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ABSTRACT

Assessing the effect of recovery programs for salmon (Salmo salar Linnaeus, 1758) at its Southern limit in Europe:
application of segmented regression models to long-term data from the Ulla River

The abundance of Atlantic salmon in Europe has declined throughout its native range. One of the main causes is low marine
survival, which has been mainly attributed to overexploitation at sea, but global warming, decreased zooplankton abundance in
the North Atlantic and local changes in freshwater conditions have been also blamed. It has been also pointed out that Southern
populations experience the greatest decline, but information from these areas in Europe is scarce, and also in Spain there are
few long-term data series related with the salmon recovery programs carried out.

In this paper, we analyse a long-term data set (1992 - 2018) provided by a fish-trap located in the Ulla River (Galicia, NW
Spain), at the southern limit of the salmon distribution range. Salmon restocking programs have been carried out in this river
from 2000, and although this management technique is widely accepted, it is necessary to document the fate of those individu-
als to evaluate their success. Segmented regression models (or piecewise regression) are applied here for the first time to
estimate the value of the explanatory variable (the so called break-point) which can indicate the potential success of the recov-
ery program in this river.

Data analysis suggest a gradual population increase to the early 1990s, then remained relatively stable until 2007 and increased
thereafter due to an increase in the number of wild salmon entering the river. An increase in the frequency of appearance of
3SW salmon since 2009 was detected, both including previous spawners and individuals at its first spawning migration after
three consecutive winters at sea. Data suggest an increase in number of wild salmon entering the river. Restoring river connec-
tivity has also helped to enhance this population.

We finally consider that the increase in the number of returning salmons in the Ulla River achieved over this period is due not
only to the good management and conservation practices related to salmon stocking, but also to the connectivity restoration in
the river and to a higher marine survival rate.

Key words: piecewise regression, spawning migration, supportive breeding, marine survival, connectivity, fish trap, Galicia,
Spain
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RESUMEN

Evaluando el efecto de los programas de recuperacion del salmon (Salmo salar Linnaeus, 1758) en su limite sur en
Europa: aplicacion de los modelos de regresion segmentada a una serie larga de datos del rio Ulla

La abundancia del salmoén Atlantico en Europa ha sufrido un declive en su darea de distribucion. Una de las causas principales
es la baja supervivencia marina, que se ha atribuido principalmente a la sobreexplotacion, pero también el calentamiento
global, la disminucion de la abundancia de zooplancton en el Atlantico norte y los cambios locales en las condiciones fluviales.
También se ha indicado que el mayor declive corresponde a las poblaciones mas meridionales, pero la informacion sobre estas
areas en Europa es escasa.

En Espariia los estudios sobre el salmon basados en series de datos que abarquen largos periodos de tiempo son también
escasos. Este trabajo analiza los datos proporcionados entre 1992 y 2018 por un capturadero situado en el rio Ulla (Galicia,
NO de Esparia), en el limite sur del rango de distribucion del salmon, donde se han realizado repoblaciones desde el aiio 2000
para mejorar la poblacion de salmon. Esta técnica esta ampliamente aceptada, pero es necesario documentar el destino de los
individuos repoblados para validar su éxito. El estudio aplica por primera vez los modelos de regresion segmentada para
determinar el valor de la variable (el llamado punto de ruptura) que indique el éxito potencial de estas repoblaciones.

Los resultados sugieren que la poblacion aumento gradualmente en la década de 1990, después se mantuvo relativamente
estable hasta 2007 y luego crecié al aumentar el numero de salmones remontantes. Se detecto un aumento en la frecuencia de
aparicion de salmones 3SW desde 2009 (tanto ejemplares que ya habian desovado anteriormente como individuos en su prime-
ra migracion tras tres inviernos marinos consecutivos). Los datos sugieren que aumento el numero de salmones salvajes que
remontaron el rio.

