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Abstract: Energy derived from leaf litter decomposition fuels food webs in forested streams. However,
the natural spatial variability of the decomposition rate of leaf litter and the relative contributions
of its drivers are poorly known at the local scale. This study aims to determine the natural in-
stream variability of leaf litter decomposition rates in successive riffles and to quantify the factors
involved in this key ecosystem process at the local scale. Experiments were conducted on six
successive riffles in nine streams in north-western France to monitor the decomposition rate in
fine (microbial decomposition, kf ) and coarse (total decomposition, kc) mesh bags. We recorded
30 ± 2% (mean ± S.E.) variation in kc among riffles and 43 ± 4% among streams. kf variability was
15 ± 1% among riffles and 20 ± 3% among streams. However, in-stream variability was higher than
between-stream variability in four of the nine streams. Streambed roughness was negatively related
to decomposition and was the most important factor for both total and microbial decomposition.
Our study shows that the natural variability of the decomposition rate resulting from the local
morphological conditions of habitats could be very important and should be taken into consideration
in studies using leaf litter assays as a bio-indicator of anthropogenic impacts in streams.

Keywords: organic matter recycling; natural variability; leaf litter decomposition; geomorphologi-
cal factors

1. Introduction

Energy deficit resulting from canopy shading in forested streams is partly compen-
sated by allochthonous inputs of leaf litter from riparian vegetation [1–4]. Energy from
leaf litter is incorporated following a sequence of interdependent processes that include
leaching by flowing water, conditioning by aquatic microbes, physical abrasion, and con-
sumption by macroinvertebrate shredders [5]. Colonization of litter by microorganisms
reduces its toughness [6–8], increases leaf quality and nutrient content [9], and thereby
litter palatability for macroinvertebrate shredders [7,10,11]. Macroinvertebrate shredders
turn coarse particulate matter into fine particulate matter and dissolved organic matter
that is later consumed by other aquatic invertebrates [10,12–14] and microbes [15,16].

Litter breakdown has been proposed [17] and widely used as an indicator tool of
the ecological status of streams with evident results [18–27] because of the relative ease
of implementing the leaf litter assay and the fundamental role leaf litter plays in the
trophic structure of headwater streams. Nevertheless, litter breakdown is a complex
process influenced by both internal (in-stream) and external (climatic and anthropogenic)
environmental factors. This makes it difficult to disentangle the effects of anthropogenic
stressors from those of natural variability in impacted systems [17]. In the latter study,
authors suggested standardization of the assessment procedure and a possible stream
classification and/or comparative approach as means of untangling the effects of internal
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environmental factors from those of anthropogenic stressors. However, these factors
also react at different temporal and spatial scales (mesohabitat, reach, catchment, and
region) [28–31], hence, it is important to determine not only the factors involved but also the
scale at which they respond [28]. At the global and regional scales, climatic and geological
factors are very important for water quality and hydrological conditions [32]. For instance,
previous research has found that the decomposition rate is low and mostly driven by
microbial activity in tropical streams with warmer waters where invertebrate detritivores
are less diverse [33] than in temperate streams. Furthermore, nutrient concentrations
resulting from geological formation influence the heterotrophic microbial biomass available
for decomposition [34]. At the catchment scale, where climatic and geological conditions
are more homogeneous, stream size (or stream order), land use and other related factors
impact litter breakdown rates [23,29,35]. The range of habitats at the reach scale and
the different substrate structures and sizes influence the litter trapping efficiency of those
mesohabitats [36,37]. At the riffle mesohabitat scale, flow [38] could combine synergistically
with substrate roughness to increase physical abrasion [39] and thereby increase the litter
breakdown rate. Finally, at the litter patch scale, composition of leaves [7] and leaf litter
mixing [40] may deeply change the breakdown rate.

While the factors at play in the ecosystem function are hierarchical, the actual sites
where these processes take place are the mesohabitats, and local factors may drive the
processes at this very fine scale. Some authors hence chose the riffle as the primary habitat
to examine the spatial trend of decomposition rates across nested habitats [29]. However,
and surprisingly to the best of our knowledge, very few studies have addressed the natural
instream variability, and no studies focused on riffles.

