
HAL Id: hal-04688204
https://ut3-toulouseinp.hal.science/hal-04688204v1

Submitted on 6 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Flow intermittency affects the nutritional quality of
phototrophic biofilms and their capacity to support

secondary production
Camille Courcoul, Stéphanie Boulêtreau, Alexandre Bec, Michael Danger,
Vincent Felten, Cédric Pradalier, Mathilde Roche-Bril, Joséphine Leflaive

To cite this version:
Camille Courcoul, Stéphanie Boulêtreau, Alexandre Bec, Michael Danger, Vincent Felten, et al.. Flow
intermittency affects the nutritional quality of phototrophic biofilms and their capacity to support sec-
ondary production. Freshwater Biology, 2023, 69 (1), pp.84-99. �10.1111/fwb.14195�. �hal-04688204�

https://ut3-toulouseinp.hal.science/hal-04688204v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


84  |  	﻿�  Freshwater Biology. 2024;69:84–99.wileyonlinelibrary.com/journal/fwb

Received: 11 May 2023  | Revised: 25 August 2023  | Accepted: 18 September 2023

DOI: 10.1111/fwb.14195  

O R I G I N A L  A R T I C L E

Flow intermittency affects the nutritional quality of 
phototrophic biofilms and their capacity to support secondary 
production

Camille Courcoul1  |   Stéphanie Boulêtreau1  |   Alexandre Bec2 |   Michael Danger3,4  |   
Vincent Felten3,4  |   Cédric Pradalier5 |   Mathilde Roche-Bril3 |   Joséphine Leflaive1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Freshwater Biology published by John Wiley & Sons Ltd.

1Laboratoire Écologie Fonctionnelle et 
Environnement, Université de Toulouse, 
CNRS, INP, Université Toulouse 3 – Paul 
Sabatier (UPS), Toulouse, France
2Université Clermont Auvergne, CNRS, 
LMGE, Clermont-Ferrand, France
3Université de Lorraine, CNRS, LIEC, 
Metz, France
4LTER- “Zone Atelier Moselle”, Metz, 
France
5GeorgiaTech Lorraine- International 
Research Lab Georgia Tech – CNRS IRL 
2958, Metz, France

Correspondence
Camille Courcoul, Laboratoire Ecologie 
Fonctionnelle et Environnement, 
Université de Toulouse, CNRS, INP, 
Université Toulouse 3 – Paul Sabatier 
(UPS), Toulouse, France.
Email: camille.courcoul@gmail.com

Abstract
1.	 In streams, phototrophic biofilms are considered to be a good-quality resource for 

consumers and are essential to support secondary production. However, with the 
increasing occurrence of flow intermittency as a consequence of global climate 
change, limited information exists regarding the impact of drying and rewetting 
events on biofilm nutritional quality indicators and their consequences for con-
sumers. This study aims at understanding how river intermittency affects the nu-
tritional quality of phototrophic biofilms. Specifically, we examine the effects of 
drying and rewetting events on their capacity to support secondary production.

2.	 Our hypothesis was that the capacity of biofilms to support secondary produc-
tion relies on their nutritional quality: biofilms characterised by higher contents of 
long-chain fatty acids, nitrogen and phosphorus are expected to provide a better-
quality resource for consumers. We also hypothesised that the nutritional quality 
of biofilms undergoes changes over time during drying events, and that these 
changes are influenced by their initial algal composition. This is because the algal 
composition within biofilms may shift in response to drying events, subsequently 
impacting the nutritional quality of the biofilms.

3.	 We grew four phototrophic biofilms in flowing water, each with a different nu-
tritional quality, and then exposed them to a short (3 days) or a long dry period 
(14 days). Biofilms were sampled 3 days and 18 days after rewetting (post-distur-
bance and post-recovery) to assess alterations in nutritional indicators relative to 
their pre-disturbance state through pigment, fatty acid and stoichiometric analy-
ses. We fed these biofilms to Gammarids (Gammarus fossarum) for 29 days and 
measured individual growth, feeding rate and locomotor activity. We also cal-
culated a secondary production index to assess the biofilms' capacity to support 
higher trophic levels.

4.	 Our findings revealed that the nutritional quality of biofilms was significantly 
reduced during the post-disturbance phase. The duration of the dry period had 
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1  |  INTRODUC TION

Flow intermittency is a global phenomenon observed across all cli-
mates, with over half of the global river network experiencing at least 
1 day of non-flow per year (Messager et al., 2021). As a result of global 
climate change, the duration of dry periods in intermittent rivers and 
ephemeral streams (IRES) is increasing (Datry et al., 2017), and even 
some perennial streams and rivers are beginning to experience dry 
phases. Water intermittency affects the entire biota and alters the 
trophic structure of the ecosystem by changing interactions between 
trophic levels (Ledger et al., 2013). Consumers are directly affected by 
habitat fragmentation and loss of species richness (Acuña et al., 2005; 
Bogan et  al.,  2015; Boulton & Lake,  2008), and indirectly affected 
through changes in food resource composition and availability caused 
by drought (Lake, 2003). The composition of resources plays a crucial 
role in determining their palatability or toxicity, making resource com-
position an essential aspect of food quality (Masclaux et  al.,  2009). 
Aquatic consumers generally select high-quality resources (Marcarelli 
et  al.,  2011). Food quality depends on the elemental content of re-
sources, such as the carbon (C):nitrogen (N) and C:phosphorus (P) 
ratios, and the biochemical composition, including the fatty acid (FA) 
profiles (Burian et al., 2018; Danger et al., 2022; Ruiz et al., 2021). In sit-
uations where only low-quality resources are available, consumers can 
compensate by increasing their feeding rate to maintain their fitness 
(e.g., Cruz-Rivera & Hay, 2000). Considering the qualitative and quanti-
tative modifications of resources is crucial to fully predict the effects of 
river intermittency on food-web structure and secondary production.

Phototrophic biofilms—composed of diatoms, green algae and 
cyanobacteria embedded in an extracellular polymeric matrix, along-
side heterotrophic microorganisms such as bacteria, heterotrophic 
protists or fungi—play a significant role as primary producers in var-
ious flowing ecosystems and occupy the base of many food webs 
(Battin et  al.,  2016). The importance of this algal-based autoch-
thonous resource in food-web integrity has been demonstrated in 

several studies (Allan & Castillo, 2007; Crenier et al., 2017; Kühmayer 
et al., 2020), particularly in intermittent streams, where consumers 
assimilate more algal biomass and less allochthonous matter than 
in perennial systems (Siebers et  al.,  2019). Low quantities of algal 
food sources are essential to ensure secondary production (Crenier 
et al., 2017; Labed-Veydert et al., 2022; Twining et al., 2017). Stream 
biofilms have a lower C:N ratio than leaf litter (Lau et al., 2009), which 
enhances their digestibility and quality (Allan & Castillo,  2007). 
Algae contains higher amounts of essential polyunsaturated FAs 
(PUFAs) than allochthonous matter (Descroix et  al.,  2010; Labed-
Veydert et al., 2021; Torres-Ruiz et al., 2007). PUFAs are nearly ex-
clusively synthesised de novo by phototrophic primary producers, 
requiring consumers to obtain them from their diet (Brett & Müller-
Navarra, 1997; Ebm et al., 2023). However, the lipid composition of 
primary producers largely differs among taxa. Cyanobacteria, like 
other prokaryotic organisms, are devoid of sterols (Martin-Creuzburg 
et al., 2006; Martin-Creuzburg & Bec, 2005) and often lack n-3 series 
PUFAs. As a result, biofilms dominated by cyanobacteria are gen-
erally considered a lower-quality resource than those dominated by 
eukaryotic algae such as diatoms and green algae (Gergs et al., 2014).

The response of river phototrophic biofilms to desiccation has 
been extensively investigated. It has been found that, in terms of 
biomass, the autotrophic compartment is generally more negatively 
impacted by desiccation than the heterotrophic compartment 
(Timoner et al., 2012). Additionally, the longer the disturbance lasts, 
the more autotrophic processes are impacted (Acuña et al., 2015). 
Response to desiccation varies among algal groups, with cyanobac-
teria and green algae being more resistant than diatoms, but less re-
silient (Acuña et al., 2015; Sabater et al., 2017; Timoner et al., 2014). 
Changes in the composition of biofilms are likely to have conse-
quences for consumers. For instance, it has been shown that the 
total FA content of biofilms in a Mediterranean stream decreased 
after a drought (Sanpera-Calbet et al., 2017), although the cascad-
ing effects on consumers were not assessed. Another study found 

minimal effect on this decline. Subsequently, during the recovery phase, nutri-
tional quality indicators improved for biofilms initially dominated by cyanobac-
teria, while they either remained unchanged or decreased for biofilms initially 
dominated by diatoms, in comparison to the pre-disturbance state. As a result, 
biofilms that initially exhibited a high nutritional quality were disrupted by the dry 
period, depending on the duration. However, the overall effects of dry period on 
gammarid's response and on secondary production were less pronounced, which 
is likely to have resulted from changes in the quantity of available resources.

5.	 Our study demonstrates that a disturbance can modify the expected and effec-
tive qualities of biofilms. It highlights that biochemical parameters cannot reliably 
predict biofilm capacity to support secondary production. Biofilm history of dis-
turbance, among other parameters, must be taken into account.

K E Y W O R D S
dry period, freshwater periphyton, intermittent rivers, nutritional quality, primary consumers
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a decrease in the consumption rate of Physella acuta when fed with 
resources exposed to water intermittency (Mas-Martí et al., 2017). 
These findings suggest that the nutritional quality of phototrophic 
biofilms in intermittent rivers largely relies on the specific and bio-
chemical compositions of algal communities. However, there is 
limited information regarding how the nutritional quality of pho-
totrophic biofilms changes during drying and rewetting events and 
how these changes affect consumers and secondary production.

In this study, we aim at understanding how river intermittency 
affects the nutritional quality of phototrophic biofilms (pigment 
content, FA content, stoichiometry) and their capacity to support 
secondary production. Biofilms characterised by high N and P con-
tents, and high long-chain FA contents (such as diatom-dominated 
biofilms) are expected to provide a better-quality resource for con-
sumers. We investigated the extent to which the response of bio-
films to drying and their recovery from drought is influenced by the 
intensity of the disturbance and their initial composition. To achieve 
this, we exposed four biofilms that differed in their algal composi-
tion and/or stoichiometry to two dry-period durations followed by 
rewetting. We measured various indicators that reflect the expected 
nutritional quality of biofilms before drying, and 3 and 18 days after 
rewetting. These indicators include pigment analyses, stoichiomet-
ric measurements and biochemical composition. Furthermore, we 
evaluated the effective nutritional quality by feeding metazoan 
consumers with each produced biofilm and measuring their ecolog-
ical traits. Firstly, we hypothesised that drying modulates the nutri-
tional quality of biofilms over time. We expect an initial decrease 
in quality as a result of the lower resistance of diatoms to drying 
compared to cyanobacteria. Diatom decline should result in a strong 
decrease of diatom-associated pigments and the long-chain FA con-
tent. Following the period of recovery, an increase in nutritional 
quality is expected. This can be attributed to the higher resilience 
of diatoms during rewetting, which should result in an increase in 
the proportion of diatom-associated pigments and long chain FAs. 
Secondly, we expected that the differences in nutritional quality be-
tween biofilms will be amplified as the duration of the dry period 
increases. Finally, by comparing the expected and effective qualities 
of biofilms, we tested the hypothesis that the capacity of biofilms to 
support secondary production is driven by their nutritional quality.

