
 

 

 
 

ABSTRACT 

CERDA GRANADOS, DAVID ALBERTO. Geographical Variation of Cold 
Hardiness in Pinus patula Provenances and Genetic Inheritance of Cold Hardiness in 
Pinus patula × Pinus tecunumanii Hybrids. (Under the direction of William S. Dvorak 
and Gary R. Hodge). 
 

Two artificial freezing studies using the electrolyte leakage method were 

conducted to test the cold hardiness of 8-month old seedlings of Pinus patula and 

Pinus patula × Pinus tecunumanii hybrids and their parents. The seedlings were 

grown in environmentally controlled growth chambers in the Phytotron at North 

Carolina State University. Actual climatic conditions at Curitiba, Brazil and Sabie, 

South Africa, located at approximately 25º S latitude, were mimicked in the growth 

chambers and simulated early autumn conditions to harden the trees before the 

onset of freezing temperature. The freeze experiments were carried out on the 

needle foliage at three temperature treatments (-7, -14, and -21ºC). 

In the first study, thirteen provenances of Pinus patula, ten var. patula and 

three var. longipedunculata were tested. In general, P. patula var. patula was found to 

be more frost resistant than P. patula var. longipedunculata. In P. patula var. patula, the 

Potrero de Monroy provenance from Veracruz, Mexico was the most frost resistant 

along with Sierra de Huayacocotla (Veracruz), and Zacualtipán (Hidalgo), while 

Ingenio del Rosario (Veracruz), Llano de las Carmonas (Puebla), and Acaxochitlán 

(Hidalgo) were the most frost susceptible. For P. patula var. longipedunculata, the 

Yextla provenance from Guerrero was the most frost susceptible, while Ixtlán and 

San Mateo Río Hondo from Oaxaca were more frost tolerant. Significant correlations 

were found between the LSMeans for Injury index and latitude, mean annual 

temperature, mean temperature in the coldest month, mean annual minimum 

temperature, mean minimum temperature in the coldest month, and daily minimum 

temperature. The most significant correlation was found between daily minimum 

temperature and injury index (r = 0.719, P=0.006, α=0.05). The ranking of the 



 

 

 
 

provenances for cold resistance should be useful to foresters when selecting sources 

for the establishment of plantations in frost prone regions.  

In the second study, 16 Pinus patula × Pinus tecunumanii hybrids families and 

most of their parents were tested. At the species level, hybrids were intermediate 

between P. patula and P. tecunumanii LE at -7ºC, but they behaved more similarly to 

P. tecunumanii LE at the lower freezing temperatures. Based on the genetic variance 

components of female and male effects in the hybrids, patula parents contribute the 

most to the frost resistant in the hybrids, while the tecunumanii parental 

contribution was almost zero. At the family level, Pat-05 was the most frost resistant 

patula parent; but in the hybrid contribution, Pat-05 × tecLE was the most 

susceptible to frost. Pat-03 and Pat-04 were patula parents with moderate frost 

susceptibility, but Pat-03 × tecLE and Pat-04 × tecLE were the most resistant to frost. 

This suggests that the most frost resistant patula parents are not necessarily 

producing the most frost resistant hybrids; patula parents have to be tested for 

hybrid combining ability. 
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CHAPTER 1 - LITERATURE REVIEW 

 

1.1. PINUS PATULA 

 

Pinus patula Schiede ex Schledct. & Cham., the Mexican weeping pine,  is a 

medium to large tree that can reach heights of 35 m with dbh (outside bark) of 80 cm 

(Dvorak, 2002a). Young trees have a pyramidal-shaped crown that becomes 

rounded and sometimes irregular as the tree becomes older (Dvorak et al., 2000a; 

Dvorak and Donahue, 1992). Juvenile trees have a distinct smooth, reddish-brown to 

reddish-gray bark (Dvorak et al., 2000a; Farjon and Styles, 1997). Mature trees have 

rough, furrowed gray bark at the base that gradually becomes scaly to smooth and 

reddish-gray midway up the main stem (Dvorak et al., 2000a). Stem form varies from 

straight to crooked, depending on the site quality and stand density. The needles are 

often pale green to yellow-green, drooping to distinctly pendent and occur mostly in 

fascicles of three and occasionally four (Farjon and Styles, 1997). Needle length 

ranges from 175 to 255 mm (mean = 216 mm). Needle resin canals are 

predominantly in the medial position (93%), with the remainder positioned 

internally (Dvorak et al., 2000a). Cones are subterminal or terminal, in groups of 2 to 

many, rarely solitary, persistent or deciduous, on short or moderately long (to 20 

mm) peduncles.  Mature cones are ovoid or ovoid-attenuate when closed, usually 

slightly curved, more or less asymmetrical at base, 50–100(–120) x (30–)40–65 mm 

when open (Farjon and Styles, 1997). 

There are two varieties of Pinus patula that often occupy different geographic 

regions and have distinct morphologic characteristics. According to Dvorak et al. 

(2000a), the natural distribution of Pinus patula Schiede ex Schledct. & Cham. var. 

patula ranges from Tamaulipas to northeastern Oaxaca in Sierra Madre Oriental, 

Mexico; whereas Pinus patula Schiede ex Schledct. & Cham. var. longipedunculata 
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Loock ex Martínez occurs from northeastern Oaxaca to Guerrero in Sierra Madre del 

Sur, Mexico (See Figure 1.1, page 29 to see natural range of Pinus patula). The two 

varieties overlap in northeastern Oaxaca. 

 

Pinus patula var. patula 

 

The description of the tree has been given earlier. Seed cones are very short 

pedunculate to sessile, in whorls of 2 to many, tenacious, persisting many years, 

serotinous, ovoid when closed, broadly ovoid and 55 mm to 100 mm in length 

(mean = 73 mm) when open (Farjon and Styles, 1997; Dvorak et al., 2000a). They 

ripen from October to December in Mexico. The wood is yellowish-white, of 

moderate density, low in extractives and has been used for a number of wood and 

paper products (Dvorak et al., 2000a). 

Farjon and Styles (1997) stated that P. patula var. patula occurs in a variety of 

mesic forest types, associated with other pines such as Pinus pseudostrobus, P. greggii, 

P. maximinoi, P. hartwegii, P. ayacahuite, having an altitudinal range is 1490-3100 m 

(Dvorak et al., 2000a). In some locations it occurs with Abies religiosa. It is generally 

restricted to humid, subtropical to warm-temperate sites with annual precipitation 

1000-2200 mm and is replaced on drier sites by P. teocote, P. montezumae, and P. 

leiophylla. On the Atlantic slopes, various angiosperms, especially Liquidambar are 

(co-)dominant with variety patula; while mixed pine-oak forests are most common in 

the interior. Pollen dispersal has been reported in February and March (Farjon and 

Styles, 1997). 

 
Pinus patula var. longipedunculata 

 

The description of the tree is very similar to var. patula. The difference 

between var. patula and var. longipedunculata is that var. longipedunculata has cones 
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distinctly pedunculate, peduncles up to 20 mm long, curved, falling with the cones 

after a few years while in var. patula cones are sessile (Farjon and Styles, 1997).  

According to Dvorak et al. (2000a), there are differences between provenances 

from northeastern Oaxaca and southwestern Oaxaca and Guerrero in var. 

longipedunculata. Provenances from northeastern Oaxaca have cones slightly smaller, 

ranging from 51 to 90 mm (mean = 73 mm), open earlier and possess scales that are 

softer than the typical northern variety. Cones for the longipedunculata variety are 

borne on peduncles that ranged in size from 1 to 13 mm (mean = 6mm). In the Sierra 

Madre del Sur in southwestern Oaxaca and Guerrero, the populations of P. patula 

var. longipedunculata are morphologically more distinct from var. patula than the 

longipedunculata specimens originally described in northeastern Oaxaca. Needle 

color varies from pale green to dark green. The same authors suggested that based 

on molecular marker data the more obvious differences in morphology may be 

partly caused by natural introgression of some populations with P. herrerae or P. 

pringlei.  

Cones of var. longipedunculata from both northeastern Oaxaca and 

southwestern Oaxaca and Guerrero ripen from January to March (Dvorak et al., 

2000a). The average seed potential per cone is 95 seeds. The wood density of var. 

longipedunculata had a more uniform gradient from pith to bark than does var. patula 

when grown in field trials in South Africa (Stanger, 2003). 

The ecology and phenology of var. longipedunculata are very similar to var. 

patula, but its ecological amplitude is narrower; it apparently does not occur on the 

interior mountains of Central Mexico, where conditions are drier and seasonal 

temperature fluctuation more extreme (Farjon and Styles, 1997).  
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Uses 

 

Farjon and Styles (1997) stated that P. patula is one of the most important 

pines for timber in Mexico due to its good properties (i.e. grows quickly and 

produce a long, straight bole, for the most part free of branches), it has been widely 

introduced in other tropical and subtropical countries in plantation forestry. 

The wood of P. patula is used as siding for sheds and houses, sawtimber, 

fuelwood, pulp, telephone poles, mining timber, containers for export products, 

fences, furniture, fruit crates, and pallets (Patiño and Kageyama, 1991; Romero, 

1991). 

 

Plantation Area 

 

Mexican weeping pine grows rapidly and is the most widely planted species 

in the Mesoamerican Oocarpae subsection (Dvorak et al., 2000a; Krugman and 

Jenkinson, 2008). Approximately 1.0 million ha have been established worldwide, in 

southern and eastern Africa in the countries of Tanzania, Malawi, Kenya, 

Zimbabwe, Swaziland and South Africa (Birks and Barnes, 1991; Dvorak et al., 2000a; 

Krugman and Jenkinson, 2008). Commercial plantations of different sizes have also 

been established as well in the highlands of Argentina (Jujuy State), Colombia, 

Ecuador and Peru, and in very small areas of southern Brazil. Average productivity 

values in commercial plantations vary from 12 m3ha–1 yr–1 to approximately 25 

m3ha–1yr–1 at rotation ages of 15 to 25 years, all this depending on site quality, 

precipitation and level of genetic improvement, (Dvorak et al., 2000a). 
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1.2. PINUS TECUNUMANII 

 

Pinus tecunumanii Eguiluz & J. P. Perry is a Mesoamerican closed-cone pine 

that occurs throughout low to high-montane regions of Chiapas (Mexico), 

Guatemala, Belize, Honduras, El  Salvador, and Nicaragua in a series of disjunct 

populations (Dvorak and Donahue, 1992; Farjon and Styles, 1997) (See Figure 1.2, 

page 30). Dvorak (1986) stated that P. tecunumanii can be divided into two groups 

based on slight morphologic and adaptability differences: (HE) high-elevation 

populations that occur from approximately 1500 to 2900 m altitude and (LE) low-

elevation populations that are found at 450 m to 1500 m altitude. Recently, 

molecular analysis has also confirmed that genetic differences occur between the 

two subpopulations (Dvorak et al., 2009). Hence, Camcore kept the two groups of P. 

tecunumanii separate for breeding purposes in the first generation of improvement 

(Camcore, 1996). 

