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SITIOS DE ENSAYO 

Familia  ASN BAM BEC COR CRT DAN FOR FRI GUN LAL LAR LAZ MAN NOC REB CHA 1 

1000  x x x x x x x x x x x x x x x    15 
1001  x   x x x x x x x x x x x x x x  15 
1002  x x x x x x x x x x x x x x x x  16 
1003  x x x x x x x x x x x x x x x x  16 
1004  x x x x x x x x x x x x x x x x  16 
1005  x   x x x x x x x x x x x x x x  15 
1006  x x x x x x x x x x x x x x x x  16 
1007  x x x x x x x x x x x x x x x x  16 
1009      x x x x x x x   x x x x x x  13 
1010      x x x x x x x x x x x x x x  14 
1011  x x x x x x x x x x x x x x x x  16 
1012  x x x x x x x x x   x x x x x x  15 
1014  x x x x x x x x x x x x x x x x  16 
1016  x x x x x x x x x x x x x x x x  16 
1017  x x x x x x x x x x x x x x x x  16 
1018  x x x x x x x x x x x x x x x x  16 
1019  x x x x x x x x x x x x x x x    15 
1020  x x x x x x x x x x x x x x x x  16 
1022  x x x x   x x x x   x x x x x x  14 
1023  x x x x x x x x x x x x x x x    15 
1025  x x x x x x x x x x x x x x x    15 
1026      x x x x x x x x x x x x x x  14 
1027  x x x x x x x x x x x x x x x x  16 
1028  x x x x   x x x x   x x x x x x  14 
1029  x x x x   x x x x x x x x x x x  15 
1030  x x x x x x x x x x x x x x x x  16 
1031  x x x x x x x x x x x x x x x x  16 
1032  x x x x x x x x x x x x x x x x  16 
1033  x x x x x x x x x x x x x x x x  16 
1034  x x x x   x x x x   x x x x x x  14 
1035  x x x x x x x x x x x x x x x x  16 
1036  x   x x x x x x x x x x x x x x  15 
1037  x x x x x x x x x x x x x x x x  16 
1038      x x x x x x x x x x x x x x  14 
1040  x x                              2 
1042  x x x x x x x x x x x x x x x    15 
1043  x x x x x x x x x x x x x x x x  16 
1044  x x x x x x x x x x x x x x x x  16 
1045  x x   x x   x x         x x x x  10 
1046  x x x x x x x x x x x x x x x x  16 
1048  x x     x         x              4 
1049  x   x x x x x x x x x x x x x x  15 
1050  x x x x x x x x x x x x x x x x  16 
1051  x x x x x x x x x x x x x x x    15 
1052  x x x x x x x x x x x x x x x x  16 
1053  x x x x x x x x x x x x x x x x  16 
1055  x x x x x x x x x x x x x x x x  16 
1056  x x x x x x x x x x x x x x x x  16 
1057  x x x x x x x x x x x x x x x x  16 
1058      x x x x x x x x x x x x x x  14 
1059  x x x x x x x x x x x x x x x x  16 
1060      x x x x x x x x x x x x x x  14 
1061        x x   x x   x     x x x    8 
1062  x x x x x x x x x x x x x x x x  16 
1063  x x x x x x x x x   x x x x x x  15 
1064  x x x x x x x x x x x x x x x x  16 
1066  x x x x x x x x x x x x x x x x  16 
2001      x x x x x x x x x x x x x x  14 
2002  x x x x x x x x x x x x x x x x  16 
2003  x x x x x x x x x   x x x x x x  15 
2004      x x x x x x x x x x x x x x  14 
2005      x x x x x x x x x x x x x x  14 
2007        x x   x x         x x x x  8 
2008  x x x x x x x x x x x x x x x x  16 



SITIOS DE ENSAYO 

Familia  ASN BAM BEC COR CRT DAN FOR FRI GUN LAL LAR LAZ MAN NOC REB CHA 1 

2011      x x x x x x x x x x x x x x  14 
2012  x x x x x x x x x x x x x x x x  16 
2013  x   x x x x x x x x x x x x x x  15 
2015      x x x x x x x x x x x x x    13 
2017  x x x x x x x x x x x x x x x x  16 
2018  x x x x x x x x x x x x x x x x  16 
2019  x x x x x x x x x x x x x x x x  16 
2021  x x x x x x x x x x x x x x x x  16 
2024      x x x x x x x x x x x x x x  14 
2025  x x x x   x x x x   x x x x x x  14 
2026  x x x x x x x x x x x x x x x x  16 
2028  x x x x x x x x x x x x x x x x  16 
2029  x x x x x x x x x x x x x x x x  16 
2031  x   x x x x x x x x x x x x x x  15 
2032  x x x x x x x x x x x x x x x x  16 
2033  x x                              2 
2034  x   x x x x x x x x x x x x x x  15 
2035  x   x x x x x x x x x x x x x x  15 
2036  x x x x x x x x x x x x x x x x  16 
2037      x x x x x x x x x x x x x x  14 
2038  x x                              2 
2040  x x x x x x x x x x x x x x x    15 
2041  x x x x x x x x x x x x x x x    15 
2042      x x x x x x x x x x x x x    13 
2043      x x   x x x x   x x x x x    11 
2044      x x   x x x x   x x x x x x  12 
2045  x   x x x x x x x x x x x x x x  15 
2046      x x x x x x x x x x x x x x  14 
2047  x x x x x x x x x x x x x x x x  16 
2048      x x   x x x x   x x x x x x  12 
2050  x x x x   x x x x   x x x x x x  14 
2051        x x   x x   x     x x x    8 
2052  x x x x   x x x x   x x x x x x  14 
2053  x x x x   x x x x   x x x x x x  14 
2054      x x x x x x x   x x x x x x  13 
2057        x x   x x   x     x x x    8 
2058      x x x x x x x x x x x x x x  14 
2059          x         x              2 
2060  x x x x x x x x x x x x x x x    15 
2061  x x x x x x x x x x x x x x x    15 
2062  x x x x x x x x x x x x x x x    15 
2063      x x x x x x x x x x x x x x  14 
2064      x x   x x x x   x x x x x x  12 
2066      x x x x x x x x x x x x x x  14 
2068  x x x x   x x x x   x x x x x x  14 
2070      x x x x x x x x x x x x x x  14 
2072  x x x x x x x x x x x x x x x    15 
2073  x x                              2 
2074      x x   x x x x   x x x x x x  12 
2075      x x x x x x x x x x x x x    13 
2076      x x x x x x x x x x x x x x  14 
2077      x x x x x x x x x x x x x    13 
2078      x x x x x x x   x x x x x x  13 
2081  x x x x   x x x x   x x x x x x  14 
2082  x x x x   x x x x   x x x x x    13 
2083      x x x x x x x x x x x x x    13 

A  x x x x x x x x x x x x x x x x  16 
AB  x x x x   x x x x   x x x x x x  14 
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datos originales análisis

y = μ + G + ε

residuos

PROC MIXED

semivariograma

PROC VARIOGRAM

kriging

sill, nugget, rango

PROC KRIG2D

ε = η + δ

re-análisis
PROC MIXED

y – η = μ + G’ + δ

efectos familiares

G’ (BLUPs)

ε’ = y - μ - G’

iteraciones

datos originalesdatos originales análisisanálisis

y = μ + G + ε

residuosresiduos

PROC MIXED

semivariogramasemivariograma

PROC VARIOGRAM

krigingkriging

sill, nugget, rango

PROC KRIG2D

ε = η + δ

re-análisisre-análisis
PROC MIXED

y – η = μ + G’ + δ

efectos familiares

G’ (BLUPs)

ε’ = y - μ - G’

iteraciones

/* Iterative Spatial Analysis (ISA). Método descrito en Zas, R. 2006. Tree 
Genetic & Genomics 2: 177-186. */

/* La tabla de datos denominada 'DATOS' incluirá el genotipo (familia) de 
cada planta ('g'), los valores de la variable a corregir y las coordenadas 
de cada planta en metros ('x' e 'y'). Eliminar datos ausentes */ 
data <DATOS>; 
set analisis; 
 variable= 'NOMBRE DE LA VARIABLE A CORREGIR'; 
 x=int(x*100);y=int(y*100);/* Convierte las coordenadas en números enteros 
y sus unidades de metros a centímetros */
run; 
/* Calcula la media global de la variable */
proc means data=analisis noprint; 
var variable; 
output out=mean mean=mean; 

run; 
/* Guarda el dato de la media global en la macrovariable 'mean' */
data mean; set mean; call symput('mean',mean);run; 
/* Crea la tabla vacía 'paremeters' que se irá completando durante el 
proceso iterativo */
data parameters;run; 
/* Análisis de varianza preliminar para la obtención de los efectos 
aleatorios de la familia (BLUPs) */



%let i=1; 
ods listing close; 
ods output Covparms=random&i solutionR=BLUP&i; 
proc mixed data=analisis covtest; 
class g; 
model variable= ; 
random g/solution; 

run;quit; 
proc sort data=analisis; by g; 
proc sort data=blup&i; by g; 
/* Obtiene los residuos preliminares sustrayendo a la variable original los 
efectos familiares y la media global */
data resid; merge analisis blup&i (keep=estimate g 
rename=(estimate=blup&i)); by g;  
resid&i=variable-blup&i-&mean; 
run; 
ods listing; 

/* Definición del macro ISA con un único argumento, el número de 
iteraciones 'Nsteps' */
%macro step(Nsteps); 

%inicio: /* Comienzo del bucle */

/* Calcula el semivariograma residual empírico */
proc variogram  data=resid outv=variogram; 
compute lagdistance=300 maxlags=30;  

/* lagdistance = intervalo de distancias (cm) 
utilizado en la construcción del semivariograma. 
maxlags = numero de puntos que definen el 
semivariograma. Hay que ajustar el producto 
'lagdistance x maxlags' a la mitad de la longitud 
mayor de la parcela o a aquella distancia a la que 
observemos un patrón nítido y con significado 
biológico (en cm) */ 

 coordinates xc=x yc=y; 
 var resid&i; 
run; 
/* Representa gráficamente el semivariograma residual empírico */
proc gplot data=variogram; 
 plot variog*distance; 
 symbol1 i=none l=1 c=blue   v=dot   ; 
 symbol2 i=join l=1 c=red v=square ; 
 symbol3 i=join l=1 c=green v=star ; 
 symbol4 i=join l=1 c=black v=triangle ; 
run;quit; 
/* Ajusta el semivariograma teórico mediante el procedimiento de regresión 
no lineal */
ods listing close; 
ods output anova=NLINanova&i Estsummary=NLINsummary&i 
parameterestimates=NLINparameter; 
proc NLIN data=variogram (Where=(Lag>0))outest=STAT; 

/* Valores de inicio para el cálculo iterativo de los 
parámetros del semivariograma teórico ajustado. Para 
reducir el tiempo de cálculo definiremos estos valores en 
función de la representación gráfica del semivariograma 
empírico */ 

 parms  C0=10  /* Sill */
        Cn=60  /* Nugget */
        a0= 1000; /* Rango */ 



/* Modelos de ajuste. Utilizaremos únicamente el modelo 
que muestre el mejor ajuste */ 

 model variog=cn+(c0)*(1-exp(-distance/a0));   /* Exponencial */
 model variog=cn+(c0)*(1-exp(-distance**2/a0**2));   /* Gaussiano */
 model variog=cn+c0*distance;       /* Lineal */
 if distance>=a0 then model variog=cn+c0; else model  
 variog=cn+(c0)*(3/2*distance/a0-1/2*(distance/a0)**3);/* Esférico */
 output out=estimated residual=res predicted=exp; 
run;quit; 
/* Regresión entre los valores predichos y los observados del procedimiento 
de regresión no lineal */
ods listing; 
ods listing close; 
ods output Fitstatistics=NLINREG&i; 
proc reg data=estimated; 
model exp=variog; 
run; 
/* Almacena los parámetros del semivariograma teórico */
ods listing; 
proc transpose data=NLINParameter out=parameter; 
 id parameter; 
 var estimate; 
run; 

data parameter; set parameter; step="&i";run; 
data parameters;set parameters parameter;run; 

/* Calcula los puntos del semivariograma teórico */
data variogram; set variogram;_Name_='Estimate';run; 
data variogram2; merge variogram parameter;by _name_; 

/* Utilizar el mismo modelo aplicado  
   en la regresión  no lineal */ 

/* Exponencial */: vari=cn+(c0)*(1-exp(-distance/a0)); type='Exponential'; 
output;  
/* Gaussiano */: vari=cn+(c0)*(1-exp(-distance**2/a0**2)); 
type='Gaussian';output;  
/* Lineal */: vari=cn+c0*distance;type='Power';output;         /* 
Esférico */: if distance<a0 then vari=cn+(c0)*(3/2*distance/a0-1/2 * 
(distance/a0)**3); else vari=cn+c0; type='Spherical'; output;  

vari=variog; type = 'regular'; output; 
run; 
/* Representa gráficamente de forma conjunta los semivariogramas residuales 
empírico y teórico */
proc gplot data=variogram2 (where=(lag>0)); 
 plot vari*distance=type; 
 symbol2 l=1 c=blue  i=none v=dot; 
 symbol1 i=join l=1 c=red v=none; 
 symbol3 i=join l=1 c=green v=star; 
 symbol4 i=join l=1 c=black v=triangle; 
run;quit; 

data variog&i; set variogram2;keep TYPE LAG COUNT DISTANCE VARI;run; 

/* Prepara la malla sobre la que aplicar el kriging. La malla es una 
pequeña traslación de la tabla original para que el procedimiento kriging 
no asuma como verdadero el valor original de la variable en la posición de 
cada planta, sino que la re-estime mediante interpolación */ 
data malla; set resid; x=x+1;y=y+1; keep  x y; run; 
/* Genera macrovariables con los parámetros del semivariograma teórico */



data _null_; set parameter; 
 call symput('nugget',cn); 
 call symput('scale',c0); 
 call symput('range',a0); 
run; 
/* Interpolación kriging */
proc krige2D data=resid outest=kriging; 
 predict r=9000 var=resid&i max=600;  

/* LOCAL KRIGING: r= radio de acción considerado en la 
interpolación (utilizar 'lagdistance x maxlags' del 
ajuste del semivariograma empírico). max= nº de puntos 
más próximos considerados en la interpolación. Estos 
parámetros se ajustarán en función del tiempo que demande 
el cálculo y las dimensiones de la parcela */ 

 model scale=&scale range=&range /* &range=1 en el modelo 'lineal' */
nugget=&nugget form=’Exponential o Spherical o Power o Gaussian'; 
 coordinates xc=x yc=y; 
 grid gdata=malla xc=x yc=y; 
run; 

/* Corrige la variable original restando la estimación kriging */
data krig&i; set kriging; x=gxc-1; y=gyc-1; /* Deshace la traslación 

      de la malla */
rename estimate=krig&i; keep estimate x y ;run; 
proc sort; by x y; 
proc sort data=resid; by x y; 
data resid; merge resid krig&i; by x y; 
 Vcorr=variable-krig&i;  
run; 

%let j=%eval(&i+1); 
%put estamos en el paso &i &j; 

/* Reanaliza la variable corregida para obtener unos nuevos efectos 
familiares (BLUPs)*/
ods listing close; 
ods output Covparms=random&j solutionR=blup&j; 
proc mixed data=resid covtest; 
 class g ; 
 model vcorr =; 
 random g /solution; 
run;quit; 
/* Obtiene unos nuevos residuos sustrayendo a la variable original los 
nuevos efectos familiares y la media global */
ods listing; 
proc sort data=resid; by g; 
proc sort data=blup&j; by g; 
data resid; merge resid blup&j (keep=g estimate rename=(estimate=blup&j)); 
by g; 
resid&j=variable-blup&j-&mean;  
temp=resid1-resid2; 
run; 

/* Renombra las tablas y les añade el número de iteración */
data random&j; set random&j; step=&j;run; 
data nlinanova&i;set nlinanova&i; step=&i;run; 
data nlinreg&i; set nlinreg&i; step=&i;run; 

/* Reinicia el bucle del proceso iterativo o lo termina si se han alcanzado 
el número de iteraciones 'Nsteps' determinadas */
%let i=&j; 



%if &i<&Nsteps %then %goto inicio; 
%mend; 
%step(6) /* Determina el número de iteraciones. Ajustar hasta conseguir la 
estabilidad de los BLUPs según el tiempo que demande el cálculo */ 

