
 A M E R I C A N J O U R N A L O F B OTA NY   103 (12):  1 – 10 , 2016;  http://www.amjbot.org/   ©  2016   Botanical Society of America    •   1 

A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Plants have developed mechanisms for maintaining growth and 
productivity even under stressful circumstances ( Wang et al., 
2003 ). Th is is seen especially in temperate regions in response to 
low temperatures as a predictable, seasonal periodic stressor 
( Hofmann and Bruelheide, 2015 ). To minimize high energetic 
costs ( Huner et al., 1998 ), cold hardening mechanisms such as phe-
nological synchronization are regulated according to environmen-
tal conditions ( Weiser, 1970 ,  Charrier et al., 2011 ). It has long been 
hypothesized that a trade-off  or cost exists between cold hardiness 

and growth rates ( Levitt, 1980 ;  Aitken and Hannerz, 2001 ;  Howe 
et al., 2003 ) and that growth rates, and thereby competitive ability, 
might increase in the absence of cold hardiness ( Grime, 1977 ). 
However, we lack information about trade-off s with other key life-
history traits related to plant fi tness, particularly in long-lived for-
est trees. Reproduction is the basic plant function most directly 
related to fi tness ( Stearns, 1992 ) and may be linked to abiotic stress 
tolerance ( Obeso, 2002 ), although it may also deplete resources 
necessary for growth and maintenance ( Bazzaz et al., 1987 ). Tree 
populations adapted to stressful conditions tend to invest more in 
reproduction, at the expense of vegetative growth (see, for example 
 Santos-del-Blanco et al., 2012 ,  2013 ). While many works address 
the negative, direct eff ects of frost on reproduction (see, for exam-
ple  Morin et al., 2007 ), analysis of genetic correlations—those with 
an evolutionary basis—between cold hardiness and reproduction is 
generally lacking. 

 Apart from reproduction, other life-history traits that could 
trade-off  with cold hardiness include those linked to heteroblastic 
changes in plants. Th e mechanism by which ontogenetic development 
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  PREMISE OF THE STUDY:  Plants have developed mechanisms to withstand stressful environmental conditions, but the high energetic cost of these mecha-

nisms may involve exchanges with other key functions. While trade-off s between cold hardiness and growth rates are a general assumption, we lack infor-

mation regarding genetically based trade-off s between cold hardiness and other life-history traits. Such information has strong implications for tree 

conservation and breeding, especially in the context of ongoing climate change. 

  METHODS:  We used a common garden progeny test to examine the relationships between seasonal cold hardiness and life-history traits of growth, repro-

duction, juvenile ontogeny, and phenology in 75 families of six maritime pine ( Pinus pinaster  Ait.) populations, three of continental and three of coastal 

origins. 

  KEY RESULTS:  We found a clear diff erentiation among populations with regard to cold hardiness and life-history traits. Two continental Iberian populations 

showed high cold tolerance and slower growth, but faster ontogenetic development in relation to both vegetative heteroblastic change in juveniles and 

the onset of female reproduction. The coastal populations displayed the opposite behavior, while the continental Moroccan population presented a 

unique combination of traits. We confi rmed trade-off s between cold-hardiness and growth at the population level, but not within populations. There were 

no trade-off s with other life-history traits at either level. 

  CONCLUSIONS:  Relevant local adaptation syndromes were identifi ed in the relationship between cold hardiness and life-history traits. These should be 

considered in developing tree management guidelines aimed at increasing productivity or adaptability under the expected conditions of climate change. 
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infl uences cold hardiness has been the subject of substantial con-
sideration but relatively little research ( Kalberer et al., 2006 ). Main-
tenance of juvenile structures and a habit of continuous shoot 
growth may favor foliage production, thereby maximizing growth 
and enhancing competitiveness ( Zotz et al., 2011 ), but may trade-
off  with lower cold hardiness in juveniles ( Sakai and Larcher, 1987 ; 
 Climent et al., 2009 ,  2011 ;  Pardos et al., 2014 ). Th is is not com-
pletely clear, because examples exist of higher cold tolerance in ju-
veniles ( Bannister et al., 1995 ) or similar cold hardiness between 
saplings and adults ( Greer et al., 1989 ). 

 Common-garden progeny tests provide an excellent experimen-
tal setting for observing trade-off s between plant functions, because 
we can disentangle environmental and genetic eff ects. Similarly, 
 Pinus pinaster  Aiton (maritime pine) is a good tree species for ad-
dressing seasonal cold hardiness trade-off s, because low tempera-
tures are a particular concern in this and other Mediterranean 
species ( Climent et al., 2009 ;  Corcuera et al., 2011 ;  Larcher, 2000 ; 
 Díaz et al., 2009 ). Th e fragmented distribution of maritime pine ex-
tends from the Mediterranean basin to the European Atlantic coast, 
covering a wide range of elevations and contrasting climates. In a 
previous work, we found genetic variation in cold hardiness for au-
tumn, but not spring, among and within six  P. pinaster  populations 
( Prada et al., 2014 ). Population differentiation has also been 
reported for some life-history traits (see, for example  Santos del 
Blanco et al., 2012 ). 

 In this paper, we focus on the trade-off s between spring and au-
tumn cold hardiness and life-history traits of growth, reproduction, 
and juvenile ontogeny by analyzing half-sib families of six  P. pinas-
ter  populations in a common garden. Based on the life-history the-
ory, we expected the more cold-tolerant genotypes to grow less, 
reproduce more, and transition earlier to vegetative adults ( Stearns, 
1992 ;  Aitken and Hannerz, 2001 ;  Zotz et al., 2011 ); while those less 
cold tolerant would show opposite trends. Th e specifi c objectives of 
this study were (1) to estimate genetic variation for cold hardiness 
and life-history traits among and within populations; (2) to deter-
mine the existence of trade-off s between these traits at family and 
population levels, taking shoot phenology variation into account; 
and (3) to look for indications of local adaptation by analyzing how 
cold hardiness and life history traits relate to geoclimatic data from 
the place of origin. 

 MATERIALS AND METHODS 

 Plant material —   We selected saplings from several half-sib fami-
lies in six  P. pinaster  populations with contrasting climatic condi-
tions of origin, in the distribution range covering 34–44 °  N, 1–9 °  
W, and 0–1600 m a.s.l. ( Fig.1 ;  see  Table 1   for details). Th ree of the 
populations came from the Atlantic coast (Sergude (SERG), Leiría 
(LEIR), and Mimizán (MIMI)), while the other three came from 
the Mediterranean continental climate area (Bayubas (BAYU), 
Cuellar (CUEL), and Tamrabta (TAMR)). Half-sib families in 
natural populations were sampled from trees spaced at least 100 
m apart. Th e saplings were situated in four blocks of a prove-
nance-progeny common garden test site established in 2005 in 
Ourense (42 ° 14 ′ N, 7 ° 56 ′ W, and 460 m a.s.l., Galicia-Spain), with 
10–16 half-sib families per population (10 families from MIMI, 
11 from LEIR, 12 from BAYU, 15 from TAMR, 15 from CUEL, 
and 16 from SERG) and four contiguous plants from the same 
family per block. 

