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Abstract. 
Black locust (Robinia pseudoacacia L.) is a drought-tolerant fast growing tree, which could be an alternative to the more common tree species used in short-rotation coppice on marginal land. The plasticity of black locust in the form of ecophysiological and morphological adaptations to drought is an important precondition for its successful growth in such areas. However, adaptation to drought stress is detrimental to primary production. Furthermore, the soil water availability condition of the initial stage of development may have an impact on the tree resilience. We aimed to investigate the effect of drought stress applied during the resprouting on the drought tolerance of the plant, by examining the black locust growth patterns. We exposed young trees in lysimeters to different cycles of drought. The drought memory affected the plant growth performance and its drought tolerance: the plants resprouting under drought conditions were more drought tolerant than the well-watered ones. Black locust tolerates drastic soil water availability variations without altering its water use efficiency (2.57 g L−1), evaluated under drought stress. Due to its constant water use efficiency and the high phenotypic plasticity, black locust could become an important species to be cultivated on marginal land.
 

1. Introduction 
Summer drought, as observed during extreme events in Central Europe in 2003 [1], is one of the major abiotic stress factors that limit plant growth and have drastic effects on the ecosystem productivity. The ongoing climate change amplifies the interannual climate variability and changes the seasonal distribution of rainfall in Central Europe [2]. Within Central Europe particularly the southern parts of Brandenburg and Poland will be highly vulnerable to climate change and a decrease in summer precipitation is forecasted. Consequently, drought periods during the growth season are to be expected [3]. In this region the reduced soil water availability (SWA), in combination with sandy soils, has led to negative effects on the productivity of the ecosystem [4]. An integrated concept of active species selection and an appropriate management of tree stands could mitigate the effect of the climatic stress to a certain extent. Therefore, it is important to assess the plasticity of the species to drought stress by understanding the plant response in terms of water consumption, growth performance, and production [5]. This is particularly important for short-rotation coppice (SRC) systems, where the primary production is driven mainly by the SWA [6, 7]. Black locust (Robinia pseudoacacia L.), as a drought tolerant species suitable for SRC, can be grown even on reclaimed post-mining sites, where the edaphic conditions are extreme [8]. Various studies emphasize the black locust morphological and ecophysiological adaptations in coping with long-term drought stress [9–11]. Hence, the ecological stress memory, defined by Walter et al. [12] as any response of a single plant after a stress experience, which improves the response of the same plant towards future stress experiences, could be an important factor when evaluating the drought stress tolerance of the species. Depending on the drought stress severity, a reduction of the primary production due to these morphological and physiological adjustments is to be expected [13–15]. Stomatal closure is a typical temporary reaction to drought stress, leading to a reduced CO2 uptake and finally influencing carbon budgets and growth performances [16, 17]. Besides physiological adjustments, drought stress occurring during the tree development induces morphological adaptations from the roots to the crown, which will characterize the hydraulic architecture of the tree [18–23]. As a consequence the transpiration of the plant will be influenced, along with its tolerance to drought stress [18–20]. Hence the recovering process after drought stress in terms of growth increment could be affected by the SWA at the initial stage of resprouting. In spite of the importance of this topic for coppicing practices, up to this date there is still a considerable informational gap: the effect of the drought occurring during the resprouting period on the drought tolerance, biomass production, and water use under drought stress has not been investigated. In our study, we aimed to assess the impact of drought cycles, applied during the resprouting phase on the drought resilience of black locust trees. We defined the physiological conditions in terms of plant water status at which the growth performance is compromised and analyzed the influence of drought applied during the resprouting phase on the hydraulic architecture of the tree, evaluating the relation between root system and the total transpiring surface. The effect of the different root weight: leaf area ratio was evaluated by analyzing (i) growth performance, (ii) transpiration rate, (iii) aboveground biomass production, and (iv) the water use efficiency under cyclic drought stress. The information gathered enlightened the importance of black locust as an appropriate tree for marginal land and the strong implication that the SWA during the resprouting phase has on the later drought tolerance and productivity of the species.
2. Material and Methods
2.1. Plants and Drought Stress Treatment
The study was carried out with three-year-old black locust trees in a lysimeter experiment, under a light transmissive rain-out shelter, arranged at the Brandenburg University of Technology Cottbus-Senftenberg. The water was supplied solely by an automatic irrigation system. The plant material was collected from a short-rotation plantation in the postmining area of Welzow-Süd, Brandenburg, Germany (N 51°36′14′′, E 14°19′51′′), approximately 25 km south from the lysimeter facility. The climate at the collection site and at the lysimeter facility is comparable. It is a transition from the Atlantic to the continental climate, with mean annual rainfall of 556 mm and mean annual temperature of 9.3°C (1951–2003, Deutscher Wetterdienst). During the experiment, the highest air temperature in Cottbus was reached in August 2012 with more than 36.5°C. The monthly mean temperature was +0.7°C above the long-term average, while the early summer was −0.5°C (June) and −0.3°C (July) colder than the average. However, extreme conditions with air temperatures above 30°C and even 35°C as observed in 2012 are common in Brandenburg. All the selected trees presented a comparable crown architecture, with three main branches (mean radius of 
