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Abstract

:

In many arid and semi-arid regions, increasing water scarcity pushes woody species to their physiological limits, making strong drought resistance essential for adaptive forest management. Here, we examined morpho-physiological and biochemical drought responses of the forestry-relevant Persian oak (Quercus brantii Lindl.) and black poplar (Populus nigra L.). In a 120-day greenhouse pot experiment, seedlings were subjected to three watering regimes (FC100, FC60, and FC30, indicating percentages of field capacity). Under FC100 conditions, all biomass measures and the total and specific leaf area of oak were significantly greater compared to those of poplar. FC60-exposed poplar seedlings exhibited strong declines in relative water content (RWC; −33%) and carotenoids (−46%) and a surge in electrolyte leakage (EL; +51%), while these parameters did not change significantly in oak. Although both species showed 80% EL under FC30 conditions, poplar suffered more severe drought damage than oak as evidenced by a 65% lower survival, stronger reductions in RWC and total chlorophyll, as well as stronger increases in oxidative stress markers. Accordingly, poplar seedlings displayed a drought-related 56% decline in quality index while only statistically insignificant reductions occurred in oak seedlings. The superior drought resistance of oak seedlings implies economically more viable nursery production and better seedling establishment, suggesting a shift towards Persian oak-dominated forestry in its natural range under future climate projections.
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1. Introduction


Seedling establishment is a critical phase in reforestation and afforestation projects as this early tree life stage is often associated with high mortality rates [1]. Among the diverse biotic and abiotic causes of seedling death, drought and soil water availability are becoming increasingly limiting factors in many environments as a result of climate change [2]. This poses great challenges for future forest management planning in terms of tree species selection, the provisioning of high-vigour seedlings, and their survival after outplanting, which is critical to successful forest plantation establishment [3]. These problems are particularly acute in semi-arid regions like large parts of Iran, where climatic changes are likely to shift water availability towards the threshold for tree establishment, which may only allow episodic reforestation or afforestation campaigns in the future [4].



Among the most noticeable impacts of drought stress on trees are reductions in leaf area and impaired stem and root development along with a deterioration in water relations [5,6,7,8]. In addition, water deficit is often accompanied by changes in other plant morphological, physiological (e.g., electrolyte leakage), and biochemical properties (oxidative stress markers and osmoregulants) together with the degradation of photosynthetic pigments [9,10]. For example, increasing drought intensity in populations of Persian oak (Quercus brantii) [11] and Arizona cypress (Cupressus arizonica Greene) led to strong decreases in growth and total biomass [12]. Fast-growing, water demanding poplar species showed strong drought-induced reductions in root and shoot growth, leaf mass and area (Populus cathayana Rehd.; [13]), as well as radial growth (Populus deltoides W.Bartram ex Marshall; [14]). For many tree species in semi-arid and Mediterranean-type ecosystems, relative water content (RWC) is one of the key plant physiological traits that declines drastically under water deficit, as has been reported for Quercus ilex [15], Crataegus azarolus L. and Prunus mahaleb L. [16], Pistacia vera L. [17], and Myrtus communis L. [18]. In addition, reductions in foliar gas-exchange, leaf water potential, and whole-tree water use typically occur during drought and have been reported from narrow-range endemics [7] to widely planted, economically important tree species (e.g., Larix kaempferi (Lamb.) Carr., Prunus sargentii (Rehder) H.Ohba (1992) [19]). Often, water limitation is associated with increases in free radicals, causing oxidative damage to cell membranes followed by an increase in electrolyte leakage, which has previously been shown for numerous woody species around the world including Middle Eastern species such as Quercus brantii, Quercus libani G.Olivier [20], and Pistacia atlantica Desf., 1799 [21]. Consequently, oxidative stress markers such as malondialdehyde, a breakdown product of lipid peroxidation, or osmoregulants such as proline, often rise dramatically under drought conditions (e.g., in Myrtus communis [22], Populus spp. [23], Populus deltoides [14]). Photosynthetic pigments (chlorophylls and carotenoids) also respond sensitively to drought, often suffering degradation [19,22,23,24]. Although modern forest management options such as the use of beneficial soil microorganisms can reduce detrimental drought effects, tree drought tolerance heavily relies on physiological, biochemical, and molecular adaptations [24,25].



