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FIG. I. Expansion-contraction cycle of the channel network in 19'J7 showing the distribution of clear channels (black 
lines) and turbid channels (gray lines) for selected months. Dashed lines indicate the sampling transects (numbers along left 
of figure). Solid circles with two, one, and no rings correspond to sampling sites of the zoobenthos, periphyton, and hyporheos. 

Braided glacial rivers exhibit a highly predictable 
annual flow pulse caused by the freeze-thaw cycle onto 
which summer diet discharge fluctuations and unpre-
dictable spates induced by rainfall are superimposed 
(Rothlisberger and Lang 1987). Glaciers and subsur-
face aquifers are the main water sources that interact 
over time and space to produce a dynamic riverscape 
made of contrasting glacial water fed channels and 
groundwater-fed channels (Brown et aL 2003). Ground-
water-fed channels are more suitable habitats for algae 
and invertebrates than are glacial-fed channels because 
they have distinctly lower turbidity and shear stress, 
and higher temperatures and DOC concentrations 
(Ward 1994, Milner et al. 2001, Tockner et aL 2002, 
Burghell' et aL 2002, Burgi et aL 2003, Dehlinger et 
al. 2003). Understanding riverscape dynamics is of par-
ticular impo1tance because the relative proportion, life 
span, and spatial arrangement of these contrasting wa-
ter bodies control biodiversity and bioproduction with-
in the braided band. 

The main objectives of this paper are to quantify the 
seasonal dynamics in the extent, composition, and con-
figuration of a headwater glacial riverscape during two 
annual cycles; and to assess the effects of seasonal 
changes in the size and pattern of the riverscape on 
local zoobenthic density, standing crop of epilithic al-
gae, and spatiotemporal distribution of the hyporheos. 
We hypothesized that seasonal expansion-contraction 
cycles would result in a predictable trend of change in 
area, spatial arrangement, and life span of glacial-fed 
and groundwater-fed habitats. Seasonal changes in 
aquatic habitat size were expected to produce concom-

itant variation of zoobenthic density in the main chan-
nel. We also expected that the rising propo1tion of gla-
cial-fed habitats during high summer flows would limit 
primary production and impede the dispersal of non-
insect taxa within the riverscape. 

STUDY SITE 

The Roseg River, Switzerland, is a steep-gradient 
(1.9-4.8%), braided gravel-bed river. Its geomorphol-
ogy, hydrology, and ecology have been investigated in 
exceptional detail (Ward and Dehlinger 2003). The 
catchment area is 66.5 km2, 30% of which is covered 
by glaciers and 40% of which is bare rock or glacial 
till without vegetation. The braided band (elevation 
1981-2055 m above sea level) begins 1.3 km down-
stream from a glacier terminus and covers a distance 
of 2.6 km (total area, 0.67 km2). Morphologically, two 
sections can be distinguished: an upper band up to 510 
m wide (transects 11 to 17 in Fig. 1) and a lower band 
between 130 and 260 m in width (transects 1 to 11 in 
Fig. 1). The river has a distinct seasonal flow regime: 
daily mean discharge peaks during the ice-melt season 
(from 6 to 10 m3/s in July and August) and is lowest 
in winter (approximately 0.2 m3/s from January to 
March) when surface flow is sustained solely by 
groundwater. 

METHODS 

Mapping of the channel network 

Aerial photographs of the braided band were taken 
on 5 August 1997 with a hand-held35-mm camera from 
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FIG. 2 . (A) Relationships between the total length of the channel network (solid squares, line 1) and river discharge and 
the length of turbid channels (open squares, line 2) and river discharge (data from 1997 and 1999, n = 24). (B) Relationships 
between the total length of the clear-water channels (open circles) and river discharge. A discontinuous logarithmic function 
was u sed to fit this relationship. The length of clear-water channels increased with river discharge up to a threshold of 1.5 
m3/s (line 1) and decreased above a discharge of 1.5 m3/s (line 2). 

and was markedly higher dw-ing the expansion and 
contraction phases (April-June, 41 % ; October- Janu-
ary, 41 % ) than during the phases of minimum and max-
immn extension of the channel network (February-
March, 2%; July- September, 12%). Changes in the 
composition and configuration of the mosaic of clear 
and tmbid channels operated in a specific order as river 
discharge increased and decreased (Fig. 3). Increase in 
river discharge resulted in the successive appearance 
of new clea1· channels, flooding of dry channels with 
tmbid water, and flushing of clear channels with tmbid 
water. During the recession of flow, some turbid chan-
nels began to dry while others became clear channels. 
Finally, some clear channels went dry. The patchiness 
(PA) of clea1· channels increased logarithmically with 
river discharge (PA = 0.49 X ln(Q) + 1.55, r2 = 0.71 , 
n = 24). Whereas clear channels were aggregated in 
the lower part of the braided band during base flow, 

flooding resulted in the isolation of many small clear 
patches along the band margin (Fig. 1). 

