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Abstract Relatively little is known regarding the extent of

intermittent streams or the general ecology of headwaters in

alpine catchments with glacial influence. This study quan-

tified the contribution of intermittent streams to the total

length of the stream network along with an ecological

assessment during spring-summer of headwater streams

(higher than 1,900 m above sea level) in the Val Roseg, a

high Alpine glacial catchment. Stream network mapping

revealed that ca. 90 % (76.8 km) of the drainage network

consisted of intermittent streams. Glacier-fed headwaters

experienced diel surface flows in late spring and summer,

most going dry during the night due to reduced glacial inputs.

In contrast, groundwater-fed streams often went dry in

summer with the contraction of groundwater and other

subsurface inputs. A principal components analysis of phy-

sico-chemical characteristics revealed headwaters to be

primarily glacial-fed (kryal), groundwater-fed (krenal), or

having a mixed water source. Although quite variable,

periphyton biomass reached high levels (ca. 40 mg m-2 chl-

a, 10 g m-2 AFDM) by late spring in most headwaters.

Organic matter in transport (seston) ranged from 0.03 to

0.09 mg L-1 mostly consisting of fine particulate organic

matter (FPOM: 33–76 %). Hyporheic sediment respiration

rates varied considerably, ranging from 0.005 to

0.126 mg O2 h
-1 kg-1 sediment and primarily related to the

amount of loosely attached organic matter. These results

indicate that intermittent streams are predominant in alpine

landscapes, comprising mostly 1st to 2nd order systems, and

that ecosystem properties vary substantially among head-

water streams likely in relation to annual/daily changes in

flow and water source. Such headwaters may contribute

strongly to the production, processing and transport of

organic matter to downstream waters, especially in light of

the expected increase in intermittent streams in alpine

catchments experiencing rapid glacial recession.
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Introduction

Intermittent streams are running waters with a recurrent dry

phase that varies in length (Comin and Williams 1994;

Larned et al. 2010; Arthington et al. 2014), typically

flowing only during wet periods, usually ca. 10–90 % of

the year, and mostly following heavy rainfall or snowmelt

(Tooth 2000; Datry et al. 2014). Thus intermittent streams

experience both zero flow and floods; both being major

natural disturbances to aquatic flora and fauna. Intermittent

streams usually fall dry once surface runoff ceases,

although surface waters can be present as disconnected

pools. Surface drying results from different factors such as

climatic conditions causing drought, high evapotranspira-

tion, water abstraction, and large vertical water exchange

(e.g., downwelling into alluvial or karstic aquifers). Stream

drying reduces the flow and connectivity of aquatic habitats

(Gasith and Resh 1999; Lake 2003) as well as the extent of

subsurface-surface water exchange (Stanley and Boulton

1995), and imposes important ecological constraints

(Larned et al. 2007; Vidal-Abarca et al. 2013).
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Flow intermittency is a common feature of streams in

arid landscapes where extended dry periods result from low

precipitation and high evapotranspiration; indeed, most

research on intermittent streams has been done in arid or

semi-arid environments like deserts and drylands (Fisher

et al. 1982; Stanley et al. 1997; Rocha et al. 2012) or

Mediterranean catchments (Gasith and Resh 1999; Acuna

et al. 2004; Acuna and Tockner 2010). However, inter-

mittent streams also occur in mesic and temperate envi-

ronments, for example in headwater streams draining

grasslands (Matthews 1988; Covich et al. 1997), summer

dry streams of the temperate zone in Oregon, USA (Di-

eterich and Anderson 1998), forest streams in Australia

(Boulton and Lake 1990), karstic streams in Northern

Germany (Meyer et al. 2003), and alpine streams (Robin-

son and Matthaei 2007). Importantly, intermittent streams

are expected to become more common in the future but a

paucity of knowledge currently exists on the ecology of

these systems (Larned et al. 2010; Datry et al. 2014),

intermittent alpine streams in particular. The loss in surface

flow with intermittency likely inhibits biofilm development

and influences organic matter dynamics in streams (Larned

et al. 2007; Datry et al. 2014).

Streams of high altitude (alpine) and latitude (arctic)

typically experience a dry period between autumn and

spring (House et al. 1995; Malard et al. 1999) during which

streams may fall dry (cessation of meltwater supply) or

completely freeze. In these ecosystems, precipitation fall-

ing as snow during winter is stored until spring and mainly

released during summer (Röthlisberger and Lang 1987).

Intermittency is expected to be a typical feature of alpine

headwater streams, particularly those in high gradient areas

in alpine landscapes where shallow aquifers limit transient

water storage (Robinson and Matthaei 2007) and constrain

surface flow after snow-melt cessation (Malard et al. 2000).

Apart from intermittency, the hydrology and physico-

chemistry of alpine headwater streams is dominated by a

seasonally changing contribution of different water sources

(glacial, groundwater, precipitation) during the annual

cycle, in glacial catchments in particular (Malard et al.

1999; Brown et al. 2003; Tockner and Malard 2003,

Slemmons et al. 2013). Importantly, headwater streams can

contribute significantly to catchment hydrology (Alexander

et al. 2007) and overall biodiversity of river networks

(Meyer et al. 2007).

There exists relatively few studies on the ecology of

alpine headwater streams (e.g., Donath and Robinson 2001;

Ruegg and Robinson 2004; but see Lencioni et al. 2012 on

the ecology of mountain springs), and the spatial extent of

intermittent streams in alpine landscapes is largely

unknown (Robinson and Matthaei 2007). Studies in the

upper Val Roseg, Switzerland, showed that 75 % of the

braided channel network in the glacial floodplain was

intermittent (Tockner et al. 1997; Zah et al. 2001, 2003;

Malard et al. 2005). However, these particular studies

focused only on the main floodplain channels and essen-

tially ignored headwater streams entering the floodplain.