 Freezing damage traits —   We assessed cold hardiness for twigs ex-
cised from the last lateral growth of well-exposed branches of four 
trees per family from each of the six populations ( Table 2 ).  We col-
lected the twigs on 5 November 2010 (5 yr aft er planting) and 1 
April 2011, corresponding to the acclimation phase in autumn and 
the deacclimation phase in spring, when the risk of freezing dam-
age is greatest. Four twigs from every tree in each sampling period 
were collected: one twig for each of three freeze temperatures 
(−14.5, −17.0, and −19.5 ° C in autumn and −8.0, −13.0, and −15.5 ° C 
in spring) and one for the control. Th e freeze temperatures were 
chosen based on previous tests to attain medium percentages of 
damage, which would vary depending on the season and type of 
tissue (see  Prada et al., 2014 ). We collected all twigs for each sam-
pling period on a single day, transported them on ice to the labora-
tory, and cold-stored them at 4 ° C overnight. Th e next day, we 
wrapped them in damp cheesecloth and aluminum foil and placed 
them into a computer-controlled freezer that was programmed to 
cool down to the desired test temperature—a rate of 2 ° C h −1 . Aft er 
3 h at this temperature, samples were thawed at a rate of 5 ° C h −1  
until they reached 4 ° C. Freezing damage was assessed using fl uo-
rometry (FN) for the needles, and by visual scoring of buds (FB) 
and stems (FS). 

 We estimated minimum (F 
0
 ) and maximum (F 

m
 ) chlorophyll 

fl uorescence in dark-adapted needle samples by means of a pulse 
amplitude modulated fl uorometer (MINI PAM, Walz, Eff eltrich, 
Germany) equipped with a 2030-B leaf clip holder. We also calcu-
lated variable chlorophyll fl uorescence ( Fv ) as  F 

v
  = F 

m
  – F 

0
   (see 

 Genty et al., 1989 ) and dark-acclimated, maximum potential pho-
tosystem II (PSII) effi  ciency as  F 

v
 /F 

m
   ( Peguero-Pina et al., 2008 ). 

High  F 
v
 /F 

m
   values reveal undamaged tissue, while low values indi-

cate freezing damage (see Appendix 1). We expressed this variable 
as a percentage of maximum damage, as follows: 

   

=

Fv
Fm

F
Fvc

Fmc

100 − 100 ∗
   

 where  F  is the percent of damage estimated by measurement of 
fl uorescence,  F 

v
 /F 

m
   is the maximum potential PSII effi  ciency of the 

sample, and  F 
vc

 /F 
mc

   is the maximum potential PSII effi  ciency of the 
control. 

 To visually estimate freezing damage in buds and stems, we 
placed the samples in trays with substrate and maintained them in 
greenhouse conditions (20–25 ° C and 90% relative humidity; using 
a cooling/heating system and a fog device) for 10 days to allow vis-
ible signs of freezing damage to develop. To determine the extent of 
damage, we sliced buds and stems longitudinally and scored them 
according to tissue discoloration on a scale of 0–3 (0 = 0%, no dam-
age; 1 = 1–33% damaged; 2 = 34–66% damaged; 3 = 67–100% dam-
aged). Additional information on cold hardiness assessment methods 
can be found in  Prada et al. (2014) . 

 Life-history traits —   Six years aft er planting, we measured diameter 
at breast height, total height, juvenile ontogeny, shoot phenology, 
and male and female reproduction on all the live plants in the prog-
eny test for the six populations studied. Th e number of trees per 
family varied from 5–16, totaling 878 plants in 2005, down to 790 
plants by 2010. See  Table 2  for acronyms and summary information. 

 We estimated the relative height growth rate (RHGR6) and 
the absolute height growth rate (AHGR6) from the total height 
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measured at the end of the growing season for each tree in 2005 and 
2010. Th e RHGR is the maximum intrinsic growth rate in height, 
and AHGR is the total height that a tree accumulates in a year. 
Plants with a shorter growing season may grow faster in early 
spring, and thus have higher RHGR, but may have accumulated 
less AHGR by the end of the year ( Koehler et al., 2012 ). We calcu-
lated RHGR (cm cm −1  yr −1 ) as RHGR= ( lnHi –lnHj)/(ti-tj) , where 
 H  is the height in time  i  and  j  ( ti  and  tj  respectively, with  i  >  j  
( Sánchez-Gómez et al., 2010 ). We calculated AHGR (cm yr −1 ) as 
AHGR= ( Hi –Hj)/(ti-tj)  ( Koehler et al., 2012 ). 

 Two years aft er planting, we assessed juvenile ontogeny (ONT2) 
linked to shoot heteroblastic change in early stages of development 
( Climent et al., 2006 ). Using a three-level scale, we assigned a cate-
gory value of 1 for the juvenile stage (only primary needles), 2 for 
the transitional stage (dwarf shoots in the axils of primary needles), 
and 3 for the adult stage (dwarf shoots in the axils of scales, cata-
phylls). Because ontogenetic stage is strongly related to seedling 
size ( Climent et al., 2006 ), we also calculated a derived variable un-
biased by growth diff erences: HAd corresponds to the height at 

  FIGURE 1  Location of the six  P. pinaster  populations sampled in the study, and the experimental 

site ( EUFORGEN, 2009 ).   

  TABLE 1.  Geographic and climatic parameters of the experimental site and population origins. Climatic data were generated from the ClimateEU v4.63 software 

package. 

Parameter

Population

Experimental site BAYU CUEL LEIR MIMI SERG TAMR

Longitude West (Long, dec degrees) 7.93 2.87 4.32 9.02 1.22 8.67 5.02
Latitude North (Lat, dec degrees) 42.23 41.52 41.40 39.68 44.20 42.73 33.60
Altitude (m) 460 955 858 50 20 150 1760
Mean Annual Temperature (MAT,  ° C) 13.5 11.2 11.9 15.5 13.4 14.3 12.5
Temperature diff erence (TD,  ° C) 14.5 18.7 18.7 9.6 14.5 11.2 26.0
Degree-days above 5 ° C (DD5, growing degree-days) 3188 2514 2716 3917 3154 3471 3116
Mean Annual Precipitation (MAP, mm) 1092 487 440 785 1203 1154 555
Mean summer precipitation (MSP, mm) 266 195 158 133 443 275 63
Annual heat-moisture index (AHM) 21.5 44.8 51.2 34.0 19.9 22.3 43.3
Hargreaves reference evaporation (Eref ) 892.0 943.5 955.3 809.3 832.1 731.1 1344.5

  Note : BAYU: Bayubas; CUEL: Cuéllar; LEIR: Leiría: MIMI: Mimizán; SERG: Sergude; TAMR: Tamrabta. 

which the probability for a tree within a pop-
ulation to have reached the adult stage was 
99%. To estimate HAd, we fi tted a logistic re-
gression for ontogeny (pooled in two catego-
ries: 0 for juveniles and transitional stage, 1 
for adults) with height as the independent 
variable and population as the categorical factor, 
obtaining one HAd value for each population. 

 Each plant in the fi eld trial was assigned a 
phenological stage (shoot phenology, SP6) on 
21 April 2010, based on a categorical, six-level 
scale with the following values: 0 for dormant 
buds, 1 for elongating buds, 2 for elongating 
internodes, 3 for emerging secondary needles, 
4 for secondary needles not yet completely 
developed, and 5 for completely developed 
secondary needles. 

 We estimated female reproductive bio-
mass as the sum of all immature cones at age 
5 (FRB5). Because the  P. pinaster  female cone 
development cycle is biennial, this variable 
includes two consecutive fl owering years 
( Climent et al., 2008 ). We estimated the male 
reproductive biomass at age 6 as the number 
of twigs with male strobili that could be counted 

in 15 s (MRB6). Again, to remove the size eff ect on reproduction, 
we used the median threshold size for fi rst reproduction (FTSFR 
for female reproduction, MTSFR for male reproduction), or the 
size at which the probability was 50% for a tree within a population 
to have reached sexual maturity ( Santos del Blanco et al., 2012 ). 