Life span distribution of clear and turbid 
water channels 

Tw-bid channels exhibited a m1imodal life span dis-
tribution (Fig. 4). The flood pulse resulted in a single 
cohort of tmbid channels that appeared in June and 
then fell dry or became clear channels during the con-
traction phase (November). The life span distribution 
of clear channels was bimodal and more complex than 
tmbid channels. The first cohort of clea1· channels ap-
peared during the expansion phase (April) , whereas the 
second began dm·ing the contraction phase (Novem-
ber). About 9 km of clear channels were produced in 
April and May. H owever, about half of these clear chan-
nels persisted for only one or two months before they 
became turbid channels. The remaining clear channels 
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FIG. 3. (A) Daily discharge of the Roseg River in 1997, 
1998, and 1999 (open circles indicate the sampling surveys) 
and changes in the composition of the riverscape between 
two consecutive months in (B) 1997 and (C) 1999. Numbers 
at the top of each bar indicate the relative change(%) of the 
riverscape between two consecutive months. 

remained clear until they went dry during the contrac-
tion phase (December) . Similarly, about 60% of the 8 
km of clear channels created during the contraction 
phase (November and December) went dry within the 
following two months. T he remaining clea1· channels 
persisted throughout the winter until they became tur-
bid channels in the next expansion phase (May and 
June) . T here were no differences in the seasonal pattern 
of life span distribution of clear and turbid channels 
between years 1997 and 1999. 

Functional classification of aquatic habitats 

Pe1manent habitats (types I and II) represented only 
27% and 17% of the maximum length of the channel 
network in 1997 and 1999, respectively (Table 1). Per-
manent habitats fed exclusively by clear water (type I) 
had a cmnulative length of only about 2 km, and rep-
resented < 10% of the maximum length of the channel 
network. Temporary habitats III, IV, and V had similar 
flow dmation (i.e ., from 6 to 7 mo) but carried clear 
water for 7, 3, and 0 mo, respectively. The relative 
proportion of habitat types I, II, and III was lower in 
1999 than in 1997, whereas that of types IV and V 
increased. 

Habitat mapping revealed that specific habitat types 
were distributed distinctly along the longitudinal and 
lateral dimensions of the braided band (Fig. 5). Per-
manent habitats (types I and II) were mostly restricted 
to the lower part of the braided band. Type I was located 
along band margins and type II in the central part of 
the band. Most temporary habitats were located in the 
upper part of the braided band. Type III was located 
at the margins of the upper band, type IV occmTed in 
the center of the upper band between transects 9 and 
13, whereas type V occupied the center and uppermost 
part of the band (i.e ., between transects 13 to 17) . There 
were few differences in the distribution pattern of hab-
itat types between years. However, habitat type IV ex-
tended to the upstream end of the lower band (i.e., 
between transects 6 and 10) as well as to the right 
margin in the upper band (i.e., between transects 10 
and 14) in 1999. 

Ecological effects of changes in system size 
and spatial pattern 

The relationship between zoobenthic density at the 
main channel site and total aquatic area was best ex-
plained using a power function (Fig. 6) . Differences in 
the aquatic area among sampling dates explained 94% 
of the variation in zoobenthic density. 

The biomass of epilithic algae was about three to 
eight times lower in the main channel and upstream 
connected channels fed by turbid water than in clear 
channels during high flow periods (ANOVA, channel 
type effect, P < 0.001 ; Tukey test, P < 0 .01; Fig. 7). 
Our estimates indicated that the standing crop of epi-
lithic algae in the braided band was higher during high-
flow periods than dming low-flow periods, but the dif-
ference was not statistically significant (t test, P = 
0.056) . The total periphyton biomass increased in av-
erage only twofold dming high flow periods despite a 
threefold increase in the aquatic area. 

