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Spatial variation in growth of stream-dwelling brown trout Salmo trutta was explored in 13 pop-
ulations using a long-term study (1993-2004) in the Bay of Biscay drainage, northern Spain.
The high variability in fork length (Lf) of S. frutta in the study area was similar to the body-
size range found in the entire European distribution of the species. Mean Lg at age varied:
0+ years, 57-4—100-7 mm; 14 years, 111-:6—176-0 mm; 24 years, 155-6—248-4 mm and 3+
years, 194-3—290-9 mm. Average L at age was higher in main courses and lower reaches com-
pared with small tributaries and upper reaches. Annual specific growth rates (G) were: 0+ to
1+ years, 0-634—0-825 mm mm~! year™!; 14 to 24 years, 0-243—0-342 mm mm~" year—!; 2+
to 3+ years, 0-166—0-222 mm mm~' year~!, showing a great homogeneity. Regression models
showed that water temperature and altitude were the major determinants of Lp at age variabil-
ity within the study area. A broader spatial analysis using available data from stream-dwelling S.
trutta populations throughout Europe indicated a negative relationship between latitude and Lp
of individuals and a negative interaction between latitude and altitude. These findings support
previous evidence of the pervasive role of water temperature on the Lg of this species. Alti-
tude appeared as the overall factor that includes the local variation of other variables, such as
water temperature or food availability. At a larger scale, latitude was the factor that encompassed
these environmental gradients and explained the differences in Ly of S. trutta. In summary, Lp

at age in stream-dwelling S. frutta decreases with latitude in Europe, the converse of Bergmann’s
rule. © 2009 The Authors
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INTRODUCTION

Growth is a major life-history trait strongly linked to other features dependent on
size, such as survival, longevity and reproduction (Wootton, 1998; Hendry & Stearns,
2004). Salmonids show a high interpopulation variability in mean body size, mainly
as a response to different environmental conditions (Elliott, 1994; Lobo6n-Cervid,
2000; Nislow, 2001; Nicola & Almoddévar, 2004).

Brown trout Salmo trutta L. is an important angling species in Spain, currently
threatened by pollution, habitat destruction, introduction of exotic species, overfishing
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and introgression of foreign genes caused by restocking (Elvira, 1995; Almodévar
& Nicola, 1998, 1999, 2004; Almodévar et al., 2001, 2002, 2006a; Elvira &
Almodoévar, 2001). Moreover, it is a widespread species in Europe, showing large
variations of its growth pattern among populations (L’ Abée-Lund et al., 1989; Elliott,
1994; Jonsson et al., 2001; Klemetsen et al., 2003). A wider knowledge of the factors
that influence growth and produce this spatial variability could be a useful tool to
achieve conservation and management plans, which involves comparative studies on
contrasting populations at a large scale.

Water temperature is considered the most pervasive environmental factor affecting
growth of S. trutta (Elliott, 1994). There have been various attempts to establish the
optimum temperature for growth, but authors have found different values at diverse
latitudes (Elliott, 1975a, b; Jensen, 1990; Forseth & Jonsson, 1994; Elliott et al.,
1995). Similarly, the thermal range that permits growth seems to vary between
populations (Elliott et al., 1995; Ojanguren et al., 2001; Vgllestad et al., 2002).
This suggests that adaptations to local thermal conditions can occur, although
there is still a lack of evidence of whether this variation has a genetic basis or
is based on the phenotypic plasticity of the species (Forseth & Jonsson, 1994;
Lobo6n-Cervida & Rincén, 1998; Jensen er al., 2000; Vgllestad et al., 2002; Nicola &
Almodévar, 2004).

Along the Bay of Biscay drainage, S. trutta inhabit rivers with a wide variation of
environmental conditions. This situation may be a favourable situation to identify fac-
tors affecting growth. The primary objective of this study was to describe the spatial
variation in growth pattern of S. trutta in the Bay of Biscay drainage, and its relation
to water temperature and altitude. The different thermal regimes of the streams were
expected to affect growth, so growth would be slow in populations with lower water
temperatures and shorter growing seasons, as compared with populations experienc-
ing more optimal temperatures for growth. To test this prediction, mean fork length
(L) at the end of the growing season as well as annual specific growth rate (G ) were
compared among 13 rivers, using a data set compiled over 12 years (1993-2004).

Finally, a broader study of Lp at age was used to compare available data for
stream-dwelling S. rrutta from European populations over the range of 37-70° N.
This approach permitted an expansion of the spatial scale of the analysis and the
understanding of factors influencing body size of S. trutta geographically.