 Climate data —   Climatic variables were generated with the Cli-
mateEU v4.63 soft ware package ( Hamann et al., 2013 ), which is 
freely available in beta at  https://sites.ualberta.ca/~ahamann/data/
climateeu.html . Th e following variables were selected for their po-
tential biological relevance to population adaptation to climate: 
mean annual temperature (MAT), continentality (TD, equivalent 
to the mean of the warmest month temperature minus the mean of 
the coldest month temperature), growing degree-days above 5 ° C 
(DD5), mean annual precipitation (MAP), mean summer (May 
to September) precipitation (MSP), annual heat-moisture index 
(AHM= (MAT+10)/(MAP/1000)) and Hargreaves reference evap-
oration (Eref). Other directly obtained and derived climate vari-
ables were also analyzed and are included in Appendix 2. 
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 Data analysis —   Th e variables analyzed were related to growth 
(DBH6, RHGR6, AHGR6, HAd, ONT2, SP6), reproduction (FRB5, 
MRB6, FTSFR, MTSFR), and freezing damage (FN 

A
 , FS 

A,
  FB 

A
 , FN 

S
 , 

FS 
S,
  FB 

S
 ). Th ree of these variables (HAd, FTSFR, MTSFR) were cal-

culated on a population basis only, and therefore were not analyzed 
at the family level. 

 At the family level, we estimated the mean population ( μ ) 
and coeffi  cient of variation (CV) for 300 individuals for the freez-
ing variables, and for 790–878 individuals for the other traits 
( Table 2 ). Prior to analysis, we transformed the categorical traits 
per fi eld block using a normal score transformation to restore 
normality and homogeneity of variances, because of an underly-
ing increase in injury severity or advance in development from 
one class to the next ( Johnsen et al., 2005 ). Th en, to examine the 
spatial structure of fi eld traits, we used the SAS VARIOGRAM 
procedure to construct an empirical semivariogram for the re-
siduals, which was adjusted for family eff ects. We corrected spa-
tially dependent variables (DBH6, RHGR6, AHGR6, ONT2, SP6, 
and MRB6) with the iterative spatial analysis (ISA) method ( Zas, 
2006 ). Spatial adjustment was applied to the location of every tree 
in the common garden, and the corrected values were used in 
subsequent analyses. 

 We used the restricted maximum likelihood (REML) algorithm 
to develop the following mixed model for analyzing these variables: 

   
= + + + +

ijkl i k ijklj i
X μ P F P B ε

   

 where  X 
ijkl

   is the value of the variable for the  l  th  tree from the  j  th  fam-
ily within  i  th  population and  k  th  block,   μ   is the overall mean,  P 

i
   is the 

eff ect of the  i  th  population ( i  = 1 to 6),  F(P)  
j(i)

   is the eff ect of the  j  th  
family within the  i  th  population ( j  = 1–9 to 1–16 depending on the 
population,  B 

k
   is the eff ect of the fi eld block ( k  = 1–4) and   ε  

ijk
   is the 

experimental error. All factors except ‘family within population’ 
were considered fi xed. Aft er testing several covariance structures to 
model the residuals, we selected a fi rst-order autoregressive (AR(1)) 
structure. 

 Th e LSMEANS (Least square means) and BLUPs (Best Linear 
Unbiased Predictors) were used to obtain point estimates of fi xed 
and random eff ects, respectively, in the mixed-eff ect model, to 
predict an individual tree’s expected phenotype based on pheno-
typic information collected from its relatives ( Gilmour et al., 
2009 ). 

 We estimated the diff erence among populations (Dap) for each 
trait studied by subtracting the minimum from the maximum pop-
ulation LSMEANS. Similarly, we estimated the mean value of the 
diff erences among families within populations (Daf) and calculated 
the diff erences within each population by subtracting the mini-
mum from the maximum family BLUP estimates. 

 Spearman correlations among populations (populations 
LSMEANS) and within populations (family BLUP aft er removing 
the population mean eff ect) were obtained to explore the relation-
ships between freezing damage traits, life-history traits, and origin 
parameters. All statistical analyses were done with the SAS System 
(SAS 9.1,  SAS Institute Inc., 2004 ). 

 RESULTS 

 Genetic variation at diff erent levels —   Freezing damage—  Among 
the 18 freezing damage traits assessed (three organs  ×  three tem-
peratures per season  ×  two seasons), we selected those in an inter-
mediate level (40–70%) and with a coeffi  cient of variation between 
49 and 70% for subsequent analyses and inferences ( Table 3 ).  

 Variation among families was signifi cant (df = 69,  P  < 0.05) 
for all freezing traits in autumn and for freezing damage in nee-
dles in spring. Variation among populations was signifi cant (df = 
5,  P  < 0.001) for all freezing traits in autumn and spring, except 
for buds in spring ( Table 3 ). Th e diff erences among families (Daf) 
and among populations (Dap) were high for all freezing traits 
( Table 3 ). 

 Life-history traits—  We found signifi cant variation ( P  < 0.05) among 
(df = 5) and within populations (df = 73) for all traits except juve-
nile ontogeny (ONT2), which only showed signifi cant diff erences 
between populations ( Table 3 ). Th e diff erence among families was 
lower than the diff erence among populations for all life-history 
traits ( Table 3 ). 

 Correlation between cold hardiness and life-history traits —   We 
considered in subsequent analyses freezing damage in needles in 
autumn and spring (FN 

A
  and FN 

S
 ) as representative traits for sea-

sonal freezing damage, because damage in needles was well corre-
lated with damage in the other organs (data not shown). We found 
a significant positive correlation between freezing damage in 

  TABLE 2.  Summary of assessed variables: description, unit, measurement year (Year), plant age (Age (yrs.)), number of populations (P), number of families per 

population (F(P)), total number of families (F), and number of plants (Pl). 

 Variable  Description  unit  Year  Age  P  F(P)  F  Pl 

 Freezing damage traits* 
 FN 

A
 , FS 

A
 , FB 

A
 Freezing damage traits in autumn % 2010 6 6 9–16 75 300

 FN 
S
 , FS 

S
 , FB 

S
 Freezing damage traits in spring % 2011 6 6 9–16 75 300

 Life-history traits 
 DBH6 Diameter at Breast Height mm 2010 6 6 9–16 75 790
 RHGR6 Relative Height Growth Rate cm cm −1  yr −1 2005 - 2010 6 6 9–16 79 790
 AHGR6 Absolute Height Growth Rate cm yr −1 2005 −2010 6 6 9–16 79 790
 ONT2 Juvenile Ontogeny scale: 1-3 2007 2 6 9–16 79 878
 HAd Adult Height cm 2007 2 6 — — 878
 SP6 Shoot Phenology scale: 0–5 2010 6 6 9–16 79 790
 FRB5 Female Reproductive Biomass no 2008; 2009 5 6 9–16 79 816
 MRB6 Male Reproductive Biomass no 2010 6 6 9–16 79 790
 FTSFR Female Median Threshold Size for First Reproduction cm 2008-2010 5–6 6 — — 790
 MTSFR Male Median Threshold Size for First Reproduction cm 2008-2010 5–6 6 — — 790

  Note : * Chlorophyll fl uorescence assessment method in needles (FN 
A
  and FN 

S
 ), visual damage assessment method in stems (FS 

A
  and FS 

S
 ), and buds (FB 

A
  and FB 

S
 ). 
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needles in autumn, and absolute height growth rate at the popula-
tion level (df = 4,  r  = 0.83,  P  < 0.05,  Table 4 ),  indicating that the 
genotypes with more freezing damage in autumn tended to have 
more absolute growth. However, this relationship was not signifi -
cant at the family level (df = 73,  r  = −0.11,  P  > 0.1). We found a 
barely signifi cant negative correlation between freezing damage in 
needles in spring and female reproductive biomass at the popula-
tion level (df = 4,  r  = −0.77,  P  < 0.1), suggesting that the genotypes 
with less freezing damage in spring tended to have a greater female 
reproductive biomass. Th is correlation was not signifi cant at the 
family level (df = 73,  r  = −0.01,  P  > 0.1). No relationship was found 
at the population or family levels between freezing damage traits 
and the other life-history traits studied: relative growth, juvenile 
ontogeny, shoot phenology, or male reproductive biomass. 

