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4REE฀$IAMETER฀)NCREMENT฀IN฀3TONE฀0INE฀
�0INUS฀PINEA	�฀A฀#ALIBRATING฀!PPROACH

2AFAEL฀#ALAMA฀AND฀'REGORIO฀-ONTERO

#ALAMA�฀2�฀�฀-ONTERO�฀'�฀�����฀-ULTILEVEL฀LINEAR฀MIXED฀MODEL฀FOR฀TREE฀DIAMETER฀INCREMENT฀
IN฀STONE฀PINE฀�0INUS฀PINEA	�฀A฀CALIBRATING฀APPROACH�฀3ILVA฀&ENNICA฀����	�฀��n���

$IAMETER฀INCREMENT฀FOR฀STONE฀PINE฀�0INUS฀PINEA฀,�	฀IS฀DESCRIBED฀USING฀A฀MULTILEVEL฀LINEAR฀
MIXED฀MODEL�฀WHERE฀STOCHASTIC฀VARIABILITY฀IS฀BROKEN฀DOWN฀AMONG฀PERIOD�฀PLOT�฀TREE฀AND฀
WITHIN
TREE฀COMPONENTS�฀#OVARIATES฀ACTING฀AT฀TREE฀AND฀STAND฀LEVEL�฀AS฀BREAST฀HEIGHT฀DIAMETER�฀
DENSITY�฀DOMINANT฀HEIGHT฀OR฀SITE฀INDEX฀ARE฀INCLUDED฀IN฀THE฀MODEL฀AS฀lXED฀EFFECTS฀IN฀ORDER฀
TO฀EXPLAIN฀RESIDUAL฀RANDOM฀VARIABILITY�฀4HE฀EFFECT฀OF฀COMPETITION฀ON฀DIAMETER฀INCREMENT฀
IS฀ EXPRESSED฀ BY฀ INCLUDING฀ DISTANCE฀ INDEPENDENT฀ COMPETITION฀ INDICES�฀4HE฀ ENTRANCE฀ OF฀
REGIONAL฀EFFECTS฀WITHIN฀THE฀MODEL฀IS฀TESTED฀TO฀DETERMINE฀WHETHER฀A฀SINGLE฀MODEL฀IS฀SUF

lCIENT฀TO฀EXPLAIN฀STONE฀PINE฀DIAMETER฀INCREMENT฀IN฀3PAIN�฀OR฀IF�฀ON฀THE฀CONTRARY�฀REGIONAL฀
MODELS฀ARE฀NEEDED�
$IAMETER฀INCREMENT฀MODEL฀CAN฀BE฀CALIBRATED฀BY฀PREDICTING฀RANDOM฀COMPONENTS฀USING฀

DATA฀FROM฀PAST฀GROWTH฀MEASUREMENTS฀TAKEN฀IN฀A฀COMPLEMENTARY฀SAMPLE฀OF฀TREES�฀#ALI

BRATION฀IS฀CARRIED฀OUT฀BY฀USING฀THE฀BEST฀LINEAR฀UNBIASED฀PREDICTOR฀�",50	฀THEORY�฀"OTH฀
THE฀lXED฀EFFECTS฀MODEL฀AND฀THE฀CALIBRATED฀MODEL฀MEAN฀A฀SUBSTANTIAL฀IMPROVEMENT฀WHEN฀
COMPARED฀WITH฀THE฀CLASSICAL฀APPROACH�฀WIDELY฀USED฀IN฀FOREST฀MANAGEMENT�฀OF฀ASSUMING฀
CONSTANCY฀IN฀DIAMETER฀INCREMENT฀FOR฀A฀SHORT฀PROJECTION฀PERIOD�
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�฀)NTRODUCTION

4REE฀DIAMETER฀GROWTH฀HAS฀USUALLY฀BEEN฀DESCRIBED฀
USING฀ DETERMINISTIC฀ LINEAR฀ OR฀ NON
LINEAR฀ EQUA

TIONS�฀ )N฀ THESE฀ FUNCTIONS฀ DIAMETER฀ INCREMENT฀ IS฀
EXPRESSED฀AS฀A฀FUNCTION฀OF฀MEASURED฀OR฀ESTIMATED฀
VARIABLES฀ RELATED฀ TO฀ TREE฀ SIZE�฀ STAND฀ ATTRIBUTES�฀
COMPETITION�฀ SITE฀ QUALITY฀ AND฀ REGIONAL฀ EFFECTS�฀

/RDINARY฀ LINEAR฀ �/,3	฀ AND฀ NON
LINEAR฀ �/.,3	฀
LEAST฀ SQUARES฀ REGRESSION฀ TECHNIQUES฀ HAVE฀ BEEN฀
WIDELY฀USED฀TO฀lT฀THESE฀FUNCTIONS�
4REE฀ DIAMETER฀ INCREMENT฀ DATA฀ ARE฀ GENER

ALLY฀ TAKEN�฀ FOR฀ A฀ SINGLE฀ PERIOD฀ OR฀ ON฀ REPEATED฀
OCCASIONS�฀ FROM฀ TREES฀ GROWING฀ IN฀ PLOTS฀ LOCATED฀
IN฀ DIFFERENT฀ STANDS฀ OR฀ REGIONS�฀ 4HIS฀ HIERARCHI

CAL฀ STRUCTURE฀ RESULTS฀ IN฀ A฀ LACK฀ OF฀ INDEPENDENCE฀
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BETWEEN฀ OBSERVATIONS�฀ SINCE฀ DATA฀ COMING฀ FROM฀
THE฀SAME฀SAMPLING฀UNIT฀�TREE�฀PLOT�฀REGION	฀TEND฀
TO฀RESEMBLE฀EACH฀OTHER฀MORE฀THAN฀AVERAGE฀�7EST฀
�����฀7EST฀ ET฀ AL�฀�����฀&OX฀ET฀ AL�฀����	�฀,ACK฀
OF฀ INDEPENDENCE฀ BETWEEN฀ OBSERVATIONS฀ RESULTS฀
IN฀BIASED฀ESTIMATES฀FOR฀THE฀CONlDENCE฀INTERVAL฀OF฀
THE฀PARAMETERS฀ IF฀ORDINARY฀ LEAST฀SQUARES฀REGRES

SION฀TECHNIQUES฀ARE฀USED฀�3EARLE฀ET฀AL�฀����	�฀4O฀
DEAL฀WITH฀THIS฀PROBLEM�฀A฀MULTI
LEVEL฀LINEAR฀MIXED฀
APPROACH฀ THAT฀ INCLUDES฀ RANDOM฀ PARAMETERS฀ HAS฀
BEEN฀WIDELY฀PROPOSED฀IN฀FOREST฀RESEARCH฀SINCE฀THE฀
SEMINAL฀WORKS฀BY฀"IGING฀�����	�฀,APPI฀ �����	฀
AND฀'REGOIRE฀�����	�฀-IXED฀MODELS฀ARE฀COMPOSED฀
OF฀A฀lXED฀FUNCTIONAL฀PART�฀COMMON฀TO฀THE฀COM

PLETE฀POPULATION�฀AND฀RANDOM฀COMPONENTS฀ACTING฀
AT฀EACH฀SAMPLING฀LEVEL�฀-IXED฀MODELS฀TAKE฀INTO฀
ACCOUNT฀THE฀CORRELATION฀DETECTED฀AMONG฀OBSERVA

TIONS฀ COMING฀ FROM฀ THE฀ SAME฀ SAMPLING฀ UNIT฀ BY฀
DElNING฀NON
DIAGONAL฀VARIANCE
COVARIANCE฀STRUC

TURE฀MATRICES�฀WHICH฀ARE฀USED฀TO฀OBTAIN฀BEST฀LINEAR฀
UNBIASED฀ ESTIMATES฀ FOR฀ THE฀ lXED฀ PARAMETERS฀ OF฀
THE฀MODEL�฀-IXED฀MODELS฀ALSO฀PERMIT฀THE฀DElNI

TION฀OF฀A฀COVARIANCE฀STRUCTURE฀FOR฀RANDOM฀EFFECTS฀
AND฀RESIDUAL฀TERMS�฀AND฀THE฀BEST฀LINEAR฀UNBIASED฀
PREDICTION฀ FOR฀ THE฀ RANDOM฀COMPONENTS฀ SPECIlC฀
TO฀EACH฀UNIT�
4HE฀lXED฀EFFECTS฀MODEL฀THAT฀INCLUDES฀EXPLANA

TORY฀VARIABLES฀EXPLAINS฀IN฀PART�฀THOUGH฀NOT฀COM

PLETELY�฀TOTAL฀VARIATION฀IN฀TREE฀GROWTH�฀4HERE฀IS฀A฀
RESIDUAL฀VARIABILITY฀COMPONENT�฀PROBABLY฀REPRE

SENTING฀DIFFERENCES฀IN฀ATTRIBUTES฀ACTING฀AT฀PLOT฀OR฀
TREE฀LEVEL฀THAT฀ARE฀NOT฀EASILY฀OBSERVABLE�฀SUCH฀AS฀
MICROSITE�฀GENETICS�฀CLIMATE�฀OR฀EVEN฀MEASUREMENT฀
ERRORS�฀DElNING฀A฀STOCHASTIC฀LEVEL฀OF฀VARIABILITY฀IN฀
TREE฀GROWTH�฀4HE฀USE฀OF฀MIXED฀MODELS฀ALLOWS฀US฀
TO฀IDENTIFY฀THE฀DIFFERENT฀SOURCES฀OF฀STOCHASTIC฀VARI

ABILITY฀THAT฀ARE฀NOT฀EXPLAINED฀BY฀THE฀lXED฀PART฀OF฀
THE฀MODEL฀BY฀DIVIDING฀THE฀RESIDUAL฀VARIANCE฀INTO฀
DIFFERENT฀COMPONENTS�
-IXED฀ MODELS฀ ALLOW฀ CALIBRATION฀ OF฀ GROWTH฀
MODELS฀FOR฀A฀SPECIlC฀LOCATION฀AND฀GROWTH฀PERIOD�฀
0REDICTION฀OF฀THE฀RANDOM฀COMPONENTS฀USING฀BEST฀
LINEAR฀UNBIASED฀PREDICTORS฀�",50	฀CAN฀BE฀CARRIED฀
OUT฀IF฀A฀SAMPLE฀OF฀COMPLEMENTARY฀OBSERVATIONS฀
OF฀THE฀DEPENDENT฀VARIABLE฀IS฀AVAILABLE�฀3INCE฀IT฀IS฀
NOT฀ POSSIBLE฀ TO฀MEASURE฀ COMPLEMENTARY฀ FUTURE฀
OBSERVATIONS฀OF฀GROWTH�฀PAST฀GROWTH฀DATA฀CAN฀BE฀
USED฀TO฀CALIBRATE฀GROWTH฀MODELS�
'ROWTH฀ATTAINED฀BY฀A฀SINGLE฀TREE฀IN฀THE฀PAST฀IS฀
A฀POWERFUL฀PREDICTOR฀FOR฀THE฀FUTURE฀INCREMENT฀OF฀

THAT฀TREE�฀0AST฀INCREMENT฀HAS฀BEEN฀USED฀IN฀GROWTH฀
MODELS฀IN฀DIFFERENT฀MANNERS�฀STARTING฀WITH฀THE฀TRA

DITIONAL฀ASSUMPTION฀OF฀CONSTANCY฀IN฀THE฀INCREMENT฀
FOR฀A฀GIVEN฀PERIOD�฀0UKKALA฀�����	฀AND฀0UKKALA฀
AND฀+OLSTROM฀�����	฀INCLUDE฀THE฀VALUE฀OF฀THE฀PAST฀
lVE฀YEAR฀GROWTH฀INCREMENT฀AS฀A฀PREDICTOR฀COVARI

ATE฀ FOR฀ THE฀ FUTURE฀ INCREMENT�฀ SHOWING฀ THAT฀ THIS฀
VARIABLE฀ IMPROVES฀ PREDICTION฀MORE฀ THAN฀ SPATIAL฀
INFORMATION�฀(ENTTONEN฀ �����	�฀-ABVURIRA฀ AND฀
-IINA฀ �����	฀AND฀0ALAH¤฀ET฀AL�฀ �����	฀ INCLUDED฀
THE฀RATIO฀BETWEEN฀BREAST฀HEIGHT฀DIAMETER฀AND฀TOTAL฀
TREE฀ AGE�฀ A฀ VALUE฀ INDICATING฀ THE฀MEAN฀ DIAMETER฀
INCREMENT฀ATTAINED฀DURING฀THE฀LIFE฀OF฀THE฀TREE�฀AS฀
A฀PREDICTOR฀IN฀DIAMETER฀INCREMENT฀MODELS�฀3TAGE฀
AND฀7YKOFF฀ �����	฀ USED฀ THE฀ SERIAL฀ CORRELATION฀
BETWEEN฀ DIAMETER฀ INCREMENT฀ IN฀ TWO฀ SUCCESSIVE฀
PERIODS฀OF฀ARBITRARY฀LENGTH฀TO฀CALIBRATE฀THE฀FUTURE฀
INCREMENT฀ OF฀ THE฀ TREES�฀ -ORE฀ RECENTLY�฀ 4RASO

BARES฀AND฀0UKKALA฀�����	฀DEVELOPED฀AN฀INDEX฀FOR฀
SITE฀EVALUATION฀BASED฀ON฀THE฀MEAN฀RATIO฀BETWEEN฀
PREDICTED฀AND฀OBSERVED฀PAST฀DIAMETER฀INCREMENT฀
FOR฀ THE฀ TREES฀ IN฀ A฀ GIVEN฀ STAND�฀ 4HIS฀ INDEX฀WAS฀
THEN฀USED฀AS฀A฀PREDICTOR฀VARIABLE฀TO฀MODEL฀FUTURE฀
DIAMETER฀INCREMENT�
-IXED฀MODEL฀CALIBRATION฀OF฀DIAMETER฀INCREMENT฀
IS฀BASED฀ON฀THE฀FACT฀THAT฀THE฀STOCHASTIC฀COMPONENT฀
OF฀GROWTH฀VARIABILITY฀IS฀A฀CONSEQUENCE฀OF฀DIFFERENT฀
FACTORS฀ACTING฀SIMULTANEOUSLY�฀)F฀IT฀IS฀CONSIDERED฀
THAT฀THE฀EFFECT฀OF฀SOME฀OF฀THESE฀UNOBSERVABLE฀FAC

TORS฀REMAINS฀CONSTANT฀FOR฀A฀GIVEN฀PERIOD฀�-IINA฀
����	�฀THEN฀IT฀IS฀POSSIBLE฀TO฀CALIBRATE฀FUTURE฀INCRE

MENT฀BY฀INTRODUCING฀INTO฀THE฀MODEL฀THE฀STOCHASTIC฀
EFFECTS฀PREDICTED฀FOR฀A฀PRIOR฀PERIOD�
3TONE฀PINE฀�0INUS฀PINEA฀,�	฀IS฀A฀TYPICAL฀-EDITER