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 cm, height approx. 30 cm). At the beginning of the experiment, all the primary branches were cut back at 10 cm from the trunk. After a period of establishment (March 20 to June 1, 2012), during which the plants were well watered, the drought cycle experiment started on June 1 until October 11 with two treatments: short-term drought stress (STS) and long-term drought stress (LTS), each executed in three replicas (
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). In our context we defined drought stress as a condition where the mean soil water content (
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) was maintained at values of 7%, which is the value at which the growth rate drastically decreases to values close to zero. The well-watered condition instead corresponded to the hydrostatic state of the lysimeter, where the mean of the  
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  was set at 20%, with full availability of water. Since all treatments started developing new leaves during the last week of May, we considered the resprouting phase the period from the 23rd to the 26th week of the year (WOY). The cycling of drought and full availability of water was scheduled as follows: the LTS plants experienced drought conditions throughout the four weeks of the resprouting period. Instead, the STS plants were exposed only to one week of drought (24th WOY) during the same period. After the resprouting phase, three weeks of well-watered conditions followed for both treatments. From the 30th WOY on both treatments were exposed to drought stress for two weeks. From the 33rd WOY until the end of the experiment (41st WOY), the STS plants were subjected to short-term drought stress (one week of drought and two well-watered ones), while the LTS plants were subjected to long-term drought stress (two weeks of drought stress, followed by one week of well-watered condition).
2.2. Lysimeter and Soil Water Status
In order to control the SWA and to calculate the water budget, the plants were grown in lysimeters (50 cm diameter, 50 cm height) under a light transmissive rain-out shelter [11]. The daily transpiration was calculated by the difference between the measured irrigation and the sum of the estimated daily water storage variation and the leachate collected. Evaporation from bare soil was minimized by covering the soil with a double leaflet. To facilitate the infiltration rate, the sandy loam soil column was filled at bulk density 1.3 kg m−3. The soil, relatively low in organic carbon (1.3%) and total nitrogen (0.08%), presented the oxalate-extractable Al, Fe, and Mn content values of 0.65, 1.53, and 0.08 mg g−1, respectively. The irrigation system was automatically controlled by a data logger (GP1, Delta-T Devices, Cambridge, UK) and the water was dispensed from four drippers per lysimeter. The volume of water was supplied in relation to the volumetric soil water content, measured at 20 cm depth by a frequency domain reflectometry probe (SM-200, Soil Moisture Sensor Delta-T Devices, Cambridge, UK). To evaluate the storage variation of the weekly water budget, the 
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 was measured at four depths (10, 20, 30, and 40 cm) with a profile probe (PR2/4w-02, Delta-T Devices, Cambridge, UK). The climatic variables air temperature and relative humidity were monitored on an hourly basis by using thermistor-hygrometers (HC2-S, Rotronic AG, Bassersdorf, Germany). The vapor pressure deficit (VPD) values were calculated for the daytime by the air temperature and relative humidity recorded from 09:00 HR to 18:00 HR local summer time.
2.3. Leaf Water Potential
We linked the physiological condition of the trees in terms of plant water status to the growth rate by measuring the leaf water potential (
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) at different soil moisture conditions. The leaf water potential was measured at predawn time on three fully developed leaves for each tree by using the Scholander pressure chamber (Plant Water Status Console 3000, Soilmoisture Inc., Santa Barbara, CA, USA) after Veste et al. [24]. The water potential of the distal part of the rachis, approximately 10 cm completed with leaflets, was measured immediately after the excision. We linked the 
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 to the SWA, by using the soil water retention curve of the lysimeter soil column after Mantovani et al. [11] to convert the soil  
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  values read by the sensors into soil matric potential (
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) values (MPa) (Figure 1). The correlations between 
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  are significant, with a coefficient of correlation of −0.749 and −0.757, respectively (Figure 1).






















	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	























	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




































	
	
































































































































































	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
		
	


	
		
	
	
		
		
		
		
	


	
		
	
	
		
		
		
		
	


	
		
	
	
		
		
		
		
	


	
		
	
	
		
		
		
		
	

Figure 1: Predawn leaf water potential and soil matric potential in relation to the soil moisture and soil water retention curve.


Having this way both variables expressed in the same unit (MPa), we used the linear relation (
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 = 0.86) described in Figure 2, to set the indirect plant-based irrigation control and monitoring system.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
		
	


	
		
	
	
		
		
		
		
	


	
		
	
	
		
		
		
		
	


	
		
	
	
		
		
		
		
	


	
		
		
		
		
	

Figure 2: Relation between the measured predawn leaf water potential and the calculated soil matric potential.