Although poorly studied, headwater streams can comprise

a high proportion of the channel network in alpine catch-

ments (Reid and Ziemer 1994; Robinson and Matthaei

2007). A primary objective of this study was to examine

the spatial extent of intermittent streams in an alpine gla-

cial catchment. In addition, we characterized physico-

chemistry and ecosystem properties, including functional

measures, among different headwater streams from early

melt season (early May 2005) until late summer (end

August 2005), the period of active surface water dynamics

in most Alpine catchments. We expected intermittent

streams to predominate in the catchment and that head-

waters would vary in ecosystem properties in relation to

their dominant water source. Ecosystem properties are

discussed in the context of the different stream types based

on the results.

Study system

The Val Roseg (46�2902800N, 9�5305700E) is located in the

Bernina massif in the eastern part of the Swiss Alps. The

study catchment included the uppermost part of the Roseg

valley with an area of 49.5 km2 and elevations ranging

from 1,900 to 4,049 m a.s.l. (Fig. 1). The catchment is

drained by the second order Roseg River primarily fed by

meltwater from two valley glaciers. A 2.7 km long and

0.15–0.51 km wide floodplain is a major geomorphic fea-

ture of the Roseg River corridor (inset Fig. 1). A detailed

description of the catchment has been given elsewhere

(Ward and Uehlinger 2003). The stream network of the

study catchment consisted of the floodplain network and

the tributary network on both valley sides and was used in

the network mapping and analysis described below.

Methods

Stream network mapping

A map of the stream network was based on topographic

maps (scale, 1:25,000, Federal Office of Topography

swisstopo), geo-referenced high resolution aerial pho-

tographs (swisstopo) and field mapping using a Global

positioning system (GPS) receiver (eTrex�Vista personal

navigatorTM, Garmin�International Inc., Olathe, KS,

USA). GPS accuracy (producer information) was\15 m

(95 % typical) and between 4 and 15 m during the map-

ping period (spring/summer 2005). Detailed stream routes

and connections were obtained by walking along channels
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(source to mouth) with the GPS receiver. The streams were

inspected at ca. bi-weekly intervals along two elevational

isoclines during the study period to check for intermittency

(seasonal, and diel on a particular inspection day); field

mapping typically required at least 2 days on each visit.

The GPS field data were post-processed using the soft-

ware package MapSourceTM 6.0 (Garmin�International

Inc., Olathe, KS, USA). Afterwards, the spatial data were

exported as shape files into the Geographic Information

System (GIS) ArcView�3.2 and ArcGIS�9 and the stream

network was digitized as line coverages. Further analyses

were performed using only these coverages. Some editing

was needed to remove or adjust the erroneous position of

streams due to low GPS accuracy, stream drying, and other

mapping issues. Using orthophotos, pixel maps (map image

into digital form at 1:25,000 scale), vector 25 (Swisstopo

digital grid at 1:25,000 scale), ArcView�3.2 and

ArcGIS�9, the routes of the ca. 85 km of digitized streams

were corrected and standardized. The final maps only

included streams that carried water at least once during the

study period during field mapping or were shown on the

topographic maps.

Each stream was categorized as permanent, intermittent

or dry. Permanent streams always carried water along the

entire stream course. Dry streams were always dry along

the entire course, and intermittent streams carried water

either along the entire course or in subreaches at least once.

This categorization is valid only for the study period (early

May through end August 2005 when surface flows are

highest in Alpine areas due to snow/ice melt), as permanent

streams may have been dry prior to the first mapping and

no data were collected in autumn. For example, Malard

et al. (2005) reported that the lowermost section of some

tributaries to the lower floodplain were dry from January to

March in most years.

Physico-chemical characterization

Ten headwaters were selected initially for characterization

of physico-chemistry (Fig. 1). The selection occurred

before having mapping results, thus the water source of

most streams was unknown prior to selection. Two head-

waters (S1, S2) had water source contributions by melt-

water of hanging glaciers. One stream separated near the

Fig. 1 Map of the Val Roseg catchment in Switzerland showing the

floodplain and major tributaries (inset shows boundary of detail map

with glacial presence in 1990). Study streams are indicated by labeled

symbols (see ‘‘Methods’’ section and Fig. 2 regarding the mapping of

these streams) and green areas show areas with side-slope vegetation.

Map reproduced with permission of the Swiss Federal Office of

Topography
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source and S3 was used for characterizing physcio-chem-

istry, whereas both channels (S3, S3b) were used in the

quantification of periphyton biomass and sediment respi-

ration (see below). Streams S1, S2, and S3 (including S3b)

flowed off east-facing side-slopes, whereas streams S4, S5,

S6, S7, S8, S9 and S10 flowed off west-facing side-slopes

in the valley. Stream S5 ended up being dry the entire study

period and was excluded from all analyses except for the

channel network mapping described above. Thus, 9 streams

with surface flow during the study were used to charac-

terize physico-chemical properties (S1–S10, excluding S3b

and S5).

Sampling took place every 2 weeks during the study

period. Electrical conductivity (20 �C reference tempera-

ture) and water temperature (spot measurements) were

measured with a conductivity meter (WTW LF320, Ger-

many), pH with a WTW pH 330i pH meter, and turbidity

with a Cosmos turbidity meter (Züllig AG, Switzerland).

Discharge was measured on each sample date at a site using

the salt dilution method (Gordon et al. 1992). Water tem-

perature was recorded hourly with temperature loggers

(StowAway and StowAway TidbiT, Onset Computer Corp.,

USA and Minilog, Vemco Ltd, Canada), although loggers

failed in streams S1, S4, and S6. Surface water was collected

in 1-L polyethylene bottles, filtered (Whatman GF/F filters,

0.7 lm) and stored at 4 �C for laboratory analysis.

For the lab-processed water samples, calcium (Ca),

magnesium (Mg), sodium (Na), potassium (K), sulphate

(SO4), and chloride (Cl) were analyzed by Ion Chro-

matography. Silica (SiO2) was quantified by the heteropoly

blue method (APHA 1989). Nitrite (NO2–N) was measured

by spectrophotometry (Hitachi U-1000 Spectrophotometer)

after diazotizing with sulphanilamide and coupling with

N-(1-napthyl)-ethylenediamine (Rodier 1996). Ammonium

(NH4–N) was measured with the indophenol-blue method.