2  |  MATERIAL S AND METHODS

2.1  |  Biofilm production

2.1.1  |  Biofilm inoculation

In order to cultivate biofilms with distinct biochemical and stoi-
chiometric characteristics, various biofilm inocula were used in 
combination with different culture conditions, including the de-
pletion or non-depletion of P. The phototrophic biofilms were 
collected from two locations along the Garonne River in south-
west France, where different hydrological and nutrient conditions 

favour different communities. The Aouach site (43.396635, 
1.300394, south-west France), is dominated by diatoms, whereas 
the Toulouse site (43.561740, 1.437750, south-west France), has 
more green algae. Biofilms were collected by scraping immersed 
pebbles on the riverbank with a toothbrush directly in river water. 
Back at the laboratory, the suspensions were homogenised using 
an ultra-turrax (T25; Janke-Kunkel) and filtered through a 500-μm 
sieve to remove large mineral particles and macrofauna. To modify 
the stoichiometry of the biofilm, the Aouach inoculum was culti-
vated under both standard and P-depleted conditions. To ensure 
the presence of cyanobacteria in at least one biofilm, a portion of 
the initial inoculum from Aouach was additionally filtered through 
a 40-μm sieve to eliminate large diatoms and then enriched with 
laboratory cultures of several cyanobacteria (Komvophoron sp, 
Phormidium autumnale and Leptolyngbya sp.), grown in BG11 cul-
ture medium (Stanier et al., 1971). This resulted in four different 
biofilms: Aouach inoculum enriched with cyanobacteria (biofilm I), 
P-depleted Aouach inoculum (biofilm II), Aouach inoculum (biofilm 
III), and Toulouse inoculum (biofilm IV).

2.1.2  |  Biofilm culture and sampling

The biofilm culture device consisted of 32 channels (eight per biofilm 
type, 50 cm wide, 8 cm long, 10 cm high) placed in a controlled en-
vironment (22°C, neon light intensity: 88 μmol m−2 s−1 [±7] for 16 h/
day). Ceramic tiles (5.76 cm2, 54 per channel) were placed at the bot-
tom as growth substrates. During the 14-day biofilm growth period, 
the channels were connected in pairs (short and long dry periods, 
four replicates) by sharing the water tank (see Figure 1). Water circu-
lation was maintained by aquarium pumps (Tetra WP-300, 300 L/h). 
Volvic® water was used as the culture medium, and evaporation was 
compensated three times per week with demineralised water at the 
same time as nutrient addition. The same quantity of N (1.4 mg/L 
N-NO4) and P (200 μg/L P-PO4) was added to each channel, except 
for the P-depleted condition (biofilm II), where the quantity of phos-
phorus was 10-fold lower (20 μg/L). In the channels hosting biofilms 
II and III, silica (21.3 mg/L SiO2) also was added to favour diatom 
growth.

In order to characterise each biofilm before drying (pre-distur-
bance; Figure 1), a first sampling was conducting after the growth 
period. For this, 11 tiles were collected from each channel, totalling 
22 tiles per replicate. The biofilm was gently removed from the tiles 
with a scraper and resuspended in 4 ml of Volvic® water per tile. 
After this sampling, the channel pairs were disconnected and dried-
out using a vacuum pump. One channel in each pair was subjected 
to a short dry period of 3 days (S), while the other underwent a lon-
ger dry period of14 days (L). After each dry period, flow resumed 
in the same condition as during the growth phase, independently 
in each channel. Biofilms were sampled during rewetting 3 days 
after flow resumption (post-disturbance) and 18 days after flow re-
sumption (post-recovery). For each sampling, 22 ceramic tiles were 
retrieved from each channel, and the biofilm was treated as in the 
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pre-disturbance sampling. The biofilms collected are hereafter re-
ferred to as pre-disturbance biofilms, post-disturbance biofilms and 
post-recovery biofilms in the following text.

2.1.3  |  Biofilm sample analysis

In order to evaluate the nutritional quality of the biofilms, we 
measured various parameters including biomass, algal pigment 
composition, stoichiometry and FA composition for each sample. 
To accurately assess the nutritional quality, each variable was nor-
malised by the weight of biofilm C. This normalisation allows for 
a comparative analysis of the nutritional content across different 
biofilms.

In addition, we conducted a second analysis in which the vari-
ables were expressed per unit of surface area. This approach con-
siders the quantity of biofilm available for consumption by the 
consumers. By expressing the variables per surface unit, we could 
better estimate the nutritional quality of the biofilms in relation to 
the amount of biofilm that is accessible to the consumers.

Pigment composition
In order to extract the pigments, 1.5 ml of each biofilm suspension 
was centrifuged at 10,000 g for 5 min at 4°C. The supernatant was 
removed, and the biofilm was stored at −80°C until being freeze-
dried right before pigment extraction. Pigments were extracted 
in 2 ml of 2% ammonium acetate 1 m buffered methanol using the 
method described by Capdeville et al. (2019). The tubes were soni-
cated for 3 min and incubated at −20°C for 15 min. After another 
3 min of sonication, the tubes were centrifuged at 10,000 g for 5 min 
at 4°C. The supernatant was gently pipetted out and stored at 4°C. 
Another extraction step was performed on the samples, and the 
supernatants were pooled, except when the supernatant was not 
coloured. Pigment analyses were performed using HPLC (LC1200 
series; Agilent Technologies), as described in Majdi et  al.  (2011), 
from 1 ml of each extract pre-filtered in a glass vial with a 0.2-μm 
PTFE membrane syringe filter (VWR International). Pigment con-
centration was quantified by comparing the peak area of the chro-
matogram with those of standards with the ChemStation software 

(Agilent Technologies). To obtain a proportion of each main primary 
producer, specific pigments of green algae, diatoms or cyanobacte-
ria were summed as described in Allen et al.  (2021) and expressed 
in proportion of the total pigment content (%). The quantity of 
Chlorophyll (Chl-)a in samples was used as an indicator of the live 
algal biomass.

Stoichiometric composition
In order to determine the stoichiometric composition, 1 ml of bio-
film suspension was oven dried at 60°C for 24 h in pre-weighed 
microtubes. Nitrogen and C contents were quantified using a CHN 
analyser (Flash 2000; Thermo Scientific). Phosphorus quantifica-
tion was performed using a spectrophotometer at 880 nm (Uvi Light 
XT5; SECOCAM), after a pre-treatment as described in Courcoul 
et al. (2022).

Fatty acid composition
In order to assess the FA composition, 1 ml of biofilm suspension 
was freeze-dried and pooled from the four replicates of each treat-
ment to ensure an adequate quantity of carbon and for logistic 
reasons. FA were extracted twice using the method developed by 
Folch et al. (1957). Biofilms were suspended in clean glassware and 
in a chloroform: methanol (2:1) mix with two standards (20 μl of 
13:0 and 23:0 at 2 mg/ml) to break the bonds between proteins 
and lipids. To further facilitate the extraction process, samples 
were exposed to 15 min sonication before incubation at 56°C for 
30 min. Next, FA methyl-esters (FAME) were obtained through 
esterification in acid medium (4% H2SO4 in methanol at 75°C for 
2 h). FAME were then diluted in 200 μl of hexane in dark glass vials 
before quantification. FAME were separated and analysed using an 
Agilent 6850 gas chromatograph equipped with a J&WDB-WAX 
capillary column (30 m × 0.25 mm inner diameter) as described in 
Gerphagnon et al. (2019). Peak areas were expressed as FA quan-
tity according to internal standards and identified using the FA re-
tention time of an external standard Supelco 37 Component FAME 
Mix (Merck).

In addition to the total FA content, the quantity of poly-unsat-
urated FAs (PUFAs) was calculated by summing unsaturated FA 
with more than 18C. Likewise, the quantity of highly-unsaturated 

F I G U R E  1  Experimental design: four 
types of biofilms were grown in a total 
of 32 channels, with four replicates per 
biofilm type and dry period duration. 
After 2 weeks in standard flow condition, 
we sampled the biofilms (grey arrow) and 
disconnected the channels in pairs, which 
were then dried out for 3 days (short dry 
period: S) or 14 days (long dry period: L). 
After rewetting, we sampled the biofilms 
twice, after 3 days (white arrows) and 
18 days (black arrows).
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FAs (HUFAs) was calculated by summing 20:4(n-3), 20:5(n-3) and 
22:6(n-3) (Bec et al., 2010).

2.2  |  Feeding experiment

The remaining volume of biofilm suspension was freeze-dried, 
weighed and stored at −20°C until the preparation of agarose pel-
lets to feed crustacean amphipods Gammarus fossarum, which are 
generalist consumers.

2.2.1  |  Selection of individuals

Gammarus fossarum individuals were collected from a second-order 
stream in Vosges (eastern France). The feeding experiment was con-
ducted in river water collected during gammarid capture. In the labo-
ratory, organisms were acclimated in the dark with oxygen supply at 
5°C for 5 days. During acclimation, gammarids were fed with alder 
leaves (Alnus glutinosa) collected from the riparian zone of the same 
stream. Gammarid individuals were sorted to keep only juveniles 
with similar lengths (4.8 mm ± 0.3).

2.2.2  |  Agarose pellet preparation

The agarose pellets were prepared as described by Crenier 
et al. (2017) at a C concentration of 2%. The biofilm–agarose mixture 
contained 50% agarose and 50% biofilm based on the biofilm C con-
tent quantified previously. The biofilm–agarose mixture was homog-
enised at 38°C to avoid jellification and then poured into Plexiglas 
moulds (39.27 mm3) until solidification. Pellets were stored at −20°C 
in Petri dishes until use.

2.2.3  |  Gammarid feeding

Three gammarids were fed with each biofilm sample (n = 240). 
Gammarids were individually disposed in Petri dishes containing 
30 ml of river water and kept at 12°C in the dark during the 29 days 
of the feeding experiment. Once a week, water and biofilm pellets 
were renewed. Each time, the remaining pellets were stored in mi-
crotubes and kept at −20°C until they were weighed to calculate the 
biofilm consumed.

