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RESUMEN

Pinus radiataD. Don ha sido estableciden Chileen un amplio rango de suelos y condiciones
climaticas, @nde la disponibilidad de recursos hidricos es uno de los factores principales que
determinan la productividad de esta especie y la respuesta a diversas préacticas silvicolas.
Varios estudios hamvestigadolas respuestas de crecimiento a la poda de plants de

pino, sin embargo, existe una brecha en el conocimiento sokfectacon la disponibilidad

de agua del sitimgdemas la mayoria de las investigaciones muestgaiitados localesona

corto plazo, con parcelas pequefias a nivel de;gbolkonsiguiente, los resultados tienden a

ser restringidos en su aplicacidl. presente trabajo evalla la respuesta en crecimierffo de
radiata a diferentes niveles de intensidad de poda a través de un gradiente hidrico de sitios en
la zona centro sute Chile. Los tratamientos de poda consideraron tres niveles de intensidad:
sin poda, poda leve donde se removié cerca del 30% de la copa viva y poda severa donde se
removio cerca del 60% de la copa vith.indicede déficit hidrico utilizado presento fiies
relaciones lineales y positivas con el area foliar y el crecimiedi@mas en conjunto con el

largo de copa viva remante se construyé un modelo simple predictor de la respuesta en
crecimiento a la podéSe determiné quea medida quéda disponibilidadde agua del sitio
aumenta, la @rdida de crecimiento por efecto de la intensidad de poda es mayor. Luego de 8
afos deefectuaddos tratamientos de poda y halmacticadoun raleo intermedio, la poda
severa mostré rendimientos menores para los 500 arfiaddes a la edad 116 afios tanto en
volumen,como enarea basal, diametnpaltura, que el tratamiento de poda level yestigo
(tratamiento sin podaDe igual manera, y a excepcion del sitio con mayor déficit hidrico, los
tratamientos de poda leveostraron rendimientos menores, tanto en volumen, area basal y
diametro, que el tratamiento sin podan embargo, no en todos los casos se obtuvieron
diferencias significativas entre estas comparaciones. Adicionalmente se evalué el efecto de los
arboles sguidores (sin poda) dentro de los tratamientos con poda, encontrando que los arboles
seguidoresindependiente de la intensidad de padastraron menores rendimientos que los
tratamientos sin seguidotganto en volumen, area basal, didmetaitura, sendo este efecto

masnegativoen los tratamientos con poda severa.
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ABSTRACT

Pinus radiataD. Don has been established in a wide range of soils and climatic conditions,
where water availability is one ofthe main factors that determine the productivifytlds
species and the response to diverse silvicultural practices. Several studies have examined the
growth responses to pruning of pine plantations, however, there is a gap in knowledge about
its interaction with the water availability of the site, addition most of the previous
investigations show local results, in shtatm, with small plots at tree level, therefore, the
results tend to be restricted in their application. The present work evaluates the growing
response oPinus radiatato differentlevels of pruning intensities through a water gradient of
sites in the soutlkentral zone of Chile. The pruning treatments considered three levels of
intensity: no pruning, light pruning where about 30% of the living crown was removed and
severe pruning here about 60% of the living crown was removed. An index of water deficit,
used in thisresearchshowed strong linear and positive relationships with the leaf area and
growth, and in additionwith the length of live remaining crowra simple predictor ofhe

growth response to pruning was constructed. An important trend is observed that as the water
availability of the site increases, the loss of growth due to the intensity of pruning is greater.
After 8 years of pruning treatments and intermediate th@yrsevere pruning showed lower
yields for the final 500 trees at age-19 years in volume, basal area, diameter or height, than
the treatment ofight pruning and treatment without pruning. Similargxcept forthe site

with the highest water deficitight pruning treatments showed lower yields, in volume, basal
area and diameter, than treatment without pruning, however, it should be noted that not all
cases were obtained significant differences between these comparisons. Additionally, the
effect of thefollower trees freeswithout pruning) within the treatments with pruning was
evaluated, finding that the followers trees independent of the intensity of pruning showed
lower yields than the treatments without followers either in volume, basal areatatiame

height,this effect is more relevant in treatments with severe pruning.



INTRODUCCION GENERAL

Pino radiatgPinus radiata D. Dohes sin duda la especie conifera originaria de América del
Norte mas ampliamente plantada en el mundo (Mead 200§)eH dia existen sobre cuatro
millones de hectareas plantadas de pino radiat&l mundo, siendo las plantaciones mas
extensas las encontradas en Chile, Nueva Zelanda (aproximadamente 1,6 millones de
hectareas cada una) y Australia (0,77 millones dedheast) (Mead 2013). En Chile, las
plantaciones de pino radiata estan ubicadas en una amplia zona geogréfica entre Valparaiso y
Puerto Montt cubriendo una gran variedad de suelos y condiciones climaticas (Alvarez 2010).
La mayor concentra@n se localiz&nla Region del Bio Bio, la qualcanza &4% del total de
plantaciones (Sotomayet al 2002; Mead, 2013).

Hoy en dia la mayor parte del recurso de pino radiata en Chile se maneja maximizando la
produccion de volumen incorporando raleos y podas (Mead) 2 buscan elevar el valor
comercial de las plantaciones, mediante la prodm de madera de alta calidé@erding

1991; Mead 2013). La poda, dentro de las practicas de manejo intensivo de plantaciones,
consiste en la remocion de las ranass de laparte basal de la copa hasta una determinada
altura sobre el piso en una operacion, o en multiples levantes, permitiendo que los nudos y los
defectos relacionados con las ramas removidas se restrinjan a un nucleo nudoso central y el
crecimiento subsecuentiel diametral del fust@roduzca madera de mayor calidad dando un
mayor valor al bosque (Cown 1999; Pinkard y Beadle 2000; Montagu et al. 2003; Amateis y
Burkhart 2011).

La eliminacién de las ramas vivas producto de la poda puede reducir el crecimigtan (S

Crowe 1975; Pinkard y Beadle 1998b; Nutto y Touza 2003; Alcorn et al. 2008; Amateis y
Burkhart 2010, 2011; Hevia 2012), debido a que se remueve area foliar fotosintéticamente
activa Por lo tanto, las estrategias de manejo deben sopesar el inppadivo de la poda en

la calidad de la madera, contra los efectos negativos de la eliminacién de la copa viva en el
crecimiento La comprension de los efectos de la severidad de poda sobre el crecimiento es
fundamental para el desarrollo de regimenes atla mue no reduzcan el crecimiento y el
volumen de madera de los arboles en rodales podados (Amateis y Burkhart 2011). Aun cuando
la tendencia mayoritaria es la reduccion de crecimiento al podar, existen experiencias donde

no se observan efectos negatigobre el crecimiento, por ejemptuando existe remocion de



una pequefa cantidad de copa verde, cuando el follaje inferior de la copa esta parcialmente a
la sombra o cuando los arboles muestran ramas basales en vias de secarset @ 20a5)

incluso algunos autores (Moller 1960; Fujimori y Wasada 1972; Wang et al. 1980; Davel y
Sepulveda 2000; Schoelzke 2003; Cyr 2006; Tonguc y Guner 2017) han encontrado efectos
positivos de la poda sobre el crecimiento, sugiriendo que un cierto nivel de poda puede
promover el crecimiento fustal en los arboles. Pinkard y Beadle (2000) sefialan que desde una
perspectiva fisiologica esto es posible, dado €uaitios con recursos limitados si las ramas
inferiores del arbol utilizan los recursos solo para mantenergarareo mas de lo que

fotosintetizan, la remocion de estas podria liberar recursos para un mayor crecimiento fustal

La variabilidad observada en diferentes estudios para el efecto de la poda sobre la tasa de
crecimiento del arbol ha sido asociada, en syaria, con la intensidad del tratamiento,
atendiendo especialmente al rol del porcentaje de copa remanente que contribuye a la
asimilacion de carbono y por tanto al crecimiento. Asi, por ejemplo, la menor longitud de la
copa viva remanente tras la intamggdn de poda ha sido frecuentemente relacionada con el
menor crecimiento de los arboles (O"Hara 1991; Mongagl 2003, Mead 2013). Desde esta
perspectiva, todas las especies tienen un nivel de poda (remocién de copa) que reduce el
crecimiento (dependndo de la longitud de copa remanente y de cuan intensa es lagioda)
embargo, distintas especies varian ampliamente en este nivel. En algunos eucaliptos y acacias
existe evidencia de que entre 40% y 50% y en coniferas entre el 25% y el 40% del largo de
copa viva puede ser removida sin causar pérdidas de crecimiento (Pinkard y Beadle 2000). En
pino radiata, varios autores indican que el crecimiento puede verse afectado solo cuando se
remueve alrededor del 30% de la copa (Luckhoff 1949; Sutton y Crovie [L8ige et al.

1987). EnCryptomeria japonica (L.f.ID. Don, la reduccién en incremento en volumen fustal
aumenta exponencialmente con el porcentaje de copa removido (Fujimori y Waseda 1972).
Esta misma relacion ha sido observada de manera line&h@maecyparis obtuséSiebold

& Zucc.) Endl. (Fujimori y Waseada 1972). Relaciones lineales han sido reportadas entre
severidad de poda e incremento en area basal en pino radiata (Sutton y Crowe 1975) y entre

severidad de poda y masa seca fust#ieos resimsa Aiton(Reichet al. 1993).



Ademas de la intensidad de la poda, la literatura reporta otros fati@esomdrecuencia

de podas, tiempo transcurrido entre podas, numero de podas, estructura del rodal, época,
condiciones del sitionimero y distaria entre verticilos yotros tratamientos silvicolague

pueden influenciar la respuesta de crecimiento de los arboles a la poda (Fujimori y Waseda
1972; Sutton y Crowe 1975; Karani 1978; Pinkard y Beadle 1998; Fatsld 999a, 1999Db,

2002; Montagu eal. 2003; Forrester et al., 2010; Forrester, 2013; Hevia et al. 2016)

El costo de podar las plantaciones es alto, por lo tanto, para minimizar los costos,
generalmente solo se podan léoleselegidos parda cosechafinal (arbolesobjetivo)
(Neilseny Pinkard, 2003). Estos arboles objetivo deberian preseariacteristicas especificas
comorectitud, tamafio de nudos pequefios y pertenéaksal superior del rodal (Neilsgn
Pinkard, 2003; Hevia et al. 2016). Es importante que los arboles podadosigaansel
dominancia, por lo tanto, es necesario que la intensidad de poda no afecte el crecimiento
normal de los arboles (Sutton y Crowe, 1975; Gerrand et al.,, 1997; Courdier et al., 2002;
Alcorn et al., 2008), de igual manera, si se déjdiolesvecinos @minantes y codominantes

sin poda &rbolesseguidores)éstos pueden suprimir el crecimiento de &bolespodados
(Suttony Crowe, 1975), impactando el volumen de madera de alta calidad en el rodal.
Teniendo en cuenta que es importante que los arboliedp® mantengan su dominancia
respecto a loarbolessin poda (Suttoly Crowe, 1975) y para optimizar una mayor cantidad

de madera libre de nudos, la combinacion de podas y raleos a edades tempranasy(Neilsen
Pinkard, 2003; Pinkard, 2003), favorecen etcomiento de los mejores arboles finales,

aumentando la produccion de madera de alta calidad.

El efecto de la poda es a menudo limitado y temporal. Sutton y Crowe (1975) reportaron que
la eliminacion del 2€85% de la copa viva redujo el crecimiento deopiadiata, aunque la
respuesta fue solo durante un afo después de la poda. Amateis y Bukhart (2011) también
mostraron que un afo después de la poda, los arboRiswetaedd.. a las edades de 3,6y

9 afos restauraron la biomasa de sus copas y el @atinge reanud6é de manera comparable

a un control sin poda. Si bien el impacto de esta intervencion silvicola en el crecimiento de los

arboles puede ser limitado y temporal, a largo plazo las reducciones del crecimiento



producidas durante un afio despuédalpoda pueden generar grandes diferencias estre |
intensidadesle poda.

Respecto a la relacién entre la poda y las condiciones del sitio para pino, raaliataste

mucha informacion y la existente esta relacionada con otras especies y es conidaelart
ejemplo,Lickhoff (1956) sefala que las reducciones de crecimiento por la poda son menos
severas en sitios pobres quel@nmejores sitios, mientras que otros autores declaran que en
los sitios de alta calidad, los efectos de la poda son mequeesn los sitios pobres (Fujimori

y Wasedsa 1972; Schonau 1974; Bredenkampl 1980; Pinkard y Beadle 1998a, 2000;
Pinkard 2002, 2003). Las diferencias de sitio son importantes en la productividad de las
plantaciones (Gerding y Schlatter 1995; Floye&llen 2004),ya quepueden determinar la
biomasa de follajela longevidad del follaje yu distribucién en la copa de los arboles que
influira a su vez ema cantidad de luz intercepta@ower et al. 1992; Albaugh et al. 1998;

Guo y Gifford 2002; Rubdr et al. 2013b). Con este enfoque, al tener una prescripcion de poda

a una altura fija, la cantidad de follaje remanente en la copa puede ser diferente segun el sitio
(O6Hara 1991) . La mayor2a de | as prescriopci
combinan requerimientos operacionales, relaciones altura/didmetro o respuestas en volumen a
varios tratamientos (Luckhoff 1967; Gerragidal 1997). Este enfoque tiene la ventaja de ser
directamente relevante para la actual produccion de madevalecrael uso de variablede

facil medicion relacionadas directamente cdm respuestadel crecimiento del fusteSin
embargo, la respuesta a la poda no es solo influenciada por la especie (Hevia et al. 2016), sino
también por la fertilidad del sitio, disporidad de agua y factores climéaticos (Saure 1987,
Forrester et al. 2010; Forrester 2013), variables que pueden variar espacial y temporalmente
(Alvarezet al.2012).

La productividad de pino radiata esta fuertemente influenciada por las condiciones del
sitio (Gray 1989), y en Chilesta especise ha establecido en un amplio rango de suelos y
condiciones climaticas, lo que resulta en una gran variacién en la productividad de estas
plantaciones (Gerding y Schlatter 1995; Flores y Allen 2004; Alvarez 2010xgi
disponible en la plantacion, determinada por la lluvia y la capacidad de retencion de agua del
suelo, es el principal determinante de la productividad real y potencial del pino radiata en



Nueva Zelanda (Jackson y Gifford 1974; Hunter y Gibson 1@8¥ustralia (Czarnowski et

al. 1971),en Sudéfrica(Grey 1989) yen Chile (Gerding y Schlatter 1995; Flores y Allen
2004). Alvarez et al. (2012) mostraron que tanto la disponibilidad de agua como la demanda
por evaporacion parecen ser los factores mdisalntes del crecimiento y el area del foliar de

la especie en Chile

El estrés hidrico afecta fuertemente la produccion y la longevidad del follaje, la
fotosintesis, la fijacion de carbono finalmente el crecimiento de pino radiata (Benecke
1980; Raisa et al. 1992; Rubilar et al. 2013b). Rubilar et al. (2013a) estalbdecina
relacion lineal entre el area foliar y el crecimiento del fuste en tres rodales de pino radiata
ubicados en sitios con diferente productividad y dondeda decrecimiento ddos sitios
estuvo determinadarincipalmente por las restricciones hidridasestosRelaciones similares
han sido encontradas entre LAl y productividad para otras especies (Gower et al. 1992;
Albaugh et al. 1998; Guo y Gifford 2002) y entre la dispoiiad de agua y el area foliar
para una amplia gama de tipos de bosques y condiciones climéticas (Grier y Running, 1977;
Gholz, 1982) Sn embargo, hay poca informacion disponible sobre esta importante relacion
para plantaciones de pino radiata en edadesmedias y particularmente para rodales
manejados con raleos y podas. Por lo tanto, es importante entender las relaciones existentes
entre el agua disponible del sitio, la produccion del area foliar y el consiguiente crecimiento de

las plantaciones de miradiata en Chile.

