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General Introduction

Climate change: evidence and future predictions

Effects on temperature and precipitation

Climate change is unequivocal 

almost worldwide since the late 19

+0.85ºC]; Fig. 1), and warming has 

unprecedented accrual of greenhouse gases in the atmosphere following industriali

(Hartmann et al. 2013). This has resulted in the last three decades being not only successively 

warmer but also the warmest registered. Moreover, since 1950, an augmentation of the length 

and frequency of heat waves has been registered, in 

warm days and nights, and a decrease in

Fig. 1  Observed surface tempe

where data availability permits a robust estimate (

complete records and more than 20% data availability in the first and last 10% of the time period). 

Other areas are white. Grid boxes where the trend is signi

a + sign. From IPCC (2013). 

Warming is predicted to continue till the end of the 21

climate scenarios (RCP 4.5, 6.0, 8.5), the global temperature

2ºC relative to the average values between 1850 and 1900

increases are not projected to be uniform across the globe; faster warming over land tha

is likely and Arctic regions are expected to be specially sensitive (Fig. 2). 

Introduction 

and future predictions 

Effects on temperature and precipitation 

unequivocal nowadays (IPCC 2013). Air temperature has increased 

almost worldwide since the late 19
th

 century (mean increase [range]: +0.78

), and warming has become accentuated, particularly since 

unprecedented accrual of greenhouse gases in the atmosphere following industriali

. This has resulted in the last three decades being not only successively 

warmer but also the warmest registered. Moreover, since 1950, an augmentation of the length 

and frequency of heat waves has been registered, in addition to an increase in the number of 

s and nights, and a decrease in cold ones (Hartmann et al. 2013). 

Observed surface temperature change from 1901 to 2012. Trends have been calculated 

here data availability permits a robust estimate (i.e. ,  only for grid boxes with greater than 70% 

complete records and more than 20% data availability in the first and last 10% of the time period). 

Other areas are white. Grid boxes where the trend is significant at the 10% level are indicated by 

Warming is predicted to continue till the end of the 21
st
 century and, according to most 

climate scenarios (RCP 4.5, 6.0, 8.5), the global temperature increase is expected to exceed 1.5

ge values between 1850 and 1900 (IPCC 2013; Fig. 2)

increases are not projected to be uniform across the globe; faster warming over land tha

Arctic regions are expected to be specially sensitive (Fig. 2).  
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. Air temperature has increased 

: +0.78ºC [from +0.72ºC to 

particularly since the 1970s, due to the 

unprecedented accrual of greenhouse gases in the atmosphere following industrialisation 

. This has resulted in the last three decades being not only successively 

warmer but also the warmest registered. Moreover, since 1950, an augmentation of the length 

addition to an increase in the number of 

.  

Trends have been calculated 

, only for grid boxes with greater than 70% 

complete records and more than 20% data availability in the first and last 10% of the time period). 

ficant at the 10% level are indicated by 

century and, according to most 

ase is expected to exceed 1.5-

(IPCC 2013; Fig. 2). However, 

increases are not projected to be uniform across the globe; faster warming over land than ocean 
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Fig. 2  Mean results in annual mean surface temperature change

RCP8.5 in 2081–2100 relative to

mean is small compared to natural internal variability (

natural internal variability in 20-

mean is large compared to natural internal variability (

natural internal variability in 20-

of change. From IPCC (2013). 

Fig. 3  (A) Observed precipitation change from 1901 to 2010 and from 1951 to 2010 (trends in 

annual accumulation calculated using the same criteria as 

percent change in annual mean precipitation

relative to 1986-2005. See Fig. 2 for hatching and stippling meaning. From 

Strong regional and subregional variability has been observed in changes in precipitation 

patterns during the last century (IPCC 2013)

events (mainly concentrated in win

northern hemispheres, drought increased in the Mediterranean, West

Asia (Hartmann et al. 2013; Fig. 3

between dry and wet regions, with increases in precipitation by the end of this century in many 

annual mean surface temperature change for the scenarios RCP2.6 and 

o 1986-2005. Hatching indicates regions where the multi

mean is small compared to natural internal variability (i .e. ,  less than one standard deviation of 

-year means). Stippling indicates regions where the multi

mean is large compared to natural internal variability ( i.e. ,  greater than two standard deviations of 

-year means) and where at least 90% of models agree on the sign 

) Observed precipitation change from 1901 to 2010 and from 1951 to 2010 (trends in 

annual accumulation calculated using the same criteria as in Fig. 1). (B) Mean results 

percent change in annual mean precipitation for the scenarios RCP2.6 and RCP8.5 in 208

. See Fig. 2 for hatching and stippling meaning. From IPCC (2013)

regional variability has been observed in changes in precipitation 

(IPCC 2013). While increases in precipitation and heavy rainfall 

events (mainly concentrated in winter) have been confirmed in mid-latitude areas from t

northern hemispheres, drought increased in the Mediterranean, West-Africa and, likely, East 

2013; Fig. 3A). Future precipitation predictions suggest a further 

between dry and wet regions, with increases in precipitation by the end of this century in many 

for the scenarios RCP2.6 and 

. Hatching indicates regions where the multi-model 

, less than one standard deviation of 

year means). Stippling indicates regions where the multi-model 

, greater than two standard deviations of 

least 90% of models agree on the sign 

) Observed precipitation change from 1901 to 2010 and from 1951 to 2010 (trends in 

) Mean results in average 

for the scenarios RCP2.6 and RCP8.5 in 2081–2100 

IPCC (2013).  

regional variability has been observed in changes in precipitation 

. While increases in precipitation and heavy rainfall 

latitude areas from the 

Africa and, likely, East 

suggest a further contrast 

between dry and wet regions, with increases in precipitation by the end of this century in many 
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mid-latitude wet regions but a decrease in many mid-latitude and subtropical dry regions (IPCC 

2013; Fig. 3B). 

 

Derived consequences for stream ecosystems  

Changes in precipitation and temperature (mainly through evaporation and riparian forest 

evapotranspiration) are expected to influence stream discharge. Stahl et al. (2010, 2012) found 

that stream flow decreased in small catchments in southern and eastern Europe, whereas it 

generally increased elsewhere in Europe. Therefore, climate change will most likely accentuate 

differences in discharge between wet and dry regions (Hartmann et al. 2013). Among these 

regions, the Mediterranean basin seems particularly susceptible, as both temperature and drought 

events are expected to keep increasing by the end of the 21
st
 century (IPCC 2013; Fig. 2 & 3B). 

Furthermore, these climatic effects on stream runoff can be exacerbated by human population 

growth and derived activities (i.e., irrigation, industry, damming, channelling, etc.; Malmqvist & 

Rundle 2002; Cooper et al. 2013). Consequently, more streams might face temporality by 

experiencing either flow intermittency or complete streambed drying. 

In addition to changes in stream discharge, climate warming will also raise stream water 

temperature. Particularly, increases in stream water temperatures of 0.6-1.0ºC for every degree of 

increase in air temperature have been predicted (Eaton & Scheller 1996; Morrill, Bales & 

Conklin 2005; Hari et al. 2006). 

 

Importance of headwater streams 

Despite occupying just 0.1% of the Earth’s surface and accounting for only 0.0001% of 

the water on Earth (Wetzel 2001), streams are complex and dynamic ecosystems, sheltering a 

wide diversity of processes and life forms, and closely interacting with adjacent ecosystems 

(Nakano & Murakami 2001; Baxter, Fausch & Saunders 2005; Allan & Castillo 2008; Fig. 4). 

Moreover, they are essential for human welfare as they provide humans with multiple and 

essential services and goods (Costanza et al. 1997; Meybeck 2003; Battin et al. 2008). 
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Fig. 4  Diagram showing the trophic relationships within the stream food web and its neighbouring 

riparian forest in a forested headwater stream (adapted from Baxter et al.  2005 and Allan & 

Castillo 2007). Autochthonous and allochthonous pathways are marked in green and red, 

respectively. Consumer-derived processes are shown by grey/black lines. Dashed lines indicate 

secondary fluxes of matter. OM = organic matter; DOM = dissolved organic matter; FBOM = Fine 

benthic organic matter; CBOM = Coarse benthic organic matter. The trophic relationships 

addressed in this thesis are highlighted in bold.  

Due to the hierarchical nature of fluvial networks, headwater streams represent 86-89% 

of the total channel length and generate most of the water flow (Leopold, Wolman & Miller 

1964; Downing 2012). In comparison to larger rivers, they are more biogeochemically reactive 

and more efficient at nutrient removal and have higher habitat diversity, allowing niche 

differentiation among inhabiting biota and providing physical (temperature, flow) and biological 

(predators, competitors) refuge (Lowe & Likens 2005; Meyer et al. 2007a; b). Because of their 

longitudinal gradient, headwater streams influence structure and function downstream, 

connecting upland and downstream ecosystems: they serve as a source of matter, energy and 

organisms (Freeman, Pringle & Jackson 2007; Alexander et al. 2007). Consequently, 

disturbances in the headwaters can potentially affect downstream reaches. Furthermore, 

headwater streams are highly vulnerable to impacts because they are relatively isolated and 

fragmented within terrestrial landscapes (Perkins et al. 2010b) and because of their 
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unidirectional flow and small size, which also causes them to have lower thermal and hydrologic 

buffering capacity (Sabater & Tockner 2010). 

When undisturbed, especially in temperate areas, headwater streams are generally 

oligotrophic and shaded by their riparian cover (Vannote et al. 1980). Consequently, 

autochthonous primary production (i.e., algae, bryophytes and in-stream macrophytes) is usually 

limited (Vannote et al. 1980; Acuña et al. 2004; Allan & Castillo 2008) and allochthonous 

sources (i.e., senesced riparian leaves [CBOM] and the accompanying riparian arthropods as 

well as leaching from soil and plant litter [DOM]) are the major sources of energy fuelling 

stream food webs (Wallace 1997; Kawaguchi, Taniguchi & Nakano 2003; Fig. 4). Even in open-

canopy streams, CBOM has been shown to be important for the inhabiting shredders 

(Leberfinger, Bohman & Herrmann 2011). However, allochthonous resources are of poorer 

nutritional quality (i.e., lower C:nutrient) than autochthonous ones (Cross et al. 2005), 

potentially limiting growth and secondary production in detritus based streams (Cross, Wallace 

& Rosemond 2007). As a consequence, consumers could shift their diet to maximise growth 

when higher quality resources are available (Junker & Cross 2014).  

 

Potential effects of climate change on stream resources and their consumers  

Stream ecosystems are especially vulnerable to climate change, with potential effects 

occurring at multiple levels of organisation (Woodward, Perkins & Brown 2010b; Fig. 5). Many 

of their inhabiting species are ectotherms and have restricted hydrological and thermal tolerances 

and are consequently sensitive to climatic changes. This situation might be exacerbated by the 

fact that the species ability to migrate to and colonise more favourable habitats can be 

constrained due to stream fragmentation and isolation within terrestrial ecosystems, thus 

potentially dampening community biodiversity and ecosystem functioning (Woodward et al. 

2010a). In addition, climate change can seriously affect freshwater food webs through changes in 

temperature, hydrology and resource quality and availability, modifying the strength and identity 

of trophic nodes (Perkins et al. 2010b). In this thesis, we will mainly focus on how climate-

induced changes in hydrology (drought) and temperature (warming) affect resource-consumer 

trophic interactions.  
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Fig. 5  Diagram showing potential climate derived impacts in a stream ecosystem at multiple 

levels of organisation. The effects studied in this thesis are highlighted in bold.  

 

Direct effects of increased water temperature on consumers 

Warming can directly affect ectotherm organisms at an individual level by increasing 

their metabolic rate (Gillooly et al. 2001; Brown et al. 2004). Metabolic rate is the rate of 

resource (i.e., energy and materials) uptake from the environment, transformation and allocation 

to survival and biological activities, such as growth, movement or reproduction (Brown et al. 

2004). It, therefore, sets the demands individuals place on their environment, while establishes 

constraints on the allocation of resources to the different components of fitness. 

According to the Metabolic Theory of Ecology (Brown et al. 2004), within a temperature 

range of 0ºC to 40ºC, metabolic rate (I) scales allometrically with body size and exponentially 

with temperature, following the Van’t Hoff-Arrhenius relationship:  

� ~ ��/��	
/�� 
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where M is an individual’s body mass, E is the activation energy, k is the Boltzmann’s constant, 

and T is absolute temperature in K. Consequently, metabolic demands of organisms increase 

with temperature and are higher for larger individuals.  

Because higher levels of organisation are ultimately composed of multiple interacting 

organisms, effects on individual organisms can have wider effects on food web structure and 

ecosystem functioning (Woodward et al. 2010b). Among others, changes in secondary 

production, energy fluxes through the food web, nutrient recycling and life-history traits of 

populations might arise from changes in metabolism, resulting in potential phenological 

mismatches between resources and consumers (Durant et al. 2005). 

 

Direct effects of drought on consumers 

In addition to direct effects on consumer metabolism, warming can also affect stream 

ecosystems, via increased evaporation and evapotranspiration, which can lead to stream flow 

fragmentation and even complete stream bed drying during drought episodes (IPCC 2013; Fig. 

4). These effects might be worsened in regions where a decrease in precipitation has also been 

forecasted (Fig. 3B). 

When stream flow is disrupted, not only is habitat availability reduced, but also its 

suitability might also be altered from physicochemical changes associated with watercourse 

fragmentation (Lake 2003). Reduced water velocity, increased sedimentation, changes in nutrient 

concentrations, toxicity of leachates, reduced dissolved oxygen levels or increased conductivity 

and water temperatures occurring in pools might impose a threshold on inhabiting biota (Boulton 

2003; Lake 2003; Dewson et al. 2007). Studies in intermittent streams have shown that 

macroinvertebrate densities increased just after flow cessation, despite a decrease in richness; 

this indicates that the physicochemical conditions in pools became limiting for many species, but 

might have favoured a few which in addition to the concentration effect due to reduced habitat 

availability, raised overall densities (Boulton 2003; Acuña et al. 2005). Apart from that, an 

increase in the predation pressure has also been observed in isolated pools (Boulton 2003; Acuña 

et al. 2005), highlighting the potential for structural and functional (energy flow) changes in food 

webs under drought conditions. 

However, the most critical stage for freshwater biota takes place due to surface water 

disappearance. Under these circumstances, the proximity of drought refuges as well as the 
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existence of desiccation-resistant stages or behavioural or life-history strategies on taxa are 

determinant to prevent negative effects on survival and next-year recruitment under severe 

drought conditions (Boulton 2003; Lytle & Poff 2004; Bonada, Rieradevall & Prat 2007b). 

 

Bottom-up effects of temperature and drought on consumers: Potential effects through the 

quality of resources and their availability 

In addition to direct effects on consumer metabolism and life cycle, both temperature and 

drought can indirectly affect consumers through changes in resource quality and abundance (Fig. 

5). Hydric stress during summer drought can anticipate leaf abscission from riparian forests 

(Acuña et al. 2007), leading to an accumulation of CBOM in the dry stream bed or in stagnant 

pools. In addition, warmer temperatures can increase algal biomass accrual (Ylla, Canhoto & 

Romaní 2014), whereas reduced flow, higher nutrient loads and warmer temperatures favour the 

appearance of filamentous algae in pools (Power, Holomuzki & Lowe 2013). 

Increases in stream temperature below an optimal threshold can stimulate microbial 

growth and activity (Gillooly et al. 2001; Dang et al. 2009; Ferreira & Chauvet 2011b). Through 

their enzymatic activities, microorganisms transform recalcitrant polymers into more easily 

assimilable carbon forms, enhancing resource nutritional value to secondary consumers 

(Cummins & Klug 1979; Graça 2001). Moreover, aquatic hyphomycetes colonizing leaves, are 

also considered themselves a source of N- and P-rich food for shredders (Graça 2001; Aßmann et 

al. 2011). Warmer temperatures are therefore expected to provide higher quality resources to 

stream food webs. 

However, antagonistic effects on the quality of basal resources might arise from stream 

flow fragmentation or disappearance because impaired water quality and intense leaching in 

pools (Lake 2003) can constrain microbial density and activity (Dieter et al. 2013; Romaní et al. 

2013). Similarly, shifts in water nutrient ratios will also most likely affect microbial activity and 

production, potentially altering the quality of basal resources (von Schiller et al. 2008, 2011; 

Ylla et al. 2010). Effects might be even more pronounced if streambed completely dries out 

given that drying negatively affects aquatic microbial communities in stream biofilms or 

colonizing leaves (Bruder, Chauvet & Gessner 2011; Romaní et al. 2013). For instance, lower 

polysaccharide, amino acid and lipid content has been observed in benthic resources of an 

intermittent stream upon rewetting (Ylla et al. 2010). Furthermore, biofilms following streambed 
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drying and leaves under simulated flow intermittence in a seasonal wetland resulted in lower 

carbon:nutrient ratios (Inkley, Wissinger & Baros 2008; Timoner et al. 2012).  

In spite of the plasticity in the elemental composition of resources, which can be 

influenced, by nutrient availability and microbial colonisation, among other factors (Cross et al. 

2005), consumers are more homeostatic (that is, less flexible) and must physiologically regulate 

their nutrient ratios within a narrower range (Sterner & Elser 2002; Persson et al. 2010). 

Ecological stoichiometry studies the balance of energy (carbon [C]) and multiple chemical 

elements (usually, nitrogen [N] and phosphorus [P]) in ecological interactions, particularly, in 

trophic relationships (Sterner & Elser 2002). Species evolutionary and physiological constraints 

(i.e., body structural constituents, body size and growth rate) determine the quantity of energy 

and the balance of elements needed for growth, reproduction, and maintenance (Sterner & Elser 

2002; Cross et al. 2005). Consumers are more nutrient rich (i.e., have lower C:nutrient ratios) 

than their potential food sources (Cross et al. 2005). Such dissimilarity between resource and 

consumer stoichiometry results in an elemental imbalance, which can limit consumer growth 

(Frost & Elser 2002; Fink & Von Elert 2006; Danger et al. 2013) and development (Tuchman et 

al. 2003). Moreover, if climate induced changes in the quality of resources do not provide a 

balanced supply of key elements to consumers, even more profound effects might arise due to 

the mismatch between increased consumer metabolic demands at warmer temperatures (Gillooly 

et al. 2001; Brown et al. 2004) and the unavailability of resources to meet them (Doi et al. 

2010).  

Consumers can use different behavioural or physiological adaptations to achieve the 

appropriate balance of elements (Frost et al. 2005; Hessen et al. 2013; Fig. 6). Nutrient 

limitations can be compensated by increasing feeding rates or by selectively feeding on more 

nutritious food (Frost et al. 2005). Physiological mechanisms include the adjustment of gut 

enzymatic activities to favour the digestion of the most limiting elements, as well as differential 

assimilation of digested elements (Frost, Xenopoulos & Larson 2004; Frost et al. 2005). 

Assimilated elements are primarily used for organism maintenance (Anderson et al. 2005). Other 

possible allocations comprise investment in reproductive structures, body structure or biomass 

production (Frost et al. 2005; Anderson et al. 2005) as well as, biomolecule synthesis, such as 

the P-rich ribosomal RNA which enables rapid growth rates (Elser et al. 2003). Finally, excess 

elements might be either stored or released back to the environment (Frost et al. 2005). Although 

little is known about the storage capacity of macroinvertebrates, insects have been described as 

being able to store excess P in their hemolymph (Woods et al. 2002) and some pelagic 
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crustaceans have been found to store excess C as lipids (Hessen & Anderson 2008). The release 

of excess elements can occur through egestion, excretion (most commonly of dissolved organic 

compounds) and/or higher respiration rates (Frost et al. 2005; Anderson et al. 2005). 

Fig. 6  Conceptual diagram of the behavioural and physiological mechanisms used by consumers to 

regulate a balanced supply of energy and nutrients. Arrow width indicates relative size of fluxes. 

Adapted from Frost et al.  (2005) and Hessen & Anderson (2008).  

Overall, if climate change alters the quantity and quality of basal resources, not only 

could bottom-up effects on consumer fitness and dynamics occur (Sterner & Elser 2002), but 

these effects might also extend to higher and lower trophic levels through changes in the amount 

of energy and materials transferred up the food web and consumer-driven nutrient cycling 

(Hessen et al. 2013).  
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Objectives 

The general aim of this thesis was to determine how climate-induced changes in stream 

hydrology (drought) and water temperature (warming) influence resource-consumer trophic 

interactions and consumer fitness in headwater streams.  

Table 1  Summary of the different aspects addressed in this thesis 

 Chapter 1 Chapter 2 Chapter 3 Chapter 4 

Effect tested Drought 
(Drying, Fragmentation, 

Recovery) 

Drought 
(Recovery) 

Temperature 
( +3ºC) 

Temperature (+5ºC) + 
Drought (Fragmentation) 

Study level Food web Biofilm – Herbivore 
CBOM - Shredder 

CBOM - Shredder CBOM - Shredder 

Response 
variables 

Resource availability and 
stoichiometry. 

Consumer stoichiometry 
and diet. 

Resource quality. 
Consumer stoichiometry 

and lipid content. 
Consumer consumption 

and growth. 

Resource quality. 
Consumer stoichiometry 

and lipid content. 
Consumer consumption, 

growth and pupation. 

Resource quality. 
Consumer stoichiometry 

and lipid and protein 
content. 

Consumer consumption, 
growth, condition and 

nutrient recycling. 
Duration 1 hydrologic year ∼4 months 

(Autumn) 
∼3 months 
(Spring) 

∼2 months 
(Summer) 

Experimental 
approach 

Field survey 
(Reach scale) 

Field conditioning 
(Reach scale) 

+ laboratory microcosms 

Field manipulation 
(Reach scale) 

Field conditioning 
(Reach scale) 

+ laboratory microcosms 

 

To achieve this goal, we have divided this thesis in four chapters (Table 1). In the first 

chapter, we studied seasonal changes in the stoichiometry of consumers and the relative 

importance of autochthonous versus allochthonous sources in fuelling the stream food web in an 

intermittent Mediterranean stream, and related these changes to the relative abundance and 

quality of basal resources. Mediterranean streams experience strong fluctuations in stream flow 

and water temperature throughout the year which lead to predictable summer droughts (Bonada 

& Resh, 2013). Understanding the effects of drought in these ecosystems might help to predict 

future effects on streams at risk of drying. In the following chapters, we focused on bottom-up 

effects of drought (flow fragmentation [Chapter 4] and flow recovery [Chapter 2]) through 

changes in resource quality, on consumer body composition and performance. In Chapter 3, we 

studied the effect of increased water temperature on leaf litter conditioning and shredder 

metabolism and performance whereas Chapter 4 addressed the simultaneous effect of drought 

(flow fragmentation) through resource quality and direct effects of temperature on shredder 

metabolism, performance and nutrient recycling. 
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In particular, the research questions addressed in each specific chapter were:  

1. How do stream drying, fragmentation and rewetting affect food web trophic interactions 

in a Mediterranean stream? We specifically assessed:  

� Changes in the relative availability of benthic basal resources and in their 

stoichiometry. 

� How these changes transferred up in the food web through (i) shifts in sources of 

autochthonous versus allochthonous organic matter fuelling aquatic food webs 

and (ii) the stoichiometric composition of consumers. 

 

2. How does simulated stream bed drying affect the quality of benthic autochthonous 

(epilithic biofilm) and allochthonous (leaf litter) resources? How do these changes impact 

on consumer (an herbivore and a shredder, respectively) consumption, chemical 

composition and growth? 

 

3. What effect does stream warming have on leaf litter quality? How does increased 

temperature influence on shredder feeding behaviour, body chemical composition, and 

performance? Which changes on detritivore performance are driven by direct effects on 

metabolism? 

 

4. How does flow fragmentation affect leaf litter quality? How do these changes affect 

shredder metabolism and nutrient cycling? Are these changes attenuated or accentuated at 

warmer temperatures? 
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Study sites 

To achieve the goals of this thesis, several field studies were conducted in three different 

stream reaches (Table 1). All of them are mostly undisturbed forested headwater streams located 

within the Iberian Peninsula (SW Europe; Fig. 1). Two of the study sites (Fuirosos and Santa Fe) 

are located within La Tordera river catchment (NE Iberian Peninsula), which drains into the 

Mediterranean Sea. This catchment is characterised by a typical Mediterranean climate with 

mild, humid winters and warm, dry summers. However, altitudinal differences between these 

two streams modulate precipitation, temperature and evapotranspiration regimes, resulting in 

contrasting stream hydrology. The third study site (Candal) is located within Mondego 

catchment (WC Iberian Peninsula), which drains into the Atlantic Ocean, and is under an 

Atlantic climate. 

Table 1.  Summary of the physical and geographic characteristics of the study sites 

 
Fuirosos Santa Fe Candal 

Geographic coordinates 41°41’ N, 2°34’ E 41°46’ N, 2°27’ E 40º 04’N, 8º12’W 

Altitude (m a.s.l.) 106-154 1.189 634 

Watershed area (km2) a 15.6 2.3 0.8 

Stream order 3rd 2nd 2nd 

Main land use Forested (Natural 
Park) 

Forested (Natural 
Park) 

Forested 

Riparian vegetation A. glutinosa, 
P. nigra, C. avellana 

F. sylvatica Q. robur , C. sativa 

Climate Mediterranean Mediterranean 
(Mountain) 

Atlantic 

Stream Temporality Temporal Permanent Permanent 
(Temporal)b 

Discharge (mean 
[range], L s-1) 

5-20 [0-500]c 15.9 [1.6-148.8]d 1.8 (108)e 

Nutrient status Oligotrophic Oligotrophic Oligotrophic 

Substratum composition Granitic; boulders, 
cobbles, gravel and 

sand 

Granitic; boulders, 
cobbles and gravel 

Schistose; pebbles, 
cobbles and sand 

Chapter 1, 2, 4 4 3 

aAt the study site. 
bHistorically, it flew through the year, but has dried up in the last summers (Ferreira et al. 
2013). 
cVázquez (2013). 
dVon Schiller et al. (2008). 
e1.8 L s-1 corresponds to mean discharge in the experimental channels, whereas 108 L s-1 is 
the mean stream discharge at a nearby site during our experiment. 
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Fuirosos 

Fuirosos is an intermittent third

154 m a.s.l) located in the Montnegre

15.6 km
2
 siliceous catchment, mostly 

Q. ilex L.), though coniferous and deciduous forests (

pubescens Willd.) are present in its upper sites 

very low during the last decades, and it 

management of open patches to increase biodiversity

However, since autumn 2010, management by 

activity in the valley, mainly through pasture

(Platanus acerifolia Aiton-Willd.

studied Fuirosos for more than 15 years

hydrology, biogeochemistry, ecology and riparian processes 

2002; Acuña et al. 2005, 2007; Artigas 

al. 2012). 