Mature trees from the HE group can reach a height of 55 m and dbh (outside 

bark) greater than 100 cm (Dvorak et al., 2000b; Eguiluz and Perry, 1983). The tree 

has a relatively small crown with thick furrowed gray bark at the base that becomes 

smooth and flaky at approximately 2 m stem height (Dvorak et al., 2000b).  The same 

author states that Pinus tecunumanii trees from HE populations are often found in 

areas with annual rainfall greater than 1500 mm and have a growth rate that range 

from 5 to 8 m3ha–1yr–1 in natural stands. The trees grow in association with 

Liquidambar styraciflua, P. ayacahuite, P. maximinoi, P. oocarpa, and Quercus spp. 

(Dvorak, 2002b). According to Eguiluz and Perry (1983), the most distinct 

characteristics of the trees are the presence of a very straight stem form, pruning 

ability, small cones (30 to 93 mm long) borne in single or pairs on long, thin 

peduncles, and needles in fascicles of mainly four.  
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Trees from the LE populations usually grow from 20 to 30 m tall with 60 cm 

dbh (outside bark), having a stem form not as straight as in the HE trees, a crown 

with a more irregular tendency, a less flaky bark, needles in fascicles of usually four 

and occasionally three or five, and often produce cones (40 to 75 mm long) in 

clusters of two or four (Dvorak et al., 2000b; Dvorak, 2002b). Trees in LE sources 

grow in association with P. oocarpa, P. caribaea var. hondurensis, and P. maximinoi in 

areas with 1000 to 1800 mm annual precipitation, having a growth rate in Central 

America approximately 3 to 8 m³ ha–1yr–1 (Dvorak, 2002b). On dry sites in Honduras 

and Nicaragua, P. tecunumanii is practically indistinguishable from P. oocarpa and 

some taxonomists once referred to the low-elevation sources as P. oocarpa var. 

ochoterenae (Squillace and Perry 1992).  

Both HE and LE populations have erect to slightly drooping needles that 

average 180 mm in length, and the cones ripen from January to the end of March 

(Dvorak et al., 2000b). The wood of both HE and LE P. tecunumanii trees is of 

moderate density (0.510 to 0.560 g cm–3 at 30 years) and is yellowish like some of the 

southern pines from the United States (Eguiluz and Zobel, 1986). Pollen dispersal 

occurs from December to February/March in the highlands of Guatemala and 

Chiapas, and may be earlier at lower altitudes in tropical regions (Farjon and Styles, 

1997). 

 

Uses 

 

In Mexico and Central America, the wood is used for saw timber, framing, 

pallets, broom sticks, fuel wood, kindling for fires (Dvorak, 2002b). As an exotic, the 

species has been mainly planted for saw timber, pole and pulp wood purposes 

(Cordero and Boshier, 2003; Eguiluz and Zobel, 1986).  
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Pinus tecunumanii has a huge potential as a species for reforestation in tropical 

and subtropical regions. Also, it seems to be appropriate to agroforestry systems and 

fence row plantings. Upon occasions, it has been used as an ornamental species 

(Cordero and Boshier, 2003). 

 

Plantation Area 

 

Pinus tecunumanii has been planted in many countries in the tropics and 

subtropics on a small scale, primarily in genetic tests for adaptation and assessment 

of provenances and progenies. The countries where it has been tested include 

Argentina, Australia, Brazil, Chile, Colombia, Malawi, South Africa, Swaziland, 

Venezuela and Zimbabwe (Cordero and Boshier, 2003). In some countries, like 

Colombia and (northern) Mozambique it is planted on a commercial plantation scale 

(Hodge and Dvorak, 2012) and approximately 10,000 ha of the species have been 

established world-wide.  According to results obtained from 78 Camcore trials, 

average productivity of unimproved P. tecunumanii (outside bark) at 5 to 8 years is 

23 m3ha–1yr–1 in Colombia, 22 m3ha–1yr–1 in Brazil, and 15 m3ha–1yr–1 in South Africa 

(Hodge and Dvorak, 2012). 

 

1.3. GEOGRAPHIC RACES AND HYBRIDS 

 

According to Krugman and Jenkinson (1974; 2008), seed origin is an 

indispensable factor to know if a species has the capacity to grow and prosper in a 

given environment. Many pines with a wide range, as well as some of limited 

natural range, have developed geographic races that are morphologically and 

physiologically different (Callaham, 1963; Zobel and Talbert, 1984). Because of these 
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differences, foresters can select provenances or races appropriate for growing in 

certain environments (Zobel and Talbert, 1984). 

Zobel and Talbert (1984) stated that “a geographic race is a subdivision of a 

species consisting of genetically similar individuals, related by common descent, 

and occupying a particular territory to which it has become adapted through natural 

selection.” p. 81. 

A hybrid according to Zobel and Talbert (1984), is a cross between two 

species. The same authors affirmed that hybrids inherit the characteristics of their 

parents, and the resultant individuals can show improved growth, form, or pest 

resistance, if the individual parents are carefully chosen to provide the desired 

characteristics. Some people believe that only the best and desirable traits of the 

parental species will appear in the hybrid, but the worst traits of each parent can 

also materialize in the hybrid progeny (Zobel and Talbert, 1984). 

Zobel and Talbert (1984) mentioned three possible ways that hybrids can 

show or express the characteristics that they inherit from their parents. (1) The 

hybrid usually has characteristics intermediate between its parents. (2) The hybrid 

will strongly carry a desired characteristic of one parent and not show intermediacy. 

(3) Sometimes hybrid crosses result in rare individual that have characteristics 

outside the range of the parental species commonly known as hybrid vigor. 

Numerous pine hybrids have been described (Camcore, 2007, 2008, 2009, 

2010; Critchfield, 1963, 1966, 1967, 1977, 1984; Critchfield and Krugman, 1967; 

Krugman and Jenkinson, 1974, 2008; Mirov, 1967; Moss, 1949; Wright, 1962). 

According to Krugman and Jekinson (2008), as a conservative estimate, at least 260 

first- and second-generation pine hybrids – as well as backcrosses, crosses between 

varieties of the same species, and crosses involving three or more different species 

either occur naturally or have been produced artificially. 
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1.3.1. Natural hybrids 

 

In nature, it is possible to find many combinations of hybrids, which are quite 

frequently neglected and considered to be variations of one of the parental species 

(Zobel and Talbert, 1984). According to the same authors, these hybrids are usually 

very difficult to identify because their parents are quite similar. This includes the 

natural hybrids between P. oocarpa and P. tecunumanii (and their reciprocals) in 

Central America (Dvorak et al., 2009).   In other cases, hybrids are very easy to 

determine because of their intermediacy between two greatly different species. 

Zobel and Talbert (1984) stated that hybrids are most often found in 

geographically disturbed areas, such as mountainous or volcanic regions. This is the 

reason why in Mexico and Central America, where such disturbed regions are 

particularly predominant, hybridization is very common in both conifers and 

hardwoods. 

Some natural hybrids are relatively common. Krugman and Jenkinson (1974) 

gave some examples of pine hybrids in temperate climates in the United States, 

which occasionally occur where the two parent species are naturally associated. 

Thus, we have Pinus ponderosa × P. jeffreyi, P. jeffreyi × P. coulteri, P. radiata × P. 

attenuata in California; P. taeda × P. echinata in east Texas; and P. taeda × P. serotina. In 

the subtropics, we have P. patula × P. greggii in Hidalgo, Mexico (Donahue et al., 

1995; Dvorak et al., 1996), P. tecunumanii × P. oocarpa in Honduras and Nicaragua 

(Dvorak et al., 2009; Squillace and Perry, 1992), P. patula × P. pringlei, P. patula × P. 

herrerae in Mexico (Camcore, 2007). 
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1.3.2. Artificial hybrids and their importance in plantation forestry 

 

Artificial hybridization is of great importance in plantation forestry because it 

can bring together species and individuals that would not otherwise have an 

opportunity to cross and enables the production of new types that combine the 

desired characteristics from two species into a single individual or group of 

individuals (Zobel and Talbert, 1984; Diller and Clapper, 1969). 

Several pine hybrids have been produced in relatively large numbers by 

controlled pollination methods, such as P. rigida × P. taeda, which is an important 

hybrid in reforestation programs in South Korea, and P. attenuata × P. radiata, 

planted in California and Oregon (Krugman and Jenkinson, 2008). Members of the 

Camcore program have been making a number of pine hybrid crosses recently to 

further field test these to determine their potential. Some of these have been tried by 

others like Pinus patula x P. greggii, and P. oocarpa x P. radiata (Fielding, 1960; 

Critchfield, 1967), while other crosses are new such as P. elliottii x P. patula, P. taeda x 

P. maximinoi, etc. (see Camcore 2006, 2007, 2009, 2010)  

Both P. patula and P. tecunumanii can be successfully crossed with a number 

of different pine species.  Specifically, Pinus tecunumanii has been artificially crossed 

with P. caribaea vars. hondurensis, bahamensis and caribaea, P. patula, P. greggii, P. 

elliotti, P. taeda, P. oocarpa, and P. radiata. The advantages of using P. tecunumanii in a 

hybrid cross include its fast growth, relatively low bark content as well as the 

relative ease of vegetatively propagating the species from seedling stool sprouts. In 

the 1980s and 1990s, the P. caribaea × P. tecunumanii cross was one of the most widely 

studied in Australia, being more successful when P. caribaea var. hondurensis was the 

female parent (Nikles, 1989; Dvorak et al., 2000b).These hybrids were superior in 

height and dbh. Presently, the P. patula x P. tecunumanii cross has become very 
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important in South Africa because of the resistance of P. tecunumanii to the Pitch 

canker fungus (Fusarium circinatum) (Mitchell et al., 2011; Kanzler et al. 2012).  

 

1.4. CONIFER COLD HARDINESS 

 

Trees and perennial plants have developed mechanisms in temperate 

climates to cold acclimate in response to the seasonal changes (Wisniewski et al., 

2003). Cold hardiness, according to these authors, is a complex trait influenced by 

several factors. They argue that the factors involved in cold hardiness include bark 

and wood hardiness, onset of dormancy, flower budbreak and freezing tolerance of 

the buds, root hardiness, the influence of roots on scion growth, the frost hardiness 

of current year growth versus older growth, the influence of crop load (plant 

density) on the induction of frost tolerance, and the effect of cultural practices. Thus, 

the development of cold hardiness in trees during a year can be divided into five 

categories: the time of induction of cold acclimation, the rate of acclimation, the 

degree of freezing tolerance achieved, the maintenance of freezing tolerance during 

the winter months, and the rate of loss of freezing tolerance upon resumption of 

spring growth (Wisniewski et al., 2003). 

 

1.4.1. Climatic zones 

 

Bannister and Neuner (2001) state species have different levels of resistance to 

low temperatures; this characteristic is related to how the species are distributed. 

Thus, species from cold weather are likely to have high frost resistance, while those 

from warmer climates are less frost hardy. Therefore, a classification of the climate 

based on the minimum temperatures has been used to correlate the species with 

frost resistance (Bannister and Neuner, 2001). These climates are known as plant 
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hardiness zones, which were first established in horticulture. Such zones are based 

on the lowest mean air temperatures of the coldest month given in Fahrenheit 

degrees since their first usage was in the USA (Rehder, 1940). According to Bannister 

and Neuner (2001), the U.S. Department of Agriculture (USDA) improved the 

method and established 11 hardiness zones – from Zone 1 with mean minimum air 

temperatures of less than -50°F with incremental bands of 10°F until Zone 10 (30 - 

40°F) and Zone 11 (>40°F). 

