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ABSTRACT 

Interactions between epilithic biofilm and local hydrodynamics were investigated in an 
experimental fiume. Epilithic biofilm from a natural river was grown over a 41-day period 
in three sections with different flow velocities (0.10, 0.25 and 0.40 rn s-1 noted LV, IV and 
HV respectively). Friction velocities U• and boundary layer parameters were inferred from 
PlV measurement in the three sections and related ta the biofilm structure. The results 
show that there were no significant differences in Dry Mass and Ash-Free Dry Mass (g m-2

) 

at the end of experiment, but velocity is a selective factor in algal composition and the 
biofilms' morphology differed according ta differences in water velocity. A hierarchical 
agglomerative cluster analysis (Bray-Curtis distances) and an Indicator Species Analysis 
(IndVal) showed that the indicator taxa were Fragilaria capucina var. mesolepta in the low
velocity (u·. = 0.010-0.012 rn s-1

), Navicula atomus, Navicula capitatoradiata and Nitzschia 
frustulum in the interrnediate-velocity (u·. = 0.023-0.030 rn s-1

) and Amphora pediculus, 
Cymbella proxima, Fragilaria capucina var. vaucheriae and Surirella angusta in the high-velocity 
(u·. = 0.033-0.050 rn s-1

) sections. A sloughing test was performed on 40-day-old biofilms in 
arder ta study the resistance of epilithic biofilms ta higher hydrodynamic regimes. The 
results showed an inverse relationship between the proportion of detached biomass and 
the average value of friction velocity during growth. Therefore, water velocity during epi
lithic biofilm growth conditioned the structure and al gal composition of biofilm, as well as 
its response (ability ta resist) ta higher shear stresses. This result should be considered in 
modelling epilithic biofilm dynamics in streams subject ta a variable hydrodynamics 
regime. 
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1. 

Notations 

AFDM 
DM 
H 

k. 

Ash-Free Dry Mass (g m-2
) 

Dry Mass (g rn-~ 
Flow height (rn) 
Nikuradse's equivalent sand roughness (rn) 

Introduction 

"Epilithic biofilm" that grows on gravel, cobbles, and rocks in 
river beds, is a collective term for a complex microorganism 
community and includes algae, bacteria, and microfauna, 
with algae usually the dominant component. This community 
is the source of most primary production (Minshall, 1978; Lock 
et al., 1984), and constitutes a food source for a number of 
invertebrates and fish (Fuller et al., 1986; Mayer and Likens, 
1987; Winterboum, 1990). It plays a major role in the meta
bolic conversion and partial removal of biodegradable mate
rial in rivers and streams (Mcintire, 1973; Saravia et al., 1998; 
Hondzo and Wang, 2002), and serves as a functional indicator 
of river health (Wehr and Sheath, 2003; Cardinale, 2011). 
However, it still one of the least-studied communities despite 
the significant increase in the examination of aquatic micro
bial communities in recent years (Stoodley et al., 2000; Battin 
et al., 2003; Besemer et al., 2007, 2009a, 2009b). 

Hydrodynamics is one of the most important environ
mental factors (nutrient, light, temperature etc.) driving 
stream biofilm dynamics and structure and is generally 
considered the major agent of physical forcing on the biofilm 
(Reiter, 1986; Power and Stewart, 1987; Biggs et al., 2005). 
Indeed, metabolic rates for the biofilm are controlled by the 
thickness of the diffusive boundary layer that develops along 
filaments driving the transfer of metabolites to and from 
cells, and they are then related to the flow water velocity 
(Whitford and Schumacher, 1961; Lock and John, 1979; Riber 
et al., 1987). Besides, as water velocity increases, the drag 
forces and skin friction exerted on the community also 
increase, and this affects their attachment ability (Biggs and 
Hickey, 1994). 

The effect of water velocity on epilithic biofilms biomass 
has been analysed in a number of studies, both by observa
tions in natural streams (e.g. Biggs and Hickey, 1994; Uehlinger 
et al., 1996, 2003; Boulêtreau et al., 2006, 2008, 2010) as well as 
in flumes (e.g. Homer and Welch, 1981; Ghosh and Gaur, 1998; 
Hondzo and Wang, 2002; Cardinale, 2011). However, only local 
flow conditions are ultimately relevant for describing the 
forcing at biofilm scale, and are generally not easily inferred 
from mean bulk velocities, except in the case of hydraulically 
smooth turbulent boundary layers where only the fluid vis
cosity v (Nezu and Nakagawa, 1993) and the metabolites dif
fusivities need to be known. For rough turbulent boundary 
layers, a better description of the local flow conditions are 
inferred by a log law description (see Labiod et al., 2007; Graba 
et al., 2010) that requires knowledge of the roughness length 

u* 

v 

Roughness Reynolds number (= U• k.lv) 
Flow discharge (m3 s-1) 