×

× ×

× ×



/* Códigos adaptados de Yang, R-C. 2002. Crop Sci. 42: 1434-1440. */ 

/* Para todos los modelos la tabla de datos denominada 'DATOS' incluirá el 
genotipo (familia) de cada planta ('g'), el sitio de ensayo ('s'), el 
bloque ('b') y los valores de la variable a corregir */ 

proc mixed data='DATOS' covtest; 
class s g b; 
model 'VARIABLE'=s; 
random s/subject=g type=UNR; /* UNR: Permite varianzas (familiares para 

cada sitio) y covarianzas (familiares entre sitios) distintas. Además la R 
de UNR indica que los parámetros iniciales y los valores que saca en el 
output son las correlaciones y no las covarianzas */
random b;           
repeated /group=s; /* Permite varianzas residuales  

      heterogéneas entre sitios */ 
parms VG1,VG2,VG3,0.5,0.5,0.5,VR1,VR2,VR3 /* Parámetros iniciales*/

     / upperb=.,.,.,0.99999,0.99999,0.99999,.,.,.     
/* Limita las correlaciones a ser menor que 1 */
  lowerb=.,.,.,-0.99999,-0.99999,-0.99999,.,.,.;  
/* Limita las correlaciones a ser mayor que -1 */
ods output Covparms = 'tabla de varianzas y covarianzas' fitstatistics = 

'tabla de estadísticos de bondad de ajuste'; 
run;

×
proc mixed data='DATOS' covtest; 
 class s g b; 
model 'VARIABLE'=s; 
random s/subject=g type=CS; /* CS: obliga a varianzas familiares iguales 

entre sitios y a una correlación  entre sitios igual para todos los pares 
de sitios */ 
random b; 
repeated /group=s; /* Permite varianzas residuales  

heterogéneas entre sitios */ 
parms 0,VG,VR1,VR2,VR3  /* Parámetros iniciales */

     / upperb=.,.,.,.,.   
/* Limita las correlaciones a ser menor que 1 */



  lowerb=.,.,.,.,.        
/* Limita las correlaciones a ser mayor que -1 */
  hold=1; /* Fuerza a que el parámetro nº1 no sea estimado, sino que 
tome como predefinido el valor inicial que le dimos en la sentencia PARMS, 
es decir, VGxE=0 */
ods output Covparms = 'tabla de varianzas y covarianzas' fitstatistics = 

'tabla de estadísticos de bondad de ajuste'; 
run;

proc mixed data='DATOS' covtest; 
 class s g b; 
model 'VARIABLE'=s; 
random s/subject=g type=CS; /* CS: obliga a varianzas familiares  iguales 

entre sitios y a una correlación entre sitios igual para todos los pares de 
sitios */
random b;        
repeated /group=s; /* Permite varianzas residuales  

heterogéneas entre sitios */
parms VGE,VG,VR1,VR2,VR3  /* Parámetros iniciales */

     / upperb=.,.,.,.,.    
/* Limita las correlaciones a ser menor que 1 */
  lowerb=.,.,.,.,.  ;  
/* Limita las correlaciones a ser mayor que -1 */
ods output Covparms = 'tabla varianzas y covarianzas' fitstatistics = 

'tabla estadísticos de bondad de ajuste'; 
run; 

×

proc mixed data='DATOS' covtest; 
class s g b; 
model 'VARIABLE'=s; 
random s/subject=g type=CHS;   /* La estructura CHS permite varianzas 

familiares diferentes entre sitios pero modeliza una única correlación 
genética entre todos los pares de sitios */
random b; 
repeated /group=s; /* Permite varianzas residuales  

heterogéneas entre sitios */
parms VG1,VG2,VG3,0.9999,VR1,VR2,VR3 /* Parámetros iniciales */

     / upperb=.,.,.,0.99999,.,.,.    
/* Limita las correlaciones a ser menor que 1 */
  lowerb=.,.,.,-0.99999,.,.,.     
/* Limita las correlaciones a ser mayor que -1 */    



       hold=4;  /* Fuerza a que el parámetro nº4 no sea estimado, sino que 
tome como predefinido el valor inicial que le dimos en la sentencia PARMS, 
es decir, correlaciones entre todos los pares de sitios = 0.9999 = 1 */ 
ods output Covparms = 'tabla varianzas y covarianzas' fitstatistics =   

'tabla estadísticos de bondad de ajuste'; 
run; 

proc mixed data='DATOS' covtest; 
class s g b; 
model 'VARIABLE'=s; 
random s/subject=g type=CHS; /* La estructura CHS permite varianzas 

familiares diferentes entre sitios pero modeliza una única correlación 
genética para todos los pares de sitios */
random b; 
repeated /group=s; /* Permite varianzas residuales  

heterogéneas entre sitios */
parms VG1,VG2,VG3,0.5,VR1,VR2,VR3  /* Parámetros iniciales */

     / upperb=.,.,.,0.99999,.,.,.  
/* Limita las correlaciones a ser menor que 1 */
  lowerb=.,.,.,-0.99999,.,.,. ;  
/* Limita las correlaciones a ser mayor que -1 */
ods output Covparms = 'tabla varianzas y covarianzas' fitstatistics = 

'tabla estadísticos de bondad de ajuste'; 
run;

proc mixed data='DATOS' covtest; 
class s g b; 
model 'VARIABLE'=s; 
random s/subject=g type=UNR; /* UNR: Permite varianzas (familiares para 

cada sitio) y covarianzas (familiares entre sitios) distintas. Además la R 
de UNR indica que los parámetros iniciales y los valores que saca en el 
output son las correlaciones y no las covarianzas */
random b;           
repeated /group=s;  /* Permite varianzas residuales  

heterogéneas entre sitios */
parms VG1,VG2,VG3,0.9999,0.5,0.5,VR1,VR2,VR3 /* Parámetros iniciales* 

     / upperb=.,.,.,0.99999,0.99999,0.99999,.,.,.        
/* Limita las correlaciones a ser menor que 1 */
  lowerb=.,.,.,-0.99999,-0.99999,-0.99999,.,.,. ;  
/* Limita las correlaciones a ser mayor que -1 */
       hold=4; /* Fuerza a que el parámetro nº4 no sea estimado, sino que 
tome como predefinido el valor inicial que le dimos en la sentencia PARMS, 
es decir, correlación entre los sitios 1 y 2 = 0.9999 = 1 */ 



ods output Covparms = 'tabla varianzas y covarianzas' fitstatistics = 
'tabla estadísticos de bondad de ajuste'; 
run; 

×

( ) εμ ++++=

 μ

×

ε

×



/* Código adaptado de Piepho, H-P. 1999. Agron. J. 91: 154-160. */

/* La tabla de datos denominada 'DATOS' incluirá el genotipo (familia) de 
cada planta ('g'), el sitio de ensayo ('s') y los valores de la variable a 
analizar */ 

proc mixed data='DATOS' covtest scoring=5 method=ML NOCLPRINT lognote; 
class s g; 
model 'VARIABLE'= g/ ddfm=bw; 
random int/sub= s; 
repeated g/sub= s type=UN(1); 
ods output Covparms = 'tabla varianzas y covarianzas' fitstatistics = 

'tabla estadísticos de bondad de ajuste'; 
run; 

proc mixed data='DATOS' covtest scoring=5 method=ML NOCLPRINT lognote; 
class s g; 
model 'VARIABLE'= g/ ddfm=bw; 
random int/sub= s; 
random g/sub= s group=g; 
parms 'parámetros de inicio'; 
ods output Covparms = 'tabla varianzas y covarianzas' fitstatistics = 

'tabla estadísticos de bondad de ajuste'; 
run;

×

×

×

/* Código adaptado de Romagosa I. et al. 2008. Interacción genotipo por 
ambiente. En: Ávila CM, Atienza SG, Moreno MT, Cubero JI (eds) La 



adaptación al ambiente y los estreses abióticos en la mejora vegetal. Junta 
de Andalucía, pp 109-135*/

/* La tabla de datos denominada 'DATOS' incluirá el genotipo (familia) de 
cada planta ('g'), el sitio de ensayo ('s'), los valores de la covariable 
ambiental en cada sitio y los valores de la variable a corregir */ 

proc mixed data='DATOS' covtest;  
class g s; 
model 'VARIABLE'= covariable s/ HTYPE=1; 
random g g*covariable/solution; 
ods output Covparms = 'tabla varianzas y covarianzas' tests1 = 'tabla    

de efectos fijos' solutionR = 'tabla de BLUPs'; 
run; 

×

×

εμ ++++++=

 μ

×

×

ε

/* La tabla de datos denominada 'DATOS' incluirá el genotipo (familia) de 
cada planta ('g'), el grupo de sitios de ensayo ('ss'), el sitio de ensayo 
('s') y los valores de la variable a corregir */

proc mixed data='DATOS' covtest; 



class s ss g; 
model 'VARIABLE'= ss s(ss); 
random g g*ss g*s(ss);  
ods output Covparms = 'tabla varianzas y covarianzas'; 

run; 
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Abstract

Maritime pine (Pinus pinaster Ait.) occurs naturally in
a wide variety of sites around SW Europe, from typical
Mediterranean climates to areas in Northern Spain and
France with a strong oceanic influence. Within its distri-
bution range populations are strongly differentiated,
showing local adaptations to environmental conditions
that have been widely documented in different prove-
nance trials both in the Atlantic region and in the
Mediterranean area. In the present paper, we analyzed
the performance of six Mediterranean provenances in
three sites in the interior of Galicia (NW Spain), a tran-
sitional region between Atlantic and Mediterranean cli-
mates where few catalogued materials are available for
reforestation. Seven year after planting, provenances
coming from the mildest climates grew faster but
showed inferior stem form. The provenance x site inter-
action was weak, although some significant provenance
rank changes were observed in the driest site. Among
the tested provenances, Serranía de Cuenca showed
good early growth in all sites and acceptable stem form,
being thus a potential recommended material for using
in the area. The Albarracín origin showed also good
results, with excellent stem form and acceptable growth,
especially in the driest site. A combined spatial analysis
allowed us to compare the tested provenances with
improved materials from Coastal Galicia (NW Spain)
and Western Australia planted in adjacent progeny tri-
als. Although the differences were small, the Atlantic
material of both breeding programs performed slightly
better than the Mediterranean provenances, and repre-
sents another alternative material for use in reforesta-
tion in this transitional climate region.

Key words: Pinus pinaster, provenance trial, spatial analysis,
seed origin, genetic resources.

1. Introduction

Pinus pinaster Ait. occurs naturally in SW Europe and
NW Africa. Inside of its distribution area (approximately
4 million hectares) it occurs in a wide variety of sites,
where three main groups can be distinguished: an east
group including western Africa, eastern Africa, northern
Italy, Corsica and Sardinia, a second group formed by
the populations from eastern, central and western of the
Iberian Peninsula, including the Portugal populations,

and a third group including the populations from north-
ern Spain and France (BUCCI et al., 2007). Maritime pine
has great economic importance all around its distribu-
tion area, and has been introduced out of its natural
region for production purposes in countries such as New
Zealand, Australia and South Africa.

P. pinaster is the most important forest productive
species in Galicia (NW Spain), both in the coastal area
with a typical Atlantic climate (annual precipitation =
1500–2500 mm, annual temperature oscillation =
10–11°C), and in the interior area with prolonged sum-
mer drought and wide thermal oscillation (annual pre-
cipitation = 600–1200 mm, annual temperature oscilla-
tion = 13–14°C) which constitutes a transition region to
the more continental and Mediterranean typical climate
of the central areas of the Iberian Peninsula. The cli-
mate in all the area is likely to become more similar to
the one in central Spain in the near future. The predic-
tions of local climate models in the area show an aver-
age annual temperature increase with more extremes of
heat in the summer, fewer extremes of cold in the win-
ter, and important changes in the distribution of rain
over the course of the year (PÉREZ-MUÑUZURI et al.,
2009).

According to the actual climatic differences between
the coastal and the interior areas, two different prove-
nance regions are recognized within Galicia, the north-
west coastal (1a) and the northwest interior (1b) (ALÍA et
al., 1996). The first one shows excellent growth traits
and branch characteristics, and reasonable stem form,
but in the inner region, the stands have clearly worse
quality in relation to growth, stem form and branch
habits (ALÍA et al., 1996). A breeding program was initi-
ated in the coastal region in the 80’s based on the high
performance of the existing stands and nowadays there
are three clonal seed orchards that supply genetically
improved seeds for reforestation. However, the cata-
logued forest reproduction material approved for the
inner region is limited to just three single selected
stands, clearly insufficient to satisfy the plantation rate
in this area. Most of the plantations are, thus, per-
formed with seeds from other provenances of unknown
behaviour in this region. Similarly, almost all the adult
woodlands in the inner area of Galicia derived from
plantations realized during the second half of the twen-
tieth century with foreign seeds of unknown origin and
dubious adaptation. Because of this poor performance,
developing individual phenotypic selections within these
stands is difficult, hampering the development of a
breeding program for this region similar to the program
in the coastal area. 
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Multiple wide-range studies using different molecular
markers revealed that maritime pine populations show
a high geographic structuration of the intraspecific
genetic variation (BUCCI et al., 2007; BURBAN and PETIT,
2003; GONZÁLEZ-MARTÍNEZ et al., 2002). Populations are
isolated, and frequently show strong adaptations to local
environmental conditions, like specific substrates, rain-
fall regimes, elevation range, occurrence of fire, or frost
frequency (FERNANDES and RIGOLOT, 2007; GONZÁLEZ-
MARTÍNEZ et al., 2004; TAPIAS et al., 2004). Water stress
and cold hardiness are probably some of the main fac-
tors driving population divergence (CHAMBEL et al.,
2007; GONZÁLEZ-MARTÍNEZ et al., 2002; GUYON and KRE-
MER, 1982). Differentiation among provenances has also
been widely documented for many quantitative traits in
different provenance trials both in the Atlantic region
(CORREIA et al., 2004; DANJON, 1994a; MOLINA, 1965) and
in the Mediterranean area (ALÍA et al., 1995; HARFOUCHE

et al., 1995; MATZIRIS, 1982).

In one provenance trial established in the coastal area
of Galicia under a typical Atlantic climate, the Atlantic
provenances were superior in height growth and branch
characteristics, the local provenance being the best one
(MOLINA, 1965). On the other hand, in a multi-location
provenance trial established in five locations with differ-
ent site indexes and climatic conditions in central Spain,
the Atlantic provenances showed high growth only in
the mildest sites, but showed bad adaptation when the
drought period was long, while the Spanish medium
mountain provenances developed well in all sites (ALÍA

et al., 1995; ALÍA and MORO, 1996; ALÍA et al., 2001).

Despite the data from these trials, we lack informa-
tion about the performance of P. pinaster provenances in
the transitional region objective of the present study.
Thus, we analyzed the performance of six selected
provenances of P. pinaster from the Mediterranean area
of the Iberian Peninsula planted across three sites in
the interior area of Galicia, three and seven years after
planting to evaluate the feasibility to use this material
in this region. 

2. Material and Methods

2.1. Genetic material and test sites

Three provenance trials were planted in the inland
area of Galicia (NW Spain) in March 2001 (Guntín and
Laza) and June 2001 (Becerreá) (Table 1). The three
sites were located within the Region of Identification
and Utilization (RIU) of forest reproductive material
number 2, which takes up most of the inland area of
Galicia (GARCÍA et al., 2001).

The climate in the inland region clearly differs from
the coastal area, showing a notorious continental influ-
ence, with greater annual and daily temperature oscilla-
tion, and lower annual and, specially, summer precipita-
tion. Becerreá is the coldest and highest among the
three sites, winter snow being frequent. During the
study period, minimum temperatures in this site
dropped below zero around 50 days per year (Table 1),
with snowfall episodes every year. Guntín and Laza
show a marked Mediterranean influence, with lower
annual and summer precipitation. The strongest sum-

Table 1. – Location and main climatic features of the Pinus pinaster provenance trials from planting to assess-
ment date (2001–2007 period).

1 Rain fallen during the months of June, July and August.
2 Gaussen = Σ(2T-P) for each month where 2T > P (P: monthly precipitation (mm), T: monthly mean tempera-

ture (°C)).
3 Difference between the mean temperature of the warmest month and the mean temperature of the coldest

month.
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mer drought occurs in Laza where a severe dry period
occurred in the summer of 2005 (Table 1).

All the three trials follow a randomized complete block
design with 10 replications and 5 tree-row-plots. Spac-
ing was 3 x 2 m in Guntín and Becerreá, and 2.5 x 2 m
in Laza, which is the typical spacing for P. pinaster plan-
tations in this region.

Six Spanish provenances of the Mediterranean area,
selected on the basis of the good characteristics for tim-
ber production of their natural stands and their perfor-
mance in previous provenance trials (ALÍA et al., 2001;
MOLINA, 1965) were tested in each site. The details of
the climate characteristics of each provenance origin are
shown in Table 2. 

Each provenance trial was planted adjoin to a progeny
trial with 111 first-generation half-sib families of the
Coastal-Galician (CG) breeding program and 6 families
of the breeding program developed in Western Australia
(WA) upon crosses from plus trees selected within the
Leiría provenance. These progeny trials follow a ran-
domized complete block design with 25 replications of
one tree-plots. Seedlings of these progeny trials were
cultivated together with the provenances following the
same nursery protocols. Both the provenance and the
progeny trials were planted at the same time, with the
same spacing and soil preparation, and were measured
at the same dates. These progeny trials were extensively
studied in a companion paper (DE LA MATA and ZAS,
under revision).