 

1.4.2. Distribution of conifers with respect to climatic zone 

 

There is a tendency to think that conifers are typical of colder zones of the 

world, maybe because of the huge boreal forests that exist there (Bannister and 

Neuner 2001). However, the distribution of conifer species with respect to climatic 

zones contradicts this. These authors argue that the number of conifer species 

increases in warmer zones, with a median value in warm temperate climates and a 

slight drop in the warmest areas. This pattern is evident in coniferous families that 

have a wide distribution, such as the Pinaceae and Cupressaceae; while other 

families such as Podocarpaceae and Araucariaceae are restricted to warmer zones 

(Bannister and Neuner, 2001). Conifers are more restricted in the Southern 

Hemisphere, where species are in USDA climatic zones above Zone 7. In the 

warmest climatic zone there are more coniferous species in the Southern than 

Northern Hemisphere (Bannister and Neuner, 2001). 

Bannister and Neuner (2001) affirmed that the worldwide distribution of the 

main conifer families is as follow: Pinaceae is almost exclusively restricted to the 

Northern Hemisphere, only Pinus merkusii, the Sumatran pine, has a natural range 

that goes south of the Equator. Something similar occurs with Taxaceae, which is 

mostly limited to the Northern Hemisphere, just one species (Austrotaxus spicata) is 
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found in New Caledonia in the South Pacific. Cephalotaxaceae is distributed in the 

Northern Hemisphere and present in eastern North America and eastern China. 

Cupressaceae and Podocarpaceae are found in both hemispheres; however 

Podocarpaceae is mostly tropical and subtropical. Araucariaceae is a Southern 

Hemisphere family also confined to warmer latitudes. 

 

1.4.3. Acclimation and deacclimation 

 

According to Levitt (1980) cold acclimation is a complex process, in which 

plants pass from a non-hardy state to a hardy one, making the plant tissue tolerant 

to extracellular freezing, duration of cold and temporal defrosting. Annual growth 

of trees and their capacity to adapt to cold are determined genetically and controlled 

by environmental signals (Bigras et al., 2001). 

Because plants have a limited ability to cold acclimate while growing, growth 

interruption and initiation of dormancy are required for the development of the 

maximum level of cold tolerance (Brigas et al., 2001). Thus, most trees from regions 

with cold winters are capable to begin the cold acclimation process as soon as shoot 

growth has stopped. The same authors stated that the commencement of shoot 

dormancy and cold acclimation needs the following prerequisites: cessation of shoot 

and needle elongation, cambial growth, lignification of new shoots, and bud 

formation. 

On the other hand, deacclimation is the succession from a frost hardy to a 

non-hardy state, and is provoked by above freezing temperatures during the cold 

hardy state (Brigas et al, 2001). According to the same authors, the capacity to 

reacclimate is progressively lost during the process of deacclimation because of the 

physiological and structural changes that tissues and organelles undergo during 

such process.  
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According to Kalberer et al. (2006), deacclimation occurs faster (days to 

weeks) than acclimation (weeks to months) in both natural and controlled 

environments. Deacclimation happens quickly when the mean daily temperature 

increases above +5ºC under natural conditions (Koshi, 1985; Silim and Lavender, 

1991), and based on controlled condition experiments, the maximum level of cold 

acclimation can be lost in a few hours when temperatures rise about 0ºC (Tumanov 

and Krasavtsev, 1959). 

Kalberer et al. (2006) affirmed that differences in acclimation and 

deacclimation kinetics may be due to the fact that they have different energy 

requirements. Thus, acclimation include changes in structure and function, 

necessitating large amounts of energy, and deacclimation may be a relatively less 

energy-intensive process, which maybe could be run by catabolism of metabolites 

that often are synthesized or accumulate during cold acclimation (Kalberer et al., 

2006). 

 

Annual cycle of modifications in cold hardiness conifers 

 

Bigras et al. (2001) stated that a slow cold acclimation occurs simultaneously 

with the ending of growth in fall, followed by a faster hardening stimulated by 

freezing temperatures. The maximal level of cold hardiness is kept during the 

coldest months and a quick deacclimation take place in spring. 

 

Stages of acclimation 

 

Weiser (1970) stated that the hardening of shoots of woody plants consist of 

three stages. The first stage which is induced by short days is characterized by the 

growth ceasing and the acquirement of a small degree of frost tolerance. The second 
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stage is triggered by freezing temperatures (around 0ºC). In this stage, trees can 

become more cold-hardy. The third stage only occurs in very hardy woody plants, 

and is induced by temperatures ranging from -30 to -50ºC.  

Bigras et al. (2001) affirmed that stages of root acclimation have not frequently 

been studied. In a study carried out by Bigras et al. (1989) in young roots of Juniperus 

chinensis, the hardening of this tissue was defined in two stages of acclimation, both 

induced by low temperatures only. The first stage appeared at 8ºC and the second at 

1ºC. 

 
Stages of deacclimation 

 

 Deacclimation of shoots seems to occur in two stages, which are difficult to 

identify since dehardening in spring occur rapidly (Glerum, 1985). The first stage of 

deacclimation is fast and followed by one of gradual deacclimation to its minimum 

cold hardiness (Glerum, 1973). The second stage of dehardining is considered to be 

the beginning of shoot elongation (Timmis and Worrall, 1975). The two-stage 

dehardening process strengthens protection against late frosts during spring under 

natural conditions (Bigras et al., 2001). 

 

1.4.4. Mechanisms of frost survival and freeze-damage in nature 

 

According to Levitt (1980), there are two kinds of strategies that allow plants 

to survive freezing temperatures: freezing tolerance and freezing avoidance. In the 

first strategy, tissues exhibiting freezing tolerance react to low-temperature stress by 

the loss of cellular water to extracellular ice, resulting in the collapse of the cell, 

increment in the concentration of the cell sap and decline of the freezing point. In the 

second strategy, tissues avoid freezing stress by deep super cooling, a process in 

which cellular water is separated from the dehydrative and nucleating effects of 
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extracellular ice (Sutinen et al., 2001). The same authors stated that both tolerance 

and avoidance of freezing have been documented in woody plants; however, the 

range and distribution within tissues of these strategies have not been clearly 

established for conifer species. Conifers use both freezing-tolerance and freezing-

avoidance mechanisms depending on the site of ice formation (needles, buds, etc.) 

seasonal timing, and other factors associated with the frost event (Sutinen et al., 

2001). 

 

1.4.5. Freezing injury 

 

In a frost episode plants suffer several potentially injurious stresses at the 

cellular level (Sutinen et al., 2001). These include subfreezing temperature, 

mechanical stress due to presence of ice in the tissue, freeze-induced dehydration 

and resultant high internal solute concentration (Levitt, 1980). Sutinen et al. (2001) 

state that tolerance to dehydration stress has been proposed to be a primary 

component of cold acclimation process in plants, due to the fact that it is believed 

freeze-induced dehydration is a primary cause of freezing injury in the presence of 

extracellular ice formation (Gordon-Kamm and Steponkus, 1984; Levitt, 1980). 

 

Irreversible and reversible injury 

 

According to Sutinen et al. (2001), research in herbaceous plants has shown 

that the resulting injury caused by freezing injury can either be irreversible (lethal) 

or reversible in dependence on the degree and duration of such stress. “Reversible 

injury refers to a situation where tissue is visually and physiologically injured, yet, 

in the absence of additional stress, injury symptoms disappear, metabolic 
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disfunction is repaired and normal physiology is restored over a period of time” 

Sutinen et al. (2001) p. 100. 

 

1.4.6. Methods for measuring cold hardiness of Conifers 

 

According to Burr et al. (2001), cold hardiness testing methods have been 

developed from the need to understand the acclimation and deacclimation of plants 

to freezing temperatures and have evolved from the demand to quickly monitor 

cold hardiness to assure successful production of individuals for reforestation. Thus, 

cold hardiness is measured by exposing plant tissue to controlled freezing 

temperatures, and then quantifying tissue damage by one or more methods (Burr et 

al., 2001). Currently, there are different methods to measure cold hardiness, all with 

pros and cons. The most common methods are: visual observation, differential 

thermal analysis, observation on cellular fluorescence and on cell 

plasmolysis/deplasmolysis, release of hydrogen cyanide gas, changes in xylem 

pressure potential, as well measurement of electrical impedance, whole-plant freeze 

test, and electrolyte leakage (Burr et al., 2001; Lindén, 2002). The last method 

mentioned above is one of the most commonly used. 

 

1.4.7. Electrolyte leakage 

 

Electrolyte leakage (EL) is a method based on the fact that damage to cell 

membranes during or after exposure to injurious low temperatures results in the 

release of amounts of electrolytes, mainly K+ (Burr et al., 2001; Lindén, 2002). Small 

amounts of electrolytes are normally released when plant tissues are immersed in 

water, thus electrolyte diffusion from cells increases when membranes are damaged, 
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increasing solution electrical conductivity (Burr et al., 2001). EL analysis measures 

that amount of leakage. 

 

Advantages and disadvantages of EL 

 

Burr et al. (2001) stated “the EL method has several advantages for 

determining cold hardiness: (1) it is based on a known mechanism of freezing 

damage; (2) changes in leakage follow the seasonal progression of cold acclimation 

and deacclimation; (3) it provides objective, precise, quantitative data and allows 

ample replication; (4) results can be obtained in a few days; (5) it can be done with 

small amounts of tissue and different tissues within a tree; (6) it can be used for 

evergreen and deciduous conifers; and (7) apart from a freezing unit, equipment 

needed is relatively inexpensive.” p. 377, 378. 

The EL method presents the following problems: (1) membrane properties 

can be affected by previous stress; (2) tissue ion concentrations can be increased due 

to fertilization, contaminant exposure, or genetic differences in nutrient uptake, and 

ion diffusion rate can be affected by cuticle properties; (3) sampling of freezing 

protocols may also introduce errors that decrease precision or direct to false 

conclusions; (4) interpreting injury vs. temperature curves can be difficult because 

they do not distinguish killing point, and the curve shape varies with season (Burr et 

al., 2001). 
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Figure 1.1. Natural range of Pinus patula. 
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Figure 1.2. Natural range of Pinus tecunumanii. 
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CHAPTER 2 - GEOGRAPHICAL VARIATION OF COLD 

HARDINESS IN THIRTEEN PROVENANCES OF PINUS PATULA 

 

2.1. ABSTRACT 

 

Cold hardiness was tested in 8-month old Pinus patula seedlings grown in 

environmentally controlled growth chambers in the Phytotron at North Carolina 

State University using the electrolyte leakage method. Thirteen provenances of Pinus 

patula, ten var. patula and three var. longipedunculata, were tested in this study. The 

growing conditions of the seedlings were designed to simulate climatic conditions at 

Curitiba, Brazil and Sabie, South Africa, located at approximately 25º S latitude. This 

included a six month period representing normal spring, summer and early autumn 

temperatures and photoperiod in the subtropics, followed by a 6 week hardening-off 

period to simulate late autumn before a winter freeze. 

After winter needle acclimation, the artificial freeze experiment was carried 

out on the foliage using three temperature treatments (-7, -14, and -21ºC). Variety 

patula was found to be more frost resistant than variety longipedunculata.  

