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Abstract Factors controlling brown trout Salmo trutta

recruitment in Mediterranean areas are largely unknown,

despite the relevance this may have for fisheries manage-

ment. The effect of hydrological variability on survival of

young brown trout was studied during seven consecutive

years in five resident populations from the southern range of

the species distribution. Recruit density at the end of summer

varied markedly among year-classes and rivers during the

study period. Previous work showed that egg density the

previous fall did not account for more than 50% of

the observed variation in recruitment density. Thus, we

expected that climatic patterns, as determinants of discharge

and water temperature, would play a role in the control of

young trout abundance. We tested this by analyzing the

effects of flow variation and predictability on young trout

survival during the spawning to emergence and the summer

drought periods. Both hatching and emergence times and

length of hatching and emergence periods were similar

between years within each river but varied considerably

among populations, due to differences in water temperature.

Interannual variation in flow attributes during spawning to

emergence and summer drought affected juvenile survival in

all populations, once the effect of endogenous factors was

removed. Survival rate was significantly related to the tim-

ing, magnitude and duration of extreme water conditions,

and to the rate of change in discharge during hatching and

emergence times in most rivers. The magnitude and duration

of low flows during summer drought appeared to be a critical

factor for survival of young trout. Our findings suggest that

density-independent factors, i.e., hydrological variability,

play a central role in the population dynamics of brown trout

in populations from low-latitude range margins. Reported

effects of hydrologic attributes on trout survival are likely to

be increasingly important if, as predicted, climate change

leads to greater extremes and variability of flow regimes.
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Introduction

The persistence of animal populations is due to feedback

mechanisms which actually or potentially regulate abun-

dance (Turchin 1999). However, wild populations usually

experience high density-independent mortality which

severely limits the maximum rate of population growth

(Myers et al. 1999). Further, population dynamics vary

across a species’ range in response to environmental

changes (Lawton 1993; Brown et al. 1996; Case and Taper

2000). Population density usually decreases from centre to

margin, and the regulation of populations may switch

accordingly from density-dependent processes to density-

independent ones (Guo et al. 2005; Antonovics et al. 2006).

There is evidence that density-independent factors have a

greater influence on demographic parameters and produce

greater fluctuations in peripheral populations than in cen-

tral ones (Hoffmann and Blows 1994; Williams et al. 2003;

Thingstad et al. 2006).
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Most information concerning the population dynamics of

brown trout Salmo trutta comes from central and northern

Europe (e.g., Elliott 1994; Milner et al. 2003). However,

populations from low-latitude range margins face environ-

mental constraints quite different from those of the main

distribution area, e.g., dry and hot summers. It remains little

investigated if brown trout populations from peripheral

southern areas are primarily limited by abiotic and/or biotic

factors. In particular, factors controlling brown trout

recruitment in Mediterranean areas are largely unknown,

despite the relevance that this may have for fisheries man-

agement (Nicola et al. 2008). Mediterranean-type streams

are characterized by seasonal events of flooding and drying,

and also by a strong interannual flow variation (Gasith and

Resh 1999). Thus, hydrology could be an important driving

force for trout dynamics in Mediterranean regions. Further,

summer drought could be a critical period for populations,

since it reduces the volume of water available to the fish,

causes adverse water quality, and impedes or prevents

migration. The effect of summer drought on brown trout

recruitment has not yet been analyzed, except for a study in

an English stream, which showed that droughts and high

temperatures had marked effects on survival of 0?trout,

possibly by reduction of available suitable habitat (Elliott

et al. 1997). Modern climate change aggravates environ-

mental constraints for populations of temperate species

persisting at low-latitude range margins (Parmesan and

Yohe 2003). For instance, the extent and impact of summer

drought have been increasing in many Mediterranean

regions throughout the last decades, and further increases

have been anticipated (IPCC 2007).

