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Abstract

:

The achievement of goals in forest landscape restoration strongly relies on successful plantation establishment, which is challenging in drylands, especially under climate change. Improvement of field performance through stock quality has been used for decades. Here, we use machine learning (ML) techniques to identify key stock traits involved in successful survival and to refine previous specifications that were developed under more conventional stock quality assessments carried out at the lifting–shipping phases in the nursery. Two differentiated stocklots in each species were used, both fitting in the regional quality standard. ML was used to infer a set of attributes for planted seedlings that were subsequently related to survival at the short-term (two years) and mid-term (ten years) in six different species planted in a harsh site with shallow soil that suffered the driest year on record during this study. Whilst stocklot quality, as measured in the lifting–shipping stage, had very poor importance to the survival response, individual plant traits presented a moderate to high diagnostic ability for seedling survival (area under the receiver operating characteristic (ROC) curve between 0.59 and 0.99). Early growth traits catch most of the importance in these models (≈40%), followed by individual morphology traits (≈28%) and site variation (≈2%), with overall means varying across species. Aleppo pine and Phoenician juniper stocklots presented survival rates of 66–78% after ten years, and these rates were below 27% for the remaining species that suffered during the historical drought. In Aleppo pine, the plant attributes related to early field performance (growth in the first growing season) were more important in the drought-mediated mid-term performance than stock quality at the nursery stage. Within the technical framework of this study, our results allow for both testing and refining the regional quality standard specifications for harsh conditions such as those found in our study.
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1. Introduction


Forest landscape restoration (FLR) is widely recognized as a universal key tool to cope with environmental and socioeconomic challenges posed by land degradation and climate change [1,2,3], UN sustainable development goal 15. However, achievement of goals in FLR strongly relies on successful plantation establishment, which is usually measured in terms of survival rate [4,5]. The importance of this critical stage goes beyond the biophysical environment of the plantation, affecting the society involved [6], i.e., stakeholders and organizations that support the costs of reforestation and, in the long-run, regional and national policies encouraging ecosystem restoration [7]. Plantation failure is especially critical in drylands such as Mediterranean type ecosystems, where the survival of planted seedlings can be jeopardized, not just by the expected seasonal droughts these regions suffer, but also by extreme drought events that expand beyond the dry season into the growing season and even interannually. To make matters worse, the frequency of these extreme disturbances is foreseen to increase as do their magnitude and severity [8]. Thus, technically, optimizing FLR programs would improve not just successful plantation establishment and its future climatic resilience, but also engagement from stakeholders that would otherwise be disappointed with plantation failures and poor feasibility of ecosystem restoration [1].



Stock quality has been a cornerstone for improving plantation establishment for decades and previous work has demonstrated its important effect in reforestation success (reviewed in [9,10]). In operational FLR programs, the common approach to match stock quality with site constraints is the assessment of different stock types being produced in the nursery and then defining/refining target seedling or quality standards according to the best performing stock types [11,12,13,14,15,16]. However, a drawback of this approach is that it considers the stock type as a whole set of traits ascribed to all individual plants tested in the field, which makes it difficult to identify the most relevant plant traits involved in successful field performance. In addition, the interactions and correlations between traits may dilute the relative importance of single key traits. Assigning a stocklot-averaged trait (e.g., dry weight) to all individuals being tested runs into the inherent variability of the stock [17,18]. Thus, height and diameter are often the only plant traits considered, as measuring most seedlings’ traits requires destructive sampling. Allometric equations can also be deployed to expand the number of individual plant-specific traits.



Forecasting key attributes in individual plants and modeling their relationships with the field response can be alternatively addressed through machine learning techniques (ML). The size of datasets and the computational power easily available nowadays allow for a more fruitful insight into complex ecological interactions and processes through nonlinear models than traditional linear methods, which can hinder reliable identification of relevant variables and interactions [19]. The potential of ML in forest ecology as an alternative to conventional statistical modeling has raised interest in recent years, as it may improve estimations of tree growth [20,21,22] and other complex variables [23]. In this sense, models such as the boosted regression tree (BRT) have provided clear evidence of strong predictive performance [19] and, to the authors’ knowledge, they have not been used in plantation establishment and stock quality improvement so far.



The use of ML for both better identification of relevant attributes and fitting nonlinear functions that relate them with successful field performance might lead to improved and refined stock specifications in programs where previous research has already established coarse seedling quality standards. This might be especially important with regard to updating standards in a framework of climate change, with increasing aridity and warming scenarios [24,25,26]. Here, we address these issues in six species, commonly used in FLR in Mediterranean type ecosystems, planted in a harsh dryland affected by the driest year on record. The main objective of the present work is to assess the influence of plant traits on field performance in both the short- and mid-term after an extreme drought and harsh conditions. By means of this assessment, we aim to answer the following questions: (i) Is the early field response related to the mid-term response after the occurrence of severe meteorological events (drought)? (ii) Related to that, were the stock quality traits involved in the early field performance still involved in successful drought response in the mid-term? (iii) If not, which stock specifications are more advisable to cope with extreme drought events and what relative importance do they have on the drought-affected mid-term response? The answers to these questions allow to know whether current stock quality standards are broad/specific enough to promote successful plantation establishment over time in the face of extreme droughts or if there is rather a need to refine current specifications. Additionally, the role of ML techniques in this regard is addressed.