Chironomid larvae were more abm1dant in hyporheic 
sediments of both permanent and temporary habitats 
fed exclusively by clear water (I and III) than in glacial-
fed habitats (II, IV, and V) (ANOVA, habitat effect, P 
< 0.001 ; Tukey tests, P < 0.03; Fig. 8). There were 
no differences in density between permanent (I) and 
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FIG. 4 . M onthly changes in the life span distribution o f 
turbid channels (left-hand panels) and clear channels (right-
hand panels) in 1997. Open parts of bars c orrespond to per-
manent channels and solid parts of bars to temporary chan-
n els. Numbers in the upp er right corner of each panel indicate 
the length of channels (km). 

temporary clear habitats (III). The density of Chiron-
om.idae increased from June to November in clear hab-
itats I and III (ANOVA, time effect, P = 0.003). Oli-
gochaeta were significantly more abundant in penna-
nent clear habitats (I) than in other habitats (Tukey 
tests, P < 0.05) but there were no differences in density 
between temporary groundwater habitats (III) and gla-
cial water habitats (II, IV, and V). 

D ISCUSSION 

Expansion-contraction cycle 

Natural riverscapes altematively expand and con-
tract over multiple temporal scales (Stanley et al. 
1997) . At the annual scale, the channel network in the 
Roseg River varied three- to :fivefold in length (i.e ., 
from 7.1 to 24 km and from 5.1 to 26.7 km in 1997 
and 1999, respectively) . Although not documented in 
this study, the size of the riverscape changed at a daily 
scale in summer and in response to unpredictable rain-
fall-induced spates. Zah et al. (2001) demonstrated that 
the area of the braided band has continuously increased 
over the last 50 years, probably in response to higher 
sediment availability and transport caused by the retreat 
of the glaciers (Ward and Dehlinger 2003). Because 
the Val Roseg is a high-gradient, deep, braided, gravel-
bed river with well-defined thalwegs, water fl.ow was 
mostly confined to stream channels during the annual 
expansion-contraction cycle (Dehlinger et al. 2003). 
Only at river discharge exceeding 25 m3/s did water 
spill over the main channel banks to immdate a rela-
tively small area of the braided band (i.e ., a 30- 60 m 
wide inundated corridor; Dehlinger et al. 2003) . Fenn 
and Gurnell (1987) showed that the Tsidjiore Nouve 
proglacial stream, Switzerland, shifted from a single 
channel to multiple braids as it progressively reoccu-
pied dry channels during the ice-melt season (a process 
known as secondary anastomosis) . In contrast, Van der 
Nat et al. (2002) showed that the complete inw1dation 
of the braided band of the Tagliamento River, Italy, 
occurred three to fom times per year. Mosley (1983) 
emphasized variations in flooded areas as a function of 
discharge among braided rivers of New Zealand and 
concluded that it was not feasible to predict changes 
in the channel character of braided rivers in response 
to discharge va1·iation. The seasonal expansion of the 
Roseg riverscape was caused ultimately by an increased 
flux of snow and ice-melt water, however, melting water 
moved throughout the braided plain via surface and 
subsurface pathways (Malard et al. 1999) . The simul-
taneous occu!1'ence of two hydrological pathways 
maintained the complex mosaic of clear and turbid 
channels throughout the expansion phase. 

Riverscape composition and configuration 

Detailed analysis of the shifting mosaic of clear and 
tmbid channels supported om first hypothesis: the hy-
drological processes involved in the expansion-con-
traction cycle resulted in a predictable trend of change 
in the composition and configuration of the riverscape 
as discharge increased and declined. We quantified a 
pattem that was expected from concepts in glacial river 
hydrology (Rothlisberger and Lang 1987), but we ac-
knowledged that the exact propo1iion and location of 
clear and turbid cha1mels remained difficult to predict 
because of local geomorphic and hydro logic processes. 
Whereas increased subsurface expansion of snow and 
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channels are fed by distinct water sources. In addition 
to drying, changes in the physical environment (e.g ., 
flow velocity, temperature) and in resource availability 
(e.g ., periphyton biomass) caused by a shift in water 
som-ce also can be considered a disturbance (sensu 
White and Pickett 1985). Burghen- et al. (2002) showed 
that the density and composition of zoobenthic assem-
blages in braided channels fluctuated drastically in re-
sponse to changes in the relative contribution of glacial 
water to surface flow. In the Roseg River, surface flow 
was pe1manent in about 20% of the channel network 
and persisted on average 6 mo in the remaining tem-
porary channels. However, the average time a flowing 
channel remained continuously fed either by clear or 
tm-bid water was only 4.4 mo (excluding the permanent 
groundwater-fed channels that represented <10% of 
the riverscape). Interestingly, the results showed that 
channels fed by distinct water sources could be viewed 
as cohorts that appeared, maintained, and disappeared 
during particular phases of the expansion-contraction 
cycle. As expected, the successive expansion and re-
cession of glacial water resulted in a single cohort of 
tm-bid channels. In contrast, clea1· channels had a sum-
mer cohort and a winter cohort that appeared during 

