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Abstract – Headwater woodland streams are primarily heterotrophic: they receive substantial inputs of
organic matter from the riparian vegetation, while autochthonous primary production is generally low. A
substantial part of leaf litter entering running waters may be buried in the streambed because of flooding and
sediment movement. Although the general significance of the hyporheic zone for stream metabolism has been
reported early, organic matter storage within the sediment of streams has received less attention, with most
studies only quantifying accumulations at the streambed surface and ignoring other stream compartments. In
the present study, the amounts of three fractions of coarse particulate organic matter (CPOM; > 16, 4–16 and
1–4 mm) were determined in late autumn and early spring in the interstitial and benthic zones of three headwater streams of the Montagne Noire (South-Western France) differing in their substratum grain size. Our
findings demonstrated that the total CPOM content in the interstitial zone can be much (up to one order of
magnitude) higher than at the sediment surface. The sandy bottomed stream exhibited a higher amount of
CPOM (whatever the size fraction) than the two other streams, suggesting that the sediment particle size may
be a major determinant of CPOM storage. Given the large amount of organic matter stored in the interstitial
zone, this compartment may play an important role for the carbon turnover and associated trophic dynamics
in the stream ecosystem.
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Introduction
Low-order forested streams, where light limitation
restricts primary production, rely upon the input of
organic matter from the riparian zone to fuel in-stream
processes (Vannote et al., 1980). Thus, benthic coarse
particulate organic matter (CPOM; e.g. leaves, wood and
twigs) is a pivotal component of the functioning of these
streams. It often forms the basis of the trophic structure of
streams, being the major source of organic matter and
energy in woodland stream ecosystems (Cummins et al.,
1989). The decomposition of this organic matter is a key
ecosystem-level process integrating the activities of both
microbial and invertebrate decomposers (Gessner and
Chauvet, 1994; Suberkropp, 1998; Graça, 2001; Hieber
and Gessner, 2002). The accumulations of litter also
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provide physical structures, affecting geomorphology
(Keller and Swanson, 1979) and serving as a habitat for
organisms (Malmqvist et al., 1978; Short and Ward, 1981).
During the last four decades, studies on the dynamics
of organic matter in streams have mostly been limited to
benthic habitats, i.e., with processes occurring above the
streambed surfaces (Kaushik and Hynes, 1971; Webster
and Benfield, 1986; Jones, 1997). In parallel, the general
significance of a second compartment, the hyporheic zone,
was reported (Orghidan, 1959; Schwoerbel, 1961, 1964;
Williams and Hynes, 1974; Triska et al., 1989; Gibert
et al., 1990; Vervier et al., 1992; White, 1993) and the
major contribution of the hyporheic zone to stream
metabolism was also reported by Grimm and Fisher
(1984). In the same time, authors such as Webster (1975),
Webster and Patten (1979) and Newbold et al. (1981,
1982) introduced the concepts of nutrient and carbon
spiralling describing the simultaneous processes of downstream movement with patterns of immobilization and
mineralization. This spiralling concept, stressing that
streams are prime sites of matter retention and processing,

strongly contrasted with the reductionist view of other
researchers as reported by Boulton (2000), considering
these lotic ecosystems only as “pipes” conducting water,
solutes and organic matter from the catchment downstream. Organic matter storage within stream sediments
has received less attention than at the surface of sediments.
However large standing stocks of particulate organic
matter (POM) may occasionally be buried in sediments
and significantly contribute to hyporheic metabolism
(Metzler and Smock, 1990; Sobczak et al., 1998), and
therefore to the overall ecological functioning of headwater streams.
Relatively little work has attempted to quantify POM
buried in the sediments of headwater streams as usually it
occurs following spates or other depositional events (but
see Leichtfried, 1985, 1988; Metzler and Smock, 1990;
Smock, 1990; Bretschko, 1991; Wagner et al., 1993; Jones
et al., 1995; Naegeli et al., 1995). In some of these studies,
authors have evaluated POM in the sediments by analysing the total organic carbon (TOC) without really paying
attention to the relative contribution of the different size
fractions (Leichtfried, 1985, 1988; Bretschko, 1991).
Wagner et al. (1993) have investigated the deposition of
POM over a period of 9 months, but only from the upper 3
cm of streambed, while Jones et al. (1995) have measured
deep storage of FPOM ( > 2 cm depth) by digesting
sediments with persulphate and analysing the resulting
release of CO2. Naegeli et al. (1995) have quantified POM
within the sediment, but only considered the relative
contribution of POM size fractions from < 63 mm to 4 mm
(their sampling device was equipped with 4 mm mesh size,
thereby limiting their investigations). The studies by
Smock (1990) and Metzler and Smock (1990) appear as
the most complete in this regard, as they were performed
to measure CPOM inputs and storage both in the benthic
and hyporheic compartments of headwater streams.
However, they encompassed a reduced range of sediment
grain-size characteristics (i.e., sandy and silt-clay
bottomed streams).
Usually, fine-grained stream sediments contain larger
amounts of stored detritus than streams with coarse
sediments (Brunke and Gonser, 1997). However, results
from the few available studies also report contradictory or
less clear patterns. Therefore, conclusions that the retention of POM in sandy-bottomed streams is more efficient
than in gravel bed streams must be made cautiously
(Brunke and Gonser, 1997). Moreover, because of the
heterogeneous nature of the sediment matrix and of
discharge variability, the characteristics of the interstitial
zone tend to vary widely following temporal and spatial
patterns, as well as from one system to another (Brunke
and Gonser, 1997).
Some studies suggest that organic matter content
within the interstitial zone may be considerably higher
compared with the one at the sediment surface, partly
because buried organic matter has a lower decomposition
rate (Herbst, 1980; Rounick and Winterbourn, 1983;
Cornut et al., 2010) and is less subject to downstream
transport during storms and floods. For the streams in

