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Abstract 

Stream flow intermittency and subsequent streambed drying, which already occurs in most biomes 

worldwide, is expected to increase in many regions due to both climate change and increased water 

demand. We studied the effects of streambed drying on leaves and epilithic biofilm and their effects on 

potential consumers. In the field, resources were conditioned according to the following treatments: (i) 

continuously submerged (PERM), (ii) submerged, exposed to the dry streambed and then submerged 

again (INT), or (iii) conditioned in the dry streambed and only allowed instream conditioning for one 

week (DRY, only for leaves). The results showed that drying affects resource quality, and the effects on 

biofilm were more severe than those on leaves. Both DRY leaves and INT biofilm showed lower 

microbial colonization and nitrogen accrual, whereas INT leaves had similar characteristics to PERM 

leaves. When scaling up the observed effects to consumers, drying resulted in decreased shredder and 

herbivore consumption rates and detritivore growth. Our results suggest that bottom-up effects of drying 

through changes in resource quality can constrain detritivore growth in temporary streams, potentially 

affecting stream secondary production and invertebrate-organic matter cycling under a drier climate 

scenario. 
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Introduction 

Temporary streams, which exhibit periodical flow interruption, are present in most biomes worldwide 

(Larned et al. 2010). The expected decline in precipitation and higher evapotranspiration rates resulting 

from increased air temperature will increase drought and likely reduce stream runoff in many regions, 

including the Mediterranean basin (IPCC 2007). Reductions in stream discharges have already been 

observed in small catchments in eastern and southern Europe (Stahl et al. 2010). These climatic effects 

will be reinforced by increased water demand due to population growth and increased urbanization and 

irrigated agriculture (Arnell 1999; Sabater and Tockner 2010). Furthermore, due to frequent temporal and 

spatial mismatch between water demand and its availability (Bonada and Resh 2013), the occurrence, 

frequency and duration of flow intermittency are expected to increase. In small- and middle-sized 

streams, this will likely result in the drying of many permanent riffle habitats while intermittent reaches 

might dry out completely.  

After flow disruption, changes in nutrient concentrations and temperature, and reductions in dissolved 

oxygen levels and water velocity, constrain habitat suitability for many species (Boulton 2003; Dewson 

and Russell 2007). Moreover, effects can be exacerbated if the streambed dries out completely, causing 

local extinctions of species that are unable to survive and recover from drought (Lytle and Poff 2004). 

Besides these direct effects on stream biota, indirect effects of drying might also arise after flow recovery 

through changes in resource quantity and quality. Hydric stress can cause earlier leaf abscission from 

riparian forests (Sanpera-Calbet et al. 2016), altering food availability to autumnal shredders in temporary 

streams. Stream drying also negatively affects aquatic microbial communities that colonise leaves or 

develop in biofilms (Bruder et al. 2011; Romaní et al. 2013). Although algae and bacteria seem to recover 

rapidly after flow resumption (Romaní et al. 2013), effects on fungal biomass vary according to drying 

intensity and duration (Langhans and Tockner 2006; Bruder et al. 2011). Because conditioning by these 

microorganisms influences the chemical composition of resources (Graça 2001; Ylla et al. 2010; Timoner 

et al. 2012), one might expect shifts in microbial communities and activity to determine the quality of 

resources available to consumers. Indeed, a decrease in the polysaccharide, amino acid and lipid content 

of benthic resources has been observed in an intermittent stream upon rewetting (Ylla et al. 2010) while 

higher periods of flow intermittence increased C:N ratios in leaves (Sanpera-Calbet et al. 2016).  

Within an ecological stoichiometry framework, organisms have been proposed to be homeostatic, 

meaning that they must maintain their body C:N:P ratios within a narrow range. Therefore, reductions in 

resource quality, expressed as C:nutrient ratios, are expected to increase consumer–resource imbalances 

and thus constrain growth (Sterner and Elser 2002). Many studies have supported this hypothesis, both 

for aquatic detritivores and herbivores (Stelzer and Lamberti 2002; Frost and Elser 2002a; Mas-Martí et 

al. 2013) and for changes in nitrogen and phosphorous concentrations (Iversen 1974; Kendrick and 

Benstead 2013). Therefore, bottom-up effects of drought through changes in resource quality could lead 

to differences in growth rates and secondary production in temporary versus permanent streams. 
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However, organisms might compensate nutrient deficit when fed on less nutritious food by increasing 

ingestion (i.e. compensatory feeding), thus maintaining their homeostasis and growth (Frost et al. 2005; 

Fink and Von Elert 2006; Flores et al. 2014). Nevertheless, reduced microbial conditioning and food 

quality have also been observed to dampen detritivore ingestion rates when fed on low quality leaves 

(Aßmann et al. 2011; Danger et al. 2012; Graça and Poquet 2014). Therefore, differences in the responses 

of organisms to stream drying can be expected. 

This study aimed to elucidate how simulated streambed drying (i) altered the quality of benthic resources 

and (ii) how it affected consumers’ consumption, body chemical composition and growth after rewetting. 