2. Materials and Methods


2.1. Site Characterization


The field experiment was conducted within a reforestation program carried out in 2008 at “La Muela de Cortes” site, in the province of Valencia, Spain (39°13′ N; 0°53′ W; 794 m a.s.l.). The geomorphology corresponds to a flat-topped mountain (butte) where parent material is a consolidated cretaceous limestone with a haplic calcisol developed over it. The soil is shallow (<30 cm), very rocky, and with substantial accumulation of lime, pH is 8.04, and the texture is clay-loam to silty-clay-loam. The climate is dry sub-humid Mediterranean with annual precipitation of 510 mm (10% in summer, 1999–2019, Cortes de Pallás-Casa del Barón station, from the CHJ-SAIH weather network) and an average temperature of 13.8 °C (2005–2019, SIAR network). More details about the site and natural vegetation can be found in [27].




2.2. Experimental Design: Species, Stocklots, and Layout


A total of six species were considered in this study (Table 1). All the species are native to the area and regenerate naturally. For this work, two stocklots per species from different forest nurseries were used (Table 1). According to [16], we use the term stocklot as the stock type is the same. Stocklots were grown under different growing regimes according to the nursery, and differences in the application of culture variables resulted in different stock quality, although in all cases it was within acceptable ranges (see below), according to stock quality. Stock quality standards for the most important species in FLR in the Valencia region have been developed [28]. Additionally, the stocklots were considered suitable to encompass broad variation in seedling traits and to assess potential differential responses.



An experimental plot was established between late January and early February 2008 within the boundary of the reforestation consisting of a complete randomized block array with three blocks of 150 × 50 m each, containing replications of 50 plants per stocklot (150 seedlings per stocklot, Supplementary Table S1). Site preparation was performed by removing pre-existing natural vegetation and opening up 40 × 50 × 50 cm (depth, width, length) pits by means of a backhoe excavator. The oaks and the Strawberry tree were planted with tree-shelter (ventilated, 60 cm-tall) following this common practice in hardwood plantations in the region. Each plant was individually labeled so that the species, stocklot, block, and plant number within the block were identified. Environmental conditions were also monitored during the study period, including precipitation (P), temperature (T), relative humidity (RH), and soil moisture (SM) (further details in [27]).




2.3. Traits Selected and Post-Planting Monitoring


In this study, we use the term trait synonymously with the term attribute. Different traits were selected and categorized as stock quality traits and individual plant traits (Table 2). Traits have been grouped into root, shoot, nutrient, and performance traits (Table 2).



Stock quality traits were measured on a sample of plants randomly selected (representative) from each participating stocklot between December 2007 and January 2008 (i.e., for a given trait, there can be slight variations between this sample’s mean and that of the planted seedlings). The stocklots were received at the reforesting site and kept in a sheltered area to supply the planting gangs. This assessment was carried out following the usual way stock quality is assessed in operational programs. Previous work has established target seedling quality standards for the main species used in the region of Valencia [13,14,15,28,29]. Following the methodology described therein (especially in [15]), morphological, physiological, and performance traits were considered in the 12 stocklots (Table 2). These values are presented in Table 3 together with the species’ target specifications (when they exist) or the grand average for the species in the Valencia region gathered from the authors’ database (values corresponding to surveyed stocklots produced and planted since 2002, unpublished data).



Individual plant traits were directly measured or estimated for each planted seedling and include morphological and early field-growth traits. Height (Hp, cm; vertical distance from ground to terminal leader tip) and diameter (Dp, mm; on main stem at approximately 1 cm aboveground) were directly measured on each seedling right after out-planting in February 2008. The sturdiness index (Hp/Dp) was computed directly from both traits. Seedling stem volume (Vol, cm3) was calculated as an integrated metric of seedling’s size from Hp and Dp measurements, by using the formula for an elliptical cone: V = (πD2/4) H/3. By using Hp and Dp together with the stock quality traits, additional plant traits were estimated for each seedling by means of artificial neural networks (this method yielded a better fit than linear allometric equations), as detailed in [27] (Table 2). By this means, besides dry weights, foliar area (FAp, cm2), and root area (RAp, cm2), we calculated for each planted seedling the Dickson index (QI), the specific leaf area (SLAp, cm2/g), and an estimator of wood density (Vol divided by the estimated stem dry weight) (Table 2).



Growth-related traits derive from field assessment campaigns (Figure 1) carried out during the first two years after out-planting (June 2008, November 2008, November 2009) and in the tenth year (July 2018), by repeated measurements of height, diameter, and survival on all planted seedlings. The growth was expressed as monthly absolute increments in height (cm/month), diameter (mm/month), or volume (cm3/month) and noted as: IncH1, IncH2, IncD1, IncD2, IncVol1, and IncVol2, where 1 and 2 refer to the first growing season (February/March to June 2008) and the first summer period (June to November 2008), respectively. Both the first growing season and first summer period were considered as early plant-growth traits.




2.4. Data Analysis


Factorial analysis was used to assess the similarity/dissimilarity between both stocklots with regard to the species’ standard (Table 3) in a reduced number of variables. The principal component analysis extraction method was used. Artificial neural networks (ANN) were performed by means of the MLP (Multilayer Perceptron Network) in SPSS 22.0 [31] in order to estimate plant-based traits using empirical data from the authors’ database, as previously mentioned.