which both benthic and hyporheic CPOM amounts have
been measured, the latter account for 25–90% of the total
stored organic matter (Cummins et al., 1983; Metzler and
Smock, 1990). Therefore, the hyporheic zone is potentially
a major site for organic matter storage, and Jones (1997)
recommended considering subsurface storage in future
studies to determine its importance in a range of streams.
Accounting for spatial and temporal variability in organic
matter storage is also needed to better understand the
mechanisms that control the structure and functioning of
these ecosystems.
The present study was performed to measure CPOM
( > 1 mm) content in three low-order headwater streams of
the Montagne Noire (South-Western France) varying in
grain-size characteristics. The spatial variability of CPOM
contents, above and within stream sediments, was examined at two different sampling dates (late autumn and early
spring). The following hypotheses have been tested: (1) a
substantial part of CPOM should be stored within
streambed sediments and (2) the relative importance of
allochthonous organic matter stored in interstitial versus
benthic habitats should differ among streams, notably due
to contrasting grain-size characteristics of their streambed.

Methods
The study was carried out in the Montagne Noire,
South-Western France, a 1450-km2 region covered by a
mixed broadleaf forest with an altitudinal range of
250–1211 m a.s.l. Climatic conditions are marked by high
rainfall (average 1500 mm.yearx1). Three first- or secondorder permanent streams with similar physical and
chemical characteristics were selected in forested areas,
situated between 02x09'25''E and 02x19'51''E longitude and
43x21'15''N and 43x27'03''N latitude. The riparian zones
are covered by broadleaf forests dominated by oak
(Quercus petraea (Mattus.) Liebl.), hazel (Corylus avellana
L.), alder (Alnus glutinosa (L.) Gaertn.), ash (Fraxinus
excelsior L.), sweet chestnut (Castanea sativa Mill.) and
beech (Fagus silvatica L.). Tree density along the three
stream reaches (0.42–0.44 mx1, in the Béal and the
Bergnassonne, respectively; > 0.15 m diameter at breast
height, 5 m stream distance) and canopy cover of the
streambed (85–95%, in the Béal and the Bergnassonne,
respectively) were similar.
Water chemistry was determined at two sampling dates
(i.e., late autumn: 25 November 2009 and early spring: 21
March 2010), in three representative riffles per stream,
both at the surface of the sediment, and in the interstitial
zone (i.e., at 15 cm below the sediment surface) with a
specific sampling device using a hand-held vacuum pump.
PVC cylinders (10 cm length and 12 mm inner diameter)
were pierced (2.5 mm diameter hole r 50) and capped at
bottom with a plastic stopper. A length of plastic tubing
(Tygon, 5 mm inner diameter) was hermetically sealed at
the top of each cylinder to allow sampling of interstitial
water, and kept isolated from surface water with a clamp.
Two cylinders were carefully introduced in the sediment of