In salmonids, population size is frequently determined

by the abundance of recruits incorporating into the popu-

lation (e.g., Knapp et al. 1998; Cattanéo et al. 2002; Lobón-

Cerviá 2005). Therefore, a better identification and

understanding of the multiple constraints on recruitment of

populations is crucial for the design of appropriate con-

servation strategies. Fry emergence and survival is a

critical period in brown trout populations, with survival

during this stage having a strong influence on population

abundance and cohort strength (Armstrong and Nislow

2006). During the post-emergence phase, populations are

regulated by density-dependent processes, mainly compe-

tition for territories among fry (Elliott 2001). However,

some studies have shown that hydrological variability is

also of major importance in determining juvenile density in

temperate regions. For instance, functional links between

recruitment and hydrological factors have been described

for some brown trout populations (e.g., Solomon and Pat-

erson 1980; Jensen and Johnsen 1999; Lobón-Cerviá 2004;

Lobón-Cerviá and Rincón 2004). Nowadays, it is widely

recognized that the impact of hydrological events does not

depend only on their magnitude, but also on their timing

and the life stage involved. For example, at the time of

incubation, high flow events can produce egg washout and

extreme low flows egg desiccation (Spina 2001; Zorn and

Nuhfer 2007). During the critical period after emergence,

discharge determines the available suitable habitat for

young trout, i.e., feeding territories and shelter (Ayllón

et al. 2009). The early 0?trout are also particularly sensi-

tive to hydrological variability, owing to their inability to

face high current velocities and to find shelter during high

flow events (Armstrong et al. 2003).

The main purpose of this study was to analyze the

effects of hydrological variability on recruitment survival

of brown trout in five resident populations from the

southern limits of its native range. A previous study of the

same populations indicated that, although density-depen-

dent mechanisms seemed to regulate the fish abundance in

some cases, environmental factors and harvesting appeared

generally to preclude populations from reaching densities

high enough for negative feedbacks to operate (Nicola

et al. 2008). Population density alone did not account for

more than 50% of the observed variation in recruitment

density, so that the unexplained variability is probably due

to local environmental conditions. We hypothesized that

juvenile survival may be driven by hydrologic attributes

during two critical periods, spawning to emergence and

summer drought. We expected that climatic patterns, as

determinants of discharge and water temperature, would

play a role in determining young trout abundance. We

tested this hypothesis by analyzing the relationship

between young trout survival and flow variability and

predictability over seven consecutive years.

Materials and methods

Study area

This study was carried out in 12 localities along five rivers

of central Spain; three are tributaries to the River Tajo

(Hoz Seca, Cabrillas and Dulce) and two to the River

Duero (Cega and Eresma) (Table 1). The climate is con-

tinental Mediterranean, with hot, dry summers and cold

winters. Physical characteristics, water temperature, and

flow regime vary among rivers, but may be divided into

two groups. The first type (Cega and Eresma) are softwater

rivers, where the greater part of their water comes from

surface drainage, becoming torrential at snowmelt in early

spring. The mean water temperature in winter is close to

0�C and in summer to 13�C. The rest of rivers (Hoz Seca,

Cabrillas and Dulce) have hard, fertile waters with an even

flow regime throughout the year. The Cabrillas and Dulce

have average winter temperatures around 7�C and summer

means close to 17�C. The Hoz Seca is fed by limestone
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aquifers and therefore water temperature remains close to

10�C all year round. Further details of the study area are

given in Nicola and Almodóvar (2002) and Almodóvar and

Nicola (2004). Brown trout is the only fish species present

throughout the study area and its populations comprise

exclusively resident individuals. The rivers are not cur-

rently stocked and are unaffected by land use, pollution, or

water regulation, except for the Hoz Seca, which has been

regulated in its lower reaches by a hydropower station

since the end of 1993.

Brown trout sampling

Fish were sampled every third month from December 1992

to December 1998 at each locality by electrofishing using a

2,200-W generator. Trout were anaesthetized with tricaine

methane-sulphonate (MS-222) and their fork length (to the

nearest mm) and weight (to the nearest g) were measured.

Scales were taken for age determination. The fish were

placed in holding boxes to recover and then returned to the

stream.

Fish density (trout ha-1) and its variance were estimated

separately for each sampling point by applying the maxi-

mum likelihood method (Zippin 1956) and the

corresponding solution proposed by Seber (1982) for 3-

removals assuming constant-capture effort.