 Shoot phenology showed a signifi cant negative correlation with 
absolute height growth rate (df = 4,  r  = −0.94,  P  < 0.01,  Table 4 ), 
and with male reproductive biomass (df = 4,  r  = −0.89,  P  < 0.05), 
indicating that the genotypes with delayed budburst tended to have 
more absolute growth and more male reproductive biomass. How-
ever, these relationships were not significant at the family level 
(df = 77,  r  = −0.04,  P  > 0.1). We found a positive correlation be-
tween male reproductive biomass and absolute height growth rate, 
which was barely signifi cant at the population level (df = 4,  r  = 0.77, 
 P  < 0.1) and signifi cant at the family level (df = 77,  r  = 0.35,  P  < 
0.01), suggesting that the genotypes with higher male reproductive 

biomass tended to have more absolute growth. Th e correlation be-
tween male reproductive biomass and juvenile ontogeny was barely 
signifi cant and negative at the population level (df = 4,  r  = −0.77, 
 P  < 0.1) but signifi cant and positive at the family level (df = 77,  r  = 
0.23,  P  < 0.05). Th is suggests that as seedlings, the genotypes with 
higher male reproductive biomass tended to delay heteroblastic 
change. 

 Correlation with geoclimatic data —   We found signifi cant positive 
relationships between freezing traits and the mean annual tempera-
ture (df = 4,  r  = 0.89,  P  < 0.05) and between freezing traits and de-
gree-days with temperature above 5 ° C (df = 4,  r  = 0.89,  P  < 0.05), 
indicating that populations with greater freezing damage came 
from areas with higher mean annual temperature and more degree-
days above 5 ° C ( Table 5 ).  We did not fi nd signifi cant correlations 
between freezing damage and mean annual precipitation, annual 
heat-moisture index, or Hargreaves reference evaporation. For 
geographic data (longitude and latitude), we found only a barely 
signifi cant positive correlation between seasonal freezing traits and 
the longitude of origin (df = 4,  r  = −0.77,  P  < 0.1). 

 Th e correlations observed between life-history traits and cli-
matic data of origin showed that populations with higher absolute 
growth rate (AHGR6), delayed shoot phenology (SP6), and higher 
threshold for female fl owering (FTSFR) tended to come from areas 
with higher mean annual temperature (MAT), less continentality 

(TD), more degree-days above 5 ° C 
(DD5), and minor Hargreaves refer-
ence evaporation (Eref) ( Table 5 ). Shoot 
phenology (SP6) was also strongly 
correlated with almost all tempera-
ture variables (see Appendix 2) and 
presented a barely positive correlation 
with altitude (Alt) ( Table 5 ). Juvenile 
ontogeny (ONT2) showed signifi cant 
positive correlations with altitude and 
annual heat moisture index (AHM), 
but negative correlations with mean 
annual precipitation (MAP) ( Table 5 ). 

  TABLE 3.  Treatment freezing temperature (T,  ° C), Population mean ( μ ), range, coeffi  cient of variation (CV, %), fi xed eff ect estimation for population (P) and block 

(B), variance components of the random eff ects ( σ  
F(p)

  2  and  σ  
e
  2  are the family variance components nested to population and error, respectively) and diff erences 

among (Dap) and within (Daf ) populations for freezing damage and life-history traits. 

 Variable  T ( ° C)   μ   Range  CV  P a   B b    σ  2  
F(p)

    σ  2  
e
   Dap  Daf 

 Freezing damage traits in autumn 
  FN 

A
  −17.0 61.4 0-100 49.4 8.11*** 1.53 140.88* 623.99 35.7 34.1

  FS 
A
  −19.5 15.4 0-100 144.7 15.95*** 2.28 55.66* 313.59 35.9 24.7

  FB 
A
  −19.5 62.8 0-100 52.1 12.17*** 1.30 158.01* 615.48 44.8 30.5

 Freezing damage traits in spring 
  FN 

S
  −15.5 40.3 0-100 62.1 7.53*** 2.66* 99.27* 430.53 35.3 24.3

  FS 
S
  −15.5 60.2 0-100 70.0 3.36** 7.96*** 271.61 1316.68 29.8 44.5

  FB 
S
  −15.5 65.6 0-100 66.6 2.00 6.76*** 222.27 1573.02 29.7 31.2

 Life-history traits 
  DBH6 38.8 4-112 52.6 28.00*** 1.88 0.02* 0.39 0.8 0.4
  RHGR6 0.5 0.2-1.2 14.9 15.44*** 1.85 0.04** 0.59 1.0 0.5
  AHGR6 54.5 8-112 32.4 27.87*** 2.69* 0.05** 0.42 1.0 0.4
  ONT2 2.7 1-3 16.6 8.96*** 1.06 0.00 0.38 0.3 0.0
  SP6 1.8 1-3 29.8 9.23*** 0.96 0.07** 0.39 0.9 0.8
  FRB5 1.0 0-22 223.0 7.92*** 0.50 0.03* 0.61 0.6 0.4
  MRB6 16.6 0-61 98.4 32.08*** 0.38 0.03* 0.54 1.3 0.3

  Notes : Signifi cance levels: *** =  P  < 0.001, ** =  P  < 0.01, * =  P  < 0.05. 
  a  F 

5,69
  (freezing traits) 

;
 F 

5,73
  (life-history traits). 

  b  F 
3,221

 (freezing traits) 
;
 F 

3,707-796
  (life-history traits). 

  TABLE 4.  Spearman correlations for freezing damage and life-history traits: within populations (among families) 

under diagonal and among populations above diagonal; abbreviations are as defi ned in  Table 2 . 

 Variable  FN 
A
   FN 

S
   RHGR6  AHGR6  ONT2  SP6  FRB5  MRB6 

 FN 
A
  0.31  0.83* −0.37 −0.66 −0.66 0.49

 FN 
S
  0.31 0.66 −0.54 −0.54 −0.77a 0.43

 RHGR6 −0.03 0.12 0.03 0.20 0.26 −0.77a −0.54
 AHGR6 −0.11 0.02  0.27 * −0.54 - 0.94 ** −0.43 0.77a
 ONT2 −0.03 −0.14 −0.03 0.05 0.60 0.43 −0.77a
 SP6 0.05 −0.05 −0.17 −0.04 −0.02 0.20 - 0.89 *
 FRB5 0.06 −0.01 −0.01 0.16 0.04 0.02 −0.03
 MRB6 0.11 0.13 −0.12  0.35**  0.23* −0.04  0.27* 

  Note : Signifi cance levels: ** =  P  < 0.01, * =  P  < 0.05, a =  P  < 0.1. 
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Adult height (Had) had very strong negative correlations with TD 
and Eref ( Table 5 ). Female reproductive biomass (FRB) presented 
barely signifi cant negative correlations with MAT and DD5 only, 
whereas the unbiased-by-growth-diff erences variable (FTSFR) had 
strong signifi cant relationships with MAT, TD, DD5, MAP, AHM, 
and Eref ( Table 5 ). Male reproductive biomass (MRB) displayed 
strong negative correlations with TD and Eref, but there was no evi-
dence of a relation between the unbiased-by-growth-diff erences vari-
able (MTSFR) and geoclimatic variables ( Table 5  and Appendix 2). 

