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Abstract

:

In urban environments, newly planted street trees suffer from poor site conditions and limited water availability. It is challenging to provide site conditions that allow the trees to thrive in the long term, particularly under climate change. Knowledge about the hydrological properties of artificial urban planting soils related to the response of tree species-specific growth is crucial, but still lacking. Therefore, we established a three-year experimental field setup to investigate the response of nine tree species (135 individuals) to two common urban planting soils and a loamy silt reference. We determined and measured soil hydrological parameters and monitored tree growth. Our results revealed low plant available water capacities (6% and 10% v/v) and hydraulic conductivity restrictions with the drying of the sandy-textured urban planting soils. Therefore, tree species that are investing in fine root growth to extract water from dry soils might be more successful than trees that are lowering their water potential. Tree growth was overall evidently lower in the urban planting soils compared with the reference and differed between and within the species. We showed that using unfavorable planting soils causes severe, species-specific growth deficits reflecting limited above-ground carbon uptake as a consequence of low water availability.
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1. Introduction


Establishing newly planted street trees is a critical step to achieve green infrastructure goals and to maintain the tree population in cities. This is particularly challenging, since growing conditions for urban street trees are highly unfavorable [1,2,3]. Due to anthropogenic transformations and translocations, urban soils exhibit a high degree of spatial heterogeneity. Artificial sandy and stony substrates [4,5], high degrees of soil compaction [1], surface sealing [6,7], and vertical and horizontal limitations of root distribution [8] alter tree sites and, in particular, street tree sites in comparison with natural environments. However, there has been little research on the impact of artificial urban soils on tree growth and the long-term success of new plantings [9]. Climate change and the urban heat island are prolonging the tree growing season and increasing the inner-city atmospheric water deficit, thus raising the transpirational water demand of the trees [10]. As observed in the summers of 2018 and 2019 [11,12], increased meteorological droughts (i.e., phases of deficiency and uneven distribution of precipitation) and storm events with high run-off shares are likely to occur more frequently in Mid-Europe, causing soil water scarcity in cities [13]. Since soil water replenishment by single and few precipitation events at freshly planted tree sites is less effective [14] and successive and frequent precipitation during summer is predicted to decrease in the future climate [15], climate change is likely to exacerbate water limitation and thus the growing conditions of street trees. As a consequence, urban street trees are likely to grow slower than trees in rural environments and forests [16]. However, direct growth comparisons are sparse, and findings are not consistent [17,18] and seem to be not appropriate to assess the effect level that soil constraints have on the growth of urban street trees. Therefore, on-site comparisons of various tree species and planting soils under identical climate conditions are necessary.



Freshly planted street trees, suffering from transplanting shock, have to adapt rapidly to urban site conditions and reestablish a root:shoot ratio adequate to meet the above-ground demands [19]. This results in low life expectancies of less than 30 years [20] and particularly large premature mortality rates for recently transplanted tree populations from nurseries into urban street sites [21,22]. To achieve fully developed ecosystem services in the long term, these initial growth conditions have to be further improved based on detailed investigations into the interaction of tree growth and urban planting soils with a focus on soil water characteristics. Because street tree sites usually act as multifunctional public spaces, however, the tree’s demand itself often takes a secondary role in planning processes. For example, original local or artificial soils are often replaced by technical soil–gravel mixtures (structural planting soils) prior to planting to ensure compaction stability for parking lots and pedestrian infrastructure [23,24,25,26,27]. These structural planting soils contain high percentages of gravel (grain size > 2 mm), amended with soil–compost mixtures (grain size < 2 mm) that are dominated by a sandy texture [5,26]. In addition to often small planting pits [24,28,29] in relation to standards [30], it has to be questioned whether sandy-textured structural soil substrates can ensure sufficient water supply for young street trees [5,14,31], particularly under climate change. However, the hydrology of structural soils and surrounding urban roadside soils and its effect on tree growth potential has not been systematically studied so far [25,29,32].



Tree growth habit is the result of intrinsically determinate reaction patterns to extrinsic factors [16]. Therefore, sandy and coarsely textured planting soils [3,5,33] with comparatively low organic matter contents [34] are expected to significantly affect tree growth rates [1,23,32], but not in a uniform pattern [9]. Depending on the particular hydrological characteristics of their habitat, trees have evolved multiple physiological strategies to counteract substantial vitality loss in situations of limited water availability. Thus, stress reactions can differ quantitatively and/or qualitatively between species. It is still the subject of scientific debates, which strategies of stress reactions are most promising for surviving increasing stress incidences and which main intrinsic factors foster mortality risk [35,36,37,38]. Since the drought strategies of particular tree species are yet not fully understood, the suitability of tree species for urban street site planting has been so far mainly determined by meta-studies, assessing the drought resistance of tree species based on the aridity of their natural habitat [39]. A classification according to additional site-specific criteria, such as individual soil requirements for these tree species, is missing [39]. To determine the suitability of tree species and cultivars as urban street trees, long-term observational studies under in situ conditions in different cities have been conducted (e.g., GALK-Straßenbaumtest: http://strassenbaumliste.galk.de/sblistepdf.php (accessed on 2 April 2021); [40,41,42]). However, a conclusive statement regarding the species-specific growth responses to urban planting soils is still missing.



The aim of the present study was to determine the constraints of artificial urban soils on the growth of different tree species with a focus on soil hydrological properties. In particular, we aim to answer the questions: (a) Which hydrological properties and dynamics are characteristic of the selected representatives of urban planting soils? (b) Did periods of critical soil water availability occur in urban planting soils vs. natural soils under the climatic conditions during 2019–2021? (c) Which growth patterns were measurable overall and in the responses of tree species to specific soil conditions? Our approach for a suchlike assessment is to simulate experimentally urban below-ground conditions at one single site to provide identical climatic conditions. Therefore, we established a large-scale experimental field in a complete block design. A total of 135 standardized eight-year-old trees of nine tree species (DBH: 4.5 cm–5.1 cm) were each planted in pits of 7.5 m³ filled alternately with urban-typical artificial planting soils and one reference (loamy silt). The tree species selection was conducted based on three criteria: (a) general suitability as an urban tree, (b) underrepresentation in Hamburg’s (Germany) street tree population, and (c) availability in the tree nursery. The soil hydrological parameters were measured in the laboratory and in the field. Tree growth was monitored morphometrically and dendrometrically for three years.




