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Abstract 

 

Natural streamflow variability is important for riverine ecosystems but river regulation modifies flow patterns, 

disturbing fish bio-ecology. This thesis includes a characterization of basal biological differences between 

non-regulated permanent and temporary Mediterranean rivers and analyzes the effects of three types of 

regulation on fish assemblage composition, movement, diet and life-history. Fish from non-regulated 

permanent rivers had higher swimming performance, a higher percentage of invertebrates in their diet, 

mature at an older age, later in the year and have higher growth rates. By homogenizing flow pattern, 

regulation for water derivation and agriculture affected fluvial specialists, benefiting generalist species, 

promoted the consumption of plants and detritus, and decreased fish growth rates, condition and 

reproductive activity. Regulation for hydroeletricty induced short-term flow and habitat changes that 

increased fish seasonal movement and home range. These findings allow understanding bio-ecological 

changes imposed by flow regulation and can be used as guidelines for flow requirements implementations. 
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Resumo 
 

Impacto de diferentes regimes hidrológicos na bio-ecologia dos peixes dulciaquícolas em 

rios Mediterrânicos permanentes e temporários  

 

Esta tese inclui uma caracterização das diferenças biológicas entre rios Mediterrânicos não regularizados de 

regime permanente e temporário e analiza os efeitos de três tipos de regularização na composição, 

movimento, dieta e ciclos de vida dos agrupamentos piscícolas. Peixes de rios permanentes não 

regularizados apresentam uma maior capacidade natatória, um maior consumo de invertebrados, 

reproduzem-se mais tarde e possuem maior taxa de crescimento. Através da homogeneização do caudal, 

as barragens para derivação e agricultura afetam as espécies especializadas, beneficiando as generalistas, 

promovem o consumo de detritos e o decréscimo da taxa de crescimento, condição corporal e actividade 

reprodutora. A regularização para fins hidroelétricos induz uma acentuada variação do caudal e habitat, a 

uma escala temporal menor, contribuindo para o aumento do movimento e área utilizada pelos peixes. 

Estes resultados permitem compreender as alterações bio-ecologicas impostas pela regularização do 

caudal e podem ser usados em futuros programas de reabilitação fluvial. 
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Rivers and their connected floodplains, groundwaters and wetlands face currently a 

severe threat. Historically, humans have extensively altered river systems through deforestation, 

water pollution, river corridor engineering, impoundments and water diversions, irrigation, 

extensive wetland drainage, groundwater depletion, habitat loss, and species introduction. 

Globally, these ecosystems are the world’s most damaged ones, losing species at a rate that far 

exceeds the decline of biodiversity in terrestrial and marine systems (Dudgeon et al., 2006). A 

synthesis of threats to the world’s rivers has found that nearly 83% of the land surface 

surrounding aquatic systems has been significantly influenced by human actions (Vörösmarty et 

al., 2010). Estimates from this work suggest that, at least, 10,000 to 20,000 freshwater species 

are extinct or at risk, largely from anthropogenic factors, and rates of riverine biodiversity loss 

can be compared to those described for the Pleistocene-Holocene transition (Arthington, 2012).  

 Freshwater fish, due to their more intricate bio-ecological characteristics, life-history 

patterns and habitat requirements (e.g. Poff & Allan, 1995), are more affected by anthropogenic 

actions on riverine environments, at different spatial and temporal scales, than any other group 

of freshwater species (Simon, 2003). For example, just for the European Continent, almost 200 

fish species (~38%) are endangered by several and synergistic threatens like pollution, 

damming, severe water abstraction or introduction of alien species (Kottelat & Freyhof, 2007). 

Perhaps for these reasons, freshwater fish assemblages are also considered as excellent 

indicators of aquatic ecosystem health (Karr, 1981), being widely used for the development of 

tools regarding the evaluation of the environmental quality of continental waters, in the scope of 

the Water Framework Directive (e.g. Karr, 1981; Pont et al., 2006). Impoundments and 

depletion of river flows are arguably the main source of fish biodiversity threat, especially 

because they directly degrade and reduce river and floodplain habitat and connectivity 

(Dynesius & Nilsson, 1994; Nilsson et al., 2005), affecting important bio-ecological processes of 

freshwater fish populations and/or assemblages, such as composition, functional diversity, 

growth, reproduction, feeding or migration (Bunn & Arthington, 2002). Changes in fish faunas 

facing human-impacted environments have been examined at different spatial scales across 

different continents and types of river systems (e.g. Rahel, 2000). However, to this date and 

despite decades of research, researchers have made little contribution towards a 

comprehensive synthesis based on a multi-regional scale perspective on the relationship 

between fish assemblages and natural or human-altered streamflow variability and/or 

connectivity (Poff & Zimmerman, 2010). The existing reviews are limited by geographical region 

or hydrological regime (e.g. river Don Basin, Russia; Volovik, 1994), specific taxa (i.e., 

salmonids, Hunter, 1992) or topical focus (e.g. ecological responses; Steele & Smokorowski, 

2000).  This dissertation aims to be a contribution to the conservation and management of 

freshwater fish populations, especially the ones affected by river discharge and connectivity 

degradation, by giving important insights on how this animal group respond, at different bio-

ecological levels, to the natural regional variability of flow conditions and how some of these 

responses change in the presence of different types of flow regulation. 
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 1.1. Natural flow regimes 

 

  1.1.1. Characterization of natural flow regimes 

 

Freshwater availability varies dramatically worldwide, responding to climatic constraints 

that determine the amount and seasonal distribution of the precipitation phenomena. The 

world’s main climatic zones are grouped into five broad categories based on their average 

annual precipitation, average monthly precipitation, and average monthly temperature (Kotteck 

et al., 2006). The most known and frequently used climate classification is the Köppen-Geiger 

classification that includes five main regions, namely the equatorial zone, the arid zone, the 

warm temperature zone, the snow zone and the polar zone. Following these five climatic areas, 

this classification further considers precipitation and air temperature, producing a final count of 

31 distinct climate types (for a world map of this climate classification and associated digital 

data, see Global Precipitation Climatology Centre, http://gpcc.dwd.de). The distribution of 

climate types across world regions varies significantly (Table 1) and sets the climatic context for 

the development of fluvial systems and freshwater ecosystems (Hynes, 1970). Regional climatic 

variation translates to a similar pattern of hydrologic variation that is then adapted to specific 

local abiotic characteristics, such as basin area, topography, geology and geomorphology 

(Brierley & Fryirs, 2005). This regional diversity on the interaction between habitual weather 

conditions and abiotic features typically influence the volume and timing of runoff and 

streamflow conditions (Snelder & Biggs, 2002; Poff et al., 1997).  

 

Table 1. Distribution of climate types, by percentage (%) of land area, throughout world’s continents 

 Climate type 
Continent Equatorial  Arid Warm temperate Snow Polar 
Africa 31.0 57.2 11.8 - - 
Asia 16.3 23.9 12.3 43.8 3.8 
North America 5.9 15.3 13.4 54.5 11.0 
South America 60.1 15.0 24.1 - - 
Europe - 36.3 17.0 44.4 2.3 
Australia 8.3 77.8 13.9 - - 
Greenland and 
Antarctica 

- - - - 100.0 

   

  Seasonality of river flow is amongst the most important attributes to characterize and 

define the existent types of natural flow regimes of riverine ecosystems, from the smallest 

headwater streams to the largest floodplain river systems, and across different world regions 

(Arthington, 2012). However, there are several other major components that, together, 

contribute to the differentiation of river types and regulate ecological processes in river 

ecosystems. In general, hydrologists and ecologists recognize five ecologically relevant facets 

of natural river flow regimes, namely: magnitude, frequency, duration, timing or predictability, 

and rate of change of hydrologic conditions (Poff & Ward, 1989, Richter et al., 1996, Poff et al., 

1997). These components can be used to characterize the entire range of habitual flows and 
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specific hydrologic phenomena, such as floods or droughts that are critical to the integrity of 

river ecosystems (Poff et al., 1997). The five general facets of flow regimes can be describes as 

(Poff et al., 1997; Arthington, 2012): 

 i) Magnitude of discharge1, is the amount of water moving past a location by unit of time 

(Fig. 1) and it can be associated to the quantity of flow relatively to some river property, such as, 

for example, the volume of water needed to provide an adequate depth and velocity in an 

habitat important for fish usage, or to inundate floodplains. Maximum and minimum flow 

magnitudes vary with climate and watershed size, within and among river systems; 

 ii) Frequency of occurrence, is associated to how often a given flow discharge occurs 

during a specific time period. Usually, the frequency of a particular amount of discharge is 

analyzed trough a flow duration curve (Fig. 1), representing the percentage of time that a 

specific flow magnitude is exceeded. For example, a 100-year flood event is defined as the size 

of flood that is equaled or exceeded one in 100 years, or has a 1% chance of occurring in any 

year. Flood frequency regulates, for example, the regime of floodplain inundation or how often 

flood dependent biota can execute their vital bio-ecological processes; 

 iii) Duration, is the period of time associated with a particular discharge event, such as 

floods or droughts (Fig. 1). For ecological and river management purposes, it is of extreme 

importance to know the number of days or months that a specific flow condition, such as a 

period of absolutely zero streamflow, persists, so that harsh conditions for river biota can be 

correctly assessed and successfully minimized (Richter et al., 1997). Flow duration curves can 

be used to analyze different types of flow regime and to quantify changes on their habitual 

patterns caused by anthropogenic actions, such as water extraction, dams regulation and weirs; 

 iv) Timing/Predictability, can refer to two distinct flow characteristics. Timing, by itself, 

can be related with the season when a particular hydrologic event is likely to occur (Fig. 1). On 

the other hand, predictability is directly associated with the degree to which flood or drought 

events are temporally autocorrelated (Welcomme et al., 2006). The occurrence of flood 

phenomena is usually less predictable in arid-regions, where flood frequencies and timings are 

strongly dependent on regional climate and stochastic local rainfall‐runoff events (Puckridge et 

al., 1998); 

  v) Rate of change, is related to the rate at which discharge events vary from one 

magnitude to another (Fig. 1). Considering the extreme cases, "flashy" streams have rapid rates 

of change, whereas "stable" streams have slow rates of variation. This flow aspect is also 

strongly dependent of climate phenomena, such as sudden rainstorms or snowmelt (Poff et al., 

1997).  

 Combinations of these five main components of the flow regime determine many of the 

physical and biogeochemical processes of aquatic ecosystems to such an extent that flow is 

considered to be the main environmental variable controlling pattern and processes of river 
                                                            
1 A great variety of units are generally used  to describe  flow discharge. Depending on  the objective,  flow can be 
expressed in various units (e.g., m

3s‐1; hm3; ml per day, etc.). 
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with high flow variability and tropical rainy climate rivers with low variability represented the 

extremes of a range of global river flow variability. More recently, Poff et al. (2006) performed an 

intercontinental comparison of hydrologic regimes based on daily flow data for 463 flow gauges 

that revealed similarities and differences between rivers from spatially distant areas of the globe 

such as Australia, New Zealand, South Africa, Europe and the United States. Within this 

classification, Australian rivers were characterized by large flow magnitudes and inter and intra-

annual variation in flow rates of rise and fall. In contrast, New Zealand and European streams 

had high minimum flows, a high baseflow index and coefficient of variation and relatively high 

spring flows.  South African streams were characterized by high autumn flows and a large 

variation in maximum flow values and rise/fall rates. Within their dataset Poff et al. (2006) 

identified United States streams as the ones showing the broader variation in flow regimes, 

including examples of the hydrological features of the other four continents. The classifications 

described are just representative of the great amount of work that has been developed within 

this subject in the past few years. Other continental flow classifications are also available for the 

United Kingdom, Europe, Scandinavia, Turkey, Russia, South Africa, Central Africa, Nepal, New 

Zealand, Australia and the United States (Arthington, 2012). Such flow classifications vary 

according to the types of flow data used, the flow aspects explored and the employed statistical 

approach (Olden et al., 2011). 

 

 

  1.1.2. Dimensions and concepts of flow regimes 

 

 The structure of physical systems and ecological linkages within a river system are 

generally divided into longitudinal, lateral and vertical vectors or dimensions (Poole, 2002). 

Besides these three components, river systems also include temporal relationships and 

processes, turning them onto four dimensional systems (Ward & Stanford, 1995), that are 

strongly dependent on the maintenance of hydrological connectivity within and between all of 

these four vectors (Heiler et al., 1995). These assumptions led to early schemes of biologically 

based riverine zonation that classified watercourses into three or four zones along the upland-

floodplain transition, each characterized by distinctive invertebrate and/or fish faunas (e.g., 

Hawkes, 1975). Zonation schemes like these ones are still occasionally employed in Europe 

(e.g. Santoul et al., 2005) however in many river systems the evidence of a distinctive biological 

zonation pattern is poor, giving ways to different thoughts about riverine organization in 

longitudinal, lateral, vertical and temporal terms, from headwaters to estuaries.  

 

The River Continuum Concept 

 River ecologists have long recognized moderate rather than abrupt changes in physical 

and biological processes along the downstream gradient of running water systems from small 

headwater streams to wide lowland reaches (Mills, 1969). These longitudinal patterns have 

been interpreted as a continuum rather than a series of separate river zones, which was 
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formalized and described by the River Continuum Concept (RCC, Vannote et al., 1980). In 

short, this concept (Fig. 2) describes a river system as starting in headwater areas, 

characterized by dense riparian vegetation that, periodically, shed leaves and other plant parts. 

These materials enter in the stream as coarse particulate organic matter (CPOM), which is 

processed by invertebrates and decomposed by aquatic microbes. Processed fragments are 

then repeatedly released downstream and consumed by different types of invertebrates until 

fine particulate organic matter (FPOM) is produced and utilized by a third group of invertebrate 

fauna. Although the multiple roles of the flow regime were not given particular attention in the 

RCC, downstream flows are integral to this model, since flow is the primary agent of material 

transportation along the longitudinal continuum (Poff et al., 1997). 

 The RCC has been considered by many ecologists as a central paradigm in riverine 

ecology, applicable to many rivers, even though local changes such as impoundment require 

special consideration (Ward, 1989). Several studies also emphasized that the RCC would need 

considerable modification before it can be applied to large rivers (Davies & Walker, 1986; Sedell 

et al., 1989). This concept was primarily associated with influences of geomorphology and 

physical conditions of flowing rivers on invertebrate communities and energy sources and was 

considerably less concerned with aquatic vertebrates and the ecological processes that 

influence these communities (Arthington, 2012). This work was later advanced by different 

studies that placed more emphasis on the lateral dimensions of rivers and adjacent areas (e.g. 

Junk et al., 1989). 

 

The Flood Pulse Concept 

 Many studies of tropical fishes (e.g. Lowe-McConnell, 1963; Agostinho et al., 2008; 

2009), and more recent work on floodplain rivers from temperate and arid zones (Walker et al., 

1995; Tockner et al., 2008) have confirmed the importance of physical and ecological linkages 

between rivers and their floodplains, as well as the importance of floods in this processes, which 

were formalized by Junk et al. (1989) as the Flood Pulse Concept (FPC, Fig. 2) after several 

studies in tropical floodplain rivers with a predictable and persistent annual flood season. 

 In short, accordingly with the FPC, the ecology of non-altered rivers is governed by the 

pulsing of the predictable annual flood cycle that maintains the system in a state of equilibrium, 

in which organisms and processes respond to the rate of rise and fall and the magnitude, 

duration, frequency and regularity of floods. Moreover, during flood seasons, habitat diversity 

increases with the access to the newly inundated adjacent floodplain, coupled with the increase 

of habitat quantity and nutrient production. Reproductive and feeding cycles and associated 

migrations of many fish species are timed to take advantage of this maximum availability of food 

and shelter (Lowe-McConnell, 1963). Initially, the FPC was developed for tropical ecosystems, 

characterized by a predictable annual flood pulse, however the concept has been applied to 

several other scenarios and regions, including flood pulses that occur only within river channels 

and large floods that are more irregular and may not occur on a predictable annual cycle (e.g., 

Walker et al., 1995; Puckridge et al., 1998). For example, during occasional large floods that 
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occur between long periods (sometimes months to years) of low or no flow in arid and semi-arid 

regions, isolated drying water bodies may become reconnected, nutrients are replenished and 

fish productivity in newly inundated areas can reach very high proportions (Bunn & Arthington 

2002; Balcombe et al., 2007), which may be of extreme importance to enhance the survival of 

fish assemblages affected by long periods of adverse conditions (Walker et al., 1995; 

Magalhães et al., 2007; Arthington & Balcombe, 2011). 

 

Vertical dimensions 

 Vertical dimensions on river systems are primarily associated with the relationship 

between surface waters and groundwater, movement of dissolved material in water and the 

dynamic of hyporheic biological communities (Boulton et al., 1998). Upwelling of hyporheic 

waters can affect surface water quality, primary productivity, sediment microbial activity and 

decomposition of organic matter (Wood et al., 2007). The different degrees to which rivers and 

riparian corridors depend on groundwater are the ones controlling all these interactions, which 

also vary along the length of river corridors (Boulton & Hancock, 2006). 

 

Temporal dimensions 

 Finally, the fourth dimension, or the temporal dimension of running waters, assumes 

that all the other three river dimensions described before are superimposed and regulated by a 

temporal hierarchy (Ward, 1989). According to this author, all the studies and 

conservation/management actions dedicated to free-flowing waters require an appreciation of 

past environmental conditions, the time scales involved in the ecological processes and the 

respective changes caused by human actions. Understanding historical and recent temporal 

patterns of flow, temperature and other environmental drivers is central to the development of 

river management and, in particular, environmental flow strategies (Petts & Amoros, 1996).  
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programs. Fredrickson (1997) has presented several proposals for the management of wetland 

water resources, in coordination with the vegetation and the wildlife, bearing in mind aspects 

such as flow seasonality, magnitude and duration. Poff et al. (1997) mention innumerous 

examples where the restoration of one of the components of the natural flow regime has helped 

to improve both the physical and the biological processes of the ecosystem (e.g., Molles et al., 

1995; Rood et al., 1995; Robertson, 1997). Earlier in this chapter it was discussed that natural 

flow regimes can be described in terms of five flow aspects, namely magnitude, frequency, 

duration, timing and rate of flows change. All these flow components can interact in many 

different ways and present a wide range of different signatures, within their habitual and 

extreme values (Santa-Maria & Yuste, 2010), that, together or isolated, are environmentally 

significant and can have several relevant ecological functions on natural river systems (Table 

2): 

 

Table 2. Summary of streamflow components and their ecological relevance for freshwater ecosystems 
(Adapted from Santa-Maria & Yuste, 2010) 

 

Streamflow component Ecological significance 

Habitual flow values 

Magnitude of annual and 
monthly volumes 

Annual and monthly inputs are not associated with a specific 
geomorphologic or ecological function, although they are decisive for the 
overall availability of water in the ecosystem (Richter et al., 1996; Brizga 
et al., 2001), providing habitat for aquatic organisms; soil moisture 
content for plants, water availability for land-based animals; access to 
breeding areas and influence on temperature, oxygen and 
photosynthesis in the water column. 

Variability of annual and 
monthly flow values 

Variability is the guideline for geomorphologic and ecological dynamics. 
It influences the expansion and contraction processes in the stream and 
the behavioral patterns of the animal and plant biota (Brizga et al., 
2001); 

Reductions of flow variability can foster the invasion and expansion of 
exotic species (Ward & Stanford, 1989; Poff et al., 1997); 

Similarity in average monthly values throughout the year can be 
interpreted as an indication of environmental constancy, while 
interannual variations in the value for a given month is an indication of 
environmental contingency (Richter et al., 1996). Both aspects 
guarantee the predictability of events for, for example, fish fauna 
(González del Tánago & García de Jalón, 1995); 

Variability of flow regime influences the diversity of the hyporheic habitat 
and its quality, also affecting the magnitude of the matter that forms the 
river bed, its stability, the sedimentation of the hyporheic environment 
and its hydraulic characteristics (Magilligan & Nislow, 2005).   
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Table 2 (continues). Summary of streamflow components and their ecological relevance for freshwater 
ecosystems (Adapted from Santa-Maria & Yuste, 2010) 

 
Streamflow component Ecological significance 

Habitual flow values 

Seasonality and timing of 
annual and monthly 
volumes 

Seasonality and timing of high and/or low flows provide environmental 
cues for the life cycle processes (e.g., spawning; egg hatching; rearing 
movement; feeding; etc.) of aquatic and riparian biota, intimately linked 
and synchronized with a set of environmental variables such as air and 
water temperature, moon phases, storms and other climatic factors, etc. 
(e.g., Junk et al., 1989; Poff et al., 1997); 

Match of reproductive season and floodplain or wetland access explains 
some of the variation in stream fish communities composition (Brizga et 
al., 2001); 

Many riparian plants have life cycles that are adapted to the seasonal 
timing components of natural flows through their emergence 
phenologies, which coupled with a temporally varying environment of 
floods and droughts helps the maintenance of high species diversity and 
productivity in floodplain forests (Fenner et al., 1985); 

Natural seasonal flow variation in flow conditions can prevent the 
successful establishment of nonnative species with flow dependent 
spawning and egg incubation requirements (Ward & Stanford, 1989; Poff 
et al., 1997). 

 

Duration of flows The duration of a specific flow condition often determines its ecological 
significance; 

Differences in tolerance to prolonged flooding in riparian plants and to 
prolonged low flow in aquatic invertebrates and fish allow these species 
to persist in locations from which they might be dispersed by dominant, 
but less tolerant, species (Petts, 1984; Cushman, 1985); 

Seasonal access to floodplain wetlands is essential for the recruitment 
of certain river fishes, the duration of floodplain inundation can influence 
the growth potential and recruitment of river biota that need to use 
floodplain habitats and food resources (Junk et al., 1989); 

Duration of dry periods in arid and semi-arid regions can influence the 
survival of river biota, especially when isolated water bodies may lose 
their entire fish assemblage, unless flow replenishment comes on time 
(Bernardo et al., 2003; Magalhães et al., 2007). 

Rate of flow change Rate of change in flow conditions due to heavy storms can influence 
species persistence and coexistence (Poff et al., 1997); 

Rapid flow increases serve as spawning cues for native species and 
more gradual, seasonal rates of change in flow conditions regulate the 
persistence of many aquatic and riparian species (Poff et al., 1997); 

Rate of floodwater recession is critical for seedling germinations of 
some riverine vegetation, because seedling roots must remain 
connected to a receding water table as they grow (Rood et al., 1995); 

Nonnative fish generally lack the behavioral adaptations to avoid being 
displaced downstream by sudden flood. In locations where flash floods 
are regulated by upstream dams, these species can extirpate native 
ones but, the latter may persist in naturally flashy environments (Petts, 
1984; Cushman, 1985). 
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Table 2 (continues). Summary of streamflow components and their ecological relevance for freshwater 
ecosystems (Adapted from Santa-Maria & Yuste, 2010) 

 

Streamflow component Ecological significance 

Extreme maximum values – Floods 

Magnitude, frequency, 
duration and seasonality of 
floods 

GEOMORPHOLOGICAL DYNAMICS (EFFECTIVE2 AND FLUSHING3 
DISCHARGES): Maintenance of the morphology, river geometry and 
granulometry of the substrate in a dynamic equilibrium (Brizga et al., 
2001);  maintenance of riffle and pool sequence (Bunn & Arthington, 
2002); substrate scour (Poff et al., 1997); transport and input of large-
sized plant remains to the river, providing hydraulic diversity and 
shaping micro-habitats of greater ecological value (Poff et al., 1997); 

TRANSVERSAL CONTINUITY (CONNECTIVITY4 DISCHARGE): Re-
establishment of the river-plain connectivity, facilitating access to this 
zone (Brizga et al., 2001); overall rejuvenation of the riparian habitat 
(Richter & Richter, 2000); stimulated ecological succession of the 
riparian forest (Richter & Richter, 2000); creation of suitable conditions 
for the growth of plant and animal species, especially in their early 
stages (Poff et al., 1997); 

VERTICAL CONTINUITY: Connection with the water table (Pinay et al., 
2002); recharge of the alluvial water table (Naiman et al., 2008); 
maintenance of suitable environmental conditions in the hyporheic 
environment (Poff et al., 1997); 

LONGITUDINAL CONTINUITY: maintenance of the river’s function as a 
corridor (Bunn & Arthington, 2002); sediment and nutrient input along 
the river (Brizga et al., 2001); 

Stimulus for many species’ migratory movements (Naiman et al., 2008); 

Access to breeding and spawning zones (Strange et al., 1999); 

Adaptation of many species’ breeding strategies to these flows (Poff & 
Allan, 1995); 

Germination stimulus for many plant species (Strange et al., 1999); 

Favoring of adapted native species over alien ones (Strange et al., 
1999). 

Floods variability Higher interannual variability of floods promotes:  (i) several 
geomorphological processes, such as erosion and sedimentation, 
reduction of meanders, loss of hydraulic variability in the channel and on 
the floodplain (Brizga et al., 2001); (ii) changes on numerous processes 
in the ecosystem such as the transport of organisms and nutrients, 
promoting physical and chemical diversity in both space and time 
(Thoms & Sheldon, 2002); 

Low variability of floods promotes (i) exclusive competition by exotic 
species at the expense of native ones (Poff et al., 1997); (ii) effects on 
riparian species and their community dynamics, such as death from 
desiccation, reduced growth, competition and failed germination (Richter 
et al., 1997). 

 

                                                            
2 Effective discharge is the discharge value with power enough to cause geomorphological changes (Hickey & Salas, 
1995). 
3 Flushing floods (Q5%) usually represent the 5% exceedance percentile on the flow duration curve (Brizga et al., 
2001). 
4 Connectivity discharge is the discharge value that promotes river‐floodplain connectivity (Poff et al., 1997). 
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Table 2 (continues). Summary of streamflow components and their ecological relevance for freshwater 
ecosystems (Adapted from Santa-Maria & Yuste, 2010) 

 

Streamflow component Ecological significance 

Extreme minimum values – Droughts 

Magnitude, frequency, 
duration and seasonality of 
droughts 

AQUATIC AND RIPARIAN BIOTA: Influence on species size, tolerance 
and trophic behavior (Bunn & Arthington, 2002); disturbed hyporheic 
environment potentially due to decantation of fine matter in extreme 
droughts (Magilligan & Nislow, 2005); dispersal of juveniles and adults 
due to loss of connectivity (Strange et al.,  1999); mortality of individuals 
trapped in drying floodplains (Arthington, 2002); control of ecosystem 
dynamics, regulation the intrusion of exotic non-adapted species 
(Strange et al., 1999); decisive on the maintenance of instream hydraulic 
conditions for invertebrates ad fish species (Arthington, 2002); 

CONNECTIVITY OF RIVER CORRIDOR: maintenance of the waterbody 
during dry months facilitates survival of the riparian corridor during this 
period (Richter et al., 1997); desiccation of river stretches and habitat 
fragmentation (Strange et al., 1999); water table depth associated to low 
flows is fundamental to the maintenance of connectivity between pools 
and vitality in riffles (Thoms & Sheldon, 2002); 

WATER QUALITY: river dilution capacity (Brizga et al., 2001); thermal 
regime in the water during the most extreme months (Growns & Marsh, 
2000). 

Droughts variability Minimum values must lie within compatible ranges for river biota 
requirements and their fluctuations can also be predicted by the affected 
organisms, given that the predictability of certain events, particularly 
those with extreme values, is precisely the safeguard that allows species 
life cycles to adapt to them (González de Tánago & García de Jalón, 
1995); 

Plays a major role in the dynamics of river ecosystems, controlling 
ecological processes such as the composition and diversity of biotic 
communities (Jowet, 2000) and the succession and competition of 
animal and plant species (Poff et al., 1997). 

 

  Within the scope of the Natural Flow Paradigm, Bunn and Arthington (2002) proposed 

guiding hydroecological principles that drive freshwater biodiversity in free-flowing rivers and 

adjacent floodplains and succinctly explain the various and complex facets of the relationship 

between natural flow regimes and freshwater biodiversity: 

 i) Flow is a major determinant of physical habitats in streams, which in turn is a major 

determinant of biotic composition. Shape and size of river channels, distribution of riffle, run and 

pool habitats and the stability of the substrate are determined by the interaction between the 

flow regime and local geology and geomorphology (Magilligan & Nislow, 2005). On the other 

hand, this complex interaction between flows and physical habitat is a major determinant of the 

distribution, abundance and diversity of stream and river organisms (e.g., Schlosser, 1982; Poff 

& Allan, 1995). Associations with physical habitat can be found in many stream organisms 

ranging from algae and aquatic plants to invertebrates and fish (Bunn & Arthington, 2002). A 

good understanding of how physical habitats are created and maintained and how habitat varies 

across the spatial and temporal dimensions of rivers is fundamental to environmental flow 
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management and river restoration (Bond & Lake, 2003). Riverine and floodplain biota have 

evolved and adapted to the complex and shifting mosaic of habitat in river systems (Lytle & 

Poff, 2004). Considering fish species in particular, many of them display a specific preference 

for a precise type of habitat. The richness of the fauna often increases as habitat complexity 

increases, with depth, velocity and cover being the most important variables for this relationship 

(Schlosser, 1982). Fish assemblage structure (i.e., composition and functional structure) is also 

related to habitat structure (Meffe & Sheldon, 1988). Also, streamflow variability influences the 

relationship between fish and their habitat at a wide range of spatial scales. For example, in 

their work, Poff and Allan (1995) revealed that hydrologically variable streams (i.e., high 

coefficient of variation of daily flows) were characterized by species with generalized feeding 

strategies and preference for low water velocity, silt and general substrata. In more stable and 

periodic streams, with high predictability of daily flows and stable baseflows, fish assemblages 

contained more silt-intolerant trophic specialists. 

 ii) Aquatic species have evolved life-history strategies primarily in response to their 

natural flow regime. Flow pattern has a major influence on shaping the life-history strategies of 

aquatic species. The influence of water level fluctuation and flow disturbance, frequency and 

intensity on riverine plants is well established and includes effects on seedling survival, as well 

on plant growth rates (e.g., Blanch et al., 1999). For other groups, although temperature 

regimes influence the life history patterns of many stream and river animals (Olden & Naiman, 

2010), timing of particular flow events is also important (Resh et al., 1988). Seasonal timing and 

predictability of the natural flow regime is critical because the life-cycles of many aquatic 

species are timed to avoid or take advantage of particular flow conditions (Poff et al., 1997). For 

freshwater fishes in particular, flow plays an important role in the lives of fish with critical life 

events linked to flow regime (e.g., reproduction, spawning behavior, larval survival, growth 

patterns and recruitment) (Junk et al., 1989; Humphries et al., 1999). Many of these life events 

are synchronized with temperature and day-length such that changes in flow regime that are not 

in natural harmony with these seasonal cycles may have a negative impact on aquatic biota 

(Bunn & Arthington, 2002). Many species in streams with highly variable flow regimes have 

evolved life history strategies that ensure strong recruitment despite the disturbances caused by 

floods or droughts (Humphries & Lake, 2000). For example, Milton & Arthington (1985) 

suggested that small sub-tropical stream fishes recruit successfully by spawning in the months 

of low and relatively stable stream flows when their spawning habitats are least likely to be 

scoured out or stranded. In contrast to low flow spawning, other aquatic species respond to 

increases in flow or to the timing of large floods (Lowe-McConnell, 1963). 

 iii) Maintenance of natural patterns of longitudinal and lateral connectivity is essential to 

the viability of populations of many riverine species. The viability of populations of many species 

of fully aquatic organisms depends on their ability to move freely through the stream network 

(Bunn & Arthington, 2002). Migration of aquatic organisms has evolved as an adaptive 

response to natural environmental variation at different spatial and temporal scales, with the 

habitats occupied and visited during the entire life-cycle and the distance traveled between 
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them, being an essential feature of the migration patterns of invertebrates, fish and other 

vertebrates (Lucas & Baras, 2001; Fausch et al., 2002). Aquatic species movements may be 

mandatory components of life-cycle strategies, particularly when migrations are associated with 

breeding or feeding (Welcomme et al., 2006). Longitudinal migrations may occur at various 

spatial scales within river network, from rivers to lakes or sea and back, or in the inverse way 

(Dudgeon et al., 2006). Also, hydrological connectivity between the river channel and adjacent 

floodplains controls the spatial and temporal heterogeneity of floodplain habitats, contributing for 

the related increase in biodiversity (Tockner et al., 2008). Lateral connections and exchanges 

between a river channel and its inundated floodplain underpin vital bio-ecological processes of 

many animal groups that use these newly created and enriched habitats for spawning, nursing 

and foraging (Junk et al., 1989; King et al., 2003). In particular, for fish species, the importance 

of longitudinal and lateral connectivity, regulated by natural and regional streamflow patterns, is 

well noted in the literature. Salmonid migrations upstream for breeding purposes are among the 

most famous and well-studied ecological phenomena (e.g., Enders et al., 2009). The extent and 

duration of river flooding during the wet season can determine whether and for how long fish 

can gain access to nursery habitats and food (Heiler et al., 1995), and whether fishes will 

remain trapped in isolated floodplain water-bodies or will be released back into the river system 

(Lowe-McConnell, 1963). In rivers from arid or semi-arid regions, mortality of fish trapped in dry 

season refuges may be very high due to the harsh environmental conditions reflected by a 

deterioration of physicochemical conditions, reductions in food availability, and lack of refuge 

from predators (Magalhães et al., 2002; Bernardo et al., 2003). On the other hand, the duration 

and frequency of longitudinal and lateral connectivity during periods of high flow are important in 

determining the composition and persistence of fish assemblages (Hickley & Bailey 1986). 

 iv) The invasion and success of exotic and translocated species in rivers is facilitated by 

the alteration of flood regimes. Although riverine species have been introduced into a wide 

variety of environments, the greatest success has been achieved in waters which have been 

dammed, diverted, and otherwise modified, creating permanent standing water (often called 

reservoirs) and more constant flow regimes than the ones that previously existed (e.g., Moyle & 

Light, 1996). Long-term success of an invading species is much more likely in an aquatic 

system permanently altered by human activity than in a lightly disturbed or nearly-natural 

system, and the most successful invaders will be those adapted to the modified environment 

(Bunn & Arthington, 2002).This fourth principle relates to changes in flow regimes and the 

propensity for flow altered environments that usually favors exotic species at the expense of 

native ones. These and other consequences of flow alteration and river impoundment for native 

aquatic biodiversity are the focus of the next section of this introductory chapter. 
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 1.2. Dams and flow regulation 

 

  1.2.1. Historical background and global distribution 

 

Human activities have modified the natural hydrologic and ecological processes of 

catchments and rivers, wetlands, floodplains and estuaries for thousands of years (Boon et al., 

1992). Early societies used the natural resources of river and floodplains and the surrounding 

ecosystems for water, food and shelter but, apart from these activities, impacts on riverine 

ecosystems were relatively minor (Freitag et al., 2009). The earliest forms of human civilization 

emerged around 8,000 years ago along river valleys and on adjacent floodplains of some major 

world rivers, such as the Tigris, Euphrates and Nile (Arthington, 2012). Access to water and the 

skills to control and manipulate water resources for human benefit (i.e. irrigation systems; 

canals to transport water from the river to land crops; etc.) were essential for food cultivation for 

large groups of people (Jiang et al., 2010). Small communities living in arid regions of the 

Middle East developed systems for conveying water from underground reservoirs to their 

villages and romans constructed water delivery systems from underground storage systems to 

public baths and homes of some wealthy citizens (Cech, 2010). In China, successive periods of 

drought and severe flooding promoted the development of water-engineering technologies 

along the Yellow River that were used for water supply and flood control (Jiang et al., 2010). 

Early civilizations also constructed dikes and barriers made of earth or other materials to 

redirect water for flood control and provide water for irrigation (WCD, 2000). Larger and more 

complex dams eventually became a commonly applied water management technology to 

control, regulate and deliver water for a multitude of human uses, namely flood control, 

hydroelectricity, agriculture or for recreation (Dynesius & Nilsson, 1994). 

 Today, there are >45,000 dams above 15 m high, which are the ones considered as 

large dams as define by (Poff & Hart, 2002), capable of retaining >6500 km3 of water, or about 

15% of the global total annual river runoff (Nilsson et al., 2005). Over 300 dams are defined as 

giant dams, meeting one of three criteria in height (>150 m), dam volume (> 15 million m3) or 

reservoir storage (>25 km3). Hoover Dam on the Colorado River, Nevada, was the first world 

mega dam (Cech, 2010) and the recently constructed Three Gorges Dam on the Yangtze River, 

China, is the largest with 181 m of height and a reservoir storage of over 39 km3 (Nilsson et al., 

2005). In addition, many smaller impoundments dams are used for capturing and supplying 

water in grazing lands and irrigated areas (Dynesius & Nilsson, 1994). Water impoundment by 

dams in the Northern Hemisphere is now so great that it has caused measurable geodynamic 

changes in the earth’s rotation and gravitational field (Chao, 1995). 

 Considering the world’s larger river systems (annual mean discharge ≥ 350 m3 s-1; 

Dynesius & Nilsson, 1994), which drain almost 55% of global land area, Nilsson et al. (2005) 

performed an extensive revision of the level of impoundment to which these areas are 

subjected. From the total of 292 systems identified, nearly half (48%) remain unfragmented by 
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dams5 in the main channel, 119 systems have unfragmented tributaries and 102 (35%) are 

completely unfragmented (Dynesius & Nilsson, 1994). According to the same study, Europe 

contains the smallest number of completely unfragmented river systems. The continent with the 

greatest number of unfragmented rivers is North and Central America and the greatest 

proportion is in Australasia (74%). Postel et al. (1996) predicted that by 2025, more than 70% of 

the available runoff from rivers will be retained and made available for human use.  Moreover, 

accounting for the predicted changes in the pattern of precipitation, evapotranspiration and 

runoff resulting from the widely discussed climate change effects, accompanied by an increase 

in the variability and stochasticity of extreme floods and droughts, more water-engineering 

responses will occur in order to ensure water security and availability (Vörösmarty et al., 2010). 

 

 

  1.2.2. Types of dams 

 

The main and common function associated to a dam is the capability of capture, store 

and release water downstream in its own particular way, depending on its climatic and 

catchment settings, purpose, design and operation (Arthington & Pusey, 2003; Carlisle et al., 

2009). According to a report from ICOLD (2003), from the 45,000 large dams that are being 

operated nowadays, up to 50% support irrigation systems and many others provide industrial 

and domestic water supply as well as flood protection, hydropower production and recreation. In 

many cases, a single dam provides many of these functions.  

Differences on the effects of dams on river flow regimes reflect storage capacity relative 

to the mean annual water volume yield for the catchment, and therefore the degree of discharge 

control of each specific impoundment (Arthington, 2012). When the storage capacity is higher 

than the flow volume yield, the dam can theoretically store the incoming flow for more than one 

year and will have a far greater impact on downstream flows than a dam with the inverse 

storage-yield relationship, which causes much less control over the flow regime (Richter et al., 

1997). Nonetheless, even though these smaller dams have less hydrologic impact, they can still 

alter substrate dynamics and influence downstream geomorphology, channel features and 

aquatic habitats (Graf, 2006).  

 Dams built for flood control or water derivation (e.g., reservoirs that store and provide 

water for larger and more productive hydroelectric dams) are designed to hold the probable 

maximum flood for a region (Cech, 2010). Some of them maintain a smaller and constant, often 

hypolimnetic, flow release set in order by authorities to fulfil minimum ecological flow 

requirements, usually called “Environmental Flow Regime (EFR)”, which has the main function 

of minimizing the ecological effects related with the altered flow regimes and “mimic” the local 

natural flow regime by maintaining the timing, quantity, duration and frequency of flow required 

to sustain downstream ecosystems (Rolls et al., 2011). These set of purposes and hydraulic 

                                                            
5 For this analysis, Nilsson et al. (2005) considered only fragmentation caused by large dams, excluding low weirs 
and other smaller obstacles. 
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operations often truncate and homogenise flow extremes (Fig. 3a), causing both floods and 

droughts to become less frequent and lower in magnitude (Lytle & Poff, 2004). 

 Irrigation and agricultural dams are mainly used for water storage, being usually kept as 

full as possible, according to the climatic feature of the region where it is built on, until irrigation 

supplies are needed for the crops produced downstream (Arthington, 2012). The common 

outcome of these dams is the disruption and, in extreme cases the inversion, of the seasonal 

patterns of natural flow regime, since almost all high flows (with the exception of some unusual 

large floods) are captured during the winter and spring, the high flow seasons, and released 

downstream during the formerly typical low-flow season, usually summer and beginning of 

autumn (Fig. 3b), when there is little precipitation and crops need water (Maheshwari et al., 

1995; McMahon & Finlayson, 2003). At first sight, this scenario may sound as a beneficial 

outcome in formerly harsh dry periods, but is has a range of adverse effects on aquatic biota 

and ecosystem functioning (Poff et al., 1997; Bond et al., 2010). 