 Population diff erentiation —   Th e continental Iberian populations 
(BAYU and CUEL) had the lowest freezing damage values in both 
seasons, whereas the coastal Iberian populations (LEIR and SERG) 
had the highest freezing damage values ( Fig. 2A, B ,  Appendix S1 
(see Supplemental Data with the online version of this article)). 

 Th e Atlantic coast populations showed distinctly higher abso-
lute growth (AHGR6), delayed juvenile ontogeny (ONT2) and 
shoot phenology (SP6), and more abundant male reproductive bio-
mass (MRB6) compared to the continental southern populations 
( Fig. 2D-F, H ). Female reproductive biomass (FRB5) was highest in 
the two continental Iberian populations, and intermediate in the 
Moroccan population ( Fig. 2G ). Both height growth rates showed 
diff erent population-level response patterns ( Fig. 2C, D ). Specifi -
cally, we observed that the Moroccan population had the maximum 
relative height growth rate, but one of the lowest absolute rates. 

 DISCUSSION 

 We found clear diff erentiation between the Atlantic coast and the 
continental southern populations with regard to both seasonal freez-
ing damage and life-history traits, suggesting local adaptation. We 
also uncovered genetic correlations indicative of underlying evolu-
tionary trade-off s, along with signifi cant environmental correlations. 

 Genetic variation of cold hardiness and life-history traits —   We de-
tected signifi cant diff erences among maritime pine families and 
populations for most of the freezing and life-history traits analyzed, 
broadly confi rming previous research ( Prada et al., 2014 ;  Santos del 
Blanco et al., 2012 ). However, diff erences among populations were 
higher than those among families for almost all traits, in contrast 
with other works reporting diff erences mainly at the family level for 
winter stress under highly stressful conditions ( Corcuera et al., 
2011 ). Within-population adaptive variation may result from gene 
fl ow among sites with diff ering selective pressures ( Howe et al., 

  TABLE 5.  Spearman correlations for freezing damage traits, life-history traits and population geoclimatic 

characteristics; abbreviations are as defi ned in  Tables 1 and 2 . 

 Variable  Long  Lat  Alt  MAT  TD  DD5  MAP  MSP  AHM  Eref 

 FN 
A
  0.77 a −0.09 −0.31  0.89* −0.58  0.89* 0.60 −0.09 −0.60 −0.60

 FN 
S
  0.77 a −0.20 −0.31  0.89* −0.64  0.89* 0.60 −0.20 −0.60 −0.60

 RHGR6 0.43 −0.77 a 0.14 0.31 0.17 0.31 −0.09 −0.77 a 0.09 0.43
 AHGR6 0.54 0.31 −0.71  0.89*  -0.84*  0.89* 0.66 0.31 −0.66  -0.83* 
 ONT2 0.03 −0.54  0.83* −0.66 0.72 −0.65  -0.88* −0.54  0.88* 0.71
 HAd 0.37 0.54 −0.71 0.71  -0.93** 0.71 0.66 0.54 −0.66  -1.00*** 
 SP6 −0.43 −0.49 0.77 a −0.77 a  0.93** −0.77 a −0.60 −0.49 0.60  0.94** 
 FRB5 −0.54 0.43 0.31 −0.77 a 0.35 −0.77 −0.49 0.43 0.49 0.14
 FTSFR 0.60 0.09 −0.60  0.94*  -0.81*  0.94** 0.77 a 0.09 −0.77 a −0.77 a 
 MRB6 0.09 0.77 a −0.77 a 0.60  -0.81* 0.60 0.77 a 0.77 a −0.77 a  -0.94** 
 MTSFR 0.14 −0.66 0.09 0.20 0.23 0.20 0.03 −0.66 −0.03 0.49

  Note : Signifi cance levels: *** =  P  < 0.001, ** =  P  < 0.01, * =  P  < 0.05,  a  =  P  < 0.1. 

2003 ) or from temporally variable lo-
cal selection ( Salmela et al., 2011 ) in 
response to the variations and multi-
ple interactions of temperature, light, 
and nutrients ( Skrøppa, 1991 ). Th is 
intrapopulation variation is highly rele-
vant and general for many adaptive 
traits, as it ensures the evolvability of 
populations in response to new envi-
ronmental conditions imposed by a 
changing climate ( Howe et al., 2003 ). 

 Trade-off s between cold hardiness 

and life-history traits —   The more 
cold-tolerant populations generally 

confi rmed our expectations based on life-history theory: they grew 
more slowly and showed faster ontogenetic development in rela-
tion to both seedling vegetative heteroblastic change and the onset 
of female reproduction. By contrast, male reproduction tended to 
be more intense and precocious in the less cold-tolerant popula-
tions. However, those results were not confi rmed at the intrapopu-
lation level, indicating that diff erent factors infl uence population 
divergence and within-population selection. 

 Th e results also confi rmed our hypotheses that the onset of fe-
male reproduction would occur later in less cold-tolerant popula-
tions, especially in spring. Th is is highly consistent with the high 
resource allocation to growth in the maritime pine of coastal origin. 
In these favorable environments, early investment in costly female 
reproduction is disadvantageous because it decreases competitive-
ness ( Santos-del-Blanco et al., 2012 ,  2013 ). 

 As expected, we found faster juvenile ontogenetic development 
in the more cold-tolerant populations. Conversely, pine seedlings 
from coastal regions tended to maintain continuous vegetative 
growth longer by delaying the heteroblastic change that culminates 
in the formation of a terminal bud and subsequent preformed 
growth. Th is delay can favor competitiveness, but can also increase 
the risk of frost damage in growing tissues, where higher water con-
tent makes the plant more susceptible to mechanical damage from 
extracellular ice and promotes lethal intracellular freezing ( Levitt, 
1980 ). Th is genetic correlation corroborates the well-established 
evolutionary confl ict between stress tolerance and competitiveness 
( Grime, 1977 ). 

 We did not fi nd a signifi cant correlation between spring cold 
hardiness and shoot phenology. Although these two traits are 
strongly correlated for most species in the relevant literature ( Howe 
et al., 2003 ), exceptions also exist ( Cannell and Sheppard, 1982 ). 
Th e continental populations showed earlier onset of growth (shoot 
phenology) and were more cold hardy than the coastal populations. 
To break out of dormancy, populations from continental environ-
ments are likely to have lower chilling requirements, lower heat 
sum requirements, or a combination of both ( Howe et al., 2003 ). 

 Notably, we found no correlation between the end of growth 
and cold hardiness. Th e Moroccan population stopped growing be-
fore the three coastal populations, probably due to summer drought. 
Contrary to what might be expected, however, the Moroccan popu-
lation presented autumn freezing damage values similar to those of 
the coastal populations. Natural selection may have favored cold 
hardiness at higher latitudes, even in coastal areas like at the French 
population, which would explain its intermediate cold tolerance 
behavior. However, at lower latitudes, the shorter growing season 
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  FIGURE 2  Diff erences among populations for fi eld and freezing damage traits: (A) Freezing damage in Needles in autumn (FN 
A
 ), (B) Freezing damage 

in Needles in spring (FN 
S
 ), (C) Relative Height Growth Rate (RHGR6), (D) Absolute Height Growth Rate (AHGR6), (E) Juvenile Ontogeny (ONT2), (F) Shoot 

Phenology (SP6), (G) Female Reproductive Biomass (FRB5), and (H) Male Reproductive Biomass (MRB6)—obtained from the mixed model. Black bars 

represent LSMeans for the transformed variables in continental populations, white bars represent LSMeans for the transformed variables in for coastal 

populations, and vertical lines represent standard errors (see Appendix S1 Supplemental Data with the online version of this article). Diff erent letters 

indicate signifi cant diff erences ( P  < 0.05). Numbers in italics above letters indicate mean untransformed values.   
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seems to restrict fi tness more than the risk of seasonal freezing 
damage ( Vitasse et al., 2014 ). In contrast with fi ndings for Douglas 
fi r ( O’Neill et al., 2001 ) or Norway spruce ( Skrøppa, 1991 ), our re-
sults suggest that shoot phenology is not as relevant a criterion for 
cold hardiness estimation among maritime pine populations. 