2.2.4  |  Ecological trait analysis

Apart from daily counting surviving gammarids, we also measured 
several other traits on individuals that survived throughout the feed-
ing experiment. These included growth rate, condition index, feed-
ing rate and median locomotion speed.

Growth traits and condition index
The weight growth rate (/day) was calculated as follows:

We measured the final dry weight (in mg) of each individual at 
the end of the experiment using a precision balance (RADWAG, UYA 
2.4.Y). The initial dry weight was estimated from the initial body size 
(mm) using the following allometric relationship:

The length was measured between the antennule basis and the 
telson using VHX-6000_950F software, on pictures made with a dig-
ital microscope (VHX 6000; Kayence). The curved body shape was 
accounted for using the formula described in Danger et al. (2013):

We used the Fulton condition factor (mg/mm3) to assess the 
physiological state of gammarids, which was calculated from final 
weight and length (Ricker, 1975):

The factor ranged between 0 and 1, with 0 representing poor 
physiological condition.

Feeding rate
The feeding rate (mg biofilm mg gammarid−1 day−1) was calculated as 
follows:

Median speed
In order to assess gammarid activity, we measured the median lo-
comotion speed (cm/s) by tracking each individual's movement for 
8 min. To facilitate tracking, each gammarid was placed in Petri 
dishes wrapped in black tape in a closed and opaque small cham-
ber (116 * 50 * 50 cm) in which light can be easily controlled (LED, 
250 μmol m−2 s−1) and equipped with a camera (Canon EOS M50).

2.2.5  |  Secondary production

The secondary production (mg cm−2 day−1) was calculated from pre-
vious indicators as follows:

This indicator represents the weight of gammarids that biofilm 
biomass is able to daily support.

Growth rate =
(final body dry weight (mg) − initial body dry weight (mg))

initial body dry weight (mg) ∗experiment duration(day)

Initial dry weight = 0.0609∗ initial size2 − 0.2897∗ initial size + 0.4291

linear state = curved state∗0.88

condition index =
(body dry weight (mg))

body length (mm)3

Feeding rate=

consumed biofilmweight (mg)

final body dry weight (mg) ∗experiment duration (day)

Secondary production =

(final body dry weight− initial body dry weight)(mg) ∗biofilm total C
(

mgC∕cm2
)

consumed biofilm carbon(mgC) ∗experiment duration (day)
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2.3  |  Data analyses

Statistical analyses were performed using R software (version 3.6.1; 
R development Core Team). Firstly, we checked the normality of 
variables and applied transformations when necessary. We then cal-
culated global Pearson correlations between biofilm indicators and 
gammarid response variables using the Hmisc package. To explore 
potential co-structure between biofilms and gammarid responses, 
we conducted a general co-inertia analysis on principal component 
analyses (PCA) carried out on both nutritional quality indicators and 
gammarid traits responses. The significance of the co-structure was 
assessed using the RV, which represents the correlation coefficient 
for the datasets, and we conducted a permutation test to determine 
the strength of the relationship between the two datasets.

In order to characterise the biofilms based on their pigment com-
position and evaluate how the composition changes over time, we 
conducted ANOVA considering the treatment they were exposed 
to (dry period duration and sampling time). We performed separate 
PCA analyses on biofilm nutritional quality indicators and gammarid 
response variables to identify differences between biofilms and 
sampling times. The coordinates of individuals on the two first axes 
of the PCAs were extracted as a summary variable. For comparing 
the dynamics of nutritional quality in the biofilms and the response 
of gammarids over time, we conducted repeated measures ANOVA 
(rmANOVA) within dry period duration and sampling time (i.e., 
pre-disturbance, post-disturbance and post-recovery). If significant, 
we conducted appropriate post hoc analyses (pairwise paired t-tests). 
We also tested differences between biofilm types at each sampling 
date using ANOVA and performed Tukey's honestly significant dif-
ference (HSD) tests when significant, considering that the samples 
were unpaired. Additionally, we conducted co-inertia analyses for 
each sampling date to investigate possible co-structure between 
biofilm nutritional quality indicators and gammarid response vari-
ables over time.

Finally, we examined correlations between secondary produc-
tion and the quantity of biofilm available, as well as gammarid weight 
gain, before conducting ANOVA analysis and Tukey's HSD tests.

3  |  RESULTS

The results of Pearson correlation analysis conducted on all biofilm 
samples indicate that biofilm autotrophy (Chl-a/C quantity) was posi-
tively correlated with total FA, PUFA, HUFA contents and diatom 
proportion, but negatively correlated with cyanobacteria proportion 
(Table  1). Moreover, total FA and PUFA contents showed positive 
correlations with C:P ratio and diatom proportion, whereas HUFA 
content exhibited a negative correlation with C:N ratio and cyano-
bacteria proportion, but a positive correlation with other algal groups, 
particularly diatoms. The correlation matrix also revealed a negative 
relationship between cyanobacteria proportion and other main algal 
groups and the live biomass (i.e., Chl-a and total FA content).

Co-inertia analysis conducted between the quality and response 
of gammarids demonstrated a significant co-structure between 
biofilm quality indicator and gammarid datasets (permutation test 
[n = 999], RV = 0.27, p = 0.001). Specifically, gammarid growth rate 
was positively correlated with Chl-a, diatom and green algae propor-
tions, total FA, PUFA and HUFA contents, and C:N ratio (Table 2). The 
same significant correlations were observed for the condition index 
of gammarids, except with C:P. As expected, both gammarid growth 
rate and condition index were negatively correlated with the cyano-
bacteria proportion. The feeding rate was positively correlated with 
Chl-a, but negatively with green alga proportion. Gammarid median 
speed increased when C:N ratio and total FA and PUFA contents in 
biofilms increased.

3.1  |  Pre-disturbance biofilms

The use of different inocula and culture conditions resulted in the 
production of contrasted biofilms, as demonstrated by the pro-
portions of the three main primary producer groups (cyanobacte-
ria, green algae and diatoms) (Figure  2a). Biofilm I was dominated 
by cyanobacteria-specific pigments at more than 54% and green 
algae-specific pigments at 37%. In biofilms II, 66% of pigments were 
diatom-specific. Biofilm III was dominated by diatoms (45%) and 

TA B L E  1  Pearson correlation coefficients (r) between the biofilm nutritional quality indicators. Only significant correlations are 
presented. The asterisks represent the levels of significance: 0.05 > * > 0.01 > ** > 0.001 > ***.

Chl-a Total FA PUFA HUFA
Green 
algae Diatoms

Cyano 
bacteria C:N C:P

Chl-a (mg/mgC) 1

Total FA (mg/mgC) 0.38*** 1

PUFA (mg/mgC) 0.41*** 0.83*** 1

HUFA (mg/mgC) 0.68*** 0.46*** 0.45*** 1

Green Algae (proportion) 0.32** 1

Diatoms (proportion) 0.59*** 0.56*** 0.43*** 0.79*** 1

Cyanobacteria (proportion) −0.28** −0.28** −0.60*** −0.6*** −0.42*** 1

C:N −0.34*** −0.34*** 1

C:P 0.42*** 0.41*** 1
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cyanobacteria (36%), whereas biofilm IV showed a dominance of 
both green algae (40%) and diatoms (40%). The pigment composition 
was more variable in biofilm I than in other biofilms. The quantity of 
pigment found in biofilms is reported in Table S1.

The PCA analysis clustered biofilms into three groups on the first 
two principal components (Figure  3a): biofilm I, biofilms II–III and 

biofilm IV. Biofilm I was separated from the others along the first 
axis because of its higher proportion of cyanobacteria (Figure  3, 
circle). Biofilms II and III differed from the two others along the 
second axis, which was mainly negatively correlated with C:P and 
C:N ratios (Figure  3, circle). The PCA analysis performed on gam-
marid data distinguished biofilm I from the others on the first axis, 

TA B L E  2  Pearson correlation coefficients (r) between the biofilm nutritional quality indicators (rows) and gammarid response variables 
(columns). Only significant correlations are presented. The asterisks represent the levels of significance: 0.05 > * > 0.01 > ** > 0.001 > ***.

Gammarids

Growth rate (/day) Condition index (mg/cm)
Feeding rate 
(mg mg−1 day−1) Median speed (cm/s)

Biofilms

Chl-a (mg/mgC) 0.33** 0.33** 0.44***

Total FA (mg/mgC) 0.54*** 0.54*** 0.44***

PUFA (mg/mgC) 0.4*** 0.42*** 0.27*

HUFA (mg/mgC) 0.28* 0.33

Green algae (proportion) 0.22* 0.31** −0.24*

Diatoms (pProportion) 0.40*** 0.42***

Cyanobacteria (proportion) −0.26* −0.38**

C:N 0.27* −0.29* 0.32**

C:P −0.36**

F I G U R E  2  Proportions of the main 
algal group within biofilms (mean ± SD, 
n = 4) estimated through pigment analysis, 
for the pre-disturbance sampling (a), 
and after a short (left) and long (right) 
dry period at post-disturbance (b and c) 
and post-recovery (d et e) samplings. No 
values are available for biofilms I and IV 
in (c) because no specific pigment was 
detected in the samples.

 13652427, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14195 by C
ochrane France, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  91COURCOUL et al.

and indicated that gammarids fed with biofilm I had lower growth 
rate and condition index and swam slower than gammarids fed with 
other biofilm types (Figure 4a). The correlation circle suggested that 
“good nutritional quality” biofilms were on the left of the ordination, 
with growth and condition index, physiological and behavioural traits 

representative of “healthy” individuals clustering on the top left of 
the ordination (Figure 4 circle). The first axis of this PCA, which sepa-
rates biofilms according to their effective nutritional quality for gam-
marids, was negatively correlated to the first axis of the PCA analysis 
performed on biofilm data (r2 = −0.49, p < 0.001). However, there was 

F I G U R E  3  Principal component analysis (PCA) performed on biofilm quality indicators. The resulting points are grouped by biofilm 
type (n = 4). Each panel (a–e) represents the points corresponding to one sampling time and dry period duration on the same PCA plan. The 
pre-disturbance composition has been reported in transparency on each panel to facilitate comparisons. The coordinates of individuals 
on the PCA first axis (mean ± SE, n = 4) at each sampling time are represented in (f) and (g). The statistical results of the pairwise Student's 
t-test performed between treatments for each biofilm type after rmANOVA are shown in (f), while multiple comparison (Tukey's honestly 
significan difference [HSD]) performed between biofilms type at each sampling time after ANOVA are shown in (g).
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92  |    COURCOUL et al.

no correlation between the second axis. This places “good nutritional 
quality” biofilms on the right half of the PCA ordination, which cor-
responds to biofilms with a large proportion of diatoms and a large 
quantity of total FAs, HUFAs and PUFAs (Figure 3, circle).