Recruitment was measured as the density of 0?trout

(trout ha-1) in early September and the parental stock was

expressed as the egg density (eggs ha-1) of the parental fish

of the cohort (year-class). To evaluate the strength of

density-dependence, we employed Ricker’s stock-recruit-

ment models (Nicola et al. 2008). The models showed a

significant fit to the data in all populations and the pro-

portion of variance explained by the population curves

varied between 32 and 51% (Table 2). Recruitment vari-

ability unrelated to factors endogenous to the population

was then estimated by the differences between observed

and expected values (residuals) from the Ricker’s stock-

recruitment models obtained by Nicola et al. (2008) in the

Table 1 Physical and chemical characteristics of the rivers studied

Hoz Seca Cabrillas Dulce Cega Eresma

River basin Tajo Tajo Tajo Duero Duero

Altitude (m) 1,360 1,267 885 1,250 1,290

Width (m) 12.8 (11.7–14.3) 4.3 (2.1–6.5) 4.9 (4.0–6.1) 5.8 (4.9–7.2) 6.3 (5.1–8.0)

Dominant substrate Gravel Cobble Sand Boulder Boulder

Conductivity (lS cm-1) 598.1 ± 35.8 606.1 ± 22.6 602.4 ± 15.7 17.7 ± 1.2 65.3 ± 4.1

Alkalinity (CaCO3 mg l-1) 265.0 ± 12.8 281.7 ± 13.7 303.3 ± 1.8 19.2 ± 2.1 27.0 ± 2.6

pH 8.2 ± 0.2 7.8 ± 0.1 7.7 ± 0.1 7.1 ± 0.1 7.1 ± 0.1

Spawning to emergence period

Velocity (m s-1) 0.70 (0–1.6) 0.67 (0–2.6) 0.85 (0–3.5) 0.50 (0–3.2) 0.72 (0–4.1)

Mean discharge (m3 s-1) 8.5 (1.7–159.9) 1.4 (0.5–16.1) 1.7 (0.5–14.2) 6.5 (1.0–67.6) 4.6 (0.4–35.4)

Mean discharge high flow pulses (m3 s-1) 5.3 0.7 0.9 7.3 6.3

Peak discharge high flow pulses (m3 s-1) 10.2 (8.3–12.1) 1.4 (0.8–2.1) 1.3 (0.9–1.8) 15.4 (6.2–27.6) 17.7 (10.4–28.5)

Mean discharge small floods (m3 s-1) 13.0 2.2 2.1 14.8 11.2

Peak discharge small floods (m3 s-1) 95.3 (13.8–159.9) 10.4 (7.8–16.1) 9.8 (2.6–14.2) 46.8 (28.8–67.6) 33.4 (30.8–35.4)

Temperature (8C) 9.5 (8.1–11.9) 6.4 (5.9–15.2) 9.5 (6.9–14.8) 3.9 (0.3–10.4) 3.5 (0.3–10.3)

Summer drought period

Velocity (m s-1) 0.29 (0–0.5) 0.27 (0–1.1) 0.38 (0–1.5) 0.18 (0–1.5) 0.37 (0–1.4)

Mean discharge (m3 s-1) 1.4 (1.0–2.8) 0.5 (0.2–0.8) 0.5 (0.3–0.9) 2.8 (0.03–1.8) 0.4 (0–1.3)

Mean discharge extreme low floods (m3 s-1) 0.94 (0.78–1.02) 0.30 (0.19–0.31) - 0.11 (0.03–0.14) 0.13 (0–0.22)

Temperature (8C) 11.3 (10.2–12.0) 14.4 (10.5–16.0) 16.2 (12.1–18.6) 11.3 (7.8–13.4) 11.9 (9.2–13.2)

Stream values of physical variables (mean, min–max) and chemical determinants (mean ± SD) were calculated from seasonal measurements at

each sampling point during the entire study period of 1992–1998

Table 2 Stock–recruitment relationships (R = aS exp-bS) in the five

populations of brown trout Salmo trutta studied from 1992 to 1998

River a b F P R2

Hoz Seca 0.005130 0.000005 31.3 \0.01 0.38

Cabrillas 0.009878 0.000003 51.4 \0.01 0.38

Dulce 0.014958 0.000007 38.2 \0.01 0.51

Cega 0.016598 0.000002 17.8 \0.01 0.46

Eresma 0.014244 0.000002 12.5 \0.01 0.32

The estimates of the parameters a and b, the coefficients of deter-

mination (R2) and significance levels for F values are indicated. Data

are from Nicola et al. (2008)
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study populations. Residuals were then used as indices of

survival rates of recruits in subsequent analyses with

hydrological variables.