 Correlation with geoclimatic data —   Th e diff erences we observed in 
relation to freezing damage and life-history traits among  P. pinaster  
populations reveal a pattern of genetic variation consistent with 
local adaptation to different environments (e.g.,  Alía et al., 1997 ; 
 Sánchez-Gómez et al., 2010 ). We found consistent relationships be-
tween cold hardiness traits and climatic variables. Gradients in de-
gree-days above 5 ° C and mean annual temperature revealed cold 
hardiness clines in  P. pinaster  populations. Cold hardiness was not 
associated with latitude and presented only a marginally signifi cant 
correlation with longitude. 

 Cold and drought are considered the most important factors in 
shaping the geographical aspects associated with the genetic struc-
ture of the species ( Corcuera et al., 2011 ). Indeed, both environ-
mental stressors oft en display similar geographic variation patterns 
( Howe et al., 2003 ). Contrary to expectations, however, we found 
no coherent relationship between cold hardiness and drought-
related variables (annual heat-moisture index and Hargreaves ref-
erence evaporation). 

 Th e Iberian continental populations showed signifi cantly higher 
cold hardiness than the coastal populations in both autumn and 
spring. Th is supports the hypothesis that trees from harsher conti-
nental regions are less susceptible to autumn frosts than trees from 
milder coastal regions, but contradicts the assumption that trees 
from continental regions are more susceptible to spring frosts 
( Morgenstern, 1996 ;  Aitken and Hannerz, 2001 ;  Howe et al., 2003 ). 
Our fi nding suggests much more intense selection for cold hardi-
ness in continental areas, compared to the more moderate coastal 
environments ( Darychuk et al., 2012 ). 

 Th e Atlantic coast populations showed distinctly higher abso-
lute growth, delayed juvenile ontogeny, and more abundant male 
reproduction than the continental southern populations, while fe-
male reproduction was more precocious and abundant in the two 
Iberian continental populations (BAYU and CUEL). Th e Moroc-
can population (TAMR) also presented precocious onset of female 
reproduction (low threshold size). Th is shift  of resource allocation 
from vegetative growth toward female reproduction in more stress-
ful environments has also been reported for  Pinus halepensis  in re-
lation to ecotypic variation and phenotypic plasticity ( Climent et al., 
2008 ;  Santos-del-Blanco et al., 2013 ). It is solidly supported by the 
life-history theory and can be seen in many plants and other organ-
isms ( Stearns, 1992 ). 

 In regions where drought is not limiting, higher temperatures 
and increased levels of CO 

2
  are expected to increase productivity, 

and therefore competition; although there is heated debate regard-
ing the persistence of these changes (see for example  Schelhaas 
et al., 2015 ). Such conditions would favor coastal maritime pine 
populations because of their high-growth strategy, but carry the 
risk of damage from out-of-season frost events. Conversely, while 
the risk of suff ering frost damage is low in continental populations, 
their conservative growth strategy makes them less competitive in 
frost-free conditions. Our results showed that maritime pine under 
controlled conditions tolerated temperatures that were lower than 
usual for its natural habitat. However, we still suggest caution when 
considering seed movement from mild to harsh climate areas, to 

minimize the risk of damage from early autumn or late spring frost 
events. 

 Th is work highlights the importance of relationships between 
cold hardiness and key life-history traits. Such correlations point to 
relevant local adaptation syndromes that should be included in 
breeding, conservation, and assisted migration programs or trans-
fer guidelines aimed at optimizing productivity or adaptability. 

 ACKNOWLEDGEMENTS 

 Th e authors thank the C.I.F. Lourizán staff , Antonio Soliño, and the 
students Rebeca Rodas, Marta Paraños, and Carmen Muiña for 
fi eld and laboratory assistance. We are very grateful to Luis Santos 
del Blanco for the data provided. We also thank two anonymous 
reviewers for their helpful suggestions. Th e English version of this 
work was revised by Andrea Blanch (Oregon, USA). Th is research 
was developed as part of project 09MDS019502PR of the Galician 
government. Th e fi eld trial was installed as part of the TREESNIPS 
project (QLK3-CT2002-01973). 

 LITERATURE CITED 

   Aitken ,  S. , and  M.   Hannerz .  2001 .   Genecology and gene resource management 

strategies for conifer cold hardiness.   In  F. J. Bigras, and S. Colombo [eds.], 

Conifer cold hardiness, 23–53. Kluwer Academic Publishers, Dordrecht / 

Boston / London.   

   Alía ,  R. ,  J.   Moro , and  J. B.   Denis .  1997 .   Performance of  Pinus pinaster  prove-

nances in Spain: interpretation of the genotype by environment interaction.  

  Canadian Journal of Forest Research    27 :  1548 – 1559  Available at  http://www.

nrcresearchpress.com/doi/abs/10.1139/X97-122 .   

   Bannister ,  P. ,  C. M.   Colhoun , and  P. E.   Jameson .  1995 .   Th e winter hardening 

and foliar frost resistance of some New Zealand species of  Pittosporum .    New 

Zealand Journal of Botany    33 :  409 – 414 .  

   Bazzaz ,  F. ,  N.   Chiariello ,  P.   Coley , and  L.   Pitelka .  1987 .   Allocating resources 

to reproduction and defense.    Bioscience    37 :  58 – 67  Available at  http://www.

jstor.org/stable/1310178 .   

   Cannell ,  M. G. R. , and  L. J.   Sheppard .  1982 .   Seasonal Changes in the Frost Hardiness 

of Provenances of  Picea sitchensis  in Scotland.    Forestry    55 :  137 – 153  Available at 

 http://forestry.oxfordjournals.org/cgi/doi/10.1093/forestry/55.2.137 .  

   Charrier ,  G. ,  M.   Bonhomme ,  A.   Lacointe , and  T.   Ameglio .  2011 .   Are budburst 

dates, dormancy and cold acclimation in walnut trees ( Juglans regia  L.) un-

der mainly genotypic or environmental control?    International Journal of 

Biometeorology    55 :  763 – 774 .   

   Climent ,  J. ,  M. R.   Chambel ,  R.   López ,  S.   Mutke ,  R.   Alía , and  L.   Gil .  2006 .  

 Population divergence for heteroblasty in the Canary Island pine ( Pinus ca-

nariensis,  Pinaceae).    American Journal of Botany    93 :  840 – 848 .   

   Climent ,  J. ,  F.   Costa e Silva ,  M. R.   Chambel ,  M.   Pardos , and  M. H.   Almeida .  2009 .  

 Freezing injury in primary and secondary needles of Mediterranean pine species 

of contrasting ecological niches.    Annals of Forest Science    66 :  407 – 415  Available 

at  http://www.springerlink.com/openurl.asp?id=doi:10.1051/forest/2009016 .   

   Climent ,  J. ,  M. A.   Prada ,  R.   Calama ,  M. R.   Chambel ,  D. S.   de Ron , and  R.   Alía . 