3.2  |  Biofilm responses to disturbance

The dry period caused a dramatic change in the proportion of 
algal groups in the biofilm compared to the pre-disturbance state 

F I G U R E  4  Principal component analysis (PCA)performed on gammarid response variables. The resulting points are grouped according to 
the biofilm type the individuals were fed with (n = 4). Each panel (a, b, c, d, e) represents the points corresponding to one sampling time and 
dry period duration on the same PCA plan. The response of gammarids fed with pre-disturbance biofilms has been reported in transparency 
on each panel. The coordinates of individuals on the PCA first axis (mean ± SE, n = 4) at each sampling time are represented in (f) and (g). The 
statistical results of the multiple comparisons performed between treatments for each biofilm type are shown in (f), while those performed 
between biofilm types at each sampling time are shown in (g).
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(Figure  2a–c). Diatom-specific pigments collapsed in post-distur-
bance biofilms, regardless of the dry period duration, while the 
proportion of cyanobacteria-specific pigments drastically increased 
in all biofilms except in biofilm IV exposed to a short dry period, 
where green algae became dominant. In post-recovery biofilms, 
diatom-specific pigments were once again well-represented but did 
not fully return to the pre-disturbance proportion in biofilms II, III 
and IV (Figure 2d,e). In post-recovery biofilms, those exposed to a 
short dry period showed a significantly lower mean diatom propor-
tion (13 ± 13%) compared to biofilms exposed to a long dry period 
(27 ± 17%) (ANOVA, F = 21.81, p = 0.025). Additionally, the propor-
tion of cyanobacteria differed between the two groups and showed 
a trend towards being higher in post-recovery biofilms exposed to 
a short dry period (47 ± 29%) than in those exposed to a long dry 
period (29 ± 20%) (ANOVA, F = 2.12, p = 0.069).

The drying process caused significant changes in the taxonomic, 
elemental and biochemical composition of the biofilms, resulting in 
a reduction in their overall nutritional quality. This is evident from 
the post-disturbance biofilms shifting towards the left side of the 
graph in Figure 3b,c, regardless of the duration of the dry period. 
The analysis of the first axis coordinates (Figure  3f) further con-
firms this trend. At post-disturbance, biofilm IV exhibited the high-
est nutritional quality compared to other biofilms (Figure 3g). The 
post-recovery state depended on the biofilm type and, in some 
cases, on the duration of the dry period (Figure  3d,e). Biofilm I 
moved towards the upper right panel between the pre-disturbance 
and post-recovery samplings, suggesting an increase in nutritional 
quality. Biofilms II and III mainly moved along axis 2, indicating an 
increase in C:P and C:N ratios. Biofilm IV, however, either moved 
along the first PCA axis after a short dry period or returned to the 
same position on the PCA plot as the pre-disturbance state after a 
long dry period (Figure 3f). After the post-recovery samplings, bio-
films I and II proved to be better resources than biofilms III and IV 
following a short dry period, whereas the post-recovery biofilms 
exhibited similar nutritional quality across all biofilms after a long 
dry period (Figure 3g).

3.3  |  Gammarid response to disturbance

Some mortality was observed for gammarids fed with each biofilm 
sample (Figure S1). Notably, biofilm I showed the highest mortality 
rate, with 21 of 60 individuals dying over time, especially when gam-
marids were fed with biofilms sampled at post-disturbance follow-
ing the long dry period, where only one third of individuals survived 
(ANOVA, F = 2.38, p = 0.006). There were no other significant differ-
ences in gammarid survival.

The drying process resulted in a decrease in biofilm effec-
tive nutritional quality for gammarids in biofilms II and III, as 
indicated by the trend of post-disturbance samples to move to-
wards the right part of the PCA plot (Figure  4b,c). This trend is 
further confirmed by the significant increase in axis 1 coordinates 
for biofilm III (Figure 4f). For gammarids fed with biofilms II and 

III, the displacement of points along the second axis between 
post-disturbance and post-recovery states indicated a reduction 
in gammarid feeding rate after rewetting. The quality of biofilm I 
tended to increase during rewetting, especially when previously 
exposed to a short dry period (Figure 4d,f). When comparing gam-
marid responses between biofilm types they were fed on, it was 
observed that at post-short disturbance, biofilm IV was the best 
resource for gammarids. However, after the long dry period its 
quality did not differ from those of biofilms II and III (Figure 4b,g). 
At post-recovery following the short dry period, there were no 
significant differences in gammarid response between all biofilm 
types. However, after the long dry period, biofilm III was a signifi-
cantly better resource compared to biofilm I for gammarids, and to 
a lesser extent biofilms II and IV (Figure 4e,g).

Before the disturbance, there was a strong co-structure between 
nutritional quality indicators of biofilms and gammarid data sets 
(RV = 0.71, p = 0.001). However, the strength of their relationship 
decreased with disturbance. At post-disturbance following the short 
dry period, the RV slightly decreased to 0.64 (p = 0.001), and there 
was no co-structure anymore at post-recovery (RV = 0.22, p = 0.27). 
After the long dry period, a significant co-structure between nutri-
tional quality indicators and the response of gammarids persisted, 
although it decreased over time. At post-disturbance, the RV was 
0.43 (p = 0.006) and at post-recovery it was 0.33 (p = 0.032).

3.4  |  Secondary production

Based on measurements of biofilm and gammarid, we estimated the 
ability of a given surface of biofilm to support secondary produc-
tion. As expected, we found strong correlation between various 
indicators of biofilm quality. Secondary production was strongly 
correlated with the total C quantity in the biofilm (r = 0.81, p < 0.001) 
and with the weight gain of gammarids (r = 0.64, p < 0.001). We also 
found positive correlations between secondary production and 
measures of living biomass, such as the quantity of Chl-a and total 
FA per surface unit (r = 0.55 and 0.71, respectively, p < 0.001), as 
well as with indicators of “good” nutritional quality, including PUFA 
(r = 0.72, p < 0.001) and HUFA (r = 0.38, p = 0.001). Additionally, the 
C:N and C:P ratios were positively correlated with secondary pro-
duction (r = 0.34 and 0.30, respectively; p < 0.006). However, we did 
not observe any correlation between secondary production and the 
proportions of different algal groups.

We found that exposure to a dry period did not significantly af-
fect secondary production when measured at post-disturbance for 
any of the biofilm types tested (rmANOVA; Table 3). Furthermore, 
although there was a general increase in secondary production after 
rewetting for all biofilms, this increase was only significant for bio-
film III due to the high variability in gammarid weight gain among 
replicates in the other biofilms (rmANOVA, F5,15 = 12.0, p < 0.001; 
Table 3). Carbon quantity increased in all biofilms after recovery with 
no effect of dry-period duration (rmANOVA, F5,15 > 46.2, p < 0.02; 
Table  3). For most biofilm types, gammarid weight gain did not 
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94  |    COURCOUL et al.

significantly vary between pre-disturbance, post-disturbance and 
post-recovery, although there was a trend of decreasing weight gain 
when gammarids were fed with post-disturbance biofilms (Table 3).

When comparing between biofilm types, we found significant 
differences in the capacity to support secondary production. At 
pre-disturbance, biofilm IV exhibited a significantly higher capacity 
to support secondary production compared to the other biofilms 
(ANOVA, F3,12 = 11.2, p < 0.001; Figure  S2a). This difference per-
sisted after the short dry period (ANOVA, F3,12 = 16.83, p < 0.001; 
Figure S2a), but disappeared after the long dry period, with biofilm 
II exhibiting the lowest capacity to support secondary production 
(ANOVA, F3,12 = 3.50, p = 0.05; Figure S2a).

There was no significant difference in secondary production 
between post-recovery biofilms that had experienced a short 
dry period (ANOVA, p = 0.36, mean = 0.11 ± 0.10 mg cm−2 day−1 ). 
However, after a long dry period, the secondary production of 
biofilms III and IV (0.23 ± 0.05 and 0.25 ± 0.10 mg cm−2 day−1, re-
spectively) were higher than those of biofilms I and II (0.04 ± 0.1 
and 0.08 ± 0.03 mg cm−2 day−1, respectively) (ANOVA, F3,12 

= 12.68, p < 0.001; Figure S2a). These differences were consis-
tent with those observed in C quantity in biofilms (Figure S2b) 
and gammarid weight gain (Figure S2c), although the differences 
were slight.

4  |  DISCUSSION

In this study, we investigated how drying and rewetting affect the 
nutritional quality indicators of phototrophic biofilms and their ca-
pacity to support secondary production in river ecosystems, by com-
paring biofilms with contrasted algal compositions.

4.1  |  Biofilm response to disturbance

As expected, the overall nutritional quality indicators of biofilms 
significantly declined during the dry period, with diatoms disap-
pearing for the benefit of cyanobacteria and green algae. This is in 

TA B L E  3  Changes in carbon quantity expressed per surface unit, gammarid weight gain during the feeding experiment, and secondary 
production (mean ± SD, n = 4). Multiple comparisons (ANOVA) were conducted between biofilm types before disturbance, and pairwise 
Student's t-test (rmANOVA) or Tukey's honestly significant difference multiple comparisons (ANOVA) were conducted between sampling 
times for each biofilm type. Different letters represent significant differences.

