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Abstract In headwater streams, many aquatic insects rely
on terrestrial detritus, while their emergence from
streams often subsidizes riparian generalist predators.
However, spatial variations in such reciprocal trophic
linkages remain poorly understood. The present study,
conducted in a northern Japanese stream and the sur-
rounding forest, showed that pool–riffle structure
brought about heterogeneous distributions of detritus
deposits and benthic aquatic insects. The resulting
variations in aquatic insect emergence influenced the
distributions of riparian web-building spiders. Pools
with slow current stored greater amounts of detritus
than riffles, allowing more benthic aquatic insects to
develop in pools. The greater larval biomass in pools
and greater tendency for riffle insects to drift into pools
at metamorphosis resulted in an emergence rate of
aquatic insects from pools that was some four to five
times greater than from riffles. In the riparian forest,
web-building spiders (Tetragnathidae and Linyphiidae)
were distributed in accordance with the emergence rates
of aquatic insects, upon which both spider groups
heavily depended. Consequently, the riparian strips
bordering pools had a density of tetragnathid spiders
that was twice as high as that of the riparian strips
adjacent to riffles. Moreover, although limitations of
vegetation structure prevented the aggregation of lin-
yphiid spiders around pools, linyphiid density normal-
ized by shrub density was higher in habitats adjacent to
pools than those adjacent to riffles. The results indicated
that stream geomorphology, which affects the storage of
terrestrial organic material and the export of such
material to riparian forests via aquatic insect emergence,
plays a role in determining the strength of terrestrial–
aquatic linkages in headwater ecosystems.
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Introduction

Ecological communities are frequently fueled by re-
sources supplied from external systems (Polis et al. 2004).
For example, in many forested headwater streams,
heterotrophic production is supported by organic inputs
from terrestrial habitats. Substantial amounts of terres-
trially derived organic matter are transported down-
stream and sustain community metabolism in streams
draining forested catchments (Wallace et al. 1997; Hall
et al. 2000; Mulholland et al. 2001; Kohzu et al. 2004). In
contrast, mobile organisms that use both stream and
forest ecosystems during their ontogeny (e.g., aquatic
insects) convey stream production to terrestrial environ-
ments (Jackson and Fisher 1986). Such exports of stream-
derived energymaybecome critical for themaintenance of
riparian generalist predators that utilize both aquatic and
terrestrial prey (Nakano andMurakami 2001; Iwata et al.
2003; Kato et al. 2004). Therefore, a stream and its
surrounding forest can be viewed as energetically con-
nected through the movements of organic materials
across the boundary between them.

While great heterogeneity exists at any spatial scale in
unregulated streams (Frissell et al. 1986), the degree to
which such heterogeneous habitats alter the trophic
connectivity between forest and stream ecosystems
remains poorly understood (Power and Rainey 2000;
Iwata et al. 2003). In low-gradient streams, stream
reaches usually exhibit regular alternations between
pools with deep, slow-flowing water and riffles with
shallow, fast flowing water (Frissell et al. 1986; Bisson
and Montgomery 1996). Such geomorphic and hydraulic
characteristics of pool and riffle habitats should affect
the dependence of their own biotic components on
allochthony. For example, in forest streams, pools retain
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and store large amounts of terrestrial detritus during low
flow conditions (Minshall et al. 1983; Huryn and Wal-
lace 1987). This high retentiveness of pools often en-
hances the consumption of terrestrially derived organic
matter by stream organisms, such as fungi, bacteria and
detritivorous macroinvertebrates (Huryn and Wallace
1987; Wallace et al. 1995). Moreover, high local biomass
in pools associated with abundant detritus has the po-
tential to promote the export of stream production to
riparian forests via aquatic insect emergence (see Power
and Rainey 2000). In contrast, riffles with high water
velocity accumulate less detritus (Angradi 1996; Maridet
et al. 1998). In forest streams, moreover, algal produc-
tion is not high due to the low light levels. Consequently,
there is a possibility that the biomass of stream organ-
isms and the emergence of aquatic insects are enhanced
in pools compared to riffles (Angradi 1996; Maridet
et al. 1998). Thus, the spatial arrangement of pool and
riffle habitats may affect the distribution of riparian
generalist predators. However, such relationships be-
tween stream habitats, aquatic insects and riparian
predators have never been demonstrated.