In this context, our study aimed to quantify the natural variability of decomposi-
tion rates over the few meters corresponding to the distance between successive riffles.
Significant in-stream variability may indeed strongly impair the efficiency of monitoring
programs using litter decomposition as a bio-indicator. We hence selected sites in similar
and weakly altered watersheds to standardize external environmental factors including
anthropogenic stressors (i) to determine the natural in-stream variability of decomposition
rates at the local scale, (ii) quantify the interacting factors that drive the process, and (iii)
compare the magnitude of this variability with the between-stream variability.

Our experiment was conducted in nine streams and six successive riffles per stream,
all located in natural watersheds. We expected riffles located within any given watershed
over a short distance (i.e., few meters) to be identical in terms of water chemistry and
temperature, but their hydrological conditions could strongly vary according to other
physical factors (e.g., stream slope and width). Based on this physical heterogeneity, we
firstly predicted that in-stream variability in small heterogeneous streams may be in the
same range as between-stream variability [41]. Secondly, we predicted that the in-stream
variability of the rates of decomposition by microorganisms would be higher than the rates
of decomposition by invertebrates. Microbial activities in streams are indeed mediated
at the microhabitat scale, while the activities of macroinvertebrates are less impacted at
this scale because of their ability to swim or drift over few meters, which may reduce the
spatial heterogeneity at the reach scale [22]. Lastly, we predicted that several physical
factors mediating the variability of litter breakdown would be the same for invertebrate
litter breakdown as in microbial decomposition. Though microorganism activities are
mainly regulated by sediment organic content, sediment size, nutrient content and tem-
perature [22,23], the distribution of these abiotic factors and invertebrate communities are
both influenced by flow, among other factors [42].

2. Materials and Methods
2.1. Study Sites

A leaf litter decomposition experiment was carried out in nine streams (Figure 1)
ranging from the 1st to the 3rd orders in Strahler’s classification and located in north-
western France. We established six successive riffles on each stream, selected in the



Water 2021, 13, 2246 3 of 13

same reach and a few meters apart in the first-order streams, and located up to 30 m
apart in the third-order streams. The sites were selected to standardize anthropogenic
stressors (nutrient loading, land use, canopy cover, industrial and domestic seepage, etc.).
Consequently, the riffles were sited in natural watersheds without dense canopy cover by
riparian trees and were similar in terms of physicochemical parameters such as temperature,
pH, conductivity, and oxygen saturation (Table 1), and also had similar riparian vegetation
mainly composed of deciduous tree species (oak, alder, and chestnut) and grassland to
avoid any strong effect of these factors. The riffles were examined visually to ensure that
the stretch of microhabitats was as highly diverse as possible and adequately representative
of the streams.
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Figure 1. Maps of (a) France with administrative regions, and (b) the study area showing the localizations of the nine
streams. Black lines represent stream networks.

Table 1. Mean (±SE) values of the physico-chemical characteristics of the nine streams (number between brackets corre-
sponds to the stream order) during the leaf litter experiment.

Streams (Strahler Order) O2 Saturation (%) Temperature (◦C) pH Electrical Conductivity (µs/cm)

Trieux (3) 99.3 ± 3.0 7.8 ± 0.5 8.4 ± 0.8 205 ± 3
Hermitage (1) 93.4 ± 0 13.2 ± 0.3 9.3 ± 1.0 152 ± 2

Le Guic (3) 94.2 ± 0.3 9.7 ± 0.7 8.7 ± 1.8 113 ± 4
Traou Breuder (1) 90.5 ± 0 10.8 ± 0 8.7 ± 1.1 178 ± 1

Malville (2) 88.2 ± 7.6 9.9 ± 0.3 7.9 ± 0.5 305 ± 43
L’oir (2) 100.4 ± 0.9 9.2 ± 0.5 7.2 ± 0.3 194 ± 8

Flume (2) 113.8 ± 10.6 11.9 ± 1.0 8.9 ± 1.1 356 ± 18
Péver (2) 92.4 ± 0 9.4 ± 0.6 9.0 ± 1.5 233 ± 0