La mayoria de los estudios de poda muestran resultados locales, a corto plazo, con
parcelas pequefias a nivel de arbol, por consiguiente, los resultados tienden a ser restringidos
en su aplicacién. Para poder extrapolar los resultadasstd tipo de ensayos de manejo de
plantaciones a través de un rango de condiciones de sitio, es necesario incorporar variables de

suelo o clima en el disefio.

Debido a lo anterior, surge la pregunta: ¢Qué efecto tiene el agua disponible del sitio
en el cecimiento y en la respuesta a diferentes intensidades de poda en las plantaciones de
pino radiata? Comprender el comportamiento de las plantaciones sujetas a tratamientos de
manejo a edad juvenil en un gradiente hidrico de sitios, puede contribuir ar disgfiemas
de manejos especificos para cada sitio que favorezcan la productividad del rodal final a

cosechar.



HIPOTESIS

Sitios con mas disponibilidad de recursos hidricos presentarayores pérdidas de

crecimiento ante podas de alta intensida®iens radiata.

OBJETIVO GENERAL

Analizar el efecto de la intensidad de poda sobre el crecimien®indes radiataen un

gradiente de disponibilidad hidrica de sitios.

Objetivos especificos

AEvaluar la respuesta en crecimientoRiieus radiataante dferentes intensidades de poda en
un gradiente de sitios de baja a alta disponibilidad hidrica en el corto plazo.

AModel ar el ef e ct oPinesnradiatd a lac intensidadn dee podaoy lad e

disponibilidad de recursos hidricos.

AEval uar elalntensidad detpada eh el crecimiento de los arboles residuales finales

posterior a un segundo raleo en un gradiente de disponibilidad hidrica de sitios.
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ABSTRACT

Background: Pinus radiataD. Don has been established in a widegenf soils and climatic
conditions, showinghigh variability in both leaf area and volume productivity. Previous
research has shown that plantation yieldffected by water availability, but the majority of

this work has been done in unthinned stands@ovided littleinsight on the effect of water
availability on the productivity of thinned plantations. In order to improve fgnestuctivity

for plantations under a climate change scenario, we must understand the effect of plantation
managemenincluding thinning on the relationships among available water, leaf area index,
and productivity. The aim of this work is &valuate the effect of site water availability on the
leaf area production and consequent volume growth in thiradidta pine plantains over a

water availability gradienMethods: The effect of site available water on leaf area production
and consequent volume growth in thinrféidus radiataplantations over a water availability
gradient across five sites in central and soutitemtal Chile was determined.
Results: Regression analysis revealed water deficit to be related to both leaf area index and
volume growth accountinfpr 77 and 78% of the variation respectively. Eighhe percent of

the variation in vlume growth was explained by theaf area index. Results showed a growth
efficiency of 5 ni ha' per unit of leaf area indexConclusions: Strong linear positive
relationships between site water availability, leaf area, and stand growth after thiouridg

in this research suggest that water is the key factor controlling current productivity of radiata
pine plantationscross sites. A simple and robust water index that is well correlated with leaf
area and stand annual volume groatlows for the constetion of a simple predictive model

that may support management decisions for radiataptameations.

Keywords: Growth efficiency; Leaf area inde®inus radiata Productivity; Water deficit.



BACKGROUND

Radiata pine Finus radiataD. Don) is the most wiely distributed of commercial pine
species. There are more than 4 million hectares planted with radiata pine in the world, with the
largest areas in New Zealand (1.7 million ha), Chile (1.5 million ha), Australia (0.77 million
ha), Spain (0.29 million hagnd South Africa (57,000 ha) (Mead 2013; Ministry for Primary
Industries et al. 2016).

The productivity of this species is strongly influenced by site conditions (Grey 1989)
and varies more than twofold from 12 to 33ha? year in commercial plantatiori®el Lungo
et al. 2006; Alvarez et al. 2@l Early work relating the growth of radiata pine to site and
climatic factors showed that rainfall and its seasonal distribution, effective soil depth, total
nitrogen, available phosphorous and temperature fédictad productivity (Jackson and
Gifford,1974).

Plantation available water, determined by rainfall and soil water holding capacity, is
the main determinant of both actual and potential radiata pine productivity in New Zealand
(Jackson and Gifford 1974;undter and Gibson 1984), Australia (Czarnowski et al. 1971),
South Africa (Grey 1989) and Chile, (Gerding and Schlatter 1995; Flores and Allen 2004).
Alvarez et al. (202) showed that both water availability and evaporative demand were
important limits to he growth of the species in Chile.

Forest productivity is positively correlated with leaf area index (LAl) (Jarvis and
Leverenz 1983; Linder 1987; Vose and Allen 1988; Alvarez et aR)20hich determines the
rate of energy and gas exchange {CO, and HO) between the forest canopy and the
atmosphere (Vose et al. 1994). The leaf area index is in turn affected by the supply of nutrients
and water and by temperature (Battaglia et al. 1998; White et al. 2010).

In many situations, especially in plantatiomsere nutrient supply is adequate,
available water is the primary determinant of leaf area index and tree growth (Benecke 1980;
Cromer et al. 1983; Linder et al. 1987; Raison et al. 1992; Albaugh et al. 1998; Benson et al.
1992; Rubilar et al. 20H3. Forinstance, Rubilar et al. (204Bestablished a linear relation
between LAI and stem growth in three stands of radiata pine, located in sites with different
productivities, finding that the growth efficiency (slope of this relation) was affected by water
availability of the sites. Similar relations between LAI and productivity have been found by



other researchers (Gower et al. 1992; Albaugh et al. 1998; Guo and Gifford 2002). Strong
correlations between LAI and water availability have been observed forearande of forest
types and climatic conditions (Grier and Running 1977; Gholz 1982). However, little
information is available on this important relationship for radiata pine plantations of
intermediate ages and particularly for thinned stands.

In recent @cades in Chile, climatic trends have reduced water availability and resulted
in more erratic rainfall within years and more frequent and severe summer droughts, this has
been associated with reduced forest growth (Neuenschwander 2010). It is antitipathi t
trend of reduced rainfall in temperate and Mediterranean plantation zones will continue in the
future (Mullan et al. 2005; Galindo and Samaniego 2010; Neuenschwander 2010; Kirschbaum
et al. 2012). It is therefore important to quantify the effdoivater availability on leaf area
index and consequently stand growth. In order to improve forest productivity for plantations
under a climate change scenario we must understand the effect of plantation management,
including thinning on the relationshipsmangst available water, leaf area index and
productivity.

The aim of this study was to evaluate the effect of site available water on leaf area
production and consequent volume growth in thinned radiata pine plantations over a water

availability gradient.

METHODS

Study area
Five sites were selected in central and soutieeniral Chile between latitudes 35°S and
40°30°S (Figure 1). These sites represent a gradient of climate and soils with known
differences in productivity (Table 1). In 2000 or 2001, a#swere planted with radiata pine
at an initial stocking of 1,250 trees per hectare. Sites were labelled according to their average
annual rainfall (833 mmP80Q 1078 mm:P110Q 1492 mm:P150Q 1683 mm:P170Q 1733
mm: P1750Q. Within each site, four 068 ha plots were located on smooth hills with no
drainage problems and no signs of fungi, insects or nutritional deficits. Plot locations were
selected to cover the range of local variation in productivity. All plots haglprging weed
control as well aswo years of competition release after planting. Stands were thinned down to
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800 trees per ha at the time at either age 6 or 7 years. Trees were removed from all diameter
classes. Buffers that were 15 metres wide were set aside around each plot, lemsaged

plots of 0.09 ha (30 x 30 m); which each contained 72 trees.

Table 1 Site and stand characteristics.

Site P800 P1100 P1500 P1700 P1750
Latitude 35A2906 37A586 40A126 37A376 39A2806:
Longitude 72A146 72A26¢ 73A1006: 73AA®BOY 72A530¢
Annual mean 13.2 12.0 10.5 11.1 11.4
temperature°C)
Annual meamrain (mm) 833 1078 149 1683* 1733%
Geology metamorphic old volcanic  old volcanic metamorphic  recent volcanic
ash ash ash
Soil taxonomy Typical Typical Typical Rhodic Typical
Rhodoxeralfs  Paleudalfs Paleudults Paleudults Haplohumults
Texture clay clay clay clay silt-loam
Organic mattery) 1.2 3.9 6.8 4.2 11.1
pH 5.8 5.3 5.3 5.2 5.4
StandAge (yr) 6 6 7 6 6
Stocking before thinning  1250(16) 1093(15) 1156(13) 1074(21) 1022(22)
(tree ha)
Stocking after thinning 800(0) 800(0) 800(0) 800(0) 800(0)
(tree hd)
Height (m) 8.7(0.2) 9.5(0.3) 7.9(0.2) 8.6(0.2) 8.3(0.4)
Diameter ¢m) 10.9(0.2) 13.6(0.8) 15.3(0.3) 14.6(0.2) 13.9(0.4)
Basal arean? ha) 7.7(0.3) 11.9(1.3) 15(0.7) 13.6(0.3) 12.6(0.7)
Volume (m* ha') 26.7(1.2) 45(6.3) 47.3(2.6) 46.8(1.7) 44.1(4.1)

standard error in brackes
* mean value last 25 years
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Figure 1. Location of the study areas in central and soutieentral Chile.

Tree foliage biomass
At the time of thinning, foliage biomass was estimated on ten trees representing the diameter
distribution for each stand. After, the diameter of trees stem, located at 1.3 metres above the
ground (DBH) was measurethe sample trees were cut at the ground line and divided into
stem, leaves and branches. Branch diameter and distance from the tree top were measured for
all branches on each felled tree. Between 10 and 15 branches were selected from each tree to
cover therange of branch diameters on the felled trees. Foliage and branch tissues were

separated for each sampled branch and dried at 70°C to a constant weight.
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Regression was used to derive a relationship between foliage biomass from branch and both
relative dstance from the top and branch diameter as described by Rubilar et al. (2010). The

resultant relationship (Equation 1) was used to estimate foliage biomass for the other branches.

In(1000#Y, +1)=a+b#*In(BD,+ 1)+ c* (RDFT*. + 1) + ¢ (1)
Where:
Y, is the foliage biomass (g) at tHebranch

BD. is branch diameter in cm at tH&branch

1

RDFT; Iis the relative distance of insertion of the branch from the top of the treel(0)0at
thei™ branch

£ is the error associated with tHebranch

1

The total bliage biomass was then calculated as the sum of the values for all branches.
Finally, a model was fitted between foliage biomass at the tree level and DBH for each site.

The adjusted model (Equation 2) has the following form:
]-"fii:':I’*"C]"L”Hhjj + &, (2)

Where:

bf; is the leaf biomass of th¥ free in site j (kg)
a, ¢ are fixed parameters

d; is the diameter of thd'itree (cm)

b; IS site specific parameter

g IS the model error
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Specific leaf area and leaf gea index
Five trees were selected at each site and 20 fascicles were selected at random and removed
from within each vertical third of the tree canopy. Sampled fascicles were refrigeraié@ at
until they were processed. The projected leaf area wanatstl using an optical projection
system (L1COR LI-3100C area meter, 1Gor, Lincoln, NE, EE. UU.). Samples were oven
dried at 70°C until constant weight, and the specific leaf area of each was estimated by
dividing the projected leaf area by the dry weigrhe leaf area of each tree was estimated by
multiplying the specific leaf area by the total dry weight of the total foliage of each tree
(Equation 1). Leaf area index (LAI) was then estimated from the total sum of the entire
estimated leaf area of ghostthinning remnant trees at the plot, derived from the allometric
equation described before, divided by the total area of the plot. This estimate represents LAl
for each stand. Although the optical projection method used could produce some bias
comparedo the displacement method in the estimation of specific leaf area, the final leaf area

values used in this study produced satisfactory relationships across the study sites.

Growth measurements
The height and diameter of all trees in each plot were mehsonmediately after thinning,
during the vegetative recess period (June) and one year later (perio2QIR)7 The
increment in diameter growth (IDG) and the increment in height growth (IHG) were
calculated as the difference between initial measurenagntghose after one year following
thinning. The individual volume of each tree was estimated through a fuffittéoifor young
radiata pinetreeswithin the centralsouth zone of Chile used by Albaugh et @015),
Equation (3):

Vi=-0.00214 + 0.000295 * ¢ + 0.001349 * h+ 0.00002486 * d* h; (3)

Where:
v, is the volume of the'itree (nftree?)
d; is the diameter of thd'itree (cm)

h, is the height of thé"itree (cm)
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Individual tree volumes wersummed to obtain volume per plot and then scaled at the hectare
level. Periodic volume growth (IVG) was calculated by subtracting the estimated volumes

between measurement periods (2Q0D8).

Climate information

Daily precipitation and temperature vafu were obtained from meteorological weather
stations located less than 25 km from each site, belonging to the Chilean Institute of
Agricultural Research and the Forestal Arauco S.A. Company. Monthly averages of air
temperature and precipitation were cé¥ted as the average of all stations within 25 km
weighted by the inverse of their distance to the site location. Annual precipitation (AP) was
calculated from the total sum of the monthly precipitation (Audust). For the estimation of
reference evapanspiration of the sites, the method described by Hargreaves and Samani
(1985) was used. Annual water deficit (WD) was calculated as the sum of the monthly deficits

(when Evapotranspiration is greater than Annual precipitation for the study period ¢Bquati

4)).

n
WD :Z{PP, —ET,).  when|ETg4l = ||, 4)
i=1

Where:
WD is the water deficit during the year (nyear?)
PE is the precipitation of thé"'imonth (mnmonth?)

ET, IS the evapotranspiration of tHérmonth (mmmonth?)