Monthly mean temperature ranges from 4°C (December) to 28

precipitation (650 mm year
-1

) mostly occurs in autumn and spring, with occasional summer 

storms (Bernal et al. 2002). These climatic conditions 

hydrological regime. Baseline water flow ranges from 5 to 20 L s

increase stream flow by 100 times 

completely dries up in summer (from July/August to September/October

terrestrial phase can last from several weeks up to months 

 

 

 

 

 

Fig. 1  Location of the different 

study sites within the Iberian 

Peninsula.  

Fuirosos is an intermittent third-order Mediterranean stream (41° 41’ N, 2° 34’ E; 106

ontnegre-Corredor Natural Park, NE Iberian Peninsula

siliceous catchment, mostly forested with evergreen oaks (Quercus suber

and deciduous forests (Castanea sativa Mill. and 

d.) are present in its upper sites (Acuña et al. 2007). Human activity has been 

very low during the last decades, and it has been basically reduced to small forest plantations 

management of open patches to increase biodiversity. Industrial activities are 

since autumn 2010, management by the Diputació de Barcelona has promoted human 

activity in the valley, mainly through pasture and clearcut of some riparian 

Willd., Populus nigra L. and Pinus sp.). Many re

for more than 15 years, providing a background of valuable information on its 

hydrology, biogeochemistry, ecology and riparian processes (e.g., Bernal, Butturini & Sabater 

2005, 2007; Artigas et al. 2009; Gaudes, Artigas & Muñoz 2010; Vazquez 

mean temperature ranges from 4°C (December) to 28°C (July

) mostly occurs in autumn and spring, with occasional summer 

. These climatic conditions greatly influence 

hydrological regime. Baseline water flow ranges from 5 to 20 L s
-1

, although seasonal spates can 

increase stream flow by 100 times (Vázquez 2013). Except for the wettest years, 

completely dries up in summer (from July/August to September/October

ase can last from several weeks up to months (Vázquez 2013). 

Location of the different 

study sites within the Iberian 

order Mediterranean stream (41° 41’ N, 2° 34’ E; 106-

NE Iberian Peninsula. It drains a 

Quercus suber L. and 

Mill. and Quercus 

. Human activity has been 

basically reduced to small forest plantations and 

ndustrial activities are nonexistent. 

Diputació de Barcelona has promoted human 

some riparian and forest species 

esearch groups have 

, providing a background of valuable information on its 

Bernal, Butturini & Sabater 

s & Muñoz 2010; Vazquez et 

°C (July-August) and 

) mostly occurs in autumn and spring, with occasional summer 

influence the Fuirosos 

, although seasonal spates can 

. Except for the wettest years, the stream bed 

completely dries up in summer (from July/August to September/October; Fig. 2) and this 



 

Fig. 2  Fuirosos stream. View of the study reach on different hydrological phases

during the drying phase, when light reaches the streambed; (

riffles dry up (C) and water 

completely dry; and (F) recovery phase in autumn, 

This oligotrophic stream is surrounded by dense r

reaches was dominated by alder (

avellana L.) and, to a lesser extent, holm oak (

riparian vegetation occurs between summer (because of water stress in the riparian forest) and 

autumn (Acuña et al. 2007). L

in winter and spring when the forest canopy is open 

2011). Streambed morphology alternates between riffles and pools, the former composed of 

rocks, boulders and cobbles, while 

  

Santa Fe 

Santa Fe is a permanent 

46’ 48’’ N, 2° 27’ 15’’ E; 1189 m a.s.l.), NE Iberian Peninsula. At the study site, it drains a 2.3

km
2
 siliceous catchment, mostly forested with beech (

Fuirosos stream. View of the study reach on different hydrological phases

hen light reaches the streambed; (B-D) fragmentation phase,

)  and water remains only in pools; (E) terrestrial phase

recovery phase in autumn, coinciding with leaf abscission

This oligotrophic stream is surrounded by dense riparian vegetation, which at the study 

reaches was dominated by alder (Alnus glutinosa L.), black poplar (P. nigra

L.) and, to a lesser extent, holm oak (Q. ilex L.). Main terrestrial OM input from the 

s between summer (because of water stress in the riparian forest) and 

Light incidence is generally low (<20 µmol photons m

in winter and spring when the forest canopy is open (>50 µmol photons m

. Streambed morphology alternates between riffles and pools, the former composed of 

rocks, boulders and cobbles, while gravel and sand accumulat in pools. 

is a permanent second-order stream located in the Montseny Natural Park (41° 

1189 m a.s.l.), NE Iberian Peninsula. At the study site, it drains a 2.3

siliceous catchment, mostly forested with beech (Fagus sylvatica L.) and, at its valley head
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Fuirosos stream. View of the study reach on different hydrological phases: (A) early spring 

) fragmentation phase, when 

) terrestrial phase, with the streambed 

coinciding with leaf abscission.  

iparian vegetation, which at the study 

nigra L.), hazel (Corylus 

L.). Main terrestrial OM input from the 

s between summer (because of water stress in the riparian forest) and 

µmol photons m
-2

 s
-1

) except 

µmol photons m
-2

 s
-1

; Sabater et al. 

. Streambed morphology alternates between riffles and pools, the former composed of 

order stream located in the Montseny Natural Park (41° 

1189 m a.s.l.), NE Iberian Peninsula. At the study site, it drains a 2.3-

L.) and, at its valley head, 
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also with silver fir (Abies alba Mill.

shepherding. Industrial activities are 

The monthly mean temperature in the area ranges from 3

August), and the annual precipitation is approximately 900 mm, mostly concentrated in autumn 

and spring. Mean annual stream flow, which is continuous throughout the year, is ~16 L s

although, like most Mediterranean streams, 

conditions (1.6-148.8 L s
-1

; von Schiller 

reach, is flanked by beech and flows through steep banks

streambed (Fig. 3). The greatest 

autumn following leaf abscission, 

year round; consequently, lateral inputs might occur thorough the year. 

alternates between riffles and pools, the former composed of rocks

accumulates in pools. 

 Fig. 3  Santa Fe stream. Detail of 

 

Candal 

Candal is a second order stream located in Serra da Lousã (

11.16’’ W, 634 m a.s.l.), WC Iberian Peninsula

rainny cold winters and warmer summers. 

covered by a native mixed deciduous forest, mainly

chestnut (C. sativa). Human activity in the catchment is reduced to dispersed shepherding, some 

forestry management and recreational use, mostly in summer. This oligotrophic stream

through schistose substrate, dominated by 

Mill.). Human activity is low, mainly recreational with occasional 

shepherding. Industrial activities are nonexistent.  

The monthly mean temperature in the area ranges from 3°C (January) to 20

August), and the annual precipitation is approximately 900 mm, mostly concentrated in autumn 

and spring. Mean annual stream flow, which is continuous throughout the year, is ~16 L s

ranean streams, this fluctuates greatly according to climatic 

von Schiller et al. 2008). The stream is oligotrophic and, at the study 

reach, is flanked by beech and flows through steep banks, which limit the light that reaches the 

The greatest terrestrial OM input from the riparian vegetation occurs 

following leaf abscission, although leaves remain accumulated in the stream bank all 

lateral inputs might occur thorough the year. Streambed morphology 

een riffles and pools, the former composed of rocks and boulders, while 

Santa Fe stream. Detail of (A) a riffle and (B) a pool.  

Candal is a second order stream located in Serra da Lousã (40º 04’

Iberian Peninsula. The stream is under an atlantic 

rainny cold winters and warmer summers. At the study site, it drains a catchment of 0.8 km

native mixed deciduous forest, mainly composed of oak (Quercus robur

Human activity in the catchment is reduced to dispersed shepherding, some 

forestry management and recreational use, mostly in summer. This oligotrophic stream

, dominated by pebbles, cobbles and sand. The stream, which had a 

. Human activity is low, mainly recreational with occasional 

(January) to 20°C (July-

August), and the annual precipitation is approximately 900 mm, mostly concentrated in autumn 

and spring. Mean annual stream flow, which is continuous throughout the year, is ~16 L s
-1

, 

ording to climatic 

The stream is oligotrophic and, at the study 

the light that reaches the 

terrestrial OM input from the riparian vegetation occurs in 

though leaves remain accumulated in the stream bank all 

Streambed morphology 

boulders, while gravel 

04’ 48.10’’ N, 8º 12’ 

The stream is under an atlantic influence, with 

t drains a catchment of 0.8 km
-2

, 

Quercus robur L.) and 

Human activity in the catchment is reduced to dispersed shepherding, some 

forestry management and recreational use, mostly in summer. This oligotrophic stream flows 

. The stream, which had a 



 

mean flow of 0.108 ± 0.023 m

dried up in the last summers, due to warmer and drier climatic conditions 

To study the effects of increased water temperature 

performance (Chapter 3), we took advantage of a field manipulation 

the University of Coimbra (Canhoto, de Lima & Traça

stream reach, the stream bed had been divided in two parallel channels (

cm deep) in order to apply a 3ºC increase in water temperature in one of the halves. 

was collected upstream from the

provided with electrical resistors that allowed warming of the water flowing through. The water 

was supplied to the stream halves through two independent pipes

half was regulated with valves.

2010- March 2011) before switching on the heating system.

Fig. 4  Candal stream. Detail of the 

  

mean flow of 0.108 ± 0.023 m
3
 s

-1
 during our study, usually flows through

dried up in the last summers, due to warmer and drier climatic conditions (Ferreira 

To study the effects of increased water temperature on resource quality and detritivore 

performance (Chapter 3), we took advantage of a field manipulation experiment 

(Canhoto, de Lima & Traça de Almeida 2013

stream bed had been divided in two parallel channels (~50 cm wide and 5 to 10 

in order to apply a 3ºC increase in water temperature in one of the halves. 

the study reach and supplied to two stainless still tanks, one of them 

provided with electrical resistors that allowed warming of the water flowing through. The water 

was supplied to the stream halves through two independent pipes, and flow (~ 2

half was regulated with valves. The two stream halves had been monitored for one year

March 2011) before switching on the heating system. 

Candal stream. Detail of the whole-reach manipulation. Photo credit: Cristina Canhoto.
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during our study, usually flows throughout the year, but has 

(Ferreira et al. 2013). 

quality and detritivore 

experiment conducted by 

de Almeida 2013; Fig. 4). In a 22-m 

~50 cm wide and 5 to 10 

in order to apply a 3ºC increase in water temperature in one of the halves. Stream water 

study reach and supplied to two stainless still tanks, one of them 

provided with electrical resistors that allowed warming of the water flowing through. The water 

and flow (~ 2 L s
-1

) in each 

stream halves had been monitored for one year (March 

reach manipulation. Photo credit: Cristina Canhoto.  





 

 

 

 

 

 

 

CHAPTER 1:  

Effects of flow decrease, disruption 

and recovery on the stoichiometry of 

invertebrate consumers and the 

resources fuelling the food web in a 

temporary Mediterranean stream  
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Abstract 

Mediterranean streams are really fluctuating ecosystems characterised by predictable summer droughts 

which often involve flow intermittency. Understanding the effects of stream drying, fragmentation and 

recovery on their structure and functioning is necessary not only to preserve such unique ecosystems, but 

also to predict consequences for streams at risk of drying out under the global change scenario. We 

studied the temporal changes in the relative availability and stoichiometry (C:N, C:P and N:P ratios) of 

benthic resources (CBOM, FBOM, epilithic and epipsammic biofilms and mosses and filamentous algae 

when available) and how this influenced the stoichiometry of their consumers (herbivores, collectors, 

shredders and predators) and the importance of allochthonous versus autochthonous sources fuelling the 

food web in a temporary Mediterranean stream. The stream food web was mostly reliant on allochthonous 

resources throughout the hydrologic phases. However, most consumers complemented their diet with 

autochthonous resources when they became more prolific: during the drying phase and, secondly, during 

pool isolation. This shift in resources availability was driven by changes in stream flow and riparian tree 

phenology, which determined the sunlight reaching the streambed. Hydrology also determined minor 

changes in resources stoichiometry, mostly related to changes in P content due to microbial conditioning. 

Nevertheless, these changes were not related to shifts in consumer stoichiometry, which were 

characterised by an abrupt decrease in C:P ratios for most taxa at flow disruption and upon rewetting. 

These changes indicated taxa were rheostatic and were likely associated with an increase of early stages 

of R-strategists, with high P-demands for rapid growth and colonisation of new habitats. Supplementation 

of consumer diet with more nutritious food items, as well as the P enrichment of some basal resources 

prior to stream fragmentation, might have been important to alleviate nutrient imbalances prior to insect 

emergence. Our results suggest that droughts affecting stream flow intermittency and alterations in 

riparian tree phenology will affect the fluxes of matter transferred up in the food web and the life history 

of consumers in forested headwater streams. 
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Introduction 

Mediterranean streams are really fluctuating ecosystems with strong variations in stream 

flow and water temperature throughout the year and are characterised by predictable summer 

droughts (Gasith & Resh 1999). These droughts are naturally occurring phenomena owing to 

Mediterranean climatic conditions (Bonada & Resh 2013) and their duration and severity can 

vary from a decrease in stream discharge to flow disruption, pool isolation or complete water 

loss (Lake 2003). Such reductions in stream flow cause prolonged stress on inhabiting biota 

(Boulton 2003; Lake 2003). Therefore, understanding the effects of drying in ecosystem 

functioning is not only necessary to preserve such ecologically unique and vulnerable 

ecosystems (Bonada & Resh 2013; Acuña et al. 2014), but also to predict and mitigate potential 

effects of increased water scarcity due to increased anthropogenic water demand (Sabater & 

Tockner 2010) and climate change predictions in some regions (IPCC 2013), which might result 

in more streams at risk of drying. 

As streams dry out, water velocity and oxygen levels decrease, sedimentation and 

temperature increase, and nutrient concentrations vary (Lake 2003; Dewson et al. 2007; von 

Schiller et al. 2011). These changes can influence microbial community composition and activity 

(Ferreira & Chauvet 2011; Dieter et al. 2011; Romaní et al. 2013), leading to substantial 

alterations in organic matter processing and quality (Acuña et al. 2007; Ylla et al. 2010). 

However, changes in organic matter nutritional quality and stoichiometry due to hydrological 

drought have been only partly studied (Timoner et al. 2012).  

Hydric stress can also anticipate leaf abscission from riparian forests (Acuña et al. 2007), 

which accumulate in isolated pools or in the dry streambed (Lake 2003). Detrital allochthonous 

organic matter is the main source of energy fuelling aquatic food webs in many forested 

headwater streams (Vannote et al. 1980; Wallace 1997), where light availability limits 

autochthonous production (Lamberti & Steinman 1997; Ylla, Romaní & Sabater 2007). 

However, in Mediterranean streams, conditions during spring, when leaf emergence in riparian 

trees has not yet occurred and day sunlight hours are longer, might favour instream autotrophic 

production (Artigas et al. 2009). These autochthonous resources (mostly algal biofilm) have 

higher nutritional quality (lower carbon:nutrient ratios) than allochthonous detritus (Cross et al. 

2005). Therefore, both changes in the relative abundance of autochthonous versus allochthonous 

resources and changes within the same resource due to the stream drying and the associated 
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abiotic changes can result in temporal differences in the quality of resources available to higher 

trophic levels and thus determine the trophic base of these riverine ecosystems. 

Organisms in Mediterranean streams, as well as other intermittent streams, need to be 

adapted to drought, especially if water flow is completely interrupted and the stream bed totally 

dries out (Williams 1996; Boulton 2003; Bonada, Dolédec & Statzner 2007). When drying 

events are predictable, such as seasonal droughts, macroinvertebrates synchronise their life-cycle 

(growth, reproduction, emergence and diapauses) with expected stream hydrology (Lytle & Poff 

2004). Consequently, consumers might face different temporal nutritional demands according to 

their life-cycle stage and depending on whether resources will be preferentially located for 

growth, metamorphosis or reproduction. For instance, higher phosphorus (P) content has been 

reported in the early developmental stages of mayflies and caddisflies (Frost & Elser 2002; Back 

et al. 2008; Veldboom & Haro 2011; Back & King 2013). In some species, % P also rose in their 

later development stages, prior to pupation or reproduction (Veldboom & Haro 2011) .  

The extent to which quality of the available resources can satisfy consumers’ nutritional 

demands can have consequences for consumers’ fitness (Sterner & Elser 2002). Ecological 

stoichiometry studies the elemental balance (usually carbon [C], nitrogen [N] and phosphorus 

[P]) between consumers and their food (Sterner & Elser 2002). Autotrophs can vary their 

elemental composition according to fluctuations in nutrient availability, in contrast to 

heterotrophs, which are considered homeostatic; that is, they have a more strict elemental 

composition (Sterner & Elser 2002; Cross et al. 2005). Therefore, consumers are not expected to 

passively reflect the elemental composition of their food sources, and differences in the 

elemental composition of resources can thus lead to nutritional imbalance between resources and 

their consumers. Consumers can regulate their homeostasis behaviourally, by feeding on more 

nutritious food or increasing their feeding rates, or physiologically, by selectively retaining the 

most limiting elements and releasing the ones in excess (Frost et al. 2005; Hessen et al. 2013). 

However, some studies have shown how organisms shifted their elemental composition in 

response to their food quality (e.g., Cross et al. 2003; Liess & Hillebrand 2005; Lauridsen et al. 

2012). The extent to which consumers are able to regulate their homeostasis will not only 

determine their fitness and performance (Frost et al. 2005), but also the amount and quality of 

resources available to higher trophic levels (Elser et al. 2003; Cross et al. 2005) and to lower 

ones through nutrient recycling (Bowman, Chambers & Schindler 2005; Evans-White & 

Lamberti 2006; Rothlisberger, Baker & Frost 2008). 
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This study aimed to elucidate how seasonal changes and flow intermittency affected food 

web trophic interactions in a Mediterranean stream. We hypothesised temporal changes in the 

relative abundance and nutritional quality of basal resources. Specifically, we expect autotroph 

resources to be more abundant during the drying phase, whereas conditions in pools (warmer 

temperature and higher nutrient concentration in water), as well as longer resources conditioning 

time, would increase resources quality in this phase. Therefore, resource-consumer imbalances 

would be lower in pools and higher upon rewetting. We expect consumers to partly shift their 

diet to incorporate higher quality resources when available. Finally, we hypothesised that 

consumers would be homeostatic despite changes in their resources quality. However, changes in 

their stoichiometry in response to physiological changes are expected during the fragmentation 

phase.  

 

Methods 

Study site 

The study was performed in Fuirosos, a third-order intermittent stream in the Montnegre–

Corredor Natural Park, NE Iberian Peninsula. Fuirosos drains a 15.6-km
2
 forested, siliceous 

catchment, mostly covered with evergreen oaks (Quercus ilex L. and Quercus suber L.), 

although deciduous forests of chestnut (Castanea sativa Mill.) and oak (Quercus pubescens 

Wild.) occur at higher elevations. The climate is typically Mediterranean, with mild winters and 

warm spring and summers. Precipitation is concentrated in autumn and spring, although 

occasional summer storms might also occur. Main stream flow ranges from 5 to 20 L s
-1

 and, 

with the exception of the wettest years, the stream bed usually dries up in summer (Sabater et al. 

2011). Sampling was carried out in a 100-m reach (41º 14’ 46’’ N, 2º 34’ 47’’ E; 134 m a.s.l.) 

flanked by alder (Alnus glutinosa L.), black poplar (Populus nigra L.), hazel (Corylus avellana 

L.) and holm oak (Quercus ilex L.). Streambed morphology alternates riffles and pools. Boulders 

and cobbles dominate riffles, while sand and gravel accumulate in pools. Main terrestrial OM 

input from the riparian vegetation occurs between summer (because of water stress in the 

riparian forest) and autumn. Light incidence is generally low, except in winter and spring when 

the forest canopy is open (Acuña et al. 2004).  
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Field Sampling 

The study lasted from March 2009 to January 2010 and comprised 3 main sampling 

periods or phases: (a) drying phase, in which stream flow decreased until disconnection (March-

June); (b) fragmentation phase, in which stream was reduced to isolated pools (July); and (c) 

recovery phase, which initiated after flow recovery, following the first autumnal rains, and lasted 

until basal discharge was resumed (November-January). Each phase was surveyed on three 

different dates. 

On each sampling occasion, we visually estimated the relative cover (%) of benthic 

resources (i.e., epilithic biofilm, epipsammic biofilm, coarse benthic organic matter [CBOM], 

fine benthic organic matter [FBOM] and bryophytes, when available) every 20 cm along 10 

equidistant transects. According to their availability, three to five replicates of each benthic 

substratum were randomly collected. Benthic particulate organic matter was sampled with a 115-

cm
2
 core and, after removing all visible organisms, subsequently filtered through 1and 0.1-mm 

mesh net. Materials retained by the 1-mm mesh were considered CBOM and those within 1 and 

0.1 mm, FBOM. Epipsammic biofilm was collected using a 2-cm depth core (4.3 cm in 

diameter) and subsamples consisted of 1 mL volume recovered using an untapped syringe (1.2 

cm in diameter). Epilithic biofilm was collected from cobbles directly taken from the streambed. 

Bryophyte samples were obtained by collecting the biomass contained within a 4-cm
2
 square. 

When available, we also collected filamentous algae by hand, detaching them from the 

streambed if necessary. All samples were kept in polyethylene containers and transported 

refrigerated to the laboratory.  

Macroinvertebrates were also sampled on each sampling date by a combination of visual 

searching and kick-sampling in an attempt to also collect small-sized but representative taxa of 

this Mediterranean stream. Invertebrate samples were placed in jars and transported refrigerated 

to the laboratory. Larger predators were kept individually in separate containers. In June 2009, 

we also sampled fish by electrofishing with a Smith-Root backpack engine (200–350 V, 2–3 A 

fully rectified triphasic DC). Due to the low fish abundance in the stream (Mas-Martí et al. 

2010), 6 reaches covering a total longitude of 885 m were sampled. However, only 2 specimens 

of Squalius laietanus (Doadrio, Kottelat & de Sostoa) were caught, which were returned to the 

stream and not considered in this study due to their low representativity.  

Dissolved oxygen, temperature and conductivity were also measured in the field with 

portable meters (Hach multi HQ40d, Loveland, USA and Cond 340i/SET, WTW, Weilheim, 
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Germany). Discharge was measured by mass balance calculations using the “slug” chloride 

addition method (Vázquez 2013). Long-term daily data on air temperature and rainfall were 

obtained from a weather station (Pla de la Tanyada, Diputació de Barcelona) near the sampling 

site. 

 

Sample processing 

At the laboratory, subsamples for epipsammic biofilm chlorophyll determination were 

immediately frozen. Detachment of the epipsammic biofilms from their benthic substratum for 

isotopic and stoichiometric analyses was achieved by immersing sand subsamples into 20 mL of 

UV-purified water and sonicating them for 2 min (Selecta sonication bath at 150 W and 50 Hz). 

A second extraction was repeated when necessary. Cobbles were immersed in a known volume 

of UV-purified water and scraped with a toothbrush. An aliquot of the extracted and 

homogenised biofilm was filtered (GF/F Whatman) and frozen for further chlorophyll analysis. 

The slurry of the extracted biofilm was placed in glass vials and dried at 60ºC until complete 

water evaporation. When available, filamentous algae were also dried following their 

identification under a dissecting microscope and removal of attached detritus and sediment. 

Bryophyte, CBOM and FBOM samples were also dried at 60ºC to constant weight. Afterwards, 

samples were weighed to estimate benthic organic matter (BOM) standing stock. Because 

aquatic biofilms are composed of a mixture of autochthonous (i.e., algae, bacteria, fungi) and 

allochthonous compartments (i.e., detritus) contained within a gelatinous polysaccharide matrix 

(Allan & Castillo 2008) and we were more interested in the contribution of the autochthonous 

compartment, epilithic and epipsammic biofilm standing stock was estimated from chlorophyll 

analyses, as the algal biomass in these compartments is much higher than the heterotrophic one 

(Artigas et al. 2009).  

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

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

sonicated to insure 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 & Humphrey (1975). Algal 

biomass in terms of carbon was calculated assuming a carbon:chlorophyll-a ratio of 60 (Geider 

& Mac Intyre 1996). 
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Macroinvertebrates were sorted and identified alive within the next 2 days. Identified 

individuals were kept alive in containers for a minimum of 24 h to allow them to void their 

digestive tracts. If inspection under a dissecting microscope revealed digestive tracks had not 

been completely evacuated, individuals were dissected to remove the gut and prevent 

contamination from unassimilated food contents. Each replicate sample consisted of a single 

individual if consumers were large enough (i.e., Plecoptera, Trichoptera, Odonata and 

Hemiptera), whereas for smaller invertebrates (i.e., Diptera, Mollusca, Oligochaeta, most 

Coleoptera, Ephemeroptera and Tricladida) composite samples of whole individuals of the same 

taxa were used as replicates to achieve the minimal weight required for stable isotope analyses 

(SIA; 1–2 mg). All samples were dried at 60ºC to constant weight. All caddisfly larvae and snails 

had their cases and shells removed prior to drying. Taxa processed for analysis were chosen 

based on their FFG and commonality of occurrence between sampling dates (at least three 

samples had to be available, corresponding to, at least, two different phases; Table S1).  

Dried samples of BOM and macroinvertebrates were ground and homogenised and 

subsamples used for SIA and P determination. SIA analyses were performed with a 

Flash1112EA elemental analyser coupled to a Delta C isotope ratio mass spectrophotometer 

(Thermofisher Scientific). Stable isotope ratios (
13

C⁄ 
12

C [δ
13

C] and 
15

N⁄ 
14

N [δ
15

N]) were 

calculated as parts per thousand (‰) relative to the international standards (Pee Dee belemnite 

for C, and atmospheric N for N). C and N content were measured during SIA. Total phosphorus 

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

(110°C for 90 min; Koroleff & Weinheimer, 1983) and posterior determination of total 

phosphate concentrations (SRP) by the ascorbic acid method (APHA 1989). When available, 

three replicates per date and taxa (or resource type) were analysed. 

 

Relationship between consumers and resources stoichiometry 

All elemental ratios (C:N:P) reported are molar. To compare consumers’ stoichiometry 

with that of their potential resources, we classified macroinvertebrates into functional feeding 

groups (FFGs). Diet of invertebrates was inferred from Tachet et al. (2000) (Type of nutrition 

trait) and previous data of gut content analysis from the same stream (unpublished data), and 

assigned to the following FFGs: herbivore (HB), if they feed on living autochthonous material 

(i.e., algae, macrophyte, bryophyte); collector-gatherer (COLL), when feeding on FBOM (<1 

mm); shredder (SH), when feeding on CBOM (>1 mm); and predator (PR), when feeding on 
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other animals. Assignation to FFGs according to the food eaten was preferred to assess 

consumer-resource imbalances more accurately, rather than the traditional mode of feeding 

approach (which classifies organisms based on morpho-behavioural mechanisms of food 

acquisition). Elemental imbalances were calculated as the arithmetic difference in elemental 

ratios between consumers and their putative resources (Sterner & Elser 2002; Cross et al. 2003). 