 2008 .   To grow or to seed: ecotypic variation in reproductive allocation and 

cone production by young female Aleppo pine ( Pinus halepensis , Pinaceae).  

  American Journal of Botany    95 :  833 – 842  Available at  http://www.ncbi.nlm.

nih.gov/pubmed/21632409 .   

   Climent ,  J. ,  R.   San-Martín ,  M. R.   Chambel , and  S.   Mutke .  2011 .   Ontogenetic 

diff erentiation between Mediterranean and Eurasian pines (sect.  Pinus)  at 

the seedling stage.    Trees (Berlin)    25 :  175 – 186 .   

   Corcuera ,  L. ,  E.   Gil-Pelegrin , and  E.   Notivol .  2011 .   Intraspecifi c variation in 

 Pinus pinaster  PSII photochemical effi  ciency in response to winter stress 

and freezing temperatures.    PLoS One    6 :  e28772  Available at  http://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=3248426&tool=pmcentrez

&rendertype=abstract .   



 D E C E M B E R    2016 ,  V O LU M E   103   •   P R A DA  E T  A L .  — CO R R E L AT I O N S W I T H S E A S O N A L CO L D H A R D I N E S S I N MA R I T I M E P I N E   •   9 

   Darychuk ,  N. ,  B. J.   Hawkins , and  M.   Stoehr .  2012 .   Trade-off s between growth 

and cold and drought hardiness in submaritime Douglas-fi r.    Canadian 

Journal of Forest Research    42 :  1530 – 1541 .  

   Díaz ,  R. ,  O.   Johnsen , and  J.   Fernández-López .  2009 .   Variation in spring and 

autumn freezing resistance among and within Spanish wild populations of 

 Castanea sativa.     Annals of Forest Science    66 :  708 – 720 .   

   EUFORGEN .  2009 .  EUFORGEN Distribution map of maritime pine ( Pinus 

pinaster ).   www.euforgen.org   [accesed 1 october 2014].  

   Genty ,  B. ,  J. M.   Briantais , and  N. R.   Baker .  1989 .   Th e relationship between the 

quantum yield of photosynthetic electron-transport and quenching of chlo-

rophyll fl uorescence.    Biochimica et Biophysica Acta    990 :  87 – 92 .   

   Gilmour ,  A. R. ,  B. J.   Gogel ,  B. R.   Cullis , and  R.   Th ompson .  2009 .  ASReml 

user guide release 3.0.  VSN International Ltd . Available at:  http://vsni.de/

downloads/asreml/release3/UserGuide.pdf\   

   Greer ,  D. H. ,  C. J.   Stanley , and  I. J.   Warrington .  1989 .   Photoperiod control of 

the initial phase of frost hardiness development in  Pinus radiata.     Plant, Cell 

& Environment    12 :  661 – 668 .  

   Grime ,  J.   1977 .   Evidence for the existence of three primary strategies in plants 

and its relevance to ecological and evolutionary theory.    Th e American 

Naturalist  . Available at:  http://www.jstor.org/stable/2460262 .   

   Hamann ,  A. ,  T.   Wang ,  D. L.   Spittlehouse , and  T. Q.   Murdock .  2013 .   A com-

prehensive, high-resolution database of historical and projected climate sur-

faces for western North America.    Bulletin of the American Meteorological 

Society    94 :  1307 – 1309 .   

   Hofmann ,  M. , and  H.   Bruelheide .  2015 .   Frost hardiness of tree species is in-

dependent of phenology and macroclimatic niche.    Journal of Biosciences    40 : 

 147 – 157  Available at  http://link.springer.com/10.1007/s12038-015-9505-9 .   

   Howe ,  G. T. ,  S. N.   Aitken ,  D. B.   Neale ,  K. D.   Jermstad ,  N. C.   Wheeler , and  T. H. 

H.   Chen .  2003 .   From genotype to phenotype: unraveling the complexities 

of cold adaptation in forest trees.    Canadian Journal of Botany    81 :  1247 – 1266 .   

   Huner ,  N. P. A. ,  G.   Öquist , and  F.   Sarhan .  1998 .   Energy balance and acclima-

tion to light and cold.    Trends in Plant Science    3 :  224 – 230 .   

   Johnsen ,  Ø. ,  C.G.   Fossdal ,  N. E.   Nagy ,  J. A .  Mølmann ,  O. G.   Dæhlen , and  T.  

 Skrøppa .  2005 .   Climatic adaptation in  Picea abies  progenies is aff ected by 

the temperature during zygotic embryogenesis and seed maturation.    Plant, 

Cell & Environment    28 :  1090 – 1102 .   

   Kalberer ,  S. R. ,  M.   Wisniewski , and  R.   Arora .  2006 .   Deacclimation and reaccli-

mation of cold-hardy plants: current understanding and emerging concepts.  

  Plant Science    171 :  3 – 16  Available at  http://linkinghub.elsevier.com/retrieve/

pii/S0168945206000604 .   

   Koehler ,  K. ,  A.   Center , and  J.   Cavender-Bares .  2012 .   Evidence for a freezing 

tolerance-growth rate trade-off  in the live oaks ( Quercus  series  Virentes ) 

across the tropical-temperate divide.    Th e New Phytologist    193 :  730 – 744  

Available at  http://www.ncbi.nlm.nih.gov/pubmed/22171967 .   

   Larcher ,  W.   2000 .   Temperature stress and survival ability of Mediterranean 

sclerophyllous plants.    Plant Biosystems    134 :  279 – 295  Available at  http://

www.tandfonline.com/doi/abs/10.1080/11263500012331350455 .   

   Levitt ,  J.   1980 .   Responses of plants to environmental to stresses.  New York: 

Academic Press. Available at:  http://platon.serbi.ula.ve/librum/librum_ula/

ver.php?ndoc=62689 .  

   Morgenstern ,  E.   1996 .   Geographic variation in forest trees: genetic basis 

and application of knowledge in silviculture . U. Press [ed.], UBC Press, 

Vancouver.  

   Morin ,  X. ,  C.   Augspurger , and  I.   Chuine .  2007 .   Process-based modeling of spe-

cies’ distributions: What limits temperate tree species’ range boundaries?  

  Ecology    88 :  2280 – 2291 .   

   Obeso ,  J. R.   2002 .   Th e costs of reproduction in plants.    Th e New Phytologist   

 155 :  321 – 348 .  

   O’Neill ,  G. A. ,  W. T.   Adams , and  S. N.   Aitken .  2001 .   Quantitative genetics of 

spring and fall cold hardiness in seedlings from two Oregon populations of 

coastal Douglas-fi r.    Forest Ecology and Management    149 :  305 – 318  Available 

at  http://linkinghub.elsevier.com/retrieve/pii/S0378112700005648 .   

   Pardos ,  M. ,  J.   Climent ,  H.   Almeida , and  R.   Calama .  2014 .   Th e role of devel-

opmental stage in frost tolerance of  Pinus pinea  L. seedlings and saplings.  

  Annals of Forest Science    71 :  551 – 562 .   

   Peguero-Pina ,  J.J. ,  F.   Morales , and  E.   Gil-Pelegrín .  2008 .   Frost damage in Pinus 

sylvestris L. stems assessed by chlorophyll fl uorescence in cortical bark 

chlorenchyma.    Annals of Forest Science    65 :  813  (p1–p6).   

   Prada ,  E. ,  R.   Alía ,  J.   Climent , and  R.   Díaz .  2014 .   Seasonal cold hardiness in 

maritime pine assessed by diff erent methods.    Tree Genetics & Genomes    10 : 

 689 – 701 .  