Soil water holding capacity

Soil waer holding capacity (WSC) was estimated through soil pits and soil sampling at each
study site. Soil profile was evaluated up to 2 m depth on each plot. For each horizon soil
thickness was recorded and 400 g samples were obtained for laboratory deitmmnahat
permanent wilting poinfPWP) and field capacity (FC) to estimate soil water retention

capacity (Richards, 1941). Percentage of stones of each soil horizon was estimated using the
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pointcount method described by Daniels et al. (1968). The soil matding capacity was
defined in Equation 5 as:

WSC = Z{Fci —PWP,) = (D; = (1 — §;)), (5)
i=0

Where:

WSC is the soil water holding capacity (mm)

FC, is the soil water retention capacity at 0.33 bar of ‘tHeorizon (%)
PWP.is the soil water retention capacityld bar of the't horizon (%)
D; is the soil depth of thd'ihorizon (mm)

S, is the volumetric pportionof stones of the" horizon (%)

Water deficit index
Water deficit index (WDI) was estimated as the difference betweeer waficit and soil
water holding capacity (Equation 6):
WDI = WD — WSC, (6)
Where:
woI is the water deficit index during the year (rpear?)
WD is the water deficit during the year (nyear?)

wsc is the soil water holding capacity (m)

Despite of the lower within site rainfall variation between the four replicates, water storage
capacity was calculated using intensive soil sampling within each plot, resulting in a gradient

of water deficit index within site.
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Statistical analysis
We adjusted a nonlinear mixed effects model using maximum likelihood for the estimation of
leaf biomass of individual trees from diameter at breast height (Eq@tidepending on the
study site (Table 2).

Table 2 Parameters of the nonlinear model of edxeffects adjusted for maximum likelihood

to predict leaf biomass of radiata pine.

Fixed effects

Parameter Value Standard Degrees of t-value p-value
error freedom

U 0.0075 0.0025 44 3.0470 0.0039

b 2.6328 0.1289 44 20.4229 <0.00

Randomeffects

Parameter Site P800  Site P1100 Site P1500 Site P1700 Site P1750

b -0.1674 0.0898 0.0460 0.0640 -0.0325

Akaike information Bayesian information log-likelihood N

criterion criterion value

171.3124 178.9605 -81.6562 50

We performd analysis of variance (ANOVA) and multiple comparison test (Tukey) to
evaluate differences between sites in LAl, water variables (WDI, WD and AP) and
incremental growth poghinning variables (IVG, IDG and IHG). We adjusted simple linear
regression modslusing IVG as the dependent variable and water variables (WDI, WD and
AP) and LAI as independent variables. In addition, we ran regressions using LAl as the
dependent variable and water variables (WDI, WD and AP) as independent variables. The
assumption®f the ANOVAS were checked by graphic analysis (independence), Barlett test
(homoscedasticity) and Shapidilk test (normality). Adjusted regression models were

diagnosed through graphical and analytical analysis, verifying the assumptions of linearity
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(graphic analysis), normality (Kolmogorésmirnov test), homoscedasticity (Breugehgan
test) and residual independen@®@urbin-Watson test). Results are reported as significant
where p < 0.05. All analyses were carried out using R software version 3.C.aréRTeam
2014).

The relationships between the annual average temperature versus the growth and the leaf area
were also explored, but their correlations presented valuesle$s than the water deficit,
therefore the water deficit presented a greatecefan the determination of the response
variable (IVG and LAl).

RESULTS

Effect of water availability on leaf area
At the age of six years, the average LAl was 120w, with a range of 0.6 to 3.13m?
(Figure 2). The significant differences betwesttes are presented in Table 3. The LAl was
larger at site$1500andP1750being 3.3 and 3.7 times greater tH2800 site respectively.
The AP varied between 972 and 1624 mm Yesross the study sites. This was associated
with a range of 70 ane/51 nm year* for the WDI and 285 aneB09 mm yeat for the WD
(Table 3). The site with the most severe water limitation R&30 site, showing the lowest
AP and the most negative values for WD and WDI from all the sites. The LAI had a positive
linear relatioship with AP, the WD and WDI (Figure 2), showing the strongest correlation
with the WDI ¢=0.91), followed by the WDrg88) and finally with AP 1(=0.64). Adjusted
regression models between LAl and water variables (Table 4) were highly significant
(p<0.003) 83%, 77% and 41% of the variation in LAl could be predicted with WDI, WD and
AP, respectively.
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Figure 2. Relationship between leaf area index and precipitation (a), water deficit (b) and
water deficit index (c) for site®800 (filled triangle), P1100 (filled square),P1500 (open
circles),P1700(filled circles) andP1750(filled diamond).

Effect of water availability on growth
The IVG varied between 12.5 and 25.2ha! (Figure 3) and the volume and diameter growth
varied significantly among sitesTgble 3). The highest volume and diameter growth was
observed at thé>1500 site, which showed 86% and 67% greater growth in volume and
diameter respectively than the site with lowest grod®B00. A positive linear relation was
found between IVG and WDWD and AP (Figure 3). The best correlation was with WD
(r=0.89), then with WDI =0.83) and finally with AP r=0.78). Adjusted regression models
between IVG and water variables (Table 3) were highly signifigae@.001) and 69%, 78%
and 60% of the variain in IVG could be explained by WDI, WD and AP, respectively.
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Figure 3. Relationship between incremental volume growth one year post thinning and
precipitation (a), water deficit (b) and water deficit index (c) for $r880 (filled triangles),
P1100 (filled squares),P1500 (open circles),P1700 (filled circles) and P1750 (filled
diamonds).

Table 3 Averages of leaf area index (LAI), water deficit index (WDI), water deficit (WD),
annual precipitation (AP), volume growth (IVG), diameter growth (IDG) height growth
(IHG) for study sites.

si LAI WDI WD AP IVG IDG IHG
e (m?*m?  (mmyrd) (mmyrd) (mmyrl) (mhad) (cm) (m)
mean

P800 0.7 c -723 d -784 ¢ 1002 e 131 b 15 ¢ 15 a
P1100 19 b -382 ¢ 501 b 1103 d 20.3 a 1.9 bc 14 a
P1500 23 ab -212 b -290 a 1623 a 244 a 25 a 14 a
P1700 2.0 ab -231 b -326 a 1462 b 215 a 20 b 1.3 a
P1750 2.6 a -75 a -316 a 1322 ¢ 22.0 a 22 ab 16 a
Standard errors

P800 0.03 19.76 17.56 25.03 0.41 0.08 0.08
P1100 0.27 8.75 9.33 1.53 1.63 0.11 0.01
P1500 0.13 0.60 2.19 0.59 0.39 0.14 0.05
P1700 0.04 9.14 2.17 4.16 1.05 0.08 0.10
P1750 0.17 2.59 4.41 7.24 0.61 0.05 0.04
---n=4; --- Different letters indicate significant differences (p<0.05) betwsts.
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Effect of leaf area on growth
A positive and strong (r=0.9) linear relation was found between IVG and LAI (Figure 4). The
adjusted regression model between IVG and LAI (Table 4) proved to be highly significant
(p<0.001) and in addition showedath81% of the variation in IVG can be explained by LAI.
For the range of sites studied, a growth efficiency (slope of regression line) bh&' mper

LAl unit was found.

6 rF=081 |

Volume growth post-thinning (m3ha_1)
>
~

T T T T T T T
05 10 15 20 25 30 35

Leaf area index {m‘?m_z)

Figure 4. Relationship between leaf area index and incremental volume growtfean@ost
thinning for sites?800 (filled triangles),P1100(filled squares)P1500(open circles)P1700
(filled circles) andP1750(filled diamonds).
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Table 4 Linear regression models betwdeaf area index (LAI), volumergwth (IVG) and
water deficitindex (WDI), water deficit (WD) and precipitation (AP) in the studied sites.

Model bo by Residual standard error R-squared p-value
IVG =botbs* WDI  25.2894 * 0.0155 * 2.42 0.69 <0.001
IVG =botbs* WD 28.9730 * 0.0197 * 2.03 0.78 <0.001
IVG =bot+b1* AP 1.9264 0.0141 * 2.76 0.60 <0.001
IVG =botbs* LAl 10.2873 * 5.1907 * 1.90 0.81 <0.001
LAl =botb* WDI  2.8767 * 0.0029 * 0.31 0.83 <0.001
LAI =bo+b1* WD 3.4210 * 0.0034 * 0.36 0.77 <0.001
LAI =botb1* AP -0.7139 0.0020 * 0.58 0.41 <0.003

*significance level of the parameter (p<0.05)

DISCUSSION

Effect of water availability on leaf area

In this study, LAI direct measured through destructive sampling were made because
LAl estimates based on indirect methods can significamitjerestimate LAl values. Mason
et al. (2012) showed that LAI000 underestimated LAI in radiata pine by 60% for low LAI
values, and between 30% and 45% for high LAI values (depending on stocking). Furthermore,
they showed that directly measured LAI wasslevell correlated with LAl estimates from
hemispherical images. Breda (2003) also showed that methods based on hemispherical
photographs can also suffer from similar underestimation.

Using the strong gradient in soil moisture deficit across sites we dtawen strong
relationships between soil water deficit, LAl and volume increment. Our study confirms
previous findings about a positive linear relationship between water availability (WDI, WD
and AP) and LAI (e.g. Grier and Running 1977; Gholz 1982; Bataglal. 1998). However,
our contribution relies on the simplification of these relationships using a water index that

integrates the effects of rainfall, potential evaporation and available soil water. Alvarez et al.
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(2012) also used a water index whidiffers from our WDI because our index gives a greater
weight to the lack of water at the site (water deficit).

In our study, correlations between WDI or AP with LAl in radiata pine were greater
than those reported by Alvarez et al. (20in unthinned stnds. We attributed these
differences to our lower range of stockings, our smaller climatic annual variability, and the use
of destructive sampling to measure Ltdlhave a greater accuracy in the estimaitistead of
using indirect measurements (e.g:COR LAI-2000 or remote sensing). Our observation that
an increase in leaf area occurs at sites with little or no water limitations is also supported by
the Biology of Forest Growth (BFG) study in Australia. The BFG study, investigating radiata
pine underrrigation, showed substantial increases in needle size, and number of needles, and
branch growth, which increased stand LAI (Linder et al. 1987; Benson et al. 1992).

Silvicultural treatments can also affect this relationship. For example, Rubilar et al.
(2013%) reported that LAl increased when weeds were controlled, increasing water availability
of the site. In this regard, it is possible that the WDI could act as a surrogate of water
competition index accommodating weed competition as well as nitrogekeuptariation in
water availability is only one of the potential site effects on the leaf area index. LAl can also
be affected by nutrition (Linder et al. 1987, Cannell 1989, Raison et al. 1992, Albaugh et al.
1998), light (Gholz 1982), air pollution (Stoet al. 1992) and temperature (Gholz 1986).

The LAI range observed in this study (6.8.1 nf m-?) is similar to the range reported
by Rubilar et al. (2018 (0.51- 3.13 nf m-?), who also estimated LAI through destructive
samples, in 4/ear old radiataipe on contrasting sites in Chile. Alvarez et al. @0%Eported
LAI values between 1.2 and 3.72m2 using remote sensing techniques iny&arold
unthinned radiata pine plantations with an environmental range of sites similar to our study but
the uppe limit of their observations was slightly greater than those found in this study. This
small difference between the values in our study and those of Alvarez et &) ¢201d be

due to sampling age, effect of thinning, or method of LAI estimation.
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Effect of water availability on growth

The level of water stress at any given site, indicated by the WDI, also showed a strong
linear and positive relation with IVG. This effect compares well with the one reported by
many authors (Jackson and Gifford 1974pi@er at al. 1983; Hunter and Gibson 1984,
Raison and Myers 1992; Benson at al. 1992; Alvarez et a?)201

In Chile, Flores and Allen (2004) using thé”&-process based model, evaluated the
factors limiting the potential productivity of radiata pine, thelgo found that the most
limiting factor across sites was mean annual rainfall, which is highly consistent with the
results of our study. Similar to LAI, IVG showed a stronger relationship with WD or WDI
compared to AP models. Nevertheless, the use ofaABimpler predictor variable as an
indirect measure of site water availability, may be highly valuable for developing a model
explaining stand growth after thinning across a broad gradient of sites with limited soil
information.

Site productivity relatioships between IVG and either WDI or AP in our study were
stronger than those found by Alvarez et al. @0a&r Gerding and Schlatter (1995) who
observed significant relationships between AP and stand site index. Higher correlations
observed in this study ay be attributed to the use of annual information about both growth
and water availability. Highest IVG values were observed in southern and emadtarn
sites, where greater water availability levels were found. This is consistent with Alvarez et al.
(2012) and Flores and Allen (2004).

Lack of rainfall during summer in Chile (Mediterranean climate) results in severe
water limitations for tree growth even on wetter sites, this is especially relevant in northern
regions where radiata pine is plantede&er growth values for radiata pine can be found in
stands located in the foothills of the Andes and the southern coast where water deficit value is
low.

Both WD and WDI take into account the annual seasonal water availability (rainfall
and evapotranspitian) allowing a better understanding of growth differences between radiata
pine plantations growing at sites withnteasting water regimes such @kile, South Africa,
Australia and New Zealand. Although an index that takes into account leaf area rogside
seasonal transpiration could be more precise, the greater inference is given by the large water

differences between sites, which allows us to explore that the WDI could be considered
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independent of the leaf area. Our intention is to use a simple ithdéxwould allow
practitioners in forest biometrics to add water balance components in an easy way to serve as
an applied tool by being a proxy from the current water balance. Therefore, given the wide
water gradient between sites, our water deficit ingexy for a more complete water balance
sufficed the purpose.

Undoubtedly, other factors will affect the LAI or growth response. In addition to water stress,
other authors (Jackson and Gifford 1974; Hunter and Gibson 1984; Gerding and Schlatter
1995; Wattet al. 2010; Alvarez et al. 2@} have concluded that the variability found in
growth is also influenced bytleer climate variables, such asaximum average growing
season temperature and vapor pressure deficialbotby soil variables such as orgasasl

carbon, organic mattegnd water soil water holding capacity. Mean annual temperature,
closely related to vapor pressure deficit, strongly influences evapotranspiration in Chile and
both variables decrease with latitude contrasting with precipitatidrnich increases with
latitude. Given the above, it can be argued concordance with the exposed by Alvarez et al.
(2012), who suggested temperature and vapor pressure deficit as the variables that mostly
explain the growth of radiata pine plantations inil€halso mean annual rainfall can be

considered as a strong predictor alone.

Effect of leaf area on growth
The strong linear relationship between LAl and IVG is consistent with the observation that
both LAl and IVG are well correlated with water availap. Interestingly, although stands in
this study were thinned at or near canopy closure decreasing their maximum leaf area and our
study only consider records for one single growing period, the observed relationship is similar
to unthinned radiata pingtands reported in Australia, New Zealand and Chile (Linder et al.
1987; Beets and Pollock 1987; Raison and Myers 1992; Alvarez et &; RObilar et al.
2013) and also for unthinneinus taedd.. (Albaugh et al. 1998).