Differences in field performance (survival and early growth) between both stocklots in a species were tested by using a Student’s t-test, assuring that the conditions were met (gaussian distribution, variance homogeneity, and independence of the data). The importance of the different traits on plantation establishment was analyzed for both survival rate (November 2008, 2009, and 2018) and early growth rate in the first spring and first summer (i.e., IncH1 and 2, IncD1 and 2, and IncVol1 and 2). In the survival analysis in 2009 and 2018, the early growth rates from both seasons were included as predictor traits, whereas in the survival analysis in November 2008, only the spring’s early growth rate (suffix 1) was considered (as summer growth was computed only on alive plants in November 2008). The relative importance or contribution of predictors was assessed through boosted regression trees models (BRT) performed in R software (R Foundation for Statistical Computing, Vienna, Austria) [32] using the “gbm” package [33,34]. Stock quality traits were included as binomial variables (two values, one per stocklot). The inclusion of potentially irrelevant predictors is not of concern because these are unlikely to be selected during tree fitting, thus causing minimal effect on prediction [19]. BRT were set considering Bernoulli (survival) or Gaussian (growth) distribution families, learning rates of 0.001–0.0001, tree complexity of 4–15, and bag fractions of 0.5–0.75. The minimum number of trees was in most cases held above 1500. In the survival models, the area under the ROC curve was used as an indicator of goodness of fit, while in the growth models the correlation coefficient was used. The results of this analysis provide the relative influence (RI, %) of the predictors (traits) on the response variable (survival and growth). The higher the RI, the stronger the influence of the predictor on the response variable. For those predictors with higher RI, partial dependency plots (PDP) were produced by using the same package in R.





3. Results


3.1. Meteorological Conditions in the 10-Year Period after Out-Planting


The planting year (2008) was the wettest on record (730 mm), and 2009 was slightly above the average (558 mm). In 2009, there was a short but acute dry spell spanning from 9 April to 9 August, with cumulated rainfall of 64 mm, about 35% of the 2000–2019 expected value in the same months (not detected in the SPI-12). Years 2012 and 2014 were 75% below the average, and the spell between September 2013 and August 2014 registered only 183 mm (less than 40% of the average). This drought led to a 12-month SPI peak value of −2.53 (Figure 1), magnitude of −43 (SPI units), and duration of 37 months, underpinning the considerable anomaly of this drought. Mean annual temperature ranged between 12.9 (2008) and 15.2 °C (2015) [27]. Soil moisture during the critical first year after planting was above the wilting point (assuming a bulk density of 1.27 g/cm3) in the undisturbed soil, except for the expected dry summer months (Supplementary Figure S1).




3.2. Stock Quality Influence in Out-Planting Performance


The principal component analysis extracted four factors with a total explained variance of 86% (Supplementary Table S2) and showed that both stocklots in each species were markedly different to each other, with the value of the standard being closer or farther apart from one stocklot depending on the factor being considered (Figure 2). The four factors grouped stock quality attributes according to shoot (F1), root (F2), performance (F3), and nutrients (F4, Supplementary Table S3). For example, PIHA-HU was closer to the recommended standard in F1, F2, and F4, but PIHA-TM showed F3 (root growth potential) closer to the target (Figure 2). In Maritime pine, both stocklots differed, mostly in root growth potential and nutrient concentration (Figure 2). Oaks from the Madrid Nursery (-TM)were larger and had higher nutrient concentrations that the stocklots produced in the other nurseries (Figure 2).



Seedling survival was higher in Aleppo pine and Phoenician juniper (Figure 3), especially at the end of the study, when the remaining species showed very low rates (<27%). For a given species, in spite of the marked differences in stock quality between both stocklots, their temporal trend of survival showed similar patterns over time (Figure 3), with only marginal differences in Aleppo pine (early survival 2008 and 2009) and Phoenicean juniper (mid-term survival, 2018), and very significant differences (p < 0.01) only in the first assessment in Holm oak (survival 2008) (Figure 3, Supplementary Table S4). Regarding growth performance, the evolution of the total cumulated growth in height and diameter throughout the 10-year period shows two distinct patterns (Figure 4): the hardwoods, which readjusted their morphology under the constraining environmental conditions (especially height: in some cases, the 10-year height was lower than at planting time), and the conifers (pines and juniper), which presented increasing values for the 10-year period in all cases. In Holm oak and Strawberry tree, a differentiated growth pattern can be observed: the initial differences in size persisted during the first establishment phase (2008–2009), but after 10 years, both series converged to the same height and similar diameter, so that the larger stocklots strongly decreased in height. Statistical tests were performed on the monthly increments of height, diameter, and volume during the first year, and revealed different early growth performance between both stocklots in the six species studied (Supplementary Table S4), thus pointing out that stocklot-based differences in early growth did not translate entirely into final size and/or survival values in the mid-term, when mediated by a severe drought.




3.3. Relative Influence of Traits in Out-Planting Performance


3.3.1. Survival Performance


The analyses performed through BRT for survival yielded models with cross-validation (cv) ROC scores that ranged between 0.59 and 0.87 for the juniper and Maritime pine (Supplementary Table S5). The area under the ROC curve in the training dataset was above 0.70 in any case (Supplementary Table S5). The study of RI of the predictor variables (traits and block) on seedling survival showed that individual plant traits (morphological and early growth performance) presented an overwhelming importance over stock quality traits on this response regardless of the time elapsed since planting (1–10 years), with RI between 58% and 77% (Figure 5; Supplementary Table S6). Site variation (experimental block) and especially stock quality had very low RI in all cases (less than 2% in the latter). These RI values were weighted by the corresponding cv ROC score from Supplementary Table S5 and indicate how much the predictors contributed to the distinction between alive and dead plants.



It is remarkable that early growth rate traits were more important than morphological plant traits (root and shoot) (Figure 5; Supplementary Table S6), pointing out the importance of the former on plantation success. Partial dependence plots (PDP) of the four highest-ranked predictors (Figure 6 and Supplementary Figure S2) reveal which early growth rates contributed more and when (spring and summer) in each species’ survival. Additionally, SLA, QI, slenderness, wood density, total dry weight, stem volume, and stem diameter were traits showing high RI on survival across species (Figure 6 and Supplementary Figure S2).