Carbon quantity in biofilms Gammarid weight gain Secondary production

rmANOVA mg/cm2 ANOVA mg rmANOVA mg cm−2 day−1

Pre-disturbance I F = 7.89
p = 0.004

0.45 (±0.06)b F = 11.26
p < 0.001

0.01 (±0.04)b F = 11.2
p < 0.001

0.03 (±0.02)b

II 0.41 (±0.19)b 0.17 (±0.08)a 0.03 (±0.01)b

III 0.53 (±0.11)b 0.18 (±0.02)a 0.05 (±0.02)b

IV 0.78 (±0.05)a 0.18 (±0.03)a 0.09 (±0.02)a

I Pre-dist F = 28.6
p < 0.001

0.45 (±0.06)b n.s 0.01 (±0.04) F = 3.23
p = 0.036

0.03 (±0.02)ab

Post-dist S 0.31 (±0.14)b −0.01 (±0.08) 0.01 (±0.01)b

Post-dist L 0.31 (±0.06)b 0.02 (±0.02) 0.02 (±0.02)b

Post-recov S 1.06 (±0.08)a 0.08 (±0.07) 0.08 (±0.04)a

Post-recov L 0.94 (±0.21)a 0.02 (±0.09) 0.04 (±0.04)ab

II Pre-dist F = 30.2
p < 0.001

0.41 (±0.19)b n.s 0.17 (±0.08) F = 4.97
p = 0.009

0.03 (±0.01)b

Post-dist S 0.52 (±0.08)b 0.07 (±0.06) 0.02 (±0.01)b

Post-dist L 0.28 (±0.08)b 0.01 (±0.06) 0.01 (±0.01)b

Post-recov S 1.61 (±0.16)a 0.13 (±0.11) 0.13 (±0.10)a

Post-recov L 1.17 (±0.33)a 0.07 (±0.04) 0.08 (±0.03)ab

III Pre-dist F = 47.1
p < 0.001

0.53 (±0.11)b F = 7.56
p = 0.004

0.18 (±0.02)ab F = 12.0
p < 0.001

0.05 (±0.02)b

Post-dist S 0.64 (±0.27)b 0.04 (±0.09) c 0.02 (±0.01)b

Post-dist L 0.53 (±0.04)b 0.07 (±0.04)bc 0.02 (±0.01)b

Post-recov S 1.86 (±0.20)a 0.14 (±0.05)abc 0.21 (±0.13)a

Post-recov L 1.93 (±0.30)a 0.25 (±0.05)a 0.23 (±0.05)a

IV Pre-dist F = 35.0
p < 0.001

0.78 (±0.05)b F = 5.03
p = 0.014

0.18 (±0.03) F = 5.04
p = 0.009

0.09 (±0.02)ab

Post-dist S 0.73 (±0.08)b 0.21 (±0.06) 0.11 (±0.04)ab

Post-dist L 0.53 (±0.05)b 0.10 (±0.05) 0.04 (±0.01)b

Post-recov S 1.48 (±0.31)a 0.08 (±0.09) 0.14 (±0.14)ab

Post-recov L 1.73 (±0.28)a 0.15 (±0.06) 0.25 (±0.10)a
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line with several studies arguing that organisms belonging to those 
groups have the ability to set up desiccation resistance mecha-
nisms (Potts, 1999; Romaní et al., 2013). Consistently, PUFAs and 
HUFAs were nearly undetectable in biofilms at post-disturbance, 
which aligns with findings from Mediterranean stream biofilms 
following drought events (Sanpera-Calbet et al., 2017). While dry-
ing reduced the different biofilm quality indicators investigated, 
it did not immediately alter the ranking of nutritional quality be-
tween biofilms. However, the nutritional quality of biofilms was 
significantly modified after the recovery. More specifically, biofilm 
I exhibited the highest nutritional quality after a short dry period 
and rewetting, partially confirming our second hypothesis. Such 
an increase in nutritional quality was attributed to a decline in 
cyanobacteria and their replacement by recovering diatoms, ac-
companied by an increase in the contents of HUFAs and PUFAs. A 
similar trend was observed in a laboratory experiment by Barthès 
et al. (2015), where cyanobacteria that dominated biofilms before 
disturbance were replaced by diatoms when the dry period lasted 
at least 4 weeks. However, the nutritional quality of biofilms II, III 
and IV either remained constant or decreased compared to pre-
disturbance state, which may be explained by only partial recov-
ery of diatom proportion. Therefore, the disturbance, through 
differential responses among taxonomic groups and communities, 
modified the relative nutritional quality of contrasted biofilms. 
However, our experimental design does not preclude the possi-
bility that these effects may be transitory, as biofilms are highly 
dynamic systems. It would have been interesting to assess the ex-
tent to which differences in biofilm qualities persist over time, as 
the dry-period disturbance may have pushed biofilms onto new 
dynamic trajectories.

Desiccation is a disturbance that severely affects ecosystems 
(Sarremejane et al., 2022), including benthic communities and algae 
(Sabater et  al.,  2017). In our study, even a short 3-day dry period 
was sufficient to strongly decrease biofilm nutritional quality indi-
cators. Previous research has highlighted the negative effects of 
rapid drying on cell viability, even during brief dry periods (Stanley 
et al., 2004). This might have strong implication over the longer term, 
as riverbank gravels are frequently exposed to flow fluctuations and 
desiccation (Ledger et al., 2008). Contrary to our third hypothesis, 
the PCA on biofilm indicators showed that both short and long dry 
periods affected the nutritional quality of biofilms likewise after dry-
ing. However, for biofilms III and IV, we observed a better recovery 
of nutritional quality indicators following the longer dry period com-
pared to the shorter one. This recovery was partially linked to a bet-
ter recovery of diatoms after the longer dry period, consistent with 
the results of Barthès et  al.  (2015). These authors suggested that 
the poor recovery of diatoms after short dry periods was the result 
of direct or indirect negative interactions with cyanobacteria, which 
were more resistant. For longer dry periods, the increased suscepti-
bility of cyanobacteria to desiccation may have reduced their nega-
tive impact on diatoms, allowing for a better recovery of the latter. 
A similar mechanism may explain the strong effect of dry-period 
duration on the algal composition of biofilms II and IV. Although the 

dry-period duration did not have a significant effect on the second-
ary production supported by each biofilm, it did have a significant 
impact on nutritional quality of the biofilms. The longest dry period 
tested in our experiment was 2 weeks, which falls within the range of 
dry periods observed in temperate intermittent rivers (Datry, 2012) 
and in some Mediterranean streams (Tornés et al., 2021).

4.2  |  Gammarid response to disturbance

The growth rates of gammarids observed in our experiment were 
consistent with those found in Crenier et al. (2017), who used differ-
ent resources but the same method to prepare pellets. This indicates 
that the quantity of resources was not limiting in our experiment. 
Gammarid growth and physiological state were found to be de-
pendent on the living biomass and nutritional quality of the biofilm. 
The more Chl-a and FA were available in pellets, the more effec-
tively gammarid individuals grew. Similar results were observed in 
the growth of Chironomus along a concentration of resources with 
different qualities (Goedkoop et  al., 2007). FAs are crucial for the 
growth of consumers, as shown in several macroinvertebrate con-
sumers (Brett et al., 2017; Torres-Ruiz et al., 2007). By contrast, our 
experiment suggested a lesser role of C:P and C:N ratios in the nutri-
tional quality of biofilms for gammarids. The second axis of the PCA 
analysis performed on biofilm indicators, mainly associated with 
these ratios, was not correlated to gammarid response. However, the 
feeding rate appeared to be decorrelated from resource nutritional 
quality, despite the fact that a relationship between somatic growth 
of metazoan and food stoichiometry exists (Elseret et  al.,  2000). 
Stoichiometric ratios may be more predictive when considering 
resources with more contrasting C, N and P contents, such as al-
lochthonous versus autochthonous resources. Generally, microalgae 
exhibit C:N ratios that are, on average, three-fold lower than those 
of terrestrial organic matter (Brett et al., 2017; Elseret et al., 2000).

The feeding rate of gammarids was found to be positively cor-
related with algal biomass, as consumption increased with higher 
Chl-a, P and N contents in the pellets. However, there was no cor-
relation between the feeding rate and the growth rate or condition 
index of the gammarids, indicating that it was not influenced by the 
nutritional quality of the biofilm. It is worth noting that some studies 
have reported compensatory feeding responses, where consumers 
increase their feeding rate in response to decreasing food quality (e.g., 
Flores et al., 2014). The present result may be explained by physio-
logical mechanisms. For instance, Graça et  al.  (1993) demonstrated 
that Gammarus pulex was able to maintain its growth even when fed a 
low-quality resource by adjusting its respiration rates.

4.3  |  Secondary production

Despite significant correlations between the main indicators of 
biofilm quality and gammarid traits, there are some discrepancies 
between consumer response and secondary production. These 
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differences were not entirely consistent with the nutritional quality 
of the biofilms assessed by several indicators describing their compo-
sition. Specifically, the strength of the relationship between the ex-
pected and effective qualities of biofilms decreased post-disturbance 
and post-recovery compared to pre-disturbance. For the long dry 
period at post-recovery, biofilms II and III exhibited contrasting gam-
marid responses and secondary production despite having the same 
nutritional quality. This discrepancy may be explained by the signifi-
cantly higher C:P ratio in biofilm II grown in P-depleted conditions, 
compared to biofilm III during the post-recovery sampling. Studies 
have shown that when fed with P-limited resource, the growth of 
Daphnia—a pelagic filter-feeder—is negatively impacted despite suf-
ficient HUFA availability (Ruiz et al., 2021). Negative effects of P limi-
tation on Daphnia growth and reproduction also have been observed 
in other pelagic ecosystems (Boersma, 2000; Ravet & Brett, 2006). 
Likewise, a negative effect of P-limitation has been shown on gam-
marid growth (Danger et al., 2013). However, in our study, stoichi-
ometric compositions alone did not explain all of the discrepancies 
observed between the nutritional quality of biofilms after recovery 
and the gammarid response, suggesting that the indicators used to 
describe biofilm nutritional quality do not fully capture the effective 
quality of these biofilms. As a consequence of growth under different 
nutrient conditions, biofilms II and III are likely to have had differ-
ent specific composition, even though the same algal groups were 
present. Although we did not monitor the species composition of the 
biofilms in our experiment, it could have had an effect on the gam-
marid responses, as the nutritional quality of microalgae is species-
specific, even within the same algal group (Nagarkar et  al.,  2004). 
The contrasting responses of gammarids also may be linked to a 
differential production of secondary metabolites. Some of these 
compounds, produced by phototrophic microorganisms, are able to 
induce adverse effects on aquatic invertebrates (e.g., Bownik, 2016; 
Pohnert et  al.,  2007). Phototrophic biofilms are known to produce 
a wide range of secondary metabolites, including chemical defences 
against grazers (Pavia et al., 2012). Nutrient limitation can increase 
the production of toxic secondary metabolites by microalgae (e.g. 
Granéli & Johansson,  2003). To fully understand the response of 
invertebrates to their food, it is necessary to consider the chemi-
cal defences in algal resources (Cruz-Rivera & Hay,  2003). Finally, 
the observed decoupling between nutritional quality and estimated 
secondary production was explained by differences in C availability 
between biofilms as the nutritional quality significantly increased in 
some biofilms after recovery, but the quantity remained too low to in-
crease secondary production. This is consistent with previous studies 
that have highlighted the reduced importance of food quality when 
resource quantity decreases because resources are used to maintain 
metabolism rather than growth (Hartwich et al., 2012; Sterner, 1997). 
This also suggests the importance of resource quantity for secondary 
production, as already shown in Gammarus pulex, where secondary 
production was enhanced by the available biomass of leaf-associated 
biofilms (Franken et al., 2005).