Se considera que el aumento del nimero de salmones de retorno capturados en el rio Ulla a lo largo de este periodo se debe
no solo a las buenas practicas de manejo y conservacion relacionadas con las repoblaciones, sino también a la restauracion
de la conectividad fluvial y al aumento de la supervivencia marina.

Palabras clave: regresion por partes, migracion reproductora, repoblacion, supervivencia marina, conectividad, trampa para

peces, Galicia, Espaiia

INTRODUCTION

Segmented regression (also called piecewise,
change-of-phase, hockey stick, and joinpoint
regression) has been used to fit stock-recruit-
ment and individual growth curves for fish, to
estimate size-and age-related mortality rates in
fish, and to identify critical thresholds for envi-
ronmental features (Brenden & Bence, 2008 and
references herein; Sonderegger et al., 2009).
One clear advantage of using piecewise regres-
sion to fit segmented catch curves is that the
imposed continuity restriction among segments
avoids the jumps and falls that can result when
separate linear regression models are fit to
nonlinear ecological responses. In particular,
Rincéon & Lobon-Cervia (2002) and Rosenfeld
& Taylor (2009) have used these models in
salmonid research.

Atlantic salmon (Salmo salar Linnaeus, 1758)
has shown a dramatic decline in abundance in the
1970s and populations have not yet recovered to
previous levels of abundance (see Nicola et al.,
2018 and references herein). As diadromous fish,
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Atlantic salmon is affected by factors influencing
survival at freshwater, estuarine and oceanic
habitats. Some authors have addressed that one of
the main drivers for stocking Atlantic salmon has
been poor marine survival (Gurney et al., 2008;
Kennedy et al., 2012), which can substantially
reduce the numbers of adult salmon returning to
spawn and can lead to population decline. Thus,
the decreased marine survival has been mainly
attributed to overexploitation, global warming
and decreased zooplankton abundance in the
North Atlantic but local conditions at rivers are
also blamed (Saloniemi ef al., 2004; ICES 2018a;
Nicola et al., 2018).

As the opportunities for influencing marine
survival are very limited, salmon management is
predominantly focused on the freshwater life
stages, particularly in maximizing production of
freshwater emigrants. This has resulted in the
common use of hatchery production and restock-
ing of wild populations in an attempt to enhance
salmon stocks (Jokikokko & Jutila, 1998; Einum
& Fleming, 2001; Bacon ef al., 2015). However,
such practices have been widely criticized for
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both their low efficiency in preventing wild popu-
lation declines and their potential contribution to
fitness reduction (Aprahamian et al., 2003; Salo-
niemi et al., 2004; Araki et al., 2008; Milot et al.,
2012). Genetic introgression is another issue
related to the stocking programs. In Spain,
researchers agree that introgression is a conse-
quence of the abundant stock transfers carried out
in the XX century using foreign genomes native
to northern European countries to improve the
southern European populations (Moran et al.,
2005; Ayllon et al., 2006; Campos et al., 2008;
Machado-Schiaffino et al., 2007; Horreo et al.,
2011a, b). Captive breeding practices based on
artificial spawning of native adults have been
improved, but significant fitness decrease can
persist and consequently hatchery-reared popula-
tions do not perform as well in the natural envi-
ronment as their wild counterparts (Jonsson et al.,
2003; Saloniemi et al., 2004; Jokikokko et al.,
2006; Araki et al., 2007, 2009; Christie et al.,
2012). Because conservation stocking only takes
place at low stock levels, the result should be a
clear and substantial increase in recruitment for
fish populations that show compensatory dynam-
ics, such as salmon. The achievement of success-
ful management and conservation practices thus
requires documenting the fate of hatchery-reared
individuals released in the wild.