2. Materials and Methods


2.1. Study Site


The experiment was carried out at an open field site (6000 m²) in a tree nursery located 15 km south of Hamburg, Germany (Baumschule Lorenz von Ehren GmbH & Co. KG; 53°24′ N; 9°57′ E). The climate shows a marine influence (Koeppen & Geiger: Cfb), with the highest precipitation in summer, a slightly dryer autumn and winter, and low precipitation in the spring season. The long-term annual means (1981–2010) of precipitation and air temperature are 743 mm and 9.6 °C, respectively [43]. The topography is slightly sloping and the groundwater table is below 20 m from the soil’s surface. The predominant soil types at the experimental research site are agricultural-affected Cambisols with fine-textured loamy silts above silty sands to pure sands. The water-holding capacity at field capacity (FC; 60 hPa) ranged between 33% and 38% v/v, and that at wilting point (WP; 15,000 hPa) ranged between 10% and 15% v/v in the upper soil horizons (analysis method in Section 2.4).




2.2. Substrate and Tree Selection


The experimental site was set up in a randomized complete block design of nine tree species planted in three planting soils. Every species–substrate combination was replicated five times (five blocks), resulting in a total number of 135 trees. Two treatment soils represented urban artificial soil conditions along streets: (1) a pure sand (‘Sand’), representing artificial urban soils around street tree plantings [5,14], and (2) a one-layer gravel–soil medium (structural planting soil) mixed according to German standardized guidelines [30], similar to ‘Amsterdam Tree Soil’ [44] and commonly used as backfill material at newly planted tree sites (‘FLL’). The reference soil was supposed to represent optimal growing conditions. Therefore, we used a regional harvested natural topsoil similar to the Cambisols at the experimental site, which were considered very suitable for the production of trees in the nursery and for years have provided good yields and quality (‘Loamy Silt’). Planting pits with dimensions of 2.5 m × 2.5 m × 1.2 m (7.5 m³) were excavated for each tree studied. The planting pits were arranged in a 4 × 35 grid with spacing from center to center of 3.5 m × 8 m (Figures S1 and S2).



The tree species were selected on the basis (1) of long-term observational and literature-based studies focusing on the suitability of diverse native and non-native tree species as urban trees (GALK (Table 1) and KLAM [39,45] (Table 1)). Nine tree species were selected from a wide range of tree species and cultivars rated in GALK (n = 178) and KLAM (n = 235). To achieve greater variability in the growth response patterns, we selected not only the highest-scoring tree species, but also the overall tree species that differed in their scores for drought tolerance (Table 1). Additional criteria for tree selection were (2) an underrepresentation within Hamburg’s street tree population as the trees were mostly not yet commonly planted and (3) the availability of the same-sized and aged trees cultivated at the same nursery to provide comparability for the former growing conditions. This resulted in the selection of the following nine tree species: Tilia cordata ‘Greenspire’ (Tc), Quercus cerris (Qc), Quercus palustris (Qp), Carpinus betulus ‘Lucas’ (Cb), Ostrya carpinifolia (Oc), Gleditsia triacanthos ‘Skyline’ (Gt), Liquidambar styraciflua (Ls), Amelanchier lamarkii (Al), and Koelreuteria paniculata (Kp) (Table 1).



In order to create representative conditions for urban tree sites to be planted, the dimensions of the selected trees at the planting date were in accordance with standards. The trees had, therefore, similar initial stem diameters between 4.5 and 5.3 cm at breast height (Table 1). The selected study trees were harvested with a tree digger according to the B&B method (root ball excavated and burlap-wrapped [46]). Therefore, the volume of each root ball was almost similar, with maximum root ball dimensions of 0.5 m × 0.6m × 0.5 m (0.1 m³). Single trees were planted in the excavated planting pits after the backfilling of the pits with the planting soils (Figures S1 and S2). The planting soils were moderately compacted by consistently trampling throughout the backfilling process. After the first winter, small depressions caused by natural settling at the corners of the planting pits were refilled with the respective soil material. To ensure tree establishment in the early post-transplantation phase, we applied four irrigations using ‘tree gator’ watering bags (approx. 60 L) during the first year. Fertilization (NPK, Mg, and micronutrients (Mn and Zn)) was applied in spring 2020 and 2021 to minimize differences in the initial nutrient concentrations (‘Sand’ lowest and ‘Loamy Silt’ highest) and thus to minimize nutrient-related effects on tree growth.




2.3. Soil Water Monitoring and Meteorological Data


We installed a monitoring setup consisting of soil water potential sensors (SWP; WATERMARK 200SS, Irrometer Inc., Riverside, CA, USA)), volumetric water content probes (VWC; CS-650, Campbell Scientific Ltd., Bremen, Germany; Theta Probe ML2x; Delta-T Devices Ltd., Cambridge, UK), and soil temperature sensors (Irrometer Inc., Riverside, CA, USA). The data were logged at hourly intervals by WATERMARK M900 Monitors for SWP and soil temperature sensors (Irrometer Inc., Riverside, CA, USA), with CR-1000 data loggers for the CS-650 VWC sensors (Campbell Scientific Ltd., Bremen, Germany) at plots with Qc and with DL18 data loggers for the ML2x VWC sensors (Ecomatik, Dachau, Germany) at plots with Al and Oc. The monitoring setup on the experimental site was structured as follows: intensive monitoring at one plot of three tree species per planting soil (9 plots; tree species: Qc, Al, and Oc) and extensive monitoring at one plot of all tree species per planting soil (27 plots). The intensive monitoring covered eight SWP sensors with two replicates per depth (10 cm, 35 cm, root-ball, and 100 cm) and four VWC probes without replication at the same depths. The extensive monitoring covered four SWP sensors without replication, also at the same depths. Temperature sensors were installed next to the SWP and VWC sensors within four randomly chosen plots per planting soil. Soil temperature sensors were installed to allow correction for temperature’s effect on SWP measurements. We installed the sensors simultaneous to the backfilling of the planting soils at the predefined depths. For installing the root ball sensors, the root balls were placed at approximately 40 cm depth and covered with the planting soils up to half, where the sensors were placed. Except for the root ball sensors, all sensors were placed with a distance of 75 cm from the horizontal center of the planting pit. The 36 monitoring plots were randomly distributed over the experimental site.



Meteorological data were recorded within one replication block in the middle of the experimental site by a meteorological station (Campbell Scientific, Logan, UT, USA). The air temperature and relative humidity were measured at 2 m height (HMP155A, Vaisala, Vantaa, Finland). For precipitation measurements, we used a tipping bucket rain gauge (52203, R.M. Young Co., Traverse City, MI, USA). All data were recorded within a 15 min interval using a CR-1000 data logger. The atmospheric vapor pressure deficit (VPD) was calculated as the difference between the saturated and actual vapor pressure using the daily means of air temperature and relative humidity.