   Sakai ,  A. , and  R.   Larcher .  1987 .   Frost survival of plants—responses and adap-

tation to freezing stress . W. D. Billings, F. Golley, O. L. Lange, J. S. Olson, 

and H. Remmert [eds.], Springer. Available at: citeulike-article-id:1524007.  

   Salmela ,  M. J. ,  S.   Cavers ,  J. E.   Cottrell ,  G. R.   Iason , and  R. a.   Ennos .  2011 .  

 Seasonal patterns of photochemical capacity and spring phenology reveal 

genetic diff erentiation among native Scots pine ( Pinus sylvestris  L.) popula-

tions in Scotland.    Forest Ecology and Management    262 :  1020 – 1029  Available 

at  http://linkinghub.elsevier.com/retrieve/pii/S0378112711003446 .   

   Sánchez-Gómez ,  D. ,  J.   Majada ,  R.   Alía ,  I.   Feito , and  I.   Aranda .  2010 .  

 Intraspecifi c variation in growth and allocation patterns in seedlings of 

 Pinus pinaster  Ait. submitted to contrasting watering regimes: can water 

availability explain regional variation?    Annals of Forest Science    67 :  505 – 505  

Available at  http://link.springer.com/10.1051/forest/2010007 .   

   Santos-del-Blanco ,  L. ,  S. P.   Bonser ,  F.   Valladares ,  M. R.   Chambel , and  J.   Climent . 

 2013 .   Plasticity in reproduction and growth among 52 range-wide popu-

lations of a Mediterranean conifer: Adaptive responses to environmental 

stress.    Journal of Evolutionary Biology    26 :  1912 – 1924 .   

   Santos-del-Blanco ,  L. ,  J.   Climent ,  S. C.   González-Martínez , and  J. R.   Pannell . 

 2012 .   Genetic diff erentiation for size at fi rst reproduction through male 

versus female functions in the widespread Mediterranean tree  Pinus pinas-

ter.     Annals of Botany    110 :  1449 – 1460  Available at  http://www.ncbi.nlm.nih.

gov/pubmed/23002272 .   

   SAS Institute Inc .  2004 .  SAS® 9.1 SQL Procedure User’s guide. Cary, NC: SAS 

Institute Inc.  

   Schelhaas ,  M. J. ,  G. J.   Nabuurs ,  G.   Hengeveld ,  C.   Reyer ,  M.   Hanewinkel ,  N. E.  

 Zimmermann , and  D.   Cullmann .  2015 .   Alternative forest management 

strategies to account for climate change-induced productivity and species 

suitability changes in Europe.    Regional Environmental Change    15 :  1581 – 1594 .   

   Skrøppa ,  T.   1991 .   Within-population variation in autumn frost hardiness and 

its relationship to bud-set and height growth in  Picea abies.     Scandinavian 

Journal of Forest Research    6 :  353 – 363 .   

   Stearns ,  S. C.   1992 .   Th e evolution of life histories.  Oxford University Press Oxford.  

   Vitasse ,  Y. ,  A.   Lenz ,  G.   Hoch , and  C.   Körner .  2014 .   Earlier leaf-out rather than 

diff erence in freezing resistance puts juvenile trees at greater risk of damage 

than adult trees.    Journal of Ecology    102 :  981 – 988 .   

   Wang ,  W. ,  B.   Vinocur , and  A.   Altman .  2003 .   Plant responses to drought, salin-

ity and extreme temperatures: Towards genetic engineering for stress toler-

ance.    Planta    218 :  1 – 14 .   

   Weiser ,  C. J.   1970 .   Cold Resistance and Injury in Woody Plants.    Science    169 : 

 1269 – 1278  Available at  http://www.sciencemag.org/content/169/3952/1269 .   

   Zas ,  R.   2006 .   Iterative kriging for removing spatial autocorrelation in analysis 

of forest genetic trials.    Tree Genetics & Genomes    2 :  177 – 185  Available at 

 http://www.springerlink.com/index/10.1007/s11295-006-0042-4 .   

   Zotz ,  G. ,  K.   Wilhelm , and  A.   Becker .  2011 .   Heteroblasty—a review.    Botanical 

Review    77 :  109 – 151 .            



 10   •    A M E R I C A N J O U R N A L O F B OTA NY 

   APPENDIX 1        Variation of the maximum potential PSII effi  ciency (Fv/
Fm) in needles by population mean (BAYU–Bayubas-, 
CUEL–Cuéllar-, LEIR–Leiría-, MIMI–Mimizán-, SERG–
Sergurde-, and TAMR–Tamrabta-) with decreasing 
controlled temperature; (A) autumn 2010, (B) spring 
2011. 

    APPENDIX 2        Spearman correlations for freezing damage traits, life-history traits, and population geoclimatic origin traits; abbreviations are 
as defi ned in  Table 2 . 

 Variable  Tmin_wt  Tmin_sp  Tmin_sm  Tmin_at  MWMT  MCMT  EMT  DD0  NFFD  PPT_wt  PPT_sp  PPT_sm  PPT_at  CMD 

 FN 
A
  0.60 0.60  0.89* 0.60 −0.60 0.60 0.60 −0.60 0.60 0.77 0.77 −0.09 0.43 −0.31

 FN 
S
  0.60 0.60  0.89* 0.60 −0.60 0.60 0.60 −0.60 0.60 0.71 0.71 −0.20 0.49 −0.31

 RHGR6 −0.09 −0.09 0.31 −0.09 0.43 −0.09 −0.09 0.09 −0.09 −0.14 −0.14 −0.77 −0.37 0.49
 AHGR6  0.89*  0.89*  0.89*  0.89*  -0.83*  0.89*  0.89*  -0.89*  0.89* 0.77 0.77 0.31 0.60 −0.66
 ONT2 −0.66 −0.66 −0.66 −0.66 0.71 −0.66 −0.66 0.66 −0.66 −0.77 −0.77 −0.54  -0.94**  0.89* 
 HAd  0.89*  0.89* 0.71  0.89* −1.00  0.89*  0.89*  -0.89*  0.89* 0.77 0.77 0.54 0.77  -0.83* 
 SP6  -0.94**  -0.94** −0.77  -0.94**  0.94**  -0.94**  -0.94**  0.94**  -0.94** −0.71 −0.71 −0.49 −0.66 0.77
 FRB5 −0.37 −0.37 −0.77 −0.37 0.14 −0.37 −0.37 0.37 −0.37 −0.43 −0.43 0.43 −0.26 0.09
 FTSFR 0.77 0.77  0.94** 0.77 −0.77 0.77 0.77 −0.77 0.77  0.83*  0.83* 0.09 0.71 −0.60
 MRB6 0.77 0.77 0.60 0.77  -0.94** 0.77 0.77 −0.77 0.77  0.83*  0.83* 0.77  0.89*  -0.94** 
 MTSFR −0.20 −0.20 0.20 −0.20 0.49 −0.20 −0.20 0.20 −0.20 −0.14 −0.14 −0.66 −0.20 0.37

 Note: TMIN_wt (winter mean minimum temperature ( ° C)), TMIN_sp (spring mean minimum temperature) ( ° C), TMIN_sm (summer mean minimum temperature ( ° C)), TMIN_at (autumn mean 
minimum temperature ( ° C)), MWMT (mean warmest month temperature ( ° C),), MCMT (mean coldest month temperature ( ° C), EMT (extreme minimum temperature over 30 yr), DD0 (degree-
days below 0 ° C, chilling degree-days), NFFD (number of frost-free days), PPT_wt (winter precipitation (mm)), PPT_sp (spring precipitation (mm)), PPT_sm (summer precipitation (mm)), 
PPT_at (autumn precipitation (mm)), CMD (Hargreaves climatic moisture defi cit). 
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