Nitrate (NO3–N) was quantified by the automated hydra-

zine reduction method (Downes 1978). Dissolved nitrogen

(DN) was quantified as NO3–N after all nitrogen forms had

been oxidized to nitrate with K2S2O8 and NaOH at 121 �C

(Ebina et al. 1983). Phosphate (PO4–P) was analyzed

according to the molybdenum blue method. Dissolved

phosphorus (DP) was determined as PO4–P after digestion

with K2S2O8 and NaOH at 121 �C (Ebina et al. 1983).

For particulate organic carbon (POC), particulate nitro-

gen (PN) and particulate phosphorus (PP), 250-ml aliquots

of stream water were filtered through Whatman GF/F fil-

ters. For PN and PP, filters were digested with K2S2O8 and

NaOH at 121 �C (Ebina et al. 1983) and oxidized to nitrate

and hydrolysed to ortho-phosphate. Further analysis was

based on the methods described for nitrate and phosphate.

POC was determined by ashing filters at 880 �C and sub-

sequently removing the developing CO2 with nitrogen and

quantified using a Fuji electric infrared gas analyser

(Uehlinger et al. 1984). Dissolved organic carbon (DOC)

was measured by acidifying the samples with HCl, thereby

the inorganic carbon was released as CO2. The remaining

organic carbon was burned at 680 �C and the emerging

CO2 was analysed by non-dispersal IR gas analysis (Shi-

madzu TOC-5000A Analyser). For total inorganic carbon

(TIC) analysis, water samples were enclosed in an IC

reaction container and acidified with phosphoric acid.

Carrier gas was bubbled through the sample and took along

the CO2, which was analysed as described for DOC.

Periphyton and transported organic matter

(seston/drift)

Recall that streams for the measures below, including

respiration and sediment organic matter, were selected

prior to having results on water source inputs. In five study

streams (S3 and S3b, S7, S8, S10), 10 stones (cobble size)

were collected at random in each stream on five dates

between early May and late August 2005 for quantification

of periphyton. Stones were transferred in plastic bags to the

laboratory and stored at -25 �C until analysis. In the

laboratory, periphyton was removed from the surface of

each stone by brushing with a metal brush and rinsing with

water. From the resulting suspension, two sub-samples

were taken (10–30 ml each) and filtered (Whatman GF/F

filters, 0.7 lm) to determine the organic matter content as

ash-free dry mass (AFDM) and chlorophyll a per m2 (after

Uehlinger 1991). To determine AFDM, respective filters

were dried at 60 �C, weighed, burned at 500 �C for 4 h,

and reweighed. For chlorophyll a, each respective filter was

extracted in 6 ml hot ethanol (90 % at 70 �C) and

chlorophyll determined spectrophotometrically according

to Meyns et al. (1994).

Seston/drift (transported organic matter) samples

(n = 4) were collected on each sampling date in 4 study

streams (S2, S7, S8, S10) using a 1-m long 100-lm mesh

nylon drift net. Sampling lasted 3–10 min, depending on

net clogging by fine particles. Flow velocity (Mini Air 2,

Schiltknecht, Switzerland) was measured at the net opening

to standardize seston samples to volume of water (after

Hieber 2002). Streams S7 and S10 had samples collected at

an upstream (at treeline) and downstream site (entry in

floodplain) to test whether seston/drift increased longitu-

dinally along tributary streams. Samples were stored at

-25 �C until processed. For processing, seston samples

were separated into coarse ([1 mm: CPOM) and fine

material (\1 mm: FPOM) using a 1-mm sieve. Prior to

sieving, all macroinvertebrates were picked from each

sample. Macroinvertebrates and organic matter fractions

were filtered (Whatman GF/F filters, 0.7 lm), dried at

60 �C, weighed, ashed at 500 �C for 4 h and reweighed to

calculate AFDM.
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Hyporheic sediment respiration and organic matter

Respiration rates of hyporheic sediments were measured in

5 study streams (S3, S3b, S7, S8, S10) as oxygen con-

sumption in the uppermost bed sediments according to the

method of Jones (1995). In each stream, 4 replicate sam-

ples were taken on 4 sampling dates between May and

August 2005. The periphyton-coated top layer at the sur-

face of the streambed was removed before hyporheic sed-

iment was collected to a depth of 20 cm. Sediment particles

[8 mm were excluded by sieving (after Naegeli et al.

1995). Cylindrical plexiglas chambers (5.3-cm diameter,

30-cm long) were half-filled with these sediments and half

with stream water. Subsequently, chambers were inverted

several times (to remove air trapped in the sediment) and

the oxygen concentration and temperature were measured

with an oxygen meter (WTW Oxi340i, Weilheim, Ger-

many) before sealing the chambers with a rubber stopper.

Sealed chambers were wrapped in black plastic and incu-

bated in each respective stream for 4–8 h. After incubation,

chambers were again inverted three times before measuring

final dissolved oxygen concentrations and temperature.The

contents of each chamber (water and sediments) were

transferred to plastic storage bags, frozen at -25 �C and

returned to the laboratory for analysis of sediment partic-

ulate organic matter (POM) (see below).

To obtain hyporheic respiration rates (g O2 h
-1 kg-1

sediment), differences in oxygen concentration of each

chamber was divided by the corresponding incubation time

(h) and normalized by sediment weight (kg sediment). To

compare hyporheic respiration values of streams with dif-

ferent temperature regimes, hyporheic respiration was

normalized to a reference temperature of 15 �C (R(15 �C))

as follows:

Rð15�CÞ ¼ RðTÞ � 1:072�ðT�15�CÞ

where R(T) is the measured respiration rate (g O2 h
-1 kg-1

sediment) at the sampled field temperature (�C) (see Nae-

geli et al. 1995, Doering et al. 2013).

Sediments from each chamber were analyzed for par-

ticulate organic matter (POM) in different size classes.