In order to achieve this goal, leaves and epilithic biofilm were exposed to different drying regimes (in the 

field) and were later offered to a shredder and a scraper, respectively, in the lab. We hypothesised that 

compared to permanent flow, drying would (i) reduce resource quality by lowering microbial 

conditioning and (ii) changes would be more pronounced in biofilm, due to its lower water retention 

capacity, than in leaf packs. Flow recovery is expected to allow improvements in resource quality, 

especially in epilithic biofilm, but to a lesser extent than in resources conditioned under continuous flow. 

Therefore, after a dry period, impaired food quality and palatability were expected. Unless compensated 

by increased consumption rates, lower food quality would lower consumer growth rates, and differences 

between functional feeding groups were expected to be related to the final effects on the quality of their 

food sources. 

 

Methods 

Black poplar (Populus nigra L.) leaves and epilithic biofilm were conditioned under different regimes of 

simulated flow intermittency and changes in their quality were assessed. In order to evaluate the effects of 

the resulting quality on consumers’ consumption, chemical composition and growth, conditioned leaves 

and biofilm were offered to the potential stream consumers in a laboratory feeding trial.  

Resource conditioning 

Resource conditioning (both leaves and biofilm) was conducted from October to December 2010 in 

Fuirosos (41° 41’ 20’’ N, 2° 34’ 25’’ E; 154 m a.s.l), a temporary third-order Mediterranean stream 

located in the Montnegre-Corredor Natural Park (NE Iberian Peninsula). Monthly mean temperature 

ranges from 4°C (December) to 28°C (July–August) and precipitation (650 mm year-1) mostly occurs in 

autumn and spring with occasional storms in summer (Bernal et al. 2002). Baseline water flow ranges 

from 5 to 20 L s-1, although in summer, and permanent flow usually ceases from July/August to 

September/October (Sabater et al. 2001). This oligotrophic stream is surrounded by dense riparian 

vegetation dominated, in the study reach, by alder (Alnus glutinosa L.), black poplar (Populus nigra L.) 

and hazel (Corylus avellana L.). The main terrestrial organic matter input from the riparian vegetation 

occurs between summer (due to water stress in the riparian forest) and autumn (Sanpera-Calbet et al. 

2016). During the conditioning period, O2, pH, temperature and conductivity were measured weekly in 
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the field with portable meters (Hach multi HQ40d, Loveland, U.S.A and Cond 340i/SET, WTW, 

Weilheim, Germany) (Table 1). 

Air-dried stalkless P. nigra leaves, collected within the same catchment after abscission, were weighed (4 

± 0.5 g) and enclosed in 5-mm mesh, tetrahedral-shaped bags. Glass tiles (102 cm2) fixed with neutral 

silicone on concrete blocks were used as coarse substrata surrogates for biofilm colonization. 

Conditioning of the resources was achieved by following two different treatments for biofilm and three 

for leaves (Fig. 1): Permanent flow (PERM), intermittent flow (INT), and no flow (DRY, only for leaves). 

Resources under the PERM treatment were randomly placed in different stream riffles where they were 

allowed to condition for 10 weeks. In the intermittent flow (INT) treatment, resources that had been in the 

stream channel for 4 weeks were transferred to the stream bank for 5 more weeks, simulating an 

intermittent dry period in the stream. They were subsequently resubmerged and allowed to condition for a 

further week in the stream channel. Finally, to simulate terrestrial exposure to a long period of drought 

after abscission, leaves under the DRY treatment were left on the stream bank for 9 weeks and then 

submerged in the stream to allow one week of instream conditioning. New sets of leaf bags and tiles (i.e. 

time blocks) were conditioned at one-week intervals (two sets for biofilm and four for leaves) in order to 

provide freshly conditioned resources to consumers throughout the feeding trial. 

Leaves and biofilm were sampled on three occasions during the conditioning period (i.e. conditioning 

phase): (i) one after 4 weeks of conditioning, prior to retrieval of INT resources from the stream (PreD; 

Predry phase); (ii) one after 9 weeks, just before returning the INT and DRY resources to the stream 

water (D; Dry phase) and (iii) at the end of the conditioning period, after 10 weeks (R; Rewetting phase) 

(Fig. 1). Four replicates per resource type and treatment were taken on the first two sampling dates (PreD 

and D) and five replicates were taken on the last sampling date (R). After retrieval, leaf bags and glass 

tiles were individually enclosed in ziplock bags and transported to the laboratory in a cooler where they 

were gently rinsed with distilled water.  

Glass tiles were immersed in a known volume of distilled water, scraped with a toothbrush and sonicated 

(2+2 min, Selecta sonication bath at 150 W and 50 Hz) to obtain the epilithic biofilm. For chlorophyll a 

determination, an aliquot of the extracted and homogenized biofilm was filtered (GF/F Whatman). 