Knowledge about morpho-physiological and biochemical drought responses of tree seedlings is thus crucial for guiding forest management planning starting with the adaptation of sustainable nursery production processes to ensure the delivery of high-vigour plant material. However, to date there is little relevant information on the forestry-important Persian oak (Quercus brantii) and black poplar (Populus nigra) in the Middle Eastern region. Persian oak is native to Iran and widely distributed in the vast forests of the Zagros Mountains in western Iran. Compared to co-occurring oak species in these forests (such as Q. infectoria and Q. libani), Q. brantii is more adaptable to changes in soil nutrient and water availability [26]. Due to its high adaptation potential, seedling production of Persian oak is of great importance for the reforestation of degraded lands, afforestation projects, and the development of urban and suburban green spaces. Black poplar (Populus nigra) is a commercially important timber species of temperate and cool temperate regions of the Northern hemisphere, where it forms riparian forests [27]. It is a fast-growing tree with high water consumption, whose productivity is strongly affected by drought [28]. Black poplar is currently extensively planted on riverbanks in many mountainous areas of Iran, especially in the west [29], resulting in afforestation estimates of nearly 70,000 hectares [30].



The naturally occurring droughts in this arid to semi-arid region are forecasted to become more frequent and intense in the future [31]. Given the prominent role of Persian oak and black poplar in regional forest planning and urban forestry initiatives in the western regions of the country, information on their drought resistance is urgently needed to provide guidance for nursery and forestry managers. In this study, we therefore aimed at investigating morphological, physiological, and biochemical responses of seedlings of these forestry-relevant tree species to drought under controlled greenhouse conditions. We hypothesized that seedlings of the native, locally-adapted Persian oak would be less impacted by drought than those of the water-demanding black poplar. Specifically, we anticipated drought-exposed Persian oak seedlings to (i) show higher survival rates, (ii) sustain less severe growth and biomass losses, and (iii) maintain a more favourable water status and thus less oxidative damage and pigment degradation than drought-treated black poplar seedlings.




2. Materials and Methods


Two-year-old uniform potted (5 L pot volume) seedlings of Persian oak and black poplar subjected to three different soil water regimes were studied in the Khorramabad Nursery, Lorestan province, western Iran (33°26″ N, 48°18″ E, 1155 m a.s.l.) (Figure 1). The average annual rainfall in this area is 500 mm and the average minimum and maximum relative humidity is 25% and 57%, respectively. The semi-arid climate is characterized by hot summers and relatively cold winters with a dry period of 154 days from June to November.



The greenhouse experiment was conducted at three levels of soil water deficit (SWD): 100% (control), 60%, and 30% field capacity (FC), and was run for 120 days as a randomized complete block design with three replicates (SWD levels are hereafter referred to as FC100, FC60, and FC30). The soil water deficit settings and the irrigation procedure were arranged according to Zarik, L. et al. [32].



2.1. Survival, Growth and Biomass


At the end of the experiment, the survival rate was calculated according to Equation (1):


   Survival   rate  =    Survived   seedlings     Total   seedlings    × 100  



(1)







At the beginning and the end of the experiment, the height and root collar diameter of the seedlings were measured and the growth increase was inferred from the difference between the first and final recordings. From each treatment, three seedlings were randomly selected, and after carefully washing away the soil clinging to the roots, their length was measured with a tape meter. The leaf, root, and stem samples were placed in a drying oven at 70 °C for 48 h, followed by biomass determination using a digital scale with an accuracy of 0.0001 g. Total seedling biomass was calculated as the sum of root, leaf, and shoots dry weights. The leaf area of six fully developed leaves from the top of each seedling was determined using a leaf area meter (Model LI-3000, Li-Cor, Lincoln, NE, USA). Specific leaf area (SLA) was determined by dividing leaf area by leaf dry weight [33].