In var. patula, Potrero de Monroy (Veracruz), Sierra de Huayacocotla 

(Veracruz), and Zacualtipán (Puebla) provenances from Mexico were the most frost 

resistant, while Ingenio del Rosario (Veracruz), Llano de las Carmonas (Puebla), and 

Acaxochitlán (Hidalgo) in Mexico were the most frost susceptible provenances. In 

var. longipedunculata, the Yextla provenance from Guerrero was the most frost 

susceptible, while Ixtlán and San Mateo Río Hondo from Oaxaca were similarly 

more frost resistant. 

Significant correlations were found between LSMeans of Injury index and 

latitude, mean annual temperature, mean temperature in the coldest month, mean 

annual minimum temperature, mean minimum temperature in the coldest month, 
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and daily minimum temperature. The largest and probably the most biologically 

important correlation was found between daily minimum temperature and injury 

index (r = 0.719, P=0.006).  

 

Keywords: cold hardiness, electrolyte leakage, Pinus patula, injury index, 

provenance  
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2.2. INTRODUCTION 

 

Cold hardiness is one of the biggest concerns for seed transfer between 

geographic regions in reforestation and plantation projects (Benowicz et al., 2001; 

Calamassi et al., 2001; Camcore, 2008, 2009; Lu et al., 2003). Freezing and low 

temperatures can enormously restrict the productivity of forest trees (Hodge and 

Weir, 1993), damaging the tissues and occasionally causing mortality, they may be 

the most important factors limiting the natural distribution of many forest tree 

species (George et al., 1974), including some provenances of Pinus patula. In order to 

formulate seed transfer guidelines, it is essential to have information about genetic 

variation among provenances in cold hardiness (Lu et al., 2003). 

Pinus patula Schiede ex Schledct. & Cham. is a closed-cone pine with straight 

stem form, reddish flaky bark, and pale-green, pendent foliage, reaching a height of 

35 m and 80 cm dbh (Dvorak, 2002). It is a tree that grows rapidly, has a good wood 

quality that is suitable for a number of different products, and hybridizes with a 

number of other pine species (Dvorak et al., 2000). According to Dvorak et al. (2000), 

two varieties can be distinguished: P. patula var. patula and P. patula var.  

longipedunculata. P. patula var. patula occurs in the eastern part of Mexico between 18 

and 24ºN latitude. P. patula var. longipedunculata is found between 16 and 17ºN.  The 

same authors state that variety patula exhibits moderate resistance to both drought 

and frost; while variety longipedunculata is susceptible to damage from heavy frosts. 

Pinus patula is one of the most important pine plantation species in tropical 

and subtropical regions, with close to 1.0 million ha established worldwide in 

plantations (Birks and Barnes, 1991), the majority of which is in southern and eastern 

Africa in the countries of Kenya, Malawi, South Africa, Swaziland, Tanzania, and 

Zimbabwe (Dvorak et al., 2000). 
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The Camcore  Program (International Tree Breeding & Conservation) at 

North Carolina State University has shown interest in the detection of new cultivars 

to survive winter freezing temperatures in northern Argentina, southern Brazil, 

Chile, South Africa and Uruguay in order to successfully obtain hybrids appropriate 

for such regions (Camcore, 2008). In Camcore’s field trials, clear differences have 

been seen in frost resistance of pure species at the provenance level for some of the 

sub-tropical pines. That is why as a first step to quantify this variation, Camcore 

carried out a pilot frost tolerance study at NC State on a number of tropical, 

subtropical and temperate species and varieties at species and variety level (Hodge 

et al., 2012; Camcore, 2008, 2009). A second step to develop successful hybrids would 

be to identify cold hardy provenances of the species of interest; and it is for this 

reason that the present study was carried for P. patula, a very important species for 

plantations in the geographical regions mentioned above. 

Genetic variation in cold hardiness of several species has been successfully 

revealed by artificial freezing tests (Aitken and Adams, 1996; Benowicz and El-

Kassaby, 1999; Benowicz et al., 2001; Rehfeldt et al., 1999; Thomas and Lester, 1992). 

Artificial freezing tests are good to simulate different levels of cold severity and 

identify the onset temperatures that start to cause cold damage at a given cold 

acclimation stage (Lu et al., 2003). Thus, with this information it is possible to 

compare the threshold temperatures of different provenances with climatic 

conditions of a particular reforestation region and predict the potential risks from 

seed movement (Timmis et al., 1994). 

In this study, the geographic variation of cold hardiness of 13 Pinus patula 

provenances was assessed on seedlings grown in environmentally controlled 

growth chambers using the electrolyte leakage technique. Provenances were then 

ranked by cold hardiness, and the correlations between cold hardiness and climatic 

factors such as latitude, altitude, annual mean temperature, annual mean minimum 



35 
 
 

 

 

temperature, and mean temperature in the coldest month among others were 

evaluated. The ranking of the provenances should be useful to predict frost 

tolerance of pine hybrids and know what seed sources to select during the 

establishment of a forest plantation in frost prone regions. 

 

2.3. MATERIALS AND METHODS 

 

2.3.1. Seed sources 

 

Thirteen provenances (Table 2.1 and Figure 2.1) of Pinus patula from Mexico 

were included in the study. Ten provenances were var. patula and three provenances 

were var. longipedunculata. Seeds of all the provenances were from Camcore 

conservation collections made in the last 20 years in natural stands in eastern and 

southern Mexico. The number of families or trees used to make a bulk sample was 

dependent on seed availability and germination (See number of families in each 

provenance bulk in Table 2.1). 

 

2.3.2. Growing conditions 

 

Methodologies for the experiment generally follow those presented in Hodge 

et al. (2012). The seeds of the 13 provenances were germinated in environmentally 

controlled growth chambers (Phytotron) at North Carolina State University. The 

germination process included placing the seeds  in germination trays that contained 

a substrate composed of 50% gravel (#16 construction grade) and 50% peat-lite (peat 

moss and vermiculite), and covered with vermiculate in a temperature of 28ºC in a 

growth A-Chamber (See Appendix A, page 89 for the description of a growth A-

Chamber). After germination, 21 germinants per provenance were pricked into 
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Leach® tubes (SC10), of 164 ml volume, filled with a sterilized substrate made up of 

composted pine bark, perlite, and sand in a mixture of 3:1:1. The tubes were placed 

in trays with a capacity of 98 seedlings (7 × 14). The 21 seedlings were arranged in 3 

replications of 7 seedlings each in trays randomly positioned in the chamber. The 

goal was to raise seedlings that were approximately 25 cm shoot height at needle 

harvest time. The seedlings were watered and fertilized as needed according to 

normal practices in the Phytotron. 

 

2.3.3. Winter acclimation 

 

The growth chamber were set up with environmental conditions designed to 

mimic actual climatic conditions at Curitiba, Brazil and Sabie, South Africa located 

at approximately 25ºS latitude where subfreezing temperature are occasionally 

experienced each winter. This included a six month period representing normal 

spring, summer and early autumn in the subtropics, followed by a 6 week 

hardening-off period simulating late autumn before a winter freeze. During the 6 

weeks hardening-off period, seedlings within the trays and the trays themselves 

were randomized in a growth B-chamber (See Appendix A, page 89 for the 

description of a growth B-Chamber). The initial settings for the first six months were 

day time temperature of 24ºC and nighttime temperatures of 15ºC with a 

photoperiod of 13.5 hours. The 6 week period was divided into 2 three weeks stages. 

For the first three weeks, daytime and nighttime temperatures were 18ºC and 10ºC 

respectively with a photoperiod of 11.5 hours. For the second three week stage, 

daytime and nighttime temperatures of 10ºC and 4ºC, respectively, were used with a 

10.5 hour photoperiod.  
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2.3.4. Freezing treatments and electrolyte leakage test 

 

There were three test temperatures (-7, -14, and -21ºC) and two separate runs 

for each temperature. The threshold freezing temperature that P. patula is known to 

withstand in native and exotic environments is about -14ºC, (Eguiluz-Piedra, 1978) 

which is approximately the mean of the test temperatures in this experiment.  These 

three temperatures were randomized for each run. Although initially the goal was to 

raise 7 seedlings/provenance/replication, only 5-7 seedlings/provenance/ 

replication were obtained because some of the plants died during the growing 

process. Foliage samples were taken by taking three to four primary needles from 

each of the 5-7 seedling/provenance/replication, cutting the needles to a uniform 

length of 4 cm, and placing them in a 16 ml BD FalconTM sample tube in a cold room 

at 4ºC. During the freezing treatment, a treatment sample which was exposed to the 

target freezing temperature, and an unfrozen control sample which was kept in the 

cold room at 4ºC were used for each temperature run. 

The samples were removed from the cold room where they were kept at 4ºC, 

and left into a programmable Scientemp Corporation model 34-09A freezer at 0ºC. 

Samples were then chilled at a rate of cooling not faster than 1/8 of the target 

temperature (T) per 15 minutes during 2 hours. Afterwards, the freezer was 

maintained at the target temperature for 6 hours. The temperature was then raised, 

reversing the cooling process used previously. After 2 hours of controlled warming 

the temperature in the freezer was back to 0ºC, and the samples were removed and 

returned to the cold room at 4ºC for 3 hours. At this time, the trays were removed 

from the cold room and 9 ml of distilled deionized water was added to the sample 

tubes for both the freezing treatment and the companion control tube. The tubes 

were then placed on an electric shaker and set at 100 rpm for 16 hours. Electrical 

Conductivity (L) was measured with an Oakton® CON 6/TDS 6 hand-held 
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conductivity/TDS meter. Following L measurements, the tubes were capped and 

placed in a laboratory oven at 85ºC for 2 hours to completely kill the tissue. 

Following this treatment, L was again measured. 

 

2.3.5. Data analysis 

 

For each provenance-replicate-temperature-run combination, Injury Index 

was calculated as established by Flint et al. (1967): 

   
          

    
 

where It is the Injury index resulting from exposure to temperature (t) ,         ⁄ , 

        ⁄ , Rt is the relative conductivity from sample exposed to temperature (t), 

R0 is the relative conductivity from unfrozen sample, Lt is the electrical conductivity 

from frozen sample at temperature (t), Lk is the electrical conductivity from frozen 

sample after heat treatment to kill the tissue, L0 is the electrical conductivity from 

unfrozen sample, and Ld is the electrical conductivity from unfrozen sample after 

heat treatment to kill the tissue. 

The Injury index is intended to correct for inherent differences among 

provenances or replications for the amount of electrolyte leakage that takes place in 

the control (unfrozen) sample. LT50 were calculated by using linear interpolation. 

The SAS® statistical package (ver. 9.2, SAS Institute Inc., 2002-2009) was used 

for all statistical analyses. ANOVA analyses by temperature and across 

temperatures were carried out using PROC GLM and calculating the Least Square 

(LS) Means of Injury index as well. The model used in the ANOVA analysis by 

temperature was as follow: 

Injuryijk = μ + provenancei + rep(run)jk + runk + eijk 

with provenance treated as fixed effect, and all other effects random.  
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The combined ANOVA across temperatures -7, -14 and -21ºC was applied 

using the following model: 

Injuryijk = μ + provenancei +templ + rep(run)jk +runk + provenance*tempil + eijkl 

with provenance, temp, and provenance*temp treated as fixed effects, and all other 

effects random. 

Paired t-tests of LSMeans were conducted in order to estimate if differences 

among provenances and between varieties were statistically significant. 