The adjusted regression modeldstimate IVG from LAI (Table 3) showed a good fit
(r?=0.81) similar to that reported by Rubilar et al. (281(3%>0.8) and above the one shown
by Alvarez et al. (204) (r>=0.46). However, it should be noted that for a Mediterranean
climate and within tb water gradient of sites presented in this research, the leaf area is

directly related to water stress.
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Similar relationships have also been shown in the literature by prbased models
considering the impact of site water availability on leaf arealyction and its efficiency in
growth. It should be noted that the leaf area could not only be affected by the water condition
of the site, but also by other variables such as soil characteristics (nutritional, extreme
textures) or other climatic variablégpor pressure deficit, temperature), and biotic agents.

The slope of the linear relationship between LAl and IVG, growth efficiency,
represents the efficiency of captured light and its conversion into annual stand growth (current
annual increment or CAbper unit of leaf area. Results of our study show a slope of 5t2im
! per unit of LAI, which is within the range reported by Rubilar et al. (2D1& younger
unthinned stands and under the mean value reported by Alvarez et &) (@0blder
unthimed stands showing larger growth rates. Changes in the slope between LAl and CAI
indicate differences in growth efficiency (GE) among stands. Increases in water and nutrient
availability have shown increases in GE for radiata pine (Linder et al., 19859rRand
Myers, 1992). Rubilar et al. (2048presented large differences in GE in radiata pine between
low fertility dry sands and medium fertility red clay sites sustaining similar leaf area levels for
younger stands. Sites in our study did not show tmnal limitations or low fertilities that
affect growing trees, although the water gradient of the sites could have an impact on nutrients
uptake. However, and despite the large water gradient considered in our study, we were not
able to observe differems in GE among stands.

Although the focus of the research was on the water gradient of the sites, it should be
noted that the soil types affect the water availability, and hence leaf area and tree growth.
Among the soil characteristics that can affect watailability and productivity, Gerding and
Schlatter (1995) highlight the negative effect of sandy textures and high bulk density and the
positive effect of a higher soil water holding capacity, higher total volume of pores and higher
content of organienatter. The types of soil present in this study, varied from metamorphic to
volcanic ashes, showing mostly clay soil texture, the biggest differences that could affect
water availability between the sites, were related to the levels of organic matteradesioil
water holding capacity. Metamorphic soils especially with low rainfall showed the lowest
values of organic matter and soil water holding capacity, in addition the metamorphic soils
showed to be the least deep, on the other hand, the soilseot kexdcanic ash, showed the

highest values of organic matter and soil water holding capacity.
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Declines in springgummer rainfall are expected in areas where radiata pine is planted
due to climate change in Chile (Galindo and Samaniego 2010). Our resggisss that
reductions in site water availability may be expected to cause reductions in leaf area of radiata
pine plantations, which will cause significant productivity declines. A large challenge for
foresters is to implement thinning regime and betemegic materials that may be more
effective at utilizing water resources as the most limiting factor underpinning forest

productivity.

CONCLUSIONS

Strong linear positive relationships among site water availability, leaf area and stand
growth after thinnig suggest that water availability plays an important role on predicting
current productivity of radiata pine plantations across sites.

A simple and robust water index, which integrates the effects of rainfall, potential
evapotranspiratioand available sbwater, is well correlated with leaf area and stand annual
volume growth. This index allowing the construction of a simple predictive model that may
support management decisions for radiata pine plantations.

The results of our study provide useful infation for forest managers to estimate
stand growth after thinning of radiata pine plantations under an expected climate change
scenario with reductions in site water availability for radiata pine plantations in Chile.

Further research should be carrieat to establish relationships between site water
availability and growth responses to other plantation management activities such as stocking

or pruning where the leaf area is also modified.
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EFFECT OF WATER AVAILABILITY ON EARLY GROWTH RESPONSE TO
PRUNING OF RADIATA PINE PLANTATIONS IN SHORT TERM

Hebert OjedaRafael A. Rubilar, Cristian Monte3orge Cancino, Miguel Espinosa

Articulo enviadoel 24 deoctubrede 2008 ala revistaNew Forest

ABSTRACT

Radiata ping(Pinus radiata D. Don) is established in a wide range of soils and climatic
conditions where water availability is one of the main factors that define the productivity of
this Mediterranean species. Several studies have examined growth responses to pruning of
radiata pine plantations, but there is a gap in knowledge aboeffdst with site water
availability. This study evaluated the stand growth response of radiata pine to different levels
of pruning intensity across a gradient of water availability. Tneats, evaluated in five sites,
considered three pruning intensitie®. no pruning or control@), light pruning [P), and

severe pruninggP. For each site, water availability (water deficit index) and basal area,
diameter and height annual growth wesvaluated after pruning. One year after treatment
application, growth response to pruning was related to the length of the remaining crown, leaf
area index and water availability of the site. Water deficit affected leaf area, growth and
foliage distribuion within the crown. LP, where about 30% of the crown was removed,
showed no growth losses. SP, where more than 50% the crown was removed, showed growth
losses. Largest observed growth losses were at sites with the lowest water deficit. Our results
showedthat growth loss to pruning increases as the water deficit decreases and suggest that

site water deficit should be strategically considered in forest management pruning treatments.

Keywords: Leaf areaPinus radiata Productivity; Pruning, Water deficit.
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INTRODUCTION

Silviculture of radiata pine plantations has evolved from an initial situation
characterized by the almost total absence of interventions, to the current reality, with the
application of intensive forestry. The incorporation of intensivediy practices, such as
pruning and thinning in plantations are aimed to increase the commercial value of the forest by
producing high quality timber (Gerding 1991; Mead 2013). Pruning allows that knots and
defects related to branches are restricted ¢derdral knotted core (Montagu et al. 2003) and
the subsequent growth in diameter results in fre wood, thus increasing the value of

harvested trees (Hevia et al. 2016).

The sudden elimination of live branches resulting from pruning can reduce growth
(Alcorn et al. 2008). Therefore, management strategies seek to promote both amount of wood
through increased growth and the quality of that wood by eliminating the live crown must
weigh the positive impact of pruning on the quality of timber, againstagative effects of

such pruning on growth (Amateis and Burkhart 2011).

The negative effecbn the growth due to elimination of live branches has been well
documented for many pine plantatiohgghlighting the existence of a certain lewélcrown
reduction to which growth is little affected. This critical value varies according to the species
(Pinkard and Beadle 1998). Several authors indicate the radiata pine growth can be affected
only when around 30% of the crown is removed (Luckhoff 1949; Sutton amdeCI975;

Lange et al. 1987).

Growth of height and diameter of trees can be affected by pruning, but the impact of
pruning on diameter growth is considerably greater than the growth in height (Luckhoff 1949;
Sutton and Crowe 1975; Neilsen and Pinkard 2@08ateis and Burkhart 2011; Hevia et al.
2016).

The effect of pruning is often limited and temporary. Sutton and Crowe (1975)
informed that an elimination of 285% of the live crown reduced the growth of radiata pine,
though the response was only duringeo/ear after the pruning. Amateis and Bukhart (2011)
also reported that one year after the pruniPigus taeda.. trees at ages of 3, 6 and 9 years
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restored the mass of their crowns and the growth resumed comparable to a control without
pruning. Althoughthe impact of this silvicultural intervention on tree growth may be limited
and temporary, in the loAgrm growth reductions produced during a year after pruning can

generate large differences between pruning treatments.

Radiata pine in Chile have beestablished in a variety of soils and climatic condition
(Alvarez et al. 2012), which creates a great variation in productitige plantationgFlores
and Allen 2004). In addition, the limited availability of resources in some sites can unchain
changesn allometry (Gower et al. 1992; Albaugh et al. 1998; Guo and Gifford 2002; Rubilar
et al. 2013a). Water stress strongly affects production and longevity of the foliage,
photosynthesis, carbon fixation, and lately growth of radiata pine trees (Bene€kdragdn
et al. 1992; Rubilar et al. 2013b). Rubilar et al. (2013a) established a linear relation between
leaf area and stem growth in three radiata pine stands located in sites with different
productivity and where the difference in growth sites was étermined mainly by water
constraints. On the other hand, Alvarez et al. (2012) examined the factors that affect radiata
pine growth in Chile, also including water availability (affected by rainfall, soil water
retention capacity and potential evapotraretpn) seem to be the most limiting factor of leaf

area and growth.

Most pruning prescriptions are empirical by nature and combine operational
requirements, height/diameter ratios or volume responses to various treatments (Luckhoff
1967; Gerrand et al9B7). This approach has the advantage of being directly evaluated for the
current timber production and involves the collection of easily measuring response variables

directly related to stem growth.

This approach has the advantage of being directly neleta the current timber
production and involves the collection of easily measuring the response variables directly
related to stem growth. However, the responses of trees to pruning are not only influenced by
species (Hevia et al. 2016), but also by ttracture of the stand (Karani 1978) soil fertility,
water availability and climatic factors (Saure 1987; Forrester et al. 2010; Forrester 2013).
These variables can vary considerably spatially and temporarily between sites (Alvarez et al.
2012).
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Given theabove, it is not easy to develop empirical prescriptions, and these tend to be
restricted in their application, given the need to conduct-teng experiments on a wide
range of sites. To optimize the production of high quality timber through a range ahd
environmental conditions, it is necessary to consider a series of variables at tree and site
levels. A better ecophysiological understanding is also necessary to develop predictive models
that allow optimizing the pruning regimen and can help endhcisioamaking process that
consider the selection of sites, severity, frequency and timing of pruning, as well as
considering the effects of climate and spatial variation of the site in forest productivity (Flores
and Allen 2004).

Nowadays, there is n@sponse model in growth to pruning management schemes that
incorporate water variables of the site. Having this tool would allow projecting the result of
initial stocking decisions according to water constraints that allow identifying specific crown

removals schemes that minimize the possible growth reductions of the stand.

The following research is aimed to evaluate and model the effect of pruning intensity

and water availability of the site on the growth of radiata pine in the short term.

MATERIALS A ND METHODS

Study area
The study area is located between latitudes 35°S and 40°30°S in central and smritvain
Chile, were five sites were selected (Fig. 1). These study sites cover a wide range of climates
and soils with known differences in prodwity (Table 1). Each of them is described
according to its average annual rainfall (833 m®0Q 1,078 mm#P110Q 1,492 mmP150Q
1,683 mm:P170Q 1,733 mm:P1750Q. The initial stocking at the time of the plantation was
1,250 trees per hectare, estaldhin 2000 or 2001. The stands were located on smooth hills
with no signs of fungi and no drainage problems, nutritional deficits or insects, as wel as pre
planting weed control and two years of banded weed control after planting. At the time when
the stads were six and seven years old, they had a mean planting density of 1,109 trees per

hectare and averaged eight m in height (Table 1) with no previous thinning or pruning.
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Experimental design and treatments
To test the effect of pruning on radiata pirenst growth, at each site, a randomized complete
block design with four replicates (blocks) was used. In each site, twelve plots were settled.
Each treatment plot had a 0.36 ha (60 x 60 m) surface with an internal measuring plot of 0.09
ha (30 x 30 m) withl5 meters buffer at each side. To homogenize the initial stocking, plots
were thinned to 800 trees per ha at six or seven years. This process, removed trees from all
diameter classes leaving 72 trees in each treatment plot. The variation in forest stocking
density among sites were minimize, by establishing four blocks grouped accordingly with its
basal area, with three treatments each. Pruning treatments were randomly assigned to
experimental units of each block. Treatments considered the following printeéngities: no
pruning- C - (control), light pruning LP - (up to 2.1 m), severe pruningP- (up to 5.5 m).
Each pruning treatment was performed in autumn (Mdatcte) using shears and scales to
access the upper whorls.

7354 W
4 35°S
*Talca
# PSoo
® P1700
* P1ioo
* Temuco
PACIFIC
OCEAN ® P1750
 Valdivia
* P1500
I 40°30S
7020 W

Fig. 1 Location of the studgreas in central and southerentral Chile.
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Site P800 P1100 P1500 P1700 P1750
Latitude 35A2906 37A58¢ 40A12¢ 37A37¢ 39A28%0
Longitude 72A14672A26673A10673A160 72A530

Annualmean temperature (°C) 13.2 12.0 10.5 111 11.4
Annual mean rainfall (mm) 833 1078 1492 1683 1733
Geology metamorphic old volcanic old volcanic metamorphic recent
ash ash volcanic ash
Soil taxonomy Typical Typical Typical Rhodic Typical
Rhodoxeralfs Paleudalfs Paleuduts Paleudults Haplohumults
Texture clay clay clay clay silt-loam
Organic matter (%) 1.2 3.9 6.8 4.2 111
pH 5.8 5.3 53 5.2 54
Before thinning
Stocking (tree hd) 1200(28) 1093(35) 1156(29) 1074(25) 1022(49)
Height (m) 7.9(0.4) 8.2(0.5) 7.9(0.4) 8.3(0.4) 7.8(0.6)
Diameter (cm) 9.6(0.5) 11.3(2.0) 13.9(0.7) 11.5(0.5) 12.6(0.7)
Basal area (fha?l) 9.6(0.7) 12.4(1.7) 17.9(1.4) 14.5(0.8) 14.2(1.2)
Stand ge (yr) 6 6 7 6 6
After thinning
Stocking (tree hd) 800(0) 800(0) 800(0) 800(0) 800(0)
Height (m) 8.7(0.2) 9.5(0.3) 7.9(0.2) 8.6(0.2) 8.3(0.4)
Diameter (cm) 10.9(0.2) 13.6(0.8) 15.3(0.3) 14.6(0.2) 13.9(0.4)
Basal area (fhal) 7.7(0.3) 11.9(1.3) 15.0(0.7) 13.6(0.3) 12.6(0.7)

standard error in bracket
* mean value last 25 years
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Tree foliage biomass

Foliage biomass (FB) was estimated on ten trees extracted on thinning, that represented
the diameter distribution of each stand. The diameter at breast height {2BHneasured per
each selected tree, which were cut at ground level and then divided into stem, leaves and
branches. In each felled tree, the diameter of the branches and distance from the crown were
measured. To develop an allometric model based on brianfeter to estimate branch and
foliage biomass, between 10 and 15 branches were selected per tree, and then used to cover
the distribution range of branch diameters on felled trees. Foliage and branch tissues were
separated for each sampled branch aretidit 70°C to constant weight.

Using the following allometric model (1), the foliage biomass was calculated with a
natural logarithmic regression between branch diameter and relative crown distance (Rubilar
et al. 2010)

In(1000*Y;i + 1) = a + b * In(BD+ 1) + c* (RDFT5+1) +&; 1)
Where
Yi is the foliage biomass (g) at tH&branch,
BD; is branch diameter in cm at tH&branch,
RDFT; is the relative distance of insertion of the branch from the crown of the tree
(0.0- 1.0) at theé™ branch, and
£, is the error associated with tHebranch.