POM (n = 4 per date and site) was separated into two

fractions: loosely attached POM (LPOM) and strongly

attached POM (SPOM) to sediment grains. LPOM was

associated with dead organic matter (detritus) and was

elutriated with water, whereas SPOM primarily consisted

of biofilms attached to sediments (Naegeli et al. 1995).

LPOM was rinsed from sediments and separated into

two size fractions: \0.063 mm and [0.063 mm. The

remaining sediments of the SPOM fraction were separated

(wet sieving) into four size classes (\0.063 mm,

0.063–0.25 mm, 0.25–1 mm, 1–8 mm). The ash-free dry

mass was determined for each LPOM and SPOM size

fraction. The smallest size POM fraction (\0.063 mm) was

first sub-sampled and then filtered through pre-ashed (at

500 �C for 3 h) glass fiber filters (Millipore APFF; 0.7-lm

pore size) before AFDM determination. The organic matter

content of each sample (g AFDM kg-1 sediment) was

calculated by summing the AFDM values of the different

fractions and dividing by the sample weight.

Data analysis

Data generated from the mapping analysis were summa-

rized to compare the extent of different types (permanent,

dry, intermittent) of tributary streams in comparison to

total channel lengths and relative change in the proportion

(percentages) of stream types over the period of study.

The physico-chemical data were assessed using principal

components analysis (PCA, varimax rotation) on

log(X ? 1) transformed data to group streams having

similar water source characteristics. Repeated measures

ANOVA, using log(X ? 1) transformed data to improve

normality and heteroscedasticity, tested for differences in

periphyton biomass, seston and sediment respiration

among streams and dates, followed by Tukey’s posthoc test

when significant differences were found (Zar 1984). Pear-

son correlation was used to determine significant relation-

ships between selected variables such as respiration and

organic matter components (following Doering et al.

2013).

Results

Stream network mapping

The total stream length in the 49.5 km2 catchment study

area was 85.3 km of tributary and other floodplain channels

(Fig. 2). The total lengths of tributary streams, excluding

floodplain channels, that were intermittent, permanent, or

dry during the study period (early May to end August) were

50.7 km (77 %), 8.9 km (13.5 %), and 6.2 km (9.5 %),

respectively. In the active floodplain itself, various chan-

nels comprised 37 % (19.5 km) of the overall stream net-

work. Overall, about 90 % (76.8 km) of the drainage

network in the catchment study area was intermittent.

During the study period in 2005 (125 days in total), air

temperatures were low in May such that glacier melt

remained relatively limited and no surface water flowed at

the terminus of most glacial-fed tributaries. About 38 % of

the channel network was dry during this period, whereas

about 62 % had surface water. Towards summer as air

temperatures increased, the length of dry channels
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decreased continuously from 14 % in late May to 0 % at

the late July to mid-August. For instance, the flow period

among the 10 streams used in the ecological part of the

study ranged from 0 days for S5 to[100 days for S3, S3b,

S6, S7, S8, S9, and S10. Surface flow started the latest in

the two glacial streams (S1, S2). There also was a diel

cycle in flow with no surface water at S1 and S2 from late

evening to early morning when glacial melt was minimal or

even lacking and relatively high discharge during the day

from increased glacial melt. The change between surface–

water and dry stages could occur within a couple of hours

as glacial water inputs increased at dawn and decreased at

dusk (authors, personal observation).

Physico-chemical characteristics

A principal components analysis (PCA) grouped the 9 study

streams into three clusters based on physico-chemistry dif-

ferences (Fig. 3). These groups consisted of S1 and S2

having a predominant source of water from hanging glaciers

(refered as glacial ‘g’ streams below), streams S3 and S9with

an apparent groundwater contribution (refered as ground-

water ‘gw’ streams), and the other streams having a potential

mix of water sources (refered as mixed ‘mix’ streams). The

first two factors of the PCA explained 68 % of the total

variation in physico-chemical measures between streams.

PCA factor-1 was associated with electrical conductivity,

Fig. 2 GIS based map of the fluvial network in the Val Roseg showing the permanent, intermittent, and dry streams at the time of the study

(2005)
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calcium, silica, sulphate and total inorganic carbon (TIC),

whereas PCA factor-2 was associated with dissolved nitro-

gen and nitrate. In general, glacial streams (S1g, S2g) had

lowest mean values and groundwater streams highest mean

values along PCA-1, whereas mixed sites had lowest mean

values along PCA-2. Further, glacial streams (S1g, S2g)

showed high variation for NO3–N andDN, and low variation

for electrical conductivity, ionic composition and TIC,

whereas the opposite was true for groundwater streams. In

contrast, mixed streams had relatively high variation in

measures of both factors.

Mean discharge among study streams ranged from 3.9 to

48.8 L/s (Table 1). Mean temperature among streams ranged

from 1.8 to 6.9 �C and within stream variation (CV) ranged

from16 to 87 % (Table 1). Electrical conductivitywas lowest

in glacial streams (B18 lS cm-1) and highest in groundwater

streams (48–66 lS cm-1) with overall low within stream

variation during the study period (CV range = 10–30 %).

Turbidity was generally low, on average being less than 10

NTU, although higher mean values were found at S2g (12.1

NTU) and S9mix (21.4 NTU). Variation within streams in

turbidity (CVs) ranged from 10 % (S4mix) to 127 % (S7mix).

Mean pH ranged from 6.7 to 7.6 among streams. Mean DOC

concentrations were generally low (B1.0 mg L-1) in all

streams, but varied (CVs) from 14 to 78 % within streams.

Mean nitrate (NO3–N) concentrations were highest in

glacial streams (0.17 and 0.22 mg L-1), except for

groundwater stream S3gw at 0.23 mg L-1 (Table 1). Mean

nitrate concentrations were two-fold higher in streams

draining the east-side of the valley relative to those

draining the valley west side, although two of the three

east-side streams were glacial fed. Phosphorus (PO4–P)

concentrations were generally low, ranging on average

from 0.50 to 1.55 lg L-1. Particulate phosphorus concen-

trations were highest in glacial streams (mean

[8.0 lg L-1), except for mixed stream S4mix (mean

PP = 9.8 lg L-1). Silica (SiO2) was lowest in the glacial

streams (ca. 1.54 mg L-1) and ranged from 2.59 (S10mix)

to 4.76 mg L-1 (S3gw) in the other headwaters. Lastly,

calcium (Ca) ranged from 2.5 in the glacial streams to

4.3–11.2 mg L-1 in the other study streams (Table 1).