Pinus patula provenances were ranked according to frost resistance using 

LSMeans. To determine the influence of source location and examine if variation in 

cold injury is clinal, LSMeans were obtained from PROC GLM, and used with PROC 

CORR to examine their relationship with latitude, elevation, mean annual 

temperature (MAT), mean temperature in the coldest month (MTCM), mean annual, 

minimum temperature (MAMTM), mean minimum temperature of the coldest 

month (MMTCM), monthly minimum temperature (MMT), and daily minimum 

temperature (DMT) in the provenance sites by temperature and across temperature 

treatments. The data of the environmental variables were taken from the Mexican 

National Meteorological Service (Servicio Meteorológico Nacional), using the 

Google Earth application of climatic normals available at the website of the 

Meteorological Service to search the closest meteorological station to each site (See 

Appendix B, page 90 for the meteorological information and the meteorological 

stations selected in this study). Latitude and elevation information was obtained for 

each of the provenances from the Camcore data base (Table 2.1).  
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2.4. RESULTS AND DISCUSSION 

 

2.4.1. Means values for relative conductivity and injury 

 

The highest mean damage observed, according to mean values for relative 

conductivity and injury, was for Yextla provenance (Guerrero) at temperature -21ºC 

(R21 = 87.79%, I21 = 86.92%), and the lowest mean damage observed was for Tlacotla 

provenance (Tlaxcala) at temperature -7ºC (R7 = 34.99%, I7 = 30.89%). In variety 

longipedunculata, the greatest damage observed, as mentioned before, was R21 = 

87.79% and I21 = 86.92% at -21ºC for Yextla and the least damage was found at -7ºC 

for Ixtlán (Oaxaca) (R7 = 36.19%, I7 = 33.26%). In variety patula, the greatest damage 

was observed at -14ºC for Calcahualco (Veracruz) (R7 = 71.72%, I7 = 70.16%) and the 

least damage was -7ºC for Tlacotla (R7 = 34.99%, I7=30.89%) as mentioned 

previously. In general, Injury indices were typically just few percentage points lower 

than the corresponding relative conductivity values.  

LT50, the temperature at 50% relativity conductivity or injury index, is the 

most common measure of cold hardiness (Aldrete et al., 2008; Bower and Aitken, 

2006; Hodge and Weir, 1993; Lindén, 2002). The goal of this study was to simulate 

actual growing conditions in the field in subtropical regions of the southern 

hemisphere, and then to expose the samples to a rapid and severe freeze, simulating 

an overnight frost event.  The freezing treatments lasted 10 hours, with 6 hours at 

the minimum temperature. This worked well because it was possible get high values 

of relative conductivity and Injury index and get the LT50 values for the varieties and 

provenances of P. patula.  Overall LT50 for var. patula was -9.38ºC and for var. 

longipedunculata was -9.63ºC. The small LT50 difference between varieties patula and 

longipedunculata can be attributed to the fact that var. longipedunculata provenances 

were not well represented in the experiment. The highest mean damage observed 
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was for the provenances of Yextla (Guerrero), San Mateo Río Hondo (Oaxaca), and 

Ingenio del Rosario (Veracruz) (LT50 = < -7ºC), while the lowest mean damage was 

found in Potrero de Monroy (Veracruz) (LT50 = –12.63ºC). 

 

2.4.2. ANOVA by temperature 

 

Provenance effect was significant at all temperatures except -7ºC (Table 2.2). 

Average Injury was fairly high, ranging from 43.93% to 66.71%. It was found, using 

paired t-tests at a significance level of α=0.05, that variety patula and variety 

longipedunculata were not significantly different  at -7ºC (Figure 2.2), but they were 

significantly different at both -14 and -21ºC when threshold survival temperatures 

were reached. Correspondingly, there were no significant provenance differences at 

-7ºC but significant differences were found among some pairs of provenances at -

14ºC and -21ºC. At all the temperatures, var. longipedunculata had higher Injury 

index than var. patula, with difference between the varieties increasing with colder 

temperatures (Figure 2.2). 

 

2.4.3. Combined ANOVA across temperatures 

 

Temperature effect was highly significant (P<0.0001, α=0.05; Table 2.3), as 

there was a substantially higher Injury at -14 and -21ºC than for -7ºC (I14 = 63.72%, I21 

= 66.71%, and I7 = 43.93%; Table 2.2). Provenance differences were also highly 

significant (P<0.0001, α=0.05). Provenance*temperature interaction was not 

significant (P = 0.669, α=0.05). 
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2.4.4. Comparisons of injury index with geographical and climatic variables 

 

Comparison among LSMeans of Injury index and geographical and climatic 

variables of the sites included in the study are shown in Table 2.4. The correlation 

indices ranged from r = -0.036 (NS, α=0.05) for mean annual temperature (MAT) and 

Injury at -7ºC to r = 0.760 (P=0.0026, α=0.05) for mean minimum temperature in the 

coldest month (MMTCM) and Injury at -14ºC. Correlations of all variables with 

Injury were not significant at – 7ºC, since there are not provenance differences at that 

temperature. For all temperatures combined, correlations of all variables with Injury 

were significant, except elevation and MMT. The highest correlation was found for 

daily minimum temperature (DMT) having an r = 0.719 (P=0.006, α=0.05). 

Temperature has been reported to be important for the distribution of the species in 

subtropical and temperate climates (Johnson and Cline, 1991). So, minimum 

temperatures have to be the most biologically important factor to know in order to 

avoid risks in seed movement for plantation forestry in subtropical/temperate sites 

in South Africa and Brazil. Of the two geographical variables evaluated (elevation 

and latitude), only latitude was statistically significant (r = -0.599, P=0.03, α=0.05). 

Lu et al. (2003), found that white pine (Pinus strobus) provenances in Ontario, 

Canada had a clinal pattern of variation in cold damage, with annual maximum 

temperature being the most important variable, followed by MAT, MAMT, and 

growing season length. MAT and MAMT were very highly correlated in the present 

study with P. patula. Temperature and latitude of the sites have been reported to be 

factors that model the variation of cold hardiness in several species (Lu et al., 2003; 

Bower and Aitken, 2006; Benowicz et al., 2001; Flint, 1972). In these studies, the 

geographical variable of elevation was significant and seems to contribute to the 

cold hardiness variation of the provenances, but in the current study elevation was 

not significant. This is probably is due to the small variation in elevation among the 
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various P. patula provenances. The variables of temperature that influence the 

variation of cold hardiness in these studies were MAT, MMTCM, and extreme 

minimum temperature (which will be being the same as DMT). 

 

2.4.5. Ranking of provenances 

 

Figure 2.2 and Figure 2.4 show the LSMeans at the variety level per 

temperature treatment and temperature combined, respectively.  Variety patula was 

more cold resistant than variety longipedunculata. Var. patula had an injury index of 

I7-14-21 = 56.5%, while var. longipedunculata had an injury index of I7-14-21 = 65.9%. Such 

difference between both varieties is statistically significant (P=0.0002, α = 0.05). This 

occurred as was expected because of the native distribution of the varieties (Dvorak 

et al., 2001); P. patula var. patula natural range is more northern (17 to 22ºN latitude in 

Sierra Madre Oriental) than the P. patula var. longipedunculata natural range (16 to 

18ºN in Sierra Madre del Sur). Furthermore, extreme climatic conditions at the var. 

longipedunculata sites are tempered by influences of the warm Pacific Ocean not 

found in the eastern (var. patula) part of Mexico. Similar findings were reported by 

Hodge et al. (2012) and this mimics observation in field tests in Brazil, South Africa 

and Uruguay (Dvorak et al., 2000). Hodge et al. (2012) reported a larger injury index 

for var. longipedunculata (I10-14 = 31%, I14-21-28 = 28.5%) than for var. patula (I10-14 = 26%, 

I14-21-28 = 23.0%). The Injury indices of the current study are larger than those found 

by Hodge et al. (2012) because needle samples were subjected to target temperatures 

for longer periods of time (3 hours vs. 6 hours). Hodge et al. (2012) also found that 

var. longipedunculata had about the same cold resistance as P. tecunumanii from 

Central America. The fact that sources from northern areas are more cold hardy than 

those from southern areas has been very well documented in several tree species 
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(Aldrete et al., 2008; Bower and Aitken, 2006; Hodge, 1986; Hodge and Weir, 1993; 

Kuser and Ching, 1980)   

Figure 2.3 and Figure 2.5 show the LSMeans at the provenance level per 

temperature treatment and across temperature, respectively. Potrero de Monroy 

(Veracruz) was the most cold resistant provenance (I7-14-21 = 48.2%; Figure 2.5), while 

the most cold susceptible was the Llanos de las Carmonas provenance (Puebla) (I7-14-

21 = 61.8%) in variety patula. In variety longipedunculata, the most frost resistant 

provenances were Ixtlán (I7-14-21 = 59.9%; Figure 2.5) and San Mateo Río Hondo (both 

from Oaxaca) (I7-14-21 = 60.6%), while Yextla (Guerrero) showed the least frost 

resistance (I7-14-21 = 72.9%). 

There are some provenances (Llanos de las Carmonas from Puebla, Ingenio 

del Rosario from Veracruz, and Acaxochitlán from Hidalgo) that exhibited cold 

injury that did not well correlate with latitude or temperature. Probably this 

inconsistency was due to the distance of the climatic station to the site. The distance 

between meteorological stations and collection sites varied from 1.35 to 14.27 km 

decreasing the precision of the climatic data used in the correlation analysis. The 

data used was from currently active stations collected between 1980 and 2010. Also 

the poor representation of individuals in some families for several of the 

provenances could contribute some to the mentioned inconsistency.  These 

provenances germinated poorly probably because the seeds were 25 years-old and 

only a few seedlings were obtained in each provenance.  

 

2.5. CONCLUSIONS 

 

Differences in freezing tolerance were found between varieties of Pinus patula 

as expected with the populations from the eastern mountain (Sierra Madre Oriental) 

being more cold tolerant than those from the southern mountain range (Sierra 
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Madre del Sur) in Mexico. In var. patula, Potrero de Monroy provenance from 

Veracruz, Mexico was the most frost resistant along with Sierra de Huayacocotla 

(Veracruz), and Zacualtipán (Hidalgo), while Ingenio del Rosario (Veracruz), Llano 

de las Carmonas (Puebla), and Acaxochitlán (Hidalgo) were the most frost 

susceptible. For var. longipedunculata, the Yextla (Guerrero) provenance was the 

most frost susceptible, while the other two provenances in this varietal group 

exhibited similar levels of cold resistant. No significant correlation was found 

between cold hardiness of the provenances and elevation of the collection site in 

Mexico. Significant correlations were found between Injury index LSMeans and 

latitude, mean annual temperature, mean temperature in the coldest month, mean 

annual minimum temperature, mean minimum temperature in the coldest month, 

and daily minimum temperature. The largest and possibly the most biologically 

important correlation was found between daily minimum temperature and injury 

index (r = 0.719, P=0.006). 