MATERIALS AND METHODS

STUDY AREA

This study was carried out in 13 rivers (Fig. 1), River Urumea and its tributary Zumarrezta,
River Araxes and its tributary Errekagorri, River Leitzaran and its tributary Erasote, River
Orabidea, and River Bidasoa and its tributaries Aranea, Zoko, Ezkurra, Arrata and Tximista.
One sampling site was selected for each river, except for River Bidasoa, which is the longest,
where four sampling sites were located (Bidasoa 1-4). The selection of sites was made to
cover the range of environmental conditions within the area. Sampling sites corresponded to
first to fifth-order streams and were located from 43°03’ to 43°16’ N and from 1°29’ to 2° W,
at an altitude ranging from 40 to 490 m. Altitudes were measured directly from topographic
maps. Mean altitude and other characteristics of rivers are shown in Table I. Water quality was
in accordance with the limits proposed by the European Directive (EU, 2006). Ionic content
was similar among the rivers, although the lowest values were found in River Urumea and its
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Fic. 1. Map of the study area in northern Spain, showing the location of the sampling sites.

tributary, River Zumarrezta, whereas the highest figures were found in River Araxes. Water
mineral content has been considered as one of the factors affecting growth of S. rrutta (Kelly-
Quinn & Bracken, 1988; Mann et al., 1989; Nicola & Almoddévar, 2004). The rivers in the
present study, however, flow in a small area and the differences in water mineral ionic content
do not cover a range wide enough to induce differences in Lg. This meant that the present
study was focused on other abiotic variables.

Salmo trutta is the prevailing fish species throughout the area and its populations
only comprise freshwater resident individuals. Less common species are European eel
Anguilla anguilla (L.), Pyrenean gudgeon Gobio lozanoi Doadrio & Madeira, Ebro nase
Parachondrostoma miegii (Steindachner), Pyrenean minnow Phoxinus bigerri Kottelat,
Pyrenean stoneloach Barbatula quignardi (Bacescu-Mester) and Atlantic salmon Salmo salar
L., while Ebro barbel Luciobarbus graellsii (Steindachner), rainbow trout Oncorhynchus
mykiss (Walbaum) and Adour sculpin Cottus aturi Freyhof, Kottelat & Nolte are rare.
The streams are open to recreational angling except for some reaches, which are preserved
sections. The scattered presence of power stations and dams on the lower reaches are the
main anthropogenic pressures in the study area. In addition, industrial areas and alterations
of the riparian habitat are found in Rivers Leitzardn and Bidasoa.

Water temperature was measured with data loggers (Minilog Vemco, Ltd; www.vemco.
com) permanently placed in each river between July 2004 and October 2005. Mean daily
temperature was the average of the maximum and the minimum readings in each 24 h
period. Historical data series of temperatures were used. For other years, linear regression
was used to estimate water temperature from air temperature readings at local meteorological
stations (Elliott, 1984; Crisp, 1992). From the data, mean, minimum and maximum daily
temperatures (Tyi, Tmin and Tmax, respectively, in ° C) were calculated. The values were
typical of temperate rivers. Rivers Urumea, Araxes, Leitzardn and their tributaries (Rivers
Zumarrezta, Errekagorri and Erasote, respectively) had lower temperatures, with mean annual
values between 10-4 and 11-2° C and minimum and maximum annual temperatures between
4.6-5-3° and 15-6-16-3° C, respectively. Recorded values were higher for the remaining
rivers, River Bidasoa and its tributaries Aranea, Zoko, Ezkurra, Arrata and Tximista, and
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River Orabidea. They had mean annual temperatures oscillating between 13-4 and 14-3° C,
whereas minimum and maximum values ranged 1-7-6-2° and 18-9-25-4° C, respectively.

SALMO TRUTTA POPULATIONS

Electrofishing with a 2200 W DC generator took place every year at the end of the growing
period from 1993 to 2004. Salmo trutta individuals were anaesthetized with MS-222 (tricaine
methanesulphonate), measured (L, to the nearest mm), and scales were taken for age deter-
mination. Then, the individuals were returned alive into the river. G, was calculated as G|, =
(InLgy — InLgp) (82 — 1)~", where Ly, and Lp, are mean Lp at age at times #; and 1, that
correspond to the month of September of 2 consecutive years, when the samplings took place.