Periphyton and seston/drift

Periphyton was quantified in streams S3gw, S3bgw, S7mix,

S8mix, and S10mix (see map Fig. 1). In these streams,

temporal patterns of periphyton chlorophyll a and AFDM

were highly variable (Fig. 4). Levels of chlorophyll a were

highest in May for S3bgw, S7mix and S10mix, while S3gw
and S8mix had maximal chlorophyll a levels in June

(Tukey’s test, p\ 0.05). Periphyton AFDM had the same

pattern as chlorophyll a in S3bgw, S7mix and S8mix, whereas

S10mix had highest levels in June/July and S3gw peaked in

AFDM in August.

Total suspended organic matter (seston/drift) was

quantified in streams S2g, S7mix, S8mix, and S10mix (see

map Fig. 1). Seston/drift was highest in S2g (Tukey’s test,

p\ 0.05), averaging ca. 0.26 mg AFDM L-1, whereas this

value varied between 0.03 and 0.09 mg AFDM L-1 at the

other streams (Fig. 5). The FPOM fraction represented

between 33 and 76 % of the total seston/drift in the

streams. The CPOM fraction varied between 14 and 43 %

of the total seston/drift, whereas the AFDM of inverte-

brates in the drift varied between 7 and 24 %. In streams

S7mix and S10mix, where seston/drift was sampled at an

upstream and downstream location, levels were always

highest at the downstream site. For example, the mean total

seston/drift at S7mix upstream site was 0.02 mg AFDM L-1

and was 0.07 mg AFDM L-1 at the downstream site (data

not shown). Here, the percentage CPOM (43–37 %) and

invertebrates (24–11 %) decreased in seston/drift, and

percentage FPOM (33–52 %) increased, between the

upstream and downstream site.

Hyporheic sediment respiration

Hyporheic sediment respiration was quantified at streams

S3gw, S3bgw, S7mix, S8mix, S10mix (see map Fig. 1). A gen-

eral decrease in hyporheic sediment respiration (temperature

corrected at 15 �C) was observed over time in all streams

withmaximal values inMay and June, and values decreasing

in July and August (Fig. 6). Hyporheic sediment respiration

was highest at S10mix with 0.126 mg O2 h
-1 kg-1 sediment
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Fig. 3 Scatterplot of the PCA results based on physico-chemical

measures recorded at 9 study streams (as stream number in plot,

stream S5 was dry and not included). Data plotted show mean and

standard deviation for each stream based on biweekly samples

between early May and late August 2005 (n = 8). Axis labels

represent parameters with a factor loading [0.70, and parameters

were positively related to each axis. PCA factors-1 and -2 explained

44 and 24 % of the total variation, respectively
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in June and lowest at S8mix with 0.005 mg O2 h
-1 kg-1

sediment in July. Mean respiration rates among streams

ranged from 0.025 to 0.062 mg O2 h
-1 kg-1 sediment.

Hyporheic sediment respiration varied substantially among

streams as well as within streams among dates. There were

significant relationships (p\ 0.05) between hyporheic sed-

iment respiration and the AFDM of LPOM\ 0.063 mm

(r = 0.51), SPOM\ 0.063 mm (r = 0.62), and total

AFDM (r = 0.47). Sediment organic matter declined

slightly during the study period in the study streams,

and the amount significantly differed among streams

(F4,15 = 23.9, p\ 0.001). The strongly attached organic

matter (SPOM) was the dominant POM fraction in all

streams, exceeding loosely attached organic matter

(LPOM) by about 8 fold.

Discussion

Extent of intermittent streams in the catchment

Mapping results showed that intermittent streams domi-

nated the drainage network of this high elevation alpine

catchment, comprising up to 90 % of the channel network

during the study period. Except for the outlet of the pro-

glacial Roseg lake and the glacial stream below the

Table 1 Means, standard deviations (SD), and coefficients of variation (CV as %) of selected physico-chemical parameters at the study streams,

except stream S5 which was dry (n = 8: May–August 2005)

Stream # Source Discharge Temperature Conductivity Turbidity NO3–N PO4-P PP DOC SiO2 Ca