each of three representative riffles per stream, by using a
piezometer pushed to 20 cm depth into streambed using an
internal metallic rod, as described in Baxter et al. (2003).
The middle of each cylinder was approximately 15 cm
below the streambed surface. The cylinders were installed
several months before water sampling to allow the initial
hydraulic properties to stabilize, thereby avoiding any bias
due to exchanges between surface and interstitial waters.
At each sampling date, 250 mL of interstitial water per
riffle was slowly collected from cylinders with the hand
vacuum pump placed at the end of the Tygon tubing.
Temperature, pH, conductivity and dissolved oxygen
concentration were measured in the field using portable
instruments (pH-meter 320i and Oxi 330i, WTW,
Weilheim, Germany; Conductimeter Dist5, HANNA,
Woonsocket, Rhode Island, USA). Water samples were
filtered in the field with 0.7 mm glass fibre filters (Glass
fibre GF/F, Whatman, Clifton, New Jersey, USA), stored
in pre-rinsed polyethylene bottles and placed in an icebox
until they were returned to the laboratory. Concentrations
of PO4 measured as soluble reactive phosphorus (SRP),
NO3, NO2 and NH4, were determined using standard
colorimetric methods by flow injection analysis with an
Alpkem Flow Solution IV system (OI Analytical, College
Station, Texas, USA). Alkalinity was determined using
potentiometric titration.
In the rivers studied, the channel consists of a sparsely
extended sediment layer (ca. 15 cm on average) above an
impermeable layer (bedrock). Also, the interstitial zone
only occurs below the streambed, but not laterally into the
parafluvial zone below the banks and floodplain. Thus, the
lateral expansion of the interstitial zone into the stream
banks was not considered. Therefore, the interstitial zone
is influenced and exclusively maintained by advected
surface water.
CPOM at the channel surface and subsurface was
quantified using a Surber net (30 cm r 30 cm; 500 mm mesh
size) and a coring device similar to those described
previously by Cummins (1962), Metzler and Smock
(1990) and Smock (1990). The corer used in our study (80
cm length r 16 cm inner diameter) was specially designed
to sample sediments to a depth of 15 cm below the
streambed surface (i.e., the average depth of the whole
sediment layer before bedrock is encountered). This
allowed us to obtain a complete estimation of the organic
matter stored in the interstitial zone.
The amount of CPOM stored in the sediment and that
accumulated at the sediment surface were referred to the
same surface area basis (1 m2). The number of samples has
been doubled for the subsurface zone compared with those
made at the surface of the sediment to partly compensate
for the difference in surface areas sampled by both devices
(i.e., Surber net: 0.09 m2 and corer: 0.02 m2). Thus, three
samples at the sediment surface and six in the interstitial
zone have been collected at each of the three selected riffles
in the three streams. Each riffle has been virtually divided
into nine zones (i.e., 3 sections in the length r 3 zones in
the width). Random selection of one sampling zone at each
of the three streams was previously achieved at the

laboratory by using computer software, before to be
sampled. Before each sediment sampling, all CPOM at
the surface of the sediment was carefully removed and
discarded.
Sediments and detritus including fine and coarse POM
were cautiously excavated to a depth of 15 cm, using the
PVC corer to prop up the edges of the hole and divert the
water current. In addition, a hand vacuum pump with
silicon tubing (10 mm inner diameter) was used to collect
remaining organic matter in suspension and at the bottom
of the hole before removing the coring device. Samples
from both benthic and interstitial zones were stored
individually in plastic zip-lock bags and transported to
the laboratory in an icebox.
At the laboratory, organic matter was elutriated from
the sediment sample by repeated washes and all material
retained on a 1 mm sieve (CPOM) was sorted and divided
into three categories as proposed by Minshall et al. (1983):
> 16, 4–16 and 1–4 mm. Once the organic matter had been
removed from each grain size fraction, each sediment core
was meticulously washed and wet-sieved through a series
of mesh sizes (20, 10, 5, 2, 1, 0.5 and 0.25 mm).
The CPOM of each category and the remaining
sediment from each grain size were placed into an oven
at 105 xC until constant mass and weighed to the nearest
0.01 g. CPOM contents from both surface samples
(benthic zone) and sediment cores (interstitial zone) were
expressed in grams of dry mass per square meter of
streambed (taking into account the uppermost 15 cm of
streambed sediment for the latter (Naegeli et al. 1995))
(Fig. 1). A non-negligible amount of POM could potentially remain within the sediment during the sieving and
washing steps, especially in the finest grain size. To
estimate this potential bias, the remaining organic matter
has been determined by ignition (three measures per grain
size fraction and per stream). This indicated that the
organic matter remaining within the sediment represented
less than 1% of the organic matter content, even for the
finest grain size fraction.
Cumulative grain-size distribution curves (phi units) of
sediments in the three streams (Fig. 1) and statistics were
calculated with GRADISTAT (Blott and Pye, 2001),
including the 10th, 50th and 90th percentiles, and the
sorting index (Si) following the Folk and Ward method as
suggested by Folk and Ward (1957) (Table 1). This index
reveals the level of sediment transport: the more the
sediment is submitted to a high disturbance frequency, the
higher is the value of the Si (Folk and Ward, 1957).
A three-way factorial analysis of variance (ANOVA) was
used to assess differences in CPOM content and physicochemical variables among streams, compartment
(i.e., benthic or interstitial zones) and sampling date.
When significant differences were detected, Tukey HSD
tests were then carried out for post-hoc pairwise comparisons. Data were log-transformed to improve homoscedasticity when necessary to meet the assumptions of
ANOVA. STATISTICA 6.0 (StatSoft Inc., 2001) was
used for all statistical analyses. Differences were considered significant when P < 0.05.

Fig. 1. Cumulative grain-size distribution curves (mean, n = 9 per
stream, phi units) of sediments in the three streams.