To test whether consumers’ stoichiometry passively reflected the contents of their potential 

resources (i.e., they were not homeostatic), we plotted the log elemental ratio of consumer diet 

(resource) against the log elemental ratio of consumer. A resulting significant slope of ~1 would 

indicate consumer elemental ratios passively reflected their diet counterparts, whereas a small 

slope would indicate a strong homeostatic regulation (Sterner & Elser 2002). Non-significant 

regressions would either indicate strict homeostasis or changes in consumer stoichiometry 

independent of resources stoichiometry (Persson et al. 2010).  

 

Stable isotope mixing model 

Relative contributions of autochthonous (epilithic biofilm) and allochthonous (CBOM) 

resources in consumers were calculated using the SIAR (stable isotope analysis in R) package 

ver. 4.2 (Parnell et al. 2010) in R 3.1.0. The SIAR is a Bayesian isotope mixing model that 

accounts for the uncertainties associated with sources and individual isotope signature 

estimations and fractionation factors. Because the δ
13

C of CPOM and epilithic biofilm 

overlapped for most sampling dates (see results), only δ
15

N signatures could be used to estimate 

basal resources contribution to consumers’ diet (after Nyström et al. 2006 and Hladyz et al. 

2011). Differences in δ
15

N signatures between resources (mosses, epilithic biofilm, filamentous 

algae and CBOM) at each sampling date were analysed by one-factor ANOVA, followed by 

Tukey’s post-hoc multicomparison tests. FBOM and epipsammic biofilm were not included as 

possible end members, as their isotopic signatures reflected a mixture between autochthonous 

and allochthonous sources (Allan & Castillo 2008; see results). Results indicated significantly 

different signals for CBOM, epilithic biofilm and filamentous algae, but not between epilithic 

biofilm and mosses. Because biplots (see results) and preliminary 3-source mixing models, using 

δ
13

C and δ
15

N isotopic signatures and mosses and epilithic biofilm and CBOM as end members, 

showed little contribution of mosses to consumers’ diet, epilithic biofilm and CBOM were 

chosen as autochthonous and allochthonous resources end members, respectively. Thus, a 2-

sources mixing model was run for each date, except for the fragmentation phase, where a single 
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3-sources mixing model, also including filamentous algae, was run. As neither resources nor taxa 

isotopic signatures significantly differed between dates within the fragmentation phase 

(ANOVAs, P >0.050) and samples were collected within two weeks, only one model was run for 

the whole phase using the mean (± SD) values for the different taxa and resources. The SIAR 

mixing model was run for 500,000 iterations, discarding the first 50,000 samples. To correct for 

trophic enrichment, a fractionation factor of 2.3 (± 0.3) ‰ for δ
15

N was used (McCutchan et al. 

2003). Fractionation factors were doubled when consumers were predators. 

 

Data analysis 

Differences in resources availability (g C m
-2

 reach) and stoichiometry (% C, N, P and 

stoichiometric ratios) were analysed by a two-factor factorial ANOVA with resource type 

(mosses, epilithic biofilm, epipsammic biofilm, FBOM and CBOM) and sampling date as fixed 

effects factors.  

Differences in consumers’ stoichiometry (% C, N, P and stoichiometric ratios) were 

analysed using a mixed linear model with FFGs and sampling date as fixed effects and crossed 

factors and consumer taxa as a random effects factor. To test for differences in consumer 

stoichiometry over time within each FFG, a model for each FFG was subsequently run with 

sampling date as a fixed effects and consumer taxa as a random effects factor. The restricted 

maximum likelihood estimation (REML) method was used to solve the models. The same 

models were applied to analyse differences in consumers’ CBOM and epilithic biofilm 

assimilation (mixing model output). Changes in CBOM indicated differences in allochthonous 

versus autochthonous resource contribution to diet. Consequently, when results from CBOM and 

epilithic biofilm models differed, differences were interpreted as an important contribution of 

filamentous algae to diet when available. 

To explore how the availability (CBOM and epilithic biofilm; g C m
-2

 reach) and quality 

(CBOM and epilithic biofilm C:N and C:P ratios) of different resources were related to changes 

in the contribution of allochthonous resources to consumers’ diet, we built all possible linear 

models involving these variables and their pairwise interactions for each FFG using the glmulti 

package in R (Calcagno 2013). Models were limited to five or fewer predictors and interaction 

terms were only included if the variables involved were also included as main terms. N:P ratios 

of resources were not included as predictor variables, as they were significantly correlated to the 
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C:P ratios (Pearson’s coefficient >0.7, P <0.050). Best models were identified using the AICc 

criterion. When the best model included more than one variable, the relative importance of each 

variable was estimated by r
2
 partition (metric lmg) using the R package relaimpo (Grömping 

2006). 

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 analyses were performed using 

IBM SPSS Statistics 20 software for Windows (SPSS Inc., Chicago, IL, USA) and the mixed 

linear models using the R packages lme4 (Bates et al. 2014) and lmerTest (Kuznetsova, 

Brockhoff & Bojesen Christensen 2014) in software R, version 3.1.0 (R Development Core 

Team 2011). 

 

 

 

Fig. 1  Temporal variation (March 

2009 – January 2010) in (A) mean 

daily rainfall and air temperature 

and in (B) stream discharge, water 

temperature, dissolved oxygen and 

conductivity between sampling 

dates. The vertical dashed line 

indicates the transition between 

the drying and fragmentation 

phases (flow interruption). The 

shaded area in the panel (A) 

corresponds to the dry phase (dry 

streambed). Meteorological data 

were recorded at a weather station 

in the Fuirosos basin (Pla de la 

Tanyada; Diputació de Barcelona).  

 

Results 

Environmental variables and stream water physico-chemical characteristics 

Stream discharge fluctuated in accordance with meteorological conditions (Fig. 1A). 

During the drying phase, the decrease in discharge, which was interrupted by seasonal rains, was 
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accompanied by an increase in water temperature and conductivity and a decrease in O2 

concentration (Fig. 1B). These changes peaked with flow cessation. The fragmentation phase, 

which lasted for three weeks, was interrupted by a rain event which reconnected pools for a pair 

of days. This slightly raised O2 and lowered conductivity levels. However, concentrations rapidly 

returned to previous values once pools became disconnected again. Stream flow resumed after 

three months but neither discharge nor physicochemical characteristics (conductivity and O2) 

recovered/reached pre-drought values until January, following a new and longer rain episode 

(Fig. 1B).    

 

Resources availability  

The availability of the different resources differed between sampling dates (Table 1; Fig. 

2). CBOM, which was a highly abundant resource throughout the year, peaked in autumn 

(following leaf abscission) and summer, when it accumulated in pools as the stream contracted 

and fragmented. However, its abundance sharply decreased after the rain events or following 

stream flow recovery in autumn, which washed organic materials downstream. Algal biofilm 

dominated in spring, when light availability was high and hard substrata were available for 

growth following leaf removal after spring spates. Similarly, biofilm accrued in pools after the 

rain event that reconnected the stream. FBOM, though available through the year, was more 

abundant in summer, when it accumulated in pools. Although quantitatively less important, the 

moss Fontinalis antipyretica Hedw. also occurred in some riffle habitats when stream flow was 

continuous (from 0.05 ± 0.01 to 1.37 ± 0.10 g C m
-2

 reach) but rapidly dried out when it became 

exposed after flow disconnection. Filamentous algae were also occasionally present both in early 

spring, when some Spirogyra sp. filaments could be observed in the well-developed biofilm of 

some stones on the first sampling date, and in summer, when mats of Cladophora glomerata L. 

were found in the largest pools. 
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Fig. 2  Changes in resources’ availability 

(mean ± SE; n= 3-5) per m
2
 of wetted 

surface in the study reach. Error bars are 

absent on 22
n d

 July because only one 

sample was taken from the single 

remaining pool. Mosses are not 

represented due to their  smaller 

contribution (see text). Biofilm 

corresponds to the sum of the epilithic 

and epipsammic algal C. The 

contribution of epilithic biofilm to the 

total is indicated by oblique lines.  

 

Table 1 Results of the two-factor factorial ANOVA for changes in resource availability and 

stoichiometry considering resources type and sampling date  

 
Resource  Date  Resource x Date 

Variable d.f F P  d.f F P  d.f F P 

g C m-2 reach 4, 170 238.496 <0.001  8, 170 5.453 <0.001  32, 170 10.92 <0.001 

C:N 5, 122 142.059 <0.001  8, 122 0.961 0.470  29, 122 1.353 0.131 

C:P 5, 121 56.721 <0.001  8, 121 2.434 0.018  29, 121 2.872 <0.001 

N:P 5, 121 14.382 <0.001  8, 121 2.874 0.006  29, 121 3.922 <0.001 
P-values <0.050 are indicated in boldface type.  

 

Resources stoichiometry 

Resources stoichiometry also differed through time and among the different basal 

compartments (Table 1; Fig. 3). Allochthonous resources had higher C:N and C:P ratios than 

autochthonous ones, being significantly higher for CBOM (Tukey’s test, P <0.050). Among 

autochthonous resources, epilithic biofilm and filamentous algae had the lowest C:N ratios 

(Tukey’s test, P <0.050), while their C:P ratios did not significantly differ among other 

autochthonous resources (Tukey’s test, P >0.050; Fig. 3). Among all potential resources, mosses 

had the lowest N:P ratios, which were significantly lower than those of epilithic biofilm and 

CBOM (Tukey’s test, P <0.050), the latter presenting the highest N:P ratios (Tukey’s test, 

P <0.050). 
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Fig. 3 Changes in allochthonous (A, C, E) and autochthonous (B, D, F) resources’ stoichiometry 

(mean ± SE; n = 3) over time. Note that vertical axis differ between allochthonous and 

autochthonous resources.  The vertical dashed line indicates the transition between the drying and 

fragmentation phases (flow interruption). Filam. Algae = Filamentous algae; Epil. Bf = Epilithic 

biofilm; Epis. bf = Epipsammic biofilm. 

The C:P and N:P ratios of resources varied with sampling date following P fluctuations 

(Fig. 3). The highest CBOM C:P ratios occurred after flow resumption (Tukey’s test, P <0.050). 

Tendencies in FBOM and epipsammic biofilm C:P ratios were similar: they were highest in early 

spring and decreased during the drying phase, with the minimum just before pools formation 

(Tukey’s test, P <0.050). Immediately after flow disruption, their ratios increased, but gradually 

decreased afterwards in epipsammic biofilm. Mosses, filamentous algae and epilithic biofilm C:P 

ratios were low and did not vary through sampling occasions (Tukey’s test, P >0.050). CBOM, 

FBOM and epipsammic biofilm N:P ratios tightly traced C:P changes (Fig. 3). In contrast with 

C:N and C:P ratios, epilithic biofilm N:P ratios differed through time: the lowest values occurred 

upon rewetting and during the drying phase (Tukey’s test, P <0.050), when % P was at its 
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maximum; afterwards, N:P increased following flow cessation and peaked just before the 

streambed completely dried out (Tukey’s test, P <0.050). 

 

Consumer stoichiometry 

Consumers’ stoichiometry did not differ between FFGs, but instead varied throughout the 

sampling dates between FFGs (Table 2; Fig. 4). Changes in C:N were similar in predators and 

collectors and contrasted with the herbivore response (Fig. 4). C:N ratios in the former two 

groups were higher in early spring and decreased during the drying and fragmentation phase. 

However, within predators there was some variability in this response and Tanypodinae and 

Dicranota sp. had higher C:N ratios during the fragmentation and rewetting phase than in the 

drying phase (Table S1). The C:N ratios in herbivores steadily increased during the drying and 

fragmentation phase, reaching their maximum just before the streambed completely dried up 

(Tukey’s test, P <0.050). Shredders’ C:N ratios were not significantly different between 

sampling dates. 

Changes in N:P ratios closely mimicked those in C:P, as both were mainly driven by 

changes in % P (Table S1; Fig. 4). The lowest C:P ratios were observed following stream flow 

cessation for all FFGs except for herbivores (Tukey’s test, P <0.050), whose ratios did not differ 

between sampling dates (Tukey’s test, P >0.050). However, herbivore response slightly differed 

between taxa; Ancylus fluviatilis had higher C:P ratios in early spring than in the late recovery 

phase (Tukey’s test, P<0.050; Table S1). Collectors’ C:P ratios were lower during the rewetting 

phase than prior to streambed drying, in contrast to predators, whose C:P ratios were higher after 

flow recovery (Tukey’s test, P<0.050; Fig. 4E, K), a pattern mainly driven by Nepa cinerea and 

Hydroporus sp. (larvae), although it was not so closely followed by Tanypodinae or Isoperla 

grammatica (Table S1). 

Table 2 Results of the mixed linear model for consumers’ stoichiometry, including functional 

feeding group (FFG) and sampling date (Date) as fixed and crossed effects factors. Taxa  was 

included as a random factor  

 
FFG  Date  FFG x Date 

Variable d.f F P  d.f F P  d.f F P 

C:N 3, 20.70 0.883 0.466  8, 304.38 1.665 0.106  23, 301.93 5.431 <0.001 

C:P 3, 20.53 2.190 0.120  8, 228.20 5.026 <0.001  20, 224.09 3.007 <0.001 

N:P 3, 20.58 2.262 0.112  8, 229.08 4.328 <0.001  20, 225.06 2.729 <0.001 
P-values <0.050 are indicated in boldface type.  
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Fig. 4 Changes in consumers’ stoichiometry (mean ± SE; n  is given in table S1) over time. The 

vertical dashed line indicates the transition between the drying and fragmentation phases (flow 

interruption). HB  = herbivores; COLL = collectors; SH = shredders; PR = predators.  

 

Relationship between resource and consumer stoichiometry 

We did not find any significant regression between potential resources and their 

consumers’ stoichiometric ratios for any FFG (P >0.100; Table S2). When regressions were run 

separately for each individual taxon, the few significant regressions found either had a negative 

slope or a slope much higher than 1 (Table S2). Thus, changes in consumers’ stoichiometry did 

not respond to changes in their basal resources stoichiometry. In consequence, changes in 

resources and consumers’ stoichiometric ratios resulted in changes in resources-consumers 

imbalances. 
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Fig. 5  Consumer-resource stoichiometric imbalances (C:N:P; after Hladyz et al.  2009). Open 

circles represent the taxa-averaged means for the different FFGs and filled circles are mean values 

for the different basal resources. The area of each circle is proportional (x3) to log1 0 N:P. HB  = 

herbivores; COLL = collectors; SH = shredders; PR = predators.  

C:N and C:P imbalances were evident between basal resources and potential primary 

consumers, whereas predators’ C:N ratios mostly overlapped with those of their potential prey 

(Table S3; Fig. 5). Differences among FFGs were driven by differences in the stoichiometry of 

their resources. Consequently, shredders were the most out of balance, presenting high C:N and 

C:P imbalances throughout the year, while herbivores were the least. Collectors and shredders 

would generally be more P than N-limited in relation to their basal resources, as suggested by 

their higher C:P than C:N imbalances. The C:N imbalances in herbivores were lower just prior to 

streambed drying, due to an increase in consumers’ C:N ratios, whereas C:P imbalances, 

similarly to those of collectors’ C:N and C:P, decreased during the drying phase until just after 

flow disruption and increased during pool contraction. Nevertheless, herbivores could overcome 

C:P imbalances during the fragmentation phase if they fed on filamentous algae or epipsammic 

biofilm. Predator C:P and N:P imbalances varied both through time and between species (Table 

S3). For instance, imbalances always occurred for Hydroporus sp. (larvae) and Notonecta 

pallidula and for many other predators during most of the sampling dates (Table S3), whereas 

the coleopterans Hydroporus sp. (adult stage) and Agabus sp. never, or hardly ever, presented 

C:P imbalances in relation to their potential prey. Considering temporal variation, predators’ C:P 
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and N:P imbalances were lower during the early drying phase (spring) and just upon rewetting, 

due to both P-rich prey availability upon rewetting but also to high C:P ratios in some predators 

in spring (I. grammatica, Dicranota sp. and Gerris lacustris) and upon rewetting (N. cinerea).  

 

Resources assimilation by consumers 

Consumers in Fuirosos were clearly dependent on allochthonous resources (CBOM), 

with the only exception of A. fluviatilis, which was always highly reliant on autochthonous 

resources (Table 3). The contribution of autochthonous (epilithic biofilm) and allochthonous 

(CBOM) resources to consumer diet depended on both FFGs and sampling time (Table 4; Fig. 

6). As expected, shredders had the highest reliance on CBOM (mean ± SD: 65.5 ± 16.0%), 

followed by predators (59.9 ± 14.1%), whereas collectors (45.8 ± 18.0%) and herbivores (38.3 ± 

23.8%) had the lowest contributions (Tukey’s test, P <0.050). However, there was a high 

variability within herbivores, with the coleopteran Oulimnius sp. (adult stage) assimilating up to 

70-80% of CBOM in some sampling dates, while the mollusc A. fluviatilis had maximum mean 

values of ~35% (Table 3; Fig. 6). 

Overall, assimilation of allochthonous resources was lower in the early drying phase 

(spring), increased at flow disruption and reached its maximum at the end of the recovery phase 

(Tukey’s test, P <0.05; Table 3; Fig. 6). However, these changes varied depending on the FFG. 

All FFGs, except for herbivores, showed the highest reliance on CBOM in the late recovery 

phase, and collectors also had lower CBOM assimilation during the early drying phase (spring) 

(Tables 3 and 4; Fig. 6). Herbivore dependence, although fairly constant globally, was species-

specific: A. fluviatilis had the lowest dependence on allochthonous material during the early 

drying phase (spring; similarly to collectors) and upon rewetting; Oulimnius decreased their 

CBOM assimilation during the fragmentation phase, and for Limnebius sp. it was constant 

throughout all sampling dates when found. Changes in biofilm assimilation also suggested that 

herbivores, chironomidae and some predators (i.e., the flatworm Schimdtea polychroa, and the 

coleopteran Hydroporus sp. -larval and adult stages-) could complement their diet with 

filamentous algae when it was available during the fragmentation phase (Tables 3 and 4; Fig. 6). 

Nevertheless, caution should be taken when interpreting these results, due to the large 

overlapping intervals between biofilm and filamentous algae (Table 3).  
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Fig. 6  Stable isotope signatures (mean ± SD, for δ
13

C versus δ
15

N) for basal resources and 

consumers in Fuirosos during the drying (D; A-C), fragmentation (F; D) and recovery phases (R;  

E-G). Both resources and consumers δ
13

C values are corrected for lipid content using % C and 

C:N equations provided by Post et al.  (2007).  Black filled symbols denote basal resources 

(Mosses, filamentous algae (Filam), epilithic and epipsammic biofilm (EL. BF  and ES. BF, 

respectively), FBOM and CBOM); grey filled symbols,  primary consumers ( triangles = herbivores: 

1 = A. fluviatilis,  2 = Oulimnius  sp.  (adult stage),  3 = Limnebius sp.; diamonds = collectors: 4 = 

Chironomidae non-Tanypodinae, 5 = Lumbriculidae, 6 = Simulium sp.; circles = shredders: 7 = 

H. fusca ,  8 = L. guadarramicus,  9 = Stenophylax sp.) and open symbols,  predators (10 = 

Tanypodinae, 11 = Hydroporus sp. ( larval stage), 12 = Hydroporus sp. (adult stage), 13 = 

I. grammatica ,  14 = N. cinerea ,  15 = N. pallidula ,  16= S. polychroa ,  17= Sympecma  sp.). 

Complete species names are given in Table 3.  
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Table 4  Results of the mixed linear model for CBOM and epilithic biofilm fractional contribution 

(1-0) to (a) consumers’ diet,  including functional feeding group (FFG) and sampling date (Date) 

as fixed and crossed effects factors; and (b) to each functional feeding group, including sampling 

date (Date) as fixed effect factor. Taxa  was included in all models as a random factor 

  CBOM  Epilithic biofilm 

Model Factor d.f. F P  d.f. F P 

(a) All taxa FFG 3, 14.146 3.709 0.037  3, 14.146 3.816 0.034 

 Date 6, 227.670 18.290 <0.001  6, 227.885 42.900 <0.001 

 FFG x Date 17, 274.687 2.367 0.002  17, 274.811 3.337 <0.001 

(b) Within FFG        

HB Date 6, 46.220 1.366 0.248  6, 46.244 5.000 <0.001 

COLL Date 6, 63.198 16.605 <0.001  6, 63.186 40.678 <0.001 

SH Date 5, 23.978 7.509 <0.001  5, 23.976 10.405 <0.001 

PR Date 6, 142.060 6.976 <0.001  6, 142.070 20.447 <0.001 
P-values <0.050 are indicated in boldface type.  

 

Multiple regression models for each FFG, including resources availability (epilithic 

biofilm and CBOM) and stoichiometry (C:N and C:P ratios), indicated that assimilation of 

CBOM was positively related to its availability for collectors and predators, accounting for 

~23% and ~14% of the variance in CBOM assimilation, respectively (Table 5). Shredders 

decreased CBOM assimilation when epilithic biofilm was more available and when it was more 

nutrient rich (lower C:N ratios), although the interaction between both factors accounted for 

much of the variability (Table 5). Finally, we found no relationship between abundance of 

resources or their stoichiometric ratios with herbivore CBOM assimilation, either considering all 

the species together or each one separately. 

Table 5  Best-performing multiple regression models based on resources’ availability (CBOM and 

epilithic biofilm) and quality (CBOM and epilithic biofilm C:N and C:P ratios) to predict the 

proportion of allochthonous resources (CBOM) contributing to the diet of the different functional 

feeding groups (FFG). Model selection was based on AICc (Akaike Information Criterion 

corrected for small sample size) 

FFG Model r2 adj. (% of variance) 

HB Y = 0.4019 - 

COLL Y = -0.1519 + 0.3399 log10(abCBOM)* 22.76 

SH Y = 8.2749 - 6.5856 log10(abELbf)*** - 7.2639 log10(C:N ELbf)*** + 6.2059 

log10(abELbf) x (C:N ELbf)*** 

97.95 (abELbf = 7.18, C:N ELbf = 42.62, 

abELbf x C:N ELbf = 50.20) 

PR Y = 0.1988 + 0.2268 log10(abCBOM)* 13.88 

The response variable (y) is the proportion of consumers’ diet derived from allochthonous material (CBOM; output of the mixing 
model performed with SIAR).  
“x” expresses an interaction term; ***, statistically significant at P < 0.001 and *, at P < 0.050.   
HB = herbivores; COLL = collectors; SH = shredders; PR = predators; abCBOM = abundance of CBOM (g C m-2 reach); abELbf 
= abundance of epilithic biofilm (g algal C m-2 reach); C:N ELbf = C:N ratio of epilithic biofilm. 
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Discussion 

The aim of this study was to assess how changes in stream flow in a temporary 

Mediterranean stream affected the relative availability and quality of basal resources and how it 

transferred up in the food web. CBOM was a highly abundant resource throughout most the year 

and fuelled the Fuirosos food web throughout the different hydrologic phases. However, when 

autochthonous resources became more abundant in the stream, most consumers complemented 

their diet with a greater proportion of algal material. The nutrient content of some of the basal 

food sources also varied with hydrology, although to a lesser extent than their availability. 

However, these shifts were not related to changes in consumers’ stoichiometry, which, 

nevertheless, also varied through time.  

The dominance of autochthonous versus allochthonous resources available to consumers 

shifted seasonally. CBOM was the most abundant basal resource, especially during the 

fragmentation and recovery phase. However, there were two periods where algal resources 

became more important. The first was during the early drying phase, when biofilm proliferated 

in cobbles and sand, and the second was during the fragmentation phase, when Cladophora 

filaments grew in some of the isolated pools. Hydrology certainly played a role in resources’ 

availability, although riparian trees’ phenology and temperature are also determinants for in-

stream primary production (Acuña et al. 2004; Ylla et al. 2007). CBOM accumulated in autumn 

and winter, following leaf abscission from riparian trees (Naiman & Decamps 1997), until flow 

peaks removed the stored material downstream, freeing inorganic substrate for algal growth 

(Acuña et al. 2004). In Spring, prior to leaf emergence, high light availability and warmer 

temperatures allowed a higher accrual of autochthonous resources, as anticipated by higher gross 

primary production observed in the stream (Acuña et al. 2004) or the higher contribution of algal 

fatty acids to stream biofilms (Sanpera-Calbet 2014). Flow cessation caused a CBOM and 

FBOM accumulation in pools (see also Boulton & Lake 1992) as a result of both a decline in 

their transport and earlier leaf abscission due to hydric stress in riparian vegetation (Acuña et al. 

2007). In addition, warmer temperatures and higher nutrient loads in pools (Lake 2003) favoured 

the development of algal mats, in agreement with Power, Holomuzki & Lowe (2013). However, 

in our study the development of filamentous algae was not widespread, but constrained to the 

two single pools that lasted longer and where light was more available. In Fuirosos, the canopy 

cover is well developed in early summer, limiting the light reaching the stream bed.  
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As autochthonous and allochthonous resources largely differed in their nutritional quality 

(Cross et al. 2005), this might impose differences not only on the identity but also the quality of 

resources available to fuel food webs. Consequently, implications in the dynamics of populations 

and ecosystems, via changes in the fluxes of nutrients and energy, might arise if consumers shift 

their diets towards more abundant or nutrient rich resources (Cross, Wallace & Rosemond 2007; 

Woodward, Perkins & Brown 2010; Junker & Cross 2014). Although the majority of the taxa 

studied were highly reliant on allochthonous resources, the contribution of autochthonous versus 

allochthonous resources to consumers’ diet, at least considering N fluxes, varied according to 

their availability in the stream reach. Thus, the highest contribution of biofilm to collectors’ diet 

was observed in the drying phase, and during the drying and fragmentation phase for shredders 

and predators, coinciding with the highest abundance of autochthonous resources, whereas 

CBOM contribution was greatest in the late recovery phase, following leaf abscission (Fig. 7). 

Seasonal changes in algal versus allochthonous sources contribution to riverine food webs had 

been previously reported for lowland non-forested streams (Huryn et al. 2001; Reid et al. 2008; 

Hladyz et al. 2012) or for more open headwater streams (Dekar, Magoulick & Huxel 2009), 

often related to higher primary production, and hence filamentous algae and macrophyte 

abundance, during summer low flows (Bunn, Davies & Winning 2003; Reid et al. 2008). 

Although we also observed a filamentous algae development associated with flow disruption, 

and despite its high nutritional quality (mainly due to its associated nitrogen-fixing epiphytes; 

Power et al. 2013), the overall contribution of autochthonous resources to consumers' biomass in 

our study was higher during the early drying phase than during fragmentation. Therefore, the 

assimilation of resources was more related to their overall abundance than to their quality, 

supporting previous observations that identified consumers as opportunistic generalists, changing 

their diet in favour of the most abundant resource (Finlay 2001; Reid et al. 2008; Leberfinger, 

Bohman & Herrmann 2011; Hladyz et al. 2012).  