 Dams built to generate hydropower bring a different set of alterations to the natural flow 

regimes of river. Renöfalt et al. (2010) review the main operational purposes of this type of 

dams as to provide hydraulic head and release water trough turbines on a schedule that 

matches energy demands. This type of flow alteration is often designated as a short-term 

regulation (often called hydropeaking). Within hydropeaking procedures, high amplitude 

changes in flow occur suddenly at completely unnatural rates and within only a few hours the 

discharge can become many-fold higher or lower (Poff et al., 1997; Bunn & Arthington, 2002). 

Flow pulses are usually irregular although presenting some periodicity (e.g. flow is usually lower 

at night when energy demand is lower) (Petts, 1984). For example, from the standpoint of 

ichthyofauna, this unpredictability is even more important than the alteration of flow magnitudes. 

The pulse power generation most often results in fast changes in river discharge, local 

hydraulics and associated habitat conditions over very short time scales, which strongly affects 

this highly habitat-specific and mobile group of animals (Scruton et al., 2003; Vehanen et al., 

2005). 
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large dams are, can lead to isolation of populations, failed recruitment, reduced gene flow and 

local extinction of fish and other riverine biota (Dudgeon et al., 2006; Hughes et al., 2009). The 

impact of barriers in freshwater organisms are not only confined to large structures and even 

small instream barriers, such as weirs or road crossings, can prevent the movement of fish 

(Ovidio & Philippart, 2002) and change the local structure of their assemblages (Alexandre & 

Almeida, 2010). 

However, since upstream and barrier effects of dams are not within the scope of this 

study, the present section will give more focus to the discussion of the other main impact of river 

impoundment, namely downstream effects, to which the following chapters of this thesis will be 

completely dedicated. 

 

Downstream impacts 

 Dams are the most obvious modifiers of downstream river flow because they capture 

both low and high flows and can alter the entire flow regime in many ways, from the sediment 

dynamics and channel morphology, through the thermal regime and other chemical conditions, 

and to the habitat structure, which in turn influence composition, structure and life-histories of 

riverine communities (Poff et al., 1997; Naiman et al., 2008).  Ecological responses to altered 

flows in a river depend on how the five basic facets of a streamflow regime change relative to 

what was the natural flow regime of that particular watercourse (Poff et al., 1997). These 

responses are also related with the level to which specific geomorphic and ecological processes 

respond to the relative change (Arthington et al., 2006). As a result of variation in flow regime 

within and among rivers, the same type of human activity in different locations may cause 

different degrees of change relative to unaltered conditions and, therefore, have distinct 

ecological consequences (Poff & Zimmerman, 2010). 

 

 i) Geomorphology, sediment dynamics and thermal regime 

 Geomorphic adjustments to channel shape and substrate characteristics and dynamics 

in response to flow modification by dams usually involve contraction of the channel and the 

development of instream bars and islands accompanied by bed stabilization (Magilligan & 

Nislow, 2005; Gregory, 2006). Dams retain all but the finest sediments moving down a river and 

eventually start to infill impoundments with sediments (Gregory, 2006). Flood control and 

hydropower dams release most of their stored water downstream and so retain their capacity to 

transport sediment, although the actual load and further downstream dynamics are reduced or 

altered because of the settlement in the impoundment and the reduction of peak flows and 

increasing flow irregularity (Magilligan & Nislow, 2005). Storage of sediments within dams has 

many severe consequences for downstream river reaches and habitat structure, which can 

extend all the way to the river mouth, including channel incision, bed lowering or erosion, 

contributing for an increase in the accumulation of fine sediments downstream of dams 

(Vörösmarty et al., 2010). Channel degradation below dams also disconnects the river from its 

adjacent floodplains because it prevents river flow from reaching the elevation needed to 
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overflow the banks and flood out of the channel (Nilsson & Svedmark, 2002). Another effect of 

degradation by channel incision is the reduction the meandering rate of the channel in its 

alluvial corridor, restricting the development of meanders and other side-channel and off-

channel habitats that sustain riverine biodiversity (Nilsson & Svedmark, 2002; Magilligan & 

Nislow, 2005). 

 Substrate particle size and hydraulic forces are major determinants of the biodiversity 

and composition of stream biota. The coarsening of a regulated stream alters aquatic habitat 

structure which can affect many aquatic species that use the bottom substrates and their 

interstitial spaces as foraging and spawning habitats (Poff et al., 1997). Excessive channel 

erosion is known to decrease abundances and diversity and lead to dominance by few more 

tolerant taxa (Allan & Castillo, 2007). Most dams usually store flood waters and high flows 

depriving the downstream river of its flushing and effective discharges that would normally scour 

out the accumulated sediments and rejuvenate stream habitat (Brizga et al., 2001). When 

sediment is not regularly flushed out it tend to fill interstitial spaces, which can reduce hyporheic 

habitat availability for more sensitive species of invertebrates and benthic fish causing high 

mortality rates among these groups (Poff et al., 1997; Nelson et al., 2009). 

 Another abiotic component of the ecosystem that is considerably affected by dam 

operations is the river’s thermal regime. Specific components of the thermal regime have 

ecological relevance for freshwater organisms throughout their life-histories, and the integrity of 

the thermal regime may just as important as the integrity of the natural flow regime (Olden & 

Naiman, 2010). Changes in thermal regime due to dam regulation vary depending on the 

climatic and geomorphologic setting, the longitudinal position of the dam, its management and 

operation, and can extend from relatively short or extremely long distances below dams (Palmer 

& O’Keefe, 1989; Johnson et al., 2004). Usually, there are major shifts in the thermal regimes 

below dams, especially when the lentic reservoir is vertically stratified, because water is 

released from below the respective thermocline, which is often deoxygenated and colder than 

the water that would be normally transported in the system (Olden & Naiman, 2010). Since 

aquatic insects and fish, for example, usually respond to combined cues of flow and 

temperature to perform important stages of their life-cycle, the release of cooler water 

downstream of impoundments can influence the life-history processes of these groups of 

animals (Cortes et al., 2002; Olden & Naiman, 2010). However, very few studies (e.g., Preece & 

Jones, 2002; Todd et al., 2005) have attempted to explore the individual and interactive effects 

of flow and thermal modification on the riverine biota, especially for freshwater fishes, 

downstream of dams. The evaluation of the effects of altered thermal regime is considered to be 

very challenging, for many of the same reasons that assessing hydrological variation and 

alteration still remains difficult (Murchie et al., 2008). 

 

 ii) Habitat and biodiversity 

 Free-flowing rivers maintain a high diversity of habitats, reflecting natural variations in 

channel morphology and hydraulic conditions across the entire watercourse (Pusey et al., 
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1993). These elements and the patterns of flow velocities and depths result in a diversification 

of habitat patches within river systems (Wood et al., 2007). This diversity of habitats is important 

for the maintenance and integrity of several ecological functions, as for example, foraging, 

breeding, spawning and nesting, local movements and longer migrations, etc. (Matthews, 

1998). Habitat alterations and losses resulting from dam regulation can take many different 

forms (Bunn & Arthington, 2002), and some of them have already been discussed in this 

introductory chapter (channel incision, sediments dynamics, etc.). 

 As it was said earlier, some types of dams tend to homogenize and stabilize river flow. 

With the occurrence of elevated and more stable low-flow rates below dams, as often occur 

downstream of irrigation facilities, as well as reduction of flushing and effective flows and 

increase in sediment accumulation, which can usually be observed downstream of flood control 

and derivation dams, a few well-adapted and tolerant riverine species, often introduced, tend to 

survive and spread (Bain et al., 1988; Rahel, 2000; Marchetti & Moyle, 2001).  Invasion of exotic 

species is common in rivers with stabilized flow regimes that match the environmental 

conditions of these species within their native range (c.f. Principle 4 of the Natural Flow 

Paradigm), promoting the competition and sometimes forcing out less tolerant and competitive 

native species, which are often adapted to more variable and patchy aquatic habitat and 

resources (Rahel, 2000; Bond et al., 2010; Perkin & Bonner, 2011). For example, flow 

regulation is thought to favor exotic fish species such as carp (Cyprinus carpio L.) and 

mosquitofish (Gambusia holbrooki Girard, 1853), which appear to benefit from seasonally stable 

low flows and dominate over less adapted native species, consequently contributing for the 

reduction of the diversity of local fish assemblages (Gehrke et al., 1995). Prolonged and 

stabilized flows of specific levels can be particular damaging for freshwater fish populations. 

Environmental homogenization trough reduction of peak flows and elevation of baseflows during 

typical low-flow periods can reduce habitat quality for fish species to such an extent that the 

growth, reproduction and survival of native species are considerably affected (Gehrke & Harris, 

2001; Weisberg & Burton, 1993; Fitzhugh & Vogel, 2010). For example, in the regulated Pecos 

River of New Mexico, artificially prolonged high summer flows below an irrigation dam, 

displaced the floating eggs of a threatened species into unfavorable habitat, where none 

survived (Poff et al., 1997).  

 Contrarily to what happens with irrigation or flood control dams, hydroeletrical facilities, 

rather than stabilizing downstream flow, usually affect the rate of flow change, causing extreme 

daily variations in water level, resulting in an extremely harsh environment for riverine species, 

characterized by frequent and unpredictable flow disturbances (Poff et al., 1997). Aquatic 

species adapted to permanently inundated stream habitats can suffer physiological stress and 

high mortality when accentuated water level decreases occur and individuals become stranded 

in small pools, especially when they move to temporally inundated shoreline habitats (Weisberg 

et al., 1990; Céréghino & Lavandier, 1997). Below hydroeletrical dams, invertebrate 

assemblages are typically characterized by low species-richness containing few small sensitive 

species, smaller individuals and dominance of immature stages (De Jalón et al., 1994). Pulsed 
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reservoir discharges associated with power generation can affect fish population by leaving 

individuals, specially the smaller ones, stranded in off-channel habitat during rapidly declining 

flow levels (Berland et al., 2004). Susceptibility to stranding is related with a behavioral 

response from affected fish to changing flows, and varies with species, body size, time of the 

year, substrate characteristics and rate of flow change (Bunt et al., 1999; Scruton et al., 2002; 

Nagrodski et al., 2012). Within this artificially highly fluctuating environments, typical fluvial 

specialists are often replaced by generalist species that tolerate frequent and large flow 

disturbances, which increase their specific production at the expense of other native species 

and of the system’s diversity (Ward & Stanford, 1989; Camargo & Garcia de Jalón, 1990). 

 Timing and predictability of streamflow events are also ecologically important because 

the life-cycles of many aquatic species are timed to avoid or exploit flows of different 

magnitudes (Lytle & Poff, 2004). Natural hydrological variability has always acted as landscape 

filter for the selection of invertebrate and, particularly, fish life-history traits (Olden et al., 2006; 

Mims & Olden, 2013). Critical life-history events of freshwater fishes that are known to be linked 

to the features of streamflow regime include feeding, reproduction, spawning, fecundity, 

survival, growth and recruitment (Junk et al., 1989; Winemiller & Rose, 1992). Many of these 

cycles are also synchronized with thermal regime in a way that any change in the flow regime 

that is not in complete harmony with the seasonal temperature pattern may have a negative 

impact in freshwater biota (Arthington, 2012). Thus, dam operations that change flow and 

temperature patterns can result in effective and persistent effects on fish faunas at local and 

regional scales (Olden & Naiman, 2010). For example, in the cases where fish species use 

seasonal peak flows as a cue for egg hatching, migration or spawning, river regulation that 

eliminates or reduces these peaks can directly reduce local populations of such species (Lowe-

McConnell, 1963; Naesje et al., 1995; Welcomme et al., 2006). Flooding, rather than rising river 

flows, may act as the spawning trigger for fishes in large floodplain river with a predictable 

annual flood (Junk et al., 1989; Welcomme et al., 2006). Several studies focusing on the effects 

of floodplain inundation on stream fishes reveal that some species are adapted to exploit 

floodplain habitats, declining if the use of this newly adjacent habitat becomes restricted by 

flood failure (Arthington & Balcombe, 2011). 

 Furthermore, effects of flow regulation in the life-cycles of freshwater biota may also 

come in an indirect way, since entire food webs, not just single species, may be modified by 

altered flow timing. In some regulated rivers, characterized by an inversion of the natural 

streamflow pattern, the shift of the majority of scouring flows from winter to summer may 

indirectly reduce the growth rate of riverine fish species by increasing the relative abundance of 

predator-resistant invertebrates, diverting energy away from the food chain that, ultimately leads 

to fish (Wootton et al., 1996). In non-regulated rivers, high winter flows reduce these predator-

resistant insects and favor species that are more palatable to fish (Bunn & Arthington, 2002). 

 In their natural state, riverine habitat and biodiversity are shaped by periodic events of 

high productivity associated with flooding and habitat expansion and periods of low productivity 

following flood recession and habitat contraction (Bunn et al., 2006). As it was discussed in this 
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section, this alternate pattern can be easily disrupted by human activities, especially water 

resource developments that alter the natural hydrologic regime of impounded rivers. In result, 

dramatic ecological impacts and riverine biota losses have been observed and described for 

many regulated river systems worldwide (Murchie et al., 2008; Poff & Zimmerman, 2010) and 

there is an increasing need for studies that could give specific insights about the effects of 

different forms of flow regulation within river catchments with distinct natural characteristics. 

Such information can be used by river and dam managers for the promotion of a “greener” 

practice of water resources exploitation. 

 

 

 1.3. Mediterranean rivers: a particular scenario 

 

Earlier within this introductory chapter, it was addressed how climatic and 

geomorphologic constraints strong influence the structure and functioning of river systems. As a 

consequence of this interdependence, lotic ecosystems within a large geographic area may 

exhibit higher similarities to those in other world regions with similar climate and geomorphology 

than those occurring in the same region (Puckridge et al., 1998). Rivers within Mediterranean-

climate areas throughout the world are excellent examples of this convergence. More than one-

half of the area worldwide with this Mediterranean climate is located close to the Mediterranean 

Sea, embracing parts of three continents, namely Europe, Africa and Asia (Gasith & Resh, 

1999). This climate-type and the associated ecosystem characteristics occur in four other 

limited and widely scattered areas of the world (Aschmann, 1973), the Pacific Coast of North 

America, parts of West and South Australia, south-western South Africa and the Chilean coast 

(Hobbs et al., 1995). Thus, because of the strong influence of climate-type on stream structure 

and function and the similarity between these regions, some rivers from California or Australia, 

for example, may act as a better comparison for river located in other remote regions with 

Mediterranean climate, such as Southern Europe, Africa or South America (Gasith & Resh, 

1999). 

 Seasonality and variability in rainfall are the main attributes of Mediterranean-type 

climates. In average, nearly 70% of the rainfall occurs during only three months during the year, 

with most of this precipitation often falling during a few major storms that may produce flooding 

events (Lulla, 1987). This precipitation pattern, although being higher predictable, can vary 

markedly in some regions from year to year and relatively long-term dry and wet cycles 

(sometimes more than 10 years) have been detected in Mediterranean-climate regions (Davies 

et al., 1994). Streams occurring in these regions are physically, chemically and biologically 

shaped by these sequential, predictable and seasonal events of flooding and drying over annual 

cycles (Gasith & Resh, 1999). Particularly, the discharge regime of these rivers generally 

follows the rainfall patterns, and consequently exhibits both strong seasonal and annual 

variability (Davies et al., 1994). In Mediterranean-type streams, the high flows abruptly start in 

fall or early winter and floods occur during a few months in late fall, winter or early spring 
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(Gasith & Resh, 1999). Subsequent drying and declining flow occur gradually over a period of 

several months during late spring, summer and early autumn, in which rivers usually lack 

continuous surface water or become composed of a series of isolated pools, ending in fall or 

early winter when the next hydrologic year’s rain starts to fall (Fisher & Grimm, 1988).  However, 

deviations from the above-described temporary streamflow pattern can occur in some 

Mediterranean-type streams (Table 3; Boulton & Brock, 1999). For example, in wetter areas of 

Mediterranean regions, streams usually maintain permanent flow or at least hold water even 

throughout the summer months (Gasith & Resh, 1999). A good example of this streamflow 

diversity within Mediterranean regions is the Iberian Peninsula, located in the southern part of 

Europe, where most of the area have a marked influence of this type of climate and river exhibit 

an accentuated pattern of summer dryness, but, in other more northern areas, the climate 

influence shifts from Mediterranean to Atlantic, and streams usually maintain a higher and 

permanent discharge even during supposedly dry seasons (Fig 4). 

 

Table 3. A simplified classification of Mediterranean watercourses (adapted from Boulton & 
Brock, 1999) 

 

River sub-type Characteristics of streamflow pattern 

Ephemeral 
Only filled after unpredictable rainfall and runoff. Suface water fries within 
days of filling and seldom supports macroscopic aquatic life. 

Episodic 
Annual inflow is less than the minimum annual loss in 90% of years. Dry 
most of the time with rare and very irregular wet phases that may persist 
for months. 

Intermittent 
Alternately wet and dry but less frequently and regularly than seasonal 
watercourses. Surface water persists for months to years. 

Seasonal 

Alternately wet and dry every year, according to season. Usually fills 
during the wet part of the year and dries predictably and annually. 
Surface water persists for months, long enough for macroscopic plants 
and animal to complete the aquatic stages of their life-cycles.  

Permanent or near 
permanent 

Predictably filled although water levels may vary between high and low 
flow periods. Annual inflow higher than minimum annual loss in 90% of 
years. Rivers maintain flow during the entire year and only may dry 
during extreme droughts. Much of their biota is less tolerant to 
desiccation and accentuated water level reduction. 
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pattern of disturbance of Mediterranean rivers and the differences in these characteristics may 

induce contrasting responses from this group (Matthews, 1986; Gasith & Resh, 1999).  

Historically, Mediterranean-climate regions have always been particularly suitable for 

human settlement and intensive agricultural production. This results in a high demand for 

freshwater, particularly for irrigation and human consumption (Arthington, 2012). Consequently, 

Mediterranean-type streams are particularly susceptible to human impact and the seasonal 

availability of water in the associated regions may become a strong catalyst for flow regulation 

trough water diversions and reservoir construction (e.g., Tuch & Gasith, 1989; Garcia de Jalón 

et al., 1992). These anthropogenic pressures tend to interfere with the fundamental 

mechanisms that structure instream habitats and characteristics by, for example, reducing the 

intensity and frequency of scouring floods, altering the normal stream-floodplain interaction and 

changing water quality condition (Tuch & Gasith, 1989; Boulton & Loyd, 1992). Particularly, 

macroinvertebrates and fish are directly affected by dam construction in Mediterranean-type 

streams (Moyle, 1995). More specifically, for the latter group, some extreme examples of such 

effect have been widely published in the literature, like the elimination of eels from central Spain 

(Garcia de Jalón et al., 1992) or the drastic decline of Chinook salmon (Oncorhynchus 

tshawytscha, Walbaum, 1792) in California (Yoshiyama et al., 1998). All the above-mentioned 

characteristics and threats put Mediterranean rivers, and in particular their fish fauna, at a great 

risk of negative human impact, making them more difficult to rehabilitate than most other lotic 

ecosystems (Gasith & Resh, 1999). 

 In short, Mediterranean streams have a high seasonal flow and are generally exposed 

to a broad range of discharge conditions, including permanent and temporary rivers with natural 

and regulated flow regimes. This set of conditions provides a unique opportunity for studying the 

influence of natural and human-made biological and physical disturbances on the structure and 

dynamics of freshwater fish assemblages and populations, under distinct streamflow scenarios. 

 

 

 1.4. Thesis aims and structure 

 

  1.4.1. General and specific aims 

 

The native freshwater fish fauna of the Iberian Peninsula, a specific area within the 

Mediterranean region, is characterized by a low number of families, with most of the species 

belonging to the family Cyprinidae, a high degree of diversification at the species level, and the 

greatest European percentage of endemism (Doadrio, 2001; Cabral et al., 2005). The Iberian 

fluvial network is complex, comprising a high number of independent river basins where the 

different species populations are strongly isolated and highly vulnerable to habitat alterations 

(Collares-Pereira et al., 2000). As for most rivers, several anthropogenic actions, especially 

damming, water abstraction, flow regulation and loss of connectivity have been considered as 

the main causes for the decline of native fish fauna (Collares-Pereira et al., 2000). 
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Mediterranean ichthyofaunas have received little attention, even though an urgent need for 

conservation and plans of action are required. Moreover, in this particular area, reservoirs have 

been constructed in almost every river basin. The Portuguese and Spanish governments 

recently approved ambitious national plans that include the construction of a high number of 

large dams which will be operated mainly for hydroelectric production and inter-basin 

connections (MMA, 2004; INAG, 2007).  

 In this context, a comprehensive assessment of the effects of different types of flow 

regulation in the bio-ecology of freshwater fish assemblages is of extreme importance to be 

used as guideline in future management plans that aim to minimize the damming effects on 

Mediterranean watercourses. At the same time, there is an indispensable and complimentary 

need to evaluate the regional variability in fish biological and ecological characteristics between 

natural rivers with different basal streamflow regimes. Such information can be useful as 

reference to better understand the biological derivations imposed by flow regulation and to be 

applied in future, restoration plans of these ecosystems. This thesis aims to contribute to the 

achievement of these goals by focusing in the following specific objectives: 

 1 - Identify the main hydrological alterations caused by the presence of three different 

dams, operating for distinct purposes, namely hydroelectric, derivation and agricultural; 

 2 - Analyze the spatial and temporal variations of fish assemblages’ composition and 

structure between non-regulated and regulated rivers of permanent and temporary systems; 

 3 - Assess the effect of river regulation on the seasonal movement patterns, home 

range and habitat characteristics of a freshwater fish species; 

 4 - Compare the swimming performance and related eco-morphology of two freshwater 

fish populations of the same species from river basins with natural permanent and temporary 

hydrological regimes; 

 5 - Assess the influence of natural and man-made streamflow variability on the food 

resources availability and trophic ecology of a Mediterranean freshwater fish species; 

 6 - Evaluate the effects of natural and man-made streamflow variability on the life-

history characteristics of a typical Mediterranean fish species. 

 

 

  1.4.2. Thesis structure 

 

This thesis is structured into four distinct chapters. Chapter 1 – “General Introduction” is 

referent to the general framework of the thesis by presenting the state of the art of the subjects 

approached in the following sections. This section offers the reader the essential knowledge 

that will allow a better understanding of the works presented. Additionally, the general and 

specific objectives of the thesis are presented, as well as its structure. 

 The following two chapters of the thesis (Chapters 2 and 3) are referent to the studies 

developed to achieve the objectives of the thesis. Each study presented responds to a scientific 

question and presents the results and conclusions attained, and it is a stand-alone article that 
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has been published, accepted for publication or submitted in a peer-review journal. These 

articles are presented here in a form identical to the published or submitted version, with the 

exception of slight alterations to the formatting uniform different works. 

 Chapter 2 – “Ecological impacts of streamflow variability”. This second chapter 

comprises two papers dealing with the effects of three different types of dams, operating for 

hydroelectric production, water derivation and irrigation in some ecological parameters of 

freshwater fish assemblages: 

 Paper I is entitled “Fish assemblages in non-regulated and regulated rivers from 

permanent and temporary Iberian systems” and has been published as a research article in the 

journal River Research and Applications. It presents a flow time series analysis that identifies 

the streamflow components more affected by two distinct types of flow regulation, namely water 

derivation and irrigation, and subsequently addresses the spatial and temporal variations of fish 

assemblages’ composition and structure between non-regulated and regulated rivers of 

permanent and temporary systems. 

 Paper II is entitled “Effects of flow regulation on the movement patterns and habitat use 

of an Iberian potamodromous cyprinid species” and has been submitted for publication in 

Ecohydrology. Besides an identical analysis of the altered streamflow components, this time 

related with a dam operating for short-term hydroelectricity production, it compares the seasonal 

movements, home range extension and habitat characteristics of a typical Mediterranean fish 

species, the Iberian barbel (Luciobarbus bocagei Steindachner, 1864) between non-regulated 

and regulated watercourses. 

 

 Chapter 3 – “Biological impacts of streamflow variability”. This third chapter comprises 

three papers dealing with the effects of natural and man-made streamflow variability in some 

biological parameters of Mediterranean freshwater fishes. Studies presented within this chapter 

consist of a population level approach, using again the Iberian barbel as the target species: 

 Paper III is entitled “Swimming performance and ecomorphology of the Iberian barbel 

Luciobarbus bocagei (Steindachner, 1864) on permanent and temporary rivers” and has been 

published as a research article in the journal Ecology of Freshwater Fish. In this paper it is 

shown as the regional streamflow variability between permanent and temporary rivers within the 

same Mediterranean region can influence the swimming abilities and related eco-morphology of 

two populations of the target species. 

 Paper IV is entitled “Food resources and cyprinid diet in permanent and temporary 

Mediterranean rivers with natural and regulated flow” and has been published as a research 

article in the journal Ecology of Freshwater Fish. In a first phase, this study addresses the 

regional variability of food resources and diet of the target species between permanent and 

temporary free-flowing Mediterranean rivers, and, at a second phase, it evaluates the effects of 

flow regulation for derivation and irrigation purposes on these parameters. 

 Paper V is entitled “Life-history of a cyprinid species in non-regulated and regulated 

rivers from permanent and temporary Mediterranean basins” and has been submitted for 
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publication in the journal Ecohydrology. Following the same approach of the anterior paper, this 

study focuses on the regional variability of several life-history components of the target species 

(e.g., age and growth, reproduction, etc.) between permanent and temporary non-regulated 

rivers and further addresses the changes on these life-cycles imposed by the same two types of 

flow regulation. 

 

 Chapter 4 – “General Discussion and Conclusions” presents a general and joint 

discussion of the works presented in the chapters 2 and 3, while summarizing the more relevant 

findings of this thesis. This chapter also includes a suggestion of some management actions to 

mitigate the problems addressed throughout the presented studies, as well as a brief reflection 

on some of the questions that were left unanswered or that were raised by the findings of this 

work in which future research should be focused on. 
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ABSTRACT 

 

The effects of river regulation on the hydrological cycle of a river and on the respective fish 

assemblage may differ according to dam operation purpose and type of river analyzed. To 

assess the spatial and temporal variation of fish assemblages and their response to the 

hydrological changes caused by two different types of flow regulation, we selected three 

sampling sites in four rivers with different levels of regulation, two in a permanent river system 

and another two on a temporary one, which we sampled in four different annual seasons. In the 

permanent system, hydroelectrical regulation decreased hydrological variability, which affected 

fluvial specialist species, benefitting the generalist ones, and created a more homogeneous 

community that presented less intra-annual variation. In the temporary system, agricultural 

regulation caused an inversion of the hydrological cycle, maintaining a moderate flow volume 

throughout the drought period that benefited the introduced, generalist and more tolerant 

species. Monthly volume was recognized, in a temporal scale, as the most important 

hydrological feature for assemblages’ structure, predicting the intra-annual variation of several 

ecological guilds. This study provides important considerations for dam management and 

riverine ecosystems conservation. 
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INTRODUCTION 

 

The integrity and biodiversity of riverine ecosystems are deeply affected by the full 

range of natural variability of the hydrologic regime, which is a key driver of all the ecological 

processes within catchments (Poff & Allan, 1995; Poff et al., 1997; Bunn & Arthington, 2002). 

Particularly, hydrologic extremes such as floods and droughts, and their intra-annual and inter-

annual variations, are recognized as having major influences on the aquatic habitat and biota, 

as has been demonstrated by a number of studies (e.g. Schlosser, 1982; Poff & Allan, 1995; 

Gasith & Resh, 1999; Lytle & Poff, 2004). 

River regulation by dams is perhaps the greatest source of human alteration on riverine 

ecosystems, with nearly 80% of all the water discharge of the largest river systems in North 

America and Europe being at present affected (Dynesius & Nilsson, 1994; Cowx & Welcomme, 

1998; Nilsson et al., 2005). Detrimental effects of reservoirs on aquatic ecosystems are well 

documented and, among others, a notable effect of reservoir construction is the alteration of the 

natural flow regime (Petts, 1984; Richter et al., 1997; Poff et al., 1997; Murchie et al., 2008). 

River regulation for irrigation, hydropower production or water supply tends to modify flow 

patterns, often causing a dramatic reduction of discharge variability at every time scales, thus 

eliminating many of the ecological functions naturally performed by flow regime (Richter et al., 

1996; Magilligan & Nislow, 2005). The alteration of the physical characteristics of a river can 

lead to changes in the availability and suitability of aquatic habitat, which in turn may result in 

negative consequences for all biological communities (Bunn & Arthington, 2002; Poff & 

Zimmerman, 2010). The natural fauna within a river system is well adapted to natural 

fluctuations in environmental conditions so that altered stability in stream flow caused by river 

regulation may disturb environmentally cued reproductive cycles and organizational structure 

(Ward & Stanford, 1989). 

Effects of flow regulation on riverine fishes have been closely studied in recent years, at 

levels ranging from responses of individual fish, through population-level changes, to 

modifications in the composition and structure of fish assemblages. Some of the reported 

effects include reduced abundance of fish larvae (Scheidegger & Bain, 1995), suppressed 

growth rates (Weisberg & Burton, 1993), altered community structure (e.g. Bain et al., 1988) 

and reduced species diversity (e.g. Gehrke et al., 1995). More specifically, concerning the 

effects of flow regulation on fish assemblages’ structure, some authors also refer a replacement 

of native fishes for alien and tolerant species (Rahel, 2000; Marchetti & Moyle, 2001; Bond et 

al., 2010; Perkin & Bonner, 2011), a severe decrease of migratory species (Granado-Lorencio, 

1991; Santos et al., 2004) and a decrease of assemblages’ complexity (Gehrke and Harris, 

2001; Fitzhugh & Vogel, 2010; Rolls et al., 2010). Studies concerning the effects of river 

regulation in Iberian rivers and their fish assemblages’ structure are scarce and often only 

focused on one type of flow regulation (mainly involving short-term flow fluctuations, namely, 

hydropeaking) or one type of hydrologic regime (e.g. Camargo & Garcia de Jalon, 1990; 

Benejam et al., 2010). 
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In the Iberian Peninsula, reservoirs have been constructed in almost every river basin, 

changing the typical seasonal events of flooding and drying over an annual cycle (Moyle, 1995; 

Gasith & Resh, 1999). The Portuguese and Spanish governments recently approved ambitious 

national plans that include the construction of a high number of large dams that will be operated 

mainly for hydroelectric production and inter-basin connections (MMA, 2004; INAG, 2007). In 

this scenario, studies regarding a comprehensive assessment of fish biodiversity and their 

possible relationship with environmental variables and river alteration should be carried out as 

important management tools for conservation. 

The aim of this study was to identify the main hydrological alterations caused by the 

presence of two dams, operating for distinct purposes (hydroelectric and agricultural), and 

evaluate how these changes are reflected by fish assemblages from permanent and temporary 

catchments. More specifically, we performed a time series analysis that allowed the 

identification of the hydrological variables more affected by each type of flow regulation. We 

also analyzed the spatial and temporal variations of fish assemblages between non-regulated 

and regulated rivers of permanent and temporary systems and how these changes were related 

with the hydrologic variations of the studied rivers. 

 

 

METHODS 

 

 Study area 

 

Two different types of river systems were selected for the development of this study, 

one located in the north of the Iberian Peninsula, in a temperate climate area with permanent 

river catchments, and the other one located in the south, a region characterized by a 

Mediterranean type climate with temporary river flow regimes (Fig. 1). Because this study was 

developed under an adaptation of the Before-After-Control-Impact (BACI) methodology, and 

being impossible to analyze the fish community of the regulated rivers before the impact, for 

each system, we selected two rivers, one affected by flow regulation and the other one similar 

but with natural flow conditions that was considered as the ‘reference’ stream for each 

respective region (Underwood, 1994). Although knowing that sampling different rivers as control 

could introduce some undesirable variability in the results, we decided for this approach 

because river sections upstream of the dams could not be considered as possible reference 

because of the upstream habitat and community alterations caused by this type of reservoirs. 

Sampling rivers were selected using a criterion of minimum evidence of human disturbance 

(flow regulation aside) such as major point-source pollution or agricultural run-off. In the 

permanent system, one of the watercourses selected was river Homem. With a length of 

approximately 49 km and a drainage area of 257 km2, river Homem is the major tributary of river 

Cávado basin, a relatively small catchment located entirely on the littoral northwest of Portugal 

(SNIRH, 2010). Since 1972, the flow of river Homem is being regulated by Vilarinho das Furnas 
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Dam. This reservoir is operated mainly for hydroelectrical production and water derivation for its 

bigger and more productive counterpart Caniçada Dam, located in the main river of the basin. 

Vilarinho das Furnas has a constant hypolimnetic flow release set in order by authorities to fulfil 

minimum ecological requirements (mean daily effluent discharge of 4 m3s-1 from June-

September and 10 m3s-1 from October–May). River Cávado basin is highly affected by river 

regulation, and therefore, we had to select the permanent natural flow regime river in a near 

catchment. To act as ‘reference’ river for the permanent system, we selected river Vez, a 

natural flowing river, located in river Lima basin (Fig. 1), with 38 km of length and a drainage 

area of 264 km2. Both selected rivers are located in the same geographical area and have 

similar characteristics (INAG, 2008), with low mineralization, siliceous geology, high annual 

rainfall (1196 mm ± 347; mean ± SD) and low temperature (12.6 ºC ± 1.23). 

In the southern system, both rivers were selected in Sado basin, a temporary catchment 

located in the southwest of Portugal (Fig. 1), characterized by a strong inter-annual flow 

variation and predictable, accentuated, seasonal events of flooding and drying over an annual 

cycle, typical of this type of streams (Bernardo et al., 2003). The two rivers present similar 

features (INAG, 2008), with intermediate mineralization, a siliceous to calcareous geology, low 

annual rainfall (587 ± 84; mean ± SD) and high temperature (16.7 ± 0.92). With a total length of 

180 km and a drainage area of 7640 km2, river Sado, selected as the southern regulated river, 

is the main watercourse of its basin (SNIRH, 2010). Since 1972, the flow regime of river Sado is 

altered by Monte da Rocha Dam, a reservoir used mainly for agricultural purposes. Because of 

the high water demand that exists in this area, especially during the summer, these dams do not 

release any amount of water during almost the entire year (storage capacity of Monte da Rocha 

is 104.5 hm³). The exceptions are some occasional releases of water in the winter when the 

reservoir gets completely full (Monte da Rocha has a maximum flow discharge capacity of 

260m3s-1) and an annual release of a small amount of water (total volume of approximately 10 

hm3) to the downstream area in the end of spring and beginning of summer, increasing the river 

flow for agricultural use (SNIRH, 2010). A tributary of river Sado, river Corona, was selected as 

the ‘reference’ river for the southern system. River Corona, with a length of 35 km and a 

drainage area of 200 km2, has a natural temporary flow regime. Considering the dimensional 

differences between the two rivers, the study area in river Sado was resumed to the upstream 

area of the river, immediately downstream from the dam, where the characteristics and 

dimensions were similar to river Corona, thus ameliorating this situation. 
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the year is higher in river Vez (99.36 hm3) than in river Homem (18.89 hm3). This type of 

regulation is also affecting, in a more specific way, the flood season by severely reducing the 

frequency, duration and magnitude of the maximum daily flow volume registered (river Vez: 

224.30 hm3; river Homem: 43.74 hm3), the effective discharge (flood with power to change the 

geomorphology of the river; river Vez: 210.30 hm3; river Homem: 58.88 hm3) and the variability 

of floods, among others. The drought season is significantly less affected by this type of 

regulation, and only a small reduction on the average of the minimum flow volumes during the 

drought season is observed in the altered river (1.57 hm3), when compared with the non-

regulated one (4.8 hm3). 

The regulation for agricultural purposes in the temporary system is causing a severe 

disruption on the hydrology of river Sado, by completely inverting its typical pattern of dryness 

(Fig. 3b). The amount of flood released by the dam to the river at the end of spring is severely 

decreasing the magnitude and variability of droughts, with a significant increase in the mean 

discharge value observed during this period (river Corona: 0.00 m3s-1; river Sado: 0.12 m3s-1). 

Also, the regulation of river Sado is decreasing the duration of the drought period because the 

average number of low flow days (q < Q95%) is much higher in the non-regulated river (50 days) 

than in the altered river (8 days). Concerning the rest of the hydrologic year, this type of 

regulation is causing little or none effect on the flood period, and the only visible impact is a 

deviation of the overall mean monthly volumes, because of the increase of river flow in the 

spring and summer caused by the reservoir release. 

From this characterization, we calculated several monthly hydrologic metrics, 

representative of the flow alterations described above and of the intra-annual hydrologic 

variation within each type of system, that were related with the studied fish assemblages to 

predict their temporal variations. Initial screening (Spearman rank coefficient) showed strong 

correlation among many of these metrics (above a cut-off value of 0.80), and the small number 

of study sites limited the number of variables that could be incorporated in statistical models. In 

light of this, we selected four metrics: mean monthly volume (MONTHVOL, a measure of habitat 

volume and water availability), number of high (q > Q5%; HIFLODAYS) and low (q < Q95%; 

LOFLODAYS) flow days (measures the duration of drought and flood seasons) and number of 

zero flow days (ZFLODAYS, a measure of harsh conditions associated with cease to flow). 

Within the statistical constraint of working with a relatively small data set, these four metrics 

were chosen because they describe ecologically important aspects of the flow regime and its 

alterations in the study system while also minimizing redundancy among predictors (Olden & 

Poff, 2003). 
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Statistical analysis 

 

All biotic and hydrological variables were transformed (using log or arcsin 

transformations whether it was a numeric or percentage variable, respectively), before being 

statistically analyzed, to reduce normality deviations. Before the application of any parametric 

method, normality and homogeneity of variances were tested for each variable, using Shapiro–

Wilk W-statistic and the Levene test, respectively.  

For each one of the sampling sites, in each sampling season, the abundance of each 

species caught was determined by the capture by unit effort (CPUE), expressed as the number 

of individuals caught per minute. A number of candidate ecological metrics/guilds that were 

judged as being potentially useful for assessing the effects of flow regulation on fish 

assemblages were developed. The metrics calculated were species richness (S, total number of 

fish species in each sample) species diversity (H, Shannon–Wiener index) and percentage of 

introduced individuals (%Intro). The captured species were also assigned to several functional 

guilds according to their habitat requirements (percentage of rheophilic, %Rheo, and 

limnophilic, %Limno, species), trophic ecology (percentage of invertivorous, %Invert, 

omnivorous, %Omni, and piscivorous species), migratory behavior (percentage of 

potamodromous species, %Potam) and tolerance to environmental degradation (percentage of 

tolerant species, %Tol). Species assignments followed Pont et al. (2006). Because the 

piscivorous species were poorly represented in our samples (only largemouth bass, Micropterus 

salmoides Lacepède, 1802) this guild was excluded from the statistical analysis. The 

diadromous species caught (eel, Anguilla anguilla L. and sea lamprey, Petromyzon marinus L.) 

were also removed from the analysis because their presence or absence is strongly affected by 

other human pressures, besides flow regulation, that cannot be controlled in this study, namely, 

connectivity losses across a wider scale (Ward & Stanford, 1989). 

This study was based on two different approaches, namely, a spatial analysis to 

compare fish assemblages between non-regulated and regulated rivers and a temporal analysis 

to assess the effects of flow regulation in the intra-annual variation of the studied assemblages. 

For the spatial analysis, we grouped the data from the four sampling seasons, obtaining a mean 

value of abundance or percentage for each species and metric in each one of the 12 sampling 

sites. To group sites based on their fish assemblages, we performed two hierarchical 

classification procedures, one for species composition (species abundance) and the other for 

the ecological metrics, using a linkage between groups’ method and the Bray–Curtis similarity 

index as measure. An arbitrary cut-off level was used, such that separate groups could be 

chosen. For each one of the cases, species abundance and functional metrics, a non-

parametric analysis of similarity (ANOSIM) was used to compare the groups created by the 

previous analysis. This procedure operates directly on a pairwise distance matrix without the 

assumption of multivariate normality. ANOSIM compares ranked similarities between and within 

a number of pre-selected groups by calculating the global R statistic and performs a 
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randomization routine where the distribution of the global R under a null model is generated to 

estimate significance (Clarke, 1993). Global R ranges between -1 and +1, where 0 is associated 

with a completely random grouping. A test of dissimilarities percentage (SIMPER) was applied 

to determine which fish species contributed the most for the differences observed between the 

site groups. To test the differences in the ecological metrics between each group, one-factor 

analyses of variance (ANOVA), followed by a post hoc Gabriel test for multiple comparisons, or 

in case of non-parametric data, a Kruskall–Wallis test with a simultaneous test procedure 

(Siegel & Castellan, 1988) for multiple comparisons, were conducted. 