Standard errer in measured values (g m-2
) 

Friction velocity (rn ç 1
) 

Water kinetic viscosity (10-6 m2 ç 1
) 

(or equivalently Nikuradse's equivalent sand roughness k.) 
and reads: 

U(z) = !log(z- d) + 85 
U* K ks 

(1) 

Or from the exponential profile of Nezu and Nakagawa 
(1993): 

U(z) ( z ) 
--u;-=Duexp -C•H-d (2) 

where U(z) is the mean (above the roughness sublayer) or 
double-average longitudinal velocity (inside the roughness 
sublayer), U• is the friction velocity, k. the Nikuradse's equiv
alent sand roughness, d the displacement height, K the Kar
man constant (K = 0.41), H the flow height and c, and Du are 
empirical constants (C, = 1 and Du = 2.3). 

Observations on the interaction between water flow and 
biofilms (Reiter, 1989a, 1989b; Nikora et al., 1997, 1998; Labiod 
et al., 2007) have shown that friction velocity U· (which mea
sures the drag of the flow at the bottom layer) could increase 
with the growth of epilithic biofilm, leading to the conclusion 
that stream biofilm increased bed roughness. However, Biggs 
and Hickey (1994), Moulin et al. (2008) and Graba et al. (2010) 
have found that stream biofilm decreased the drag forces 
and the roughness. As explained in Moulin et al. (2008) and 
Graba et al. (2010), these apparently contradictory results are 
essentially due to a graduai transition from a completely nude 
bed to a biofilm-covered bed, an increase or decrease of the 
roughness length being observed depending on the value of 
the roughness length for the initial nude bed compared to 
a typical value for a biofilm-covered bed. Yet, beyond their 
apparent contradictions, these studies provide an idea of the 
complex interaction between local hydrodynamics and the 
successional stage (age, thickness and composition of the 
community) and physiognomy of the algal biofilm community 
(Reiter, 1989b). 

Tools such as the hydraulic habitat preference curves 
Qowett et al., 1991) have been used to predict the effects of 
flow regulation on stream habitats (Davis and Barmuta, 1989; 
Young, 1992). However, there is still a poor knowledge on the 
relationship between the near-substratum hydrodynamics 
and the structure and species composition of epilithic algal 
assemblages. It is generally admitted that Rhodophytes prefer 
current velocities exceeding 0.030 rn s-1 (Seath and 
Hambrook, 1988), and that sorne species (Gomphonema paro

ulum and Gomphonema lanceolatum) prefer pools as the main 
habitats (Ghosh and Gaur, 1998). It is also known that while 







mean values and fluctuations of u and w, as defined in the 
Reynolds decomposition u = U + u' and w =ID+ w'. Each ver
tical plane yields 120 vertical profiles along around 8 cm, i.e., 
two hemisphere diameters in the streamwise direction. 

Following the methodology of Nikora et al. (2002, 2007a, 
2007b), double-averaged quantities, i.e. quantities averaged in 
the two horizontal directions (noted with brackets< >) were 
estimated from PlV measurements in the two vertical planes 
by spatial averaging along the streamwise direction and be
tween the two vertical planes. As shawn by Castro et al. (2006), 
such double-averaged quantities extend the validity range of 
the log law towards the top of the roughness, deep inside the 
roughness sublayer, leading ta more robust estimations of the 
boundary layer parameters U·, ks and d. The 1000 independent 
measurements of u and w yield ta an estimation of {U) 
and< u'w' > with time convergence relative errors below 5% 
and 15%, respectively (using convergence errer estimates of 
Bendat and Piersol (1971) for confidence intervals of 95%). Ta 
fit the data with the log-law equation (1), we followed Castro 
et al. (2006) and inferred the friction velocity U• from vertical 
profiles of the turbulent shear stress < u'w' > : we took the 
square root of the averaged value of the turbulent shear stress 
in bath the roughness and inertial sublayers. For nude cobbles 
before the inoculum, it corresponded ta the region between 
the top of the hemispheres at z = H and the top of the inertial 
sublayer, taken as z = 0.1(D-H) where Dis the water depth in 
arder ta remain far below the defect law region. For biofilm
covered cobbles, algal filaments moved in the camera field, 
sa that the top for the roughness could not be de arly identified 
like for nude cobbles. Therefore, we used the maximal height 
reached by the filaments, noted Ztop• as the lower limit of the 
fittingrange of the log-law equation (1). Naturally, with biofilm 
accrual, this lower limit gradually raised up from 2 cm for the 
nude cobbles ta 3.5 cm for the 28 days old biofilm in the law 
velocity section. The upper limit of the fitting range was 
chosen equal ta the top of the inertial sublayer at 
z = Ztop+0.1(D-Ztop)· Further details on this method and on PlV 
measurements are presented in Moulin et al. (2008) and Graba 
et al. (2010). Relative errors on < u'w' > below 15% yield errors 
on friction velocity U• lower than 7.5%. With fitting ranges 
defined above, relative errors on ks and d induced by errors on 
(U) and< u'w' > were found ta be lower than 10%. 