Results
The streams had very similar geomorphologic and
hydrologic characteristics, especially in terms of water
depth ( j 0.4 m), width ( j 2.3 m) and discharge (75–
166 L.sx1). The streambed substrata were unconsolidated
and mostly made of sandy coarse gravel to coarse gravel
sediments (as determined from grain size fractionation of
sediment cores) for the Bergnassonne and the Orbiel, while
the Béal had a streambed substratum mainly made of sand
and very fine gravel (Table 1). In addition, the Si showed a
narrower range of grain size in the sediments from the
Orbiel (Si: 0.097) compared with the Bergnassonne (Si:
0.611) and, in a more pronounced manner, to the Béal

(Si: 1.397; Fig. 1). The streambed sediment of the latter is
characterized by a high frequency of transport and thus
disturbance. In contrast, the Orbiel sediments showed the
largest range of particle size distribution, denoting their
high stability. The Bergnassonne exhibited an intermediate
value of Si suggesting a frequency of streambed sediment
disturbance intermediary between the two others. The
three stream waters were slightly acidic (pH 6.0–7.0)
with low conductivity (28–58 mS.cmx1) and relatively
low alkalinity (3.1–9.6 mg CaCO3.Lx1). Concentrations
of SRP (2.0–4.2 mg.Lx1) were low, while concentrations
of NO3 (0.34–1.75 mg.Lx1) were relatively high, with
significant differences among streams (ANOVA,
F2,24 = 40.88, P < 10x6). SRP content of interstitial waters
from the three streams were systematically higher than
those of surface waters (ANOVA, F1,24 = 6.57, P = 0.02).
In contrast, NO3 concentration was lower in the interstitial
compartment (ANOVA, F1,24 = 19.15, P < 10x3). NO3
concentration in both surface and interstitial waters
followed the same pattern among streams, with Béal and
Bergnassonne exhibiting quite similar NO3 content, contrasting with the lower content found for Orbiel. Finally,
NO3 concentrations for the three streams at the second
sampling date were more than twice as high as at the
first one (ANOVA, F1,24 = 301.81, P < 10x6), while concentrations of SRP remained quite similar (ANOVA,
F1,24 = 1.59, P = 0.22). Conductivity and alkalinity
of interstitial waters from the three streams were consistently higher than those of surface waters (ANOVA,
F1,24 = 16.78, P < 10x4; ANOVA, F1,24 = 15.28, P < 10x4,
respectively). At both dates, the pH of interstitial waters
from the three streams were lower than that of surface
waters (ANOVA, F1,24 = 54.90, P < 10x6). Moreover,
between streams, differences in terms of pH were more
pronounced in the interstitial compared with the surface
compartment, with Orbiel exhibiting the most acidic water
(ANOVA, F1,24 = 54.90, P < 10x3). The surface waters of
the three streams were always well oxygenated (Table 1)
and exhibited very similar values. Dissolved oxygen in
interstitial waters was significantly lower (51–79% of the
saturation; ANOVA, F2,24 = 109.58, P < 10x6), but still
relatively similar among streams. The three streams
differed in terms of average temperature (ANOVA,
F2,24 = 140.51, P < 10x6), with 9.3, 7.9 and 6.9 xC for the
Béal, the Bergnassonne and the Orbiel, respectively.
Temperature was also higher in the interstitial than in the
benthic zone. However, this difference (i.e., nearly 1.5 xC)
was on average only significant for the Orbiel (ANOVA,
F2,24 = 7.93, P < 10x3 and HSD test).
CPOM content in the interstitial zone was higher than
at the sediment surface (ANOVA, F1,96 = 7.07, P < 10x2;
Fig. 1 and Table 2). Indeed, it was up to one order of
magnitude higher (e.g., Béal and Bergnassonne in late
autumn). The total amount of CPOM markedly differed
among streams (ANOVA, F2,96 = 6.85, P < 10x2 and HSD
test; Fig. 1), with the Béal followed by the Orbiel
exhibiting the highest amounts of the total CPOM. The
proportion of the different CPOM size fractions also
strongly varied among streams. Amounts of large POM

Table 1. Physicochemical characteristics of water from the benthic and interstitial zones of the three streams, measured at each date
(late autumn and early spring, values are means ¡ SE, n = 6 per stream and per compartment) and sediment physical descriptors.
The d50 value represents the median grain diameter, whereas d10 and d90 represent the grain diameters at the 10th and 90th
percentile values. Si is calculated as a measure of standard deviation.
Altitude (m a.s.l.)
Width (m)
Depth (m)
Slope (%)
Discharge (L.sx1)
Sediment physical descriptors
d10 (mm)
d50 (mm)
d90 (mm)
Si (w)
Physical–chemical variables
Temperature ( xC)
pH
Dissolved oxygen (% sat.)
Conductivity (mS.cmx1)
Alkalinity (mg CaCO3.Lx1)
P–PO4 (mg.Lx1)
N–NO3 (mg.Lx1)
N–NH4 (mg.Lx1)