To assess the temporal variation of fish assemblages in each river, we grouped the data 

from each sampling site within, obtaining a mean value of abundance or percentage for each 

species and metric in each one of the four rivers and for each one of the sampling season, 

resulting in a 16-sample matrix. An ANOSIM was used to compare the fish species composition 

(species abundance) between the four seasons. A canonical correspondence analysis (CCA, 

Ter Braak, 1987) was used to determine which of and how the four monthly hydrological 

variables previously determined were significantly related with the temporal variability of the 

ecological metrics in both studied systems. The result of this analysis is an ordination diagram, 

where symbols represent candidate metrics and rivers/sampling seasons, and vectors 

correspond to the hydrological variables. The vectors indicate the direction of maximum 

variation of the correspondent environmental variable (Ter Braak, 1987). This analysis was 

performed a first time to select the significantly related variables, using a stepwise method, with 

a probability value for entering of 0.05. The model was tested a second time through a Monte 

Carlo global permutation test (999 permutations) (Ter Braak, 1987) to assess the significance of 

both the first and all ordination axes. Several stepwise multiple linear regression procedures 

were used to relate the hydrological variables (independent variables) with each one of the 

ecological metrics (dependent variables) to develop a model that would predict their responses 

to the intra-annual hydrology changes. ANOSIM, SIMPER and hierarchical classification 

analyses were carried out using the software PRIMER v6.0 (Clarke & Warwick, 2001). CCA was 

conducted with CANOCO 4.5, and the remaining statistical analyses were performed using 

SPSS 17.0. 

 

 

RESULTS 

 

 Spatial analysis of species and metrics composition 

 

 A total of 19 fish species, 12 native and seven introduced, were recorded over the four 

sampling occasions (Table 1). A clear separation between fish assemblages from permanent 

and temporary basins was observed since six of the species were only captured in the 

permanent system and 10 in the temporary rivers. 
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 Table 1. Status, habitat, trophic, tolerance and migratory guilds of the fish species captured in both permanent and temporary systems. The symbol * represents the species 
removed from the analysis. ‘N’ represents the native species, whereas ‘I’ represents the introduced ones 

 

 

 

 

Scientific name Common name Status Habitat guild Trophic guild Tolerance guild Migratory guild 
Occurrence in study basins 

Permanent Temporary 
Achondrostoma arcasii 
(Steindachner) 

Bermejuela N Eurytopic Omnivorous Intolerant Resident X  

Ameiurus melas (Rafinesque) Black bullhead I Limnophilic Omnivorous Tolerant Resident  X 
Anguilla anguilla (L.) * Eel N Eurytopic Omnivorous Tolerant Diadromous X X 
Australoheros facetus (Jenyns) Chameleon cichlid I Limnophilic Omnivorous Tolerant Resident  X 

Cobitis paludica (de Buen)  
Southern Iberian spined-
loach 

N Limnophilic Omnivorous Tolerant Resident X X 

Cyprinus carpio Carp I Limnophilic Omnivorous Tolerant Resident  X 
Gambusia holbrooki (Girard)  Mosquitofish I Limnophilic Omnivorous Tolerant Resident  X 
Gobio lozanoi (L.)  Pyrenean gudgeon I Limnophilic Omnivorous Tolerant Resident X  
Iberochondrostoma lusitanicum 
(Collares-Pereira) 

Portuguese arched-
mouth nase 

N Reophilic Omnivorous Intolerant Resident  X 

Lepomis gibbosus (L.)  Pumpkinseed I Limnophilic Invertivorous Tolerant Resident  X 
Luciobarbus bocagei (Steidachner)  Iberian barbel N Reophilic Omnivorous Tolerant Potamodromous X X 
Micropterus salmoides (Lacepède)  Large-mouth bass I Limnophilic Piscivorous Tolerant Resident  X 
Petromyzon marinus (L.)* Sea lamprey N Reophilic Filter-feeding Intolerant Diadromous X  
Pseudochondrostoma duriense 
(Coelho) 

Northern straight-mouth 
nase 

N Reophilic Omnivorous Intolerant Potamodromous X  

Pseudochondrostoma polylepis 
(Steindacnher)  

Iberian straight-mouth 
nase 

N Reophilic Omnivorous Intolerant Potamodromous  X 

Salmo trutta (L.) Brown trout N Reophilic Invertivorous Intolerant Resident X  
Squalius alburnoides (Steindachner)  Calandino N Eurytopic Invertivorous Intolerant Resident  X 
Squalius carolitertii (Doadrio) Northern Iberian chub N Eurytopic Invertivorous Intolerant Resident X  
Squalius pyrenaicus (Gunther) Southern Iberian chub N Eurytopic Invertivorous Intolerant Resident  X 
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Table 2. SIMPER analysis of dissimilarity between regulated and non-regulated rivers of both permanent 
and temporary systems. Fish species contributing most to the dissimilarity between rivers are shown 
together with their average abundance and percentage contribution in dissimilarity (%) 

 
 

 

The hierarchical classification performed for the ecological metrics structure (Figure 4b) 

presented similar results, identifying the same four groups and significantly separating regulated 

from non-regulated rivers in both studied systems (ANOSIM, global R = 0.56; p<0.05). In the 

permanent system, from the studied metrics, only the proportion of reophilic, limnophilic, 

omnivorous and invertivorous species presented significant differences between regulated and 

non-regulated rivers (Fig. 5). Reophilic individuals were more dominant in the natural flowing 

river than in the regulated one, which contrasts with the opposite result observed for the 

limnophilic fishes. Omnivorous individuals had a higher prominence in the regulated river, 

contrarily to what was observed for invertivorous individuals, who presented a higher proportion 

in the nonregulated watercourse. Within the temporary system, differences in the community 

structure between regulated and non-regulated river were more pronounced, and significant 

differences were observed for species richness and the proportion of reophilic, limnophilic, 

potamodromous, omnivorous, invertivorous and introduced species (Fig. 5). Species richness 

was higher in the regulated river. Also, reophilic, limnophilic, potamodromous and omnivorous 

individuals presented the same result, being more dominant in the river with altered flow regime. 

The invertivorous fishes were more represented in the assemblages from the non-regulated 

river, a result similar to the one observed for the permanent system. 

 

 

 

 

 

 

 

 

 

 

 

 

 Permanent system  Temporary system 

Species 
Species mean abundance 

% Species 
Species mean abundance 

% 
River Vez River Homem River Corona River Sado 

A. arcasii 0.55 0.69 21.7 S. alburnoides 0.84 0.37 25.8 
L. bocagei 0.45 0.37 16.0 L. gibbosus 0.52 0.81 18.0 
S. carolitertii 0.48 0.29 14.4 A. melas 0.00 0.29 13.7 
P. duriense 0.50 0.23 12.6 L. bocagei 0.64 0.39 10.7 
C. paludica 0.00 0.20 10.8     
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 Intra-annual variation and relationship with hydrologic variables 
 

Considering the intra-annual fish assemblages’ composition from the permanent system 

(Fig. 6a), it is observed a high variation of the species composition throughout the year in the 

non-regulated River Vez (ANOSIM, global R = 0.82; p<0.05), accompanying the natural 

hydrological variability. Species like P. duriense and S. carolitertii showed an abundance 

increase, from spring to winter, with the increase of monthly volume. The regulated river 

presented a more homogeneous community throughout the year, and the monthly volume 

values were also more stable, when compared with the natural flowing river. Significant 

differences were observed only between some of the sampling seasons (ANOSIM, global R = 

0.45; p<0.05). Spring and summer periods presented similar assemblages but significantly 

different from the ones observed in the autumn and winter (Fig. 6a). Species like P. duriense 

presented a higher abundance in autumn and winter periods, responding to the small increase 

in flow volume, whereas Gobio lozanoi (an Iberian translocated species captured in the 

permanent system and a constant presence throughout the year in River Homem) and Cobitis 

paludica were more abundant in spring and summer, when flow volume was lower. 

In the temporary system, the non-regulated river presented a highly variable fish 

species composition throughout the four sampling seasons (ANOSIM, global R = 0.66; p<0.05) 

(Fig. 6b). Species like S. alburnoides and L. bocagei, which were abundant in the spring, 

exhibited some reduction in the summer, giving place to species like Gambusia holbrooki and L. 

gibbosus. With the increase in flow observed in autumn, these introduced species began to 

reduce their abundance, reaching very low values in winter, when the flow was higher. The 

regulated river Sado presented less intra-annual variation of the fish assemblages, and 

significant differences in species composition were only observed between some of the 

sampling seasons (ANOSIM, global R = 0.56; p<0.05). River Sado exhibited a community highly 

dominated by introduced species such as L. gibbosus, G. holbrooki and A. melas, whose 

presence was constant throughout the year, although with changes in their abundance. 

Significant differences were observed between spring and summer/autumn periods, especially 

because of an increase in the abundance of those species in these two seasons, associated to 

a homogenization, in higher values than it should be normal, of flow volume, during summer 

and autumn. Winter assemblages were also significantly different from those observed in 

summer/autumn, mainly because of a new decrease in the abundance of A. melas and G. 

holbrooki (Fig. 6b). 
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canonical axis was statistical significant (p<0.01). The test based on the sum of all canonical 

eigenvalues led to an F-ratio of 2.66, demonstrating that the relation between metric structure 

and the hydrological variables was also significant (p<0.01). The first two axes of this CCA 

ordination explained 55.6% of the guild structure variability and 88.9% of the relation between 

metrics percentages and the selected hydrological variables. Permanent and temporary rivers 

are clearly opposed along the first axis, and the intra-annual variation of their functional 

structure is associated with the second axis (Fig. 7). Although the permanent system seems to 

be more associated with the amount of flow (MONTHVOL), the assemblages’ structure of the 

temporary system exhibit a higher association with flow duration variables, especially the ones 

associated with the drought period (LOFLODAYS and ZFLODAYS). This analysis shows a clear 

relationship between reophilic individuals and the gradient of monthly flow volume that 

increases from summer to winter periods in the permanent non-regulated river Vez. The 

regulated river from the permanent system presented a high level of homogeneity throughout 

the year in terms of functional structure, with a higher proportion of omnivorous species 

associated with reduced flow volume and high number of low flow days. In the temporary 

system, the main difference in the intraannual structure variation is observed for summer and 

autumn periods. The non-regulated river exhibits an assemblages’ structure dominated by 

invertivorous and potamodromous individuals, associated to an increase in the number of low 

and null flow days, from winter to summer. In this system’ regulated river, summer and autumn 

periods are hydrologically different when compared with non-regulated conditions, being 

associated with a high number of low flow days and an assemblage dominated by introduced, 

limnophilic and tolerant individuals.  

 
 
Table 3. Results of the ordination by CCA of guild structure data: eigenvalues, metric—environment 
correlation coefficients and correlation of the hydrological variables with the first two canonical axes; 
*represents the variables that were selected as being significantly related with guild structure (p<0.05) 
 

Guild structure and  hydrological variables 

 
Axis I Axis II 

λ = 0.16 λ = 0.05 

Species-environment 0.91 0.79 
MonthVol* 0.84 -0.29 
HiFloDays 0.16 -0.57 
LoFloDays* -0.14 0.35 
ZFloDays* -0.33 -0.45 
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Table 4. Model summary of stepwise multiple regressions of guild structure intra-annual variation with 
hydrological variables (* p<0.05: significant; ** p<0.001: highly significant) 

 

Variables r 
Regression 
coefficients 

Standard errors t 

Species richness 
No relationship with the hydrological variables 
Species diversity 
No relationship with the hydrological variables 
Reophilic (%Rheo) 
(Total R2 = 0.67; n = 16; F = 11.51*) 

MonthVol 0.67 0.09 0.03 3.39** 
Equation %Rheo = -0.02 + 0.09MonthVol 

Limnophilic (%Limno) 
(Total R2 = 0.82; n = 16; F = 29.51**) 

MonthVol 0.65 -0.22 0.04 5.43** 
LoFloDays 0.78 0.06 0.01 4.21** 
ZFloDays 0.89 0.12 0.03 3.32** 

Equation %Limno = 2.08 – 0.22MonthVol + 0.06LoFloDays + 0.12ZFloDays 
Introduced (%Intro) 
 (Total R2 = 0.77; n = 16; F = 9.88*) 

MonthVol 0.56 -0.08 0.01 4.11** 
LoFloDays 0.78 0.11 0.04 2.78* 
ZFloDays 0.62 0.06 0.01 2.45* 

Equation %Intro = 0.76 – 0.08MonthVol + 0.11LoFloDays + 0.06ZFloDays 
Tolerant (%Tol) 
 (Total R2 = 0.81; n = 16; F = 26.66**) 

MonthVol 0.81 -0.21 0.04 5.16** 
Equation %Tol = 2.04 – 0.21MonthVol 

Omnivorous (%Omni) 
 (Total R2 = 0.69; n = 16; F = 12.72*) 

LoFloDays 0.69 0.23 0.06 3.56** 
Equation %Omni = 0.77 + 0.23LoFloDays 

Invertivorous (%Invert) 
 (Total R2 = 0.68.; n = 16; F = 12.04*) 

MonthVol 0.68 -0.14 0.04 3.46** 
Equation %Invert = 1.54 – 0.14MonthVol 

Potamodromous (%Potam) 
 (Total R2 = 0.83.; n = 16; F = 14.76**) 

MonthVol 0.85 0.05 0.01 5.26** 
LoFloDays 0.74 -0.06 0.02 2.81* 

Equation %Potam = -0.09 + 0.05MonthVol – 0.06LoFloDays 
 
 

 

DISCUSSION 

 

 Spatial analysis between regulated and non regulated rivers 

 

 Effects of flow regulation on riverine environment and biotic communities may differ 

according to the type of shift in flow regime created by regulation and dam operation purposes 

(Gehrke & Harris, 2001). The preliminary hydrological characterization performed for both 

systems in our study revealed that the two dams affected distinct aspects of the flow cycle, and 

the variations observed proved to be strongly influencing the fish assemblages. 
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 Fish species composition and guild structure of the studied assemblages were 

significantly different between permanent and temporary systems, and these differences were 

higher than those between unregulated and regulated sites within each region. Both systems 

were recently included in distinct river types (INAG, 2008) and fish type regions (Matono et al., 

2009), which corroborates the results obtained by our study. The dissimilarities observed 

between the two systems in terms of guild structure can be explained by the naturally different 

meso and microhabitat features presented by both regions, especially in what concerns to flow 

and water availability through space and time (Gasith & Resh, 1999), which ultimately results in 

differences in the functional structure of the two assemblages (e.g. Godinho et al., 1997; 

Bernardo et al., 2003; Mas-Marti et al., 2010). This result reveals that, despite the effect that 

regulation has in the fish assemblages, the natural pattern of water availability tends to be a 

more important structuring factor because regulated rivers from both regions maintained, more 

or less, their individuality, and fish community structure was more different between the two 

types of basins. 

 In the permanent system, river Homem presented a fish species composition 

significantly different from the one observed in the non-regulated sites of river Vez. The type of 

regulation observed in this system was causing a deviation from the reference conditions by 

decreasing the abundance of species such as Iberian barbel, Northern nase and brown trout 

and favoring species like bermejuela and loach. These results are supported by other studies 

carried out in similar regions (Camargo & Garcia de Jalon, 1990; Almodovar & Nicola, 1999; 

Santos et al., 2004) and can be explained by the different abilities that these species have to 

cope with conditions of the modified environment (Bain et al., 1988). Regulated sites in river 

Homem receive water from the bottom outlet of Vilarinho das Furnas Dam, which is richer in 

nutrients and organic matter and frequently deoxygenated (SNIRH, 2010). This combination of 

environmental conditions, together with a low flow magnitude and variability, is probably being 

detrimental to fish populations, (e.g. Moyle & Cech, 1996). 

 Monte da Rocha Dam is responsible for an inversion of the hydrological cycle of river 

Sado, maintaining water in the downstream watercourse during the summer when this should 

naturally be with low or null flow. These changes reflect on the decrease of species such as 

Iberian barbell and roach and on the increase of introduced species such as pumpkinseed and 

bullhead. This beneficiation of the non-native species in prejudice of the native ones has been 

described in other studies (e.g. Marchetti & Moyle, 2001; Brown & Bauer, 2010; Perkin & 

Bonner, 2011) and can be explained by the different adaptability capacity of these two types of 

species. Native species that naturally occur in temporary rivers are well adapted to these flow 

variations, having developed strategies to deal with the harsh low-flow periods (Magalhães et 

al., 2003, 2007), which probably does not happen with the introduced taxa (Moyle & Cech, 

1996; Rodriguez-Ruiz, 1998). The flow homogenization caused by dam operation created a 

more stable environment that allowed the persistence and development of introduced species 

that ultimately compete with or even predate the native ones causing their abundance decrease 
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(Pires et al., 1999). However, these changes on the assemblage were mainly because of the 

persistence of the exotic species rather than the extirpation of the native ones (Rahel, 2000), a 

result that was also demonstrated in the structure analysis, especially in what concerned to 

species-richness. The increase of species-richness observed in this study contrasts with the 

majority of the studies that describe a reduction of this parameter in rivers with a long history of 

flow regulation, because of the displacement of native species (e.g. Gehrke et al., 1995; 

Humphries et al., 1999). In our temporary regulated river, the increase in the number of 

introduced species was accompanied by a persistence of the native ones, which only had their 

abundance reduced. 

 Both types of flow regulation caused changes in the assemblages’ functional structure, 

affecting the proportion of reophilic, limnophilic, omnivorous and invertivorous individuals in the 

two studied systems. In the permanent system, the reduction on the intensity and frequency of 

important geomorphologic parameters, such as the effective discharge and flushing floods, tend 

to increase the accumulation of fine particles, eliminating the recruitment of coarser substrate 

(Magilligan & Nislow, 2005; Salant et al., 2006) that constitute the main sediment of the typical 

spawning grounds of reophilic fishes, thus explaining the decrease of this type of species in the 

river regulated for hydroelectrical production (Ligon et al., 1995). On the other hand, in the 

temporary system, regulation is increasing the water volume in a period that it would naturally 

be low. Consequently, this allows the maintenance of suitable spawning habitats for reophilic 

species (Brown & Bauer, 2010) that, in nonaltered conditions, tend to have a reduced annual 

persistence in temporary rivers because of the accentuated summer decrease in water volume 

that causes the rapid loss of these low depth areas (e.g. Bernardo et al., 2003; Mas-Marti et al., 

2010). In the permanent system, there is a higher number of reophilic species, but in the south, 

this ecological guild is solely represented by Iberian barbel and nase who are also the only 

potamodromous species existent in the temporary rivers studied, which explains the similar 

result observed for this metric in this region. 

 The habitat homogenization observed in both studied systems was also associated with 

an increase on the importance of limnophilic and omnivorous individuals in the two 

assemblages. This result is supported by some of the existent literature (e.g. Aarts et al., 2004; 

Pritchett & Pyron, 2011) and is directly related with the benefiting effect that both types of 

regulation are having on the introduced species, which can be, in their majority, included in the 

limnophilic and omnivorous functional guilds. Additionally, the habitat modifications in the 

regulated sites probably increased the detritus accumulation, as reported by Stanley et al. 

(2002), which tend to benefit omnivorous species (i.e. bermejuela, gudgeon, loach, bullhead) 

that usually feed on substratum-dwelling invertebrates and other organic material, rather than 

invertivorous species (i.e. chubs), that were more represented in the natural flowing sites of 

both river systems. 
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 Intra-annual variation and relationship with hydrologic variables 

 

 The artificially induced intra-annual stability of the hydrological conditions observed in 

this study was responsible for a lower temporal variation of fish assemblages from regulated 

rivers of both permanent and temporary basins when compared with non-regulated systems, 

which can be related with the more frequent and significant riverscape movements and changes 

that typically occur in natural, free-flowing systems (Fausch et al., 2002). 

 In the permanent system, the artificial disturbance caused by a constant hypolimnetic 

flow release did not impose a temporal scale of disturbance within the natural range that is 

being experienced by fish assemblages at the reference conditions, which would certainly 

increase community complexity (Connell, 1978). Contrary to what happened in the non-

regulated river where the hydrological and biological instability was naturally high, fish species 

of river Homem coped with intra-annual stability, and the assemblages’ composition was similar 

between spring and summer and between autumn and winter, reacting to the hydrological 

pattern established by the environmental flow regime that is being applied in this river (SNIRH, 

2010). 

 In the temporary system, the fish assemblages from the non-regulated river followed the 

predictable and highly variable periodic events of flooding and drying (Gasith & Resh, 1999; 

Bernardo et al., 2003), presenting a species composition significantly different between all 

sampling seasons. These changes were related with an increase of exotic species during the 

summer period, replacing native ones which tend to recolonize the streams when the water 

volume increases in autumn and winter (e.g. Godinho et al., 1997; Magoulick, 2000; Magalhães 

et al., 2002; Bernardo et al., 2003). The regulation operated in river Sado increases the water 

volume in the end of spring and summer and probably also increases the time needed for the 

river to complete its typical dryness pattern to which indigenous species are perfectly adapted 

(McMahon & Finlayson, 2003; Rolls et al., 2010). There was a homogenization of the 

environmental conditions between summer and autumn periods, accompanied by a similarity 

between the assemblages in these two seasons, characterized by the dominance of exotic 

species such as bullhead, besides the two other introduced species already observed in the 

non-regulated river, pumpkinseed and mosquitofish. Naturally elevated peak flows tend to flush 

or displace non-native fishes, and native fish species are usually resistant to displacement or 

rapidly repopulate streams after this phenomenon (Bernardo et al., 2003; Propst & Gido, 2004). 

By slightly increasing the water volume in the drought season and preventing the natural 

autumn peak flows, the dam created the ideal conditions for the establishment and persistence 

of the introduced species in the river for a larger annual period than it would happen at natural 

conditions. 

 The temporal variation of the ecological guilds selected in this study was associated 

with the amount of water available (MONTHVOL), in the permanent system, and with the 

variables related with the low flow period, namely, the number of low flow days (LOFLODAYS) 

and the number of null flow days (ZFLODAYS), in the temporary system. In permanent rivers, 
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more than low flow periods, high discharge events can be a key disturbance factor affecting 

species differently and resetting particular assemblage patterns (Poff & Allan, 1995; Lytle & 

Poff, 2004). If the magnitude and frequency of these peak flows are severely reduced by flow 

regulation, several ecological and geomorphologic functions, such as substrate dynamics and 

river-plain connectivity among others, would be reduced, and fish species would be affected in 

some of the most important periods of their life cycle (i.e. migration, spawning). 

 Reophilic individuals showed a clear association with MONTHVOL, a result that was 

corroborated by the subsequent regression analysis performed. The proportion of these species 

is shown to increase from summer to winter, when the flow volume also increases. In winter, 

when the flow was higher, sedimentation was lower, increasing the amount of habitat available 

for these species. Also, this guild is mainly constituted by species with high swimming capacity 

and aerobic resistance (Mateus et al., 2008; Tudorache et al., 2008), such as Iberian barbel, 

Northern nase and trout, allowing them to face the flow increase observed in the autumn and 

winter. In river Homem, because of dam regulation, the flow was much less variable, and the 

functional structure of the assemblage tended to be constantly associated with a predominance 

of omnivorous individuals throughout the year. The proportion of this guild was significantly and 

positively related with LOFLODAYS, which were common throughout the year in this regulated 

watercourse and in the drought periods that occur in both temporary rivers. The preference that 

omnivorous species manifested for LOFLODAYS was already discussed in the spatial analysis 

section, being related with a favouring of this feeding type. On the other hand, invertivorous 

individuals presented a negative relationship with MONTHVOL, reaching higher values during 

the summer period in the non-regulated temporary river. As it is described by Stanley et al. 

(2002) and Boix et al. (2010), the macroinvertebrate changes observed during low-flow periods 

ultimately favour omnivoury, but despite facing sub-optimal trophic conditions (Ovidio et al., 

2006), invertivorous specimens probably can capture their preys more easily in low-flow 

conditions when the preying area is smaller and the refuges for invertebrates are scarce than 

when the water volume is higher (Magalhães, 1993; Magoulick & Kobza, 2003), explaining the 

higher proportion of these species in lowflow periods. Potamodromous individuals showed a 

positive relationship with MONTHVOL and their proportion in the assemblages was higher in 

autumn and winter periods, especially in the temporary non-regulated one. These species 

commonly show a preference for more turbulent waters and have the ability to spawn in 

unregulated or regulated watercourses, provided that high flows were discharged during the 

correct seasons (Davies, 1979), which is not happening in both studied regulated watercourses. 

 In the temporary regulated river, the hydrological similarity between summer and 

autumn periods was associated to a predominance of exotic, limnophilic and tolerant species 

indicating that these species are favoured by dam regulation and the associated untimely flow 

homogenization. The first two guilds were positively related with LOFLODAYS and ZFLODAYS 

and negatively with MONTHVOL. Typically, in non-regulated environments, these guilds are 

more predominant in low-flow periods, especially in summer (e.g. Marchetti & Moyle, 2001; 

Magalhães et al., 2002), and they seem to tend to persist for a longer period when the 
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hydrological conditions are altered and become temporally homogeneous. Tolerant species 

presented a negative relationship with MONTHVOL. This result, together with the association 

that this guild showed with summer and autumn periods in the temporary regulated river, can be 

discussed according two points of view: (i) in the summer, water quality and dissolved oxygen 

tend to decrease and water temperature increases, which favored the predominance and 

persistence of the more tolerant species, often exotic (Poff & Allan, 1995; Brown & Ford, 2002; 

Harms & Grimm, 2010); and/or (ii) the small amount of water released from the southern 

reservoir in the end of spring and beginning of summer usually comes from the bottom outlet of 

the dam, which because of its characteristics (eutrophic; water quality classification: Bad, 

SNIRH, 2010), is often of bad quality and frequently deoxygenated, thus affecting the less 

tolerant species and giving prominence to the more resistant ones during summer and autumn 

periods (Edwards, 1978; Cortes et al., 2002; Santos et al., 2004). 

 

 

CONCLUSIONS 

 

 This study provides insights about the effects of two different types of flow regulation in 

the spatial and temporal variations of fish assemblages of both permanent and temporary 

systems, and the obtained results can be used as important guidelines for future dam 

construction and operation regarding riverine management and conservation. 

 An interesting result of this study was the validation of some ecological metrics and 

guilds as good indicators of the hydrological changes caused by flow regulation. This evidence 

can be useful for conservation and monitoring programs by allowing the development and 

improvement of methodologies for the evaluation of ecological integrity based on fish 

assemblages, for example, in the scope of the WFD where the monitoring of highly modified 

water bodies, often located downstream from large dams, is a recurrent problem. The biotic 

responses described in our study, if properly adapted, can be developed into management tools 

to assess the impacts of flow regulation and to inform stream conservation and restoration 

programs (Benejam et al., 2010). 

 Our study provided important information about the effects of river regulation on fish 

biota at the assemblage level. For a better and more precise development of mitigation 

measures, the evaluation of these effects should also be performed at population and individual 

level. River regulation is affecting some of the hydrological cues for important ecological 

processes of fish populations (Gehrke & Harris, 2001; Lytle & Poff, 2004), and future studies 

should concern the effects of flow regulation in reproduction, growth and feeding patterns of fish 

populations to gather important information for dam operators and management makers. 
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ABSTRACT 

 

Streamflow regime influences biodiversity and ecological processes of freshwater ecosystems. 

River regulation for hydroelectricity production results in rapid changes of flow and related 

habitat features but its effects in the movement patterns of Iberian freshwater fish are not well 

understood. Radiotelemetry was used to track Iberian barbels (Luciobarbus bocagei 

Steindachner, 1864) during a year cycle in non-regulated and regulated rivers. We applied a 

kernel density method to estimate and compare home range components of the two 

populations. Seasonal patterns of movement and the intra-annual variation in habitat 

preferences were also compared. Regulated river barbels exhibit larger and more continuous 

home and cores ranges, in opposition to the smaller and patchy areas used by the individuals 

inhabiting the non-regulated river. Detected differences are possibly related with the higher daily 

variation of streamflow, and consequently resources and habitat availability, associated to the 

regulated flow regime, promoting an increase in the river area used. Seasonal movements of 

both populations were differentiated by the drought period. Barbels from the non-regulated river 

had to search suitable refuges, with specific habitat characteristics, in which they remained 

aggregated during harsh summer conditions. Conversely, regulated river barbels kept a 

continuous dispersion along the river in search for, highly variable, suitable habitat conditions. 

These patterns were statistically associated with differences in the streamflow variables. 

Synthesis and applications: This study contributes to the management of regulated rivers by 

providing insights about which flow components are more altered by hydropeaking operations 

and which are the most critical annual periods for fish movements. Summer refuges are 

important for fish persistence during drought conditions and should be target of suitable 

management measures. Mitigation of hydropeaking effects should focus on the restoration of 

the large-scale temporal variability between high and low flow periods and the reduction of 

short-term rates of flow rise and fall, especially during summer. Suggested restoration actions 

should be viewed as continuous monitoring targets in order to increase their efficiency and 

provide new knowledge. 
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INTRODUCTION 

 

Flow regime has important effects on biodiversity and ecological processes of 

freshwater ecosystems (Poff & Allan, 1995; Poff et al., 1997). River damming may result in 

extreme abiotic changes in river ecology, such as alterations of river continuity, discharge and 

water chemistry, increase of bank and riverbed erosion as well as changes in the amount and 

composition of suspended material (e.g. Richter et al., 1996; Magilligan & Nislow, 2005, Nilsson 

et al., 2005). Particularly, short-term regulation for hydroelectricity production (commonly 

designated by hydropeaking) is a drastic form of flow regulation. As power plant discharge 

usually follows the demands of electricity markets, high amplitude changes in flow occur 

suddenly and within only a few hours, and the discharge can become many-fold higher or lower. 

This most often results in fast changes in river discharge and associated habitat conditions over 

very short time scales. Hydrological modifications of the riverine environment can include 

alterations to stream bank and channel morphology, water depth and wetted area, stream 

substrate composition, velocity distribution, amount and composition of suspended matter, 

water volume, temperature, and stream structure and heterogeneity (Magilligan & Nislow, 2005; 

Olden & Naiman, 2010). Little is known about how these unpredictable changes in flow 

influence freshwater faunal communities and therefore short-term flow regulation effects on 

aquatic ecosystems are not well understood (Camargo & Gárcia de Jalon, 1990; Scruton et al., 

2003; Vehanen et al., 2005). 

 Rapid changes of flow discharge associated with hydropeaking operations may reduce 

the quantity and quality of habitat available to fishes (Scruton et al., 2003). Direct effects on fish 

can include mortality due to stranding and desiccation or asphyxiation. Indirect effects can 

include flushing of fish downstream or movements away from unfavorable habitats, following the 

reduction or impairment of its quantity and quality (Bunt et al., 1999; Scruton et al., 2002; 

Berland et al., 2004). Downstream from hydroelectric dams, fish may shift between temporarily 

suitable habitats to compensate for periodic reductions in the quality or availability of habitat 

(Bunt et al., 1999).  

The majority of the studies about the effect of flow regulation on fish were developed in 

North American or North European rivers for salmonids species (Murchie et al., 2008). Little or 

no information is available on how Iberian fish species react to man-induced variations in the 

flow regime (but see Santos et al., 2004; Alexandre et al., 2013a). In the Iberian Peninsula, and 

Portugal in particular, stream discharge is naturally highly variable during the year. The endemic 

fauna is well adapted to these natural fluctuations in environmental conditions, so that changes 

in stream flow caused by river regulation may disturb environmentally-cued ecological cycles 

and organizational structure (Ward & Stanford, 1989). 

 The main objective of this study was to assess the effect of short-term river regulation 

on freshwater fish species, particularly in their seasonal movement patterns, home range 

extension and habitat selection. We focused on a target species, the Iberian barbel 

(Luciobarbus bocagei Steindachner, 1864), a potamodromous cyprinid endemic to the Iberian 
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Peninsula which occurs in a wide range of lotic and lentic habitats (Lobón-Cerviá & Fernández-

Delgado, 1984). This species has received some attention in recent years through studies on its 

aerobic swimming capacity (Mateus et al., 2008; Alexandre et al., 2014) and behavior (e.g. Silva 

et  al., 2011; Alexandre et al., 2013b), but specific research about this species, or similar, 

response to short term flow regulation still remains scarce (De Vocht & Baras, 2005).  

 

 

MATERIAL AND METHODS 

 

 Study area 

 

For the development of this study we selected two different rivers, both located in the 

central west region of the Iberian Peninsula, which is characterized by a Mediterranean type 

climate with a strong inter-annual flow variation and accentuated seasonal events of flooding 

and drying over an annual cycle, typical of this type of streams (Gasith & Resh, 1999). River 

Mondego (length: 234 km) was selected as the regulated ´treatment´ system. Since 1981, this 

river has become highly impounded, with the construction of a large hydroelectric power dam 

(423 hm3 of maximum storage capacity, the Aguieira Dam) located at 66 km from the river 

mouth, six multiple-use dams (1.6-89 hm3) and several small weirs throughout its course. 

Mondego’s study reach was located in its middle part (Fig. 1), between the Palheiros weir and 

Raiva Dam (50 km upstream the river mouth), where it has one main tributary, the River Alva, 

whose flow is also regulated, being fed by a constant hypolimnetic release of 2 m3s-1 from the 

Fronhas Dam (62 hm3 of maximum storage capacity), to fulfil minimum ecological requirements. 

Usually, the regulated river discharge in the study reach is limited to 4.8 m3s-1 plus the 

discharge from Fronhas Dam (2.0 m3s-1), except when the Raiva Dam (24.1 hm3 of storage 

capacity) is operating, which normally happens twice a day, during which flow can rapidly 

increase up to 150 m3s-1. 

To act as ´reference´ non-regulated river we selected River Vouga, a natural flowing 

river with 146 km of length. Vouga´s study reach was located between the confluence of River 

Águeda, the basin’ main tributary, and Carvoeiro weir, a large blockstone structure located 43.5 

km upstream from the river mouth, at Ria de Aveiro, (Fig. 1). Throughout its 15.8 km extension, 

the study area includes another blockstone structure, built for recreational purposes, the 

Sernada weir.  

Both selected rivers are located in the same geographical area with the river reaches 

classified within the same river typology according the abiotic and biotic elements (INAG, 2008), 

with low mineralization, siliceous geology, high annual rainfall [mean (±S.D.) = 1196 ± 347 mm], 

low temperature (12.6 ± 1.23 ºC) and low gradient (0.001 m.km-1).  
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To perform the streamflow analysis we applied the methodology IARHIS 2.2 developed 

by Santa-María and Yuste (2010). This approach proposes a set of Indicators of Hydrologic 

Alteration (IHA) which allows an efficient evaluation of changes to the most environmentally 

important components of the flow regime caused by river regulation. This process consists of 

two main stages: i) characterization of the natural flow regime (within our three analyses, 

Mondego’s pre-damming conditions or River Vouga were always considered as the ´reference´ 

regime); and ii) evaluation of the hydrologic alteration by analysing the degree of deviation 

presented by the regulated river, via the IHA. 

Originally, rivers Vouga and Mondego, prior to dam construction, showed some 

dissimilarities between their streamflow components that are probably related with differences in 

drainage area (Fig. 2a). Basal differences were found in the magnitude (average annual 

volume, Vouga: 835.4 hm3; Mondego: 2457.2 hm3) and variability (differences between the 

maximum and minimum monthly volume, Vouga: 241.2 hm3; Mondego: 701.5 hm3) of flow 

volumes. Before the beginning of hydropower exploitation, Vouga and Mondego rivers also had 

significant differences regarding flood related components, with the latter presenting, in 

average, longer floods (average number of days per month with q > Q5%, Vouga: 1.5 days; 

Mondego: 6.6 days) and more common and intense connectivity (Qconect, Vouga: 578 m3 s-1; 

Mondego: 1393.5 m3 s-1) and flushing (Q5%, Vouga: 113.7 m3 s-1; Mondego: 351.6 m3 s-1) 

discharges. Drought season components were originally similar between the two studied rivers.  

When the comparison was made within River Mondego, before and after the construction of 

dams, significant changes in streamflow regime were mainly detected on the magnitude, 

variability, duration and seasonality of low flow periods (Fig. 2b). From these variables, 

magnitude of droughts (ordinary drought discharge, pre-dam: 1.34 m3s-1; post-dam: 9.38 m3s-1) 

and their duration (average number of consecutive days per month with q ≤ Q95%; pre-dam: 3.6 

days, Mondego: 0 days) were particularly different between pre and post dam periods. The last 

hydrological analysis performed, comparing the non-regulated river with post-dam flow data 

from River Mondego (Figure 2c), gave similar results to the latter, allowing us to use with some 

confidence the selected ´reference´ river as a control for the hydropeaking related changes on 

the streamflow regime of the experimental river, which are particularly reflected by the drought 

related variables. Despite the original dissimilarities in flood values, the hydrological deviation 

between Vouga and Mondego rivers, after the beginning of dam operation, are also focused on 

the magnitude (Vouga: 0.98 m3s-1) and duration (days with q ≤ Q95%; Vouga: 20.78) of drought 

season, providing a good representation of the similar flow pattern deviations caused by dam 

regulation on the natural flow pattern of River Mondego.  
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 Fish capture and tagging 

 

 In January 2013, a total of 30 specimens of L. bocagei were captured with electric 

fishing gear (Hans Grassl EL 62 generator, DC, 300 V; Schönau am Königssee, Germany) and 

tagged with radio transmitters (Table 1). Fifteen were captured in two locations within the non-

regulated river (WGS84 – Site 1: Lat: 40º38’30’’ and Long: 8º28’16’’; Site 2: Lat: 40º40’24’’ and 

Long: 8º26’46’’) and the other half was caught at two locations within the regulated watercourse 

(WGS84 – Site 1: Lat: 40º12’16’’ and Long: 8º21’36’’; Site 2: Lat: 40º13’40’’ and Long: 8º19’36’’) 

(Fig. 1). Throughout the tracking campaigns, some barbels from River Vouga were captured by 

local anglers and the transmitters recovered. To replace the specimens captured by anglers, 

during August 2013, we captured and tagged four additional barbels in the Vouga River, 

increasing the total number to 19 tagged fish in this basin. The tagged barbels were of similar 

sizes [River Vouga: mean TL (±S.D.) = 47.3 ± 3.1 cm; River Mondego: mean TL = 49.5 ± 2.8 

cm] to avoid biases in our results associated with ontogenic differences in movement patterns. 

A Mann-Whitney procedure was used to statistically test allometric differences between the two 

populations. 

Barbels were tagged with radio transmitters (ATS F1820; 8 g in air, 12 mm in diameter 

and 46 mm in length), manufactured by ATS – Advanced Telemetry Systems, Minnesota, USA. 

The transmitters weighted between 0.56% and 1.08% of barbels’ body weight in the air 

(conforming to the 2% tag/body mass rule - Jepsen et al., 2002). Fish were anaesthetized by 

immersion in 2-phenoxyethanol at a concentration of 0.4 ml.l-1 and placed on a V-shaped 

surgical table, ventral side up, where they were continuously supplied with the anesthetic 

solution to maintain sedation and gills oxygenation during the tagging procedure. An incision 

was made in the mid-ventral line and the transmitter was implanted anteriorly in the 

intraperitoneal cavity with the antenna placed through an independent hole made in the lateral 

area of the abdomen, after which the wound was sutured and disinfected with an iodine solution 

(BETADINE®). All surgical material used in this procedure were previously sterilized with a 96º 

alcohol solution. The complete surgical procedure took c. 10 min. All fish were left to recover for 

1-2 hours in the river before being released near the site of capture. 

 

 

Tracking procedure and habitat characterization 

 

Tracking campaigns were conducted at a monthly basis from February to November 

2013, exception made during their reproductive season (March-June; Rodriguez-Ruiz & 

Granado-Lorencio, 1992), when barbels were located fortnightly because fish are theoretically 

more active during this period. Initially, the tracking campaigns were supposed to be continued 

until the end of the year, in December, but an earlier battery end of almost all the transmitters 

forced us to finish this procedure sooner than it was expected. Tracking surveys were 

conducted by boat or on foot/car by the river banks, using the R410 receiver and a Yagi 
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antenna (both from ATS). Upon signal detection, barbels’ position was determined with a ~10 

m2 precision and geo-referenced with the help of a Global Positioning System (GPS) hand unit.  