RANEAN฀SPECIES�฀OCCUPYING฀MORE฀THAN฀�������฀HA�฀
IN฀3PAIN�฀4HIS฀AREA฀REPRESENTS฀MORE฀THAN฀��฀�฀OF฀
THE฀TOTAL฀AREA฀COVERED฀BY฀THE฀SPECIES฀WORLD
WIDE�฀
4HE฀MAIN฀PRODUCTIONS฀OF฀ STONE฀PINE฀ STANDS฀ ARE฀
PINYONS฀�EDIBLE฀NUT	�฀TIMBER�฀FUELWOOD�฀GRAZING�฀
LANDSCAPE฀AND฀RECREATIONAL฀USE�฀3TONE฀PINE฀STANDS฀
ALSO฀PLAY฀AN฀IMPORTANT฀ROLE฀AS฀SOIL฀PROTECTORS�฀AS฀
THEY฀GROW฀IN฀SANDY฀AREAS�฀3INCE฀THE฀BEGINNING฀OF฀
THE฀��|S�฀A฀RESEARCH฀LINE฀IN฀THE฀#)&/2
).)!฀HAS฀
BEEN฀DEVOTED฀TO฀THE฀SUSTAINABLE฀MANAGEMENT฀AND฀
MULTIPLE฀USE฀OF฀THE฀STANDS฀OF฀STONE฀PINE฀IN฀3PAIN�฀
$IFFERENT฀REGIONAL฀GROWTH฀AND฀YIELD฀MODELS฀FOR฀
THE฀SPECIES฀�'ARC¤A฀'ÓEMES฀�����฀#A®ADAS฀�����฀
0IQU£฀����	฀HAVE฀RECENTLY฀BEEN฀DEVELOPED฀WITHIN฀
THIS฀ LINE�฀/F฀ THESE�฀ONLY฀ THE฀MODEL฀BY฀#A®ADAS฀
�����	฀IS฀A฀SINGLE฀TREE฀MODEL�฀INCLUDING฀A฀DIAMETER฀
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INCREMENT฀ FUNCTION฀ FOR฀ THE฀ TREES฀ OF฀ THE฀ SPECIES฀
GROWING฀ IN฀3PAIN�S฀#ENTRAL฀2ANGE�฀4HIS฀MODEL฀
IS฀DETERMINISTIC�฀AND฀PARAMETERS฀WERE฀ESTIMATED฀
USING฀/.,3฀REGRESSION฀TECHNIQUES�
4HE฀MAIN฀OBJECTIVE฀OF฀ THE฀PRESENT฀WORK฀ IS฀ TO฀
CONSTRUCT฀A฀MODEL฀TO฀PREDICT฀DIAMETER฀INCREMENT฀
FOR฀STONE฀PINE฀TREES฀GROWING฀IN฀EVEN
AGED฀STANDS฀
ACROSS฀3PAIN�฀4HE฀MODEL฀WOULD฀INCLUDE฀EXPLANA

TORY฀TREE�฀STAND฀AND฀REGIONAL฀VARIABLES�฀3INCE฀DATA฀
COME฀FROM฀A฀HIERARCHICAL฀STRUCTURE�฀THE฀MODEL฀PRO

POSED฀WOULD฀BE฀A฀MULTILEVEL฀LINEAR฀MIXED฀MODEL�฀
INCLUDING฀ BOTH฀ lXED฀ AND฀ RANDOM฀ COMPONENTS�฀
)N฀ORDER฀TO฀IMPROVE฀PREDICTIVE฀ACCURACY�฀THE฀USE฀
OF฀PAST฀GROWTH฀DATA฀ TO฀CALIBRATE฀ THE฀MODEL฀WAS฀
EVALUATED�฀ AND฀ DIFFERENT฀ CALIBRATION฀ ALTERNATIVES฀
WERE฀COMPARED�

�฀$ATA

"ETWEEN฀����฀AND฀����฀A฀NETWORK฀OF฀���฀SAMPLE฀
PLOTS฀WAS฀INSTALLED฀IN฀EVEN
AGED฀STANDS฀OF฀STONE฀
PINE฀ TO฀ DEVELOP฀ GROWTH฀ AND฀ YIELD฀ MODELS฀ FOR฀
THE฀SPECIES�฀4HESE฀PLOTS฀WERE฀PLACED฀IN฀THE฀FOUR฀
REGIONS฀WITH฀THE฀LARGEST฀PRESENCE฀OF฀THE฀SPECIES฀IN฀

3PAIN�฀4HE฀.ORTHERN฀0LATEAU�฀4HE฀#ENTRAL฀2ANGE�฀
#ATALONIA฀AND฀7EST฀!NDALUSIA�฀0LOTS฀ARE฀CIRCULAR�฀
WITH฀VARIABLE฀SIZE�฀AND฀INCLUDE฀��฀TREES฀�EXCEPT฀��฀
TEN
TREE฀PLOTS฀LOCATED฀IN฀THE฀#ENTRAL฀2ANGE	�฀4HE฀
DESIGN฀TO฀SELECT฀THE฀PLOTS฀ATTEMPTED฀TO฀INCLUDE฀A฀
BALANCED฀REPRESENTATION฀OF฀THE฀POSSIBLE฀RANGE฀OF฀
AGE�฀DENSITY�฀AND฀SITE฀QUALITY฀FOR฀EACH฀REGION�฀/NLY฀
PLOTS฀THAT฀HAD฀EVIDENTLY฀NOT฀BEEN฀THINNED�฀PRUNED฀
OR฀HARVESTED฀FOR฀A฀��฀YEAR฀PERIOD฀WERE฀INCLUDED�฀
!฀BUFFER฀ AREA฀WITH฀ SIMILAR฀ CONDITIONS฀WAS฀ ALSO฀
DElNED฀AROUND฀THE฀PLOT�
&OR฀EVERY฀TREE�฀BREAST฀HEIGHT฀DIAMETER฀OVER฀BARK฀
�DBH�	฀ AND฀ BARK฀ THICKNESS฀ �B�	�฀ BOTH฀MEASURED฀
AT฀����฀M฀ABOVE฀GROUND�฀TOTAL฀HEIGHT฀OF฀THE฀TREE�฀
HEIGHT฀TO฀CROWN฀BASE�฀AND฀CROWN฀DIAMETER฀WERE฀
MEASURED�฀0OSITION฀OF฀EACH฀TREE฀WITH฀RESPECT฀TO฀
THE฀CENTRE฀OF฀THE฀PLOT฀WAS฀RECORDED�฀)N฀THE฀THREE฀
TO฀lVE฀TREES฀NEAREST฀TO฀THE฀CENTRE�฀TOTAL฀AGE฀AND฀
RADIAL฀GROWTH฀WITHOUT฀BARK฀FOR฀THE฀LAST฀lVE฀YEARS฀
�IRn�	฀WERE฀ALSO฀MEASURED�฀&IVE฀YEARS฀AFTER฀PLOT฀
INSTALLATION�฀A฀SECOND฀INVENTORY฀WAS฀CARRIED฀OUT�฀
AND฀ RADIAL฀GROWTH฀WITHOUT฀BARK฀ATTAINED฀DURING฀
THAT฀SECOND฀PERIOD฀�IR��	฀WAS฀ THEN฀MEASURED฀ IN฀
THE฀SAME฀TREES฀�&IG�฀�	�฀)N฀BOTH฀INVENTORIES�฀RADIAL฀
INCREMENTS฀WERE฀OBTAINED฀AS฀THE฀AVERAGE฀GROWTH฀
FROM฀TWO฀PERPENDICULAR฀MEASUREMENTS฀ TAKEN฀AT฀

<=>? ��฀3CHEDULE฀REPRESENTING฀THE฀VARIABLES฀USED฀TO฀ESTIMATE฀DIAMETER฀INCREMENT฀FROM฀
THE฀MEASUREMENTS฀TAKEN฀ON฀4�฀AND฀4���
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����฀M฀ABOVE฀GROUND฀USING฀A฀0RESSLER฀INCREMENT฀
BORER�฀"ARK฀THICKNESS฀WAS฀ONLY฀MEASURED฀AT฀PLOT฀
INSTALLATION฀USING฀A฀BARK฀GAUGE�
7HEN฀PLOT฀INSTALLATION฀WAS฀CARRIED฀OUT�฀RADIAL฀
GROWTH฀FOR฀THE฀LAST฀lVE฀YEARS฀WAS฀RECORDED฀IN฀����฀
TREES฀FROM฀THE฀���฀PLOTS�฀!฀SECOND฀INVENTORY฀WAS฀
ONLY฀PERFORMED฀ON฀THOSE฀PLOTS฀THAT฀HAD฀NOT฀BEEN฀
THINNED�฀PRUNED�฀HARVESTED฀OR฀BURNED฀DURING฀THE฀
PERIOD�฀3INCE฀PLOTS฀IN฀#ATALONIA฀WERE฀INSTALLED฀IN฀
����฀THE฀SECOND฀INVENTORY฀WAS฀NOT฀AVAILABLE฀IN฀THE฀
ANALYSIS�฀#ONSEQUENTLY�฀DATA฀FOR฀THE฀PREVIOUS฀TEN฀
YEAR฀INCREMENT฀PERIOD�฀TAKEN฀AT฀PLOT฀INSTALLATION฀
WERE฀USED฀TO฀DElNE฀INCREMENT฀VALUE฀FOR฀TWO฀SUC

CESSIVE฀lVE
YEAR฀GROWTH฀PERIODS฀�IRn�฀AND฀IR��	�
4HE฀ TOTAL฀NUMBER฀OF฀ TREES฀WITH฀ TWO฀CONSECU

TIVE฀RADIAL฀GROWTH฀MEASUREMENTS฀WAS฀����฀FROM฀
���฀ PLOTS�฀ INCLUDING฀ ����฀ DIAMETER฀ INCREMENT฀
OBSERVATIONS�฀&ROM฀THIS฀DATASET�฀��฀PLOTS฀INCLUD

ING฀���฀TREES฀WERE฀SELECTED฀RANDOMLY฀WITHIN฀THE฀
FOUR฀REGIONS฀STUDIED฀AS฀VALIDATION฀DATASET�฀WHILE฀
THE฀ REST฀WERE฀USED฀AS฀lTTING฀DATASET฀ TO฀DEVELOP฀
THE฀ MODEL�฀ 3UMMARY฀ STATISTICS฀ FOR฀ BOTH฀ lTTING฀
AND฀ VALIDATION฀ DATASETS฀ AT฀ THE฀ MOMENT฀ OF฀ PLOT฀
INSTALLATION฀ARE฀SHOWN฀IN฀4ABLE฀��฀2EGIONAL฀DIS

TRIBUTION฀FOR฀THE฀ANALYSED฀PLOTS฀AND฀TREES�฀AS฀WELL฀
AS฀THE฀GROWTH฀INTERVAL฀PERIODS฀STUDIED฀ARE฀SHOWN฀
IN฀4ABLE฀��

���฀#ALCULATION฀OF฀DBHn�฀AND฀DBH��

4HE฀DEPENDENT฀VARIABLE฀ IN฀ THE฀GROWTH฀MODEL฀ IS฀
FUTURE฀DIAMETER฀INCREMENT฀OVER฀BARK฀REACHED฀BY฀
THE฀TREE฀DURING฀A฀lVE฀YEAR฀PERIOD�฀4O฀OBTAIN฀TREE฀
DIAMETER฀OVER฀BARK฀lVE฀YEARS฀BEFORE฀�DBHn�	฀AND฀
AFTER฀�DBH��	฀PLOT฀INSTALLATION฀FROM฀THE฀INCREMENTS฀
MEASURED฀IN฀A฀CORE฀�IRn�฀AND฀IR��	฀AND฀BARK฀THICK

NESS฀�B�	�฀ADJUSTMENT฀FOR฀BARK฀GROWTH฀IS฀NEEDED�฀
4O฀COMPUTE฀DBHn�฀AND฀DBH���฀ THE฀lRST฀STEP฀WAS฀
TO฀ CALCULATE฀ THE฀ORIGINAL฀ BREAST฀ HEIGHT฀DIAMETER฀
UNDER฀BARK฀DBH��UB฀BY฀SUBTRACTING฀B�฀TWICE฀FROM฀
DBH��฀.EXT�฀BREAST฀HEIGHT฀DIAMETER฀UNDER฀BARK฀FOR฀
lVE฀YEARS฀BEFORE฀�DBHn��UB	฀AND฀AFTER฀PLOT฀INSTAL

LATION฀ �DBH���UB	฀ WAS฀ COMPUTED฀ BY฀ SUBTRACTING฀
OR฀ ADDING฀ THE฀ VALUE฀ OF฀ THE฀ DIAMETER฀ INCREMENT฀
WITHOUT฀BARK฀���IRn�฀OR฀��IR��	�฀OBTAINED฀FROM฀THE฀
CORES�฀"ARK฀THICKNESS฀FOR฀THESE฀INSTANCES฀�Bn�฀AND฀
B��	฀WAS฀ESTIMATED฀ASSUMING฀THAT฀THE฀PROPORTION฀
OF฀BARK฀THICKNESS฀WITH฀RESPECT฀TO฀TOTAL฀DIAMETER฀
REMAINS฀CONSTANT฀DURING฀THE฀STUDIED฀��฀YEAR฀PERIOD฀
�0UKKALA฀�����฀(�KKÛ฀AND฀'ROOT฀����	�฀&INALLY�฀
DBHn�฀AND฀DBH��฀WERE฀COMPUTED฀BY฀ADDING฀TWO฀
TIMES฀Bn�฀ OR฀B��฀ TO฀ THE฀ CORRESPONDING฀VALUE฀ OF฀
BREAST฀ HEIGHT฀ DIAMETER฀ UNDER฀ BARK�฀ $IAMETER฀
INCREMENTS฀FOR฀BOTH฀PERIODS�฀IDn�฀AND฀ID���฀WERE฀
COMPUTED฀BY฀SUBTRACTING฀THE฀ESTIMATED฀VALUES฀FOR฀

4ABLE฀��฀3UMMARY฀STATISTICS฀FOR฀lTTING฀AND฀VALIDATION฀DATASETS�
฀ &ITTING฀DATASET฀�N฀�฀����฀TREES	฀ 6ALIDATION฀DATASET฀�N฀�฀���฀TREES	
฀ -EAN฀ -IN฀ -AX฀ 34$฀ -EAN฀ -IN฀ -AX฀ 34$

DBH฀�CM	฀ �����฀ ����฀ �����฀ �����฀ �����฀ �฀ ����฀ �����
(฀�M	฀ ����฀ ����฀ �����฀ ����฀ �����฀ ����฀ �����฀ ����
ID�฀�CM	฀ ����฀ ����฀ �����฀ ����฀ ����฀ ����฀ ����฀ ����
!GE฀�YEARS	฀ ��฀ ��฀ ���฀ ��฀ ��฀ ��฀ ���฀ ��
(�฀�M	฀ ����฀ ����฀ �����฀ ����฀ �����฀ ����฀ ����฀ ����
.฀�STEM�HA	฀ ���฀ ��฀ ����฀ ���฀ ���฀ ��฀ ����฀ ���
'฀�M��HA	฀ �����฀ ����฀ �����฀ �����฀ �����฀ ����฀ �����฀ �����
3)฀�M	฀ �����฀ ����฀ �����฀ ����฀ �����฀ ����฀ �����฀ ����

7HERE฀DBH�฀BREAST฀HEIGHT฀DIAMETER�฀(�฀TOTAL฀HEIGHT�฀ID��฀DIAMETER฀INCREMENT฀FOR฀lVE฀YEARS�฀(��฀DOMINANT฀HEIGHT�฀.�฀STAND฀DENSITY�฀'�฀BASAL฀
AREA�฀3)�฀SITE฀INDEX�฀34$�฀STANDARD฀DEVIATION�

4ABLE฀��฀2EGIONAL฀DISTRIBUTION฀FOR฀ANALYSED฀TREES�฀PLOTS฀AND฀STUDIED฀PERIODS�
2EGION฀ &ITTING฀DATASET฀ 6ALIDATION฀DATA฀SET฀ )NSTALLATION฀ �ST฀GROWTH฀ �ND฀GROWTH
฀ .�฀PLOTS฀ .�฀TREES฀ .�฀PLOTS฀ .�฀TREES฀ YEAR฀ PERIOD฀ PERIOD

