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Responses to Associate Editor and Reviewer comments  

Ref.:  Ms. No. AJB-D-20-00201 

Direct and correlated responses to artificial selection for growth and water-use efficiency 

in a Mediterranean pine 

Estefanía Suárez-Vidal; Luis Sampedro; Jose Climent; Jordi Voltas; Ester Sin; Eduardo 

Notivol; Rafael Zas 

Reviewer’s questions in black font 

Authors’ answers in blue font 

 

AE (Dylan Schwilk): 

Although the authors dealt with many of the comments on the previous version, they have not 

resolved the issue of h2 estimate greater than 1. As both reviewers point out, this must be 

resolved. 

We appreciate the time and effort made by the reviewers and the AE reviewing again our 

manuscript. In the previous revised version we intended to revise the way heritability was 

estimated by reconsidering the coefficient of relatedness of the open-pollinated families of the 

selected mother trees and by standardizing the corresponding variable within both the parental 

and the filial populations (see L288-302 of the previous version). As previously recommended 

by the reviewers, standardizing the variables to a common mean and standard deviation helped 

to minimize the bias originated by the fact that the analysed trait (iWUE) was assessed at 

different environments, tree ages, and tissues in the two generations. However, in the submitted 

version of the manuscript we made a silly mistake when presenting the heritability estimate. 

Although we did specify in the material and method section that we standardized the variables 

prior heritability calculations (see L291-292), we finally forgot to use the standardized variables 

and wrongly used the selection differential (S) and response to selection (R) obtained from the 

raw original data to estimate heritability (see R, S and hi
2 values in Figure 2 of the previous 

version of the manuscript).  

In the new revised version (R2) we have estimated heritability using the standardized variables, 

and the obtained value of h2 for WUE (0.86) is now more sensible (i.e. within the theoretical 

range (0-1)). We apologize for this unfortunate mistake. In the new revised version we have 

edited the Figure 1 and 2 to make clear how heritability was estimated, and carried out some 

minor changes in the Results and Discussion sections. 

Response Letter Click here to access/download;Response Letter;2 Response
notes_R2.docx

https://www.editorialmanager.com/ajb/download.aspx?id=354506&guid=0d837a3d-d530-45d1-a466-a54ff24a1fa3&scheme=1
https://www.editorialmanager.com/ajb/download.aspx?id=354506&guid=0d837a3d-d530-45d1-a466-a54ff24a1fa3&scheme=1


Response letter  AJB-D-20-00201 
 
 

2 
 

-------------------------------------------------------------------------------------------------------------------- 

Reviewer #1: 

Re-reviewing this paper. The authors have done a good job replying to most concerns. 

However, it appears the most significant concern relating to the primary result has not been 

corrected. Namely, h2 is above 1 (not possible). This appears to be due to a constant of 1.5 being 

included in the 'breeders’ equation'. It seems that the authors believe this accounts for the 

assumed relationship coefficient of 1/3. Did the authors mean to include 0.33 rather than 1.5? If 

this is used instead, the h2 becomes much more reasonable (~0.23). 

Continuing to review this paper is not time efficient until this can be resolved. 

As you can see in the response to the Associated Editor, we made a clumsy mistake when 

reporting the heritability estimate in the previous version. Following the reviewers comments of 

the preceding round of revision, we decided to estimate heritability after standardizing the 

variable within both the parental and the filial populations. This helped to account for the bias 

generated by assessing the trait in different tissues, tree ages, and environment conditions in the 

two generations (parental and filial). However, we forgot to do so and the reported heritability 

estimate was that obtained using the selection differential and response to selection directly 

obtained from raw data (those directly derived from Figure 1 of version R1). We really 

apologize for this unfortunate last-minute mistake. We have resolved this problem in the revised 

version editing Figure 1 and 2 as well as the corresponding part of the text in the results section. 

Now, the heritability estimate is within the theoretical range. Additionally, we now specify in 

the material section the rationale behind standardizing the variables prior to heritability 

estimations. By using standardized data we adjusted the trait measured in the two populations to 

a common mean and standard deviation, minimizing the bias caused by heterogeneous tissues, 

tree ages and environments across generations. 

Regarding the relationship coefficient, we assumed that our open-pollinated families had some 

levels of full-sibs due to the proximity among the selected trees and the high tree density within 

the parental population. Following other authors (de Lucas et al. 2009; Gaspar et al. 2009; 

Hernández-Serrano et al. 2014; Trouping et al. 2006), we assumed that the relationship 

coefficient was between that of true half-sibs (r = 1/4) and that of true full-sibs (r = 1/2). The 

ratio between the response to selection and the differential selection directly estimates the 

realized heritability when working with full sibs (the breeder equation, h = R/S). If selection is 

conducted only in one type of parents (mother or fathers), this ratio estimates half of the 

heritability (Walsh and Lynch 2018), so h = 2 R/S). Generalizing for any relationship 

coefficient, the breeder equation would be h = 1/(2r) * R/S, being r the coefficient of 

relationship. In our case, a situation in between true half-sibs, and true full-sibs, we assumed a 
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relationship coefficient of 1/3 and thus the realized heritability should be calculated as h = 

1/(2/3) * R/S = 1.5 R/S. (Lines 293-309, 316-318, 334-335). 

Reference cited 

de Lucas, A. I., González-Martínez, S. C., Vendramin, G. G., Hidalgo, E. and Heuertz, M. 2009. Spatial 

genetic structure in continuous and fragmented populations of Pinus pinaster Aiton. Molecular 

Ecology 18: 4564-4576. 

Gaspar, M. J., De Lucas, A., Alía, R., Pinto Paiva, J. A., Hidalgo, E., Louzada, J., Almeida, H. and 

González-Martínez, S. C. 2009. Use of molecular markers for estimating breeding parameters: a 

case study in a Pinus pinaster Ait. progeny trial. Tree Genetic and Genomics 5: 609-616. 

Hernández-Serrano, A., Verdu, M., Santos-del-Blanco, L., Climent, J., González-Martínez, S. C. and 

Pausas, J. G. 2014. Heritability and quantitative genetic divergence of serotiny, a fire-persistence 

plant trait. Annals of Botany 114: 571-577. 

Trouping, D., Nathan, R. and Vendramin, G. G. 2006. Analysis of spatial genetic structure in an 

expanding Pinus halepensis population reveals development of fine-scale genetic clustering over 

time. Molecular Ecology 15: 3617-3630.  
Walsh, B. and Lynch, M. 2018. Evolution and selection of quantitative traits. Oxford University Press, 

United Kingdom. 1: pp. 1459. 

 

 

-------------------------------------------------------------------------------------------------------------------- 

Reviewer #2: 

The authors have provided a very nice revision of a previous manuscript to examine the 

response to selection for functional traits important to stress tolerance. The revision has done a 

very good job taking into consideration previous reviewers’ comments. I have some very minor 

comments regarding the methods for clarification. 

Thanks for your assessment and constructive comments.  

 

Line 167 & Line 200: Were the control mother trees bulked in the same way that the selected 

trees were? 

The experimental design included both a bulked control group (treated in the same way that the 

selection groups) and the individualized open-pollinated families of the 40 control mother trees 

(not considered in the present study). We have added two short sentences trying to clarify this 

(lines 207-209). 

 

It's unclear how the two replicates of the same local seed source were collected. The details 

regarding the collection of maternal control trees, half-sib design (if at all relevant to the current 

discussion) and use for comparison with selected groups are still a bit confusing. Perhaps 
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clarifying the number of maternal plants included in the control seed source (in the two 

replicates - Line 199) to understand how sampling may influence comparisons is needed. 