 

Table 1. Data on tagged barbels from the non-regulated (Vouga) and regulated (Mondego) rivers 
 

Barbel 
ID 

River 
Date of 
capture/release 

Transmitter 
frequency 

Lt 
(mm) 

Wt 
(g) 

Date of 
last 
detection 

Total no 
of 
locations 

VB1 Vouga 10/01/2013 150.591 502 1125 05/11/2013 14 
VB2 Vouga 10/01/2013 150.562 472 900 05/11/2013 14 
VB3 Vouga 10/01/2013 150.742 453 735 22/10/2013 13 
VB4 Vouga 10/01/2013 150.603 452 885 22/10/2013 13 
VB5 Vouga 10/01/2013 150.611 453 790 22/10/2013 13 
VB6 Vouga 10/01/2013 150.572 450 735 22/10/2013 13 
VB7 Vouga 10/01/2013 150.682 472 995 22/10/2013 13 
VB8* Vouga 10/01/2013 150.582 483 940 13/06/2013 6 
VB9* Vouga 10/01/2013 150.751 491 1060 13/06/2013 7 
VB10* Vouga 10/01/2013 150.552 491 1060 13/07/2013 8 
VB11* Vouga 10/01/2013 150.652 506 1185 13/06/2013 7 
VB12 Vouga 10/01/2013 150.512 485 965 22/10/2013 13 
VB13* Vouga 10/01/2013 150.643 502 1180 13/07/2013 8 
VB14 Vouga 11/01/2013 150.462 545 1580 22/10/2013 13 
VB15 Vouga 11/01/2013 150.662 455 865 22/10/2013 13 
VB16* Vouga 10/08/2013 150.751 468 1100 02/12/2013 5 
VB17* Vouga 10/08/2013 150.633 482 1500 05/11/2013 5 
VB18* Vouga 10/08/2013 150.552 402 1000 05/11/2013 5 
VB19* Vouga 10/08/2013 150.764 428 1100 05/11/2013 5 
MB1 Mondego 07/01/2013 150.701 515 1399 05/11/2013 14 
MB2 Mondego 07/01/2013 150.691 505 1234 22/10/2013 13 
MB3 Mondego 07/01/2013 150.772 510 1297 05/11/2013 14 
MB4 Mondego 07/01/2013 150.671 550 1567 22/10/2013 13 
MB5 Mondego 08/01/2013 150.621 500 1308 22/10/2013 13 
MB6 Mondego 08/01/2013 150.543 460 961 05/11/2013 14 
MB7 Mondego 08/01/2013 150.782 460 1070 05/11/2013 10 
MB8 Mondego 08/01/2013 150.711 491 1293 05/11/2013 14 
MB9 Mondego 08/01/2013 150.731 505 1349 05/11/2013 13 
MB10 Mondego 08/01/2013 150.532 503 1237 22/10/2013 13 
MB11 Mondego 09/01/2013 150.723 495 1302 22/10/2013 13 
MB12* Mondego 09/01/2013 150.633 465 1010 13/06/2013 7 
MB13 Mondego 09/01/2013 150.522 525 1555 05/11/2013 11 
MB14* Mondego 21/05/2013 150.482 440 870 05/11/2013 8 
MB15* Mondego 21/05/2013 150.472 510 1300 13/07/2013 2 
* identifies barbels that were removed from home range analyses due to a low number of 
tracked locations. 

 
 
 

Positive locations of tagged barbels were used to study not only fish seasonal 

movements and home range, but also to characterize the habitat use within each river. For each 

fish location, several meso- and micro-habitat features were characterized, according to Table 

2.  
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Table 2. Variables used for the abiotic characterization of barbels’ habitats 
 

Variable Acronym Measurement procedure Classes 
Water transparency Transp Visual observation Crystalline; averagely transparent; little transparent; blurred 
Location in the river Locat Telemetry detection Margin; middle of the river 
Habitat type Habit Visual observation Pool; run; riffle 
Wetted area width Wwidth Laser rangefinder – Bushnell Yardage Pro 1000 (± 1 m) Continuous variable 
Substrate composition Substr Visual observation (%) Silt; sand; gravel; pebble; boulder; rock 
Riparian vegetation* RipVeg Visual observation Continuous; semi-continuous; interrupted; sparse; absent 
Physical obstacle Obst Visual observation Present; absent (adjacent to fish location) 
Artificial structure Struct Visual observation Present; absent (adjacent to fish location) 
Water depth Wdepth Measuring pole/rope (± 0.01 m) Continuous variable 
Current velocity# Wvelocity Rod Held Current meter, Hydro-Bios (± 0.01 m.s-1) Continuous variable 
Distance to dry site§ Dist Laser rangefinder/measuring tape (m) Continuous variable 
Canopy cover CanCov Concave forest densiometer (%) Percentage variable 
Woody debris WDebris Visual observation (%) 0-20%; 20-40%; 40-60%; 60-80%; 80-100% 
Hydrophytes Hphyt Visual observation (%) 0-20%; 20-40%; 40-60%; 60-80%; 80-100% 
Water Macrophytes Mphyt Visual observation (%) 0-20%; 20-40%; 40-60%; 60-80%; 80-100% 
Water tree roots TRoots Visual observation (%) 0-20%; 20-40%; 40-60%; 60-80%; 80-100% 

*characterization of riparian vegetation included both margins; #current velocity was measured at two depths (20% and 60% of the total depth) and 
averaged; §river margins and islands were considered as dry sites. 
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Data analysis 

 

A kernel-density estimation method was applied to barbel locations to calculate home 

and core ranges.  In this study, a Kernel Interpolation with Barriers method (KIB), available in 

the Geostatistical Analyst extension of ArcGis 10.1© (ESRI, 2013), was applied. KIB is a variant 

of a first-order local polynomial interpolation that improves traditional kernel estimation methods 

by accounting for barriers (in this study: river margins represented by the river polygon) within 

the study area (Fan & Gijbels, 1996). Prior to this analysis, locations were used to create a point 

density raster data layer using the tool Point Density (Spatial Analyst Tools of ArcGis 10.1©). 

This layer was then converted to a point data layer, where each point has an attribute value 

related with the point density calculated a priori. KIB analysis considered an average bandwith 

(also called smoothing factor) of h=60, calculated by the least squares cross-validation method 

(LSCVh) in the Animal Space Use 1.1© package (Horne & Garton, 2009) and a radius of 60 m. 

The resulting KIB surfaces were imported to the program Geospatial Modelling Environment 

7.2.1 © (Beyer, 2013), where 50% (core) and 95% (home) percent volume contours (PVC) were 

calculated with the command isopleth. KIB and PVC analysis, as well as all the associated 

procedures, were conducted for each barbel separately and only for those who had 10 or more 

locations within the study period (Table 1) to avoid biases and misinterpretations of the results 

(Crook, 2004). From the resulting KIB and PVC maps, we calculated six home (corresponding 

to 95% of fish locations) and core (50% of fish locations) range associated variables, 

summarizing important ecological specificities of space use by fish, namely:  (i) number of 

different home areas (Nhome); (ii) sum of home areas extension (m; Homextens); (iii) core area 

extension (m; Corextens); (iv) median of home areas extension (m; Homemed); (v) distance 

between the downstream and upstream limits of the home areas, including the ´non-used´ 

riverine area (m; Dhome); and (vi) proportion of used area (ratio between Homextens and 

Dhome; Uarea). To test the hypothesis of significant variation in these variables between the 

two barbel populations, we conducted a multivariate analysis of variance (MANOVA, Wilks’s λ 

method) in which population/river membership (non-regulated versus vs. regulated rivers) was 

set as fixed effect. MANOVA was followed by Bonferroni post-hoc tests to individually identify 

the variables that significantly varied between the two groups. 

 To characterize the seasonal movement patterns of the tagged barbels, for each fish we 

measured the linear distance between its location in each tracking month and the respective 

core range center. To identify which environmental variables were related with this pattern in 

each studied river, we applied four stepwise multiple linear regression (F to enter =  3.71; F to 

remove = 2.84), individually using the average distance away from the core range and its 

coefficient of variation for each population/month combination as dependent variables and 

streamflow/temperature variables as potential predictors. Regarding streamflow variables, 27 

monthly hydrological metrics were obtained from the hydrological characterization performed 

with IAHRIS 2.2, complemented with a Time Series Analysis (TSA) within the River Analysis 

Package (RAP version 1.3.0; Marsh et al., 2006). Initial screening (Spearman rank correlation, 
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rho) showed strong correlation among many of these metrics (above a cut-off value of 0.80). In 

light of this, only 13 final metrics (Table 3) were selected for the analyses, describing 

ecologically important aspects of the flow regime and its alterations in the study systems. Also, 

considering the importance of thermal cues for the movement patterns of freshwater fish (Lucas 

& Baras, 2001), we added mean monthly temperature (obtained with data loggers Water Temp 

Pro V2 from HOBO during the study period), to our regression analysis in order to evaluate its 

joint effect with streamflow in the seasonal movement patterns of the tagged barbels. 

 

Table 3. Streamflow and temperature variables selected and respective range of values (mean monthly 
values) for each studied river, to assess its relationship with barbels’ seasonal movement  
 

  Range of values (minimum - maximum) 

Streamflow/Temperature variables (unit) Code 
Non-regulated (River 
Vouga) 

Regulated (River 
Mondego) 

Monthly volume (hm3) MonthVol 3.21 – 197.05 36.72 – 190.29 
No of high flow days (days) HFlowDays 0.00 – 6.22 0.00 – 8.63 
Coefficient of flow variation CV 0.37 – 0.75 0.15 – 0.59 
Flow variability (Q10%-Q90%) Var 0.96 – 5.46 0.18 – 2.84 
No of low spell periods NLowSpel 0.28 – 1.39 1.05 – 2.35 
Magnitude of low spell troughs (m3.s-1) LSpelTrough 0.75 – 10.47 10.47 – 17.27 
Duration of low spell troughs (days) DLSpelTrough 8.10 – 31.00 7.48 – 30.15 
Number of flow rises NRises 1.55 – 3.44 4.85 – 6.65 
Magnitude of flow rises (m3.s-1) Rises 0.68 – 115.5 3.23 – 37.00 
Duration of flow rises (days) DRises 2.29 – 4.51 1.83 – 3.11 
Number of flow falls NFalls 2.22 – 3.67 4.75 – 40.34 
Duration of flow falls (days) DFalls 6.04 – 16.96 2.36 – 3.97 
Baseflow (m3.s-1) BsFlow 0.46 – 0.67 0.52 – 0.90 
Mean monthly temperature (ºC) Temp 10.12 – 24.85 9.18 – 21.07 

 

 

 

 To characterize the habitat selected by the tested barbels we simplified the initial matrix 

of collected meso- and micro habitat variables for each barbel/location combination into a more 

parsimonious matrix of habitat characteristics for each barbel in each one of three ecologically 

significant seasons, namely summer (Su), reproduction season (Rep) and rest of the year (Ryr), 

composed by the median and mode of, respectively, continuous and categorical habitat 

variables. This simplification allowed us to diminish the complexity of intra-seasonal individual 

variation in selected habitat characteristics, which would increase bias in the results and was 

not the main objective of this analysis. Proportion classes of woody debris, hydrophytes, 

macrophytes and tree roots were categorized and averaged into a single variable related with 

the refuge (Refg) value of each location, and substrate classes were simplified into a single 

variable indicative of the average grain size (Grain, Krumbein & Pettijohn, 1938).  Resulting 

matrix was screened for redundancy and less-ecologically significant ones were removed from 

further analyses, following a similar method to the one described earlier for flow variables. The 

effect of population/river and season in barbel habitat characteristics was tested using a two-

way Permanova analysis, conducted with the add-on package PERMANOVA for PRIMER+v6.0 

(Anderson et al., 2008), followed by a Principal Coordinates Analysis (PCO) to characterize and 
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aid in the visualization of habitat segregation among the studied populations and the variables 

that strongly influenced this separation. 

 

 

RESULTS 

 

 Movement patterns and home range 

 

 From the total of 34 tagged barbels, only 22 (10 in the non-regulated river and 12 in the 

regulated one) were located 10 or more times during the study period and, therefore, included in 

the home and core range analysis. Fish total length was statistically similar between the two 

populations (Mann-Whitney; U = 408.5, P=0.17). MANOVA of home range variables indicated a 

significant and high effect of population/river membership (Wilks’s λ = 0.26, F6,15=7.00, P-

value<0.01, η2=0.73) in barbels’ use of riverine space. Post-hoc Bonferroni tests revealed that 

from the six variables considered in this analysis, only three were significantly different between 

non-regulated and regulated rivers, namely Corextens (F1,20=25.38, P<0.001, Homemed 

(F1,20=6.11, P<0.05) and Uarea (F1,20=8.57, P<0.01). In short, barbels from the non-regulated 

river have smaller and interrupted home ranges while barbels from the regulated watercourse 

use a larger and more continuous river extension (Fig. 3). 

 Barbels exhibit a different intra-annual pattern of seasonal movement, mediated by 

distinct environmental variables, between natural flow and regulated rivers. Within the non-

regulated river, barbels moved downstream from their core range in the beginning of the 

tracking period, responding to a lower number of low flow periods (Table 4), but changed this 

pattern throughout the year by moving to areas located near and upstream their core range 

(Fig. 4a). These fish also showed a higher dispersion along the river during late spring and early 

summer, responding to a decrease in the number of flow falls (Table 4). By the end of summer 

and beginning of autumn, almost all barbels from the natural flow river were grouped together, 

near their core range, following an increase in the number of low flow periods and flow falls. 

Barbels inhabiting the regulated river maintained their position near their core range during the 

first months of the study period but moved away, mostly to downstream areas, during summer 

(Fig. 4b), responding to a decrease in the number of high flow days (Table 4). During this 

period, barbel locations were also more dispersed throughout the river, but this pattern was not 

significantly related to any of the tested environmental variables. Mean monthly temperature 

was not selected by any of the regression models, implying that the effect of this variable on the 

seasonal movement patterns of the tested barbels was lower than the effect from streamflow 

related components. 
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Table 4. Summary of stepwise multiple regressions between average distance from core range and 
respective coefficient of variation and streamflow/ temperature variables. Significant statistical values are 
highlighted in bold 
 

Variables 
Regression 
coefficients 

s.e. t 

Non-regulated river (Vouga) 
Distance from core range 
 (Total R2 = 0.67; F1,8 = 6.85) 

NLowSpel -2.47 0.95 2.62 
Distance from core range = 7.22 – 2.47NLowSpel 

 
Coefficient of variation 
[Total R2 = 0.68; F1,8 = 7.11] 

NFalls -3.53 1.33 2.66 
Coefficient of variation = 6.69 – 3.53NFalls 

 
Regulated river (Mondego) 

Distance from core range 
[Total R2 = 0.87; F1,8 = 23.98] 

HFlowDays -1.32 0.27 4.89 
Distance from core range = 7.36 – 1.32HFlowDays 

 
Coefficient of variation 

No variables selected 
 
 

 

 Habitat characterization 

 

 Permanova identified significant effects of river/population membership (F1,62=7.14, 

P<0.01) and season (F2,62=5.54, P<0.01), but not of their interaction (F1,62=1.59, P=0.08) , on 

the characteristics of the habitat selected by tagged barbels. Significant habitat related 

differences were identified between all the three defined seasons but higher between Rep and 

Ryear (t=3.11, P<0.01), and Rep and Su (t=1.81, P<0.01), than between Ryear and Su (t=1.50, 

P<0.05). The first two axis of the PCO explained 47.1% of the habitat variation among the two 

barbel groups and three annual seasons. The first PCO axis (PCO1) primarily revealed 

differences in Grain (PCO loading = 0.44), Wwidth (0.58), Refg (-0.71) and CanCov (-0.51). The 

second PC axis (PC2) was mainly associated with differences in Wdepth  (-0.57), Wvelocity (-0.75) 

and RipVeg (0.44). Barbels from both rivers were associated with shallow and slow current 

habitats, located in narrower river stretches, but specific habitat differences between the two 

populations were found to be particularly mediated by PCO1 and related with a high CanCover 

and Refg in the habitats selected by the non-regulated river population, while barbels inhabiting 

the regulated river tend to occupy areas with larger Grain and denser RipVeg (Fig. 5a). 

Segregation of habitat characteristics between annual seasons were also mediated by PCO1 

and associated to a selection of habitats with larger Grain and denser RipVeg during summer 

and higher CanCover and Refg during Rep and Ryear (Fig. 5b). 
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the natural flow river was more identical to the estimates of 1000-2000 m suggested by other 

studies for Barbus barbus L., in central-European rivers (Philippart & Baras, 1996; De Vocht & 

Baras, 2005).  

 When we decompose home range into six related variables and compared them 

between the natural flow and regulated river individuals, we found that within the latter, fish had 

significantly larger and more continuous home, and especially, core range extensions. 

Conversely, individuals inhabiting the natural flow river used smaller and discontinuous areas.  

Changes in space use by aquatic species in response to discharge and water level variations 

are typical in lotic ecosystems (De Vocht & Baras, 2005). When ecological conditions change, 

such as reductions in food supply or adequate habitat availability, the spatial and temporal 

scales across which fish uses a determined habitat may also change (Letourneur, 2000). 

Hydropeaking phenomena often results in unpredictable variations of water quality, hydrology 

and marked habitat fragmentations. These modifications largely affect, at a daily or even sub-

daily scale, the drifting of invertebrate preys (Céréghino & Lavandier, 1997; Cortes et al., 2002) 

and the availability of key habitats for fish and their access to new habitats (Brown & Ford, 

2002, Vehanen et al., 2005), which can explain why fish subjected to these frequent food and 

habitat changes need to use a larger riverine area to perform important ecological processes, 

such as foraging, spawning or refuging (Bradford, 1997; Hansen & Gloss, 2005). In our non-

regulated river, food and habitat changes are probably more predictable and occur slower and 

less frequently at a larger temporal scale, thus fish are able to be more parsimonious in their 

use of space. Fish inhabiting this type of rivers often face a stressful summer period, to which 

they are perfectly adapted and respond trough specialized movements in the search for refugia 

and/or sites of food accumulation until regular flow and habitat conditions are replenished and 

fish can resume their habitual use of space (Crook, 2004; Pires et al., 2014). It was probably 

this behavior that also contributed to the more fragmented home range of barbels inhabiting the 

non-regulated river, since these fish tend to emigrate to summer refuges, which sometimes are 

located away from their core ranges, while barbels from the regulated watercourse were able to 

maintain a continuous and stochastic home range shift between proximate areas in search for 

volatile suitable conditions of food and habitat (Gagen et al., 1998; Huntingford et al., 1999).  

Ultimately, fish that restrict their activities to a limited space may learn its characteristics in 

intimate detail, which would allow them to identify sites of food and shelter (Wootton, 1990). In 

typical Mediterranean streams it is also important for fish to learn the stretches that do not dry 

out during summer drought. The location of remaining areas of food and shelter in summer is 

fairly stable and predictable (Magalhães et al., 2002), which gives fish the opportunity to survive 

if they inhabit near them, which selects against higher rates of movement (Aparicio & De 

Sostoa, 1999). 
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 Movement and habitat selection 

 

Within the non-regulated river, seasonal patterns of movement followed what is 

described in the literature for similar cyprinid species, in which fish tend to move downstream, to 

more productive areas, essentially for feeding during winter months, after which they migrate 

upstream to find suitable areas for reproduction (e.g. Lucas & Batley, 1996). Although we had 

not identified significant migrations to spawning habitats, higher dispersion and upstream 

movements in the end of spring and beginning of summer, following a high rate of water level 

and flow decline, were probably related with a dislocation in search for suitable summer refuges 

(Aparicio & De Sostoa, 1999; Stormer & Maceina, 2009). By the end of summer, when drought 

conditions usually become really harsh, barbels were less dispersed within the river, with most 

of them aggregated in the same remaining suitable areas, characterized by larger canopy 

cover, denser riparian vegetation and higher refuge value that could protect them from low flow 

imperilments (Stanley et al., 1997; Davey et al., 2006). Intermittency is described as a major 

component of fish movement during summer and should exert strong selection pressures on 

movement behavior (Poff & Ward, 1989). Many studies have shown high mortality rates for fish 

that become confined in unsuitable pools (e.g. Chapman & Kramer, 1991; Matthews, 1998). 

Therefore, the relationship between intermittency, refuge characteristics and fish emigration that 

we have found in this study seems important for increasing survival during low flow periods 

(Albanese et al., 2004). Within Mediterranean natural-flowing rivers, reduced flow during 

summer reduces safe and usable areas for fish, promoting an increase of their vulnerability to 

predation by birds, mammals or even humans (Magalhães et al., 2002). In fact, during our study 

period and especially in summer, we recovered four transmitters from barbels that had been 

released in the non-regulated watercourse and captured by animal predators or anglers. 

 The apparent absence of a clear migratory behavior into spawning habitats observed in 

this study for a species widely recognised as potamodromous suggest that we may be in the 

presence of a case of partial migration. Partial migrations, where populations are composed of 

both migratory and resident individuals is extremely widespread across fish and has been 

described for all major types of migratory behavior, namely anadromy, catadromy, oceanodromy 

and potamodromy (Chapman et al., 2012a). In particular, cyprinids, such as our target species, 

are probably the group of freshwater fish species for which more cases of potamodromous 

partial migration  have been described (e.g., Chapman et al., 2011; Skov et al., 2011). A variety 

of hypothesis regarding the ecological factors underpinning the occurrence of partial migration 

in fish have been proposed by several studies (reviewed in Chapman et al., 2012b). Essentially, 

all are based on the premise that this phenomenon is an adaptive response to temporally 

fluctuating resources or predation and that an individual will attempt to maximize its evolutionary 

fitness by migrating or remaining resident.  

On the other hand, within the regulated river, barbels’ movement and dispersion along 

the river was reduced during winter months. In our ´treatment´ river, high flows and habitat 

changes are more intense and frequent during winter, due to the hydropeaking events, and 
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most of the tagged barbels tended to maintain position near their core range, probably to avoid 

stranding and downstream displacement (Vehanen et al., 2000; Saltveit et al., 2001). These fish 

also seemed to occupy habitats with coarser substrate, often located near the margin, contrarily 

to the barbels inhabiting the natural flow river, which can be viewed as a behavior to avoid 

displacement during artificial high flow events by using high current protected areas by solid 

substratum and marginal cover (Fraser et al., 1995). Although evidences of fish stranding and 

displacement due to short-term regulated discharges, or behavior to avoid it,  have not yet been 

presented for cyprinid species, such issues have extensively been brought to discussion by 

some authors for salmonid populations (e.g. Berland et al., 2004; Robertson et al., 2004). 

Indeed, salmonids are known to be better swimmers than cyprinids (Peake, 2008), so the latter 

are probably more susceptible to these problems and need to adopt more efficient covering 

strategies to deal with it.  

Besides the winter period, environmental characteristics during summer were also a 

differentiating factor to the movement pattern between the two populations. In the regulated 

river, flow recession does not occur so prominently since hydropeaking operations are 

maintained throughout summer period. Fish exhibit a higher degree of downstream movement 

and dispersion during and after summer, apparently in response to an accentuated intra-annual 

decrease of high flow periods. We speculate that this extensive movement performed by 

barbels during summer may be an energetically costly response to the highly variable, but still 

with more bearable flow intensity than in winter, artificial flow regime. For example, optimal 

foraging theory and models (e.g. Nislow et al., 1999) suggest that habitat changes induced by 

varying water flow and within fish tolerance limits, will cause fish to move more to find optimal 

foraging areas. This theory corroborates the need of larger home and core ranges exhibited by 

barbels inhabiting the regulated river. Other studies, with a distinct species (brown trout, Salmo 

trutta L.), presented somewhat inconsistent results. Ovidio et al. (1998) reported varying flow, 

within the limits tolerated by their target species, to trigger fish movements. Clapp et al. (1990) 

found a correlation between short-term flow variation and longer movements of this species. On 

the other hand, Bunt et al. (1999) found no effects of pulsed flow on trout movements within 

their study site. A particular problem associated with the disruption of the natural seasonal 

movement pattern, to which barbels are naturally adapted, is the fact that the population 

inhabiting the regulated river may suffer negative impacts because of the cost of increased 

movements, and associated home and core range higher needs, between suitable habitats that 

are extremely variable across an unpredictable array of spatial and temporal scales (Albanese 

et al., 2004). 

 

Management applications 

 

This study provides important insights about the relationship between flow, home range 

extension, movement patterns and habitat characteristics for a Mediterranean cyprinid species. 

Understanding fish behavior in the context of their physical environment is of extreme 
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importance to explain population-level responses to streamflow change and to help the 

management of rivers regulated for hydroelectric production (Taylor et al., 2013). Because the 

effects of hydrological alterations on the movement behavior of Mediterranean freshwater fish 

are still not well understood, protecting and restoring natural flow regimes is the most prudent 

strategy for promoting the persistence of fish populations (Poff et al., 1997). The need to protect 

and manage suitable summer refuges within natural flow rivers is essential to promote fish 

persistence during low flow conditions and has already been extensively addressed in the 

literature (e.g. Gasith & Resh, 1999; Bernardo et al., 2003).  For example, the use of these 

summer refuges by anglers should be targeted by fishing management actions and restrictions 

to avoid the over-exploitation of fish resources during a period in which they are particularly 

vulnerable. 

 Concerning regulated rivers management, the knowledge on how and in which periods 

or flow components should managers act is still scarce (Murchie et al., 2008). This study gives a 

particular novel contribute to this issue by providing insights about which flow components are 

more altered by hydropeaking (essentially drought related variables such as magnitude and 

duration of low flow periods) operations and in which critical periods, and related environmental 

variables, is the behavior (given by the movement pattern) of the target species more affected. 

These results can be used to develop scientifically defensible guidelines for promoting flow 

standards that can be applied to similar Mediterranean rivers (i.e. environmental flows; Poff & 

Zimmerman, 2010). Following the study main outcomes, managers should prioritize their 

conservation efforts on mitigating the effects of artificial variation of flow discharge during 

summer, which was suggested as the more hydrologically deviated period in the studied rivers 

and the most critical in terms of altering fish movement behavior within this type of systems. 

Restoration of natural flow components and large-scale temporal variability between high and 

low flow periods (floods and droughts with steadier flows) can be particularly useful to restore 

environmental conditions for native fish species (Poff et al., 1997). Particularly during summer 

period, if short-term scale rates to which flow rises and falls could be diminished, suitable 

habitat would be more temporally constant and fish would not need to increase movements, 

within larger home and core ranges, to fulfil their ecological demands, reducing the possible 

imperilments resulting from extensive movement. Appropriately, it is suggested that restoration 

actions based on such prescriptions should be viewed as experiments to be monitored and 

evaluated in an adaptive management framework to provide new knowledge (Jones, 2013). 
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ABSTRACT 

 

Spatial variability in streamflow characteristics is responsible for a large range of habitat 

variations to which fish are adapted through life-cycle strategies and morphological adaptations. 

In this study, we compared the swimming performance and related morphology of two Iberian 

barbel populations from permanent and temporary rivers. The permanent river was 

characterised by its Atlantic influence with higher water availability and a more unstable and 

turbulent environment, contrasting with the lower discharge setting observed in the southern 

Mediterranean ecosystem during most of the hydrological year. Barbels from the permanent 

river exhibited a higher critical swimming speed (Ucrit) associated with a more fusiform body 

shape, narrower head and caudal peduncle, lower body condition and longer and higher 

pectoral and dorsal fins, when compared with the population from the temporary watercourse. 

These results reflect a morphological response in a way to reduce hydrodynamic resistance and 

energy expenditure during locomotion that we hypothesise here to be related with the different 

hydrological regimes of the studied systems. 
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INTRODUCTION 

 

 Natural streamflow variability, encompassing both interannual and intra-annual variation 

in the timing, duration and frequency of various flows, is an important feature for maintaining the 

integrity and biodiversity of riverine ecosystems (Poff & Allan, 1995; Poff et al., 1997). The 

hydrological regime of a river catchment is strongly influenced by rainfall patterns, particularly in 

the southern European regions influenced by a Mediterranean-type climate, leading to strong 

spatial, seasonal and annual variability in river discharge (Gasith & Resh, 1999). In most of 

these streams, the high flows start in late fall and winter followed by a subsequent drying and 

declining of river flow that leads to the complete lack of surface water in the river or the 

maintenance of only some isolated pools in the river bed during the summer period (Poff & 

Ward, 1989). These watercourses are usually designated as intermittent or temporary streams. 

However, in the wetter areas of southern regions, where the climate influence shifts from 

Mediterranean to Atlantic, the streams usually maintain a higher and permanent discharge or at 

least hold surface water throughout the year (Gasith & Resh, 1999). This spatial difference in 

the magnitude, variability and duration of river flow produces a large range of habitat variations, 

to which native organisms are adapted and can respond to through life-history strategies and 

morphological adaptations (Gatz, 1979; Langerhans, 2008). 

 Fishes have developed numerous ecological, behavioural and morphological (e.g. fin 

and body shape, higher proportion of red or white muscle) features, enabling some fish to be, 

for example, more fit at sustaining higher current velocities for exploiting food resources, 

reducing competition and predation, traversing large sections of streams during migration and 

persist in variable flow environments (Gatz,1979; Wood & Bain, 1995; Langerhans, 2009). 

Swimming performance is considered a main character determining survival in many species of 

fish and other aquatic animals. It is assumed that the maximal swimming performance may 

strongly influence the ability of a fish to obtain food, find a mate or avoid unfavourable habitat 

conditions (Plaut, 2001). The most common way to measure swimming performance of fishes is 

the critical swimming speed. This parameter is a special category of prolonged swimming first 

defined and employed by Brett (1964), to designate the maximum velocity, a fish could maintain 

for a precise time period (Beamish 1978). It is also presumed to be a relatively close measure of 

maximum aerobic capacity of the fish and gives a good estimate for swimming ability in general 

as it includes aerobic and anaerobic swimming (Hammer, 1995). This test is a measure of 

fitness associated with flowing environments and has been frequently used to evaluate the 

effects of various factors on fish swimming ability, to infer habitat relationships and to explain 

patterns in fish morphology (Hawkins & Quinn, 1996; Plaut, 2001; Ward et al., 2003). 

 Swimming performance and costs are highly dependent on the morphological 

characteristics of a species (Lighthill, 1969). Morphology sets general limits on the capacity of 

an organism to use habitats and foods (Wainwright et al., 2002; Svanback & Eklov, 2004; 

Langerhans, 2008). Design features can be related to energy use or swimming activity by 

functional analyses and it has been shown that body shape is an important factor for energy-
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reducing strategies in high flow scenarios (Webb, 1993; Pettersson & Hedenstrom, 2000; 

Franssen, 2011). Divergent natural selection typically arises from a combination of (i) a 

functional trade-off where organisms cannot simultaneously optimise multiple types of 

performances, and (ii) a shift in the balance of selection on these performance variables across 

environments, where selection in one environment favours one type of performance but 

selection in another environment favours another type of performance (Langerhans, 2008; 

2009). Both functional trade-offs and environment heterogeneity are common place and 

together are largely responsible for much of the phenotypic diversity that exists today 

(Langerhans, 2009). Several studies have explored the relationships among habitat selection 

and adaptation, morphology and swimming speed in freshwater fishes, which has been 

considered a key aspect of modern evolutionary ecology (e.g. Aleev, 1969; Page & Swofford, 

1984; Scarnecchia, 1988; Langerhans, 2008; Haas et al., 2010; Franssen, 2011). The general 

trends established usually indicate that fishes with laterally compressed, deeper bodies and 

rounded caudal and paired fins tend to select sluggish waters, because their body and fins are 

better suited for manoeuvering. Fishes from high flow areas commonly present fusiform body 

shapes with long pectoral and pelvic fins and forked caudal fins. These general assumptions 

are well recognised but the relationship between ecology, morphology and swimming capacity 

is less evident when comparisons are made among congeners, between different populations of 

the same species or considering more regional-scale and long-term environmental conditions 

such as the natural hydrological regime or river impoundments (Ojanguren & Braña, 2003; 

Langerhans, 2009; Leavy & Bonner, 2009; Franssen, 2011; Schaefer et al., 2011; Franssen et 

al., 2013). 

 The Iberian barbel is a potamodromous cyprinid endemic to the Iberian Peninsula and 

occurs in a wide range of lotic and lentic habitats from almost all the river basins of northern and 

central Portugal (Lobón-Cerviá & Fernández-Delgado, 1984; Magalhães, 1992). It is considered 

a nonthreatened species in the Iberian Peninsula (Doadrio, 2001; Cabral et al., 2005). During 

spring, this species migrates upstream to spawn in gravel or sandy riverbed areas with fast 

water flow, thus being considered a reophilic species (Rodrõguez-Ruiz & Granado-Lorencio, 

1992). This species has received some attention in recent years through studies on its aerobic 

swimming capacity (Mateus et al., 2008) and behaviour (e.g. Silva et al., 2011; 2012). However, 

the majority of these studies are focused on fish from a single specific area. Considering the 

species’ wider distribution across several river basins with distinct natural hydrological and 

habitat features, there is a need to characterise the basal differences in swimming performance 

and morphology to understand and improve the generalisation and regional applicability of such 

studies. Intraspecific morphological differences between separate populations were already 

observed in previous morphology studies with other freshwater species (i.e. Taylor & McPhail, 

1985; Shepherd, 1991). Many of these authors have suggested that, within a species, 

morphological features are responsive to local habitat conditions. Swain et al. (1991) proposed 

that coho salmon (Oncorhyncus kisutch Walbaum, 1792) is capable of changing its morphology 

to cope with their local environment. Similarly, Beacham (1985) concluded that morphometric 
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variation in pink salmon (Oncorhyncus gorbuscha Walbaum, 1792) reflected adaptation to local 

water velocity in spawning streams. More recently, Haas et al. (2010) described morphological 

variations in the cyprinid blacktail shiner (Cyprinella venusta Girard, 1856) inhabiting stream and 

reservoir habitats. 

 The main objective of this study was to compare the swimming performance and 

morphology of two Iberian barbel populations from river basins with permanent and temporary 

hydrological regimes. We hypothesise that each one of these populations have distinct 

ecomorphologies and, consequently, different swimming abilities that are associated with the 

two completely different flow regimes from where these populations are from. What we expect is 

that fish from the permanent basin will exhibit a higher swimming performance, resulting from a 

more ‘swim-fit’ morphology, than the population from the temporary river. The information 

gathered with this study can provide important guidelines for the conservation and management 

of freshwater ecosystems by allowing the establishment of regional water velocity criteria for 

fishways and culverts and the assessment of the potential impacts of instream flow alterations 

(Peake, 2008; Leavy & Bonner, 2009). 

 

 

MATERIAL AND METHODS 

 

 Fish capture 

 

 Between March and April of 2012, 60 specimens of L. bocagei were captured with 

electric fishing gear (Hans Grassl EL 62 generator, DC, 300 V; Schönau am Königssee, 

Germany). Thirty of these fish were captured in River Vez (WGS84 – N 41°48′54′′; W 8°25′34′′), 

one of the main tributaries of River Lima basin and a typical river from the northern region of 

Portugal with permanent hydrological regime, and the remaining specimens were caught in 

River Corona (WGS84 – N 38°01′35′′; W 8°25′52′′), a typical temporary river located in River 

Sado basin in the south of the country (Fig. 1). Several authors refer to fish size as one of the 

most important factors affecting swimming performance (Beamish, 1978; Hammer, 1995; Plaut, 

2001), and this fact was already confirmed for the studied species (Mateus et al., 2008). 

Therefore, during the capture, we preselected animals of similar size (between 200 and 250 

mm) to reduce a priori the potential bias of this variable in our analysis. 
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(587  84 mm) and high air temperature (16.7  0.92 °C) common to this southern region of the 

Iberian Peninsula (INAG, 2008). River Vez has a steeper gradient with a mean value of 0.03 

m.km-1, and River Corona is characterised by a gentle gradient with a much lower mean value 

of 0.005 m.km-1. Rainfall, temperature and gradient patterns strongly influence the magnitude, 

variability and duration of flow, ultimately affecting the overall water availability in these 

ecosystems.  

Average annual flow volume is much higher in River Vez (371.59 hm3) than in River 

Corona (39.78 hm3) as well as the average difference between the maximum and the minimum 

flow volumes along the year (River Vez: 99.36 hm3; River Corona: 22.85 hm3). Both rivers 

present the same pattern of flow seasonality with higher and lower flow values being registered 

in December and August, respectively (Fig. 1), but accentuated differences are observed in the 

magnitude and duration of these extreme events. High flow values (q > Q5%, flow values that 

surpass the flow associated with the 5% percentile on the flow duration curve) are higher and 

more common in River Vez (average maximum daily flow of 224.30 m3.s-1) than in River Corona 

(59.68 m3.s-1) but, on the other hand, the temporary river exhibits a drier and longer low flow 

period (q < Q95%; flow values that are lower than the flow associated with the 95% percentile on 

the flow duration curve), with a null average minimum flow, in comparison with the value of 0.35 

m3.s-1, registered in the permanent stream during this period. Flow components directly 

responsible for changes on the river geomorphology, substrate dynamics and hydraulic habitat, 

such as the effective (with geomorphological significance; River Vez: 210.31 m3.s-1; River 

Corona: 60.5 m3.s-1) and connectivity (associated with river-floodplain connectivity; River Vez: 

271.10 m3.s-1; River Corona: 80.92 m3.s-1) discharges and the flushing flood magnitude 

(associated with river sediment dynamics, Q5%;River Vez: 45.81 m3.s-1; River Corona: 7.03 m3.s-

1) are much lower in the temporary system. In short, the hydrological analysis of these two rivers 

indicates the occurrence and temporal persistence of a more unstable and turbulent 

environment in the northern permanent basin, contrasting with the more stable, slow flow, 

riverine environment present in the southern ecosystem during virtually half of the hydrological 

year. Streamflow characterisation presented in this section was based on a 30 year flow series 

for each river obtained from the Portuguese Environment Agency (APA, I.P) database 

(www.snirh.pt). 

 

 

 Swim tunnel tests 

 

 After capture, experimental fish were carried directly to the laboratory and placed in an 

indoor (2000 l) circular holding tank with controlled photoperiod (12 h light/12 h dark) and a 

proper life support system to maintain water quality. All animals were allowed to recover for at 

least 2 days prior to the swimming performance tests and were not fed during the experimental 

stage (<1 week). Each fish was tested only once. This study was conducted in accordance with 
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all the Portuguese legislation regarding animal capture, manipulation and experimentation for 

scientific purposes. 

 To assess the swimming capacity of the two populations of L. bocagei, we used the 

critical swimming speed (Ucrit) test, following the procedure described by Brett (1964). The swim 

tunnel was designed as a recirculating water tunnel incorporating a 72 cm long and 25-cm-

diameter clear acrylic tube with metal grids at both ends that is used as the swim/viewing 

chamber. A 2.3 hp submersible propeller motor (Model SR4620.410 HG; Flyght, Gesällvägen, 

Sweden) pumped water through the system, allowing a steady current velocity range between 0 

and 1.5 m.s-1, in the swim chamber, that is fully controlled by the operator. For more details on 

the swim apparatus see Mateus et al. (2008). Temperature was kept constant (16 °C) during the 

entire study period, both in the holding tank and in the swimming tunnel. The temperature level 

experienced by the fish during the entire procedure was set to be within the range to which this 

species is subjected in the wild during the spawning migration season (i.e. March–June) 

(Rodríguez-Ruiz & Granado-Lorencio, 1992). 

 Fish were transferred from the holding tank to the swim chamber with a watertight sock 

net made of soft black cloth to minimise handling-related stress by holding water and creating, 

at the same time, a dark environment. All trials were carried out at the same light intensity to 

eliminate possible effects on swimming behaviour. To reduce the level of stress of the tested 

individuals, the front section of the swim chamber was covered with an opaque PVC tube with 

the objective to be used as cover. Before the tests, the fish underwent a 1-h acclimation period 

at a low water velocity of 0.20 m.s-1 to recover from handling and to allow the fish to orient in the 

swim chamber. Following the conditioning period, the water velocity was increased by 0.15 m.s-

1 every 30 min until exhaustion was reached. 

 During the test, fish were discouraged from resting on the rear grid using an electric 

field (7–12 V, 4 A) that was turned on for 2 s when the fish appeared to be touching the grid. 

This was enough to cause complete avoidance of the grid and to encourage the fish to swim 

forward. Exhaustion was considered to have been reached at the point at which a fish was 

unable to move away from the grid despite 2 s consecutive electric stimulations in a maximum 

10-s period (Brett, 1964; Mateus et al., 2008). At this stage, the test ended, and absolute Ucrit 

(m.s-1) was calculated using the formula described by Brett (1964): Ucrit = Ui + [Uii  (Ti   Tii
-1)], 

where Ui is the highest velocity maintained for the entire 30 min interval (m.s-1), Uii is the velocity 

increment (m.s-1), Ti is the time elapsed at exhaustion velocity (s) and Tii is the prescribed 

interval time (s). The velocity at which the fish were swimming in the swim chamber was 

corrected for the solid blocking effect, using the expression developed by Bell & Terhune 

(1970): Uc = Us  [1 + (Ai  Aii
-1)], where Uc is the corrected velocity, Us is the velocity in the 

absence of the fish, Ai is the maximum crosssectional area of the fish and Aii is the cross-

sectional area of the swim chamber. The cross-sectional area of the fish was assumed to 

approximate an ellipse and therefore, equal to π  (h.2-1)  (w.2-1), where h and w represent the 

maximum body height and width of the fish, respectively. 
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 At the end of the trials, fish were euthanised by immersion in a solution with a lethal 

concentration of 2-phenoxyetanol and measured for total weight (TW, to the nearest 0.1 g), total 

length (TL, to the nearest 1 mm) and for cross-sectional area. Fish were sexed and gonads 

weighed (GW, wet weight, to the nearest 1 g) to examine the relationship between gonad 

maturation and performance (Adams & Parsons, 1998). For potamodromous cyprinids, it is 

expected that the higher swimming capacities coincide with the period when they are most 

needed, that is, the spawning period. To evaluate this effect, we calculated the gonado-somatic 

index (GSI) for each one of the tested fish, using the formula GSI = (GW.TW-1).100, and 

statistically compared this index between the two populations, separately for males and 

females, using a Mann–Whitney procedure. The same analysis was used to compare the Ucrit 

between the two L. bocagei populations. For these statistical analyses, as for the ones 

described next, all assumptions for the use of appropriate parametric methodologies were 

previously tested and, in case of nonfulfilment, the equivalent nonparametric analysis was 

employed. 