It has been also pointed out that the ongoing
decline in Atlantic salmon abundance is most
pronounced in the southern part of its distribution
area (Parrish et al., 1998; Perez et al., 2005; Jons-
son & Jonsson, 2009). Information from these
areas in Europe is scarce (Nicola et al., 2018) but,
according to ICES (2013) the catches in Atlantic
rivers of southern Europe have fallen down and
the numbers of multi-sea-winter specimens have
greatly reduced. This severe decline of Atlantic
salmon, which is nearing the southern limit of its
range in Galicia (NW Spain), has highlighted the
need to develop recovery and conservation
programs for this species.

There are few long-term data series on the
Spanish salmon related with recovery programs
(Braiia et al., 1995; Blanco et al., 2005; Campos
et al., 2008; Horreo et al., 2011c). In this paper
the segmented regression models (or piecewise
regression) will be used for the first time to

analyse a long-term data series and evaluate the
potential success of the restocking program
carried out in the Ulla River. The segmented
regression analysis provides a value for an
explanatory variable (the so called break-point)
which implies a change in the values of the trend
or slope parameters for the regression function,
preserving continuity.

The main goal of the present study is to
ascertain the usefulness of segmented regression
models to assess the real success of the stocking
program that is being conducted since 2000 to
restore the Atlantic salmon population in the
Ulla River.

MATERIALS AND METHODS
Study area

The Ulla River (catchment area: 2803 km?2;
length: 132 km; mean flow: 79.3 m3/s) is the
second Galician river in magnitude, after the
Mifo River. The river flows across the middle of
Galicia in a southwesterly direction, and it finally
drains into the Atlantic Ocean through the Ria de
Arousa (42° 40’ 41" north latitude). Geologically,
the Ulla catchment is mainly comprised of schist
and granitic rocks, representing a lowland river
with clay substrate and a low level of mineralisa-
tion. Water temperatures range from 2.2 °C to
23.4 °C. January is the coldest month with an
average of 11 °C and August the warmest with an
average temperature of 17.3 °C.

The accessibility for migratory fish in the Ulla
is limited by a hydroelectric power station located
80 km from the mouth (Portodemouros dam),
which causes severe flow regulation and habitat
disturbance downstream.

Data on salmon population in the Ulla River
were provided by a permanent fish trap placed at
Ximonde dam (42° 44> 44" N, 8° 27° 50" W),
which is located 40 km above the river mouth and
16 km upstream of the tidal limit. Downstream
Ximonde another two small mill dams can
obstruct or delay the fish upstream migration.
About 25 km from the river mouth is Sinde dam,
which was partially demolished by a flood in
2016, and 3 km upstream is the Couso dam,
where a vertical slot fish ladder was built in 2004.
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Ximonde trap started working in 1992. Facili-
ties include two fishway devices (a pool and weir
ladder and a Denil-type) provided with a
V-shaped fish entrance. A smolt permanent trap
for downstream migrators was also installed in an
adjacent canal. The traps are checked at least
three times a day, and every two hours during the
peak season.

Datasets

In this analysis, we have used a dataset of 3508
returning adult salmons (563 restocked and 2945
wild salmon) captured at Ximonde trap over the
course of 27 years, from 1992 to 2018. All the
salmons were measured (fork length, to the near-
est mm), weighed (nearest 0.1 g), and a scale
sampling was also performed to provide the fish
age. However, the sex ratio was based only on
secondary sexual characters of the autumn fish,
and only 973 autumn salmon were sexed: 557
females and 416 males. Although these data are
not yet available in a public repository, they are
available for researchers upon request to the
Directorate General of Natural Heritage (Govern-
ment of Galicia).

Supportive breeding based on artificial
spawning of native adults has been employed
since 1997 in the Ulla River to enhance the natu-
ral salmon population. The restocking program
started in 2000 and is ongoing, but no restocking
was conducted from 1992 to 1999 at this river.
Only reared parr have been released in the Ulla
River. Fish were released in autumn and at differ-
ent places up- and downstream Ximonde, but
always above the river mouth. All those salmon
from restocking programs can be easily identified
by the absence of their adipose fin, clipped before
their release.