The roughness Reynolds number k+ (=U· ksfv, where v is 
water kinetic viscosity), a descriptor of the hydraulic rough
ness of the flow was also calculated. This number depends on 
the hydraulics and turbulent conditions in the near bed region 
(turbulent energy) but also on the dimensions and the shape 
of the roughness in this region (that drives the shape of the 
mean velocity profile). Sa the change of the values of this term 
gives an idea of the changes induced by the growth of the 
epilithic biofilm on the turbulent conditions and the flow 
regime in the near bed region. More specifically, for vegetal 
canopies, vertical exchanges of matter between the canopy 
and the flow above can be expressed using exchange velocity 
or equivalently, power functions of k., as discussed in Graba 
et al. (2010). 

In the sloughing test fiume, PlV measurements were also 
performed at different values of the volumic discharge Q, and 
the boundary layer parameters (friction velocity u·, Nikur
adse's equivalent sand roughness ks, and The roughness 

Reynolds number k+) were then inferred at the same way than 
in the main channel. As expected for rough turbulent 
boundary layers over rigid bottom, log law parameters d and k. 

were independent of Q, with d "" 1.54 ± 0.02 cm and 
ks :::: 1.03 ± 0.07 cm for all values of Q. Measured friction ve
locities U• were found ta be linearly dependent of Q, with 
values of u* = 1.0, 1.8, 3.0, 4.1, 5.1 and 6.4 cm s-1 for respec
tively Q = 5, 10, 15, 20, 25 and 30 Ls-1

• 

3. Results and discussions 

3.1. Biojilm biomass 

The temporal evolution of DM and AFDM (g m-2
) in the three 

flow sections (Fig. 3 and Fig. 4) reveals that flow velocities have 
a significant influence on the values of DM at days 9 (ANOVA, 
P < 0.001), 15 (ANOVA, P < 0.001) and 23 (ANOVA, P < 0.05). 
Later (on days 29 and 35) these differences became less sig
nificant (0.05 < P < 0.2). AFDM was less sensitive ta water 
velocity patterns. The influence of flow velocity on AFDM was 
significant only up ta day 15 (ANOVA, P < 0.05) and became 
insignificant at days 23, 29 and 35 (0.05 < P < 0.2). 

These results show that the biofilm colonisation was sig
nificantly delayed by the highest flow velocity until the third 
week after inoculum, but the values reached at the end of the 
experiment approached a mean of 93.95 ± 15.74 (g m-2

, DM) 
and 23.10 ± 4.03 (g m-2

, AFDM) for the three sections. This can 
be explained by the conflicting effects of current regime and 
turbulence intensities. In fact, in the initial colonisation phase 
the highest drag forces and friction velocities slowed dawn 
the deposit and attachment of microbial and algal cells, 
resulting in a more significant colonisation in the law flow 
regime than in the higher ones. From the third week of the 
experiment, the highest diffusion and exchange in the inter
mediate and high-flow region accelerated the productivity of 
the attached cells and counterbalanced the delay registered 
during the colonisation phase. 

3.2. Biojilm patterns and algal composition 

Colonisation patterns during the first week were regular in the 
LV section, i.e. exhibiting the same spatial distribution for 

180 
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160 --+---Measured DM in the IV section 
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Fig. 3 - Evolution of the DM ± SE (g m -~ in the three flow 
sections (LV, IV and HV) at different days after inoculum. 







abundant (>5%) but did not show preferences with regard to 
the three current regimes. 

3.3. Euolution of hydrodynamics and near-bed 
parameters of the .fiume 

During epilithic biofilm growth in the relatively deep water 
conditions (LV section), Nikuradse's equivalent sand rough
ness k. values remain initially close to the value found for 
artificial cob bles without biofilm, i.e. 0.01 rn and no significant 

No flow 

Q=5 Ls- 1 

u*= l .O ems·1 

Q=IO Ls· ' 
u,= l .8 ems·' 

Q=15 Ls-1 

u,=0.030 ms·1 

Q=20 Ls-1 

u.=0.041 ms·' 

Q=25 Ls- 1 

u.=0.05 1 ms·1 

Q=30 Ls-1 

u.=0.064 ms·1 

modifications in friction velocity U• and roughness Reynolds 
number k+ were observed {Fig. 7) as long as the biofilm 
structure remained relatively compact. However, a very clear 
drop in k. (towards values dose to 0.0035 rn) was measured as 
soon as long and thick filaments became dominant in the last 
two weeks of the experiment, and exceeded the initial spatial 
wavelength prescribed by the artificial cobbles (see Fig. 7b). 

ln contrast, for biofilm growing in the rv and HV section on 
macrorugosities in shallow water conditions (i.e. when the 
vertical dimension of the roughness is not small in 

MY (u.gr=0 .027 ms-1) 

Fig. B - Side views of the epilithic: biofilm in the LV (left), MV (middle) and HV (righ., sections during sloughing test and for 
increasing sloughing friction veloc:ity. 