Béal
551
1.40
0.17
2.10
75–88

Bergnassonne
700
2.20
0.13
3.40
79–122

0.475
1.643
5.000
1.397
Benthic
9.2 ¡ 0.7
6.7 ¡ 0.3
99.3 ¡ 1.4
56.8 ¡ 3.2
9.4 ¡ 0.2
3.7 ¡ 1.63
1.25 ¡ 0.50
2.97 ¡ 0.97

0.814
11.159
97.477
0.611
Interstitial
9.5 ¡ 0.7
6.4 ¡ 0.2
56.2 ¡ 10.8
58.3 ¡ 3.4
10.9 ¡ 1.4
2.79 ¡ 1.26
0.96 ¡ 0.43
18.35 ¡ 6.49

Fig. 2. Total CPOM contents ( + SE, n = 9 per stream) at the
sediment surface and in the interstitial zone of the three streams.

(i.e., > 16 mm) in the Béal were significantly higher than in
the Bergnassonne, but did not differ from the Orbiel
(ANOVA, F2,96 = 4.26, P = 0.017 and HSD test; Table 2).
The same patterns were found for both compartments and
seasons. In contrast, the amount of CPOM between 4 and

Benthic
7.6 ¡ 0.1
6.3 ¡ 0.3
98.3 ¡ 1.7
35.2 ¡ 1.2
3.8 ¡ 0.7
2.01 ¡ 0.04
1.13 ¡ 0.35
5.82 ¡ 2.18

Orbiel
780
2.20
0.22
3.20
108–166
1.274
16.441
617.116
0.097

Interstitial
8.2 ¡ 0.2
6.2 ¡ 0.3
69.3 ¡ 21.1
56.9 ¡ 12.1
14.7 ¡ 7.2
8.01 ¡ 5.38
0.96 ¡ 0.51
7.87 ¡ 2.61

Benthic
6.2 ¡ 0.6
6.4 ¡ 0.3
99.3 ¡ 2.7
28.8 ¡ 2.9
3.3 ¡ 0.5
2.90 ¡ 1.10
0.71 ¡ 0.37
12.57 ¡ 7.54

Interstitial
7.6 ¡ 0.6
5.8 ¡ 0.1
61.2 ¡ 12.4
32.6 ¡ 2.8
5.3 ¡ 1.0
5.82 ¡ 3.64
0.56 ¡ 0.34
6.15 ¡ 2.70

16 mm was markedly higher in the interstitial zone than at
the surface of sediment (ANOVA, F1,96 = 28.44,
P < 10x6). Moreover, our results showed differences
among streams, with the Béal having higher amounts of
this type of particles compared with the other streams
(ANOVA, F2,96 = 4.27, P = 0.016 et HSD test). Finally,
the same although more contrasted patterns were observed
with the finest POM (1–4 mm). As previously, results
showed marked differences among streams with once
again the Béal having the higher content for this type of
POM (ANOVA, F2,96 = 6.87, P < 10x2), while the two
other streams exhibited very similar fine POM contents.
Moreover, differences in terms of fine POM contents were
also found between compartments (ANOVA, F1,96 = 5.98,
P = 0.016) and seasons (ANOVA, F1,96 = 15.88,
P < 10x5), with an higher amount in the interstitial zone
in late autumn.
Table 3 shows the mean relative amount of the three
CPOM size-classes, measured at the sediment surface and
in the interstitial zone of the three streams. Patterns were
comparable between the two sampling dates for the Béal
and Orbiel taken separately, whereas the one for
Bergnassonne was much less well defined. The interstitial
zone of the Béal exhibited a higher amount of coarse and
intermediate POM size classes (i.e., > 16 mm and 4–16
mm, respectively) than the surface one, but also on
average when compared with the two other streams. This
pattern was much more contrasted with regard to the
finest POM size class. Interestingly, the amounts of POM
for intermediate and fine size-classes were relatively higher
in the interstitial than in the benthic zone of Orbiel, while
the coarsest POM showed the opposite pattern. Finally, it
was difficult to identify any trend for the Bergnassonne,