The river flow has been also included in the
model to assess its effect on the number of return-
ing salmons. River flow is the factor most
frequently reported to control upstream migration
of Atlantic salmon (Jonsson, 1991) and numerous
studies have shown that increased water
discharge stimulates Atlantic salmon to enter
rivers from the sea (e.g. Thorstad et al., 2008).
Water discharge may affect migration on natural
river sections without migration barriers, as well
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as migration past various natural and man-made
obstacles. Available records from a nearby gaug-
ing station (Ulla-Teo, station 554, about 8 km
downstream) were used.

Data analysis

Regression models are designed to accommodate
dependence relations between random variables.
In the simplest case, considering a response varia-
ble Y and an explanatory variable X, the linear
regression model assumes that the slope of the
fitted line is constant. In other words, this slope
does not depend on the value of the explanatory
variable X, something that may not be realistic in
practice. In this work, a segmented regression
model for accommodating broken-line relation-
ships between Y and X will be considered.

Segmented regression models are character-
ised by the existence of a value in the explanatory
variable (the so called break-point) which induces
a change in the values of the trend or slope para-
meters for the regression function, but keeping the
regression function continuous. In particular, a
segmented version of the simple linear regression
model can be written as follows:

Y; = BotBiXit By (Xi-y)+ e (1
i=1,...n

where (X;-w)+= (Xi-w)I(X;>y) with I(.) denot-
ing the indicator function and (g;,...,&,;) denotes
the vector of errors. Note that the two resultant
pieces (before and after the break-point ) are
straight lines with possibly different slopes,
joining at point X = w. In particular, f; is the
slope of the model when X; <y and f;+fy is the
slope when X; > y. Equivalently, Sy can be seen
as the difference between the first and second
model slopes. Since the existence of the
break-point is assumed, it is supposed that y # 0.

Of course, if there are two or more explanato-
ry variables, a multiple linear regression model
can be considered. As before, there are practical
situations where it seems natural to assume the
existence of a segmented (broken-line) relation-
ship. In particular, if the problem is simplified
assuming the existence of two explanatory varia-
bles X; and X, and a single broken-line relation-
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ship with X;, the segmented model could be
written as follows:

Y; = BotBiX1,itPu(X1 i-w)++B2X0 ite; ()
i=1,...n

where, as before, Y; denotes the response
variable; X7 ;, the segmented explanatory varia-
ble; X1+ = (X1i-wI(X;>y), being Xp;
another covariate which does not affect the
break-point.

Regarding the segmented model (1) different
estimation procedures have been proposed in
literature. Sprent (1961) assumed that the
break-point is known and the parameters are
estimated using a least squares procedure.
Hinkley (1969) developed a method for estimat-
ing the trend parameters, implementing an algo-
rithm which tries to find the interval that maxi-
mizes the model likelihood function and then it
determines the cut point of two straight lines
inside this interval. Hudson (1966) proposed a
similar method, but minimising the squared sum
of residuals. An alternative approach, based on
Taylor approximations and possibly more than a
single break-point, was recently proposed by
Muggeo (2003).

The method introduced by Muggeo (2003)
assumes the existence of a break-point and this

fact is not always guaranteed. Therefore, this
hypothesis must be tested before proceeding with
model estimation. In particular, Davies and Score
tests can be used to assess a non-zero differ-
ence-in-slope parameter of a segmented relation-
ship. For model (1), the null hypothesis to be
tested can be written as Hy: Sy = 0 (fy = 0 means
no breakpoint). In fact, Muggeo (2003) verifies
the existence of a break-point using Davies test.
See Davies (1987, 2002) and Muggeo (2016) for
more details.