2.2. Seedling Quality Index


The Dickson quality index (DQI) was calculated according to Dickson, A. et al. [34]:


  DQI =    TB   ( g )       H   (  cm  )     D   (  mm  )    +    SB   ( g )     RB   ( g )       



(2)




where TB = total seedling biomass (g), SB = shoot biomass (g), RB = root biomass (g), H = seedling height, and D = seedling root collar diameter.




2.3. Relative Water Content


To assess the relative water content (RWC), three mature leaves of the selected seedlings were sampled and immediately weighed for fresh weight (FW) determination. Then, these samples were placed in distilled water in the dark for 24 h to allow water absorption and swelling, followed by reweighing to determine turgid weight (TW). The samples were then placed in a drying oven at 70 °C for 48 h and weighed again to assess their dry weight (DW). Finally, the RWC was determined according to Equation (3) [35]:


   RWC   ( % )  =   FW − DW   TW − DW   × 100  



(3)








2.4. Electrolyte Leakage


Electrolyte leakage (EL) was assessed following the protocol by Campos et al. [36]. First, small leaf pieces (0.25 cm2) were prepared from 100 mg of fresh leaf material and introduced into 50 mL falcon tubes with 15 mL double distilled water. The tubes were plunged in a boiling water bath at 80 °C for 12 h. After 2 h, electrical conductivity (EC1) was gauged by an electrical conductivity meter. Then, the samples were maintained in a non-ventilated oven at 120 °C for 120 min. After the samples had cooled down to 25 °C, final electrical conductivity (EC2) was determined. The EL was derived by the following Equation (4):


   EL   ( % )  =   EC 1   EC 2   × 100  



(4)








2.5. Plant Pigment Content


To estimate pigment content, 0.1 g of frozen leaf discs was extracted at −80 °C with 0.1 g of calcium carbonate and 4 mL of 80% acetone in the dark. The liquid part was transferred into another test tube and centrifuged at 4000 rpm for 10 min at 4 °C. After the collection of the supernatant, the absorbance was spectrophotometrically recorded at 470, 645, and 663 nm (PG Instruments T60 Spectrophotometer, Wibtoft, Leicestershire, UK). The content of chlorophyll (chl) a, chl b, and carotenoids were determined using Equations (5)–(7) [37]:


   Chl  a  concentration  = 12.7  (  A 663  )  − 2.69  (  A 645  )  ×  (   V  W × 1000    )   



(5)






   Chl  b  concentration  = 22.9  (  A 645  )  − 4.68  (  A 663  )  ×  (   V  W × 1000    )   



(6)






   Carotenoid   concentration  =  (  A 470  )  − 14.4  (  A 663  )  − 63.08  (  A 645  )  ×  (   V  W × 1000    )   



(7)




where V = the volume of acetone used (mL) and W = the weight of the isolated leaf tissue (g). Pigment concentrations are given in mg g−1 fresh weight (FW). Total chl content was estimated by the sum of chl a and chl b.




2.6. Malondialdehyde (MDA)


First, 0.2 g of frozen leaf discs of each species was homogenized in 4 mL of trichloroacetic acid (TCA) solution buffer and centrifuged at 1500 rpm for 15 min. Then, 2 mL of the supernatant was collected and 2.5 mL of 5% thiobarbituric acid (TBA) solution was added. The mixture was placed in a hot water bath at 95 °C for 50 min and then centrifuged at 10,000 rpm for 10 min. After cooling in ice water for 10 min, absorption was read spectrophotometrically at 532 nm and the concentration of MDA was calculated using the extinction coefficient of 155 mm−1 cm−1 [38].




2.7. Proline


Following the procedure by Bates, L. S. et al. [39], 0.5 g of frozen leaves of each species (and each treatment level) were extracted with 5 mL of 3% sulfosalicylic acid. This extract was centrifuged for 15 min at 6000 rpm at 4 °C. Then, 2 mL of the supernatant was mixed with 2 mL of ninhydrin reagent, 30 mL of glacial acetic acid, and 2 mL of acetic acid and placed in a hot water bath at 95 °C for 1 h. After cooling in ice, 4 mL of toluene was added to the samples and vortexed for 15 min after being kept in the dark for 20 min. The absorption of the pink upper phase containing toluene and proline was read by a spectrophotometer at 520 nm and the amount of proline was calculated using a standard curve based on 50, 40, 30, 20, 10, 5, 2.5, and 0 μM pure proline.