Interestingly, the increase in the importance of autochthonous resources to consumers’ 

biomass was transferred up in the food web, resulting in more δ
15

N-enriched predators in the 

drying and fragmentation phases. Data on community structure or gut content analysis would 

help to elucidate whether this shift in predators’ signature resulted from increased predation on 

herbivore taxa or from overall higher contribution of algal sources on predated collectors and 

shredders and thus infer effects on food web structure.  
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Fig. 7  Dominant patterns in the fluxes of autochthonous (epilithic biofilm and filamentous algae, 

when available) and allochthonous (CBOM) resources among FFGs in the different hydrologic 

phases: drying, fragmentation and recovery phase. Thicknesses of arrows are proportional to the 

mean percent contribution of the resources to an FFG and the relative thickness scale is shown at 

the bottom of the figure. Differences in the diameter of the circles of basal resources denote 

differences in the standing algal and CBOM carbon per unit area of wetted stream bed. BF  = 

epilithic biofilm; HB  = herbivores; COLL= collectors; SH= shredders; PR= predators. *The 

diameter of the circle estimating biofilm in the drying phase corresponds to the first two sampling 

dates, when light availability was high. Superscripts are used to highlight exceptions: 
1
Hydroporus sp. (adult stage) derived up to 80% of its biomass from autochthonous resources; 

2
Oulimnius sp. (adult stage) only derived from 20 to 40% of its biomass from autochthonous 

resources; 
3
Lumbriculidae derived from 50 to 70% of its biomass from allochthonous resources; 

4
N. cinerea upon rewetting was highly dependent on autochthonous resources (~70%).  

Nevertheless, changes in diet according to resources availability did not apply to all 

consumers, as the dominant herbivore A. fluviatilis was always reliant on algal sources 

irrespective of its abundance. This would be in agreement with Finlay (2001) and McNelly 

(2007), who found dominant grazers in small headwater streams were almost entirely built of 

algal carbon despite its low abundance, outcompeting other grazers for this nutritious resource 

(Power et al. 2013). Whether in Fuirosos A. fluviatilis are limiting access to algal resources to 

other herbivores, such as Oulimnius or Limnebius coleopterans, warrants further research. 

Nonetheless, their high reliance on autochthonous resources might make them highly vulnerable 

to resources shortage or quality decline (e.g., Stelzer & Lamberti 2002; Fink & Von Elert 2006). 

In contrast to resources abundance, the shifts in consumers’ diet were not related to 

changes in resources quality; probably because the latter were much more discreet. In fact, no 

changes in C:N and C:P ratios occurred within autochthonous resources, in agreement with 
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Timoner et al. (2012), who found no changes in biofilm C:nutrient ratios with changes in stream 

flow (excluding the terrestrial phase). Our study extends these results to other autotrophic 

autochthonous resources, such as mosses and filamentous algae. However, we observed 

fluctuations in epilithic biofilm N:P ratios: they increased during the fragmentation phase, 

probably as a consequence of the high NH4
+
 availability in pools and microbial use of dissolved 

organic nitrogen (von Schiller et al. 2011; Timoner et al. 2012), and were lower after stream 

rewetting, which might result from the potential capacity of microbial communities to degrade P 

compounds during the terrestrial phase, in contrast to N (Timoner et al. 2012). 

Nevertheless, changes in allochthonous resources’ stoichiometry were more important 

than in autochthonous, indicating the importance of in-stream conditioning for quality 

enhancement of these resources (Cummins & Klug 1979; Graça et al. 2001; Aßmann et al. 

2011). CBOM C:P and N:P ratios were significantly higher just after rewetting, probably due to 

the rapid leaching of P after submersion of senesced leaves (Gessner 1991). This effect might 

have been enhanced if leaves had been conditioning in stagnant pools or exposed to solar 

radiation prior to flow recovery, which also increases their relative cellulose content (Dieter et 

al. 2013). Once in the stream, microbial conditioning lowered C:P and N:P ratios (Aßmann et al. 

2011; Artigas et al. 2011), which remained constant through time. 

Although we hypothesised higher nutritional quality of resources during the 

fragmentation phase, FBOM and epipsammic biofilm had its maximum P concentration (lowest 

C:P and N:P ratios) just before flow disruption, suggesting favourable conditions during the 

drying phase (stable flow, warmer temperatures, light) might have enhanced microbial activity. 

This would be in agreement with the increase in phosphatase activity observed in epipsammic 

biofilms in the same stream prior to flow cessation by Timoner et al. (2012). However, this 

quality enhancement was interrupted with flow cessation, indicating that abiotic conditions in 

pools (sedimentation, leachates, low oxygen and acidification; Lake 2003) reduced microbial 

abundance and activity (Schlief & Mutz 2007; Ylla et al. 2010; Timoner et al. 2012). In our 

study, this is supported by the fact that after the rain event that reconnected pools, epipsammic 

biofilm C:P and N:P ratios decreased again but FBOM ones did not, probably owing to an 

accumulation of recalcitrant material and sediment in the deeper parts of pools where FBOM 

accumulated. 

The stoichiometry of the different FFGs also varied with stream flow, even after 

accounting for different taxa composition, with overall variation in C:P ratios being higher than 
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in C:N ones (Cross et al. 2003; Liess & Hillebrand 2005; Back & King 2013). Although we 

acknowledge that not all our taxonomic units correspond to species and thus, in some cases, 

changes in stoichiometry could result from different species composition, changes in nutrient 

ratios also occurred within single species (Table S1). Therefore, our results do not support the 

hypothesis of fully homeostatic consumers (Sterner & Elser 2002; Evans-White, Stelzer & 

Lamberti 2005; Persson et al. 2010). Indeed, drying decreased C:N ratios in collectors and 

predators but increased them in herbivores, and an abrupt reduction in C:P ratios of all FFGs 

except herbivores occurred when flow ceased. The lack of relationship between resource-

consumer stoichiometry indicates some degree of consumer regulation (Villar-Argaiz, Medina-

Sánchez & Carrillo 2002) and that factors other than resource quality were driving changes in 

consumer stoichiometry. Changes in consumers’ nutrient content throughout the year have been 

related to consumers’ ontogeny in both aquatic insects and crustaceans (Villar-Argaiz et al. 

2002; Back et al. 2008; Veldboom & Haro 2011; Back & King 2013). Flow fragmentation 

represents a strong disturbance that rapidly alters habitat characteristics and water quality (Lake 

2003). In Fuirosos, as well as in other temporary streams, this results in a decrease in species 

richness, but also an increase in overall macroinvertebrate density due to high proliferation of the 

species that are favoured by the new conditions (Boulton 2003; Acuña et al. 2005). According to 

the growth-rate hypothesis (Elser et al. 2003), organisms with higher growth rates are expected 

to have a higher P content due to high P allocation to P-rich ribosomal RNA. Although we did 

not account for differences in individuals’ body size, a higher abundance of early stages of these 

“favoured” small-sized, fast growing individuals at flow cessation could explain the lower C:P 

ratios found, which would be in agreement with the higher % P observed in smaller (Frost & 

Elser 2002; Back et al. 2008) or early insect instars (Cross et al. 2003; Back & King 2013). In 

addition, a higher P accrual in the later developmental stages of some insects, probably due to a 

higher investment of P in the development of reproductive structures, has also been found (Back 

et al. 2008; Veldboom & Haro 2011). As summer droughts in Mediterranean streams are 

predictable disturbances, inhabiting biota are supposed to have evolved adaptations to avoid 

droughts (Lake 2003; Lytle & Poff 2004). Therefore, insects with their life-cycle (i.e., timing of 

emergence and reproduction) scheduled to avoid the harsher conditions of pools or streambed 

drying (Lytle & Poff 2004; Leberfinger, Bohman & Herrmann 2010) might have also 

contributed to the lower C:P ratios at flow cessation.  

However, changes in consumer stoichiometry were not restricted to flow fragmentation. 

The lower C:P ratios observed upon rewetting (autumn) in collectors, the herbivore A.fluviatilis 
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and some predators (Tanypodinae), could result from stream recolonisation by R-strategists, with 

high P demands for rapid growth (Elser et al. 2003). Previous studies on benthic 

macroinvertebrate stoichiometry in permanent streams reported either no temporal changes 

(Evans-White et al. 2005) or, similarly to us, lower C:P ratios in autumn for collectors and 

herbivores (Liess & Hillebrand 2005; Lauridsen et al. 2012). Authors attributed these changes to 

the relative availability of nutrients from the basal resources (Liess & Hillebrand 2005; 

Lauridsen et al. 2012). However, because in our study resources were not more P-rich upon 

rewetting, and recolonisation was carried out by resilient rather than resistant species (Acuña et 

al. 2005), it seems these changes are driven by consumers’ physiological demands, resulting in 

high nutrient imbalances following flow recovery. Overall, our results would support the concept 

of rheostasis, which allows the homeostatic regulatory mechanisms of an organism to adjust to 

changing conditions over time (Villar-Argaiz et al. 2002). Consequently, the degree of 

imbalance between the composition of the consumer and the food resource will not only depend 

on resources quality, but might also vary according to the nutrient requirements at each 

developmental stage.  

In conclusion, our study highlighted two main temporal changes that occurred in this 

temporary forested stream: (i) a shift toward lower consumer C:P ratios at flow cessation and, for 

some taxa, too, upon rewetting; and (ii) a greater contribution of autochthonous resources to 

stream food web when they were more available: in the drying phase and, secondly, in the 

fragmentation phase. Therefore, changes in basal resources abundance do not only translate into 

differences in the relative abundance of the different FFGs (Sabater et al. 2008; Power et al. 

2013), but also in the sources of energy and nutrients contributing to a species biomass. 

Furthermore, supplementation of consumer diet with more nutritious food items, as well as the P 

enrichment of some basal resources prior to stream fragmentation, might have been important to 

alleviate nutrient imbalances and promote consumers’ growth (Junker & Cross 2014) as well as 

to fulfil their phosphorous demand prior to insect emergence, which composes the majority of 

the community in Fuirosos. As the relative abundance of basal resources is modulated by both 

stream flow and riparian tree phenology (Acuña et al. 2004), increased flow intermittency as 

well as alterations in riparian forest phenology, resulting from climate change (Walther et al. 

2002; Acuña et al. 2007; IPCC 2013) or human activity (Naiman & Decamps 1997; Sabater & 

Tockner 2010), are expected to have an impact on the fluxes of matter transferred up in the food 

web and the life history of consumers in forested headwater streams.  
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Table S2  Log-log regressions between resources and consumers stoichiometry (C:N, C:P and N:P 

ratios). Results are shown for all  FFGs and for individual taxa when regressions were significant 

or marginally significant (P  <0.100) 

FFG or Taxa C:N C:P N:P 
HB y = 0.332+0.421x 

P = 0.170 
y = 1.506+0.360x 

P = 0.333 
y = 1.738+0.012x 

P = 0.966 
COLL y = 0.523+0.179x 

P = 0.353 
y = 2.744-0.166x 

P = 0.400 
y = 1.980-0.290x 

P = 0.189 
SH y = 0.424+0.227x 

P = 0.567 
y = 3.761–0.370x 

P = 0.530 
y = 2.925-0.657x 

P = 0.286 
PR y= 0.592+0.205x 

P = 0.800 
y = 0.968 + 0.584x 

P = 0.312 
y = 0.785+0.513x 

P = 0.382 
Agabus sp.   y = -4.446+3.843x 

P = 0.027 
Ancylus fluviatilis   y = 2.294-0.401x 

P = 0.105 
Caenis luctuosa y = 1.656-0.686x 

P = 0.059 
  

Isoperla grammatica y = -2.659+4.540x 
P = 0.071 

  

Nepa cinerea y = 2.124-1.875x 
P = 0.069 

y = 6.536-1.772x 
P = 0.013 

y = 4.307-1.654x 
P = 0.026 

Simulium sp. y = 3.520-2.026x 
P = 0.002 
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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 

consequences 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 

resubmerged 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. 

 



Chapter 2 

60 
 

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 2013). 

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 & Tockner 2010). Furthermore, due to frequent temporal and spatial mismatch 

between water demand and its availability (Gasith & Resh 1999), 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 & Russell 2007; Bonada, Rieradevall & Prat 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 & 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 (Acuña et al. 2007), 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, Chauvet & Gessner 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 & Tockner 2006; 

Bruder et al. 2011). Because conditioning by these microorganisms influences the chemical 

composition of resources (Cummins & Klug 1979; 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 simulated flow intermittence increased carbon:nitrogen ratios in leaves 

conditioned in a seasonal wetland (Inkley, Wissinger & Baros 2008).  
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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 & Elser 2002). Many studies 

have supported this hypothesis, both for aquatic detritivores and herbivores (e.g., Stelzer & 

Lamberti 2002; Frost & Elser 2002a; Danger et al. 2013) and for changes in nitrogen and 

phosphorous concentrations (e.g., Iversen 1974; Kendrick & 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. 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 & 

Von Elert 2006; Flores, Larrañaga & Elosegi 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 & 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 laboratory. 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 
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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, Butturini & Sabater 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. 2011). 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 (Acuña 

et al. 2007). During the conditioning period, O2, pH, temperature and conductivity were 

measured weekly in the field with portable meters (Hach multi HQ40d, Loveland, U.S.A and 

Cond 340i/SET, WTW, Weilheim, Germany; Table 1). 

Table 1  Physicochemical characteristics of the study reach during the conditioning period (n=13) 

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)1 22.9 ± 3.1 

Water temperature (ºC) 8.1 ± 0.7 

Air temperature (ºC)2 9.0 ± 0.4 

Rainfall (mm d-1)2 2.4 ± 1.3 
1Continuously monitored by Vázquez (2013). 
2Based on daily measures from a nearby station (Diputació de 
Barcelona). 

 

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

during October 2010, were weighed (4 ± 0.5 g) and enclosed in 5-mm mesh, tetrahedral-shaped 



 

bags. Glass tiles (102 cm
2
) fixed wit

substrata surrogates. 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 DRY 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 

weeks were transferred to the stream bank for 

of drought in the stream. They were subsequently resubmerged and allowed to condition for a 

further week in the stream channel. Finally, to simulate terrest

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 blo

biofilm and four for leaves) in order to provide freshly conditioned resources to consumers 

throughout the feeding trial. 

Fig. 1  Experimental design showing the number of weeks resources were condi

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

(PreD), dry (D) and upon rewetting (R).

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

conditioning phase): (i) one after 4 weeks of conditioning, prior to retrieval of INT r

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 re

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.  
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) fixed with neutral silicone on concrete blocks were used as coarse 

substrata surrogates. Conditioning of the resources was achieved by following two different 

treatments for biofilm and three for leaves (Fig. 1): Permanent flow (PERM), intermittent flow 

DRY 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 

weeks were transferred to the stream bank for five more weeks, simulating an intermittent period 

of drought 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 

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 

Experimental design showing the number of weeks resources were condi

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 period: predry 

dry (D) and upon rewetting (R). 

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

conditioning phase): (i) one after 4 weeks of conditioning, prior to retrieval of INT r

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 

rted to the laboratory in a cooler where they were gently rinsed with 
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h neutral silicone on concrete blocks were used as coarse 

substrata surrogates. Conditioning of the resources was achieved by following two different 

treatments for biofilm and three for leaves (Fig. 1): Permanent flow (PERM), intermittent flow 

DRY 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 

more weeks, simulating an intermittent period 

of drought in the stream. They were subsequently resubmerged and allowed to condition for a 

rial 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 

week intervals (two sets for 

biofilm and four for leaves) in order to provide freshly conditioned resources to consumers 

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 

during the conditioning period: predry 

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, 

plicates 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 

rted to the laboratory in a cooler where they were gently rinsed with 
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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. 

 

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 (Sabater et al. 

2009; Tierno de Figueroa et al. 2013). Stenophylax were collected from the stream (Fuirosos) in 

which the resources were conditioned. Physella, 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 to four 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 three days to avoid ammonia accumulation 

and to compensate for water loss.  
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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 four 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 to the nearest 0.1 mg. 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, due to 

higher mortality in 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 three days throughout the experiment.  

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 
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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-min 

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 & 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 

min, and then separated by solid-phase extraction (Waters Sep-Pack® Vac RC, 500 mg, tC18 

cartridges, Waters Corp., Milford, MA, USA; Gessner & 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 & Chauvet 1993). 

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 & 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 & Dyer (1959). The total lipid content was 

analysed using the colorimetric sulphophosphovanillin method (Zöllner & Kirsch 1962). 
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Data analysis 

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., time 

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). % N was 

significantly lower in DRY leaves (Fig. 2B), which resulted in higher C:N and lower N:P ratios 

than in PERM or INT leaves (Fig. 2E, G). % P was also higher in DRY leaves, although one 

week of instream conditioning was sufficient to achieve a % P similar to those of PERM and 
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INT leaves (Fig. 2C). % C was significantly higher in DRY leaves, though PERM leaves had 

intermediate values at the end of the conditioning period (Fig. 2A). % Lipid significantly 

dropped in leaves under a dry regime but rapidly recovered after one week of rewetting (Fig. 

2D). Chlorophyll concentration was lower for DRY leaves, in which it increased slightly on the 

second and third sampling dates (Fig. 2H). 

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.  
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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.  

The drying treatment also caused changes in biofilm quality (Table 2a). When 

conditioned under INT conditions, biofilm had higher C:N ratios and lower chlorophyll content 

than under PERM 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, values after rewetting were significantly lower than 

in PERM biofilm (Fig. 3H). Similarly, % N decreased in INT biofilm during the dry phase (Fig. 
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3B). However, after one more week of instream conditioning, % N continued decreasing, 

becoming significantly lower than that in PERM biofilm (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 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). 

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 
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  (± 0.43) 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. 
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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. 4B). No mortality was observed during the 

experiment. 

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. 

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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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 lower 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 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 were lower, 

which is consistent with the lower decomposition rates in terrestrial than aquatic ecosystems 

described elsewhere (Boulton & 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 
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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 & 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 & 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 & Bryant 1988; Hladyz et al. 

2009; Aßmann et al. 2011), which were significantly lower in our DRY leaves. More surprising, 

was, however, 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 have been also affected by other leaf characteristics that were 

not measured in this study. Because effects on microorganisms increase with drying duration 

(Langhans & 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 

& Suberkropp 1984; Chung & Suberkropp 2009; Jabiol & Chauvet 2012), whereas lower 

microbial activity during the terrestrial phase (Langhans et al. 2008; Larned et al. 2010; Bruder 
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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 & 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 & 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, Romero & Srivastava 2014). 

Because leaves rapidly lose large quantities of fatty acids (including polyunsaturated and 

essential fatty acids) during decomposition in streams (Torres-Ruiz & 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, Hansell & Monaghan 2000; Mckie 2004), as the allocation of protein (silk) to case 

building appears to be a fixed trait (Friberg & 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 & Von Elert 2006). However, Stelzer & 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.  



Chapter 2 

76 
 

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 & Lamberti 2002; Frost & Elser 2002b; Ohta, Miyake & Hiura 2011). As our biofilm 

C:P ratios in both treatments were either in the upper range or much higher than in previous 

studies (Stelzer & Lamberti 2002; Frost & Elser 2002b; Ohta et al. 2011), 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 & 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 & Lamberti 2002; Fink & 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, Leiss & 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. Presubmerged leaf packs 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. 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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Abstract 

We compared leaf litter conditioning in two artificial stream channels that were connected to a second 

order stream (both in- and outflow). The water in one channel had the same temperature as the stream and 

in the other channel was warmed (3ºC above ambient stream water temperature). In addition to measuring 

leaf decomposition by microbes, we ran feeding trials in the artificial streams and the laboratory that 

addressed the feeding preferences, resource acquisition and performance of a dominant detritivore. Oak 

leaves were conditioned for three weeks in both channels and then offered during the following five 

weeks to Sericostoma vittatum larvae kept in cages in the same channels. Additionally, leaves conditioned 

in both conditions were simultaneously offered to the larvae in a feeding preference laboratory trial. 

Leaves conditioned in the channel with elevated temperature had reduced toughness, fewer phenols and 

lower carbon:nitrogen ratios. However, individuals did not prefer these leaves over those conditioned at 

ambient stream temperature. We observed lower carbon:nitrogen imbalances and increased consumption 

rates in the stream channel at warmer temperature but these were not translated into higher growth rates. 

Higher metabolic rates of the S. vittatum individuals and other temperature mediated factors such as 

changes in leaf quality could explain the increased consumption. We observed higher lipid storage and 

earlier pupation of S. vittatum at warmer temperatures, suggesting that individuals allocated resources to 

metamorphosis and reproduction, rather than to somatic growth. We argue that microbial and 

invertebrate-mediated organic matter cycling will be faster in streams under future warming scenarios. 

However, these systems will likely become less efficient in carbon retention via effects on larval 

performance (growth and developmental time) and timing of prey availability to the stream and coupled 

riparian food webs. 
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Introduction 

Air temperature has increased by approximately 0.78ºC since the late 19
th

 century and is 

expected to increase by 0.3-4.8ºC by the end of this century (IPCC 2013). Parallel increases in 

stream water temperatures (Mohseni, Erickson & Stefan 1999; Morrill, Bales & Conklin 2005; 

Hari et al. 2006) will potentially affect stream structure and function (Kernan, Battarbee & Moss 

2010), and how structure affects functioning (O’Gorman et al. 2012). Increased annual stream 

temperatures have a range of effects on organisms (Perkins et al. 2010b), including changed 

composition of stream assemblages such as the composition and abundance of microbes that 

colonise leaves (Dang et al. 2009; Ferreira & Chauvet 2011b) and changes in the metabolism of 

individuals (Brown et al. 2004), which can be manifested in a changed physiology and 

phenology of insect larvae (Greig et al. 2012). Small forested streams are expected to show all of 

the above effects of climate change because they typically have low water temperature 

throughout the year and are characterised by stream assemblages that derive a large part of their 

energy from the breakdown of terrestrial subsidies such as leaf litter (Wallace 1997; Allan & 

Castillo 2008). This breakdown depends on abiotic factors, including dissolved nutrients, 

temperature, pH and oxygen levels (Webster & Benfield 1986; Woodward et al. 2012), but also 

on the activity of biotic assemblages (Dang et al. 2009; Perkins et al. 2010a) which are in turn 

very sensitive to temperature, as most of them are ectothermic.  

Leaf litter decomposition is an ecosystem level process that starts upon leaf immersion, 

with a leaching period followed by a conditioning phase promoted by microbial decomposers, 

mainly aquatic hyphomycetes (Webster & Benfield 1986). This group of fungi has a key role in 

the enzymatically–mediated degradation of recalcitrant carbon, enhancing the nutritional value 

of the leaves to the shredding invertebrates which also profit from the fungal biomass as a 

nitrogen and phosphate rich food source (Cummins & Klug 1979; Graça 2001; Aßmann et al. 

2011). The nutritional quality of the leaves for  the invertebrates depends on the fungal biomass 

accrual but also on the composition of the fungal communities found on the leaves (Suberkropp, 

Arsuffi & Anderson 1983; Graça 2001; but see Gonçalves et al. 2014). Most studies indicate that 

fungal growth and activity is stimulated by increases in water temperature (Dang et al. 2009; 

Friberg et al. 2009; Ferreira & Chauvet 2011a; b). This suggests that higher microbial 

decomposition efficiencies may occur at higher temperatures, particularly in the case of low 

quality leaves (Gonçalves, Graça & Canhoto 2013). Furthermore, changes in the structure of the 

fungal assemblages promoted by water thermal increases have been also reported (Fernandes et 

al. 2009, 2012; Ferreira & Chauvet 2011b). These changes in leaf colonization and 
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decomposition are expected to modify the elemental composition (carbon: nutrient ratios) of the 

leaves with potential consequences for invertebrate consumption (e.g., Aßmann et al. 2011; 

Danger et al. 2012).  

Warming increases the metabolic rates of aquatic organisms (Brown et al. 2004; Clarke 

2006). Increases in respiration, growth and development rates have been observed in aquatic 

invertebrates at higher temperatures (Hogg & Williams 1996; Atkinson & Sibly 1997; Harper & 

Peckarsky 2006). However, different processes have been found to control different temperature-

dependent rates (e.g., growth versus development rate) (Doi et al. 2010; Forster, Hirst & 

Woodward 2011), which might be further constrained by resource quality (Doi et al. 2010). 

Contrary to autotrophs, consumers are considered homeostatic; they must maintain their 

elemental composition (C:N:P) within a narrow range (Sterner & Elser 2002). Stoichiometric 

imbalances (i.e., difference in the somatic concentration of the elements) between detritus and 

detritivores can constrain the rates of larval growth and development (Tuchman et al. 2003; 

González, Romero & Srivastava 2014), especially at warmer temperatures (Kendrick & Benstead 

2013) because of higher metabolic demands (Brown et al. 2004; Woodward et al. 2010a; Doi et 

al. 2010). Consequently, the effects of warming on detritivores’ performance and the consequent 

effects on litter processing, nutrient recycling and energy flow through the entire food web can 

ultimately depend on resource availability and quality (Woodward, Perkins & Brown 2010c; 

Díaz Villanueva, Albariño & Canhoto 2011).  

To date, most studies on the effects of warming in lotic systems are either based on 

spatial or temporal correlative studies, which usually covary with other confounding gradients 

such as changes in latitude or altitude (e.g., Jacobsen, Schultz & Encalada 1997), or on 

laboratory microcosms (e.g., Dang et al. 2009; Ferreira & Chauvet 2011b; Bergfur & Friberg 

2012). Despite their usefulness in discriminating cause and effect, these approaches cannot 

reflect accurately the complexity of natural systems in the assessment of the consequences of 

warming. In contrast, field manipulation at an ecosystem level allows more realistic results 

because both daily and seasonal temperature variability are maintained (Hogg & Williams 1996; 

Bärlocher et al. 2008) and captures the complexity of natural systems (Woodward et al. 2010c). 

Studies of temperature effects on whole ecosystems through natural experiments have recently 

been attempted at high latitudes by comparing geothermally influenced streams with controls 

(Friberg et al. 2009; Woodward et al. 2010b). However, because in these systems allochthonous 

supply is very scarce (Woodward et al., 2010b), a straightforward extrapolation of their results to 

temperate heterotrophic streams might be limited.   
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In this study, we took advantage of a stream manipulation in a forested second-order 

stream (Canhoto, de Lima & Traça de Almeida 2013) that allowed us to measure leaf 

conditioning (by microbes) and leaf consumption (by a dominant stream detritivore, Sericostoma 

vittatum) in two artifical stream channels that only varied in terms of temperature. The 

temperature difference (3ºC) represented a realistic climate change scenario as predicted for the 

next thirty years (Miranda et al. 2002). Our overall aims were to: (i) compare leaf quality (in 

terms of leaf chemistry and fungal biomass) at ambient and warmer temperatures; and (ii) 

determine if invertebrate feeding behaviour, body chemical composition and performance 

depended on where the leaf litter had been conditioned and temperature during feeding. To focus 

on food choice only, rather than on changed metabolic activity of the shredder and conditioning 

status of the leaves, we also performed a laboratory feeding trial where S. vittatum individuals 

were reared at the same temperature and allowed to choose between leaves conditioned in both 

channels. We had the following predictions: (1) fungal colonisation would be higher at warmer 

temperature, increasing leaf softness and nutrient content; (2) leaves conditioned at warmer 

temperature would be of higher quality and more palatable to shredders; (3) increased consumer 

metabolism at higher temperatures would result in higher consumption rates at warmer 

temperature and (4) high leaf nutrient content would decrease resource-consumer imbalances, 

resulting in higher growth and pupation rates at warmer temperatures. 