3.3.2. Early Growth Performance


The BRT models fitted for early growth performance (spring, 1, and summer, 2, both in 2008) yielded low cv correlations that were always below 0.70, although training data correlations rose up to a range between 0.5 and 0.85 (Supplementary Table S7). On average, between 6% [45%] (Strawberry tree) and 20% [58%] (Phoenician juniper) of the early growth performance was predicted (explained) by the BRT models, where the text between brackets refers to RI values weighted by the training data correlation. In any case, spring’s growth rates were much better explained than summer’s rates (Supplementary Table S7, Figure 5).



Regarding the predictor sets, the impact of individual plants’ shoot and root traits on their early growth rates was noticeable (Figure 5, Supplementary Table S8), while the stock quality presented, also in this case, very poor importance in the fitted models. Shoot plant traits were more important (RI ≈ 22% (49%) on average) than root traits (RI ≈ 6% (15%) on average) in the early growth performance of planted seedling. Figure 7 and Supplementary Figure S3 show the PDP of the four highest-ranked individual traits or predictors.






4. Discussion


The results presented here show that the performance of the six species used in this plantation was little affected by stock quality traits as operationally assessed, whilst the role of individual plant traits (particularly early growth rate) proved to have way more potential to explain seedling survival both in the short-term and 10 years after planting. According to a literature review performed in our previous work ([27], summarized in Table 4), the field performance observed in 2008–2009 (short-term) for all the species can be considered as higher than or similar to that reported in similar works, except for the Lusitanian oak. In the mid-term, however, growth performance in this trial was poor for all species but the juniper, and 10-year survival was only high for the juniper and Aleppo pine. These results are not surprising, as meteorological conditions at our site during the first year were very favorable, but very dry in the mid-term analysis.



4.1. Limited Role of Stock Quality Traits in Plantation Establishment


The influence of stock quality was absent or weak on survival for most species: marginally significant in PIHA (2008 and 2009) and JUPH (2018) and significantly different in QUIL (2008) and QUFA (2018). One key question arising about stock quality is, given the ample differences between both stocklots tested in the six species, but the relatively low differences in survival regardless of time, is there further room for stock quality improvement? Favorable out-planting conditions (in our case meteorology during the first year) are known to dilute the effect of stock quality on plantation establishment [4,14,16,35], but there was, on the other hand, the driest year on record 5–6 years after planting, an environmental filter that should have had the opposite effect. Two options might be considered here: One is that the current specifications of stock quality (Table 3) are broad enough that both stocklots fit in it and hence their response is very similar. This would mean there is little margin to gain higher establishment rates from stock quality improvement. The second possibility is that, after the first two years (with low impact of stock quality on field performance because of the meteorology), the response becomes mostly conditioned by environmental conditions in the site [36], and hence, two stocklots with similar field performance after two years will continue showing similar patterns despite their initial differences in quality. That is to say, the difference at year two between different stock qualities would maintain a parallel trend across time. However, this latter possibility does not agree with previous studies in similar climatic conditions and the same species [37,38], hence the first option is more likely.



The added value of the present work is that we indeed demonstrated that there can be further improvement in plantation establishment through phenotypical seedling quality in cases such as the one studied here, with a robust and tested standard. Morphological traits are robust and reliable indicators of seedling quality [39]. Quality standards are usually defined sensu [11], focusing on the stock being produced in operating nurseries and tested for field performance [28]. By operating in this way, the standard may be somewhat stilted and difficult to match as a whole for nurserymen (both material and performance traits). This was indeed corroborated in our stocklots, with shoot, root, performance, and nutrient traits (Factors 1–4, Figure 2) being more or less close to the standard depending on the stocklot. Our fitted models underpinned that individual plant traits were way more important than the stocklot-based traits when jointly assessed. In the conventional approach (e.g., [14,15], but see [10,40] for a full list of references), the inherent variability of stock-based traits in the samples used [17,18] hampers further insight on the role of a particular trait on field performance. Individual seedling traits capture the features of the evaluated plant much better, whilst stock quality traits are coarse averages. This lack of direct evidence may lead to specifying imprecise or wide ranges for important attributes, or just the opposite [16], which was likely the case in our stocklots and standards shown in Table 3.



Another issue to consider is the time elapsed between stock quality assessment and planting, that in some cases can be separated by some months. Both factors (time elapsed and representativeness of the sample) may counteract and/or dilute the predictive ability of stock quality traits, especially if the stocklot is heterogeneous and culling was not accomplished in the nursery as a cultural treatment [11,41]. In our case, some stocklots with irregular nursery germination and morphology (JUPH, PIPR-TM, QUFA-TM, and ARUN-AL) presented significant differences between the mean height measured in the nursery-based quality assessment and that measured at the planting date in the field (February–March 2008, data not shown).




4.2. Individual Plant Traits and Plantation Establishment


In this section, we elaborate on how our results can be useful to further improve target seedling specifications. Although the survival models presented good fit, the growth models have performed very differently depending on the season (spring vs. summer). Hence, we recommend caution when considering our summer-based growth modeling. Given the ability of BRT to handle complex relationships and interactions among predictors, these results point to a strong influence from other factors affecting seedling performance during summer that are missing in our models, such as physiological traits, soil moisture, pit depth, and other microsite-operating factors [29,42]. However, within the technical framework of this study and the scope of action for improving stock quality, our results could still be useful for both testing and improving the regional quality standard specifications for the harsh conditions found in our study. Notwithstanding the importance of such an outcome, we consider it more fruitful to the broad audience to put the emphasis on the usefulness and potentiality of our modeling approach, rather than just addressing a locally tuned standard for six species. For this reason, we take Aleppo pine and Holm oak as examples, both thoroughly used in reforestation programs [43] and with unequal performance in this study.