A note of caution should be made at this point.
The nature of our observations (measurements of
different variables collected along time) may
pose some complications when estimating the
different models, given that there may exist some
temporal correlation. Certainly, this issue should
be tested to avoid compromising the conclusions
derived from a model fit based on independent
observations. In our specific application, model
fits will be validated to assess the hypotheses
which support inferential conclusions. For
instance, Breusch-Godfrey test [see Breusch
(1978) and Godfrey (1978)] can be used for
testing higher-order serial correlation.

All statistical analyses reported in this work
were performed using the version 0.5-3.0 of the
segmented package for R. Given a regression
model, this package updates it by adding one or
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Figure 1. Time series of the number of returning salmons (black line) and logarithm of the number of returning salmons (dashed gray
line) registered in Ximonde from 1992 to 2018. Serie temporal del nimero de salmones de retorno (linea negra) y del logaritmo del
numero de salmones de retorno (linea discontinua gris) registrados en Ximonde de 1992 a 2018.
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more segmented relationships. The analysis was
performed in R 3.5.3 (R Core Team 2019).

RESULTS
Multiple linear regression model

A multiple linear regression model was fitted
considering as response Y, the annual time series
of the logarithm of number of returning salmons
registered in Ximonde from 1992 to 2018; as
explanatory variables Xj, the year, and X), the
average of means for upper and lower water
levels. Since the time series of the number of
returning salmons shown in Figure 1 presents a
certain degree of heteroscedasticity, it was neces-
sary to consider a natural logarithm transforma-
tion (see also Fig. 1). The explanatory variable X»
is represented in Figure 2 (note that there are
some missing data).

Before proceeding with a linear model
estimation, it is necessary to check if there exists
a real linear relationship between Y and the
explanatory variables X; and X for fitting the
multiple linear regression model. In Figure 3, a
scatterplot matrix of these three variables is
shown. In addition, the strength of these linear
relationships is shown by the Pearson linear
correlation coefficients (Table 1). A signifi-

Saavedra-Nieves et al.

cance test on the linear correlation coefficient
indicates that the correlation between Y and X;
is not null (p-value < 0.001), whereas the corre-
lation between the response and X> is not signifi-
cantly different from zero (p-value = 0.106).

After these preliminary checkings, a summa-
ry for the fitted multiple linear model is shown in
Table 2. The value of the residual standard error
obtained is 0.53 and the multiple R-squared,
0.65. The value of F-statistic is 17.03 and the
corresponding p-value, 7-10-5. Therefore, this
model presents an acceptable value for
R-squared and a very low critical value for the F
test. Consequently, it seems that the two explana-
tory variables considered are useful for explain-
ing the logarithm of the number of salmons,
given that the proportion of variability explained
is non negligible. Although linear relationship
between Y and X, did not seem evident, all
model coefficients are significant.

When we use a linear regression model on
time series data, we are implicitly making some
assumptions on the variables and the residuals.
Apart from a linear relationship between the
dependent variable and the predictor variables,
we assume that the errors have mean zero and
they are normally distributed with constant
variance; they are not autocorrelated; they are
independent of the predictor variables.
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Figure 2. Time series for the mean of the upper (black line, A), lower (dashed line, B) and average (dotted line, C) water levels by
year from 1992 to 2018 in the Ulla River. Serie temporal de la media anual de los niveles de agua superior (linea negra, A), medio
(linea discontinua, B) e inferior (linea punteada, C) en cada aiio de 1992 a 2018 en el rio Ulla.

Limnetica, 40(1): 189-203 (2021)



Segmented regression and long-term salmon recovery programs.

