied greatly among habitat complexity levels

within a season and across the three seasons (Fig. 4).

In summer the colonisation process was disrupted by

a particularly strong spate on day 20 that set assem-

blages at all five levels of complexity to near zero.

Interestingly, basically the same pattern of colonisa-

tion emerged before and after the spate, with visible

invertebrate densities closely scaling with the levels of

habitat complexity. Differences among complexity

levels were most pronounced before the spate with

the greatest density being achieved at the highest

complexity level.

The pattern in winter was similar to summer in that

invertebrate density was highest on the most complex

plates, while differences in density were less clear

among lower levels of complexity. Comparing this

with the resource-preconditioning treatment, the lat-

ter had a more marked temporal variation and larger

differences among different complexity levels.

The spring pattern was similar to winter but

slightly more variable; again density was largely

related to complexity levels, with the highest and

lowest density coinciding with the highest and lowest

level of complexity, respectively.

Invertebrate assemblages, resources and habitat

complexity

Three community measures, taxon richness, density

and biomass of individuals, showed varied patterns

in relation to habitat complexity (Fig. 5). Taxon

richness increased with fractal dimension in all three

seasons, while the trend was insignificant in the

winter resource-preconditioning treatment. Density

was markedly higher in spring than in other seasons;

it showed an increasing trend with habitat complex-

ity in summer and winter but not in spring. In

contrast, biomass showed no systematic variation

with complexity levels in any of the experiments,

including the resource-preconditioning treatment.

Comparing the resource-preconditioning with the

control treatment in winter, invertebrate density was

significantly higher (ANCOVAANCOVA, y-intercept, F1,83 ¼
2.89, P < 0.05) in the former than in the latter while

taxon richness and biomass were not significantly

different.
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Scaling with habitat complexity was apparently

variable among taxa and seasons (Fig. 6). In summer,

densities of two abundant ephemeropterans, Ecdyonu-

rus tobiironis Takahashi and Baetis yoshinoensis Gose,

had positive relationships with fractal dimension with

the latter showing a more marked variation. In winter,

another ephemeropteran with a similar mode of life to

ecdyonurids, Epeorus uenoi Matsumura, had a similar

positive relationship, while B. yoshinoensis demonstra-

ted an insignificant pattern. The stonefly Nemoura sp.
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also had an insignificant increase in density with

fractal dimension. The significant trend in E. uenoi,

however, disappeared in resource-preconditioning

treatment and neither B. yoshinoensis nor Nemoura sp.

showed a significant trend. In spring, contrasting

patterns were shown by B. yoshinoensis and Simulium

spp. with the former demonstrating an increase in

density with complexity levels and the latter showing

a negative trend. As these two abundant taxa had

opposite trends, the resultant pattern for total fauna

was neutral (i.e. no significant increase in density with

increasing complexity levels). Further, E. uenoi may-

flies that had a significantly increasing trend in winter

showed a non-significant trend in spring.

Three potential food resources also showed varied

patterns with habitat complexity (Fig. 7). Chlorophyll

a had a weakly declining pattern with increasing

complexity, although the trend was significant

(P < 0.01) in summer only. In contrast, FPOM

showed an increasing pattern with increasing levels

of complexity, being significant in summer and winter

(P < 0.01). CPOM showed no systematic variation

Time (days) from start of experiment

0

20

40

60

80

Winter

Summer

Spring
0 12 24 36

0 12 24 36

Winter
(Resource-preconditioning)

0

20

40

60

0

20

40

60

Level 1
Level 2
Level 3
Level 4
Level 5

N
um

be
r 

of
 in

di
vi

du
al

s 
(0

.0
4 

m
–2

)
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with complexity levels. Comparisons between the

resource-preconditioning and control treatments

showed no significant differences in any resource

measurements.

Body size comparisons

Body size of invertebrates tended to decline with

habitat complexity in all seasons (P < 0.01, Fig. 8),

although the ranges of sizes varied between seasons.