2.4. Soil Physical Characteristics


We took disturbed and undisturbed soil samples from one plot of each planting soil in November 2019 after the first growing season. The undisturbed soil samples were analyzed in the lab for the fine soil texture composition, coarse soil content (gravel content), total and organic C contents, and soil pH (CaCl2) (Table 1). The water retention characteristics were assessed using undisturbed soil samples (soil cores of 100 cm³ and 250 cm³) for lab measurements. To derive the water retention curves, the water contents at characteristic pressure levels of pF 0.5, 1.3, 1.8, 2.1, 2.48, 3.48, and 4.2 were measured as a percentage of weight using pressure plate apparatus. Additionally, the water retention characteristics and unsaturated conductivity were determined with 250 cm³ undisturbed soil samples using the fully automated measuring and evaluation system HYPROP [47,48]. The bulk density was determined by drying and weighing these undisturbed volumetric soil samples. Based on the calculated daily means of the measured SWP and VWC data, we also plotted the field retention curves for the three planting soils. The van Genuchten parameters for the functions of the three approaches were determined according to [49] to describe the relationship between VWC and SWP. The data pairs of water contents at levels of pF 0.5, 1.3, 3.48, and 4.2 of the pressure plate method were added to supplement the curves of the HYPROP measurements and the field retention curves, as the measuring devices for these methods had limited measurement ranges. In spring 2020, the infiltration capacities of the planting soils were measured using a double-ring infiltrometer. In order to quantitatively evaluate and compare the soil hydrological characteristics of the three planting soils, we considered the variables of the plant-available water capacity (PAWC), field capacity (FC), infiltration capacity (IC), and unsaturated hydraulic conductivity (Ks).




2.5. Vitality Assessment and Tree Growth Measurements


We assessed the tree vitality by visual inspections of each individual tree regularly at the beginning of September 2020 and 2021. Criteria leading to the vitality score (1, very vital–5, strongly impaired) were (1) the overall leaf conditions and (2) the crown density in comparison with a vital tree of the same species. The assessment followed a regular inspection scheme developed by the GALK (Deutsche Gartenamstleiterkonferenz e.V.).



The stem growth and current-year shoot length were used as indicators for tree performance in the three planting soils. We measured the stem circumference of all trees at heights of 100, 130, and 150 cm in May 2019, January 2020, January 2021, and October 2021 to a decimal place using a measuring tape. Shoot growth was measured in September 2020 and September 2021. Five main external, sun-exposed branches per tree were randomly chosen and the shoot increment was measured in length. The annual average stem increment and shoot extension for each tree species per substrate were calculated as the average of all sampled replicates.



To study the tree species’ reaction to short-term changes in the environmental conditions by measuring continuously the intra-annual stem diameter variation, we installed 23 electronic point dendrometers (DD-L2, Ecomatik, Dachau, Germany; accuracy of ±1.97 µm and temperature coefficient < 0.2 µm K−1) in spring 2021. For dendrometer installation, three individual trees per species (with the exception of Qc (only n = 2) and Kp (no measurements)) growing in the planting soil ‘Sand’ were selected. At each tree, the dendrometers were installed with the dendrometer head on the outer bark at approximately 110 cm stem height. The sensors measured with a frequency of 15 min and were connected to both CR-1000 and DL-18 dataloggers.




2.6. Data Processing


The monitored SWP data were manually corrected for the actual soil temperatures using the in situ soil temperature measurements from the three planting soils [50,51]. The corrected data extended the lower measurement range of −2500 hPa, as 10 °C instead of a default value of 24 °C was initially set as the constant temperature for logger internal temperature correction. To detect water stress conditions and to quantify the annual duration of critical soil water availability, we used the monitored SWP data below −63 hPa and transformed them into the volumetric water content data using the van Genuchten water retention functions [49] determined for each planting soil (VWCvG). Thereafter, the relative extractable soil water content (REW%) was calculated from the VWCvG depth weighted for a soil compartment from 0–35 cm and depth weighted for a soil compartment from 0–100 cm according to [52]:


REW (%) = 100 · ((VWCactual − VWCWP) · (VWCFC − VWCWP)−1)



(1)




where VWCPWP is the VWCvG at the wilting point and VWCFC is the VWCvG at field capacity, both measured in the lab using the pressure plate method. In the literature, water stress conditions are assumed to occur when the REW drops below the threshold of 40%, as transpiration is gradually reduced due to increasing stomatal diffusion resistance [53]. Therefore, based on the calculated daily means, we calculated the number of days per growing season when REW < 40% to seasonally characterize water stress according to [52].



The stem circumference measurements were height-related-transformed to the stem diameter increment at breast height (DBH), assuming a circular stem area. Data processing of the intra-annual stem diameter variations (SDV) was performed using R v. 4.2.1 [54] with the package treenetproc [55]. The workflow of treenetproc converts raw data (L0) into time-aligned time-series data (L1 data, in this study with hourly resolution), cleans the L1 data from outliers and data shifts, and linearly interpolates data gaps < 30 min (L2 data). From the L2 data, we extracted three relevant seasonal proxies [55]. (1) The reversible, water-induced shrinkage and expansion of the stem diameter (maximum daily shrinkage (mds in µm d−1)). (2) The irreversible diametric expansion due to woody cell formation with the zero-growth concept, transformed into relative values for better comparison (stem diameter increment (SDI in % of seasonal maximum stem diameter)) [56]. Thus, contrary to [57], no negative growth-due to a smaller diameter maximum on the following day–was considered in the analysis. (3) The tree water deficit (TWD), derived on a daily basis from the maximum precedent stem diameter and actual (daily) maximum stem diameter, represented the missing water in µm d−1 [56]. Analyzing the response of intra-annual tree growth on soil hydrological and climate variables is only reliable within the main period of stem growth [58]. Since treenetproc returns values for onset and cessation starting from the second year only [55], we determined the length of the growing season of the instrumented trees (n = 23) as follows: onset of growth was reached when the actual daily growth rate at least equaled the seasonal average daily growth rate for at least seven consecutive days (period of 1 May 2021 to 30 September 2021). Growth cessation was, therefore, reached when the seasonal average daily growth rate was exceeded for the last time by the actual daily growth rate on at least seven consecutive days. As we expect mds in contrast to SDI to be a parameter reflecting the trees’ water status in the short term, we used daily values for mds to analyze relationships with environmental parameters and weekly means for SDI [57].




2.7. Statistical Analysis


The annual duration of temporal water stress conditions (number of days with REW < 40%) was compared between the three planting soils and the years 2020 and 2021 using a two-way ANOVA. The stem diameter increment and shoot growth as mean values for the years 2020 and 2021 were compared separately (a) within a species between the three planting soils and (b) between all species within each planting soil using a one-way ANOVA. All group means were compared using Tukey’s post hoc comparison at p-level ≤ 0.05.



For analyzing the relationships of the weekly SDI and mds with the environmental variables REW% in 0–35 cm and 0–100 cm depth, precipitation, and VPD, single-factor correlations were calculated and the Spearman’s correlation coefficient were reported. The environmental variables for the correlation analysis with SDI were also calculated as calendar week means.



Statistical analyses were conducted using OriginPro v2021b (OriginLab Corporation, Northampton, MA, USA) and R v4.1.2 [54].