Table 2- Measurements ofbiomass (DM) in the sloughing test fiume with U• up to 0.064 ms-1). 

Fiume u* gn average values DM± DM± SE after Detached 
section of friction velocity during SE before sloughing (gm-2

) proportion 
biofilm growth (mç1

) sloughing (gm-2
) 

LV 0.010 121.39 ± 2.94 57.9 ± 18.56 52% 
IV 0.025 99.11 ± 11.50 70.7 ± 10.85 29% 
HV 0.040 104.49 ± 1.25 93.5 ± 3.27 11% 

comparison with water depth), the evolution is very different. 
Very confined flows are generated initially (A/h = 4 and 3), and 
a very quick decrease in the Nikuradse's equivalent sand 
roughness ks and friction velocity U· is observed {Fig. 7) at the 
beginning of experiment when the biofilm matter covered 
firstly the troughs between the cobbles spaces (see Fig. Se) and 
brought about a change in the roughness topography, leading 
to a less rough boundary associated with less strong drag, so 
a decrease in friction velocity U• and the turbulent roughness 
k+ were observed (see Fig. 7). 

As discussed in Moulin et al. {2008), competing contribu
tions from the wake and skin frictions behind cobbles and 
along algal filaments necessarily drive a complex evolution of 
the roughness length since this quantity integrates all the 
processes occurring in the canopy (see Nikora et al., 2007a, b). 
The drop of k. in deep flows is observed when filaments 
become longer than the initial horizontal scale prescribed by 
the substrates, the biofilm structure then controlling most of 
the friction. Indeed, the values of k5 found at the end of the 
growth experiment in the present study, equal to 
0.318 x 10-3 rn for the HV section and 0.360 x 10-3 rn for the LV 
section at day 28, compare very well with the values found by 
Labiod et al. {2007) for same age biofilms grown on smaller 
substrates (values found range between 0.468 and 
0.800 x 10-3 rn for 26-day-old biofilm). The main difference 
between the two studies cornes from the difference in the 
initial value of ks that depends only on the substrate length 
scale {rods or marbles in Labiod et al. {2007) and around 
2 x 10-3 rn high hemispheres in our study). These flow mea
surements confirm an evolution of k. that simply expresses 
a transition from a bed covered with nude substrates towards 
a bed covered completely with a matt of biofilm. 

The evolution of the near bed turbulence (evaluated by the 
roughness Reynolds number k+) as we can see in Fig. 7, agree 
with the result of Besemer et al. {2007, 2009a, 2009b) and 
Tomés and Saba ter {2010) that the algal mats as the bacterial 
community modify the local architectural conditions in 
a way to slow down the near-substratum velocities, and 
thereby lessening the current effects on algal and bacterial 
detachment. 

3.4. Sloughing test 

During the sloughing test, increasing friction velocities were 
exerted on the sampled cobbles by increasing the tl ume flow 
discharge Q. For Q ranging from 0.005 m 3 ç 1 to 0.030 m3 çl, 
PIV measurements yield values of friction velocity that range 
between 0.010 and 0.064 rn s-1

• 

Filming during the sloughing test (see Fig. 8) shows that the 
detachment of filaments begins after the friction velocity 
value exerted in the sloughing fiume exceeds the time-

averaged value exerted during the growth experiment in the 
section being considered (noted u• gr)· However, the biomass 
loss is graduai as sloughing friction velocity increases. 

For the three sections, the sloughing test eventually led to 
the detachment of sorne proportion of the biomass covering 
the hemispheres. Indeed, sorne of the biofilm strongly 
attached to the artificial cob bles remained after the sloughing 
test {Table 2), while sorne ofit, composed mostly of filaments, 
was taken away by the flow. The proportion of detached bio
mass is inversely proportional to the time-averaged value of 
friction velocity U· exerted during biofilm growth (see Table 2). 
This is in accordance with the results of Waesche et al. {2002); 
Stoodley et al., 2002 and Mohle et al., 2007, on the effect of 
growth phase hydrodynamics on the mechanical properties 
and the resistance to detachment of microbial biofilms. In fact 
these last studies concluded also that biofilms grown under 
higher shear were more strongly attached and were cohe
sively stronger than those grown under lower shears. 