Hydrologic attributes

To evaluate the effect of flow variation and predictability

on survival of young trout we estimated several biologi-

cally relevant hydrologic parameters, according to Richter

et al. (1996) and following the recommendations of Olden

and Poff (2003). Flow data were obtained from a database

collected by the Spanish Ministry of Environment. The

selected gauging stations were close to sampling sites.

Daily discharge data from each river were processed every

year to obtain twelve variables during two periods: (1)

spawning to emergence (Spw-Eme) and (2) summer

drought (Dry). Although the concept of drought is well

recognized, there is no general agreement on a clear defi-

nition (Wilhite and Glantz 1985). Here, the summer

drought was defined as a prolonged (over 2 or 3 months

sequence) period of dry weather, i.e., extremely low pre-

cipitation and very high temperatures. The duration of the

drought period was determined by comparing the current

situation to the historical average. The average conditions

were characterised by the mean daily flow during each

period (Mean). The magnitude and duration of extreme

water conditions was measured as the minimum and

maximum discharge during 7 (7Dmin and 7Dmax) and

30 days (30Dmin and 30Dmax). The frequency and dura-

tion of high (HpF and HpD) and low (LpF and LpD) pulses

provided a combined extreme event timing measure. High

and low hydrologic pulses are defined as those periods

where the daily discharge rises above the 75th percentile or

drops below the 25th percentile of all values for the time

period. The rate of change in discharge was measured as

the mean rate of both positive (rise rate, Rr) and negative

(falling rate, Fr) changes in discharge between consecutive

days. Then, the number of reversals (Rev) was calculated

as the number of times that discharge switches from one

type of period to another.

Finally, the predictability of daily flow (P) was deter-

mined for the study rivers from a 25-year dataset following

the method proposed by Colwell (1974) and applied to

stream systems by Resh et al. (1988). Predictability is a

measure of the relative certainty of knowing a state at a

given time and ranges from 0 to 1, with a value of 1

indicating complete predictability. Predictability is com-

posed of two independent, additive components: constancy

(C), a measure of temporal invariance, and contingency

(M), a measure of periodicity. These two latter measures

indicate the degree to which a state stays the same and how

closely different states correspond to different time periods,

respectively. The predictability of a stream with very

constant flow will be mostly due to C, while the predict-

ability of a stream with highly variable flow with a fixed

periodicity will be mostly due to M. Flow data of each river

were cast into a frequency matrix (contingency table)

where rows represented flow classes and columns were

time categories (see Resh et al. 1988 for specific methods).

The frequency of occurrence at each matrix intersection

was obtained, from which the indices were computed by

mathematical formulae as detailed in Colwell (1974) and

Gan et al. (1991). The index C/(C ? M) was then used to

assess the relative constancy of daily flow, i.e., the pro-

portion of predictability that is explained by constancy, so

that larger index values indicate flow stability.

The annual timing of hatching and emergence was

estimated according to Elliott and Hurley (1998) field and

laboratory individual-based model on the basis of spawning

time and water temperature. The water temperature was

measured every 30 min by means of data-loggers (Minilog

Vemco) permanently placed in each river during the study

period. Mean daily temperature is given as the mean of all

readings in each 24-h period. The model describes the

relationship between embryonic development and temper-

ature, considering naturally fluctuating temperatures. It

accelerates and decelerates development at high and low

temperatures, respectively. Egg fertilization dates were

fixed as the mid-points for the spawning periods of early,

middle, and late spawners. The following equation is the

function of temperature that affects the development time

to hatching:

fH Tð Þ ¼ CH50 T1 � Tð Þ T � T0ð Þ�1 ð1Þ

where T is the mean daily water temperature in each

locality, T0 is the lower temperature at which no eggs

hatch, T1 is the theoretical temperature at which eggs hatch

instantaneously, and CH50 is the degree of curvature of the

time response for 50% of the eggs to hatch and is also the

number of days taken for eggs to hatch at a constant

temperature of (T1 ? T0)/2. For each egg i, a random

number generator was used to simulate the relative coef-

ficient of development ei from a normal distribution with

mean of 1 and standard deviation r = 0.04833 (Elliott and

Hurley 1998). Daily values of 1/[eifH(T)] were accumulated

until the first day when the value of 1.0 was exceeded, this

providing the egg hatching date.