3. Results


3.1. Substrate Characteristics


The fine texture (<2 mm) of the urban planting soils ‘Sand’ and ‘FLL’ composed predominantly of sandy grains (0.063–2 mm), whereas the dominant fine texture grain size of the ‘Loamy Silt’ was silt (2–63 µm) (Table 2). The structural planting soil (‘FLL’) was composed of 20% v/v gravel. The organic matter content of all investigated soils was below 1% w/w, whereas the ‘Sand’ had almost no organic matter (<0.1% w/w) and the organic matter content in the ‘FLL’ was 0.6% w/w. All soils were backfilled into the planting pits loosely compacted to bulk densities between 1.4 and 1.44 g cm−1. The plant available water capacity (PAWC) of the ‘Loamy Silt’ was highest, with 23% v/v, corresponding to 1725 L per planting pit (Figure 1a). Compared to the ‘Loamy Silt’, the plant available water capacity of ‘FLL’ was <50% and <25% for ‘Sand’ (773 L per planting pit and 450 L per planting pit, respectively). The total pore volumes of the planting soils ‘Sand’ and ‘Loamy Silt’ were the same, at approximately 40% v/v, whereas the total pore volume of the planting soil ‘FLL’ was 32% v/v. The slope of the ‘Loamy Silt’ soil-water-retention curve was almost linear in the FC range, while in both artificial soils, the retention curve approached an exponential slope. The soil hydraulic conductivity of ‘Sand’ declined sharply at REW 75% (Figure 1b). The hydraulic conductivity in ‘FLL’ was constantly lower and fell below the hydraulic conductivity of ‘Loamy Silt’ at WP (100% REW) already before 70% REW. Although the hydraulic conductivity in ‘Loamy Silt’ compared with ‘Sand’ and ‘FLL’ had constantly lower values in the wet soil (>10% VWC) (Figure 1a), unsaturated conductivity of >10−5 cm d−1 was provided within the whole range of PAWC until WP.




3.2. Environmental Conditions and Soil Water Availability


Compared to the mean 30-year growing season precipitation (May–September 1981–2010; DWD Station Hamburg-Neuwiedenthal) of 343 mm, the years of 2019 to 2021 were slightly dry years (231 mm, 231 mm, and 299 mm, respectively). With the beginning of the growing season in 2019, the root balls in all planting soils strongly dried below the REW 40% threshold value (Figure 2). Irrigation replenished the root balls for short phases. Until the end of the growing season of 2019, the REW in the planting pits remained high in all three planting soils above the threshold value of 40%. During the growing season of 2020, three distinct dry out phases (each > 16 days) occurred, interrupted by replenishing precipitation events.



The first phase was characterized by strong soil water depletion below the water stress threshold only in the root balls. Subsequently, two dry periods led the average REW to drop below the threshold even within the planting soils, prioritized at 10 and 35 cm depths, indicating that tree roots then tapped water from the planting soils in the top soil layer. In 2021, two dry phases occurred, with the REW within the root balls being almost completely depleted and the soil water storage within all planting pits being minimized. However, in ‘FLL’ and ‘Sand’, the soil water storage was replenished by drought-breaking precipitation events, while soil drying in ‘Loamy Silt’ continued. Despite the higher precipitation in 2021, the soil water storage at 0–100 cm depth was depleted below the threshold of 40% REW on evidently more days (p ≤ 0.001) compared with 2020, indicating progressing root density. Differences in drought incidence between the planting soils were not significant, but we observed a clear tendency of a reduced amount of water stress days in ‘Sand’ during 2021 (Figure 3).




3.3. Tree Growth Analysis


Across all investigated species, annual growth was highest in ‘Loamy Silt’ and lowest in ‘Sand’ (Figure S3). Overall, the annual stem diameter increment was highest during 2021, whereas the annual shoot growth was greatest during 2020 (Figure S3). The lowest values and no significant differences between species and planting soils were measured in 2019. The growth responses of the investigated tree species in the three planting soils varied strongly (Figure 4a). In ‘Loamy Silt’, Qc and Tc showed the highest growth, whereas Ls and Kp showed the lowest growth. For the DBH growth response toward the planting soils, we identified four general patterns:




	
Significant difference in DBH growth between all three planting soils (Tc and Qp);



	
Significantly less DBH growth only in ‘Sand’ (No significant difference between ‘FLL’ and ‘Loamy Silt’ (Oc, Ls, and Al);



	
Significantly less DBH growth in ‘Sand’ and ‘FLL’ than in ‘Loamy Silt’ (Qc, Cb, and Gt);



	
No difference in DBH growth between all planting soils (Kp).








Across all species, the tree DBH growth on ‘Sand’ and ‘FLL’ was, on average, −64% and −29%, respectively, lower compared with that on the optimum planting soil. Kp was excluded from the comparison. On ‘Sand’, Qp and Al were most restricted (−85% and −81%, respectively), whereas Tc and Gt were the less negatively affected species (−44% and −54%, respectively) compared with the optimum soil. On ‘FLL’, again, Qp and Cb were most restricted (−50% and −46%, respectively), whereas Ls and Al were the less negatively affected species (−10% and −12% respectively) compared with the optimum soil. The species Al, Kp, Ls, and Oc showed the same growth patterns found for their DBH growth, and also for their shoot growth (Figure 4b). The remaining species responded differently in terms of shoot growth compared with DBH growth. Across all species, tree shoot growth on ‘Sand’ and ‘FLL’ was, on average, −50% and −18%, respectively, lower than that on the optimum planting soil. On ‘Sand’, Qp was, by far, the most restricted (−72%), whereas Gt was the less negatively affected species (−27%) compared with the optimum soil. On ‘FLL’, again, Qp was most restricted in terms of growth (−42%) compared with the optimum soil, whereas Oc, Al, Kp, Ls, Qc, and Tc were not significantly affected.



The assessed vitality scores of the years 2020 and 2021 were, across all species, the highest (i.e., lowered vitality) for the trees growing on ‘Sand’ (Table 3). In both years, Al and Qp had, on average, the highest values on ‘Sand’, whereas Tc had the lowest, which was also true for ‘FLL’ and ‘Loamy Silt’. The vitality scores of trees growing on ‘FLL’ and ‘Loamy Silt’ were mostly <2. Only Kp showed values > 2, which was, in particular, striking for these trees growing in the optimum soil. We also noticed high vitality values for two individuals of Qc growing on the optimum soil, which was expressed by the elevated SD (Table 3).