Seedlings from both the provenance and the progeny
trials were cultivated in relatively small containers
(Superleach 125 cm3) over a long period (9 months for
Guntín and Laza, and 12 months for Becerreá), which
may have entailed root deformations and poor stability
of the seedlings after planting, as has been observed
previously in other maritime pine plantations in the
area (ZAS et al., 2004).

2.2. Assessments

All the trees of each site were assessed for growth,
stem form and branch characteristics three and seven
years after planting, except those dead or badly sup-
pressed. Ideally, to ensure a good correlation with per-
formance at rotation age, assessment and selection

within forest genetic trials should be delayed until at
least half of the rotation age (FRANKLIN, 1979). Rotation
age for Maritime pine in this region is around 30–35
years, but previous studies analyzing age-age correla-
tions in this species revealed that selection can be rea-
sonably effective when trees are about 8–12 years old
(KREMER, 1992, DANJON, 1994b). For instance, in one of
the longest provenance studies with P. pinaster, DANJON

(1994a) found general stability of the provenance rank-
ings between ages 10 and 36. Assessments at age 7 can
be thus considered to reflect reasonably well provenance
adaptation to local environmental conditions. Neverthe-
less, results presented here should be considered as pre-
liminary results that should be confirmed with further
assessments at older ages. Growth traits included total
height (H) measured with a pole in centimetres, and
diameter at breast height (D) measured with a calliper
in millimetres (only at age 7). Stem form and branch
traits were assessed following GALERA et al. (1997). Stem
form of each tree was evaluated by a straightness score
(STR: 1 = straight to 6 = very crooked) and a stem lean-
ing score (LEN: 1 = vertical to 4 = severe lean). The
branching habit was assessed by the number of whorls
(WH). A small forest road was constructed trough the
Becerreá trial in 2005, affecting several trees of the
trial. Only the three year-old assessment was thus
available in this site.

2.3. Correcting the spatial dependence

Traits that showed non-random spatial structure were
adjusted for spatial autocorrelation prior to the statisti-
cal analyses. Spatial adjustments were carried out using
the Iterative Spatial Analysis (ISA) method (ZAS, 2006),
which aims to correct the within block spatial hetero-
geneity not accounted for by the block design. The ISA
method is based on prospecting the spatial structure of
the dependent variable in each site by constructing the
empirical semivariogram for the residuals adjusted for
main effects with the SAS VARIOGRAM procedure
(SAS-INSTITUTE, 1999), and fitting a theoretical semivar-
iogram model with the SAS NLIN procedure (SAS-INSTI-
TUTE, 1999). The spatial variation of the dependent vari-
able is then modelled by the kriging method based on
the theoretical model of the semivariogram and using
the SAS KRIG2D procedure (SAS-INSTITUTE, 1999).

Table 2. – Main geographic and climatic features at the origin of the studied provenances.

1 Mean of daily minimum of the month of lowest average (°C).
2 Thermal oscillation (°C): Annual mean of the diary oscillation.
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Then, the original variable is adjusted for its spatial
autocorrelation, subtracting the kriging estimate in
each position. The new corrected variable is then reana-
lyzed and new estimates of the main effects are
obtained, and used to generate new residuals. The
process was repeated iteratively, until convergence of
the main effect estimates (usually 5 steps are enough). A
detailed description of the method can be consulted in
ZAS (2006).

In each site, the spatial adjustments were carried out
simultaneously for the provenance trial and the neigh-
bouring progeny trial, assuming both the provenances
and the families as a single main factor to obtain the
residuals that were spatially modelled.

2.4. Statistical analyses

All analyses were based on plot means data. A joint
analysis of the three sites together was carried out for
each trait using the following mixed model:

Yijk = μ + Si + Pj + BCk(Si) + SxPij + εijk

where Yijk is the value of the plot ijk, μ is the overall
mean, Si is the fixed effect of site i, Pj is the fixed effect
of the provenance j, BCk(Si) is the random effect of the
block k within site i, SxPij is the fixed interaction
between the site i and the provenance j, and εijk is the
random error term. Provenance was considered a fixed
factor because inference was limited to the six prove-
nances tested. To analyse these mixed models the SAS
MIXED procedure was used. Pairwise statistical com-
parisons of provenance means was conducted using the
DIFF option of the LSMEANS statement of the MIXED
procedure, which performs t-tests for the statistical sig-
nificance of the difference between the least square
means of all possible provenance means (SAS-INSTITUTE,
1999).

The performance of the tested provenances was also
compared with the material tested in the adjacent prog-
eny trials. Despite that the provenance and the progeny
trials were two independent neighbouring trials, com-
parisons between them were reliable because the com-
mon spatial adjustments accounted for the eventual

local microenvironmental differences between both tri-
als. Within each site, we compared the performance of
the best of the six provenances, the best of the six WA
families, and the mean performance of the best 18 out of
the 111 CG families included within each progeny trial
(i.e., applying a 1:6 selection intensity within each
group). We tested for statistical differences between the
different genetic groups by constructing the confidence
intervals at 95% for the mean of each group. Non over-
lapping confidence intervals were interpreted as signifi-
cance differences.

3. Results

Residuals after subtracting family effects revealed
pronounced non-random spatial structures for the
growth traits and the number of whorls in the three test
sites. Stem form traits revealed random spatial struc-
tures with the exception of the Becerreá trial where
STR and LEN revealed slight spatial autocorrelation.
The spatial structure for most of the traits was well
represented by a spherical theoretical semivariogram
(r2 > 0.85, p < 0.001). Patch sizes ranged between 34 and
112 m. The percentage of total residual variation
explained by the spatial pattern varied from 10.6% for
WH in Becerreá at age 3 to 73.2% for H in Laza at age
7. Height at age 7 was the trait that showed the largest
intensities of spatial dependence.

The block structure of the experimental design
absorbed part of the within site environmental varia-
tion, as revealed by significant among-block variances in
all sites in the unadjusted analyses. However, the block
variance was clearly lower than the percentage of varia-
tion explained by the spatial pattern, indicating that the
block designs were not enough for absorbing all the spa-
tial variation (data not shown). After the spatial adjust-
ments the block variance became zero, and the residual
variation decreased significantly in all cases. Additional-
ly, the F ratio for testing the provenance effects substan-
tially increased after the spatial adjustments. For some
traits, such H and NW at age 7, significant differences
between provenances were only detected after the spa-
tial corrections.

Table 3. – Results of the mixed model for the analysis of different traits in three
P. pinaster provenance trials in inner Galicia (NW Spain). F-ratios and significance
levels1 are presented.

1 Significance levels: *** = P < 0.001, ** = P < 0.01, * = P < 0.05.
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Differences among sites were significant (p < 0.05) for
all traits at age 3, and for H, D, LEN and STR at age 7
(Table 3). After spatial adjustments, the provenance
effect was significant (p < 0.05) for height growth and
for all the stem form traits at both ages (Table 3).
Regarding height growth at age 3, Bajo Tiétar (BT) and
Serranía de Cuenca (CU) showed the best performance,
whereas Sierra de Segura-Alcaraz (SS) and Montaña de
Soria-Burgos (SO) were the worst (Figure 1a). For
height growth at age 7, Bajo Tiétar maintained the
largest growth, Sierra de Gredos (GR) being the second
one. Serranía de Cuenca lost some positions at age 7
with respect to age 3. Sierra de Segura-Alcaraz and
Montaña de Soria-Burgos continued showing the worst
growth.

Bajo Tietar and Serranía de Cuenca, the two prove-
nances that grew faster, had the highest values for the
number of whorls, indicating strong polycyclism. On the

other hand, Sierra de Segura-Alcaraz and Montaña de
Soria-Burgos showed the lower number of whorls, weak
polycyclism, and poor growth (Figure 1b).

The best provenance for stem form traits was Albar-
racín (AL), and the worst ones Bajo Tietar and Sierra de
Gredos, which however were among the provenances
with best growth (Figure 1).

The provenance x site interaction was significant only
for height growth and stem leaning at age 3 (Table 3).
The reaction norms for these two traits across the three
sites are shown in Figure 2. The ranking of the six
provenances regarding height growth was very similar
in Becerreá and Guntín, but showed large changes in
Laza. Sierra de Gredos grew well in this site but not as
well in Guntín and Becerreá, whereas Sierra de Segura-
Alcaraz and Bajo Tietar were the worst provenances in
Laza but they performed relatively well in Guntín and
Becerreá. In the case of stem leaning, the interaction is

Figure 1. – Performance of 6 P. pinaster provenances for different traits across
3 provenance trials in inner Galicia (NW Spain). Provenances with the same
letter are not significantly (p < 0.05) different (t-test for differences between
least square means). Dark gray bars denote traits assessed at age 3 and light
grey bars denote traits assessed at age 7. Provenance codes: BT = Bajo Tietar,
GR = Sierra de Gredos, SO = Montaña de Soria-Burgos, CU = Serranía de
Cuenca, AL = Albarracín, SS = Sierra de Segura-Alcaraz. Straightness score
varied from 1 (straight) to 6 (crooked), and leaning score varied from 1 (verti-
cal) to 4 (leaned).
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likely to be due to a scale effect derived from the large
phenotypic variation observed in the Becerreá trial for
this trait (Fig. 2b). The interaction was not significant
at age 7 for any trait.

Differences among provenances and the CG and WA
families of the neighbouring progeny trials were small
for all traits and sites, but the WA material and the half-
sib CG families tend to have, in average, always higher
growth, better stem form, and lower number of whorls
than the mean performance of the six provenances in
the three sites (data not shown). In addition, the materi-
al of WA performs slightly better than the half-sib CG
families (see DE LA MATA and ZAS, under revision, for
details). These results are maintained when compar-
isons are restricted to the best provenance, the best WA
family and the 18 best CG families, i.e., applying a sin-
gle trait selection of 1:6 intensity (Figure 3). The best
families from either WA or CG grew significantly better
in Laza and Guntin, whereas no significant differences
were detected in Becerreá. Although the best WA and

CG families tend to have fewer whorls and better stem
form than the best provenance in the three sites, differ-
ences among them were not significant, except for LEN
in Laza. 

4. Discussion

4.1. Spatial autocorrelation

The results indicated a strong spatial autocorrelation
for all the growth variables with patchy structures and
relatively large patch sizes. The block structure of the
experimental designs was not enough to account for this
spatial heterogeneity, and blocks were internally hetero-
geneous, violating the main assumption of the block
designs. Conventionally analysis of this spatially auto-
correlated data may give erroneous results, and adjust-
ments for microenvironmental variation become essen-
tial (DUTKOWSKI et al., 2006; ZAS, 2006). As observed in
other studies, the spatial adjustment removed block
effects and strongly reduced residual variation, favour-
ing the detection of significance differences among
provenances. Indeed, for some traits, significant differ-
ences among provenances were only detected after the
spatial analysis.

Another important feature of the spatial analysis we
used is that it allowed us to compare the genetic materi-
al included in the two adjoin but independent trials
within each site. Using conventional approaches, com-
parisons between these trials may be confounded with
microsite environmental effects, which can not be
absorbed by the two independent experimental designs.
However, using the iterative spatial analysis (ISA)
method (ZAS, 2006) we were able to account simultane-
ously for the spatial heterogeneity of both trials, allow-
ing us the comparison among the genetic materials of
both trials (see later).

4.2. Provenance performance

Superiority of local provenance in height growth and
survival at age 18 found by MOLINA (1965) in a prove-
nance trial established in the coastal area of Galicia was
found by other authors too (CORREIA et al., 2004;
DANJON, 1994a), suggesting that a great part of genotyp-
ic variability in P. pinaster is a result of local adapta-
tions to environmental conditions through natural selec-
tion. Accordingly, in the provenance trial installed in
central Spain (ALÍA et al., 1995; ALÍA et al., 2001)
assessed at age 19 and 32, the Atlantic provenances
showed bad adaptation when the drought period was
long, and were clearly surpassed by other Mediter-
ranean provenances. The Spanish medium mountain
provenances (Sierra de Gredos, Montaña de Soria-Bur-
gos and Serranía de Cuenca) developed well in all sites
of this trial, showing the feasibility of their use in the
interior areas of Spain (ALÍA and MORO, 1996). The
results presented here indicate that, in this transitional
region between Atlantic and Mediterranean climates,
the provenances from origins with a high Atlantic influ-
ence (Sierra de Gredos and Bajo Tietar) were the ones
that grew faster, and thus were apparently the best
adapted to the local environmental conditions of this
region. Specifically, the good performance in height

Figure 2. – Reaction norms of 6 P. pinaster provenances across
three test sites in inner Galicia (NW Spain) for height growth
(a) and stem leaning (b) at age 3. Provenance codes: BT = Bajo
Tietar, GR = Sierra de Gredos, SO = Montaña de Soria-Burgos, 
CU = Serranía de Cuenca, AL = Albarracín, SS = Sierra de
Segura-Alcaraz. Leaning score varied from 1 (vertical) to 4
(leaned).



nance and progeny trials (AGUIAR et al., 2003; CORREIA et
al., 2004; DANJON, 1994a; MATZIRIS, 1982; MOLINA, 1965),
and it could be amplified in our provenance trial
because those provenances that grow faster are likely to
have larger root systems within the small containers
and thus more rooting problems and worse stem form in
the field.

4.3. Provenance x Site interaction

In disagreement with the results obtained in central
Spain (ALÍA et al., 1997; CHAMBEL, 2006) the provenance
x site interaction was weak, probably because the num-
ber of provenances tested and the number of test sites
was much lower. With respect to height growth, Guntín
and Becerreá sites behave in a similar way, whereas
provenances in Laza performed relatively differently,
showing the larger ranking changes (Fig. 2). From a cli-
matic point of view, the most important difference
among the test sites that could explain this pattern is
the summer drought, reduced in Becerreá and Guntín,
and pronounced in Laza (Table 2). This result is suggest-
ing that summer drought is one of the most important
factors driving maritime pine differentiation (DANJON,
1994a), and differences in local adaptations to this limit-
ing factor among populations are expressed differential-
ly in each test site, depending on the drought intensity.

In the case of stem leaning, the provenance x site
interaction probably arises from a scale effect due to
very large variation in Becerreá in relation to the other
two sites (Fig. 2), probably as the result of the strong
slope of this test site, the high frequency of snow storms,
and the root problems mentioned earlier, which are sup-
posed to be stronger in this site because it was planted
three months after the others. The interaction was not
significant at age 7, probably because only two sites
were analyzed at this age, and because of a reduction of
interaction with time, as observed by other authors
(ALÍA et al., 1997).

4.4. Comparison with the improved coastal material

When we compare the tested provenances with the CG
and WA improved material tested in the adjacent proge-
ny trials, we can see that both improved materials had
slightly better performances than the Mediterranean
provenances, although the differences were minimal
(Fig. 3). Nevertheless, the improved materials showed
reasonably good adaptation to the interior of Galicia,
reflecting the genetic gain due to selection in the respec-
tive breeding programs. These results suggest the versa-
tility of the materials from these breeding programs to
be used in different climatic regions, taking advantage
of the added genetic gain obtained in the advance of the
selection processes (DE LA MATA and ZAS, under revision).
Considering these results, extending the deployment
zone of the coastal maritime pine to inner areas where
summer drought and/or winter cold is harder seems to
be possible.

4.5. Practical implications

Two weak spots are behind the results of the present
paper. First, although age 7 is a reasonable age for
selection purposes in this fast growing pine species (see
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growth of Sierra de Gredos, an origin with a strong
Atlantic influence and high precipitations (Table 2),
coincides with MOLINA (1965) and with the good height
and diameter growth in the Mediterranean region of
Spain (ALÍA et al., 1995; ALÍA and MORO, 1996; ALÍA et
al., 2001), suggesting a high phenotypic plasticity and
versatility for using this provenance across a wide range
of climatic variation. Bajo Tietar provenance was the
best in height growth, but the worst regarding stem
form. This agrees with the typical characteristics of the
stands in this origin (ALÍA et al., 1996) showing, as in
the case of Sierra de Gredos, an intermediate behaviour
between Atlantic and Mediterranean provenances, but
with poor stem form and spiraled stems. Serranía de
Cuenca also performed well in height growth, and
showed acceptable stem form, as the natural stands in
the origins do (ALÍA et al., 1996). It is important to
remark here that this is one of the most variable seed
sources, perhaps because of its large size and heteroge-
neous environments, and because this area was one of
the most important glacial refuges in southern Europe,
from where the species spread (CARRIÓN et al., 2003;
SALVADOR et al., 2000). Within this large provenance
region, the Boniches source was among the best in
height growth in the Spanish provenance trials (ALÍA et
al., 1995; ALÍA et al., 2001). The remainder tested prove-
nances, Montaña Soria-Burgos, Sierra de Segura
Alcaraz, and Albarracín, showed poor growth but were
among the best regarding stem form traits. In other
provenances trials these origins showed intermediate
performance both in growth and in stem form quality.