DATA ANALYSIS

The total of individuals analysed was 36353. L at age and G were compared between
populations using multifactor ANOVA, with subsequent Tukey’s tests for comparison of
means. Assumptions of normality of distributions and homogeneity of variances were verified
through Shapiro-Wilk and Levene’s tests, respectively. The significance level o« for all
statistical tests was set at 0-05.

Pair-wise correlations (Pearson r) were used to explore relationships of Lg and Gp
with environmental factors. Forward stepwise multiple regression analyses were performed
with Lr and Gy as dependent variables, while those environmental variables significantly
correlated with growth were employed as independent variables. Finally, a factorial multiple-
regression analysis was employed to address the relationship between L and both altitude
and latitude of S. trutta European populations. These linear regressions were selected applying
an information—theoretic approach based on Akaike’s information criteria (AIC; Burnham &
Anderson, 2002; Motulsky & Christopoulos, 2003). In all cases, and in both small-scale and
large-scale approaches, the lowest AIC values corresponded to the linear models compared
to the values obtained with non-linear models (y = ax”, y = ae*” and y = a + bx + cx?).
The obtained AAIC values indicated a 99-9% probability that linear models were the correct
choice in overall analyses.

Statistical analyses were performed using the STATISTICA 6-1 computer package
(StatSoft, Inc; www.statsoft.com).

RESULTS

SALMO TRUTTA POPULATIONS

Salmo trutta populations were long-lived, with a maximum longevity between 6
and 9 years and a clear dominance of age groups 04 to 34 years. These age classes
were selected for the analyses because they were well represented in all the rivers.

There were marked differences between rivers in mean Lg of 0+ to 34 year age
classes at the end of the growing period, which were established in the first year
of life (Table II). Populations from main streams and lower reaches had a higher
mean Lp, whereas populations from small tributaries and upper reaches had a lower
mean Lp. Thus, Ly defined a gradient where the highest values were found on
the main course of River Bidasoa, then decreasing gradually in Rivers Leitzardn,
Arrata, Orabidea, Tximista, Araxes, Ezkurra, Urumea, Aranea, Errekagorri, Zoko,
Zumarrezta and Erasote.

Despite the wide differences found in mean Ly, the minimum size limit for angling
is set at 200 or 230 mm, depending on the type of stream. Thus, S. trutta attains the
recruitment age between 24 and 3+ years. Taking into account that age at maturity
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(age at which 50% of a cohort is mature) of females varies in the studied rivers
between 14 and 2+ years, it is expected that some of the harvested females do not
reproduce even once in their life.

Salmo trutta growth varied during the life span, reaching a peak in the first year
of life, decreasing sharply in the second year and gradually diminishing thereafter.
Populations showed little variation in G, in spite of the broad differences described
in Lg. During the first annual interval (04 to 14 years), G, was similar among the
study sites, shaping a gradient where the only significant differences were observed
between the extreme values (ANOVA, d.f. = 15, 161, P < 0-001). Thus, the low-
est rate found in River Errekagorri (0-634 mm mm™' year™!) contrasted with that
of River Leitzardn (0-825 mm mm™' year~!). The trend of Gy during the second
annual period (14 to 24 years) was similar to that described in the former inter-
val, with significant differences among rivers (ANOVA, d.f. = 15, 161, P < 0-01).
Comparisons of means, however, only revealed significant differences between
the highest values in River Zoko (0-333 mm mm~! year~!') and River Bidasoa at
site 4 (0-342 mm mm~! year™!) and the remaining rivers. Conversely, the next
annual period (24 to 3+ years) had no significant differences in G among rivers
(ANOVA, d.f. = 15, 143, P > 0-05). The lowest value was found in River Bidasoa 4
(0-166 mm mm~! year~!), whereas the highest rate was found in River Zumarrezta
(0-221 mm mm~! year™!).

INFLUENCE OF ENVIRONMENTAL FACTORS ON Lg
OF SALMO TRUTTA

The correlation analysis revealed significant relationships of Ly of S. trutta with
water temperature and altitude. There was a positive relationship between Lp at age
and maximum water temperature, whereas altitude was negatively related to Lp at
age (Table III).

The Ly at age variability within the study area was determined by a combination
of altitude and water temperature, whose respective influences seemed to depend on
the life stage. Thus, altitude was the variable with the greatest effect on Lg at the
beginning of life (04 and 14 year age classes, Fig. 2), accounting for 28—44% of the
variance explained by the model (Table IV). Maximum water temperature, however,
was the variable with the greatest effect on Lg variability of older individuals (2+
and 3+ year age classes), explaining between 33 and 37% of the variance (Table IV).