Intra-annual stem diameter measurements for eight tree species (except for Kp) in ‘Sand’ showed a high variation of net growth (Figure 5). Growth onset was, on average, at the beginning of June and ceased, on average, at the beginning of August. During phases with REW < 40%, the daily stem diameter variations were pronounced with amplitudes varying evidently between species—they were weak in Gs, Oc, and Qc, and strong in Tc and Ls. The tree water deficit (TWD) is defined to occur when the maximum precedent stem diameter is greater than the maximum stem diameter of the actual day. Overall, the TWD was only weakly expressed (<120 µm d−1) and occurred for individuals of almost all species when REW < 40% (data not displayed). However, the TWD during the drought phases was most pronounced for Al and Ls, with single trees reaching maximum values of 1130 and 627 µm d−1, respectively. Single variable correlations were used to test the impact of the environmental variables REW at 0–35 cm and 0–100 cm, precipitation, and VPD on the tree species growth reactions using the weekly means of relative stem diameter increment (SDI) and the maximum daily shrinkage of the stem diameter (mds). The SDI of all trees investigated, except for Qc, was positively correlated with REW at least on the depth level (p ≤ 0.05), rather than with precipitation or VPD (Table 4). SDI showed the strongest correlations (Spearman’s R > 0.6) with REW for the species Oc, Gt, and Ls. The correlations of SDI and REW in 0–35 cm were, for Gt and Al, more significant than the correlations at 0–100 cm, whereas the growth of Qp and Cb was correlated more significant with REW 0–100 cm. Mds was correlated with both the soil water status and VPD. Mds and REW at both depth levels were positively correlated in all investigated species (p ≤ 0.001), with the strongest correlations (Spearman’s R > 0.6) for Tc, Qc, Cb, and Al. VPD was significantly negatively correlated with mds in all species (p ≤ 0.001), except for Gt (p > 0.1) (Table 4).





4. Discussion


4.1. Substrate Characteristics


New street trees are often planted in artificial sandy-textured soil [5,33] or specific load-bearing substrates to resist compaction [23]. Up to now, these substrates were not well characterized in terms of soil hydrological properties [59], and it was unclear how the growth and vitality of specific tree species respond to the individual substrate conditions [9]. We used an experimental field setup with nine selected tree species and two urban tree sites representing planting soils to investigate this response under controlled field conditions.



Soil water availability is the most important parameter controlling tree growth [60,61,62]. With 10%, the plant available water capacity (PAWC) of ‘FLL’ was within the range reported for similar technical substrates (7–11%) [63] and exceeded the PAWC of ‘Sand’ (6%). ‘Loamy Silt’ had more than twice the amount of plant available water, mainly stored in the medium-sized pores of the dominating silt grains (Figure 1). As expectable, under field conditions, the REW in ‘Sand’ and ‘FLL’ was reduced sufficiently and faster than that in the optimum soil with the beginning of the growing season. However, regarding the seasonal average, no difference between the REW negatively exceeding the threshold value of 40% in the artificial soils and ‘Loamy Silt’ was visible (Figure 3). We assume that the different abilities to transport water caused this finding for the three planting soils. Precipitation water infiltrated the artificial soils faster and more effectively due to the higher infiltration capacity (IC), replenishing the PAWC, particularly at the 10 cm and 35 cm depths regularly. On the other hand, we assumed trees growing in the optimal soil to exploit the soil water stored more effectively, particularly at low soil water potentials, regardless of the absolutely higher quantity. This is reflected by the different hydraulic conductivities of the substrates during the process of drying (Figure 1b).



The large proportion of medium and fine pores in the total pore system of ‘Loamy Silt’ caused, under moist conditions (<pF 1.8), slower water transport, but that under unsaturated conditions (>pF 1.8–4.2) was almost constant. Compared to the ‘Sand’ and ‘FLL’, where large pores became quickly nonconductive with increasing soil water potential [64], a higher amount of water was thus quantitatively available to the trees in ‘Loamy Silt’. While the tree roots in the ‘Loamy Silt’ could be resupplied with soil water with almost no restriction, the development of dry zones around the tree roots [65], causing hydraulically disconnection from surrounding wet soil, was most likely the limiting factor for water supply in sandy and coarse porous soils, causing stomatal closure [66] and thus reduced water consumption. Hence, the drought stress avoidance strategies of trees relying on reducing the plant water potential (anisohydric reaction type) were likely to be not successful in sandy or coarsely porous artificial soils [67]. In order to tap further soil water, a tree able to adapt to sandy and coarse porous soils must invest in the production of fine roots that grow towards available water to bypass dry soil patches. Most likely, the exchange of soil water between the SWP sensor and soil is also affected in a comparative way. This resulted in wide standard deviations of the mean REW in ‘Sand’ and ‘FLL’ (Figure 2), suggesting that sufficient soil drying was only detected by sensors close to roots. Thus, a high sensor density would be needed to capture the spatial heterogeneity of the soil water distribution within sandy and coarse porous soils.



Overall, the seasonal water stress conditions determined by using the REW threshold value reported for forests [52] have been comparatively low [14,52,68] (Figure 3). In addition to the explanations mentioned, this may have resulted from an underdeveloped root:shoot ratio within three years after transplanting and regular and intense soil water replenishment from precipitation. The latter, however, would have been lower under actual urban site conditions due to sealing with impermeable pavements and soil compaction. Therefore, the use of rain-out shelters would have been necessary to simulate prolonged drought situations, as used by [41].




4.2. Tree Growth Analysis


So far, data regarding species-specific belowground requirements generated from growth response to ensure the establishment, initial growth, and long-term survival of young street trees in urban environments are scarce. The second- and third-season growth data of the trees planted in artificial soils were in the range of those of other studies for DBH- [24,25,69,70,71] and shoot growth [32]. In the first growing season, DBH- and shoot growth were similar among species, being low in all soils compared with those in the following years (Figure S3). This growth depression in the first year is in accordance with the finding of [28] that trees need time to recover from a transplanting shock (i.e., reestablishing the root:shoot ratio) and initially mainly profit from the uniform root ball soil conditions and irrigation [19]. This nexus is supported by our observation of high water consumption in the root ball and low consumption in the planting soils at all depths (Figure 2). In the second and third growing seasons, the growth of all species was constrained on the artificial soils compared with the optimal soil [9,24,72]. This is contrary to the findings of [25,29], who reported higher tree growth in the structural planting soils of 1.3–3.2 cm yr−1 DBH (Quercus bicolor, Quercus phellos, and Pyrus calleryana ‘Chanticleer’), compared with 0.3–0.6 cm yr−1 in the artificial soils in our study. In particular, these authors found higher or equal growth of trees in structural soils compared with trees in tree lawns. However, data regarding the soil properties and soil characteristics (i.e., texture, organic matter content, bulk density) are not available and due to the smaller planting pit dimensions and multiple urban environmental constraints in these in situ studies; a comparison of the results with our study should be conducted with caution. Furthermore, it is likely that tree roots developed in the whole planting pit and extended into the surrounding soil a few years after planting [14,73]. This was supported by random excavations at the edges of the planting pits at the end of the third growing season, by the gradual reduction of REW down to 100 cm depth in all substrates until 2021 (Figure 2), and by the elevated growth of trees in ‘Sand’ and ‘FLL’ in 2021 compared with that in 2020 (Figure S3). As opposed to our experimental site where natural ‘Loamy Silt’ surrounded the planting pits, in urban settings, a growth decrease would be most likely when tree roots extend into the surrounding soils comparable to ‘Sand’ [1,5]. We, therefore, assume that a smaller planting pit and thus an earlier extension of roots into the surrounding soil, when possible would also decrease tree growth and would make long-term comparison between soil conditions inappropriate [29].