2.8. Data Analysis


Data analysis was performed using SPSS software ver. 26 (SPSS Inc., Chicago, IL, USA). The normality and homogeneity of the data were determined by Kolmogorov–Smirnov and Levene tests, respectively. Two-way ANOVA was used to determine whether an overall statistically significant treatment effect occurred. Duncan’s multiple range test was applied as a post-hoc analysis to compare treatment means. Graphs were drawn with Excel 2016 software.





3. Results


3.1. Survival and Growth


Seedling survival responded more sensitively to soil water deficit (SWD) in black poplar compared to Persian oak, resulting in a significant drought × species interaction (Figure 2). Oak losses only occurred in the most severe drought treatment (FC30), causing a moderate reduction in survival down to 83% (Figure 2). By contrast, black poplar seedlings succumbed more readily to SWD, resulting in 83% survival under FC60 conditions and merely 29% survival in the FC30 treatment (Figure 2).



We neither detected a significant drought × species interaction nor a significant species effect on height growth (Figure 2). However, drought alone had a statistically significant effect, leading to similar height growth reductions of around 50% in both species under severe SWD (FC30), though FC60 conditions affected oak seedlings less than black poplar plants (Figure 2).



The interaction between SWD and species identity had a significant effect on diameter growth (Figure 2). Under well-watered conditions, black poplar seedlings showed significantly greater diameter growth than oak seedlings but suffered a 41% growth reduction under FC60 conditions which, however, had no significant effect on oak radial growth (Figure 2). Under FC30 conditions, the diameter increment in both species had roughly halved compared to that in the FC100 conditions (Figure 2).



Root length was also significantly affected by the two-way interaction between drought and species identity (Figure 2). Compared to the unstressed control, the root length of oak seedlings remained unchanged under FC60 conditions and increased significantly by 46% in response to severe SWD (Figure 2). Under FC100 conditions, the roots of black poplar seedlings were two times longer than those of the oaks, but root length declined significantly with increasing SWD (FC60: −39%, FC30: −56%; Figure 2). There was no significant drought × species interaction with regard to total leaf area, but both main effects were significant. In both species, total leaf area decreased with increasing SWD, leading to reductions of 48% in oak and 59% in black poplar under severe SWD (Figure 2). Overall, oak seedlings had a slightly but significantly larger total leaf area than black poplar seedlings. Specific leaf area (SLA) was significantly greater in oak compared to black poplar, but there was neither a significant drought × species interaction nor a significant effect of SWD alone (Figure 2).




3.2. Biomass and Seedling Quality Index


In both species, seedling shoot biomass declined with increasing SWD, but black poplar showed greater reductions (−68%) than oak (−38%) under FC30 conditions compared to the unstressed control plants, resulting in a significant drought × species interaction (Figure 3). Under well-watered conditions, oak seedlings had a 4.7 times higher root biomass than black poplar seedlings (Figure 3). However, while oak root biomass declined significantly by 25–35% under FC60 and FC30 conditions, the much lower root mass of black poplar seedlings remained unaffected by SWD, resulting in a significant two-way interaction between drought and species identity (Figure 3). The Dickson quality index (DQI) was not significantly affected by the interaction between drought and species identity, but both main effects were significant (Figure 3). The DQI of oak seedlings was far superior to that of black poplar and did not decline significantly with increasing SWD, averaging 20.7 across treatments. Unstressed black poplar control seedlings showed a DQI of 14.6, which decreased to 9.5 (−35%) in the FC60 treatment and deteriorated to 6.5 (−56%) under FC30 conditions (Figure 3).