195

1995 2005 2015
| 1 1 | 1
00 ©
o ° ° o _l.“r))'
o° & oo o ©
o o B
o o ° o ° 0
oo ° o ° o <
Y o o @ |
5 O 0,0 [}
o o -
o 0o o o ol
o o 0
o | N
o) o )
— o © ° o
o T o ° o
AN o 3
— o o
o °
ITs) o o
o | s ° X o ° °
o ) 1 o
N ° ) 2
— o ° o
o o
ITe) o o 0 ©
o | [} o o o
[&)] o o
~— o ©
o ) _ﬁ
o o ~
- B g 5 & o L
0
o ° o % o _\9
o o
o ° o o o o X2 ~
°o @ o 0o ° o | ©
o o o
o o -
0
o o () L
o [ e
T T T T T T T T T T T T T T
25 35 45 55 85 95 105 115

Figure 3. Scatterplot matrix of Y, X7 and X variables where Y denotes the logarithm of number of salmons registered by year; X7,
the variable year and X), the average of means for upper and lower water levels. Matriz de diagramas de dispersion de las variables
Y, X1y Xp donde Y denota el logaritmo del nimero de salmones registrados por aiio; X1, la variable aiio y X, el promedio de los

niveles de agua superior e inferior.

Table 1. Pearson linear correlation coefficients where Y
corresponds to the annual time series of the logarithm of
number of returning salmons registered in Ximonde from 1992
to 2018; X denotes the variable year and X), the average of
means for upper and lower water levels. Coeficientes de
correlacion linear de Pearson donde Y se corresponde con la
serie de tiempo anual del logaritmo del nimero de salmones
registrados en Ximonde desde 1992 hasta 2018; X| denota la
variable aiio y X2, el promedio de las medias para los niveles
de agua superior e inferior.

Y Xi X>
Y 1
X 0.75 1
X> -0.36 0.092 1

Table 2. Multiple linear regression fitting. The response
variable Y is the annual time series of the logarithm of number
of returning salmons registered in Ximonde from 1992 to 2018;
the explanatory variables X7 and X corresponds to the year and
the average of means for upper and lower water levels, respec-
tively. The coefficient S represents the estimation of the model
constant; f; and S, the coefficients corresponding to the
variables X; and X, respectively. Ajuste mediante regresion
lineal multiple. La variable respuesta es la serie de tiempo
anual del logaritmo del nimero de salmones registrados en
Ximonde desde 1992 hasta 2018, las variables explicativas se
corresponden con el aiio y el promedio de las medias para los
niveles de agua superior e inferior, respectivamente. El
coeficiente P representa la estimacion de la constante del
modelo; B1 y Bo, los coeficientes correspondientes a las
variables X1 y Xp, respectivamente.

Estimate Std. Error t-value p-value
Bo -162.46 32.65 -4.98 <0.0001
B 0.08 0.02 522 <0.0001
B -0.03 0.01 -2.12 0.05
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In our analysis, residuals are slightly skewed
and the autocorrelation function plot does not show
any significant spike. In fact, the p-value of the
Breusch-Godfrey test for serial correlation of order
up to 6 is not significant. Therefore, it is plausible to
assume that the residuals are uncorrelated.

In addition, we would expect the residuals to
be randomly scattered showing no pattern. A
simple way to check this is to examine the scatter-
plots of the residuals against each of the predictor
variables. These scatterplots show a random
pattern and therefore these findings do not contra-
dict the linear relationship. Furthermore, no
pattern is observed when residuals are represent-

ed against the fitted values. Thus, a common
variance can be assumed for all the errors.

When X 1 is included in the discussed multi-
ple linear regression model as the segmentation
variable the estimated break-point using Mug-
geo's method corresponds to year 2007. Further-
more, according to the results obtained, the loga-
rithm series is fitted by equation Y; = -239.79 +
0.12X; ; - 0.03X> ; before 2007; and by equation
Y; = -63.87 + 0.04X;; - 0.03X; after 2007 (see
Figure 4 for more details). The fitted model for
the transformation time series of the logarithm of
the number of returning salmons is shown in
Figure 5.
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Figure 4. Fitted broken-line for the selected segmented term (top) and fitted model (bottom, dotted line) for the logarithm of the
number of returning salmons registered in Ximonde from 1992 to 2018 (bottom, black line). Linea segmentada ajustada para el
término segmentado seleccionado (arriba) y modelo ajustado (abajo, linea de puntos) para el logaritmo del numero de salmones de

retorno registrados en Ximonde de 1992 a 2018 (abajo, linea negra).
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Figure 5. Exponential of the fitted broken-line for the selected segmented term (top) and fitted model (bottom, red line) for the number
of returning salmons registered in Ximonde from 1992 to 2018 (bottom, black line). Exponencial de la linea segmentada ajustada para
el término segmentado seleccionado (arriba) y modelo ajustado (abajo, linea de puntos) para el nimero de salmones de retorno

registrados en Ximonde de 1992 a 2018 (abajo, linea continua).