4. Conclusion 

The impacts of different flow regimes on the dynamics of 
epilithic biofilm, its structure, algal composition and feed
back on the local hydrodynamics have been evidenced by 
changes in the biomass and algal composition analysis. 
Actually, the biofilm composition and structures are 
expressed as different growth forms in relation to hydrody
namic descriptors. Their prevalence and the biofilm thickness 
is tightly related to the hydrodynamic conditions: Melosira 
moniliformis (O.F.Muller) Agardh was the dominant species in 
the three sections, while the Indicator Species Analysis 
(IndVal) shows that the indicator taxa were Fragilaria capucina 
var. mesolepta in the low-velocity (u·. = 0.010-0.012 rn s-1

), 

Nauicula atomus, N. capitatoradiata and Nitzschia frustulum in 
the intermediate-velocity (u·. = 0.023-0.030 rn s-1

) and A. 
pediculus, Cymbella proxima, Fragilaria capucina var. uaucheriae 
and Surirella angusta in the high-velocity group 
(u•. = 0.033-0.050 rn ç 1

). An inverse relationship was found 
between the proportion of detached biomass and the averaged 
value of friction velocity during biofilm growth. Thus, the 
differences in biofilm structure and composition, their influ
ence on the flow and their resistance to higher hydrodynam
ical regimes seem to be a function of the friction velocity U· on 
the boundary layer. This result supports the improvement of 
Labiod et al. {2007) and Graba et al. {2010) in modelling epilithic 
biomass dynamics with the equation from Uehlinger et al. 
{1996). This, by substituting the flow discharge with friction 
velocity or roughness Reynolds number k+, as an external 
physical variable forcing the chronic detachment process. 
This result also sheds new light on the role of local 



hydrodynamics in the catastrophic detachment process 
associated with floods. Firstly, it suggests improving the term 
describing this process in the same way by considering local 
hydrodynamic rather than flow and mean velocity, as exter
nal physical variables for forcing the detachment process, in 
epilithic biofilms biomass dynamics models (e.g. Uehlinger 
et al., 1996; Saravia et al., 1998; Asaeda and Hong Son, 2000, 
2001; Flipo et al., 2004; Boulêtreau et al., 2006, 2008). Secondly, 
the detached biofilm biomass driven by a strong hydraulic 
perturbation is almost entirely associated with the biofilm 
filaments, and the results presented here support a separate 
description of the biomass of these filaments in biofilm dy
namics modelling. 

Ac:knowledgements 

This work has been supported by the national research project 
« EC2CO Ecosphère Continentale et Côtière» as part of a proj
ect entitled «Couplage et flux entre un biofilm de rivière et un 
écoulement turbulent : expérimentations en conditions 
naturelles contrôlées et modélisation numérique dans l'éco
système de la Garonne Moyenne». We wish ta thank S. Font, 
Y. Peltier, C. Pen and D. Baque for technical support, data 
acquisition and analysis. 

REFERENCES 

Asaeda, T., Hong Son, D., 2000. Spatial structure and populations 
of a periphyton community: a madel and verification. 
Ecological Modelling 133, 195-207. 

Asaeda, T., Hong Son, D., 2001. A madel of the development of 
a periphyton community resource and flow dynamics. 
Ecological Modelling 137, 61-75. 

Battin, T.J., Kaplan, L.A., Newbold, J.O., Cheng, X., Hansen, C., 
2003. Effects of current velocity on the nascent architecture of 
stream microbial biofilms. Applied and Environmental 
Microbiology 69, 5443-5452. 

Bendat, J.S., Piersol, A., 1971. Random Data: Analysis and 
Measurement Procedures, second ed. John Wiley & sons Inc., 
New York (revised and expanded). 

Besemer, K., Singer, G., Hodl, 1., Limberger, R., Chlup, A.K., 
Hochedlinger, G., Hodl, 1., Baranyi, C., Battin, T.J., 2007. 
Biophysical contrais on community succession in stream 
biofilms. Applied and Environmental Microbiology 73 (15), 
4966--497 4. http:/ /dx.doi.org/10.1128/ AEM.00588-07. 

Besemer, K., Singer, G., Hodl, 1., Battin, T.J., 2009a. Bacterial 
community composition of stream biofilms in spatially 
variable-flow environments. Applied and Environmental 
Microbiology 75, 7189-7195. 

Besemer, K., Hodl, 1., Singer, G., Battin, T.J., 2009b. Architectural 
differentiation reflects bacterial community structure in 
stream biofilms. Multidisciplinary Journal of Microbial Ecology 
3 (11), 1318-1324. 

Biggs, B.J.F., Hickey, C.W., 1994. Periphyton responses ta 
a hydraulic gradient in a regulated river in New Zealand. 
Freshwater Biology 32 (1), 49-59. 