Our findings highlight the substantial impact of flow intermit-
tency on phototrophic biofilms and their role as a primary resource 

for consumers. This impact exacerbates the mismatch between 
biofilm nutritional quality and gammarid response. As a result, re-
lying solely on traditional measures of nutritional quality may not 
be sufficient. To accurately predict the biofilm's ability to support 
secondary production in intermittent river ecosystems, it is crucial 
to consider factors such as the hydric legacy conditions that select 
certain species, the species composition of the algae, the presence 
of chemical defence mechanisms and the overall resource availabil-
ity. Taking these factors into account will provide a more compre-
hensive understanding of the biofilm dynamics and their influence 
on secondary production in intermittent rivers.

AUTHOR CONTRIBUTIONS
Conceptualisation: CC, SB, MD, VF, JL. Developing methods: CC, SB, 
AB, MD, VF, CP, MRB, JL. Data analysis: CC. Preparation of figures 
and tables: CC. Conducting the research, data interpretation, writ-
ing: CC, SB, AB, MD, VF, CP, MRB, JL.

ACKNO​WLE​DG E​MENTS
We are grateful to Fanny Perrière for her support in laboratory 
analyses.

FUNDING INFORMATION
This work was funded by the University of Toulouse and the 
University of Lorraine. CC was financially supported by a doctoral 
scholarship from the University of Toulouse. MRB was supported by 
the ANR project ‘StoichioMic’ (ANR 18 CE32 0003 01).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no competing financial interests 
or personal relationships that could have appeared to influence the 
work reported in this paper.

DATA AVAIL ABILIT Y S TATEMENT
The data are available from Figshare (doi: 10.6084/m9.figshare.​
23807736).

ORCID
Camille Courcoul   https://orcid.org/0000-0002-0378-0714 
Stéphanie Boulêtreau   https://orcid.org/0000-0002-0094-0196 
Michael Danger   https://orcid.org/0000-0002-9874-4942 
Vincent Felten   https://orcid.org/0000-0003-2601-7225 
Joséphine Leflaive   https://orcid.org/0000-0003-3605-349X 

R E FE R E N C E S
Acuña, V., Casellas, M., Corcoll, N., Timoner, X., & Sabater, S. (2015). 

Increasing extent of periods of no flow in intermittent waterways 
promotes heterotrophy. Freshwater Biology, 60, 1810–1823. https://​
doi.​org/​10.​1111/​fwb.​12612​

Acuña, V., Muñoz, I., Giorgi, A., Omella, M., Sabater, F., & Sabater, S. 
(2005). Drought and postdrought recovery cycles in an intermittent 
Mediterranean stream: Structural and functional aspects. Journal of 
the North American Benthological Society, 24, 919–933. https://​doi.​
org/​10.​1899/​04-​078.​1

 13652427, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14195 by C
ochrane France, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.6084/m9.figshare.23807736
https://doi.org/10.6084/m9.figshare.23807736
https://orcid.org/0000-0002-0378-0714
https://orcid.org/0000-0002-0378-0714
https://orcid.org/0000-0002-0094-0196
https://orcid.org/0000-0002-0094-0196
https://orcid.org/0000-0002-9874-4942
https://orcid.org/0000-0002-9874-4942
https://orcid.org/0000-0003-2601-7225
https://orcid.org/0000-0003-2601-7225
https://orcid.org/0000-0003-3605-349X
https://orcid.org/0000-0003-3605-349X
https://doi.org/10.1111/fwb.12612
https://doi.org/10.1111/fwb.12612
https://doi.org/10.1899/04-078.1
https://doi.org/10.1899/04-078.1


    |  97COURCOUL et al.

Allan, J. D., & Castillo, M. M. (Eds.). (2007). Trophic relationships. In 
Stream ecology: Structure and function of running waters (pp. 163–
196). Springer Netherlands. https://​doi.​org/​10.​1007/​978-​1-​4020-​
5583-​6_​8

Allen, J., Gross, E. M., Courcoul, C., Bouletreau, S., Compin, A., Elger, 
A., Ferriol, J., Hilt, S., Jassey, V. E. J., Laviale, M., Polst, B. H., 
Schmitt-Jansen, M., Stibor, H., Vijayaraj, V., & Leflaive, J. (2021). 
Disentangling the direct and indirect effects of agricultural runoff 
on freshwater ecosystems subject to global warming: A microcosm 
study. Water Research, 190, 116713. https://​doi.​org/​10.​1016/j.​
watres.​2020.​116713

Barthès, A., Ten-Hage, L., Lamy, A., Rols, J.-L., & Leflaive, J. (2015). 
Resilience of aggregated microbial communities subjected to 
drought—Small-scale studies. Microbial Ecology, 70, 9–20. https://​
doi.​org/​10.​1007/​s0024​8-​014-​0532-​0

Battin, T. J., Besemer, K., Bengtsson, M. M., Romani, A. M., & Packmann, 
A. I. (2016). The ecology and biogeochemistry of stream biofilms. 
Nature Reviews Microbiology, 14, 251–263. https://​doi.​org/​10.​1038/​
nrmic​ro.​2016.​15

Bec, A., Martin-Creuzburg, D., & Elert, E. V. (2010). Fatty acid compo-
sition of the heterotrophic nanoflagellate Paraphysomonas sp.: 
Influence of diet and de novo biosynthesis. Aquatic Biology, 9, 107–
112. https://​doi.​org/​10.​3354/​ab00244

Boersma, M. (2000). The nutritional quality of P-limited algae for daph-
nia. Limnology and Oceanography, 45, 1157–1161. https://​doi.​org/​
10.​4319/​lo.​2000.​45.5.​1157

Bogan, M. T., Boersma, K. S., & Lytle, D. A. (2015). Resistance and resil-
ience of invertebrate communities to seasonal and supraseasonal 
drought in arid-land headwater streams. Freshwater Biology, 60, 
2547–2558. https://​doi.​org/​10.​1111/​fwb.​12522​

Boulton, A. J., & Lake, P. S. (2008). Effects of drought on stream insects 
and its ecological consequences. In J. Lancaster & R. A. Briers 
(Eds.), Aquatic insects: Challenges to populations (pp. 81–102). CABI. 
https://​doi.​org/​10.​1079/​97818​45933​968.​0081

Bownik, A. (2016). Harmful algae: Effects of cyanobacterial cyclic pep-
tides on aquatic invertebrates-a short review. Toxicon, 124, 26–35. 
https://​doi.​org/​10.​1016/j.​toxic​on.​2016.​10.​017

Brett, M., & Müller-Navarra, D. (1997). The role of highly unsaturated 
fatty acids in aquatic foodweb processes. Freshwater Biology, 38, 
483–499. https://​doi.​org/​10.​1046/j.​1365-​2427.​1997.​00220.​x

Brett, M. T., Bunn, S. E., Chandra, S., Galloway, A. W. E., Guo, F., Kainz, M. 
J., Kankaala, P., Lau, D. C. P., Moulton, T. P., Power, M. E., Rasmussen, 
J. B., Taipale, S. J., Thorp, J. H., & Wehr, J. D. (2017). How important 
are terrestrial organic carbon inputs for secondary production in 
freshwater ecosystems? Freshwater Biology, 62, 833–853. https://​
doi.​org/​10.​1111/​fwb.​12909​

Burian, A., Grosse, J., Winder, M., & Boschker, H. T. S. (2018). Nutrient 
deficiencies and the restriction of compensatory mechanisms in co-
pepods. Functional Ecology, 32, 636–647. https://​doi.​org/​10.​1111/​
1365-​2435.​13016​

Capdeville, C., Pommier, T., Gervaix, J., Fromard, F., Rols, J.-L., & Leflaive, 
J. (2019). Mangrove facies drives resistance and resilience of sed-
iment microbes exposed to anthropic disturbance. Frontiers in 
Microbiology, 9. Article 3337. https://​doi.​org/​10.​3389/​fmicb.​2018.​
03337​

Courcoul, C., Leflaive, J., Ferriol, J., & Boulêtreau, S. (2022). The sensitiv-
ity of aquatic microbial communities to a complex agricultural con-
taminant depends on previous drought conditions. Water Research, 
217, 118396. https://​doi.​org/​10.​1016/j.​watres.​2022.​118396

Crenier, C., Arce-Funck, J., Bec, A., Billoir, E., Perrière, F., Leflaive, J., 
Guérold, F., Felten, V., & Danger, M. (2017). Minor food sources can 
play a major role in secondary production in detritus-based ecosys-
tems. Freshwater Biology, 62, 1155–1167. https://​doi.​org/​10.​1111/​
fwb.​12933​

Cruz-Rivera, E., & Hay, M. E. (2000). Can quantity replace quality? Food 
choice, compensatory feeding, and fitness of marine Mesograzers. 

Ecology, 81, 201–219. https://​doi.​org/​10.​1890/​0012-​9658(2000)​
081[0201:​CQRQFC]​2.0.​CO;​2

Cruz-Rivera, E., & Hay, M. E. (2003). Prey nutritional quality interacts 
with chemical defenses to affect consumer feeding and fitness. 
Ecological Monographs, 73, 483–506. https://​doi.​org/​10.​1890/​
0012-​9615(2003)​073[0483:​PNQIWC]​2.0.​CO;​2

Danger, M., Arce Funck, J., Devin, S., Heberle, J., & Felten, V. (2013). 
Phosphorus content in detritus controls life-history traits of a de-
tritivore. Functional Ecology, 27, 807–815. https://​doi.​org/​10.​1111/​
1365-​2435.​12079​

Danger, M., Bec, A., Spitz, J., & Perga, M.-E. (2022). Questioning the roles 
of resources nutritional quality in ecology. Oikos, 2022, e09503. 
https://​doi.​org/​10.​1111/​oik.​09503​

Datry, T. (2012). Benthic and hyporheic invertebrate assemblages along 
a flow intermittence gradient: Effects of duration of dry events. 
Freshwater Biology, 57, 563–574. https://​doi.​org/​10.​1111/j.​1365-​
2427.​2011.​02725.​x

Datry, T., Bonada, N., & Boulton, A. J. (2017). Chapter  1 – general in-
troduction. In T. Datry, N. Bonada, & A. Boulton (Eds.), Intermittent 
Rivers and ephemeral streams (pp. 1–20). Academic Press. https://​
doi.​org/​10.​1016/​B978-​0-​12-​80383​5-​2.​00001​-​2

Descroix, A., Bec, A., Bourdier, G., Sargos, D., Sauvanet, J., Misson, B., & 
Desvilettes, C. (2010). Fatty acids as biomarkers to indicate main 
carbon sources of four major invertebrate families in a large river 
(the Allier, France). Fundamental and Applied Limnology, 177, 39–55. 
https://​doi.​org/​10.​1127/​1863-​9135/​2010/​0177-​0039

Ebm, N., Guo, F., Brett, M. T., Bunn, S. E., Fry, B., & Kainz, M. J. (2023). 
Compound-specific stable isotopes resolve sources and fate of poly-
unsaturated fatty acids in biota of headwater streams. Freshwater 
Biology, 68, 1093–1106. https://​doi.​org/​10.​1111/​fwb.​14088​

Elser, J. J., Fagan, W. F., Denno, R. F., Dobberfuhl, D. R., Folarin, A., 
Huberty, A., Interlandi, S., Kilham, S. S., McCauley, E., Schulz, K. 
L., Siemann, E. H., & Sterner, R. W. (2000). Nutritional constraints 
in terrestrial and freshwater food webs. Nature, 408, 578–580. 
https://​doi.​org/​10.​1038/​35046058

Flores, L., Larrañaga, A., & Elosegi, A. (2014). Compensatory feeding of a 
stream detritivore alleviates the effects of poor food quality when 
enough food is supplied. Freshwater Science, 33, 134–141. https://​
doi.​org/​10.​1086/​674578

Folch, J., Lees, M., & Sloane Stanley, G. H. (1957). A simple method for 
the isolation and purification of total lipides from animal tissues. 
The Journal of Biological Chemistry, 226, 497–509.