L s-1
�C lS cm-1 @ 20 �C NTU mg L-1

lg L-1
lg L-1 mg L-1 mg L-1 mg L-1

S1 Glacial

Mean 3.9 5.0 13.4 7.9 0.22 0.50 7.8 0.26 1.48 2.5

SD 5.3 4.4 2.2 4.4 0.10 0.00 6.4 0.05 0.11 0.0

CV 140 87 16 56 46 0 82 20 7 0

S2 Glacial

Mean 48.8 3.8 18.1 12.1 0.17 0.72 9.2 0.24 1.58 2.5

SD 62.8 1.1 3.8 9.9 0.08 0.48 5.1 0.14 0.27 0.0

CV 130 28 21 82 46 68 55 60 17 0

S3 Groundwater

Mean 7.8 3.7 66.3 1.7 0.23 1.10 2.8 0.32 4.76 11.2

SD 6.2 0.6 10.1 1.4 0.03 1.42 1.7 0.22 0.24 2.2

CV 80 16 15 79 13 129 60 71 5 19

S9 Groundwater

Mean 7.0 6.1 48.7 21.4 0.19 1.51 4.8 0.20 3.54 9.1

SD 1.7 2.8 10.6 20.1 0.03 0.98 3.0 0.12 0.46 1.6

CV 20 43 22 94 15 65 62 59 14 17

S6 Mixed

Mean 4.0 6.9 31.6 1.1 0.08 0.59 2.0 1.00 2.71 4.3

SD 1.9 2.4 8.7 1.3 0.08 0.25 1.5 0.40 0.27 2.7

CV 50 34 27 115 101 43 77 40 10 62

S7 Mixed

Mean 4.0 6.4 38.9 4.9 0.10 0.50 1.5 0.35 4.16 6.5

SD 1.9 2.8 7.2 6.2 0.05 0.00 0.9 0.18 0.40 0.8

CV 50 44 18 127 52 0 60 52 10 12

S8 Mixed

Mean 22.8 6.0 36.4 10.0 0.14 1.00 3.8 0.29 3.03 5.9

SD 19 2.8 8.7 9.3 0.03 0.79 2.7 0.22 0.55 1.9

CV 80 46 24 92 24 79 72 76 18 32

S10 Mixed

Mean 36.5 6.2 45.4 2.8 0.10 0.68 3.1 0.43 2.59 8.5

SD 20.8 3.5 13.7 1.9 0.03 0.50 1.6 0.34 0.48 2.3

CV 60 57 30 60 36 74 52 78 18 27

Source Category was based on the PCA results
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Tschierva glacier, most floodplain tributaries were pre-

sumably intermittent as well, at least from January to

March (Malard 2003; Malard et al. 2005). Other studies

also showed that intermittent channels form a high pro-

portion ([60 %) of the channel system in other alpine

glacial catchments (e.g. Robinson and Matthaei 2007). For

example, comprehensive studies in the upper Roseg valley

showed that between 1997/1998 and 1999/2000 about

75 % of the glacial floodplain channels were intermittent

(Tockner et al. 1997; Zah et al. 2001, 2003; Malard et al.

2005). These results are in line with other studies of

intermittent streams repesenting substantial proportions of

drainage networks (Buttle et al. 2012; Fritz et al. 2013).

The present study supports the view that intermittent

streams are a typical feature of drainage networks in alpine

catchments where flow is strongly seasonal and aquifers are

relatively shallow (Malard et al. 2005; Langston et al.

2011). Additional research is needed on characterizing the

hydrology and flow sources of alpine intermittent streams,

especially in light of ongoing rapid glacial recession.

The process of continuous and accelerated glacier

melting, and shifts in precipitation patterns (IPCC 2014), in

high alpine environments suggests the channel network of

intermittent streams could change temporally and actually

increase in extent, thereby affecting alpine floodplains and

downstream waters (Robinson et al. 2003, Alexander et al.

2007, Bocchiola 2014). Intermittent channels are important

for creating and maintaining habitat heterogeneity (Gasith

and Resh 1999; Lake 2003) and strongly influence down-

stream ecosystems biologically, chemically and physically

(Reid and Ziemer 1994; Stanley and Boulton 1995; Gasith

and Resh 1999; Lake 2003; Battin et al. 2008). In the Val

Roseg, most studies on intermittent streams have been

conducted only in the active floodplain (Tockner et al.

1997; Zah et al. 2001; Malard 2003; Tockner and Malard

2003; Malard et al. 2005), and did not consider intermittent
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headwater streams. Because of the high abundance of

intermittent streams found in this study, and intermittent

headwaters in general (Fritz et al. 2013), further studies

should give more importance to these ecosystems (sensu

Datry et al. 2014), especially in respect to seasonal

expansion–contraction dynamics as documented for stream

networks in various alpine floodplains (Malard et al. 2005,

Robinson and Matthaei 2007).

General ecological characteristics of alpine

headwaters

The 9 streams examined in respect to physico-chemistry

revealed three general stream types and were mainly

classified by seven parameters: NO3–N, DN, conductivity,

TIC, SiO2, SO4, and Ca. Streams refered to as ‘glacial’

streams had the highest nitrogen concentrations but low

concentrations of major ions and TIC, as well as low

electrical conductivity. Streams fed by glacial/snow melt

typically have higher nitrogen concentrations and lower

conductivities than other stream types in glacial catchments

(Robinson and Matthaei 2007; Rutter et al. 2011; Perrot

et al. 2014; Sertic et al. 2015). The flow period for glacial

streams was the shortest and diurnal variation in discharge

was highest among the headwater streams examined (see

Magnusson et al. 2014), whereas seasonal flow variation

was in the same range as for ‘mixed’ streams. Temperature

varied over a wide range (min/max: 0.98, 11.6 �C) among

streams, and can be explained by the warming of meltwater

along the distance it flows from the glacier to the floodplain

margin, where the temperature loggers were located. High

thermal heterogeneity is a common feature among streams

in alpine glacial catchments (Robinson and Matthaei 2007;

Brown and Hannah 2008; Tonolla et al. 2010).

Glacial streams are generally characterized as having

low temperatures, high turbidity and low concentrations of

dissolved ions (e.g. low electrical conductivity) (Milner

and Petts 1994; Malard et al. 2000; Slemmons et al. 2013).

In this study, in contrast, turbidity was not higher in glacial

streams than in the other stream types analyzed but was

still closely associated with discharge. The low turbidity

(\12 NTU on average) is likely due to the water source in

these glacial headwaters coming from hanging glaciers

(similar to remnant ice fields) and not active glaciers (NTU

often[100; Hieber et al. 2002) as assumed in the con-

ceptual model of Milner and Petts (1994). High nitrogen

concentrations in these headwaters were mainly caused by

two measurements in July, and indicated that, in addition to

glacier meltwater, snow meltwater also contributed to flow.

It is known that snow can be rich in nitrogen and two

possible sources of nitrogen are the flushing of the snow

pack itself or from nitrogen pools in the soil beneath the

snow pack (Fountain 1996; Heuer et al. 1999; Malard et al.

2000; Battin et al. 2004, Perrot et al. 2014). For instance,

the initial 30 % of the melt volume of snow packs has been

shown to contain 50–80 % of the total solutes in snow

(Johannessen et al. 1977), thus likely contributing to the

high nitrogen values we found in July samples.