Understanding whether variance is reflecting a bulked maternal collection or a single half-sib 

family in the maternal control trees is necessary. 

The control seedlot of the parental stand is different from the local seed source. The control 

seedlot was built mixing the seeds of 40 randomly selected trees of the parental stand (L162). 

Meanwhile, the local seedlot comes from a large number of mother trees within a local stand 

located in Ejea de los Caballeros, near the trial of Farasdués (line 172). In both cases, the open-

pollinated seeds from the mother trees were mixed to form the corresponding seedlot. No family 

structure was retained in these seedlots. Several sentences were included in the revised version 

to let this clearer (lines 174-177). 

 

Line 361 - justification for h2>1 could be elaborated on. Did the authors test other coefficients 

of relatedness? If the chosen coefficient is inaccurate it seems the authors could test for this. 

Have other studies observed this? Are there possible references to defend this result? Have 

previous studies evaluated the degree to which iWUE between wood and needle tissue are 

inherited. It seems there could be different mechanisms at play influencing needle versus 

development of wood tissue. My suspicion is that this may be influencing the authors results 

and interpretation and identifying supporting studies or references to suggest that iWUE 

estimates in wood and needle tissue have the same genetic basis would argue for joint estimates, 

but currently I don't think the authors have argued that caveat to the results effectively. 

Thanks. Regrettably, we made a last-minute mistake in the previous version regarding the 

heritability estimate. Despite we had specified in the Material and Methods section that the 

variable was standardized in the parental and filial population prior heritability estimate, we 

finally forgot to do so. Standardizing the variable in the two populations homogenize the scale 

of the variable in the two populations, minimizing the bias caused by heterogeneous tissues, tree 

ages and environments across generations. We really appreciate the comments posed by the two 

reviewers in this new round of revision, as they allowed us to detect this clumsy error. 

In the revised version we solved this error and reported the new heritability estimate for iWUE  

(0.86), which is now within the theoretical range. (Lines 293-309, 316-318, 334-335). 

 

Minor comments: 

Line 48: remove 'serious' 
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Removed 

 

Line 63: add 'some of' - between mitigate and the 

Done 

 

Line 65: suggest replacing 'because global change could be a strong driver of selection' with 'via 

shifts in heritable genetic variation over generations in response to global change' 

The sentences has been edited 

 

Line 69: replace 'characteristics' with 'traits' 

Replaced 

 

Line 93: remove 'more' and 'and' 

Removed 

 

Line 126: replace 'large' with 'substantial' 

Replaced 

 

Line 133: remove 'regular' 

Removed 

 

Line 192: Was there any watering during establishment at the Farasdues site? (similar to the 

Montanana trial?) 

No, irrigation was applied in Montañana but not in Farasdues. We did so in order to increase the 

environmental differences between the two sites. A short sentence was added to clarify this. 

(Line 195). 
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Line 265 - please include justification for bin widths.  

The selected bin widths led to 10-12 bins and a good representation of the frequency 

distributions of the traits. A short sentence was added to clarify this. (Lines 270-271). 

 

Line 294: Edit sentence to suggest that mother trees >30m apart are assumed unrelated based on 

'x' 

Edited (lines 299-302). 

 

Line 352: Edit sentence - unclear what the authors mean by 'little side-effects' 

Edited (line 362) 

 

Line 367: replace arose with arise 

Replaced (line 375) 

 

Line 369: Suggested Edit: Due to the proximity of maternal trees to each other… 

Edited (lines 376-377) 

 

Line 374: Remove sentence between 374-375 just start the following sentence with 'In addition, 

the fact (i) sampling…. 

Edited. In addition, a new short sentence was included to mention that some of the bias resulting 

from the heterogeneity between the parental and filial population was likely accounted for by 

standardizing the variable in the two populations. (Line 381). 

 

Line 472: Remove 'are available' 

The initial part of the sentence was removed (line 480) 
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ABSTRACT  24 

Persistence of tree populations in the face of global change relies on their capacity to respond 25 

to biotic and abiotic stressors through plastic or adaptive changes. Genetic adaptation will 26 

depend on the additive genetic variation within populations and the heritability of traits related 27 

to stress tolerance. Because traits can be genetically linked, selective pressure acting on one 28 

trait may lead to correlated responses in other traits. To test direct and correlated responses to 29 

selection for drought tolerance and growth in Aleppo pine, we selected trees in a parental 30 

population for higher growth and greater water-use efficiency (WUE) and compared their 31 

offspring with that of random trees of the parental population in two contrasting common 32 

gardens. Direct responses to selection for growth and WUE, and correlated responses for 33 

growth and tolerance to abiotic and biotic stressors were estimated. We found a strong response 34 

to selection and high realized heritability for WUE, but no response to selection was found for 35 

growth. Correlated responses to selection in other life-history traits were not significant, except 36 

for concentration of chemical defences (mono and sesquiterpene) which was significantly 37 

greater in the offspring of mother trees selected for growth than in that of unselected control 38 

trees. The empirical evidence of direct responses to selection for high WUE suggests that 39 

Aleppo pine have the potential to evolve in response to rising drought stress. Contrary to our 40 

expectations, the results are not conclusive of a potential negative impact of WUE and growth 41 

selection on other key life-history traits.  42 

 43 

KEY WORDS: chemical defences, correlated responses to selection, direct responses to 44 

selection, realized heritability, Pinus halepensis Mill., intrinsic water-use efficiency, 45 

productivity.   46 
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INTRODUCTION 47 

Global change is imposing biotic and abiotic threats on forests worldwide (Parmesan, 2006; 48 

Anderegg et al., 2015). In the Mediterranean basin, one of the most vulnerable areas to climate 49 

warming, it is predicted that drought stress and insect outbreaks will increasingly constrain 50 

forest productivity and persistence (Hódar et al., 2011; Ozturk et al., 2015).  51 

How tree populations respond to these challenges will depend on their ability to adjust 52 

key functional traits related to stress tolerance. Changes in functional traits can be achieved 53 

either by phenotypic plasticity or long-term genetic adaptation (Nicotra et al., 2010; Anderson 54 

et al., 2012; Alberto et al., 2013). Phenotypic plasticity is the capability of an individual to alter 55 

its phenotype in response to a change in the environment (Nicotra et al., 2010). Plastic responses 56 

of plants to drought include a vast array of physiological adjustments, including stomatal 57 

regulation, osmotic adjustment, reallocation of carbon reserves and changes in allocation 58 

priorities to plant compartments (Ryan, 2011). Responses to biotic stress are based on a 59 

reprogramming of the plant defensive machinery after the perception of a biotic stimulus that 60 

leads to the production of new physical and chemical defences (induced defences), enhancing 61 

plant resistance to the aggressor (Pieterse and Dicke, 2007). Although phenotypic plasticity is 62 

likely to mitigate some of the environmental impacts of rapid global change (Alberto et al., 63 

2013; Matesanz and Valladares, 2013; Fox et al., 2019), adaptive changes may also occur, via 64 

genetic shifts in traits subject to selection (Aitken et al., 2008; Kremer et al., 2012). Genetic 65 

adaptation to biotic and abiotic pressures requires heritable intrapopulation variability in key 66 

functional traits related to stress tolerance (Bijma, 2011).  67 

 Heritability is defined as the degree to which a parental population is able to transfer 68 

heritable traits to its progeny (Bijma, 2011). Heritability of a given trait can be estimated in 69 

various ways (Walsh and Lynch, 2018), but the most robust support of heritable change is its 70 

empirical demonstration through selection experiments (Wray and Visscher, 2008). Realized 71 
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heritability can be estimated in selection experiments by the ratio between the response to 72 

selection in the offspring population and the selection differential in the parental population 73 