 

 

 Morphometric analysis 

 

 After the critical swimming tests and general laboratorial measurements and analyses 

previously described, fish were analysed for morphometric variation between barbels from the 

northern permanent basin and from the southern temporary system. This analysis was 

performed only for the fish that performed well (i.e. swimming steadily with good reophilic 

behaviour) in the swim chamber and successfully completed the test. Digital photographs were 

taken with a Sony Handycam HDR-XR200VE (Tokyo, Japan) (image resolution of 4.0 Mp) of 

the left side of each specimen, and 11 landmarks were defined and recorded as twodimensional 

(x and y) coordinates (Fig. 2), using the software TpsDig (Rohlf 1996). Landmark coordinates 

were adjusted with a generalised procrustes analysis (GPA; Rohlf & Slice, 1990). This 

procedure centres each specimen onto a common centroid, scales all specimens to a common 

unit size by dividing each total configuration by centroid size and lastly rotates each specimen to 

a common orientation that minimises the differences between corresponding landmarks. We 

estimated a ‘consensus’ form composed of the mean coordinates for each landmark averaged 

across all specimens. For each barbel, we estimated 18 partial warps plus the respective 

centroid size using the software TpsRelw (Rohlf, 1997). Partial warps are the minimal shape 

parameters needed to deform the ‘consensus’ configuration to each one of the analysed 

specimens and contain shape information (outputted on a weight matrix) that can be analysed 

through conventional multivariate statistics (Adams et al., 2004). Next, we conducted a relative 

warp analysis which is a principal components analysis of partial warp scores computed from 

the distance data (Rohlf, 1993). The relative warps were computed in the full shape space, 

including both the uniform (changes in shape by the same ratio in orthogonal directions) and the 

nonuniform (other shape variations reflected in local deformations) components. 
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maximum body width); relative body depth (R Bdepth, ratio between maximum body depth and 

standard length); relative peduncle length (R Plength, ratio between caudal peduncle length and 

standard length); relative caudal span (R Cspan, ratio between caudal span and maximum body 

depth); relative pectoral fin length (R Peclength, ratio between pectoral fin length and standard 

length); caudal fin area (Carea, cm2); relative dorsal fin height (R Dheigth, ratio between dorsal 

fin height and maximum body depth); relative dorsal fin length (R Dlength, ratio between dorsal 

fin length and standard length); body condition index [K = (TW.TL-3).100]. 

 We analysed discrimination among the two barbel populations in these morphological 

attributes with a DFA (Wilks’s λ method), using a forward stepwise process to select the 

morphological variables that significantly contributed to the discrimination between the two 

groups. Similarly to the shape analysis, we also performed a cross-validation procedure to 

identify the percentage of correct classifications, based on these supplemental variables, of 

each specimen made by the DFA. To complement these tests and aid the visualisation of the 

differences between the two populations related with the supplemental morphological variables, 

we conducted a principal component analysis (PCA) to characterise the morphological 

segregation among the studied fish and confirm the variables that strongly influenced this 

separation. Scores from PCA axis I and II were correlated (Spearman’s rank correlation, ρ) with 

individual critical swimming speed to assess the relationship between these supplemental 

morphological variables and fish swimming performance. 

 

 

RESULTS 

 

 Critical swimming speed 

 

 Eighty-three percent (N = 25) of the barbels captured in the permanent river, and ninety 

percent (N = 27) of the barbels captured in the temporary watercourse, successfully completed 

the Ucrit test. The eight barbels that showed poor reophilic behaviour (i.e. moving backwards and 

forwards in the swim chamber or not moving at all) during the acclimation period, and initial 

velocity increments of the test were removed from further analysis. The average Ucrit was 

statistically different between the two populations analysed (Mann–Whitney; W = 671.5; P-value 

< 0.001) (Fig. 3). Barbels from the permanent river exhibited an average Ucrit of 0.75  0.05 

m.s-1 (mean  SD), significantly higher than the Ucrit of 0.59  0.06 m.s-1 observed for the 

temporary river individuals (Table 1). Barbels captured in the permanent watercourse had an 

average TL of 220.25  1.71 mm, whereas fish from the temporary river had an average TL of 

219.82  1.98 mm. Also, both fish samples exhibited more or less the same level of relative 

gonadal weight, reflected on similar GSI values for females (Mann–Whitney; W = 408.51; P = 

0.19) and males (Mann–Whitney; W = 308.51; P = 0.22) from the two populations, indicating 

that the results from our swimming performance comparison are not biased by population-

related differences in the reproductive cycle. 
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DISCUSSION 

 

 In this study, we compared the swimming performance and related ecomorphology of 

two L. bocagei populations from river basins with different hydrological regimes. The two rivers 

from where we collected the experimental fish have considerable differences regarding flow 

magnitude, duration and variability which, together with the distinct gradient patterns, result in 

strong habitat asymmetries that are intimately related with key ecological aspects of these 

ecosystems, namely geomorphological dynamics, resistance and resilience thresholds of the 

biota and species life cycles (Poff et al., 1997; Richter et al., 1998). Both rivers are also 

characterised by strong differences in flow variables such as the effective and connectivity 

discharge and the flushing flood. The higher values for these flow components in the permanent 

river, in comparison with the temporary watercourse, are responsible for an ecosystem where 

fishes are subjected to stronger geomorphological and substrate changes (Hickey & Salas, 

1995), benefit from a more meandered channel, have frequent access to new habitats created 

by the higher transversal connectivity (e.g. Brizga et al., 2001) and are often faced with a more 

turbulent habitat mosaic (Poff et al., 1997). 

 Considering the environmental differences between the two basins and having in mind 

that the native fish fauna from the Iberian Peninsula is capable of coping with regional 

environmental specificities (Collares-Pereira et al., 2000), we tested the hypothesis that the 

distinct hydrological pattern to which each population is exposed can induce significant 

variations in their swimming capacity. The results obtained in this study clearly demonstrate our 

hypothesis, because barbels from the northern permanent system exhibited a significantly 

higher critical swimming speed, in comparison with the barbels from River Corona (southern 

temporary system). The population from the permanent river had an average Ucrit of 0.75 m.s-1, 

considerably higher than the value registered for the population from the temporary watercourse 

(0.59 m.s-1). Ucrit tests had already been conducted for L. bocagei (Mateus et al., 2008) but 

using fish from a different population from the Tagus basin in the centre region of Portugal. In 

Mateus et al. (2008) study, barbels from the same length class presented an average Ucrit value 

(0.76 m.s-1) similar to the one observed for the northern population but again higher than the 

value registered for the southern population analysed in our study, emphasising the lower 

swimming performance presented by temporary river’s fish. One explanation for the critical 

swimming speed differences observed between the northern and southern barbels could be the 

relationship between the level of environmental pressure that each population experience in 

their native river and the probably high physiological and morphological plasticity of this species 

(Hammer, 1995; Langerhans, 2008). By living in a more turbulent and swift environment, 

barbels from the permanent river have a higher conditioning level to be able to persist in these 

sites and not be displaced downstream during high flow events, which has already been 

described for other fish species (e.g. Ward et al., 2003; Scott & Magoulick, 2008). In contrast, 

barbels from the temporary river live in a more sluggish environment, where the only annual 

peak flow events are the typical autumn flushing floods, thus attaining a lower level of physical 
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condition to endure permanent high flows. Hochachka (1961) demonstrated that the 

environment in which fish live has a considerable effect on their oxygen consumption and 

recovery time. In this study, coho salmons (O. kisutch) raised in tanks with a water velocity of 24 

cm.s-1 exhibited higher cruising speed and less susceptibility to fatigue than salmons reared in 

tanks with lower current velocity. 

 Fish behaviour and morphological adaptations also influence the species swimming 

performance and persistence in swift waters. Behaviours that improve a fish capability for 

withstanding high current velocities include the exploitation of velocity refuges, the adjustment 

of the body and fin position, and movement relative to the substrate (Minckley & Meffe, 1987; 

Ward et al., 2003). In this study, to complement the critical swimming speed results, we also 

performed a morphological analysis that demonstrated the existence of significant 

morphological differences between barbel populations associated with these distinct 

hydrological environments. In short, fish from the permanent river, that achieved a higher critical 

swimming speed, presented a more streamlined and fusiform body, with narrower head, 

midbody and caudal peduncle, lower body condition and higher dorsal and longer pectoral fins, 

in comparison with barbels from the southern temporary river, which performed poorly in the 

swim tests. The relationships found in this study between swimming performance, morphology 

and the distinct hydrological contexts to which the tested barbels were naturally subjected can 

have simple biomechanical interpretations. Cyprinids are characterised by a subcarangiform 

swimming mode (Lindsey, 1978) and achieve propulsion by the lateral undulation of the 

posterior half of the body, using mainly the caudal peduncle. Therefore, individuals with fusiform 

body and narrower caudal peduncle, like the barbels from the permanent river, are more able to 

face turbulent waters because this type of body shape favours swimming through the reduction 

in drag forces and the increase in thrust propulsion, reducing the energy expenditure necessary 

to maintain position or swim forward (Müller et al., 2000; Langherans et al., 2003). A reduced 

peduncle depth was identified by Lighthill (1969) as one of the main morphological adaptations 

to minimise turbulence effects. Individuals with relatively longer tails and narrower caudal 

peduncles can perform wider tail beat amplitudes and thus swim more efficiently. Barbels from 

the temporary river face a calmer environment and their deeper bodies and wider peduncles are 

better suitable for slow movement and manoeuvering than for swimming in high flow areas 

(Aleev, 1969; Scarnecchia, 1988). Many traits that enhance performance at one mode 

necessarily compromise performance in the other and this trade-off between two different types 

of locomotor performance in distinct flow environments have been subject of some recent 

studies dealing with the relationship of fish swimming performance, habitat use and associated 

morphology (e.g., Langerhans, 2008; Haas et al., 2010; Schaefer et al., 2011). While fish 

virtually contend with competing demands for steady swimming (constant speed locomotion in a 

straight line) and unsteady swimming (more complicated locomotor patterns in which changes 

in velocity or direction occur, such as fast-starts, rapid turns, manoeuvering, braking and so on) 

performances (Langerhans, 2009), this balance is expected to shift towards favouring steady 

swimming in high-flow environments, where fish must often swim to maintain position and 
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perform routine tasks under arduous conditions, but on the other hand, will favour unsteady 

swimming in low velocity environments where fish are largely freed from the severe demands on 

endurance and can instead exploit resources requiring manoeuverability (Langerhans, 2008). 

Intimately associated with the overall shape of the fish, the body condition factor (K’) 

was also a differentiating morphological attribute between the two analysed populations, 

attaining higher values in the sample from the temporary river and being related with fish critical 

swimming speed. This variable usually reflects a trade-off between two-opposing selective 

forces. On one hand, high levels of energy reserves could increase the individuals’ reproductive 

investment (Moyle & Cech, 1996). On the other hand, the accumulation of energy reserves 

could be disadvantageous, particularly in high flow rivers like the permanent river analysed in 

this study, because it may lead to an overall body shape that is stouter and less fusiform (like 

the one found in the temporary river population), which can increase drag forces and, as a 

consequence, swimming costs (Boily & Magnan, 2002). Such conflict between the 

accumulations of energy reserves and locomotor efficiency is well documented in other animal 

groups, such as small birds, where the accumulation of fat causes an increase in the energetic 

costs of flight (Chai & Millard, 1997). The observed differences in body condition between the 

two populations can also be related with the type and availability of food items and their 

relationship with the habitat characteristics. Barbels from both rivers present a typical omnivore 

diet, mainly composed of invertebrates, especially from the Diptera and Ephemeroptera groups, 

vegetation material and other organic detritus (Alexandre CM, Sales S, Ferreira MT & Almeida, 

PR, unpublished data). However, invertebrates constitute an important item on the diet 

composition of the permanent river population, in comparison with the predominance of 

vegetation and organic detritus in the gut content of the southern barbels, which is probably 

related with the lower abundance, biomass and diversity of these animals in intermittent 

Mediterranean watercourses (Mas-Marti et al., 2010). Despite the fact that invertebrates are 

probably more nutritious than other food items, the southern barbels have access to a high 

amount of food for a longer time period because vegetation and organic detritus tend to 

accumulate in higher quantities in the ‘lentic’ environment that predominates during most of the 

year in the temporary river, resulting in an increased river productivity (Rayner et al., 2009), thus 

adding another explanation for the higher body condition observed in the southern population of 

this species. The different feeding patterns exhibited by the two studied populations can also be 

related with their respective swimming capability and morphology. Presumably, the deeper body 

of the southern barbels favours feeding in more complex habitats, near the margin and in no 

flow areas like dead or backwaters with dense vegetation, where organic detritus tend to 

accumulate in high quantities and a high manoeuverability capacity is required (Langerhans, 

2008), while the streamlined body of northern fish is more oriented to feed on invertebrates 

occupying a great variety of habitats, for which a fast and efficient swimming is essential 

(Svanback & Eklov, 2004; Ohlberger et al., 2006). 

The importance of fins on fish swimming movements is widely discussed on the 

literature (e.g., Westneat, 1996; Wainwright et al., 2002). Dorsal and caudal fin of fish may 
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interact to enhance trust production and, more specifically, dorsal fin is used by fish to generate 

off-axis forces during turning manoeuvres (Lauder & Drucker, 2004). The paired pectoral fins of 

teleost fish function as flexible foils under complex motor control that permit high swimming and 

manoeuvring (Drucker & Jensen, 1996). In this study, differences in the length and height of the 

pectoral and dorsal fins were observed between the two barbel populations. Barbels from the 

permanent river exhibited longer pectoral and higher dorsal fins when compared with the 

smaller pectoral and lengthier but shorter dorsal fins found in the population inhabiting the 

temporary system. Contrarily to what happens in some fish species, for example, from the 

Labridae family, that use the pectoral fins for locomotion (Wainwright et al., 2002), during steady 

swimming in salmonids or cyprinids the pectoral fins may be completely inactive (Drucker & 

Lauder, 2003). With the increase in flow and in more turbulent and well-defined vortical 

structures, which happens more intensely and frequently in permanent and high flowing 

environments than in temporary low flow rivers, pectoral fin activity is induced to aid fish 

maintaining a benthic station holding in turbulent areas (Arnold & Weihs, 1978; Webb, 1989). In 

studies evaluating the performance of L. bocagei in an experimental fishway, fish showed 

exactly this behaviour, often using pectoral fins to maintain position and rest, especially before 

moving upstream through the passage orifices (e.g., Silva et al., 2011, 2012; Alexandre et al., 

2013). Longer pectoral fins can be useful to improve this behaviour, resulting in longer 

endurance time and higher persistence probability (McLaughlin & Noakes, 1998), thus 

explaining the different fin sizes observed in the two studied barbel populations. Similar to the 

pectoral fin, dorsal fin in cyprinids is inactive and generally folded down most of the time during 

steady swimming. However, this fin plays an important role in maintaining body stability during 

propulsion, countering minor perturbations induced by incoming flows (Lauder & Drucker, 

2004). Subcarangiform swimmers, such as barbels, in the presence of more turbulent 

environments, need constant adjustments of body position that is achieved by lateral force 

generation performed with the help of the dorsal fin that, in these situations, acts as a rudder 

(Wood & Bain, 1995; Lauder & Drucker, 2004). Barbels from the permanent river exhibited a 

larger ‘rudder’ to facilitate the constant position adjustments due to the greater turbulence and 

flow, so they developed a higher dorsal fin, when compared with the shorter fin observed for the 

temporary river population. 

This study demonstrated the existence of a strong relationship between swimming 

performance, morphology and environment for the Iberian barbel. Similar studies, focusing on 

different species, present comparable results. The higher swimming efficiency of a fusiform 

body shape and narrower caudal peduncle was also demonstrated for other European cyprinid 

species, namely carp (Cyprinus carpio L.) and roach (Rutilus rutilus L.), who showed 

considerable differences in critical swimming speed due to the well-adapted body shape of the 

latter (Ohlberger et al., 2006). In a study that compared the swimming ability of 37 warmwater 

stream fishes of Texas and Louisiana, Leavy & Bonner (2009) found that species inhabiting 

riffle areas had higher swimming speeds and were more streamlined, with larger pectoral fins 

and height of dorsal fins exceeding body depth, than those with lower swim speed that inhabited 
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pool areas. These results were particularly evident for cyprinid fish. Using fixed-velocity 

swimming tests, Ojanguren and Braña (2003) found that juvenile brown trouts (Salmo trutta L.) 

with less stout body and longer paired fins tended to endure the current for a longer time period. 

Pakasmaa & Piironen (2001) reared salmon and brown trout in fast and slow water tanks and 

showed that these variations in water velocity were responsible for differences in morphological 

attributes such as the body stoutness and dorsal and caudal fin size. In their study, fish reared 

in fast velocity tanks were slimmer and had higher dorsal and caudal fins than the fishes reared 

in slow velocity tanks. This pattern of body shape and fin dimension is also frequently observed 

in marine fishes (e.g. Reidy et al., 2000). In fact, perhaps the best known example of maximum 

swimming efficiency, the tunniform swimming mode performed by tuna and mackerel, for 

example, share some of the morphological characteristics identified in this set of studies as 

important for swimming performance, namely the well-streamlined body, the stiff and high 

caudal and dorsal fins and the narrower head and caudal peduncle (Sfakiotakis et al., 1999). 

Most of these studies, including the present one, globally reflect an environmental association, 

at different habitat scales, between fish’s body morphology and the reduction in hydrodynamic 

resistance and overall energy expenditure during locomotion. Different habitats create different 

selective pressures on fish. In response, phenotypes are potentially adapting to maximise 

fitness in these environments (Franssen, 2011).  

Given the different ecomorphological features observed in this study for barbel 

populations from permanent and temporary rivers, which are influencing their respective 

locomotor performances, two different types of evolutionary mechanisms may be acting here, 

namely genetic differentiation between the two populations or a high phenotypic plasticity 

exhibited by this species when facing environmental variability that can lead to a divergent 

natural selection (Langerhans, 2008). The observed phenotypic differences between the two 

populations are potentially attributable to environmental-induced morphological responses, 

particularly associated with the different flow regimes, and their respective habitat and hydraulic 

characteristics, from where the tested fish came from. The relative contribution of phenotypic 

plasticity and genetic components can be nearly equivalent on explaining phenotypic variation 

in stream fishes (Franssen, 2011; Franssen et al., 2013). However, the nature of our data 

precludes us from assessing and quantifying how much of the observed phenotypic variability 

was due to genetic or environmental effects. Further research on these two populations is 

needed to quantify the relative contribution of these two mechanisms in the swimming 

performance and morphological variations that occurred between the two rivers. 

The native freshwater fish fauna of the Iberian Peninsula is characterised by a low 

number of families, with most of the species belonging to the family Cyprinidae, a high degree 

of regional diversification at the species level, and the greatest European percentage of 

endemism (Doadrio, 2001; Cabral et al., 2005). In this region, there are a great number of 

species belonging to the same genus (especially Luciobarbus sp. And Chondrostoma sp. latu 

sensu) that occur in river systems with distinct abiotic characteristics and are frequent targets of 

river restoration measures. Therefore, future studies should be conducted for these species to 
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analyse their swimming performances and body shape characteristics in distinct environments. 

The analysis of fish critical swimming speed and morphology and its relationship with river 

hydrology is particularly interesting because it can provide valuable information for 

environmental managers to understand and improve the regional specificity of common river 

restoration measures, such as the construction and arrangement of fishways and the adequacy 

of instream flow manipulations (Peake et al., 1997). For example, obtaining Ucrit data for 

populations of the same species from distinct river basins may allow the definition of acceptable 

local water velocity limits within fishways for the target species (Peake, 2008; Tudorache et al., 

2008). In the same manner, instream flow alterations performed by dams or habitat 

enhancement programmes should take into account the results from this study, especially for 

southern rivers, where flow increments resulting in current velocity increases above the 

observed critical swimming speeds could difficult barbels’ migration and access to suitable 

spawning areas. 
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ABSTRACT 

 

This study addresses the differences on food availability, diet and feeding activity of the Iberian 

barbel, between permanent and temporary non-regulated rivers, and the effect of flow 

regulation on feeding parameters. 267 adult barbels were seasonally collected in four non-

regulated and regulated rivers from permanent and temporary basins, and their gut content was 

analyzed. Locally available food sources were evaluated across sites and seasons. Barbels 

from the permanent non-regulated river exhibit a more variable and diversified diet in which 

invertebrates assumed a large importance, especially during high flows. Barbels from the 

temporary non-regulated river presented a more uniform diet composed of plant material and 

detritus, particularly in drought seasons. Flow regulation affected different flow components in 

both systems but the effects on food resources and barbels’ diet were similar, resulting on an 

intra-annual stabilization of resources availability and fish diet, with a higher consumption of 

plants and detritus. Changes on fish diet and feeding activity in both non-regulated and 

regulated rivers were strongly associated with the seasonal variability of streamflow 

components, particularly between low and high flow periods, and to the reduction of flow 

variability in the case of dam regulation. Results from this study can be used to improve 

guidelines for flow requirements implementation. 
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INTRODUCTION 

 

 Seasonal cycles of flooding and drying have a major influence on patterns of habitat 

structure and primary productivity, that in turn influence the upper trophic levels of aquatic food 

webs (Poff & Allan, 1995; Poff et al., 1997; Lytle & Poff, 2004). Temporal fluctuations in trophic 

resources may be predictable and associated with temperature and hydrology patterns 

(Balcombe et al., 2005). Thus, it is likely that highs and lows of food availability have been a 

component of the natural environmental context within which riverine fishes have evolved and 

adapted their feeding behavior, switching from one food into another to maintain or increase 

their foraging success (MacArthur & Pianka, 1966). However, relatively recent anthropogenic 

changes to riverine ecosystems have altered patterns of flow discharge, interfering with the 

distribution and abundance of organisms of lower trophic levels from which most fish derive 

their food (e.g., Cortes et al., 2002; Lucadamo et al., 2012; Jones, 2013). 

 Dams discharge can impact the feeding ecology of downstream biota in four distinct 

ways: (i) causing a physicochemical disturbance associated with the release of water from the 

hypolimnion, which is frequently nutrient-rich (Ward & Stanford, 1989); (ii) modifying the 

available food resources through changes in the downstream transfers of particulate organic 

matter (Petts, 1984); (iii) creating a disruption in the hydrological patterns and pulses of 

invertebrate drift following water releases (Lauters et al., 1996); and (iv) diversion and water 

abstraction downstream of the dam that may result in flood suppression by drastically 

decreasing the diversity of animal prey (Agostinho et al., 2008). Regulated rivers generally 

support altered abundances and productivity of algae, macroinvertebrates, fish and other biota 

as a result of altered physical habitat availability which affect population dynamics and energy 

flow between trophic levels (Bunn & Arthington, 2002; Poff & Zimmerman, 2010). 

 Food habits and feeding rates of fishes have been extensively studied, but fish dietary 

studies in relation to spatial and seasonal variations in streamflow patterns are scarce, and 

have been mainly conducted in tropical ecosystems (e.g. Lowe-McConnell, 1963; Agostinho et 

al., 2008; 2009), or Australian semi-arid river basins (e.g. Balcombe et al., 2005; Rayner et al., 

2009; Pusey et al., 2010). Dynamics described include, among other bio-ecological features, 

resource partitioning and seasonal dietary shifts related to food availability and river flows. Also, 

there is a paucity of studies discussing the effects of altered flow regimes on fish species diet 

composition and feeding patterns (e.g. Parker & Power, 1997; Rolls et al., 2012). Particularly in 

Mediterranean regions, studies about the trophic ecology of fish species are more focused on 

the analysis of seasonal and ontogenic basal differences within the same population or river 

system (e.g. Collares-Pereira et al., 1996; Gomes-Ferreira et al., 2005), and there is still a large 

gap of knowledge about the relationship between food resources availability, fish diet and 

environmental variation (Magalhães, 1993; Mas-Marti et al., 2010). Mediterranean streams have 

a high seasonal flow and are generally exposed to a broad range of discharge conditions, 

including natural and regulated flow regimes (Gasith & Resh, 1999), providing a unique 

opportunity for studying fish dietary variations in distinct streamflow scenarios. 
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 The main objective of this study is to assess the joint influence of hydrological and food 

resources variability, on the trophic ecology of freshwater fish species. First, the study included 

a characterization of the regional and temporal variations in food availability between permanent 

and temporary non-regulated river systems, and an assessment of how these changes are later 

reflected on the diet composition and feeding patterns of a typical Mediterranean fish species. 

Second, the study aimed to assess if and how the streamflow regulation caused by two different 

types of dams, operating for hydroeletrical/derivation and agricultural purposes, is reflected by 

the food resources and trophic ecology of the studied species. Finally, the relationship between 

the fish species diet and several streamflow components was also investigated. Considering 

these objectives, there are a great variety of methods to analyse and compare fish diet between 

different locations (e.g. gut content, stable isotopes, parasites, etc.) all of which with specific 

advantages and disadvantages, and each one providing different perspectives for the same 

issue (e.g. Dick et al., 2009; Locke et al., 2013). However, given the potential output differences 

from using two or more of these methods, which would probably increase results misperception, 

we chose to analyse only gut content of the studied fish to achieve our goals, a method that has 

been widely used with identical purposes and has proven to be a quick and easy to apply and 

compare method for studies at large spatial scales (Hyslop, 1980; Locke et al., 2013). 

 This study was focused on a target species, the Iberian barbel (Luciobarbus bocagei 

Steindachner, 1864), which is a potamodromous cyprinid endemic to the Iberian Peninsula, and 

occurs in a wide range of lotic and lentic habitats, from almost all the river basins of northern 

and central Portugal (Lobón-Cerviá & Fernández-Delgado, 1984; Magalhães, 1992). It is 

considered a non-threatened species in the Iberian Peninsula (Cabral et al., 2005). Dietary 

patterns of this cyprinid were characterized in some previous studies (Magalhães, 1992; 

Collares-Pereira et al., 1996), according to which the species is a trophic generalist, 

opportunistic, that feeds predominantly of plant material, detritus and insect larvae, mostly 

dipterans and Ephemeroptera. 

 In the present study, two main hypotheses are being tested: (i) barbels from both non-

regulated systems will have different regional and temporal dietary patterns, reflecting a joint 

effect of distinct arrays of food resource availability and streamflows variability; and (ii) the two 

types of regulation will have distinct effects on food resources and, consequently, on the 

regional and temporal variations of the species diet in the two systems. 

 

 

MATERIAL AND METHODS 

 

 Study area 

 

 For the development of this study, two different types of river systems were selected, 

both located in the Iberian Peninsula, a Mediterranean region with different base hydrological 

regimes. One of the studied systems is located in the north of the peninsula, an area with strong 
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Atlantic influence where rivers have a permanent flow throughout the year. The other one is 

located in the south of Portugal, a region characterized by a typical Mediterranean type climate 

with temporary flow regime (Fig. 1). The river systems were selected following a criterion of 

minimum evidence of human disturbance (flow regulation aside) such as physical habitat 

modifications, point-sources of pollution or agricultural run-off. For the first objective, one free-

flowing watercourse was selected in each one of these catchments. In the permanent system 

we selected River Vez, located in River Lima basin (Fig. 1), with 38 km of length and a drainage 

area of 264 km2, characterized by high annual rainfall (1196 mm ± 347; mean ± SD) and cooler 

temperature (12.61ºC ± 1.23) (INAG, 2008). To act as its southern opposite we selected River 

Corona, located in the River Sado basin, which is characterized by a predictable and 

accentuated pattern of river bed drying that lasts from late spring until mid-autumn (Fig. 1), 

mostly related with the low annual rainfall (587 ± 84 mm) and warmer temperature (16.72 ± 

0.92ºC) of this southern Iberian region (INAG, 2008). Average annual flow volume is higher in 

River Vez (371.59 hm3) than in River Corona (39.78 hm3). Both rivers present the same pattern 

of flow seasonality (Fig. 1), but peak flows are higher and more frequent in River Vez (average 

maximum daily flow of 224.30 m3s-1) than in River Corona (59.68 m3s-1). On the other hand, the 

temporary river exhibits a drier and longer summer period, in which flow normally decreases to 

zero, which usually never happens in the permanent river. 

 To achieve the second objective of this study, one more river was selected in each 

region, this time flow-altered systems containing dams operating for different purposes. In the 

permanent basin, we selected River Homem, with a length of approximately 49 km and a 

drainage area of 257 km2 (SNIRH, 2010). Since 1972, its flow is being regulated by Vilarinho 

das Furnas dam, which is operated mainly for water derivation. Vilarinho das Furnas dam has a 

constant hypolimnetic flow release set in order by authorities to fulfil minimum ecological flow 

requirements (EFR). This dam is affecting streamflow patterns by reducing and homogenizing 

the magnitude of the annual and monthly volumes, and diminishing flow variability throughout 

the year. In the southern catchment, River Sado was selected to act as the temporary regulated 

river. This river has a total length of 180 km and a drainage area of 7640 km2 (SNIRH, 2010). 

Since 1972, its flow is altered by Monte da Rocha dam, operating mainly for agricultural 

purposes. Because of the high water demand that exists in this area, especially during the 

summer, these dams do not release water during most of the year. The exception is an annual 

release of a small amount of water (total volume of approximately 10 hm3) to the downstream 

area in the end of spring and beginning of summer, increasing the river flow for irrigation 

purposes (SNIRH, 2010). The sum of these operations causes a severe disruption on the 

streamflow pattern of River Sado, inverting its typical pattern of dryness (Fig. 1). A more 

detailed characterization of streamflow patterns in the study areas was presented in Alexandre 

et al. (2013). 
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nearest 0.01 g). Since cyprinids lack a differentiated stomach, all gut contents were extracted 

and examined under a dissecting microscope at a ×50 magnification. Food items were initially 

identified to the lowest readily recognizable taxonomic level, weighted (nearest 0.0001 g), 

counted (only invertebrates) by reference to animal pieces that most often resist digestion and 

assigned to one of 20 food categories (Table 1). 

 

 Food resources availability 

 

 In each river we characterized four types of potential resources (Magalhães, 1992; 

Collares-Pereira et al., 1996), namely invertebrates, organic matter in the substrate and two 

types of vegetation, the strictly aquatic vegetation (hydrophytes), and the emergent plants 

usually associated with riverine environments (henceforth called as macrophytes). Six replicate 

samples of invertebrate benthic fauna were collected in each site/season using a dip/kick 

sampling net (mesh size: 500 μm; width: 0.25 m) by holding the net against the river and 

dragging it for a standardized length of 1 m while disturbing the adjacent substrate. Invertebrate 

samples were preserved in 96% ethanol and later sorted at the laboratory. Organisms were 

identified to the lowest possible taxonomic level, counted and assigned to the same invertebrate 

groups defined for the gut samples. For estimating the quantity of organic matter in the 

substrate in each site/season, six sediment samples were also collected for each river/season 

combination (samples were used as replicates in the following analyses), placed in ice and 

latter frozen at -10ºC in the laboratory. Organic matter content (OMC; %) was obtained from the 

reduction in weight of a 100 g (dry weight) portion of sediment, after ignition at 500º C during a 

24h period. Occupation percentage by hydrophytes and macrophytes was visually estimated for 

each site/season, always by the same operator and included in one of five ordinal classes: 0-

20%; 20-40%; 40-60%; 60-80%; 80-100%. 
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Table 1. Broad food categories and respective frequency of occurrence (Fo; %) for each river/season combination, used in gut contents and invertebrate community analysis 
 

Sampling seasons: Sp, spring; Su, summer; Au, autumn; Wi, winter. 
†Taxa with Fo <5% in the overall fish sample, which were removed from gut content multivariate analyses. 
‡Taxa that were only found in invertebrate benthic trawls. 
 

 

 

Food category Code River Vez (Fo, %) River Homem (Fo, %) River Corona (Fo, %) River Sado (Fo, %) 
Invertebrates  Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi 

Oligochaeta† Olig 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diptera Dipt 80.0 84.0 60.0 100.0 72.0 69.2 68.4 60.0 28.6 30.8 57.1 88.2 25.8 9.5 0.0 70.0 
Megaloptera† Meg 5.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ephemeroptera Eph 45.0 80.0 0.0 50.0 28.0 46.2 21.1 0.0 10.7 0.0 21.4 5.9 12.9 0.0 0.0 10.0 
Plecoptera† Plec 10.0 0.0 0.0 0.0 4.0 7.7 15.8 6.7 0.0 0.0 0.0 5.9 0.0 4.7 0.0 20.0 
Coleoptera Cole 40.0 16.0 40.0 0.0 12.0 38.5 47.4 26.7 3.6 0.0 28.6 11.8 6.5 0.0 0.0 0.0 
Trichoptera Trich 50.0 28.0 40.0 50.0 16.0 46.2 47.4 46.7 0.0 0.0 14.3 5.9 0.0 4.7 0.0 10.0 
Odonata† Odo 5.0 4.0 0.0 0.0 0.0 0.0 21.1 13.3 0.0 0.0 0.0 5.9 3.2 0.0 0.0 10.0 
Acari† Aca 5.0 4.0 0.0 0.0 0.0 7.7 15.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hirudinea†‡ Hir 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Decapoda Dec 0.0 8.0 0.0 0.0 8.0 0.0 15.8 0.0 0.0 38.5 35.7 5.9 6.5 9.5 0.0 10.0 
Copepoda†‡ Cop 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Heteroptera† Het 0.0 4.0 0.0 0.0 4.0 0.0 0.0 0.0 7.1 0.0 0.0 0.0 0.0 4.7 0.0 0.0 
Neuroptera† Neu 5.0 0.0 0.0 0.0 0.0 0.0 5.3 0.0 0.0 7.7 0.0 0.0 0.0 0.0 0.0 0.0 
Gastropoda†‡ Gast 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bivalvia†‡ Biv 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Unidentified† Unid 0.0 0.0 0.0 2.0 0.0 2.1 0.0 3.2 0.0 0.0 0.0 0.0 0.0 4.1 0.0 2.0 

Other items                  
Plant material Plant 65.0 92.0 100.0 50.0 64.0 92.3 94.7 86.7 50.0 69.2 57.1 76.5 74.2 76.2 62.5 90.0 
Wood detritus Wdet 60.0 84.0 100.0 50.0 60.0 84.6 73.7 66.7 42.9 46.2 57.1 58.8 54.8 52.4 62.5 70.0 
Inorganic detritus Idet 60.0 96.0 80.0 50.0 36.0 76.9 89.5 86.7 50.0 61.5 85.7 82.4 29.0 80.9 87.5 90.0 
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 Data analysis 

 

 For the analyses conducted in this study, all assumptions for the use of appropriate 

parametric methodologies were previously tested and, in case of non-fulfilment even after 

suitable data transformation, the equivalent non-parametric analysis was employed. 

 

 Invertebrates 

 The overall density (number of individuals per m2) and diversity (Shannon-Wiener 

Index, H) of invertebrates were determined for each replicate (each benthic trawl in each 

river/season combination), and a two-way ANOVA (river and season as fixed factors), followed 

by a post-hoc Gabriel test for multiple comparisons, was applied to test for differences in these 

parameters between rivers and sampling seasons. Density was also determined separately for 

each invertebrate taxon identified and a two-way Permanova design, conducted with the add-on 

package PERMANOVA for PRIMER+v6.0 (Anderson et al. 2008), was applied to statistically 

compare the community composition between rivers and sampling seasons within. These 

analyses were followed by a test of dissimilarities percentage (SIMPER) to determine which 

taxa contributed the most for the differences observed. For this multivariate analysis, 

invertebrate taxa that occurred in <5% of the benthic trawl replicates and trawls with null 

abundances were previously removed to reduce bias in our data. 

 

 Organic matter and vegetation 

 The regional and temporal patterns of OMC variation were assessed using a Kruskal-

Wallis test (KW; χ2), with a Simultaneous Test Procedure (STP) (Siegel & Castellan, 1988) for 

multiple comparisons between rivers and sampling seasons within whenever significant 

differences were found. The same statistical procedure was used to compare the occupation 

percentage by hydrophytes and macrophytes (both introduced as ordinal variables) between 

rivers and sampling seasons. 

 

 Fish diet 

 A two-way Permanova analysis was used to test fish size differences between 

river/population membership and sampling seasons. Mean gut fullness (total weight of gut 

contents relative to fish eviscerated weight) and the vacuity index (total number of empty guts 

relative to the total number of guts in the sample) were used to analyze the differences in the 

feeding activity patterns of the studied barbel populations (Hyslop 1980). Mean trophic diversity 

of the sampled barbels and its intra-annual variation were calculated according to the Shannon-

Wiener diversity index, which provides an objective indication of niche breadth. Kruskal-Wallis 

tests, followed by STP procedures, were applied to statistically compare these three indexes 

between rivers and sampling seasons. 
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 Diet composition was evaluated by calculating the weight proportion (%) of each food 

item relative to the total weight of gut content for each fish specimen analyzed. A two-way 

Permanova design, followed by a SIMPER procedure, was applied to test for differences in diet 

composition among rivers and sampling seasons, and identify which items were responsible for 

the dissimilarities found. The Strauss’ Linear Index of Food Selectivity (Strauss, 1979), based 

on counts of numerical items found in the environment (pi) and in the stomach contents (ri),  was 

used to compare the barbels’ diet with the availability of the potential food resources in rivers 

and along sampling seasons. This analysis was only performed for the most abundant (on both 

gut and environment) numerical items, namely the same invertebrate items that were previously 

considered for diet composition analysis, reducing the focus on specific selectivity for low-

abundant items. A one-sample Student’s t test (against a constant 0) was used to test selectivity 

randomness. Barbels feeding strategy for each river/season was determined using Costello’s 

(1990) graphical method, modified by Amundsen et al., (1996). This method classifies the 

species prey selection behavior by plotting the frequency of occurrence (Fo), omitting empty 

guts, and the prey-specific abundance (Pi), defined as the percentage a prey taxon contributes 

to all prey items in only those fish in which the actual prey occurs: Pi = 100  (ΣSi  ΣSii)
-1, 

where Pi is the prey-specific abundance of prey i, Si  the gut content (in this case, weight) 

comprised of prey i and Sii the total gut content in only those fish that consumed prey i. This 

graphical representation determines prey importance (rare prey will be located near the lower 

left corner of the graph and dominant prey near the upper right corner) and also the feeding 

strategy (most points at the bottom of the graph reflect generalisation, and most points at the 

top reflect specialisation). The relationship between feeding strategy and the between- or within-

phenotype contributions to the niche width is also represented. The lower right represents a 

high within-phenotype component, and the upper left represents a high between-phenotype 

component. For this analysis, all food categories were considered with the exception of the 

ones that were absent from gut contents in a specific river/season and of the unidentified items, 

which were omitted from the respective chart for clarity purposes. 

 Individuals with empty stomachs were removed from diet composition, selectivity and 

strategy analyses, and the first one was only conducted for food items that were present in > 

5% of the analyzed guts. 

 

 Streamflow 

 Streamflow analysis was performed using the methodology IARHIS 2.2, developed by 

Santa-María & Yuste (2010), complemented with a Time Series Analysis (TSA) within the River 

Analysis Package (RAP version 1.3.0; Marsh et al., 2006), on 30 year time series for each river 

obtained from the Portuguese Environment Agency (APA, I.P) database (SNIRH, 2010). From 

these analyses we calculated 27 monthly hydrologic metrics. Initial screening (Spearman rank 

correlation, rho) showed strong correlation among many of these metrics (above a cut-off value 

of 0.80), so, to minimize redundancy amongst predictors, when two variables were considered 

to be strongly correlated, one of them was discarded, usually the less ecologically meaningful 
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(Santa-Maria & Yuste, 2010), until 10 final metrics (Table 2) were selected. Water temperature 

is also one of the main abiotic factors influencing life-cycles of freshwater fish and, at the same 

time, changes in natural thermal regimes may be as important as altered streamflows to the 

ecological impacts of dam operations (Olden & Naiman, 2010). During study area selection, we 

tried that rivers and sampling sites had the minimum abiotic and biophysical dissimilarities so 

that the only factor affecting resources and diet were streamflow differences. However, 

considering the importance of temperature in Mediterranean ecosystems and the strong thermal 

amplitude between different areas within this region (Gasith & Resh, 1999), we decided to 

include mean monthly temperature (obtained with data loggers Water Temp Pro V2 from HOBO 

during study period; Table 2) to the following streamflow versus diet analyses to evaluate its 

joint effect with flow in the intra-annual variation of diet composition and indexes. 