Similarly, leaf biofilm from five poplar discs (12-mm diameter) was scraped with a toothbrush and also 

filtered (Whatman GF/F). An extra set of five poplar discs was cut on the last sampling date (R) for 

ergosterol determination. Samples were frozen (-20°C) until analysis. The remaining poplar leaves 

(excluding the main vein) and epilithic biofilm extract were lyophilized, ground and used for carbon (C), 

nitrogen (N), phosphorus (P) and lipid determination (see later for detailed description). 

Experimental setup 

Experiments were performed with similar size individuals of the shredder Stenophylax sp. (Trichoptera; 

head width = 1.90 ± 0.02 mm) and the scraper Physella acuta Draparnaud (Mollusca; 2.65 ± 0.13 mg), 

both of them common in Mediterranean streams (Bonada et al. 2004; Tierno de Figueroa et al. 2013). 

Stenophylax were collected from the stream (Fuirosos) in which the resources were conditioned. Physella, 
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also present in Fuirosos, were collected from a nearby stream within the same catchment due to their low 

abundance at the time of collection at the study site. Three days before the start of the experiment, 

consumers were transported to the laboratory in plastic containers with stream water and sand. In the 

laboratory, individuals were acclimatized at 8°C (average temperature of the study reach during the 

conditioning period; Table 1), under an 8 h light: 16 h dark photoperiod, and fed either conditioned alder 

litter or epilithic biofilm ad libitum. Twenty-four hours prior to the start of the experiment, individuals 

were starved to allow evacuation of their gut content.  

For the experiment, Stenophylax (n=30) were individually allocated to glass microcosms (8.5 cm 

diameter x 9 cm high) containing 250 mL of filtered stream water and provided with ashed stream 

sediment (Ø 0.5–2 mm; 450°C 4 h) to allow the larvae to build their cases. Physella (n=40) were also 

individually allocated to plastic microcosms (21 x 14 x 6.5 cm) containing 615 mL of filtered stream 

water. Water from microcosms was oxygenated for the duration of the experiment and, like sediment, was 

replaced every 3 days to avoid ammonia accumulation and to compensate for water loss.  

Consumers’ consumption and growth 

Thirty premeasured Stenophylax (head width, stereoscopic microscope at x10) were individually allocated 

to microcosms and randomly split into three groups (10 individuals per treatment). Each individual was 

fed with 20 PERM, INT or DRY preconditioned poplar discs (12-mm diameter). Five extra microcosms 

per treatment, containing 20 leaf discs but no animals, were used as a control for leaf mass changes other 

than as a result of consumption. Every week for 4 weeks, any remaining leaf material was removed and 

replaced with 20 new freshly conditioned leaf discs. The removed leaf discs were collected, dried at 60°C 

until constant weight and weighed. Leaf dry mass (DM) offered to invertebrates was estimated from extra 

sets of conditioned (PERM, INT and DRY) leaves. At the end of the experiment, individuals were 

measured again.  

Physella were individually allocated to microcosms and randomly split into two groups (20 individuals 

per treatment). Each individual was given two PERM or INT conditioned glass tiles. Five extra 

microcosms per treatment, containing glass tiles but no animals, were used as a control for chlorophyll a 

changes other than as a result of consumption. After one week, the tiles were removed and replaced with 

two new freshly conditioned tiles. The biofilm remaining on the removed tiles was scraped off with a 

toothbrush and an aliquot of the extracted and homogenized biofilm was filtered (GF/F Whatman) for 

chlorophyll analysis. The chlorophyll content of the biofilm offered to scrapers was estimated from extra 

conditioned (PERM or INT) glass tiles. 

At the end of the experiment (28 days for Stenophylax and 14 days for Physella), surviving individuals 

were freezed-dried, weighed to the nearest 0.01 mg, ground and individually used for C, N, P and lipid 

content evaluation as described below. Survivorship was recorded every 3 days throughout the 

experiment.  
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Consumption (C) was calculated as the loss of leaf DM or biofilm chlorophyll corrected by DM or 

chlorophyll loss in the control microcosms of the respective treatments. The relative consumption rate 

(RCR) was calculated as RCR = C/(DMcons * day), where DMcons is the consumer’s DM (mg) at the end of 

the experiment and day is the duration of the test in days.  

Stenophylax relative growth rates (RGR) were estimated as RGR = HWf - HWi / (HW * day), where HWf 

and HWi are the final and initial head width (mm), HW is the mean head width between the start and the 

end of the test and day is the number of days the test lasted. Physella RGR was calculated as RGR = DMf 

- DMi / (DMf * day), where DMf and DMi are the final and initial soft body DM (mg) and day is the 

duration of the test in days. Soft body DM at the beginning of the experiment was estimated from 15 extra 

individuals randomly selected from the initial pool. 

Chemical analysis 

Chlorophyll a was extracted in 90% acetone for 12 h in the dark at 4°C after a 2-minute sonication 

(Selecta sonication bath at 150 W and 50 Hz). Afterwards, samples were further sonicated to ensure 

complete chlorophyll extraction. After filtration (GF/C Whatman) of the extract, the chlorophyll 

concentration was determined spectrophotometrically (Lambda 2 UV/VIS spectrophotometer, Perkin-

Elmer) following Jeffrey and Humphrey (1975). 