 

Methods 

Study site  

The study was conducted in Ribeira do Candal (Centre Portugal), a second order stream 

located on Lousã Mountain (40º 04’ 48.10’’ N, 8º 12’ 11.16’’ W, 634 m a.s.l.). The watercourse 

is surrounded by a native mixed deciduous forest, mainly composed of oak (Quercus robur L.) 

and chestnut (Castanea sativa Mill.), and the substratum is dominated by schist pebbles, cobbles 

and sand. Flow in the main channel during the study period (April-June, 2011) averaged 0.108 ± 

0.023 m
3
 s

-1
 (mean ± SE, n = 13). 

The experiments were run in a 22-m branch of the stream. The study reach was divided 

into two parallel channels by 30-cm high schist stones. Both halves were geomorphologically 

similar; ~50 cm wide, 5 to 10 cm deep and alternating riffles and pools. Boulders and cobbles 

dominated in riffles while gravel and sand accumulated in pools. Stream water was collected 
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upstream of the study reach and flowed through two stainless 260 L tanks: a heating and a 

bypass tank. The heating tank was provided with electrical resistors that allowed the temperature 

of the water flowing through to increase by ~3ºC. During the study period, the water was 

supplied to each half through two independent pipes. A set of valves guaranteed a mean flow of 

~ 2 L s
-1

 in each channel. Discharge from both channels was checked volumetrically each week 

(Hauer & Lamberti 2007). More details of the heating system can be found in Canhoto, de Lima 

& Traça de Almeida (2013). 

Fig. 1  Weekly mean temperature (± SD) in the Control and Experimental channels during the 

experiment.  Design and time course of the reported in situ  feeding experiment are also shown. 

Grey boxes show the duration of conditioning for the various sets of leaves, and the black box 

illustrates the period of the in situ  feeding experiment. White arrows indicate the date leaves were 

offered to S. vittatum during the feeding experiment.  

Water temperature was monitored hourly at the beginning and the end of each channel 

throughout the experiment with submersed data loggers (Hobo


 Pendant, Onset Computer Corp., 

MA, USA). The mean (± SD) difference in water temperature between the channels was 3.13ºC 

(± 1.42). Temperature increased from 11.32ºC (± 0.84) to 12.64ºC (± 0.64) in the Control 

channel during the spring to summer transition, and from 14.72ºC (± 1.04) to 16.13ºC (± 1.19) in 

the Experimental channel (Fig. 1). Dissolved oxygen, pH, conductivity and temperature were 

measured weekly in the field with portable meters (Oxi 3210 SET 1, Wissenschaftlich 

Technische Werkstätten 537 and LF330 Tetracon 315, WTW, Weilheim, Germany, respectively) 

(Table 1). Water samples were also collected, filtered on pre-combusted glass fibre filters 
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(Whatman GF⁄ F) and transported to the laboratory in cold, where they were frozen at -18ºC for 

subsequent determination of nitrate by ion chromatography (Dionex DX-120, Sunnyvale, 

California, USA) and soluble reactive phosphorus (SRP) by the ascorbic acid method (APHA 

1989).  

Table 1  Physical and chemical parameters of stream water (mean ± SE, n = 13) from the Control 

and Experimental channels during the experiment (from D -21  to D+35)  

 Control Experimental 

Temperature (ºC) 11.5 ± 0.30 14.3 ± 0.4 

Flow (L s-1) 1.9 ± 0.2 1.7 ± 0.2 

Conductivity (µS cm-1) 27.0 ± 0.1 27.4 ± 0.1 

O2 (mg L-1) 9.75 ± 0.10 9.02 ± 0.16 

O2 (%) 97.0 ± 1.1 94.7 ± 1.7 

pH 7.2 ± 0.1 7.2 ± 0.1 

NO3
- (mg L-1) 0.07 ± 0.01 0.08 ± 0.01 

SRP (mg L-1) 0.03 ± 0.01 0.01 ± 0.00 

 

 

Leaf conditioning  

Freshly senesced oak (Quercus robur) leaves were collected from the forest floor (São 

João do Campo, Portugal) in autumn 2010 and air dried in the dark at room temperature until 

needed. Leaves were weighed (± 0.01 g) into ∼3 g groups and enclosed in 0.5 mm mesh bags (15 

x 10 cm). Five sets of eight bags were colonised in two flow-through containers (60 × 40 × 

30 cm), each one placed in each stream channel. In both cases, the bottom was covered (~3 cm 

thick) with sediment, small branches and leaves from the stream, which provided similar 

conditions as those found in the stream substratum. Bag sets were weekly introduced in each  

container (D-21, D-14, D-7, D0, D+7, assuming D0 to be the day on which the in situ feeding 

experiments started; Fig. 1) and allowed three weeks of conditioning. This procedure guaranteed 

a continuous supply of freshly conditioned leaves in both the Control and Experimental channels 

for the feeding experiment (see below), which started three weeks after the beginning of the first 

incubation period. After each conditioning period, three out of each group of eight bags were 

used to account for mass loss during that period and for the food quality in each half of the 

stream. The bags were recovered, individually enclosed into a ziplock bag, and transported to the 

laboratory in a cooler for immediate processing (see Resource quality). The contents of the other 

five bags were used for the in situ feeding experiments (see In situ feeding experiment). 
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Resource quality 

Air-dried and conditioned oak leaves (three replicates per set and stream half) were used 

to evaluate the quality of preconditioned (Table 2) and conditioned leaf litter, respectively. 

Samples were gently washed with distilled water, and three individual oak leaves per replicate 

were assessed for toughness according to Graça & Zimmer (2005). The results are expressed as 

the mass (g) required to penetrate a leaf with a 1.55 mm diameter metal punch. Sets of three 12 

mm-diameter litter disks were cut with a cork borer from each bag, avoiding the central vein. 

Disks were kept at -18ºC until they were used for ergosterol determination. The remaining leaf 

material was freeze-dried, weighed to determine mass loss and ground (0.5 mm) for further 

chemical analyses.  

Table 2  Quality parameters of non-conditioned senesced oak leaves (n = 5) 

 Mean ± SE 

C (%) 46.67 ± 0.23 

N (%) 0.80 ± 0.03 

P (%) 0.01 ± 0.00 

Phenols (mg · g DM-1) 116.45 ± 2.68 

Lipids (mg · g DM-1) 26.27 ± 4.53 

Leaf toughness (g) 169.28 ± 12.79 

 

Ergosterol was extracted from three weighed freeze-dried litter disks per replicate (three 

replicates per treatment). Extraction was assisted by a microwave and separated by pentane 

(MAE; Young 1995). Ergosterol was quantified using high performance liquid chromatography 

(HPLC, Dionex, Sunnyvale, CA, USA; LiChroCART 250-4, LiChrospher 100, RP-18 (5 µm) 

column, Merck, Darmstadt, Germany) at 282 nm (Young 1995; Gessner & Schmitt 1996), and 

the conversion to fungal biomass was made using a conversion factor of 5.5 µg of ergosterol 

mg
-1

 of fungal dry mass (Gessner & Chauvet 1993). 

Total polyphenolics were quantified using the Folin-Ciocalteau assay (Bärlocher & Graça 

2005). For lipid content analyses, samples were homogenised with an ultrasonic homogeniser 

(200 W, 24 kHz; Hielscher Ultrasonics GmbH, Teltow, Germany), and lipids were extracted 

with a mixture of chloroform and methanol (2:1) following Bligh & Dyer (1959). The total lipid 

content was analysed by the colorimetric sulphophosphovanillin method (Zöllner & Kirsch 

1962).  
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The total contents of carbon (C) and nitrogen (N) were analysed with a Thermo 

Elemental Analyser 1108 (Thermo Scientific, Milan, Italy). Total phosphorus (P) concentration 

was determined after digestion (NaOH) in an autoclave (110 ºC for 90 min; Koroleff & 

Weinheimer 1983), with determination of total phosphate concentrations (SRP) as described 

above.  

 

Detritivores 

Sericostoma vittatum Rambur (Trichoptera: Sericostomatidae) larvae were collected in 

Ribeira de S. João, Serra da Lousã, Central Portugal (40° 06′ N, 8° 14′ W), downstream from 

Ribeira do Candal. This species is a common shredder in Serra da Lousã streams and is endemic 

to the Iberian Peninsula. Just prior the start of the experiments, the diameter of the case opening 

of 120 individuals was measured under a stereoscopic microscope (x16), and their individual dry 

mass was estimated as DM = 0.0136 x CO – 0.0162 (r
2
 = 0.83, P <0.001; n = 35), where DM is 

dry mass (g) and CO is case opening (mm) (Ferreira et al. 2010).  

 

In situ feeding experiment  

To perform the feeding experiment, five tetrahedral cages (15 x 10 cm; 0.5 mm mesh), 

four containing 13 invertebrates, were allocated to pools on each half of the study reach, 

completely immersed and orientated with flow to avoid discrepancies in turbulence. Densities 

were within the lower range recorded in the field (Feio & Graça 2000; González & Graça 2003) 

to avoid possible intra-specific competition. Weekly each cage was provided with ~42 g of ashed 

stream sediment, which allowed larvae to burrow and build their cases, and 3-week conditioned 

oak leaves (see above). Animals in each cage were deployed together throughout the experiment. 

However, cages were replaced weekly and randomly redistributed across the stream channel to 

reset effects from possible biofilm growth or mesh-pore collapsing. 

During the experiment, dead animals (two larvae, belonging to different treatments, 

within the first two weeks) and pupae (considering also adults trapped in the cages as they tried 

to emerge) were counted and retrieved weekly from the cages. These individuals were not 

replaced. Pupation rate was expressed as the regression between the % of pupae from the total 
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number of larvae per treatment and elapsed time. All of the measurements and changes were 

made in the field to reduce manipulation time and stress to the individuals.  

Invertebrate consumption in each of the four occupied cages was assessed each week for 

a maximum period of 35 days. The fifth bag, with no invertebrates, was used to assess the mass 

loss that did not result from invertebrate feeding activities. Each of the five cages in each half of 

the study reach was weekly provided with the content of one bag filled with a known mass of 

oak leaves. Bags were conditioned for three weeks in the same channel where deployed (see Leaf 

conditioning and Fig. 1). After one week, the remaining leaf material was replaced, transported 

to the laboratory, dried at 60ºC for 48 h and weighed to the nearest 0.01 g. Consumption in each 

cage was calculated as the loss of leaf mass corrected by the mass lost in the control cage for 

each channel. Larval case openings were measured weekly to determine individual DM (see 

Detritivores), and growth was assessed as the difference between mean final and initial dry mass 

(g) of all the individuals present in each cage. 

Relative consumption and growth rates (RCR and RGR, respectively) estimates were 

determined according to Perkins et al. (2010). Rates were corrected for the number of days 

between measurements and for differences in the metabolic capacities (MC) of the different 

cages assemblages by applying a general allometric-body size scaling relationship (Brown et al. 

2004): 

Metabolic capacity= Σ(per capita M3 4⁄ ) 

where M is individual dry mass (mg). If pupation or mortality occurred during measurements, 

the mean MC between the measurements was used in order to down weight this contribution to 

MC. Because irregular case building was observed during the first week of the experiment, the 

first RGR estimation comprised the first two weeks and the following estimations were based on 

weekly intervals. 

We also followed Perkins et al. (2010) approach, based on the metabolic theory of 

ecology (Gillooly et al. 2001; Brown et al. 2004), to account for the effects of temperature 

through individuals’ metabolic rates on consumers’ RCRs and RGRs. Therefore, we measured 

assemblage metabolism (AM), i.e., the capacity of each cage assemblage to consume or grow 

based upon its individuals’ metabolic capacity and the temperature dependence of metabolism 

(Brown et al. 2004): 

Assemblage metabolism = ��Σ(per capita M3 4⁄ )��� ��⁄  
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where io is an empirically derived normalization constant (Brown et al. (2004); see Appendix S1 

in Supporting Information), M is individual dry mass (mg), E is the activation energy (0.63 eV; 

after Gillooly et al. 2001), k is the Boltzmann constant and T is temperature (K). 

At the end of the in situ feeding experiment (D+35), the guts were removed from the 

larvae and individuals were freeze-dried, ground and individually used for C, N, P and lipid 

content evaluation as described above. 

 

Feeding preferences 

For the feeding preference tests, 36 S. vittatum specimens (17.7 ± 0.4 mg; mean ± SE) 

were acclimatised to laboratory conditions (15ºC; 12 h light:12 h dark) for 12 days. After this 

period, larvae were individually placed in plastic containers (7 cm diameter x 12 cm height) with 

a layer of ashed stream sediment (550ºC; 6 h) covering the bottom. The containers were filled 

with 250 mL of filtered and aerated stream water. Two leaf discs, one from each treatment 

(Control and Experimental) were marked with coloured pins and offered to the larvae. Feeding 

trial controls were created by punching out symmetrical discs that were inaccessible to 

invertebrates once attached to the microcosm edge inside a 0.5 mm mesh bag (3.5 x 4 cm). Discs 

from each pair were assumed to have the same initial dry mass. The experiment was stopped 

after 15.5 hours because, after this period, 50% of at least one of the discs had been consumed in 

half of the microcosms. The remaining leaf material was retrieved, dried (60ºC; 48 h) and 

weighed (± 0.1 mg). Individual relative feeding rates (RFR) for each leaf type were estimated as 

RFR = (DMC - DMT) / (DMSer x time), where DMC and DMT are the dry masses (mg) of the discs 

in the control and treatment. The results are expressed per final dry mass (g) of individual larva 

(DMSer) per hour.  

 

Data analysis 

Differences in leaf mass loss, toughness, fungal biomass, phenol, lipid, C, N and P % and 

elemental ratios of leaves offered to S. vittatum were analysed by a two-factor factorial ANOVA 

with treatment (Control versus Experimental) and conditioned set (D0, D+7, D+14, D+21 and D+28) 

as fixed effects factors.  
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Because previous studies had shown macroinvertebrate nutrient (Larrañaga et al. 2010) 

and lipid (Meier, Meyer & Meyns 2000) content could be correlated with the size of the 

individual, differences in the elemental composition and lipid concentration on individual 

S. vittatum were first analysed by a one-way ANCOVA, with treatment as a fixed effects factor 

and individual case opening as a covariate. For % C, N, P and their stoichiometric ratios the 

covariate was not significant, so it was removed from the model and a t-test was used. Pupation 

rates were also compared with one-way ANCOVA with treatment as a fixed effects factor and 

time as a covariate. 

Imbalances between resources and detritivores were calculated as the ratio between the 

molar ratios of leaves and invertebrates. The molar ratio of the leaves was estimated by 

averaging the values of the three replicates from the last three conditioned sets (D+14, D+21 and 

D+28) because most invertebrates can take up to three weeks to renew their body tissues (Hall & 

Meyer 1998). To estimate the detritivores’ molar ratios, we analysed from three to six larvae per 

cage and averaged their ratios. A t-test was used to compare imbalances between treatments. 

Differences in RCRs and RGRs per cage were compared by means of a partly nested 

mixed linear model with repeated measures, based on Type I SS (Sums of Squares). Type I SS 

makes the order in which terms are fitted relevant. By fitting the covariate (assemblage 

metabolism; AM) first, the other terms are effectively testing for variation not taken by AM. This 

approach allowed us to test whether treatment effect was due to an increase in assemblage 

metabolic demands (AM) and/or other temperature related factors. Treatment and time (repeated 

measures factor) were fitted as fixed effects and crossed factors and cage (subjects) as a random 

effects factor nested within treatment and crossed with time. A covariance matrix with a first 

order autoregressive structure AR(1) and homogeneous variances was chosen for the repeated 

measures based on Akaike Information Criterion (AIC) and Schwarz Bayesian Information 

Criterion (BIC). Restricted Maximum Likelihood (REML) method was used to fit the mixed 

model. A paired t-test was used to compare consumption rates for the feeding preference 

experiment. 

Leaf toughness, ergosterol, % C and total phenols and lipid concentration in S. vittatum 

were log (x+1) transformed to achieve normality (Shapiro-Wilk’s test) and homoscedasticity 

(Levene’s test). The percentage pupation was arcsin (x/100) transformed. Tukey’s post-hoc 

multicomparison tests were applied after ANOVAs when significantly different effects were 
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found. All of the statistical analyses were performed with IBM SPSS Statistics 20 software for 

Windows (SPSS Inc., Chicago, IL, USA).  

 

Results 

Resource quality 

Leaf mass loss due to microbial colonisation was on average 53% (12-130%) higher in 

the Experimental versus Control channel and when leaf sets were conditioned closer to summer 

(Table 3 and Fig. 2A). Accordingly, leaf toughness was on average 40% (20-90%) higher in 

Control than Experimental leaves and it decreased in the last two colonisation sets (Table 3 and 

Fig. 2B). Fungal biomass was significantly higher in Control than in Experimental leaves in the 

first two sets of leaves but no significant differences were found in the other sets (Fig. 2C and 

Table 3). Fungal biomass also varied among sets of leaves conditioned (Fig. 2C and Table 3).  

Table 3  Results of the two-factor factorial analysis of variance for leaf mass loss and quality 

parameters of leaves conditioned under Control and Experimental treatments 

Measured variable 

Treatment Leaf set Treatment x Leaf set 

F1,20 P F4,20 P F4,20 P 

Mass loss 6.463 0.019 5.259 0.005 0.323 0.859 

Toughness 17.367 <0.001 4.643 0.008 0.575 0.684 

Fungal biomass 3.089 0.094 5.356 0.004 3.105 0.039 

Phenols (%) 30.995 <0.001 2.207 0.105 1.211 0.337 

Lipid (%) 3.871 0.063 0.416 0.795 0.341 0.847 

C (%) 0.001 0.982 13.804 <0.001 1.922 0.146 

N (%) 14.148 0.001 13.709 0.001 1.636 0.204 

P (%) 1.482 0.238 4.242 0.012 1.373 0.279 

C:N 9.965 0.005 6.422 0.002 1.068 0.398 

C:P 1.541 0.229 2.838 0.052 1.374 0.278 

N:P 0.514 0.482 0.454 0.769 0.730 0.582 

P-values <0.050 are indicated in boldface type. 

 

Total polyphenolics were reduced between 73% and 80% after conditioning for Control 

and Experimental leaves, respectively, while lipids increased (21 and 4%, respectively; Table 2). 

The total polyhenolic concentration was significantly higher (25%) in Control leaves (30.43 ± 

1.36 mg · g DM
-1

) than in Experimental ones (22.87 ± 0.63 mg · g DM
-1

) and was not dependent 

on the conditioned set or on the interaction between both factors (Table 3). No differences were 
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detected between treatments or conditioned sets in leaf lipid concentration (31.94 ± 1.55 and 

27.41 ± 1.31 mg · g DM
-1 

for Control and Experimental leaves, respectively; Table 3).  

Fig. 2  (A) Leaf mass loss, (B) toughness and (C) fungal biomass (mean ± SE, n = 3) of oak leaves 

conditioned for three weeks in the Control and Experimental channels of the stream reach. 

Numbers correspond to leaf sets conditioned over time (S1: D -2 1 – D0,  S2: D -14 – D+7,  S3: D -7 – D 

+14 ,  S4: D0 – D+21,  S5: D+7 – D+28). Different letters indicate significant differences between 

conditioned sets (Tukey, P  <0.050). * represents significant differences (P  <0.050) between the 

two treatment levels for a particular set of leaves after detecting a significant (P  <0.050) 

interaction term Treat*Set.  

After conditioning, leaves were enriched in both nitrogen and phosphorus in relation to 

their initial quality (Tables 2 and 4). The nitrogen concentration (%) was ~7.5% higher for the 

leaves maintained in the Experimental channel and was also higher for the last conditioned sets 

(Table 3). We did not find a significant effect of temperature on the C and P concentrations of 

the leaf material (Table 4), although there was an increase in both values as summer approached 

(Table 3). Consequently, lower C:N ratios were found in the Experimental leaves (Tables 3 and 
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4), and these ratios decreased for sets colonised in late spring. In contrast, C:P and N:P ratios did 

not vary between treatments or conditioned sets (Tables 3 and 4).  

Table 4 Elemental composition and ratios of oak leaves (mean ± SE, n = 15) and detritivores 

(mean ± SE, n = 12-18) under Control and Experimental treatments for the five colonisation 

periods. Elemental imbalances (n = 4; calculated as the ratio between the mean molar ratios of oak 

leaves from D+14 to D+28 and the mean molar ratio of S. vittatum of the same cage) are also shown. 

Different letters indicate significant differences among treatments (P <0.050)  

  
Conditioned 

litter 
Detritivore Imbalance 

Elemental composition  
(% DM) 

   

C Control 44.00 ± 0.58 48.73 ± 0.34  

 Experimental 43.97 ± 0.39 48.27 ± 0.70  

N Control 1.01 ± 0.03a 10.22 ± 0.20  

 Experimental 1.09 ± 0.05b 9.79 ± 0.28  

P Control 0.04 ± 0.00 0.76 ± 0.05  

 Experimental 0.04 ± 0.00 0.72 ± 0.04  

Molar ratio     

C:N Control 51.19 ±1.37a 5.61 ± 0.15 8.83 ± 0.13a 

 Experimental 47.68 ± 1.69b 5.83 ± 0.17 7.75 ± 0.24b 

C:P Control 2899. 9 ± 86.6 174.45 ± 10.94 16.32 ± 0.91 

 Experimental 2777.1 ± 126.2 180.27 ± 11.38 14.42 ± 1.58 

N:P Control 56.71 ± 0.79 31.28 ± 1.64 1.82 ± 0.06 

 Experimental 58.41 ± 1.57 29.72 ± 1.81 1.95 ± 0.17 

 

Effects on resource palatability: Feeding preference test  

When Control and Experimental leaves were offered simultaneously to the invertebrates, 

individuals did not discriminate between Control and Experimental leaves (paired t-test, t31 = 

-0.138, P = 0.891). The mean (± SE) consumption for Control and Experimental leaves was 

137.08 ± 20.07 and 149.47 ± 30.95 mg g ind
-1

 d
-1

, respectively. No mortality was observed 

during the test. 

 

Detritivores: In situ feeding experiment 

Effects on detritivore stoichiometry and lipid concentration 

No significant differences were found between the C, N and P concentrations in the 

bodies of invertebrates that were maintained in the Control and Experimental channels of the 

stream (t-tests, t34 = 0.591, P = 0.558, t34 = 1.264, P = 0.215 and t26 = 0.631, P = 0.533, for C, N 
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and P, respectively), nor were there any differences in their molar ratios (t-tests, t34 = -0.957, P = 

0.345, t26 = -0.363, P = 0.720 and t26 = 0.635, P = 0.531, for C:N, C:P and N:P, respectively; 

Table 4). However, nutrient imbalances between resources and consumers (calculated as the 

ratio between them) were significantly higher in the Control treatment for C:N (t-test, t6 = 4.012, 

P = 0.007; Table 4), whereas no significant differences were found for C:P or N:P imbalances (t-

tests, t6= 1.041, P = 0.338 and t3.876= -0.696, P = 0.526, respectively; Table 4).  

Overall lipid concentration was higher (~45%) in detritivores reared in the Experimental 

channel (ANCOVA, F1, 24= 5.079, P = 0.034), and it increased with the size of the   invertebrate 

(F1, 24 = 9.791, P = 0.005). The mean (± SE) lipid concentration for Control (n = 12) and 

Experimental (n = 15) consumers was 41.8 ± 6.6 and 60.6 ± 6.5 mg g DM 
-1

, respectively. 

 

Effects on detritivore performance 

Higher S. vittatum consumption rates in the Experimental half were positively associated 

with increasing assemblage metabolism (Table 5 and Fig. 3A). However, treatment effect 

remained significant even after accounting for the effect of assemblage metabolism (Table 5). 

These results indicate that temperature mediated effects, other than metabolism, were enhancing 

consumption at warmer temperatures. The significant treatment x time interaction indicated 

consumption was significantly higher in the Experimental channel on days 14, 28 and 35 (Table 

5; Fig. 3B). On the contrary, no effects on relative growth rate were detected (Table 5). 

Table 5  Results of the partly nested mixed linear model for relative consumption and growth rates 

(RCR and RGR, respectively) of S vittatum  

Factor  

RCR 
(mg mass loss day -1 MC-1) 

RGR 
(mg mass gained day -1 MC-1) 

d.f. F P d.f. F P 

Assemblage metabolism 1, 12.825 7.349 0.018 1, 18.467 0.016 0.902 

Treatment 1, 17.548 26.336 <0.001 1, 14.890 1.285 0.275 

Time 4, 18.986 2.413 0.085 3, 12.906 1.785 0.200 

Treatment x Time 4, 18.579 7.174 0.001 3, 11.752 0.166 0.917 
P-values <0.050 are indicated in boldface type. 

 

The invertebrates began to pupate on day 7 and 21 in the Experimental and Control 

halves, respectively. Higher pupation rates were observed in the Experimental channel 

(ANCOVA, treatment, F1, 7 = 10.295, P = 0.015 and time, F1, 7 = 24.372, P = 0.002; Fig. 4).  
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Fig. 3  (A) Relationship between 

estimated rates of assemblage 

metabolism per cage and week (mg leaf 

consumed day
-1

) derived from metabolic 

theory of ecology and observed 

consumption rates (RCR; mg leaf 

consumed MC
- 1

 day
-1

). MC is given in 

mg. Linear regression is shown (RCR = 

0.014 AM + 0.093; r=0.293, r
2
=0.086, 

P = 0.062). (B) Relative consumption 

rate (RCR; mean ± SE, n = 4) of 

S. vittatum maintained in the Control and 

Experimental channels of the stream 

reach for 35 days. * indicates significant 

differences (P  <0.050) between the two 

treatment levels for a particular day. 