Factors influencing the spatial distribution and
abundance of riparian generalist predators have recently
received much attention, because they can exert sub-
stantial impacts on riparian food webs (Henschel et al.
2001; Sabo and Power 2002). In many regions, riparian
habitats support abundant predators, such as birds,
bats, spiders and lizards, and this is partly the conse-
quence of the high concentration of emerging aquatic
insects along stream channels (Sabo and Power 2002;
Iwata et al. 2003; Kato et al. 2003). Riparian predators
supported by aquatic insects have been demonstrated to
depress in situ terrestrial prey populations, and such top-
down effects may occasionally cascade to lower trophic
levels (Henschel et al. 2001). This evidence suggests that
habitat heterogeneity in streams may influence riparian
food webs by altering the degree to which stream pro-
duction subsidizes terrestrial predators. Therefore,
investigations on the linkages between stream habitats
and riparian predator distributions have implications on
the understanding of riparian food webs, in addition to
the impacts of habitat simplification resulting from hu-
man activities on both stream and riparian communities
(Iwata et al. 2003).

The aim of this study was to elucidate the effects
of pool–riffle structure on the distribution of riparian
web-building spiders. It was hypothesized that pools
accumulate greater amounts of detritus, which result
in increased benthic biomass and emergence of aquatic
insects in pools, thereby supporting a higher abundance
of spiders in the adjacent streamside habitats than do
riffle habitats. To investigate this, variables that rep-
resented stream and riparian habitat characteristics
were evaluated, quantitative sampling of periphyton,
detritus, and benthic and emerging aquatic insects was
performed, and the diet and density of spiders were
studied.

Methods

Study area

Field sampling was conducted during 22 June and 6 July
2000 in the Horonai Stream and the adjacent riparian
forest in the Tomakomai Experimental Forest of Hok-
kaido University (42�43¢N, 141�36¢E), southwestern
Hokkaido. The Horonai Stream is a low-gradient,
spring-fed stream, with an annual average discharge of
0.24 m3 s�1 (15.4 km2 in drainage area, gradient <1%).
The discharge is relatively stable, with major flood dis-
turbances occurring rarely throughout the year (Shibata
et al. 2001). The water temperature remains fairly con-
stant throughout the year, and the mean daily water
temperature ranges from 7 to 10 �C in the upper-middle
reaches. A study reach (�1 km long; �0.3% gradient)
was established in the middle part of the Horonai
Stream. The riparian vegetation of the study reach was
characterized by well-developed second-growth decidu-
ous forest (see Nakano and Murakami 2001). Over 80%
of the entire width of the study reach was covered by
forest canopy during the study period.

The stream channel of the study reach was sinuous
and formed a pool–riffle reach (sensu Bisson and
Montgomery 1996), with two sets of pool–riffle se-
quences usually occurring in each full meander. Most of
the pools found in the study reach could be classified as
lateral scour pools associated with channel meandering,
which occur where the channel encounters the stream-
bank at meander bends (see Bisson et al. 1982). Riffles
with moderate turbulence occurred between two lateral
scour pools. Glides, often formed at the transition be-
tween pools and riffles in low-gradient streams, were less
abundant in terms of surface area. In the study reach, 20
study channel units (7–20 m length), including ten pools
and ten riffles, were studied. Adjacent channel units were
separated by at least 30 m. The stream habitat charac-
teristics of pools and riffles are described in Table 1.

The study reach was inhabited by at least 81 taxa of
aquatic macroinvertebrates. Of these, 71 taxa of aquatic
insects metamorphose into adults that emerge from the
stream into the terrestrial environment for reproduction,
including mating and oviposition. Aquatic insect emer-
gence from the stream exhibits a seasonal pattern. Pre-
vious studies have reported that aquatic insect
emergence increases from April, peaks in June, and then
decreases toward summer (Nakano and Murakami
2001; Kato et al. 2004). The emergence occurring during
May–July (spring to early summer) accounts for �70%
of the total annual emergence in terms of dry mass.
Similarly, the biomass of benthic invertebrates peaks
during May and June (S. Nakano, unpublished data). In
this study area, it was experimentally demonstrated that
aquatic insect emergence increases riparian spider den-
sity (tetragnathids) during spring and early summer
(Kato et al. 2003).
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Periphyton and benthic detritus