The following equation is the function of temperature

that reduces the yolk resource during the alevin stage:

fA Tð Þ ¼ CA50 T1 � Tð Þ T � T0ð Þ�1 ð2Þ

where CA50 is the number of days taken after hatching for

50% of the alevins to become emerging fry. The same

values of T1 and T0 were used for (1) and (2) functions.

Estimates of parameters T0, T1, CH50 and CA50 are given in

Elliott and Hurley (1998: Table 3).
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Each egg i has a yolk resource ri to be utilized during the

alevin stage and emergence occurs when the resource is

exhausted. The parameter ri also has a normal distribution

with a mean of 1 and a standard deviation of d = 0.01192

(Elliott and Hurley 1998). The value of the yolk resource,

ri, for each egg i was computed from ri = 1-d (ei–1)r-1

and then reduced on each subsequent day by 1/fA(T) until

the yolk was exhausted, this providing the fry emergence

date. The entire procedure was repeated five times each

year to provide a more precise estimate of dates.

Data analyses

Multivariate analyses were performed in SIMCA-P ? 12.0.

Partial least squares regression (PLS) was used to analyze

the relationships between hydrological variables and sur-

vival of recruits (Geladi and Kowalski 1986; Abdi 2003).

Separate PLS models were developed for each river. All

variables were verified for normal distribution through

Shapiro–Wilk test and log (x ? 1) transformed to receive

normal distribution. The data were divided into X and Y

blocks. The Y block (response variable) consisted of sur-

vival rates and hydrological variables constituted the X

block. All models were constructed with the autofit func-

tion in order to obtain the highest predictive (Q2) value.

A Q2 value above 0.4 was considered good (Eriksson et al.

2006). To determine the importance of X variables in

predicting Y variable the variable influence on projection

(VIP) statistic was used. A VIP value greater than 1.0 was

considered to be highly influential, whereas a lower value

was considered to be of less influence (Eriksson et al.

2006). The significance level for all statistical tests was set

at a = 0.05.

Results

Hydrological variability

The studied rivers exhibited seasonal and among-year

variation in water discharge, typical for the Mediterranean

climate, but the hydrological pattern was different among

sites during the study period. The hydrologic conditions

showed marked differences between years 1992–1995 and

1996–1998 in Hoz Seca, Cabrillas, and Dulce (Fig. 1),

where dry and wet periods were respectively detected.

However, hydrologic attributes were similar in Eresma and

Cega among study years. Frequent high flow pulses and

occasional small floods typically occur in Eresma and Cega

during winter and spring. In contrast, during summer,

extreme low flow episodes are very frequent (Table 1). The

rest are groundwater rivers little affected by surface run-off

at times of heavy rainfall or snowmelt. High flow pulses

occur during autumn and spring, but their magnitude and

frequency was much lower than in Eresma and Cega

(Fig. 1). Small floods were very scarce and only occurred

during winter and spring of years 1996–1998. Extreme low

flows during summer were only detected in Hoz Seca and

Cabrillas.

The summer drought which characterizes Mediterranean

climate lasted for 3 months, from mid-July to mid-October,

in all rivers. Low discharge during the dry season is
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coupled with higher temperatures, especially in Cabrillas

and Dulce (Table 1). Predictability (P) of daily discharge

was similar among streams and ranged from 0.50 to 0.60.

However, in Hoz Seca, Cabrillas, and Dulce, P was mostly

due to C, whereas in Cega and Eresma it was mostly due to

M. Therefore, the index C/P was much higher (0.71–0.78)

in rivers with constant flow (Hoz Seca, Cabrillas, and

Dulce) when compared to rivers with an irregular flow

(Cega and Eresma), where the index was between 0.35 and

0.41.