 

 

 

 

Fig. 4  Pupation rates (%, n = 52) of 

S. vittatum  larvae during the in situ  

feeding experiment in the Control  and 

Experimental channels.  P-values for 

treatment effect and time (covariate) 

were 0.015 and 0.002, respectively.  
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Discussion 

Leaf conditioning and palatability 

Consistent with our predictions, higher temperature improved leaf litter quality, and 

stimulated microbial-mediated leaf mass loss. Although we expected that these changes would 

result from enhanced fungal colonisation at warmer temperatures (Bhat, Singh & Sharma 1998; 

Gulis & Suberkropp 2003; Aßmann et al. 2011; Ferreira & Chauvet 2011b), the lack of 

consistent differences in fungal biomass between treatments did not support this hypothesis. The 

highest phosphorus concentration found in water from the Control channel could have dampened 

differences in fungal biomass between treatments (Gulis, Ferreira & Graca 2006; Ferreira & 

Chauvet 2011b), but no increase in fungal P immobilization (as % P) in the leaves was observed. 

Improved leaf quality at warmer temperatures seem to have been driven by differences in the 

fungal-colonizing species and/or assemblages metabolic rates (Brown et al. 2004; Ferreira & 

Chauvet 2011a; Gonçalves et al. 2013). It has been stated that the elemental composition and 

ability to degrade litter can vary among fungal species (Suberkropp et al. 1983; Aßmann et al. 

2011), leading to differences in leaf quality. Furthermore, higher microbial metabolic rates can 

accelerate decomposition at warmer temperatures (Boyero et al. 2011).  

S. vittatum larvae did not show feeding preferences when offered leaves conditioned in 

the Control or Experimental channel. This was surprising because, in spite of a similar fungal 

biomass, leaves conditioned at higher temperatures were softer and presented higher N and lower 

polyphenolic concentrations (see also Iversen 1974; Graça 2001). Furthermore, previous studies 

using Sericostoma showed that these invertebrates were able to discriminate between leaves that 

differ in N content (Iversen 1974; Graça et al. 2001; Ferreira et al. 2010). However, in these 

cases, the N contents differed by ~50% between the food sources offered and were three to seven 

times greater than in the present study. It seems likely that these shredders, which are able to 

consume hard, poorly conditioned leaves (Danger et al. 2012), may only discriminate among 

larger differences in resource quality.   

 

Detritivore performance and resource acquisition 

Higher assemblage metabolism at warmer temperatures (Brown et al. 2004) increased S. 

vittatum consumption rates. However, the higher consumption rates were not exclusively related 

to increased metabolic demands but also to other temperature mediated effects, as treatment 
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effect remained significant after accounting for assemblage metabolism. It seems likely that a 

higher leaf nutritional value might have also determined higher consumption rates in the 

Experimental channel (see also Arsuffi & Suberkropp 1984; Motomori, Mitsuhashi & Nakano 

2001). This possibility must, however, be considered with caution because of the deviation from 

the quarter power relationship of the metabolic theory of ecology observed in some assemblages 

(Appendix S1); more data (e.g., expanding over a wider range of temperatures) is needed to 

confirm it. 

Despite differences in resource quality, detritivores proved to be homeostatic; C, N and P 

body concentrations did not change with increased temperatures. These findings are in 

agreement with the assumption of strict homeostasis for aquatic consumers (Sterner & Elser 

2002; Cross et al. 2005). In accordance with our initial hypothesis, nutrient imbalances between 

consumers and their resources were reduced at warmer temperatures, but only in the case of C:N. 

However, contrary to our expectations, lower resource-consumer imbalances did not support 

higher growth rates; invertebrate growth did not differ between treatments, despite the higher 

leaf quality or consumption rates at warmer temperatures. Relative growth rate has been reported 

to increase with resource quality (Iversen 1974; Friberg & Jacobsen 1999; Tuchman et al. 2002) 

and temperature (Giberson & Rosenberg 1992; Hogg & Williams 1996; González & Graça 

2003). We argue that the lack of response to the resources nutritional enrichment could either be 

a consequence of: (i) the small differences in resource quality, which might not have been 

enough to promote growth, or the fact that (ii) detritivores were more P- than N-limited, which 

would be supported by low P content of oak leaves and the oligotrophic nature of the stream. In 

fact, large C:P imbalances and N:P imbalances greater than 1 were observed in our study.   

S. vittatum larvae reared in the Experimental channel started to pupate earlier than those 

in the Control channel. It seems that as the tested individuals were reaching their final instar, the 

onset of this developmental stage might have caused a trade-off between growth and pupation. It 

is generally accepted that temperature cues metamorphosis in aquatic insects. A reduction in 

development time at warmer temperatures, resulting in smaller adults, has also been previously 

reported for Trichoptera under laboratory condition (Spänhoff 2005; Kingsolver & Huey 2008; 

Jannot 2009). Our test in the field is also in line with studies that have found developmental rates 

to increase more rapidly than growth rates with the increase of temperature (McKie et al. 2004; 

Forster, Hirst & Woodward 2011). Although smaller adult sizes have been often related to lower 

reproductive success (Stearns 1992; Roff 2002), especially in the absence of compensatory 

feeding (Jannot 2009), evidence exists that species might be able to maintain fecundity at the 
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cost of somatic allocation (Stevens et al. 2000; McKie et al. 2004). In our study, larvae in the 

channel at warmer temperature consumed more leaf material but also had a higher lipid accrual. 

Accumulation of triglycerides relative to total body weight gain is related to food resource 

allocation to energy in insects (Cargill et al. 1985). A lipid increase may be necessary to 

accumulate the reserves to allow metamorphosis, flight and a successful reproduction (Cargill et 

al. 1985; Cavaletto & Gardner 1999; Canavoso et al. 2001). Such accumulation of lipids might 

contribute to maintenance of S. vittatum reproductive success under global warming scenarios. 

 

Conclusions and outlook 

Our results suggest that increases in water temperature can affect detritivore performance 

by modifying both the quality of their resources and their metabolic responses. The nutritional 

quality of leaves was higher in the channel at warmer temperature lowering resource-consumer 

C:N imbalances. However, neither lower imbalances nor higher consumption rates resulted in 

higher growth rates for S. vittatum larvae at warmer temperatures. If confirmed for other species, 

faster allochthonous organic matter processing, eventually not translated in higher productivity, 

is expected in these detritus-based stream ecosystems in global warming scenarios. Shredders 

maintained at warmer temperatures in the stream had a reduced developmental time and an 

earlier pupation; however, higher consumption rates seemed to be critical to fulfil their lipid 

storage requirements prior to metamorphosis to an adult aerial stage. Based on our study, an 

earlier emergence of insect larvae will likely occur in warmed streams changing the timing of 

prey availability. Potential relevant consequences on the C cycle of the coupled stream-riparian 

food webs can be expected (Baxter, Fausch & Saunders 2005). More studies are certainly 

needed, under natural conditions, to assess the real effects of warming on shredders phenology 

and consequent effects on stream processes and functioning.  
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Supporting information 

Empirical determination of the normalization constant (io) to calculate assemblage metabolism 

Following Brown et al. (2004), the empirical normalization constant (io; in mg leaf 

consumed day
-1

) to account for assemblage metabolism (AM) was derived through the antilog of 

the intercept (23.86) for the relationship between metabolic capacity and temperature corrected 

leaf consumption per day on a log-log plot (Fig. S1). 

 

Fig. S1  Log-log relationship between metabolic capacity (MC) and temperature normalised leaf 

consumption (mg leaf consumed day
-1

) for Control and Experimental consumer assemblages, 

where E is the mean activation energy for heterotrophic metabolism (+0.63 after Brown et al.  

2004), k is the Boltzmann constant, T is the temperature in Kelvin. Regression equation y = 1.12x 

+ 23.86, r=2.15, r
2
=0.046, P=0.183; intercept, P<0.001). 
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Abstract 

As a result of climate change, streams are warming and their runoff has been decreasing in most 

temperate areas. These changes can affect consumers directly by increasing their metabolic rates and 

modifying their physiology and indirectly by changing the quality of the resources on which organisms 

depend. In this study, a common stream detritivore (Echinogammarus berilloni) was reared at two 

temperatures (15 and 20°C) and fed Populus nigra L. leaves that had been conditioned either in an 

intermittent or permanent reach to evaluate the effects of resource quality and increased temperatures on 

detritivore performance, stoichiometry and nutrient cycling. The lower quality (i.e., lower protein, soluble 

carbohydrates and higher C:P and N:P ratios) of leaves conditioned in pools resulted in compensatory 

feeding and lower nutrient retention capacity by E. berilloni. This effect was especially marked for 

phosphorus, which was unexpected based on predictions of ecological stoichiometry. Warmer 

temperatures increased growth rates in E. berilloni. However, when individuals were fed pool-

conditioned leaves at warmer temperatures, the effects of leaf quality were more pronounced, and the 

consumers exhibited less efficient assimilation and higher mortality. Furthermore, the shifts to lower C:P 

ratios and higher lipid concentrations in shredder body tissues suggest that structural molecules such as 

phospholipids are preserved over other energetic C-rich macromolecules such as carbohydrates. These 

effects on consumer physiology and metabolism were further translated into faeces and excreta nutrient 

ratios. Overall, our results show that the effects of reduced leaf quality on detritivore nutrient retention 

were more severe at higher temperatures because the shredders were not able to offset their increased 

metabolism with increased consumption or more efficient digestion when fed pool-conditioned leaves. 

Consequently, the synergistic effects of impaired food quality and increased temperatures might not only 

affect the physiology and survival of detritivores but also extend to other trophic compartments through 

detritivore-mediated nutrient cycling. 
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Introduction  

Climate warming is unequivocal, and even greater increases in temperature and changes 

in precipitation are predicted for this century (IPCC 2013). Consequently, rivers and streams in 

many regions are predicted to warm and experience changes in their runoff patterns (Eaton & 

Scheller 1996; Hari et al. 2006). Decreased precipitation in certain regions of Africa, Asia and in 

the Mediterranean, especially during the summer months, together with greater 

evapotranspiration loss with higher temperatures and an increasing anthropogenic water demand, 

are expected to reduce stream discharge (Hartmann et al. 2013). Therefore, flow intermittency 

might increase in both Mediterranean and more temperate regions (Arnell 1999; Hirabayashi et 

al. 2008).  

Flow cessation reduces habitat availability and alters habitat characteristics (Lake 2003). 

Oxygen levels in water decrease as temperature, sedimentation and nutrient concentrations rise 

(Dewson et al. 2007). Although increased temperature is expected to accelerate microbial 

colonization and activity (Friberg et al. 2009; Ferreira & Chauvet 2011), the simultaneous 

increase in leaching and decline in water quality might also constrain microbial density and 

activity (Dieter et al. 2011; Romaní et al. 2013), thereby promoting antagonistic impacts on the 

quality of the basal resources. In addition, shifts in water nutrient ratios will also likely affect 

microbial activity and production (von Schiller et al. 2008, 2011), potentially altering resource 

stoichiometry. Therefore, determining the effects of drought on microbial compartments and 

basal resources is necessary to understand and scale-up the bottom-up effects of these changes 

on consumers. 

Increases in temperature will also directly affect ectothermic consumers by increasing 

their metabolic rates and altering many of their biological processes, such as development time, 

respiration, growth and consumption (Hogg & Williams 1996; Brown et al. 2004). However, the 

rate of change might be different among processes and further constrained by resource quality 

(Doi et al. 2010). Therefore, if the effects of drought on consumer resources do not ensure a 

balanced supply of key elements, there may be a mismatch between consumers’ metabolic 

demands and the availability of the resources to meet them. Consumers use different behavioural 

or physiological processes to achieve the appropriate balance of elements required for 

maintenance, growth and reproduction (Sterner & Elser 2002; Frost et al. 2005). For instance, 

nutrient limitations might be addressed by increasing the feeding rate or selecting more nutritious 

patches of food (Frost et al. 2005; Hessen et al. 2013). According to stoichiometric regulation, 
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digestion and absorption may also be adjusted to favour the retention of the most limiting 

element, and excess nutrients can be released by excretion or respiration (Anderson et al. 2005). 

Consequently, the extent to which individuals will be able to compensate for this imbalance will 

ultimately determine the constraints on an individual’s performance and survival as well as 

alterations in the consumers’ nutrient cycling (Sterner & Elser 2002; Hessen et al. 2013). 

Most watercourses in temperate regions consist of small forested headwater streams, 

mainly fuelled by allochthonous organic matter (Vannote et al. 1980), and thus a major fraction 

of energy in the ecosystem flows through the detritivore chain. Because large stoichiometric 

imbalances exist between shredders and the particulate organic matter they feed on (Cross et al. 

2005), further changes in resource quality during flow intermittence (Ylla et al. 2010) might 

have consequences for both consumers’ fitness and organic matter processing in streams. In this 

study, we specifically aim to evaluate (i) how resource quality will affect consumers’ 

metabolism and nutrient cycling and (ii) whether a temperature increase will attenuate or, 

alternatively, accentuate these changes. To this end, a laboratory experiment was performed by 

feeding the shredder Echinogammarus berilloni with Populus nigra leaves that were previously 

exposed either to an intermittent or a permanent stream reach and incubating each of the two diet 

groups at two controlled temperatures (15 and 20°C). We hypothesized that the lower quality of 

leaves conditioned at the intermittent reach (i.e., resulting from lower microbial density and 

activity in pool-conditioned leaves) would impact shredder consumption, growth and survival 

and alter their nutrient ratios in faeces and excreta to favour retention of the most limiting 

nutrient. In contrast, higher temperatures should increase consumers’ metabolism, leading to 

higher consumption, growth, egestion and excretion rates. Consumers in higher temperatures that 

were also fed lower quality food must strike a balance between their increased energetic 

demands and the reduced resource quality; they must either further increase their consumption 

rates or increase their assimilation efficiencies in favour of the most limiting nutrient, resulting in 

a higher release of the non-limiting nutrient. Finally, the extent to which organisms will be able 

to compensate, either by increasing consumption or modifying assimilation efficiencies, will 

determine the effects of changes in temperature and resource quality on the elemental 

composition of consumers. 
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Materials and Methods 

Experimental setup 

In a laboratory experiment, Echinogammarus berilloni Catta were fed leaf litter 

conditioned in an intermittent stream (INT) or leaf litter conditioned in a permanent stream 

(PERM). Individuals fed either type of leaves were incubated at either 15 or 20°C, resulting in 4 

treatments: PERM15, INT15, PERM20 and INT20. Fifteen replicates (glass microcosms) were 

performed for each treatment. The experiment lasted 14 days in temperature-controlled 

incubators (F1, IBERCEX, Madrid, Spain).  

Mature E. berilloni males were collected from Riera de Vallforners, a 2
nd

-order stream 

located within Montseny Natural Park (41° 42’ 25’’ N, 2° 21’ 06’’ E), by separating precopula 

pairs. Individuals were placed in 250 mL plastic containers, covered with 1-mm mesh net and 

introduced to a portable refrigerator filled with stream water for transport to the laboratory. In 

the laboratory, individuals were randomly split into two groups and acclimatized at 15 and 20°C 

under a 12 h light: 12 h dark photoperiod for one week and fed conditioned alder litter ad 

libitum. Twenty-four hours prior the start of the experiment, the test animals were starved to 

allow evacuation of their gut contents. E. berilloni were photographed, and the dorsal length of 

their first thoracic segment measured (DL). E. berilloni body length (BL) was estimated using 

the equation BL = 14.458 * DL – 0.11 (r 
2
= 0.969; P <0.001; n = 92; Larrañaga 2008). 

For the experiment, E. berilloni were individually allocated to glass microcosms (8.5 cm 

diameter x 9 cm high) containing 250 mL of filtered stream water. Water was oxygenated for the 

duration of the experiment and replaced every two days to avoid ammonia accumulation and to 

compensate for water losses. Thirty individuals, previously acclimatized to the test temperatures 

(15 or 20°C), were randomly divided into the two food quality treatments (15 individuals per 

treatment).  

 

Leaf conditioning 

Populus nigra L. leaves were conditioned at two selected reaches within La Tordera river 

catchment (NE Iberian Peninsula), a permanent stream reach (Santa Fe) and an intermittent 

stream reach (Fuirosos). The Tordera catchment is in a Mediterranean climate; most precipitation 

occurs in autumn and spring, summers are warm and dry, and winters are mild. However, the 
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altitudinal difference between the study reaches led to different microclimates with contrasting 

temperature, precipitation and evapotranspiration (Table S1), resulting in different hydrological 

regimes (for further details see (von Schiller et al. 2008). The permanent stream (Santa Fe: 41° 

46’ 48’’ N, 2° 27’ 15’’ E; 1189 m a.s.l.) is located in Montseny Natural Park. The studied riffle-

pool reach is mostly flanked by beech (Fagus sylvatica L.), and stream flow is continuous 

throughout the year. The intermittent stream (Fuirosos: 41° 42’ 20’’ N, 2° 35’ 56’’ E; 106 m 

a.s.l.) is located in Montnegre-Corredor Natural Park, which has a warmer and drier climate. 

With the exception of the wettest years, stream discharge is intermittent during summer, when 

the streambed is dry for 2-3 months. The study reach is surrounded by dense riparian vegetation 

dominated by alder (Alnus glutinosa L.), hazel (Corylus avellana L.) and holm oak (Quercus ilex 

L.). Both reaches flow through a granitic substrate mainly composed of cobbles and sand. 

Air-dried, stalkless Populus nigra leaves, collected in the Tordera catchment (41° 45’ 

41’’ N, 2° 35’ 06’’ E) in autumn 2011, were assembled into groups of ~5 g and enclosed in 0.5-

mm-mesh bags (25 x 30 cm). Leaf colonization started in June 2012 in both stream reaches, 

when the intermittent reach was still connected but had low flow. After two weeks (on June 

26
th

), the flow was interrupted in the intermittent stream, and leaf colonization continued in an 

isolated pool for three more weeks. Differences in the physicochemical characteristics of the 

stream water between the stream reaches are summarized in Table S1. Leaves were recovered on 

two consecutive weeks (10 leaf bags per reach and date) to provide fresh food to the study 

detritivores throughout the 2-week experiment. The leaves were transported in a cooler to the 

laboratory, where they were gently rinsed with distilled water. On each sampling date, five 

subsamples were randomly taken from five different leaf bags for the analysis of chemical 

quality and microbial biomass. Samples for ergosterol determination (five 12-mm diameter 

poplar discs) were placed in plastic vials and frozen (-20°C) until analysis, and samples for 

bacterial density analyses (one 12-mm diameter poplar disc) were stored in sterilized glass vials 

with filtered stream water (0.2 µm nitrocellulose, Whatman) fixed with formalin (2%). Biofilm 

from a known leaf surface was scraped with a toothbrush, filtered on glass fiber filters (Whatman 

GF/F) and frozen at –20°C until chlorophyll a analysis. An extra set of five 12-mm diameter 

poplar discs and the remaining poplar leaves were lyophilized (excluding the main vein) and 

weighed to the nearest 0.01 mg. The leaf discs were ashed for 4 h at 450°C and reweighed to 

obtain the ash-free dry mass (AFDM). Lyophilized leaves were ground and used for chemical 

analyses.  
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Invertebrate consumption, growth, egestion and excretion 

Fifteen premeasured E. berilloni per treatment were fed ad libitum with 20 12-mm 

diameter preconditioned (PERM or INT) poplar discs at either 15 or 20°C. Four extra 

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

leaf mass losses other than consumption. After one week, the leaf material was removed and 

replaced by 20 fresh conditioned leaf circles. The removed leaf discs were collected, dried at 

60°C until constant weight and weighed to the nearest 0.01 mg. The leaf dry mass (DM) that was 

offered to the invertebrates was estimated from extra sets of conditioned (PERM and INT) 

leaves. At the end of the experiment, individuals were measured again, freeze-dried, weighed to 

the nearest 0.001 mg, ground and individually used for the carbon (C), nitrogen (N), phosphorus 

(P), protein and lipid content evaluation as described below. 

Consumption (C) was calculated as the loss of leaf DM corrected by the DM 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 consumers' dry mass (g) at the end of 

the experiment and day is the number of days the test lasted. The rates of C, N and P 

consumption were determined by multiplying the C, N and P content of the offered resources. 

Individuals’ relative growth rates (RGR) were estimated as RGR=(BLf - BLi)/(BL * day), where 

BLf and BLi are the final and initial body length (mm), respectively; BL is the mean body length 

between the start and the end of the test; and day is the number of days the test lasted. 

Survivorship was also registered every other day during all the experiment.  

Faeces produced during the feeding experiment were removed every 3-4 days with a 

Pasteur pipette and pooled for each individual on a pre-weighed vial, freeze dried and weighed to 

the nearest 0.01 mg. A subsample was used to determine % C, N and P. Relative egestion rates 

were calculated in terms of the egested DM divided by the individual’s dry mass per day. The 

rates of C, N and P egestion were determined by multiplying the % C, N and P of each individual 

egesta.  

Excretion rates were calculated on the 11
th

 day after the start of the experiment. 

Individuals were rinsed with UV-purified water and introduced into sterile Falcon tubes 

containing 50 mL of UV-purified water. The incubation took place in darkness, at either 15 or 

20°C according to the treatment, over 4 h. Water samples were collected to determine the total 

dissolved phosphorus, nitrogen and organic carbon (TDP, TDN, DOC, respectively) at the start 

and end of the incubation. All water samples were filtered with pre-combusted glass fiber filters 
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(Whatman GF/F) and immediately frozen (–20°C) until analysis. Falcon tubes containing UV-

purified water but no animals served as blanks. Relative excretion rates were calculated in terms 

of mg of the element excreted (corrected by blanks) divided by individual’s dry mass per h.  

 

Microbial biomass  

Fungal biomass in conditioned Populus leaves was measured from ergosterol analysis. 

Ergosterol was extracted from leaf disks using KOH methanol 0.14 M at 80°C for 30 min and 

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

Waters Corp., Milford, MA, USA; Gessner & Schmitt 1996). Ergosterol was quantified using an 

HPLC-MS/MS (HPLC Agilent 1100 series, Waldbronn, Germany; Headley et al. 2002) 

equipped with an 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 with a Luna 5 µm c18, 100A, 150 x 2 mm analytical column (Phenomenex, Torrance, 

CA, USA). Quantification was performed with a multiple reaction monitoring (MRM) method at 

m/z 379.1/69.1, and the conversion to % C of fungal biomass was achieved using a conversion 

factor of 5.5 µg ergosterol mg
-1

 fungal dry mass (Gessner & Chauvet 1993) and 43% C content 

in fungal dry mass (Baldy & Gessner 1997). 

To estimate bacterial density, fixed samples were sonicated (1 + 1 min, Selecta, 40 W 

power, 40 kHz frequency) and agitated for 30 min after dilution with pyrophosphate (1:10). 

Subsequently, the samples were stained for 20 min with 4,6-diamidino-2- phenylindole (DAPI; 

final concentration of 2 µg mL
-1

) and filtered through 0.2 µm irgalan black-stained 

polycarbonate filters (Nuclepore, Whatman). Bacteria were then counted using a fluorescence 

microscope (Nikon, Tokyo, Japan) under 1250x magnification. Fifty random fields per filter 

were counted. The bacterial biomass in terms of carbon was estimated based on a conversion 

factor of 2.2 · 10
-13

 g C µm
-3

 (Bratbak & Dundas 1984) and considering a mean bacterial 

biovolume of 0.1 µm
3
 (Thiel-Nielsen & Sondergaard 1998). 

Chlorophyll a was extracted in 90% acetone for 12 h in the dark at 4°C after 2 min of 

sonication (Selecta sonication bath at 150 W and 50 Hz). Then, the 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 & Humphrey (1975). Algal 
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biomass in terms of carbon was calculated assuming a carbon:chlorophyll-a ratio of 60 (Geider 

& Mac Intyre 1996). 

 

Chemical analyses  

The DOC and TDN were measured using a high catalytic oxidation Shimadzu TOC 5000 

analyzer (Kyoto, Japan) with a coupled TN analyzer unit. The total C and N contents in the 

leaves, animals and faeces were analyzed with a Thermo Elemental Analyzer 1108 (Thermo 

Scientific, Milan, Italy). The total P concentration was determined after a basic digestion 

(NaOH) of samples in an autoclave (110°C for 90 min; Koroleff & Weinheimer 1983), and the 

posterior determination of the total phosphate concentrations (SRP) was performed using the 

ascorbic acid method (APHA 1989). The total phenolics were quantified by means of a Folin-

Ciocalteau assay (Bärlocher & Graça 2005). For the lipid content analyses, samples were 

homogenized using an ultrasonic homogenizer (200 W, 24 kHz; Hielscher UltrasonicsGmbH, 

Teltow, Germany), and the lipids were extracted with a mixture of chloroform and methanol 

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

colorimetric sulphophosphovanillin method (Zöllner & Kirsch 1962). Protein extraction 

followed Baerlocher et al. (2004), and the quantification was performed using the Bradford 

assay. The extraction and determination of soluble carbohydrates was performed according to 

Mansfield & Bärlocher (2005). 

 

Data analysis  

The assimilation efficiencies (AE; for C, N and P) were calculated as the percentage ratio 

between digested (ingested-egested) and ingested food. The N and P internal mass balances were 

estimated as the arithmetic difference between ingested and egested + excreted elements after 

correcting the values for time and individual dry mass according to Díaz Villanueva et al. 

(2011). 

Leaf microbial biomass and quality was compared between conditioning treatments 

(PERM versus INT) and weeks with a two-factor factorial ANOVA. When neither week nor the 

interaction term were significant (P >0.100), a t-test considering only the conditioning treatment 

was used instead.  
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The effects of leaf quality and temperature (fixed effects) on the response variables (i.e., 

RCRs, RGRs, assimilation efficiencies, egestion and excretion rates, egested and excreted ratios, 

internal mass balances and consumers’ stoichiometry and lipid and protein concentration) were 

analyzed by an analysis of covariance (two-way ANCOVA) using consumers’ dry mass (DM) as 

the covariate. We started with the most complex model, introducing all of the possible 

interactions (including interactions of covariates x factors, following García-Berthou & Moreno-

Amich 1993). The general linear model was simplified by removing non-significant interactions 

(P >0.100). When the covariate was not significant, it was also removed from the model, and an 

ANOVA was used instead. The ANCOVA was also used to compare the condition of the 

consumers (body mass corrected for body length) at the end of the experiment using the 

invertebrate DM as a fixed factor and its BL as the covariate (García-Berthou 2001). To test 

whether the N and P mass balances significantly deviated from 0, a one-sample Student’s t-test 

was used.  

When significant differences were found, pairwise comparisons adjusted using the Dunn-

Sidak correction were performed to determine the differences among the four treatment means 

(Quinn & Keough 2002). Data were log or arcsine transformed when necessary to meet the 

assumptions of normality and equal variance. All statistical analyses were performed with IBM® 

SPSS® statistics 20.0 for Windows (SPSS Inc., Chicago, IL, USA). 