The role of stock quality on Aleppo pine plantation establishment has been profusely studied for decades and has been confirmed in this species and for similar sites [13,14,15,29,38]. In this study, PIHA-HU agreed well with the standard in shoot, root, and nutrient traits. Indeed, this stocklot presented better early performance than PIHA-TM in survival (6% more, p-value < 0.1), growth rates (H1, H2, and Vol2, p-value < 0.05), and final absolute height and diameter, so it would be recommendable to keep the current morphological standard and even revise its RGP upwards, given the higher values of PIHA-HU (Factor 3, Figure 2). However, it would be highly arguable to rule out PIHA-TM according to this study’s results (only 5% of difference in 10-year survival after the driest year on record), so it seems more practical to look at the role of traits in individual plants. In this case, the largest influence on survival was exerted by the early growth rates (Figure 6), pointing out the fundamental role of this process [4,36]. PDP allow for a visualization of the effect of a single predictor on the fitted function (response) after accounting for the average effects of remaining predictor variables in the model [19]. The fitted functions in gbm.plot (Figure 6 and Figure 7) are centered by subtracting their mean and the units correspond to one standard deviation, i.e., 34.1%. The survival models for 2009 and 2018 (Figure 6) showed that seedlings with IncH2 < 1 cm/month, IncD2 between 0 and 0.4 mm/month, and IncVol2 > 0.11 cm3/month exhibited greater survival. As no morphological traits were selected here (only early growth), these must be researched in the PDP of Figure 7, which show the corresponding fitted functions between growth and morphological traits. Here, some traits have been found to hold higher importance than others: SLA, slenderness, and QI. SLA is related to the cost of deploying new leaves and indicative of an acquisitive vs. conservative resource-use strategy [44]. QI and slenderness are in turn indicative of a balance between shoot and root parts [10]. In this species, the mid-term assessment after the severe drought still maintains similar traits and functions, and accordingly, they could be used regardless of the climatic uncertainty.



In Holm oak, the short-term assessment indicated a superior performance of the larger stock QUIL-TM (13% more survival than QUIL-HU and higher IncH1 and IncVol1, but less IncD1). The current standard for the species is indeed closer to QUIL-TM in morphology and nutrients than to QUIL-HU (Figure 2). However, a close-up examination of the individual traits in the standard (Table 3, see, for instance, SQ.H, SQ.D, SQ.SW, and SQ.RW) reveals that many of them present such a wide variation (standard deviations) that it hinders practical decision making in operational programs and poses many doubts about the existence of threshold values for stock culling. Looking at the PDP, the fitted function for survival 2009 assigned about one half of the importance to IncH and IncVol, highlighting the negative influence of growth decrements (negative) on survival. Following a similar rationale to that in Aleppo pine, positive increments of H1, Vol1, H2, and Vol2 are related to SLA, total dry weight, wood density, stem volume, QI, and stem diameter (Figure 7). However, it must be said that these considerations apply up to 2009 (harsh sites in the absence of severe climatic filters), but not for the mid-term assessment (2018), when the survival difference between QUIL-HU and QUIL-TM was negligible and the former (the smaller one farther apart from the standard) even presented a better growth response (steady increment across time, Figure 4), an indicator of successful establishment [4]. Consistent with these results (10-year survival was just 14%), this species should be avoided in future reforestations in similar sites, but in any case, the BRT models would indicate that some traits now have a different interpretation than in 2009 (e.g., sturdiness, QI, and SLA, Figure 7), whereas others remain similar (wood density and dry weights). “U”-shaped PDP such as that of the sturdiness were common in our study and suggest a dual-resource use strategy, where small seedlings may benefit from higher relative growth rates that produce new tissues more efficiently coupled to soil and site conditions, and functionally and anatomically adapted to water availability, whilst larger seedlings would benefit from higher gross growth rates that in turn allow for a more efficient and fast exploration of the soil profile, especially given the favorable weather during 2008 in our case [10,36,45]. On the other hand, moderately sized seedlings would be farther apart from both strategies, as they need to cope with both acclimatization [6] and the development of enough root tissue to reach safe spots in the soil profile (deep cracks in the limestone).



Such a dual pattern would be very difficult to detect with conventional mathematical equations. In contrast, ML techniques based on nonlinear modeling (BRT) are flexible and allow for a better representation and fit of the cause–effect relationships, improving the understanding of the field response. However, it must be stressed that, although PDP provide a useful tool for interpretation, they are not a perfect representation of the relationship between the predictor and the response, especially if there are interactions or the predictors are strongly correlated [19]. Additionally, collinearity among predictor variables might have biased the relative importance in some of them.



Finally, evaluating stock according to the specifications retrieved from the PDP is not straightforward, as these thresholds are obtained for individual plants in the field and must be re-scaled to nursery stock. For instance, the stem diameter was underestimated by 18% in our planted trees, likely due to the different ground level reference after planting, sample variability, etc. This mismatch has consequences on the remaining variables being computed out of plant height and diameter, that must be re-scaled accordingly.





5. Conclusions


According to our results, early field response cannot be considered a reliable indicator of mid-term performance when an extreme drought has impacted the plantation: some species (Holm oak, Maritime pine, and Strawberry tree) were almost completely filtered out after a good/acceptable early field response. On the other hand, the juniper and Aleppo pine presented acceptable establishment rates after the historic drought recorded in this site. In these species, the plant traits related to early field performance were maintained in the drought-mediated mid-term performance, whereas in drought-sensitive species, the traits involved in successful early performance might not hold, or might even present the opposite effect in successful drought response in the mid-term. Similarly, stock quality standards obtained on the basis of coarse averages (and standard deviations) rather than on individual plant traits might not be specific enough to warrant successful plantation establishment over time in the face of extreme climate disturbances. In this sense, nonlinear modeling has proven to be way more useful in revealing the impact of specific morphological traits on successful field performance.