The pattern of geographic variation in cold hardiness in Mexican weeping 

pine provenances provide useful information for assessing the risks associated with 

seed transfer under the circumstances. Results suggest that if cold hardiness is an 

important trait in a pine hybrid program, parents should be selected from var. patula 

rather than var. longipeduculata. However, when other traits are considered in a 

breeding program var. longipeduculata might still be of economic importance.  It is 

important to maintain seed source identity in the first cycle of improvement to avoid 

unnecessary risks in plantation establishment (Dvorak et al., 2002).  
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TABLES 

 

Table 2.1. Provenances of Pinus patula included in this study and number of trees 

used in seed bulks per provenance. 

 

Provenance Variety 
Latitude 

N 

Longitude 

W 

Elevation 

Range (m) 

Rainfall 

(mm/yr) 

No. of 

Trees 

Acaxochitlán Patula 20º 09’ 98º 10’ 2460 – 2490 1857 7 

Calcahualco Patula 19º 07’ 97º 06’ 2350 – 2400 2020 28 

Corralita Patula 18º 38’ 97º 06’ 2000 – 2230 2500 20 

Cruz Blanca Patula 19º 39’ 97º 09’ 2450 – 2550 1347 34 

Ingenio del Rosario Patula 19º 31’ 97º 06’ 2770 – 2870 1346 19 

Ixtlán longipedunculata 17º 24’ 96º 27’ 2600 – 2870 1750 11 

Llano de las Carmonas Patula 19º 48’ 97º 54’ 2530 – 2880 1097 10 

Potrero de Monroy Patula 20º 24’ 98º 25’ 2320 – 2480 1350 31 

San Mateo Río Hondo longipedunculata 16º 08’ 96º 29’ 2360 – 2520 1300 17 

Sierra Huayacocotla Patula 20º 29’ 98º 28’ 1840 – 2860 1405 69 

Tlacotla Patula 19º 40’ 98º 05’ 2750 – 2915 1097 19 

Yextla longipedunculata 17º 36’ 99º 51’ 2180 – 2410 1700 14 

Zacualtipán Patula 20º 39’ 98º 40’ 1980 – 2200 2047 14 

Source: Dvorak et al. (2000) 

 

Table 2.2. Summary statistics for the ANOVA by temperature. 

 

Temp Mean injury R2 
Provenance differences 

F-value P-value 

-7ºC 43.93 0.26 0.80 0.6477 

-14ºC 63.72 0.51 3.65 0.0006 

-21ºC 66.71 0.61 5.62 < 0.0001 

DF = 12 in each temperature treatment 
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Table 2.3. Summary statistics for the ANOVA combined across temperature. 

 

Effect DF MS F-Value P-value 

Temperature 2 9895.03 68.80 <0.0001 

Provenance 12 606.45 4.29 <0.0001 

Provenance × temperature 24 122.49 0.85 0.6686 

Error 152 144.15   

 

 

Table 2.4. Pearson correlation indices of injury index with environmental variables 

of the P. patula provenances studied. 

 

Temp. Lat. Elev. MAT MTCM MAMT MMTCM MMT DMT 

-7ºC -0.363 -0.055 -0.036 0.251 0.152 0.248 0.170 0.385 

-14ºC -0.590* 0.254 0.746** 0.668* 0.742** 0.760** 0.654* 0.743** 

-21ºC -0.548 0.26 0.716** 0.721** 0.675* 0.690** 0.559* 0.691** 

Overall -0.599* 0.193 0.561* 0.648* 0.615* 0.667* 0.540 0.719** 

*Significant for P<0.05 

**Significant for P<0.01 

 

Lat., latitude; Elev., elevation; MAT, mean annual temperature; MTCM, mean temperature in the 

coldest month; MAMT, mean annual minimum temperature; MMTCM, mean minimum temperature 

in the coldest month; MMT, monthly minimum temperature; DMT, daily minimum temperature.  
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FIGURES 

 

 
Adapted from Dvorak et al. (2000) 

 

Figure 2.1. Provenances of Pinus patula collected by Camcore and included in the 

study. 
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Figure 2.2. Injury index for the varieties of P. patula provenances included in the 

study by temperature treatment. 

Values followed by different letters within the same bar series are significantly different 

(P<0.001, α=0.05) based on Student-t test for pairwise least squares mean difference. 
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Figure 2.3. LSMeans for the injury index of 13 provenances of P. patula included in 

the study by temperature treatment. 

Provenances sorted by daily minimum temperature in descending order. Pattern bars, var. 

longipedunculata, solid bars, var. patula. 
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Figure 2.4. LSMeans for the injury index by varieties of P. patula provenances 

included in the study (Temperature treatments combined). 

Values followed by different letters are significantly different (P=0.0002, α=0.05) based on 

Student-t test for pairwise least squares mean difference 
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Figure 2.5. LSMeans for injury index for the 13 provenances of P. patula included in 

the study (across temperature). 

Provenances sorted by daily minimum temperature in descending order and by variety 

(blue, variety longipedunculata, red, variety patula). 
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CHAPTER 3 - GENETIC INHERITANCE OF COLD HARDINESS IN 

PINUS PATULA × PINUS TECUNUMANII HYBRIDS 

 

3.1. ABSTRACT 

 

Artificial freeze-testing using the electrolyte leakage method was conducted 

to determine the cold hardiness of 8-month old seedlings of 16 Pinus patula × Pinus 

tecunumanii hybrids and most of their parents, grown in environmentally controlled 

growth chambers in the Phytotron at North Carolina State University. The P. 

tecunumanii originated from low elevation (LE) populations in Central America. 

The growing conditions were designed to simulate actual climatic conditions 

at Curitiba, Brazil and Sabie, South Africa (approximately 25º S latitude), during 

spring, summer, and early autumn. 

Shortened photoperiods and lower temperatures were used to mimic late 

autumn and to harden the trees before the freeze testing. After winter acclimation, 

the freeze experiment was carried out using needle foliage at three temperature 

treatments (-7, -14, and -21ºC). 

At the species level, hybrids of P. patula x P. tecunumanii (LE) were 

intermediate between pure parental species at -7ºC, but behaved more similar to P. 

tecunumanii LE at the lower temperature treatments. 

Based on estimates of variance components, patula parent (female effects) 

contributed the most to the frost resistant in the hybrids, while the tecunumanii 

parent (male effects) contribution was almost zero. 

At the family level, Pat-05 was the most frost resistant patula parent in the 

study; but hybrids produced from it were the most susceptible to frost. Pat-03 and 

Pat-04 were exhibited moderate frost susceptibility, but their hybrid progeny were 

the most resistant to cold in the study. The most cold resistant patula parents are not 
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necessarily producing the most frost resistant hybrids, and each individual cross 

needs to be tested before being outplanted commercially. 

 

Keywords: cold hardiness, electrolyte leakage, injury index, Pinus patula × Pinus 

tecunumanii, family  
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3.2. INTRODUCTION 

 

In the tropics and subtropics, especially in Brazil, Colombia, and South 

Africa, considerable areas of pine plantations are being grown (FAO, 2007). Pinus 

patula Schiede ex Schledct. & Cham. and Pinus tecunumanii Eguiluz & J. P. Perry are 

two pine species in the closed-cone pine group native to Mexico and Central 

America that are often used in plantation forestry in the southern hemisphere 

(Leibing et al., 2009). Approximately 1.0 million ha of P. patula have been established 

worldwide in plantations (Birks and Barnes, 1991), most of which is in Colombia, 

Kenya, Malawi, South Africa, Tanzania and Zimbabwe (Dvorak et al., 2000a). 

Smaller amounts of P. tecunumanii, approximately 10,000 ha, are now used in 

plantations (Dvorak et al., 2000b). However, P. tecunumanii is an especially important 

species in the highlands of Colombia, and it is gaining in significance in northern 

Mozambique as a pure species. In South Africa, it is now being used in hybrid 

combination with P. patula due to its favorable growth properties and moderate to 

high resistance against pitch canker (Fusarium circinatum) (Kanzler et al. 2012; 

Dvorak et al., 2000b).  

Pinus patula occurs naturally in the mountainous zones in the east and south 

part of Mexico (Dvorak et al., 2000a). Two varieties can be distinguished: P. patula 

var. patula and P. patula var. longipedunculata. Variety patula occurs in the eastern 

part of Mexico between 18 and 24ºN latitude in the Sierra Madre Oriental; while 

variety longipedunculata is found between 16 and 17ºN latitude in the southern 

Mexican states of Guerrero and Oaxaca in the Sierra Madre del Sur (Dvorak et al., 

2000a; Dvorak, 2002a). The geographical distribution of P. patula var. 

longipedunculata extends as far south as Oaxaca but does not appear to overlap with 

the northwestern natural distribution of P. tecunumanii in the highlands of Chiapas 

(Dvorak et al., 2002). The current known range of Pinus tecunumanii extends from 
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18º02’N latitude in Chiapas, Mexico to 12º42’N latitude in central Nicaragua (Dvorak 

et al., 2000b; Dvorak, 2002b). The species can be grouped in two ecotypes based on 

molecular marker assessment (Dvorak et al., 2009) and slight morphologic and 

adaptability differences: a high elevation (HE) ecotype found from approximately 

1500 and 2900 m altitude, and a low elevation (LE) ecotype that occurs at altitudes 

between 450 and 1500 m (Dvorak, 1986). 

Members of Camcore (an International Tree Breeding & Conservation 

Program) at North Carolina State University are developing pine hybrids to improve 

adaptability, growth and resistance traits (Camcore, 2007, 2008). Cold hardiness is an 

important physiological trait in tree improvement programs in regions subjected to 

periodic subfreezing temperatures. As an example, one of the questions that remains 

about the P. patula x P. tecunumanii hybrid in South Africa discussed above is its cold 

resistance.  Pure P. patula can withstand temperatures to about -14°C in native 

stands in Mexico (Eguiluz-Piedra, 1978); it appears that P. tecunumanii from low 

elevation (LE) in Central America have little to no frost tolerance while those from 

high elevation (HE) can withstand temperatures approximately from -2 to -5°C, 

depending on the provenance (Hodge et al., 2012). However, the inheritance patterns 

of cold hardiness in the hybrid have yet to be determined and therefore its planting 

range is still poorly defined.  

An effective way to reveal the genetic variation and heritability in cold 

hardiness has been the use of artificial freezing tests (Aitken and Adams, 1996, 1997; 

Anekonda et al., 2000; Camcore, 2008, 2009; Rehfeldt, 1986; Thomas and Lester, 

1992). There are several different methods to screen pine seedlings for frost tolerance 

in the laboratory (Burr et al., 1990; Burr et al., 2001; Lindén, 2002). The electrolyte 

leakage (EL) technique is one method that has been successfully used by a number 

of researchers to determine cold hardiness of seedlings (Aldrete et al., 2008; Yu et al., 

2003; Burr et al., 1990). EL analysis measures the amount of electrolytes, mainly K+, 
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that is released when cell membranes are damaged by the exposition to injurious 

low temperatures (Burr et al., 2001; Lindén, 2002).  

In the first phase of the research in cold hardiness, Camcore studied the cold 

hardiness of 14 pure species and varieties in environmentally controlled growth 

chambers (Hodge et al., 2012). The current study is the second phase of this research 

that aims to assess the genetic inheritance of cold hardiness in the Pinus patula × 

Pinus tecunumanii hybrid using the electrolyte leakage technique in an artificial 

freezing test. The objectives were to determine if cold hardiness of the P. patula x P. 

tecunumanii hybrid is intermediate between the parents and the degree to which the 

trait is controlled by additive gene action. If cold hardiness of the hybrid is under 

strong genetic control, improvements can be made through selection and testing of 

the pure parental species. 