Franken, R. J. M., Waluto, B., Peeters, E. T. H. M., Gardeniers, J. J. P., 
Beijer, J. A. J., & Scheffer, M. (2005). Growth of shredders on leaf 
litter biofilms: The effect of light intensity. Freshwater Biology, 50, 
459–466. https://​doi.​org/​10.​1111/j.​1365-​2427.​2005.​01333.​x

Gergs, R., Steinberger, N., Basen, T., & Martin-Creuzburg, D. (2014). 
Dietary supply with essential lipids affects growth and survival 
of the amphipod Gammarus roeselii. Limnologica, 46, 109–115. 
https://​doi.​org/​10.​1016/j.​limno.​2014.​01.​003

Gerphagnon, M., Agha, R., Martin-Creuzburg, D., Bec, A., Perriere, 
F., Rad-Menéndez, C., Gachon, C. M. M., & Wolinska, J. (2019). 
Comparison of sterol and fatty acid profiles of chytrids and their 
hosts reveals trophic upgrading of nutritionally inadequate phyto-
plankton by fungal parasites. Environmental Microbiology, 21, 949–
958. https://​doi.​org/​10.​1111/​1462-​2920.​14489​

Goedkoop, W., Demandt, M., & Ahlgren, G. (2007). Interactions be-
tween food quantity and quality (long-chain polyunsaturated 
fatty acid concentrations) effects on growth and development 
of Chironomus riparius. Canadian Journal of Fisheries and Aquatic 
Sciences, 64, 425–436. https://​doi.​org/​10.​1139/​f07-​016

Graça, M. A. S., Maltby, L., & Calow, P. (1993). Importance of fungi in 
the diet of Gammarus pulex and Asellus aquaticus. Oecologia, 96, 
304–309. https://​doi.​org/​10.​1007/​BF003​17498​

Granéli, E., & Johansson, N. (2003). Increase in the production of allelo-
pathic substances by Prymnesium parvum cells grown under N- or 

 13652427, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14195 by C
ochrane France, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/978-1-4020-5583-6_8
https://doi.org/10.1007/978-1-4020-5583-6_8
https://doi.org/10.1016/j.watres.2020.116713
https://doi.org/10.1016/j.watres.2020.116713
https://doi.org/10.1007/s00248-014-0532-0
https://doi.org/10.1007/s00248-014-0532-0
https://doi.org/10.1038/nrmicro.2016.15
https://doi.org/10.1038/nrmicro.2016.15
https://doi.org/10.3354/ab00244
https://doi.org/10.4319/lo.2000.45.5.1157
https://doi.org/10.4319/lo.2000.45.5.1157
https://doi.org/10.1111/fwb.12522
https://doi.org/10.1079/9781845933968.0081
https://doi.org/10.1016/j.toxicon.2016.10.017
https://doi.org/10.1046/j.1365-2427.1997.00220.x
https://doi.org/10.1111/fwb.12909
https://doi.org/10.1111/fwb.12909
https://doi.org/10.1111/1365-2435.13016
https://doi.org/10.1111/1365-2435.13016
https://doi.org/10.3389/fmicb.2018.03337
https://doi.org/10.3389/fmicb.2018.03337
https://doi.org/10.1016/j.watres.2022.118396
https://doi.org/10.1111/fwb.12933
https://doi.org/10.1111/fwb.12933
https://doi.org/10.1890/0012-9658(2000)081%5B0201:CQRQFC%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B0201:CQRQFC%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2003)073%5B0483:PNQIWC%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2003)073%5B0483:PNQIWC%5D2.0.CO;2
https://doi.org/10.1111/1365-2435.12079
https://doi.org/10.1111/1365-2435.12079
https://doi.org/10.1111/oik.09503
https://doi.org/10.1111/j.1365-2427.2011.02725.x
https://doi.org/10.1111/j.1365-2427.2011.02725.x
https://doi.org/10.1016/B978-0-12-803835-2.00001-2
https://doi.org/10.1016/B978-0-12-803835-2.00001-2
https://doi.org/10.1127/1863-9135/2010/0177-0039
https://doi.org/10.1111/fwb.14088
https://doi.org/10.1038/35046058
https://doi.org/10.1086/674578
https://doi.org/10.1086/674578
https://doi.org/10.1111/j.1365-2427.2005.01333.x
https://doi.org/10.1016/j.limno.2014.01.003
https://doi.org/10.1111/1462-2920.14489
https://doi.org/10.1139/f07-016
https://doi.org/10.1007/BF00317498


98  |    COURCOUL et al.

P-deficient conditions. Harmful Algae, 2, 135–145. https://​doi.​org/​
10.​1016/​S1568​-​9883(03)​00006​-​4

Hartwich, M., Martin-Creuzburg, D., Rothhaupt, K.-O., & Wacker, A. 
(2012). Oligotrophication of a large, deep lake alters food quantity 
and quality constraints at the primary producer–consumer inter-
face. Oikos, 121, 1702–1712. https://​doi.​org/​10.​1111/j.​1600-​0706.​
2011.​20461.​x

Kühmayer, T., Guo, F., Ebm, N., Battin, T. J., Brett, M. T., Bunn, S. E., Fry, 
B., & Kainz, M. J. (2020). Preferential retention of algal carbon in 
benthic invertebrates: Stable isotope and fatty acid evidence from 
an outdoor flume experiment. Freshwater Biology, 65, 1200–1209. 
https://​doi.​org/​10.​1111/​fwb.​13492​

Labed-Veydert, T., Danger, M., Felten, V., Bec, A., Laviale, M., Cellamare, 
M., & Desvilettes, C. (2022). Microalgal food sources greatly im-
prove macroinvertebrate growth in detritus-based headwater 
streams: Evidence from an instream experiment. Freshwater Biology, 
67, 1380–1394. https://​doi.​org/​10.​1111/​fwb.​13924​

Labed-Veydert, T., Koussoroplis, A.-M., Bec, A., & Desvilettes, C. (2021). 
Early spring food resources and the trophic structure of macroin-
vertebrates in a small headwater stream as revealed by bulk and 
fatty acid stable isotope analysis. Hydrobiologia, 848, 5147–5167. 
https://​doi.​org/​10.​1007/​s1075​0-​021-​04699​-​3

Lake, P. S. (2003). Ecological effects of perturbation by drought in flow-
ing waters. Freshwater Biology, 48, 1161–1172. https://​doi.​org/​10.​
1046/j.​1365-​2427.​2003.​01086.​x

Lau, D. C. P., Leung, K. M. Y., & Dudgeon, D. (2009). Are autochthonous 
foods more important than allochthonous resources to benthic 
consumers in tropical headwater streams? Journal of the North 
American Benthological Society, 28, 426–439. https://​doi.​org/​10.​
1899/​07-​079.​1

Ledger, M. E., Brown, L. E., Edwards, F. K., Milner, A. M., & Woodward, 
G. (2013). Drought alters the structure and functioning of complex 
food webs. Nature Climate Change, 3, 223–227. https://​doi.​org/​10.​
1038/​nclim​ate1684

Ledger, M. E., Harris, R. M. L., Armitage, P. D., & Milner, A. M. (2008). 
Disturbance frequency influences patch dynamics in stream ben-
thic algal communities. Oecologia, 155, 809–819. https://​doi.​org/​
10.​1007/​s0044​2-​007-​0950-​5

Majdi, N., Traunspurger, W., Boyer, S., Mialet, B., Tackx, M., Fernandez, 
R., Gehner, S., Ten-Hage, L., & Buffan-Dubau, E. (2011). Response 
of biofilm-dwelling nematodes to habitat changes in the Garonne 
River, France: Influence of hydrodynamics and microalgal availabil-
ity. Hydrobiologia, 673, 229–244. https://​doi.​org/​10.​1007/​s1075​
0-​011-​0781-​6

Marcarelli, A. M., Baxter, C. V., Mineau, M. M., & Hall, R. O., Jr. (2011). 
Quantity and quality: Unifying food web and ecosystem perspec-
tives on the role of resource subsidies in freshwaters. Ecology, 92, 
1215–1225. https://​doi.​org/​10.​1890/​10-​2240.​1

Martin-Creuzburg, D., Bec, A., & von Elert, E. (2005). Trophic upgrading 
of picocyanobacterial carbon by ciliates for nutrition of Daphnia 
magna. Aquatic Microbial Ecology, 41, 271–280. https://​doi.​org/​10.​
3354/​ame04​1271

Martin-Creuzburg, D., Bec, A., & von Elert, E. (2006). Supplementation 
with sterols improves food quality of a ciliate for Daphnia magna. 
Protist, 157, 477–486. https://​doi.​org/​10.​1016/j.​protis.​2006.​07.​
001

Masclaux, H., Bec, A., Kainz, M. J., Desvilettes, C., Jouve, L., & Bourdier, 
G. (2009). Combined effects of food quality and temperature on 
somatic growth and reproduction of two freshwater cladocerans. 
Limnology and Oceanography, 54, 1323–1332. https://​doi.​org/​10.​
4319/​lo.​2009.​54.4.​1323

Mas-Martí, E., Sanpera-Calbet, I., & Muñoz, I. (2017). Bottom-up effects 
of streambed drying on consumer performance through changes in 
resource quality. Aquatic Sciences, 79, 719–731. https://​doi.​org/​10.​
1007/​s0002​7-​017-​0531-​6

Messager, M. L., Lehner, B., Cockburn, C., Lamouroux, N., Pella, H., 
Snelder, T., Tockner, K., Trautmann, T., Watt, C., & Datry, T. (2021). 
Global prevalence of non-perennial rivers and streams. Nature, 594, 
391–397. https://​doi.​org/​10.​1038/​s4158​6-​021-​03565​-​5