The amount of periphyton and benthic detritus was
estimated in pool and riffle habitats. One month prior to
the sampling, three unglazed ceramic tiles (20 cm ·
20 cm area) were randomly placed on the streambed in
each channel unit. On 6 July, the periphyton grown
was harvested from the whole upper surface of each tile
with a steel brush. In the laboratory, subsamples of
well-mixed periphyton suspensions were collected on
precombusted glass–fiber filters (Whatman GF/C) and
dried at 60 �C for 48 h. Benthic particulate organic
matter (BOM) accumulated on the streambed was
collected using a 225-lm-mesh Surber net sampler
(25 cm · 25 cm quadrat). In each channel unit, three
samples were randomly collected from the streambed
down to a substrate depth of 10 cm. The BOM con-
tained in each Surber net sample was also dried after
removing all invertebrates. The periphyton and BOM
samples were weighed to the nearest 0.01 mg, combusted
at 550 �C for 3 h, and reweighed to obtain ash-free dry
mass (AFDM). The AFDM was then averaged for
each channel unit (n=3) to obtain the periphyton and
BOM standing crops per unit area of the streambed
(AFDM g m�2).

Aquatic insects

The benthic biomass and emergence rates of aquatic
insects were also estimated in pool and riffle habitats.
Benthic aquatic invertebrates were collected simulta-
neously with the BOM samples (n=3 Surber samples for
each channel unit). Aquatic insects emerging from the
stream were collected with a square-pyramid emergence
trap (1 m · 1 m area, 1 m high, 500 lm mesh size), set
1 cm above the stream surface at a randomly selected
sampling point in each pool and riffle, respectively.
Trapped insects were collected after two days of
deployment, and the trap was then moved to another
place within the channel unit. This procedure was re-
peated three times during the sampling period (n=3). In

the Horonai Stream, many aquatic insects metamor-
phose into adults/subimagos underwater or at the water
surface, whereas siphlonurid mayflies, some caddisflies,
and stoneflies metamorphose ashore (Appendix 1).
Therefore, the emergence estimated by traps above the
stream surface may be an underestimate.

Aquatic invertebrates in the bottom and emergence
samples were identified to the lowest recognizable taxon
by reference to taxonomic identification manuals (e.g.,
Merritt and Cummins 1978; Kawai 1985; Tanida 2000;
Kondo et al. 2001), and their dry mass was determined
according to Iwata et al. (2003). Invertebrates were
sorted into aquatic insects that metamorphose into a
terrestrial life form or other invertebrates that spend
their whole life span in water (such as Amphipoda,
Bivalvia and Oligochaeta). In this study, only aquatic
insects were included in the analyses because the other
invertebrates were not consumed by web-building spi-
ders. Aquatic insects were grouped into five functional
feeding groups (Merritt and Cummins 1978); gatherers,
filterers, shredders, scrapers and predators. The benthic
insect biomass in each pool and riffle was averaged
separately for each feeding group (n=3) and expressed
as the dry mass per unit area of the streambed (mg m�2).
Similarly, the emergence rate of aquatic insects was
estimated as the dry mass per unit area per day
(mg m�2 day�1).

Spider density and diet

The density of web-building spiders was estimated in the
riparian forest, juxtaposing each pool and riffle. A 2 m-
wide strip was established along either side’s streambank
(randomly chosen) contiguous with the entire length of
each channel unit (7–20 m long). Thus ten pool and ten
riffle strips were established in total. In each strip, I
searched with a hand-held flashlight for any sign of
spiders during the night time (07:00–10:00 pm), when
they were most active (Kato et al. 2003). All web-
building spiders found to a maximum height of 2 m were
picked up by hand or with forceps and preserved indi-

Table 1 Comparisons of stream
habitat variables and basal food
resources for aquatic insects
between pool and riffle habitats
(n=10 in each) by t-test
(means ± SDs are shown)

Variable Pool Riffle t18 P

Habitat
Width (m) 3.9 ± 0.5 4.2 ± 0.6 �1.2 0.251
Depth (cm) 33 ± 4 17 ± 3 9.7 <0.001
Current velocity (cm s�1) 21 ± 3 37 ± 4 �11.6 <0.001

Substrate composition
Sand (%) 35 ± 18 17 ± 13 2.5 0.023
Gravel (%) 51 ± 10 55 ± 18 �0.5 0.601
Pebble (%) 14 ± 10 28 ± 15 �2.4 0.026

Food resources
BOM standing crop (AFDM g m�2) 45 ± 26 14 ± 7 3.5 0.003
Periphyton standing crop (AFDM g m�2) 0.39 ± 0.12 0.29 ± 0.19 1.5 0.154
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vidually in vials. In addition, spiders that build their
webs on vegetation overhanging the water (up to 2 m
height) were also collected.