Fungal biomass in conditioned poplar leaves was estimated by ergosterol analysis. Ergosterol was 

extracted from lyophilized leaf discs using KOH methanol 0.14 M at 80°C for 30 minutes, and then 

separated by solid-phase extraction (Waters Sep-Pack® Vac RC, 500 mg, tC18 cartridges, Waters Corp., 

Milford, MA, USA; Gessner and Schmitt, 1996). Ergosterol was quantified by HPLC-MS/MS (HPLC 

Agilent 1100 series, Waldbronn, Germany; Headley et al. 2002) equipped with a API 3000 triple-

quadrupole mass spectrometer (PE Sciex, Concord, ON, Canada). The mobile phase was 100% methanol 

at a flow rate of 450 µl min-1. Separation was achieved in a Luna 5 µm c18, 100A, 150 x 2 mm analytical 

column (Phenomenex, Torrance, CA, USA). Quantification was performed via a multiple reaction 

monitoring (MRM) method at m/z 379.1/69.1 and conversion to fungal biomass was achieved using a 

conversion factor of 5.5 µg ergosterol mg-1 fungal DM (Gessner 1997). 

C and N contents were analysed in a Thermo Elemental Analyser 1108 (Thermo Scientific, Milan, Italy). 

Total P concentration was determined after a basic digestion (NaOH) of samples in an autoclave (110°C 

for 90 min) (Koroleff and Weinheimer 1983) and subsequent determination of total phosphate 

concentrations (SRP) using the ascorbic acid method (APHA 1989). 

For lipid analyses, samples were homogenized with an ultrasonic homogenizer (200 W, 24 kHz; 

Hielscher UltrasonicsGmbH, Teltow, Germany) and lipids extracted with a mixture of chloroform and 

methanol (2:1) according to Bligh and Dyer (1959). The total lipid content was analysed using the 

colorimetric sulphophosphovanillin method (Zollner and Kirsch 1962). 

Data analysis 
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The effects of conditioning treatment and conditioning phase on leaf and biofilm quality (i.e. chlorophyll, 

% C, N and P and their molar ratios and lipid concentration) were analysed using a mixed linear model 

with conditioning treatment and conditioning phase as fixed effects and crossed factors and set of leaf 

bags or biofilm tiles (i.e. time block) as a random effects factor. In order to test for differences in resource 

quality offered to consumers, a mixed linear model including only samples from the last sampling date 

(R) was used, considering conditioning treatment as the fixed effects factor and set of leaf bags or biofilm 

tiles (i.e. block) as a random effects factor. The restricted maximum likelihood estimation (REML) 

method was used to solve both models.  

The effects of resource quality (i.e. conditioning treatment) on the chemical composition (i.e.%  C, N and 

P, their molar ratios and lipid concentration) and performance (consumption and growth) of Stenophylax 

and Physella were first analysed by one-way ANCOVA, with conditioning treatment as a fixed effects 

factor and individual DM as a covariate. When the covariate was not significant, it was removed from the 

model, and one-way ANOVA was used.  

Data were log-transformed when necessary to achieve normality and homoscedasticity, which were 

checked by visual inspection of the residual distributions. Tukey’s post-hoc multicomparison tests were 

applied when significantly different effects were found. For all analyses a significance level of 0.05 was 

established. ANOVA and ANCOVA analyses were performed using IBM SPSS Statistics 20 software for 

Windows (SPSS Inc., Chicago, IL, USA) and the mixed linear models using the software R, version 

2.13.2 (R Development Core Team 2011); library nlme (Pinheiro et al. 2011). 

 

Results 

Effects of drying on resource quality 

Leaf conditioning treatment significantly affected poplar leaf quality (Table 2a, Fig. 2). Percentage of N 

was significantly lower in DRY leaves (Table2a, Fig. 2b), which resulted in higher C:N and lower N:P 

ratios than in PERM or INT leaves (Fig. 2e, g). Percentage of P was higher in DRY leaves, although one 

week of instream conditioning was sufficient to achieve a % P similar to those of PERM and INT leaves 

(Fig. 2c). % C was also significantly higher in DRY leaves (Table 2a), though PERM leaves had 

intermediate values at the end of the conditioning period (Fig. 2a). Lipid percentage significantly dropped 

in leaves under a dry regime but rapidly recovered after one week of rewetting (Table2a, Fig. 2d). 

Chlorophyll concentration was significantly lower for DRY leaves (Table 2a), in which it increased 

slightly on the third sampling date (Table 2a, Fig. 2h). 