Table 2. Summary of the results from three-way ANOVAs performed on the total amount of CPOM and the three CPOM size
classes, measured at each date (late autumn and early spring) at the sediment surface and in the interstitial zone of the three
streams.
Analysis
Three-way ANOVA
Intercept
Stream
Date
Compartment
Stream r date
Stream r compartment
Date r compartment
Stream r date r compartment
Error

df
1
2
1
1
2
2
1
2
96

CPOM > 16 mm
F
P
< 0.001

229.9
4.3
1.1
0.2
1.3
2.0
0.3
0.3

0.017
0.290
0.651
0.276
0.138
0.617
0.759

CPOM = 4–16 mm
df
F
P
1
2
1
1
2
2
1
2
96

409.0
4.3
4.1
28.4
2.6
1.3
1.7
0.8

< 0.001

0.016
0.046
< 0.001
0.083
0.230
0.190
0.444

df

CPOM = 1–4 mm
F
P

1
2
1
1
2
2
1
2
96

499.8
6.9
15.9
6.0
7.6
2.0
63.8
2.0

< 0.001

0.002
< 0.001
0.016
< 0.001
0.140
< 0.001
0.147

df
1
2
1
1
2
2
1
2
96

Total CPOM
F
P
873.1
6.8
1.4
7.1
3.7
3.4
6.1
1.2

< 0.001

0.002
0.234
0.009
0.029
0.037
0.015
0.305

Table 3. Relative contribution (%) of the benthic and interstitial zones to the amount of three size-classes of CPOM stored in the
three streams (mean of 9 replicates per zone, date and stream).
Béal
CPOM size-classes
Late autumn
> 16 mm
4–16 mm
1–4 mm
Early spring
> 16 mm
4–16 mm
1–4 mm

Bergnassonne
Benthic
Interstitial

Benthic

Interstitial

15.3
11.3
5.0

84.7
88.7
95.0

10.1
7.1
8.2

27.8
9.2
79.4

72.2
90.8
20.6

66.5
38.9
84.2

partly due to the contrasted patterns between the two
sampling dates.

Orbiel
Benthic

Interstitial

89.9
92.9
91.8

86.3
10.8
14.1

13.7
89.2
85.9

33.5
61.1
15.8

74.4
35.1
42.0

25.6
64.9
58.0

respectively. However, our value derived from punctual
assessments of CPOM contents, in contrast to the cited
studies reporting cumulated amounts of CPOM buried in
the sediment over 1 year.

Discussion
CPOM in benthic versus interstitial zones

Dynamics of CPOM in the interstitial zone

To our knowledge, this is the first study in France that
attempted to evaluate the CPOM content both in the
benthic and interstitial zones of headwater streams. More
generally, as reported by Jones (1997), most studies of
organic matter storage remain limited to the benthic layer,
whereas the interstitial zone potentially constitutes a
significant site for organic matter storage (Metzler and
Smock, 1990; Smock, 1990; Naegeli et al. 1995). Despite a
high variability between streams, the present study
demonstrated that the amounts of CPOM buried in the
sediment were far to be negligible. Generally, these
amounts for the three streams were even higher or
equivalent to those at the surface of the sediment (Fig. 1).
For instance, the CPOM stored in the Béal and the
Bergnassonne in late autumn was up to one order of
magnitude higher in the interstitial zone than in the
benthic one. The highest amounts were found in the Béal,
a sandy bottomed stream, where almost 1.2 kg DM.mx2
was retained in the subsurface. This value is lower
than those reported by Metzler and Smock (1990) and
Smock (1990), with 4.8 and almost 2.9 kg AFDM.mx2,

The spatio-temporal distribution and the total amount
of detritus stored in streams are not only related to
terrestrial organic matter production, but are also dependent on the detritus retention mechanisms (Jones, 1997).
General characteristics of streams in terms of grain-size
substrate, hydrology, watershed morphology and slope are
likely to affect detritus retention in streams. Our streams
were fairly similar in terms of riparian cover density, slope
and water discharge, suggesting a prime role of sediment
grain-size in controlling the amount of stored CPOM.
Leaf retention and organic matter storage at the surface of
sediments in streams generally increase with sediment
grain size and bed roughness (Webster et al., 1987). Due to
the lack of obstruction at the surface of sediments, sandybottomed streams usually retain and store POM much less
efficiently. In the present study, based solely on two
snapshot samplings, the sandy-bottomed stream (i.e.,
Béal) did not exhibit a different retention of CPOM in
the benthic zone when compared with the two other
streams, which yet showed contrasted substrate grain
sizes. An examination of the Si in Table 1 reveals a