Groundwater streams also had high concentrations of

nitrogen, but concentrations of major ions and TIC as well

as electrical conductivity were elevated compared to gla-

cial streams. This stream type closely matches the defini-

tion of krenal streams of Ward (1994) and these headwaters

had mostly permanent flow during the study period. For

instance, the discharge regime was relatively constant at

diurnal and seasonal scales, and temperature ranged from

0.01 to 11.6 �C. Malard et al. (2000) also observed that

groundwater channels in the Roseg floodplain were clear

and enriched in solutes, suggesting that groundwater is a

major source of nutrients in the Val Roseg (also see

Tockner et al. 1997). High nitrate concentrations in

groundwater streams could also result from enhanced

nitrification rates due to higher algal biomass or organic

matter content in sediments (Tockner et al. 1997; Battin

et al. 2004). The low concentrations of DOC found are

typical for groundwater streams (Boyer et al. 1997). In

upland catchments, soils and vegetation of the catchment

are the primary sources of allochthonous DOC in streams,

whereas snow DOC content is low (Boyer et al. 1997;

Bernal and Sabater 2012).

Periphyton, measured as chlorophyll a and AFDM,

varied strongly among as well as within the 5 mixed and

groundwater streams examined. According to Uehlinger

et al. (1998), groundwater alpine streams have greater

periphyton biomass and chlorophyll a during summer than

other seasons. However, this pattern was not observed in

spring-summer in the present study. Generally, lower

periphyton levels and complete absence of moss in all

streams but stream S3gw were primarily related to differ-

ences in hydrological regimes during summer (i.e. length

of surface flow), which can affect, in particular, suspended

sediment load, turbidity, hydraulic stress and bedload

transport (e.g., Tockner et al. 1997; Malard et al. 1999).

High variation in discharge coupled with sediment insta-

bility has been reported to be a major factor constraining

periphyton levels in streams of high and low altitudes

(Uehlinger 1991; Uehlinger and Naegeli 1998; Biggs et al.

1999, Singer et al. 2005). The low periphyton levels in the

other study streams can be attributed to changes in dis-

charge (or lack of) and other instream conditions. For

instance, reduced water temperature, increased turbidity as

well as increased shear stress through suspended solids can

inhibit periphyton development, resulting in low periphy-

ton levels (see Uehlinger et al. 2010).

Superimposed on these general effects of water source

on periphyton levels, small-scale variations in water flow
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pathways and groundwater surface–water interactions, with

linked changes in temperature and nutrients, can create

spatial as well as temporal environmental gradients that are

reflected in variations in periphyton levels in the study

streams (Ward et al. 1999; Peterson et al. 2001; Battin et al.

2004; Roy et al. 2011). Besides these small scale effects,

the change in temporal flow patterns may cause streams to

fall dry, depending on the contribution of snowmelt or

glacial meltwater and groundwater to discharge (Ward

1994). The duration, spatial extent and predictability of this

kind of disturbance are important features that can limit

epilithic communities in streams (Lake 2000, 2003;

Humphries and Baldwin 2003). As we lack detailed annual

flow data for the analyzed streams, the effect (intensity) of

intermittency could not be evaluated here. Although peri-

phyton are susceptible to desiccation if water levels drop

(Steinman and McIntire 1990; Mosisch 2001), various

studies have shown that algal assemblages have adapted to

predictable disturbance events such as a gradual decrease

in flow (Niemi et al. 1990; Steinman and McIntire 1990;

Yount and Niemi 1990; Gasith and Resh 1999).

The third stream type observed were ‘mixed’ streams,

which had low concentrations of nitrogen, intermediate

concentrations of major ions (electrical conductivity) and

TIC. Their discharge regime showed more variation (i.e.

intermittency) than that of groundwater streams over the

study period, and temperature ranged from 0.5 to 13.5 �C.

Water source in mixed streams was likely a composite of

snow-melt, glacier-melt and groundwater in which all

contributed to discharge. An indicator for this mixed water

source was the high variation regarding nitrogen, electrical

conductivity, ionic composition and TIC (e.g., see Brown

et al. 2003). The source of water for mixed streams likely

changes over diel and annual hydrological cycles, e.g. less

glacial input at night and in late autumn and winter, and

likely influence their ecosystem properties over time in

contrast to other stream types. More research is needed to

more fully examine water ecosystem state variables in

relation to water source dynamics.

Particulate P concentrations were highest in glacial

streams and depended on discharge in mixed streams and

glacial stream S2g. These results can be explained by the

resuspension of glacial flour, which is characterized by

high phosphorus concentrations, during high-flow periods

(Bretschko 1966; Tockner et al. 1997). Glaciers also

accumulate POM that is primarily blown in by aeolian drift

and released during the melting period (Teeri and Barrett

1977). For instance, Tockner et al. (2002) found glacial

streams to have higher POM concentrations than other

streams in the Val Roseg. Varying meltwater production

leads to high variation in discharge and thereby influences

the release of POM (e.g., Romani et al. 2006) and partly

explains the daily variation of POM in glacial stream S2g

that was much higher than in the other headwaters. FPOM

correlated with discharge in all four examined streams,

reflecting the resuspension of sediment that was correlated

with discharge. These findings suggest that POM transport

can be high in alpine headwater streams during periods of

surface flow.

Organic matter inputs to the four study streams exam-

ined were generally low (0.015–0.462 mg AFDM L-1)

when compared with organic matter inputs in other Roseg

streams that ranged between 2 mg AFDM L-1 (hillslope

ground water) and 4 mg AFDM L-1 (glacial meltwater)

(see Tockner et al. 2002). Zah and Uehlinger (2001), who

also measured organic matter inputs along the Val Roseg,

reported total annual inputs of POM ranging from 1.1 g

AFDM m-2 year-1 close to the glacier to 10 g

AFDM m-2 year-1 in the floodplain section and finally a

maximum of 34 g AFDM m-2 year-1 in the lower forested

section near the river mouth. In the study headwaters,

FPOM was dominant, CPOM was the second most

important fraction, followed by the invertebrate fraction.