In the provenance trial established in central Spain,
the best form was presented by mountain’s provenances
such as Moroccan, Corsican, Sierra de Gredos and some
origins of Serranía de Cuenca, which agrees with the
results from other provenance trials in Portugal
assessed at age 8 (CORREIA et al., 2004), France at age
36 (DANJON, 1994a), Greece at age 9 (MATZIRIS, 1982)
and coastal Galicia at age 18 (MOLINA, 1965), suggesting
that this kind of traits are less affected by environmen-
tal conditions. In agreement with these results, Sierra
de Cuenca showed acceptable stem form in our trial
series, as Montaña de Soria-Burgos did, which also
showed excellent stem form in the coast of Galicia
(MOLINA, 1965). However, contrary to previous results
(ALÍA et al., 1995; ALÍA and MORO, 1996; ALÍA et al.,
2001), Sierra de Gredos did not show good stem form in
our trials, whereas Albarracín showed clearly the best
stem characteristics although in other provenance trials
this origin showed intermediate stem form qualities.
These contradictory results may arise because seedlings
in our trial series were cultivated in nursery in relative-
ly small containers over a long period, favouring root
deformations and poor anchorage after planting. Stabili-
ty problems of containerized seedlings, resulting in stem
leaning and strong stem curvatures have been reported
before (LARIO and OCAÑA, 2004), and may alter compar-
isons among different genetic entries (CLIMENT et al.,
2008). It should be noted that those provenances with
better height growth are those with the worst stem
form. This negative correlation between growth and
stem form has been commonly observed in other prove-
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Material and Methods), 7 years in the field is probably a
too short period to reflect provenance adaptation to local
climate conditions. Future extreme climate episodes
such as severe droughts or extreme low temperatures in
winter or spring may alter the observed provenance
ranking. Thus, the results and practical recommenda-
tions offered here should be managed with care and
should be confirmed with further assessments at older
ages. Second, the expected climate change in the area
may also alter the relative performance of the studied
provenances. Local climate models predict an increase
in temperatures, especially in summer, and important
changes in the distribution of precipitation over the
year, with a progressive evolution towards more
Mediterranean conditions (PÉREZ-MUÑUZURI et al.,
2009). Depending on how these predictions are fulfilled,
the results and recommendations presented here would
be more or less valid. Nevertheless, in the worse sce-
nario, the Atlantic climate in the Coastal area would
become more similar to the actual climate in interior
Galicia, so the results presented here would be especial-
ly relevant to understand how the studied materials
would respond to climate change in coastal areas.

Despite the limitations commented above, the results
presented here offer valuable information to identify
suitable reproductive forest material to be used in the
interior of Galicia. As a final practical recommendation,
Sierra de Cuenca is the provenance with better perfor-
mance in all sites, with high height growth and relative-
ly good stem form, being thus, a recommended material
for using in the interior area of Galicia. However, this
provenance is very variable (ALÍA et al., 1996), and dif-
ferent stands within the region could give very different
results (F.J. Lario, personal communication). Albarracín
showed also good results, being the best in stem form
and showing acceptable growth in the three sites. Being
a provenance well adapted to summer drought (ALÍA et
al., 1996), it can be recommended for using in the driest
areas of interior Galicia.

Importing seeds from the recommended provenance
regions according to the results obtained in the present
work represents a clear alternative to supply forest
reproductive material for use in afforestation in the
interior of Galicia. However, the use of improved materi-
al from the CG and WA breeding programs should prob-
ably be preferred. To exploit the genetic gains of these
programs in the inner area of Galicia, different selection
strategies can be considered, among which we stick out
the conversion of the progeny trials in breeding seedling
orchards, or the selection within the family trials of a
new breeding population from which new clonal seed
orchards can be established.
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Abstract

A total of 172 clones of Eucalyptus camaldulensis were
tested in three clonal tests in northern, north-central
and southern Vietnam, with 32 of them planted across
all three sites. At age 3-5 years, the clonal repeatabili-
ties were 0.18–0.42 for growth traits, 0.71–0.78 for wood
basic density and 0.56–0.66 for pilodyn penetration.
Genotypic correlations between growth and density at
the three sites were from –0.24 to 0.17, and did not dif-
fer significantly from zero. Genotypic correlations
between sites were 0.32–0.56 for growth traits at age 3
years, and 0.72–0.88 for density and pilodyn penetra-
tion. Selection gains for breast height diameter at indi-
vidual sites at a selection proportion of 5% were
22–32%, with minor effects on density. Selection for
diameter at one site gave indirect responses in diameter
at the other two sites that were only 40–60% of the
gains obtainable from direct selection at those sites.
This study shows that fast-growing E. camaldulensis
clones can be selected in Vietnam with only minor
effects on density. Selection for growth should be region-
ally based to maximize selection gain whereas clonal
rankings for density will change little across regions.

Key words: clonal repeatability, correlated response, Eucalyp-
tus camaldulensis, genotype by environment interaction, selec-
tion gain.

Introduction

Eucalyptus camaldulensis Dehnh is the most widely
distributed eucalypt species, occurring primarily in
riverine environments through most of the drier regions
of Australia. The species displays major provenance
variation (ELDRIDGE et al., 1993). Recent taxonomic
studies (BROOKER and KLEINIG, 2004; MCDONALD et al.,
2009) identified several sub-species, distinguished by
their differing leaf, bud and fruit morphology, with dis-
tributions that are usually geographically distinct, but
overlap in some areas. In a recent study of population
genetics using molecular markers, this sub-specific vari-
ation was shown to align closely with genetic differenti-
ation (BUTCHER et al., 2009). Physiological studies have
revealed that provenances of E. camaldulensis differ in
their mechanisms for adapting to drought conditions
and in their water-use efficiency, and this has been
related to the differing environmental conditions in
their regions of origin (GIBSON et al., 1994, 1995).

Provenances occurring in northern Australia have
proved adaptable to a wide range of sub-humid tropical
climates and E. camaldulensis has emerged as one of
the most widely used plantation species in the seasonal-
ly dry tropics of many countries (MIDGLEY et al., 1989;
ELDRIDGE et al., 1993) including India, Thailand and
Vietnam, mainly for pulpwood, poles and less often
small sawlogs, with rotation times from 4 to 10 years. 

Eucalyptus camaldulensis was introduced into Viet-
nam in the 1930s (KHA et al., 2003) and has become an
important planting species both for large scale planta-
tions and for small plantings on farms, along canals and
roadsides. The total areas of eucalypt plantations in
Vietnam was estimated to be 348,000 ha in 2001
(MARD, 2002), with E. camaldulensis and E. urophylla
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Abstract The inland region of Galicia (NW Spain) marks

the boundary between the Atlantic climate of the coastal

area and the typical Mediterranean climate of central

Spain. Compared to the Atlantic coast, climate in this area

has a pronounced summer drought, lower annual precipi-

tation, and higher annual thermal oscillation. Despite the

high productivity and ecological importance of maritime

pine in inland Galicia, local forest reproductive material

(FRM) of high genetic quality is not available for this area.

Seed sources originating elsewhere and of unknown

adaptation to this area are commonly used for reforestation.

With the aim of finding new sources of FRM for this region

and exploiting the genetic gains of existing breeding pro-

grammes, we analysed the performance in field conditions

of improved families of the Coastal Galicia (CG) and

Western Australia (WA) breeding programmes. Growth,

stem characteristics and branch habit were evaluated in five

progeny trials established following a coastal-to-inland

gradient. Likelihood-based analyses were used to estimate

genetic correlations between environments and to test

statistically for causes and patterns of genotype 9 envi-

ronment interaction. Because of the strong non-random

spatial structures and heterogeneity of residual variances,

the analyses were carried out using heterogeneous residual

variance mixed models on spatially adjusted data. The

results indicated that there is not sufficient evidence to

subdivide Galicia into the two current deployment areas.

Interaction patterns do not reveal significant differences

between zones, and crossover interactions for height

growth are present both between and within areas. On the

inland sites, the Atlantic improved materials clearly out-

performed unimproved seedlots tested in adjacent prove-

nance trials, suggesting the feasibility of using both the CG

and WA breeding materials as sources of FRM for refor-

estation in inland Galicia. Of the two, the WA material

showed excellent results for all traits. The inclusion of this

material into the Galician maritime pine breeding popula-

tion should be strongly considered.

Keywords Pinus pinaster � Progeny trial � Iterative
spatial analysis � Genotype 9 environment interaction �
Spatial autocorrelation � REML estimation �
Genetic correlation � Variance–covariance matrix �
Heterogeneous variance models

Introduction

Maritime pine (Pinus pinaster Ait.) is one of the most

important forestry species in Galicia (NW Spain) where

nearly 400,000 ha of pure and mixed stands are present

(27% of the wooded area in Galicia), producing up to

2�106 m3 of round-wood per year (Sanz et al. 2006).

Galicia is located in the extreme North West of Spain and

is typically characterized by an Atlantic climate, although
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two main climatic regions can be distinguished. The

coastal region (up to 600 m above sea level) has high

annual rainfall (1,500–2,500 mm) and short annual thermal

oscillation (10–11�C), corresponding with regions of

identification and utilization (RIUs) of forest reproductive

material number one and three (Fig. 1; Garcı́a et al. 2001).

The inland region of Galicia (corresponding with RIU

number two, Fig. 1) is a boundary area where the Atlantic

climate of the coastal area meets with the typical Medi-

terranean climate of Central Spain. Climate in this area has

a pronounced summer drought (summer precipitation of

60–100 mm), lower annual precipitation (600–1,200 mm),

and higher annual thermal oscillation (13–14�C) owing to

the greater continental influence. Maritime pine is abun-

dant and has large productive relevance in both areas.

Previous studies have identified important differences in

terms of growth patterns and genetic structure between

both regions (Alı́a et al. 1996; Álvarez-Gonzalez et al.

2005).

A genetic improvement programme of P. pinaster in the

coastal area of Galicia was initiated in 1985. It has included

phenotypic mass selection in wild stands and use of this

material for seed production in clonal seed orchards. The

breeding objectives were focused mainly on improving

growth traits, stem form, and branch quality (Zas and

Merlo 2008). By contrast, in the inland area, although the

annual rate of plantation is also high, local reproductive

material of good quality is not available. Foresters need to

introduce material from other Spanish provenances, often

with questionable adaptation to this area, and typically

showing low growth rates and being of poor quality stem

form. Looking for alternative material that performs well in

the inland region has become a primary objective in order

to provide immediate seed sources suitable for planting in

this area.

The coastal region breeding programme has been pro-

gressing in recent years, based on the results of a series of

progeny trials established in the coastal area. Using the

information obtained in these trials, a new depurate clonal

seed orchard has been recently installed, and the selection

of a second breeding generation has been started (Zas and

Merlo 2008). The important gains and good results

achieved in the Coastal area encourage us to explore the

possibility of using the coastal breeding material in the

inland region, combining the breeding efforts and mini-

mizing the overall costs. Galicia would constitute a single

breeding area, and new material for the inland region

would be available in a short space of time. However, the

coastal seed orchard’s families have only been tested in the

coastal zone, and no information is available regarding

their performance within the inland region. Previous results

revealed a large genotype 9 environment (G 9 E) inter-

action in the breeding population both in field conditions

within the coastal area (Zas et al. 2004; Martı́ns et al.

2009), and in a drought experiment under controlled con-

ditions (Zas and Fernández-López 2005). However, G 9 E

interaction was found to be originated by a small number of

families especially sensitive to environmental variation,

whereas most of the families tested showed a stable

behaviour. Selecting for stability has been thus suggested

as an option for obtaining material suitable for both cli-

matic regions (Zas and Fernández-López 2005).

A breeding programme in Western Australia (WA)

started in the 1950s using a plus tree selection from within

the Leirı́a (Portugal) provenance and has now completed

several breeding selection cycles, achieving important

genetic gains in growth, stem form and branching habit

(Butcher 2007; Butcher and Hopkins 1993; Perry and

Hopkins 1967). The Leirı́a provenance is a clear Atlantic

provenance, whereas the current areas reforested with P.

pinaster in WA are medium-to-low rainfall (400–600 mm)

ex-agricultural sites with a marked Mediterranean influ-

ence (Butcher 2007). Drought tolerance is therefore an

important trait for selection in this breeding programme

(Butcher 2007; Butcher and Chandler 2007). The WA

example therefore supports the feasibility of achieving

successful results through recurrent selection upon Atlantic

material for use in more Mediterranean conditions with

strong summer droughts (Butcher 2007; Butcher and

Chandler 2007).

Fig. 1 Location of the P. pinaster plus trees (black dots), the five

progeny trials (grey squares), the three provenance trials (black
squares), and the clonal seed orchard (black star) from which CG

families were obtained. Encircled numbers indicate the number of the

‘identification and utilization regions’ (RIUs) of forest reproductive

material (Garcı́a et al. 2001)
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The present study aims to assess the field performance

of improved materials with different levels of selection

[Coastal Galician (CG) and WA breeding programmes] in

the inland region of Galicia. We also analysed in detail the

magnitude and relevance of the G 9 E interaction within

and between the two current deployments areas (Coastal

and Inland Galicia) in order to assess the suitability of this

zonification. To this end, we evaluated the performance of

111 half-sib CG P. pinaster families and six WA families

in five sites, two located in the coastal and three in the

inland region of Galicia, three and 7 years after planting.

The feasibility of the Atlantic breeding materials in the

inland sites was assessed through comparisons with

unimproved seed sources planted in adjacent provenance

trials.

Materials and methods

Genetic material and test sites

The study material consists of half-sib families obtained

from 111 selected plus trees represented in a first genera-

tion clonal seed orchard (Sergude, 42.82�N, 8.45�W) which

provide high genetic quality seed for reforestation in the

coastal area of Galicia (Fig. 1). All these plus trees were

individually selected from natural stands or from planta-

tions within the Atlantic region of Galicia, for their supe-

rior growth, stem form, and branch characteristics.

In addition, six improved families from the WA breed-

ing programme were also included in all the trials (WA1–

WA6). The six families were open pollinated in the second

generation clonal seed orchard at Manjimup (34.24�S,
116.14�E, WA). Parents were selected for vigour, stem

form, small branching and resistance to drought within

family trials established in WA upon open or cross polli-

nations between the original plus trees selected in Leirı́a

and plus trees selected within the WA land race. Seedlot

WA6 was a mixture of different families and can be con-

sidered to be representative of the average performance for

the Manjimup clonal seed orchard (T. Butcher, personal

communication).

One-and-a-half-year-old containerized seedlings of the

111 half-sib families and of the WA material were planted

in five sites in 2001. Site characteristics are presented in

Table 1. Daneiro and Laracha sites were within the RIU

number 1 which constitutes, a priori, the deployment area

for the selected material of the coastal seed orchards

(Fig. 1). These sites have a typical Atlantic climate char-

acterized by high annual precipitation, low summer

drought, and low temperature oscillation (Table 1). The

other three sites, Becerreá, Guntı́n, and Laza, were located

within the RIU number 2 which includes most of the inland

area of Galicia and constitutes a transitional region towards

the more continental and Mediterranean climate charac-

teristics of the central areas of the Iberian Peninsula, with

prolonged summer drought and wide thermal oscillation

(Table 1). Becerreá is the coldest site, while Guntı́n and

Table 1 Location, main climatic features, and overall means for height at ages 3 and 7 of the Pinus pinaster progeny trials

Coast Inland

Daneiro Laracha Becerreá Guntı́n Laza

Longitude (W) 8�5500600 8�3104700 7�1003200 7�4004200 7�2903200

Latitude (N) 43�903500 43�1200900 42�5001600 42�5400200 42�0202400

Altitude (m) 210 252 900 550 770

Aspect SEE SW S W NE

Slope (%) 0 2 30 3 18

Annual precipitation (mm) 1,528 1,505 1,047 1,000 783

Summer precipitation (mm)a 144 140 132 99 76

Gaussen indexb 1 0 0 17 37

Annual mean temperature (�C) 13.2 12.4 10.4 11.6 11.1

Annual temperature oscillation (�C)c 10.1 10.8 13.1 13.3 13.7

No. of frost days (Tmin\ 0�C) per year 10 23 58 38 29

Absolute minimum temperature (�C) -2.8 -4.3 -7.8 -7.1 -4.8

Overall height mean 3 years (cm)d 78.6 ± 24.0 133.9 ± 30.9 109.1 ± 23.0 106.1 ± 20.4 88.0 ± 22.2

Overall height mean 7 years (cm)d 295.1 ± 60.1 350.3 ± 77.1 300.1 ± 120.8

a Rain fallen during the months of June, July, and August
b Gaussen = R(2T-P) for each month where 2T[P [P: monthly precipitation (mm), T: monthly mean temperature (�C)]
c Difference between the mean of daily maximum of the warmest month and the mean of daily minimum of the coldest month
d Overall mean and standard deviation of height at ages 3 and 7 without spatial correction
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Laza show low annual and summer precipitation, with Laza

being the drier of the two.