narrower range of grain size in the sediments from the Béal
than from the two other streams. Figure 1 shows that the
subsurface CPOM content is positively related to the Si
and consequently to the disturbance frequency of the
superficial layer of streambed sediment. Although POM
retention in the interstitial zone may be related to factors
other than sediment grain size (Brunke and Gonser, 1997),
our results and several other studies confirm that finegrained stream sediments generally contain larger
amounts of stored detritus than streams with coarser
sediments (Leichtfried, 1985; Metzler and Smock, 1990;
Wagner et al., 1993). However, the potentially lower
decomposition rate of CPOM in the sandy sediments of
the Béal stream compared with other streams might also
explain, at least partially, the higher storage of POM in
the first. Indeed, burial within the substratum might
impede shredders’ access to leaves with the small interstitial pore spaces of the sandy sediment acting as a
physical barrier, especially for the large-bodied shredders,
often identified in temperate streams as being the element
of decomposers consortium playing the most critical role
in leaf litter decomposition (Hieber and Gessner, 2002).
Conversely, large grain size is likely to permit interstitial
spaces large enough to be colonized by large-bodied
shredders able to drive the decomposition process of
CPOM.
An examination of Figure 1 reveals that the CPOM
stock was temporally variable. Indeed, CPOM content in
subsurface at our second sampling date (early spring) was
markedly lower when compared with the previous one,
however, these differences were not statistically significant,
probably because of the high variability in the Béal. This
high variability in the sandy-bottomed stream is not
surprising and may be partly explained by sediment
instability, which is the function of particle size. The
interstitial zone of sandy-bottomed streams is generally
characterized by a higher disturbance frequency, increasing its potential to store large quantities of organic matter,
and a higher spatial and temporal variability of organic
matter stored.
These changes in the pool of interstitial detritus may be
explained both by their processing, even though rates
remain generally much lower than at the surface of the
sediment (Herbst, 1980; Rounick and Winterbourn, 1983;
Metzler and Smock, 1990; Cornut et al., 2010), and by
their transport after they have been released from subsurface as demonstrated in the study by Metzler and Smock
(1990). These authors reported that high discharge and
associated bedload movement due to a flood in late
summer had dramatically reduced the amount of stored
organic matter by scour removing 612 g.mx2 of detritus
from the sediment at that time. Thus, and in line with
the few studies that have quantified CPOM amounts in
the interstitial habitat, our findings demonstrate that
burial can be an important storage mechanism, particularly in streams with loose sediment and potentially high
sediment disturbance frequency (Herbst, 1979; Godbout
and Hynes, 1982; Cummins et al., 1983; Metzler and
Smock, 1990).

In temperate forested streams, most litter inputs occur
in autumn after leaf abscission, i.e., during high discharge
and surface runoff following high rainfall in the autumn
and winter, even though a substantial part of detritus from
the stream banks and the adjacent zones may also be
subject to lateral movement and therefore continue
entering streams over the whole year (Benfield, 1997). In
parallel, as reported by Brunke and Gonser (1997) and
Naegeli et al. (1995), even though, usually most of the fine
and coarse POM are carried in the sediments during floods
(i.e., late autumn and winter), Bretschko and Moser (1993)
demonstrated that in a porous gravel stream more than
80% of the annual POM input was transported into the
sediment in spring and summer during high discharge
fluctuations, while a small proportion (i.e., < 10%)
entered after litter fall. In the same line, Wagner et al.
(1993) reported that organic matter content of the
sediment in a small forested sandy-bottomed stream in
Germany was inversely related to the discharge. Thus, as
reported in the present study and previous works, the peak
amount of POM in the interstitial zone of headwater
streams is closely related to the nature of the streambed
substrate, stream hydrology (e.g., high discharge fluctuation and current velocity) and meteorological events
(Fig. 3), and is likely to occur more or less later, after
litter fall and thus the maximum availability of POM in the
benthic compartment.
As demonstrated by Metzler and Smock (1990), the
spatio-temporal distribution of detritus stored in the
interstitial zone is also likely subject to the vertical
dimension. Consequently, the total interstitial POM
storage can be divided into two components, i.e., the
shallow and deep ones. Shallow storage only refers to the
upper layer of sediment (i.e., several top centimetres)
involving POM frequently buried and released likely due
to sediment instability and high disturbance frequency.
Conversely, deep POM storage encompasses detritus
deposited below the shallow layer occasionally scoured
during rare high-flow events related to storms (Herbst,
1980) or as a consequence of prolonged heavy rainfalls,
which are both expected to increase over the next few
decades according to the simulations made by the IPCC
(Intergovernmental Panel on Climate Change) (2007)
assuming a doubling of atmospheric CO2 concentrations
by the year 2100. Low-gradient streams exhibiting loose,
shifting streambed sediment and deeper hyporheic sediments are likely subject to deep POM storage and
therefore much higher interstitial POM storage than
surface storage when compared with high-gradient
streams with coarser sediments and much less extended
hyporheic zone (Godbout and Hynes, 1982; Cummins
et al. 1983; Metzler and Smock, 1990). Therefore, POM
deeply stored in the interstitial zone may not be released
for years due to both physical immobilization and the
much slower decomposition occurring in the interstitial
sediment partially explained by the often anoxic conditions (Metzler and Smock, 1990), thus resulting in
decreased carbon spiralling lengths (Newbold et al.,
1982). In higher-gradient streams, the predominance of

Fig. 3. Factors affecting the CPOM storage in the hyporheic zone (HZ) of headwater streams (adapted from Boulton et al., 2010;
Brunke and Gonser, 1997).

POM shallow storage may, on the contrary, increase the
carbon spiralling lengths through the faster release of total
immobilized carbon sources, potentially leading to a lower
in-stream stabilization of energy flow. The vertical dimension, depending on its extent, by releasing new carbon
sources plays a potentially significant role in the overall
stream metabolism.