The drying treatment also caused changes in biofilm quality (Table 2a, Fig. 3). When conditioned under 

INT conditions, biofilm had higher C:N ratios and lower chlorophyll content than in the other conditions 

(Fig. 3e, h). As expected, chlorophyll concentration decreased in the INT treatment during the dry phase, 

and although one week of instream conditioning raised levels to those of the predrying conditioning, 
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values after rewetting were significantly lower than in PERM biofilm (Table 2a, Fig. 3h). Similarly, % N 

decreased in INT biofilm during the dry phase. However, after one more week of instream conditioning, 

% N continued decreasing, becoming significantly lower than that in PERM biofilm (Table 2a, Fig. 3b). 

N:P and C:P ratios varied through the conditioning period for both treatments, following N and C 

dynamics (Fig. 3a, b, f, g). Lipid percentage increased upon rewetting in both treatments (Fig. 3d).  

At the end of the conditioning period (R phase), when resources were offered to consumers, DRY leaves 

contained a significantly lower proportion of chlorophyll and fungal biomass (Fig. 2h) and N, which 

resulted in higher C:N and lower N:P ratios (Table 2b). In contrast, INT leaves resembled PERM leaves, 

except for a lower C % and a non-significant tendency for a lower P concentration (Table 2b). Finally, 

biofilm under the INT treatment had a lower chlorophyll concentration, higher C:N ratios and a tendency 

to a lower % lipid  (Table 2b). 

Effects on consumers’ body chemistry and performance 

At the end of the experiment, Stenophylax fed with DRY leaves were enriched with P as shown by the 

lower C:P and N:P ratios (Table 3). There was also a tendency for DRY shredders to have a lower % N 

(Table 3). On the contrary, there were no differences in Physella stoichiometry at the end of the 

experiment (Table 3). No changes in % lipid were observed for any of the species (Table 3). 

Stenophylax fed on PERM leaves showed the highest consumption and growth rates (Table 4, Fig. 4a, b). 

The growth rates of Stenophylax fed on PERM leaves were significantly higher than in those fed on INT 

leaves (Table 4, Fig. 4c). No mortality was observed during the experiment. 

Physella fed on PERM biofilm had significantly higher consumption rates than those fed on INT biofilm 

(Table 4, Fig. 4c). Surprisingly, there were no differences in growth rates (Table 4, Fig. 4d) or mortality 

(44 and 40% for PERM and INT treatment, respectively) between treatments. 

 

Discussion 

As hypothesized, drying affected resource quality, and the observed effects were more severe on biofilm 

than leaves. In fact, when instream conditioning was interrupted for 5 weeks, after one week of rewetting, 

INT leaves resembled continuously submerged leaves (PERM) much more than terrestrially conditioned 

ones (DRY), indicating that the conditions within leaf packs might have conferred resistance to ambient 

drying on presubmerged leaves. However, impacts on epilithic biofilms could still be observed after one 

week of rewetting, resulting in higher C:N ratios and a decrease in chlorophyll content, characteristics 

that were also observed in DRY leaves. 

In agreement with our predictions, drying greatly affected algal biomass, but only in epilithic biofilms. 

The higher C:N ratios observed in this study are likely to be related to chlorophyll degradation, which 

have been positively related to a decrease in leucine-aminopeptidase activity during desiccation in 
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seasonal summer drought (Timoner et al. 2012). Although in some cases a rapid recovery (hours) of algal 

biomass has been reported after flow resumption (Romaní et al. 2013), it has also been related to the 

nutrient wash from the dried streambed or watershed after flow resumption (Bernal et al. 2002), which 

did not take place in our experiment.  

Leaf quality was also affected by drying when instream conditioning was prevented (DRY treatment). 

Under terrestrial conditioning, both algal and fungal colonization of leaves were lower, which is 

consistent with the lower decomposition rates in terrestrial than aquatic ecosystems described elsewhere 

(Boulton and Lake 1992; Langhans et al. 2008; Bruder et al. 2011). Prior to submersion, DRY leaves had 

a lower lipid and % N but higher % P. However, after one week of stream conditioning lipid and P 

concentrations equalled those of PERM and INT leaves, probably due to the rapid leaching of P in air-

dried leaves when first submerged in water (Gessner 1991). In contrast, although this period allowed a 

certain amount of chlorophyll and N accrual in DRY leaves, their concentration, as well as fungal 

biomass, remained significantly lower in comparison to PERM and INT leaves. This lower N 

concentration in DRY leaves could reflect a lower microbial biomass as both chlorophyll and aquatic 

hyphomycetes are N-enriched in comparison with senescent leaves (Graça 2001; Sterner and Elser 2002). 

Alternatively, the only observed effect of drying on previously submerged leaves (INT treatment, D 

phase) was a decrease in lipid concentration, which was rapidly restored after rewetting. Because the 

experiment was conducted in autumn, mild air temperatures and the presence of a small amount of 

rainfall (Table 1) might have allowed humidity retention within leaf packs, which might have acted as a 

humid refuge for microorganisms (Romaní et al. 2013). This would be consistent with the slight accrual 

in chlorophyll observed in DRY leaves prior to stream submergence. Although we only measured fungal 

biomass at the end of the experiment (R phase), the lack of differences between PERM and INT leaves 

suggests either little effect of desiccation on fungal biomass or a rapid recovery of fungal biomass after 

rewetting. Another study, involving similar drying conditions but for a shorter duration, found that the 

effects of stream drying on fungal biomass were dependent on leaf species, the impacts being more 

obvious in higher quality leaves where colonization was more advanced (Bruder et al. 2011).  