The spiders collected were identified to species
according to Chikuni (1989). Because species belonging
to the same family exhibit similar foraging tactics in terms
of web architecture and web site selection (Wise 1993),
spider species were grouped by family, including Tetra-
gnathidae, Linyphiidae, Araneidae, Theridiidae and
Agelenidae. Of these, tetragnathid and linyphiid spiders
together accounted for>80%of the total density of web-
building spiders when all the samples were combined
(tetragnathids, 57.9%; linyphiids, 26.5%). Thus, only
tetragnathid and linyphiid spiders were included in the
analyses (Appendix 2). Tetragnathids spin sticky orb
webs that are often oriented horizontally, while linyphiids
build sheet webs of non-sticky silk, which are basically
comprised of a horizontal sheet with scaffolding above
and below. Those spiders usually emerge from hiberna-
tion in early to mid-April (Kato et al. 2003). The number
of spiders per m2 was determined for each sampling area
(sampling strip and overhanging vegetation).

Concurrently with the spider sampling, all arthro-
pods entangled in spider webs in which spiders were
present were collected in order to examine the prey items
of web-building spiders. Arthropods collected from
spider webs were sorted into adult aquatic insects with
respect to their larval feeding mode (gatherers, filterers,
shredders, scrapers or predators) or terrestrial arthro-
pods. The dry mass of each category was determined in
the same manner as the benthic and emergent aquatic
insect samples. For tetragnathid and linyphiid spiders,
the percentage of dry mass contributed by each prey
category was determined.

Riparian habitat measurements

Riparian habitat variables, including riparian stand
density and cover area of overhanging vegetation, were
measured. Riparian stands were grouped into >2-m tall
trees (hereafter mid-overstory) or £ 2-m tall shrubs
(shrubs). I counted every stand and determined mid-
overstory and shrub densities (stands m�2) for each
strip. The area of vegetation cover overhanging the
stream channel, where the spider sampling was per-
formed, was also measured to obtain the areal propor-
tion of overhanging vegetation cover to the strip area.

Statistical analyses

Unpaired t-tests were conducted to test for the difference
in BOM and periphyton standing crops between pool
and riffle habitats. Multivariate analysis of variance
(MANOVA) was conducted separately for benthic bio-
mass and emergence of aquatic insects to test for the
overall difference in the five functional feeding groups
between pool and riffle habitats. When the MANOVA

revealed a significant difference, Fisher’s protected least
significant difference (PLSD) tests were performed to
determine which functional feeding group contributed to
that difference. Unpaired t tests were performed to test
for the difference in tetragnathid and linyphiid densities
between the strips adjacent to pools and those adjacent
to riffles. For all variables used in the above parametric
analyses, the assumptions of normality and homosce-
dasticity were verified using Kolmogorov–Smirnov tests
(Dmax<0.5, P>0.164) and Bartlett tests (B<3.7,
P>0.16, n=10 for both), respectively. Relationships of
spider density with riparian habitats (mid-overstory
density, shrub density and overhanging vegetation) and
aquatic insect emergence were analyzed for tetragnathid
and linyphiid densities using simple linear regression
analysis. As three data sets showed variance heteroge-
neity in this analysis (B=7.8–9.2, P<0.05, n=20), those
dependent and independent variables were log10(x+1)-
transformed. All analyses were conducted using Stat-
View Version 5.0 (SAS Inst., Cary, NC, USA).

Results

Basal food resources for aquatic insects

The amount of food resources for aquatic insects dif-
fered between pools and riffles (Table 1). A significant
difference was detected for BOM standing crop: deep
pools with slow current had three times more BOM (on
average) than shallow riffles with fast current. However,
no significant difference was detected for periphyton
standing crop between the two channel-unit types.

Benthic biomass and emergence of aquatic insects

The biomass of benthic aquatic insects was 1.5 times
greater in pools [1.69±0.70 g m�2 (mean ± SD)] than
in riffles (1.09±0.45 g m�2; n=10 for both) when all of
the functional feeding groups were combined (Fig. 1a).
The MANOVA showed a significant overall difference
in the benthic biomass between pool and riffle habitats
(Wilks’ lambda = 0.34, F(5,14)=5.5, P=0.005). Multi-
ple comparisons (Fisher’s PLSD test) showed that pools
had a significantly greater shredder biomass (P=0.007),
while riffles had more abundant scrapers (P<0.001).
Although no statistical differences in biomass between
pools and riffles were detected for gatherers (P=0.079),
filterers (P=0.303) and predators (P=0.153), pools had
greater biomass than riffles for these groups (Fig. 1a). In
both pools and riffles, gatherers accounted for �70% of
the total biomass of benthic aquatic insects (pools,
68±3 SE%; riffles, 70±3 SE%, n=10 for both).