Recruitment variability

There was a good agreement between the hatching and

emergence model predictions and the annual observations

of alevins and fry during winter and spring samplings in

each river. Both the hatching and emergence times and

the length of hatching and emergence periods were very

similar between years within each river, but varied con-

siderably among populations (Table 3). The Cega and

Eresma were significantly colder than the rest of rivers

during the period from spawning to emergence. Therefore,

eggs hatched between April and May and emergence took

place in June. In the rest of the rivers, eggs usually hatch in

January and early February, and the alevin stage ends from

mid-February to mid-March, when the fry disperse from

the redd.

Recruit density at the end of summer varied markedly

among year-classes and rivers during the study period

(Fig. 2), showing statistically significant differences among

years within each river and among populations (Nicola

et al. 2008). Mean estimates of young trout density during

the period 1992–1998 ranged from 649.8 trout ha-1 in

Dulce to 1,242.8 trout ha-1 in Eresma (Fig. 3). Recruit-

ment was most variable in Cega and Eresma, with

coefficients of variation around 50%.

Effects of hydrologic conditions on recruitment

Interannual variation in flow conditions during spawning to

emergence and summer drought affected juvenile survival

of brown trout in all populations, once the effect of

endogenous factors, i.e., egg density the previous fall, was

removed. The obtained PLS models showed that the first

two latent factors explained more than 90% of the total

variance of survival rate (Hoz Seca, R2 = 0.97, P \ 0.001;

Cabrillas, R2 = 0.96, P \ 0.001; Dulce, R2 = 0.91,

P \ 0.01; Eresma, R2 = 0.94, P \ 0.01; Cega, R2 = 0.98,

P \ 0.001) and had relatively good predictive power (Hoz

Seca, Q2 = 0.78; Cabrillas, Q2 = 0.67; Dulce, Q2 = 0.38;

Eresma, Q2 = 0.38; Cega, Q2 = 0.74).

For brevity in Table 4, only the PLS regresion coeffi-

cients and VIP scores which measure the relative

contributions of the hydrological variables in explaining

the variance of juvenile survival, are shown. According to

Table 3 Mean dates for hatching and emergence of brown trout and mean

water temperature (8C) during incubation (Tincub) and emergence (Temerg)

periods during 1992–98 in the five rivers studied

River Hatching Tincub Emergence Temerg

Hoz Seca 7–22 Jan 9.0 (8.1–10.0) 21–28 Feb 9.9 (8.2–11.9)

Cabrillas 17 Jan–5 Feb 7.5 (5.9–9.5) 11–21 Mar 9.5 (6.2–15.2)

Dulce 6–20 Jan 9.3 (6.9–11.2) 15–24 Feb 11.9 (7.7–14.8)

Cega 26 Apr–19 May 2.6 (0.0–8.4) 15–25 Jun 6.3 (0.4–10.4)

Eresma 4 Apr–11 May 2.8 (0.3–5.3) 20–30 Jun 5.9 (2.3–10.3)

Data ranges are indicated in parentheses
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and the coefficient of variation for recruitment (0?trout density)

during 1992–1998 in five streams from central Spain

520 Oecologia (2009) 160:515–524

123



Table 4, the relative influence of flow regime variables

during the two critical periods varied among rivers. How-

ever, a more close inspection of data showed some patterns

in Spw-Eme and Dry periods.

During the Spw-Eme period, in Hoz Seca, Dulce, and

Cega, the frequency and duration of high flow events

during both hatching and emergence times were major

attributes driving juvenile survival. In Cabrillas, the sur-

vival of 0?trout increased when the magnitude and

stability of discharge augmented during spawning. In

Eresma, low pulse episodes during emergence time nega-

tively influenced survival, probably decreasing the

availability of suitable habitat for fry. Finally, recruitment

in Hoz Seca, Eresma, and Cega was also negatively

influenced by daily flow fluctuations during emergence.

During the Dry period, both the magnitude and duration

of maximum discharge episodes and flow stability were

highly important for predicting 0?trout survival in all

rivers. In Hoz Seca, the negative influence of daily flow

fluctuations (reversals) on recruitment during summer may

be attributed to the frequent changes in water level gen-

erated by flow regulation, which substantially alter the

availability of suitable microhabitat for 0?trout.