Nagarkar, S., Williams, G. A., Subramanian, G., & Saha, S. K. (2004). 
Cyanobacteria-dominated biofilms: A high quality food resource 
for intertidal grazers. Hydrobiologia, 512, 89–95. https://​doi.​org/​10.​
1023/B:​HYDR.​00000​20313.​09924.​c1

Pavia, H., Baumgartner, F., Cervin, G., Enge, S., Kubanek, J., Nylund, G. 
M., Selander, E., Svensson, J. R., & Toth, G. B. (2012). Chemical de-
fences against herbivores. In C. Brönmark & L.-A. Hansson (Eds.), 
Chemical ecology in aquatic systems. Oxford University Press. 
https://​doi.​org/​10.​1093/​acprof:​osobl/​​97801​99583​096.​003.​0016

Pohnert, G., Steinke, M., & Tollrian, R. (2007). Chemical cues, defence 
metabolites and the shaping of pelagic interspecific interactions. 
Trends in Ecology & Evolution, 22, 198–204. https://​doi.​org/​10.​
1016/j.​tree.​2007.​01.​005

Potts, M. (1999). Mechanisms of desiccation tolerance in cyanobacte-
ria. European Journal of Phycology, 34, 319–328. https://​doi.​org/​10.​
1080/​09670​26991​00017​36382​

Ravet, J. L., & Brett, M. T. (2006). Phytoplankton essential fatty acid and 
phosphorus content constraints on daphnia somatic growth and re-
production. Limnology and Oceanography, 51, 2438–2452. https://​
doi.​org/​10.​4319/​lo.​2006.​51.5.​2438

Ricker, W. E. (1975). Computation and interpretation of biological statis-
tics of fish populations. Bulletin of the Fisheries Research Board of 
Canada.

Romaní, A. M., Amalfitano, S., Artigas, J., Fazi, S., Sabater, S., Timoner, X., 
Ylla, I., & Zoppini, A. (2013). Microbial biofilm structure and organic 
matter use in mediterranean streams. Hydrobiologia, 719, 43–58. 
https://​doi.​org/​10.​1007/​s1075​0-​012-​1302-​y

Ruiz, T., Koussoroplis, A.-M., Danger, M., Aguer, J.-P., Morel-Desrosiers, 
N., & Bec, A. (2021). Quantifying the energetic cost of food quality 
constraints on resting metabolism to integrate nutritional and met-
abolic ecology. Ecology Letters, 24, 2339–2349. https://​doi.​org/​10.​
1111/​ele.​13855​

Sabater, S., Timoner, X., Bornette, G., De Wilde, M., Stromberg, J. C., & 
Stella, J. C. (2017). Chapter 4.2 – the biota of intermittent Rivers 
and ephemeral streams: Algae and vascular plants. In T. Datry, 
N. Bonada, & A. Boulton (Eds.), Intermittent Rivers and ephemeral 
streams (pp. 189–216). Academic Press. https://​doi.​org/​10.​1016/​
B978-​0-​12-​80383​5-​2.​00016​-​4

Sanpera-Calbet, I., Ylla, I., Romaní, A. M., Sabater, S., & Muñoz, I. (2017). 
Drought effects on resource quality in a mediterranean stream: 
Fatty acids and sterols as indicators. Limnetica, 36(1), 29–43.

Sarremejane, R., Messager, M. L., & Datry, T. (2022). Drought in inter-
mittent river and ephemeral stream networks. Ecohydrology, 15, 
e2390. https://​doi.​org/​10.​1002/​eco.​2390

Siebers, A. R., Paillex, A., & Robinson, C. T. (2019). Flow intermittency 
influences the trophic base, but not the overall diversity of alpine 
stream food webs. Ecography, 42, 1523–1535. https://​doi.​org/​10.​
1111/​ecog.​04597​

Stanier, R. Y., Kunisawa, R., Mandel, M., & Cohen-Bazire, G. (1971). 
Purification and properties of unicellular blue-green algae (order 
Chroococcales). Bacteriological Reviews, 35, 171–205.

Stanley, E. H., Fisher, S. G., Jones, J., & Jeremy, B. (2004). Effects of 
water loss on primary production: A landscape-scale model. Aquatic 
Sciences, 66, 130–138. https://​doi.​org/​10.​1007/​s0002​7-​003-​0646-​9

Sterner, R. (1997). Modelling interactions of food quality and quantity in 
homeostatic consumers. Freshwater Biology, 38, 473–481. https://​
doi.​org/​10.​1046/j.​1365-​2427.​1997.​00234.​x

Timoner, X., Acuña, V., Schiller, D. V., & Sabater, S. (2012). Functional 
responses of stream biofilms to flow cessation, desiccation and 
rewetting. Freshwater Biology, 57, 1565–1578. https://​doi.​org/​10.​
1111/j.​1365-​2427.​2012.​02818.​x

 13652427, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14195 by C
ochrane France, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S1568-9883(03)00006-4
https://doi.org/10.1016/S1568-9883(03)00006-4
https://doi.org/10.1111/j.1600-0706.2011.20461.x
https://doi.org/10.1111/j.1600-0706.2011.20461.x
https://doi.org/10.1111/fwb.13492
https://doi.org/10.1111/fwb.13924
https://doi.org/10.1007/s10750-021-04699-3
https://doi.org/10.1046/j.1365-2427.2003.01086.x
https://doi.org/10.1046/j.1365-2427.2003.01086.x
https://doi.org/10.1899/07-079.1
https://doi.org/10.1899/07-079.1
https://doi.org/10.1038/nclimate1684
https://doi.org/10.1038/nclimate1684
https://doi.org/10.1007/s00442-007-0950-5
https://doi.org/10.1007/s00442-007-0950-5
https://doi.org/10.1007/s10750-011-0781-6
https://doi.org/10.1007/s10750-011-0781-6
https://doi.org/10.1890/10-2240.1
https://doi.org/10.3354/ame041271
https://doi.org/10.3354/ame041271
https://doi.org/10.1016/j.protis.2006.07.001
https://doi.org/10.1016/j.protis.2006.07.001
https://doi.org/10.4319/lo.2009.54.4.1323
https://doi.org/10.4319/lo.2009.54.4.1323
https://doi.org/10.1007/s00027-017-0531-6
https://doi.org/10.1007/s00027-017-0531-6
https://doi.org/10.1038/s41586-021-03565-5
https://doi.org/10.1023/B:HYDR.0000020313.09924.c1
https://doi.org/10.1023/B:HYDR.0000020313.09924.c1
https://doi.org/10.1093/acprof:osobl/9780199583096.003.0016
https://doi.org/10.1016/j.tree.2007.01.005
https://doi.org/10.1016/j.tree.2007.01.005
https://doi.org/10.1080/09670269910001736382
https://doi.org/10.1080/09670269910001736382
https://doi.org/10.4319/lo.2006.51.5.2438
https://doi.org/10.4319/lo.2006.51.5.2438
https://doi.org/10.1007/s10750-012-1302-y
https://doi.org/10.1111/ele.13855
https://doi.org/10.1111/ele.13855
https://doi.org/10.1016/B978-0-12-803835-2.00016-4
https://doi.org/10.1016/B978-0-12-803835-2.00016-4
https://doi.org/10.1002/eco.2390
https://doi.org/10.1111/ecog.04597
https://doi.org/10.1111/ecog.04597
https://doi.org/10.1007/s00027-003-0646-9
https://doi.org/10.1046/j.1365-2427.1997.00234.x
https://doi.org/10.1046/j.1365-2427.1997.00234.x
https://doi.org/10.1111/j.1365-2427.2012.02818.x
https://doi.org/10.1111/j.1365-2427.2012.02818.x


    |  99COURCOUL et al.

Timoner, X., Buchaca, T., Acuña, V., & Sabater, S. (2014). Photosynthetic 
pigment changes and adaptations in biofilms in response to flow 
intermittency. Aquatic Sciences, 76, 565–578. https://​doi.​org/​10.​
1007/​s0002​7-​014-​0355-​6

Tornés, E., Colls, M., Acuña, V., & Sabater, S. (2021). Duration of water 
flow interruption drives the structure and functional diversity of 
stream benthic diatoms. Science of the Total Environment, 770, 
144675. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​144675

Torres-Ruiz, M., Wehr, J. D., & Perrone, A. A. (2007). Trophic relations in a 
stream food web: Importance of fatty acids for macroinvertebrate 
consumers. Journal of the North American Benthological Society, 26, 
509–522. https://​doi.​org/​10.​1899/​06-​070.​1

Twining, C. W., Josephson, D. C., Kraft, C. E., Brenna, J. T., Lawrence, 
P., & Flecker, A. S. (2017). Limited seasonal variation in food qual-
ity and foodweb structure in an Adirondack stream: Insights from 
fatty acids. Freshwater Science, 36, 877–892. https://​doi.​org/​10.​
1086/​694335

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Courcoul, C., Boulêtreau, S., Bec, A., 
Danger, M., Felten, V., Pradalier, C., Roche-Bril, M., & Leflaive, 
J. (2024). Flow intermittency affects the nutritional quality of 
phototrophic biofilms and their capacity to support secondary 
production. Freshwater Biology, 69, 84–99. https://doi.
org/10.1111/fwb.14195

 13652427, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14195 by C
ochrane France, W

iley O
nline L

ibrary on [05/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s00027-014-0355-6
https://doi.org/10.1007/s00027-014-0355-6
https://doi.org/10.1016/j.scitotenv.2020.144675
https://doi.org/10.1899/06-070.1
https://doi.org/10.1086/694335
https://doi.org/10.1086/694335
https://doi.org/10.1111/fwb.14195
https://doi.org/10.1111/fwb.14195

	Flow intermittency affects the nutritional quality of phototrophic biofilms and their capacity to support secondary production
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Biofilm production
	2.1.1|Biofilm inoculation
	2.1.2|Biofilm culture and sampling
	2.1.3|Biofilm sample analysis
	Pigment composition
	Stoichiometric composition
	Fatty acid composition


	2.2|Feeding experiment
	2.2.1|Selection of individuals
	2.2.2|Agarose pellet preparation
	2.2.3|Gammarid feeding
	2.2.4|Ecological trait analysis
	Growth traits and condition index
	Feeding rate
	Median speed

	2.2.5|Secondary production

	2.3|Data analyses

	3|RESULTS
	3.1|Pre-disturbance biofilms
	3.2|Biofilm responses to disturbance
	3.3|Gammarid response to disturbance
	3.4|Secondary production

	4|DISCUSSION
	4.1|Biofilm response to disturbance
	4.2|Gammarid response to disturbance
	4.3|Secondary production

	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