 

Results 

Conditioned leaf quality 

PERM leaves had higher fungal C content, whereas INT leaves had higher bacterial C 

content (Table 1). There was no difference in algal C content between INT and PERM leaves 

(Table 1). Leaves conditioned in the PERM reach had higher soluble carbohydrates, protein and 

phenol concentrations (Table 1), lower C:P and N:P ratios and higher P concentrations, 

especially in the second week (Table 1, Conditioning x Week interaction). The % C was higher 

in leaves conditioned in the INT reach, whereas there were no differences in the C:N ratios or % 

N among the treatments (Table 1, Conditioning effect). The % C and N increased on the second 

week, leading to higher C:P and N:P ratios but lower C:N ratios (Table 1, Week effect). There 

were no differences in the leaves’ lipid concentrations among the treatments (Table 1). 
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Consumption, egestion and assimilation efficiencies 

E. berilloni fed INT leaves had higher C, N and P RCRs (Table 2, Leaf quality effect; Fig. 

1A-C) but also higher N and P egestion rates (Tables 2 and S2, Leaf quality effect). Egestion 

rates were higher at 20°C for all of the elements analyzed (Tables 2 and S2, Temp effect). 

Consequently, the AE significantly decreased with temperature when the individuals were fed 

INT leaves, whereas no effect of temperature occurred when they were fed PERM leaves (Table 

2, Leaf quality x Temp effect; Fig. 1D-F). The individuals’ consumption and egestion rates 

diminished with the individuals’ DM (Table 2, DM effect). 

 

Fig. 1  Relative consumption rate (RCR; A-C) and assimilation efficiency (AE; D-F) for 

E. berilloni (n = 11-15) maintained at 15 and 20°C and fed PERM and INT leaves. The results are 

the mean (± SE) for the different treatments. The least-square means are shown for RCR  to correct 

for the DM effect (ANCOVAs, P <0.100). Different letters indicate significant differences based 

on independent pairwise comparisons adjusted by the Dunn-Sidak correction at α = 0.050.  
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All of the molar ratios in the faeces depended on the interaction between food quality and 

temperature: the C:N ratios were significantly higher when individuals had been reared at 15°C 

and fed PERM leaves, whereas the C:P and N:P ratios were higher at 20°C under the same diet 

(Table 2, Leaf quality x Temp effect; Fig. 2). The C:N ratios in faeces were lower than in the bulk 

leaf material, indicating that C was more efficiently assimilated than N in all of the treatments 

(Fig. 2A). Interestingly, this response differed between treatments for P. There were higher C:P 

and N:P ratios in the faeces than leaves when the individuals were fed PERM leaves, which 

suggests preferential assimilation of P over C and N in the PERM treatments. However, under an 

INT diet, the individuals preferentially assimilated C over P, especially at 20°C, and they only 

assimilated P more efficiently than N at 15°C (Fig. 2B-C). The ratios in the faeces increased with 

the individuals’ DM (Table 2, DM effect).  

 

 

 

 

 

 

 

 

 

Fig. 2  Molar ratios in faeces of E. berilloni (n 

= 11-15) maintained at 15 and 20°C and fed 

PERM and INT leaves. The results are the 

mean (± SE) for the different treatments. The 

least-square means are shown to correct for the 

DM effect (ANCOVAs, P <0.100). The 

horizontal lines represent molar ratios of 

leaves conditioned under PERM (grey dashed 

line) and INT (black dotted line) conditions. 

Different letters indicate significant 

differences based on independent pairwise 

comparisons adjusted by the Dunn-Sidak 

correction at α = 0.050. 
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Excretion rates and elemental mass balances 

The N excretion rates increased with temperature when E. berilloni were fed INT leaves 

(Table 2, Leaf quality x Temp effect; Fig. 3B), whereas the P excretion rates were higher for the 

INT treatments irrespective of temperature (Table 2, Leaf quality effect; Fig. 3C). The C:P and 

N:P ratios in excreta were significantly lower with an INT diet at 15°C (Table 2, Leaf quality x 

Temp effect; Fig. 3E-F), which also resulted in lower N:P ratios in the excreta than in the leaves. 

There were no differences in C excretion rates or C:N ratios in the excreta between treatments 

(Table 2; Fig. 3A, D). 

Fig. 3  Relative excretion rate (A-C) and molar ratios in excreta (D-F) of E. berilloni (n = 11-15) 

maintained at 15 and 20°C and fed PERM and INT leaves. The results are the mean (± SE) for the 

different treatments. The horizontal lines represent molar ratios of leaves conditioned under 

PERM (grey dashed line) and INT (black dotted line) conditions. The C:N and C:P ratios of leaves 

fell above the range of the graphs. Different letters indicate significant differences based on 

independent pairwise comparisons adjusted by the Dunn-Sidak correction at α = 0.050. 
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When the individuals were fed INT leaves, the N mass balance decreased significantly at 

warmer temperatures, shifting from a positive balance at 15°C to a null balance at 20°C (Table 2, 

Leaf quality x Temp effect; Fig. 4A). However, when individuals were fed PERM leaves, they 

shifted from a negative balance at 15°C to a null balance at 20°C, but the differences between 

temperatures were not significant in the PERM diets (Table 2, Leaf quality x Temp effect; Fig. 

4A). P mass balances were not significantly different among the treatments (Table 2), although 

they tended to be lower in the INT treatments (Table 2, Leaf quality effect; Fig. 4B). The P mass 

balance was null for all of the treatments except for INT15, whose individuals loss P. 

Fig. 4  Net gain of (A) N and (B) P by E. berilloni  (n = 11-15) maintained at 15 and 20°C and fed 

PERM and INT leaves. The results are the mean (± SE) for the different treatments. Different 

letters indicate significant differences based on independent pairwise comparisons adjusted by the 

Dunn-Sidak correction at α = 0.050. * Net gain was significantly different from 0 (t-test, 

P  <0.050). 
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Consumer stoichiometry and chemical content 

E. berilloni had a lower N concentration when maintained at 20°C versus 15°C and when 

fed INT leaves versus PERM leaves (Tables 3 and 4, Leaf quality and Temp effect). In contrast, 

under an INT diet, individuals had lower P concentrations at 15°C (Tables 3 and 4, Leaf quality x 

Temp effect). Accordingly, the lowest C:P and N:P ratios and highest C:N ratios were found in 

individuals fed INT leaves at 20°C (Table 4). In addition, the P concentration of E. berilloni 

increased with individual biomass when fed PERM leaves (P = 0.022) but did not change under 

an INT diet (P >0.050; Table 4, Leaf quality x DM effect; Fig. 5). 

 

 

 

 

Fig. 5  Relationships between body dry mass 

and body P (%) of E. berilloni maintained at 

15 and 20°C and fed PERM and INT leaves. 

Only significant (P <0.050) regressions are 

shown (PERM, log body P(%) = 0.015 DM + 

0.147, r
2 

= 0.178, P = 0.022). 

The lipid concentration was significantly higher for the INT20 individuals (Tables 3 and 

4, Leaf quality x Temp effect), whereas the protein concentration was not affected by food quality 

or temperature, despite a tendency to be lower in the INT versus PERM treatments, especially at 

15°C (Tables 3 and 4, Leaf quality and Leaf quality x Temp effects).  

 

Growth, condition and survival 

The RGRs were higher for individuals maintained at 20°C (ANOVA, Temp effect, F1,48 = 

12.949, P = 0.001), especially when fed INT leaves (Leaf quality x Temp effect, F1,48 = 2.825, 

P = 0.099; Leaf quality effect, F1,48=1.876, P=0.117; Fig. 6A). The condition of individuals 

depended on the interaction between leaf quality and temperature (ANCOVA, Leaf quality x 

Temp effect, F1,47 = 11.252, P = 0.002, Size effect, F1,47 = 182.307, P <0.001; Fig. 6B), and 

condition was better for PERM15 than for INT15 or PERM20 individuals (post-hoc multiple 

comparison test; Fig. 6B). Survival was 100% for PERM15, 93% for INT15 and PERM20 and 
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80% for INT20. Mortality started on the third day in the INT treatments but did not occur until 

day 12 in the PERM treatments.  

 

Fig. 6  (A) Relative growth rate (RGR, mean ± SE) and (B) condition of E. berilloni (n = 11-15) 

maintained at 15 and 20°C and fed PERM and INT leaves. Linear regressions (P <0.001) are 

shown for each treatment; the r
2
 values were 0.825, 0.751, 0.744 and 0.888 for PERM15, INT15, 

PERM20 and INT20, respectively. Different letters indicate significant differences based on 

independent pairwise comparisons adjusted by the Dunn-Sidak correction at α = 0.050. 

 

Discussion  

This study shows that the assimilation of P is constrained when E. berilloni are fed lower 

quality leaves (i.e., higher C:P ratios). Higher consumption rates under such a lower quality diet 

compensated for lower P assimilation at 15ºC but not at 20ºC. However, despite its lower 
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nutrient assimilation, growth rates were higher at warmer temperatures under a lower quality 

diet. This mismatch might be responsible for the observed changes in consumers' body tissue 

composition and increased mortality under this treatment, which suggests more severe 

consequences for E. berilloni feeding on less nutritious resources under the expected climate 

warming scenario (IPCC 2013). 

E. berilloni that were fed leaves conditioned in the intermittent stream (INT leaves) 

showed an increase in relative consumption rates but also higher nitrogen egestion and 

phosphorus egestion and excretion rates. The metabolic changes in the consumer might be linked 

to specific changes in leaf quality. In this study, the INT leaves were of lower quality, containing 

less protein, soluble carbohydrate and phosphorous than the PERM leaves. Resource 

conditioning in the intermittent stream pools increased the C:P and N:P ratios in leaves, and a 

diet of these leaves may be P limiting in higher trophic levels. Previous studies in the same 

stream found high phosphatase activity in the biofilms of summer pools, which underscores the P 

limitation in the drying phase (Timoner et al. 2012; Romaní et al. 2013). The harsher abiotic 

conditions of pools, especially among the leaf packs, might have constrained the fungal growth 

and protein accrual (Aßmann et al. 2011; Dieter et al. 2011), whereas higher temperatures and 

intense leaching might have reduced both the phenol and soluble carbohydrate concentrations of 

the leaves (Chergui & Pattee 1990; Dieter et al. 2011). Similar changes in leaf quality caused by 

anoxic summer conditions were reported by Dieter et al. (2013), who found a decrease in 

phenolics and P content but also an increase in lignin and cellulose content, which further 

reduced the quality of the leaves as a food resource for consumers. Therefore, the higher relative 

consumption rates when E. berilloni were fed INT leaves may reflect compensatory feeding 

resulting from the lower resource quality (i.e., lower % P, protein and soluble carbohydrate 

content). Such compensation in feeding rates has been widely described for many herbivores 

(Sterner & Elser 2002; Fink & Von Elert 2006; Suzuki-Ohno, Kawata & Urabe 2012). For 

detritivores, compensatory feeding has been observed for low quality food, with lower nutrient 

concentrations and higher content of recalcitrant compounds (i.e., lignin, tannins) when enough 

food is supplied (Friberg & Jacobsen 1999; Danger et al. 2013; Flores, Larrañaga & Elosegi 

2014). In the natural stream ecosystem, the availability of detritus in the streambed is influenced 

by the timing of inputs from the riparian forest as well as the hydrology (King et al. 1987; Pozo 

et al. 1997; Acuña et al. 2007). When the flow ceases, the transport of organic matter 

downstream also declines, and it accumulates in pools (Boulton & Lake 1992; Acuña & Tockner 

2010). Furthermore, hydric stress causes earlier leaf abscission to riparian vegetation, and the 
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greatest leaf fall coincides with the cessation of flow (Acuña et al. 2007). Therefore, despite the 

lower nutritional quality of pool-conditioned leaves, the high abundance of this resource might 

enable compensatory feeding in shredders in intermittent systems.  

A diet of INT leaves also caused a greater loss of nutrients through egestion. Differences 

in the stoichiometry between faeces and consumed leaves indicate E. berilloni assimilated P 

more efficiently than N and C when fed PERM leaves. However, this pre-absorptive regulatory 

capacity (Sterner & Elser 2002; Frost et al. 2005) was limited by the food quality, resulting in 

limited P assimilation under an INT diet. Therefore, leaves conditioned in pools were not only 

more P-depleted, but they also sequestered P in molecules that constrained their assimilation by 

E. berilloni. At 15°C, this loss was compensated for by the higher consumption rates, but this did 

not occur at 20ºC. Egestion rates were also higher at warmer temperatures, which would have 

reduced the food gut passage time and contributed to the lower pre-absorptive assimilation 

(Welton et al. 1983; Anderson et al. 2005). When fed PERM leaves, the individuals were able to 

compensate for these higher egestion rates at 20ºC probably through higher digestive enzyme 

reactivity at warmer temperatures (Brown et al. 2004). However, this did not occur under an INT 

diet, which resulted in lower assimilation efficiency in the INT20 treatment. Consequently, 

E. berilloni were not able to adjust their gut enzymatic activities to favour P assimilation when 

the temperature and food quality were simultaneously altered, potentially affecting their ability 

to meet their physiological requirements (Koop et al. 2011). 

The lack of pre-absorptive regulation in the INT20 individuals, and thus the inability to 

preferentially assimilate P over N, resulted in higher N excretion rates and N:P ratios in the 

excreta relative to the INT15 individuals, indicating post-absorptive stoichiometric regulation 

(Frost et al. 2005; Anderson et al. 2005). As a consequence, the consumers’ N net gain shifted 

from positive at INT15 to null at INT20, resulting in lower N concentrations in the E. berilloni 

that were reared at 20°C and fed INT leaves and a relative increase in % P. However, the N net 

balance was negative for PERM15, which is in contrast with the highest % N and protein 

concentration in the body tissue. Higher % N in leaves in the second week might have increased 

N losses through excreta, especially from PERM15 individuals, which were more efficient at 

assimilating N (i.e., higher C:N and lower N:P ratios in the faeces, Fig. 2A). Interestingly, 

although E. berilloni fed INT leaves at 15°C could assimilate P more efficiently than N, they lost 

more P through excretion, which resulted in a net P loss and higher C:P ratios. A similar result 

was reported by Frost & Tuchman (2005), who suggested a combination of high digestion but 

low absorption efficiencies, possibly due to increased concentrations of secondary compounds. 
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This would have resulted in the digestion to dissolved forms of most of the ingested leaves but 

little incorporation of this material into new body mass (Frost & Tuchman 2005). Alternatively, 

if P had been assimilated in excess, E. berilloni would later release P through excreta to account 

for such an imbalance (post-absorptive regulation; Frost et al. 2005; Anderson et al. 2005). 

According to the growth rate hypothesis, which relates higher RGRs to higher amounts of P-rich 

rRNA (Elser et al. 2003; Hessen et al. 2013), the lower RGR at 15°C than 20°C would explain 

the difference in P demands between temperatures under an INT diet. Consequently, the 

differences in consumer stoichiometry are not likely to be due to nutrient storage but rather to 

physiological responses to resource processing under conditions of increased stress related to 

lower food quality and higher temperatures (i.e., increased metabolism) (Hessen et al. 2013). 

Higher temperatures and subsequent increases of metabolic rates increased the relative 

growth rate of E. berilloni (Atkinson & Sibly 1997; Gillooly et al. 2001; Brown et al. 2004), and 

this effect was especially notable for INT-fed individuals. Although we would have expected 

lower growth rates under a diet poor in P (Persson et al. 2011; Kendrick & Benstead 2013; 

Danger et al. 2013), E. berilloni appears to be able to balance their stoichiometric demands for 

growth under the INT20 treatment. However, this increase in size did not translate into a better 

condition, probably because the higher metabolic demands at warmer temperatures were not 

compensated for by higher ingestion rates and suggests that the higher lipid concentration in 

INT20 individuals did not correspond to an accumulation of storage lipids (i.e., triacylglycerols) 

as an energetic reserve that would otherwise have translated into higher % C. Therefore, the 

changes in body constituents appear to have responded to a greater conservation of lipids, 

especially structural lipids such as phospholipids, over other C-rich macromolecules, such as 

carbohydrates (Vrede et al. 2004; Anderson et al. 2005). Amphipods preferentially store energy 

as glycogen, which enables the rapid mobilization of reserves (Hervant, Mathieu & Barre 1999). 

Therefore, to satisfy their higher metabolic demands at warmer temperatures on a lower quality 

diet, E. berilloni would likely have metabolized their glycogen reserves while preserving 

structural lipids. This behavior could have caused the higher mortality observed in this treatment. 

Similarly, Danger et al. (2013) related Gammarus’ mortality to differences in the biochemical 

quality of resources, which prevailed in their study despite the occurrence of compensatory 

feeding for less nutritious food. Therefore, if this result is confirmed in longer term studies, the 

synergistic effects from the reduced food quality of leaves colonized in pools and higher 

metabolic demands at higher temperatures might result in a trade-off between growth and fitness 

that ultimately affects Echinogammarus’ survival. 
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In addition to the consequences described for E. berilloni metabolism and stoichiometry, 

warming and resource quality might have wider ecosystem implications because of their effects 

on detritivore nutrient recycling. A diet of leaves that were conditioned in pools lowered C:N 

and C:P ratios in the faeces, resulting in much lower C:P ratios than were directly available from 

INT leaf fragmentation, especially at warmer temperatures (Fig. 2). Because faeces become 

incorporated into the standing stock of stream FBOM, collector-gatherers facing P limitation 

could meet their demand by selectively feeding on these particles, which could allow for higher 

growth and earlier pupation under intermittent flow conditions (Tuchman et al. 2003; Cross, 

Wallace & Rosemond 2007; Díaz Villanueva, Albariño & Canhoto 2012). Similarly, P 

mineralization (excretion rate) was faster under the INT diet, and similar results occurred for N 

at higher temperatures. Consequently, consumers can affect lower trophic levels by altering both 

the rate of nutrient cycling and the proportion of N versus P released (Vanni 2002; Bowman, 

Chambers & Schindler 2005; Evans-White & Lamberti 2006). The importance of consumer-

mediated nutrient cycling to the stream nutrient supply will largely depend on consumer density 

(Benstead et al. 2010). Because stream contraction and fragmentation results in higher 

invertebrate densities (Lake 2003) and the abundance of predatory fish is substantially reduced in 

intermittent streams (Davey & Kelly 2007; Mas-Martí et al. 2010), the contribution of 

consumers to nutrient availability may be considerable. 

In conclusion, our results showed that the effects of a lower quality diet on the 

physiology and stoichiometry of E. berilloni were accentuated at warmer temperatures. The 

reduced nutritional quality of the pool-conditioned leaves induced compensatory feeding in 

E. berilloni, but nutrient retention was lower under this scenario. In contrast, the higher 

metabolism at 20°C, which resulted in higher growth rates, was not further compensated by 

increased consumption, assimilation efficiency or preferential assimilation of the most limiting 

nutrient under a lower quality diet. Instead, the demands shifted the shredders’ body 

stoichiometry and reduced their survival. Additional studies of the changes in macromolecular 

body composition might be helpful to explain changes in body stoichiometry (Vrede et al. 2004) 

and to relate them to differences in fitness and survival. Finally, if these results are extended to 

other detritivores, the consequences of reduced leaf quality and increased temperatures for 

detritivore nutrient recycling might have broader ecosystem effects, resulting in more nutrient-

rich resources for collector-gatherers and microbial leaf colonizers. However, the relevance of 

these effects to these trophic compartments might ultimately depend on how recalcitrant or 

digestible the egested and excreted compounds are for their target consumers. 
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Supporting Information 

Table S1  Climatic and physicochemical characteristics of water in the study reaches. Mean (± 

SE) in the permanent (PERM) and intermittent (INT) reaches during the resource conditioning 

period (6
th

 June – 26
th

 July 2012; n = 10) 

 
PERM reach  INT reach 

P value     
(t-test) Parameter Mean ± SE  Mean ± SE 

Monthly mean air temperature (°C) 
(range) 3 - 201    4 – 282    

Annual precipitation (mm) 9001    650*2    

Conductivity (µS · cm-1) 50.58 ± 0.92  317.11 ± 10.36 <0.001 

pH 7.12 ± 0.03  7.22 ± 0.04 0.084 

O2 (mg/L) 9.26 ± 0.08  3.61 ± 0.41 <0.001 

O2 (%) 99.88 ± 0.49  39.88 ± 4.49 <0.001 

Temperature (°C) 12.18  ± 0.30  19.14 ± 0.21 <0.001 

velocity (m ·s-1) 0.026 ± 0.004   0.004 ± 0.001 <0.001 

Phenols (µg · L-1) 0.271 ± 0.039  1.336 ± 0.171 <0.001 

DOC (mg · L-1) 1.146 ± 0.046  4.592 ± 0.334 <0.001 

TN (mg · L-1) 0.220 ± 0.012  0.571 ± 0.162 0.038 

Total inorganic N (mg · L-1) 0.150 ± 0.011  0.249 ± 0.095 0.306 

N-NH4
+ (mg · L-1) 0.012 ± 0.002  0.217 ± 0.089 0.027 

N-NO2
- (mg · L-1) 0.004 ± 0.000  0.004 ± 0.000 0.333 

N-NO3
- (mg · L-1) 0.134 ± 0.009  0.016 ± 0.002 <0.001 

P-PO4
3- (mg · L-1) 0.013 ± 0.001  0.019 ± 0.004 0.170 

DIN:P-PO4
3- 26.642 ± 1.464   20.677 ± 3.532 0.126 

The P values are the results of independent t-tests comparing physicochemical parameters between reaches. 
Significant (P <0.050) results are highlighted in bold. 
1Data from (von Schiller et al. 2008). 
2Data from (Acuña et al. 2007). 
*High interannual variability as characteristic in a Mediterranean climate. 

 

 

 

Table S2 Relative egestion rates of E. berilloni.  C, N and P relative egestion rates (least-squares 

means ± SE) of E. berilloni (n = 11-15) kept at 15 and 20°C and fed with PERM or INT leaves 

Temp 
(°C) 

Food 
quality 

mg C g -1 d-1 
 

mg N g -1 d-1 
 

mg P g -1 d-1 
 

15 °C PERM 105.26 ± 10.97 b 3.36 ± 0.36 b 0.111 ± 0.013 b 

INT 115.11 ± 10.77 b 3.96 ± 0.36 b 0.128 ± 0.013 b 

20 °C PERM 125.42 ± 11.12 ab 4.16 ± 0.37 b 0.115 ± 0.013 b 

  INT 154.11 ± 12.13 a 5.20 ± 0.40 a 0.180 ± 0.014 a 
Different letters indicate significant differences among treatments (P <0.050). 
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General discussion 

The main goal of this thesis was to determine how predicted changes in stream hydrology 

(drought) and temperature due to climate change (IPCC 2013) would impact on resource-

consumer trophic interactions and invertebrate performance in headwater streams. Through the 

previous chapters, we have shown that both drought and warming altered the quality of basal 

resources available to aquatic consumers. The relative abundance of benthic resources was also 

influenced by changes in stream flow. These effects, in addition to direct effects of temperature 

on invertebrate metabolism, affected consumer feeding behaviour, nutrient assimilation 

efficiencies, growth and pupation. However, consumer body stoichiometry was hardly ever 

affected by the quality of resources, and the observed changes mostly responded to changes in 

consumer physiology. Finally, the simultaneous effects of increased metabolism due to warmer 

stream temperatures and lower resource quality due to stream flow fragmentation resulted in 

synergistic effects on a stream detritivore physiology and fitness. These results, as well as the 

potential derived effects on stream food webs and ecosystem functioning, are discussed in the 

following pages. 

In this thesis, field experiments and surveys were carried out to assess changes (i) in 

resource quality and abundance due to changes in stream flow and temperature and (ii) in 

consumer metabolism and performance due to increases in stream temperature. In addition, 

laboratory experiments under controlled temperature in combination with field-conditioned 

resources were used to analyse the mechanisms driving these changes. However, we 

acknowledge that longer time studies are needed to account for time-lag responses (Magnuson 

1990), whereas studies at an ecosystem level are necessary to assess the effects of the studied 

stressors on biotic interactions and thus better predict repercussions on ecosystem structure and 

functioning (Woodward, Perkins & Brown 2010b; Ledger, Brown & Edwards 2013). 

 

Effects of drought and warming on basal resource quality 

In this thesis, we have shown that hydrology could alter the availability of basal resources 

and both flow intermittence and warmer stream temperatures modified the quality of the basal 

resources available to consumers. However, both factors impacted resource quality in opposite 
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directions: while higher temperatures increased the quality of conditioned leaves (Chapter 3), 

flow fragmentation and drying reduced it (Chapters 2 & 4). 

Hydrology directly influenced the availability of allochthonous organic matter, which 

accumulated in pools as flow ceased and was washed downstream following flow peaks (Chapter 

1). These results are in agreement with Acuña et al. (2007) and Sanpera-Calbet (2014), who also 

reported earlier leaf abscission under drought conditions. In addition, we also showed hydrology 

could indirectly affect the availability of autochthonous resources, which took advantage of the 

available substrate for algal growth following spates (Acuña et al. 2004) or from raising 

temperature and nutrient concentration in pools (Lake 2003; Power, Holomuzki & Lowe 2013). 

However, these effects on algal development were further modulated by light availability (Ylla, 

Romaní & Sabater 2007), which in headwater forested streams is largely dependent on riparian 

tree phenology. 

An initial decrease in flow during the drying phase has been reported to enhance resource 

quality in terms of amino acid and polysaccharide content (Ylla et al. 2010) due to warmer, 

nutrient richer and more stable flow conditions which would promote autochthonous production 

(Ylla et al. 2007; Artigas et al. 2009). In this thesis, we have shown that these conditions also 

favoured phosphorus (P) accrual in fine benthic organic matter (FBOM) and epipsammic biofilm 

but that this P enrichment rapidly decreased after flow fragmentation (Chapter 1). In fact, the 

results of this thesis indicate that under more severe drought conditions, causing stream 

fragmentation and drying, resource quality diminished (Chapters 1, 2 & 4). These results are in 

agreement with recent studies in the same stream that reported a reduction in total and essential 

fatty acids and amino acids (Ylla et al. 2011; Sanpera-Calbet 2014) as well as in 

polysaccharides, lipids and proteins (Ylla et al. 2010) upon stream rewetting. 

In this thesis, we have studied the effects of drought on resource quality in two different 

phases differing in severity: flow fragmentation and streambed drying, the latter evaluated 

through the quality upon rewetting. When flow ceases, water temperature and nutrient 

concentrations increase and oxygen levels decrease, causing a decline in water quality (Lake 

2003). Leaf (black poplar, Populus nigra L.) conditioning in pools (i.e., flow fragmentation) 

constrained fungal growth and resulted in lower protein, soluble carbohydrate, phenols and P 

concentrations when compared to leaves conditioning under flowing situations (Chapter 4). 

Similar results were found by Dieter et al. (2013) under simulated stagnant pool conditions. 
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Under more prolonged or severe drought conditions, stream water can completely 

disappear and the streambed dries out (Lake 2003). Hydric stress can cause earlier leaf 

abscission from riparian trees and leaves can thus accumulate in the dry streambed (Acuña et al. 