L’Yvret (1) 97.5 ± 0 10.0 ± 0.4 7.5 ± 0.3 240 ± 5

2.2. Litter Decomposition

Freshly abscised alder leaves (Alnus glutinosa (L.) Gaertn) collected between mid-
November and mid-December 2018 were air-dried at room temperature in the laboratory.
Alnus glutinosa was selected because it could be considered as a good quality resources
compared to species such as Quercus or Fagus and is particularly present in wetlands and
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near streams [8,11]. Known weights Wo (2.06 ± 0.001 g) of dried leaves were remoistened
and enclosed in coarse-mesh (5 mm mesh size) 10 × 10 cm plastic bags or fine-mesh (0.5 mm
mesh size) 10 × 10 cm nylon bags. The coarse bags allow access to shredders and microbes,
while the fine bags only allow access to microbes. This way, total decomposition (kc) and
contribution from microbial conditioning and other background variables such as leaching,
physical abrasion, sediment loads and other hydraulic factors (kf, later referred as microbial
decomposition) can be estimated, respectively [22]. In total, 540 bags (2 types of bags ×
5 replicates × 6 riffles × 9 streams) were exposed at the same dates in all the sites in the
spring of 2019. The bags were staked at random locations throughout each riffle in pairs
of coarse and fine mesh bags to the stream bed using an inverted J-shaped iron rod. The
anchored edges of the two bags were placed at a right angle to each other so that the bags
did not overlap but rather rested on the substrate. The bags were retrieved after 14 days,
transported, and sealed in zip-lock bags in a box for storage in the laboratory at −20 ◦C for
further treatment.

In the laboratory, the remaining leaf material was thawed, gently rinsed with tap water
to remove any accumulated debris and mud. The leaf residue was air-dried to a constant
weight (generally 3 days at room temperature), weighed, and incinerated at 550 ◦C for 4 h
to obtain the Ash Free Dry Mass, AFDM (Wt). Decomposition rates, kc (coarse-mesh bags),
and kf (fine-mesh bags) were calculated using the negative exponential decay model as
shown in Equation (1) [1]:

k = [ln(Wt/Wo)]/t (1)

where t is the exposure time in days.
The litter fragmentation rate λF was calculated from values of kc and kf according to

Lecerf [43] (Equation (2)):

λF = kc− kf − kc
ln(kf )− ln(kc)

(2)

We also computed the ratio kf :kc as a descriptor of the relative contributions of mi-
croorganisms to the total decomposition rate and the ratio λF:kc as a descriptor of the
relative contributions of macroinvertebrates in the total decomposition rate.

2.3. Morphological Factors

Stream width was estimated using the mean values of four transects established on
each riffle. Width represents the distance between the tops of the left and right banks.
Depending on the width of each transect, at least 12 points of equal interval were estab-
lished on each transect to estimate the mean water depth (N ≥ 48). This measurement was
repeated at each of the three visiting dates. We defined the depth-width ratio, a dimension-
less factor, to avoid entering the two collinear factors in the same model [25]. For each of
the 48 points, the water depth (i.e., the height between the surface of the water and the
top of substrate) was measured (±5 mm) using a digital level (Leica Sprinter 250m Digital
Level) in order to estimate the magnitude of bed roughness. The substrate roughness was
estimated as the standard deviation of the 48 measured water depth. Indeed, previous
studies found that at low relative depths, the blocking of flow area by roughness elements
is shown to be related to the standard deviation of local bed surface heights [44].

The slope of each riffle was also measured using a digital level (Leica Sprinter 250m
Digital Level) between the top of the riffle and the deepest part of the pool downstream
riffle. We also estimated other physical factors such as shear stress as ρghs, where h ≡
mean depth, ρ ≡ weight density of water (1000 kg m−3), g ≡ gravity (9.81 m s−2), and s ≡
water slope.