 

3.3. MATERIAL AND METHODS 

 

3.3.1. Seed sources 

 

Twenty-three families provided by Sappi Research, South Africa, were 

included in the current study: sixteen hybrid families, five patula families, and two 

tecunumanii LE (low elevation) families (See Table 3.1 for the hybrid mating design 

of the sixteen hybrid families). Three species/subpopulation bulks (Pinus patula, P. 

tecunumanii HE (high elevation), P. tecunumanii LE) from Camcore collections were 

also added as controls. 
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3.3.2. Growing conditions and winter acclimation 

 

Seeds were germinated in trays containing a substrate composed of 50% 

gravel (#16 construction grade) and 50% peat-lite (peat moss and vermiculite) at 

28ºC. The germinants were pricked into Leach® tubes (SC10) containing a sterilized 

substrate made up of composted pine bark, perlite, and sand (3:1:1) and were grown 

in environmentally controlled growth chambers at North Carolina State University. 

The tubes were placed in trays with a capacity of 98 seedlings (7 × 14) and 

randomized in the growth chamber. Environmental conditions were setup 

mimicking climatic conditions at Curitiba, Brazil and Sabie, South Africa (25ºS 

latitude). Three stages with different temperatures and photoperiod were used. The 

first stage had a daytime temperature of 24ºC, a nighttime of 15ºC, and a 

photoperiod of 13.5 hours for 6 month to imitate spring, summer, and early autumn. 

Two different stages followed, each of three weeks duration that mimicked late 

autumn.  The second stage was set at 18ºC daytime, 10ºC nighttime and a 

photoperiod of 11.5 hours. The third stage had a daytime of 10ºC, a nighttime of 4ºC, 

and a photoperiod of 10.5 hours. Both the second and third stages were included to 

harden the seedlings to winter conditions. Each of the families was established in 3 

replications with 5-7 trees per family. The bulk material had 3 replications of 14 

seedlings each. The seedlings were watered and fertilized as needed according to 

normal practices in the Phytotron. 

 

3.3.3. Artificial freezing study 

 

The temperatures used for the freezing experiment were -7ºC, -14ºC, and -

21ºC. There were two separate runs for each temperature, and the three 

temperatures were randomized for each run. Three to four primary needles were 
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taken from each of 5-7 trees/family/replication, and were cut to a uniform length of 

4 mm, and placed in a 16 ml BD FalconTM tube. Each tube with the samples was kept 

in a cold room at 4ºC before starting the freezing test. For each run, there was a 

treatment sample (subjected to the target freezing temperature) and an unfrozen 

control sample which was maintained in the cold room at 4ºC during the freezing 

treatment. 

The freezing treatments all followed the same time schedule independently of 

the target temperature (T). The samples were removed from the cold room where 

they were kept at 4ºC, and placed into a programmable freezer (Scientemp 

Corporation model 34-09A) at 0ºC.  The samples were cooled down for 2 hours at a 

cooling rate of 1/8 T per 15 minutes. After the cool-down period of 2 hours, the 

freezer was maintained at the target temperature T for 6 hours.  Samples were then 

warmed up again for 2 hours. After the warming period, the samples were removed 

from the freezer and placed in the cold room at 4ºC for 3 hours. Nine ml of distilled 

deionized water was added to the sample tubes for both the freezing treatment and 

the companion control tube. The tubes were then placed onto a gyratory shaker set 

at 100 rpm for 16 hours. Electrical Conductivity (EC) was measured with an 

Oakton® CON 6/TDS 6 hand-held conductivity/TDS meter. Following EC 

measurements, the tubes were tightly capped and placed in a laboratory oven at 

85ºC for 2 hours to completely kill the tissue. Following this treatment, EC was again 

measured. 

 

3.3.4. Data analysis 

 

For each family-replicate-temperature-run combination, Injury Index was 

calculated as reported by Flint et al. (1967): 
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where It is the Injury index resulting from exposure to temperature (t) ,         ⁄ , 

        ⁄ , Rt is the relative conductivity from sample exposed to temperature (t), 

R0 is the relative conductivity from unfrozen sample, Lt is the electrical conductivity 

from frozen sample at temperature (t), Lk is the electrical conductivity from frozen 

sample after heat treatment to kill the tissue, L0 is the electrical conductivity from 

unfrozen sample, and Ld is the electrical conductivity from unfrozen sample after 

heat treatment to kill the tissue. 

The SAS system for Windows® (version 9.2, SAS Institute Inc., 2002-2009) 

was used in all the statistical analyses. ANOVA analyses by temperature and across 

temperatures were carried out using the PROC GLM. Least Squares (LS) Means 

were used to ranking the hybrid families on frost resistance.  An analysis of variance 

was conducted for each temperature in the Camcore controls and Sappi samples at 

the species level using PROC GLM with the following model: 

Injuryijk = μ + speciesi + rep(run)jk +runk + eijk 

with species treated as fixed effect, and all other effects random. LSMeans were 

calculated for each group, and a paired t-test was used to compare means of Injury 

index. 

After this analysis, an ANOVA by temperature was conducted in the Sappi 

group at the family level using the following model: 

Injuryijk = μ + family(species)il + rep(run)jk + runk + eijkl 

with family(species) treated as fixed effect, and all other effects random. 

PROC MIXED was used to estimate the Best Linear Unbiased Predictors 

(BLUPs) by family and temperature using the prior model (with the difference that 

family(species) was treated as a  random effect and the other effects were fixed. The 

following model was used to obtain the genetic variance components (covariance 

parameter estimates) for the Pinus patula and Pinus tecunumanii parents and assess 

the contribution of parents (the pure species) to the offspring (the hybrids). 
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Injuryijk = μ + femalei + malel + rep(run)jk + runk + eijkl 

where female and male are random and all other effects fixed. 

A combined ANOVA across temperatures -7, -14 and -21ºC was carried out 

using PROC GLM in the hybrids families. The following model was used for 

analysis: 

Injuryijk = μ + familyi +templ + rep(run)j +runk + family*tempil + eijk 

with family, temp, and family*temp treated as fixed effects, and all other effects 

random. 

PROC GLM was used to carry out a combined ANOVA across temperatures -

7, -14 and -21ºC in the hybrids families group by the patula parents through the 

following model: 

Injuryijk = μ + femalei + rep(run)jk +runk + female*tempil + eijk 

with female treated as fixed effect, and all other effects random. 

 

3.4. RESULTS AND DISCUSSION 

 

3.4.1. Mean values for injury index 

 

The lowest mean damage observed was for the Pat-04 family at -7ºC (I7 = 

14.55%), and the greatest mean damage observed was for the Pat-05 × Tec-02 hybrid 

family at -14ºC (I14= 61.44%). In the Sappi group, Pat-04 exhibited the least damage 

at -7ºC (I7 = 14.55%), while the greatest damage was observed for Pat-02 at -21ºC (I21 

= 47.22%). In P. tecunumanii (LE), the lowest damage was found for Tec-02 at 7°C (I7 

= 37.96), and the highest damage was found for Tec-04 at-14ºC (I14 = 56.18%). The 

least damage detected in Pinus patula ×P. tecunumanii LE was for cross of Pat-03 × 

Tec-04 at -7ºC (I7 = 24.07%), while the greatest damage was observed for Pat-05 × 

Tec-02 at -14ºC (I14 = 61.44%). In the Camcore group, the least damage was found for 
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tecunumanii (HE) at -7ºC (I7 = 31.42%) and the greatest damage for tecunumanii LE 

at -14ºC (I14 = 57.39%). 

LT50, the temperature at 50% Injury index or relative conductivity, is the most 

common measure of cold hardiness (Aldrete et al., 2008; Bower and Aitken, 2006; 

Hodge and Weir, 1993; Lindén, 2002). In this study, relative conductivity and Injury 

index values were almost always lower than 50%, making it impossible to calculate 

LT50 values. However, there are several studies with Injury values below LT50 where 

it was still   possible to quantify variation in cold hardiness (e.g. Hodge et al., 2012; 

Lu et al., 2007; Sutinen et al., 1992). Therefore, the values for the Injury Index in this 

study were still provided a good estimate of cold hardiness. 

There were different conditions that we could simulate or change in order to 

get the LT50. However, the goal of this study was to imitate actual growing 

conditions in the field in subtropical regions of the southern hemisphere, as South 

Africa and Brazil, and then to expose the samples to a quick and harsh freeze, 

simulating an overnight frost event. That is the reason that the freezing treatments 

lasted 10 hours, with 6 hours at the minimum temperature.  

 

3.4.2. ANOVA by Temperature 

 

Species effect in the control samples (sources from natural stands collected by 

Camcore) was not significant at all temperatures, except at -21 ºC which was 

significant (P<0.05). The non-significance in species’ effect at the two highest 

temperatures are probably because the seed bulks used as a control had low 

representation of provenances and families (see Appendix C, page 91) and also 

because the patula bulk included a var. longipedunculata provenance (San Mateo Río 

Hondo). Injury index LSMeans are shown in Figure 3.1 by temperature treatment.  
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 There is a significant difference (P<0.05) between patula and tecunumanii LE, 

and between tecunumanii HE and tecunumanii LE at -21ºC. P. patula and P. 

tecunumanii HE are not significantly different at this temperature (P<0.05). 

In the samples from Sappi, both species and family(species) effects were 

significant at all temperatures (Table 3.2). Average Injury was high, ranging from 

33.31% to 50.18%. Figure 3.1 and Figure 3.2 show the LSMeans of Injury index for 

the species. BLUPs of Injury index for the families are presented in Figure 3.3 and 

Figure 3.4. The most frost resistant patula family seems to be Pat-05 (Injury index 

ranging from 17.7 to 42.6%), while the most frost susceptible patula families are Pat-

01 (I = 26.5 to 46.0%) and Pat-03 (I = 26.6 to 45.4%). Although there were four 

tecunumanii LE used as hybrid families, only two of these parents were represented 

by pure tecunumanii LE families because of seed availability. The most frost 

resistant of the two tecunumanii families was Tec-02 (I = 37.6 to 53.9%) and the most 

susceptible was Tec-04 (I = 45.1% to 56.0%). Figure 3.4 show the BLUPs for the 

hybrid families. Pat-04 × Tec-02 seems to be the most frost resistant hybrid family. 

There are several families that have almost the same frost injury. However, all these 

families have Pat-05 as a parent, suggesting that any tree crossed with Pat-05 does 

not produce cold resistant progeny. 

 

3.4.3. Genetic variance components 

 

The genetic variance components for Injury index are given in Table 3.3. It 

can be inferred from this table that it is the patula parents that contribute the most to 

frost resistance in the hybrids, while tecunumanii LE parents are contribute little 

frost resistance to the hybrids. Knowing this, BLUPs were calculated for the hybrids 

by averaging them according to patula families by temperature (Figure 3.5 and 

Figure 3.6). Both figures confirm the suspicions that Pat-05, the patula family that 
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performs better as a pure species, does not perform very well as a hybrid. In fact, it 

performed worse than the mean of the pure tecunumanii families. This might simply 

be the result of sample size since only 2 of the 4 pure tecunumanii families could be 

included in the study.  However, it is important to note that not only the best and 

desirable traits of the parental species will appear in the hybrid (Zobel and Talbert, 

1984). Also, the worst traits of each parent can be inherited to the hybrid. This was 

the case of Pat-05 hybrids that exhibited an Injury index similar to the tecunumanii 

LE parent. 