#ENTRAL฀2ANGE฀ ��฀ ���฀ �฀ ��฀ ����฀ ����n����฀ ����n����
7EST฀!NDALUSIA฀ ���฀ ���฀ ��฀ ���฀ ����฀ ����n����฀ ����n����
.ORTHERN฀0LATEAU฀ ���฀ ���฀ ��฀ ��฀ ����฀ ����n����฀ ����n����
#ATALONIA฀ ��฀ ���฀ ��฀ ��฀ ����฀ ����n����฀ ����n����
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BREAST฀HEIGHT฀DIAMETER฀OVER฀BARK฀AT฀THE฀BEGINNING฀
AND฀END฀OF฀EACH฀PERIOD�฀&IG�฀�฀SHOWS฀THE฀WHOLE฀
CALCULATION฀PROCESS฀IN฀SCHEMATIC฀FORM�
4HE฀MODEL฀FOR฀DIAMETER฀GROWTH฀WOULD฀CONSIDER฀
DIAMETER฀INCREMENT฀OVER฀BARK฀FOR฀A฀FUTURE฀lVE฀YEAR฀
PERIOD�฀ID��฀A฀SINGLE฀VARIABLE฀THAT฀JOINS฀BOTH฀IDn�฀
AND฀ ID���฀ AS฀ THE฀ RESPONSE฀VARIABLE�฀ )N฀ THE฀ SAME฀
WAY�฀DBH฀WOULD฀BE฀A฀SINGLE฀EXPLANATORY฀VARIABLE฀
THAT฀CONSIDERS฀BOTH฀DBHn�฀AND฀DBH��

���฀ 2ECONSTRUCTION฀OF฀4REE฀AND฀3TAND฀
#HARACTERISTICS฀&IVE฀9EARS฀0RIOR฀TO฀AND฀
&IVE฀9EARS฀AFTER฀0LOT฀%STABLISHMENT

4REE฀HEIGHT฀WAS฀COMPUTED฀FOR฀EACH฀INSTANCE฀USING฀
THE฀lXED฀EFFECTS฀PART฀OF฀THE฀HEIGHT฀DIAMETER฀MIXED฀
MODEL฀DEVELOPED฀BY฀#ALAMA฀AND฀-ONTERO฀�����	�฀
$IFFERENCE฀IN฀THE฀PREDICTED฀HEIGHT฀BETWEEN฀TWO฀
SUCCESSIVE฀INVENTORIES฀WAS฀ADDED฀TO฀OR฀SUBTRACTED฀
FROM฀THE฀REAL฀HEIGHT฀MEASURED฀AT฀PLOT฀INSTALLATION฀
TO฀ OBTAIN฀ THE฀ HEIGHT฀ IN฀ THE฀ INSTANCES฀ Õ�฀ YEARS�฀
RESPECTIVELY�฀#ROWN฀DIMENSIONS฀WERE฀SUPPOSED฀
TO฀REMAIN฀CONSTANT฀DURING฀THE฀STUDIED฀PERIOD�
3TAND฀DENSITY�฀IN฀TERMS฀OF฀STEM฀NUMBER฀PER฀HA�฀
WAS฀COMPUTED฀FROM฀PLOT฀DATA฀USING฀THE฀METHOD฀
PROPOSED฀ BY฀ $UPLAT฀ AND฀ 0ERROTTE฀ �����	�฀ %STI

MATED฀ STAND฀ DENSITY฀ WAS฀ CONSIDERED฀ CONSTANT฀
THROUGHOUT฀ THE฀STUDIED฀PERIOD�฀SINCE฀ THINNED฀OR฀
HARVESTED฀PLOTS฀WERE฀REJECTED฀DURING฀THE฀SECOND฀
INVENTORY�฀0LOT฀AGE฀WAS฀COMPUTED฀AS฀THE฀AVERAGE฀
OF฀ THOSE฀ TREES฀ WHERE฀ IT฀ WAS฀ MEASURED�฀ ADDING฀
OR฀SUBTRACTING฀lVE฀YEARS�฀RESPECTIVELY�฀7E฀KNEW฀
THE฀VALUE฀FOR฀BASAL฀AREA฀AT฀INSTALLATION฀TIME�฀'��฀
AND฀ THE฀ INDIVIDUAL฀ BASAL฀ AREA฀ INCREMENT฀ �COM

PUTED฀ FROM฀ DBH�S	฀ FOR฀ A฀ SUBSAMPLE฀ OF฀ THREE฀ TO฀
lVE฀ TREES฀ PER฀ PLOT�฀ 4O฀ OBTAIN฀ PLOT฀ BASAL฀ AREAS฀
lVE฀YEARS฀EARLIER฀�'n�	฀AND฀LATER฀�'��	�฀THE฀RATIO฀
BETWEEN฀THE฀BASAL฀AREA฀OF฀THE฀SAMPLED฀TREES฀AND฀
PLOT฀BASAL฀AREA฀WAS฀SUPPOSED฀TO฀REMAIN฀CONSTANT฀
FOR฀THE฀STUDIED฀PERIOD�฀-EAN฀SQUARED฀DIAMETERS฀
DG�S฀WERE฀COMPUTED฀DIRECTLY฀FROM฀BASAL฀AREA฀ESTI

MATES�฀$OMINANT฀HEIGHT฀FOR฀THE฀STAND฀AT฀DIFFERENT฀
AGES฀WAS฀COMPUTED฀USING฀SITE฀INDEX฀DIFFERENTIAL฀
EQUATIONS฀DEVELOPED฀FOR฀ THE฀SPECIES฀BY฀#ALAMA฀
ET฀AL�฀�����	�

���฀ 4RANSFORMATION฀OF฀THE฀$EPENDENT฀
6ARIABLE

4O฀ATTAIN฀NORMAL฀DISTRIBUTION฀FOR฀THE฀RESIDUALS฀AND฀
REDUCE฀HETEROSCEDASTICITY�฀A฀NATURAL฀ LOGARITHMIC฀
TRANSFORMATION฀OF฀THE฀ORIGINAL฀DEPENDENT฀VARIABLE฀
ID�฀WAS฀PERFORMED�฀!฀TERM฀�฀�฀WAS฀ADDED฀TO฀ID�฀
BEFORE฀TRANSFORMATION�฀IN฀ORDER฀TO฀STABILIZE฀VARI

ANCE฀BEHAVIOUR฀ AND฀AVOID฀HIGH฀UNSTABLE฀VALUES฀
WHEN฀DIAMETER฀INCREMENT฀FOR฀THE฀lVE฀YEAR฀PERIOD฀
WAS฀CLOSE฀TO฀ZERO�฀4HE฀USE฀OF฀THIS฀TRANSFORMATION฀
ALSO฀RESULTED฀IN฀A฀LINEAR฀RELATIONSHIP฀BETWEEN฀THE฀
DEPENDENT฀VARIABLE฀AND฀ THOSE฀VARIABLES฀USED฀AS฀
PREDICTORS�

�฀-ETHODS

���฀-ODELLING฀!PPROACH

!VAILABLE฀DATA฀WERE฀BASED฀ON฀A฀SAMPLE฀OF฀REPEATED฀
GROWTH฀MEASUREMENTS฀TAKEN฀FROM฀TREES฀LOCATED฀IN฀
DIFFERENT฀PLOTS�฀0LOTS฀WERE฀NEITHER฀ INSTALLED฀NOR฀
REMEASURED฀IN฀THE฀SAME฀YEAR�฀INDICATING฀THAT฀THERE฀
IS฀ALSO฀A฀LEVEL฀OF฀VARIABILITY฀ASSOCIATED฀WITH฀THE฀
DIFFERENT฀lVE
YEAR฀CALENDAR฀PERIODS�฀4HIS฀MEANS฀
THAT฀OBSERVATIONS฀COMING฀FROM฀THE฀SAME฀TREE�฀PLOT฀
AND฀PERIOD฀COULD฀BE฀LARGELY฀CORRELATED�
4O฀ ALLEVIATE฀ THIS�฀ A฀ MULTILEVEL฀ LINEAR฀ MIXED฀
MODEL�฀INCLUDING฀BOTH฀lXED฀AND฀RANDOM฀COMPO

NENTS�฀WAS฀PROPOSED�฀"ETWEEN฀PERIOD�฀BETWEEN฀
PLOT�฀ BETWEEN฀ TREE฀ AND฀ WITHIN฀ TREE฀ DIFFERENCES฀
WERE฀ COUNTED฀ BY฀ INCLUDING฀ RANDOM฀PARAMETERS฀
SPECIlC฀AT฀THOSE฀LEVELS�฀'ENERAL฀EXPRESSION฀FOR฀THE฀
MULTILEVEL฀LINEAR฀MIXED฀MODEL฀PROPOSED฀WAS�

Y฀�฀8β฀�฀:B฀�฀ε฀ ��	

7HERE฀ Y฀ IS฀ A฀ N
DIMENSIONAL฀ VECTOR฀ INCLUDING฀
THE฀ N฀ OBSERVATIONS฀ FOR฀ THE฀ RESPONSE฀ VARIABLE฀
LOG�ID�IJK฀�฀�	฀TAKEN฀FROM฀NV฀TREES฀WITHIN฀NU฀PLOTS฀
DURING฀ NW฀ PERIODS�฀8฀ IS฀ A฀ N฀×฀P฀ DESIGN฀ MATRIX�฀
INCLUDING฀ COVARIATES฀ AND฀ TERMS฀ ASSOCIATED฀WITH฀
lXED฀PARAMETERS฀OF฀ THE฀MODEL�฀β฀ IS฀A฀P
DIMEN

SIONAL฀VECTOR฀OF฀lXED฀PARAMETERS฀OF฀THE฀MODEL�฀
:฀IS฀A฀N฀×฀Q฀DESIGN฀MATRIX฀FOR฀THE฀RANDOM฀COMPO

NENTS฀OF฀THE฀MODEL�฀B฀IS฀A฀Q
DIMENSIONAL฀VECTOR฀OF฀
RANDOM฀COMPONENTS฀ACTING฀AT฀TREE�฀PLOT฀AND฀PERIOD฀
LEVELS�฀ε฀IS฀A฀N
DIMENSIONAL฀VECTOR฀OF฀CONDITIONAL฀
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RESIDUAL฀TERMS฀�'REGOIRE฀ET฀AL�฀����	�
6ECTOR฀B฀CAN฀BE฀DIVIDED฀INTO฀N฀SUBVECTORS฀BIJK�฀
EACH฀OF฀ THEM฀ INCLUDING฀ RANDOM฀COMPONENTS฀ AT฀
TREE฀�VIJ	�฀PLOT฀�UI	฀AND฀PERIOD฀�WK	฀LEVEL�฀SPECIlC฀
TO฀THE฀OBSERVATION฀TAKEN฀FROM฀THE฀JTH฀TREE฀WITHIN฀
THE฀ ITH฀ PLOT฀ DURING฀ PERIOD฀ K�฀ UI�฀ VIJ฀ AND฀WK฀ ARE฀
MULTIVARIATE฀ NORMALLY฀ DISTRIBUTED฀ VECTORS�฀ WITH฀
MEAN฀ZERO฀AND฀VARIANCE฀MATRICES฀$U�฀$V฀AND฀$W�฀
RESPECTIVELY�฀$U�฀$V฀ AND฀$W฀ EXPLAINS฀ BETWEEN฀
PLOT�฀ BETWEEN฀ TREE฀ AND฀BETWEEN฀PERIOD฀ RANDOM฀
VARIABILITY�฀AND฀ARE฀CONSIDERED฀COMMON฀TO฀EVERY฀
PLOT�฀TREE฀AND฀PERIOD฀ANALYSED�฀5NDER฀THESE฀CON

DITIONS�฀B฀ IS฀A฀MULTIVARIATE฀NORMALLY฀DISTRIBUTED฀
VECTOR�฀WITH฀MEAN฀ZERO฀AND฀VARIANCE฀MATRIX฀$�฀
!SSUMING฀INDEPENDENCE฀BETWEEN฀RANDOM฀COM

PONENTS฀ CORRESPONDING฀ TO฀ DIFFERENT฀ HIERARCHICAL฀
LEVELS฀AND฀INDEPENDENCE฀BETWEEN฀RANDOM฀COM

PONENTS฀SPECIlC฀TO฀DIFFERENT฀SAMPLING฀UNITS฀�PLOTS�฀
TREE�฀PERIODS	�฀$฀IS฀A฀Q฀×฀Q฀BLOCK฀DIAGONAL฀MATRIX�฀
COMPOSED฀BY฀NU฀SUBMATRICES฀$U�฀NV฀SUBMATRICES฀
$V฀AND฀NW฀SUBMATRICES฀$W�฀&INALLY�฀ε฀INCLUDES฀N฀
CONDITIONAL฀RESIDUAL฀TERMS�฀AND฀IT฀IS฀ASSUMED฀TO฀
BE฀DISTRIBUTED฀WITH฀MEAN฀ZERO฀AND฀RESIDUAL฀WITHIN฀
TREE฀VARIANCE฀MATRIX฀2�
4HE฀USUAL฀AIM฀IN฀AN฀ANALYSIS฀OF฀THIS฀TYPE฀IS฀THE฀
ESTIMATION฀OF฀THE฀COMPONENTS฀OF฀β�฀$U�฀$V�฀$W฀AND฀
2�฀4O฀MAKE฀INFERENCE฀OVER฀THE฀lXED฀PARAMETERS฀
VECTOR฀ β�฀ GENERALIZED฀ LEAST฀ SQUARES฀ TECHNIQUES฀
WERE฀ USED�฀ !฀ SIMULTANEOUS฀ ESTIMATION฀ FOR฀ THE฀
COMPONENTS฀OF฀$U�฀$V�฀$W฀AND฀σ�ε฀WAS฀CARRIED฀
OUT฀ FOLLOWING฀ MAXIMUM฀ LIKELIHOOD฀ �-,	฀ AND฀
RESTRICTED฀MAXIMUM฀LIKELIHOOD฀�2%-,	฀METHODS฀
USING฀-,WI.฀ SOFTWARE฀ �2ASBASH฀ ET฀ AL�฀ ����	�฀
-LWI.฀ALLOW฀US฀TO฀OBTAIN฀INDIVIDUAL฀PREDICTIONS฀
OF฀THE฀BEST฀LINEAR฀UNBIASED฀PREDICTORS฀�",50{S	฀
OF฀THE฀RANDOM฀PARAMETERS฀FOR฀EACH฀TREE�฀PLOT฀AND฀
PERIOD�

���฀2ESIDUAL฀6ARIANCE

6ECTOR฀ε฀INCLUDES฀N฀CONDITIONAL฀WITHIN฀TREE฀RESIDU

ALS฀εIJK�฀GENERALLY฀ASSUMED฀TO฀BE฀I�I�D฀WITH฀MEAN฀
ZERO฀ AND฀CONSTANT฀VARIANCE฀σ�ε�฀ )N฀ THAT฀GENERAL฀
CASE�฀2฀ EQUALS฀σ�ε฀ )N�฀ WHERE฀ )N฀ IS฀ THE฀ IDENTITY฀
MATRIX฀WITH฀ RANGE฀ THE฀ NUMBER฀ OF฀ OBSERVATIONS�฀
4O฀DETECT฀A฀POSSIBLE฀PATTERN฀OF฀NON
CONSTANT฀VARI