Water depth was very low in most of the streams (generally less than 15 cm) and
turbulence was very high (minimum Reynolds’ number 6300) so that the measurement
of flow velocity with a velocimeter was not possible. Consequently, we shot short videos
of the water flow to estimate the surface flow velocity on each riffle and at each visit.
The videos were analyzed using TracTrac PTV software developed in our laboratory [45].
The program tracks every moving object on the water surface and provides its mean
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displacement in pixels per frame. Mean displacement was converted into mean velocity in
meters per second by multiplying each measurement by the frame rate of the camera and
by a video scale determined on each riffle.

2.4. Macroinvertebrate Sampling

Macroinvertebrate samples were collected using a Surber net sampler (0.05 m2 and
0.5 mm mesh size). Surber sampler is efficient for quantitative measurements and in
catching cryptic species. Substrate composition in each riffle was assessed visually, and
four replicate samples of macroinvertebrates representing substrate composition were
taken from each riffle. The samples were fixed in 96% ethanol in situ. In the laboratory,
macroinvertebrates were separated from other materials, and debris was discarded. Among
macroinvertebrates, shredders (mostly amphipods, trichopteran, and plecopteran larvae)
were determined according to Tachet et al. [46], and their abundance was enumerated at
the species level.

2.5. Statistical Analyses

We performed a three-factor two-way nested ANOVA using decomposition rate as
response variables, with riffles nested in streams and treatment (coarse and fine mesh bags)
blocked within riffles to test the variability of decomposition rates among streams, riffles,
and treatment. Coefficients of variation (CVs) computed either with the mean values kc
and kf of each riffle (i.e., in-stream variability) or with the mean values kc and kf of each
stream (i.e., between stream variability) were used to estimate the natural instream and
between stream variabilities of leaf litter decomposition rates.

To analyze how physical factors measured at the riffle scale influence leaf litter (kc and
kf ), generalized linear models (GLMs) were performed. The mean riffle values of kc and
kf were the response variables, while the mean riffle values of the physical factors were
the explanatory variables in models. To avoid having two collinear factors in the same
model [25], we conducted a collinearity check of the predictors using Spearman’s rank
correlation. High collinearity was assumed for r spearman ≥ 0.7 [47]. Thus, GLMs with
Gaussian family were run for both kc and kf, with non-collinear physical factors as predictor
variables. Model selection was performed using the step function in the lmer package [48].
The models with the lowest Akaike’s information criterion (AIC) score were considered as
the best-fit models, and the amount of accounted deviance (D2) was estimated using the
Dsquared function in the modEva package [49].

All data analyses were performed using R software, version 3.6.2. [50].

3. Results
3.1. In-Stream and Between-Stream Litter Breakdown Rates

The nested ANOVA showed that the mean value of kc (0.069 ± 0.007 g day−1) was
significantly higher (Table 2) than the mean value of kf (0.021 ± 0.0004 g day−1). Similarly,
the CV of kc was significantly higher than the CV of kf (F1106 = 45.07, p < 0.001).

Table 2. Results of the nested ANOVA testing decomposition rate according to the streams, riffles
nested within streams; treatments (coarse and fine mesh bags) within riffles.

Degree of Freedom Sum of Squares Mean Squares F p

Stream 8 0.34 0.04 41.85 <0.001
Riffle 5 0.005 0.001 1.04 0.395
Stream|Riffle 40 0.10 0.002 2.45 <0.001
Riffle|Treatment 6 0.28 0.05 16.94 <0.001

Decomposition rate significantly varied among riffles nested with streams (Table 2),
with kc which present a mean in-stream CV of 30 ± 2% (Figure 2), and between streams
(Table 2), with a mean between streams CV of 43 ± 4%. Moreover, the in-stream CV of kc
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was higher than the between-stream CV in four of the nine streams (Péver, Guic, Trieux,
and Flume) (Figure 2).
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kf was also significantly different between streams (CV = 20 ± 3%), and to a lesser
extent among riffles (CV = 15 ± 1%) (Table 2).

The between-riffle variability of kc was very high, and so was the decomposition rates
among streams (Figure 3), whereas kf variability was more similar within streams than it
was among streams (Figure 3).
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The ratio kf :kc was higher than the ratio λF:kc in five streams (Le Guic, L’oir, Trieux,
Hermitage, and Flume Figure 4). This suggests that microbial activities in these streams
contribute more to litter decomposition than invertebrate shredders.
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Figure 4. Mean ± SE proportions of kf and λF in total decomposition rate (kc). Bars are ordered along
the gradient of shredders’ contribution to decomposition rates.