 

Table 2. Streamflow and temperature variables, and respective range of values for each studied river, 
selected from the flow time series analyses and registered in the field (only temperature) to assess 
its relationship with barbels’ diet composition and feeding activity patterns 

 

  Range of values (minimum - maximum) 
Streamflow variables (unit) Code River Vez River Homem River Corona River Sado 
Monthly volume (hm3) MonthVol 2.56 - 61.72  1.65 – 10.75 0.00 – 2.82 0.77 – 2.44 
No of high flow days (days) HFlowDays 0.00 – 2.20 0.00 - 0.00 0.00 – 2.80 0.00 – 4.40 
Flow variability (Q10%-Q90%) Var 1.30 – 2.21 0.47 – 1.67 1.70 – 17.29 0.87 – 2.22 
No of null flow days (days) ZFlowDays 0.00 – 4.58 0.00 – 0.00 0.00 – 17.14 0.00 – 2.95 
Duration of high spell peaks (days) DHSpelPeak 0.00 – 3.12 0.00 – 8.27 0.00 – 5.46 0.00 – 11.44 
Magnitude of low spell troughs (m.s-3) LSpelTrough 0.00 – 0.39 0.00 – 0.47 0.00 – 0.00 0.02 – 0.05 
Duration of low spell troughs (days) DLSpelTrough 0.00 – 17.76 0.00 – 12.27 0.00 – 23.08 1.00 – 23.20 
Period between low spells (days) PBLSpel 0.00 – 13.00 0.00 – 6.50 0.00 – 16.13 0.00 – 4.00 
Duration of falls (days) DFalls 6.32 – 13.89 4.97 – 9.31 5.66 – 12.34 2.47 – 6.39 
Baseflow (m.s-3) BsFlow 0.43 – 0.78 0.62 – 0.84 0.29 – 0.37 0.54 – 0.71 
Mean monthly temperature (ºC) Temp 10.61 – 22.20 11.04 – 20.06 12.01 – 23.01 12.04 – 24.44 

 
 

 

Redundancy analysis (RDA) was applied to determine which of and how the 10 monthly 

streamflow variables previously selected, plus temperature, were related with the variability of 

barbels’ diet composition (mean weight percentage for each dietary item within each 

river/season) in both studied systems and sampling seasons within. RDA is a canonical 

ordination technique that extends principal components analysis (PCA) to explain the variation 

in attributes (dietary items frequency in this case) using a matrix of potential explanatory 

variables (flow and temperature), with an expected linear relationship between both groups, 

while preserving the Euclidean distance among the objects (Legendre & Legendre, 1998). With 

the statistical program CANOCO 4.5, this analysis was performed a first time to select the 

significantly related variables, using a forward stepwise method, with a probability value for 

entering of 0.05. The model was tested a second time through a Monte Carlo global 

permutation test (999 permutations) to assess the significance of both the first and all ordination 

axes. Less abundant and frequent dietary items (Fo < 5%), as well as individuals with empty 

stomachs, were not considered in this analysis. Stepwise multiple linear regressions were used 

to relate the flow and temperature variables with barbels’ feeding activity and diversity indexes. 
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All statistical analyses described before, with the exception of PERMANOVA and RDA, 

were conducted with R package (v3.0.1, R Development Core Team, Vienna, Austria). 

 

 

RESULTS 

 

 Food resources 

 

 Overall OMC showed only significant differences (KW; χ2=8.09, P < 0.05) between the 

two non-regulated rivers from permanent and temporary systems, exhibiting a higher value in 

the latter (Fig. 2). Temporally, only the permanent regulated one (KW; χ2=7.85; P < 0.05) 

showed a significant increase of this parameter during spring. Hydrophytes did not varied 

between rivers or seasons and for macrophytes, significant differences in their abundance were 

only observed within the temporary system (Fig. 2), where this type of vegetation was 

significantly more abundant in the regulated river than in the regions’ non-regulated one (KW; 

χ2=13.24, P < 0.05). The regulated temporary river was the only one that showed significant 

intra-annual differences in the abundance of macrophytes (KW; χ2=6.80, P < 0.05), with an 

increase in winter. A two-way ANOVA showed significant effects of river (F3,236 = 3.75, P < 0.05), 

sampling season (F3,236 = 8.80, P < 0.001) and their interaction term (F9,236 = 2.19, P < 0.05) on 

overall invertebrate density (Fig. 2). Post-hoc Gabriel tests showed only significantly higher 

invertebrate densities for the southern regulated river. Temporally, the two non-regulated rivers 

and the temporary regulated one exhibited significantly higher density values during summer. A 

similar statistical analysis also showed significant effects of river (F3,236 = 6.75, P < 0.001), 

sampling season (F3,236 = 5.74, P < 0.001) and their interaction (F9,236 = 2.16, P < 0.05) on 

invertebrate diversity. Post-hoc tests identified significant differences only between permanent 

and temporary systems, with higher diversity values for the first ones. Temporally, the 

permanent non-regulated river had higher diversity values in autumn and winter, contrasting 

with the absence of variation in the temporary one. The southern regulated river exhibited a 

significant increase of this parameter in autumn, whereas the northern regulated one did not 

showed any type of intra-annual change in invertebrate density or diversity. 

 Two-way Permanova analysis on invertebrate assemblages’ composition revealed 

significant effects of river (F3,236 = 3.63, P < 0.001), season (F3,236 = 6.61, P < 0.001) and their 

interaction (F9,236 = 3.32, P < 0.001) on its variation patterns. Among the four studied rivers, 

significant differences in taxa composition were only found between permanent and temporary 

systems, reflected by a higher density of Ephemeroptera and Diptera in the permanent rivers 

and of Oligochaeta and Coleoptera in the temporary ones (Fig. 3). Non-regulated rivers of both 

systems exhibited similar intra-annual patterns of variation, both showing three groups of 

seasonal invertebrate variation, namely spring/summer, autumn and winter, associated to an 

increase of Oligocheta, Ephemeroptera and Diptera in the permanent river, and a decrease of 

Heteroptera and increase of Diptera in the temporary one, from the dry to the wet seasons. The 
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Among studied river and within sampling seasons, barbels did not present a particular 

selectivity, positive or negative, for most of the five most representative invertebrate dietary 

items (Table 3). In the few cases where these values were significantly different from 0, fish 

presented a negative selectivity, indicating that these preys consumption was occasionally 

avoided.  

 Analysis of feeding strategy plots indicates an overall generalist feeding strategy (Fig. 6) 

but with some regional and seasonal specific differences between barbel populations. Both 

northern populations exhibit a pattern of generalized feeding during most of the year, dominated 

by plant material and inorganic detritus, while also maintaining a frequent consumption of 

invertebrate preys throughout the year. In the non-regulated river of this region, barbels 

presented an accentuated concentration of their diet in invertebrate preys, particularly Diptera 

and Ephemeroptera, in winter, which was not observed in the more strategically stable 

population from the regulated watercourse. Southern barbel populations exhibited, throughout 

the year, a narrower diet composed almost exclusively of plant material and detritus, especially 

in the regulated river. In the non-regulated watercourse, the consumption of invertebrates 

slightly increased during winter, contributing to a more generalized feeding behavior. During 

spring and summer seasons in the southern rivers, the few invertebrates ingested were mostly 

located in the left upper corner, especially Decapoda, which indicates that they are mostly 

consumed by few but more specialized individuals within the population. 
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Table 3. Values of selectivity of Strauss’ Linear Index among studied rivers and sampling seasons within (significant values – P-value <0.05 – are given in bold) for barbels 
 

 River Vez River Homem River Corona River Sado 
Dietary items Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi 
Dipt -0,06 0,15 0,00 -0,16 -0,21 0,01 0,18 -0,04 -0,33 -0,56 0,25 0,13 -0,29 -0,17 -0,15 0,15 
Eph -0,02 0,07 -0,09 0,06 -0,03 -0,21 -0,09 -0,26 -0,07 -0,03 -0,01 -0,01 -0,11 -0,02 -0,15 -0,05 
Cole 0,01 -0,12 -0,16 -0,05 -0,04 -0,02 -0,01 0,00 0,00 0,00 0,03 0,01 0,01 0,00 0,00 0,00 
Trich 0,05 0,02 -0,00 -0,16 0,02 0,23 -0,04 0,15 0,00 0,00 0,01 -0,01 -0,02 0,01 0,00 0,00 
Dec 0,00 0,00 0,00 0,00 0,00 0,00 0,05 0,00 -0,01 0,09 -0,06 0,02 0,01 0,07 -0,10 0,00 

 
Sampling seasons: Sp, spring; Su, summer; Au, autumn; Wi, winter. 
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 Relationship with streamflow and temperature 

 

 The first two axes of the RDA explained, together, 81.7% of the variation in diet 

composition within the four barbel populations and across the sampling seasons. The global 

permutation test showed that the first canonical axis (F = 42.71, P < 0.001) as well as the overall 

relationship between abiotic variables and diet composition (F =44.82, P < 0.001) were both 

statistical significant. From the 11 variables used in this analysis, the stepwise procedure 

identified MonthVol, ZFlowDays, DLSpelTrough, HFlowDays, Var and DHSpelPeak as being 

significantly (P < 0.05) related with fish diet composition. RDA1 was primarily associated with 

(Fig. 7) MonthVol (-0.73), ZFlowDays (0.29), and DLSpelTroughs (0.60). RDA2 was mainly 

associated with HFlowDays (-0.34), Var (-0.57) and DHSpelPeak (0.32). The RDA ordination 

clearly shows a seasonal tendency (Fig. 7), mainly associated with RDA1, for the increase in 

the consumption of invertebrate items during spring and winter, accompanying a MonthVol rise, 

especially in both non-regulated rivers, whereas Plant, Idet and Wdet are predominantly 

consumed by this species in summer and autumn periods, when ZFlowDays and 

DLSpelTroughs increase. Consumption of Decapoda also increases during these periods, 

especially in the temporary watercourses. RDA 2 separates most of the non-regulated 

river/season combinations from the regulated ones, especially spring and winter seasons, 

revealing a higher consumption of invertebrate and Idet items in free-flowing rivers from both 

basins, which are characterized by higher HFLowDays and Var, and a greater consumption of 

Wdet and Plant in the two altered watercourses associated with higher values of DHSpelPeak. 

 The regression analysis between feeding activity and diversity indexes and abiotic 

variables (Table 4) revealed a positive relationship between barbels’ fullness index and 

DHSpelPeak. Vacuity index was significantly and positively related with ZFlowDays and 

negatively with LSpelTrough. Diet diversity of barbels significantly increased with an increase of 

LSpelTrough and BsFlow. Temperature was not selected by any of the regression procedures, 

neither by the RDA of diet composition, indicating a stronger effect of streamflow components 

on barbels’ dietary patterns. 
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DISCUSSION 

 

 Overall results show that barbels from both non-regulated rivers were essentially 

omnivorous, without particular preference for any specific item, having a generalist diet 

composed mainly of detritus, plants and invertebrate larvae, similar to what has already been 

described in other studies dealing with the same, or similar, species (e.g. Encina & Granado-

Lorencio, 1990; Magalhães, 1992; Collares-Pereira et al., 1996). Such a generalist and 

omnivore foraging behavior is frequently observed in highly variable environments, such as the 

Mediterranean ones, where food resources are not predictably available and fish take 

advantage of whatever food is accessible (Pusey et al., 2010). 

 Barbels from the northern permanent river exhibited mostly a generalist behavior, 

though having a higher proportion of invertebrates in their diet, especially Diptera and 

Ephemeroptera. Southern barbels showed a high degree of selectivity for plant material and 

detritus. These results can be related with the differences on the overall availability of some 

food resources found in this study, namely a higher abundance of MOT in the temporary non-

regulated river and the higher density and diversity of some specific and important invertebrate 

items in the permanent watercourse. The importance of detritus and plant material has been 

highlighted for the diet of other native Iberian species, particularly cyprinids (Gomes-Ferreira et 

al., 2005; Santos et al., 2013), as these materials often represent the most available and 

persistent food resources in highly fluctuating environments, more similar to southern temporary 

rivers (Magalhães, 1992). 

 Temporal patterns of diet composition and foraging behavior appeared to be strongly 

mediated by streamflow and food resources variability between periods of high and low flow. 

Consumption of invertebrates increased with monthly volume, during spring and winter in the 

permanent river, but in the temporary one this phenomenon was only observed in the latter 

season. Other authors had found similar results, describing a positive correlation between 

increasing flow velocity and invertebrate consumption by fish, probably resulting from the 

increase in invertebrate drift rates during high streamflow periods (Romero et al., 2005; Harvey 

et al., 2006; Blancket et al., 2008). In both rivers these preys were almost completely replaced 

by plants and detritus in summer and autumn. Temporal variability of fish diets can indicate 

changes in prey resources at both seasonal and diel scales (Balcombe & Humphries, 2006) and 

the ingestion of plant and detritus may represent an alternative resource, buffering the seasonal 

scarcity of animal food resources (Persson, 1983), which appeared to be the case in our study. 

Plant material and organic matter are usually found in great density in Mediterranean streams 

during summer and autumn months due to algae and macrophytic blooms, and to the import of 

leaves and other plant material from tree canopies (Kraiem, 1980). Diet switching from higher to 

lower energy prey as food resources decline is a common strategy used by generalist fish to 

persist through harsh periods (Balcombe et al., 2005; Balcombe & Humphries, 2006). 

 Similar patterns of temporal variability of food resources and diet composition across an 

intra-annual range of streamflow conditions have been stated by some authors for other species 
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and type of rivers. When describing bluegill (Lepomis macrochirus, Rafinesque, 1819) diet, 

Kitchell and Windel (1970) found that it is mainly composed of invertebrates in spring, with a 

subsequent switch to an algal dominated diet by the end of summer as invertebrate numbers 

fell. Also, in an Australian intermittent stream similar to our temporary river, Closs (1994) found 

that galaxiids consumed greater amounts of terrestrial food resources, such as organic matter 

or vegetation, when flow ceased during summer promoting the disappearance of drifting 

invertebrates. More recently, in the Iberian Peninsula, Santos et al. (2013) found that in the diet 

of the Portuguese ruivaco (Achondrostoma oligolepis, Robalo, Doadrio, Almada & Kottelat, 

2005), the contribution of detritus and plants was highest in summer and autumn with virtually 

no consumption of animal prey items, which increased in spring.  

 In this study, the temporal pattern of diet composition and foraging behavior responded 

to the highly variable availability of food resources, particularly in relation to varying hydrology, 

and was indeed a differentiating factor between both systems but not quite as it was initially 

expected. The population inhabiting the temporary river presented lower intra-annual variation 

of its diet, following a similar pattern of food resource availability. These differences could be 

related with the annual streamflow pattern that usually occurs in the two rivers. Contrarily to 

northern permanent rivers, where spring and winter are associated to intense peak flows, in 

typical Mediterranean temporary rivers such as the studied one, spring flow can be very low and 

sometimes longitudinal connectivity is lost early in the season (Gasith & Resh, 1999), turning it 

environmentally similar to summer and autumn. 

 Northern barbels showed lower intra-annual variation in their feeding activity indexes. 

Gut fullness was much less variable in the permanent river and was positively related with the 

duration of high spell peaks. Proportion of empty stomachs increased during autumn in the 

permanent river population and in spring/summer in the temporary one following the number of 

null flow days. Temporal variability in gut fullness has already been described for the same 

species (Collares-Pereira et al., 1996) and reflects some seasonal discontinuities in barbels’ 

feeding activity that probably are more accentuated in the variable temporary system. High 

empty stomachs percentages can indicate frequent short duration negative energy balances, 

and may be related to the intake of large items with high energy content that are probably more 

accessible during long periods of low water level, typical of temporary rivers, such as larger 

plant material, detritus and animal preys like Decapoda (Rhodes & Holdich, 1984; Arrington et 

al., 2002). Diet diversity was higher in sites/seasons with high flow volume, like spring and 

winter in permanent rivers, probably following a similar increase of drifting invertebrates’ 

diversity and other allochtonous resources (Agostinho et al., 2008). In summary, the first 

hypothesis of this study was corroborated and the two populations have indeed presented 

regional and temporal differences in their dietary patterns, mediated by specific food resource 

and streamflow variability between the two ecosystems. So, what happens when these 

populations are subjected to significant anthropogenic streamflow alterations caused by dam 

operation? 
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 In the northern system, food resources abundance and barbels’ diet were similar 

between the two rivers, but several differences were noted when considering their intra-annual 

pattern of variation. From all the potential food items, only the proportion of organic matter in the 

substrate showed temporal variability within the regulated river, significantly increasing in 

spring, which is typical in rivers receiving nutrient-rich hypolimnetic releases from dams, like this 

one (Parker & Power, 1997). While barbels from the non-regulated permanent river increased 

their specialization for invertebrates during spring and winter, associated to a flow increase, 

barbels from the regulated watercourse maintained a similar, generalized, diet throughout the 

year. The hydrological changes caused by this type of dam, particularly those related with flood 

peak reductions and delays, have considerable downstream effects on the life-cycles of fish 

species (Agostinho et al., 2004). Natural water level oscillations and spilling directly influence 

floodplain surface area exposed to flooding, which should increase habitat area and the 

availability of shelter and allochtonous food sources, providing water enrichment with nutrients 

carried from newly wetted adjacent areas (Svanback & Bolnick, 2007; Agostinho et al., 2008). In 

the northern regulated river, these peak flows are generally diminished and less frequent, 

reducing invertebrate drift and availability for fish, and leaving barbels with a poorer and less 

variable diet. Fullness, vacuity and diet diversity indexes were globally similar between both 

rivers but had distinct temporal patterns of variation. While barbels from the non-regulated river 

had similar gut fullness’s throughout the year, in the regulated river, barbels presented fuller 

guts during autumn. In the regulated river barbels also showed lower and more stable 

proportion of empty stomachs, meaning that a high number of fish were constantly feeding 

throughout the year. Places with low streamflow variability and without flood pulses changing 

the available habitat, can maintain a higher concentration of resources, especially organic 

matter and plant material, which are easily consumed (Piana et al., 2006). Diet diversity was 

constant in the non-regulated river but significantly decreased during spring in the regulated 

one, which can be explained by the absence of natural spring high flows, which reduces the 

effect that substrate scour has on invertebrate diversity, while facilitating detritus accumulation 

(Fuller et al., 2011), contributing to a reduction of barbels dietary breadth. 

 Within the southern system, the regulated river presented a higher abundance of 

macrophytes and invertebrates in the environment, which may result from the hypolimnetic 

discharge by the upstream dam in the end of spring, which is usually eutrophic, deoxygenated 

and of bad quality, benefiting plant growth and affecting less tolerant animal species, reducing, 

for example, invertebrate diversity and increasing the abundance of taxa adapted to harsh 

environments (Brittain & Saltveit, 1989; Cortes et al., 2002). Thus, barbels from the temporary 

regulated river were even more specialized in plants and detritus throughout the year and 

invertebrates were constantly of reduced importance, even in winter. Because the important 

hydrological variability between high and low flows is diminished and base flows are maintained 

throughout the dry season in the regulated temporary river, habitats in the main channel are 

never separated into isolated pools even under the driest conditions. Availability of resources 

may not reach the critical lows documented for drier systems, diminishing temporal changes in 
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food web and related omnivorous behavior (Lowe-McConnell, 1987; Arthington et al., 2005). 

Proportion of barbels with empty stomachs was constantly lower throughout the year in the 

regulated river, whereas increased in spring and summer in the non-regulated one, which is 

clearly associated with the higher and more stable abundance of food resources in the 

regulated, more homogeneous, environment (Parker & Power, 1997). In the non-regulated 

temporary river barbels’ dietary breadth increased in winter, associated with an increase of flow 

volume and invertebrate availability and consumption, but barbels from the regulated river 

maintained a similar and reduced diet diversity, related with the artificially increased 

environmental stability and the absence of prolonged floods that increase the input of 

allochtonous nutrients and invertebrates drift and abundance (Agostinho et al., 2008). In light of 

these results, our second hypothesis was also partially corroborated. Both types of flow 

regulation resulted in changes of barbels’ dietary patterns and some of the studied aspects 

even had slightly different responses considering the type of dam or system considered. 

However we could not find clear evidences that each type of dam was affecting diet 

components in their own specific way. Indeed, RDA showed that, in both systems, variation of 

diet composition between non-regulated and regulated watercourses were particularly mediated 

by the same two variables, namely DHSpelPeak and, especially flow variability (Var), reinforcing 

the importance of accounting for these components in the definition of minimal flows (Petts, 

1984; Peake, 2008). In the two studied cases of regulation, variability between low and high 

flow periods was strongly reduced. Particularly in the temporary system, dam discharges 

softened the drought season environment, which is usually described as one of the most 

important structuring factors in this type of streams (Gasith & Resh, 1999). 

 This study provides important insights about the diet of a common cyprinid species from 

the Mediterranean region in distinct hydrological contexts and its relationship with natural and 

anthropogenic streamflow variability. Investigation into the relationship of flow variability and its 

impacts on fish food webs could result in better management of flow releases to minimize the 

impact on fish food resources and subsequent diet (Balcombe & Humphries, 2006). 

 

 

AKNOWLEDGEMENTS 

 

 The authors wish to thank Ana Ferreira, Catarina Mateus, Marta Candeias, Marta 

Lourenço, Nuno Andrade, Paula Valadas and Tadeu Pereira for their assistance during multiple 

sampling campaigns. We are also grateful to Maria João Feio and Ana Raquel Calapez for 

helping in the identification of invertebrate samples. This study had the support of the Fundação 

para a Ciência e Tecnologia (FCT) (Pest-OE/MAR/UI0199/2011). C. M. Alexandre was funded 

with a PhD grant (SFRH/BD/66081/2009) by the FCT. 

 

 

 



PAPER IV | ECOLOGY OF FRESHWATER FISH. DOI: 10.1111/eff.12176 (2014) 

 

  160

REFERENCES 

 

Agostinho AA, Gomes LC, Veríssimo S, Okada EK. 2004. Flood regime, dam regulation and 

fish in the Upper Paraná river: Effects on assemblage attributes, reproduction and 

recruitment. Reviews in Fish Biology and Fisheries 14(1): 11–19. 

Agostinho KDG, Agostinho AA, Gomes LC, Julio Jr H. 2008. Influence of flood pulses on diet 

composition among piscivorous fish in the upper Paraná River floodplain. Hydrobiologia 

607(1): 187-198. 

Agostinho KDG, Agostinho AA, Gomes LC, Julio Jr H, Fugi R. 2009. Effects of flooding regime 

on the feeding activity and body condition of piscivorous fish in the Upper Paraná River 

floodplain. Brazilian Journal of Biology 69(2): 481-490. 

Alexandre CM, Ferreira MT, Almeida PR. 2013. Fish assemblages in non-regulated and 

regulated rivers from permanent and temporary Iberian systems. River Research and 

Applications 29(8): 1042-1058. 

Amundsen PA, Gabler HM, Staldvik FJ. 1996. A new approach to graphical analysis of feeding 

strategy from stomach contents data modification of the Costello (1990) method. Journal of 

Fish Biology 48(4): 607–614. 

Anderson MJ, Gorley RN, Clarke KR. 2008. PERMANOVA for PRIMER: Guide to Software and 

Statistical Methods. PRIMER-E Ltd., Plymouth, United Kingdom. 

Arrington DA, Winemiller KO, Loftus WF, Akin S. 2002. How often do fishes “run on empty”? 

Ecology 83(8): 2145-2151. 

Arthington AH, Balcombe SR, Wilson GA, Thoms M, Marshall J. 2005. Spatial and temporal 

variation in fish-assemblage structure in isolated waterholes during the 2001 dry season of 

an arid zone floodplain river, Cooper Creek, Australia. Marine and Freshwater Research 

56(1): 25–35.  

Balcombe SR, Humphries P. 2006. Diet of the western carp gudgeon (Hypseleotris klunzingeri 

Ogilby) in an Australian floodplain lake: the role of water level stability. Journal of Fish 

Biology 68(5): 1484-1493. 

Balcombe SR, Bunn SE, McKenzie-Smith FJ, Davies PM. 2005. Variability of fish diets between 

dry and flood periods in an arid zone floodplain river. Journal of Fish Biology 67(6): 1552-

1567. 

Blanchet S, Loot G, Dodson JJ. 2008. Competition, predation and flow rate as mediators of 

direct and indirect effects on a stream food chain. Oecologia 157(1): 93-104. 

Brittain JF, Saltveit SJ. 1989. A review of the effects of river regulation on Mayflies 

(Ephemeroptera). Regulated Rivers 3(1): 191-204. 



CHAPTER 3 | BIOLOGICAL IMPACTS OF STREAMFLOW VARIABILITY 

 

 
 

161 
 

Bunn SE, Arthington AH. 2002. Basic principles and ecological consequences of altered flow 

regimes for aquatic biodiversity. Environmental Management 30(4): 492-507. 

Cabral MJ (coord), Almeida J, Almeida PR, Dellinger T, Ferrand de Almeida N, Oliveira ME, 

Palmeirim JM, Queiroz AI, Rogado L, Santos-Reis M. 2005. Livro Vermelho dos Vertebrados 

de Portugal. Instituto de Conservação da Natureza, Lisboa. 

Closs GP. 1994. Feeding of Galaxias olidus (Gunther) (Pisces: Galaxiidae) in an intermittent 

Australian stream. Australian Journal of Marine and Freshwater Research 45(2): 227–232. 

Collares-Pereira MJ, Martins MJ, Pires AM, Geraldes AM, Coelho MM. 1996. Feeding behavior 

of Barbus bocagei assessed under a spatio-temporal approach. Folia Zoologica 45(1): 65-

76. 

Cortes RM, Ferreira MT, Oliveira SG, Oliveira DG. 2002. Macroinvertebrate community 

structure in a regulated river segment with different flow conditions. River Research and 

Applications 18(4): 367-382. 

Costello MJ. 1990. Predator feeding strategy and prey importance: a new graphical analysis. 

Journal of Fish Biology 36(2): 261–263. 

Dick T, Chambers C, Gallagher CP. 2009. Parasites, diet and stable isotopes of shorthorn 

sculpin (Myoxocephalus scorpius) from Frobisher bay, Canada. Parasite 16(4): 297-304. 

Encina L, Granado-Lorencio C. 1990. Morfoecología trófica en el género Barbus (Pisces, 

Cyprinidae). Limnetica 6: 35-46.   

Fuller RL, Doyle S, Levy L, Owens J, Shope E, Vo L, Doyle MW. 2011. Impact of regulated 

releases on periphyton and macroinvertebrate communities: The dynamic relationship 

between hydrology and geomorphology in frequently flooded rivers. River Research and 

Applications 27(5): 630-645. 

Gasith A, Resh VH. 1999. Streams in mediterranean climate regions: abiotic influences and 

biotic responses to predictable seasonal events. Annual Review of Ecology Systematics 30: 

51-81. 

Gomes-Ferreira A, Ribeiro F, Moreira da Costa L, Cowx IG, Collares-Pereira MJ. 2005. 

Variability in diet and foraging behaviour between sexes and ploidy forms of the 

hybridogenetic Squalius alburnoides complex (Cyprinidae) in the Guadiana River basin, 

Portugal. Journal of Fish Biology 66(2): 454-467. 

Harvey BC, Nakamoto RJ, White JL. 2006. Reduced streamflow lowers dry-season growth of 

rainbow trout in a small stream. Transactions of the American Fisheries Society 135(4): 998-

1005. 

Hyslop EJ. 1980. Stomach contents analysis – a review of methods and their application. 

Journal of Fish Biology 17(4): 411–429.  



PAPER IV | ECOLOGY OF FRESHWATER FISH. DOI: 10.1111/eff.12176 (2014) 

 

  162

INAG IP. 2008. Tipologia de rios em Portugal Continental no âmbito da implementação da 

Directiva Quadro da Água – Caracterização abiótica. Ministério do Ambiente, do 

Ordenamento do Território e do Desenvolvimento Regional, Instituto da Água, Lisboa. 

Jones NE. 2013. Spatial patterns of benthic invertebrates in regulated and natural rivers. River 

Research and Applications 29(3): 343-351. 

Kitchell JF, Windell JT. 1970. Nutritional value of algae to bluegill sunfish, Lepomis macrochirus. 

Copeia 1970(1): 186–190. 

Kraiem MM. 1980. Contribution a l’étude du régime alimentaire de Barbus barbus (L. 1758) 

(Poisson, Cyprinidae). Bulletin Français de Pêche et Pisciculture 278: 1-10. 

Lauters F, Lavander P, Lim P, Sabaton C, Belaud A. 1996. Influence of hydropeaking on 

invertebrates and their relationship with fish feeding habits in a Pyrenean river. Regulated 

Rivers: Research and Management 12(6): 563-573. 

Legendre P, Legendre L. 1998. Numerical Ecology. Elsevier Scientific, Amsterdam. 

Lobón-Cerviá J, Fernández-Delgado C. 1984. On the biology of the barbel (Barbus barbus 

bocagei) in the Jarama river. Folia Zoologica 33(4): 371-384. 

Locke SA, Bulté G, Forbes MR, Macogliese DJ. 2013. Estimating diet in individual pumpkinseed 

sunfish Lepomis gibbosus using stomach contents, stable isotopes and parasites. Journal of 

Fish Biology 82(2): 522-537. 

Lowe-McConnell RH. 1963. The fishes of the Rupununi savanna district of British Guiana, 

South America: Part 1. Ecological groupings of fish species and effects of the seasonal cycle 

on the fish. Journal of the Linnean Society of London (Zoology) 45(304): 103–144. 

Lowe-McConnell RH. 1987. Ecological studies in tropical fish communities. Cambridge 

University Press, Cambridge. 

Lucadamo L, Mezzotero A, Voelz NJ, Gallo L. 2012. Seasonal changes of abiotic and biotic 

gradientes downstream a multiple use reservoir in a Mediterranean river. River Research 

and Applications 28(1): 103-117. 

Lytle DA, Poff NL. 2004. Adaptation to natural flow regimes. Trends in Ecology and Evolution 

19(2): 94-100. 

MacArthur RH, Pianka ER. 1966. On the optimal use of a patchy environment. American 

Naturalist 100(916): 603–609. 

Magalhães MF. 1993. Feeding of an Iberian stream cyprinid assemblage: seasonality of 

resource use in a highly variable environment. Oecologia 96(2): 253-260. 

Magalhães MF. 1992. Feeding ecology of the Iberian cyprinid Barbus bocagei Steindachner, 

1865 in a lowland river. Journal of Fish Biology 40(1): 123-133. 



CHAPTER 3 | BIOLOGICAL IMPACTS OF STREAMFLOW VARIABILITY 

 

 
 

163 
 

Marsh NA, Stewardson MJ, Kennard MJ. 2006. River Analysis Package. Cooperative Research 

Centre for Catchment Hydrology. Monash University, Melbourne. 

Mas-Marti E, Garcia-Berthou E, Sabater S, Tomanova S, Muñoz I. 2010. Comparing fish 

assemblages and trophic ecology of permanent and intermittent reaches in a Mediterranean 

stream. Hydrobiologia 657(1): 167-180. 

Olden JD, Naiman RJ. 2010. Incorporating thermal regimes into environmental flows 

assessments: modifying dam operations to restore freshwater ecosystem integrity. 

Freshwater Biology 55: 86–107. 

Parker MS, Power ME. 1997. Effect of stream flow regulation and absence of scouring floods on 

trophic transfer of biomass to fish in Northern California rivers. Technical Completion 

Reports, University of California Water Resources Center, UC Berkeley. 

Peake SJ. 2008. Swimming performance and behavior of fish species endemic to 

Newfoundland and Labrador: a literature review for the purpose of establishing design and 

water velocity criteria for fishways and culverts.  Canadian Journal of Fisheries and Aquatic 

Sciences 2843: v+52. 

Persson L. 1983. Food consumption and the significance of detritus and algae to intraspecific 

competition in roach Rutilis rutilis in a shallow eutrophic lake. Oikos 41: 118-125. 

Petts GE. 1984. Impounded Rivers. Perspectives for Ecological Management. John Wiley and 

Sons, Chichester. 

Piana PA, Gomes LC, Agostinho AA. 2006. Comparison of predator-prey interaction models for 

fish assemblages from the neotropical region. Ecological Modelling 192(2): 259-270. 

Poff NL, Allan JD. 1995. Functional organizational of stream fish assemblages in relation to 

hydrological variability. Ecology 76(2): 606-627. 

Poff NL, Zimmerman JK. 2010. Ecological responses to altered flow regimes: a literature review 

to inform the science and management of environmental flows. Freshwater Biology 55(1): 

194-205. 

Poff NL, Allan JD, Bain MB, Karr JR, Prestegaard KL, Richter BD, Sparks RE, Stromberg JC. 

1997. The natural flow regime. Bioscience 47(11): 769-784. 

Pusey BJ, Arthington AH, Stewart-Koster B, Kennard MJ, Read MG. 2010. Widespread 

omnivoury and low temporal and spatial variation in the diet of fishes in a hydrologically 

variable northern Australian river. Journal of Fish Biology 77(3): 731-753. 

Rayner TS, Pusey BJ, Pearson RG. 2009. Spatio-temporal dynamics of fish feeding in the lower 

Mulgrave River, north-eastern Queensland: the influence of seasonal flooding, instream 

productivity and invertebrate abundance. Marine and Freshwater Research 60(2): 97–111. 



PAPER IV | ECOLOGY OF FRESHWATER FISH. DOI: 10.1111/eff.12176 (2014) 

 

  164

Rhodes CP, Holdich DM. 1984. Length-weight relationship, muscle production and proximate 

composition of the freshwater crayfish Austropotamobius pallipes (Lereboullet). Aquaculture 

37(2): 107-123. 

Rolls RJ, Boulton AJ, Growns IO, Maxwell SE, Ryder DS, Westhorpe DP. 2012. Effects of an 

experimental environmental flow release on the diet of fish in a regulated coastal Australian 

river. Hydrobiologia 686: 195-212. 

Romero N, Gresswell RE, Li JL.  2005. Changing patterns in coastal cutthroat trout 

(Oncorhynchus clarki clarki) diet and prey in a gradient of deciduous canopies. Canadian 

Journal of Fisheries and Aquatic Sciences 62(8): 1797–1807. 

Santa-Maria, CM, Yuste JF. 2010. IARHIS 2.2. Indicators of Hydrologic Alteration in Rivers. 

Metodological reference manual. Polytechnic University of Madrid, Madrid. 

Santos JM, Encina L, Oliveira JM, Teixeira A. 2013. Feeding ecology of the Ruivaco 

Achondrostoma oligolepis, a Portuguese endemic cyprinid fish. Limnetica 32(1): 27-38. 

Siegel S, Castellan NJ. 1988. Nonparametric statistics for the behavioral sciences. McGraw-Hill, 

New York. 

SNIRH. 2010. Dados de base – Monitorizacão. Available at: http://www.snirh.pt (accessed 

February, 2010). 

Strauss RE. 1979. Reliability estimates for Ivelev’s electivity index, the forage ratio and a 

proposed linear index of food selection. Transactions of the American Fisheries Society 

108(4): 344-352. 

Svanback R, Bolnick D. 2007. Intraspecific competition drives increased resource use diversity 

within a natural population. Proceedings of the Royal Society B 274(1611): 839-844. 

Ward JV, Stanford JA. 1989. Riverine ecosystems: the influence of man on catchment 

dynamics and fish ecology. In Proceedings of the International Large Rivers Symposium 

(Dodge DP ed.), vol. 106 pp. 56–64. Canadian Special Publication of Fisheries and Aquatic 

Sciences. Ottawa, Canada. 

 

 

 

 

 

 

 

  

 

 



CHAPTER 3 | BIOLOGICAL IMPACTS OF STREAMFLOW VARIABILITY 

 

 
 

165 
 

PAPER V | Alexandre CM, Ferreira MT, Almeida PR. Life-history of a 

cyprinid species in non-regulated and regulated rivers from permanent 

and temporary Mediterranean basins 

 

Carlos M. Alexandre1,2,3*, Maria T. Ferreira3 and Pedro R. Almeida1,2  

 
1Centro de Oceanografia, Faculdade de Ciências da Universidade de Lisboa, Campo Grande, 

1749-016 Lisboa, Portugal 

2Departamento de Biologia, Escola de Ciências e Tecnologia, Universidade de Évora, Largo 

dos Colegiais 2, 7004-516 Évora, Portugal 
3Centro de Estudos Florestais, Instituto de Agronomia, Universidade Técnica de Lisboa, Lisboa, 

Portugal 

 

*Corresponding author - E-mail: cmalexandre@fc.ul.pt Phone: (+351) 21 750 01 48; Fax: (+351) 

21 750 00 09 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Submitted for publication in Ecohydrology (2014)

 



PAPER V | SUBMITTED FOR PUBLICATION IN ECOHYDROLOGY (2014) 

 

  166

ABSTRACT 

 

Environmental variability, especially the one related with natural and regulated flow discharges, 

has been suggested as a driver of intra-specific life-history variations among freshwater fish 

populations. During one year we collected bi-monthly and fortnightly samples within four 

populations of Iberian barbel, inhabiting permanent and temporary, both non-regulated and 

regulated, Mediterranean rivers. We analyzed data for fish age, growth and reproduction in 

order to: (ii) compare barbel life-cycles between permanent and temporary non-regulated rivers; 

(ii) assess the effect of two types of flow alteration on these traits; and (iii) identify flow variables 

significantly related with growth and reproductive cycles. Regional life-history differences were 

mainly related with the age of first maturation, the growth rate and timing and duration of 

reproductive season. Flow regulation promoted a decrease of fish growth rate, condition and 

gonad activity, and an increase of maximal length and longevity. Growth and reproductive intra-

annual variations were related with temperature and some streamflow components, namely the 

duration of high flow peaks and fall rates, and the number of null flow days. This study offers a 

multi-regional scale perspective on the relationship between fish biological cycles and 

streamflow variability, and provides water resource managers with a much needed perspective 

on the effect of anthropogenic alteration of streamflow magnitudes. 
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INTRODUCTION 

 

 Traits of freshwater fishes’ life history, such as maturation, reproduction and growth, 

strongly influence population dynamics and, in turn, population dynamics shape the evolution of 

life-history characteristics (Stearns, 2000). Ultimately, the interplay between life-history traits 

and environmental variability determines population fluctuation (Magalhães et al., 2003).  Many 

studies on the environmental control of fish life-cycles have, to this date, focused on the roles 

played by various parameters of the natural environment, such as changes in water 

temperature and photoperiod (reviewed in Sumpter, 1997). While these factors undoubtedly still 

play significant roles, other factors, such as flow regime and its variability, can also have a major 

influence in shaping freshwater fish life-histories (Mims & Olden, 2013). 

 River discharge is a primary structuring mechanism for fish assemblages in lotic 

ecosystems (Poff & Allan, 1995; Poff et al., 1997). The magnitude and variability of discharge 

also influences environmental conditions such as water temperature, channel morphology, and 

current velocity, as well as habitat and food availability (Poff et al., 1997). These conditions, in 

turn, affect the distribution, abundance and population dynamics of stream fishes (Lytle & Poff, 

2004). Thus, flow can be considered as one of the main drivers of river ecosystem functioning 

and is fundamental for sustaining a river’s ecological integrity (Bunn & Arthington, 2002). 

Historically, human actions have been extensively impairing watersheds, and river 

impoundment by dams is perhaps the greatest source of anthropogenic alteration on these 

ecosystems (Dynesius & Nilsson, 1994; Nilsson et al., 2005). A notable effect of damming is the 

alteration of the natural flow regime (Petts, 1984; Richter et al., 1996). River regulation modifies 

downstream flow patterns often causing a dramatic alteration of discharge variability at every 

time scale, thus affecting many of the ecological functions performed by the natural flow regime 

(Richter et al., 1996; Magilligan & Nislow, 2005). 

 Life-history characteristics of riverine fish are well studied and well-suited as a platform 

to test general relationships between flow regime and biological communities (e.g. Lamouroux 

et al., 2002; Mims and Olden, 2012; 2013). Most of the studies linking fish life-histories and 

environmental variability are based on the triangular model of life-history evolution proposed by 

Winemiller and Rose (1992), which identifies adaptive suites of attributes by taking into account 

functional constraints. These authors defined three life-history strategies in both freshwater and 

marine fishes that represent the essential trade-offs among the basic demographic parameters 

of survival, fecundity, growth and reproduction. According to this model, opportunistic strategists 

are small bodied species with early maturation, low fecundity, small oocytes, frequent 

reproduction over an extended spawning season and rapid growth, which are predicted to be 

associated with ephemeral and highly variable environments. Periodic strategists are 

characterized by large body size, late maturation and high fecundity, reduced spawning period 

and slow growth, and likely to be favoured in predictable environments. In turn, a suite of 

attributes associating low fecundity, high investment per offspring (e.g. parental care and large 

eggs) and aseasonal reproduction correspond to the equilibrium strategy, and is expected to be 
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optimal in stable habitats, frequently associated to lentic environments (e.g. lakes) or 

impounded rivers. These three life-history strategies are hypothesized to be adaptive with 

respect to variability, predictability and seasonality of streamflow regimes (Winemiller, 2005). 

However, since this model and most of the studies based on it were developed to analyse 

variation in life-history traits’ composition at the assemblage level, the strength and generality of 

the links between fish biological cycles and environment remain unknown at the population 

level.  