Total foliage biomass of each individual tree was calculated as the sum of all branches.
Finally, an allometric model was fit between individual tree foliage bioraagdsDBH and

WDI of each site. The adjusted model (2) has the next expression:

ﬂ3'1i — b.} " dli[b-_+b: + WD | + £, (2)

where:

fb;; is the leaf biomass of thé tree in site j (kg),

b,, b,.b, are fixed parameters,
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d. is the diameter of thi& tree insite j (cm),

1

WDI. is the water deficit index (myear?), and

.. is the error of the model.

1]

Foliar biomass distribution
A vertical distribution model (3) of foliage biomass was adjusted with foliage biomass
estimates, branch diamedeand branch insertion distances to the crown of each individual
selected tree at each site. The model described the cumulative percent of foliar biomass from
the base to the crown of each individual tree and allowed to compare the initial vertical
distribution of foliar biomass among sites and the distribution of foliage biomass removed at
each site after pruning at a given height. The final model has the form

Fbr;; =1—(1— Hr%)% + g, (3)

Where:

Fbr;; is the relative leaf biomass of tHetree in sitd,

Hr, is the relative height of thé tree,(branch insertion distance from thaséheight tree)

1

a;, b; are the parameters of site j, and

e.. is the error of the model

1]

Specific leaf area and leaf area index
Five trees wee selected at each site and 20 fascicles samples were selected at random and
removed from within each vertical third of the tree canopy. Samples were refrigeraté@ at
until final processing. Using an optical projection system leaf area was estima@OR LI-
3100C area meter, iCor, Lincoln, NE, USA). Sampled fascicles were odeied at 70°C
until constant weight, and then, each specific leaf area was estimated by dividing the projected
leaf area with dry weight. By multiplying specific leaf arewl ats total foliage dry weight it
was estimated leaf area of each tree (1). Leaf area index (LAI) was estimated as the sum of

leaf areas of all remaining trees after thinning divided by the total area of each treatment plot.
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Growth measurements
Diamete (DBH) and height (Ht) in each tree per plot were measured immediately after
thinning, during June 2007 and 2008. Live branches height (HSLB) was measured after
pruning along with the length of the remaining crown (LRC), which was estimated by the
difference between HSLB and total tree height. Live crown percentage was determined by
dividing Ht and LRC. Height growth (HI) and diameter growth (DI) were calculated as the
difference between initial measurements (after thinning) in comparison with their gaowth
year after. Using the followingquation (4), used bglbaugh et al.(2015), the individual

volume of each tree was estimated:

Vi= -0.00214 + 0.0000295 *%H+ 0.001349 * h+ 0.00002486 * d* h; (4)
where:
V. is the volume ofhei" tree (nftree?),

d, isthe diameter ahe " tree (cm), and

1

h, is the height ofhe i"tree (cm).

1

Individual tree volumes were calculated, enabling us to obtain a volume estimation per plot
per hectare. Subtracting thsetiemated volumes between measurement periods {2003),

periodic volume growth (VIjvas calculated.

Climate information
Temperature and daily rainfall information were obtained from meteorological weather
stations located less than 25 km from each Bib¢h air temperature and precipitation monthly
average were calculated as the average of all stations within the next 25 km wide. Annual
precipitation (AP) was calculated from the total sum of the monthly precipitation (August
July). The method describday Hargreaves and Samani (1985) was used to estimate the

evapotranspiration amount per site. The Annual water deficit (WD) was calculated with the
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following equation (when evapotranspiration is greater than annual precipitation for the study
period §)):

n
WD = Z[PP-L —ET,),  when|ET,| > |PP,], (5)
i=1

where:

WD s the annual water deficit (myear?),

PR s the rainfall of the™ month (mnmonth?)

EToi is the evapotranspiration of tiemonth (mmmonth?)

n is the number of months

Soil water holding capacity

Soil water holding capacity (8C) was estimated through soil pits and soil sampling at each
site. Soil profile was evaluated up to 2 m depth on each plot. For each horizon soil thickness
was recorded and 400 g samples were obtained for laboratory determination of permanent
wilting point (PWP) and field capacity (FC) to estimate soil water retention capacity
(Richards, 1941). Percentage of stones of each soil horizon was estimated using the point
count method described by Daniels et al. (1968). The soil water holding capacity was defined

in Equation6 as:

WsC = Z{Fci —PWPR) «(D; = (1 — §)), (6)

i=o
Where:

WSC is the soil water holding capacity (mm)

FC s the soil water retention capacity at 0.33 bar of fHeorizon (%)
PWR is the soil water retention capacity at 15 bar of thiearizon (%)
Di is the soil depth of thd'ihorizon (mm)

S is the volumetric pportionof stones of theihorizon

n is the number of horizons



42

Water deficit index
Water deficit index (WDI) was estimated by discounting the WSC W@bh (equation?),
Alvarez et al(2012)

WDI = WD 1 WSC, (7)

Where:

WDI is the water deficit index during the year (rjear’)
WD s the water deficit during the year (nyear?)
WSC is the soil water holding capacity (mm)

Statistical analysis
Foliar biomass of individual trees was estimated using a nonlinear allometric model from
DBH, depending on WDI per site. Distribution of foliar biomass through the vertical profile of
the tree was estimated fitting a nonlinear model by each site. Analysisiaricea(ANOVA)
and multiple comparison test (Tukey) enable us to evaluate statistical differences among sites
(WDI, FB, LAI) and pruning treatments (VI, DI and Hl).
To assess the effects of LRC and LAI on the growth;lmmar models were fitted. Further
adjusting were made using linear regression models based on the relationship of WDI as the
dependent variable and VI, and LAI as independent variables. Nonlinear models were fit for
estimation of incremental growth variables (DI and VI) depending on WOL&R together.
The assumptions of the ANOVAS were checked by graphic analysis (independence), Barlett
test (homoscedasticity), and Shapwblk test (normality). Adjusted regression models were
diagnosed through graphical and analytical analysis. Respltsting as significant difference
considered apalue < 0.05. All analyses were made using R software version 3.0.1 (R Core
Team 2014).
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RESULTS

Leaf biomass (FB) and leaf area index (LAI)
Leaf biomass of the tress in the different sites varied bet8eand 10 kg trek(Table 2),
presenting average values of 9.6 kg fraemost sites (exception of si®800. Trees from
site P800showed one third of the leaf biomass of the remaining sites. The parameters of the
model adjusted to study leaf biomassfunction of DBH and WDI (Table 3) suggest an
important effect of WDI in leaf biomass of the trees, where the trees of the site with the
highest water deficit (sitd®’800 presented lower amount of leaf biomass at equal tree
diameter. On the other handeds from sites with lower water stress showed higher quantity

of leaf biomass at equal diameter (Fig. 2a).
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Fig. 2 Foliar biomass according to diameter (a) and vertical profile of leaf biomass (b) for

each study site

Distribution of FB through the vecal profile of the tree in the different sites studied (Fig. 2b)
showed that 50% of the FB was found in average at 40% of the height of the trees, though site



44

P800corresponded to an extreme case where the trees presented half of their biomass at 48%
of the height and for site100Q half of its leaf biomass was at 46% of the height.

The average LAI before pruning treatment was 1?9 with a range of 0.6 to 3.13m?

(Fig. 4b). LAl was larger atP1750site and being 3.3 times greater tharP800 site. LP
treatments decreased their LAI from 20% to 35% and reduced the length of the live crown

between 27% and 31%, growing with averages of live crown lengths of 6.2 m. On the other

hand, HP treatments decreased their IAF from 57% to 89% and reduceddtiedf the live

crown between 51% and 63%, growing with average lengths of live crown of 3.8 meters.

Table 2 Water deficit index (WDI), leaf biomass per tree (FB), leaf area index before pruning

(LAlg), leaf area index after pruning (LAJ height bebre pruning (Hf), length of the

remaining crown after pruning (LRC), according to treatments: cewitbbut pruning C),

light pruning CP) and heavy pruningHP) in the 5 sites studied.

B Control (C) Light pruning (LP) Heavy pruning (HP)
Site | wnDlI LAlo Hto LRC| LAlo LAl1 Hto LRC | LAlo LAI1 Hto LRC

(mmyr-Y) | kgtree! | m?>m? m m m?m?  mm? m m | mm?2 m?m?2 m m

Mean
P800 | -723c| 3.1b | 0.7c 87 82| 08 06 89 64| 07 03 87 40
P1100| -382d| 87a| 19b 95 89| 20 13 92 66| 18 02 94 35
P1500 | -212ab| 96a| 23ab 79 72| 23 16 83 59| 23 04 87 33
P1700| -231 ab| 10.1a| 2.0ab 86 78| 24 18 9.1 66| 23 06 94 3.9
P1750, -75a | 99a| 26a 83 77| 24 16 81 56| 23 0.7 85 42
Standard error

P800 | 19.76 | 0.3 00 02 02| 01 01 04 03] 01 00 02 02
P1100| 8.75 11 03 03 02| 02 02 02 02| 02 00 02 01
P1500| 0.60 0.5 01 02 02| 012 01 03 03] 02 01 03 02
P1700, 9.14 0.6 0. 03 01| 02 02 03 03] 02 01 03 02
P1750| 2.59 0.7 02 03 04| 02 02 03 03] 02 01 04 03
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Table 3 a) Model adjusted to predict foliar biomass of radiata pine (FB) according to
diameter (DBH) and water deficit index (WDI). b) General model adjusted to predict the

relative leaf biomass of the tree (Fbr) according to relative height of théHrg

Model Parameter Residual Standard Degrees
of standard error of
model error model freedom
bo  0.00925* 0.0045
a) FB = p*DBH (1+b2'WD) bp  2.63306* 0.1719 1.575 47

b,  0.00025* 8.2E05
a  1.78503* 0.0470
b) Fbr = 3(1-Hr 3P 0.086 726
b  3.07342* 0.1428

*significance level of the parameter (p<0.05)

Growth response
C treatment showed average growths in volume, diameter and height of 20a3, 2.0 cm
and 1.5 m respectively (Table 4). SR&500presented the highest growths@ntreatment,
showing higher growth in volume and 24% higher in diameter than the average of sites. On
the other hand, the smaller growths in volume and diameter of treafhveerte presented in
site P80Q which showed 35% and 24% lower growth in volume draaneter respectively
than the average of the sites.
LP treatment presented no significant differences in growth in volume, diameter and height
respect taC treatment in most farms, except for $880Q where thd_P treatment grew 16%
more in volume tharC treatment and in sit®170Q whereLP treatment grew 18% less in
diameter, respectively tha@ treatment.HP treatment showed growths in volume and
diameter that were significantly lower than treatméhendLP in all sites. Height growth of
HP treatmemnwas significantly lower than treatmer@sandLP only in sitesP1700andP1500
The height growth of theélP treatment was significantly lower than t@eand LP treatments
only at site?1700andP1500
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Table N°4. Annual growth involume (VI), diameter (D and height (HI) according to
treatmentscontrolwithout pruning C), light pruning LP) and heavy pruningHP) in the 5

sites studied.

Pruning Sites

Treatment P1750 P1500 P1700 P1100 P800
C 22.0 a/AB 24.4 alA 21.5 alAB 20.3 a/B 13.1 b/C
VI LP 21.1 a/AB 23.6 alA 20.2 a/AB 17.9 a/BC 15.2 a/lC

HP | 17.7 b/A 15.8 b/A 9.6 b/B 10.5 b/B 9.9 c/B

C 2.2 alAB 25 alA 2.0 a/B 1.9 a/BC 15 alC
DI | LP 2.1 a/A 2.3 alA 1.6 b/B 1.7 a/B 1.6 a/B

HP 1.5 b/A 1.2 Db/AB 0.8 c/C 1.0 b/BC 1.2 b/ABC

C 1.6 a/A 14 alA 1.3 a/A 1.4 alA 15 a/A
HI | LP 1.5 a/A 14 al/A 1.5 a/A 1.5 alA 15 a/A

HP 15 a/A 1.1 b/AB 0.9 b/B 1.1 a/AB 1.4 a/A

Standard error

C 0.61 0.39 1.05 1.63 0.41
Vi LP 1.96 0.83 1.45 1.38 2.22
HP | 0.88 2.33 1.86 0.97 0.69
C 0.05 0.14 0.08 0.11 0.08
DI | LP 0.13 0.13 0.04 0.02 0.08
HP | 0.08 0.18 0.12 0.04 0.04
C 0.04 0.05 0.1 0.01 0.08
HI | LP 0.05 0.05 0.09 0.06 0.13
HP | 0.07 0.07 0.12 0.15 0.12

* Differentlowercasdetters indicate significant differeas (p<0.05within sites.(Tukey test)

** Different capitalletters indicate significant differences (p<0.08jweersites.(Tukey test)
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Effects of length of remaining crown and leaf area index on growth
A positive nonlinear relation was found betweéme length of the live crown and growth (DI
and HI). It is observed thaisthe remaining crownlecreases thediameter and height of trees
Is reducedThe reduction of remaining crown affectsDbin a greater extent in comparison to
HI (Fig. 3a and 3b).
Similar performance to the above was found between LAI and VI for the studied sites (Fig.
3c). The model constructed to explain the growth in volume in function of LAl (Table 5)
shows a high growth rate in volume per leaf area unit for low values ofd_tiein decrease
the growth rate with higher LAI values at each site.

n
281 Q) - 281 b) = 284 ¢)
A 4
26 [ ] 286 i 26 7 F
r
- ] L 4 B _ n .i
2.4 N 2.4 24 e A
221 - 22 s 22 A
- - . u
. A% - R ;‘5__;?}»
= 20 A il el 2.0 - g 207 *7 e
£ - @© * s
o A 7 e o= - roa
=~ 1.8 1 e O ® 18 . - £ 184 A/ oA
§ b et o E= * a = mar
3 161 e *® L = 18- . a® - £ 181 A
= r, e ® o LB = E ad
o . = A ok 3 ]
= 14 "4 SN PE A ”l - 5 aq A
- Fi -— . r'y -~ & o
o} , . = 4% "0 L
] . =} . o ) .,
£ 1.2 EN T 3 a - £ 127
3 - I & _g #_.
8 104 ;".“? L 1.0 /l.:aﬂ L O 10—:
og{ /" - os+4 ) - 8l
' ! !
061 4 & - 064 4 o - 8 o
? f
04 ¢ 041 | 47
p i
021 - 027 = 2
’ !
T T T T T T T T T T T T T T T T T T T k T
1234567889 12346672839 05 1.0 15 20 25 3.0 35
Length of remaining crown (m) Length of remaining crown (m) Leaf area index (mzm'Q)
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Table 5 Models adjusted to prediannual growth irdiameter (Dl)and height (Hlaccording
to length of tle remaining crown after pruning (LR@nd model adjusted to prediahnual

growth in volume (VDaccording tdeaf area index (LAI)

Model Parameter  Residual Standard Degrees
of standard error of
model error model freedom
bo 2.5770* 0.4008
DI =bo * (1 - exp€bs * LRC)) 0.3859 58
b1 0.1855* 0.0548
bo 1.5548* 0.0629 58
HI=bo* (1 - expfby * LRC)) 0.1969
b:1 0.4124* 0.0637
bo 17.1647* 0.3339
VI =bo * LAI P2 2.422 58
b: 0.3609* 0.0266

*significance level of the parameter (p<0.05)

Relation between water availability andLAl and Growth
WDI varied between70 and-751 mm yeat across the study sites. The site with the most
severe water limitation waB800site where the WDI were more negative than at any of the

other sites.