Supplementary Materials
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Figure 1. Evolution of the drought index (SPI) [30] at 12 months’ time scales in the study area for the period 2000 to 2018. Red and blue areas correspond to drought and wet spells, respectively. The five thin black vertical lines refer to dates of field assessment in this study, where the first three lines encompass the two early growth periods considered (first spring and first summer). Black vertical bars refer to monthly precipitation. The inset table represents the values of duration, intensity, and magnitude of the four most important drought spells in the series in units of SPI-12. 






Figure 1. Evolution of the drought index (SPI) [30] at 12 months’ time scales in the study area for the period 2000 to 2018. Red and blue areas correspond to drought and wet spells, respectively. The five thin black vertical lines refer to dates of field assessment in this study, where the first three lines encompass the two early growth periods considered (first spring and first summer). Black vertical bars refer to monthly precipitation. The inset table represents the values of duration, intensity, and magnitude of the four most important drought spells in the series in units of SPI-12.



[image: Forests 13 00168 g001]







[image: Forests 13 00168 g002 550] 





Figure 2. Values of the four components (F1, F2, F3, F4) extracted from the factor analysis for the two stocklots in each species used in this study and that of the species’ standard (STD) for the Valencia region. In the case of Lusitanian oak (QUFA), the average is used as the reference (AVR). See Table 1 for abbreviations of the species and stocklots. The correlations between the initial variables and the components are shown in Supplementary Table S3. 
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Figure 3. Mean values of field survival for both stocklots in a species throughout the 10-year period studied. In 2008 (planting year), both the spring (June) and the post-summer (November) values are shown. In a species, asterisks (or + sign) mean significant differences between both stocklots in that assessment (+: p ≤ 0.1, *: p ≤ 0.05, **: p ≤ 0.01). Bars correspond to standard deviations. See Table 1 for abbreviations. 
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Figure 4. Evolution of the mean values of plant height and basal diameter for both stocklots in a species throughout the 10-year period studied. In 2008 (planting year), planting (February), spring (June), and post-summer (November) values are shown. Bars correspond to standard deviations. See Table 1 for abbreviations. 
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Figure 5. Relative importance (RI, %, obtained from BRT models) for the different sets of traits and independent variables on both plantation survival (2008, 2009, and 2018) and early growth traits (increments in diameter, D, height, H, and volume, Vol, in the first growing season, 1, and in the first summer, 2). The sets of predictors for survival are site (or experimental block, BQ), the quality attributes of the stocklot (SQ), and the individual plant traits (grouped in shoot, root, and early growth performance). For the early growth response, the sets are BQ, SQ, and individual plant traits grouped in shoot and root. RI was weighted by the cv ROC score (survival) or the cv correlation (early growth traits). Partial dependence plots for the most influential independent variables are presented in Figure 6 and Figure 7, and Supplementary Figures S2 and S3. Codes of the species are shown in Table 1. In PIPR, the monthly relative growth rate (RGR) for height growth in summer was used instead of the net increment as no model could fit in the latter. In QUFA, no model was fit for survival at the mid-term due to total mortality in one stocklot (coefficient estimates were inflated). 
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Figure 6. Partial dependence plots (PDP) of boosted regression tree (BRT) models showing the fitted functions of the 4 highest-ranked predictors (higher relative importance in the BRT models) on plantation survival performance (2009 and 2018) of Aleppo pine and Holm oak. Full sets of PDP for 2008, 2009, and 2018 in all species are presented in Supplementary Figure S2. The y-axis is centered to have zero mean over the data distribution and spans the same range (in units of logit (p) from the mean predicted response value) across all plots to make the magnitude of the effects comparable among predictors. X-axes show rug plots that visualize the distribution of the respective data space in deciles, in order to avoid overinterpreting regions with almost no data. Full names and units of the predictors (x-axis) are provided in Table 2. 
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Figure 7. Partial dependence plots (PDP) of boosted regression tree (BRT) models showing the fitted functions of the 4 highest-ranked predictors (higher RI in the BRT models) on the early growth performance (monthly lapse) of Aleppo pine and Holm oak: diameter growth (IncD), height growth (IncH), and volume increment (IncVol), computed either in the first spring or in the first summer after planting (suffixes 1 and 2, respectively). Full sets of PDP for all species are presented in Supplementary Figure S3. The y-axis is centered to have zero mean over the data distribution and spans the same range (in units of standard deviation from the mean predicted response value) across all plots to make the magnitude of the effects comparable among predictors. X-axes show rug plots that visualize the distribution of the respective data space in deciles, in order to avoid overinterpreting regions with almost no data. Full names and units of the predictors (x-axis) are provided in Table 2. 






Figure 7. Partial dependence plots (PDP) of boosted regression tree (BRT) models showing the fitted functions of the 4 highest-ranked predictors (higher RI in the BRT models) on the early growth performance (monthly lapse) of Aleppo pine and Holm oak: diameter growth (IncD), height growth (IncH), and volume increment (IncVol), computed either in the first spring or in the first summer after planting (suffixes 1 and 2, respectively). Full sets of PDP for all species are presented in Supplementary Figure S3. The y-axis is centered to have zero mean over the data distribution and spans the same range (in units of standard deviation from the mean predicted response value) across all plots to make the magnitude of the effects comparable among predictors. X-axes show rug plots that visualize the distribution of the respective data space in deciles, in order to avoid overinterpreting regions with almost no data. Full names and units of the predictors (x-axis) are provided in Table 2.



[image: Forests 13 00168 g007]







[image: Table] 





Table 1. Species and stocklots’ distribution in the experimental plot.
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Scientific Name

	
Common Name (Code)

	
Stocklot Code

	
Nursery of Origin

(Growing Season)

	
Stock Type

	
Provenance

(Seedlot Reference)






	
Arbutus unedo L.