[the breeder’s equation (Walsh and Lynch, 2018)]. This, however, requires trait assessment in 74 

both generations, something that is operationally difficult in forest trees due to their long 75 

generation cycles (Petit and Hampe, 2006). 76 

 Traits do not act independently. Beyond complex phenotypic interactions, traits can also 77 

be genetically associated due to linkage disequilibrium or pleiotropy (Walsh and Lynch, 2018). 78 

If traits are genetically related, selective pressure exerted on one trait may lead to correlated 79 

responses in other traits (Pujol et al., 2018). Therefore, selective pressures associated with 80 

global change (e.g., drought stress and insect outbreaks) may not only exert adaptive changes 81 

on traits directly related to the stress (e.g., drought tolerance and plant defences), but may also 82 

genetically alter other relevant life-history traits in subsequent generations (e.g. Santos del 83 

Blanco et al., 2015). Understanding how key adaptive traits are genetically integrated with each 84 

other is crucial for forecasting the long-term potential impact of global change on forest trees 85 

along with other anthropogenic effects such as domestication and artificial selection for 86 

increased productivity. Although estimates of genetic correlations between traits are useful to 87 

infer correlated responses to selection (Walsh and Lynch, 2018), their direct estimation through 88 

artificial selection experiments is, again, the best empirical way to explore the evolutionary 89 

consequences of genetic linkage among traits (Conner, 2003). Results from this approach are 90 

available for some timber-related traits (e.g. growth and wood quality) in the context of tree 91 

breeding programs (MacLachlan et al., 2017; Liziniewicz and Berlin, 2019), but are 92 

comparatively scarce for functional traits in less economically important species (Mátyás et al., 93 

2009; Santos del Blanco et al., 2015).  94 

 Here, we conducted a selection experiment in a Mediterranean pine species to estimate 95 

i) direct responses to selection in key functional traits related to drought tolerance and tree 96 
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growth rate, and ii) correlated responses to selection in traits related to growth, plant chemical 97 

defences and drought tolerance. To this end, individual trees of a parental Aleppo pine (Pinus 98 

halepensis Mill.) population were phenotyped in a regular, monospecific stand. Trees with the 99 

highest growth or the greatest intrinsic water-use efficiency (iWUE, i.e., the ratio of net 100 

photosynthesis to stomatal conductance to water vapor) were independently selected. Seeds 101 

from these trees were collected and the resulting progeny, together with a control seedlot from 102 

unselected random trees from the same parental population, were established in two common 103 

gardens with contrasting environmental conditions. Direct and correlated responses to selection 104 

for iWUE and growth were estimated. We focused on traits related to growth, and tolerance to 105 

abiotic (drought) and biotic stress, two of the main stressors associated to global change 106 

(Anderegg et al., 2015). On the one hand, carbon isotope composition (δ13C) was used as a 107 

proxy of iWUE (Farquar et al., 1982). For an isohydric species such as Aleppo pine, fast 108 

stomatal closure in response to water deficit leads to 13C-enrichment in plant tissues (Choury et 109 

al., 2017). On the other hand, we analysed the concentration of mono, sesqui and diterpenes to 110 

quantify the investment in chemical defences. These compounds are the main constituents of 111 

pine oleoresin, the most important physical and chemical barrier of conifers against insect 112 

herbivores and pathogens (Celedon and Bohlmann, 2019). Oleoresin is produced in large 113 

amounts in all tissues of pine trees and its synthesis requires abundant carbon resources 114 

(Gershenzon, 1994). Allocation of resources to resin-based defences can thus imply associated 115 

trade-offs with other vital functions such as growth, reproduction or tolerance to abiotic stress 116 

(Agrawal et al., 2010). In addition, responses to water shortage and biotic stress may be also 117 

related through cross-talks between the metabolic signalling pathways involved in such 118 

responses (Nguyen et al., 2016). Whenever these trade-offs have a genetic basis, they may 119 

imply important evolutionary consequences (Sampedro, 2014). 120 

 121 
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MATERIAL AND METHODS 122 

Species studied— 123 

Aleppo pine (Pinus halepensis Mill.) is a fast-growing, drought-avoiding Mediterranean conifer 124 

distributed mainly along the western Mediterranean coast. Across its natural range, Aleppo pine 125 

shows substantial genetic variation, with pronounced genetic differentiation among populations 126 

in growth (Voltas et al., 2018) and δ13C-based iWUE (Voltas et al., 2008). Populations from 127 

drier environments exhibit greater iWUE (i.e., higher δ13C) and lower growth rates than 128 

populations from wetter environments, probably as a result of adaptation to abiotic stress 129 

(Voltas et al., 2008).  130 

 131 

Parental population and artificial selection—  132 

The parental population was a small and isolated Aleppo pine stand of ca. 2 ha, aged 13 ± 0.4 133 

years (mean ± s.e; N = 130), located in Cucalón (Castellón, Spain; 39º 47’ 27.9’’ N, 0º 37’ 134 

01.1’’ W) and growing on a calcic cambisol under a Mediterranean climate. Average climate 135 

data was obtained for the years 1951-1999 from a regional climate model (Gonzalo, 2007). The 136 

climate is characterized by relatively low annual precipitation (513 mm) and pronounced 137 

summer droughts (82 mm accumulated rainfall from June to September). Mean annual 138 

temperature and annual thermal oscillation are 14.2 ºC and 15.1 ºC, respectively.  139 

 In June 2014, 130 individual trees were randomly selected in the stand and characterized 140 

for growth (tree height and diameter at breast-height), δ13C-based iWUE and chemical 141 

defences. Increment cores were extracted at the base of all trees using 5-mm Pressler increment 142 

borers, as described in Santini et al. (2018). Wood core samples were oven-dried at 60 ºC for 143 

48 h, then sanded for tree-ring dating. Tree-rings corresponding to the years 2009-2013 were 144 

isolated and ground with a mixer mill (Retsch MM301, Hann, Germany) for iWUE estimation 145 

through carbon isotope composition (δ13C). Approximately 1 mg of the resulting powder was 146 
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encapsulated and analysed by GC-IRMS (see the extended method in “chemical analysis in the 147 

progeny trials”). Bole resin flow and concentration of non-volatile resin and total polyphenols 148 

in the needles and stems of terminal branches were used to characterize defensive investment 149 

of parental trees. Non-volatile resin, mainly diterpenes, is a good proxy of defensive allocation 150 

in pine trees (Sampedro et al., 2011), and bole resin flow is a good measure of resin exudation 151 

and defensive capabilities in adult trees (Lombardero et al., 2000). Bole resin flow was 152 

estimated by removing a disk of bark and phloem with an arch punch and measuring resin 153 

flowing in the following 24 h (Supplementary material, Methods S1). Non-volatile resin in 154 

needles and stems was extracted in hexane and estimated gravimetrically according to 155 

Sampedro et al. (2011) (Supplementary material, Methods S2). Total polyphenols in needles 156 

and stems were extracted with methanol and determined colorimetrically using the Folin-157 

Ciocalteu method according to Moreira et al. (2009) (Supplementary material, Methods S3).  158 

Once phenotyping of the 130 parental trees was completed, we selected the 20 trees with 159 

the highest diameter growth, the 20 trees with the greatest iWUE and the 20 trees with the 160 

highest reproductive investment, although the latter criterion was not included in the present 161 

study. A random subsample of 40 of these 130 trees was used as a control group. Selected 162 

mother trees were interspersed within the stand and separated among each other between 3 and 163 