A positive linear relaon was found between LAl and WDI (Fig. 4a) and between VI and
WDI (Fig. 4b) for control plots. Adjusted regression models between VI and WDI, and LAI
and WDI were highly significant (p<0.01).
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Fig. 4 Relations betweeleaf area index and water deficidiex (a) andincremental volume
growth and water deficit indegb), for P800 (filled triangle), P1100 (filled square),P1500

(open circles)P1700(filled circles) andP1750(filled diamond) sites.
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Table 6. Linear regression models for leaf area indeAlfjland IV with water deficit index

(WDI) considering all study sites.

Model Parameter Residual Standard Degrees R-squared
of standard error of
model error model freedom

bo 2.8767* 0.1230

LAI=bo+b1*WDI 0.31 18 0.83
b;  0.0030* 0.0003
b0 25.2894* 0.9568

VI=bo+b1* WDI 2.42 18 0.69
bl  0.0155* 0.0024

*significance level of the parameter (p<0.05)
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Growth models based on remaining crown length and site water availability
Models adjusted for VI y DI based on LCR and WDI presented significant valubeir
parameters (Table 5), showing a strong effect in both LCR and WDI. For similar LCR, the

highest growths were produced in sites with lowest water deffeigs5). The model shows

that for LCR between 5 to 7 meters, the average growth in voluchdiameter was 3 #rha

and 0.2 cm, respectively for each 200 mm decrease in WDI.
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Table 7. Model adjusted to predict annual growth in volume (VI) and diameter (DI),
according to water deficit index (WDI) and length of remaining crown (LRC)

Model Parameter Residual Standard Degrees
of standard error of
model error model freedom
bo 35.7467* 5.0007
VI=(botb*WDI)*(1-exp¢b*LRC)) b: 0.0220* 0.0043 3.0890 57

bz 0.1672* 0.0402
bo 3.2544* 0.5407
DI=(bo+b1*WDI)*(1-exp¢b*LRC)) bi  0.0014* 0.0004| 0.3345 57
b 0.1616* 0.0452

*significance level othe parameter (p<0.05)

DISCUSSION

Leaf biomass and leaf area index
A great number of authors conclude that water stress and high temperatures reduce the
leaf area (Vose et al. 1994; Hebert and Jack 1998; Battaglia et al. 1998; Alvarez et al. 2012;
Rubilar et al. 2013a). This is in accordance with results of this study, wheR88ileaffected
by conditions of greater water deficit, higher temperature and lower rainfall shows the lowest
values of leaf biomass and leaf area within the studied sitesoritrast, the sites that

presented lower water deficits showed higher leaf biomass and leaf area values.

Despite that trees with lower leaf area were found in the site with highest water deficit
(P800, the leaf biomass estimation model showed treesgvéhater diameter at equal amount
of leaf biomass in this site, compared to the other studied Shesmay be because the site
with greater water restriction could have had higher mortality of lower branches. Dickson and
Isebrands (1991) and Sprugeldaét (1991) suggest that if a branch produces an insufficient

carbon balance to maintain itself, this branch dies.
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The analysis of leaf biomass distribution through the vertical profile of the tree showed
difference between sites. Sie800 presented a higer proportion of leaf biomass in the
highest part of the crown, compared to the other sites. This performance can be explained by
the greater number of trees (stocking) before pruning. In this sense, some authors (Vose and
Allen 1988; Long and Smith 1990992) indicate distribution upward biases motivated by
high stem density or fertilization, which could have influenced the shape of the tree crowns of
the trees in this site. On the other hand, the rest of the sites were close to the closing of the
crownsand therefore, the mild distribution bias towards the lowest part of the crown is in
accordance with was presented by Schreuder and Swank (1974). These authors concluded that
in forests before crown closure may skew the distribution of foliar biomassadradn

According to O'Hara (1991) and Alcorn et al. (2013), the foliage mass and the vertical
leaf distribution influence the light interception and tree growth and may vary by lsiseis
relevant, since, differences in the growth response of treesctgbj®o a similar level of
elimination of live crown (prescription of pruning with a fixed height) can be explained by

factors such as the architecture of the crown.

Growth response
The growth of the trees, especially in volume and diameter in the diffeites studied was
mainly affected by water deficit, which is in accordance with various authors who conclude
that water availability is one of the factors that affect the growth of radiata pine in Chile
(Gerding and Schlatter 1995; Flores and Allen 200darez et al. 2012; Rubilar et al. 2013a).
Given the above, sit€800 showed lower growths (site most limited by water) and sites
P175Q P1500andP1700presented the highest growths (sites less limited by water).

Regarding the differences in growthlidsal area, diameter and height in relation to pruning, it
was observed that in treatments with light prunib®)( where an average of 29% of the
length of the live crown and 27% of leaf area is removed, in general show no differences with
situations witlout pruning. This is in accordance with results of various authors such as
Luckhoff (1949) who indicated that growth of radiata pivess notaffected by pruning when

only 207 30% of live crown was removed. Sutton and Crowe (1975) indicate that thisslevel
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close to 35% of removal of the crown length that the percentage of living crown to be
removed is limited to about 30% for this species.

A special performance occurred®800site (site with the highest water deficit), where
light pruning CLP) presentd a significantly higher growth in volume compared to the control
treatmentC. This is in accordance with that explained by Pinkard and Beadle (2000), who
point out that lower branches have a net carbon balance equal to zero for resources. Then, their
removal could leave these resources for further growth of the stem. A similar situation was
found by Stein (1955) when pruning 25% of the live crownPskudotsuga menziesii
concludes that depending upon the density of the stand, the portion of the lowertttmbwn
receives little light, and falls below its light compensation point, is unproductive at best and
has been hypothesized to be a drain on the resources of the tree. In this site there was less

foliage removal due to having leaf biomass more biasedamppared to the other sites.

In heavy pruning (HP), where the removal reached 50% of the length of the live crown
and 78% of the leaf area, differences in volume and diameter were observed in comparison
with the control without pruning. This is in acconda with previous research (Luckhoff
1949; Sutton and Crowe 1975; Lange et al. 1987; Hevia et al. 2016), who point out that levels
of removal over 35% of the length of the live crown affect the growth of trees. In the current
research, the effect of pruginvas higher on the growth in diameter than the growth in height
and even a difference of growth in height between heavy pruning and treatments without
pruning was not found in several of the evaluated sites. This is consistent with several authors
who indcate that growth in height is less affected by pruning than growth in diameter (Sutton
and Crowe 1975; Lange et al. 1987; Langstrom and Hellqvist 1991; Cannell 1994; Pinkard
and Beadle 1998; Amateis and Burkhart 2011; Mead 2013; Hevia et al. 2016).

Effects of length of remaining crown and leaf area index on growth
The effect of pruning on the growth rate of the tree has been associated with the intensity of
the treatment, especially considering the length of the remaining crown, because this is the
part hat contributes to the assimilation of carbon and therefore, the growth. The lower length
of the remaining live crown has been frequently related to the lower growth of@ddéara

1991; Montagu et al. 2003). The ratio between the lengths of the liwa @fber pruningand
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growth showed positive ncfinear relations, like those presented by Hevia et al. (2016) and
Neilsen and Pinkard (2003) for radiata pine, who stated that increased as the length of the live
crown was greater up to a maximum length leé trown, above which the increase in
diameter and height is not significantly affectéioey emphasize thathis length of the live
crownis close to 8 meters of live crown, approximately a lesgtiilar that presented in this

study.

Leaf area index ats showed positive and ndmear relations with growth in volume. The
performance of this relation was slightly different to that showed by Alvarez et al. (2012) and
Rubilar et al. (2013a), who presented more linear relations between these variables. This
difference in the performance of this relation may be because in our study many of the lower
leaf areas were produced by heavy pruning and not all values of leaf area correspond to the
water stress of the site. Therefore, results with lower leaf areanprdgreater deficiency in
growth per leaf area unit in comparison to results with greater leaf areas, since the crown
remaining after pruning, located in the upper part of the crown presents greater photosynthetic

rates than the crown located in the hasat of the tree (Forrester et al. 2012).

Relation between water availability and LAl and Growth
Using the strong gradient in soil moisture deficit across sites we have shown strong
relationships between soil water deficit, LAl and volume increment. <unly confirms
previous findings about a positive relationship between water availability (WDI, WD or AP)
and LAI (e.g. Grier and Running 1977; Gholz 1982; Battaglia et al. 1998; Alvarez et al. 2012,
Ojeda et al. 2018). Correlations between WDI and LAiidiata pine were greater than those
reported by Alvarez et al. (2012) in unthinned stands. We attribute these differences to our
lower range of stockings, our smaller climatic annual variability and the use of destructive
sampling to measure LAl instead using indirect measurements (e.g-@OR LAI-2000 or
remote sensing). The water status of the site, indicated by its WDI, also showed a strong linear
ard positive relationship with IVThis effect has been reported by many authors (Jackson and
Gifford 1974; Cromer et al. 1983; Hunter and Gibson 1984; Raison and Myers 1992; Benson
et al. 1992; Alvarez et al. 2012).



55

Growth Models based on length of remaining crown and water availability of the
site

In general, the models that explain the response tongueme based on empirical models,
where stem growth and severity of pruning are related. Sometimes, they include some
measurements of the crown size, such as the relation with the remaining length of the live
crown (O'Haral991; Hevia et al. 2016). There® it is improbable to estimate differences
between sites.

In our study, WDI showed a strong relation with growth, confirming previous findings about a
positive relation between these variables (Jackson and Gifford 1974; Cromer et al. 1983;
Hunter and Gibon 1984; Raison and Myers 1992; Benson et al. 1992; Alvarez et al. 2012;
Ojeda et al. 2018). The adjusted models show that the performance of growth (volume and
diameter) in function of the remaining crown length varies between sites, depending on the
WDI. Trees located onites with the highest water deficit (lower qualityegrless per meter

of the remaining live crown compared to sites with lower deficit (higher quality), showing a
greater effect of pruning in sites with lower water deficit by redutimglength of the live
crown.

There is very little information where the effect of pruning is compared according to water
availability of the site for a species and the reported information is focused on evaluating the
effect of pruning according to tHertility of the site. In this sense, the results show that the
negative effect of pruning has been greater in lower quality sites than higher qualities sites
(Pinkard and Beadle 1998; Pinkard 2002, 2003; Pinkard et al. 2007; Forrester, T2.3).
water awailability differences betweeour sites are much greater than fertilitgifference
therefore we can think that water resources in the site could influence a behstinat ftom

the responseGiven the above, the results of our study provide usefurnmédtion for
understand the effect of pruning in regions where there is a large water gradient where radiata

pine is managed.
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CONCLUSIONS

Water deficit not only affects productivity and growth of radiata pine plantations, but also
foliar area, growth andlistribution of foliage within the crown. Light pruning where about
30% of the live crown is removed show no growth losses. On the other hand, heavy pruning
where about 50% of the live crown is removed show decreases in the radiata pine growth. The
greatest growth losses due to heavy pruning where more than 50% of the crown is removed
occurred in sites with lower water stress. Our results indicate a gltosgigradient due to
pruning as water deficit decreases. This study suggests that water defidit lsh@oinsidered

in the prescriptions of forest management such as pruning, especially areas where a wide

water gradient is present.
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EFECTO DE LA INTENSIDAD DE PODA EN EL CRECIMIENTO DE LOS
ARBOLES FINALES POSTERIOR A UN SEGUNDO RALEO EN UN GRADIENTE
DE DISPONIBILIDAD HIDRICA DE SITIOS

Hebert OjedaRafael A. Rubilar, Cristian Monte3orge Cancino, Miguel Espinosa

Articulo en preparacion.

RESUMEN

Este trabajo estudia la respuesta en crecimiento a largo plazo de arboles de pind’radgta (
radiata D. Don) podados a diferentes intensidades de poda (sin poda, poda leve y poda
severa), con Yy siarbolesseguidoresérbolessin poda), con un raleo cuatro afios después de la
poda en un gradiente hidrico de sitios en la zona centro sur de Chile. Los sitrosexjades

fueron monitoreados por ocho afios desde el inicio de los tratamientos de poda. Los resultados
indican que a medida que la disponibilidad de agua del sitio aumentardialapde
crecimiento por efecto de la intensidad de poda es mayor. Aden@sservé que el efecto de

la poda especialmente de alta intensidad afecta el crecimiento en forma permanente,
principalmente en sitios de menor déficit hidrico. La presencia de arboles seguidores mostro
una tendencia de reduccion en el crecimiento emvertude los arboles finales (500 arbha

En generallos resultadosobtenidossugieren que la disponibilidad hidrica de los sitios es un
factor clave que deberia ser incorporado en la toma de decisiones de manegpstitica

para las plantaciones gao radiata en Chile
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INTRODUCCION.

Dentro del manejo intensivo de plantaciones, la poda permite que los nudos y los defectos
relacionados con las ramas se restrinjan a un nucleo nudoso central y el crecimiento
subsecuente del diametro produzca madermayor calidad dando un mayor valor al bosque

(Montagu et al., 2003). La poda de ramas vivas para minimizar los defectos y producir madera
libre de nudos es una actividad silvicola ampliamente practicada en plantaciones de pino

radiata manejadas intenaimente (West 1998).

Para optimizar una mayor cantidad de madera libre de nudos, la poda se realiza a edades
tempranas (Neilsen Pinkard, 2003; Pinkard, 2003), combinandola con raleos para favorecer
el crecimiento de los mejores arboles finales, parsstéereanera aumentar la producciéon de

madera de alta calidad (Forrester et al., 2010).

El costo de esta operacién es alto, por lo tanto, se recomienda podar solo los arboles que seran
seleccionados pafta cosechdinal (Neilseny Pinkard, 2003). Estos astes deberian presentar
caracteristicas especificas, comextitud, tamafio de nudos pequefjopertenecer ladosel

superior del rodal (NeilsepnPinkard, 2003; Hevia et al. 2016).

Es importante que los arboles podados mantengan su dominancia, poo,l@samécesario

qgue la intensidad de poda no afecte el crecimiento normal de los arboles (Sutton y Crowe,
1975; Gerrand et al., 1997; Courdier et al., 2002; Alcorn et al., 2@8g dejanarboles
vecinos dominantes y codominantes sin pagtgs puedersuprimir el crecimiento de los
arbolespodados (Suttog Crowe, 1975), impactandtegativamentel volumen de madera de

alta calidad en el rodal.