3.3. Photosynthetic Pigments


In both species, chlorophyll (chl) a, b, and total chl as well as carotenoid content diminished significantly with increasing drought intensity, resulting in reductions of around 50% or more (Figure 4). At each treatment level, the two species showed similar pigment contents, except for the significantly higher carotenoid content of oak seedling foliage in the FC60 treatment, which exceeded the values seen in black poplar by 86% (Figure 4).




3.4. Water Relation and Biochemical Traits


In both species, RWC decreased significantly with increasing SWD (Figure 5). However, black poplar seedlings already had significantly lower RWC than oak plants under well-watered conditions and showed greater reductions in response to drought stress (Q. brantii FC60: −15%, FC30: −39%; P. nigra FC60: −33%, FC30: −47%), producing a significant drought × species interaction (Figure 5). This two-way interaction was also significant with regard to EL, which showed similar levels among species in the absence of drought stress and also a similarly large (more than 1.7-fold) increase in the FC30 treatment. However, under FC60 conditions, EL in oak seedlings only rose by 18% while black poplar seedlings showed an increase of 51% relative to the control (Figure 5). Drought treatment and species identity also had a significant interactive effect on foliar proline content (Figure 5). Under FC100 conditions, both species showed similar proline levels. In oak seedlings, the FC60 treatment did not cause significant changes in proline but a 50% increase occurred under FC30 conditions (Figure 5). By contrast, black poplar seedlings already showed a 62% increase in proline content under FC60 conditions and a 165% rise in the FC30 treatment compared to the non-stressed control. A similar pattern characterized by a significant drought × species interaction was observed for MDA (Figure 5). Malondialdehyde levels in oak seedling foliage did not rise under moderate SWD but doubled under FC30 conditions compared to the control. In leaves of FC60-treated black poplar seedlings, MDA concentrations increased by 142% and reached 174% in the FC30 treatment (Figure 5).





4. Discussion


In this study, we investigated drought responses of seedlings of two economically important tree species in the Iranian region to provide decision support to nursery and forest managers.



The ability to survive drought periods and to minimize drought-related growth impairments are integral to drought plant resistance [40]. The high survival rate of Persian oak seedlings even under severe SWD together with the maintenance of height and radial growth under moderate drought stress indicates strong drought resistance. Under slightly more severe SWD (20% of FC), survival rates of two co-occurring oak species (Q. libani, Q. infectoria) were similar to that of Persian oak, while even fewer reductions in height growth (−22 to 38%) and diameter growth (−20 to 30%) were observed [41]. Black poplar showed greater growth reductions than Persian oak under moderate SWD but under severe SWD both species exhibited similarly large losses. In a comparative study, six black poplar genotypes displayed comparable drought-related declines in height (ca. −32 to −88%) and diameter growth (−40 to −75%, apart from one genotype responding with increased diameter growth) [42].