30 m. In November 2014, we collected 2-3 mature pine cones from each tree of the different 164 

selection groups and the retrieved seeds were bulked to conform each seedlot (control and 165 

selection groups). Additional seeds from the 40 control mother trees were collected at the 166 

individual tree level, but the resulting open-pollinated half-sib families were not considered in 167 

the present study. Seeds were extracted by heating the cones at 60 ºC for 3-4 h and preserved 168 

at 4 ºC until sowing.  169 

 170 

Progeny trials— 171 
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Seeds were sown in March 2015 in a forest nursery in Ejea de los Caballeros (Zaragoza 172 

province, Spain; 42º 08’ 02.2’’ N, 1º 12’ 35.4’’ W). Seeds from a local Aleppo pine stand in 173 

Ejea de los Caballeros were also included as a local control seedlot. This local seed source, 174 

formed mixing the open-pollinated seeds of a large number of mother trees, was included in the 175 

progeny trials in order to compare the performance of the control and selection groups with that 176 

of the local origin. 177 

After disinfection with copper oxychloride (Cuprebel 22, Kenogard®), seeds were sown 178 

in 210 cm3 containers filled with a mixture of 70% peat and 30% local pine forest soil. Plants 179 

were grown outdoors in a shade house (20% shade) under natural environmental conditions 180 

following conventional nursery practice. Temperatures and air humidity during the growing 181 

period were -2 to 39 ºC and 36 to 100%, respectively. 182 

 In March 2016, when seedlings were 1-year-old and 9.5 ± 0.1 cm tall (mean ± s.e), two 183 

common gardens were established in contrasting climate and edaphic conditions: Montañana 184 

and Farasdués. The Montañana trial (Zaragoza province, Spain; 41º 42’ 50.6’’ N, 0º 49’ 16.5’’ 185 

W) is on fertile alluvial agricultural land with a gleyic cambisol. Mean annual temperature and 186 

annual thermal oscillation are 14.9 ºC and 19.0 ºC, respectively. Mean annual precipitation is 187 

350 mm and accumulated summer rainfall is 70 mm (June to September). Summer water stress 188 

was alleviated by flood irrigation every 15 days to total field capacity to promote more 189 

favourable conditions at this fertile site.  190 

 The second trial is in Farasdués, Ejea de los Caballeros (Zaragoza province, Spain; 42º 191 

13’ 25’’N, 1º 05’ 43’’W), on stony land with a gleyic cambisol, near the Pre-Pyrenees 192 

mountains. Mean annual temperature and annual thermal oscillation are 14.0 ºC and 18.5 ºC, 193 

respectively. Mean annual precipitation is 448 mm, with a pronounced drought summer (94 194 

mm accumulated from June to September). No irrigation was applied in this site. 195 
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Average climate data for both sites was obtained for the years 1951-1999 from a regional 196 

climate model (Gonzalo, 2007). 197 

 198 

Experimental design 199 

The trials followed a randomized complete block design with eight blocks and six seedlots, 200 

including the four selection groups (control, iWUE, growth and reproduction, although the 201 

latter was not analysed due to the young age of the seedlings) plus two replicates of the same 202 

local seed source. This basic design was augmented with the individual half-sib families of the 203 

control maternal trees, which were established following an -lattice incomplete design 204 

superimposed to the complete block design described above. Here, we focused exclusively on 205 

the comparison of the selection groups and, thus, the underlying experimental design for the 206 

purpose of the present study is a randomized complete block design. All the selection groups 207 

and the local seed source were built mixing the seeds from the corresponding (selected, control 208 

or local) mother trees, so no family structure was retained.  209 

 The experimental design comprised multi-tree plots, where each seedlot was represented 210 

in each block by six contiguous seedlings planted in rectangular plots (hereafter experimental 211 

units) of 3 × 2 plants at 3 × 3 m spacing. For the purpose of this study, a total of 480 seedlings 212 

[2 sites × 8 blocks × 5 seedlots (the three selection groups + 2 local seedlots) × 6 plant replicates 213 

per experimental unit] were considered.  214 

 215 

Offspring assessment 216 

In November 2017, when pines were 2.5 years old, we measured survival and total height of all 217 

seedlings. Although selection for growth in the parental population was based on stem diameter, 218 

in young pines it is difficult to measure diameter accurately, which might also damage the 219 

plantlets. We therefore measured tree height as growth trait in the offspring.  220 
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 To assess iWUE and allocation to chemical defences, we sampled 12 healthy needles 221 

from the southern-exposed middle part of the stem of each surviving seedling. We made 222 

composite samples from the 6 seedlings from each experimental unit (n = 80 composite 223 

samples, corresponding to 2 sites × 8 blocks × 5 seedlots). Approximately 300 mg (fresh 224 

weight) of needles was immediately extracted with 1000 μl GC-grade hexane (VWR, USA, 225 

Chromanorm, ref. 83992.320), with dodecane (Merck, Germany, ref. 1.09658.0005) and 226 

pentadecane (Sigma-Aldrich, UK, ref. 7610) as internal standards, in 4 ml glass vials for 227 

posterior chemical defence analysis. Vials were vortexed, sonicated (20 min), and kept in 228 

darkness overnight, then the solvent was recovered and the plant material was weighed after 229 

drying at 105 ºC.  230 

 The remaining needle material in each composite sample was immediately frozen (at -231 

24 ºC), and then freeze-dried to determine carbon isotope composition (δ13C).  232 

 233 

Chemical analysis 234 

Finely ground needle tissue (ca. 1 mg) was encapsulated in tin capsules (Sn 98 capsules 235 

LÜDISWISS, Flawil, Switzerland; ref. 176.9809.26) and the carbon stable isotope ratio was 236 

determined using a Finnigan MAT Delta C IRMS (Thermo Fisher Scientific Inc., MA, USA) 237 

at the University of Davis (USA). Carbon isotopic composition (δ13C) was calculated according 238 

to (Farquar et al., 1982) using Vienna PeeDee Belemnite (VPDB) as standard: 239 

δ13C (‰) = [
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑑
− 1 ] × 1000      (1) 240 

where Rsample and Rstd are the isotopic ratio 13C/12C in the sample and in the VPDB standard, 241 

respectively.  242 

Concentration of mono-, sesqui- and diterpenes was determined in the hexane extracts 243 

as a proxy of seedling allocation to chemical defences. Analyses were performed as in López-244 

Goldar et al. (2018). A 150 µl aliquot of the hexane extract was used to analyse mono- and 245 
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sesquiterpenes by GC-FID. For diterpene analysis, a second 150 µl aliquot of the hexane extract 246 

was dried under N2, rediluted in HPLC-gradient grade methanol (VWR, USA, ref. 20864.320, 247 

HiPerSolv Chromanorm) with heptadecanoic acid (Sigma-Aldrich, UK, ref. H3500) as internal 248 

standard, and methylated by adding tetramethylammonium hydroxide (Sigma-Aldrich, UK, ref. 249 

334901; 1:10 in methanol, v:v). Terpenes were then separated and quantified by gas 250 

chromatography using a GC-FID Clarus 500 (Perkin Elmer, MA, USA) equipped with an Elite-251 

5 capillary column (30 m, ID 0.25 mm, film thickness 0.25 µm, Perkin Elmer, MA, USA) 252 

coupled to an FID and using the Total Chrom Navigator Clarus 500 v6.3.2 software (Perkin 253 