All five plantations follow a randomized complete block

design with 25 replications (except Daneiro, with 23 rep-

lications) of one tree-plots with 3 9 2 m spacing (except

Laza, with 2.5 9 2 m spacing), which is the typical spac-

ing for P. pinaster plantations in this region.

In the three inland sites, a provenance trial was simul-

taneously planted adjacent to the progeny trials. Six

Spanish provenances (Bajo Tiétar, Sierra de Gredos,

Montaña de Soria-Burgos, Serranı́a de Cuenca, Albarracı́n,

and Sierra Segura-Alcaraz) of the Mediterranean area were

tested in each site. These provenances were selected on the

basis of their quality for timber production within their

natural stands and of their performance in previous prov-

enance trials (Alı́a et al. 2001; Molina 1965). All three

trials follow a randomized complete block design with 10

replications and five tree-row-plots. Seedlings of these

provenance trials were cultivated together with the proge-

nies following the same nursery protocols. Both the prog-

eny and the provenance trials were planted at the same

time, with the same spacing and soil preparation, and were

measured at the same dates. Data from these trials were

used to predict the performance of unimproved seed

sources and to compare the Atlantic materials (see below).

A specific analysis of these provenance trials are presented

in a companion paper (de la Mata and Zas 2009).

Assessments

All trees from each site were assessed for growth, stem

form, and branch characteristics at ages 3 and 7, except

those dead or badly suppressed. Growth traits included

total height (H) measured with a pole in centimetres and

diameter at breast height (D) measured with a calliper in

millimetres (only assessed at age 7). Stem form and branch

traits were assessed following Galera et al. (1997). Stem

form of each tree was evaluated by a straightness score

(STR: 1 = straight to 6 = very crooked) and a stem

leaning score (LEN: 1 = vertical to 4 = severe lean). The

number of whorls (WH) was also recorded as a measure of

the branch abundance. The spatial position of each tree was

determined using a total station (Pentax R-315).

The two coastal sites, Daneiro and Laracha, were sig-

nificantly affected by pests and diseases, so were only

assessed at age 3. Trees in Daneiro were attacked by the

large pine weevil, Hylobius abietis L., which kills trees by

girdling the stem of the young seedlings. In Laracha, the

root rot fungus Armillaria ostoyae (Romagn.) Herink

caused the death of up to 65% of the plants 3 years after

planting (see Zas et al. 2007). In addition, the Becerreá

provenance trial was affected by the construction of a

forest access track in 2005, affecting several of the trial

trees. Data on provenance performance in this site are only

available for the 3-year-old assessment.

Statistical analyses

Correcting the spatial dependence

We examined the spatial structure of the dependent variable

in each site by constructing the empirical semivariogram for

the residuals adjusted for family effects with the SAS VARIO-

GRAM procedure (SAS-Institute 1999). Those variables that

were spatially dependent were corrected using the iterative

spatial analysis (ISA) method (Zas 2006). Briefly, this

method first fits a theoretical semivariogram model to the

observed residual semivariogram using the SAS NLIN proce-

dure (SAS-Institute 1999). Using the theoretical semivari-

ogram model, the spatial variation of the dependent variable

is then modelled by the kriging method using the KRIG2D

procedure of SAS (SAS-Institute 1999). The original variable

is then adjusted for its spatial autocorrelation, subtracting

the kriging estimate in each position. Finally, the new cor-

rected variable is reanalysed, and a new estimate of the

family effects is obtained and used to generate new residu-

als. The process is repeated iteratively, until convergence of

the BLUPs estimates of family effects. A detailed descrip-

tion of the method can be consulted in Zas (2006). The

spatial adjustment was carried out for each site indepen-

dently, including both the trees of the progeny and the

adjacent provenance trials, and considering a single genetic

effect (family or provenance) to obtain the original residu-

als. Once the dependent variable was spatially corrected, the

progeny and provenance trials were analysed independently

as shown in the following sections.

Likelihood-based analyses of the site by family interaction

Spatially adjusted data (for traits with non-random spatial

structures), or original unadjusted data (for spatially inde-

pendent traits), were analysed by fitting mixed models with

site as a fixed factor, and block within site, family and

family 9 site interaction as random factors (Crossa et al.

2004; Yang 2002). The mixed models were fitted using the

MIXED procedure of SAS (Littell et al. 2006), accommo-

dating the SAS Programmes of Yang (2002) to our

experimental design. Variance components were estimated

using the REML method. The estimation of the family

covariance structure (variances and covariance across sites)

was achieved by including the SUBJECT and TYPE option in

the RANDOM statement. Heterogeneity of residual variances

across sites was implemented with the GROUP option of the

REPEATED statement. Initial values (derived from single site

analyses) were specified in the PARMS statement to facilitate

convergence and speed calculations.
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In order to explore and interpret the G 9 E interaction,

different reduced models constraining different elements of

the family covariance structure were fitted. Constraints to

the family covariance structures were specified by choos-

ing appropriate predefined covariance models for the TYPE

option in the RANDOM statement, and/or by fixing specific

covariance parameters to certain values using the HOLD

option of the PARMS statement (Crossa et al. 2004; Fry

2004; Yang 2002). Out-of-bond family correlations ([1, or

\-1) were avoided by including the UPPERB and LOWERB

option in the PARMS statement. A detailed list of the

different models and the corresponding hypothesis ana-

lysed is given in Table 2. Hypothesis testing regarding the

constraints imposed on the family covariance structure was

done by comparing the restricted log-likelihoods (RLL) of

the constrained model and the unconstrained model (usu-

ally the full model with an unstructured family covariance

structure, see later). Under the null hypothesis that the full

covariance model is not different from the reduced

covariance model, the log-likelihood ratio LLR = -

2(RLLreduced model-RLLfull model) is distributed approxi-

mately as v2 with degrees of freedom given by the

Table 2 Description of the full model and reduced models for testing different hypotheses on the relevance and interpretation of the genotype by

environment interaction

Model and hypothesis tested Constraints CovStruc Parameters to be estimated # parms

5

sites

3

sites

H0 Full model. All causes of

genotype 9 environment

interaction are allowed

None UNR r2G1;r
2
G2;r

2
G3;r

2
G4; r

2
G5

q12;q13; q14; q15;q23;q24;q25; q34; q35;q45

r2e1;r
2
e2; r

2
e3;r

2
e4;r

2
e5

20 9

H1 No family by environment interaction r2Gi ¼ r2Gj ¼ r2G 8 i; j; r2GxE ¼ 0 CS*
r2G
r2e1;r

2
e2; r

2
e3;r

2
e4;r

2
e5

6 4

H2 Homogeneity of family variance

across sites

r2Gi ¼ r2Gj ¼ r2G 8 i; j CS
r2G;r

2
GxE

r2e1;r
2
e2; r

2
e3;r

2
e4;r

2
e5

7 5

H3 Perfect family correlation between all

site pairs

qGij ¼ 1 8 i 6¼ j CSH*
r2G1;r

2
G2;r

2
G3;r

2
G4; r

2
G5

r2e1;r
2
e2; r

2
e3;r

2
e4;r

2
e5

10 6

H4 Homogeneity of family covariance

across all site pairs

qGij ¼ qGi0 j0 ¼ qG 8 i 6¼ j; i0 6¼ j0 CSH

r2G1;r
2
G2;r

2
G3;r

2
G4; r

2
G5

q

r2e1;r
2
e2; r

2
e3;r

2
e4;r

2
e5

11 7

H5 Perfect family correlation between

sites within areas

qGij ¼ 1 8 i; j 2 same area UNR*

r2G1;r
2
G2;r

2
G3;r

2
G4; r

2
G5

q14;q15; q24; q25;q34;q35

r2e1;r
2
e2; r

2
e3;r

2
e4;r

2
e5

16 -

Under the full model, the matrices for the family (RG) and error (Re) covariance structures are as follow:

Inner sites Coastal sites Inner sites Coastal sites 

∑∑

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=
eG

e

e

e

e

e

G

G

G

G

G

2
5

2
4

2
3

2
2

2
1

2
545352515

45
2

4342414

3534
2

32313

252423
2

212

15141312
2

1

0000

0000

0000

0000

0000

σ
σ

σ
σ

σ

σρρρρ
ρσρρρ
ρρσρρ
ρρρσρ
ρρρρσ

Inner sites 

Coastal sites 

where rGi
2 and rei

2 are the family and residual variances in site i, and qij is the family correlation between sites i and j. The reduced models

constrain different elements of the family variance–covariance structure by specifying in the RANDOM statement of PROC MIXED different types of

covariance structures (CovStruc), and/or constraining different covariance parameters with the HOLD option of the PARMS statement. Further

constrains in specific elements of the variance–covariance matrix are denoted by an * in the CovStruc type. The parameters to be estimated in

each model are shown for analyses involving 5 sites (traits assessed at age 3). The total number of parameters to be estimated (# parms) for

analyses involving 5 and 3 sites is also given. All models assume heterogeneity of residual variances across sites. All hypotheses are tested by

comparing the reduced models with the full model, except the H2 hypothesis which is tested by comparing the H2 model versus the H4 model
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difference between the number of covariance parameter

specifying the full model and the reduced model (Fry

2004).

Because we are dealing with multiple environments

(three or five sites depending on the trait) the following

strategy was employed (Yang 2002). Firstly, we analysed

our data with the conventional mixed model typically used

in tree breeding, which assumes a constant family variance

and covariance across sites [i.e. a compound symmetry

(CS) covariance structure], and homogeneity of residual

variance. This model was compared with a less restrictive

model in which residual variances were allowed to vary

between sites. Homogeneity of residual variance is a main

assumption of conventional statistical analyses, and the

non-fulfilment of this requisite is known to be a possible

cause of spurious interactions (Yang 2002). Significance of

family and family 9 site interaction was analysed com-

paring the RLL of each factor included versus excluded

from this model. This test of G 9 E interaction, although

commonly used, may be not appropriate in cases of het-

erogeneous family variance and/or covariances across sites.

A more precise analysis of the significance of the G 9 E

interaction in a broad sense was implemented comparing

the CS model without the term G 9 E (Model H1 in

Table 2) with the unstructured covariance model (the full

model H0), in which all possible causes of G 9 E (i.e.

family heterogeneity across sites and deviations from per-

fect family correlations between environments) are allowed

(Yang 2002). Secondly, we specifically tested for the

contribution of each of the different possible causes of

G 9 E. Heterogeneity of family variance was analysed by

comparing the CS family covariance structure model

(model H2 in Table 2) with the heterogeneous compound

symmetry covariance structure model (CSH, model H4 in

Table 2). Deviations from perfect correlations, which can

be interpreted as a test of crossover interactions (Yang

2007), were analysed by comparing a model in which all

family correlations are fixed to 1 (model H3 in Table 2)

with the full model H0. Finally, if significant deviations

from perfect correlations were detected, we examined

whether family correlations between sites were constant

across all pairs of environments (model H4 in Table 2) or

whether they differed depending on the site pairs (full

model H0). Additionally, for traits assessed in both Coastal

and Inland sites (i.e., traits assessed at age 3), we also

investigated whether the crossover interactions were due to

deviations from perfect correlations between sites of dif-

ferent areas. This hypothesis was analysed comparing the

full model with a model in which all family correlations

between sites of the same area were fixed to 1, whereas

family correlations between sites of different areas were

unconstrained (model H5 in Table 2).

SAS codes for performing all these analyses are avail-

able from the second author upon request.

Comparisons between WA and CG materials

In order to analyse the statistical differences between the

families of the WA and CG breeding programmes, we re-

analysed the data including the breeding programme and

the programme 9 site interaction as fixed effects in the

mixed models, and nesting families within breeding pro-

grammes. Additionally, the best linear unbiased predictor

(BLUP) of each WA family was statistically compared

with the BLUP of the average of all the 111 CG families

using the ESTIMATE statement of the MIXED procedure (Littell

et al. 2006, Chap. 6).

Superiority of the improved materials

Because no control seedlots were included in the trial

series, we used the adjacent provenances tests to obtain

predictors of unimproved seed sources with which to

compare the selected materials. Despite the provenance

and the progeny trials being two independent trials, with

independent experimental designs, statistical comparisons

between them were reliable due to the fact that common

spatial adjustments accounted for the eventual microenvi-

ronmental differences between both trials. We estimated

the confidence intervals at 95% for BLUPs of each family

and provenance across the three inland sites using the

ESTIMATE statement of the MIXED procedure (Littell et al.

2006). Non-overlapping confidence intervals were inter-

preted as significance differences between the improved

families and the unimproved provenances. Becerreá was

not considered for traits assessed at age 7 because data for

the provenance trial from this site at age 7 were lacking.

Results

Mean H were notably different over the different sites,

indicating different site indexes. Height means varied from

78.6 cm in Daneiro to 133.9 cm in Laracha at age 3, and

from 295.1 cm in Becerreá to 350.3 cm in Guntı́n at age 7

(Table 1). The dispersion of the individual tree heights

within each site was very high, with coefficients of varia-

tion up to 40%. For instance, individual tree heights at age

7 varied in Laza from 52 cm to 683 cm, i.e. more than 5 m

between the lowest and the highest tree. For each trait, the

corrected data adjusted for spatial autocorrelation showed

the same site mean as the uncorrected data, but a clearly

smaller dispersion, with coefficients of variation of just 15–

20% (data not shown).
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The survival in the coastal sites was abnormally low (39

and 35% in Daneiro and Laracha at age 3, respectively)

because of the sanitary problems explained before. Of the

inland sites, survival rates were acceptable in Guntı́n and

Laza with values of around 93% at age 7, whereas it was

notably lower in Becerreá (58% at age 7).

Spatial dependence and homocedasticity

Residuals after subtracting family effects revealed pro-

nounced non-random spatial structures for the growth traits

and the number of whorls in all sites (Table 3). The spherical

theoretical semivariogram fitted well to the observed semi-

variogram for most of these traits (r2[ 0.85, P\ 0.001).

The variation explained by the spatial pattern varied from

10.6% forWH in Becerreá at age 3 to 73.2% for H in Laza at

age 7 (Table 3, see also Figure S1 supplied as supplementary

online material). Height at age 7 showed the largest inten-

sities of the spatial dependence, with values of the patch

variance to sill variance ratio varying from 41.4 to 73.2%.

The range (a0) or patch size of the theoretical semivario-

grams was greatly variable, from 29.3 m for H in Daneiro at

age 3 to 103.9 m for H in Laza at age 3 (Table 3). Stem form

traits revealed random spatial structures with the exception

of Becerreá and Daneiro sites, where STR and LEN revealed

a slight spatial autocorrelation.

Heterogeneity of residual variances was observed for all

traits and ages (see Table S1 as supplementary online

material). Log-likelihood ratios for the heterogeneous

variance models were much lower than those for the

respective equal variance models, and the differences were

highly significant (P\ 0.001) in all cases.

Because of heterogeneity of residual variances in all

cases, all further analyses presented in the following sections

were based on heterogeneous error variance models, and in

those cases where non-random spatial structures were found

(Table 3), spatially adjusted data were employed.

Family variation and family 9 site interaction

Results of the conventional mixed model including family

and family 9 site interaction as random effects (i.e.,

assuming a compound symmetry family covariance

structure with constant variance and constant covariance)

are shown in Table 4. Using this model, family variation

was highly significant for all traits and ages, and the

family 9 site interaction was significant (P\ 0.05) or

marginally significant (P\ 0.10) for 7 out of the 9 traits.

The number of whorls at age 3 and the leaning score at

age 7 were the traits with no significant family 9 site

interaction. The ratio of interaction to family variance

component (rfs
2 /rf

2) was relatively low in all cases and

varied between 0.10 for leaning at ages 7 to 0.54 for

height at age 3.

A comprehensive likelihood-based analysis regarding

the relevance and interpretation of the family 9 site

Table 3 Patch size (range in metres, a0) and intensity of the spatial pattern structure (patch variance to sill variance ratio, I(%) = [C0/

(C0 ? Cn)] 9 100) derived from theoretical semivariograms fitted to different traits, adjusted for genetic effects in the five test sites at ages 3 and

7 after planting

Coast Inland

Daneiro Laracha Becerreá Guntı́n Laza

a0 (m) I (%) a0 (m) I (%) a0 (m) I (%) a0 (m) I (%) a0 (m) I (%)

Age 3

Height 29.3 19.3 78.9 25.8 53.6 29.5 36.8 24.1 103.9 38.1

No. whorls Grada 16.5b SIc 61.8 10.6 44.1 11.4 70.0 22.5

Leaning 99.0 26.6 SI 77.6 12.0 SI SI

Straightness Grad 29.8 SI 77.2 15.8 SI SI

Age 7

Height 42.7 41.4 94.6 47.5 47.8 73.2

Diameter 48.0 32.6 88.0 42.1 34.9 57.9

No. whorls 112.5 60.9 Grad 25.6 33.8 35.3

Leaning 113.5 17.7 SI SI

Straightness Grad 18.1 SI SI

The shown patch size (a0) is the a0 parameter of the spherical model, but is a0 9 3 for the exponential model (Webster and Oliver 1990)
a grad = gradient (linear semivariogram)
b For linear models, the intensity of the spatial pattern structure was calculated for a distance of 100 m as 100*C0/(100*C0 ? Cn)
c SI = spatially independent trait

Eur J Forest Res (2010) 129:645–658 651

123



interaction for three selected traits is shown in Table 5.