Changes in resource conditioning affected detritivore performance. Stenophylax consumption was 

stimulated when resources had been conditioned under permanent flow, which resulted in the highest 

growth rates under this treatment. The reduced consumption of DRY leaves was expected due to their 

lower conditioning (Cummins and Klug 1979; Graça et al. 2001), the result of reduced microbial 

metabolism in terrestrial habitats (Molles et al. 1995). Among aquatic detritivores, leaf palatability has 

been inversely related to leaf toughness and positively related to fungal biomass and N concentration 

(Irons, Oswood and Bryant 1988; Hladyz et al. 2009; Aßmann et al. 2011), which were significantly 

lower in our DRY leaves. More surprising, however, was the reduced consumption rates of Stenophylax 

when fed on an INT diet in comparison to the PERM diet, given the similarities between these types of 

leaves. Such differences in consumption despite similarities in leaf nutrient content and microbial 

biomass suggest that leaf palatability might also have been affected by other leaf characteristics that were 

not measured in this study. Because effects on microorganisms increase with drying duration (Langhans 
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and Tockner 2006), changes in fungal activity or assemblage composition favouring more resistant or 

terrestrial species cannot be excluded. Several studies have shown that the consumption rates of shredders 

vary according to the fungal species in leaf assemblages (Arsuffi and Suberkropp 1984; Chung and 

Suberkropp 2009; Jabiol and Chauvet 2012), whereas lower microbial activity during the terrestrial phase 

(Langhans et al. 2008; Larned et al. 2010; Bruder et al. 2011) might have prevented the degradation of 

repellent secondary metabolites or more recalcitrant C, such as cellulose, lignin or condensed tannin, 

resulting in increased leaf toughness and thus, less palatable leaves in the INT than PERM treatments 

(Irons et al. 1988; Hladyz et al. 2009; Graça and Cressa 2010; Aßmann et al. 2011).  

As expected, the increased consumption of PERM leaves translated into higher growth rates, which is 

consistent with the bigger size at eclosion found for an insect detritivore reared on continuously 

submerged resources (Aspbury and Juliano 1998). Although growth on a DRY leaf diet was reduced, it 

was not significantly lower than on the PERM diet. This result was unexpected given the lower ingestion 

rates and N concentration in leaves, which has been related to dampened growth rates in caddisflies 

(Iversen 1974; González et al. 2014). Because leaves rapidly lose large quantities of fatty acids (including 

polyunsaturated and essential fatty acids) during decomposition in streams (Torres-Ruiz and Wehr 2010), 

more labile C, such as essential fatty acids and carbohydrates, might have been available to detritivores 

fed on DRY leaves, which could have mitigated any further effects on growth. DRY larvae also had a 

higher % P, which, consistent with the growth rate hypothesis, could be related to P-rich rRNA (Elser et 

al. 2003), and thus, contributed to high growth rates in this treatment. However, the decrease in % N in 

DRY detritivores’ body tissue, probably in response to its lower concentration in leaves, might also have 

contributed to the relative increase in P. Although changes in N were modest, their effects on case-

building detritivores could be noteworthy (Stevens et al. 2000; Mckie 2004), as the allocation of protein 

(silk) to case building appears to be a fixed trait (Friberg and Jacobsen 1999), and can reduce larval 

protein by up to 35% (Mondy et al. 2011). Therefore, despite the lack of short time effects on growth, 

further effects on detritivore fitness cannot be excluded. 

Similarly to Stenophylax, Physella consumption rates were drastically reduced when fed on INT biofilm, 

in contrast with the compensatory feeding on lower quality resources previously described for a 

herbivorous snail (Fink and Von Elert 2006). However, Stelzer and Lamberti (2002) found that ingestion 

rates increased with periphyton availability, irrespective of differences in their nutrient content. In our 

experiment, chlorophyll was lower in the INT treatment but the % of offered chlorophyll consumed was 

similar in both treatments (from 40 to 60% and 50 to 70% in the PERM and INT treatments, 

respectively), suggesting that the differences in chlorophyll consumption might be related to differences 

in resource quantity (i.e. biofilm thickness) rather than quality.  

 

However, although food quantity may have limited scraper consumption, biofilm availability did not 

constrain growth, as otherwise, negative or null growth would have been observed in the INT treatment. 