In the current application, the p-values
obtained for Davies and Score tests conclude that
there are no evidences against a linear model
without change-points (p-values 0.61 and 0.38,
respectively). However, the reduced sample size
may lead to a lack of significance of any test.
From a different point of view, it should be noted
that the prediction error is lower for the segment-
ed model, when compared to the non-segmented
one (specifically, the mean square prediction
error for the segmented model is 2556.12, and for
the non-segmented model is 3384.88). In addi-
tion, there are serious practical concerns which
support the existence of this break-point, such as

an increase in wild salmon numbers from 2007
and the removal of a small dam in 2004; so, a
segmented model will be considered for our data.

Age at sea and effect of wild specimens

Results show (Fig. 6) that annual mean sea age
only exceeds 2SW in the year 2011. Nevertheless,
the frequency of 3SW-aged specimens (SW = sea
winters) increased, though not statistically signif-
icantly so, since 2009.

Regarding the temporal evolution of
restocked and wild salmon captured at Ximonde
trap (Fig. 7) the model shows that, in coincidence
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with the detected break point in 2007, a more
important entry of wild specimens occurred. Wild
salmon represented an 82.70 % of the total
captured specimens from 2000 to 2018, but again
the Davies and Score tests are not statistically
significant if data of that period are compared
with those from 1992 to 1999.

DISCUSSION

Our results suggest that segmented regression
analysis is a useful tool for determining the
break-point at which a change in trend occurs in
the number of salmon returning to the Ulla River,
given that the variability explained is non negligi-
ble and all model coefficients are significant.
Using Muggeos’s method the analysis detected a
break-point in 2007 for the number of returning
salmon, and although sample size seems to be
small for achieving robustness the results support
the existence of this break-point.

The analysis of the data compiled at Ximonde
fish trap suggests a gradual increase in the
number of post-smolts entering the Ulla River to
the early 1990s after which the population has
remained relatively stable until 2007 and
increased thereafter due to an increase in the
number of wild salmon specimens.

Nevertheless, there can be no assurance that
the detected break-point in 2007 was due solely to
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the restocking program. Given that there are no
commercial fisheries for Atlantic salmon in
Northern Spain as marine exploitation is banned
in Spanish waters and sport fisheries management
results in constant fishing pressure from year to
year, at least two other known factors must be
taken into account to evaluate the change in the
adult stock catched at Ximonde. On the one hand,
a higher marine survival rate due to the decline in
the salmon fisheries at sea and, on the other hand,
the construction of a fish ladder downstream the
Ximonde trap in 2004.

According to Nicola et al. (2018) there was a
sharp decline in returning salmon in the 1970s,
possibly triggered by overfishing at sea and a
sudden outbreak of disease (Mills, 1989). And
also, in the 1960s and 1980s a huge interceptory
commercial salmon fishing existed in the open
sea around the coasts of Greenland and the Faer-
oes, the assumed feeding areas of Spanish salmon
(Jacobsen et al., 2012; Reddin et al., 2012; Nicola
et al., 2018). However, exploitation of Atlantic
salmon in the North Atlantic has declined since
the 1990s because of both decreased salmon
productions and decreased fishing effort, i.e. due
to strong regulation of marine fisheries especially
during the 1980s and 1990s. In fact, according to
the North Atlantic Salmon Conservation Organi-
zation (NASCO), there has been no commercial
salmon fishery around the Faroes since the early

Mean sea age
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Figure 6. Temporal evolution of the annual mean sea age of the returning salmons captured at Ximonde trap from 1992 to 2018.
Evolucion temporal de la edad media marina anual de los salmones de retorno capturados en la trampa de Ximonde de 1992 a 2018.