When all possible causes of interaction are considered, the

family 9 site interaction was highly significant in all cases.

These results disagree with those presented in Table 4 for

the number of whorls at age 3 and straightness at age 7.

These discrepancies arise because results presented in

Table 4 are based on a model that assumes homogeneity of

family variance and covariance across sites, which are

clearly inappropriate assumptions in these cases. Indeed,

the large heterogeneity of family variance across sites for

these traits (Table 5) is responsible for the significant

family 9 site interaction. On the other hand, the lack of

perfect family correlation between sites contributed sig-

nificantly to the family 9 site interaction in the cases of

height growth at both ages, and straightness at age 3,

suggesting family rank changes across sites for these traits.

Moreover, the results of the H4 hypothesis indicate that the

family covariance across sites for height growth was fairly

constant for all pairs of sites (Table 5). Thus, family rank

changes are likely to be equally distributed among all pairs

Table 4 Summary of the mixed model analyses for different traits assessed at ages 3 and 7 using a compound symmetry structure for the family

variance–covariance matrix across sites

Age Traits Site Family Family 9 site

Fa VC ± SE VC ± SE

3 Height 1,067.0*** 20.316 ± 3.496*** 11.053 ± 1.937***

No. whorls 407.0*** 0.046 ± 0.008*** 0.005 ± 0.005 ns

Leaning 329.4*** 0.001 ± 0.0003*** 0.0005 ± 0.0004 ns

Straightness 75.1*** 0.018 ± 0.003*** 0.009 ± 0.003***

7 Height 635.6*** 124.850 ± 24.946*** 52.487 ± 16.651***

Diameter 261.0*** 4.513 ± 1.143*** 1.617 ± 1.052*

No. whorls 109.3*** 0.075 ± 0.015*** 0.022 ± 0.010**

Leaning 101.5*** 0.002 ± 0.001** 0.0002 ± 0.001NS

Straightness 86.3*** 0.010 ± 0.003*** 0.003 ± 0.002NS

For fixed effects (site), F-ratio and associated significance levels are shown; for random effects (family, and family 9 site interaction), variance

component estimates ± standard errors (VC ± SE) and associated significance levels of the log-likelihood ratio test for significance of each

variance component are shown

Asterisks denote the significance level (*** = P\ 0.001; ** = P\ 0.01; * = P\ 0.05; NS = P[ 0.05) associated to the chi-square value

given by the difference in two times the log likelihood of that factor included versus excluded from the model. Because variance components are

constrained to be positive, test of variance components are one-tailed (Fry 2004)
a F4,118 for traits at age 3 and F2,67 at age 7

Table 5 Likelihood ratios for testing different hypotheses on the relevance and interpretation of the genotype by environment interaction for

different traits assessed at ages 3 and 7

Null hypotheses df Height No. whorls Straightness

v2 P[ v2 v2 P[ v2 v2 P[ v2

Age 3

H1: no family by environment interaction 14 100.7 \0.001 72.1 \0.001 912.8 \0.001

H2: homogeneity of family variance across sites 4 15.8 0.003 60.0 \0.001 19.5 \0.001

H3: perfect family correlation between all site pairs 10 77.3 \0.001 12.6 0.248 67.4 \0.001

H4: homogeneity of family covariance across site pairs 9 14.6 0.102 10.6 0.304 64.2 \0.001

H5: perfect family correlation between sites within deployment areas (coastal and inland

Galicia)

4 59.5 \0.001 4.7 0.319 41.0 \0.001

Age 7

H1: no family by environment interaction 5 21.3 \0.001 26.8 \0.001 256.3 \0.001

H2: homogeneity of family variance across sites 2 4.5 0.100 19.2 \0.001 26.6 \0.001

H3: perfect family correlation between all site pairs 3 12.3 0.006 6.3 0.098 4.2 0.241

H4: homogeneity of family covariance across site pairs 2 1.1 0.576 1.4 0.500 4.2 0.121

The chi-squared values shown are the differences in two times the log-likelihood of the full model (unstructured variance–covariance matrix) and

different reduced models constraining different elements of the family variance–covariance structure across sites (see ‘‘Methods’’). Degrees of

freedom (df) associated with the chi-squared values results from the different between the number of covariance parameters specifying the full

and reduced models. P values lower than 0.05 indicate that the null hypotheses should be rejected
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of sites, and no single site or group of sites is responsible

for the crossover interaction (see the low variation in

family correlations between sites in Table 6). This is not

the case with straightness at age 3, where the common

covariance model (H4) fitted significantly less well than

the unstructured covariance model (Table 5). The family

correlations between sites (Table 6) indicate that Bec-

erreá, which shows no significant family correlations with

any other site, has a clearly anomalous behaviour for this

trait. Furthermore, in the case of height and straightness

age 3, deviations from perfect correlations appeared both

within and among the two deployment areas (coastal and

inland Galicia). Assuming perfect correlation between

sites of the same area and allowing family rank changes

between sites of different areas (H5 hypothesis) resulted

in clearly and significantly less well-fitting models

(Table 5).

Performance of the CG and WA material

Grouping the families into the two breeding programmes

which they originated (WA and CG) and including this

origin and its interaction with sites as fixed effects in the

mixed models resulted in highly significant differences

between programmes for all traits (Table 7). Families from

WA performed, on average, significantly better than those

from CG (Fig. 2). In the case of growth traits, the pro-

gramme 9 site interaction was significant (Table 7), indi-

cating that the superiority of the WA material was not

uniform across sites. The superiority in height growth of

the WA material was more evident in Laza and Guntı́n

(Table 8). Among the different WA families tested, WA4

always ranked highly for all traits in each of the three

inland sites (Table 8), whereas WA1 showed reduced

growth and worse stem form. Other WA sources showed

intermediate results.

Both the CG and WA materials grew significantly

more than the average performance of the unimproved

seed sources tested in the adjacent provenance trials, and

none of the single provenances performed better than the

average of the improved material (Fig. 2). However,

although the mean performance in stem form traits of the

six provenances was worse than the average of the

improved materials, there were some single origins that

stand out with very straight stems and low number of

whorls (Fig. 2).

Table 6 REML estimates of

genetic correlations between

sites using an unstructured

family variance–covariance

matrix across sites for different

traits at ages 3 (above the

diagonal) and 7 (below the

diagonal)

Sites are grouped into the two

major climatic regions (inland

and coastal Galicia)

Asterisks denote the

significance level

(*** = P\ 0.001;

** = P\ 0.01; * = P\ 0.05;

NS = P[ 0.05) associated to

the chi-square value given by

the difference in two times the

log likelihood of that element

included versus excluded (fixed

to zero) from the model

Trait Site Inland Coastal

Becerreá Guntı́n Laza Daneiro Laracha

Height Becerreá 0.63*** 0.62*** 0.77*** 0.62***

Guntı́n 0.63*** 0.60*** 0.42** 0.74***

Laza 0.67*** 0.79*** 0.84*** 0.67***

Daneiro 0.60***

Laracha

No. whorls Becerreá 0.79*** 1.00*** 0.24NS 0.54**

Guntı́n 0.86*** 0.95*** 1.00* 0.60**

Laza 0.68*** 0.82*** 1.00* 0.80***

Daneiro 1.00NS

Laracha

Straightness Becerreá 0.28NS 0.27NS -0.41NS 0.10NS

Guntı́n 1.00NS 1.00*** 1.00*** 0.47**

Laza 0.29NS 1.00* 0.89*** 0.45**

Daneiro 0.10NS

Laracha

Table 7 Effects of the breeding

programme origin from which

families proceed (Coastal

Galicia and Western Australia),

and its interaction with sites for

different traits evaluated at age

7 in the three inland sites

Effects DF Height No. whorls Straightness

F P[F F P[F F P[F

Programme 1 115 11.4 0.001 4.6 0.034 5.1 0.026

Site 2 67 138.7 \0.001 17.1 \0.001 26.0 \0.001

Programme 9 site 2 230 3.2 0.043 1.5 0.217 2.0 0.132
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Discussion

This paper provides new information about the perfor-

mance of Atlantic improved material in the inland region

of Galicia, where the Atlantic character is clearly modified

by continental and Mediterranean influences. Growth pat-

terns of maritime pine in Galicia are known to differ

between the inland and the coastal area, as a consequence

of both environmental and genetic factors (Álvarez-Gonz-

alez et al. 2005; Barrio-Anta et al. 2006). Our results are in

agreement with this, and the height growth of the studied

material in the inland sites was lower than that observed in

the coastal region in an earlier trial series at similar ages

(Zas et al. 2004). However, mean height growth in the

three inland sites was similar to intermediate to high site

index P. pinaster plantations in this area (Álvarez-
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Fig. 2 Best linear unbiased

predictors (BLUPs) for the 111

half-sib families of the CG seed

orchard (white bars) and the six

families of the WA breeding

programme (black bars, WA1-

WA6), for a height,

b straightness, and c number of

whorls at age 7 in two sites

(Guntı́n and Laza) located in the

inland region of Galicia. The

best linear unbiased predictor

(BLUP) of the best provenance

and the overall mean of all the

provenances tested in the

adjacent provenance trials (grey
bars) are also shown. x-axis
intersects the y-axis at the
overall mean of the progeny

trials

Table 8 Ranking of the BLUPs of the Western Australia (WA) families in the three inland sites for height, straightness and number of whorls at

age 7 (N = 117 genetic entries)

WA families Height No. whorls Straightness

Becerreá Laza Guntı́n Becerreá Laza Guntı́n Becerreá Laza Guntı́n

WA1 47 44 43 12 19 9* 39 23 46

WA2 16 14* 15* 83 63 70 7 15 4*

WA3 7* 9** 3*** 16 22 21 35 58 31

WA4 4** 3** 1*** 1** 1** 6* 3* 6 2*

WA5 61 16* 10* 70 65 74 36 27 35

WA6 15 13* 13* 32 30 59 28 26 21

Asterisks denote the significance level associated to the specific contrast between the BLUP of each WA family and the BLUP of the average

performance of the 111 CG families for each trait

Significance levels: *** = P\ 0.001; ** = P\ 0.01; * = P\ 0.05
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Gonzalez et al. 2005), suggesting that the coastal material

also performed relatively well in the drier and colder

environmental conditions of the inland region.

Results from the likelihood-based analyses of the G 9 E

interaction also indicate that there is not sufficient evidence

to warrant the subdivision of the region into the two

independent deployment areas of coastal and inland Gali-

cia. This subdivision would be only justified if the rele-

vance of the G 9 E interaction were much lower within

than between areas. The G 9 E interaction is of conse-

quence only when it involves rank changes across sites (i.e.

crossover interactions), and so, deployment areas should

cluster sites into groups with statistically negligible cross-

over interactions (e.g. Crossa et al. 2004). In this study,

family 9 site interaction was highly significant for most of

the studied traits; however, this interaction was due to

departures from perfect family correlations between sites

only in the case of height growth and straightness at age 3.

Imperfect genetic correlations between environments sug-

gest crossover interactions (Yang 2007; Crossa et al. 2004).

Thus, for these traits, there could be major disadvantages to

merging both areas into a single deployment zone. How-

ever, the analysis of additional hypotheses regarding the

genetic correlations between sites revealed that, in the case

of height growth, crossover interactions are as important

within areas as between areas. Constraining genetic cor-

relations between sites of the same deployment area to 1

(i.e. avoiding family rank changes within areas) signifi-

cantly reduced the log likelihood of the model, and thus

resulted in an inappropriate model compared with the

unconstrained full model. Moreover, genetic correlations

between sites were similar for pairs of sites of the same or

different areas, and the mixed models that assumed a

constant family correlation between sites fitted as well as

the unstructured full model. Thus, the pattern of the

crossover interactions for height growth seemed to be

similar between all possible pairs of sites, irrespective of

the sites belonging to the same or different deployment

areas.

The interpretation of the crossover interactions for

straightness at age 3 was different. Assuming a constant

family correlation between sites was not appropriate for

this trait, and Becerreá seemed to be a site showing clearly

anomalous behaviour. Family correlations between this site

and the other four sites were not significant and even

negative in some cases, whereas the remaining family

correlations were significant and positive. The anomalous

results for straightness in Becerreá, a site near the upper

limit of the distribution of the species, are likely to be

caused by the strong and irregular slope and the presence of

snow during the winter. Additionally, straightness was

assessed as an ordinal trait (1–6 scale), and residuals of the

mixed models significantly (P\ 0.05; Kolmogorov–

Smirnov test) departed from normal distributions, although

residual histograms were unimodal and relatively unsk-

ewed. Normality of residuals is a main assumption of

mixed models (Littell et al. 2006), so the results regarding

this trait should be managed with care here. Generalized

linear mixed models would have provided a more appro-

priate way of analysing an ordinal trait such as this (Bolker

et al. 2009), but fitting generalized linear mixed models to

our large data set and imposing constraints to the family

covariance structure resulted in a failure to converge.

The pest and disease problems that occurred in the

coastal sites may be also distorting the results regarding

the comparison of inland and coastal performance. Both the

fungus and the pest significantly reduced the survival and

growth of the pine seedlings (Zas et al. 2007) and may have

also favoured severe deformities in the stems (Sampedro

et al. 2009). In addition, pine growth and stem straightness

in the five studied sites could also be heavily influenced by

rooting problems induced by the relatively long time

nursery period (up to 19 months) and the small containers

used (Superleach 125 cm3; Climent et al. 2008).

Both across and within site variation in the studied traits

was very high. The results indicated a strong spatial

autocorrelation for all the growth variables, reflecting the

strong within site heterogeneity, whereas no spatial pattern

was found for the stem form variables, except in Becerreá

and Daneiro. Spatial dependence in stem form traits in

these sites may be caused by the strong and irregular slope

and the presence of snow during the winter in Becerreá,

and by the existence of patchy waterlogged areas in Da-

neiro, that caused severe deformities in the stem. Non-

random spatial patterns in traits assessed in forest genetic

trials are very common (Dutkowski et al. 2006; Fu et al.

1999). Augmenting standard analytical models with spatial

components has shown to increase the accuracy of genetic

parameter estimates and to increase the treatment correla-

tion between tests (Dutkowski et al. 2006; Qiao et al. 2000;

Zas 2006). The impact of the spatial autocorrelation on the

analyses of forest genetic trials can be so dramatic that

several authors stated that leaving data unadjusted in the

presence of spatial autocorrelation is clearly unacceptable

(Costa-Silva et al. 2001; Dutkowski et al. 2006; Zas 2006).

PROC MIXED in SAS allows to fit spatial correlation models in

which residuals are allowed to be autocorrelated among

themselves, with autocorrelation being a function of the

distance that separate them (Littell et al. 2006, Chap. 11;

Saenz-Romero et al. 2001). The mixed models used in the

present paper could thus have been augmented allowing for

an autocorrelation structure of the residual variation within

each site. However, both fitting spatial autocorrelation

models and fitting heterogeneous residual variation models

with unstructured family covariance structure across sites

are computationally very demanding. Integrating all these
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family and residual covariance structures into a single

mixed model would be very difficult with a conventional

personal computer. Thus, the procedure used here, in which

we first adjusted data for spatial autocorrelation (Zas 2006)

and then fitted these complex mixed models, seems to be

an operative way to circumvent this problem.

The studied trial series lacks control seedlots of local

origin with which to compare the improved materials.

Indeed, finding a representative seedlot of the many dif-

ferent origins commonly used in the maritime pine plan-

tations in the inland region of Galicia would be a difficult

task. We took advantage of the adjacent provenance tests to

get estimates of unimproved seed sources in the area.