Little attention has been paid to the morphological and physiological responses of tree species to artificial urban soils [9,71]. Across all substrates, we found the strongest annual DBH growth rates for Qc and the lowest for Ls, and the strongest annual shoot growth for Tc and the lowest also for Ls (Figure 4a,b). The response of the investigated tree species was different [9,24].



Although Tc invested strongly in stem growth, even under the unfavorable soil conditions of ‘Sand’ and ‘FLL’, the vitality scores, particularly in ‘Sand’, indicated apparently good performance also in the third growing season. This outcome is in contrast to the findings from [41], where the isohydric Tc [74] was highly affected by water scarcity, showing early leaf senescence. Since, in that study, extreme drought situations were caused on sandy loam by using rain-out shelters, it seems plausible that Tc is unable to extract water from drying, fine-grained soils [75]. In the sandy and coarse porous artificial soils used in our study, Tc showed, contrary to [76], no growth reduction during the phases of low REW in the ‘Sand’ and, despite the high mds, almost no TWD (Figure 5). These observations indicate that Tc, at least the cultivar ‘Greenspire’, is seemingly well-adapted to artificial urban soils characterized by low hydraulic conductivity. We hypothesize that this adaptation comes with a drought strategy that does not rely on increasing the suction power of roots, but on growing roots towards the water. This hypothetic reaction pattern of Tc in urban soils and the long-term effect on the C-balance should be investigated further in order to reliably assess the mortality risk in urban environments under climate change.



Contrary to Tc, the overall growth rates of Ls were very low [71] (Figure 4). However, compared with the optimal soil, the DBH and shoot growth were equal or above average for all species in ‘Sand’ and ‘FLL’, respectively, and trees in ‘FLL’ maintained the best possible vitality score (Figure 5). During the growing season, the growth of Ls was strongly correlated with REW (Table 4), indicating that investment in above-ground biomass was reduced during phases of low REW. This suggests that, under drought conditions, assimilated and stored C had not been allocated to growth, but rather to mechanisms successfully coping with drought stress. This is in accordance with [71], who found the lowest annual mortality rates for Ls among 10 species investigated in a subtropical city in Florida, USA. This indicates, in accordance with our results, that Ls is capable of withstanding dry soils [77] and that, in general, high growth rates in urban soils alone are not a categorical identifier for the adaptability of a tree species to the harsh urban environment under future climates.



In contrast to ‘FLL’, the growth of Al in ‘Sand’ was different to that of Ls and almost the lowest of all species, while simultaneously being obviously non-vigorous (Table 3). Al was the only species that grew less in 2021 compared with 2020 (data not shown) and where SDI and mds were correlated mainly with REW in the upper soil compartment (Table 4). Thus, we assume that Al was neither unable to develop a sufficient, deep-rooting system within the planting pit, nor expand its roots into the favorable surrounding soil.



The Quercus species Qc and Qp showed overall high growth rates in the optimal soil. The DBH growth of Qc in the artificial soils was higher than the average of all species. The tree growth in ‘Sand’ was particularly variable, which suggests different abilities of individuals to react to coarse-textured soil with a low OM content within the species. Qp, on the other hand, experienced the largest growth inhibition of all tree species in sandy soils compared with the optimal soil. Currently, Qp is, among the studied species, one of the most abundant species in Hamburg’s street tree population. However, it appears to be highly reactive to poor soil conditions. Furthermore, care should be taken that soils in Qp planting sites have pH values < 6.5 to prevent leaf chlorosis [78], which was visible for the trees in the ‘Sand’, but not in ‘FLL’ (Table 1 and Table 3), whereas soil compaction and water logging might play minor roles in Qp growth [79]. Regardless of the constraints in the artificial soils, heavy precipitation caused prolonged waterlogging conditions during June 2020 and affected the ‘Loamy Silt’ trees of Qc in terms of vitality and Kp in terms of growth and vitality (Table 3). This suggests that both tree species need well-aerated, non-compacted soils at sites that do not tend toward waterlogging [80]. Despite the high variability in shoot growth in ‘Sand’, the DBH growth of Kp was comparatively high in the artificial soils. We assumed that Kp combined the ability of both, lowering its water potential in fine-grained soils [67], and growing with roots toward the water in coarsely textured and porous soils. However, the comparatively poor vitality of Kp in the artificial soils may have also resulted from the low REW conditions during mid-June 2021, since Kp is reported to be very sensitive to early growing season drought [67].



The DBH growth rates of Cb and Oc in the optimal soil were higher than those reported by [81] with similar soil properties. Compared with the optimal soil, Cb and Oc showed, in our study, similar growth reduction between 60% and 65% in ‘Sand’; [81] also reported similar growth reduction for treatment plots where precipitation water infiltration was prevented by rain-out shelters; however, growth was reduced by up to 79% compared with the control plot. Contrary to growth in ‘Sand’, Oc showed in ‘FLL’ substantially higher growth than the more vital Cb compared with the optimum soil; [82] concluded that both species had the lowest resistance of growth under drought conditions in fine-grained soils. However, we found both species to be not affected above average in artificial planting soils, despite the low PAWC.



Considering that Gt had above-average growth and the lowest mds rates in ‘Sand’, it seems most likely that Gt is suitable for harsh urban street tree sites and persists under water-stress conditions [83]. However, the strong and significant correlation of growth with REW at 0–35 cm suggests that the roots are more likely to grow near the surface. This can be problematic and requires further investigation.



Under the slightly dry, but less extreme, meteorological conditions in terms of air/soil temperatures and relative humidity compared with inner cities, the studied trees established within the study period of three years. For the trees, the selected artificial planting soils were thus sufficient for survival in the short term. In the long term, it is most likely that the formation of above ground biomass, the assimilation of carbohydrate reserves, and the provision of ecosystem services may be limited. However, at actual urban street tree sites, trees will face additional constraints affecting tree growth. Further investigations are necessary to understand the mechanistic adaptations of tree species in response to planting soils (permanent stress) and periods of low REW (temporal stress), particularly regarding patterns of carbon allocation under permanent and temporal soil water stress [36]. Our investigations provide a first insight into growth-limiting conditions and tree species-specific differences triggered by ‘artificial soils’ with different hydrological properties, and the experimental design was proven successful and should be continued in the future. In addition, other relevant tree species not considered in this study should be investigated for their growth behavior under soil conditions representative of urban street sites. Such tree species could include Robinia pseudoacacia [84,85], Quercus robur [86,87], or Platanus spp. [88], which have shown properties suitable for urban road-side conditions.