Limnetica, 40(1): 189-203 (2021)



Segmented regression and long-term salmon recovery programs.

1990s, and the Greenland fishery is currently an
internal-use fishery (Windsor ef al., 2012). Thus,
the regulation of marine fisheries in these areas
since the early 1990s and decreased fishing effort
may have resulted in the observed increase of the
restocked specimens entering the Ulla River since
2001. Moreover, even though the results are not
statistically significant, the increase in the
frequency of appearance of 3SW specimens since
the year 2009 detected in our analysis also
supports this argument.

Among the 3SW salmons catched at Ximonde
trap, previous spawners were detected after scale
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reading, but also individuals at its first spawning
migration after three consecutive winters at sea.
This suggests an increase in the number of wild
salmon entering the river and accessing the trap.
Furthermore, although returns of stocked salmon
in the Ulla River are significantly lower than
returns of wild fish, as has been usually reported
(Jonsson et al., 2003; Saloniemi et al., 2004;
Moran et al., 2005), both restocked and wild
specimens were captured in much larger numbers
since 2005. This change matches in time with the
construction of a vertical slot fish ladder at Couso
dam (about 12 km downstream Ximonde trap) in
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Figure 7. Temporal evolution of restocked (top) and wild (bottom) returning salmons captured at Ximonde trap (Restocked from 2000
to 2018; wild from 1992 to 2018). Evolucion temporal de los salmones de retorno repoblados (arriba) y salvajes (abajo) capturados
en la trampa de Ximonde (Repoblados entre 2000y 2018, salvajes entre 1992 y 2018).
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2004, which seems to have improved the
upstream migration and making the trap more
accessible for returning salmon. No other notice-
able change was made in the river downstream
Ximonde that year.

Thus, although a similar pattern to that detect-
ed in the Ulla River can be inferred from data
from some other European populations (Baglin-
iere et al., 2005; Aprahamian et al., 2008; Erkina-
ro et al., 2018) and also from data from some
rivers in northern Spain (Alvarez et al., 2010;
Barquin et al., 2012), further studies in other
Spanish rivers covering a similar time series
would be necessary to confirm the evolution of
the stock detected in the river Ulla.

Migrating fish may experience costly delays in
small dams (Marschall et al., 2011; Thorstad et
al., 2008) related to increased susceptibility to
disease, illegal fishing, predation and sport fishery
mortality (Garcia de Leaniz, 2008; Gowans et al.,
2003). Thus, restoration of connectivity seems to
be the best management action for recovery and
enhancement of Atlantic salmon populations
(Horreo et al., 2011b; ICES, 2018b).

The use of segmented regression following the
Muggeo’s method has been proved useful for
assessing the success of a stoking program carried
out in the Ulla River over 27 years. The analysis
detected a break-point for the returning salmon
data series (year 2007) and the restocking program
seems to be effective. Nevertheless, the temporal
evolution of the post-smolt stock arriving at
Ximonde also suggest that at least two other
synergetic factors must be taken into account. The
first is a higher marine survival rate due to the
decline in the salmon fisheries at sea. The second
and probably more relevant from local perspec-
tive, the construction of a fish ladder downstream
the Ximonde trap in 2004. Therefore, our findings
also highlight the need to safeguard longitudinal
river connectivity by enabling two-way passage
for fish at migration obstacles to ensure long term
success of migratory species conservation and
management programs.

Although changes in the marine environment
surely are the forcing factor controlling stock
salmon productivity, improved conditions in
freshwater may be the more important factor in
ensuring the success of recovery programs.
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