Comparisons between materials from these adjacent trials

with independent experimental designs were possible

thanks to the common spatial adjustment, which accounted

for the microenvironmental variation between the two trials

within each site. The results indicate that both the CG and

WA improved materials grew significantly more than all

the provenances tested. On average, stem form and

branching habit of the improved materials were also better,

but some individual provenances from Central Spain per-

formed clearly better regarding these traits. Atlantic origins

are known to present poor forms and are clearly surpassed

in provenance tests by other mountain origins such Mor-

occo, Corsica, and Sierra de Gredos (Alı́a et al. 1995). In

fact, the French maritime pine breeding programme,

developed upon the basis of the Atlantic Landes prove-

nance, has exploited interprovenance crosses with Corsican

origins to improve stem straightness of the local population

(Alazard 1988; Harfouche and Kremer 2000). Our results

also suggest that the superiority of the Atlantic improved

materials in inland Galicia could be complemented by

introducing favourable genes for straightness and branch-

ing habit through introgression. Interprovenance crosses

with Albarracı́n (good stem straightness) and Sierra de

Segura-Alcaraz (low number of whorls), or with other

mountain origins of known stem straightness (e.g.

Morocco, Corsica or Sierra de Gredos; Alı́a et al. 1995;

Harfouche and Kremer 2000; Sierra de Grado et al. 2008)

should therefore be considered.

The Western Australia breeding programme has

achieved, using an Atlantic provenance, very good results

and ample gains for use in areas of severe drought within

that region (Butcher 2007). The wide genotypic variation

within provenances (Mariette et al. 2001; Petit et al. 1995)

and the characteristic phenotypic plasticity of the species

(Alı́a et al. 1997; Chambel 2006) offer a plausible expla-

nation for this large flexibility. The performance of the WA

material in inland Galicia was also very good, always

above the overall average at each site. The superiority of

the WA families was evident for the three main studied

traits: growth, stem form, and branch habits (Fig. 2,

Tables 7, 8). However, the performance of the WA fami-

lies was fairly variable across the three inland sites

(Table 8). As expected, the best development of this

material occurred on the driest sites (Guntı́n and Laza),

while the worst performance was on the coldest one

(Becerreá). Among the different WA families, WA4, a full

cross between ‘‘sexy’’ clones characterized by a high

resistance to drought, good growth and strong apical

dominance, was one of the most stable and stands out as

one of the best families for the three main traits in the three

inland sites. The remaining WA families, except WA1, also

show superior growth in Laza and Guntı́n, but only inter-

mediate performance in terms of stem form. Results from

the WA6 seedlot, which is a mixture of different open

pollinated families from the 2nd generation clonal seed

orchard at Manjimup (WA), indicated that, on average, the

material from this seed orchard performed better than that

from the Galician coastal seed orchard, although the dif-

ferences were only significant in the case of growth on the

two warmest and driest sites. Because the tree breeding

programme for maritime pine in WA has continued to

progress in recent years (Butcher 2007), we could expect

even greater gains with new WA materials with higher

levels of selection. Testing new seedlots from WA is,

therefore, highly recommended.

As a practical conclusion, the results of this paper sug-

gest the feasibility of using both the CG and the WA

breeding materials as possible sources of forest reproduc-

tive material for the inland region of Galicia. Specifically,

based on the excellent results of the WA material,

importing seed for reforestation in inland Galicia and/or

including specific selected WA genotypes into the local

breeding population should be strongly considered. Fur-

thermore, judging from the results of the G 9 E interaction

analyses, there is not sufficient evidence to subdivide Ga-

licia into the two current deployment areas, coastal and

inland Galicia. Interaction patterns do not reveal significant

differences between zones, and crossover interactions for

height growth are present both between and within areas.

Although a strategy is undoubtedly needed to deal with the

overall crossover interactions, based on the results of the

present paper, both zones could be merged into a single

breeding and deployment area.

Acknowledgments This study was supported by the Instituto

Nacional de Tecnologı́a Agraria y Alimentaria (INIA) projects

RTA05-173 and RTA07-100. The series of trials were established

under supervision of Guillermo Vega and Josefa Fernández-López,
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Abstract
& Context Pinus pinaster Ait. is found in the Iberian Pen-
insula under Mediterranean and Atlantic conditions. Both
climates encounter each other in Galicia (NW Spain), where
two bioclimatic regions can be differentiated: coastal and
inland. A breeding program was launched in the coastal
area, with two breeding and deployment areas delimited.
& Aims We analyse plasticity patterns across regions in a
coastal breeding population to assess the suitability of cur-
rent breeding areas and how genetic material will likely
respond to future climate.
& Methods Total height at ages 3 and 8 years was assessed
in 16 trials established along the coast and in inner Galicia.
Clustering of environments with similar genotypic perfor-
mance, family sensitivities to climatic factors and stability
analyses were performed.
& Results Sizeable genetic variation in plasticity was found
among families, and crossover genotype-by-environment

interactions were detected within and between regions.
It was unfeasible to regionalize Galicia into alternative
areas of stable genotypic performance. Only the cold regime
was found to noticeably underlie the array of phenotypic
responses to changing environmental conditions.
& Conclusions Results suggest that previous delimitation in
two breeding areas is pointless and indicate reduced effects
of a changing climate towards Mediterranean conditions on
decreasing population fitness.

1 Introduction

Two main bioclimatic regions can be distinguished in the
Iberian Peninsula: Atlantic and Mediterranean. The Atlantic
region, which occupies a narrow coastal strip in the north
and the northwest (Fig. 1), is characterized by high and well-
distributed precipitations and a narrow seasonal oscillation
of temperature. In the Mediterranean region, precipitations
are lower and concentrate in autumn and winter, summer
drought being the most limiting factor for plant growth. In
Galicia (NW Spain), both regions encounter each other, and
the typical Atlantic coast climate is gradually transformed
towards the interior, following a NW–SE gradient, into clear
Mediterranean conditions (Fig. 1).

Local climate models in Galicia predict an increase in
mean temperature coupled with an increasing frequency of
extreme heat events in summer, milder winter cold extremes
and important changes in rain distribution over the course of
the year (Pérez-Muñuzuri et al. 2009). Climate in the coastal
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Atlantic areas will, thus, likely evolve towards more Medi-
terranean conditions in the near future.

In the Iberian Peninsula, maritime pine (Pinus pinaster
Ait.) is found both in the Atlantic and the Mediterranean
regions, showing a wide array of adaptation patterns to
contrasting environments. Indeed, populations have evolved
to adapt to local environmental conditions (Fernandes and
Rigolot 2007; González-Martínez et al. 2002; Tapias et al.
2004), leading to a high genetic differentiation among pop-
ulations and a geographically highly structured intraspecific
variation both in terms of quantitative traits and neutral

genetic variation (Bucci et al. 2007; González-Martínez et
al. 2002). Among Mediterranean pines, P. pinaster has been
shown to display high levels of plasticity, modulating its
phenotype according to the environment where it grows
(Chambel et al. 2007; Corcuera et al. 2010).

P. pinaster is particularly valuable in Galicia, where it is
the dominant forest tree species in both bioclimates and also
the one mostly used for reforestation. Previous studies have
identified important differences in terms of growth patterns
and genetic structure of P. pinaster stands originating from
both bioclimatic regions (Alía et al. 1996; Álvarez-González

Fig. 1 a The two main biogeographical regions of the Iberian Peninsula:
Atlantic (grey shaded) and Mediterranean (white shaded). b Location of
the test sites across the NW–SE environmental gradient between Atlantic
and Mediterranean conditions in Galicia. The grey pattern and the arrow
illustrate the gradual increase of thermal oscillations and summer drought,
and the decline in annual rainfall from theNW (dark grey) to the SE of the
region (light grey). The thin black line denotes the boundary between the
two bioclimatic areas currently operative for breeding and deployment

purposes. The 16 test sites are represented in the map by their respective
codes (see Online Resource 1, 2 and 3). c, d Dendrograms representing
the environmental cluster obtained by means of the CINTERACTION
procedure for height growth at ages 3 and 8 years. Sites are coloured
according to their location in the Atlantic–Mediterranean gradient,
following a colour gradient from dark (true Atlantic climate) to
white (strong Mediterranean influence)
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et al. 2005). While coastal stands show excellent growth and
branch characteristics, and also satisfactory stem form, the
stands of the inner region, mostly of unknown origin, have
clearly inferior quality in relation to growth, stem form and
branch habit (Alía et al. 1996). These differences have also
been observed in common-garden tests (Molina 1965). The
outstanding performance of the coastal stands has prompted
the implementation of a classical breeding program aimed to
supply genetically improved seeds for reforestation in the
region. This program included phenotypic mass selection in
coastal stands to make up a breeding population upon which
three series of open-pollinated progeny trials were estab-
lished both along the coast and in inner Galicia. This multi-
environment trial (MET), which tests many genetics entries
along the Atlantic–Mediterranean gradient, provides an ex-
cellent experimental device to assess how climate modulates
phenotypes and whether this modulation is under genetic
control. The analysis of the Genotype by Environment (G×E)
interaction should, thus, be valuable for understanding phe-
notypic responses of this Atlantic maritime pine breeding
population to future climate change.

When studying G×E interaction, it is important to note
that not all types of non-parallel responses have the same
adaptive or breeding relevance. On the one hand, crossover
interactions (COI), caused by changes in rank order for
genotypes between environments, usually have large
impacts in selection processes as the best genotypes may
differ across environments (Hammer and Cooper 1996). On
the other hand, non-crossover interactions, caused by het-
erogeneity of either genetic or residual variances, or both
combined, are irrelevant for selection providing that the
testing environments covers the range of environmental
conditions where the species is prone to be used (Delacy
et al. 1996). Former evaluations of the Atlantic P. pinaster
breeding population of NW Spain, both in field trials located
in the Atlantic zone (trial series 1995 as described in Online
Resource 1, Zas et al. (2004)) and under controlled condi-
tions in the greenhouse (analysing a subset of the breeding
population under different water and nutrient availabilities,
Zas and Fernández-López (2005)), showed that G×E inter-
action was sizeable, although most interaction could be
attributed to a few highly interactive families (Zas et al.
2004). When analysed across bioclimatic regions (coastal
and inland Galicia, trial series 2001 as described in Online
Resource 1) crossover effects were observed both between
and within regions, suggesting improper territorial division
for stable genotypic performance (de la Mata and Zas
2010b). However, these findings demand further confirma-
tion as they were based on a reduced number of field trials,
and some of them suffered important sanitary problems.

This work takes advantage of the MET device established
along the coast and in inner Galicia to (1) understand how
climatic factors modulate the phenotype of different P.

pinaster genotypes from an Atlantic breeding population,
(2) further assess the suitability of the current deployment
areas for Galicia, and (3) seek, if necessary, for alternative
geographic divisions that minimize the impact of G×E
interaction for growth. To this end, we analysed 16 progeny
trials corresponding to the whole experimental device in-
cluding those nine trials belonging to previous series and
seven new trials including all the 116 families of the breed-
ing program. We used a two-stage analysis in which we first
corrected the original data for spatial autocorrelation at the
trial level, and then we investigated G×E interaction pat-
terns using a restricted maximum likelihood (REML) ap-
proach implemented in mixed-model analysis (Searle et al.
1992) along with multivariate procedures.

2 Materials and methods

2.1 Genetic material, test sites and growth measurements

The genetic material consisted of 116 half-sib families
obtained from plus trees replicated in a first generation
clonal seed orchard (Sergude, Consellería de Medio Rural,
Xunta de Galicia, 42.82º N, 8.45º W) that provides high-
quality seed for reforestation in the coastal area of Galicia.
Plus trees were individually selected in either natural or
artificial stands located in the Atlantic region of Galicia
according to their superior growth, stem form and branch
habit.

Data were obtained from three series of trials installed in
1995, 2001 and 2005. A total of 16 individual trials were
measured, with each trial including between 73 and 116
families of the whole collection, with an average of 20
individuals per family and site. Eight trials were established
in the Atlantic region and eight trials in the inland region
where Mediterranean influence is strong (Fig. 1). The num-
ber of common families between sites varied from 62 to 116
for sites of the same region and from 59 to 116 for sites of
different regions. Site characteristics, experimental design,
mean tree growth and mean mortality in each trial are shown
in Online Resource 1, 2 and 3.

All trees from each trial (except those dead or badly
suppressed) were measured for total height (H) from the
root collar to the extreme of the apical bud with a pole in
centimetres. Measurements were made at 3, 7 and 8 years
after planting depending on the particular trial. Height at
ages 7 and 8 years were considered equivalent (and referred
to as H8) since no relevant changes in family rankings are
expected between both ages. Therefore, 3- (H3) and about 8
(H8)-year-old measurements were used for analysis. In four
out of 16 trials, heights were measured at both ages; in nine
trials, H3 was only measured, and in the remaining three
sites, H8 was the only evaluation (Online Resource 3).
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2.2 Statistical analyses

2.2.1 Spatial adjustments

Since spatial autocorrelation is a common concern in forest
genetic trials (Magnussen 1990) and the available informa-
tion belongs to different series of trials with different block
designs, we first corrected the dependent variable for spatial
autocorrelation at each site. Spatial adjustments were done
using the iterative spatial analysis method (Zas 2006). This
method uses geoestatistics tools (variography and kriging)
to model the spatial variation of the residuals of height data
adjusted for genetic effects. Residuals are obtained assum-
ing a complete randomised design and disregarding block
effects to prevent the occurrence of artificial boundaries that
might hinder the modelisation of the spatial structure. Then,
the spatial model of the residual variation is used to adjust
the original variable for its spatial autocorrelation (see
details in Zas 2006). Spatially adjusted data from each trial
were then jointly analysed to study the relevance and pat-
terns of G×E interaction. Because the joint modelling of
spatial variation and genetic variance–covariance structures
across sites is computationally very demanding, this two-
stage approach is an attractive alternative for the analysis of
large data sets (Cappa et al. 2009; de la Mata and Zas
2010b).

2.2.2 Age-to-age correlation

The genetic correlation between ages 3 and 8 years was
estimated using a mixed multivariate repeated measures
analysis (Holland 2006) for those sites in which height
was measured at both ages.

2.2.3 Relevance of G×E interaction

As a first assessment of the relevance of G×E interaction,
we fitted a simple two-way linear mixed model for the
spatially adjusted dataset:

Yijk ¼ μþ Gi þ Sj þ G� Sij þ "ijk ð1Þ
where Yijk is the observation of the kth tree of the ith family
in the jth site, μ is the overall mean, Gi is the random effect
of the family i, Sj is the fixed effect of the site j, G×Sij is the
random effect of interaction between the family i and the site
j, and εijk is the random tree effect of the kth individual or
error term. The within-site block effect was not included in
the model since the dependent variable was already free of
spatial correlation. The mixed model was fitted using the
MIXED procedure of SAS (Littell et al. 2006), and variance
components were estimated using the REML method. The
fitted model also allowed for heterogeneity of error

variances in order to account for heterogeneous standard
errors of genotype–environment means, as large differences
in height growth were observed among sites.

2.2.4 Geographic patterns of G×E interaction

To determine whether G×E interaction was caused mainly
by differential family performance across main climatic
regions, we tested whether COI was relevant only at the
regional level. To this end, we used a log-likelihood ratio
test to compare the fit of a model with no restrictions in the
family variance–covariance matrix (full model, uncon-
strained genetic correlations across sites) with a reduced
model in which family covariances among sites of the same
region are constrained to RG01 (i.e. no family rank changes
are allowed within regions) (de la Mata and Zas 2010b;
Yang 2002). Both models are extensions of the more general
model (Eq. 1) in which alternative variance–covariance
structures are tested to accommodate heterogeneity of var-
iances and covariances at the level of the random term G×
Sij. Under the null hypothesis, the difference in minus two
times the log-likelihood of the reduced and the full models is
χ2-distributed, with degrees of freedom given by the differ-
ence in the number of covariance parameters of both models
(Fry 2004; Yang 2002).

2.2.5 Environmental clustering

Because relevant COI occurred within regions (see “Results”),
a method was implemented for seeking for clusters of sites
minimizing G×E interaction at the within-group level while
simultaneously maximising the dissimilarity between groups
for G×E interaction. To this end, the CINTERACTION pro-
cedure of GenStat (Payne et al. 2006), which is based on the
agglomerative hierarchical clustering method defined by
Corsten and Denis (1990), was applied to the dataset. This
procedure sequentially groups genotypes and environments in
successive steps so that most of G×E interaction is explained
between groups of genotypes and environments at the end of
the merging process, minimising the residual G×E interac-
tion. This analysis was done using family means per site for
those families represented in all sites at each age (76 and 57
families at ages 3 and 8 years, respectively). The mean error
variance across sites and its degrees of freedom were used as
starting parameters of the procedure.

2.2.6 Relevance of environmental factors explaining G×E
interaction

The exploration of environmental factors underlying G×E
interaction was performed using factorial regression models
(Denis 1988). Factorial regression analysis allows quantify-
ing the relative merit of explicit environmental factors on
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the explanation of G×E interaction. In particular, the
amount of interaction between the genotype effect and an
environmental covariate is related to the relevance of the
genotypic variation in sensitivity (i.e. slope of response)
to that explicit factor. Biologically, factorial regression
models are informative on the extent by which differ-
ences across sites in environmental characteristics can
explain differential genotypic performance. In other
words, with these models, we can quantify the genetic
variation in phenotypic plasticity attributable to specific
environmental parameters.