Similar to other oak species, the high drought resistance of Persian oak seems to rely largely on drought avoidance through the formation of a well-developed, deep-penetrating root system [43,44]. This notion is supported by our root biomass data and the increase in root length under severe SWD, indicating prioritized belowground resource allocation. Drought-induced reductions in the root biomass of oak seedlings did occur but were moderate and of similar magnitude under FC60 and FC30 conditions, leaving root systems with a three times greater biomass compared to those of black poplar seedlings. Although the root biomass of black poplar seedlings remained unaffected by drought, root length declined by more than half under severe SWD in the FC30 treatment, implying an opportunistic rooting strategy geared towards exploiting freshly fallen rain infiltrating the topsoil rather than extending roots to reach deeper-lying soil moisture reservoirs. Under prolonged drought conditions, stomatal downregulation may curtail photosynthetic carbon assimilation, but whether this results in carbon starvation is highly debatable since the cessation of growth processes (sink activity) occurs long before drought-induced reductions in photosynthesis (source activity) limit carbon supply [45,46]. Drought-related growth losses are tightly linked to reduced tissue hydration and impaired cell division as well as turgor-driven cell expansion; in short, hydraulic limitations rather than decreases in photosynthetic carbon gain compromise growth under drought conditions [46,47,48]. The rooting strategy of Persian oak seedlings probably permits access to moister soil horizons and thus allows a favourable leaf water status to be maintained for a longer period under SWD conditions. This is supported by the generally higher RWC in oak seedling foliage, which is essential for proper physiological functioning and thus survival. The strong link between seedling rooting depth and survival under drought conditions has been demonstrated in previous studies based on a range of woody Mediterranean species, including three oak species [49,50]. Manes, F. et al. [50] have shown that root responses to drought were not uniform among Mediterranean oak species: for example, the evergreen holm oak (Quercus ilex) maintained root growth during drought but produced thinner roots, resulting in a larger surface/volume ratio and thus promoting water uptake. In deciduous oaks, especially Turkey oak (Q. cerris), root growth and total root length decreased under drought, driven by fine root shedding, but the remaining root system was still exceedingly large in comparison [50]. In our study, we used potted plants to mimic local nursery practices producing container-grown seedling stock. The spatial restrictions to root growth in containers commonly result in root architectures differing vastly from naturally developed root systems, but these initial differences may vanish over time [51]. Compared to bareroot or field-grown plants, container-derived seedlings typically have lower shoot to root ratios and superior root growth potential, conferring greater drought avoidance capacity, which makes them better suited for planting at stress-prone sites [51]. Moreover, container seedlings have been shown to be more resistant to the stresses associated with handling practices (lifting, transport, storage, and planting) and commonly tolerate the transplant shock better than bareroot seedlings [51]. For example, container seedlings of the North American black oak (Quercus velutina Lam.) formed more new roots, resulting in reduced drought stress symptoms and greater survival compared to bareroot seedlings in the first year post-outplanting [52]. Although few studies have reported persisting negative effects of container-induced changes in root system morphology [51], we cannot preclude that those changes may compromise long-term field performance.



Reducing leaf area is the most direct way to lower whole-plant water use and represents a common adaptation to drought in many species [53]. Accordingly, we observed strong leaf area reductions in both species similar to prior studies on oak and poplar trees [54,55,56] and other forestry-relevant species in the same region (e.g., Celtis caucasica L. [57]). Specific leaf area did not vary significantly with increasing SWD, suggesting no major leaf structural changes in adaptation to drought, which is in line with the findings for seedlings of two deciduous and two evergreen oak species from the Mediterranean region [54] and is also consistent with the results of a common garden drought experiment using five black poplar genotypes [42]. However, in a drought-related study comprising numerous Populus deltoides × Populus nigra genotypes, all of them showed declines in SLA under drought [55].



In our study, Persian oak maintained higher levels of stem growth and biomass under drought than black poplar seedlings, clearly reflected in the Dickson quality index, which integrates above- and belowground growth and biomass variables, allowing performance comparisons among species [34]. The Dickson quality index only showed insignificant drought-related reductions for Persian oak, but scores more than halved under severe SWD in black poplar seedlings and similar deteriorations were reported for drought-exposed seedlings of other regionally important forestry species such as Cupressus sempervirens [58].



Foliar chlorophyll content is tightly correlated with leaf photosynthetic capacity [59]. Drought-driven reductions in leaf chlorophyll and carotenoid content commonly result from chloroplast damage by reactive oxygen species (ROS) and unaltered pigment levels during drought stress thus indicate superior ROS scavenging by antioxidants conferring enhanced drought tolerance [60]. In our experiment, both species showed similar pigment contents and drought-related decreases, apart from the maintenance of carotenoid levels under moderate SWD in Persian oak. The magnitude of the chlorophyll losses in Persian oak makes less oxidative stress than in black poplar an unlikely explanation for the sustained carotenoid levels. Apart from their function in photosynthetic light harvesting, carotenoids also play an important role in oxidative quenching [61] and our finding may thus reflect an upregulation in carotenoid synthesis in support of the oxidative stress defence under moderate SWD in Persian oak. Overall, our pigment findings are in line with those of a previous study on Persian oak testing the interaction between drought and pathogen attack [62] and agree well with the drought-driven pigment losses in the co-occurring Q. infectoria and Q. libani [41]. Chlorophyll and carotenoid losses in response to drought have also been reported for various Populus species, but no chlorophyll changes and even transient increases in carotenoid levels were seen in a drought-adapted ecotype of Manchurian poplar (P. cathayana) while chlorophyll reductions and smaller carotenoid increases occurred in the wet climate ecotype, indicating a strong drought adaptation potential in this poplar species [23,63].