A wider spatial analysis was carried out based on the present data and a review of
other European studies (Table V), showing a large L at age variability (L 0+ years,
range: 25-0—107-5 mm; Ly 1+ years, range: 57-0—192.3 mm). L was negatively
related to latitude in 04 and 14 year age classes (Fig. 3), whereas the interaction of
latitude and altitude (latitude x altitude) had effects on Lg in their second year of
life (1+ years, Table VI). The interaction term showed that the effect of latitude was
magnified by altitude, i.e. the negative effect of latitude on Lf of S. trutta was more
pronounced for high altitudes, whereas for low altitudes the slope of Lp related to
latitude was lower.
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TasLE III. Correlation coefficients (Pearson r) and their probabilities for comparisons of fork
length (Lg) at age of Salmo trutta with altitude and variables measuring water temperature
(mean, Ty;; maximum, 7i.y; minimum, i)

Ly Lg Lg Ly
0 + years 1 4 years 2 4 years 3 4 years
Altitude —0-57* —0-69%* —0-63* —0-59%
Tm 0-40 0-40 0-43 0-42
Tinax 0-54* 0-58%* 0-65* 0-62*
Tnin —-0-39 —0-44 —0-53 —0-49

Significant correlations are shown as; *P < 0-05 and **P < 0-01

DISCUSSION

The present study shows that the variability in Ly of S. trutta in the study area is
similar to that found in the entire European distribution of the species. For example,
0+ year individuals range from 25-0 mm in Iceland (Steingrimsson & Gislason,
2002) to 107-5 mm in Spain (Brafia et al., 1992), whereas in the study area, 0+ year
individuals vary between 57-4 and 100-7 mm. Further, growth pattern was different
even within the same river, as other authors have previously described (Otto, 1976;
Nicola, 1999; Bagliniere & Maisse, 2002; Hesthagen et al., 2004). An increase in
Lg was found from tributaries to main courses (e.g. from River Erasote to River
Leitzaran) and seawards within a main course (e.g. River Bidasoa).

The observed negative relationship between altitude and Lp at age may indicate a
response of S. trutta to changes in environmental factors related to an altitudinal gra-
dient, such as stream width, stream depth, water temperature, nutrients concentration
or food abundance, which clearly influence growth of S. trutta and the availability of

40 T T T T T
0 100 200 300 400 500

Altitude (m)

Fic. 2. Relationship between fork length (L) and altitude for populations of Salmo trutta in the studied rivers
in northern Spain. Data are split into O+ (H) and 1+ (C) year age classes (see Table 1V).
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FiG. 3. Relationship between fork length (Lg; y) of (a) 04 year and (b) 1+ year age classes with latitude
(x) and altitude (z) for the studied European populations of Salmo trutta. The curves were fitted by:
(a) y = 13-53 — 0-130x and (b) y = 25-25 — 0-230x — 0-00006xz.

suitable habitat for larger individuals (Reyes-Gavilan et al., 1995; Almoddvar et al.,
2006b; Ayllon et al., 2009). Other life-history features related to growth have been
found to differ with altitude. Vgllestad et al. (1993) found that altitude was a good
descriptor of the variation in both length at maturity and estimated asymptotic length.

The local thermal regime was also observed to be positively related to Lg
variability. Water temperature is known to have a strong effect on size of S.
trutta. Growth is controlled by enzymatic activities, so S. trutta only grow at a
given range of temperatures (3-6—19-5° C; Elliott et al., 1995). In addition, water
temperature can exert an indirect influence on growth, affecting other features such
as metabolic rate (Forseth & Jonsson, 1994; Wootton, 1998), embryonic development
(Ojanguren & Braiia, 2003), feeding activity (Elliott, 1989; Ojanguren et al., 2001)
and food availability, as temperature increases reproduction, diversity and abundance
of invertebrates (Egglishaw & Shackley, 1977; Bagliniere & Maisse, 2002).