Elmer, MA, USA). FID temperature was set at 300 ºC. 1 µl of extract was injected in splitless 254 

mode using hydrogen as the carrier gas. Instrument was calibrated and verified using internal 255 

standards, alkane series (Alkane Standard C8-C20 Fluka ref # 04070, 40µg × ml-1) and 256 

commercial standards (e.g., abietic acid 00010-25g, and dehydroabietic acid SMB00089-1 mg, 257 

40µg × ml-1, Sigma-Aldrich, UK). For mono- and sesquiterpenes, oven temperature was set at 258 

40 ºC for 2 min, followed by a first temperature ramp of 4 ºC × min-1 to 200 ºC, then a second 259 

ramp of 10 ºC × min-1 to 250 ºC, and kept at this temperature for 5 min. For diterpenes, the oven 260 

was set at 152 ºC for 2 min, followed by a temperature ramp of 3 ºC × min-1 to 260 ºC and then 261 

maintained at this temperature for 5 min. 262 

 Peaks were identified in the GC-FID by comparing the retention times and the Kovat 263 

Index, calculated upon commercial alkane series with the retention times and Kovat Index of 264 

the compounds identified in previous studies by GC-MS and GC-FID (López-Goldar et al., 265 

2018; Suárez-Vidal et al., 2019). The minimum detectable peak area was set at 10000 area units.  266 

 267 

Statistical analyses— 268 

Frequency histograms were constructed for height and δ13C data in the parental population 269 

using bin widths of 0.25 ‰ and 40 cm, respectively (these bin widths led to 10-12 bins and a 270 
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good representation of the frequency distributions of the traits). Selection differentials (S = 271 

mean of selected trees - overall population mean) were calculated for δ13C-based iWUE and 272 

tree growth. Although selection for growth was based on diameter, we focused on height data, 273 

because this was the trait assessed in the offspring. As diameter and height in the parental 274 

population were highly correlated among each other (R2 = 0.79, N = 130, p < 0.001), selection 275 

for diameter also implied selection for height growth. Differences between control and selected 276 

groups (growth, iWUE) for the variables assessed in the parental population (height, diameter, 277 

δ13C, bole resin flow, non-volatile resin and total polyphenols in needles and stems of terminal 278 

branches) were analysed by one-way ANOVA.  279 

 Direct responses (height and δ13C-based iWUE) and correlated responses (survival, 280 

δ13C-based iWUE, height and concentration of chemical defences) to selection in the offspring 281 

were analysed by fitting mixed models to the phenotypic data of the seedlots established in the 282 

two progeny trials. The mixed models assumed a complete block design within each trial, and 283 

included the seedlot (control vs selected), the site (Montañana and Farasdués) and their 284 

interaction as fixed factors, and the block within site as a random factor. For seedling height, 285 

the only trait assessed at the individual tree level, the experimental unit (i.e., the interaction 286 

between seedlots and blocks within sites) was also included in the model as a random factor. 287 

Analyses were conducted separately for each selection trait (growth vs control, iWUE vs 288 

control) using the MIXED Procedure of the SAS System (Littell et al., 2006). Plot-mean 289 

survival was arc-sine transformed to achieve normality. 290 

 From these analyses, direct response to selection (R) for growth and iWUE was 291 

estimated as the difference of the least square means for the given trait between the offspring 292 

of the selected trees and that of the unselected control trees. The traits were previously 293 

converted to a Gaussian N(0,1) distribution in the parental and the offspring populations in 294 

order to standardize effect size across the two generations. Realized heritability was then 295 
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estimated as the ratio between the response to selection in the progeny and the selection 296 

differential in the parental population (both measured upon standardized variables) assuming a 297 

coefficient of relationship of 1/3 (h2 = 1.5R / S) (Walsh and Lynch, 2018). Seeds from the 298 

selection groups are from known selected mothers but unknown fathers. When mother trees are 299 

enough separated among each other (e.g. > 30 m), mother trees can be assumed to be unrelated 300 

(i.e. having different grandparents) and to be pollinated by different male parents (de Lucas et 301 

al., 2009). However, fine spatial structure at scales lower than that may implicate deviations 302 

from these assumptions. Although the probability of sharing the same male parent within open-303 

pollinated families in anemophilous species such as P. halepensis is low (Gaspar et al., 2009), 304 

this probability may be much higher in our study due to the reduced size of the parental 305 

population (only a few hectares), the proximity among the selected mothers (less than 30 m) 306 

and the high tree density within the stand. The theoretical coefficient of relationship of 1/4 for 307 

true half-sibs was then increased to 1/3 to account for this potential bias (Hernández-Serrano et 308 

al., 2014). 309 

 310 

RESULTS 311 

Selection within the parental population— 312 

The parental population averaged 4.4 ± 0.7 m in height and 7.0 ± 0.2 cm in diameter and 313 

presented a mean δ13C of wood of -24.76 ± 0.05 ‰ (mean ± s.e). Mean height of the parental 314 

trees selected for higher growth was 5.3 ± 0.9 m, which represents a selection differential of 315 

0.98 m (1.23 units of standard deviation for the standardized variable) (Fig. 1A). Parental trees 316 

selected for greater iWUE had a mean δ13C of -23.91 ± 0.05 ‰, 0.85 ‰ (1.56 units of standard 317 

deviation for the standardized variable) higher than the overall mean parental population (Fig. 318 

2A).  319 
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 Artificial selection affected the phenotypic value only of the traits under selection 320 

(growth and δ13C), with no significant differences between the selected and the control groups 321 

for any other trait, including those associated with defensive investment (Table S1). 322 

 323 

Direct response to selection— 324 

Seedling growth and δ13C differed significantly between the sites (Table 1). Seedlings in 325 

Montañana were taller and less water-use efficient (i.e. lower δ13C) than those in Farasdués 326 

(Fig. 3). Despite these site differences, response to selection for iWUE and growth was 327 

consistent across both sites (Fig. 3); i.e., no significant selection seedlot × site interaction was 328 

observed for either trait (Table 1).  329 

 No significant differences were found in early height growth between the offspring of 330 

growth-selected and unselected control trees (Fig. 1B; Table 1). Estimated realized heritability 331 

for height was therefore null (Fig. 1B). In the case of iWUE, the offspring of the trees selected 332 

for greater iWUE had higher δ13C than the offspring of the unselected control group, regardless 333 

of the testing site (Fig. 2B; Table 1). Response to selection was 0.66 ‰ (0.89 units of standard 334 

deviation for the standardized variable), resulting in a realized heritability of 0.86. 335 

 336 

Correlated responses to selection— 337 

Selection for growth or iWUE had no correlated effects in any of the traits analysed in the 338 

offspring except for concentration of mono- and sesquiterpenes (Table 1), which were 339 

significantly greater in the offspring of trees selected for growth than in the offspring of 340 

unselected control trees (Fig. 4D, E). Differences between the offspring of selected and control 341 

trees were highly consistent across sites (no significant selection × site interaction, Table 1). 342 

Mono- and sesquiterpenes tended to show higher concentrations in Montañana than in 343 
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Farasdués (Table 1). Neither selection nor test site significantly affected seedling survival 344 