Finally, the coefficient of variation for 0?trout density

during the period 1992–1998 was found to be negatively

correlated (r = -0.96, P \ 0.01) to the index C/P within

the study area, which is indicative of the relative constancy

of daily flow. Thus, interannual variation of recruitment

tends to be higher in populations under irregular hydrologic

conditions (Fig. 3).

Discussion

Interannual variation in flow conditions during both

spawning to emergence and summer drought periods

affected juvenile survival of brown trout in all the study

populations. However, the relative importance of hydro-

logic features on recruitment varied among rivers. First,

flow characteristics during the incubation period seemed to

be of minor importance in all populations. On the contrary,

survival rate was negatively correlated with the frequency

and duration of high flow events during both hatching and

emergence times in three rivers (Hoz Seca, Dulce, and

Cega). High discharge could result in loss rates by dis-

placing alevins and fry downstream or to nonoptimal

habitats with higher energy costs or lower food availability.

Higher flows and colder temperatures probably interact to

increase the chances of displacement of fry and to decrease

the availability of favourable foraging locations (Nislow

et al. 2000). Displacement of brown trout fry during high

stream flows has been reported previously (e.g., Ottaway

and Forrest 1983; Heggenes and Traaen 1988; Daufresne

et al. 2005). First-feeding juveniles tend to occupy rela-

tively low-velocity, shallow locations near water-body

margins or shelters, where some of them defend small

territories (Grant et al. 1998; Ayllón et al. 2009). Heggenes

and Traaen (1988) experimentally confirmed that brown

trout at the swim-up stage were washed out by water

velocities from 0.10 to 0.25 m s-1, as a consequence of

their inability to maintain their stream position or to find

shelter. These velocities are common in the study rivers

Table 4 Regression vector standardized PLS partial coefficients (coeff) and VIP scores (scores) of the hydrologic attributes for the regression

models obtained for the survival rates of brown trout in the five rivers studied

Hoz Seca Cabrillas Dulce Eresma Cega

Coeff Scores Coeff Scores Coeff Scores Coeff Scores Coeff Scores

7DminSpw-Eme 0.17 1.37

7DmaxSpw-Eme -0.14 1.53

30DmaxSpw-Eme -0.09 1.22 -0.15 1.67

HpFSpw-Eme -0.11 1.37 -0.09 1.22 -0.13 1.65

HpDSpw-Eme -0.08 1.20 -0.09 1.08

LpFSpw-Eme -0.24 1.62

RrSpw-Eme -0.12 1.41 -0.14 1.68

FrSpw-Eme 0.15 1.78

RevSpw-Eme -0.25 1.82 -0.06 1.26 -0.13 1.50

7DmaxDry 0.11 1.12 0.24 1.82 0.21 1.76 0.08 1.05

30DmaxDry 0.20 1.47 0.18 1.31

HpFDry 0.12 1.42

RrDry 0.20 1.78

RevDry -0.14 1.23

Only the coefficients having a VIP score greater than 1 are shown (see ‘‘Materials and methods’’ for details)
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during the emergence periods of some years (Table 1). In

addition, high flow pulses in the study area are typically

associated with sediment transport increases followed by

further accumulation in the stream bed, which can physi-

cally trap alevins, preventing their emergence (Acornley

and Sear 1999; Hartman and Hakala 2006).

In Hoz Seca, Eresma, and Cega, survival rate was also

negatively influenced by the rate of change in discharge

(reversals and rise rate) during the emergence period,

which can quickly influence habitat availability and suit-

ability for young trout (Olden and Poff 2003; Ayllón et al.

2009), and therefore limit recruit abundance within the

sites. In Hoz Seca, Almodóvar and Nicola (1999) observed

a loss in recruitment due to the violent fluctuations in the

water level generated by flow regulation, which causes a

loss of suitable habitat for young trout.

In Cabrillas, there was a significant positive correlation

between minimum discharge during the spawning period

and survival of young trout. Low discharges are believed to

adversely affect spawning success and limit salmonid

abundance (Frenette et al. 1984; Gibson and Myers 1988).