In this study, the original G×S term in (Eq. 1) was
replaced by single effects accounting for the random inter-
action of genotypes with specific environmental variables; a
residual variance component was also estimated reflecting
the variation that remained after each single explanatory
source was removed from the original G×S term (Frensham
et al. 1998):

Yijk ¼ μþ Gi þ Sj þ GxSij þ GxCovij þ "ijk ð2Þ
Where the terms are the same than in model (Eq. 1)
except G×Covij, which refers to the random interaction
of genotypes with a single environmental covariate and
G×Sij that now denotes the residual variance of the
interaction. Models were fitted with the MIXED procedure
of SAS.

The environmental factors considered included altitude,
annual precipitation, summer precipitation (from June to Au-
gust), the Gaussen Index as an indicator of the intensity of
summer drought (GI0Σ(2T−P) for each month where 2T>P,
where T is the mean temperature and P the monthly precip-
itation), annual mean temperature, number of frost days
(Tmin<0°C) per year, absolute minimum and maximum tem-
perature, and mean of daily minimum temperatures of the
coldest month, and of the maximum temperatures of the warm-
est month. Climatic factors were obtained from the closest
meteorological stations to each test site for the corresponding
3 or 8 years growth period.

2.2.7 Genotypic stability

We also quantified the particular contribution of each family
to the G×E interaction. If the interaction is mainly caused
by just a reduced group of interactive families, then its
relevance can be minimised by removing these families
from the breeding population. Shukla’s stability variance
(Shukla 1972) was chosen as a biologically intuitive method
to estimate variability in family stability across environ-
ments. The model was implemented with the MIXED pro-
cedure of SAS using family means per site (Piepho 1999),
including the maximum number of families that allowed
model convergence (100 and 68 families at age 3 and
8 years, respectively). In Shukla’s stability variance, a

separate variance (or genotypic stability) is assigned to each
genotype. The model is fitted using a variance–covariance
matrix with a banded main diagonal structure at the level of
the random G×S term where the variances of the diagonal
are interpreted as the environmental stability of each geno-
type (Piepho 1999). Larger stability variance values corre-
spond to more interactive genotypes. Shukla’s stability
variance is linearly related to the classical ecovalence value
(Wricke 1962), which quantifies the contribution of a geno-
type to the interaction sum of squares.

3 Results

Mean height growth was highly variable across sites, rang-
ing from 78.2 to 155.4 cm at age 3 years and from 294.9 to
558.1 cm at age 8 years (Online Resource 3). On average,
height growth was 21% and 38% higher in the coastal sites
than in the inner sites at ages 3 and 8 years, respectively.
Average mortality in the test sites was generally low and
below the usual thresholds for forest plantations in Galicia
(Online Resource 3). Several sites, however, showed
abnormally high mortality due to the incidence of differ-
ent unexpected problems such as insect herbivory (Daneiro),
fungal diseases (Laracha), water logging conditions
(Chantada) or high post-transplanting stress (Becerreá).
Because the causes underlying these high mortality rates
were beyond the ordinary environmental variation found
among sites, survival was not further considered in the
analyses.

Residuals after subtracting family effects revealed pro-
nounced non-random spatial structures at both ages in all
sites (Online Resource 4). Either spherical, exponential or
linear theoretical semivariograms fitted well the residuals of
each trial (r2>0.87, P<0.001). The percentage of total re-
sidual variation explained by the spatial pattern (intensity of
the spatial dependence) varied from 22% to 59% at age
3 years and from 41% to 74% at age 8 years (Online
Resource 4).

3.1 Geographical pattern of G×E interaction

The ratio of estimated variance components for G×S inter-
action and family effects (σG×S

2/σG
2) was larger than unity

(1.34 and 1.11 at ages 3 and 8 years, respectively), indicating
a high relevance of the interaction as compared with the
genotype main effect. The genetic correlation between both
ages was 0.708±0.085, reasonably high to assume that a
3-year assessment is representative of tree performance at age
8 years.

The model that assumes absence of COI within regions
(i.e. assuming perfect genetic correlations, RG01, between
all pair of sites belonging to the same region) showed a
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significantly worse goodness of fit (i.e. larger -2RLL in
Table 1) than the full model with unrestricted genetic corre-
lations, suggesting that COI existed both within and be-
tween bioclimatic regions (see also Online Resource 5). In
agreement with this result, genetic correlations between sites
from a particular bioclimatic region were not significantly
larger than those involving sites of different regions (F1,190
3.35, P00.083 for age 3 years and F1,7600.03, P00.853 for
age 8 years; Table 2).

Overall, the clustering procedure tended to separate At-
lantic from Mediterranean sites (Fig. 1), although both main
groups also included sites from the alternative climatic
region, and some few sites were classified independently
from these main groups. Nevertheless, COI was still present
within these optimal clusters, as models assuming absence
of ranking change for genotypes between sites of the same
cluster showed a significantly worse goodness of fit than the
full, unconstrained model (Table 1). Therefore, grouping
sites into regions with negligible G×E interaction was
unfeasible.

3.2 Environmental factors underlying G×E interaction

Most factorial regression models showed a marginal or
lack of significance for most environmental variables at
age 3 years. The mean daily minimum temperature of the
coldest month was the only parameter that was able to
significantly reduce the original G×S term (a reduction of
8.8% decrease in variance component). At age 8 years,
annual precipitation and annual mean temperature also
played some role in the explanation of G×S interaction,
but the mean daily minimum temperature of the coldest
month was again the most relevant parameter underlying
genotypic responses to changing environmental conditions
(Table 3).

3.3 Stability analysis

Shukla’s stability variances of families followed a unim-
odal but positively skewed distribution with a few fam-
ilies showing relatively high values (about two to three
times larger than the average stability) (Fig. 2). There-
fore, not all families contributed equally to the total G×E
interaction. Sequentially removing the most interactive
families from the analyses progressively reduced the
relative importance of the interaction term, but too many
families had to be removed to achieve a negligible inter-
action (Fig. 2).

4 Discussion

4.1 Genetic variation in phenotypic plasticity

The large variability in height growth among test sites is
indicative of the relevance of plastic responses in P. pinaster.
Tree performance was better in the Atlantic area, where the
genotypes were originally selected and the environmental
conditions are also more favourable for growth. The high
ratio of G×E interaction to family variance components
(σG×S

2/σG
2) suggests the presence of contrasting adaptation

patterns within the Atlantic breeding population when tested
across the Galician territory and confirms that genetic vari-
ation in plasticity does exist for this population. These
results agreed with previous findings upon the same breed-
ing population both within the Atlantic region (Zas et al.
2004) and across the two bioclimatic regions of Galicia
(de la Mata and Zas 2010b). The existence of significant
crossover interactions both within and between regions sug-
gests a large impact of G×E interaction on achieving progress
from selection.

Table 1 Log-likelihood ratios testing for crossover interactions appearing either within and across regions or only across regions

Model AGE 3 AGE 8

-2RLL LLR DFa p>χ2b -2RLL LLR DFa p>χ2b

Full 178980 – – – 137566 – – –

Atl-Medit 179144 163.6 36 <0.001 137640 74.5 11 <0.001

2 Groups 179088 108.1 36 <0.001 137629 63.5 9 <0.001

3 Groups 179085 104.9 31 <0.001 137610 44.2 6 <0.001

The table shows the restricted log-likelihood (RLL) value of the full model (unconstrained variance–covariance matrix) and of different reduced
models in which genetic covariances across sites of the same region were constrained to unity. The corresponding log-likelihood ratio (LLR0−2
(RLLreduced model–RLLfull model), associated degrees of freedom (DF) and probability levels are presented. Sites were grouped according to the
bioclimatic region (Atlantic or Mediterranean regions), or according to the optimal clustering obtained by the CINTERACTION procedure (see
Fig. 1), assuming the first two levels of subdivision in two or three groups
a LLR is distributed approximately as χ2 with degrees of freedom given by the difference between the number of covariance parameter specifying
the full model and the reduced model (Fry 2004)
b Significance of χ2 test for LLR. P values lower than 0.05 indicate that the reduced model fits significantly worse than the full model
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Remarkably, the relevance of G×E interaction in the stud-
ied breeding population seems higher than that observed in

provenance MET data for this species (Guyon and Kremer
1982; de la Mata and Zas 2010a; Matziris 1982). This is
somewhat surprising given the small size of the targeted
area and the fact that genotypes were selected for the
same phenotypic traits within a rather homogeneous region of
origin (Atlantic Galicia). The family×site interaction variance
has been shown, however, to be much higher than the
provenance×site interaction variance in provenance MET
analysis with family structure (Corcuera et al. 2010).
In this regard, the sizeable amount of genetic variation in
plasticity detected in the present study may have facilitated
local adaptation of individuals to transitional climates. This
possibility has also been suggested for P. pinaster Atlantic
populations by other authors (Alía et al. 1997; Chambel
et al. 2007).

It should be noted that the relatively early evaluation ages
(3 and 8 years) may underlie the large impact of G×E
interactions on height growth and, hence, may not completely
reflect definitive adaptation patterns of the target population to
different environments. Although the relative magnitude of
G×E interaction (expressed as ratio of G×E to G variance
components) was reduced from age 3 to 8 years, such reduc-
tion was nevertheless small, and genetic correlations between
both ages were relatively high, suggesting a quite uniform
genotypic performance across ages. Previous studies reporting
age–age correlations in P. pinaster revealed that selection can
be reasonably effective when trees are about 8 to 12 years old
(Danjon 1994; Kremer 1992). In the present study, the assess-
ment at ages 7–8 years can be thus considered quite effective
for achieving a reliable understanding of adaptation patterns to
local environmental conditions.

4.2 Geographical pattern of plastic responses

Both the estimation of genetic correlations across sites and
the likelihood analysis on the relevance of crossover

Table 3 Relative merit of explicit climatic factors on the explanation of G×E interaction at age 8 years

Climatic variables Simple model Extended models

σG×S
2 σG×COV

2 σG×S
2 Reduction in original σG×S

2 (%)

105.84 (13.64)

Annual precipitation (mm) 4.30 E−5 (1.40 E−5) 93.09 (13.28) 12.05

Summer precipitation (mm) 4.99 E−3 (3.10 E−3) 102.35 (13.59) 3.30

Annual mean temperature (°C) 0.64 (0.12) 98.89 (13.25) 6.57

Average min temperaturea (°C) 4.64 (1.47) 81.09 (12.90) 23.38

The variance component (and approximate standard errors within brackets) of the original G×S term was obtained from a simple two-way linear
mixed model (Eq. 1 in “Materials and methods”). In the extended models (Eq. 2 in “Materials and methods”), the G×S term was replaced by a
covariate term accounting for the interaction of genotypes with specific climatic variables plus a G×S residual reflecting the variation that remained
after each single explanatory source was removed from the original G×S term. Only those factors explaining a relevant amount of the original G×S
are presented
aMean of daily minimum of the month of lowest average

Fig. 2 Frequency histogram of Shukla’s stability variance for height
growth at age 3 years and magnitude of the G×E interaction in relation
to genotypic variation as the most interactive families were sequential-
ly eliminated from the analysis. The grey and white bars in the histo-
grams represent families included and excluded, respectively
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interactions indicated that family performance varied as
much within as between bioclimatic regions. We can con-
clude, thus, that there is not enough evidence to subdivide
Galicia into the two currently operative deployment areas.
An optimal clustering of sites minimizing G×E interaction
at the within-group level provided no clear geographical
pattern of site grouping. Although Atlantic and Mediterra-
nean sites tended to group apart in the clustering history, this
trend was spoilt by some sites that were not grouped as
could be expected. These were, however, sites either with
anomalous growth due to the incidence of pests (Daneiro) or
diseases (Laracha) (see de la Mata and Zas 2010b), or
located in the central part of Galicia relatively close to the
boundary between the two deployment areas (Chantada,
Cortegada, Friol, Lalín and Noceda). Altogether, these
results suggest that there is not a clear delimited limit
between both bioclimatic regions, but rather a diffuse gra-
dient between coastal areas, with a mild Atlantic climate,
and the inland zone, characterised by more extreme climatic
conditions. Within each bioclimatic region, adjacent sites
did not appear as the closer in the clustering history,
evidencing the irregularity of this transitional gradient, prob-
ably originated by the strong geographic heterogeneity of
the region, which also generates large environmental vari-
ability at intermediate scales (Martínez et al. 1999).

4.3 Variation in climate sensitivity

Factorial regression models pointed to the thermal regime,
especially winter cold, as the climate factor better explaining
the G×E interaction patterns for the studied breeding pop-
ulation. Therefore, regional differences in thermal regime
probably underlie the observed divergence in phenotypic
plasticity among genotypes. Contrary to what could be
expected, our results indicate that both annual and summer
rainfall play a reduced role on the explanation of adaptive
patterns in the studied population. Overall, this population
appears to be well adapted in terms of growth rate to the
intensity and duration of drought events typically found in
the Mediterranean region of Galicia. Therefore, the variation
in precipitation patterns over the targeted regions does not
seem to be responsible of changes in family ranking where-
as the cold regime arises as key determinant of genetic
variation in phenotypic plasticity in this Atlantic breeding
population of maritime pine. The Landes provenance (SW
France), another Atlantic origin present in non-water-
limiting areas, has also shown a high tolerance to drought
that has been attributed to adaptation to windy and sandy
areas (Corcuera et al. 2010). The Galician coastal prove-
nance could have experienced a similar process, and, thus
the acquisition of some degree of drought tolerance would
allow using this material in regions with relatively lower
rainfall, but where winds and water soil retention are not so

limiting. By contrast, the results indicate a high relevance of
the thermal regime as important driver of relative changes in
performance among coastal breeding material. This observa-
tion agrees with results on young seedlings of less thermo-
philic species such as Pinus sylvestris (Sonesson and Eriksson
2000) or Pseudotsuga menziesii (Campbell and Sorensen
1978), but differs from the performance of other thermophilic
pines such as Pinus taeda, for which rainfall regime was the
factor that better explained the G×E interaction (e.g. Cannell
et al. 1978; Waxler and van-Buijtenen 1981).

Local climate models in NW Spain predict an increase in
temperatures, especially in summer, and important changes
in seasonal precipitation distribution, with a progressive
evolution towards more Mediterranean conditions (Pérez-
Muñuzuri et al. 2009). Our results suggest, thus, a relatively
low impact of future climate conditions on the relative
performance of the Atlantic breeding population. Because
little changes in extreme colds are expected, this population
would be well-adapted to the predicted evolution towards
conditions similar to the actual climate of inner Galicia.

4.4 Genetic variation in stability

The stability analysis showed that families varied largely in
their sensitivity to changing environmental conditions, with
some progenies being much more influenced than others. A
few especially interactive families were therefore particular-
ly responsible for G×E interaction effects. These results are
consistent with those previously obtained for the same
breeding population in the field (Zas et al. 2004) and under
controlled conditions (Zas and Fernández-López 2005). In-
deed, this behaviour is common to many other pines (e.g.
McKeand et al. 2006; Sonesson and Eriksson 2000).

Removing unstable families is an alternative to reduce
the impact of G×E interaction in breeding populations.
Many authors have suggested considering the genotypic
stability across sites as a screening trait in selection processes
(e.g. Johnson and Burdon 1990). Selection based on stability
parameters is also a safeguard decision regarding the current
global change scenarios. Under this uncertain situation, selec-
tion for specific adaptation at present may lead more easily to
future adaptation concerns in the deployed material (Ledig
and Kitzmiller 1992). Removing the most interactive families
indeed reduced G×E interaction, but achieving near-complete
stability in the breeding population would require roguing up
to 70% of the initial material. This would imply a too large
reduction in genetic variability which is by far not the best
decision from a sustainability point of view. Applying a low
intensity selection for stability, that is, removing around one
third of the most interactive families should be the option of
choice as it may substantially reduce COI effects while prob-
ably keeping a sufficient genetic pool for future activities in
the breeding program.
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5 Conclusions

We found a sizeable G×E interaction for early height
growth that suggests the presence of contrasting adaptation
patterns among families in the studied maritime pine popu-
lation. The large G×E interaction did not follow any clear
geographical pattern, with COI effects appearing both with-
in and across bioclimatic regions. Some climatic variables,
however, significantly influenced the relative performance
of the pine families. Particularly, winter cold rather than
drought appeared to be the most relevant modulator of
phenotypic plasticity, being the climatic factor that had a
greater effect on changes in family rankings. Both the large
genetic variation in phenotypic plasticity of the studied
Atlantic population and its low sensitivity to summer drought
suggest reduced effects of predicted climate change, so a good
overall adaptation is expected to future Mediterranean-like
climatic conditions in the region. Accordingly, the observed
G×E patterns indicate that there is not enough evidence to
subdivide Galicia into the two currently operative deployment
areas for improved material.
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