(Table 1). 345 

 346 

Comparison with the local seed source— 347 

The offspring of the unselected control trees had lower δ13C than the local seed sources, but no 348 

differences were observed between the offspring of trees selected for iWUE and the local seed 349 

source (Fig. 4C). Monoterpene concentration was significantly lower in the local seed source 350 

than in the offspring of the experimental parental population, irrespective of the selection 351 

applied (Fig. 4D). For the remaining traits, the offspring of control and selected trees performed 352 

similar to the local seed source (Fig. 4A, B, E), except in the case of diterpenes, whose 353 

concentration was higher in the offspring of trees selected for growth compared to the local 354 

seed source (Fig. 4F).  355 

 356 

DISCUSSION 357 

The results suggest that (δ13C-based) intrinsic water-use efficiency has high potential for 358 

evolutionary change in Aleppo pine in response to selective pressures imposed by increasing 359 

drought stress associated with climate change. No correlated changes in other functional traits, 360 

such as growth or defensive investment, suggest little consequences on other traits of such 361 

evolutionary response for iWUE. Similarly, selection for high growth rates, a key objective of 362 

most breeding programmes, would have no negative impacts on other traits, at least at early 363 

stages of development.  364 

 365 

Direct responses to selection for iWUE— 366 

The offspring of trees selected for enhanced iWUE also showed increased iWUE (i.e., high 367 

needle δ13C). This result reflects a strong direct response to selection and high realized 368 
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heritability of iWUE-related traits. Response to selection for iWUE resulted in a high estimate 369 

of realized heritability (hi
2 = 0.86). This heritability estimate is modulated by the chosen 370 

coefficient of relatedness (set to 1/3 for our open-pollinated seeds collected in different mother 371 

trees). Despite it is common practice to account for the (typically unknown) contribution of full 372 

sibs within the open-pollinated families (e.g. Hernández-Serrano et al., 2014), the chosen 373 

coefficient could be inaccurate for our study case. Deviations from random mating within the 374 

parental population could arise due to spatial proximity, non-random genetic relatedness and 375 

assortative mating among mother trees (e.g. Torimaru et al., 2012). Due to the proximity of 376 

maternal trees to each other and because the parental population was not large, a high proportion 377 

of full sibs, even of selfing, could have occurred within the seeds collected in each mother tree. 378 

Future studies using molecular tools for genotyping the material included in the common 379 

gardens will allow for pedigree reconstruction and, therefore, more accurate estimates of 380 

realized heritability of iWUE (Gaspar et al., 2009). In addition, (i) sampling for iWUE was 381 

performed in different tissues in the parental and offspring populations (wood and needles, 382 

respectively) (Klein et al., 2005; Hommel et al., 2014), (ii) parental and offspring populations 383 

differed considerably in age at sampling, potentially leading to ontogenetic interferences 384 

(Cavender-Bares and Bazzaz, 2000; Fonti et al., 2018), and (iii) parental and offspring 385 

populations lived under different environmental conditions, which may also have contributed 386 

to different range scales of δ13C (Cernusak et al., 2013). Despite standardizing the variable 387 

independently for the parental and the offspring population likely minimized the bias generated 388 

by these potential sources of uncertainty, the realized heritability reported here for iWUE should 389 

be taken with caution. Future sampling schemes using wood as more integrative tissue of iWUE 390 

at offspring ages similar to that of the parental population should improve accuracy, while 391 

precision could be enhanced by pedigree reconstruction of the offspring through genotyping 392 

(Gaspar et al., 2009). 393 
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 Nevertheless, it should be noted that large additive genetic variances and moderate to 394 

high heritability estimates of δ13C have previously been documented for pine species (e.g. 395 

Marguerit et al., 2014; Castillo et al., 2018). The range of reported heritability estimates is, 396 

however, quite large, perhaps because of methodological limitations associated with the trait 397 

itself, such as limited sample size due to elevated costs, the plant tissue analysed (e.g. Klein et 398 

al., 2005) or the existence of ontogenic effects (Fonti et al., 2018). In any case, the direct 399 

response to selection observed in our study provides strong empirical evidence that selection 400 

for iWUE can be transmitted to future generations in natural populations of Aleppo pine. 401 

Whenever increased drought stress associated with climate change imposes a selective pressure 402 

on Aleppo pine populations, an evolutionary change towards greater iWUE should be expected. 403 

This result is consistent with the high degree of climate-related among-population 404 

differentiation in iWUE in Aleppo pine (Voltas et al., 2008). Populations of this species 405 

originating from drought-prone environments show greater iWUE, preferential access to deeper 406 

water sources and lower growth rate than populations from wetter origins, probably as a result 407 

of evolutionary responses to water scarcity (Voltas et al., 2015). This idea is supported by 408 

comparing the selected and control seedlots with the local (drier) seedlot, which showed greater 409 

iWUE than the offspring of the unselected parental population but similar values to the 410 

offspring of trees selected for iWUE. 411 

 412 

Direct response to selection for growth— 413 

In contrast to δ13C, no significant direct response to selection for height growth was observed. 414 

This result was unexpected as height growth in pine trees is known to be heritable (Kroon et 415 

al., 2011) and there is ample evidence of direct responses to selection for growth in forest trees 416 

(Liziniewicz and Berlin, 2019). Particularly, results from breeding programmes designed to 417 

improve tree growth and timber quality have documented large direct responses to selection for 418 
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growth in many conifer species (Jansson, 2007; Burdon et al., 2008; Haapanen et al., 2016), 419 

including Aleppo pine (Matziris, 2000). A number of non-mutually exclusive reasons may 420 

explain our unexpected result.  421 

 Lack of response to selection for growth could arise from a too low selection intensity, 422 

or scarce genetic variability in the parental population (Cornelius, 1994). Assuming the typical 423 

values of heritability for growth in pine trees (hi
2 = 0.1 - 0.3) (Kroon et al., 2011), the selection 424 

intensity applied here (15%) may not be high enough to detect a significant response (Cornelius, 425 

1994). In addition, the 20 trees selected for their highest stem diameter were not exactly the 20 426 

tallest trees (see Fig. 1A), so the selection intensity for this trait was not of the same strength as 427 

for δ13C. A related explanation could be a poor phenotype-genotype relation in the parental 428 

population (i.e., preponderance of environmental effects). Hence, we cannot discard that 429 

microenvironmental differences within the stand, typically large in forest ecosystems 430 

(Magnussen, 1993), have influenced tree growth and, thus, phenotypically biased the selection 431 

for highest growth (Zas, 2008). In addition, although the parental population was a coetaneous 432 

stand, some variation in tree age did exist. Slight variations in individual tree age at relatively 433 

young stages (13 years old) could have also impacted negatively on the effectiveness of the 434 

selection.  435 

 Heritable non-genetic factors such as maternal environmental effects and seed 436 

provisioning could have also contributed to the observed lack of direct response to selection for 437 

growth (Danchin et al., 2011). In pine trees, both factors are known to significantly affect early 438 

seedling performance beyond the genetic contribution of the mother tree (Zas et al., 2013; 439 

Suárez-Vidal et al., 2017). While few environmental differences should be expected among 440 

mother trees, large differences among trees in seed size probably occurred, as typically 441 

observed in pine trees (Wang and Ives, 2017). Differences among mother trees in seed 442 

provisioning can easily result in different early growth rates (Zas et al., 2013; Suárez-Vidal et 443 
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al., 2017), and these effects may be biasing the comparison of the offspring of selected and 444 

unselected mother trees. In any case, this type of transgenerational plasticity usually tend to 445 

disappear with time since germination (Elwell et al., 2011), so future assessments of tree growth 446 

at older ages will help to determine whether the selection for growth practiced in the parental 447 

population will have any evolutionary effect on the offspring growth trajectory.  448 

 449 

Correlated responses to selection— 450 

We expected to detect correlated responses to selection in non-target traits, because traits do 451 

not act independently and can be genetically linked (Walsh and Lynch, 2018). Santos del 452 