The resource-preconditioning treatment led to larger

body size than in the control at all levels of habitat

complexity (Fig. 9, Kolmogorov–Smirnov test, all

P < 0.001); this was the case not only for the total

invertebrate fauna but also for Baetis, Ecdyonurus,

Epeorus and Simulium separately.
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Fig. 5 Relationship between fractal dimension of habitat com-

plexity and taxon richness (top), density (middle), biomass

(bottom) of invertebrates in different trials (d, summer; n,

winter; m, winter resource-preconditioning; s, spring). Con-

tinuous lines indicate significant regressions and broken lines

non-significant ones. Taxon richness: summer, y ¼ 0.06 + 0.47x,

r2 ¼ 0.23, P ¼ 0.001; winter, y ¼ 0.26 + 0.37x, r2 ¼ 0.24,

P < 0.001; spring, y ¼ 0.64 + 0.17x, r2 ¼ 0.09, P ¼ 0.02; winter

resource-preconditioning, y ¼ 0.43 + 0.21x, r2 ¼ 0.09, P ¼ 0.10;

Density: summer, y ¼ 0.07 + 0.92x, r2 ¼ 0.34, P < 0.001; winter,

y ¼ 0.88 + 0.47x, r2 ¼ 0.14, P ¼ 0.005; spring, y ¼ 1.78 + 0.23x,

r2 ¼ 0.03, P ¼ 0.19; winter resource-preconditioning, y ¼
1.00 + 0.47x, r2 ¼ 0.15, P ¼ 0.03; Biomass: summer, y ¼ 15.99 )
5.39x, r2 ¼ 0.02, P ¼ 0.34; winter, y ¼ 2.39 + 4.34x, r2 ¼ 0.04,

P ¼ 0.12; spring, y ¼ 19.16 ) 2.88x, r2 ¼ 0.01, P ¼ 0.56; winter

resource-preconditioning, y ¼ 5.12 + 2.27x, r2 ¼ 0.01, P ¼ 0.56.
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y ¼ )0.16 + 0.50x, r2 ¼ 0.09, P ¼ 0.04; Baetis, y ¼ 0.75 + 0.34x,

r2 ¼ 0.04, P ¼ 0.14; Nemoura, y ¼ )0.12 + 0.55x, r2 ¼ 0.78, P ¼
0.07; Winter resource-preconditioning: Epeorus, y ¼ 0.61 + 0.04x,
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r2 ¼ 0.11, P ¼ 0.009; Simulium, y ¼ 2.67 ) 1.02x, r2 ¼ 0.15,
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Discussion

Habitat complexity and invertebrate assemblages

The present study has demonstrated that one aspect

of habitat complexity, i.e. the fractal structure of

surface irregularity, has varied effects on the diversity

and abundance of benthic invertebrates. Taxon rich-

ness and total density of individuals scaled positively

with fractal levels of complexity and the density of

some taxa also showed a positive relationship with

habitat complexity in some seasons, demonstrating

species-specific responses. Similar results have been

obtained for assemblages of intertidal gastropods

(Beck, 1998, 2000) and freshwater invertebrates inhab-

iting submerged plants (Jeffries, 1993). The present

study also agrees with our previous work, in which

the architectural complexity of submerged macro-

phyte habitats was shown to affect invertebrate taxon

richness independently of variation in habitat area

(Taniguchi, Nakano & Tokeshi, 2003).

Variability in the effect of habitat complexity on

freshwater invertebrate assemblages has not explicitly

been demonstrated in previous studies on freshwater

benthic systems. In summer, high discharge condi-

tions accentuated the effect of habitat complexity on

the temporal patterns of colonisation by surface-

dwelling macroinvertebrates, probably because
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r2 ¼ 0.17, P ¼ 0.002; spring, y ¼ )0.02 + 0.02x, r2 ¼ 0.06,

P ¼ 0.05; winter resource-preconditioning, y ¼ )0.04 + 0.05x,

r2 ¼ 0.23, P ¼ 0.007; CPOM: summer, y ¼ )0.03 + 0.15x,

r2 ¼ 0.02, P ¼ 0.39; winter, y ¼ )0.12 + 0.19x, r2 ¼ 0.05,

P ¼ 0.13; winter resource-preconditioning, y ¼ 0.30 ) 0.06x,

r2 ¼ 0.003, P ¼ 0.79; spring, y ¼ )0.23 + 0.32x, r2 ¼ 0.06,

P ¼ 0.07.

1 1.2 1.4 1.6 1.8 2

Summer

Winter

Fractal complexity

1.5
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3.5

4.5

Spring

1.5
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si
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 (
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Fig. 8 Relationship between fractal dimensions and mean body

size of invertebrates in summer (top), winter (middle)

and spring (bottom). Summer, y ¼ 4.75 ) 1.62x, r2 ¼ 0.30,

P < 0.001; winter, y ¼ 3.15 ) 0.57x, r2 ¼ 0.15, P ¼ 0.003; spring,

y ¼ 2.33 ) 0.42x, r2 ¼ 0.07, P ¼ 0.005.
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topographic irregularities modified fine flow patterns

and created refugia for animals. It has been demon-

strated experimentally that benthic invertebrates tend

to gather in low flow, refuge areas, particularly under

high flow regimes (Lancaster, 1999, 2000). In a similar

vein, Palmer et al. (1996) suggested that structural

complexity in the form of woody and leafy debris

provided invertebrates such as chironomids and

copepods with effective refugia under flood condi-

tions.