5. Conclusions


We showed that sandy-textured urban planting soils—one representing structural pit filling and one representing local surrounding soil conditions—have low plant available water capacities and were restricted in terms of hydraulic conductivity when the soil dries. Thus, when the soil water potential decreased and the pore space became non-conductive due to the high percentage of air-filled pores, the amount of water quantitatively available for the tree decreased. Therefore, trees that invest more in the fine root system to bypass soil non-conductivity (e.g., Tilia cordata ‘Greenspire’ and Liquidambar styraciflua) might be more successful in sandy and coarse porous soils than trees that lower their water potential, which might be successful in fine-textured drying soils (e.g., Koelreuteria paniculata, Quercus cerris; [67]). However, the tree growth of all species on the artificial urban soils was significantly constrained. The selected artificial planting soils were sufficient to survive, but most likely did not encourage the trees to build up above ground biomass, to assimilate carbohydrate reserves, or to provide effective ecosystem services in the long term. Thus, improving the hydrological properties of planting soils at street tree sites is crucial to allow newly planted trees to grow and thrive.
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Figure 1. (a) Mean planting soil water retention curves (left y-axis) determined by pressure chamber, HYPROP, and field measurements in the three planting soils ‘Sand‘ (orange), ‘FLL‘ (green), and ‘Loamy Silt‘ (grey). SWP is the soil water potential and VWC is the volumetric water content. Shaded areas highlight the standard deviation (light) and the standard error (dark). Dashed lines show the log-transformed fitted hydraulic conductivity (k) (right y-axis) as a function of VWC determined by the HYPROP apparatus; (b) log-transformed fitted hydraulic conductivity (k) as a function of the REW (relative extractable water) determined by the HYPROP apparatus. 
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Figure 2. Dynamics of relative extractable water (REW %) at three depths and within the root ball in the three different planting soils (‘Sand‘(orange), ‘FLL‘(green), and ‘Loamy Silt‘(grey)) during the growing seasons of 2019, 2020, and 2021. Bold lines represent the means of all investigated planting pits per planting soil. Shadowed areas indicate the standard error (dark) and the standard deviation (light). Reddish dashed lines show a threshold value of 40% REW. Corresponding precipitation, air, and soil temperatures are given at the top of the graph. 
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Figure 3. Sum of the number of days with REW < 40% (0–100 cm depth) during the growing season (gs) as a mean of the years 2020 and 2021 in the three planting soils ‘Sand‘ (orange), ‘FLL‘ (green), and ‘Loamy Silt‘ (grey). Statistical analyses were performed by using a two-way ANOVA. Boxes with the same letters indicate no significant differences between the substrates at the p ≤ 0.05 level. *** indicates significant differences between the years at the p ≤ 0.001 level. Mean comparisons were performed by Tukey post hoc comparisons. 
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Figure 4. (a) Boxplots of annual DBH growth and (b) annual shoot growth of all nine tree species and as a mean of the years 2020–2021. Colored dashed lines show the mean growth across all species for the three planting soils ‘Sand‘ (orange), ‘FLL‘ (green), and ‘Loamy Silt‘ (grey). Statistical analyses were performed by using a one-way ANOVA. Boxes with the same letters (black) indicate no significant differences at the p ≤ 0.05 level within a species between the planting soils. Boxes with the same letters (see color assignment above) indicate no significant differences at the p ≤ 0.05 level within a planting soil between the species. Mean comparisons were performed by Tukey post hoc comparisons. 






Figure 4. (a) Boxplots of annual DBH growth and (b) annual shoot growth of all nine tree species and as a mean of the years 2020–2021. Colored dashed lines show the mean growth across all species for the three planting soils ‘Sand‘ (orange), ‘FLL‘ (green), and ‘Loamy Silt‘ (grey). Statistical analyses were performed by using a one-way ANOVA. Boxes with the same letters (black) indicate no significant differences at the p ≤ 0.05 level within a species between the planting soils. Boxes with the same letters (see color assignment above) indicate no significant differences at the p ≤ 0.05 level within a planting soil between the species. Mean comparisons were performed by Tukey post hoc comparisons.



[image: Forests 13 00936 g004]







[image: Forests 13 00936 g005 550] 





Figure 5. Cumulative stem diameter increment (SDI) of eight tree species grown in ‘Sand’ during the growing season of 2021. Reddish areas indicate phases when REW was <40% (light red: 0–35 cm; dark red: 0–100 cm). 
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Table 1. Tree species characteristics. Planting diameter at breast height (DBH in May 2019) and suitability classifications of the investigated tree species for use as street trees. STP HH is the actual percentage of the investigated tree species from Hamburg’s total street tree population (state: 31 December 2020). Stock of tree species is listed according to age class: The tree species were determined via the Hamburg tree cadaster and show the street tree population according to age classes classified by planting year after 2010, between 1990 and 2010, and before 1990.
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Tree Species ‘Cultivar’

	
Code

	
DBH

	
Suitability

	
STP HH ³

	
Stock of Tree Species 3




	

	

	
(cm)

	
KLAM 1

	
GALK 2

	
(%)

	
>2010

	
1990–2009

	
<1990






	
Tilia cordata ‘Greenspire’

	
Tc

	
5.1 ± 0.1

	
2.1

	
Well suited

	
1.3

	
737

	
1561

	
596




	
Quercus cerris

	
Qc

	
4.6 ± 0.2

	
1.2

	
Well suited

	
0.4

	
588

	
113

	
263




	
Quercus palustris

	
Qp

	
5.3 ± 0.1

	
2.2

	
Partly suited

	
0.9

	
400

	
720

	
924




	
Carpinus betulues ‘Lucas’

	
Cb

	
4.6 ± 0.1

	
2.1

	
In test

	
<0.1

	
61

	
0

	
0




	
Ostrya carpinifolia

	
Oc

	
4.5 ± 0.2

	
1.1

	
Suited

	
0.1

	
187

	
90

	
0




	
Gleditsia triacanthos ‘Skyline’

	
Gt

	
5.1 ± 0.1

	
1.2

	
Well suited

	
0.1

	
153

	
98

	
1




	
Liquidambar styraciflua

	
Ls

	
4.9 ± 0.4

	
2.2

	
Suited

	
0.3

	
352

	
155

	
54




	
Amelanchier lamarckii

	
Al

	
5.0 ± 0.1

	
3.1

	
n.d.