Blanco et al. (2015) found that selection for growth in Pinus pinaster Ait. negatively affected 453 

reproductive traits in the offspring of selected trees. In contrast, our results showed that 454 

selection for iWUE did not affect growth, and vice versa, at an early age. However, growth and 455 

defence allocation showed some linkage because a positive effect on volatile terpene 456 

concentration was detected in the offspring of trees selected for growth.  457 

 Theory predicts that life-history traits (i.e., growth, reproduction and defences) should 458 

trade off among each other because they share and compete for the same resources (Agrawal et 459 

al., 2010; Saeki et al., 2014). Previous reports of genetic correlations between growth and 460 

defensive investment in conifer trees range, however, from negative (e.g. de la Mata et al., 461 

2017) to positive (Méndez-Espinoza et al., 2018). Environmental context dependency 462 

(Sampedro et al., 2011; Abdala-Roberts et al., 2014; Moreira et al., 2015) and genetically-based 463 

differences (e.g. among-population differentiation in the genetic linkage between traits, 464 

Vázquez-González et al., 2020) may explain such a lack of consensus. While harsh 465 

environmental conditions at the test sites should have elicited the emergence of trade-offs, the 466 

observed response to selection suggest that growth and chemical defences are not genetically 467 

compromised in Aleppo pine, at least at intra-population level.  468 



20 
 

 Similarly, although positive genetic correlations between iWUE and growth are 469 

dominant in woody plants (Fardusi et al., 2016), negative associations have also been reported 470 

for some forest species (e.g., Pinus ponderosa Douglas. in Kerr et al., 2015) and, especially, 471 

for Mediterranean trees such as Aleppo pine (Voltas et al., 2008). Drought tolerance in 472 

isohydric pines such as Aleppo pine is mainly based on tight stomatal regulation of water loss 473 

in response to drought (Klein et al., 2013). Stomata closure constrains gas exchange and may 474 

therefore directly impair primary production (Brodribb, 2009). Based on the results presented 475 

here, however, these physiological relationships appear not to hold at the additive genetic level 476 

and, thus, would not have evolutionary implications, at least at juvenile stages. Further sampling 477 

schemes using integrative wood samples and individual tree analysis are needed for more 478 

definitive conclusions. 479 

 Selection experiments empirically testing direct response to selection for traits other 480 

than growth and wood quality are not abundant in forest trees (MacLachlan et al., 2017; 481 

Liziniewicz and Berlin, 2019). In particular, we are not aware of selection experiments 482 

reporting correlated responses in functional traits related to tolerance to biotic and abiotic 483 

stresses in response to selection for water-use efficiency. Based on the results presented here, 484 

it can be concluded that natural selection for higher intrinsic water-use efficiency has the 485 

potential to produce considerable evolutionary changes in future generations, as evidenced by 486 

a single artificial selection event. Aleppo pine populations may have the evolutionary capacity 487 

to respond to increasing drought stress associated with global change in the short term. 488 

However, future studies should conduct a detailed assessment of the functional and fitness 489 

advantages of the observed changes, and accurately determine the heritability of such 490 

transgenerational change. Additionally, the lack of negative correlated responses to selection 491 

for water-use efficiency suggests that adaptive responses to drought stress would not 492 

compromise other relevant functional traits in Aleppo pine. We found no evidence that selection 493 
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for growth, one of the main objectives of pine breeding programmes, has negative effects on 494 

iWUE or chemical defence allocation at juvenile stages. Further research is needed, however, 495 

to disentangle whether the observed patterns are maintained at older ages, and to study the 496 

correlated responses in other relevant life-history traits, such as those related to reproduction or 497 

storage. 498 
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TABLES 737 

Table 1. Summary of linear mixed-effects models showing the effects of selection (Growth vs 738 

Control and iWUE vs Control), test site and their interaction on survival, height, needle δ13C, 739 

and mono-, sesqui- and diterpenes in the offspring population established in two progeny trials 740 

(Farasdués and Montañana). F ratios with their degrees of freedom and the associated 741 

probability (P > F) are shown. Significant effects (P ≤ 0.05) are shown in bold. 742 

                                                

  Selected for Growth vs Control   Selected for iWUE vs Control 

  

Selection 

(SEL)  
Site 

 
SEL × Site 

 

Selection 

(SEL)  
Site 

 
SEL × Site 

   F1,13  P > F  F1,13  P > F  F1,13  P > F  F1,13  P > F  F1,13  P > F  F1,13  P > F 

Survival  0.8  0.382  1.0  0.331  0.7  0.403  0.9  0.363  1.6  0.232  0.1  0.823 

Height  0.2  0.665  24.8  < 0.001  0.0  0.884  0.6  0.567  16.9  0.002  1.9  0.196 

δ13C  0.8  0.388  5.3  0.039  0.7  0.414  9.4  0.009  2.8  0.116  0.1  0.746 

Monoterpenes  6.8  0.022  4.4  0.057  0.1  0.763  0.2  0.695  5.6  0.033  0.0  0.945 

Sesquiterpenes  5.1  0.041  2.6  0.129  0.4  0.537  0.7  0.413  6.9  0.020  0.6  0.443 

Diterpenes   3.3   0.097   0.0   0.994   0.0   0.933   0.3   0.580   0.2   0.693   0.1   0.757 

                         

  743 
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FIGURES LEGENDS 744 

Figure 1. A) Frequency histogram of tree height in the parental population (grey bars, N = 130) 745 

showing the selected trees with the largest growth (black bars, N = 20). Dashed vertical lines 746 

denote overall population mean and the mean of selected trees. The difference between both 747 

values denotes the selection differential (S). The differential selection in units of standard 748 

deviation is presented within brackets. B) Average response to selection in the offspring 749 

population showing differences in growth (height, mean ± s.e) between the offspring of growth-750 

selected and control trees (N = 96 individual plants). Response to selection (R) and realized 751 

heritability (h2 = 1.5R/S) are shown.  752 

Figure 2. A) Frequency histogram of δ13C in wood of trees of parental population (grey bars, N 753 

= 130) showing the selected trees with the highest water-use efficiency (black bars, N = 20). 754 

Vertical dashed lines denote overall population mean and the mean of selected trees. The 755 

difference between both values denotes the selection differential (S). The differential selection 756 

in units of standard deviation is presented within brackets. B) Average response to selection in 757 

the offspring population showing differences in average water-use efficiency (δ13C in needles, 758 

mean ± s.e) between iWUE-selected trees and control trees (N = 16 composite samples). The 759 

different between both values denote the response to selection (R). The response to selection in 760 

units of standard deviation is presented within brackets. Realized heritability (h2 = 1.5R/S) was 761 

estimated upon the response to selection and the selection differential obtained after 762 

standardizing the variable to a N (0,1) within each generation.  763 

Figure 3. Direct response to selection for iWUE (A) and growth (B) in the offspring population 764 

established in the Farasdués (black dots and continuous line) and Montañana (open circles and 765 

dashed line) progeny trials. Mean ± s.e (N = 8 composite samples for δ13C and 48 individual 766 

seedlings for height) are shown.  767 

Figure 4. Mean ± s.e of A) survival, B) height, C) δ13C in needles, and D) mono-, E) sesqui- 768 

and F) diterpenes in needles of the offspring of control trees (white bars) and trees selected for 769 

growth and water-use efficiency (iWUE) (grey bars). (N = 16 composite samples except for 770 

height, for which N = 96 individual plants). Performance of local seed source is shown by the 771 

dashed line (mean) and horizontal grey bands (± s.e). Letters above bars denote significant 772 

differences at P ≤ 0.05 between the three seedlots (control, growth and iWUE). Asterisks inside 773 

bars denote significant differences (n.s = non significant; * = P < 0.05, ** = P < 0.01, *** = P 774 