While species abundance patterns apparently chan-

ged from one season to another, differences in the

levels of habitat complexity resulted in little system-

atic variation in relative abundance patterns of inver-

tebrate assemblages. In summer the patterns at levels

1–4 were close to the random assortment model,

which suggests unfilled niche space and weak or no

interaction among taxa (Tokeshi, 1990, 1993). Indeed,

in the summer circumstances, more vacant niches

must have been available on the plates with low to

intermediate levels of complexity, as competitively

inferior taxa and small-size individuals were likely to

have been dislodged from less complex substrates by

high flow conditions. Conversely, an increased retent-

ion of invertebrates in the most complex habitat seems

to have resulted in a more equitable pattern of

abundance. While the present analysis only allowed

a visual inspection of species abundance patterns in

comparison with the two models, the indication is that

the patterns in these assemblages largely lay in

between what were expected from the random

assortment model and the random fraction model.

This suggests that these assemblages tended to be

influenced by some stochastic processes, which is in

agreement with previous studies where the random

assortment and the random fraction models were

found to be of adequate fit to observed data from lotic

invertebrate communities (Tokeshi, 1990; Schmid,

1997; Fesl, 2002).

In spring, two dominant taxa, Simulium and Baetis,

showed the opposite trends of density in relation to

increasing levels of habitat complexity, a decrease in

the former and an increase in the latter. Suspension-

feeding blackfly larvae are well known for their

reliance upon high-flow conditions for feeding, thus

preferring relatively smooth, unobstructed surfaces,

which allow a constant laminar flow (Hart & Clark,

1996).

The present study also demonstrated that habitat

complexity interacted in a complex manner with

resource conditions in affecting invertebrate assem-

blages. Indeed, it is difficult to associate habitat

complexity with resource abundance, as chlorophyll

a and FPOM showed opposite trends with habitat

complexity. Lower chlorophyll a concentrations on

more complex substrates may have been related to

grazer abundance, particularly in summer. While

grazers may reduce algal abundance or standing crop

in some habitats, high grazing pressure can induce

increased growth rates of algae (Cebrian & Duarte,

1994), which may in turn sustain a high abundance of

invertebrate herbivores. Thus, a higher density of

invertebrates may be supported by increased growth

of algae on complex habitats, whilst algal biomass is

kept at reduced levels. However, it has also been
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Fig. 9 Size-frequency distribution of invertebrates in winter

control treatment (open bars) and resource-preconditioning

treatments (filled bars) at five different levels of habitat com-

plexity (L1–L5, see Fig. 2). Arrows indicate median values.
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suggested that a high density of invertebrates may

inhibit their food consumption rates because of

competition and interference (Robson, 1996). Another

possible explanation for higher algal biomass in

structurally simpler habitats may relate to the

dominance of filamentous algae (Downes et al., 1998)

that tend to be less palatable than other algal groups

(Dudley, 1992). This points to the difficulty of asses-

sing resource availability for invertebrate herbivores

based on chlorophyll measurements alone and of

linking resource abundance with ‘niche’ creation

(Dean & Connell, 1987).

The fact that there were no significant differences in

the amount of potential resources between the

resource-preconditioning and the control treatments

was unexpected before the experiment, but it may be

explained by the period of experiment (¼36 days)

being sufficiently long to obliterate initial differences

that must have existed at the beginning. In fact, a

similar result was obtained in a separate study where

significant differences in algal abundance that existed

between the algal removal and the control treatments

at the start of 32-day experiment disappeared on later

days (N. Kuhara and others, unpublished data).

Thus, the relationship between invertebrate abundance

and potential food abundance requires further

investigation.

Body size and habitat complexity

It is notable in the present study that the fractal levels

of habitat complexity have affected not only diversity

and abundance but also body size distributions of

invertebrates. Mean body size of invertebrates tended

to decrease in habitats with higher fractal dimensions,

which agrees with some terrestrial studies where

arthropod body size was found to be negatively

related to the fractal dimension of vegetation (Morse

et al., 1985; Shorrocks et al., 1991). In general, complex

habitats contain small habitat units which can give

shelter to small and/or young individuals, but simple

habitats in aquatic systems may not constitute effect-

ive refugia as the scouring effects of flow could affect

the inside of a cavity. For example, small crevices in

rocky intertidal habitats contained small individuals

of Littorina snails while large crevices contained both

large and small individuals (Raffaelli & Hughes,

1978). Similarly, diatoms of small sizes tend to

accumulate in cavities of complex habitats (Bergey,

1999). Essentially, cavities may serve as ‘refugia’ only

if their sizes match the sizes of organisms.