	
Strawberry tree (ARUN)

	
ARUN-AL

	
Forest nursery Alharabe SL; Moratalla, Murcia (2007)

	
1 + 0

	
Range Iberic Meridional (E-068/25)




	
ARUN-HU

	
Forest nursery La Hunde; Ayora, Valencia (2007)

	
1/2 + 1/2

	
Range Iberic Meridional (E-068/25)




	
Juniperus phoenicea L.

	
Phoenician juniper (JUPH)

	
JUPH-AL

	
Forest nursery Alharabe SL; Moratalla, Murcia (2007)

	
1 + 0

	
Range Iberic Meridional (E-113/25)




	
JUPH-HU

	
Forest nursery La Hunde; Ayora, Valencia (2006–2007)

	
1 + 1/2

	
Range Iberic Meridional (E-113/25)




	
Pinus halepensis Mill.

	
Aleppo pine (PIHA)

	
PIHA-TM

	
Forest nursery Tragsa, San Fernado H., Madrid (2007)

	
1 + 0

	
Eastern inland (ES-10; F0045)




	
PIHA-HU

	
Forest nursery La Hunde; Ayora, Valencia (2007)

	
1 + 0

	
Eastern inland (E-024/10)




	
Pinus pinaster Ait.

	
Maritime pine (PIPR)

	
PIPR-TM

	
Forest nursery Tragsa, San Fernado H., Madrid (2007)

	
1 + 0

	
East (ES-16 F0055)




	
PIPR-HU

	
Forest nursery La Hunde; Ayora, Valencia (2007)

	
1 + 0

	
East (E-026/16)




	
Quercus faginea Lam.

	
Portuguese or Lusitanian oak (QUFA)

	
QUFA-TM

	
Forest nursery Tragsa, San Fernado H., Madrid (2006–2007)

	
2 + 0

	
Alcarria Serrania Cuenca (ES-10; F0015)




	
QUFA-FA

	
Forest nursery Fuenteamarga, Cabezón P., Valladolid

	
1 + 0

	
Alcarria Serrania Cuenca (E-044/10)




	
Quercus ilex subsp. ballota (Desf.) Samp.

	
Holm oak (QUIL)

	
QUIL-TM

	
Forest nursery Tragsa, San Fernado H., Madrid (2007)

	
1 + 0

	
La Mancha-Montiel (ES-12, F0018)




	
QUIL-HU

	
Forest nursery La Hunde; Ayora, Valencia (2007)

	
1 + 0

	
La Mancha-Montiel

(ES-12)
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Table 2. Stock quality attributes and plant traits used in this work and the abbreviations used in both the stock quality assessment and the individual plant assessment. In the latter case, the relative error, R2, and sample size are presented for the estimated traits with artificial neural networks (SLA was also estimated as the ratio FAp/DW_f).
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Trait Type

	
Trait, Units

	
Stock Quality Traits (SQ), (n)

	
Individual Plant Traits




	
Abbrev.

	
Rel. Error (Testing Set)

	
R2

	
n (*)






	
Shoot

	
Height, cm

	
SQ.H (200)

	
Hp

	

	

	




	
Sturdiness (H/D), cm/mm

	
SQ.ST (200)

	
H.Dp

	

	

	




	
Foliage dry weight, g

	
SQ.FW (25)

	
DW_f

	
0.167

	
0.823

	
2757




	
Shoot dry weight, g

	
SQ.SW (25)

	
DW_s

	
0.113

	
0.898

	
2757




	
Total dry weight, g

	
SQ.TW (25)

	
DW_t

	
0.141

	
0.867

	
2757




	
Shoot/root, g/g

	
SQ.SR (25)

	
S/R

	

	

	




	
SLA, cm2/g (as FAp/DW-f)

	

	
SLA

	

	
0.509

	
307




	
SLA, cm2/g (neural netwk.)

	

	
SLA.ann

	
0.379

	
0.583

	
307




	
Foliar area, cm2

	

	
FA

	
0.213

	
0.739

	
312




	
Stem volume, cm3

	

	
Vol

	

	

	




	
Wood density, g/cm3

	

	
WD

	

	

	




	
Root

	
Stem basal diameter, mm

	
SQ.D (200)

	
Dp

	

	

	




	
Root dry weight, g

	
SQ.RW (25)

	
DW_r

	
0.186

	
0.827

	
2757




	
Dickson quality index

	
SQ.QI (25)

	
QI

	

	

	




	
Root area, cm2

	

	
RA

	
0.570

	
0.447

	
312




	
Perfm.

	
Height growth_ti, cm/month

	

	
Inc.D

	

	

	




	
Diam. growth_ti, mm/month

	

	
Inc.H

	

	

	




	
Volume growth_ti, cm3/month

	

	
Inc.Vol

	

	

	




	
Root growth potential-length, no.

	
SQ.RGL (15)

	

	

	

	




	
Root growth potential-weight, g

	
SQ.RGW (15)

	

	

	

	




	
Nutr.