The emergence of aquatic insects also differed
markedly between pool and riffle habitats (Fig. 1b). The
total emergence from pools [11.7±6.3 mg �2 day�1

(mean ± SD)] was 4.5 times greater than that from
riffles (2.6±2.4 mg m�2 day�1; n=10 for both). The
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MANOVA showed a significant overall difference in the
emergence between the two channel-unit types (Wilks’
lambda = 0.47, F(5,14)=3.2, P=0.039). According to
Fisher’s PLSD tests, the emergence of gatherers was
significantly higher in pools than in riffles (P<0.001),
but emergence of the other groups did not differ signif-
icantly between the two channel-unit types (P>0.05 for
filterers, shredders, scrapers and predators)(Fig. 1b).
Gatherers accounted for 73±4% (mean ± SE) of the
total emergence from pools, but only 27±8% (n=10 for
both) of the total emergence from riffles.

Spider diet and density

Emerging aquatic insects comprised nearly all of the diet
of tetragnathid spiders in the pool (97%) and riffle
(99%) strips (Table 2). Among the aquatic prey, gath-

erers were a dominant prey category of tetragnathid
spiders in both pool and riffle strips. Linyphiid spiders
also depended heavily on aquatic prey, which comprised
64 and 60% of their diets in pool and riffle strips,
respectively. Among aquatic prey, gatherers and shred-
ders were the most important prey for linyphiid spiders.

The riparian strips bordering pools had a density of
tetragnathid spiders that was twice as high as that of the
riparian strips adjacent to riffles [pool strip, 1.26±0.55
spiders m�2 (mean ± SD); riffle strip, 0.55±0.17 spiders
m�2; n=10 for both], the difference between the strips
being significant (t18=3.9, P=0.001). Simple linear
regression analyses revealed that tetragnathid density
increased with the emergence of aquatic insects (Fig. 2).
However, that density was not significantly related to
riparian vegetation characteristics (Table 3). The density
of linyphiid spiders also showed a positive relationship
with the emergence of aquatic insects (Fig. 2). Moreover,
linyphiid density was 1.5 times higher in the riparian
strips juxtaposing pools [0.50±0.25 spiders m�2

(mean ± SD)] comparedwith the strips adjacent to riffles
(0.33±0.18 spiders m�2; n=10 for both). Nonetheless,
their density did not differ significantly between pool and
riffle strips (t18=1.8, P=0.083). In addition to aquatic
insect emergence, shrub density in the riparian strips
significantly influenced linyphiid density (Fig. 2 and
Table 3).When the effect of shrub density was controlled,
a significant difference in linyphiid density between pool
and riffle strips was found (one-way ANCOVA using
shrub density as a covariate, F(1,17)=5.0, P=0.039). The
other riparian vegetation characteristics (mid-overstory
density and overhanging vegetation cover) had no
significant effects on linyphiid spider density (Table 3).

Discussion

The present study showed that pool–riffle structure
strongly influences the distribution of riparian web-
building spiders, probably by generating spatial hetero-
geneity of aquatic insect emergence from the stream. In
both riparian habitats contiguous with pools and riffles,
tetragnathid spiders relied heavily on emerging aquatic
insects (Table 2), as has been reported in many studies
(Williams et al. 1995; Kato et al. 2003). In particular, it
was frequently observed that newly emerged mayfly
subimagos (e.g., Ephemera japonica, Drunella spp.) were
caught by the spiders during the flight from the water
surface to nearby vegetation. Moreover, the variation in
aquatic insect emergence was the factor that affected the
density of tetragnathid spiders most strongly (Fig. 2).
Because pools exported a much greater biomass of
aquatic prey than riffles (Fig. 1b), tetragnathid spiders
aggregated in the riparian habitats adjacent to pools,
attaining a density approximately twice that in habitats
adjacent to riffles. The difference in linyphiid density be-
tween pool and riffle strips was not significant, however,
even though they also depended on aquatic prey and their
density was positively related to aquatic insect emergence