Mean body size of invertebrates showed a negative

relationship with habitat complexity, but the reasons

varied slightly between seasons. In summer and

winter, higher proportions of small-sized individuals

of major taxa occurred in more complex habitats,

resulting in a decline in body size with habitat

complexity. In the case of the spring data, the

assemblage consisted mainly of two taxa, with lar-

ger-sized Simulium larvae occurring in simpler habi-

tats and smaller-sized Baetis occurring in mid to high

complexity habitats. Overall, body size declined with

habitat complexity. In a similar vein, Downes et al.

(1998) found that a higher proportion of small-sized

invertebrates occurred in rough-surface substrates

with small crevices than in smooth-surface substrates.

Small crevices are considered to give better protection

to small invertebrates from the risks of physical

disturbance and predation (Tokeshi, 1994). In the

study site, while large invertebrates including pred-

ators were not directly observed on the experimental

plates, predatory benthic organisms such as stoneflies

and fish including freshwater gobies of the genus

Rhinogobius occurred commonly in the stream and

these must have had some influence on the occurrence

of invertebrates on the experimental plates.

In the winter experiment, it was notable that more

invertebrates of larger sizes were associated with

the resource-preconditioning treatment over the

entire range of fractal dimension, suggesting that

resource conditions can affect body size distribu-

tions of stream invertebrates. This concurs with

Bourassa & Morin’s (1995) study in which larger

benthic animals were found to be more abundant in

resource-rich habitats while the abundance of small-

size animals was not affected by habitat resource

conditions.

In conclusion, the effect of habitat complexity on

stream invertebrates varied with seasonal and

resource conditions. This points to the importance of

considering habitat complexity in conjunction with

temporal and spatial variation in other environmental

factors. While increased habitat complexity may

confer more refugia to stream invertebrates, the

efficiency of such refugia is variable under different

conditions. Further investigation is necessary to

unravel the complex relationship between habitat

structure and benthic assemblages.

1174 H. Taniguchi and M. Tokeshi

� 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1164–1178



Acknowledgments

We thank S. Nojima, K. Mori, Y. Nozawa, M. Azuma,

A. Miyazaki, T. Sawada, S. Yoshimoto, K. Ozaki and

other members of AMBL for assistance with fieldwork

and logistical support throughout this study and

Professor T. Iwakuma of Hokkaido University for

providing facilities during manuscript preparation.

Thanks are also due to T. Kimura and K. Takami of

S.P.S. Amakusa Co. for providing advice on experi-

mental plate design and the officers of the Reihoku

Municipality for supplying rainfall data. Anonymous

reviewers and Professor C. Townsend provided

helpful comments on an earlier MS. This research

was partly supported by the Japan Science Society

(no. 13-216 to H. Taniguchi) and the Japan Society for

the Promotion of Science (‘Grant-In-Aid’ nos.

14255013 and 14340246 to M. Tokeshi).

References

Beck M.W. (1998) Comparison of the measurement and

effects of habitat structure on gastropods in rocky

intertidal and mangrove habitats. Marine Ecology Pro-

gress Series, 169, 165–178.

Beck M.W. (2000) Separating the elements of habitat

structure: independent effect of habitat complexity and

structural components on rocky intertidal gastropods.

Journal of Experimental Marine Biology and Ecology, 249,

29–49.

Bell S.S., McCoy E.D. & Mushinsky H.R. (1991) Habitat

Structure: the Physical Arrangement of Objects in Space.

Chapman & Hall, London.

Bergey E.A. (1999) Crevices as refugia for stream

diatoms: effect of crevice size on abraded substrates.

Limnology and Oceanography, 44, 1522–1529.

Bourassa N. & Morin A. (1995) Relationship between size

structure of invertebrate assemblages and trophy and

substrate composition in stream. Journal of the North

American Benthological Society, 14, 393–403.

Cebrian J. & Duarte C.M. (1994) The dependence of

herbivory on growth rate in natural plant commu-

nities. Functional Ecology, 8, 518–525.

Commito J.A. & Rusignuolo B.R. (2000) Structural

complexity in mussel beds: the fractal geometry of

surface topography. Journal of Experimental Marine

Biology and Ecology, 255, 133–152.