A lower discharge during the spawning period may

diminish fry production by decreasing the amount of suit-

able habitat for gravel nests (Elliott and Hurley 1998;

Fukushima et al. 1998; Einum et al. 2003) or may impede

the intragravel flow of water, thereby deteriorating condi-

tions for incubating brown trout embryos.

Hydrologic influences on brown trout year-class

strength have been previously observed mostly in high-

gradient, mountainous streams in Europe (e.g., Jensen and

Johnsen 1999; Cattanéo et al. 2002; Lobón-Cerviá 2004;

Lobón-Cerviá and Rincón 2004) and in introduced pop-

ulations from the USA and New Zealand (e.g., Strange

et al. 1992; Hayes 1995), as well as in low-gradient

streams in the USA (Zorn and Nuhfer 2007). All these

works pointed out that 0?trout density was negatively

influenced by high stream discharge during or shortly

after emergence, resulting in weak year-classes. Most of

these studies were based on general estimates of emer-

gence times and scarce flow features (mainly average

conditions). Our findings for Mediterranean-type streams

support the observed pattern in temperate streams in a

broad sense. However, average conditions were not sig-

nificantly related to survival rates, whereas the timing,

magnitude, and duration of extreme water conditions and

the rate of change in discharge were of major importance.

Further, the use of more precise calculations of hydro-

logic attributes and hatching/emergence times showed a

variable influence of flow features on young trout sur-

vival, which basically depended on the physical habitat

of study rivers, i.e., the availability of microhabitat

and cover for young trout and the suitable habitat for

gravel nests.

The magnitude and duration of low flow during summer

was a critical factor for 0?trout survival in the study

streams. Recruitment was better when discharge was

higher, probably by increasing the amount of available

juvenile habitat in all rivers and also by reducing the

thermal and oxygen stress in the warmest rivers. High

stream flow during summer likely increases the number of

territories, particularly along the streambank, where

0?trout usually occur. Also, an increase of stream flow in

summer enhances the production of invertebrates (Boulton

2003), which serve as food for young brown trout.

The effects of drought on brown trout were only noted

by Elliott et al. (1997) in England, who found that severe

summer droughts greatly reduced the density of 0?trout,

whereas milder droughts had a less severe effect. However,

in Elliott et al.’s (1997) study, summer droughts were

occasional (7 in 30 years), whereas in our study rivers

summer droughts cause prolonged periods of low flow and

high water temperature each year. It is the relative severity

of drought which affects young trout survival in Mediter-

ranean-type streams. There is some evidence that droughts

may result in significant population fluctuations in other

native fish species from Mediterranean-type streams (e.g.,

Bernardo et al. 2003; Magalhaes et al. 2007). Reported

effects are likely to be increasingly important if, as pre-

dicted, climate change leads to an increased frequency and

severity of droughts in the Mediterranean region (IPCC

2007; Giorgi and Lionello 2008).

Our findings support the hypothesis that the survival of

0?trout in streams under a Mediterranean climate is

influenced by the local discharge regime. Density-depen-

dence explained between 32 and 51% of recruitment

variability in the study populations (Nicola et al. 2008),

whereas hydraulic features explained from 91 to 97% of

the survival variability, once the effect of endogenous

factors was removed. Our analyses support the pattern

observed in other taxa where populations are more variable

towards the periphery of species’ ranges, mainly as a result

of a higher variability in abiotic factors, such as climatic

conditions (e.g., Mehlman 1997; Garcı́a and Arroyo 2001;

Williams et al. 2003; Thingstad et al. 2006). Density-

independent factors, i.e., hydrological variability, could

play a central role in the population dynamics of brown

trout in populations from low-latitude range margins. Our

results point out the importance of extreme flow events and

daily flow changes during winter–spring to brown trout

recruitment, and highlight the influence of summer drought

on population dynamics. In these populations where num-

bers of swim-up fry in most years are not high enough to

bring density-dependent mortality into play, hydrologic

variability during critical periods is a major determinant of

year-to-year variation of recruitment. Furthermore, the

constancy of flow regime was related to the temporal

522 Oecologia (2009) 160:515–524
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variability of abundance within the study area. Contrary to

the situation in central Europe, brown trout in low-latitude

range margins may have population dynamics which are

driven more by external factors.
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