2007). Under simulated streambed dry conditions (Chapter 2), we showed terrestrial 

conditioning of allochthonous organic matter constrained microbial (algae and fungi) biomass 

accrual and lowered leaf quality by increasing their carbon:nitrogen ratios (C:N); these effects 

that persisted one week after rewetting. Similar effects were described by Inkley, Wissinger & 

Baros (2008) for temporary wetlands. However, one week of instream conditioning was enough 

to reset the effects of a 5-week exposure to terrestrial habitats if leaves had previously been 

submerged (4 weeks), except for a non-significant tendency towards lower % P. However, 

effects on shredder consumption (see below and Chapter 2) suggest further effects on microbial 

community composition and activity cannot be ruled out. Such a rapid recovery differed from 

epilithic biofilm response, whose lower chlorophyll concentration and higher C:N ratios 

remained upon rewetting. The more severe impacts of streambed drying on epilithic biofilm than 

on leaves might result from higher humidity retention within leaf packs than in coarse substrata 

(Romaní et al. 2013). The results of our conditioning experiments (Chapters 2 & 4) were partly 

supported by the field survey conducted in Fuirosos, an intermittent Mediterranean stream 

(Chapter 1). For instance, although we did not observe significant differences in resource C:N 

ratios in Fuirosos, the lower N:P ratios upon rewetting in epilithic biofilm would be indicative of 

a reduction in the capacity of microbial communities to degrade N compounds during the 

terrestrial phase (Timoner et al. 2012), in agreement with the results for epilithic biofilm found 

in Chapter 2. After flow interruption, % P decreased in FBOM and epipsammic biofilm, a result 

also observed in pool-conditioned leaves (Chapter 4). However, no clear tendency was observed 

for coarse benthic organic matter (CBOM; mostly comprised of leaves). Furthermore, we found 

significantly higher C:P and N:P ratios in CBOM following rewetting in the field survey 

(Chapter 1); in contrast, experimentally-conditioned poplar leaves (Chapter 2) showed only a 

tendency towards lower % P upon rewetting if previously preconditioned in the stream (INT 

treatment) or higher C:N ratios if they had only been terrestrially conditioned (DRY treatment). 

We hypothesise that discrepancies between the two approaches might result from different leaf 

species contribution in the CBOM samples and more severe drought conditions in the field 

sampling (Chapter 1) than under simulated drying (Chapter 2). Indeed, the deciduous riparian 

forest in Fuirosos is composed of many species, including black poplar, but also hazel (Corylus 

avellana L.), evergreen oak (Quercus ilex L.) and alder (Alnus glutinosa L.) in the studied stream 

reach. Alder is a N-fixing tree and, therefore, a higher contribution of alder N-rich leaves to the 
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CBOM standing stock (Acuña et al. 2007) might have counterbalanced possible effects of 

terrestrial conditioning (i.e., higher C:N ratios) on more refractory leaves. Furthermore, Dieter et 

al. (2013) showed effects of irradiation on leaves exposed to the dry streambed were concealed 

by posterior leaching in most leaf species (including Populus tremula L.), but that it resulted in 

higher P losses in others, such as ash (Fraxinus excelsior L.) or alder. Finally, the rain episode 

that reconnected pools during the summer of 2009 (Chapter 1) might also have delayed effects 

on leaf % P, as suggested by the decrease in P content in leaves with conditioning time in pools 

(Chapter 4). 

In addition to changes due to drought, leaf litter quality was also affected by warming 

(Chapter 3). At higher temperatures, the refractory oak (Quercus robur L.) leaves had lower 

polyphenolics and toughness and higher N concentration, probably resulting from increased 

leaching (Chergui & Pattee 1990) and microbial activity at warmer temperatures (Brown et al., 

2004; Ferreira & Chauvet, 2011a; Gonçalves et al., 2013), as suggested by the higher leaf mass 

loss we observed (Chapter 3). In addition, changes in microbial assemblages with temperature 

(Dang et al. 2009; Fernandes et al. 2009; Ferreira & Chauvet 2011b) might have also contributed 

to the leaf litter quality enhancement (Suberkropp, Arsuffi & Anderson 1983; Aßmann et al. 

2011). These observed changes in litter quality had previously been related to increased 

palatability and consumption by shredders (Iversen 1974; Arsuffi & Suberkropp 1984; Graça 

2001; Motomori, Mitsuhashi & Nakano 2001).  

Overall, our results indicate that although stream warming might enhance leaf quality, if 

increases in evaporation and evapotranspiration due to global warming as well as decreases in 

precipitation (IPCC 2013) result in flow fragmentation or stream drying, the quality of resources 

available to stream consumers will be lower. Furthermore, because warmer conditions also occur 

in pools, (Chapter 1, Fig. 1 and Chapter 4, Table S1), it therefore seems that effects of flow 

fragmentation on leaf quality could offset the quality enhancement due to warmer temperatures. 

However, the extent to which higher stream temperatures could offset the effect of stream drying 

on resource quality should be assessed further. Under the present climate change scenario, 

increases in atmospheric CO2 have been shown to decrease the nutritional value of leaf litter to 

consumers (Dury et al. 1998; Tuchman et al. 2002; Murray et al. 2013) Although needing 

further confirmation, our results suggest that stream warming could counteract, at least to some 

extent, the effects of increased atmospheric CO2 on leaf litter quality but that even more severe 

changes might be expected if streams become intermittent.   
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Effects of drought and warming on stream consumers 

Effects on consumer homeostasis  

A central tenet of ecological stoichiometry is that consumers are homeostatic (Sterner & 

Elser 2002); they must maintain their C:nutrient ratios within a narrow range independently of 

changes in the nutrient composition of their food. However, intraspecific stoichiometry can also 

change through organism ontogeny or between sexes and the concept of rheostasis has been 

suggested to refer to the homeostatic regulatory capacity of an organism which can be adapt to a 

changing environment over time (Villar-Argaiz, Medina-Sánchez & Carrillo 2002). 

Nevertheless, several studies (Cross et al. 2003, Liess and Hillebrand 2005, Persson et al. 2010, 

Small and Pringle 2010) plasticity in consumer stoichiometry to changes in the elemental 

composition of their food sources has been demonstrated. The results of this thesis mostly 

support either strict homeostasis or rheostasis for several consumers under different warm or 

drought-simulated diets.  

The shredder Sericostoma vittatum Rambur was strict homeostatic in spite of changes in 

leaf quality due to stream water warming (lower C:N ratios; Chapter 3). The same was observed 

for the herbivore Physella acuta Draparnaud when fed on biofilm exposed to simulated 

streambed drying (higher C:N ratios; Chapter 2). Furthermore, our field survey over a hydrologic 

year in a temporary stream indicated that the observed changes in consumer stoichiometry were 

independent of changes in elemental resource composition (Chapter 1). Similarly, the shifts in 

the stoichiometry of Echinogammarus berilloni Catta when fed pool-conditioned leaves at 

warmer temperatures (higher C:N and lower C:P ratios; Chapter 4) did not mimic changes in leaf 

stoichiometry (higher C:P and N:P ratios). Interestingly, changes were similar in the last two 

studies (i.e., lower C:P ratios in consumer body tissue after flow fragmentation), despite their 

different approaches (field survey versus laboratory experiment) and the different species studied 

(E. berilloni did not occur in Fuirosos, Chapter 1). Consequently, it seems that some consumers 

under warmer temperatures and fed on lower food quality in disconnected pools adjust their 

stoichiometric regulation to retain more P. According to the growth rate hypothesis, higher P 

accrual as P-rich ribosomal RNA (rRNA) allows higher growth rates in organisms (Elser et al. 

2003). This is in accordance with our observations in Chapter 4 and it would had been necessary 

for insect larvae to complete their aquatic phase prior to streambed drying (Chapter 1).  

The only exception to stoichiometric regulation was found in the shredder Stenophylax 

sp. when fed on leaves conditioned in the dry streambed (lower N:P ratios, DRY treatment; 
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Chapter 2). Under this diet, the N:P ratios of this shredder also decreased. Although the fact that 

insects can store P in surplus has been demonstrated (Woods et al. 2002), growth rates similar to 

other treatments with higher consumption rates would suggest higher P allocation to rRNA 

production (Sterner & Elser 2002). In this case, P might have been limiting growth and a higher 

relative availability of P in leaves or differences in the quality of P between leaves (Frost et al. 

2005) might have allowed higher P retention. It thus seems that departure from homeostasis can 

occur when changes in resource quality increase the availability of the element that is 

constraining consumer demands. 

The limited plasticity of most consumers to changes in food quality implies that 

alterations in their resource quality might result in resource-consumer imbalances, especially if 

changes negatively impact on the limiting nutrient (Sterner & Elser 2002). To compensate for 

such mismatches, consumers can adjust their feeding behaviour or physiological processes (Frost 

et al. 2005; Hessen et al. 2013). In this thesis, we have shown that stoichiometric regulatory 

mechanisms within a species (E. berilloni) can differ according to changing environmental 

conditions, with different impacts on individuals’ fitness and potential repercussions in 

ecosystem functioning (Chapter 4). For instance, at warmer temperatures (20ºC), individuals lost 

more nutrients through faeces but had nutrient assimilation efficiencies similar to those of 

consumers reared at 15ºC, which suggests higher digestive enzyme reactivity at warmer 

temperatures (Brown et al. 2004). On the other hand, when fed on P-depleted leaves resulting 

from pool-conditioning, individuals could compensate for such a deficit by increasing their 

feeding rates (i.e., compensatory feeding), in accordance with previous observations in different 

consumers (e.g., Fink & Von Elert 2006; Suzuki-Ohno, Kawata & Urabe 2012; Kendrick & 

Benstead 2013; Danger et al. 2013). However, this mechanism was only effective at lower 

temperatures (15ºC). At warmer temperatures, P assimilation efficiency was lower under a lower 

quality diet (INT diet), indicating that (i) the compensatory feeding also observed at 15ºC was 

insufficient at warmer temperatures and (ii) this species was unable to regulate nutrient retention 

through pre-absorptive mechanisms when both warming and lower food quality occurred 

simultaneously. Consequently, under these circumstances, consumers had to meet their 

nutritional equilibrium via post-absorptive stoichiometric regulation. In fact, post-absorptive 

regulation has been considered a more effective mechanism to achieve nutrient balance in 

generalist consumers, such as Echinogammarus (Graça, Maltby & Calow 1993), under 

fluctuating food conditions (Anderson et al. 2005).  
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Finally, we have also shown that some species, especially those reliant on less nutritious 

food items (i.e., shredders and collectors), could temporally shift their diet to incorporate more 

autochthonous resources, richer in nutrients, when they were more abundant in the stream: 

drying and fragmentation phase (Chapter 1). Although this change in feeding behaviour should 

be considered as a passive mechanism (due to its higher dependence on resource availability 

rather than on consumer demands), this behavioural adaptation has been reported to support the 

majority of secondary production during periods of rapid growth in a seasonal temperate stream 

(Junker & Cross 2014).  

 

Effects on life history traits 

Warming, by increasing metabolism in aquatic biota, is expected to impact on many 

biological rates (Gillooly et al. 2001; Brown et al. 2004). However, this increased metabolism 

must be matched with stoichiometric demands of consumers to maintain homeostasis, growth or 

reproduction (Sterner & Elser 2002; Frost et al. 2005; Woodward et al. 2010a). Therefore, 

increased metabolic demands under a warming climate scenario could be constrained by food 

quality. This highlights the importance of potential bottom-up effects of temperature and drought 

on aquatic consumer performance through changes in the quality of their resources. 

In this thesis, we have demonstrated that a 3ºC-increase in stream temperatures increased 

S. vitattum metabolism, which resulted in higher consumption rates (Chapter 3). However, the 

application of the metabolic theory of ecology (Brown et al. 2004) revealed that increased 

shredder consumption at warmer temperatures not only responded to increased assemblage 

metabolism but also to other temperature-driven effects, probably related to the changes in leaf 

quality observed at warmer temperatures. In a refractory leaf such as oak, higher microbial 

degradation resulted in both lower polyphenols concentration and softer leaves, which might 

have allowed higher ingestion rates (Graça 2001). A similar result was found for Stenophylax fed 

on black poplar leaves, whose feeding rates decreased when offered poorer conditioned leaves, 

simulating conditioning in dry streambed (Chapter 2). This response could have been driven by 

decreased microbial conditioning in terrestrial habitats (Langhans et al. 2008; Larned et al. 2010; 

Bruder, Chauvet & Gessner 2011) as well as by differences in microbial community composition 

or by the abundance of recalcitrant compounds (Hladyz et al. 2009; Aßmann et al. 2011). 

Overall, lower consumption rates of Stenophylax when fed leaves that had been exposed to 

streambed drying (irrespective of whether they had been previously submerged or not) resulted 
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in slower growth rates, especially for the INT treatment. In contrast, increased consumption of 

S. vitattum at warmer temperatures did not translate into higher growth rates, as we had 

expected, but allowed higher lipid accrual in larvae and earlier pupation at warmer temperatures 

(Cavaletto & Gardner 1999; Harper & Peckarsky 2006); this suggests a trade-off that favours 

resource allocation to metamorphosis and reproduction rather than somatic growth in these last 

instar larvae. 

Warmer temperatures did not affect E. berilloni consumption rates but increased their 

relative growth rates, especially when fed pool-conditioned leaves (Chapter 4). Under this 

treatment, organisms had lower C:P ratios and achieved higher growth rates. However, because 

their lower digestive efficiency was not compensated by higher consumption rates, a mismatch 

between higher metabolic demands at warmer temperatures and resource suitability might have 

occurred (Woodward et al. 2010a; Doi et al. 2010; Hessen et al. 2013), probably causing the 

higher mortality also observed in this treatment. Furthermore, Hessen et al. (2013) argued that 

homeostasis maintenance should generate costs (e.g., the metabolic costs associated with 

stoichiometric regulation via excretion), which would result in some loss of fitness for the 

organisms. 

In conclusion, our results show consumer performance can be directly affected by higher 

temperature, through increased metabolism, but also indirectly, via changes in the quality of 

basal resources. More interestingly, drought, although much less studied (but see Ledger et al. 

2013), can also cause bottom-up effects on consumers through changes in their resource quality, 

which might negatively impact consumer performance and fitness unless such effects are further 

compensated. However, the capacity of organisms to physiologically compensate for lower 

quality food might be constrained at warmer temperatures. Therefore, this thesis highlights the 

importance of simultaneously assessing the effects of multiple coexisting factors because of 

potential synergistic effects on consumer fitness.  

 

Implications for stream food webs and ecosystem functioning 

Climate change imposes serious implications for freshwater ecosystems (Perkins et al. 

2010; Woodward et al. 2010b). Increases in water temperature are considered the main driver of 

changes, because of the temperature dependence of metabolism (Brown et al. 2004; Woodward 

et al. 2010a), besides other potential alterations in resource quality or quantity (Walther et al. 
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2002; Perkins et al. 2010). However, other factors such as changes in stream hydrology or 

increased atmospheric CO2, are simultaneously impact freshwater ecosystems (Perkins et al. 

2010), potentially interacting with temperature and leading to additive, antagonistic or, 

unexpected synergistic changes. 

All of the above effects are expected to impact on resource quality available to consumers 

(e.g., Tuchman et al. 2002; Ylla et al. 2010, 2011; Ferreira et al. 2010; Ferreira & Chauvet 

2011). Our work demonstrates changes in basal resources quality due to temperature increase 

and to different drought intensity, changes which are related to variations in microbial 

conditioning and macromolecular and stoichiometric composition. Consequently, alterations in 

consumer-resource stoichiometric imbalances due to climate change are likely to result in 

changes in consumer performance and population dynamics, which in turn will affect food web 

interactions and the fluxes of energy and nutrients through the stream food web (Sterner & Elser 

2002; Woodward et al. 2010a). Furthermore, these changes might also be modulated by the 

increase in the metabolic rates of biota at higher temperatures (Brown et al. 2004). At an 

individual level, we have shown that changes in resources quality altered the consumption rates 

of different invertebrates; for some shredders, this resulted in changes in their growth rates or, at 

warmer temperatures, lipid accrual and pupation rates, too. Changes in nutrient egestion and 

excretion rates were also observed under different quality diets, as well as shifts in some species 

diet to incorporate more nutritious resources when they were more available during drying, 

fragmentation and recovery phases of an intermittent stream. These changes in consumer 

performance are likely to affect ecosystem structure, by altering trophic linkages (Woodward et 

al. 2010a) and processes, such as leaf decomposition (Ferreira et al. 2013), secondary production 

(Ledger et al. 2011) and consumer-mediated nutrient recycling (Vanni 2002; Frost & Tuchman 

2005), with potential effects on other trophic levels (e.g., Díaz Villanueva, Albariño & Canhoto 

2012). Moreover, because stream and riparian food webs are tightly coupled (Nakano & 

Murakami 2001; Baxter, Fausch & Saunders 2005), changes in the timing of insect emergence 

will probably impact adjacent riparian ecosystems (Sabo & Power 2002; Marczak & Richardson 

2008). 

Nevertheless, the variability observed among some consumer responses (e.g., the 

presence of compensatory feeding when fed lower quality food) suggests that the different 

mechanisms used by the species to deal with these environmental changes might also influence 

the effects on higher levels of organisation. Consequently, understanding which mechanisms will 

be operating under specific circumstances would be useful to more accurately predict 
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consequences on both the performance and fitness of individuals as well as wider ecosystem 

repercussions. A priori, one might expect generalist consumers to preferentially achieve nutrient 

balance through postabsorptive regulation, especially if they lack a selective behaviour or food 

quality fluctuates rapidly (Anderson et al. 2005). Postabsorptive regulation of carbon and excess 

nutrients through excreta is expected to occur primarily in organic forms, potentially affecting 

the importance of autotrophic versus heterotrophic microbial pathways (Anderson et al. 2005); 

this regulation might also face different nutrient availability if nutrient ratios from excreta differ 

from those of stream water (Bowman, Chambers & Schindler 2005). Certain taxa (e.g., tipulid 

crane fly larvae) have also developed specific digestive enzymes or harbour endosimbionts 

occurring in their gut (Cross et al. 2005), which could help to achieve the proper nutrient balance 

without altering consumption rates. Regulation through selective feeding, increases in 

consumption rates or activation of certain digestive enzymes when organisms face some nutrient 

limitation require the assessment of the nutritional state of both the individual and its available 

food resources by the organism itself, and thus will be constrained to the presence of 

chemoreceptors (or analogous molecules) in the body of the organism (Frost et al. 2005). 

Further, this capacity of recognition be might also constrained by the molecules in which 

nutrients are contained, given that receptors will be specific for certain molecules rather than 

elements (Frost et al. 2005). Therefore, as found for E. berilloni fed on pool-conditioned leaves, 

not only will the elemental composition determine how consumers recognise and assimilate 

nutrients, the biochemical characteristics of the resources will control this as well. Consequently, 

knowledge of the biology of the community species, or at least of the key species, might help to 

predict climate-driven effects on food webs and ecosystem function. In addition, studies 

considering higher levels of organisation would account for variability within species 

assemblage as well as for indirect biotic interactions. Finally, studies on which nutrient-rich 

molecules affect assimilation efficiencies or consumer feeding might help to elucidate how an 

impact on basal resources will change consumer physiology or behaviour. 

Although it is acknowledged that assimilation efficiency varies with food quality, less is 

known about how it differs among consumers and how it is affected by their physiological 

condition (Hessen et al. 2013). Our study shows that warmer temperatures can constrain nutrient 

assimilation efficiency in consumers fed leaves with lower nutrient content, even when it 

involves the limiting nutrient, ultimately impacting on consumer survival. These results highlight 

the relevance of potential synergies among different climate-derived stressors. Therefore, despite 

the pivotal role of temperature-derived changes in freshwater ecosystems (Woodward et al. 
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2010a), our results reveal that less well-studied effects, such as drought effects on resource 

quality, can alter temperature effects to a great extent. Similarly, studies considering other 

climate-derived effects (Stevenson & Sabater 2010) as well as the combination of different 

stressors (Ormerod et al. 2010), such increased leaching in pools, siltation or pollutant 

concentration from stream flow reduction or changes the quality of resources due to increased 

atmospheric CO2, might be necessary to more accurately predict climate change impacts in 

freshwater ecosystems. 

The findings presented in this thesis show that direct effects of warming on stream 

consumers as well as indirect effects of both temperature and drought through resource quality 

and quantity will impact on stream consumer performance and physiology. However, derived 

effects on higher ecological organisation levels are difficult to predict because of (i) the use of 

different mechanisms among species to cope with these environmental changes and (ii) the 

synergistic effects of multiple climate-derived stressors. 
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Conclusions 

 

Chapter 1: Effects of flow decrease, disruption and recovery on the stoichiometry of 

invertebrate consumers and the resources fuelling the food web in a temporary 

Mediterranean stream 

1. The Fuirosos food web was highly reliant on allochthonous organic matter throughout the 

different hydrologic phases. However, most consumers (shredders, collectors and 

predators) complemented their diet with nutrient-rich algal resources when algae become 

more abundant in the stream; that is in the drying phase, when biofilm accrued in cobbles, 

and secondly, after flow fragmentation, when the filamentous algae developed in pools 

where light was not limiting.  

2. Hydrology determined changes in resource stoichiometry, which included: higher C:P 

and N:P ratios in coarse benthic organic matter upon rewetting, lower C:P and N:P ratios 

in fine benthic organic matter and epipsammic biofilms prior to flow disruption, and 

higher N:P ratios in epilithic biofilm during the fragmentation phase.  

3. Consumers also differed in their stoichiometric composition throughout the hydrologic 

year. However, these changes were not related to shifts in their resource stoichiometry, 

indicating some degree of homeostatic regulation by consumers and, therefore, rheostasis. 

C:N ratios decreased in collectors and predators during the drying and fragmentation 

phase; in contrast, they increased in herbivores. Shifts in consumer C:P ratios were larger 

than those of C:N and characterised by an abrupt decrease in their body C:P ratios at flow 

disruption (except for herbivores) and, for some taxa upon rewetting as well. These 

changes might be associated with an increase of early stages of R-strategists, with high P-

demands for rapid growth to be able to colonise new habitats following flow 

fragmentation or stream rewetting. 

4. C:N and C:P imbalances were evident for all functional feeding groups, except for 

predators’ C:N ratios. Among primary consumers, shredders were the most out of balance 

and herbivores, the least. Collectors and shredders were generally more P- than N-

limited. C:P imbalances for herbivores and collectors decreased during the drying phase 

until just after flow disruption and increased afterwards. However, imbalances during the 

fragmentation phase could be overcome by feeding on filamentous algae or epipsammic 

biofilm. 
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Chapter 2: Bottom-up effects of streambed drying on consumer performance through 

changes in resource quality 

5. Effects of drying after one week of rewetting resulted in lower algal biomass and % N in 

epilithic biofilm. A similar result (i.e., lower algal and fungal biomass and % N) was 

found for terrestrially conditioned leaves following one week of rewetting. However, no 

differences in microbial biomass or nutrient composition were found between 

continuously submerged leaves and terrestrial conditioning of previously submerged 

leaves, indicating that previously submerged leaves might allow humid refuge for stream 

microorganisms. 

6. However, resources exposed to terrestrial conditioning resulted in lower palatability and 

thus lower consumption rates in the shredder Stenophylax sp. and the herbivore Physella 

acuta. This result prevailed irrespective of whether resources had been previously 

submerged or not.  

7. Stenophylax sp. growth rates were lower when fed on leaves exposed to streambed 

drying, especially on previously submerged ones. The slight increase in % P of the body 

tissue when Stenophylax sp. fed on terrestrially conditioned leaves might have allowed 

higher growth rates. No other changes were observed in consumer body composition. 

8. The growth of the herbivore P. acuta was not affected by the quality of the biofilm, 

despite its lower consumption rates when fed biofilm exposed to streambed drying. This 

suggests that P. acuta might be able to compensate behaviourally or physiologically for 

this lower food quality or that effects might be manifested after a longer exposure time.  

9. Our results suggest that bottom-up effects through resource quality can constrain 

detritivore growth in temporary streams, with potential effects on secondary production. 

Furthermore, changes in consumer consumption rates highlight potential implications for 

invertebrate-mediated organic matter cycling under a drier climate scenario. 

 

Chapter 3: Effects of increased water temperature on leaf litter quality and detritivore 

performance: a whole-reach manipulative experiment 

10. Warmer stream temperature improved leaf litter quality, resulting in reduced toughness, 

fewer phenols, lower C:N ratios, and stimulated microbial-mediated leaf mass loss. 
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However, Sericostoma vittatum individuals did not prefer these leaves over those 

conditioned at ambient stream temperature. 

 

11. S. vittatum consumption rates were higher at warmer temperatures. This result was 

explained by the higher metabolic rates of the S. vittatum individuals and other 

temperature-mediated factors such as changes in leaf quality.  

 

12. Neither increased consumption nor reduced C:N imbalances translated into higher growth 

rates. Instead, we observed higher lipid storage and earlier pupation of S. vittatum at 

warmer temperatures, suggesting that individuals allocated resources to metamorphosis 

and reproduction, rather than to somatic growth. 

 

13. Based on this results, we expect that microbial and invertebrate-mediated organic matter 

cycling will be faster in streams under future warming scenarios. However, these systems 

will likely become less efficient in carbon retention via effects on larval performance 

(growth and developmental time) and timing of prey availability to the stream and 

coupled riparian food webs. 

 

Chapter 4: Consequences of warming and resource quality on the stoichiometry and 

nutrient cycling of a stream shredder 

14. Leaves conditioned in pools had lower protein, soluble carbohydrates and higher C:P and 

N:P ratios compared to leaves conditioned under permanent flow. Furthermore, 

Echinogammarus berilloni fed on pool-conditioned leaves could not assimilate P more 

efficiently than other elements; this indicates that these leaves were not only more P-

depleted, but they also sequestered P in molecules that constrained their assimilation by 

consumers. 

15. Under a lower quality diet, E. berilloni compensated its lower nutrient retention through 

compensatory feeding at 15°C. However, this compensation was not enough at 20ºC, 

resulting in significantly lower P assimilation efficiency when the temperature and food 

quality were altered simultaneously. Under these last conditions, growth rates were 

higher and changes in macromolecular composition and increased mortality occurred, 

indicating synergistic effects of impaired food quality due to conditioning in pools and 

increased water temperatures. 
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16. Under a lower quality diet, C:P ratios in E. berilloni body tissue were lower at warmer 

temperatures; this, in agreement with the growth rate hypothesis, would explain the 

higher growth rates observed under this treatment. Differences in nutrient excretion rates 

between treatments indicate that the proper stoichiometric balance was achieved via 

postabsorptive regulation.  

17. These effects on shredder physiology and metabolism altered faeces and excreta nutrient 

ratios and consumer egestion and excretion rates, highlighting potential impacts on other 

trophic compartments through detritivore-mediated nutrient cycling.  
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