Crowder L.B. & Cooper W.E. (1982) Habitat structural

complexity and the interaction between bluegills and

their prey. Ecology, 63, 1802–1813.

Dean R.L. & Connell J.H. (1987) Marine invertebrates in

algal succession III. Mechanisms linking habitat com-

plexity with diversity. Journal of Experimental Marine

Biology and Ecology, 109, 249–273.

Douglas M. & Lake P.S. (1994) Species richness of stream

stones: an investigation of the mechanisms generating

the species-area relationship. Oikos, 69, 387–396.

Downes B.J., Lake P.S. & Schreiber E.S.G. (1995) Habitat

structure and invertebrate assemblages on stream

stones: a multivariate view from the riffle. Australian

Journal of Ecology, 20, 502–514.

Downes B.J., Lake P.S., Schreiber E.S.G. & Glaister A.

(1998) Habitat structure and regulation of local species

diversity in a stony, upland stream. Ecological Mono-

graphs, 68, 237–257.

Downes B.J., Lake P.S., Schreiber E.S.G. & Glaister A.

(2000) Habitat structure, resources and diversity: the

separate effects of surface roughness and macroalgae

on stream invertebrates. Oecologia, 123, 569–581.

Dudley T.L. (1992) Beneficial effects of herbivores on

stream macroalgae via epiphyte removal. Oikos, 65,

121–127.

Dudley T.L. & D’Antonio C.M. (1991) The effects of sub-

strate texture grazing, and disturbance on macroalgal

establishment in streams. Ecology, 72, 297–309.

Dudley T.L., Cooper S.D. & Hemphill N. (1986) Effects

of macroalgae on stream invertebrate community.

Journal of the North American Benthological Society, 5,

93–106.

Fesl C. (2002) Niche-oriented species-abundance models:

different approaches of their application to larval

chironomid (Diptera) assemblages in a large river.

Journal of Animal Ecology, 71, 1085–1094.

Giller P.S., Sangpradub N. & Twomey H. (1991)

Catastrophic flooding and macroinvertebrate commu-

nity structure. Verhandlungen der Internationalen Ver-

einigung für Theoretische und Angewandte Limnologie, 24,

1724–1729.

Hart D.D. & Clark B.D. (1996) Fine-scale field measure-

ment of benthic flow environments inhabited by

stream invertebrates. Limnology and Oceanography, 41,

297–308.

Jeffries M. (1993) Invertebrate colonization of artificial

pondweeds of differing fractal dimension. Oikos, 67,

142–148.

Lake P.S. (2000) Disturbance, patchiness, and diversity in

streams. Journal of the North American Benthological

Society, 19, 573–592.

Lancaster J. (1999) Small scale movements of lotic

macroinvertebrates with variations in flow. Freshwater

Biology, 41, 605–619.

Effects of habitat complexity on stream benthos 1175

� 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1164–1178



Lancaster J. (2000) Geometric scaling of microhabitat

patches and their efficacy as refugia during distur-

bance. Journal of Animal Ecology, 69, 442–457.

Magurran A.E. (2003) Measuring Biological Diversity.

Blackwell Science, Oxford.

Menge B.A. & Lubchenco J. (1981) Community organiza-

tion in temperate and tropical rocky intertidal habitats:

prey refuges in relation to consumer pressure gradi-

ents. Ecological Monographs, 51, 429–450.

Morse D.R., Lawton J.R., Dodson M.M. & Williamson

M.H. (1985) Fractal dimension of vegetation and the

distribution of arthropod body length. Nature, 314,

731–732.

O’Connor N.A. (1991) The effects of habitat complexity

on the macroinvertebrate colonizing wood substrates

in lowland stream. Oecologia, 75, 132–140.

Palmer M.A., Arsenburger P., Martin A.P. & Denman

D.W. (1996) Disturbance and patch-specific responses:

the interactive effects of woody debris dams on lotic

invertebrates. Oecologia, 105, 247–257.

Raffaelli D.G. & Hughes R.N. (1978) The effect of crevice

size and availability on populations of Littorina rudis and

Littorina neritoides. Journal of Animal Ecology, 47, 71–83.

Resh V.H., Brown A.V., Covich A.P., Gurtz M.E., Li

H.W., Minshall G.W., Reice S.R., Sheldon A.L., Wal-

lance J.B. & Wissmar R.C. (1998) The role of dis-

turbance in stream ecology. Journal of the North

American Benthological Society, 7, 433–455.

Robson B.J. (1996) Habitat architecture and trophic

interaction strength in a river: riffle-scale effects.