the expansion and contraction phases of the riverscape, 
respectively. These two cohorts may either be used by 
invertebrate species with dissimilar life cycles or by 
the same species at different stages of its life cycle. 
Van der Nat et al. (2003) demonstrated that the half. 
life of aquatic habitats in braided reaches of the Tag-
liamento River was less than 7 mo. They suggested that 
the short time span of most habitats constrained species 
with long life cycles. 

Ecological effects of riverscape dynamics 

The extremely dynamic nature of natm-al riverscapes 
provides ideal settings to examine the consequences of 
changes in system size and spatial pattem on ecological 
processes and biodiversity. Change in aquatic habitat 
size is a fundamental feature of river systems that po-
tentially affects all aspects of the ecosystem (Stanley 
et al. 1997, Benke 2000, Tockner et al. 2000). Despite 
the widespread occtUTence of glacial river shrinkage 
during flow recession, almost no studies have consid-
ered that the autumnal increase in local zoobenthic den-
sity might reflect the concentration of individuals in 
the shrinking aquatic habitat (but see Bm-gherr et al. 
2002) . Distinct seasonal shifts in the density of zoo-
benthos were previously attributed to variation in tem-
peratm-e, channel stability, and food resow-ces (Milner 
et al. 2001). In the Roseg River, the strong relationship 
between local zoobenthic density and total aquatic area 
strongly suggested that dilution-concentration effects 
were in part responsible for seasonal variations in the 
density of benthic invertebrates in the main channel. 
Previous studies of glacial rivers which ignored the 
effect of changing stream size might have attributed a 
disproportionate importance to ecological factors for 
explaining density variations. 

Bed sediment movement is a primary factor limiting 
periphyton b iomass in gravel-bed rivers (Biggs et al. 
1999, 2001). In glacial rivers, the growth of algae is 
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fmther constrained by light limitation due to high tur-
bidity and by low supply of growth-limiting nutrients 
(Lloyd et al. 1987, Biirgi et al. 2003). During high-
flow periods, the combining effect of bed illStability, 
reduced light availability, and low temperature severely 
limited the accrual of benthic algae in the main channel 
and upstream connected channels fed by glacial water. 
The rising proportion of these low-productivity habitats 
in the braided band mitigated the beneficial effect of 
the summer increase in aquatic habitat size on the total 
biomass of epilithic algae. The dispropo11:ionate in-
crease in the proportion of llllfavorable habitats during 
flooding presumably prevents braided rivers from sus-
taining high standing crops of algae and inve11:ebrates 
(Tockner et al. , in press). The moderate increase in 
algal biomass caused by the shift in riverscape com-
position might also restrict secondary production in the 
Roseg River. Rempel et al. (2000) suggested that high 
turbidity and fine sediment deposition in the Fraser 
River, Canada, limited algal and grazer productivity 
and acconnted for the low representation of grazers in 
the zoobenthos. Mosley ( 1983) examined changes in 
the aquatic area usable by fishes as a function of dis-
charge in several New Zealand braided rivers. The 
weighted usable area index (a function of water depth, 
flow velocity, and species preference) generally in-
creased with river discharge but there were large dif-
ferences in the shape of the relationship among rivers . 

From a landscape perspective, biodiversity pattems 
in streams reflect the differential responses of organ-
isms with distinct biological traits to the composition 
and spatial configuration of the riverscape (Townsend 
and Hildrew 1994, Wiens 2002). However, most pre-
dictive models of invertebrate community structure in 
streams including the disturbance-productivity-diver-
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FIG. 8 . Differences in hyporheic density ofChironomidae 
and Oligochaeta among habitats (see Table 1 and Fig. 5 for 
the definition of habitats). Solid circles, solid squares, open 
squares, and open circles correspond to sampling surveys 
carried out in June, August , September, and November 1997, 
respectively (3 :s n :s 7 replicate samples per habitat and 
date). Data are from Malard et al. (2003). Error bars represent 
SD. 