La respuesta de los arboles finales a la intensidad de peadisyseguidores puede ser
afectadgor variosfactores, entretrospor la especielascaracteristicas del sitio, el tiempo de
ejecucion y la interaccion con otros tratamientos silvicolas (Syt@mowe, 1975; Montagu et
al., 2003; Forrester et al., 2010; Forrester, 2013).
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La mayoria de los estudiade poda muestran resultados locadgsun solo sitioy a corto
plazo, sin tomar en cuenta las variaciones medioambientales, ademas de trabajar con parcelas
pequefias a nivel de arbol donde naegaliael comportamiento de los arboles finaggs su

conjunto, luego de manejos (raleos) posteriores a los tratamientos de poda.

Aunqueexiste investigacion sobre el efeate la intensidad de podan el crecimientomuy
pocosestudios skan disefiado para probar el efecto a largo plaza intensidad dgoday el
sitio, sobre losarbolesobjetivos Erooptree9 en rodales con arboles seguidores (arboles con

ramas vivas)

El propdsito de este trabajo es estudiar el efecto de diferentes intensidades de poda sobre el
crecimiento de lodrbolesfinalesde pino raiata definidos para cosecHaego de un raleo, en
un rango hidrico de diferentes sitios.

Nuestra hipotesiplantea quda disminucion decrecimiento de losirbolesfinales del rodal
producto de podas intensas es afectado por la aplicacion iddeosposteriores y que este
efecto esta influenciado por las caracteristicas hidricas del sitio.

MATERIAL 'Y METODO

Area de estudio
Se seleccionaron cuatro sitios en el cestrode ChilgFig. 1)entre las latitudes 35° Sy 40 °
30 'S priginalmente eran cinco sitios pero uno de ellos no continué con mediciones a largo
plazg. Los sitios represean un gradiente de clima y suelos con diferencias conocidas en
productividad (Tabla 1). Los sitipse nombraronsegun la precipitacion anual promedio
dentro del periodo de 1980 a 2010 (833 nr80Q 1,078 mm:P110Q 1,492 mm:P150Q
1,683 mm:P1700, fuern plantados con plantas de pino radetana densidad inicial de
1.250 arboles por hectarea durante los afios-200Q. Los rodales no presentaron problemas
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de drenaje, como tampoco signos a#io porhongos,insectos o déficinutricional. Los
rodalestuvieron controles de malezas pre y pp&intacion.Entre los seis y sietafiosde
edad los rodales tenian una densidad promedio de 1.109 arboles por hectarea y una altura

promedio de 8 m (Tabla 19in raleos o podas previas.
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Figura 1. Ubicacion de ls sitios de estudio.
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Disefio experimental y tratamientos.

En cada sitio se utilizé un disefio de bloques completos al azar con cuatro repeticiones
(bloques) para evaluar el efecto de la poda y de los arboles seguidores en el crecimiento de
pino radiata. Detro de cada sitio, se localizar@f parcelagde Q36 ha (60 x 60 mgada una,

con parcelas internas de medicion ¢g@tha (30 x 30 my unazona buffer de 15 metros en

cada lado de las parcelas de medicidén. Para homogeneizar la densidad de iplaetae#dizd

un primer raleo, dejando las parcelas con 800 arboles por hectarea, a la edad de seis o siete
afnos(2007) segun ekitio (Tabla 1). Los arboles raleados correspondian a arboles con algun
grado de defecto (torcido, bifurcado, quebrado o sigdd) de todas las clases de diametro,
dejando 72 arboles finales en cada parcela. Con el fin de minimizar la variacion del area basal
entre bloques, se formaron cuatro blogues de cinco parcelas con un area basal similar en cada
sitio y aleatoriamente sesignaron los tratamientos a las unidades experimentales de cada

bloque. Los tratamientos estudiados fueron:

SP100: El 100% de los arboles sin poda.

PL100: El 100% de los arboles con poda leve (poda a 2.1 metros de altura).
PL63: El 63% de los arbotecon poda leve (poda a 2.1 metros de altura).
PS100: EL 100% de los arboles con poda severa (poda a 5.5 metros de altura)
PS63: El 63% de los arboles con poda severa (poda a 5.5 metros de altura).

La poda se llevo a cabo en otofio (mgueao 2007) utilizando tijeras de podar y escalas para
acceder a los verticilos superiores en la poda mas alta. Luego de cuatro afios de realizadas las
intervenciones de pod@011) las parcelas fueron raleadas por segundadegando una

densidad final de plantaciore &00 arboles por hectarea.
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Sitio P800 P1100 P1500 P1700
Latitud 35A29063 37A5806 40A12¢ 37A37¢
Longitud 72A14068 72A260 73A1006 73A16606
Temperatura media anual (°C) 132 12,0 105 111
Precipitacion media anual (mm 833 1078& 1492 1683
Geologia metamoérfica cenizas cenizas metamorfica
volcanicas  volcanicas
antiguas antiguas

Taxonomia de suelo Typical Typical Typical Rhodic

Rhodoxeralfs Paleudalfs Paleudults Paleudits
Textura arcillosa arcillosa arcillosa arcillosa
Materia organica (%) 1,2 3,9 6,8 4.2
pH 58 53 53 52

Estado de los rodales antes del primer raleo
Densidad (arbol hg 1200(28) 1093(35) 1156(29) 1074(25)
Altura (m) 7,9 (0,4) 8,2 (0,5) 7,9(0,.4) 8,3(0,4)
Diametro (cm) 9,6 (0,5) 11,3 (1,0) 139(0,.7) 11,5(0,5)
Area basal (rhha?) 9,6 (0,7) 12,4 (1,7) 17,9 (1,4) 14,5 (0,8)
Edaddel rodal(afios) 6 6 7 6
Estado de los rodales después del primer raleo

Densidad (arbol ha) 800(0) 800(0) 800(0) 800(0)
Altura (m) 8,7(0,2) 9,5(0,3) 7,9(0,2) 8,6 (0,2)
Diametro (cm) 10,9(0,2) 136 (0,8) 15,3 (0,3) 14,6 (0,2)
Area basal (rhha-1) 7,7 (0,3) 11,9(1,3) 15,0(0,7) 136 (0,3)

Error estandar en paréntesis

* Valor promedio ltimos 25 afios
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Mediciones de crecimiento
La altura (Ht) y el diametra la altura del pech@®AP) de todos los arboles de cada parcela se
midieronduranteel mes dgunio (otofio) en tres oportunidadesimediatamente después de
las intervenciones de podé-7 afios)justo antes del segundo raleo {10 afios) y luego de
cuatro afos posterior al segundo ralec{%4aos)Se definieron dos periodos de evaluacion
de cuatro afios cada uno. El primero fue desde el inicio del estudio (2007) hasta el momento
del segundo raleo (2011), donde se analizo el crecimiento de todos los arboles (800 arb/ha) y
los arboles elegidos para seguir hasta el final del estudieglest(500 arb/ha). El segundo
periodo de evaluacion fue desde el segundo raleo hasta cuatro a@o®mpaseste (2015),
donde se analizé el crecimiento de los arboles residuales que quedaron hasta el final del
estudio (500 arb/ha)kEl crecimiento del diametro (DI) y el crecimiento en altura (HI) se
calcularon como la diferencia entos periodos de eluacion El volumen individual de cada
arbol se estimé utilizandonaecuacion (1)pjustadgparaplantaciones darboles jévenes de
pino radiatacreciendo en diferentes sitios dentro de la zona centrde Chile, utilizad@or
Albaugh et al. (2015).

Vi=-0,00214 + 0,0000295 *7+ 0,001349 * h+ 0,00002486 * d* h; (2)

donde:
Vi es el volumen dekésimo arbol (Marbol?),
di es el diametro delésimo arbol (cm), y

hi es la altura detésimo arbol (cm).

Para obtener estimaciones del volumen parcela, se sumaron los volimenes individuales de
todos los arboles de la parcela, luego se escalaron a nivel de hectarea. De igual manera se
realizaron las estimaciones de area basal, las cymiesgramentese estimaron a nivel de

arbol, luego sewnaron a nivel de parcela, para luego escalarlo a nivel de hectarea. El
crecimiento del volumen (VI) y del area basal (Gl) se calcularon restando los volumenes o

areas basales estimados entre periodos de medicion.
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Informacion climatica
Los valores diarioge lluvia y temperatura se obtuvieron a partir de estaciones meteoroldgicas
ubicadas a menos de 25 km de cada sitio. Los promedios mensuales de la temperatura del aire
y la precipitacion se calcularon como el promedio de todas las estaciones dentr@Sdientos
ponderadas por el inverso de la distancia. La precipitacion anual se calcul6 a partir de la suma
total de la precipitacion mensual (agegtho). Para la estimacion de la evapotranspiracion de
referencia de los sitios, se utilizd el método desgao Hargreaves y Samani (1985). El
déficit hidrico anual(WD) se calculd como la suma de los déficits mensuales (cuando la
evapotranspiracién es mayor que la precipitacion) para el periodo de edeudmierdo a la

siguientefuncion (2)

n
WD = Z(F’F’L —ET,). cuando|ETy| = |PPR,], @)
i=1

donde:

WD es el déficit hidrico anual (mafio?)

PR es la precipitacion délésimomes (mmmes?)

EToi es la evapotranspiracion detsimomes (mmmes?)

n es el numero de meses

Agua aprovechable del suelo
Se instalaron calicatas en cada sitio de estudsgritendo cada horizonte del suelo hasta
una profundidad maxima de 2 metros. El porcentaje de piedras se estimé utilizando el método
de recuento de puntos descrito por Daniels et al. (1968). Se extrajeron muestras de suelo de
400 gramos de cada horizonytse determiné en laboratorio la curva de retencion de agua del
suelo de acuerdo con el método de membrana de presion descrito por Richards (1941). Se
asumio que el agua disponible es la diferencia de retencién de agua entre la capacidad del
campo (0,33 amdsferas) y el punto de marchitez permanente (15 atmésferas). El agua
aprovechable del suelo (WSC) se definié en la Ecud8ipn
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n
WSEC = Z{Fci —PWR) = (D; = (1 — §), ®3)
i=0
Donde:
WSC es el agua aprovechable del suelo (mm)
FC  esla capacidad de retencién de agua en el sued3 ®éres de-ésimo horizonte (%)
PWR es la capacidad de retencidén de agua en el suelo a 15 baréside horizonte (%)

Di es la profundidad delésimo horizonte (mm)
Si es el porcentaje volumétrico de piedras erésiiino horizonte (%)
n ndmero de horizontes

indice de déficit hidrico
El indice de déficit hidrico (WDI) se estim6 descontando el WSC de WD, siguiendo el método

descrito por Alvarez et al. (201@)ilizando la ecuacion (4).

WDI = WD — WSC, (4)

Donde:
WDI es el déficit hidrico durante el afio (rafiot)
WD es el déficit hidrico durante el afio (rafiv?)

WSC es el agua aprovechable del suelo (mm)

Analisis estadistico
Para evaluar las diferencias de crecimiento (VI, Gl, DI y HI) entre los tratamientos de poda de
cada sitio y de ada periodo, se realizaron andlisis de varianza (ANOVA) y pruebas de
comparacion multiple (Tukey). Debido a la alta variabilidad de los crecimientos en cada
periodo de evaluacion, los analisis fueron evaluados usando un nivel de significancia del 10%
(valor-p <01)
Para evaluar el efecto de la disponibilidad de recursos hidricos del sitio sobre el crecimiento
de los arboles ante diferentes intensidades de poda, se ajustaron modelos de regresion lineal

considerando WDI como la variable dependiente y el mieaito en: VI, Gl, DI y HI como
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variables independientes, para cada periodo de evaluacion definido. Todos los analisis se
llevaron a cabo utilizando el software R version 3.0.1 (R Core Team 2014).

RESULTADOS Y DISCUSION

Efecto de la intensidad de poda dwe el crecimiento (Periodo I: 2007201171
previo al segundo raleo).

Durante el periodo comprendido entre el primer y segundo raiaf{ds), los 800 arboles de

los tratamientos$SP100en los diferentes sitios estudiados, crecieron en volumen a una tasa
anual de 23 a 40 fnha' afio (Tabla 2). Estos resultados se encuentran dentro del rango
reportado por Alvarez et al. (2012) y Flores y Allen (2004), quienes muestran crecimientos en
volumen similares para pino radiata creciendo en Chile en un amplio rarsgelds y climas

dentro de los paralelos 35° y 40° S. Los mayores crecimientos en volumen, area basal y
diametro, durante el periodo entre raleos se presentaron en los tratafetdOpara todos

los sitios, a excepcion del sitio con mayor déficit lmaiP800, donde el tratamientBL100

mostré mayores crecimientos en volumen (4%) y area basal (3%) que el tratBié0d

aun cuando esta diferencia no fue significatiste comportamiento podria estar relacionado

con lo sugerido por Pinkard y Bead000) quienes concluyen que en sitios con recursos
limitados (e.g. agua) si las ramas inferiores del arbol utilizan los recursé® Para
mantenerse, respirando mas de lo que fotosintetizan, la remocién de estas podria liberar
recursos para un mayorecimiento fustglademasla poda de tales secciones de la copa
puede resultar en un aumento en la eficiencia del uso de la luz, aumentando las tasas de
fotosintesis en la seccion superior restante de la copa (Forrester, 2013). Situaciones donde el
crecinmento de los arbolegor efecto de la podha sido favorecidono son comunesun

cuando existe investigacion al respedtang et al. (1980), encontré6 mejores crecimientos en
Cryptomeria japonicaal remover un porcentaje ligeramente superior al 10 potocigs la

copa viva y Tonguc y Guner (2017) también reportan mayores crecimiernisusmigraal

podar un tercio de la copa.

En el resto de los sitios, el crecimiento mostrd la tendencia mas reportada respecto a la
intensidad de poda (Sutton y Crowe 39Pinkard 2003, Amateis y Burkhart 2011, Hevia et

al. 2016), quienes mostraron disminuciones en el crecimiento a medida que aumentaba la
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intensidad de poda, de esta manera, el tratamirt00mostré mermas de crecimiento entre

un 4% a 16% en volumen eomparacion al tratamien®P100 mientras que el tratamiento
PS100crecio desdel5% a 32% menos en volumen de lo que crecieron los tratamientos
SP100.

Las diferencias de crecimientm volumerentrePL100y SP100no fueron significativasEsto

puede delrse a que la remocién promedio de copa viva en el tratanii@0borded 29%.

Sutton yCrowe (1975) reportaron quelsivalores de remociones sobre 30% de la copa viva
producen mermas significativas en el crecimiento de esta especie.