ANCE฀IN฀THE฀RESIDUALS฀�HETEROSKEDASTICITY	�฀MEAN฀
VARIANCE฀FOR฀THE฀CONDITIONAL฀ORIGINAL฀AND฀STAND

ARDIZED฀RESIDUALS฀WAS฀PLOTTED฀AGAINST฀CATEGORIZED฀

EXPLANATORY฀VARIABLES�฀)F฀RESIDUAL฀VARIANCE฀IS฀NOT฀
CONSTANT�฀A฀VARIANCE฀FUNCTION฀MUST฀BE฀DEVELOPED฀
AND฀INCLUDED฀IN฀THE฀MODEL�฀OBTAINING฀A฀SPECIlC฀
VALUE฀ OF฀ THE฀ RESIDUAL฀ VARIANCE฀ σ�ε฀IJK฀ FOR฀ EACH฀
OBSERVATION�

���฀-ODEL฀#ONSTRUCTION

!฀LINEAR฀AND฀ADDITIVE฀FUNCTIONAL฀FORM฀WAS฀USED฀
AS฀A฀GROWTH฀MODEL�฀)N฀A฀lRST฀STEP�฀A฀MODEL฀INCLUD

ING฀ONLY฀A฀SINGLE
TREE฀SIZE฀lXED฀EFFECT฀COVARIATE฀
AND฀THE฀INTERCEPT฀OF฀THE฀MODEL฀VARYING฀RANDOMLY฀
BETWEEN฀UNITS฀FOR฀THE฀THREE฀HIERARCHICAL฀LEVELS฀CON

SIDERED฀�TREE�฀PLOT฀AND฀PERIOD	฀WAS฀ESTIMATED฀FROM฀
THE฀lTTING฀DATASET�฀)N฀SUBSEQUENT฀STEPS�฀EXPLANA

TORY฀VARIABLES฀WERE฀INCLUDED฀IN฀ORDER฀TO฀EXPLAIN฀
SYSTEMATIC฀VARIABILITY฀IN฀THE฀MEAN฀RESPONSE�฀AND฀
THE฀ REST฀ OF฀ THE฀ COEFlCIENTS฀ IN฀ THE฀ MODEL฀ WERE฀
TESTED฀TO฀VARY฀RANDOMLY฀AT฀DIFFERENT฀HIERARCHICAL฀
LEVELS�฀/RDER฀ OF฀ INCLUSION฀WAS�฀ SINGLE
TREE฀ SIZE฀
VARIABLES�฀ STAND฀ VARIABLES�฀ COMPETITION฀ INDICES�฀
AND฀REGIONAL฀EFFECTS�
#RITERIA฀ FOR฀ INCLUDING฀ EXPLANATORY฀ VARIABLES฀
WERE฀THE฀LEVEL฀OF฀SIGNIlCANCE฀FOR฀THE฀PARAMETERS�฀
REDUCTION฀ IN฀ THE฀ VALUES฀ OF฀ THE฀ COMPONENTS฀ OF฀
THE฀VARIANCE
COVARIANCE฀MATRICES�฀AND฀SIGNIlCANT฀
DECREASE฀FOR฀THE฀STATISTIC฀n�฀TIMES฀LOGARITHM฀OF฀THE฀
LIKELIHOOD฀FUNCTION฀�n�,,	�฀-ODELS฀WERE฀lTTED฀
AND฀COMPARED฀USING฀MAXIMUM฀LIKELIHOOD฀METH

ODS�฀ AND฀ THE฀ lNAL฀MODEL฀WAS฀ THEN฀ lTTED฀ USING฀
THE฀2%-,฀METHOD�฀ )N฀ORDER฀ TO฀AVOID฀MULTICOL

LINEARITY�฀EVALUATED฀MODELS฀WERE฀lTTED฀USING฀/,3฀
TECHNIQUES฀AND฀THE฀VALUE฀FOR฀THE฀VARIANCE฀INmATION฀
FACTOR฀WAS฀COMPUTED�฀4HOSE฀ALTERNATIVES฀WHERE฀
THIS฀FACTOR฀WAS฀LARGER฀THAN฀�฀WERE฀THEN฀REJECTED�

%VALUATED฀EXPLANATORY฀VARIABLES฀WERE�

Single tree size variables�
"REAST฀ HEIGHT฀ DIAMETER฀ DBH฀ �CM	�฀ TOTAL฀ HEIGHT฀
H฀�M	�฀CROWN฀DIAMETER฀CW฀ �M	�฀HEIGHT฀ TO฀CROWN฀
BASE฀HCB฀�M	�฀CROWN฀RATIO฀#2�฀,OGARITHMIC฀AND฀
INVERSE฀ TRANSFORMATIONS฀OF฀ THESE฀VARIABLES฀WERE฀
ALSO฀TESTED�

3TAND฀VARIABLES�
$ENSITY฀.฀�STEMS�HA	�฀DOMINANT฀HEIGHT฀(�฀�M	�฀
COMPUTED฀AS฀THE฀AVERAGE฀VALUE฀OF฀THE฀���฀THICK

EST฀TREES฀WITHIN฀THE฀PLOT�฀BASAL฀AREA฀'฀FOR฀THE฀PLOT฀
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�M��HA	�฀ MEAN฀ SQUARED฀ DIAMETER฀ DG฀ �CM	�฀ SITE฀
INDEX฀3)฀�M	฀�#ALAMA฀ET฀AL�฀����	�฀,OGARITHMIC฀
AND฀ INVERSE฀ TRANSFORMATIONS฀ OF฀ THESE฀ VARIABLES฀
WERE฀ALSO฀TESTED�

Competition indices�
$ISTANCE฀ INDEPENDENT฀ INDICES฀ USED฀ WERE฀ RATIO฀
BETWEEN฀SUBJECT฀TREE฀BREAST฀HEIGHT฀DIAMETER฀AND฀
MEAN฀SQUARED฀DIAMETER฀DIDG�฀RATIO฀BETWEEN฀SUB

JECT฀TREE฀BASAL฀AREA฀AND฀PLOT฀BASAL฀AREA฀GIGM�฀BASAL฀
AREA฀OF฀THE฀TREES฀LARGER฀THAN฀THE฀SUBJECT฀TREE฀"!,�฀
$ISTANCE฀DEPENDENT฀COMPETITION฀INDICES฀WERE฀NOT฀
EVALUATED฀SINCE฀WE฀DID฀NOT฀HAVE฀ENOUGH฀DATA฀TO฀
RECONSTRUCT฀ THE฀ STATE฀OF฀ ALL฀ THE฀ TREES฀ IN฀ THE฀PLOT฀
lVE฀ YEARS฀ BEFORE฀ �NECESSARY฀ TO฀ DEVELOP฀ SPATIAL฀
MODELS	�

2EGIONAL฀VARIABLES�
!฀HIGHER฀LEVEL฀OF฀VARIABILITY�฀NOT฀ASSUMED฀TO฀BE฀
RANDOM�฀CAN฀BE฀EXPLAINED฀INCLUDING฀CATEGORICAL฀
REGIONAL฀PARAMETERS฀AS฀lXED฀EFFECTS�฀3EVERAL฀ALTER

NATIVES฀GROUPING฀DIFFERENT฀REGIONS฀UNDER฀A฀SINGLE฀
REGIONAL฀EFFECT฀WERE฀COMPARED฀ON฀THE฀BASIS฀OF฀THE฀
LOG฀LIKELIHOOD฀RATIO฀TEST�

���฀0REDICTION

4HE฀ lXED฀ EFFECTS฀ PART฀ OF฀ A฀ MIXED฀ MODEL฀ CAN฀
BE฀ USED฀ TO฀ PREDICT฀ THE฀ VALUE฀ FOR฀ THE฀ RESPONSE฀
VARIABLE฀IF฀ALL฀COVARIATES฀REQUIRED฀ARE฀MEASURED฀OR฀
ESTIMATED�฀)N฀THIS฀CASE�฀IF฀NO฀ADDITIONAL฀INFORMA

TION฀IS฀AVAILABLE�฀EXPECTED฀VALUE฀OF฀THE฀",50�S฀
FOR฀THE฀RANDOM฀COMPONENTS฀ARE฀ZEROES�฀AND฀WE฀
WOULD฀OBTAIN฀THE฀lXED฀EFFECTS฀MARGINAL฀PREDICTION฀
%�Y	฀�฀8β�฀!฀MAIN฀ ADVANTAGE฀ OF฀MIXED฀MODELS฀
WHEN฀USED฀TO฀PREDICT฀THE฀VALUE฀FOR฀A฀RESPONSE฀VARI

ABLE฀IS฀THAT฀THE฀VALUE฀FOR฀THE฀RANDOM฀PARAMETERS฀
VECTOR฀B�฀SPECIlC฀FOR฀A฀GIVEN฀UNIT�฀CAN฀BE฀PREDICTED฀
IF฀A฀COMPLEMENTARY฀SAMPLE฀OF฀OBSERVATIONS฀TAKEN฀
FROM฀THAT฀SAMPLING฀UNIT฀IS฀AVAILABLE�฀)N฀THIS฀CASE฀
WE฀OBTAIN฀ THE฀ CALIBRATED฀ CONDITIONAL฀ PREDICTION฀
%�Y฀\฀B	฀�฀8β฀�฀:B�
)T฀IS฀POSSIBLE฀TO฀PREDICT฀THE฀RANDOM฀COMPONENTS฀
ASSOCIATED฀WITH฀BETWEEN
PLOT�฀BETWEEN
TREE฀AND฀
BETWEEN
PERIOD฀VARIABILITY฀USING฀PAST฀INCREMENT฀
DATA�฀ WHICH฀ IS฀ EASILY฀ OBTAINED฀ USING฀ AN฀ INCRE

MENT฀BORER฀OR฀CONSECUTIVE฀MEASUREMENTS฀OF฀THE฀
TREE฀DIAMETER฀TAKEN฀ON฀PERMANENT฀PLOTS�฀2ANDOM฀
COMPONENTS฀ OBTAINED฀ IN฀ THIS฀ WAY฀ CAN฀ BE฀ USED฀

TO฀ CALIBRATE฀ TREE฀ DIAMETER฀ INCREMENT฀ UNDER฀ THE฀
HYPOTHESIS฀THAT฀BOTH฀PLOT฀AND฀TREE฀RANDOM฀COM

PONENTS฀ARE฀CONSTANT฀OVER฀TIME�฀AT฀LEAST฀FOR฀A฀lVE฀
YEAR฀PERIOD�฀4O฀MAKE฀PREDICTIONS฀OF฀THE฀",50|S฀
FOR฀THE฀RANDOM฀COMPONENTS฀USING฀PAST฀INCREMENTS฀
THE฀FOLLOWING฀EXPRESSION฀WAS฀USED�

z } } � } } } } 	 }B $ : 2 : $ : E4 4 � ��	

7HERE
zB {| } ~����� �� �����| ��� ��� �}���� ���������|�
ACTING฀EITHER฀AT฀TREE�฀PLOT฀OR฀PERIOD฀LEVEL�

z$ {| } ����� �{}���}� �}��{� ���|� �{���|{�� {|
GIVEN฀BY฀THE฀NUMBER฀OF฀RANDOM฀EFFECTS฀TO฀BE฀PRE

DICTED�฀"LOCKS฀OF฀ z$ }�� ��� �}��{��| $U�฀$V�฀$W�฀
REPEATED฀AS฀MANY฀TIMES฀AS฀THE฀NUMBER฀OF฀DIFFERENT฀
UNITS฀DETECTED฀AT฀EACH฀LEVEL�

z: {| ��� ��|{�� �}��{� ��� ��� �}���� ���������|
SPECIlC฀TO฀THE฀ADDITIONAL฀OBSERVATIONS�

z2 {| ��� �|�{�}��� �}��{� ��� ��� ��|{��}� ~}�{}����
&INALLY�฀ä฀IS฀A฀VECTOR฀WHOSE฀DIMENSION฀IS฀THE฀NUMBER฀
OF฀OBSERVATIONS�฀AND฀WHOSE฀COMPONENTS฀ARE฀THE฀
VALUES฀FOR฀THE฀MARGINAL฀UNCONDITIONAL฀RESIDUALS฀OF฀
THE฀MODEL฀�DIFFERENCE฀BETWEEN฀THE฀OBSERVED฀INCRE

MENT฀AND฀THE฀PREDICTED฀INCREMENT฀USING฀THE฀lXED฀
EFFECTS฀MARGINAL฀MODEL	�

4O฀ SOLVE฀ zB ���� ��� �  ¡ ¢£¢ ¤��¥�¡� ¦¡§
DEVELOPED฀USING฀)-,฀LANGUAGE�฀3INCE฀",50฀FOR฀
THE฀ PERIOD฀ RANDOM฀ COMPONENT฀ IS฀ NOT฀ CONSTANT฀
OVER฀ TIME�฀ TO฀ CARRY฀ OUT฀ FUTURE฀ PREDICTIONS฀WITH฀
THE฀MODEL�฀EXPECTED฀VALUE฀FOR฀THIS฀EFFECT�฀WHICH฀
IS฀ZERO�฀SHOULD฀BE฀INCLUDED�
4O฀ EVALUATE฀ THE฀ ACCURACY฀ OF฀ THE฀ CALIBRATION�฀
TWO฀ ALTERNATIVES฀ WERE฀ COMPARED�฀ )N฀ THE฀ SINGLE฀
TREE฀ CALIBRATION�฀ INCREMENT฀ MEASUREMENTS฀ COR

RESPONDING฀TO฀THE฀lRST฀GROWTH฀PERIOD฀OF฀THE฀TREES฀
INCLUDED฀IN฀VALIDATION฀DATASET฀����฀TREES฀FROM฀��฀
PLOTS	฀WERE฀USED฀TO฀PREDICT฀RANDOM฀TREE฀AND฀PLOT฀
COMPONENTS�฀OBTAINING฀THE฀CALIBRATED฀CONDITIONAL฀
DIAMETER฀INCREMENT฀ATTAINED฀FOR฀THOSE฀TREES฀DURING฀
THE฀SECOND฀PERIOD�฀2ESULTS฀WERE฀COMPARED฀WITH฀
THE฀MEASURED฀INCREMENTS฀FOR฀THAT฀SECOND฀lVE฀YEAR฀
PERIOD�฀#OMPARISON฀STATISTICS฀WERE฀MODELLING฀EFl

CIENCY฀�%&�฀DElNED฀AS฀�฀MINUS฀THE฀RATIO฀BETWEEN฀
THE฀SUM฀OF฀SQUARES฀OF฀THE฀ERROR฀AND฀THE฀CORRECTED฀
SUM฀OF฀SQUARES฀FOR฀THE฀VARIABLE	�฀MEAN฀RESIDUAL฀
ERROR฀ AND฀ ROOT฀MEAN฀ SQUARE฀ ERROR฀ �2-3%	�฀ FOR฀
BOTH฀RESIDUAL฀ERROR฀�ID�฀n฀ ¨© � ª ¡«¬ �­®¡¯°±­ ­����
�ID�฀ n฀ ¨© � ª² ¨© �  ¦°¯³ �­�­�­«´­ ¯� ¯³­ ��°¥°«¡®
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NON฀TRANSFORMED฀VARIABLE�฀#ALIBRATED฀PREDICTIONS฀
WERE฀ALSO฀COMPARED฀WITH฀THE฀MARGINAL฀PREDICTIONS฀
OBTAINED฀ USING฀ THE฀MODEL฀ INCLUDING฀ ONLY฀ lXED฀
EFFECTS�฀AND฀WITH฀THE฀CLASSICAL฀APPROACH฀ASSUMING฀
TREE฀DIAMETER฀INCREMENT฀TO฀REMAIN฀CONSTANT฀FOR฀A฀
TEN฀YEAR฀PERIOD฀�IDn�฀�฀ID��	�
!NOTHER฀ POSSIBILITY฀ TESTED฀WAS฀ THE฀ STANDWISE฀