Herbivore growth is limited by high C:P ratios in the periphyton (Stelzer and Lamberti 2002; Frost and 
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Elser 2002b; Ohta et al. 2011). As our biofilm C:P ratios in both treatments were either in the upper range 

or much higher than in previous studies, P might also have limited growth in our experiment. However, 

the increased consumption rates under the PERM treatment should have partly compensated for this 

deficit (passive feeding compensation sensu Stelzer and Lamberti (2002), and thus, higher growth rates in 

PERM herbivores would have been expected. Whether this lack of response resulted from the shorter 

duration of our experiment (14 days for Physella; c.f. Stelzer and Lamberti (2002); Fink and Von Elert 

(2006); Ohta et al. (2011) or due to herbivore behavioural or physiological adjustments, through selective 

feeding or increased assimilation efficiency for the limiting nutrient (Frost et al. 2005; Hessen et al. 

2013), warrants further research. Nevertheless, Liess and Hillebrand (2006) showed that herbivores 

adjusted their metabolism in response to changes in periphyton nutrient concentration during a 14-day 

experiment. 

In conclusion, our results showed that stream drying lowered microbial colonization and nitrogen accrual 

in resources, which translated into lower shredder and herbivore consumption rates and detritivore 

growth. However, effects differed between allochthonous resources exposed to different drying regimes. 

Leaf packs before submerged maintained many nutritional and microbial characteristics of flow-

conditioned leaves when exposed to the stream bank and recovered quickly after rewetting. In contrast, 

the autumnal ambient humidity proved insufficient to enhance microbial conditioning per se in 

terrestrially conditioned leaves (DRY; even after 2 months) or to maintain the quality of the more 

exposed epilithic biofilm. Drying also caused a decrease in the consumption and growth rates of 

shredders. Although Stenophylax is adapted to temporary streams (Tierno de Figueroa et al. 2013), our 

results indicate that upon rewetting, this caddisfly might show reduced growth rates due to impaired leaf 

quality when dryness conditions extend. Finally, if the observed effects extend to a wider number of 

species, bottom-up effects of stream drying through resource quality are likely to impact on stream 

ecosystems by reducing both stream secondary production (Ledger et al. 2011) and invertebrate-mediated 

organic matter cycling under a drier climate scenario. 
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Tables  

Table 1. Physicochemical characteristics of the study reach during the conditioning period. 

Parameter Mean ± SE 

Conductivity (µS cm -1) 187.4 ± 3.3 

pH 8.1 ± 0.1 

O2 (mg L-1) 11.2 ± 0.3 

O2 (%) 96.6 ± 0.7 

Flow (L s-1) 22.9 ± 3.1 

Water temperature (ºC) 8.1 ± 0.7 

Air temperature (ºC) 9.0 ± 0.4 

Rainfall (mm d-1) 2.4 ± 1.3 

 

 

Table 2. Results of the mixed linear model for conditioning treatment and phase effects on leaf and 

biofilm quality parameters (a; Treatment * Phase) and for differences in conditioned leaf and biofilm 

offered to consumers (b; Treatment at rewetting (R). 

 (a)   (b) 

Variable Treatment Phase Treatment * Phase 
Treatment at rewetting 

(R) 

Leaves F2,144 P F2,144 P F4,144 P F2,54 P 

C (%) 26.690 <0.001 17.640 <0.001 2.140 0.079 30.160 <0.001 

N (%) 88.405 <0.001 11.140 <0.001 1.199 0.314 26.956 <0.001 

P (%) 3.956 0.021 1.219 0.299 2.416 0.051 3.043 0.056 

C:N 134.676 <0.001 5.733 0.004 0.724 0.577 47.925 <0.001 

C:P 1.429 0.243 0.482 0.619 2.457 0.048 2.630 0.082 

N:P 71.899 <0.001 2.518 0.084 3.112  22.384 <0.001 

Lipids (%) 1.523 0.222 6.436 0.002 2.128 0.080 0.776 0.465 

Chlorophyll (µg cm-2) 47.419 <0.001 1.678 0.190 5.892 <0.001 14.879 <0.001 

Fungal biomass (mg g 

DM-1) 
- - - - - - 14.300 <0.001 

Biofilm F1,45 P F2,45 P F2,45 P F1,17 P 

C (%) 2.118 0.153 0.815 0.449 0.169 0.845 0.327 0.575 

N (%) 1.243 0.271 2.847 0.069 3.275 0.047 7.730 0.013 

P (%) 0.873 0.355 2.369 0.105 0.371 0.692 2.138 0.162 

C:N 7.371 0.009 2.814 0.071 3.060 0.057 6.422 0.021 

C:P 3.830 0.057 3.459 0.040 0.026 0.975 1.978 0.178 

N:P 0.077 0.783 3.574 0.037 2.006 0.147 2.419 0.138 

Lipids (%) 2.302 0.136 10.182 <0.001 2.161 0.127 3.972 0.064 

Chlorophyll (µg  cm-2) 56.806 <0.001 6.740 0.003 21.613 <0.001 15.890 0.001 

Values <0.050 are indicated in boldface type and those < 0.100, in italics. 

All ratios are molar ratios. 