We recorded a total of 12,320 shredders comprising 86% of crustaceans (mainly Am-
phipods and few Isopods), 11% of Plecoptera, 3% of Trichoptera (mainly Limnephilidae),
and less than 1% of tipulid Dipterans. There was a positive correlation between kc and
shredder abundance (r spearman = 0.48, F1106 = 3.93, p < 0.001).

3.2. Physical Factors

The mean values and CVs of physical factors are presented in Table 3. There was a
high collinearity (r spearman ≥ 0.7) among physical factors (Table 4).

Table 3. Mean values (±SE) and coefficient of variation (CV) of morphological factors.

Site Depth
(cm) Slope Bankfull

Width (cm)
Roughness

(cm)
Flow Velocity

(m s−1) Depth/Width Shear Stress
(kg m−1 s−2)

Traou Breuder
CV (%)

4.7 ± 0.3 −0.01 ± 0.001 194 ± 5 2.9 ± 0.3 0.25 ± 0.03 0.02 ± 0.001 45.1 ± 2.42
13.0 30.5 6.2 27.7 27.6 14.1 13.2

Péver
CV (%)

5.8 ± 0.7 −0.01 ± 0.004 308 ± 19 4.7 ± 0.49 0.26 ± 0.04 0.02 ± 0.003 56.1 ± 6.8
28.9 37.8 15.3 25.6 36.8 35.3 29.7

Malville
CV (%)

10.7 ± 0.9 −0.002 ± 0.01 227 ± 20 4.0 ± 0.4 0.20 ± 0.03 0.05 ± 0.01 104 ± 9.62
22.5 38.8 21.7 21.4 37.8 34.2 22.6

L’Yvret
CV (%)

7.6 ± 0.6 −0.03 ± 0.01 322 ± 31 5.8 ± 0.2 0.11 ± 0.04 0.03 ± 0.003 73.0 ± 5.9
18.3 68.6 23.2 9.8 80.3 29.2 19.8

Le Guic
CV (%)

48.7 ± 3.1 −0.003 ± 0.002 1157 ± 55 15.8 ± 1.36 0.25 ± 0.02 0.04 ± 0.003 476.3 ± 29.9
15.7 91.3 11.6 20.9 19.1 19.7 15.4

L’oir
CV (%)

8.3 ± 0.1 −0.02 ± 0.004 233 ± 4.5 5.6 ± 0.6 0.27 ± 0.06 0.04 ± 0.001 80.3 ± 1.1
2.9 49.5 4.8 27.5 53.5 4.4 3.3

Trieux
CV (%)

30.9 ± 3.7 −0.04 ± 0.04 1069 ± 52 14.1 ± 1.2 0.26 ± 0.04 0.03 ± 0.004 294.8 ± 39.8
29.1 209.5 11.9 21.1 32.6 32.6 33.0

Hermitage
CV (%)

8.0 ± 0.4 −0.01 ± 0.01 254 ± 17 5.0 ± 0.6 0.35 ± 0.03 0.03 ± 0.004 77.7 ± 4.2
13.5 96.4 16.1 30.9 17.3 27.4 13.1

Flume
CV (%)

4.0 ± 0.5 −0.03 ± 0.01 278 ± 15 4.0 ± 0.6 0.29 ± 0.07 0.01 ± 0.001 37.9 ± 4.7
29.0 68.4 13.2 33.9 54.4 23.2 30.4
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Table 4. Spearman correlation coefficients (r spearman > 0.7 in bold) between morphological factors.