Fig. 1a–b Benthic biomass (mean ± 1 SE mg m�2) and emer-
gence (mean ± 1 SE mg m�2 day�1) of gatherers, filterers, shred-
ders, scrapers and predators in pool and riffle habitats (n=10 for
each category). Shaded and blank bars denote pools and riffles,
respectively. Asterisks denote significant differences based on
Fisher’s PLSD tests between pools and riffles. a Benthic biomass
and b emergence rate
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(Fig. 2). Unlike the tetragnathid two-dimensional orb
webs, linyphiid spiders build structurally complex, three-
dimensional sheet webs, requiring a triangular fork and
overhanging projection to support the mainsheet of silk
and vertical trapping threads (Janetos 1982). In fact,
linyphiid density was also positively related to the density
of shrubs (Fig. 2), the dense branches of which can supply
the support necessary for sheet webs. In addition, lin-
yphiid density normalized by shrub density differed sig-
nificantly between pool and riffle strips. Thus, the
limitations of microhabitats suitable for specific web sites
may prevent the aggregation of linyphiid spiders in the
habitats adjacent to pools (see Janetos 1982).

Table 2 Diet composition (% in dry mass) of tetragnathid and linyphiid spiders in two riparian habitats adjacent to pools and riffles

Spider Habitat Prey category

AG AF ASh ASc AP AU TA

Tetragnathids Pool 87 (163) 0 (0) 2 (3) 0 (1) 7 (17) 1 (1) 3 (13)
Riffle 93 (86) 0 (0) 3 (1) 0 (0) 2 (13) 1 (1) 1 (7)

Linyphiids Pool 43 (23) 0 (0) 9 (10) 0 (1) 12 (10) 0 (0) 36 (21)
Riffle 22 (20) 1 (1) 26 (9) 0 (0) 9 (5) 2 (2) 40 (14)

Total numbers of prey collected are given in parentheses for each category
AG aquatic gatherers, AF aquatic filterers, ASh aquatic shredders, ASc aquatic scrapers, AP aquatic predators, AU aquatic unknown, TA
terrestrial arthropods

Fig. 2 Relationships of spider
density (tetragnathids and
linyphiids) with riparian habitat
variables and aquatic insect
emergence in 20 study channel
units. Only significant
relationships are presented,
with regression lines (see
Table 3). Solid and open circles
indicate pools and riffles,
respectively

Table 3 Results from simple linear regression analysis of spider
density (tetragnathids and linyphiids) with each variable of the
riparian habitats and aquatic insect emergence of 20 study channel
units (correlation coefficients and P values shown)

Independent variable Tetragnathids Linyphiids

r P r P

Mid-overstory density 0.12 0.622 0.05 0.832
Shrub density 0.10 0.687 0.58a 0.007
Overhanging vegetation �0.21 0.372 �0.02 0.941
Aquatic insect emergence 0.61a 0.004 0.57a 0.009

aCorrelation coefficients based on log-transformed dependent and
independent variables (see the text)
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The relatively high emergence rate of aquatic insects
from pools seems to be largely attributable to the greater
amounts of detritus and the resultant greater benthic
biomass in pools than in riffles. The low transport com-
petence of pools, associated with slow currents, may have
resulted in the deposition of fluvial organic matter (Nai-
man and Sedell 1979; Huryn and Wallace 1987). In fact,
BOM standing crop was negatively related to mean cur-
rent velocity in each channel unit (r=�0.73, P<0.001,
n=20). This high degree of pool retentiveness of detrital
particles may have increased benthic aquatic insects. This
was supported by the fact that the biomass of large-par-
ticle-feeding detritivores (shredders) was greater in pools
than in riffles (Fig. 1a). Moreover, although the biomass
of fine-particle-feeding detritivores (gatherers and filter-
ers) did not differ significantly between pools and riffles
(Fig. 1a), simple linear regression analyses showed that
their biomass was positively related to BOM standing
crop (r=0.54–0.81, P<0.05, n=20)(see also Miyake and
Nakano 2002). Fish predation could also be a factor that
affects the distributions of aquatic insects. In early sum-
mer, however, predatory fish selectively prey on terres-
trial arthropods that fell into the stream (Nakano and
Murakami 2001), and no impact of fish predation on
aquatic insect biomass has been observed in this stream
(Nakano et al. 1999).