Oecologia, 107, 411–420.

Robson B.J. & Barmuta L.A. (1998) The effect of two scales

of habitat architecture on benthic grazing in a river.

Freshwater Biology, 39, 207–220.

Schmid P.E. (1997) Stochasticity in resource utilisation by

a larval Chironomidae (Diptera) community in the bed

sediments of a gravel stream. In: Groundwater/Surface

Water Ecotones: Biological and Hydrological Interactions

and Management Options (Eds J. Gilbert, J. Mathieu & F.

Fournier), pp. 21–28. Cambridge University Press,

Cambridge.

Schmid P.E. (2000) Fractal properties of habitat and patch

structure in benthic ecosystems. Advances in Ecological

Research, 30, 339–401.

Shorrocks B., Marsters J., Ward I. & Evennett P.J. (1991)

The fractal dimension of lichens and the distribution

of arthropod body length. Functional Ecology, 5, 457–

460.

Taniguchi H., Nakano S. & Tokeshi M. (2003) Influences

of habitat complexity on the diversity and abundance

of epiphytic invertebrates on plants. Freshwater Biology,

48, 718–728.

Tokeshi M. (1990) Niche apportionment or random

assortment: species abundance patterns revisited. Jour-

nal of Animal Ecology, 55, 491–506.

Tokeshi M. (1993) Species abundance patterns and

community structure. Advances in Ecological Research,

24, 111–186.

Tokeshi M. (1994) Community ecology and patchy

freshwater habitats. In: Aquatic Ecology: Scale, Pattern

and Process (Eds P.S. Giller, A.G. Hildrew & D.G.

Raffaelli), pp. 63–91. Blackwell Scientific Publications,

Oxford.

Tokeshi M. (1999) Species Coexistence: Ecological and

Evolutionary Perspectives. Blackwell Science, Oxford.

Underwood A.J. & Chapman M.G. (1989) Experimental

analyses of the influences of topography of the

substratum on movements and density of an intertidal

snail, Littorina unifasciata. Journal of Experimental Marine

Biology and Ecology, 134, 175–196.

Unesco (1969) Determination of photosynthetic pigments

in sea-water. In: Monograph on Ocean Methodology (Eds

Unesco), pp. 66. Unesco, Paris.

Williamson M.H. & Lawton J.H. (1991) Fractal geometry

of ecological habitats. In: Habitat Structure: the Physical

Arrangement of Objects in Space (Eds S.S. Bell, E.D.

McCoy & H.R. Mushinsky), pp. 69–86. Chapman &

Hall, London.

(Manuscript accepted 29 June 2004)

1176 H. Taniguchi and M. Tokeshi

� 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1164–1178



A
p
p
e
n
d
ix

A
b

u
n

d
an

ce
o

f
d

if
fe

re
n

t
ta

x
a

re
co

rd
ed

in
ea

ch
ex

p
er

im
en

ta
l

tr
ia

l

T
ax

o
n

E
x

p
er

im
en

ta
l

tr
ia

l
[M

S
(%

)]

su
m

m
er

w
in

te
r

sp
ri

n
g

w
in

te
r

re
so

u
rc

e

p
re

co
n

d
it

io
n

in
g

N
u

m
b

er
B

io
m

as
s

N
u

m
b

er
B

io
m

as
s

N
u

m
b

er
B

io
m

as
s

N
u

m
b

er
B

io
m

as
s

E
p

h
em

er
o

p
te

ra

B
ae

ti
s

yo
sh

in
oe

n
si

s
G

o
se

32
5

(2
0.

4)
74

.8
(1

9.
2)

12
68

(5
5.

5)
36

6.
8

(7
3.

3)
48

66
(4

8.
1)

51
6.

1
(5

6.
5)

11
72

(6
5.

4)
18

0.
0

(6
7.

8)

E
cd

yo
n

u
ru

s
to

bi
ir

on
is

T
ak

ah
as

h
i

64
5

(4
3.

1)
12

1.
7

(3
6.

8)

E
pe

or
u

s
u

en
oi

M
at

su
m

u
ra

28
7

(1
1.

9)
84

.2
(1

7.
5)

20
3

(2
.1

)
11

5.
2

(1
2.

7)
18

2
(1

0.
2)

41
.0

(1
6.

7)

P
ar

al
ep

to
ph

le
bi

a

w
es

to
n

i
Im

an
is

h
i.

23
(2

.7
)

2.
9

(1
.0

)
25

0
(1

1.
5)

14
.8

(2
.8

)
55

(0
.6

)
8.