	
0.1

	
52

	
53

	
78




	
Koelreuteria paniculata

	
Kp

	
5.1 ± 0.2

	
1.2

	
Partly suited

	
<0.1

	
28

	
2

	
0








1 KLAM = Climate Tree Species Matrix. Source: [39,45]. 2 GALK = Deutsche Gartenamtsleiterkonferenz (GALK e.V.; German Garden Agency Directors Conference). Source: http://strassenbaumliste.galk.de/sblistepdf.php (accessed on 2 April 2021). 3 Source: Free and Hanseatic City of Hamburg, Department for the Environment, Climate, Energy and Agriculture.
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Table 2. Soil properties of the three planting soils with OM as the organic matter content, BD as the bulk density, IC as the infiltration capacity, FC as the field capacity, and PAWC as the plant available water capacity.
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Planting Soil

	
Fine Tex. < 2 mm

	
Coarse Tex. > 2 mm

	
OM

	
pH

	
BD

	
Hydrological Properties




	

	
Sand

	
Silt

	
Clay

	

	

	

	

	

	
IC

	
FC

	
PAWC




	

	
(v/v)

	
(v/v)

	
(v/v)

	
(w/v)

	
(v/v)

	
(v/v)

	
CaCl2

	
(g cm−1)

	
(cm min−1)

	
(v/v)

	
(v/v)






	
‘Sand’

	
95

	
4

	
1

	
2

	
n.d.

	
0.1

	
6.8

	
1.4

	
1.5

	
9.1

	
6.0




	
‘FLL’

	
93

	
5

	
2

	
35

	
20

	
0.6

	
6.5

	
1.4

	
1.9

	
14.6

	
10.3




	
‘Loamy Silt’

	
29

	
61

	
10

	
1

	
n.d.

	
0.9

	
5.7

	
1.4

	
0.3

	
33.0

	
23.0
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Table 3. Tree vitality score assessed by visual inspections of the tree crowns in September 2020 and 2021. Values, ranked from 1 (vital) to 5 (strongly impaired), are presented as the means ± SD for each species x planting soil combination (n = 5).
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Tree Species ‘Cultivar’

	
Vitality Score 1




	

	
‘Sand’

	
‘FLL’

	
‘Loamy Silt’




	

	
2020

	
2021

	
2020

	
2021

	
2020

	
2021






	
Tilia cordata ‘Greenspire’

	
1.6 ± 0.9

	
1.4 ± 0.5

	
1.0 ± 0.0

	
1.0 ± 0.0

	
1.0 ± 0.0

	
1.0 ± 0.0




	
Quercus cerris

	
2.2 ± 0.4

	
2.4 ± 0.5

	
1.4 ± 0.5

	
1.2 ± 0.4

	
1.6 ± 0.9

	
1.8 ± 0.8




	
Quercus palustris

	
2.8 ± 0.4

	
2.8 ± 0.4

	
1.6 ± 0.5

	
1.4 ± 0.5

	
1.0 ± 0.0

	
1.6 ± 0.5




	
Carpinus betulus ‘Lucas’

	
2.2 ± 0.4

	
1.8 ± 0.4

	
1.8 ± 0.4

	
1.2 ± 0.4

	
1.2 ± 0.4

	
1.0 ± 0.0




	
Ostrya carpinifolia

	
2.6 ± 0.5

	
2.2 ± 0.8

	
1.8 ± 0.4

	
1.8 ± 0.4

	
1.2 ± 0.4

	
1.2 ± 0.4




	
Gleditsia triacanthos ‘Skyline’

	
2.4 ± 0.5

	
1.6 ± 0.5

	
2.2 ± 0.4

	
1.6 ± 0.5

	
1.2 ± 0.4

	
1.0 ± 0.0




	
Liquidambar styraciflua

	
2.2 ± 0.4

	
2.0 ± 0.0

	
1.0 ± 0.0

	
1.0 ± 0.0

	
1.2 ± 0.4

	
1.2 ± 0.4




	
Amelanchier lamarckii

	
3.0 ± 1.0

	
3.6 ± 0.9

	
1.6 ± 0.5

	
1.6 ± 0.5

	
1.4 ± 0.5

	
1.0 ± 0.0




	
Koelreuteria paniculata

	
2.4 ± 0.9

	
2.8 ± 0.8

	
2.4 ± 0.9

	
2.0 ± 0.7

	
2.4 ± 1.1

	
3.2 ± 1.5








1 According to vitality assessment procedure from GALK = Deutsche Gartenamtsleiterkonferenz (GALK e.V.; German Garden Agency Directors Conference).
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Table 4. Spearman correlation coefficients® for the correlation of the relative stem diameter increment as weekly means (SDI; n = 20 data points per individual tree) and maximum daily shrinkage (mds; n = 173 data points per individual tree) of the stem diameter with the hydrological and climatological variables REW (relative extractable water), p (precipitation), and VPD (vapor pressure deficit) in eight species. Investigated period is defined according to the species-specific growing season length (Table 3)).
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	Weekly SDI
	n
	REW0–35 cm
	REW0–100 cm
	p
	VPD





	Tilia cordata ‘Greenspire’
	3
	0.43 **
	0.53 **
	ns
	ns



	Quercus cerris
	2
	ns
	ns
	ns
	ns



	Quercus palustris
	3
	0.42
	0.45 ***
	0.43
	−0.41



	Carpinus betulus ‘Lucas’
	3
	0.32
	0.51 **
	ns
	ns



	Ostrya carpinifolia
	3
	0.69 ***
	0.85 ***
	0.53 **
	ns



	Gleditsia triacanthos ‘Skyline’
	3
	0.64 ***
	0.37
	ns
	ns



	Liquidambar styraciflua
	3
	0.61 ***
	0.73 ***
	ns
	ns



	Amelanchier lamarckii
	3
	0.44 **
	ns
	0.38 **
	ns



	mds
	
	
	
	
	



	Tilia cordata ‘Greenspire’
	3
	0.67 ***
	0.72 ***
	0.23 **
	−0.42 ***



	Quercus cerris
	2
	0.6 ***
	0.64 ***
	ns
	−0.57 ***



	Quercus palustris
	3
	0.47 ***
	0.48 ***
	ns
	−0.43 ***



	Carpinus betulus ‘Lucas’
	3
	0.67 ***
	0.53 ***
	0.16 **
	−0.38 ***



	Ostrya carpinifolia
	3
	0.35 ***
	0.4 ***
	ns
	−0.49 ***



	Gleditsia triacanthos ‘Skyline’
	3
	0.34 ***
	0.39 ***
	ns
	ns



	Liquidambar styraciflua
	3
	0.6 ***
	0.42 ***
	0.19 **
	−0.4 ***



	Amelanchier lamarckii
	3
	0.63 ***
	0.43 ***
	0.26 **
	−0.51 ***







Significance levels: ** p ≤ 0,01; *** p ≤ 0.001; ns = not significant.
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