Functional significance of buried CPOM

Organic matter provides the basis of the energy driving
nutrient cycles within lotic aquatic ecosystems. The
decomposition of this organic matter involves the activities of both microbial and invertebrate decomposers
(Gessner and Chauvet, 1994; Suberkropp, 1998; Graça,
2001; Hieber and Gessner, 2002). With regard to our
results and previous studies (Maridet et al., 1992, 1996;
Strayer et al., 1997), due to the temporal disconnection
that may occur between the maximum of stored POM in
the benthic and interstitial compartments, we hypothesized that vertical and active migration of aquatic
invertebrates between the channel and the interstitial zone

should occur, especially at times when supplies from the
surface are scarce and accumulated detritus represent large
quantities of new carbon sources. Organic matter storage
within the interstitial zone of streams leads to carbon
retention and reduced transport downstream. This process
seems to be particularly significant in sandy-bottomed
streams where organic matter storage on the streambed
surface is relatively inefficient, a feature that is exacerbated
during floods (Smock et al., 1989). The interstitial storage
thus affects carbon spiralling lengths (Newbold et al.,
1982), both the transport and biological utilization
components of spiralling being decreased when compared
with situations where processes are limited to surface
waters. The lower microbial and invertebrate utilization of
buried organic matter compared with the surface is,
however, potentially important for the overall stream
metabolism (Grimm and Fisher, 1984; Cornut et al.,
2010), in particular through the delayed release of
dissolved organic carbon and nutrients (Crocker and
Meyer, 1987). More generally, this non-negligible amount
of decomposing organic matter buried in the sediments,
together with a more or less reduced water’s travel time in
the interstitial zone depending on numerous factors such

as geomorphology, sediment structure and hydraulic
conductivity (Fig. 3), are likely to affect the physicochemical characteristics of interstitial water (Table 1). The
low levels of NH4 in the three studied streams both in
interstitial and benthic compartments can reflect the low
level of mineralization of POM through the microbial
activities and/or the availability of dissolved oxygen due to
adequate water exchange, providing the required conditions for nitrifying bacteria to oxidize ammonium to
nitrate. In parallel, leaf litter decomposition buried in
the sediment occurs with a lower rate when compared
with the surface environment (Herbst, 1980; Rounick and
Winterbourn, 1983; Metzler and Smock, 1990; Cornut
et al., 2010). Then, CPOM once buried in the sediment is
temporarily removed from the surface system. However,
because of biogeochemical activities in the interstitial
zone, transformed nutrients and fine POM are released
into the groundwater and stream water depending on the
direction and magnitude of vertical hydrological exchanges (Vervier et al., 1992). Thus, the interstitial zone
may serve as a temporary reservoir for organic matter
in streams and affect the overall pattern of stream
metabolism.

Future prospects

As suggested by Jones (1997) more than a decade ago,
our understanding of CPOM storage in the interstitial
zone of streams still remains limited in several aspects.
First, while hydrology at the stream scale has been shown
to rule POM storage, local vertical hydraulic gradients at a
smaller scale (i.e., riffle-scale) can also be determinant.
Research in this area is needed to compare patterns and
processes in upwelling and downwelling zones; while exfiltration is likely to prevent deposition of fine particle,
infiltration may result in interstitial pores being filled
(Brunke and Gonser, 1997). Second, storms and associated spates represent brief but ecologically relevant
events. In line with Cummins et al. (1983), Webster and
Meyer (1997) and Tank et al. (2010), who suggest to
include the rare – but determinant – high-discharge events
in measurements of organic matter transport, we suggest
to consider subsurface storage (i.e., uppermost and deep
sediment layers) in the construction of organic matter
budgets. Third, inputs of CPOM, such as leaf litter, are
mainly influenced by the occurrence and the type of
riparian vegetation (Maridet et al., 1996, 1997), with
streams draining forested watershed receiving higher POM
inputs than streams from non-forested areas (Tank et al.,
2010). Similarly, forestry practices tend to alter the
quantity, quality and timing of POM inputs in streams.
Consequences of such practices, as well as other anthropogenic alterations, must now also be evaluated in the
subsurface compartment of streams, which may be more
sensitive than the surface one and contribute to the whole
stream ecosystem’s resilience. Finally, being aware that the
generalization of our findings is limited by our approach
relying on two sampling dates, we suggest to extend study

periods beyond 1 year. As organic matter production and
input vary across years due to extreme events such as
flooding or droughts (Smock et al., 1994), stored detritus
in streams are also influenced by this variability (Jones,
1997). A multi-year budget-based approach would bring
interesting insights into the effects of plant phenology and
meteorological conditions that control the timing of leaf
fall and thus the dynamics of allochthonous organic
matter entering surface and subsurface compartments of
streams.
Acknowledgements. We thank Felix Bärlocher, Manuel Graça,
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