1
(0

.9
)

32
(1

.7
)

3.
6

(1
.2

)

T
ri

ch
o

p
te

ra

A
pa

ta
n

ia
sp

.
58

(2
.8

)
2.

1
(0

.4
)

57
(2

.0
)

8.
4

(1
.5

)
10

(0
.1

)
2.

4
(0

.3
)

11
(0

.6
)

2.
8

(1
.0

)

C
hi

m
ar

ra
sp

.
C

A
6

(0
.4

)
4.

9
(1

.7
)

7
(0

.3
)

3.
0

(1
.0

)

M
ic

ra
se

m
a

qu
ad

ri
lo

ba

M
ar

ty
n

o
v

11
(0

.8
)

4.
1

(0
.9

)
5

(0
.2

)
2.

6
(0

.6
)

11
(0

.1
)

11
.2

(1
.3

)

G
oe

ro
de

s
co

m
pl

ic
at

u
s

(K
o

b
ay

as
h

i)

22
1

(1
7.

4)
11

1.
0

(2
5.

2)
63

(2
.7

)
5.

9
(1

.2
)

21
(0

.2
)

21
.9

(2
.7

)
7

(0
.3

)
3.

6
(1

.2
)

D
ol

op
hi

lo
de

s
sp

.
1

(0
.0

4)
0.

01
(<

0.
01

)

G
oe

ra
cu

rv
is

pi
n

a

M
ar

ty
n

o
v

3
(0

.4
)

3.
5

(0
.9

)
3

(0
.2

)
4.

9
(1

.2
)

1
(0

.0
1)

8.
3

(1
.0

)

M
ac

ro
st

em
u

m
ra

di
at

u
m

M
cL

ac
h

la
n

12
(1

.2
)

13
.7

(3
.2

)
5

(0
.0

5)
6.

3
(0

.7
)

H
el

ic
op

sy
ch

e
ya

m
ad

ai

Iw
at

a

1
(0

.0
4)

0.
3

(0
.1

)

H
yd

ro
pt

il
a

sp
.

2
(0

.1
)

0.
5

(0
.1

)
4

(0
.0

4)
0.

9
(0

.1
)

G
lo

ss
os

om
a

sp
.

5
(0

.0
5)

5.
1

(0
.5

)

S
te

n
op

sy
ch

e
m

ar
m

or
at

a

N
av

as

3
(0

.0
3)

2.
9

(0
.3

)

A
ps

il
oc

ho
re

m
a

su
ts

ha
n

u
m

(M
ar

ty
n

o
v

)

6
(0

.1
)

2.
4

(0
.3

)

P
le

co
p

te
ra

N
em

ou
ra

sp
.

17
(1

.4
)

0.
8

(0
.2

)
86

(2
.5

)
0.

7
(0

.1
)

19
(0

.2
)

0.
7

(0
.1

)
18

6
(1

0.
2)

7.
8

(3
.0

)

P
er

lo
de

s
fr

is
on

an
a

K
o

h
n

o
6

(0
.7

)
12

.4
(2

.8
)

3
(0

.1
)

2.
9

(0
.5

)
21

(0
.2

)
2.

0
(0

.3
)

2
(0

.1
)

0.
1

(0
.0

4)

Effects of habitat complexity on stream benthos 1177

� 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1164–1178



A
p
p
e
n
d
ix

(C
on

ti
n

u
ed

)

T
ax

o
n

E
x

p
er

im
en

ta
l

tr
ia

l
[M

S
(%

)]

su
m

m
er

w
in

te
r

sp
ri

n
g

w
in

te
r

re
so

u
rc

e

p
re

co
n

d
it

io
n

in
g

N
u

m
b

er
B

io
m

as
s

N
u

m
b

er
B

io
m

as
s

N
u

m
b

er
B

io
m

as
s

N
u

m
b

er
B

io
m

as
s

O
d

o
n

at
a

M
n

ai
s

pr
u

in
os

a
S

el
y

s
9

(0
.7

)
3.

6
(1

.2
)

1
(0

.0
4)

0.
04

(0
.0

1)

E
pi

op
hl

eb
ia

su
pe

rs
te

s

S
el

y
s

1
(0

.0
1)

0.
5

(0
.1

)

P
ol

yc
at

ha
gi

n
a

m
el

an
ic

te
ra

S
el

y
s

1
(0

.0
4)

5.
4

(1
.6

)

C
o

le
o

p
te

ra

E
lm

in
ae

sp
.

7
(0

.5
)

0.
01

(<
0.

01
)

41
(1

.5
)

1.
0

(0
.2

)
18

(0
.2

)
0.