El tratamientoPS1® removio el 60% de la copa viva, mostrando los menores crecimientos
entre los tratamientos estudiados con un 15% a un 27% menos en volumen de lo que crecieron
los tratamiento$L.10Q Los dos sitios con menor déficit hidrid®1(700 y P1500mostraron
diferencias significativas entre los tratamien®isl00y PS100en el crecimiento de todas las
variables estudiadas (VI, Gl, DI y HILos dos sitios con mayor déficit hidricB800 y

P110Q no mostraron diferencias estadisticas en el crecimiento de ared blésaletro para

los diferentes tratamientos de poda. Esta situacion puede atribgjuseel factor que afecta
principalmente al crecimiento de pino radiata en Chile es la disponibilidad de agua (Gerding y
Schlatter 1995; Flores y Allen 2004; Alvarez &€t2012; Rubilar et al. 2028 Ojeda et al.

2018) En sitios donde la disponibilidad de agua no es un problema relevante (menor déficit
hidrico) y no restringe fuertemente el crecimiento de la plantacion, la reduccién de la
intercepcion luminosa (fotosirgis) provocada por mermas importantes en el area foliar de la
plantacion seria el factor mas importante que afectaria el crecimiento. En contraposicion, el
efecto de la reduccion de la intercepcion luminosa en sitios con baja disponibilidad de agua
(alto d&ficit hidrico) sobre el crecimiento de la plantacion, podria impactar menos que la baja
disponibilidad de agua del sitit9 que concuerda con el modelo de recursos limitantes de
Wise y Abrahamson (2007), quienes sugieren que la respuesta a la podagidiefdepende

de los recursos que estén actualmente limitando el crecimiento yéstasomodifiquen su

captura por ¢rdidas de area foliar.
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Tabla 2. Crecimiento en volumen (VI), area basal (Gl), diametro (DI) y altura (HI), segun

sitio y tratamiento dpoda para los 800 arboles hasta el segundo raleo (Periodo I)

VI Gl DI HI
Sitio  Caddigo (m?/ha) (mP/ha) (cm) (m)
media sd media sd media sd media sd
SP100 836 45 a 122 05 a 6,7 0,3 a 71 0,1 ab
PL100 872 198 a 125 23 a 6,7 0,7 a 70 03 ab
P800 PL63 819 106 ab 119 11 a 6,7 04 a 72 02 a
PS100 712 814 b 105 11 a 6,1l 03 a 6,7 0,3 bc
PS63 76,3 116 ab 11,7 09 a 6,4 03 a 6,4 05 c
SP100 1181 249 a 160 34 a 73 12 a 72 04 a
PL100 990 224 ab 136 29 a 6,5 08 a 6,9 03 a
P1100 PL63 1011 258 ab 138 32 a 6,6 09 a 71 05 a
PS100 832 16,7 b 11,7 19 a 6,1 0,7 a 6,3 05 b
PS63 933 176 b 131 26 a 6,4 10 a 6,9 03 a
SP100 1532 80 a 239 14 a 94 06 a 6,9 0,2 ab
PL100 1476 68 a 21,7 16 ab 86 0,7 ab 70 03 a
P1500 PL63 1423 65 ab 215 23 ab 8,7 11 ab 6,9 0,1 ab
PS100 1256 198 c 179 23 c 74 0,7 c 65 05 b
PS63 1298 156 bc 188 2,4 bc 76 09 bc 6,6 0,2 ab
SP100 1439 57 a 210 16 a 8,7 06 a 71 03 a
PL100 1336 155 a 184 150D 78 04 b 72 03 a
P1700 PL63 1310 188 a 183 21 b 79 06 b 73 02 a
PS100 97,3 304 b 132 33 c 6,8 04 c 6,1 10 b
PS63 1109 112 b 158 0,7 bc 7,3 0,3 bc 6,4 04 b

n = 4repeticiones por sitio

Letras diferentes indican diferencias significativas (plx é@ntre tratamientos
dentro de cada sitio



75

En relacién con elrecimiento de los 500 arboles que contindan hasta el final del estudio,
durante el periodo comprendido entre el primer y segundo raleo, en general los mayores
crecimientos se observaron en los tratamierB100y los menores crecimientos se
presentaron elos tratamientos con poda severa, pero con seguide8&d( A pesar de que

las diferencias de crecimiento entre los tratamientos de podateveg sin seguidore$ (63

y PL100 enla mayoria de las vece® fueron significativgsse observd que losatiamientos

con seguidoresPL63) crecieron entre 0,4% y 12% menos en volumen, 2% a 10% menos en
area basal, 2% a 6% menos en diametro y 0% a 3% menos en altura. Esta misma tendencia se
observé en los tratamientos con poda severa, dondstios con menorindice de déficit

hidrico mostraron diferencias significativ@gl, Gl y DI) entre los tratamientos con y sin
seguidores FS63y PS100, presentando los tratamientos sin seguidores crecimientos en
volumen de hasta un 28% mas que los tratamientos condeegpli ElI efecto de mayor
crecimiento en los tratamientos sin seguidores (18886lespodados) en comparacion a los
tratamientos con seguidores (63tbolespodados) muestra que la poda selectiva puede
disminuir la habilidad congtitiva de los arboles aofiivo podados que se quieren dejar para
edades finales, comparados con sus vecinos sin poda, esto es especialmente relevante cuando
se diseflan esquemas de poda muy intensas. Lo actanmrerda coto reportado por Sutton

y Crowe (1975) paraipo radiata quienes muestran mdas decrecimientode los &rboles

objetivo en podas selectivas, las cuales se incrementan al realizar podas mas intensas y que se
vuelvenaun masmportantes al remover largos de copa viva por sobre el 40%. Karani (1978)
mostré quda poda deéPinus patulaa niveles superiores al 25% del largo de la copa, dio lugar

a una pérdida derecimiento y en densidades superiores a 750 arbole's imzluso el
tratamiento del 25% de remocion de copa viva resulté en pérdid@admiento estoultimo
sugiereque sien nuestro estudioo hubiese existido un raleo previo antes de la poda gique

la proporcién de arboles podadespecto al total de arbolésgese menor a la presentada en

este estudio (63%), el efecto de los arboles seguidores sblerecimiento de los arboles
objetivo podria haber sido aun mayActualmente en Chile por un tema de costos, se poda
selectivanenterestringiendo la poda losarbolesméas aeptables en didmetro y rectitygor

lo tanto, al disefiar esquesde podaes necesario considerar tanto la intensidad de poda, la

proporcion de arboles podadosintensidady tiempo entre los raleos.
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Tabla 3. Crecimiento en volumen (VI), area basal (Gl), diametro (DI) y altura (HI), segun
sitio y tratamiento de poda para B30 arboles finales (Periodo I)

VI Gl DI HI
Sitio  Caddigo (m’/ha) (mé/ha) (cm) (m)
media sd media sd media sd media sd
SP100 5904 28 a 858 04 a 72 03 a 72 01 a
PL100 616 131 a 874 15 a 71 08 a 7103 a
P800 PL63 542 84 ab 783 0,7 ab 6,8 0,3 ab 7103 a
PS100 506 6,2 bc 731 0,7 bc 6,3 0,3 bc 6,9 04 a
PS63 446 74 c 6,68 0,7 c 59 04 c 6,2 05 b
SP100 849 231 a 118 29 a 84 13 a 7104 a
PL100 687 133 b 939 16 ab 71 08 ab 6,9 03 a
P1100 PL63 684 17,7 b 922 22b 6,9 1,0 ab 71 04 a
PS100 56,5 11,3 bc 8,17 15 bc 66 13 b 6,3 05 b
PS63 521 107 c 589 29 c 57 08 b 6,6 0,2 ab
SP100 1018 42 a 158 08 a 99 05 a 70 0,2 ab
PL100 1009 43 a 148 09 a 90 06 ab 7103 a
P1500 PL63 932 4,7 ab 139 08 ab 8,8 0,8 bc 6,9 0,2 abc
PS100 874 169 b 125 18 b 80 08 c 6,7 0,5 bc
PS63 755 88 c 105 09 c 6,9 04 d 6,6 02 c
SP100 930 0,9 ab 134 09 a 91 05 a 73 04 a
PL100 944 144 a 129 13 ab 85 03 ab 73 04 a
P1700 PL63 84,6 154 bc 11,7 17 bc 79 0,7 bc 73 03 a
PS100 768 186 c 108 15 ¢c 74 05 c 6,3 1,0 b
PS63 553 83 d 76 09d 6,0 05 d 6,1 04 b

n = 4repeticiones por sitio
Letras diferentes indican diferencias significativas (plx é@ntre tratamientos
dentro de cada sitio
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Efecto de la intensidad de poda sobre el crecimiento (Pedo II: 2011-20157 post
segundo raleo).

Los arboles finales (500 arb-Hade los tratamientoSP100Q durante el periodo comprendido
entre el segundo raleo y el fin del estudi® @os), crecieron en volumen a una tasa anual de
33 n? ha' afio en promedj similar a lo que venian creciendo los 800 arb ¢l mismo
tratamiento, con rangos de 27 a 48 na® afio entre los sitios (Tabla 4). Los mayores
crecimientos en volumen y &rea basalpresentaron dos tratamiento$§SP100en todos los
sitios, mientas que los menores crecimientos en volusembservaron elos tratamientos

con poda severa y con seguidores (PS68)cuales mostraron crecimientos en volumen entre
13% y 38% menos que los tratamientos sin padan cuando estas diferencias fueron
signficativas s6lo en los sitios de menor déficit hidricBsto Ultimo concuerda con Sutton y
Crowe (1975)Karani (1978)Uotila y Mustonen (1994)Amateis y Burkhart (2011quienes
concluyen que aun cuando el efecto de la poda puede durar unos pocosuafioalep
posterior a las podas puede liberar recuiddos arboles objetiyel efecto de podas severas
junto con la competencia de éarboles seguidores puede hacer que el crecimiento de la
plantaciéon no se recupere.

El crecimiento post raleo de los dosasitcon mas déficit hidricd@800y P110Q no mostio
diferencias significativas en ninguna de las variables estudiadas (VI, Gl, DI sudijiendo

que el recurso hidrico esta restringiendo de mayor mahen@cimientoque mermas en la
intercepcion lunmosa producto de la pod&n concordancia con lo sefialado por varios
autores $utton y Crowe 1975; Neilsen y Pinkard 2003; Amateis y Burkhart 2011; Hevia et al.
2016), el crecimiento en alturao fue afectado significativamenpor los tratamientosle

poda en ninguno de los sitios. Solo en los sitios con mdaécit hidrico P1500y P1700
existieron diferencias significativas #fi, Gl y DI entre los tratamientos SP100 y algunos de
los tratamientos podados.

Tanto los tratamientos con poda leve comodos poda severa, no mostraron diferencias
significativasen crecimientdVI, Gl, DI y HI) entre los tratamientos con o sin seguidoses
embargo, se observOuna tendencia de menor crecimiento para los tratamientos con

seguidores.
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sitio y tratamiento de poda para los 500 &rboles finales (Periodo I1)

78

VI Gl DI HI
Sitio  Caddigo (m’/ha) (mé/ha) (cm) (m)
media sd media sd media sd media sd
SP100 1002 9,7 a 98 09 a 57 04 a 59 03 a
PL100 987 269 a 97 26 a 56 10 a 56 0,2 a
P800  PL63 940 138 a 96 11 a 58 04 a 57 03 a
PS100 940 119 a 98 15 a 59 05 a 57 03 a
PS63 86,7 232 a 91 18 a 58 0,7 a 56 09 a
SP100 1537 433 a 131 35 a 68 11 a 70 0,7 a
PL100 1262 288 a 112 24 a 56 04 a 6,7 05 a
P1100 PL63 1268 36 a 113 31 a 57 08 a 6,7 06 a
PS100 1122 22 a 100 25 a 6,1 04 a 6,8 05 a
PS63 96,1 662 a 107 41 a 63 12 a 6,4 08 a
SP100 1653 138 a 169 16 a 74 05 a 56 04 a
PL100 1556 6,51 ab 147 15 b 65 05 b 60 04 a
P1500 PL63 1543 4,74 ab 146 09 b 65 07 b 62 01 a
PS100 1456 21 bc 137 14 Db 65 00 b 6,1 03 a
PS63 1361 108 c 133 17 b 65 09 b 60 03 a
SP100 1766 328 a 178 42 a 88 06 a 59 04 a
PL100 1683 238 ab 152 2,0 abc 71 050b 65 02 a
P1700 PL63 1474 29,2 b 138 19 c 6,7 0,7 b 62 12 a
PS100 1667 199 ab 164 14 ab 80 04 a 6,6 06 a
PS63 1436 120 b 149 2,4 bc 81 04 a 6,4 05 a

n = 4repeticiones por sitio

Letras diferentes indican diferencias significativas (pl¥ @nte tratamientgsdentro
de cada sitio
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Respecto al rendimiento finah volumen, area basal y diameti® los tratamientoa los 14

15 afosen los diferentes sitios, los mayoremdimientosse observaron en los tratamientos
SP100Q a excepcion del sitimon mayor déficit hidrico donde los mayoresgistros se
observaron en el tratamienRL10Q Por otro lado, s tratamientos con poda severa y con
seguidores FS63 mostraron los menores rendimientesn diferencias entre 17% $6%

menos en volumen y ert6% y 14% menos en diameten comparacion a los tratamientos
SP100 aun cuand®olo en tres de los cuatro sitios los rendimientos en volumen y diametro
fueron significativamente diferentelso que sugiereque en general el efecto des laodas
severaspueden provocar mermas que afectarian el desarrollo a largo plazo de las plantaciones
y que estas no se recuperarian.

La poda leve (con o siseguidores) no mostidiferencias significativas en el rendimiento en
volumen con el tratamiento sin podain embago, el rendimiento en didmetro fue
significativamente diferente en todos los sitios a excepcion del sitio con mayor indice de
déficit hidrico. El sitio con mayor indice de déficit hidrico no mostro diferencias significativas
en elrendimientode ningunavariable evaluada (volumen, area basal, diametro y altura) con
ninguntratamiento de poda. El rendimiento en altura no fue afegtad@stratamients de

poda a excepcién del sitioP(L500 donde se observd diferencia entre el tratami&Rh00

con los tatamientos de poda leve (PL100 y PL63) y poda severa de todos los arboles (PS100).
En generallos tratamientos con poda leve con y sin seguidores no mostraron diferencias
significativas, a excepciéon dekndimiento @ diametro para un solo sitiP1700) sin
embargo, los rendimientos en volumen, area basal, didmetro y altura en los tratamientos de
poda leve con seguidores mostraron valores inferiores a los presentados por los tratamientos
de poda leve sin seguidores en todos los sitios.tratamientos eopoda severa con y sin
seguidores solo mostraron diferencias significateraglrendimientoen volumen y area basal

enun solo sitio P1700, aun cuando etodos sitios los tratamientos con seguidores mostraron
menoresendimientosen todas las variabteevaluadasPosiblementela alta variabilidad de

los crecimientos en lasuatro repeticionesde los tratamientos etos diferentessitios
evaluadogpudo haber contribuido @o encontrar diferencias significativas en algunas de las

comparaciones enttetamientos.