Depth Slope Bankfull Width Roughness Flow Velocity Depth/Width Shear Stress
Depth 1.00
Slope −0.10 1.00
Bankfull
Width 0.90 0.03 1.00

Roughness 0.89 0.02 0.92 1.00
Flow Velocity −0.05 −0.09 −0.03 0.04 1.00
Depth/Width 0.47 −0.22 0.15 0.27 −0.13 1.00
Shear Stress 0.99 −0.15 0.90 0.89 −0.05 0.47 1.00

The GLMs for kc and kf included four factors (slope, roughness, flow velocity, and
depth/width ratio) preselected based on the correlation coefficient. There were no signifi-
cant differences in the AIC scores of the selection models for either kc or kf, so the initial
models containing the four preselected factors were retained as the best-fit models. D2 was
0.18 and 0.13 for kc and kf, respectively. Among the morphological factors, only roughness
was significantly related (negatively) to both kc and kf (Table 5).

Table 5. Results of the GLM of predictor variables on kc and kf.

p-Value (kc) Estimate ± SE p-Value (kf ) Estimate ± SE

Slope 0.41 −0.20 ± 0.24 0.77 −0.004 ± 0.01
Roughness 0.03 −0.003 ± 0.001 0.01 −0.0002 ± 0.0001
Flow velocity 0.19 −0.04 ± 0.03 0.10 −0.003 ± 0.002
Depth/Width 0.58 −0.32 ± 0.58 0.96 −0.001 ± 0.03

4. Discussion
4.1. In-Stream and Between-Stream Variability of Decomposition Rates

About in-stream and between-stream variabilities of decomposition rates, firstly
we predicted that in-stream variability in small heterogeneous streams would be in the
same range as between-stream variability [40]. Secondly, we predicted that the in-stream
variability of the rates of decomposition by microorganisms would be higher than the rates
of decomposition by invertebrates.

We highlighted that natural in-stream variability could be very high at the reach
scale (in-stream CV up to 60%) even if chemical factors remain stable along our selected
watersheds. This result confirmed our first prediction that in-stream variability may be in
the same order or even higher (in four of the nine streams in our case) than between-stream
variability. Tonin et al. [51] suggested that such variability might be related to the canopy.
They reported a higher variability of decomposition rates among reaches than among
watersheds along a canopy cover gradient where the area covered by canopy decreased
from stream reaches to watersheds. However, in streams that present similar and low
canopy coverage, as is the case in our study, the variability of litter breakdown rates could
also be very high. Other morphological factors at the riffle scale such as geomorphology
could strongly drive the leaf litter decomposition process in such systems [29,31]. In bio-
assessment studies of impacted streams, this could constitute a natural source of variation
difficult to account for and isolate from the variability due to anthropogenic stressors. One
way to overcome this limitation could be a comparative approach of impacted versus
unimpacted systems exhibiting similar natural characteristics, this condition being rarely
encountered in most cases.

Secondly, we expected the variability of decomposition rates by microorganisms to be
higher than the variability of the total litter breakdown rates. Microbial activities are indeed
driven by local factors such as temperature [52], stream nutrient content [22,53,54], and
fine sediment load [22]. While these factors are mostly temporal, they are largely spatially
heterogeneous at the small, local scale at which this experiment was conducted. On the
other hand, total litter breakdown is (in addition to microbial conditioning) mediated by
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heterogeneous hydraulic factors as well as variable geomorphological habitat parameters,
thus making the process patchy within stream riffles [55,56]. However, and contrary to our
expectations, we found higher variability of the total litter breakdown (kc) than of microbial
decomposition (kf ). Moreover, in our study sites, the proportion of microbial decomposition
in total breakdown was also less variable than breakdown by invertebrate shredders (λF).
The fact that the variability of the decomposition rate was mostly due to the variability of
the invertebrate breakdown could be due to the patchiness of detritivore distribution [57,58]
and their sensitivity to hydromorphological parameters [59] that has been found in previous
studies [22,29,60,61]. To explain the unexpected low microbial decomposition variability,
one plausible reason for this may be the transport and distribution of fungal spores in
streams by the water flow [62], resulting in the homogenization of leaf colonization by fungi.
Secondly, the sites were mostly located in small natural watersheds, with minimal impacts
of anthropogenic activities such that the chemical heterogeneity in terms of nutrient and
sediment influx from the catchment basin was negligible. Therefore, our results are rather
congruent with the observation of Colas et al. [25], who found that microorganisms react
mainly at the catchment scale and less at the reach scale.