Biggs, B.J.F., Nikora, V.l., Snelder, T.H., 2005. Linking scales of flow 
variability to lotie ecosystem structure and function. River 
Research and Applications 21, 283-298. 

Blum, J.L., 1957. The ecology of river algae. The Botanical Review 
22 (5), 291-341. http://dx.doi.org/10.1007/BF02872474. 

Boulêtreau, S., Garabetian, F., Sauvage, S., Sanchez-Pérez, ].M., 
2006. Assessing the importance of self-generated detachment 
process in river biofilm models. Freshwater Biology 51 (5), 
901-912. http://dx.doi.org/10.111Vj.1365-2427.2006.01541.x. 

Boulêtreau, S., Izagirre, 0., Garabetian, F., Sauvage, S., Elosegi, A., 
Sanchez-Pérez, J.M., 2008. Identification of a minimal 
adequate madel to describe the biomass dynamics of river 
epilithon. River Research and Applications 24 (1), 36-53. 
http:/ /dx.doi.org/10.1002/rra.1046. 

Boulêtreau, S., Sellali, M., Elosegi, A., Nicaise, Y., Bercovitz, Y., 
Moulin, F., Eiff, O., Sauvage, S., Sanchez-Pérez, J.M., 
Garabetian, F., 2010. Temporal dynamics of river biofilm in 
constant flows: a case study in a riverside laboratory fiume. 
International Review of Hydrobiology 95 (2), 156-170. http:// 
dx.doi.org/10.1002/iroh.200911203. 

Cardinale, B.J., 2011. Biodiversity improves water quality through 
niche partitioning. Nature 472 (3741), 86-89. http://dx.doi.org/ 
10.1038/nature09904. 

Castro, I.P., Cheng, H., Reynolds, R., 2006. Turbulence over urban
type roughness: deductions from wind-tunnel measurements. 
Boundary-layer Meteorology Vol. 118 (1), 109-131. 

Clarke, K.R., Gorley, R.N., 2005. In: Plymouth Routines in Multivariate 
Ecological Research (PRIMER). PRIMER-E Ltd, Plymouth. 

Coceal, 0., Thomas, T., Castro, 1., Belcher, S., 2006. Mean flow and 
turbulence statistics over groups of urban-like cubical 
obstacles. Bound-layer Meteor 121, 491-519. 

Davis, ].A., Barmuta, L.A., 1989. An ecologically useful 
classification of mean and near-bed flows in streams and 
rivers. Freshwater Biology 21, 271-282. 

Dufrène, M., Legendre, P., 1997. Species assemblages and 
indicator species: the need for a flexible asymmetrical 
approach. Ecological Monographs 67, 345-366. 

Fincham, A.M., Delerce, G., 2000. Advanced optimization of 
correlation imaging velocimetry algorithms. Experiments in 
Fluids 39 (suppl), S13-S22. 

Fincham, A.M., Spedding, G.R., 1997. Law cost, high resolution 
DPIV measurements of turbulent fluid flow. Experiments in 
Fluids 23, 449-462. 

Flipo, N., Even, S., Poulin, M., Tusseau-Vuillemin, M.H., 
Ameziane, T., Dauta, A., 2004. Biogeochemical Modelling at 
the River Scale: Plankton and Periphyton Dynamics. 

Fuller, R.L., Roelofs, J.L., Frys, T.]., 1986. The importance of algae to 
stream invertebrates. Journal of the North American 
Benthological Society 5, 290-296. 

Ghosh, M., Gaur, ].P., 1998. Current velocity and the establishment 
of stream algal periphyton communities. Aquatic Botany 60 
(1), 1-10. 

Godillot, R., Ameziane, T., Caussade, B., Capblanc, ]., 2001. 
Interplay between turbulence and periphyton in rough open
channel flow. Journal of Hydraulic Research 39 (3), 227-239. 

Graba, M., Moulin, F.Y., Boulêtreau, S., Garabétian, F., Kettab, A., 
Eiff, 0., Sanchez-Pérez, ].M., Sauvage, S., 2010. Effect of near
bed turbulence on chronic detachment of epilithic biofilm in 
artificial rough, open channel flow: experimental and 
modeling approaches. Water Resources Research 46, W11531. 
http://dx.doi.org/10.1029/2009WR008679. 

Hondzo, M., Wang, H., 2002. Effects of turbulence on growth and 
metabolism of periphyton in a laboratory fiume. Water 
Resources Research 38 (12), 1277. http://dx.doi.org/10.1029/ 
2002WR001409. 

Homer, R.R., Welch, E.B., 1981. Stream periphyton development 
in relation to current velocity and nutrients. Canadian Journal 
of Fisheries and Aquatic Sciences 38 (4), 449-457. 