GL decreased with age, as has been observed in other populations of this species
(Jonsson, 1977, 1985; Mortensen, 1977, 1982; Papageorgiou et al., 1983-1984;
Elliott, 1994; Forseth & Jonsson, 1994; Wootton, 1998; Bagliniere & Maisse, 2002;
Nicola & Almodévar, 2002, 2004). Growth of fishes is indeterminate and asymptotic,
and several factors influence this decrease in growth intensity, e.g. the relationship
between stomach surface area and body size (Wootton, 1998) and the relative size
of gill area (Forseth & Jonsson, 1994). Maturity, however, is considered the main
cause of the growth reduction, since the energetic investment in reproduction depends
on and influences the allocation of resources into somatic growth (Elliott, 1994;
Jonsson et al., 2001; Lagarrigue et al., 2001; Bagliniere & Maisse, 2002; Nicola &
Almoddvar, 2002, 2004). On the other hand, G was homogeneous among the rivers
studied, contrasting with the differences found in L at age. For instance, there were
no differences in Gy, between the main course of River Bidasoa and its tributaries,
whereas wide differences were detected in L at age. There is a negative relationship
between the date of fry emergence from the stream bed and water temperature (Elliott
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& Hurley, 1998; Ojanguren & Brafia, 2003). The thermal regime varied among the
studied rivers and this probably led to interpopulation differences in emergence times.
The date of emergence finally determines the length of the first growing period and
therefore the L attained by 04 year individuals (Ojanguren & Brafia, 2003). The
Lp variation among populations was therefore established in the first year of life
and continued during following years due to similar Gr. The findings highlight the
effect of growth of 0+ year individuals on their size at older ages.

Finally, G in the populations from the Bay of Biscay drainage showed higher
values for the first growing period than observed in previous studies on S. trutta from
the centre of the Iberian Peninsula (Almodévar & Nicola, 1998; Nicola & Almoddvar,
2004). These differences in the intensity of growth could be due to the higher altitude
in the centre of the Peninsula and the colder thermal regime, but at similar latitudes.
A similar comparison with European populations of S. trutta could not be undertaken
due to the scarcity of available data of Gy, on stream-dwelling populations.

Altitude was the major factor affecting Lg at age of S. frutta at a local scale.
When considering a broader scale with data from all over Europe, however, the
differences among populations resulted from variations in latitude. Nevertheless,
latitude determined a large part of the geographic variation in Lg of young
individuals, whereas altitude only magnified the effect of latitude (i.e. the decrease
in L with latitude was steeper for high altitudes). Some of the environmental factors
previously mentioned to fluctuate with altitude are also highly correlated with latitude
(Jensen et al., 2000). When the spatial scale of the study became wider, latitude rather
than altitude came out as the overall factor that encompassed those environmental
gradients and would explain spatial differences in Lg of S. trutta.

One of the most well-known patterns of latitudinal variation in animal body size is
Bergmann’s rule (Belk & Houston, 2002). It holds that within endothermic animals,
body size increases with increasing latitude (or decreasing temperature). Application
of this rule in ectotherms is controversial. Belk & Houston (2002) and Millien et al.
(2006) showed that, considering size at age, most North American freshwater fishes
analysed followed the converse of Bergmann’s rule.

Latitudinal trends in body size of S. trutta have been further studied in anadromous
stocks of this species. Salmo trutta tend to be anadromous in northern regions and
resident to the south, but migratory and resident individuals can occur even within
a single population. Anadromous S. frutta grow faster and attain greater body size
than resident fish (Jonsson, 1985; Klemetsen et al., 2003). Moreover, an increase in
longevity with latitude due to a later maturity has been described for anadromous
populations. This higher longevity could imply a larger maximum size with latitude
(Jonsson & L’Abée-Lund, 1993).

The results of the present study showed that stream-dwelling S. frutta populations
follow the converse of Bergmann’s rule, as reported in other European freshwater
fishes including common dace Leuciscus leuciscus (L.) (Lobén-Cervia et al., 1996)
and perch Perca fluviatilis L. (Heibo et al., 2005). Temperature is perhaps the most
important environmental factor for fishes growth. Since water temperature decreases
with latitude, it would be expected that Lg at age is strongly negatively correlated
with latitude.

The present study underscores several key points of interest to fishery managers,
which could help in the sustainable exploitation of the populations. The minimum
size limit established on the studied rivers does not ensure the reproduction of a
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proportion of the females at least once before being harvested. Besides, fast-growing
populations have fewer potential chances for future spawning as a consequence
of a higher adult mortality by angling (Almodévar & Nicola, 2004). Thus, it is
recommended to establish higher minimum size levels according to the situation of
each population instead of using more generalized limits.

This study was supported by the Government of Navarre. I. Parra was funded by a
postgraduate contract from the Government of Madrid and the European Social Fund (ESF).
We would like to thank the comments of the assistant editor and two anonymous reviewers
that considerably improved the manuscript.
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