4.2. Explaining Factors of Decomposition Rates

We expected that physical factors mediating the variability of litter breakdown would
be the same for invertebrate litter breakdown as in microbial decomposition. Accordingly,
with this assumption, we found that the physical factors mediating breakdown rates
were the same for the total breakdown and microbial decomposition rates. The physical
factors describable in riffle mesohabitats are largely responsible for resource retention and
distribution [63] and consequently for the community structure of macroinvertebrates
and microbes in riffles [29,64]. Therefore, although the mechanisms and magnitude of
interactions may not be the same, the hydromorphological factors influencing the two biotic
agents (microbes and macroinvertebrates) of litter decomposition in streams appear to be
the same. Although this is largely expected, it is noteworthy that only a small fraction of
decomposition (<20% of deviation) can be explained by physical factors only. This suggests
that invertebrate shredders likely remain the chief drivers of litter breakdown in streams.
However, microorganisms, in half of our streams, mainly drove litter breakdown. Even
though we did not measure the stream microbial load concentration, elevated microbial
concentrations in streams are known drivers of litter decomposition [65–67].

More precisely, we found that among morphological factors, the most important
factors for both total litter breakdown and microbial decomposition rates was the streambed
roughness. The negative relationship between bed roughness and decomposition rates
suggests a reduced decomposition rate when bed roughness is high. In lowland streams as
in Brittany, and in natural conditions, bed roughness is positively correlated with particle
size and in turn to flow velocity. When bed roughness increases, leaf litter stocks are
easily and quickly washed off [63], and cannot serve as habitats and feeding resources for
shredders. In the same vein, shredders are generally less adapted to high flow velocity
and prefer low velocities [46]. Whereas in riffles with low bed roughness, substrates can
be smaller and more similar in size (mainly sand and gravel). This condition could be
more suitable for litter storage. According to Bovil et al. [37], reaches dominated by gravels
retain the highest stocks of coarse organic particulate matter, while the lowest retention is
found in reaches dominated by cobbles; these authors suggested that channel retentiveness
does not increase with channel roughness. It could also be more suitable for conditioning
by microbes and colonization by shredders, and explain a faster decomposition rate by
both invertebrates and microbes. This realization could have profound implications for
the management of headwater streams where leaf litter stocks from allochthonous sources
occupy the base of the energy pyramid. Secondly, restoration efforts in impacted streams
mostly involve activities that enhance habitat heterogeneity through the alteration of the
geomorphological composition of the systems. Post-project assessments of restored streams
largely relying on biodiversity as a bio-assessment tool. The sensitivity of leaf litter assay
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to geomorphological factors within the habitats, as observed in this study, suggests it
can serve a complementary role as an integrative ecosystem-level bio-assessment tool in
restored systems.

5. Conclusions

This study highlights that the natural in-stream variability of leaf litter breakdown
rate could reach or even overreach the between-stream variability. Our study underscores
the importance of local factors such as roughness as drivers of ecological processes and in
turn overall ecosystem functioning. The sensitivity of this important ecological process to
hydromorphological factors in stream mesohabitats has significant implications for stream
management and the deployment of litter decomposition assays as a bio-indicator tool.
One of the advantages of using ecosystem level processes such as leaf litter assays as a
bio-assessment tool is that it provides an integrative measure of ecosystem integrity, but
protocols need to be adapted to disentangle the influence of natural habitat conditions on
decomposition rates from the effects of external environmental stressors. This is by no
means an easy task in most cases. As a consequence, natural variability at the riffle scale
must be taken into account in the assessment of anthropogenic impacts. One solution to
integrate this very strong variability is to measure the breakdown rate on several successive
riffles to obtain a good estimate of the mean values of the decomposition rates on each
site, which is not the case in many studies. Further studies on the relationship between
hydraulic factors, litter storage, and the presence of shredders are required to understand
this complex relationship between morphological and biological factors explaining the
spatial heterogeneity of the breakdown process.

6. Patents

This section is not mandatory but may be added if there are patents resulting from the
work reported in this manuscript.
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