9
(0

.1
)

2
(0

.1
)

0.
1

(0
.0

2)

N
ip

po
n

hy
dr

u
s

fl
av

om
ac

u
la

tu
s

(K
am

iy
a)

1
(0

.1
)

0.
1

(0
.0

2)

E
ct

op
ri

a
sp

.
1

(0
.0

3)
0.

2
(0

.0
5)

u
n

k
n

o
w

n
1

(0
.1

)
0.

2
(0

.1
)

D
ip

te
ra

C
er

at
o

p
o

g
o

n
id

ae
17

(1
.0

)
0.

04
(0

.0
1)

5
(0

.0
5)

0.
7

(0
.1

)

S
im

u
li

u
m

sp
p

.
13

(1
.0

)
0.

05
(0

.0
1)

11
(0

.5
)

1.
2

(0
.2

)
27

13
(2

5.
8)

14
7.

8
(1

5.
8)

33
(2

.2
)

11
.1

(5
.4

)

C
h

ir
o

n
o

m
in

ae
12

(1
.0

)
0.

04
(0

.0
2)

2
(0

.1
)

0.
2

(0
.0

5)
24

6
(2

.5
)

17
.5

(2
.1

)
59

(2
.9

)
4.

4
(1

.6
)

T
an

y
p

o
d

in
ae

sp
.1

8
(0

.3
)

0.
7

(0
.2

)
23

(1
.0

)
0.

2
(0

.1
)

43
(0

.4
)

3.
1

(0
.4

)
4

(0
.2

)
0.

2
(0

.1
)

T
an

y
p

o
d

in
ae

sp
.2

9
(0

.3
)

0.
3

(0
.1

)
6

(0
.1

)
0.

3
(0

.0
4)

O
rt

h
o

cl
ad

ii
n

ae
sp

.1
26

(1
.6

)
0.

01
(<

0.
01

)
48

(1
.9

)
0.

5
(0

.1
)

33
0

(3
.3

)
4.

7
(0

.6
)

15
(0

.9
)

0.
2

(0
.1

)

O
rt

h
o

cl
ad

ii
n

ae
sp

.2
8

(0
.3

)
<

0.
01

(<
0.

01
)

O
rt

h
o

cl
ad

ii
n

ae
sp

.3
9

(0
.6

)
<

0.
01

(<
0.

01
)

71
2

(7
.1

)
11

.6
(1

.2
)

12
(0

.6
)

0.
2

(0
.1

)

O
rt

h
o

cl
ad

ii
n

ae
sp

.4
1

(0
.0

4)
<

0.
01

(<
0.

01
)

O
rt

h
o

cl
ad

ii
n

ae
sp

.5
19

(1
.2

)
<

0.
01

(<
0.

01
)

73
6

(7
.3

)
14

.0
(1

.8
)

O
rt

h
o

cl
ad

ii
n

ae
sp

.6
67

(2
.7

)
0.

7
(0

.1
)

10
3

(1
.0

)
2.

1
(0

.2
)

81
(3

.7
)

1.
4

(0
.5

)

O
rt

h
o

cl
ad

ii
n

ae
sp

.7
3

(0
.1

)
0.

03
(0

.0
1)

3
(0

.2
)

0.
3

(0
.1

)

O
rt

h
o

cl
ad

ii
n

ae
sp

.8
11

4
(5

.0
)

1.
6

(0
.3

)

O
rt

h
o

cl
ad

ii
n

ae
sp

.9

O
rt

h
o

cl
ad

ii
n

ae
sp

.1
0

38
(0

.4
)

0.
5

(0
.1

)

A
n

to
ch

a
sp

.
3

(0
.3

)
7.

0
(3

.7
)

7
(0

.1
)

0.
04

(<
0.

01
)

1
(0

.1
)

0.
01

(<
0.

01
)

D
ic

ra
n

ot
a

sp
.

4
(0

.2
)

0.
3

(0
.1

)

L
ep

id
o

p
te

ra

P
ar

ap
oy

n
x

sp
.

1
(0

.0
4)

0.
01

(<
0.

01
)

A
m

p
h

ip
o

d
a

G
am

m
ar

u
s

sp
.

1
(0

.0
4)

2.
6

(0
.8

)
1

(0
.0

4)
0.

1
(0

.0
1)

T
o

ta
l

14
65

37
1.

86
23

45
49

8
10

18
8

90
7.

1
18

14
26

0.
27

1178 H. Taniguchi and M. Tokeshi

� 2004 Blackwell Publishing Ltd, Freshwater Biology, 49, 1164–1178