In addition to the spatial variations in benthic insect
biomass, other factors that influence the emergence rates
should also be considered. Although pools had 1.5 times
more benthic biomass than riffles, the emergence from
pools was 4.5 times greater than from riffles (Fig. 1a,b).
This was due mainly to the low emergence of gatherers
from riffles despite their relatively high benthic biomass in
those habitats (Fig. 1a,b). Thus, biomass of benthic in-
sects alone cannot fully explain the emergence rate in each
channel-unit type. One possible explanation is that pools
and riffles were inhabited by taxa with different emer-
gence periods (see Jackson and Fisher 1986), which may
have contributed to the relatively low emergence from
riffles. Another possibility is that metamorphic processes
influenced emergence rates. In the Horonai Stream, many
aquatic insects metamorphose into adults/subimagos
underwater or at the water surface (74±11 SD% in
benthic dry mass, range = 59–95%, n=20), and then
drift on the surface until they fly away (i.e., surface or
subsurface emergence; see Appendix 1). In riffles where
water velocity is high, emergers may drift a considerable
distance before leaving the water, whereas in pools with
slow water velocity they may leave the surface within a
short distance. Thus riffles can export a greater propor-
tion of drifting emergers to adjacent, downstream pools.
In addition to the greater benthic biomass in pools, a
greater tendency for riffle insects to drift into pools at
metamorphosis would enhance aquatic insect emergence
from pools, thereby supporting an abundant spider
population in the adjacent streamside habitats.

Terrestrially derived organic material and detritivo-
rous insects are the key components driving reciprocal
trophic exchanges between the forest and stream eco-

systems. In the Horonai Stream, the BOM dynamics
observed (Kishi et al. 1999; Shibata et al. 2001), together
with its stable carbon isotope ratio, which is close to that
of riparian leaf litter (Kato et al. 2004), indicate that a
large fraction of stream detritus originates from heavy
autumnal leaf falls. Moreover, the results provided by
Kato et al. (2004) from stable isotope analyses suggested
that in this stream, dominant detritivores, including
gatherers and shredders, obtain their organic matter
from terrestrial detritus to a substantial degree. Thus,
aquatic insect assemblages appear to be maintained
primarily by allochthonous inputs of terrestrial organic
matter (see Wallace et al. 1997; Hall et al. 2000; Finlay
2001). More importantly, via the emergence of aquatic
detritivores, terrestrial detritus support riparian spiders
after having been assimilated by stream insects (see also
Kato et al. 2004). In fact, gatherers and shredders to-
gether accounted for >89 and >48% of the total dry
mass of prey items caught in tetragnathid and linyphiid
webs, respectively (Table 2). Thus, this stream is not
only a recipient system for organic matter, but functions
as a donor system that returns terrestrially derived or-
ganic matter to riparian food webs by converting it into
resources available for terrestrial predators.

Pool habitats can play a significant role in these or-
ganic matter dynamics across the forest–stream bound-
ary. Pools prolong the retention of terrestrial detritus,
thereby forming local productive areas of aquatic insects
(Minshall et al. 1983; Huryn and Wallace 1987). As a
result, pools function as a major conduit for organic
matter exports from the stream to the terrestrial envi-
ronment, supporting high population density of riparian
spiders. Although the present study was based on short-
term data, leaf litter retention in this low-gradient
stream is higher in pools than in riffles throughout the
year (Kishi et al. 1999). Thus, it can be expected that in
other seasons when aquatic prey is an important re-
source for terrestrial predators, pool habitats facilitate
the cycling of terrestrially derived organic materials that
move through stream to riparian food webs. The present
results would be especially applicable to streams with
stable flow regimes and fine substrates. This is because in
high gradient streams with more variable flow, rocks and
boulders in shallower stream sites (e.g., riffles) are the
most important retention structures for particulate or-
ganic matter (Webster et al. 1994).

The spatial variation in trophic transfer associated
with stream geomorphology can influence riparian food
webs. Stream subsidies have recently been shown to alter
the trophic structure of riparian food webs by increasing
or decreasing the predation of subsidized terrestrial pre-
dators on in situ prey populations (e.g., Henschel et al.
2001; Sabo and Power 2002). The quantitative effects of
such indirect interactions should vary between pools and
riffles since the predators’ numerical and functional re-
sponses may depend on the aquatic prey flux (Henschel
et al. 2001; Sabo and Power 2002; Kato et al. 2003). This
geomorphic control of the food web linkages should also
vary seasonally. This is because in cool–temperate
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riparian deciduous forests, the aquatic prey contribution
to the diets of riparian predators (e.g., birds and spiders)
decreases from spring to summer, as aquatic insect flux
decreases and terrestrial arthropod production increases
(Nakano and Murakami 2001; Kato et al. 2003).