CALIBRATION฀ �,APPI฀ ����	�฀ WHERE฀ RANDOM฀ PLOT฀
COMPONENTS฀ PREDICTED฀ FROM฀ THE฀ PRIOR฀MEASURE

MENT฀ OF฀ A฀ SMALL฀ SAMPLE฀ OF฀ TREES฀ PER฀ PLOT฀WERE฀
USED฀TO฀PREDICT฀THE฀INCREMENT฀OF฀THE฀TREES฀WITHIN฀
THE฀PLOT฀NOT฀UTILIZED฀IN฀CALIBRATION�฀)N฀THIS฀CASE฀THE฀
��฀PLOTS฀FROM฀VALIDATION฀DATASET฀CONTAINING฀lVE฀
TREES฀WITH฀INCREMENT฀MEASUREMENTS฀AVAILABLE฀FOR฀
THE฀TWO฀GROWTH฀PERIODS฀WERE฀UTILIZED฀����฀TREES	�฀
2ANDOM฀PLOT฀COMPONENTS฀WERE฀PREDICTED฀USING฀
PRIOR฀MEASUREMENTS฀FROM฀��฀�฀OR฀�฀TREES฀PER฀PLOT�฀
AND฀THESE฀COMPONENTS฀WERE฀THEN฀USED฀TO฀PREDICT฀
FUTURE฀INCREMENT฀FOR฀THE฀REMAINING฀��฀�฀OR฀�฀TREES�฀
&OR฀EACH฀OPTION฀AND฀PLOT�฀���฀RANDOM฀REALIZATIONS฀
WERE฀PERFORMED�฀INCLUDING฀A฀DIFFERENT฀SUB
SAMPLE฀
OF฀TREES฀AT฀EACH฀ONE�
%RRORS฀COMPUTED฀WITHIN฀EACH฀REALIZATION฀WERE฀
DIVIDED฀INTO฀A฀MEAN฀VALUE�฀A฀BETWEEN฀PLOT฀COMPO

NENT฀�WITH฀VARIANCE฀3D"

�	฀AND฀A฀WITHIN฀PLOT฀COM

PONENT฀�WITH฀VARIANCE฀3DW

�	�฀INCLUDING฀RESIDUAL�฀
TREE฀AND฀PERIOD฀COMPONENTS�฀!VERAGE฀VALUES฀FOR฀
EACH฀ COMPONENT฀ WERE฀ COMPUTED฀ OVER฀ THE฀ ���฀
REALIZATIONS�฀ 2OOT฀MEAN฀ SQUARE฀ ERROR฀ WAS฀ THEN฀
COMPUTED฀AS฀THE฀ROOT฀OF฀THE฀SUM฀OF฀THE฀SQUARED฀
MEAN฀ERROR฀AND฀THE฀VARIANCE฀COMPONENTS฀OF฀THE฀
ERROR฀ AVERAGED฀ FOR฀ EACH฀ OPTION฀ �,APPI฀ ����	�฀
-ODELLING฀ EFlCIENCY฀ FOR฀ THE฀ DIFFERENT฀ OPTIONS฀
WAS฀ COMPUTED฀ AS฀ THE฀ AVERAGE฀ OVER฀ THE฀ REALIZA

TIONS�฀7HEN฀ ANALYSING฀ MODELLING฀ EFlCIENCY�฀ IT฀
IS฀NECESSARY฀TO฀CONSIDER฀THAT฀THE฀NUMBER฀OF฀TREES฀
INVOLVED฀IN฀EACH฀CALIBRATION฀OPTION฀ IS฀DIFFERENT�฀
3TATISTICS฀ WERE฀ COMPUTED฀ FOR฀ BOTH฀ THE฀ RESIDUAL฀
AND฀THE฀RELATIVE฀ERRORS�

�฀2ESULTS

���฀$IAMETER฀)NCREMENT฀-ODELLING

!FTER฀TESTING฀DIFFERENT฀SINGLE฀TREE฀SIZE฀VARIABLES�฀
THE฀BASIC฀INCREMENT฀MODEL฀INCLUDED฀THE฀LOGARITHM฀
OF฀ THE฀BREAST฀HEIGHT฀DIAMETER�฀ LOGD�฀ AS฀ A฀ SINGLE฀
EXPLANATORY฀VARIABLE�฀4HE฀INTERCEPT฀FOR฀THE฀MODEL฀

WAS฀THEN฀DIVIDED฀INTO฀A฀lXED฀PART�฀SPECIlC฀TO฀THE฀
POPULATION�฀AND฀RANDOM฀BETWEEN
TREE�฀BETWEEN

PLOT฀AND฀BETWEEN
PERIOD฀COMPONENTS�฀SPECIlC฀TO฀
EACH฀UNIT�฀4HE฀COEFlCIENT฀ ASSOCIATED฀WITH฀ LOGD฀
ALSO฀VARIED฀RANDOMLY฀BETWEEN฀PLOTS�฀4HE฀EXPRES

SION฀FOR฀THE฀BASIC฀INCREMENT฀MODEL฀IS฀THEREFORE�

LOG฀�ID�฀IJK฀�฀�	฀�฀
μ฀�฀U�I฀�฀VIJ฀�฀WK฀�฀�η฀�฀U�I	฀LOG฀DIJK฀�฀εIJK฀ ��	

7HERE฀μ฀ AND฀η฀ ARE฀lXED฀PARAMETERS�฀ COMMON฀
TO฀THE฀POPULATION�฀VIJ฀IS฀A฀RANDOM฀TREE฀PARAMETER�฀
SPECIlC฀ TO฀ THE฀ JTH฀ TREE฀WITHIN฀ THE฀ ITH฀ PLOT�฀ WITH฀
MEAN฀ZERO฀AND฀VARIANCE฀$V฀�฀σ�IJ�฀WK฀IS฀A฀RANDOM฀
PERIOD฀ PARAMETER�฀ SPECIlC฀ TO฀ THE฀ OBSERVATIONS฀
TAKEN฀DURING฀THE฀KTH฀PERIOD�฀WITH฀MEAN฀ZERO฀AND฀
VARIANCE฀$W฀�฀σ�K�฀�U�I฀U�I	4฀IS฀A฀VECTOR฀OF฀RANDOM฀
PLOT฀PARAMETERS�฀SPECIlC฀TO฀THE฀ITH฀PLOT�฀WITH฀MEAN฀
��฀�	4฀AND฀VARIANCE฀MATRIX
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εIJK฀ ARE฀ WITHIN฀ TREE฀ RESIDUAL฀ ERROR฀ TERMS�฀ 3IM

PLER฀STRUCTURES฀ FOR฀$U฀WERE฀ TESTED�฀BUT฀ THEY฀DID฀
NOT฀ ALLOW฀ CONVERGENCE฀ OF฀ THE฀ MODEL�฀ 2ESULTS฀
OBTAINED฀AFTER฀lTTING฀MODEL฀IN฀%Q�฀�฀ARE฀INCLUDED฀
IN฀4ABLE฀��
!LTHOUGH฀INDEPENDENCE฀BETWEEN฀RANDOM฀COM

PONENTS฀SPECIlC฀TO฀DIFFERENT฀SAMPLING฀UNITS฀HAS฀
BEEN฀ASSUMED฀PREVIOUSLY�฀INDEPENDENCE฀BETWEEN฀
RANDOM฀PERIOD฀COMPONENTS฀IS฀A฀MATTER฀FOR฀DISCUS

SION�฀!S฀ IS฀ SHOWN฀ IN฀4ABLE฀��฀ THERE฀ARE฀ SEVERAL฀
YEARS฀OVERLAPPING฀BETWEEN฀PERIODS฀CORRESPOND

ING฀TO฀DIFFERENT฀REGIONS�฀AND฀WE฀SHOULD฀EVALUATE฀
WHETHER฀THERE฀IS฀ANY฀LEVEL฀OF฀DEPENDENCE฀ASSOCI

ATED฀WITH฀COMMON฀GROWTH฀YEARS�
4O฀DO฀THIS�฀IN฀A฀lRST฀APPROACH�฀RANDOM฀PERIOD฀
COMPONENTS฀ WERE฀ NOT฀ CONSIDERED฀ INDEPENDENT฀
BETWEEN฀REGIONS�฀)N฀THIS฀CASE�฀COMPONENTS฀IN฀$฀
EXPRESSING฀COVARIANCE฀BETWEEN฀RANDOM฀COMPO

NENTS฀ASSOCIATED฀WITH฀OVERLAPPING฀PERIODS฀WERE฀
SUPPOSED฀ TO฀ BE฀ PROPORTIONAL฀ TO฀ THE฀ NUMBER฀ OF฀
OVERLAPPING฀YEARS�฀2ESULTS฀FROM฀lTTING฀THE฀BASIC฀
MODEL฀��	฀UNDER฀THIS฀VARIANCE฀STRUCTURE฀WERE฀COM

PARED฀ TO฀ THOSE฀OBTAINED฀BY฀ SOLVING฀ THE฀ SIMPLER฀
STRUCTURE฀ASSUMING฀INDEPENDENCE฀BETWEEN฀PERIOD฀
EFFECTS฀ �4ABLE฀�	�฀3INCE฀COVARIATION฀ TERMS฀WERE฀
IDENTIlED฀AS฀NON
SIGNIlCANT�฀AND฀MODEL฀lT฀WAS฀NOT฀
IMPROVED�฀THE฀SIMPLER฀STRUCTURE฀WAS฀SELECTED�
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���฀2ESIDUAL฀6ARIANCE฀&UNCTION

-EAN฀VALUE฀FOR฀THE฀VARIANCE฀OF฀THE฀εIJK฀CONDITIONAL฀
RESIDUAL฀ TERMS฀ OBTAINED฀ AFTER฀ lTTING฀ MODEL฀ ��	฀
WAS฀COMPUTED฀PER฀DIFFERENT฀CLASSES฀OF฀DBH฀AND฀
LOGD฀AND฀PLOTTED฀AGAINST฀THEM�฀$ESPITE฀LOGARITH

MIC฀TRANSFORMATION�฀A฀CLEAR฀PATTERN฀OF฀DECREASING฀
VARIANCE฀ASSOCIATED฀WITH฀INCREASING฀DIAMETERS฀WAS฀
STILL฀DETECTED�฀4HIS฀IS฀AN฀EXPECTED฀BEHAVIOUR฀PROB

ABLY฀EXPLAINED฀BECAUSE฀THE฀GROWTH฀OF฀SMALL฀TREES฀
IS฀ STILL฀ INmUENCED฀ BY฀ ESTABLISHMENT฀ AND฀ INITIAL฀
CONDITIONS฀NOT฀CONSIDERED฀IN฀THE฀MODEL�฀3EVERAL฀
FUNCTIONS฀OF฀MODEL฀VARIANCE฀WERE฀TESTED�฀AND฀THE฀
STRUCTURE฀lNALLY฀SELECTED฀ FOR฀ THE฀VARIANCE฀ FUNC

TION฀WAS�

σ�ε฀IJK฀�฀λ�฀�฀λ�฀LOGDIJK฀ ��	

7HERE฀ λ�฀ AND฀ λ�฀ ARE฀ lXED฀ PARAMETERS฀ JOINTLY฀
ESTIMATED฀ WITH฀ THE฀ REST฀ OF฀ THE฀ COMPONENTS฀ OF฀
THE฀MODEL�฀!฀ LARGE฀DECREASE฀ IN฀n�,,฀�4ABLE฀�	฀
COMPARED฀ TO฀ THE฀ MODEL฀ WITH฀ CONSTANT฀ RESIDUAL฀
VARIANCE฀INDICATED฀THAT฀THE฀INCLUSION฀OF฀THE฀VARI

ANCE฀FUNCTION฀IMPROVED฀MODEL฀lT�

���฀#OVARIATES฀)NCLUSION

3EVERAL฀ MODELS�฀ INCLUDING฀ DIFFERENT฀ SUBSETS฀ OF฀
EXPLANATORY฀ VARIABLES�฀ WERE฀ EVALUATED�฀ 4ABLE฀ �฀
ONLY฀ SHOWS฀ lTTING฀ STATISTICS฀ FOR฀ THOSE฀ MODELS฀
SHOWING฀THE฀BEST฀PERFORMANCE฀FOR฀EACH฀PROPOSAL฀
OF฀VARIABLES฀TYPE฀INCLUSION�฀0ARAMETER฀ESTIMATES฀
FOR฀THE฀DIAMETER฀INCREMENT฀MODELS฀HAVE฀BIOLOGICAL฀
SENSE฀AND฀ARE฀SIGNIlCANT฀AT฀����฀LEVEL�
)NCLUSION฀OF฀A฀SPECIlC฀EFFECT฀FOR฀EACH฀REGION฀WAS฀
NOT฀CONSIDERED฀NECESSARY�฀SINCE฀THE฀PARAMETERS฀FOR฀
THESE฀EFFECTS฀WERE฀NON
SIGNIlCANT�฀"ETTER฀RESULTS฀
WERE฀OBTAINED฀WHEN฀INCLUDING฀A฀SINGLE฀REGIONAL฀
EFFECT฀SPECIlC฀TO฀#ATALONIA�฀INmUENCING฀THE฀INTER

CEPT฀AND฀SITE฀INDEX�
4HE฀ DElNITE฀ DIAMETER฀ INCREMENT฀ MODEL฀ FOR฀
STONE฀ PINE฀ TREES฀ GROWING฀ IN฀ THE฀ FOUR฀ ANALYSED฀
REGIONS฀WAS�

LOG฀�ID�฀�฀�	IJK฀�฀
������฀n฀�������฀�฀U�I	฀LOGDIJ฀n฀������฀(�I฀n฀
������฀LOG�.I	฀�฀������฀3)I฀�฀������฀DIDGIJ฀n฀ ��	฀
������฀CAT฀�฀������฀CAT฀3)I฀�฀U�I฀�฀VIJ฀�฀WK฀�฀εIJK

5NITS�฀ID��฀D฀�CM	�฀(��฀3)฀�M	�฀.฀�STEMS�HA	�฀
2EST฀OF฀VARIABLES฀ARE฀NON
DIMENSIONAL�

4ABLE฀��฀#OMPARISON฀OF฀lTTING฀STATISTICS฀AND฀ESTIMATED฀VARIANCE฀COMPONENTS฀OF฀THE฀MODELS฀WITH฀DIFFERENT฀ALTERNA

TIVES฀OF฀COVARIATES฀INCLUSION�฀RESIDUAL฀VARIANCE฀FUNCTION฀AND฀VARIANCE฀COMPONENTS฀ESTIMATION฀METHOD�

-ODEL฀ �฀ �฀ �฀ �฀ �฀ �฀ �

)NTERCEPT฀ μ฀ μ฀ μ฀ μ฀ μ฀ μ฀ μ
3INGLE฀TREE฀ LOG฀D฀ LOG฀D฀ LOG฀D฀ LOG฀D฀ LOG฀D฀ LOG฀D฀ LOG฀D
3TAND฀ n฀ n฀ n฀ (��฀3)�฀LOG�.	฀ (��฀3)�฀LOG�.	฀ (��฀3)�฀LOG�.	฀ (��฀3)�฀LOG�.	
#OMPETITION฀ n฀ n฀ n฀ n฀ DIDG฀ DIDG฀ DIDG
2EGION฀ n฀ n฀ n฀ n฀ n฀ CAT�฀CAT
3)฀ CAT�฀CAT
3)
2ESIDUAL฀ λ�฀ λ�฀ λ��฀λ�LOGD฀ λ��λ�LOGD฀ λ��λ�LOGD฀ λ��λ�LOGD฀ λ��λ�LOGD
n�,,฀ ������฀ ������฀ �������฀ �������฀ ������฀ n�������฀ n�������
-ETHOD฀ -,฀ -,฀ -,฀ -,฀ -,฀ -,฀ 2%-,
σ�IJ฀�TREE	฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������
σ��I฀�PLOT	฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������
σ��I฀�PLOT	฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������
σ��I฀�PLOT	฀ n������฀ n������฀ n������฀ n������฀ n������฀ n������฀ n������
σ�K฀�PERIOD	฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������
σ��K฀�PERIOD	฀ n฀ .3฀ n฀ n฀ n฀ n฀ n
λ�฀�RESIDUAL	฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������฀ ������
λ�฀�RESIDUAL	฀ n฀ n฀ n������฀ n������฀ n������฀ n������฀ n������

7HERE฀LOG฀D�฀LOG฀BREAST฀HEIGHT฀DIAMETER�฀(��฀DOMINANT฀HEIGHT�฀3)�฀SITE฀INDEX�฀.�฀STAND฀DENSITY�฀CAT�฀DUMMY฀VARIABLE฀WHICH฀VALUES฀�฀IF฀THE฀TREE฀
COMES฀FROM฀#ATALONIA�฀AND฀�฀IF฀NOT�฀DIDG�฀RATIO฀BETWEEN฀BREAST฀HEIGHT฀DIAMETER฀AND฀PLOT฀MEAN฀SQUARE฀DIAMETER�฀-,�฀MAXIMUM฀LIKELIHOOD�฀
2%-,�฀RESTRICTED฀MAXIMUM฀LIKELIHOOD�฀n�,,�฀n�฀TIMES฀LOGARITHM฀OF฀LIKELIHOOD�฀σ��฀VARIANCE฀TERMS�฀σ��฀�฀COVARIANCE฀PARAMETERS�฀฀
.3�฀ALL฀COVARIANCE฀TERMS฀ASSOCIATED฀WITH฀RANDOM฀PERIOD฀PARAMETERS฀ARE฀NON
SIGNIlCANT�฀n฀�฀NOT฀INCLUDED
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7HERE
CAT฀�฀�฀IF฀THE฀OBSERVATION฀COMES฀FROM฀#ATALONIA�฀
CAT฀�฀�฀IF฀NOT
VIJ฀^฀.���฀������	�฀WK฀^฀.���฀������	�฀
εIJK฀^฀.���฀σ�E฀IJK฀�฀������฀n฀������฀LOGDIJK	�
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åæçè �฀ SHOWS฀ HOW฀ BETWEEN
PLOT�฀ BETWEEN
TREE�฀
BETWEEN
PERIOD฀AND฀RESIDUAL฀WITHIN
TREE฀EFFECTS฀
ACCOUNT฀FOR฀TOTAL฀VARIATION฀IN฀BOTH฀THE฀BASIC฀MODEL฀
INCLUDING฀ONLY฀LOGD฀AS฀AN฀EXPLANATORY฀VARIABLE฀AND฀
THE฀lNAL฀MODEL฀INCLUDING฀THE฀REST฀OF฀COVARIATES�฀
)N฀BOTH฀CASES�฀VARIANCE฀IS฀EXPRESSED฀AS฀A฀FUNCTION฀
OF฀TREE฀DIAMETER�฀)N฀THE฀BASIC฀MODEL�฀BETWEEN
PLOT฀
RANDOM฀EFFECT฀ACCOUNTED฀FOR฀MOST฀OF฀THE฀TOTAL฀VARI

ATION�฀!FTER฀ INCLUSION฀OF฀ EXPLANATORY฀VARIABLES�฀
TOTAL฀VARIABILITY฀DECREASED�฀ASSOCIATED฀WITH฀A฀LARGE฀
DECREASE฀ IN฀ BETWEEN฀ PLOT฀ VARIABILITY�฀ !฀ HIGHER฀
LEVEL฀ OF฀ VARIABILITY฀ IS฀ THEREFORE฀ ASSOCIATED฀WITH฀
WITHIN
TREE฀ RESIDUAL฀VARIANCE�฀6ARIANCES฀ASSOCI

ATED฀WITH฀TREE฀AND฀PERIOD฀EFFECTS฀WERE฀SMALLER฀THAN฀
THOSE฀ESTIMATED฀FOR฀BETWEEN฀PLOT฀AND฀WITHIN฀TREE฀
RESIDUAL฀RANDOM฀EFFECTS฀IN฀BOTH฀CASES�
4HE฀BIAS฀OF฀THE฀MODEL฀WAS฀ANALYSED฀BY฀PLOTTING฀
THE฀ MEAN฀ VALUE฀ AND฀ THE฀ STANDARD฀ ERROR฀ FOR฀ THE฀
RESIDUALS฀OF฀THE฀lXED฀PART฀OF฀THE฀MODEL฀�(YNYNEN฀
�����฀(�KKÛ฀ET฀AL�฀�����฀-ABVURIRA฀AND฀-IINA฀
����	�฀ IN฀ LOGARITHMIC฀SCALE฀AND฀ REAL฀ SCALE�฀AS฀A฀
FUNCTION฀OF฀THE฀PREDICTED฀AND฀THE฀PREDICTOR฀VARI

ABLES฀INCLUDED฀IN฀THE฀MODEL฀�&IGS�฀�A฀AND฀�B	�
.O฀NOTICEABLE฀TREND฀BETWEEN฀THE฀RESIDUALS฀AND฀
THE฀EXPLANATORY฀VARIABLES฀WAS฀DETECTED�฀3IGNIl

CANT฀BIAS฀WAS฀ONLY฀SHOWN฀FOR฀THOSE฀TREES฀WITH฀THE฀
LARGEST฀PREDICTED฀DIAMETER฀ INCREMENT�฀ I�E�฀ THOSE฀
TREES฀WITH฀THE฀SMALLEST฀VALUES฀OF฀ORIGINAL฀BREAST฀
HEIGHT฀DIAMETER฀AND฀DOMINANT฀HEIGHT�

���฀ !NTI
,OGARITHMIC฀4RANSFORMATION฀FOR฀
THE฀$EPENDENT฀6ARIABLE

4O฀ REVERT฀ THE฀ LOGARITHM฀ OF฀ THE฀ PREDICTED฀ INCRE

MENT฀INTO฀THE฀ARITHMETIC฀SCALE�฀IT฀IS฀NECESSARY฀TO฀
INCLUDE฀THE฀BIAS฀CORRECTION฀MULTIPLICATIVE฀FACTOR฀
;EXP�S���	=฀PROPOSED฀BY฀&LEWELLING฀AND฀0IEENAR฀
�����	�฀ WHERE฀ S�฀ IS฀ THE฀ TOTAL฀ VARIANCE฀ FOR฀ THE฀
PREDICTION�฀)F฀WE฀ARE฀TRANSFORMING฀A฀lXED฀EFFECTS฀
MARGINAL฀PREDICTION�฀TOTAL฀VARIANCE฀IS฀THE฀RESIDUAL฀
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) Tree Plot Period Residual Total

Tree Plot Period Residual Total

éêëì ��฀%FFECT฀OF฀BETWEEN
PLOT�฀BETWEEN
TREES�฀BETWEEN

PERIOD฀AND฀RESIDUAL฀WITHIN
TREE฀VARIABILITY฀OVER฀TOTAL฀
VARIATION฀FOR฀THE฀BASIC฀MODEL฀�%Q�฀�	฀�ABOVE	฀AND฀
THE฀lNAL฀MODEL฀�%Q�฀�	฀�BELOW	�

VARIANCE฀PLUS฀THE฀VARIANCE฀COMPONENTS฀ASSOCIATED฀
WITH฀THE฀RANDOM฀EFFECTS�

S�IJK฀�฀σ�IJ฀�฀σ��I฀�฀σ��I฀�LOGDIJK	�฀�฀�฀σ��I฀LOGDIJK฀�฀
σ�K฀�฀λ�฀�฀λ�฀LOGDIJK฀ ��	

)F฀VALUES฀TO฀TRANSFORM฀ARE฀CALIBRATED฀CONDITIONAL฀
PREDICTIONS�฀PREDICTION฀VARIANCE฀IS฀COMPUTED฀USING฀
THE฀FOLLOWING฀EXPRESSION�

í î B

Z : 2 : $

IJK E IJK

IJK
4

� �

� �

VAR� }	

; } } } } == LOG�
� �Z DIJK

4
IJK

ïðñ

WHERE฀ THE฀ lRST฀ TERM฀ ON฀ THE฀ RIGHT฀ HAND฀ SIDE฀
EXPRESSES฀THE฀PREDICTION฀VARIANCE฀FOR฀THE฀RANDOM฀
COMPONENTS�฀AND฀ZIJK฀IS฀THE฀ROW฀OF฀ ò: óôôõöæó÷øù
WITH฀THE฀OBSERVATION�฀/N฀SEVERAL฀OCCASIONS�฀SOME฀
OF฀THE฀PREDICTED฀RANDOM฀COMPONENTS฀ARE฀EXCLUDED฀
FROM฀THE฀MODEL�฀E�G�฀RANDOM฀PERIOD฀EFFECTS฀PREDIC

TED฀FROM฀PAST฀MEASUREMENTS฀SHOULD฀NOT฀BE฀INCLU

DED฀IN฀FUTURE฀PREDICTIONS�฀)N฀THIS฀CASE�฀PREDICTION฀
VARIANCE฀S�IJK฀IS฀COMPUTED฀USING฀%Q�฀�฀AGAIN�฀BUT฀
REMOVING฀FROM฀Z�฀ ò: óúù ò$ óûû ÷üø öõýþõúøú÷ô
AND฀TERMS฀ASSOCIATED฀WITH฀THE฀EXCLUDED฀RANDOM฀
EFFECTS�฀AND฀ADDING฀TO฀THE฀EQUATION฀THE฀VALUES฀FOR฀
THE฀ VARIANCE฀ COMPONENTS฀ ASSOCIATED฀WITH฀ THESE฀
OMITTED฀EFFECTS�
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���฀0REDICTION

�����฀!฀#ASE฀3TUDY฀OF฀#ALIBRATION

4O฀ DEMONSTRATE฀ THE฀ CALIBRATION฀ TASK฀ WE฀ WILL฀
DESCRIBE฀ THE฀ SIMPLEST฀ CASE�฀WHERE฀ THE฀ PREVIOUS฀
lVE฀YEAR฀INCREMENT฀FOR฀A฀TREE฀IS฀AVAILABLE�฀AND฀IT฀
IS฀USED฀TO฀CALIBRATE฀THE฀FUTURE฀INCREMENT�฀,ET฀US฀
USE฀TREE฀NUMBER฀��฀FROM฀PLOT฀������฀LOCATED฀IN฀
7EST฀ !NDALUSIA�฀ 4REE฀ AND฀ PLOT฀ CHARACTERISTICS�฀
MEASURED฀ON฀TWO฀OCCASIONS�฀ARE฀SHOWN฀IN฀4ABLE฀
��฀)N฀THIS฀EXAMPLE฀WE฀WANT฀TO฀OBTAIN฀THE฀PREDICTED฀
VALUES฀OF฀DBH���฀ID�฀AND฀LOG�ID���	฀FOR฀THE฀SECOND฀
GROWTH฀PERIOD�฀USING฀THE฀REST฀OF฀VARIABLES฀INCLUDED฀
IN฀THE฀TABLE�

&IXED฀EFFECTS฀MARGINAL฀PREDICTION�
)N฀THIS฀CASE�฀MEASUREMENTS฀FROM฀THE฀lRST฀PERIOD฀
ARE฀NOT฀CONSIDERED�฀3INCE฀ALL฀THE฀VARIABLES฀INCLUDED฀
IN฀THE฀MODEL฀ARE฀KNOWN฀FOR฀THE฀SECOND฀PERIOD�฀THE฀
VALUE฀FOR฀LOG฀�ID���	฀WAS฀COMPUTED฀FROM฀%Q�฀��฀
TAKING฀ AS฀ VALUES฀ FOR฀ RANDOM฀ COMPONENTS฀ THEIR฀
EXPECTED฀MEAN฀VALUES�฀I�E��฀ZERO�฀0REDICTED฀VALUE฀
FOR฀LOG�ID���	฀IS฀�������฀3TANDARD฀ERROR฀FOR฀THIS฀
INDIVIDUAL฀PREDICTION฀IS฀COMPUTED฀AS฀THE฀SQUARE฀
ROOT฀OF฀THE฀TOTAL฀VARIANCE�฀GIVEN฀BY฀%Q�฀��

�
R � } 	 �Y Y SIJK IJK IJK
� � ����� ��	

7HERE฀Y฀AND฀ �Y ��� �������� ��� ��������� �����

FOR฀LOG�ID���	฀RESPECTIVELY�฀4HE฀VALUE฀FOR฀STANDARD฀
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�� ! �A�฀-EAN฀RESIDUAL฀IN฀LOG฀SCALE฀�SOLID฀LINE	฀FOR฀THE฀lXED฀EFFECTS฀MODEL฀AS฀A฀FUNCTION฀OF฀PREDICTED฀VALUE฀AND฀
EXPLANATORY฀STAND฀AND฀TREE฀LEVEL฀VARIABLES�฀$OTTED฀LINES฀INDICATE฀STANDARD฀ERROR฀FOR฀THE฀MEAN�฀AND฀DASHED฀LINES฀
INDICATE฀STANDARD฀DEVIATION�
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&IG�฀�B�฀-EAN฀RESIDUAL฀IN฀REAL฀SCALE฀�SOLID฀LINE	฀FOR฀THE฀lXED฀EFFECTS฀MODEL฀AS฀A฀FUNCTION฀OF฀PREDICTED฀VALUE฀AND฀
EXPLANATORY฀STAND฀AND฀TREE฀LEVEL฀VARIABLES�฀$OTTED฀LINES฀INDICATE฀STANDARD฀ERROR฀FOR฀THE฀MEAN�฀AND฀DASHED฀LINES฀
INDICATE฀STANDARD฀DEVIATION�
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23456 78฀-AIN฀CHARACTERISTICS฀FOR฀TREE฀��฀FROM฀PLOT฀������฀USED฀IN฀THE฀CASE฀STUDY฀OF฀CALIBRATION�฀MEASURED฀AT฀THE฀
BEGINNING฀OF฀THE฀GROWTH฀PERIODS�

0ERIOD฀ DBH�฀ DBH��฀ ID�฀ LOG�ID���	฀ !GE฀ $ENSITY฀ 3)฀ (�฀ DIDG
฀ �CM	฀ �CM	฀ �CM	฀ ฀ �YEARS	฀ �STEM�HA	฀ �M	฀ �M	

����n����฀ ������฀ ������฀ �����฀ ������฀ ��฀ ��฀ �����฀ ����฀ ������
����n����฀ ������฀ ������฀ �����฀ ������฀ ��฀ ��฀ �����฀ �����฀ ������

7HERE฀DBH�฀AND฀DBH���BREAST฀HEIGHT฀DIAMETER฀AT฀THE฀BEGINNING฀AND฀THE฀END฀OF฀THE฀PERIOD�฀ID��฀DIAMETER฀INCREMENT฀ATTAINED฀DURING฀THE฀PERIOD�฀
3)�฀SITE฀INDEX�฀(��฀DOMINANT฀HEIGHT�฀DIDG�฀RATIO฀BETWEEN฀BREAST฀HEIGHT฀DIAMETER฀AT฀THE฀BEGINNING฀OF฀THE฀PERIOD฀AND฀MEAN฀SQUARE฀DIAMETER฀FOR฀THE฀
PLOT�

ERROR฀IS฀�������฀AND฀THE฀���฀CONlDENCE฀INTERVAL฀
FOR฀PREDICTION฀IS฀;�������฀������=�฀4O฀TRANSFORM฀
THIS฀PREDICTION฀INTO฀REAL฀PREDICTED฀DIAMETER฀INCRE