Drought stress promotes the formation of ROS, which play an important role in stress signalling pathways and drought adaptation at low concentrations but cause oxidative damage at higher levels. Stress-driven increases in ROS often result in elevated membrane lipid damage associated with increased leakage of electrolytes [64]. In our study, EL increased with increasing drought intensity in both species, reaching similar levels under severe SWD. However, while EL in black poplar had already increased by more than 50% under moderate SWD (FC60), Persian oak seedlings showed only minor increases in EL, indicating less oxidative membrane damage, possibly linked to the relatively high carotenoid content and their antioxidant activity.



Drought-related increases in EL of varying magnitude have been reported for various Populus species [23,65] and other forestry and horticulturally important woody species in the study region such as wild pear (Pyrus biossieriana Buhse) [66] and common myrtle (Myrtus communis) [18]. The strong increase in EL (+84%) seen in Persian oak under FC30 conditions is consistent with the doubling of EL observed in the co-occurring Q. libani under severe SWD (20% of FC), while Q. infectoria, protected by a superior antioxidant defence, displayed substantially lower EL at this level of SWD [41].



Plants have evolved defence systems based on antioxidants and secondary metabolites that are geared towards detoxifying ROS, stabilizing proteins/enzymes, and reducing membrane damage, so that this line of defence forms a critical component of the abiotic stress resistance [67]. The multifunctional amino acid proline plays a vital role in the plant stress response as an osmoregulant, antioxidant, and signalling molecule [68,69]. Therefore, proline synthesis is often upregulated in response to environmental stress [24,69,70]. This is frequently accompanied by increases in non-structural carbohydrates (NSC) which may alleviate negative drought symptoms due to their osmoregulatory role [71]. However, the ability of Persian oak seedlings to maintain adequate RWC during moderate drought may obviate or reduce the need for large proline pools, though we cannot rule out increases in other osmoregulants, such as NSC, since drought-induced osmotic adjustment has been reported for a range of coniferous and broadleaf trees, including other oak species [44,72,73]. Persian oak co-occurs with two other oaks species, of which Q. infectoria showed a similar rise in proline but in response to strong SWD (20% of FC), while proline levels of Q. libani remained unchanged [70]. Under severe SWD, proline levels in Persian oak seedling foliage rose significantly in our study but to a much lesser extent compared to black poplar seedlings. The rapid decline in RWC of drought-exposed black poplar seedlings down to values below 50% (already under moderate SWD) entailed a strong increase in proline promoting enhanced osmotic adjustment to halt the deterioration of leaf water status. This is consistent with previous findings of strong osmotic adjustment in drought-treated cuttings of black poplar clones, which strongly relied on the conversion of root starch reserves to non-structural carbohydrates [74]. In the same study, reduced resource (carbon) allocation to roots was found and, depending on clone identity, either no change or a reduction in root biomass occurred, but certainly no sign of an increased investment in a larger or deeper-penetrating root system, which is in line with our findings [74]. However, a comparative study has shown that drought responses may vary widely among black poplar clones with large differences in drought-related growth reductions, proline build-up, and oxidative damage indicated by MDA accumulation [75]. Malondialdehyde is a major breakdown product of membrane lipid peroxidation caused by reactive oxygen species and thus a strong oxidative stress marker that may surge under stress conditions [76]. In our study, MDA accumulated much more strongly in black poplar than in Persian oak seedlings, indicating greater oxidative damage and hence a greater susceptibility to drought. Similarly strong increases in MDA were reported for three Populus hybrids exposed to the same level of severe SWD (30% of FC) as in our study [19]. However, a previous investigation on drought responses of Persian oak seedlings originating from different regions in the Zagros Mountains in Iran found strong variation in MDA levels, indicating varying severity of oxidative membrane damage [11]. The two main oak species (Q. infectoria, Q. libani) co-occurring with Persian oak in Iran’s Zagros Mountains also showed much stronger MDA accumulation under severe drought, implying greater oxidative stress than in Persian oak [70].