Intra-specific variability in the life-histories of fish determined by environmental 

conditions has been suggested to occur in numerous cases (e.g. Spranza & Stanley, 2000; 

Blanck et al., 2007). Resulting patterns described by these and other authors include 

differences in age at first reproduction due to thermal effects or food availability, longevity (Baltz 

& Moyle, 1984), brood size and size at first reproduction (Baylis et al., 1993). The majority of 

these studies however have been conducted only for North American basins, salmonid species 

or across small areas with different habitat types, whereas there is a paucity of studies 

addressing intra-specific and population-based differences in cyprinids life-histories across 

regional and large-scale gradients of natural streamflow variability, as well as studies 

addressing the effect of human-altered streamflows on fish growth and reproductive patterns 

(Weisberg & Burton, 1993; Torralva et al., 1997).  

Mediterranean type-streams are typically characterized by stochastic events of flooding 

and drying, and also by a strong inter-annual flow variation (Gasith & Resh, 1999). These rivers 

are also generally exposed to a broad range of discharge conditions, including permanent and 

temporary rivers (Gasith & Resh, 1999) with both natural and regulated flow regimes.  

Considering this complex hydrological setting, Mediterranean streams are highly suitable for 

empirical studies on the interplay between life-history and environmental conditions and provide 

a unique opportunity to obtain insights about fish life-cycle variations in distinct streamflow 

scenarios, which can be applied to analogous river systems worldwide. 

The main objective of this study is to assess the influence of hydrological variability on 

the life-history characteristics of a typical Mediterranean fish species. First, the study addresses 

the variability in age, growth and reproduction patterns between permanent and temporary non-

regulated rivers of this region. Second, the study assesses if and how regulation caused by two 

different types of dams, operating for derivation and agricultural purposes, affects these traits. 

The relationship between some of the studied biological cycles and several environmental 

variables is also investigated. 

This study was focused on a target species, the Iberian barbel (Luciobarbus bocagei 

Steindachner, 1864), which is a potamodromous cyprinid endemic to the Iberian Peninsula (IP), 

and occurs in a wide range of lotic and lentic habitats(Lobón-Cerviá & Fernández-Delgado, 

1984), guarantying the representativeness and applicability of our results. A few age and growth 

studies have been carried out on L. bocagei, or congener species, in Spain (Herrera & 

Fernández-Delgado, 1992) and Portugal (Valente & Alexandrino, 1990; Oliveira et al., 2002). 
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However, no work has so far considered the inter-population variation of these parameters on a 

broad environmental scale. 

In the present study, two main hypotheses are being tested.  We hypothesize that (i) 

barbels from both natural rivers will have different life-cycle patterns, reflecting the streamflow 

variability between non-regulated permanent and temporary rivers: barbels from the permanent 

river will show characteristics that resemble the “periodic” strategists described by Winemiller 

and Rose (1992), while barbels from the temporary river will predominantly show “opportunistic” 

features; (ii) both types of flow regulation, regardless of affecting different streamflow 

components, are mainly causing less hydrological variability  that will promote the resemblance 

of barbels inhabiting these rivers to the so-called “equilibrium” strategy from the triangular 

theory. 

 

 

METHODS 

 

 Study area 

 

 This study was conducted within two different types of river systems located in the IP. 

One of these systems is located in the northwestern part of the peninsula, an area with strong 

Atlantic influence where rivers have a permanent and more turbulent flow throughout the year. 

The other one is located in the south of Portugal, a region characterized by a typical 

Mediterranean climate with temporary flow regime (Fig. 1). River systems were selected 

following a criterion of minimum evidence of human disturbance (flow regulation aside) such as 

physical habitat modifications, point-sources of pollution or agricultural run-off. For the analysis 

of life-cycle patterns between permanent and temporary non-regulated rivers, one free-flowing 

watercourse was selected in each one of the catchments. In the permanent system we selected 

River Vez (Permanent Non-regulated River, PNR), a non-regulated river located in River Lima 

basin, with 38 km of length and a drainage area of 264 km2, characterized by predictable 

patterns of high annual rainfall (1196 mm ± 347; mean ± SD) and cooler mean annual 

temperature (12.61ºC ± 1.23) (INAG, 2008). To act as its southern opposite we selected River 

Corona (TNR), with a length of 35 km and located in the River Sado basin, which is 

characterized by a stochastic and highly variable pattern of river bed drying that lasts from late 

spring until mid-autumn (Figure 1), related with the low annual rainfall (587 ± 84 mm) and 

warmer temperature (16.72 ± 0.92ºC) of the region (INAG, 2008). Average annual flow volume 

is higher in River Vez (371.59 hm3) than in River Corona (39.78 hm3) and peak flows are also 

higher and more frequent in the previous. The temporary river exhibits a drier summer period, in 

which flow normally decreases to zero and water becomes restricted to a few isolated pools. 

 For the evaluation of the effects of two types of flow regulation on fish life-history 

patterns, one regulated river was selected in each geographic region. In the permanent basin, 

we selected River Homem (Permanent Regulated River, PRR), with approximately 49 km and a 
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drainage area of 257 km2 (SNIRH, 2013). Since 1972, its flow is being regulated by Vilarinho 

das Furnas dam, which is operated mainly for water derivation for its larger and more productive 

counterpart, Caniçada Dam. Vilarinho das Furnas releases a constant hypolimnetic flow, set in 

order to fulfil minimum ecological flow requirements, which reduces and homogenises the river 

flow, while severely diminishing the variability of habitual and extreme values throughout the 

year. In the southern catchment, River Sado (TRR) was selected to act as the temporary 

regulated river. It has a total length of 180 km and a drainage area of 7640 km2 (SNIRH, 2010). 

Since 1972, the flow regime of River Sado is altered by Monte da Rocha dam, a reservoir used 

mainly for agricultural purposes. This type of dams does not release water during most of the 

year (storage capacity of Monte da Rocha is 104.5 hm³). The exceptions are some occasional 

discharges in the winter (Monte da Rocha has a maximum flow discharge capacity of 260 m3s-

1), and an annual downstream release of a small amount of water (total volume of approximately 

10 hm3) during spring, increasing water level for agricultural use (SNIRH, 2013). These 

operations cause a severe disruption on the streamflow patterns of River Sado, inverting its 

typical summer drought period, while also reducing winter and, especially, autumn flushing 

floods (Fig. 1).  

Changes in natural thermal regimes may be also as important as altered streamflows to 

the ecological impacts of dam operations (Olden & Naiman, 2010). In our study area, t-tests of 

mean difference (against a constant of 0) between the temperature values registered hourly 

(data logger Water Temp Pro V2 from HOBO), during a one year period in each studied river, 

revealed only slightly differences between non-regulated and regulated rivers, which occurred 

mostly in the end of spring and summer when both non-regulated rivers present significantly 

higher temperatures (Fig. 1). Despite these small differences, flow regulation in both systems is 

not affecting the expected annual thermal pattern of the impounded rivers since a strong 

correlation (Spearman rank correlation; all four rivers; rho > 0.90, P-value < 0.05) exists 

between mean monthly temperature values of each river and the respective local air 

temperature registered in the closest meteorological station (SNIRH, 2013). A more detailed 

characterization of the studied systems and of the main streamflow differences is presented by 

Alexandre et al. (2013). Streamflow characterization was performed using IARHIS 2.2, a 

methodology developed by Santa-María and Yuste (2010), which proposes a set of Indicators of 

Hydrologic Alteration (IHA) and compares them between non-regulated and regulated rivers to 

evaluate deviations caused by river regulation to the most environmentally important 

components of the flow regime. 

 

 Fish data collection 

 

 In each river, sampling was conducted in three sites (Fig. 1). Sampling sites in natural 

and regulated rivers were equally distributed (~2 km from each other). In the impounded river, 

sites were located downstream of the dam (≥3 km) but before the entry of any major tributary to 

avoid the significant amelioration of regulation effect on the flow regime. The three sites were 
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Sado: 22) within the theoretical peak of their reproductive cycle (i.e., April – June, 2011; e.g. 

Lobón-Cerviá & Fernández-Delgado, 1984) were, after weighing, placed on a 4% solution of 

neutralized formaldehyde and, after three days, washed with distilled water and preserved in 

96% ethanol for the analysis of fecundity and oocyte size distribution.  From different sections of 

each preserved pair of ovaries, five sub-samples were taken, approximately with the same 

weight, and stored in alcohol. Sub-samples were shaken periodically to aid oocyte separation. 

The total number of oocytes in each gonadal sub-sample was counted for fecundity 

determination, while 100 oocytes from each sub-sample were also measured for size 

distribution analysis (± 0.001 mm), using a digital camera (LEICA DFC 280), coupled to a 

stereomicroscope (LEICA MZ6), and with the image analysis program LEICA Application Suite 

4.1.0 (LEICA Microsystems). 

From each fish, 10 to 20 scales from the left side of the body, between the dorsal fin 

and lateral line, were removed for age determination. Scales were cleaned using a 10% NaOH 

solution, dried, mounted between two glass slides and projected under constant magnification 

(20×). The best scale of each fish was chosen and all the measurements were made on it. 

Annual rings were detected using a combination of three different forms: by the presence of one 

or two circuli that cut across several others; by a braid-like structure between several circuli; or 

by alternate bands with different degrees of circuli separation (Herrera et al., 1988). The number 

of annulus (fish age) was counted and total scale radius, and distance from the focus to each 

annulus, were measured on the lateral-ventral field of each fish scale. 

 

 Age and growth 

 

 The relationship between scale radius and fish total length was fitted for each 

population using a linear regression model. Since estimated intercepts (constant a) were 

significant for all the four modelled relationships (P < 0.05), we rejected the null hypothesis that 

these intercepts were not different from 0 and included them in the respective age-length back-

calculations as an estimate of the Fraser-Lee correction factor (considered as the fish length at 

scale formation). Back-calculations were performed separately for each population using the 

Fraser-Lee equation (Bagenal & Tesch, 1978): 

 

௜ܮ ൌ 	
௧ܮ െ ܽ
ܵ௖

	ൈ ௜ܵ ൅ ܽ, 

 

where Li is the length at annulus formation, Lt is the total fish length at capture, Si is the radius 

at annulus formation, Sc is the overall radius and a is the regression intercept or the size of the 

individual at the time of scale formation determined for each population. The effect of sex and 

population on the back-calculated lengths-at-age was evaluated by means of an analysis of 

covariance (ANCOVA), with the objective of testing the null hypothesis of no difference between 

rivers or sexes in the slope of the length-at-age regressions. Annual increments and 

instantaneous growth rates (Bagenal & Tesch, 1978) were obtained from back-calculated 
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lengths. The effect of population and sex in fish back-calculated annual increments was tested 

using the add-on package PERMANOVA for PRIMER+v6.0 (Anderson et al., 2008). In order to 

compare our age and growth results with those from other authors, we calculated the regression 

lines between barbels total and standard length, using our own data.  

 Periodicity of annulus deposition, and consequently, scale reading procedure and 

subsequent analysis were validated by marginal increment analysis (MIA; Bagenal & Tesch, 

1978), defined as: 

 

ܣܫܯ ൌ 	
ܵ௖ െ	 ௜ܻ

௜ܻ െ 	 ௜ܻିଵ
, 

 

where Yi is the radius of the last annulus, Yi-1 is the radius of the penultimate annulus and Sc 

has the same meaning as before. Mean MIA values (± standard deviation) for each sampling 

campaign, together with the instantaneous increment rates between these periods, were used 

to analyze seasonal growth of the four studied populations. Significance of intra-annual 

variations of MIA was evaluated by a one-way analysis of variance (ANOVA), using campaign 

as the single fixed factor, followed by Tukey HSD post-hoc tests to identify significant growth 

periods. 

 Back-calculated fish lengths-at-age were used to determine Von-Bertalanffy growth 

equations (Ricker, 1975) for each studied population, as following: 

 

௧ܮ ൌ ஶሺ1ܮ	 െ ݁ି௄ሺ௧ି௧బሻ 

 

where, Lt is the length at time t, L∞ is the asymptotic length, K is a growth coefficient and t0 is a 

time coefficient at which length would theoretically be 0. Equations were fitted and parameters 

estimated using the non-linear least squares regression function (nls) available in the nlstools 

library of R package. Likelihood ratio tests (LRT) were conducted to compare Von-Bertalanffy 

growth parameters between barbel populations. Length-weight relationship was also analyzed 

for each one of the studied populations. For this, length and weight values were log-transformed 

to achieve data linearity and the models were fitted using linear regression procedures, as the 

following equation: 

 

logሺ ௧ܹሻ ൌ logሺܽሻ ൅ ܾ ൈ logሺܮ௧ሻ, 

 

where b and log(a) are, respective, the slope and the intercept of the relationship, and Wt and Lt 

represent the same as before. Inferences about the slope of each linear model, representing the 

type of growth exhibit by the fish, were performed using a t-test of mean difference against a 

constant value of 3 (isometric growth). Comparisons of length-weight relationship between 

barbel populations were performed using an ANCOVA, followed by TukeyHSD post-hoc tests 

on the adjusted means to identify significantly different groups. Von-Bertalanffy and length-
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weight analyses were conducted separately for males and females within each population, and 

immature fish were included in each sex for both procedures. 

 

 Reproduction 

 

 Age and length at first maturation were determined separately for males and females 

from each studied population following two main criteria: 

i) age and total length of the youngest and smallest fish exhibiting gonads on stages III, IV, V or 

VI of maturation; 

ii) age-class, and respective mean total length, in which at least 10% of the fish exhibit gonads 

on stages III, IV, V or VI of maturation. 

 Gonadal development cycle was assessed separately for males and females captured 

in each river/campaign combination using the Gonadossomatic Index (GSI): 

 

ܫܵܩ ൌ 	
௚ܹ

௘ܹ
ൈ 100. 

 

Statistical comparisons of this index between populations were performed with a t-test for each 

sampling campaign. Univariate and multivariate one-way PERMANOVA showed the absence of 

significant differences in, respectively, oocyte number and size frequency distribution (0.2 mm 

size classes, between 0 and 2.4 mm), regarding their position in the ovary, so all five sub-

samples taken from each fish were used in the subsequent analyses. Fecundity was 

determined for each individual female, using the gravimetric method, as the product of mean 

oocyte density and gonad weight, as the following equation: 

 

ܨ ൌ 	
ሺ∑ ௜ܱ

௜ܹ
ሻ௜

݊
	ൈ 	 ௚ܹ, 

 

where, Oi is the total number of oocytes in a sub-sample, Wi is the weight of the respective sub-

sample, n is the number of sub-samples taken (in this case it was always five) and Wg is the 

same as before. To statistically compare fecundity among the four studied populations, an 

univariate one-way PERMANOVA was conducted, with river/population as the only fixed factor. 

To compare oocyte size distribution between the four populations, a multivariate PERMANOVA 

was employed, using the same fixed factor and oocyte size distribution classes as the 

dependent variables. Size-classes present in less than 5% of the samples were removed from 

the analysis. Some studies on cyprinids (e.g. Herrera & Fernández-Delgado, 1992; Fernández-

Delgado & Herrera, 1995) indicate a strong relationship between fecundity, oocyte size and fish 

length, therefore we included fish total length as a covariate in these analyses to test, and if 

necessary correct, its effect. 
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 Relationship with streamflow variables 

 

 From the hydrological characterization performed with IAHRIS 2.2, complemented with 

a Time Series Analysis (TSA) (River Analysis Package version 1.3.0; Marsh et al., 2006) on the 

same previous analysed flow series, we calculated 27 monthly (January to December) 

hydrologic metrics. Initial screening (Spearman rank correlation, rho) showed strong correlation 

among many of these metrics (above a cut-off value of 0.80). In light of this, 10 final metrics 

(Table 1) were selected, describing ecologically important aspects of the flow regime and its 

alterations in the study systems while also minimising redundancy among predictors. 

 

Table 1. Streamflow and temperature variables, and respective range of values for each studied river for 
the entire study period (mean monthly values), selected from the flow time series analyses and 
registered in the field (only temperature), to assess the relationship between the hydrological 
variability within the study area and barbels’ reproductive and growth intra-annual cycles 

 

  Range of values (minimum - maximum) 
Streamflow variables (unit) Code River Vez River Homem River Corona River Sado 
Monthly volume (hm3) MonthVol 2.56 - 61.72  1.65 – 10.75 0.00 – 2.82 0.77 – 2.44 
No of high flow days (days) HFlowDays 0.00 – 2.20 0.00 - 0.00 0.00 – 2.80 0.00 – 4.40 
Flow variability (Q10%-Q90%) Var 1.20 – 2.49 0.47 – 1.67 1.70 – 17.29 0.87 – 2.40 
No of null flow days (days) ZFlowDays 0.00 – 4.58 0.00 – 0.00 0.00 – 17.14 0.00 – 2.95 
Duration of high spell peaks (days) DHSpelPeak 0.00 – 3.54 0.00 – 8.27 0.00 – 5.46 0.00 – 11.44 
Magnitude of low spell troughs (m.s-3) LSpelTrough 0.00 – 0.39 0.00 – 0.53 0.00 – 0.00 0.02 – 0.26 
Duration of low spell troughs (days) DLSpelTrough 0.00 – 17.76 0.00 – 12.27 0.00 – 23.08 1.00 – 23.20 
Period between low spells (days) PBLSpel 0.00 – 13.00 0.00 – 6.50 0.00 – 16.13 0.00 – 4.00 
Duration of falls (days) DFalls 6.32 – 13.89 4.97 – 9.31 5.66 – 15.66 2.47 – 11.53 
Baseflow (m.s-3) BsFlow 0.36 – 0.78 0.62 – 0.84 0.29 – 0.46 0.47 – 0.71 
Mean monthly temperature (ºC) Temp 9.95 - 22.20 10.48 – 20.33 11.79 – 23.01 11.75 – 24.44 

 
 

Stepwise multiple linear regressions  (F to enter =  3.71; F to remove = 2.84 ) were used 

to relate the 10 selected hydrological variables with barbels’ annual reproductive cycle, here 

expressed as the gonadossomatic index, and seasonal growth, expressed as barbels 

instantaneous MIA increments between sampling campaigns. For seasonal growth analyses, 

the period in which the new annulus was deposited was ruled out, since the accentuated 

decrease in marginal width cannot be considered as an alteration of fish growth pattern 

(Bagenal and Tesch, 1978). Considering the importance of thermal cues for the life-cycle 

phenomena of freshwater fish, we added mean monthly temperature (Temp) to our regression 

analyses in order to evaluate its joint effect with streamflow in the intra-annual variation of these 

life-cycle components. To compare the importance of the two types of variables, we applied am 

alternative approach, where blocks were used to enter specific variables into the models in 

chunks. The use of blocks allows us to isolate the effects of these specific variables in terms of 

both the predictive model and the relative contribution of variables in each block, through 

evaluation of R2 change (Achen, 1982). For each stepwise model where temperature was 

selected as a significant predictor, a new regression analysis was conducted this time allowing 

the entrance of all variables selected by the first model, with temperature in the first block and 
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streamflow variables in the second one, which allows an analysis of how much the R2 changed 

(from zero to model 1, then from model 1 to model 2) and the respective significance. 

For all the described analyses, assumptions for the use of appropriate parametric 

methodologies were previously tested and, in case of non-fulfilment even after suitable data 

transformation, the equivalent non-parametric analysis was employed. With the exception of 

PERMANOVA, all statistical analyses were conducted with R Package 3.0.1. 

 

 

RESULTS 

 

 Age and growth 

 

 MIA analyses validated the annual deposition of the annulus in barbels’ scales for all the 

studied populations. Annulus formation occurred in April for barbels inhabiting southern 

temporary rivers and in May for the northern populations (Fig. 2). Six and seven age groups 

were found for male barbels inhabiting, respectively, PNR and PRR, whereas 10 age classes 

were found for females of both rivers. In the southern populations, eight and nine age groups 

were found for males from, respectively, TNR and TRR, while for females, six and 11 age 

classes were found, respectively for the same rivers. The ANCOVA performed to test the 

differences in back-calculated lengths-at-age between the four studied populations and sexes 

(males and females) revealed significant effects of population (F3, 2809=20.29; P < 0.001), but not 

sex, on the length-at-age relationship. The interaction terms of river (F3, 2809=2.83; P < 0.05) and 

sex (F2, 2809=32.18; P < 0.001) with the covariate (back-calculated annulus increment number) 

were both significant, revealing that slopes of these regressions were significantly 

heterogeneous between the four populations and between males and females. Thus, back-

calculated length-at-age data was presented separately for males and females within each river 

(Tables 2 and 3, with data from other studies with the same or congener species, transformed 

for total length, for comparison) and all the posterior growth analyses were conducted 

independently for each sex. The relationship between TL and SL, used to convert age and 

growth data from other studies, was expressed by the following equation: 

 

ܮܶ ൌ 3.568 ൅ 1.238 ൈ ଶܴ	;ܮܵ ൌ ଼଼ଽ			ଵ,ܨ	;0.99 ൌ 74480.01; ݌ ൏ 0.001 
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 Likelihood ratio tests showed significant differences in Von-Bertalanffy parameters 

between some of the studied populations (Table 4). In comparison, males from PNR and TNR 

showed similarities between their asymptotic maximum lengths (L∞) and growth rates (K). On 

the other hand, female barbels inhabiting TNR can potentially achieve a similar maximum length 

to the females from PNR but do it at a significantly lower rate. Male and female barbels from 

PRR and TRR exhibit significant differences in their estimated maximum lengths and growth 

rates in comparison with the fish populations from their non-regulated counterparts. General 

patterns were similar for both regions and sexes, with barbels from the regulated rivers 

exhibiting significantly lower growth rates but, at the same time, larger asymptotic lengths. 

 The PERMANOVA performed to identify the effect of population and sex in fish annual 

growth corroborated some of Von-Bertalanffy and LRT results, revealing that both fixed factors 

(river: F3, 2714=4.09; P < 0.05 and sex: F2, 2714=14.17; P < 0.05) and their interaction (river×sex: 

F6, 2714=6.02; P < 0.001) accounted for significant proportions of variation in fish annual growth. 

Additional pairwise comparisons indicated that males from PNR and TNR presented similar 

growth but different results were found for male fish from PRR and TRR, since they presented a 

reduced growth when compared with the former ones. For female barbels, significant 

differences in length increments were found for all the analyzed situations. Females from PNR 

presented a higher growth than their southern counterparts, but both fish groups had larger 

annual increments in comparison with the female fish from PRR and TRR. 

 Regarding the log-transformed length-weight relationships for males and females of the 

studied populations (Table 5), t-tests between the estimated slopes and the constant 3 (defined 

as isometric fish growth), revealed that almost all populations exhibit a positive allometric growth 

type (t-test; P < 0.05), where fish tend to become “plumper” as they increase in length, which 

was especially prominent for southern populations. The exception to these results was the PRR 

populations, where both sexes presented a negative allometric or quasi-isometric growth, 

suggesting a lower condition than the other populations. ANCOVA revealed significant 

differences on the intercepts (river: F3, 1220=8.91; P < 0.001; sex: F1, 1220=4.46; P < 0.05; 

river×sex: F3, 1220=4.03; P < 0.05) and slopes (river×length: F3, 1220=13.94; P < 0.001; 

sex×length: F1, 1220=4.06; P < 0.05; river×sex×length: F3, 1220=4.06; P < 0.05) of the linear 

regressions between log-transformed lengths and weights of the barbels. Post-hoc tests on 

river×sex interaction revealed that, while controlling for fish length, male and female barbels 

from the TNR were significantly heavier than fish from PNR.  Between non-regulated and 

regulated rivers, significant weight differences, corrected for fish length, were only found 

between female barbels of TNR and TRR, the former being heavier. 
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PNR – males (3+): 188 mm; females (5+): 260 mm; PRR – males (3+): 146 mm; females (5+): 

198 mm; (iii) TNR – males (2+): 128 mm; females (4+): 169 mm; (iv) TRR – males (2+): 139 mm; 

females (4+): 182 mm. 

 Patterns of gonad activity were distinct between the four populations (Fig. 3). Males 

from PNR presented three clearly defined phases: quiescence (August to March, null 

percentage of barbels with gonads on stage III and IV, representing maturation and spawning, 

respectively), gonad maturation (March to April, 85.71-100% of fish in stages III or IV) and 

reproduction (April to June, 100% of fish on stages III and IV). Males from TNR presented a 

similar pattern but gonad maturation started sooner, in January, reaching its peak in March and 

April (100% of fish in stages III and IV), while reproduction ended almost two months ahead of 

PNR population, in April. From May to June, 91.67 to 100% of male barbels from TNR were 

already in the stages V and VI, the spent and resting phases, respectively. Females from PNR 

presented a shorter quiescent period (August to January) and longer gonad maturation 

(January-April), reaching its pinnacle (100% of females on stages III or IV) in the beginning of 

May, which lasted until June. On TNR, females presented an even longer maturation period, 

starting it during autumn until the beginning of April (100 % of fish in stages III or IV) but the 

reproduction period was shorter, occurring only during April, after which the gonad activity 

decreased suddenly (in May all females were already in stages V or VI). In PRR and TRR, male 

and female barbels presented a quiescent period similar in duration to PNR and TNR 

populations, but significant differences on gonad activity started to be noticed during the 

maturation period, which was longer in the majority of the cases, and during the reproduction 

period, usually shorter and with gonad maturation never reaching the levels of the populations 

inhabiting free-flowing watercourses.. This was particularly noted for TRR, where stages III and 

IV of gonad maturation were only observed for some of the fish and never for the entire sample. 

This situation also occurred in the PRR but only for females, whereas males had a similar 

pattern to what was observed in PNR. Significant differences (t-tests; P < 0.05) between GSI 

values of the studied populations were mainly found during the maturation and reproduction 

periods, where, with some exceptions, GSI values in PNR and TNR were significantly higher 

than those in PRR and TRR. For male barbels, regressions identified Temp, DFalls and 

DHSpelPeak as being positively related with the temporal variation of GSI (Table 6). From this 

variance, 66% was explained by the selected set of streamflow components and only 4% was 

explained by Temp. GSI of female barbels was positively related with Temp and negatively with 

ZFlowDays, the latter accounting for the majority (63%) of the explained variance of this 

variable. 
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especially, TRR populations were among the highest observed. For freshwater fishes, the size 

and stability of the water body has a great influence on length (Weatherley & Gill, 1987). In 

general, lengths-at-age of the studied barbel populations were not very different from those 

presented for other populations of the same or similar species (Tables 2 and 3), and the 

differences found can be considered as an evidence of the high plasticity of the target species 

in adapting to local environmental characteristics (Torralva et al., 1997). 

 Male and female barbels from PNR and TNR presented puzzling results regarding the 

number of age classes, but a clearer pattern was presented by barbels inhabiting both regulated 

rivers, for which a higher longevity was observed. The latter also have a larger maximal 

potential length, in comparison with fish from the respective non-regulated rivers. Longevity and 

maximal length are usually correlated and may represent in this case a benefit from living in a 

more stable environment, where water and other abiotic fluctuations are less pronounced, food 

availability is more constant and fish are less vulnerable to predation by mammals and birds, 

leading to lower mortality rates (Magalhães, 1993; Harvey et al., 2006). Opposing to our results, 

Torralva et al. (1997) described for other barbel species that fish inhabiting a regulated river 

experience high mortality and reduced longevity and maximal size. This is probably related with 

the type of flow regulation studied since these authors focus on a highly regulated river with 

severe daily flow fluctuations (Segura River), while ours are, in opposition, stabilizing riverine 

environment. On the other hand, although longevity and maximal length are generally described 

as being inversely correlated with age of first maturation (Woodhead, 1979), this apparently was 

not the case within our results since differences at barbels’ age of first maturity presented only a 

regional differential pattern between permanent and temporary rivers, being lower for both 

sexes in the latter system. Early maturation in temporary environments is a well-known 

opportunistic strategy (Winemiller & Rose, 1992; Mims & Olden, 2013) that favors adaptation to 

habitats with pronounced variability. Typical Mediterranean climate produces droughts and 

spates that increase mortality rates and therefore the individuals have to reproduce at early 

ages, maximizing the rate of population increase (Herrera & Fernández-Delgado, 1992; Aparicio 

& Sostoa, 1998). 

 Studied barbels growth at a larger rate in PNR, although this was only demonstrated for 

females, than in TNR, but both populations had significantly higher growth rates than the 

respective regulated rivers. As in previous studies (Fernandéz-Delgado & Herrera, 1995, 

Oliveira et al., 2002), these results seem, at first, to indicate that high discharge variability and 

severe intermittence are accompanied by a reduced fish growth rate, but this decrease is more 

pronounced in response to the environmental changes caused by flow regulation. PNR barbels 

exhibit two distinct seasonal growth periods, while this was more complex in TNR. Seasonal 

growth in both regulated rivers was less pronounced but appeared to occur for a longer period. 

These intricate patterns of fish growth variability between permanent and temporary non-

regulated and regulated rivers are probably associated with the relationship that growth showed 

with some environmental predictors, particularly temperature and the duration of high peak 

flows.  High variation of stream discharge, like the one existing in temporary rivers, may alter 
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physicochemical conditions, such as dissolved oxygen concentrations, which in turn can 

influence fish growth (Guyette & Rabeni, 1995). In these rivers, especially during summer, 

ecological conditions may become critical for fish because flow ceases and the river consists of 

isolated pools with less favorable chemical conditions. Hence, fish density increases and 

competition for space and food is probably of increasing importance, limiting fish growth 

(Harvey et al., 2006). While PNR barbels have a high amount of time to grow, fish from TNR are 

probably constrained by the drought period and do not attain the same amount of annual growth 

rate than PNR population. Growth was higher when periods of high temperature coincided with 

long peaks of high flow, which occurred mainly during spring in both non-regulated rivers. 

During long high flow periods, fish gain access to productive floodplain areas, increasing the 

availability and diversity of food resources (Junk et al., 1989). Low flow periods reduce food and 

habitat availability and barbels are forced to consume other less nutritive resources such as 

plants and detritus (Alexandre et al., 2014a), which can affect their growth rates. These 

assumptions are particularly relevant for regulated rivers, where high flow peaks are less 

frequent and shorter and low flow periods are more common throughout the year, which 

possibly explains the reduced growth rate evidenced by barbels inhabiting these rivers. Effects 

of natural and regulated discharges on fish growth have been documented by a number of 

authors for other freshwater species. Deegan et al. (1999) indicates that reduced discharge 

significantly lowered rainbow trout (Oncorhynhcus mykiss Walbaum, 1792) growth in small 

streams. Paragamian and Wiley (1987) suggested that flow reductions had a more dramatic 

effect on the growth of smallmouth bass (Micropterus dolomieui Lacépède, 1802) than 

proportional increases in flow. Weisberg and Burton (1993) indicated that even when fish are 

subjected to environmental flow regimes to minimize dam impacts, like the PRR, they are still 

subjected to the indirect effects of flow alteration manifested through the food web. 

 A particular component of fish growth is their weight-length relationship, which is more 

recommended for evaluating fish condition than Fulton’s factor in studies at larger spatial and 

temporal scales (Przybylski et al., 2004). In this study, weight-length data revealed a regional 

gradient between permanent and temporary rivers. In general, barbels from the south exhibit a 

higher condition than northern ones, confirming previously results obtained for these 

populations (Alexandre et al., 2014b). This pattern reflects a combination of two driving forces 

acting together with environmental variability. On one hand, high levels of energy reserves can 

increase fish reproductive investment and subsequent success in highly variable environments 

such as temporary rivers (Moyle & Cech, 1996). On the other hand, lower body condition is 

associated to a more swim-fitted morphology to deal with the high flows occurring in the 

permanent river (Alexandre et al., 2014b). Environmental effects on fish condition have already 

been described for a congener species by Vila-Gispert & Moreno-Amich (2001), but with a 

different pattern than ours. These authors identified lower body condition (using also mass-

length relationship) for barbel populations inhabiting more variable and stressful intermittent 

rivers, in comparison with more permanent ones, which suggest some plasticity of this 

parameter responses.  Barbels from PRR had smaller weight gains with increasing length than 
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their conspecifics from PNR and, in the south, female barbels from TRR presented an overall 

reduction in weight when compared with TNR population, suggesting possible effects of flow 

regulation on fish condition that are probably related with the previously discussed lack of 

environmental variability promoting the availability of important and diverse food items for 

barbels diet. 

 Similar to growth, reproductive cycles of freshwater fish are also dependent of the 

simultaneous occurrence of a set of environmental predictors that provide the optimal conditions 

for fish to mature and spawn (Humphries et al., 1999). In this study, an increase in gonad 

activity was related with temperature and, especially, with streamflow variables associated with 

periods of significant changes on the intra-annual discharge pattern, such as the duration of 

flow falls, of high spells peaks and the number of days with null flow. Reproduction of this 

species occurred when optimal conditions of all these variables occurred simultaneously, but 

intra-specific differences on reproductive traits between non-regulated and regulated rivers 

accompanied the specific environmental variability of each of the studied systems. Overall, PNR 

barbels presented later but slightly longer maturation and spawning periods and smaller oocytes 

around two peaks of size distribution. TNR barbels matured and spawned earlier and in a 

shorter period of time, and exhibit larger oocytes with only one size peak. Several authors 

describe low flows and high temperatures as influent variables to the end of spawning season of 

cyprinid species (e.g., Baras, 1995; Schlosser et al., 2000). For fish inhabiting temporary rivers, 

the extension of spawning to drying-up periods could result in reduced availability of spawning 

habitats, stranding and death of fish in spawning grounds (barbels usually reproduce in shallow 

areas) instead of dispersing into deep pool refugia and increasing mortality of larvae and 

juvenile due to predation or competition (Magalhães, 2003). Barbels within temporary rivers 

respond to this constraint by starting maturation sooner and spawning in yearly spring when 

there is a greater availability and connectivity of stream habitats, allowing larvae to escape 

drought effects and enhancing population survival and increase (Matthews, 1998). The 

protracted reproductive period evidenced by the TNR population is common to other 

Mediterranean cyprinid populations (e.g. Herrera & Fernández-Delgado, 1992; Fernández-

Delgado & Herrera, 1995) and seems to be related with the permanence of suitable 

reproduction environment during most of the year, namely long high flow periods and lower 

discharge fall rates, which give enough conditions for larvae born later in the spring and 

summer to reach sufficient size before winter. The apparent occurrence of two batches of eggs 

in the northern populations is related with the protracted reproductive period exhibited by these 

populations. This division of total fecundity has been already described for other cyprinid 

populations (e.g. Herrera & Fernández-Delgado, 1992; Durham & Wilde, 2009) and has several 

advantages: (i) better egg dispersal and increase in the genetic variability of the offspring since 

the probability of different males fertilize the eggs of a single female is higher; (ii) an interval 

between spawning reduce intraspecific competition between larvae, diminishing the risk of 

density dependent mortality; and (iii) releasing two batches of eggs may be related with the 

strategy of not risking all offspring in a single spawn that a catastrophic event would be able to 
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destroy. Barbels from the southern rivers are constrained by drought timing and have to release 

all offspring at once. However these fish probably try to balance their reproductive strategy by 

producing larger eggs, which increases the potential for survival of the individual fish because 

the larger larvae they produce are subjected to lower mortality and are able to feed on larger 

preys (Duarte & Alcaráz, 1989). 

 In both regulated rivers, with special evidence in female fish from TRR, barbels had 

longer maturation periods but gonad activity never reached the levels of non-regulated 

populations. Having in mind the relationship found in this study between gonad activity and 

streamflow variables, as well as the effect that the dams have on flow patterns of the studied 

rivers, we suggest that this result may be related with the promotion of false reproductive cues 

by both types of regulation. Some Mediterranean native fish, such as our target species, are 

fluvial specialists that have flow requirement for inducing migration, gonad maturation and 

spawning success (Humphries et al., 1999). Thus, by increasing the stability of river flows and 

reducing or altering the magnitude, frequency and timing of natural disturbances, which 

happens to a larger extent in TRR, river regulation may be disturbing environmentally-cued 

reproductive cycles (Ward & Stanford, 1989). In the absence of inducing floods or with small 

floods that do not last very long, such as the one occurring in TRR during spring, barbels from 

these rivers can delay spawning until a significant water rise occur and gonadal regression or 

non-development may happen with reabsorption of the oocytes if the expected flood never 

comes coupled with high temperatures (Bailly et al., 2008), probably explaining the lower GSI 

values in barbels inhabiting regulated rivers and the smaller oocyte size of TRR females in 

comparison with TNR.  

 Most of the analyses conducted in this study clearly corroborated our hypotheses, since 

barbels’ life-cycles showed significant regional differences between non-regulated rivers and, at 

the same time, both types of flow regulation induced a similar and significant biological 

response mostly related with the respective habitat stabilization. Aside from our main 

predictions we also proposed that the intra-specific variability in the life-histories of the studied 

barbels would follow the strategies proposed by Winemiller and Rose (1992). However, non-

regulated barbel populations presented usually mixed and highly variable characteristics that 

could not be included in any of the two predicted strategies. The only ones that, in some way, 

fulfilled our prediction in the scope of the triangular theory were barbels inhabiting both 

regulated rivers which presented, in general, miscellaneous characteristics (i.e. low growth rate, 

larger sizes, smaller oocytes) that resemble the “equilibrium” strategy. Life-history theories and 

empirical knowledge suggest that reduced flow variability and increased constancy and stability 

will favor equilibrium strategies that are well suited to environments characterized by low 

disturbances (Tedesco et al., 2008; Mims & Olden, 2012; 2013). 

 Our findings demonstrate that life histories of cyprinid fish species can exhibit high intra-

specific differences in response to regional streamflow variability. Moreover, this study also 

showed that some of these specific characteristics, that are built over millennia under particular 

environmental templates, are significantly altered downstream of dams in the order of only a few 
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decades. These results are of increasing importance nowadays, within the context of climate 

change. As the hydrology of the landscape is altered by new rainfall and drought patterns, 

freshwater fish may experience several types of stress (Arthington, 2012). Reductions in 

precipitation and temperature increases in severely water-limited aquatic ecosystems, such as 

southern Mediterranean areas, may threaten fish species by reducing the number and quality of 

dry-season refugia essential for fish persistence, affecting food webs and growth patterns and 

disrupting the spawning behavior of many fluvial specialists that need high flows as stimulus for 

migration and reproduction (Sheldon et al., 2010; Arthington & Balcombe, 2011). Climate 

induced changes in the temporal characteristics of temperature and streamflow in rivers may 

disrupt and confound some of the intricate life-history patterns found in this study within 

permanent and temporary rivers. For example, warmer temperatures and changes in flow 

duration may place fish eggs and larval stages into wetter, drier or more variable environments 

that lack the suitable conditions to which fish are regionally adapted. However, if free-flowing 

rivers are expected to be more or less resilient in the face of climate change, because they 

maintain their natural capacity to respond to and recover from, the overlap between this 

phenomenon and impacts caused by dams and other human infrastructures that affect adaptive 

capacity of regulated ecosystems can induce a higher amount of potentially damaging 

synergies on freshwater biota (Xenopoulos et al., 2005). Therefore, the need for 

restoration/rehabilitation and proactive management may be even higher, and also more 

complex, in regulated rivers (Palmer et al., 2008). 
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Hydrological regime, physical habitat structure and water chemistry are interacting 

drivers of fish assemblage structure and life-histories within riverine environments throughout 

the world. In rivers with altered flow regimes, any management strategy, such as the allocation 

of environmental flows, requires the understanding of the main environmental drivers of fish 

distribution, abundance and life-cycles patterns within natural flow systems, especially to 

promote a better assessment of the significance and bio-ecological deviations caused by 

modified flow regimes (Arthington et al., 2006; Poff et al., 2010; Balcombe et al., 2011). Usually, 

general ecological understanding of the effects of dams, especially within Mediterranean rivers 

systems, is constrained by a lack of suitable baseline information on the bio-ecology of 

freshwater fish species before dam construction or in similar non-regulated watercourses, as 

well as by an over emphasis on economically important species (Pringle et al., 2000). The 

construction of dams in the early 20th century pre-dated the awareness of the sensitivity of in-

stream ecological needs, and usually, information about the pre-impounded flow regime is not 

available or is very hard to get. However, recent legislation, such as the EU Water Framework 

Directive, recognizes the absence of pre-impact data and has encouraged the establishment 

and joint analysis of suitable “reference conditions” as a benchmark for sustainable water 

resource management and to help restoration measures (Birkel et al., 2013; Carlisle et al., 

2011). Within these assumptions, the studies presented in this thesis provide a multiregional-

scale perspective on the role of natural streamflow regimes to the structure of freshwater fish 

populations and ecosystems, and offer water-resource managers a much needed perspective 

on the pervasiveness and severity of different types of anthropogenic alteration of streamflow 

patterns on the bio-ecology of this highly threatened group of animals. 