< 0.001) between each seedlot and the local seed source.   775 
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FIGURES 1 

 2 

Figure 1. A) Frequency histogram of tree height in the parental population (grey bars, N = 3 

130) showing the selected trees with the largest growth (black bars, N = 20). Dashed vertical 4 

lines denote overall population mean and the mean of selected trees. The difference between 5 

both values denotes the selection differential (S). The differential selection in units of 6 

standard deviation is presented within brackets. B) Average response to selection in the 7 

offspring population showing differences in growth (height, mean ± s.e) between the 8 

offspring of growth-selected and control trees (N = 96 individual plants). Response to 9 

selection (R) and realized heritability (h2 = 1.5R/S) are shown.  10 
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 12 

Figure 2. A) Frequency histogram of δ13C in wood of trees of parental population (grey bars, 13 

N = 130) showing the selected trees with the highest water-use efficiency (black bars, N = 14 

20). Vertical dashed lines denote overall population mean and the mean of selected trees. The 15 

difference between both values denotes the selection differential (S). The differential selection 16 

in units of standard deviation is presented within brackets. B) Average response to selection 17 

in the offspring population showing differences in average water-use efficiency (δ13C in 18 

needles, mean ± s.e) between iWUE-selected trees and control trees (N = 16 composite 19 

samples). The different between both values denote the response to selection (R). The 20 

response to selection in units of standard deviation is presented within brackets. Realized 21 

heritability (h2 = 1.5R/S) was estimated upon the response to selection and the selection 22 

differential obtained after standardizing the variable to a N (0,1) within each generation.  23 
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 24 

 25 

Figure 3. Direct response to selection for iWUE (A) and growth (B) in the offspring 26 

population established in the Farasdués (black dots and continuous line) and Montañana (open 27 

circles and dashed line) progeny trials. Mean ± s.e (N = 8 composite samples for δ13C and 48 28 

individual seedlings for height) are shown.  29 
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 32 
 33 

Figure 4. Mean ± s.e of A) survival, B) height, C) δ13C in needles, and D) mono-, E) sesqui- 34 

and F) diterpenes in needles of the offspring of control trees (white bars) and trees selected for 35 

growth and water-use efficiency (iWUE) (grey bars). (N = 16 composite samples except for 36 

height, for which N = 96 individual plants). Performance of local seed source is shown by the 37 

dashed line (mean) and horizontal grey bands (± s.e). Letters above bars denote significant 38 

differences at P ≤ 0.05 between the three seedlots (control, growth and iWUE). Asterisks 39 

inside bars denote significant differences (n.s = non significant; * = P < 0.05, ** = P < 0.01, 40 

*** = P < 0.001) between each seedlot and the local seed source.  41 
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efficiency in a Mediterranean pine  3 
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Notivol, Rafael Zas  5 

 6 

Methods S1. Bole resin flow determination in the parental population— 7 

Bole resin flow was estimated after a 132.73 mm2 disc of bark and phloem was removed 8 

using a 13 mm diameter arch punch. The resin flowing from the exposed xylem and 9 

surrounding phloem in the following 24 h was collected in 15 ml pre-weighed FALCON™ 10 

tubes (Corning, USA). Resin flow, a proxy of bole defensive investment, was determined 11 

gravimetrically.  12 

 13 

Resin flow determination. Left: hole from where the resin flows, formed by removing a disc 14 

of bark and phloem; Right: 15 ml FALCON™ tube (Corning, USA) attached to the hole for 15 

resin flow collection.  16 
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 22 

Methods S2. Non-volatile resin estimation in the parental population— 23 

Non-volatile resin was extracted in the needles and stems of terminal branches and estimated 24 

gravimetrically following Sampedro et al. (2011).  25 

Briefly, 10 ml n-hexane SupraSolv® (Merck, Germany, ref. 1.04371.1000) was mixed with 26 

the fresh plant material in pre-weighed PYREX® tubes (Corning, USA, ref. 99445-20) for 20 27 

min at 20 ºC in an ultrasonic bath and left overnight at room temperature. The extract was 28 

passed through a filter (Whatman GF/D, Whatman Int. Ltd, Maidstone, Kent, UK) into new 29 

test tubes and the extraction step was repeated. The two extracts were mixed together and the 30 

solvent was left to evaporate to dryness under the fume hood. Plant material was dried at 65 31 

ºC and weighed in a 0.0001 g precision scale. Non-volatile resin was gravimetrically 32 

estimated as the sum of the dry residual in both extracts, based on the dry weight of plant 33 

material and expressed as mg of non-volatile resin × g-1 dry weight.  34 

References 35 

Sampedro, L., Moreira, X., Zas, R. (2011) Costs of constitutive and herbivore-induced 36 

chemical defences in pine trees emerge only under low nutrient availability. Journal of  37 

Ecology,  99, 818-827. 38 
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 45 

Methods S3. Total polyphenol estimation in the parental population— 46 

Total polyphenol concentration in the needles and stems of terminal branches was determined 47 

colorimetrically after extraction with methanol using the Folin-Ciocalteu method (see Moreira 48 

et al., 2009). Briefly, 20 mg of ground freeze-dried samples were extracted with 1 ml aqueous 49 

methanol (1:1, v:v; HPLC grade, HiperSolv Chromanorm) in 1.1 ml tubes (VWR, USA, 50 

Microtiler ref. T100-25). After vortexing, sonication for 15 min and centrifugation at 3500 51 

rpm for 20 min (Eppendorf Centrifuge 5804, Germany), a diluted aliquot was left to react 52 

with Folin reagent (Merck, Germany, ref. 1.09001.0500) and sodium carbonate (Panreac, 53 

Germany, ref. 131648.1210) for 2.5 h. Absorbance was measured at 740 nm in a microplate 54 

reader (680 Microplate Reader, Biorad, USA) and concentration was estimated using tannic 55 

acid (Panreac, Germany, ref. 141065) as standard. 56 

References 57 

Moreira, X., Sampedro, L., Zas, R. (2009) Defensive responses of Pinus pinaster seedlings to 58 

exogenous application of methyl jasmonate: concentration and systemic response. 59 
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 67 

Table S1. Summary of the mixed models showing the phenotypic differences in growth, 68 

water-use efficiency and chemical defences between the parental trees artificially selected for 69 

growth (N = 20 trees with the largest diameter) and water-use efficiency (iWUE, N = 20 trees 70 

with the greatest iWUE) and the unselected control trees (control, N = 40 randomly selected 71 

trees). F ratios and associated probability (P > F) for the differences between selected and 72 

control trees are shown. Significant effects (P ≤ 0.05) are shown in bold. 73 

  

              

  

Growth vs Control 

 

iWUE vs Control 

  

 

F1,57 

 

P > F 

 

F1,57 

 

P > F 

Height 

 

20.2 

 

< 0.001 

 

0.1 

 

0.721 

Diameter 

 

33.2 

 

< 0.001 

 

0.3 

 

0.563 

δ13C 

 

0.1 

 

0.714 

 

47.0 

 

< 0.001 

Bole resin flow 

 

0.0 

 

0.937 

 

0.3 

 

0.612 

Non-volatile resin in needles 

 

0.5 

 

0.466 

 

0.1 

 

0.829 

Non-volatile resin in stems 

 

0.1 

 

0.731 

 

0.0 

 

0.938 

Total polyphenols in needles 

 

0.4 

 

0.523 

 

3.5 

 

0.070 

Total polyphenols in stems   0.0   0.903   0.9   0.340 
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