 

Table 3. Mean (± SE) and results of ANCOVA or ANOVA of effects of leaf and biofilm conditioning 

(permanent flow [PERM], intermittent flow [INT], and dry flow [DRY, only for leaves]) on consumers’ 

(Stenophylax and Physella, respectively) stoichiometry and % lipid. 

 

 Mean (±SE) Statistics 

Variable PERM INT DRY Treatment DM (Covar) 

Stenophylax n=4 n=4 n=4 F2,8/2,9* P F1,8 P 
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C (%) 48.26  (±1.32) 47.26  (±1.30) 47.78  (±1.30) 0.224 0.804 14.638 0.005 

N (%) 10.18  (±0.27) 10.21  (±0.06) 9.02  (±0.58) 3.393 0.080 - - 

P (%) 0.64  (±0.05) 0.65  (±0.07) 0.82  (±0.01) 4.921 0.051 - - 

C:N 5.63  (±0.18) 5.37  (±0.14) 6.32  (±0.429) 3.224 0.088 - - 

C:P 200.60  (±13.48)a 190.83  (±15.34)ab 151.27  (±1.94)b 4.864 0.037 - - 

N:P 36.01  (±3.74) a 35.81  (±3.65)a 24.27  (±1.75) a 4.466 0.045 - - 

Lipid (%) 4.00  (±0.48) 3.46  (±0.48) 4.61  (±0.48) 2.265 0.166 15.988 0.004 

Physella n=3 n=3   F1,4 P   

C (%) 44.95  (±1.03) 47.22  (±1.10)   2.280 0.206 - - 

N (%) 10.35  (±0.35) 11.67  (±0.71)   2.770 0.171 - - 

P (%) 0.88  (±0.08) 0.84  (±0.07)   0.114 0.752 - - 

C:N 5.07  (±0.06) 4.74  (±0.18)   2.879 0.165 - - 

C:P 134.10  (±9.79) 146.53  (±9.30)   0.848 0.409 - - 

N:P 26.44  (±1.89) 30.84  (±0.77)   4.648 0.097 - - 

Lipid (%) 6.01  (±0.57) 5.76  (±0.57)   0.092 0.777 - - 

P-values <0.050 are indicated in boldface type and those <0.100, in italics. 

Different letters indicate significant differences (Tukey’s HSD, P<0.050).  

All ratios are molar ratios. 

* Degrees of freedom for ANCOVA and ANOVA analyses, respectively. 

 

Table 4. Results of ANCOVA or ANOVA of effects of leaf and biofilm conditioning on consumers’ 

(Stenophylax and Physella, respectively) relative consumption rate (RCR) and relative growth rate 

(RGR). 

 Treatment DM (Covar) 

Variable df F P df F P 

Stenophylax       

RCR (mg · mg-1 · d-1) 2,23 16.037 <0.001 1,23 57.083 <0.001 

RGR (HW mm · HW mm-1 · d -1) 2,27 3.783 0.036 - - - 

Physella       

RCR (mg Chl · mg -1 · d-1) 1,13 67.058 <0.001 - - - 

RGR (mg · mg-1 · d-1) 1,15 0.303 0.590 - - - 

ANOVAs were used after excluding the non-significant (P>0.100) covariable (DM) 

from the model. Covar stands for covariable, HW, for head width and Chl, for 

Chlorophyll. 

P-values <0.050 are indicated in boldface. 
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Figure legends 

Fig. 1 Experimental design showing the number of weeks resources were conditioned in the stream water 

(in white) or exposed on the stream bank (in grey) for the different conditioning treatments (permanent 

flow [PERM], intermittent flow [INT], and dry flow [DRY, only for leaves]). Vertical arrows indicate the 

three sampling dates during the conditioning phase: predry (PreD), dry (D) and upon rewetting (R) 

 

Fig. 2 Effects of flow conditioning treatment (permanent flow [PERM], intermittent flow [INT], and dry 

flow [DRY]) and phase (predry [PreD], dry [D] and upon rewetting [R]) on poplar leaf quality 

parameters. Values are means ± SE (n=16–20). The shaded area corresponds to the period when the INT 

treatment was not submerged in the stream water 

 

Fig. 3 Effects of flow conditioning treatment (permanent flow [PERM], intermittent flow [INT]) and 

phase (predry [PreD], dry [D] and upon rewetting [R]) on biofilm quality parameters. Values are means ± 

SE (n=8–10). The shaded area corresponds to the period when the INT treatment was not submerged in 

the stream water 

 

Fig. 4 Effects of leaves and biofilm conditioning (permanent flow [PERM], intermittent flow [INT], and 

dry flow [DRY, only for leaves]) on consumers’ (Stenophylax and Physella, respectively) relative 

consumption rate (RCR; a, n=9–10 and c, n=6–9) and relative growth rate (RGR; b, n=10 and d, n=8–10). 

Values are means ± SE. The experiment lasted 28 days for Stenophylax and 14 days for Physella. 

Different letters indicate significant differences (Tukey’s HSD, P<0.050)  
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