	
Foliar Nitrogen,%

	
SQ.N (25)

	

	

	

	




	
Foliar Phosphorus,%

	
SQ.P (25)

	

	

	

	




	
Foliar Potassium,%

	
SQ.K (25)

	

	

	

	




	
Site

	
Experimental block, (BQ)

	

	

	

	

	








* Only stocklots with common characteristics to those surveyed in this work were used.
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Table 3. Mean values and standard deviation (omitted in some variables for simplicity) for the morphological, physiological, and performance seedling quality attributes measured on the 12 stocklots of the six participating species (between December 2007 and January 2008). Shaded area and italic font correspond to the values established for the target seedling obtained from several years of improvement across the region of Valencia. For Lusitanian oak (QUFA), this standard is not established, and the values correspond to the historical average of surveyed stocklots produced and planted since 2002. The number of stocklots out of which the average is computed is presented in parentheses besides the species’ code. Abbreviations are presented in Table 1 and Table 2.
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	Sp-Stocklot
	SQ.H (cm)
	SQ.D (mm)
	SQ.SW (g)
	SQ.RW (g)
	SQ.ST
	SQ.SR
	SQ.QI
	SQ.N (%)
	SQ.P (%)
	SQ.K (%)
	SQ.RGL (no.)
	SQ.RGW (g)





	ARUN (8)
	17.6 ± 11.5
	3.03 ± 1.17
	2.7 ± 2.04
	0.77 ± 0.55
	5.5
	3.2
	0.38
	0.93
	0.14
	0.91
	24.8
	0.028



	ARUN-HU
	10.3 ± 3.9
	2.38 ± 0.6
	1.12 ± 0.62
	0.35 ± 0.17
	4.3
	3.12
	0.17
	1.22
	0.14
	1.06
	8.3
	0.009



	ARUN-AL
	27.4 ± 3.6
	3.92 ± 0.68
	2.42 ± 0.81
	0.83 ± 0.3
	7.2
	3.06
	0.32
	0.75
	0.14
	0.90
	14.8
	0.009



	JUPH (5)
	12.8 ± 3.9
	2.28 ± 0.72
	0.83 ± 0.48
	1.16 ± 0.8
	5.8
	0.68
	0.31
	1.28
	0.25
	0.93
	6.9
	0.014



	JUPH-AL
	15.6 ± 3.2
	1.74 ± 0.33
	0.6 ± 0.27
	0.64 ± 0.48
	9.1
	1.12
	0.12
	2.20
	0.59
	1.13
	6.6
	0.010



	JUPH-HU
	12.5 ± 4
	2.49 ± 0.73
	0.97 ± 0.53
	1.62 ± 1.15
	5.1
	0.65
	0.41
	0.81
	0.12
	0.80
	8.8
	0.011



	PIHA (64)
	16.3 ± 9.6
	2.75 ± 1.02
	2.07 ± 2.07
	1.09 ± 0.65
	5.8
	1.43
	0.45
	2.09
	0.30
	0.84
	19.1
	0.060



	PIHA-TM
	21.4 ± 5.5
	2.34 ± 0.58
	1.13 ± 0.46
	0.64 ± 0.3
	9.4
	1.95
	0.17
	1.85
	0.79
	1.56
	12.2
	0.029



	PIHA-HU
	16.0 ± 3.3
	2.81 ± 0.47
	1.47 ± 0.55
	1.0 ± 0.39
	5.8
	1.51
	0.29
	1.36
	0.22
	0.96
	23.1
	0.065



	PIPR (16)
	13.6 ± 5.6
	2.58 ± 0.66
	1.31 ± 0.67
	0.84 ± 0.42
	5.3
	1.57
	0.34
	1.25
	0.29
	0.87
	13.5
	0.053



	PIPR-HU
	17.9 ± 4.1
	3.01 ± 0.46
	1.67 ± 0.53
	0.73 ± 0.25
	6.0
	2.34
	0.28
	1.01
	0.23
	0.82
	11.6
	0.051



	PIPR-TM
	19.6 ± 3
	2.65 ± 0.39
	1.25 ± 0.31
	0.58 ± 0.19
	7.5
	2.22
	0.18
	1.68
	0.70
	1.40
	9.5
	0.031



	QUFA (7)
	17.8 ± 10.4
	3.74 ± 1.0
	1.51 ± 1.06
	3.53 ± 1.56
	4.8
	0.41
	1.11
	1.56
	0.28
	0.59
	4.1
	0.015



	QUFA-TM
	28.1 ± 10.6
	4.62 ± 0.8
	1.99 ± 0.88
	4.15 ± 1.57
	6.2
	0.62
	0.99
	1.43
	0.36
	0.57
	2.7
	0.011



	QUFA-FA
	14.1 ± 4.4
	4.15 ± 0.91
	0.51 ± 0.18
	2.27 ± 0.81
	3.4
	0.24
	0.94
	1.07
	0.23
	0.66
	2.1
	0.005



	QUIL (34)
	14.3 ± 5.9
	3.83 ± 0.99
	1.77 ± 0.91
	3.24 ± 1.69
	3.8
	0.57
	1.23
	1.43
	0.12
	0.46
	8.9
	0.032



	QUIL-HU
	11 ± 2.4
	3.39 ± 0.72
	1.09 ± 0.31
	1.67 ± 0.57
	3.3
	0.69
	0.81
	1.20
	0.11
	0.52
	0.9
	0.005



	QUIL-TM
	22.1 ± 8.1
	5.13 ± 0.85
	2.68 ± 1.05
	3.51 ± 0.83
	4.4
	0.77
	1.25
	1.66
	0.26
	0.64
	8.0
	0.028
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Table 4. General assessment of field performance in survival and growth in both the early (first two years) and the mid-term (10 years) for the six species assayed in this work within the framework of previously published works (see text for references). ↑ and ↓ arrows stand for higher or lower performance in this work, whilst ≈ stands for similar performance. Mid-term studies were not found for some species.
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	1–2-Year Survival
	1–2-Year Growth
	Mid-Term Survival
	Mid-Term Growth





	ARUN
	↑
	↑
	
	



	JUPH
	↑
	↑
	↑
	≈



	PIHA
	↑
	↑, ≈
	↑
	↓



	PIPR
	↑, ≈, ↓
	↑, ≈
	↓
	



	QUFA
	↓
	↓
	
	



	QUIL
	↑, ≈, ↓
	≈, ↑
	↓, ≈
	↓
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