Allochthonous inputs to alpine streams are typically low

but these inputs may be an important energy source

because of limited algal growth in these streams (Tockner

et al. 2002; this study). In the two streams examined, the

total suspended organic matter at the downstream station

was greater than at the upstream station above treeline. The

low presence of riparian vegetation likely influenced the

import of POM in the examined tributaries and explains the

low values at sites above treeline. These findings suggest

that POM concentrations increase from the upper basin to

the lower basin, but also that fluxes from headwaters are

likely to increase as alpine vegetation increases with cli-

mate associated changes (e.g., Mueller et al. 2013, Politti

et al. 2014), thereby further influencing the water quality

and quantity downstream (Alexander et al. 2007). Lastly,

the spatial extent of intermittency among headwater

streams can be important in organic matter fluxes in alpine

catchments and is likely to increase in the future with

ongoing glacial recession.

Sediment organic matter showed similar temporal pat-

terns in the five examined headwaters, with a decline in

June and subsequent increase in July and August. Organic

matter content was lowest in June when discharge was

maximum, indicating a strong hydrological control of POM

in the uppermost hyporheic sediments. Several studies

demonstrated that floods or spates result in significant

reductions in benthic organic matter (Herbst 1980; Smock

1990; Naegeli et al. 1995; Naegeli et al. 1996). Gurtz and

Tate (1988) found that in intermittent streams, large

amounts of POM accumulated during dry periods and were

transported and exported by floods. According to Metzler

and Smock (1990), the stability of sediment is thought to

be important for organic matter retention and supply of
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POM in streams, which in turn is influenced by variation in

discharge. Thus, dry periods and floods can directly affect

organic matter dynamics and organic matter processing in

streams (Cuffney and Wallace 1989; Smock 1990; Boulton

and Lake 1992; Naegeli et al. 1995), and likely are

important for organic matter dynamics in alpine headwa-

ters as well. For instance, bacterial community dynamics

(Febria et al. 2012) and pCO2 outgassing (Peter et al. 2014)

were associated with discharge fluctuations in alpine

stream networks.

A functional aspect was assessed in five streams based on

hyporheic sediment respiration. Average sediment respira-

tion rates (ranging from 0.025 to 0.062 mg O2 h
-1 kg-1

sediment) during the study period (May–August) were

similar to levels reported from other alpine streams (Logue

et al. 2004). Considering that 16 % of the bed sediments

belong to the size fraction\8 mm (Zah et al. 2001) and that

a sediment sample volume contained 2.73 kg sediments,

average respiration in the uppermost 0.15 m streambed was

0.1 ± 0.06 g O2 m
-3 d-1. These measured rates are quite

low compared to non-alpine streams with values ranging

from 7.9 g O2 m-3 d-1 for a forested stream (Steina) in

Germany (Pusch and Schwoerbel 1994) to 26.8 g O2

m-3 d-1 for a desert stream (Sycamore) in southwest USA

(Grimm and Fisher 1984). It is commonly agreed that

organic matter is a major control of the heterotrophic

metabolism in streambeds (Bott and Kaplan 1985; Jones

et al. 1995; Findlay et al. 2003). At the catchment scale,

total sediment organic matter explained 22 % of the vari-

ation in hyporheic community respiration (data not shown)

(also see Hedin 1990; Naegeli et al. 1995). Consequently,

the transport of organic matter (although being B1.0 mg/L

in these headwaters) and DOC with the onset of surface

flows in intermittent alpine streams also can constrain

instream metabolism (as respiration) in these ecosystems

(Romani et al. 2006). Logue et al. (2004) also noted that

respiration rates decreased later in the season (into

September and October) as organic matter resources

became limited in a high alpine catchment.

Besides total organic matter, different organic matter

categories (LPOM\ 0.063 mm, SPOM\ 0.063 mm) had

a significant influence on hyporheic sediment respiration.

Pusch and Schwoerbel (1994) found LPOM to be closely

related to hyporheic sediment respiration in a riffle pool

sequence in a mountain stream. Our data indicate that,

besides organic matter content, resource quality also might

be an important factor controlling sediment respiration at

the catchment scale. Small particles are expected to fuel

hyporheic sediment respiration due to increased food

quality (Hargrave 1972; King and Cummins 1989; Jones

et al. 1995; this study). We expect that hyporheic sediment

respiration at the stream scale is strongly influenced by

hydrological dynamics as well as different water sources

contributing to the discharge and organic matter inputs

(including DOC: Baker et al. 2000) of the stream. For

instance, although sediment respiration was not measured

in glacial streams, DOC was lowest (ca. 0.25 mg L-1) in

the glacial streams in this study and this suggests that

hyporheic sediment respiration would be low in the streams

as well. Hyporheic sediment respiration is reported to be

influenced by abiotic factors such as the exchange between

surface water and groundwater, texture, composition and

grain size distribution of the hyporheic sediment, temper-

ature, and nutrient availability (Grimm and Fisher 1984;

Pusch and Schwoerbel 1994; Jones et al. 1995; Naegeli

et al. 1996; Pusch 1996), which are ultimately controlled

by discharge regime.

The combination of measures used in the present study

showed that headwater streams in this alpine glacial catch-

ment can show considerable variation in fundamental

ecosystem processes such as production and respiration of

organic matter. Our data suggest that distinct patterns of

annual flow as well as daily variations in discharge and the

contribution of different water sources may generate distinct

patterns of productivity and change in-stream communities.

Malard et al. (1999) showed that groundwater inputs play a

major role in structuring ecological conditions in surface

water habitats of the Roseg floodplain, thereby sustaining

biodiversity and productivity in this so-called harsh envi-

ronment. The contribution of different hydrological reser-

voirs to the flow of water within the catchment as well as

location and strength of groundwater surface water

exchange is predicted to change over time (e.g., Brown et al.

2007) with important implications regarding the conserva-

tion management of alpine landscapes (Khamis et al. 2014).

Thus, it is essential to monitor ecosystem processes in

relation to discharge andwater origin over a period of at least

a whole hydrological year (this study only encompassed

early spring to late summer), which is also important when

evaluating the effect of flow intermittency on aquatic biota.
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