 

 4.1. Regional variability between permanent and temporary rivers 

 

 In recent years, understanding the basic processes of ecohydrology has emerged as a 

critical need for the development of tools for a more sustainable use of water resources and 

management of natural ecosystems, especially on the light of current and projected climate 

change (Erol & Randhir, 2012). The search for links between instream bio-ecology and 

hydrology has naturally become one of the fundamental issues in contemporary river research 

and management (Vaughan et al., 2009). Despite other environmental factors (including 

temperature, water quality, sediment or invasive species) being involved, the hydrologic regime 

is regarded as the primary driver of freshwater ecosystems, because their structure and 

function, and the adaptations of their constituent biota, are strongly determined by differentiated 

patterns of intra and inter-annual variation in river flows (Richter et al.,1996; Poff et al., 1997; 

Lytle & Poff, 2004). Increasing the scientific knowledge about these links in highly variable 

regions of the world is extremely important to aid river managers in the development of 

decision-making processes related with the protection and conservation of complex 

ecosystems, characterized by differentiated environmental patterns and regionally-specific 

streamflow scenarios.  
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 Rivers from the Mediterranean region, in particular, are a good example of this local 

environmental variability, especially in what concerns to natural streamflow patterns (c.f. 

Chapter 1 for a wider review on the characteristics of Mediterranean rivers), encompassing 

typical Mediterranean-influenced temporary/seasonal watercourses, in southern areas, as well 

as northern permanent rivers with higher influence from an Atlantic climate (Gasith & Resh, 

1999). In light of this, one of the main objectives of this thesis was to compare freshwater fish 

bio-ecology between permanent and temporary Mediterranean natural flowing rivers in order to 

identify the specific differentiating patterns and constraints between them, in terms of fish 

biology, and develop regionally-based reference conditions that can be used as measurable 

benchmark in future flow management actions in regulated rivers, such as the definition of 

environmental flows requirements (Bond & Jones, 2013). Within this thesis, we chose to 

perform this regional comparison mostly at the population level, including parameters such as 

swimming performance, diet and life-cycles (c.f. Chapter 3) because, to our knowledge there 

are not many studies, if any, dealing with this complex biological array at a regional gradient of 

natural flow conditions, while assemblage’s composition and functional structure have already 

been widely compared between regionally distinct Mediterranean river types (e.g. Pont et al., 

2006; Ilhéu et al., 2009). Alexandre et al., 2013 (Chapter 2) deals with the composition and 

structure of fish assemblages from the river systems from which the majority of the other 

included studies derive but it is mostly focused on a non-regulated versus regulated comparison 

and its results will be integrated on the next section of this concluding chapter. 

 Variable and unpredictable environmental conditions are one of the major challenges 

that animals face in nature. To cope with this spatial and temporal variation, they have 

developed various bio-ecological responses within the same taxonomic group, such as different 

morphologies, feeding habits and life-history strategies. Environmental variation favours 

biological plasticity as a response to varying habitat conditions at a multitude of scales 

(Pakkasmaa & Piironen, 2001). For example, in nature, conflicting selection pressures can 

affect fish body morphology. Many species show a clear association between the characteristics 

of the physical environment and fish body shape, which consequently sets limits to other bio-

ecological processes of fish populations, such as the exploitation of food resources, swimming 

performance, competition, predation, migration and persistence n variable flow environments 

(Wood & Bain, 1995; Langerhans, 2009; Alexandre et al., 2014a, presented in Chapter 3). This 

thesis corroborated these assumptions about the relationship between regional environmental 

variability and fish bio-ecology, revealing differences in fish swimming performance and related 

eco-morphology (Alexandre et al., 2014a, Chapter 3) resources availability and barbels diet 

(Alexandre et al., 2014b, Chapter 3) and biological cycles of age, growth and reproduction (c.f. 

Chapter 3).  

 In short, northern fish have a higher swimming capability and a more swim-fitted 

morphology while southern barbels were plumper and had a poorer swimming performance. In 

the permanent non-regulated river, high calorific dietary resources such as invertebrates were 

more abundant, especially in high flow periods, while in the temporary river, suitable 
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invertebrate taxa (i.e. Diptera, Ephemeroptera) were less abundant and diverse and fish 

buffered the drought related absence of this resource with the consumption of poorer and highly 

available resources such as plants and detritus. Finally, southern barbels had higher body 

condition, matured at a younger age and earlier in the year, had a shorter reproductive season 

with only one egg batch and larger oocytes. At first sight, the results obtained in this thesis for 

swimming performance, fish diet and condition seem rather inconsistent. Why a fish population 

living in a resource richer permanent environment has lower body condition and higher 

swimming performance? Many studies of Iberian fish species have shown how environmental 

fluctuations greatly influence the condition of barbels and how most populations exhibit a 

seasonal dynamic of condition (e.g., Torralva et al. 1997, Oliva-Paterna et al., 2003). According 

to these authors, low body condition is usually associated to scarce food resources in 

intermittent streams but this thesis revealed contradicting results. Similar insights were obtained 

by the studies of Spranza and Stanley (2000) and Tobler (2008), in which fish inhabiting 

resource rich sites had lower body condition. Besides the discussion around this issue made by 

Alexandre et al. (2014a; Chapter 3) and within Paper V, two more explanations can be 

proposed for this: (i) despite the resource richness, the environment may lack particular 

nutrients for fish or provide unbalanced diet which may negatively affect body condition; (ii) 

coping with harsh environments (much stronger and permanent currents, higher turbulence, 

etc.) may be energetically costly, reducing body condition, resulting, at the same time, in a 

higher swimming performance. 

 This thesis also demonstrated how life-history processes such as diet, reproduction and 

growth patterns of freshwater fish species are linked and regulated by streamflow and 

temperature variables, which in turn have annual variations that are largely influenced and 

differentiated according to the type of regional climate where they are set in. As it was 

discussed in Chapter 3 of this thesis, and is particularly typical of Mediterranean riverine 

environments, harsh temperature and flow conditions during the summer period act as a major 

constraint of fish biological cycles, being arguably the factor of higher importance for the 

observed variations between permanent and temporary rivers, especially regarding 

reproduction and growth cycles. Drought phenomena is a particular type of riverine disturbance 

that acts with a higher intensity in southern temporary Mediterranean systems and can have 

potentially severe effects on stream fish by killing them directly or indirectly, by destruction or 

alteration of food resources (Boulton & Stanley, 1995; Alexandre et al., 2014b). Drought can 

also have pervasive effects on stream ecosystems by, for example, reducing downstream 

transport of particulate organic matter, which can potentially interact trough food webs to affect 

fish assemblages (Cuffney & Wallace, 1989). Despite a noticeable water level reduction, 

permanent Mediterranean rivers such as the one we studied in this thesis (River Vez), maintain 

suitable flow and temperature conditions throughout the year. Intermittent streams located in 

southern and warmer areas however suffer from a severe reduction of optimal environmental 

conditions when flow ceases during summer (Matthews, 1998). This streambed drying, 

accompanied by high temperatures and/or oxygen depletion, may have consequences for 
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stream fish by reduction of suitable habitat, crowding, predation, and resource scarcity. Thus, 

because fish ecological processes, such as growth and reproduction, are optimized with the 

onset of suitable environmental conditions, it is probable that most of the different patterns 

found in this thesis between permanent and temporary rivers (i.e. growth, timing and length of 

reproduction, age at first maturation, oocyte size and number of batches; c.f. Chapter 3) may be 

mediated by habitat and time-limited constraints imposed by the drought related environmental 

degradation (Baltz & Moyle, 1984). Moreover, resource availability and fish diet (Alexandre et 

al., 2014b, Chapter 3) are most likely another explanation for the strong relationship between 

temperature, flow and seasonal growth evidenced within this thesis by the target species. 

Aquatic insects are an important and highly calorific component of this species diet, being highly 

consumed during high flow periods due to an increase in drift rates and availability of resources 

due to floodplain inundation (Junk et al., 1989; Romero et al., 2005). Low flow periods, which 

are more intense in southern temporary watercourses, reduce food and habitat availability and 

barbels are forced to consume other less nutritive resources such as plants and detritus 

(Alexandre et al., 2014b, Chapter 3), possibly explaining the summer constraint on seasonal 

growth pattern of southern barbels in opposition to the more continuous intra-annual pattern of 

the populations inhabiting the permanent river (c.f. Chapter 3). 

 It is well known that latitudinal differences, such as the ones found in this study, exist in 

bio-ecological traits of fish species, both in marine and freshwater systems. Many northern 

populations are, for example, described as slower growing, later in onset of reproduction and 

potentially longer-lived than conspecific populations located farther south in warmer 

temperatures (Carlander, 1977; Mills, 1988). Ultimately, these and other regional biological 

differences described within this thesis are often attributed to physiological phenomena such as 

food conversion and use by fish populations at different temperature and streamflow ranges and 

to the length of temperature and flow-mediated growing and reproductive seasons at different 

latitudes (Matthews, 1998). The strong and direct effects of regional streamflow natural 

variability identified in this thesis on such different bio-ecological processes as fish diet, life-

cycles and swimming performance, underlines the importance of simultaneously consider 

abiotic as well as biotic factors to understand food chain mechanisms and ecosystem 

functioning. Such an integrated approach is essential for managers and conservationists 

interested in preserving fish biodiversity at the ecosystem or population level, as it should help 

in the identification of environmental factors that could limit the impacts of the many 

anthropogenic perturbations in river ecosystems (Blanchet et al., 2008). 

 

  

 4.2. Impacts of streamflow regulation on Mediterranean fish 

 

 There commonly exists an operational conflict between the main purpose of a reservoir 

(irrigation, water supply, or hydropower production) and its function in hazard mitigation or 

environmental regulation. The main purpose of the reservoir is commonly given priority over 
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other considerations, and the nature of the downstream effects of reservoir operation is often 

debatable from an integrated water management viewpoint (López-Moreno et al., 2004). The 

scientific community and human society generally accept that any type of flow alteration is 

associated with bio-ecological change and that this risk increases with greater flow alteration 

(Poff & Zimmerman, 2010). However, understanding of the magnitude, or thresholds, of 

ecological change that can be expected from different types of flow regulation is limited. 

Because of this, studies at varying scales are important to better predict regulation effects in 

freshwater fish populations and enhance the potential benefit of future management actions 

(Bobbi et al., 2013). Following its first objective, this thesis contributed to the study of regulation 

effects on downstream flow patterns by providing important and highly descriptive insights about 

which flow components are more affected by the three most common types of dams. To our 

knowledge it was the first time that this method of hydrological alteration analysis (IAHRIS; 

Santa-Maria & Yuste, 2010) was used, at this wider scale, to assess the ecological deviation 

caused by derivation, agriculture and hydroelectricity dams (c.f. Chapter 2). There are other 

procedures developed for evaluating flow alterations caused by dam regulation (e.g. Richter et 

al., 1995; 1996; Carlisle et al., 2009; Poff et al., 2010) but most of them do not take in account 

the peculiarities of the Iberian rivers. Since it was developed particularly for the typical rivers of 

the Iberian Peninsula this was the best methodology to be applied to the flow data included in 

this thesis.  

 A detailed description of the main hydrological alterations can be viewed in Chapter 2, 

but, in general, main patterns revealed that the EFR provided by the northern derivation dam 

was particularly affecting flood season, diminishing associated peak flows, the spring/summer 

discharge performed by the southern agriculture dam was reducing drought intensity and the 

hydropeaking regime of the hydroelectricity dam was preventing the occurrence and  

persistence of the typical summer flow reduction that usually occurs in Mediterranean rivers. 

However, at the same time, this latter dam was also increasing flow variability at a daily and 

sub-daily level, a phenomenon that is going to be addressed later in this chapter as for now this 

discussion will only focus on the effects of the first two types of dams. The observed patterns of 

hydrological alteration are within the range of flow changes that have been widely discussed in 

the literature (e.g. Fitzhugh & Vogel, 2010; Zimmerman et al., 2010; Fortier et al., 2011; Garci, 

2011) and these preliminary results led to one of the main predictions of this thesis namely that, 

if different types of dams are affecting different components of the flow regime, then this would 

also result in different impacts on the bio-ecology of freshwater fish at the assemblage and 

population levels. However, in the end, this resulted rather differently from what it was initially 

expected, mainly because, by diminishing the magnitude and frequency of the key extreme 

components of the flow regime, notably floods and droughts, these dams ultimately contributed 

to a similar and generalized impact on the respective riverine ecosystems, reflected in a 

considerable homogenization of the intra-annual flow pattern and an accentuated decrease of 

variability between high, low and habitual flow periods. Ultimately, this environmental 

convergence was translated into similar bio-ecological effects on riverine fish populations.  
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 A suite of biotic and abiotic structuring mechanisms influence the natural occurrence 

and abundance of stream fishes through time and space (Matthews, 1998). Anthropogenic 

alterations of riverine environments disrupt these structuring mechanisms, causing minor and 

major changes to stream fish assemblages (e.g. Aadland, 1993; Poff et al., 2007). However, 

stream fish changes have been poorly documented with regard to the degree of existing 

alteration (Quinn & Kwak, 2003).  Within this study, at the assemblage level (c.f. Chapter 2), 

ecological alterations were mainly reflected by the decrease of fluvial specialists, reophilic and 

potamodromous species, while introduced, limnophilic, tolerant and omnivorous species were 

benefited by the anthropogenic environmental homogenization, a general trend that have also 

been described  by a number of other previous studies (e.g. Rahel, 2000; Marchetti & Moyle, 

2001). A more detailed discussion of the specific mechanisms suggested as being involved in 

the observed flow, habitat and assemblage relationships were addressed in Chapter 2. In 

general, many of the native riverine species display reophilic behaviour and/or present life 

cycles or demographic strategies particularly mediated by natural flow regimes (Tedesco et al., 

2008). These aspects make them susceptible to changes caused by river regulation, mainly 

because regulation homogenises downstream habitats and environmental conditions, with the 

loss of typical fluvial variability (Araújo et al., 2013). An interesting outcome of the assemblage 

analysis conducted within this thesis is the validation of some ecological metrics and guilds as 

good indicators of the hydrological changes caused by flow regulation. This evidence can be 

useful for conservation and monitoring programs by allowing the development and improvement 

of methodologies for the evaluation of ecological integrity based on fish assemblages, for 

example, in the scope of the Water Framework Directive where the monitoring of highly 

modified water bodies, often located downstream from large dams, is a recurrent problem. The 

biotic responses described in our study, if properly adapted, can be developed into 

management tools to assess the impacts of flow regulation and to inform stream conservation 

and restoration programmes (Benejam et al., 2010). 

 At the population level, both types of flow regulation resulted in a decrease of resources 

variability, especially affecting the availability of highly nutritional items such as invertebrates, 

and induced fish to develop a less variable and nutritional diet, composed of  the constantly 

abundant plant material and detritus (Alexandre et al., 2014b, Chapter 3). Flow-diet 

relationships found in this thesis may also be responsible for some of the life-cycle results 

described in the last paper of Chapter 3, because the low resource variability and less 

nutritional diet faced by barbels inhabiting regulated rivers may have its consequences at the 

storage and use of energetic reserves for fish growth and reproduction (Humphries et al., 1999; 

Rolls et al., 2012), possibly explaining why, in general, fish from regulated rivers had lower 

growth rates, condition and, particularly in the southern temporary system, poorer reproductive 

investment (i.e. smaller oocytes and lower gonad maturation). These latter differences of oocyte 

size and gonad maturation between non-regulated and regulated rivers were particularly 

noticeable within the temporary system and potential mechanisms for them have already been 

suggested in the respective chapter. These phenomena do not happen, at least in such an 
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obvious way, in the northern derivation dam and are probably related with false temperature-

flow cues for reproduction promoted by the spring/summer discharge from the southern dam for 

agriculture purposes. As it was already discussed in this thesis, the reproductive pattern of 

barbels reacts to a joint increase of temperature and flow (c.f. Chapter 3). For this target 

species, the predictability of temperature and flood patterns from antecedent cues dictates the 

fitness of these reproductive behaviors. If the cue and the consequence become decoupled as 

a result of flow regime alteration, organisms could suffer false alarms by reacting to floods that 

never arrive (e.g. small water releases from dams that do not cause floods, such as in the 

southern scenario addressed in this thesis, but still induce the onset of fish reproduction) (Lytle 

& Poff, 2004). In regulated environments, fish well adapted to natural flow variability could 

forego growth to avoid a flood or drought that never arrives, which is a flawed strategy that 

might leave them vulnerable to competition from invading species that lack adaptations to 

extreme flows (Hendry, 2005), promoting the replacement of this native species by introduced 

and more tolerant ones, like it was demonstrated for the studied systems by Alexandre et al. 

(2013, Chapter 2).  Although life-history strategies can sometimes evolve rapidly in response to 

novel conditions, suitable adaptation in response to a human altered flow regime remains to be 

clearly demonstrated for any fish species. 

 Contrarily to the southern agriculture dam that does not have in function any type of 

mitigation measure for water abstraction effects, the northern derivation facility operates a 

constant hypolimnetic flow release (EFR) set in order by authorities to fulfil minimum ecological 

requirements (with approximately a mean daily effluent discharge of 4 m3s-1 from June-

September and 10 m3s-1 from October-May). Despite these attempts to artificially impose some 

kind of temporal variability in flow conditions, significant homogenization effects were observed 

at the assemblage and population level and fish from both regulated rivers failed to show a 

significant spatial and temporal response of their life-history processes. Environmental flows 

that try to mimic natural floods have to be of sufficient magnitude, duration and/or frequency to 

induce a response (e.g. Robinson & Uehlinger 2008; Rolls et al. 2012). The lack of response to 

the subtle seasonal streamflow change provided by the studied northern dam, mostly evidenced 

by homogenized food resources and barbels’ life-cycles on the respective river, suggest that 

either this EFR is not of sufficient magnitude, frequency or duration to alter conditions for fish 

and/or that the EFR resulted in only relative short-term consequences that were no detectable. 

  Flow stabilization within Mediterranean rivers, which have historically been 

characterized by a high degree of hydrologic variability, can adversely affect native fish survival 

by changing spawning habitat, altering food resource availability and affecting reproductive and 

growth patterns (Bunn & Arthington, 2002; Gido & Propst, 2012). Moreover, the conservation of 

native fishes in regulated systems is further complicated because, like it was described in this 

thesis, flow regime alteration, together with the population-level deviations described before, is 

often accompanied by the downstream proliferation of non-native species (Cucherousset & 

Olden, 2011), which exert additional negative effects via competition and predation (Pool & 

Olden, 2014). In natural flow rivers, specific life-history adaptations exhibited by many cyprinid 
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species, such as protracted reproductive season and multiple spawning strategies, allow 

populations to persist in variable stream environments (Bonner and Wilde, 2000). However, as 

river systems become increasingly fragmented and homogenized, reproductive failure could 

become more common among fish populations and may be the source of recent population 

declines observed for several Mediterranean fish species (Collares-Pereira et al., 2000). 

 In this thesis, most of the studies dealing with flow regulation impacts were focused on 

the same two study areas, namely a northern permanent system located in Lima and Cávado 

basins, and a southern temporary system, located in the Sado basin, and the same two types of 

flow regulation, for derivation and agriculture purposes. As it was already discussed within this 

chapter, studies included several bio-ecological components of fish populations, namely species 

composition and functional structure, food resources and diet, and life-cycles of reproduction 

and growth. Still within this thesis, a third type of flow regulation was addressed, this time for 

hydroeletrical purposes, which is commonly designated as hydropeaking. The effects of 

hydropeaking in river ecosystems have already been extensively addressed in the literature 

(e.g. Bunn & Arthington, 2002; Poff & Zimmerman, 2010) and, particularly for Mediterranean 

rivers, a number of studies have been conducted to assess the effects of this particular form of 

short-term regulation on the composition and structure of freshwater fish assemblages (e.g. 

Camargo & Gárcia de Jalon, 1990; Santos et al., 2004). Recent meta-analyses (e.g. Haxton & 

Findlay, 2008) found that fluvial fishes showed consistent negative responses (abundance, 

demographics and/or diversity) to hydropeaking changes in flow regimes. However, according 

to some authors (Taylor et al., 2013) population-level responses cannot be linked to any specific 

component of short-term regulated flows (magnitude, frequency, timing, rate of change and 

duration) as these components change at timescales much shorter than population responses, 

limiting the development of studies about the effects of this type of regulation in fish biological 

traits, similar to the ones we conducted for the other two types of regulation. Hydropeaking 

regulated streams maintain, in general, the same annual flow regime (although in 

Mediterranean rivers the typical summer dryness pattern is attenuated as seen on Chapter 2) 

and they probably affect more sub-daily flow variability instead of large scale flow patterns, 

potentially diminishing its effects on large scale life-cycles (Jones, 2013). However, past studies 

reveal an effect of hydropeaking discharges on the movement patterns of freshwater fish 

populations, but they were mainly directed for salmonid species (Bunt et al., 1999; Scruton et 

al., 2003; Berland et al., 2004), limiting its application to the cyprinid dominated Mediterranean 

region. Therefore, to suppress this lack of information, Chapter 2 of this thesis is also focused 

on the analysis of the effects of hydropeaking operations on the movement patterns of the same 

target species used throughout the other studies, the Iberian barbel. In short, barbels inhabiting 

the short-term regulated river had larger and more continuous home ranges, in opposition to the 

smaller and patchy areas used by the population inhabiting the non-regulated river, which is 

related with the higher daily variation of streamflow and the associated rate of flow change, and 

consequently resources and habitat availability, to which the former are subjected, promoting an 

increase in the need of river space. Throughout the study, several environmental mechanisms 
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were suggested as being responsible for this behaviour, including drought-related constraints, 

or absence of it, and foraging success. The relationship found between flow and movement has 

important applications for the persistence of fish species. Flow mediated dispersers, such as the 

main target species of this thesis and most of Mediterranean potamodromous cyprinids, are 

perfectly adapted to predictable and seasonal patterns of flow variability between high and low 

flow periods and use this type of stimulus to onset important ecological processes such as 

spawning and feeding migrations and emigration to and from suitable refuges (Lucas & Baras, 

2001). If these patterns are disrupted by hydropeaking regulation and occur permanently at a 

much shorter time scale, fish may not be able to adapt, and become highly vulnerable to 

extirpation (Macdonald & Johnson, 2001; Albanese et al., 2004). Ultimately, fish species forced 

to move in response to a wide and unpredictable range of habitat and resources variation may 

suffer population declines because of the cost of increased movements between suitable 

habitats that are widely spaced (Wiens, 2001). Although this study provided important insights 

about the relationship between flow, flow regulation for hydroelectricity and fish movement 

patterns, more information could be derived from fish behaviour if the analyses had been 

conducted at a finer-scale, accounting for the relationships between sub-daily movements and 

behaviour of fish and the same degree of flow variation (Taylor et al., 2013). Ongoing research 

about this subject, in the same study area where the study presented as in Chapter 2 was 

conducted, will allow for a better assessment, at a finer scale (micro-habitat level), of some 

behavioural and physiological responses of the Iberian barbel when subjected to abrupt 

variations of discharge caused by hydropeaking operations. 

  Relationships between flow, flow regulation and fish species traits appear to transcend 

regions and dam types (Mims & Olden, 2012), however, a characterisation of biotic responses 

by region and type of regulation, such as the one conducted within this thesis, may provide 

greater utility to dam managers attempting to set regional specificities on ecological flow 

standards (Poff et al., 2010). The set of studies presented provide a rigorous examination of 

biotic impacts of dams but because other important traits of fish species, such as survival, 

recruitment or population mortality, were left out from the conducted analyses, we were 

prevented from detecting important biological relationships and responses that could indeed be 

present (Magilligan & Nislow, 2005). Because flow regime controls many physical, chemical, 

and biological processes, community and population responses to streamflow alterations are a 

product of direct and indirect pathways (Carlisle et al., 2011). This thesis suggest several 

mechanisms and identifies important environmental variables underlying the relationships 

between bio-ecological fish traits and streamflow alterations, but the study design was not 

appropriate for evaluating thresholds of streamflow alterations that are protective of biological 

communities and can be used in the definition of environmental flow regimes. The degrees to 

which streamflows are controlled in many river systems and the pervasiveness of streamflow 

alteration across Mediterranean regions suggest that an international priority of restoring natural 

streamflow magnitudes could be broadly implemented and would produce widespread and 

measurable ecological dividends (Postel & Richter, 2003). 
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 4.3. Management applications: is ecoregulation possible? 

 

 In water-limited areas of the world, such as the Mediterranean region, rivers play a 

critical role in the management of water. In contrast to humid regions where year-round rainfall 

serves to irrigate crops and replenish reservoirs, highly variable precipitation patterns, an 

extended dry season, and scarcity of natural lakes make rivers a primary source of water for 

Mediterranean ecosystems (Grantham et al., 2013). However, Mediterranean rivers face 

formidable water management challenges that are both physical and institutional in nature. 

Management and conservation of this type of ecosystem are severely constrained by the spatial 

segregation of where water is most abundant and where demands are greatest, requiring large-

scale infrastructure and broad institutional powers to effectively convey and allocate water over 

large geographic ranges (Rosado et al., 2012). High seasonal and inter-annual precipitation 

variability presents fundamental challenges for securing reliable water sources for both human 

and ecosystem needs. Population growth will unquestionably increase competition among water 

users and place additional pressures on river ecosystems already showing signs of 

deterioration (Hanak et al., 2012). Furthermore, management conflicts related to regional 

disparities in water availability are likely to intensify in the future due to climatic change (Palmer 

et al., 2008). Robust and effective water governance systems are needed, but existing 

management frameworks, their guiding principles, and institutional capacities may be 

insufficient to address these challenges. Throughout the studies presented in this thesis, 

several in-stream key aspects were identified as being important for ecological and biological 

processes of freshwater fish assemblages and populations, which should be taken into account 

within the development of specific management actions regarding the maintenance of natural 

flow regimes and the mitigation of dam regulation impacts.  

 For Mediterranean natural flow rivers, summer drought period, and the associated water 

level variability between high and low flow periods, is viewed as one of the major controls of fish 

assemblages processes (Gasith & Resh, 1999) and this thesis corroborated so by identifying 

potential constraints of the drying phenomena, especially for southern temporary rivers, in the 

availability of food resources and diet (Alexandre et al., 2014b, Chapter 3), growth and 

reproduction (Chapter 3) and movement of freshwater fish species (Chapter 2). Particularly 

within this season, deeper and more stable areas, in northern permanent rivers, and isolated 

pools that remain when flow ceases and the river runs dry, in southern temporary watercourses, 

may buffer summer constraints and be used as refuges for fish during the dry season, but their 

value for fish survival is strongly dependent of the specific local environmental conditions of this 

areas and the way how their persistence and quality are managed by the competent authorities 

(Magalhães et al., 2002; Bernardo et al., 2003). Moreover, the direct impacts of drought on fish 

assemblages may be secondary in importance to the response of management jurisdictions that 

can determine what water is delivered to various habitats during drought periods. 
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 Usually, five general threat categories are described for fish species during drought 

season, which are considered applicable to all types of remaining habitats and fish species 

involved (McNeil et al., 2013): (i) direct threats (e.g. diseases/pathogens, predation, water 

pollution, etc.); ii) flow regulation; (iii) catchment processes (e.g. erosion, land-use changes, 

sedimentation, etc.); barriers and connectivity; and (iv) fisheries (e.g. over-exploitation of fish 

populations, illegal angling, etc.). Arguably, the major threat to fish assemblages during drought 

season, especially in southern Mediterranean areas where water is sometimes extremely 

scarce, is the allocation of water away from fish habitats. Alteration of flow and flood regimes 

(such as observed during this thesis), pumping of water from remaining habitats and the 

extraction of groundwater water supplies are all identified as critical threats for riverine habitats 

(McNeil et al., 2013). The long-term reduction of these threats to fish species may be best 

focused towards water and catchment management practices, closely linked with fisheries 

management public and private organizations. Dedicated, long-term management approaches 

are required, even during non-drought periods, to ensure that threat impacts can be reduced 

over time and populations’ resilience and persistence assured (Bond et al., 2008). Management 

interventions to solve these issues require the planning, allocation and delivery of water, in the 

best condition as possible, back to the environment to prevent the river from reaching extremely 

harsh condition for fish species (McNeil et al., 2013). For example, regulated rivers provide an 

option for the delivery of water back to the river to protect fish species and respective habitats 

from drought impacts. Like it was observed throughout the majority of the studies performed 

during this thesis, flow regulation, especially the one for agricultural purposes, was diminishing 

drought effects by continuing to discharge water to the downstream river during summer. Such 

management interventions that can utilize water regulation to deliver flows to threatened critical 

areas are therefore likely to be one of the most effective protection tools for habitat and fish 

species persistence (Crook et al., 2010). The only problem with this management tools is the 

fact that water delivered from upstream dams is usually of bad quality, deoxygenated and 

nutrient rich, consequently affecting the downstream water quality and environmental 

productivity (Carol et al., 2006). Therefore, water quality of reservoir should be enhanced by, for 

example, application of new instrumentation and techniques for water quality monitoring and in-

situ control strategies to remove nutrients from the water column and manage cyanobacteria 

and algae abundances (Waldron & Bent, 2001). Furthermore, water may be drawn from a 

designated depth in stratified impoundments to reduce these water quality problems 

(Arthington, 2012). 

 Besides water allocation from riverine habitats, fisheries issues related with the over-

exploitation of fish resources and illegal angling is another of the major constraints to fish 

populations’ persistence during summer in Mediterranean rivers. Angling for large native fish 

such as the Iberian barbel, used as target species in most of this thesis studies, are in a 

constant and significant risk during summer habitat contraction, becoming increasingly 

susceptible to capture (c.f. Chapter 2) in shrinking refuges (Magalhães et al., 2002). It is 

suggested that fisheries legislation and policy may be modified to regulate, restrict and 
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supervise fishing during drought season, a period in which fish are particularly vulnerable, in 

areas identified as likely refuges or accumulation sites for native species. Government entities 

should be responsible for determining conservation status listing, by monitoring and assessing 

the native fish populations and respective habitats more susceptible to drought phenomena, to 

forecast the potential and priority sites to act. 

 In regulated systems, the natural flow quantities and seasonal patterns may be altered 

by major structural interventions, such as dams and other water management infrastructures 

(c.f. Chapter 2 for the main indicators of hydrological alteration described within this thesis as 

being associated with the three different types of dams studied). Water flows in the studied 

regulated rivers were truly managed and deviated in quantity, timing, frequency and duration. 

The effects of these types of flow regime alteration can be mitigated to improve ecological 

outcomes. All such strategies can help to reinstate some of the characteristics of the original 

flow regime for the ecological benefit of rivers, groundwater systems or floodplain wetlands 

(Dyson et al., 2003). Because the effects of hydrological alterations on the bio-ecology of 

Mediterranean freshwater fish are still not completely understood, protecting and restoring 

natural flow regimes is the most prudent strategy for promoting the persistence of fish 

populations (Poff et al. 1997). The three-types of regulation scenarios studied throughout this 

thesis affected several components of the streamflow pattern of the impounded rivers, but, in 

general, flow variables related with the variability between high and low flow periods, the 

intensity of flood and drought seasons and the rate of daily flow change were the components 

with higher deviation from its non-regulated congeners. The homogenization of flow conditions 

benefited introduced, generalist and tolerant fish species over native and fluvial specialist ones 

(Alexandre et al., 2013, Chapter 2), stabilized food resources and fish diet (Alexandre et al., 

2014b, Chapter 3) and decreased growth rates, condition and reproductive activity (Chapter 3). 

Given the strong connection between a river’s natural flow regime and the range and 

abundance of its native fish species, embracing management approaches that include well-

designed flood events in regulated systems may be essential for native species’ persistence 

(Pool & Olden, 2014). It is extremely unlikely that major dams, such as the ones studied in this 

thesis, will be removed, at least for the single purpose of conserving native fish populations, so 

it might be possible that the manipulation of flows to benefit native fishes while curtailing non-

native fish abundance can be used as an “ecoregulation” method to protect the integrity of 

impounded ecosystems (Propst & Gido, 2004; Jones, 2013). In the light of this thesis results, 

restoring natural spatial and temporal variability to the flow regime of regulated rivers can be 

seen as a powerful tool for managing affected fish assemblages (Brown & Ford, 2002; Marchetti 

& Moyle, 2001). By managing winter and spring flows to favor reproduction of native species, 

while preventing the occurrence of false cues that can reduce fish maturation and spawning 

success (c.f. Chapter 3), the stream reaches with high percentage abundances of native 

species might be extended farther downstream and the importance of alien species would be 

reduced. At the same time, management of floods so they can more easily promote river-

floodplain reconnection has multiple benefits, including providing necessary habitat for fish 
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species and supporting an increase in floodplain services (e.g. nutrient cycling and aquifer 

recharge) (Tockner & Stanford, 2002; Opperman et al., 2009). The re-establishment of river 

channel-floodplain connection is also of extreme importance for life-cycle processes of native 

species, especially their feeding ecology, as it was discussed in Chapter 3 of this thesis.  The 

promotion of significant water level oscillations and spilling will directly influence floodplain 

surface area exposed to flooding, which should increase habitat area and the availability of 

shelter and allochtonous food sources for native species, providing water enrichment with 

nutrients carried from newly wetted adjacent areas (Svanback & Bolnick, 2007; Agostinho et al., 

2008; Matella & Merenlender, 2014). Ultimately, the main mitigation measure would be the 

implementation of an appropriate hydrological regime, including not only a minimum and 

maximum flow, but also a temporal variability of these extreme values according to the natural 

regime. This proposed flow regime would include different levels of maintenance flow for 

channel, floodplain and valley conservation (Palau & Alcazár, 2012). 

 River regulation for hydroelectricity production is a particular form of flow modification 

that, at the same time that reduces large-scale temporal variability between typical high and low 

flow periods, also increases the daily variability of flow and habitat conditions. Although the 

suggested mitigation measures proposed before are also important for approximating these 

ecosystems to the most important aspects of the Natural Flow Paradigm (Poff et al., 1997), in 

the case of large hydropower systems, it will also be necessary to define a maximum rate of 

intra-daily flow change in order to limit negative hydropeaking effects (Bain et al., 1988; Palau & 

Alcazar, 2012). Research on this theme has shown that the rate of flow reduction and increase 

has a strong influence on fish stranding (Saltveit et al., 2001; Halleraker et al., 2003; 

Bevelhimer, 2014) and movement patterns (c.f. Chapter 2 of this thesis was well as Scruton et 

al., 2003; Berland et al., 2004). Given that any operational constraint can be economically costly 

to the operation of a hydroelectric dam, it is important to know with certain if imposing a 

minimum flow large-scale variability and restricting the daily rate of flow change can mitigate 

against the negative impacts typically associated with hydropeaking operations. In theory, and 

in accordance to some of the conclusions drawn from Chapter 2 of this thesis, ensuring a high 

degree of variability between high and low flow seasons would alleviate potential stresses and 

imperilments associated with the maintenance of a high degree of seasonal movement and a 

rate of flow change restriction may allow sufficient time for aquatic biota to respond to flow 

changes (Patterson & Smokorowski, 2011). 

 Suggested flow manipulations should take place within the framework of adaptive 

management and other important environmental variables besides flow, such water temperature 

and quality, should also be included in any management plan (Marchetti & Moyle, 2001). 

Besides that, any in-stream flow management action should also take in account the specific 

and regional characteristics of the target species, especially in terms of their swimming 

performance, because any flow modifications resulting in current velocity increases above the 

respective critical swimming speeds could difficult fish movements and access to suitable 

spawning and feeding areas (Alexandre et al., 2014a, Chapter 3). In light of the link between the 
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results obtained with this thesis and management actions suggested in this chapter, an 

“ecoregulation” of river systems is indeed possible and should be prioritized before typical dam 

operations but the economic and ecological risks involved in actually planning such flow 

experiments are substantial and could easily be perceived as unacceptable by dam managers. 

It is unclear whether a compromise experimental design with smaller changes in flow, 

acceptable to risk-sensitive managers, can produce a detectable bio-ecological response 

(Brown & Ford, 2002, please see the discussion about fish responses to the EFR provided by 

northern dam in previous sub-chapter). This interface between water management and 

maintenance of aquatic resources represents a difficult challenge to resource managers (Postel 

et al., 1996). An integral part of the strategy for meeting this challenge is to understand how 

past and present water management has affected the flow regime of river ecosystems and how 

the resulting flow regimes have affected aquatic biota (Brown & Bauer, 2010). Ultimately, an 

intimate knowledge of these relationships will provide a better prediction about how riverine 

environments will respond in the future to the increasing degradation of natural flow regimes 

and how can they be managed in such instances, especially within the widely discussed and 

complex context of climate change effects on aquatic ecosystems (Palmer et al., 2008; 

Arthington, 2012). 

 

 

 4.4. Future research 

 

 The present thesis contributed significantly for a better understanding of the relationship 

between the bio-ecology of freshwater fish populations and streamflow variability across a 

regional gradient of non-regulated and regulated scenarios. During the process of conducting 

the studies that compose this document several questions were answered but, at the same 

time, several others were raised. From its main themes, namely the regional variability of 

freshwater fish assemblages and, especially, the impacts of different types of flow regulation on 

their ecological processes, several questions were left out and are still to be answered in order 

to increase the range of knowledge about the impact of streamflow and its anthropogenic 

modification on fish species and increase the suitability of potential management actions. 

 The relationship between streamflow, its regulation, and ecological processes of riverine 

biota are largely dependent on the related meso and micro-habitat changes at a spatial and 

temporal scale and the way how species directly cope with this local environmental variability 

(Poff et al., 1997). Throughout all the studies that compose this thesis, it became evident that 

fish assemblages composition (Chapter 2), swimming performance and movement (Chapter 2 

and 3), and life-history patterns (Chapter 3) are considerably affected by regional and/or man-

made gradients of streamflow variability and there are several flow components responsible for 

mediating these processes. However, future research on this subject should be conducted at a 

broader scale, joining a local habitat analysis with the less direct large-scale relationships 

between flow and fish bio-ecology already described in this work. Such a multi-scale 
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perspective would provide river and dam managers with a more robust knowledge about the 

direct links between broader flow conditions, local habitat and fish species, allowing them to 

develop more precise actions for the amelioration of the effects of specific in-stream flow and 

habitat alterations on fish bio-ecology. 

 Annual variation in the hydrograph should affect species with distinct life-history 

strategies differently, thus determining variation in the composition and structure of fish 

assemblages (Agostinho et al., 2004). Most of the population-level studies conducted within this 

thesis have the Iberian barbel (L. bocagei) as target species. This is a widely distributed and 

representative genera/species within the Mediterranean region, having highly plastic life-history 

strategies (i.e. omnivore, generalist, tolerant and potamodromous) that favour its adaptation to a 

wide range of environmental variability. Furthering the results we had for this species, future 

studies about the effects of natural and anthropogenic streamflow variations should focus on 

fish taxa with distinct life-history features, particularly those with more specialized requirements, 

so that a wide range of biotic responses can be assessed, increasing the applicability and 

specificity of future management actions on riverine ecosystems. 

 Throughout this thesis, most of the studies addressing the effects of flow regulation on 

freshwater fish assemblages and populations dealt with two of the three most common types of 

dams, namely agriculture and water derivation. The third common type of flow regulation, the 

short-term regulation for hydroelectricity production, usually called hydropeaking, was only 

addressed in Chapter 2, were its effects on barbels’ home range extension, habitat use and 

seasonal movement pattern were evaluated. In the last decade, there has been a strong desire 

to develop more hydropower facilities because hydroelectricity is seen as a green and 

renewable energy source that produces lower amounts of greenhouse gases compared with 

hydrocarbon fuelled power generation (Jones, 2013). There is also a trend for more 

hydropeaking facilities that can rapidly meet electricity demands during high consumption 

periods (Scruton et al., 2005). Just for the Iberian Peninsula, Portuguese and Spanish 

governments have recently approved the construction of a high number of large dams which will 

be operated mainly for hydroelectric production (MMA, 2004; INAG, 2007), so it is of high 

importance that future research would be able to accompany these fast developments and give 

more focus to peaking effects on riverine biota. More research is required to examine the 

relationship between high and low flows in peaking rivers in relation to ecological integrity, 

system productivity, food webs and biodiversity and to better understand how fish react to 

hydropeaking events and how population dynamics evolve in a long term due to these frequent 

and persistent flow changes. Research objectives should also strive to unravel how regional 

environmental context and the diversity of river types influence such relationships. Such 

understanding could help guide policy in the development of standards (e.g. high to low flow 

ratio rules) where current flow frameworks are not currently feasible (Jones, 2013).  

 Hydropower peaking operations have the potential to alter downstream flows beyond 

the natural variations that occur over the course of a day and these fluctuations are probably not 

completely captured by flow metrics based on daily-averaged statistics (Poff & Zimmerman, 
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2010), such as the ones we used throughout this thesis. To more closely evaluate the influence 

of hydropower operations on natural flow variability and fish bio-ecology, it is necessary that 

future research starts to include and quantify hydraulic variables and flow patterns at the sub-

daily scale (Bevelhimer et al., 2014). Finally, it is also important to evaluate the potential 

correlation between these sub-daily flow metrics and changes in downstream hydromorphologic 

processes and biological responses that occur over a wide range of temporal and spatial 

scales. 
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