5. Conclusions


Regional climate projections predict more frequent and severe water shortages, implying that rooting depth will become an ever more decisive trait for promoting seedling establishment and safeguarding reforestation and afforestation efforts. Selecting drought-resistant tree species is critical to plantation establishment success and this first comparison of two locally important timber species therefore makes an important contribution to forestry decision-making in the Zagros region. The majority of the morpho-physiological (especially survival) and biochemical variables assessed in our study indicate superior drought resistance of Persian oak compared to black poplar (at least under moderate drought conditions). There is certainly large genotypic variation in drought-related traits of black poplar, but the development of a deep-rooting habit has never emerged as an adaptation to drought. Increases in root length of Persian oak seedlings growing under soil water deficit indicate root system plasticity to drought which allows tapping into deeper soil water reserves, thereby mitigating negative drought effects. Our findings are highly relevant for forest practitioners and stakeholders as adaptive forest management strategies will be guided by measures aimed at preventing or minimizing drought-related risks and yield losses. This starts with sustainable nursery seedling production, and in water-scarce areas the unfavourable economics of irrigation or its sheer impracticability make water-demanding species such as black poplar an improvident choice for the future. Propagating Persian oak in nurseries will certainly be simpler, more cost-effective, and less risky in a drier future and the resulting seedling stock is likely to have high establishment success rates in the field. However, changes in root system morphology associated with the prevailing container propagation in nurseries may affect long-term seedling performance in the field and thus motivates follow-up research on plant health status and stand development for an extended period after outplanting.
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Figure 1. Geographical location of the studied nursery. 
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Figure 2. Survival, height and diameter growth, root length, total leaf area, and specific leaf area of Persian oak and black poplar seedlings as a function of soil water deficit. Means ± standard deviation, n = 3 blocks. Different lower-case letters indicate statistically significant differences based on Duncan’s multiple range post-hoc test (α = 0.05). In the presence of a significant interaction between drought (D) and species (S), the significance letters are valid across species but only remain valid within species when the interaction (D × S) was not significant. Different upper-case letters indicate statistically significant differences between species in the absence of a significant D × S interaction. * p < 0.05, ** p < 0.01. 
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Figure 3. Shoot, root, and total biomass along with the Dickson quality index of Persian oak and black poplar seedlings as a function of soil water deficit. Means ± standard deviation, n = 3 blocks. Different lower-case letters indicate statistically significant differences based on Duncan’s multiple range post-hoc test (α = 0.05). In the presence of a significant interaction between drought (D) and species (S), the significance letters are valid across species but only remain valid within species when the interaction (D × S) was not significant. Different upper-case letters indicate statistically significant differences between species in the absence of a significant D × S interaction. * p < 0.05. 
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Figure 4. Foliar chlorophyll (a, b, and total) and carotenoid content of Persian oak and black poplar seedlings as a function of soil water deficit. Means ± standard deviation, n = 3 blocks. Different lower-case letters indicate statistically significant differences based on Duncan’s multiple range post-hoc test (α = 0.05). In the presence of a significant interaction between drought (D) and species (S), the significance letters are valid across species but only remain valid within species when the interaction (D × S) was not significant. FW = fresh weight. * p < 0.05. 
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Figure 5. Relative water content (RWC), electrolyte leakage (EL), proline, and malondialdehyde (MDA) content of leaves of Persian oak and black poplar seedlings subjected to three different soil water regimes. Means ± standard deviation, n = 3 blocks. Different lower-case letters indicate statistically significant differences based on Duncan’s multiple range post-hoc test (α = 0.05). In the presence of a significant interaction between drought (D) and species (S), the significance letters are valid across species but only remain valid within species when the interaction (D × S) was not significant. FW = fresh weight. * p < 0.05. 
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