In many regions, pool–riffle structures have decreased
due to channel alterations, sedimentation and the loss of
pool-forming elements, such as the decrease in large
woody debris resulting from riparian timber harvest
(Inoue and Nakano 1998; McIntosh et al. 2000). In the
absence of pools, a stream functions much more like a
pipe, with organic material being rapidly flushed from
the system (Bilby and Likens 1980; Minshall et al. 1983;
Mulholland et al. 2001). Supported by the present
findings, this leads to the prediction that the loss of pool
habitats will impoverish detrital-based benthic commu-
nities and even exert marked influences over populations
of riparian predators. Because streams are characterized
by a continuous flow that governs material transport,
spatial elements that control the storage of organic
material in flowing water become a prime factor deter-
mining the strength of reciprocal terrestrial–aquatic
linkages in headwater ecosystems.
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Appendix 1

Table 4 Taxa of aquatic insects collected by benthic and emer-
gence-trap sampling and spider’s diet survey

Taxon FFGa Emergence
behaviorb

Sampling
typec

Ephemeroptera
Paraleptophlebia japonica G S B, E, D
Ephemera japonica G S B, E, D
Caenis sp. G S B, D
Drunella bifurcata G S B, D
Drunella cryptomeria G S B, E, D
Drunella trispina G S B, E, D
Drunella sp. G S B, E, D
Ephemerella longicaudata G S E
Ameletus sp. G T B, E, D
Baetis sp. G S B, E, D
Cinygma lyriformis Sc S E
Epeorus curvatulus Sc S B
Epeorus latifolium Sc S B, E
Odonata
Gomphidae P T B

Table 4 (Contd.)

Taxon FFGa Emergence
behaviorb

Sampling
typec

Plecoptera
Perlidae P T E
Chloroperlidae P T B, E, D
Nemoura sp. Sh T B, E, D
Leuctridae Sh T B, E
Trichoptera
Rhyacophila brevicephala P T B
Rhyacophila kawamurae P T B
Rhyacophila nigrocephala P T B
Rhyacophila shikotsuensis P T B
Rhyacophila sp. P T E, D
Apsilochorema sutshanum P U E
Oxyethira sp. Sc U B, D
Hydroptilidae Sc U E
Glossosoma sp. Sc T/S B
Stenopsyche marmorata F S B
Psychomyiidae G U B, E, D
Plectrocnemis sp. F T B, E
Hydropsychidae F S E
Phryganopsyche latipennis Sh U B, E
Brachycentrus sp. F S B, D
Goerodes complicatus Sh T B
Goerodes nukabiraensis Sh T B
Goerodes satoi Sh T B
Neoseverinia crassicornis Sh T B
Dinarthrum sp. Sh T B
Lepidostomatidae Sh T B, E
Hydatophylax intermedius Sh T B
Hydatophylax nigrovittatus Sh T B
Limnephilidae Sh U E
Apatania sp. Sc S E
Neophylax ussuriensis Sc S E
Goera japonica Sc U E
Setodes sp. G U B
Sericostomatidae Sh U E
Helicopsyche yamadai Sc U E
Hymenoptera
Agriotypus sp. P S B
Diptera
Tipula spp. Sh S B, E, D
Dicranota spp. P S B
Limnophyla spp. P S B, E, D
Antocha spp. G S B, E, D
Hexatoma sp. P S B
Epiphragma evanescens Sh S D
Dixidae G S E
Simuliidae F S B
Tanypodinae spp. P S B, E, D
Diamesinae spp. G S B, E, D
Orthocladiinae spp. G S B, E, D
Chironominae spp. G S B, E, D
Ceratopogonidae P S B, E

aFunctional feeding group (FFG) assignments based on Merritt
and Cummins (1978); G gatherer, F filterers, Sh shredders, Sc
scrapers, P predators
bIndicates probable emergence behaviors based on personal
observation by the author and personal communication with N.
Kuhara; T terrestrial emergence, S surface or subsurface emer-
gence, U unknown. There is a possibility that nymphs/pupae use
emergence methods different from those listed above
cIndicates sampling type in which each taxon was collected; B
benthic sampling, E emergence-trap sampling, D spider’s diet sur-
vey
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