  

3.4.4. Combined ANOVA across temperatures 

 

All effects tested in both combined ANOVAs across temperatures (one 

examining variation among hybrid full-sib families and one examining variation 

among patula parents of half-sib hybrid families) were statistically significant at 

P<0.0001, with exception of the family*temperature interaction (Table 3.4). In the 

patula half-sib hybrids, temperature, female and female*temperature effects were 

highly significant, and female effect was dominant over temperature since the F-

statistic was lower in the female*temperature interaction than in the female effect. 

 

3.4.5. Family rankings 

 

Figure 3.8 shows the ranking of the hybrid families. Family Pat-04 × Tec-02 is 

the most frost resistant, while the most frost susceptible is Pat-05 × Tec-03. Figure 3.9 

show the ranking of the hybrid families group by patula (or female) half-sibs. The 

hybrids families with Pat-05 were the least frost resistant, and were not significantly 

different than the tecunumanii LE pure species. Families with the Pat-01 and Pat-02 

parents had a moderate cold hardiness compared to the other families; however, it 
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should be emphasized that the means of both patula half-sib hybrids were based on 

a different number of families. So, there is less information to support the ranking of 

both half-sib families, especially in Pat-02 which is a family with a unique 

representation. The most frost resistant half-sib hybrid families were those 

containing Pat-04 and Pat-03. It seems that Pat-03 is slightly more cold resistant, but 

this difference is not statistically significant. 

Tree breeders should find this information useful to predict cold hardiness of 

new hybrid combinations.  It will be interesting to know how hybrids behave when 

tecunumanii HE is used rather than tecunumanii LE. Once the hybrids with good 

cold hardiness are found, vegetative propagation has to be used to reproduce the 

material. 

 

3.5. CONCLUSIONS 

 

 Hybrids were intermediate between P. patula and P. tecunumanii LE for 

Injury index at -7ºC, but behaved more similarly to P. tecunumanii LE at lower 

temperatures. Patula parents contribute the most to the frost resistance in the 

hybrids, while tecunumanii parents contribute nearly zero variance to the frost 

resistance of the hybrids. At the family level, Pat-05 was the most frost resistant 

patula parent; but as an average across hybrid families, Pat-05 × tecLE was the most 

susceptible to frost. Pat-03 and Pat-04 were patula parent families with moderate 

frost susceptibility, but Pat-03 × tecLE and Pat-03 × tecLE were the most resistant to 

frost. This means that the most frost resistant patula parents do not necessarily 

produce the most frost resistant hybrids. The hybrid offspring of each patula parent 

must be tested before commercial deployment.  
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TABLES 

 

Table 3.1. Mating design for the hybrid families in the study. 

 

Patula 

Clones 

Tecunumanii Clones 

Tec-01 Tec-02 Tec-03 Tec-04 

 
X  X 

Pat-01 X X X X  

Pat-02 X 
  

 X 

Pat-03 X X X X X 

Pat-04 X X X X X 

Pat-05 X X X X X 

 

 

Table 3.2. ANOVA for species and family effects by temperature of the samples 

provided by Sappi. 

 

Temp 
Mean 

injury 
R2 df MS 

Species 

differences 
R2 df MS 

Family 

differences 

F-

value 

P-

value 

F-

value 

P-

value 

-7ºC 31.31 0.51 2 2724.89 32.19 <0.0001 0.70 22 393.92 6.00 <0.0001 

  Error 100 84.65   Error 80 65.61   

-14ºC 50.18 0.41 2 709.40 11.25 <0.0001 0.73 22 226.19 6.45 <0.0001 

  Error 102 63.08   Error 82 35.09   

-21ºC 48.66 0.24 2 548.04 10.90 <0.0001 0.70 22 193.51 7.95 <0.0001 

  Error 103 50.29   Error 83 24.33   
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Table 3.3. Genetic variance components for Pinus patula and P. tecunumanii parents 

used to produce hybrid families. 

 

Covariance 

Parameter 

Estimate for Injury index 

-7ºC -14ºC -21ºC 
Across 

temperatures 

Pat 26.87 34.25 28.69 25.23 

TecLE 0.55 0.63 5.40 1.25 

Residual 65.06 41.89 24.93 61.57 

 

 

Table 3.4. Summary statistics of ANOVA combined across temperatures. 

 

Effect df MS F-Value P-value 

Temperature 2 7530.49 125.28 <0.0001 

Family 15 476.73 7.93 <0.0001 

Family × temperature 30 67.32 1.12 0.3166 

Error 181 60.11   

Temperature 2 11802.21 210.18 <0.0001 

Female 6 2290.87 40.80 <0.0001 

Female × temperature 12 171.99 3.06 0.0004 

Error 303 56.15   
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FIGURES 

 

 

 

  

Figure 3.1. LSMeans for the injury index of the controls, species and hybrids studied 

across temperature treatments.  

Values followed by different letters within the same bar series are significantly different 

(P<0.05) based on Student-t test for pairwise least squares mean difference. 
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Figure 3.2. LSMeans for injury index among parental species and hybrids across 

temperature treatments. 

Values followed by different letters within the same temperature treatment are significantly 

different (P<0.05) based on Student-t test for pairwise least squares mean difference. 
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Figure 3.3. Injury index BLUPs for pure P. patula and P. tecunumanii families across 

temperature treatments. 
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Figure 3.4. Injury index BLUPs of the P. patula × P. tecunumanii hybrid families per 

temperature treatment. 
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Figure 3.5. Injury index BLUPs of the hybrids grouped by patula families per 

temperature treatment. 

 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

-7ºC -14ºC -21ºC

In
ju

ry
 I

n
d

e
x
 

Temperature 

Pat - Sappi

Pat-01 × TecLE

Pat-02 × TecLE

Pat-03 × TecLE

Pat-04 × TecLE

Pat-05 × TecLE

TecLE - Sappi



84 
 
 

 

 

 

 

 

 

 

 

Figure 3.6. Trends in injury index of the hybrids grouped by patula families across 

temperature treatments using BLUPs. 
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Figure 3.7. Injury index BLUPs of the hybrids grouped by patula families across 

temperature treatments compared to pure patula families. 
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Figure 3.8. Ranking of the Pinus patula × P. tecunumanii LE hybrid families by Injury 

index LSMeans across temperatures. 
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Figure 3.9. Ranking of the hybrids grouped by patula families by Injury index 

LSMeans across temperatures. 

Values followed by different letters are significantly different (P<0.05) based on Student-t test 

for pairwise least squares mean difference. 

 

 

0 10 20 30 40 50 60

Pat - Sappi

Pat-03 × TecLE

Pat-04 × TecLE

Pat-02 × TecLE

Pat-01 × TecLE

Pat-05 × TecLE

TecLE - Sappi

Injury Index 

F
e
m

a
le

 

A 

A 

B 

B 

D 

C 

C 



88 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

  



89 
 
 

 

 

Appendix A. Description of Phytotron A and B Chambers 

 

Growing area: 9 m2 for A-chambers and 3 m2 for B-chambers, with a vertical clearance of 

2.13 m. 

 

Temperature: Air temperatures can be selected over a range of 5-40ºC, with 2 B-

Chambers allowing temperatures of 4ºC with the lights and 0ºC in the dark. Air 

temperatures are sensed by a type T, 24- gauge thermocouple mounted in a shielded 

aspirated housing. The control sensor is usually a resistance element, also mounted in 

the aspirated housing. Two or three additional sensors may be placed in strategic 

locations to act as lead-lag elements for the room sensor. 

 

Light: Combination of T-12, 1500 ma, cool-white fluorescent and 100 W incandescent 

lamps, separated from the growing area by a plexiglass barrier. 

 

Relative Humidity: Normally, relative humidity levels are kept above 70% at 22ºC by a 

spray injection system. 
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Appendix B. Environmental variables of the Pinus patula provenances used in the correlation analysis with injury 

index 

 

Provenance MAT MTCM MAMT MMTCM MMT DMT Station Nº Station name 
Distance (in km) from 

station to provenance 

Acaxochitlán 14.5 12 8.9 5.9 0.1 -7.5 21190 Venta Grande 7.76 

Calcahualco 17.2 8.8 11.3 8.8 6.4 0 30032 Coscomatepec 8.79 

Corralita 13.9 11.8 8.5 6.6 4 0 21084 Telpatlan 14.27 

Cruz Blanca 17.9 14.2 13.3 9.7 8 -2 30089 Las Minas 3.30 

Ingenio del Rosario 9.6 7.7 4.6 2.5 1.2 -5 30175 Tembladeras 2.59 

Ixtlán 17.4 15.2 10.4 7.3 6.1 0 20041 Ixtlán de Juarez 10.18 

Llano de las Carmonas 15.1 12.4 10 6.6 4.2 -4 21008 Aquixtla 4.16 

Potrero de Monroy 12.9 10.6 4.5 1.6 -4.6 -11.5 13095 Agua Blanca 8.78 

San Mateo Río Hondo 15.4 14.2 9.3 7 5.7 2 20308 San Mateo Río Hondo 3.96 

Sierra Huayacocotla 12.2 10.9 5.6 3.9 -0.6 -10 30359 Palo Bendito 4.39 

Tlacotla 15.1 12.5 5.7 2.1 -0.1 -9 29032 Tlaxco 9.93 

Yextla 22.8 21.3 15.3 12.7 6.1 4 12204 Yextla 8.92 

Zacualtipán 14.4 10.7 8 3.9 1.3 -8 13042 Zacualtipán 1.35 

Data source: Mexican National Meteorological Service. Meteorological normals. Period: 1981-2010. 

MAT, mean annual temperature; MTCM, mean temperature in the coldest month; MAMT, mean annual minimum temperature; MMTCM, mean minimum 

temperature in the coldest month; MMT, monthly minimum temperature; DMT, daily minimum temperature.
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Appendix C. Species bulks that were used as controls in the cold hardiness study of 

Pinus patula × P. tecunumanii LE hybrids 

 

Species Provenance Country Family 
No. of 

seeds used 

P. tecunumanii HE Chiul Guatemala 747 40 

P. tecunumanii HE San Jerónimo Guatemala 2345 20 

P. tecunumanii HE Cabricán Guatemala 793 40 

P. tecunumanii HE Km33 Guatemala 2398 20 

Total 4 provenances 1 country 4 fam. 120 

P. tecunumanii LE Locomapa Honduras 2056 20 

P. tecunumanii LE Yúcul Nicaragua 2421 20 

P. tecunumanii LE Villa Santa Honduras 2433 20 

P. tecunumanii LE San Rafael del Norte Nicaragua 2466 20 

P. tecunumanii LE San Esteban Honduras 549 20 

Total 5 provenances 2 countries 5 fam. 100 

Pinus patula Sierra Huayacocotla Mexico bulk 55 

Pinus patula El Cielo Mexico 1288 40 

Pinus patula El Cielo Mexico 1289 15 

Pinus patula San Mateo Rio Hondo Mexico 577 25 

Pinus patula Cruz Blanca Mexico 389 25 

Total 5 provenances 1 country 5 fam. 160 
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