MENT฀ 9: � ;

<= S YIJK IJK�
�� � �;EXP� � 	 � EXP� } 	= ��	

)N฀REAL฀SCALE�฀PREDICTED฀VALUE฀IS฀������฀CM�฀WITH฀
CONlDENCE฀INTERVAL฀;�������฀������=�
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#ALIBRATION฀USING฀PRIOR฀MEASUREMENTS฀฀
n฀#ONDITIONAL฀PREDICTION�
5SING฀DATA฀ FROM฀A฀ SINGLE฀PRIOR฀MEASUREMENT฀ IT฀
IS฀POSSIBLE฀TO฀OBTAIN฀PREDICTIONS฀FOR฀THE฀VECTOR฀ KB
CONTAINING฀RANDOM฀PLOT�฀TREE฀AND฀PERIOD฀COMPO

NENTS฀SPECIlC฀TO฀THIS฀TREE�฀4O฀DO฀THIS฀%Q�฀�฀WAS฀
USED�฀WHERE฀IN฀THIS฀CASE�

K ; � � LOG� � 	� =: � � �� ��� � ���	
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ä฀�฀������฀n฀������฀�฀������฀ ���	

4HE฀ ",50฀ FOR฀ THE฀ VECTOR฀ OF฀ RANDOM฀ PARAME

TERS฀SO฀OBTAINED฀IS฀;U�I฀�฀�������฀U�I฀�฀n�������฀฀
VIJ฀�฀�������฀WK฀�฀�������=�฀4O฀PREDICT฀CALIBRATED฀
INCREMENT฀FOR฀THE฀FUTURE�฀RANDOM฀PERIOD฀COMPO

NENT฀WK฀WAS฀NOT฀INCLUDED฀IN฀%Q�฀��฀0REDICTED฀VALUE฀
FOR฀LOG�ID�฀�฀�	฀IS฀THEREFORE฀�������฀4OTAL฀VARIANCE฀
FOR฀THE฀PREDICTION฀IS฀GIVEN฀BY฀%Q�฀��

S�IJK฀�฀�������

3TANDARD฀ERROR฀FOR฀THE฀PREDICTION฀IS฀�������฀WITH฀
A฀ ���฀ CONlDENCE฀ INTERVAL฀ ;������฀ �฀ ������=�฀
2EAL฀ VALUE฀ FOR฀ PREDICTED฀ DIAMETER฀ INCREMENT฀
IS฀ ������฀ CM�฀ WITH฀ A฀ ���฀ CONlDENCE฀ INTERVAL฀
;������฀�฀������=�

!S฀SHOWN�฀CALIBRATION฀HAS฀DECREASED฀BOTH฀THE฀
ABSOLUTE฀VALUE฀FOR฀PREDICTION฀ERROR฀�������฀CM฀IN฀
lXED฀EFFECTS฀RESPONSE฀AGAINST฀������฀CM฀IN฀CALI

BRATED	฀AND฀THE฀STANDARD฀ERROR฀�������฀TO฀������	�฀
NARROWING฀ THE฀ CONlDENCE฀ INTERVAL฀ FOR฀ THE฀ PRE

DICTION�฀-EAN฀PREDICTED฀ VALUES฀ ARE฀ NOT฀ CENTRED฀
WITHIN฀ITS฀CONlDENCE฀INTERVAL฀AS฀A฀CONSEQUENCE฀
OF฀ANTI
LOGARITHMIC฀TRANSFORMATION�

�����฀#ALIBRATION฀!LTERNATIVES

3INGLE฀4REE฀#ALIBRATION

4ABLE฀�฀COMPARES฀THE฀RESULTS฀FROM฀THE฀MARGINAL฀
lXED฀EFFECTS฀PREDICTION฀WITH฀THE฀CALIBRATED฀PRE

DICTIONS฀ INCLUDING฀ BOTH฀ TREE฀ AND฀ PLOT฀ RANDOM฀
COMPONENTS�฀AND฀WITH฀THE฀METHOD฀THAT฀ASSUMES฀
THE฀PAST฀lVE฀YEAR฀INCREMENT฀EQUALLING฀FUTURE฀lVE฀
YEAR฀INCREMENT�
2ESULTS฀FROM฀CALIBRATED฀CONDITIONAL฀PREDICTIONS฀
ARE฀SIGNIlCANTLY฀BETTER฀ THEN฀THOSE฀ATTAINED฀WITH฀
THE฀lXED฀EFFECTS฀MODEL�฀WITH฀MODELLING฀EFlCIENCY฀
BEING฀INCREASED฀FROM฀����฀TO฀������฀AND฀2-3%฀
BEING฀REDUCED฀FROM฀����฀TO฀����฀CM�฀/N฀THE฀OTHER฀
HAND�฀CALIBRATION฀RESULTS฀IN฀A฀SLIGHT฀BIAS฀IN฀MEAN฀
ERROR฀WHEN฀COMPARED฀WITH฀THE฀lXED฀EFFECTS฀MODEL�฀
PROBABLY฀DERIVED฀ FROM฀OMITTING฀ RANDOM฀PERIOD฀
COMPONENTS�฀)N฀ANY฀CASE�฀THE฀CALIBRATED฀AND฀lXED฀
EFFECTS฀PREDICTIONS฀LEAD฀TO฀A฀SUBSTANTIAL฀IMPROVE

MENT฀ IN฀PREDICTIVE฀ACCURACY฀WHEN฀COMPARED฀ TO฀
ASSUMED฀ CONSTANCY฀ OF฀ THE฀ DIAMETER฀ INCREMENT฀
DURING฀THE฀TWO฀lVE
YEAR฀PERIODS฀ANALYSED�

4ABLE฀��฀#OMPARISON฀BETWEEN฀CALIBRATED฀MODEL�฀lXED฀EFFECTS฀MODEL฀AND฀CLASSICAL฀APPROACH฀OF฀CONSTANCY฀IN฀INCRE

MENT�฀FOR฀THE฀CALIBRATION฀APPROACH฀INCLUDING฀RANDOM฀PLOT฀AND฀TREE฀COMPONENTS฀OVER฀THE฀���฀TREES฀IN฀VALIDATION฀
DATA฀SET฀�SINGLE฀TREE฀CALIBRATION	�

6ARIABLE฀ 3TATISTIC฀ &IXED฀EFFECTS฀ #ALIBRATED฀RESPONSE�฀ #ONSTANCY฀IN฀INCREMENT
฀ ฀ ฀ TREE฀AND฀PLOT฀EFFECTS฀ �IDn�฀�฀ID��	

ID�฀n฀^_ � 33%฀ ������฀ ������฀ ������
฀ %&฀�฀ �����฀ �����฀ �����
฀ 2-3%฀�CM	฀ �����฀ �����฀ �����
฀ -EAN฀ERROR฀ �����฀ �����฀ �����
�ID�฀n฀^_ �[ ` ^_ � 33%฀ �����฀ �����฀ �����
฀ 2-3%฀��	฀ ����฀ ����฀ ����
฀ -EAN฀ERROR฀ �����฀ �����฀ �����

7HERE฀33%�฀SUM฀OF฀SQUARES฀OF฀THE฀ERROR�฀%&�฀MODELLING฀EFlCIENCY�฀2-3%�฀ROOT฀MEAN฀SQUARE฀ERROR
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3TANDWISE฀#ALIBRATION

4ABLE฀�฀SHOWS฀THE฀RESULTS฀OF฀THE฀SECOND฀CALIBRA

TION฀APPROACH�฀)N฀THIS฀CASE�฀PRIOR฀MEASUREMENTS฀
OF฀ A฀ SAMPLE฀OF฀ TREES฀ FROM฀EACH฀PLOT฀WERE฀USED฀
TO฀PREDICT฀RANDOM฀PLOT฀COMPONENT฀AND฀CALIBRATE฀
FUTURE฀PREDICTIONS฀FOR฀THE฀REST฀OF฀THE฀TREES฀WITHIN฀
THE฀ PLOT�฀ !S฀ &IG�฀ �฀ SHOWS�฀ STANDWISE฀ CALIBRA

TION฀ REDUCES฀ 2-3%฀ WHEN฀ COMPARED฀ WITH฀ THE฀
lXED฀EFFECTS฀MODEL�฀EVEN฀IF฀ONLY฀A฀SINGLE฀TREE฀PER฀
PLOT฀ IS฀ USED฀ FOR฀ CALIBRATION�฀ 3TANDWISE฀ CALIBRA

TION฀REDUCES฀BETWEEN฀STAND฀VARIABILITY�฀WHILE฀THE฀
ERROR฀ASSOCIATED฀WITH฀THE฀REST฀OF฀THE฀RANDOM฀LEVELS฀
�TREE�฀PERIOD฀AND฀RESIDUAL	฀REMAIN฀PRACTICALLY฀CON

STANT�฀-EAN฀ERROR฀VALUE฀FOR฀CALIBRATED฀PREDICTION฀
IS฀SLIGHTLY฀INCREASED฀IF฀COMPARED฀WITH฀THE฀lXED฀
EFFECT฀MODEL�฀AS฀A฀CONSEQUENCE฀OF฀EXCLUDING฀PRE

DICTED฀RANDOM฀PERIOD฀AND฀TREE฀COMPONENTS�

�฀$ISCUSSION฀AND฀#ONCLUSIONS

)N฀THE฀PRESENT฀WORK�฀DIAMETER฀INCREMENT฀FOR฀STONE฀
PINE฀ TREES฀ IN฀ 3PAIN฀ IS฀ DESCRIBED฀ AS฀ A฀ STOCHAS

TIC฀PROCESS�฀WHERE฀A฀lXED�฀DETERMINISTIC฀MODEL�฀
EXPLAINS฀THE฀MEAN฀VALUE฀FOR฀THE฀INCREMENT�฀WHILE฀
UNEXPLAINED฀RESIDUAL฀VARIABILITY฀IS฀DESCRIBED฀AND฀
MODELLED฀BY฀INCLUDING฀RANDOM฀PARAMETERS฀ACTING฀

AT฀PERIOD�฀PLOT�฀TREE฀AND฀RESIDUAL฀WITHIN
TREE฀LEVELS�฀
-ODELLING฀ DIAMETER฀ INCREMENT฀ AS฀ A฀ STOCHASTIC฀
PROCESS฀ CONSIDERING฀ RANDOM฀ VARIABILITY฀ HAS฀
ALREADY฀BEEN฀PROPOSED�฀AMONG฀OTHERS�฀BY฀3TAGE฀
�����	�฀7YKOFF฀ET฀AL�฀�����	�฀(ILT฀�����	�฀(ENT

TONEN฀�����	�฀*OHNSON฀ET฀AL�฀�����	�฀-IINA฀�����	�฀
6ETTENRANTA฀�����	฀AND฀0ALAH¤฀ET฀AL�฀�����	�
)N฀ THE฀ lXED฀ PART฀ OF฀ THE฀ MODEL฀ THE฀ PRIMARY฀
EXPLANATORY฀VARIABLE฀WAS฀SIZE฀OF฀THE฀TREE�฀DElNED฀
BY฀THE฀LOGARITHM฀OF฀BREAST฀HEIGHT฀DIAMETER�฀#UR

RENT฀TREE฀SIZE฀IS฀A฀GOOD฀INDICATOR฀OF฀FUTURE฀GROWTH�฀
SINCE฀IT฀INCLUDES฀BOTH฀PAST฀COMPETITIVE฀INTERACTIONS฀
AND฀GENOTYPIC฀DIFFERENCES฀IN฀RESPONSE฀TO฀ENVIRON

MENTAL฀VARIABILITY฀�0ERRY฀����	�฀)N฀THE฀PROPOSED฀
MODEL฀IT฀WAS฀SHOWN฀THAT฀DIAMETER฀INCREMENT฀OF฀A฀
TREE฀DECREASED฀AS฀DIAMETER฀INCREASED�
4OGETHER฀WITH฀ TREE฀ SIZE�฀ THE฀lXED฀PART฀ OF฀ THE฀
MODEL฀ALSO฀INCLUDED฀VARIABLES฀COMMONLY฀USED฀AS฀
PREDICTORS฀IN฀SINGLE฀TREE฀DIAMETER฀GROWTH฀MODELS�฀
SUCH฀AS฀THE฀NUMBER฀OF฀STEMS฀PER฀HA�฀�7EST฀����	�฀
SITE฀INDEX฀�7YKOFF฀�����฀0ALAH¤฀ET฀AL�฀�����฀3OARES฀
AND฀4OM£฀����	฀AND฀DOMINANT฀HEIGHT฀�(YNYNEN฀
�����฀-ABVURIRA฀AND฀-IINA฀����	�฀!S฀A฀RESULT฀OF฀
COMPETITION�฀LARGER฀STAND฀DENSITIES฀ARE฀ASSOCIATED฀
WITH฀SMALLER฀DIAMETER฀INCREMENTS�฀.EGATIVE฀VALUE฀
FOR฀THE฀PARAMETER฀ASSOCIATED฀WITH฀DOMINANT฀HEIGHT฀
IS฀RELATED฀TO฀THE฀FACT฀THAT฀IN฀TWO฀STANDS฀WITH฀THE฀
SAME฀SITE฀QUALITY�฀LARGER฀DOMINANT฀HEIGHT฀INDICATES฀
OLDER฀TREES�฀AND�฀CONSEQUENTLY�฀SMALLER฀DIAMETER฀

4ABLE฀��฀#OMPARISON฀BETWEEN฀lXED฀EFFECT฀MODEL�฀AND฀CALIBRATED฀MODEL฀USING฀STANDWISE฀CALI

BRATION฀WITH฀DIFFERENT฀NUMBER฀OF฀TREES฀PER฀PLOT�฀%ACH฀RESULT฀IS฀OBTAINED฀AS฀THE฀AVERAGE฀
FROM฀���฀RANDOM฀REALIZATIONS�฀INCLUDING฀DIFFERENT฀TREES฀IN฀THE฀CALIBRATION฀DATA฀SET�฀$ATA฀
FROM฀��฀PLOTS฀IN฀VALIDATION฀DATA฀SET฀WITH฀���฀TREES�

฀ .UMBER฀OF฀TREES฀USED฀IN฀CALIBRATION
6ARIABLE฀ 3TATISTIC฀ &IXED฀EFFECTS฀ �฀ �฀ �
฀ N฀ ���฀ ���฀ ���฀ ��

ID�฀n฀qr � %&฀��	฀ �����฀ �����฀ �����฀ �����
฀ 2-3%฀�CM	฀ �����฀ �����฀ �����฀ �����
฀ 3D"฀ �����฀ �����฀ �����฀ �����
฀ 3D7฀ �����฀ �����฀ �����฀ �����
฀ -EAN฀ERROR฀ �����฀ �����฀ �����฀ �����

�ID�฀n฀qr �s t qr � 2-3%฀��	฀ ����฀ ����฀ ����฀ ����
฀ 3D"฀ �����฀ �����฀ �����฀ �����
฀ 3D7฀ �����฀ �����฀ �����฀ �����
฀ -EAN฀ERROR฀ �����฀ �����฀ �����฀ �����

7HERE฀N฀INDICATES฀THE฀NUMBER฀OF฀REMAINING฀TALLY฀TREES฀USED฀TO฀ESTIMATE฀THE฀STATISTICS�฀2-3%�฀ROOT฀MEAN฀SQUARE฀ERROR�฀
%&�฀MODELLING฀EFlCIENCY�฀3D"฀AND฀3DW฀BETWEEN฀PLOT฀AND฀WITHIN฀PLOT฀STANDARD฀DEVIATION�
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INCREMENTS�฀3ITE฀QUALITY฀ IS฀ POSITIVELY฀ RELATED฀ TO฀
INCREMENT�฀INDICATING฀THAT฀IN฀BETTER฀SITES฀TREES฀ARE฀
ATTAINING฀ LARGER฀DIAMETER฀ INCREMENTS�฀&INALLY�฀ A฀
COMPETITION฀ INDEX฀DENOTING฀ THE฀SOCIAL฀ STATUS฀OF฀
THE฀TREE฀WITHIN฀THE฀STAND฀IS฀POSITIVELY฀CORRELATED฀
WITH฀INCREMENT�฀WHICH฀MEANS฀THAT฀TREES฀FROM฀THE฀
DOMINANT฀ STRATUM฀ ARE฀ EXPECTED฀ TO฀ REACH฀ LARGER฀
INCREMENTS฀THAN฀THOSE฀FROM฀OTHER฀STRATA฀�(OLDA

WAY฀�����฀0UKKALA฀�����฀-IINA฀����	�
)N฀COMPARING฀THE฀PRESENT฀MODEL฀WITH฀THE฀DIAM

ETER฀INCREMENT฀MODEL฀FOR฀STONE฀PINE฀GROWING฀ON฀
THE฀#ENTRAL฀2ANGE฀PROPOSED฀BY฀#A®ADAS฀�����	�฀IT฀
IS฀POSSIBLE฀TO฀SEE฀THAT฀THE฀LATTER฀ONE฀ALSO฀INCLUDES฀
VARIABLES฀INDICATING฀STAND฀DENSITY�฀SUCH฀AS฀CROWN฀
COMPETITION฀ FACTOR฀ �+RAJICEK฀ ET฀ AL�฀ ����	�฀ SITE฀
QUALITY฀�DOMINANT฀HEIGHT฀AT฀���฀YEARS	�฀TREE฀SIZE฀

�CROWN฀RATIO	฀AND฀SOCIAL฀STATUS฀OF฀THE฀TREE฀�"!,	�฀
!S฀ SHOWN�฀ THE฀BASIC฀ STRUCTURE฀OF฀ THE฀MODELS฀ IS฀
SIMILAR�฀ALTHOUGH฀THE฀COVARIATES฀USED฀TO฀EXPLAIN฀
VARIABILITY฀ ACTING฀ AT฀ DIFFERENT฀ LEVELS฀ ARE฀NOT฀ THE฀
SAME�
3MALLER฀ EXPECTED฀ DIAMETER฀ INCREMENT฀ WAS฀
DETECTED฀ FOR฀ THE฀ STANDS฀ FROM฀#ATALONIA�฀ )N฀ THIS฀
REGION฀THE฀PRESENCE฀OF฀AN฀UNDERSTORY฀LAYER฀OF฀CORK฀
OAK฀�1UERCUS฀SUBER฀,�	฀AND฀OTHER฀-EDITERRANEAN฀
SHRUBS฀IS฀QUITE฀COMMON�฀)NTER
SPECIlC฀COMPETI

TION฀FROM฀THIS฀LAYER�฀NOT฀CONSIDERED฀IN฀THE฀MODEL�฀
COULD฀BE฀A฀REASON฀FOR฀THESE฀SMALLER฀INCREMENTS�฀
!NOTHER฀ POSSIBLE฀ REASON฀ COULD฀ BE฀ THE฀ FACT฀ THAT฀
#ATALONIAN฀INCREMENT฀DATA฀WERE฀OBTAINED฀IN฀A฀DIF

FERENT฀MANNER฀THAN฀THOSE฀FROM฀OTHER฀REGIONS�
4HE฀STOCHASTIC฀PART฀OF฀THE฀MODEL฀INCLUDES฀BOTH฀
NESTED฀HIERARCHICAL฀RANDOM฀EFFECTS฀�TREES฀WITHIN฀
PLOTS	�฀AND฀CROSSED฀RANDOM฀EFFECTS฀�PERIODS	�฀4HE฀
STRUCTURE฀FOR฀THE฀STOCHASTIC฀VARIABILITY฀IS฀THEREFORE฀
SIMILAR฀ TO฀ THAT฀ PROPOSED฀ BY฀ (ENTTONEN฀ �����	�฀
(�KKÛ฀AND฀'ROOT฀�����	฀AND฀-IINA฀�����	�฀4HE฀
LARGEST฀COMPONENTS฀OF฀RESIDUAL฀STOCHASTIC฀VARIABIL

ITY�฀AS฀STATED฀IN฀&IG�฀��฀WERE฀ASSOCIATED฀WITH฀BOTH฀
BETWEEN
PLOT฀ AND฀ WITHIN
TREE฀ RESIDUAL฀ EFFECTS�฀
"ETWEEN
PLOT฀VARIABILITY฀CAN฀BE฀DUE฀EITHER฀TO฀NOT฀
CONSIDERING฀ INTERACTIONS฀BETWEEN฀PLOT฀VARIABLES฀
AND฀PERIOD฀EFFECTS฀�(ENTTONEN฀�����฀(�KKÛ฀AND฀
'ROOT฀ ����	�฀ TO฀ IGNORING฀ ECOLOGICAL฀ VARIABLES฀
CHARACTERISING฀SITE฀QUALITY฀MORE฀ADEQUATELY฀THAN฀
SITE฀INDEX฀OR฀TO฀NOT฀TAKING฀INTO฀ACCOUNT฀SILVICUL

TURAL฀ TREATMENTS฀ APPLIED฀ IN฀ THE฀ PAST฀ �(YNYNEN฀
�����฀ (�KKÛ฀ ET฀ AL�฀ ����	�฀ ,ARGE฀ WITHIN
TREE฀
RESIDUAL฀VARIABILITY฀CAN฀BE฀DUE฀TO฀HUMAN฀ERROR฀IN฀
DIAMETER฀INCREMENT฀MEASUREMENT฀�0UKKALA฀�����฀
0ALAH¤฀ AND฀ 'RAU฀ ����	�฀ SINCE฀ INCREMENT฀ CORES฀
CANNOT฀BE฀TAKEN฀ON฀REPEATED฀OCCASIONS฀AT฀THE฀SAME฀
HEIGHT฀AND฀ORIENTATION฀WITHIN฀THE฀STEM�
)NCLUSION฀OF฀RANDOM฀PERIOD฀COMPONENTS฀WITHIN฀
THE฀MODEL฀ INDICATED฀DIFFERENCES฀ IN฀ THE฀GROWING฀
PATTERN฀OF฀THE฀TREES฀BETWEEN฀THE฀lVE
YEAR฀CALENDAR฀
PERIODS฀�(ENTTONEN฀�����฀-IINA฀�����฀9EH฀AND฀
7ENSEL฀ ����	�฀ )NDEPENDENCE฀ BETWEEN฀ OVERLAP

PING฀PERIOD฀EFFECTS฀INDICATED฀THAT฀GROWTH฀PERIOD฀
EFFECTS฀ARE฀DIFFERENT฀FOR฀DIFFERENT฀REGIONS�฀MEAN

ING฀THAT฀CLIMATIC฀CONDITIONS฀FOR฀A฀SINGLE฀lVE฀YEAR฀
PERIOD฀CANNOT฀BE฀CONSIDERED฀COMMON฀FOR฀DIFFER

ENT฀ REGIONS�฀ )T฀WAS฀ NOT฀ POSSIBLE฀ TO฀ ANALYSE฀ THE฀
DEPENDENCE฀ BETWEEN฀ OVERLAPPING฀ OBSERVATIONS฀
COMING฀FROM฀THE฀SAME฀REGION�฀SINCE฀THIS฀TYPE฀OF฀
DATA฀WERE฀NOT฀AVAILABLE�
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���� ��฀2-3%�฀MEAN�฀BETWEEN฀STAND฀�3DB	฀AND฀WITHIN฀
STAND฀ �3DW	฀ STANDARD฀ DEVIATION�฀ AS฀ A฀ FUNCTION฀ OF฀
THE฀NUMBER฀OF฀CALIBRATING฀TREES�฀FOR฀RESIDUAL฀ERROR฀
;ID�฀n฀�� �� ������� ��� �������� ����� �ID�฀n฀�� �� � �� �
�BELOW	�
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&INALLY�฀SIGNIlCANT฀RANDOM฀VARIABILITY฀AMONG฀
TREES฀ SUGGESTED฀ THAT฀ SOME฀ TREE฀ VARIABLES฀ WERE฀
IGNORED฀IN฀THE฀MODEL�฀E�G�฀FACTORS฀RELATED฀TO฀GENET

ICS฀ OR฀ MICROSITE�฀ 4HE฀ RELATIVELY฀ SMALL฀ LEVEL฀ OF฀
VARIABILITY฀DETECTED฀BETWEEN฀TREES฀GROWING฀IN฀THE฀
SAME฀PLOT฀IS฀IN฀LINE฀WITH฀THE฀RESULTS฀OBTAINED฀BY฀
-ABVURIRA฀AND฀-IINA฀�����	�฀ALTHOUGH฀(ENTTONEN฀
�����	�฀(�KKÛ฀ AND฀'ROOT฀ �����	฀ AND฀0ALAH¤฀ ET฀
AL�฀ �����	฀DETECTED฀A฀PATTERN฀OF฀ LARGER฀VARIABIL

ITY฀BETWEEN฀TREES฀THAN฀BETWEEN฀PLOTS�฀4HE฀MAIN฀
REASON฀FOR฀THIS฀BEHAVIOUR฀CAN฀BE฀RELATED฀TO฀LIMITA

TIONS฀FROM฀THE฀DATASET�฀SINCE฀ONLY฀TWO฀CONSECUTIVE฀
GROWTH฀OBSERVATIONS฀ ARE฀ AVAILABLE฀ FOR฀ THE฀ SAME฀
TREE�฀AND฀PART฀OF฀THE฀TREE฀LEVEL฀VARIABILITY฀WAS฀THEN฀
INCLUDED฀IN฀THE฀RESIDUAL฀WITHIN
TREE฀VARIANCE�฀)N฀
ANY฀CASE�฀A฀SMALL฀TREE฀LEVEL฀VARIABILITY฀OF฀GROWTH฀
IS฀IN฀LINE฀WITH฀THE฀RESULTS฀ALSO฀OBTAINED฀BY฀#ALAMA฀
�����	฀FOR฀STEM฀FORM�฀INDICATING฀THAT฀TREES฀WITHIN฀
THE฀SAME฀STAND฀HAVE฀MORE฀SIMILARITIES฀WITH฀EACH฀
OTHER฀THAN฀WITH฀TREES฀GROWING฀IN฀OTHER฀STANDS�
!PPLICATION฀OF฀THE฀lXED฀PART฀OF฀THE฀MODEL฀RESULTS฀
IN฀UNBIASED฀ESTIMATES฀OF฀THE฀INCREMENT�฀EXCEPT฀FOR฀
THOSE฀TREES฀WHOSE฀INITIAL฀BREAST฀HEIGHT฀DIAMETER฀IS฀
LESS฀THAN฀�฀CM�฀4HE฀RESULTS฀AFTER฀APPLYING฀THE฀lXED฀
PART฀OF฀THE฀MODEL฀TO฀THE฀���฀TREES฀IN฀THE฀VALIDATION฀
DATASET฀INDICATED฀THAT฀���฀OF฀THE฀TOTAL฀VARIABILITY฀
WAS฀EXPLAINED�฀7E฀CAN฀ THEREFORE฀CONCLUDE฀ THAT฀
THE฀ lXED฀ EFFECTS฀ MODEL฀ RESULTS฀ IN฀ A฀ SIGNIlCANT฀
IMPROVEMENT฀WHEN฀COMPARED฀WITH฀THE฀APPROACH฀
OF฀ASSUMING฀PAST฀INCREMENT฀AS฀A฀GOOD฀ESTIMATE฀FOR฀
THE฀FUTURE฀PERIOD�฀AND฀TO฀APPLY฀IT�฀MEASUREMENTS฀
FROM฀THE฀PAST฀ARE฀NOT฀REQUIRED�
#ALIBRATION฀RESULTS฀IN฀SIGNIlCANT฀IMPROVEMENT฀
WHEN฀COMPARED฀WITH฀ THE฀ RESULTS฀ ATTAINED฀USING฀
ONLY฀THE฀lXED฀PART฀OF฀THE฀MODEL�฀3INCE฀VARIABILITY฀
EXPLAINED฀ BY฀ TREE฀ RANDOM฀ COMPONENTS฀ IS฀ QUITE฀
SMALL�฀RESULTS฀FROM฀SINGLE฀TREE฀CALIBRATION฀ARE฀NOT฀
MUCH฀BETTER฀THAN฀THOSE฀FROM฀STANDWISE฀CALIBRA

TION�฀ALTHOUGH฀IN฀THE฀LATTER฀APPROACH฀THE฀NUMBER฀
OF฀TREES฀USED฀IN฀CALIBRATION฀IS฀SMALLER�฀7ITH฀STAND

WISE฀CALIBRATION฀USING฀PAST฀INCREMENT฀DATA฀FROM฀
ONLY฀ONE฀TREE฀PER฀PLOT฀���฀ADDITIONAL฀ INCREMENT฀
MEASUREMENTS฀ IN฀VALIDATION฀DATASET	�฀MODELLING฀
EFlCIENCY฀REACHES฀ABOUT฀���฀WITH฀2-3%฀�����฀
CM�฀5SING฀SINGLE฀TREE฀CALIBRATION�฀���฀ADDITIONAL฀
MEASUREMENTS฀ARE฀REQUIRED฀TO฀OBTAIN฀AN฀EFlCIENCY฀
VALUE฀ OF฀ �����฀ AND฀ 2-3%฀ �����฀ CM�฀ 'IVEN฀
THE฀HIGH฀COSTS฀OF฀MEASURING฀PAST฀ INCREMENTS�฀ IT฀
SEEMS฀REASONABLE฀TO฀SELECT฀STANDWISE฀CALIBRATION�฀
ALTHOUGH฀THIS฀DECISION฀SHOULD฀BE฀BASED฀ON฀A฀UTIL


ITY฀MODEL฀THAT฀CONSIDERS฀BOTH฀THE฀COST฀OF฀TAKING฀
ADDITIONAL฀MEASUREMENTS฀AND฀THE฀BENElTS฀DERIVED฀
FROM฀IMPROVING฀ACCURACY�
4HE฀MODEL฀DEVELOPED฀IN฀THE฀PRESENT฀WORK฀CAN฀
BE฀CONSIDERED฀A฀USEFUL฀TOOL฀TO฀SIMULATE฀THE฀GROWTH฀
OF฀THE฀TREES�฀4HE฀ABILITY฀OF฀THE฀CALIBRATED฀MODEL฀TO฀
BE฀USED฀IN฀LONG฀TERM฀PROJECTIONS฀IS฀BASED฀ON฀THE฀
ASSUMPTION฀OF฀CONSTANCY฀IN฀TIME฀FOR฀BOTH฀RANDOM฀
PLOT฀AND฀TREE฀COMPONENTS�฀"ESIDES฀THIS�฀THE฀POS

SIBLE฀EFFECT฀OF฀A฀REDUCTION฀IN฀STAND฀DENSITY�฀AS฀A฀
CONSEQUENCE฀OF฀NATURAL฀MORTALITY฀OR฀SILVICULTURAL฀
TREATMENTS�฀HAS฀NOT฀BEEN฀PROPERLY฀ADDRESSED�฀/N฀
ACCOUNT฀OF฀THESE฀TWO฀CONSIDERATIONS�฀SIMULATIONS฀
WITH฀ A฀ PROJECTION฀ LENGTH฀ LONGER฀ THAN฀ ��฀ YEARS฀
SHOULD฀BE฀CONSIDERED฀CAUTIOUSLY�
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