2.4. Growth Rate and Biomass Production
The response to drought stress in terms of growth increment throughout the vegetation period was evaluated on a different time scale by using dendrometers (DD-S, Ecomatik, Dachau, Germany) and a caliper. The dendrometers were installed around the trunk of each plant at 20 cm height from the soil and the radial variations were recorded daily at dawn time 05:00 HR, to avoid bias measurements due to excessive trunk shrinkage. To minimize the effect of the different initial trunk radii, the data series was compared in relative terms, as a percentage of the growth. The monthly growth rate instead was evaluated by measuring the trunk radius at 25 cm height from the soil with the caliper and the main branch at approximately 10 cm from the trunk. Also the monthly growth rate is expressed as a percentage of the growth. Furthermore, the data series is plotted after normalization. The biomass production was measured at the end of the vegetation period. The total aboveground biomass (secondary branches and leaves) was harvested before the defoliation (October 11, 2012) and oven-dried separately at 65°C until a constant dry weight was reached. The gravimetric increment of the trunk and the primary branches was estimated by multiplying the seasonal volumetric increment recorded throughout the experiment, making use of the calculated specific weight of the black locust dry wood (0.76 g cm−3) estimated from the secondary branches. The water use efficiency (WUE) under different drought stress durations was calculated after the harvest by the ratio between the dry total aboveground biomass produced during the vegetation period and the water used. On the other hand, the economical water use efficiency (EWUE) under different drought stress durations was calculated considering only the dry aboveground wood production.
2.5. Leaf Area and Root Vertical Distribution
The total leaf area (m2) for a single tree was calculated at the harvest, by multiplying the black locust specific leaf area (g m−2) by the weight of the total dry leaves collected from each tree. The specific leaf area was calculated from the ratio between the measured area of 10 fully developed single leaves for each tree and their single dry weight.
In order to evaluate the vertical spatial distribution of the root weight, without the stump, root sampling was performed at 5 cm, 20 cm, and 40 cm soil depth at the end of the experiment (October 11, 2012). We used six steal rings of known volume (5 cm radius 
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 10 cm height) at each soil depth. To homogenize the operation, three samples were collected at 10 cm from the center of the lysimeter and three samples at 10 cm from the lysimeter wall for each layer. All the roots contained in the rings were separated and the soil was removed from the roots with a brush. The roots were washed carefully in a dish of water to remove any residual soil. Subsequently, they were oven-dried at 65°C till steady weight. The total root biomass (g) for each depth was determined by weighing the roots of each sample and multiplying the mean of the root weight density (g cm3) by the soil volume of each depth, amounting to 32773 cm3.
2.6. Statistical Analysis
The nonparametric Spearman rho correlation (
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) was applied to correlate (i) the weekly water use, growth rate, and the VPD, (ii) the 
	
		
			

				Ψ
			

			

				𝑆
			

		
	
 and the 
	
		
			

				Ψ
			

			

				𝐿
			

		
	
, and (iii) the 
	
		
			

				Ψ
			

			

				𝐿
			

		
	
 and the  
	
		
			

				𝜃
			

		
	
. The non-parametric analysis Mann-Whitney 
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 test (
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) was performed to compare (i) the mean weekly growth rate, (ii) the cumulative water use, (iii) the trunk and branch radial increments, (iv) the aboveground biomass production, (v) the root weight vertical distribution, (vi) the total leaf area, and (vii) the WUE and the EWUE under drought stress, between and within the treatments. All the analyses were executed by using the IBM SPSS version 21 (SPSS Inc, Chicago, IL, USA).
3. Results
3.1. Water Use
The mean of the daily air temperature and relative humidity, recorded during the vegetation period, is shown in Figure 3. During the vegetation period, for 18 days the mean of the daily temperature was above 30°C, and 7 days above 34°C, with a peak of 36.5°C in August. The last day with a temperature 30°C was September 10. After that the temperature slowly decreased till reaching the minimum values of 12.5°C at the end of the experiment.
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(b)
Figure 3: Mean of the daily temperature and relative humidity measured on a hourly basis, calculated from 09:00 HR to 18:00 HR, recorded throughout the vegetation period.


In order to calculate the weekly transpiration, the experimental water balance was performed (Figure 4). During the periods when the plants were well watered, the leachate was minimized by maintaining the soil column at the hydrostatic state, in order to avoid excessive soil particle translocation. During the transition phase from well-watered to drought condition, the irrigation was stopped and the plants used the water stored into the soil, till the predefined value of 7% was reached. On the other hand, during the transition phase from drought condition to well watered, the irrigation supplied additional water to recharge the storage till the predefined value of 20% was reached.
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