Homer, R.R., Welch, E.B., Veenstra, R.B., 1983. Development of 
nuisance periphytic algae in laboratory streams in relation to 
enrichment and velocity. In: Wetzel, R.G. (Ed.), Periphyton of 
Freshwater Ecosystems. W. }unk Publishers, The Hague, 
pp. 121-164. 



}owett, I.G., Richardson,]., Biggs, B.].F., Hickey, C.W., Quinn, ].M., 
1991. Microhabitat preferences ofbenthic invertebrates and the 
development of generalized Deleatidium spp. Habitat suitability 
curves, applied to four New Zealand rivers. New Zealand 
Journal of Marine and Freshwater Research 25, 187-199. 

Labiod, C., Godillot, R., Caussade, B., 2007. The relationship 
between stream periphyton dynamics and near-bed 
turbulence in rough open-channel flow. Ecological Modelling 
209 {2-4), 78-96. http://dx.doi.orw10.1016/ 
j.ecolmodel.2007.06.011. 

Leflaive, ]., Boulêtreau, S., Buffan-Dubau, E., Ten-Hage1, L., 2008. 
Temporal patterns in epilithic biofilm-relation with a putative 
allelopathic activity. Archiv für Hydrobiologie 173 {2), 121-134. 
http:/ /dx.doi.orw10.1127 /1863-9135/2008/0173-0121. 

Lock, M.A., John, P., 1979. The effect of flow patterns on uptake of 
phosphorus on river periphyton. Limnology and 
Oceanography 24, 376-383. 

Lock, M.A., Wallace, R.R., Costerton, ].W., Ventullo, R.M., 
Charlton, S.E., 1984. River epilithon: towards a structural
functional model. Oikos 42, 10-22. 

Martinez De Fabricius, A.L., Maidana, N., Gémez, N., Sabater, S., 
2003. Distribution patterns of benthic dia toms in a Pampean 
river exposed to seasonal floods: the Cuarto River {Argentina). 
Biodiversity and Conservation 12 {12), 2443-2454. http:// 
dx.doi.orw10.1023/ A:1025857715437. 

Mayer, M.S., Likens, G.E., 1987. The importance of algae in 
a shaded head water stream as a food of an abundant 
caddisfly (Trichoptera). Journal of the North American 
Benthological Society 6, 262-269. 

McCune, B., Mefford, M.]., 1999. In: PC-ORD, Multivariate Analyses 
of Ecological Data. MjM Software Design, Glenenden Beach. 

Mclntire, C., 1973. Periphyton dynamics in laboratory streams: 
a simulation model and its implications. Ecological 
Monographs 34 {3), 399-420. 

Minshall, G.W., 1978. Autotrophy in stream ecosystems. 
BioScience 28, 767-771. 

Mëhle, R.B., Langemann, T., Haesner, M., Augustin, W., Scholl, S., 
Neu, T.R., Hempel, D.C., Horn, H., 2007. Structure and shear 
strength of microbial biofilms as determined with confocallaser 
scanning microscopy and fluid dynamic gauging using a novel 
rota ting dise biofilm reactor. Biotechnology and Bioengineering 
98 {4), 747-755. http://dx.doi.orw10.1002/bit.21448. 

Momo, F., 1995. A new model for periphyton growth in running 
waters. Hydrobiologia 299 {3), 215-218. 

Moulin, F.Y., Peltier, Y., Bercovitz, Y., Eiff, 0., Beer, A., Pen, C., 
Boulêtreau, S., Garabetian, F., Sellali, M., Sanchez-Ferez,]., 
Sauvage, S., Baque, D., 2008. Experimental study of the 
interaction between a turbulent flow and a river biofilm growing 
on macrorugosities. In: Advances in Hydro-science and 
Engineering, vol. VIII. ICHE-IAHR, Nagoya,}apan, pp.1887-1896. 

Nezu, I., Nakagawa, H., 1993. Turbulence in Open-channel Flows. 
Balkema, Rotterdam, The Netherlands. 

Nielsen, T.S., Funk, W.H., Gibbons, H.L., Duffner, R.M., 1984. A 
comparison of periphyton growth on artificial and natural 
substrates in the upper Spokane River. Northwest Science 58, 
243-248. 

Nikora, V., Goring, D., Biggs, B., 1997. On stream periphyton
turbulence interactions. The New Zealand Journal of Marine 
and Freshwater Research 31 {4), 435-448. 

Nikora, V., Goring, D., Biggs, B., 1998. A simple model of stream 
periphyton-flow interactions. Oikos 81 {3), 607-611. 

Nikora, V., Goring, D., Biggs, B., 2002. Sorne observations of the 
effects of micro-organisms growing on the bed of an open 
channel on the turbulence properties. The Journal of Fluid 
Mechanics 450, 317-341. 

Nikora, V., McEwan, I., McLean, S., Coleman, S., Pokrajac, D., 
Walters, R., 2007a. Double averaging concept for rough-bed 
open-channel and overland flows: theoretical background. 

Journal of Hydraulic Engineering 133 {8), 873-883. http:// 
dx.doi.orw10.1061/{ASCE)0733-9429{2007)133:8{873). 

Nikora, V., McLean, S., Coleman, S., Pokrajac, D., McEwan, I., 
Campbell, L., Aberle, ]., Clunie, D., Kol, K., 2007b. Double
averaging concept for rough-bed open-channel and overland 
flows: applications background. Journal of Hydraulic 
Engineering 133 {8), 884-895. http://dx.doi.orw10.1061/{ASCE) 
0733-9429{2007)133:8{884). 

Power, M.E., Stewart, A.]., 1987. Disturbance and recovery of an 
algal assemblage following flooding in an Oklahoma stream. 
American Midland Naturalist 117, 333-345. 

Reiter, M.A., 1986. Interactions between the hydrodynamics of 
flowing water and development of a benthic algal community. 
Journal of Freshwater Ecology 3 {4), 511-517. 

Reiter, M.A., 1989a. Development of benthic algal assemblages 
subjected to differing near substrate hydrodynamic regimes. 
Canadian Journal of Fisheries and Aquatic Sciences 46, 
1375-1382. 

Reiter, M.A., 1989b. The effect of a developing algal assemblage on 
the hydrodynamics near substrates of different size. Archiv 
für Hydrobiologie 115 {2), 221-244. 

Riber, H.H., Wetzel, R.G., 1987. Boundary layer and internai 
diffusion effects on phosphorus fluxes in lake periphyton. 
Limnology and Oceanography 32, 1181-1194. 

Saravia, L., Momo, F., Boffi. Lissin, L.D., 1998. Modeling periphyton 
dynamics in runningwater. Ecological Modelling114 {1), 35-47. 

Seath, R.G., Hambrook, ].A., 1988. Mechanical adaptations to flow 
in freshwater red algae. Journal of Phycology 24, 107-111. 

Silvester, N.R., Sleigh, M.A., 1985. The forces on microorganisms 
at surfaces in flowing water. Freshwater Biology 15, 433-448. 

Singer, G., Besemer, K., Schmitt-Kopplin, P., Hodl, I., Battin, T.]., 2010. 
Physical heterogeneity increases biofilm resource use and its 
molecular diversity in stream mesocosms. PLoS ONE 5 {4), e9988. 

Stoodley, Paul, Boyle, John, D., Lappin-Scott, Hilary, M., 2000. 
Influence of flow on the structure of bacterial biofilms. In: 
Bell, Colin R., Brylinsky, M., Johnson-Green, Perry Clark (Eds.), 
Microbial Biosystems: New Frontiers: Proceedings of the 8th 
International Symposium on Microbial Ecology. Atlantic 
Canada Society for Microbial Ecology, pp. 263-269. 

Stoodley, P., Cargo, R., Rupp, C.J., Wilson, S., Klapper, I., 2002. 
Biofilm material properties as related to shear-induced 
deformation and detachment phenomena. Journal of 
Industrial Microbiology and Biotechnology 29, 361-367. 

Tomés, E., Sabater, S., 2010. Variable discharge alters habitat 
suitability for benthic algae and cyanobacteria in a forested 
Mediterranean stream. Marine and Freshwater Research 61, 
441-450. 

Uehlinger, U., Buhrer, H., Reichert, P., 1996. Periphyton dynamics 
in a flood-prone pre-alpine river: evaluation of significant 
processes by modelling. Freshwater Biology 36, 249-263. 

Uehlinger, U., Kawecka, B., Robinson, C.T., 2003. Effects of 
experimental floods on periphyton and stream metabolism 
below a high dam in the Swiss Alps (River Spël). Aquatic 
Sciences 199-209. http:/ /dx.doi.orw10.1007 /s00027 -003-0664-7. 

Waesche, S., Hom, H., Hempel, D.C., 2002. Influence of growth 
conditions on biofilm development and mass transfer at the 
bulk/biofilm interface. Water Research 36 {19), 4775-4784. 

Wehr, ].D., Sheath, R.G., 2003. In: Wehr, John D., Sheath, Robert G. 
(Eds.), Freshwater Algae of North America. Academie Press, 
ISBN 978-0-12-741550-5. 

Winterboum, M.]., 1990. Interactions among nutrients, algae and 
invertebrates in New Zealand mountain stream. Freshwater 
Biology 23, 463-474. 

Whitford, L.J., Shumacher, G.]., 1961. Effects of current on mineral 
uptake and respiration by a freshwater alga. Limnology and 
Oceanography 6, 423-425. 

Young, W.]., 1992. Clarification of the criteria used to identify 
near-bed flow regimes. Freshwater Biology 28, 383-391. 




