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Does shallow substrate improve water status of plants growing on green roofs? Testing the paradox in two sub-Mediterranean shrubs
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HIGHLIGHTS

• Green roof technology is under-represented in warm sub-Mediterranean areas

• Substrate depth reduction is mandatory in order to limit installation weight 

• Water status of drought-adapted shrubs was monitored in 10 or 13 cm deep substrate

• Reduced substrate depth translates into less severe water stress suffered by plants 

• Rainfalls lead to faster water availability recovery if shallow substrates are used

ABSTRACT 

Green roofs are artificial ecosystems providing ecological, economic, and social benefits to urban areas. Recently, the interest in roof greening has increased even in Mediterranean and sub-Mediterranean areas, despite the climatic features and reduced substrate depth expose plants to extreme stress. To limit installation weight and costs, recent green roof research aims to reduce substrate depth, which apparently contrasts with the need to maximize the amount of water available to vegetation. We monitored water status, growth, and evapotranspiration of drought-adapted shrubs (Cotinus coggygria, Prunus mahaleb) growing in experimental green roof modules filled with 10 or 13 cm deep substrate. Experimental data showed that: a) reduced substrate depth translated into less severe water stress experienced by plants; b) shallower substrate indirectly promoted lower water consumption by vegetation as a likely consequence of reduced plant biomass; c) both large and small rainfalls induced better recovery of water content of substrate, drainage, and water retention layers when shallow substrate was used. Evidence was provided for the possibility to install extensive green roofs vegetated with stress-tolerant shrubs in sub-Mediterranean areas using 10 cm deep substrate. Green roofs based on the combination of shallow substrate and drought-tolerant plants may be an optimal solution for solving urban ecological issues.
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1. INTRODUCTION

The negative environmental impacts of urbanization are partially driven by the replacement of natural vegetation with hard, impervious surfaces such as concrete and asphalt (Grimm et al. 2008). Urban trees and green areas (Armson et al. 2012), as well as green roofs (Berardi et al. 2014; Susca et al. 2011; Thuring and Dunnett 2014) represent effective mitigation strategies that can partially offset the negative consequences of expanding urban areas. Several recent studies have highlighted the potential of green roofs to provide environmental, economic, and social benefits to towns, including reduction and delay of water run-off (Qin et al. 2013; Voyde et al. 2010), mitigation of heat island effects (Susca et al. 2011), thermal (MacIvor et al. 2011; Olivieri et al. 2013) and acoustic (Connelly and Hodgson 2013) insulation of buildings with related energy savings (Zinzi and Agnoli 2012), increased photovoltaic efficiency (Chemisana and Lamnatou 2014), pollution abatement (Göbel et al. 2007; Whittinghill et al. 2014), habitat and biodiversity conservation (Benvenuti 2014; Cook-Patton and Bauerle 2012; Madre et al. 2014), and creation of pleasant recreational spaces (Lee et al. 2014; White and Gatersleben 2011). 

A green roof is generally composed of several functional layers, i.e. a waterproofing and root resistant membrane, a drainage layer, a filter membrane, a lightweight mineral substrate, and vegetation. A water retention tissue is often placed under the drainage layer. Extensive green roofs are characterized by a thin substrate layer (< 20 cm), supporting the growth of small sized plants (less than 50 cm tall) like succulents, stress tolerant herbs, and woody creeping shrubs, generally requiring low maintenance costs (Berardi et al. 2014; Schweitzer and Erell 2014). An irrigation system is often not necessary (Bernardi et al. 2014), but an increasing number of authors have suggested that irrigation may be essential for the establishment of extensive green roofs in arid and semi-arid regions (Benvenuti 2014; Kotsiris et al. 2012; Ntoulas et al. 2013; Schweitzer and Erell 2014). Indeed, green roofs represent challenging environments for plant survival due to high temperatures and dramatic fluctuations in water availability (Nagase and Dunnett 2010). In regions with a temperate climate, the roof surfaces covered by vegetation are increasing year after year (Berardi et al. 2014; Connelly and Hodgson 2013; Thuring and Dunnett 2014). In Mediterranean regions high summer temperatures and prolonged seasonal drought make the installation of efficient and fully functional green roofs more difficult. However, research efforts and public interest for the development of this technology are increasing (Benvenuti and Bacci 2010; Kotsiris et al. 2012; Razzaghmanesh et al. 2014; Schweitzer and Erell 2014).

In order to promote the adoption of green roof technology in drought-prone areas, the plant selection process as well as the improvement of the amount of water available to vegetation are key research targets (Berardi et al. 2014; Savi et al. 2014). The selection of suitable plant species should be based on an ecophysiological approach, starting from identification of autochthonous plants adapted to dry shallow soils, coupled with sound analysis of physiological traits related to drought resistance (Caneva et al. 2013; Razzaghmanesh et al. 2014; Savi et al. 2013). The survival of plants over green roofs has been reported to be positively correlated with the substrate depth (Kotsiris et al. 2012; Madre et al. 2014; Papafotiou et al. 2013). This trend has been mainly related to the higher water-holding capacity of deep substrates compared to shallow ones (Getter and Rowe 2009; Ntoulas et al. 2013), and to the mitigation of temperature extremes (Boivin et al. 2001). However, green roof installations have to be reconciled with buildings' structural features, and deep substrates lead unavoidably to larger structural loads. The densely populated Mediterranean cities are mostly occupied by aged buildings with limited tolerance of additional weight loads and in this case extensive green roofs with a shallow substrate depth are often the only option available (Ntoulas et al. 2013; Papafotiou et al. 2013). Hence, a key target of green roof research is to increase the amount of water available to plants, while maintaining reduced substrate depth (Farrell et al. 2013; Papafotiou et al. 2013; Savi et al. 2013; Savi et al. 2014). To this aim, Papafotiou et al. (2013) investigated the combined effect of the type/depth of the substrate, as well as of irrigation frequency on the growth performance of six Mediterranean xerophytic species. The use of grape marc compost as an organic component of the green roof substrate, instead of peat, helped to reduce the water needs of plants, as well as the substrate depth, while not affecting plant growth. Recent studies by some of us provided experimental evidence that slight modifications in the geometrical features of drainage elements can improve plant survival during prolonged drought events (Savi et al. 2013). It was also suggested that the use of polymer-hydrogel amendment might lead to a marked increase of the amount of water available to vegetation, improving the plant water status, particularly when reduced substrate depths are used (Savi et al. 2014).

The present study aims to: 1) investigate the performance of two sub-Mediterranean shrubs grown over green roofs with extremely shallow substrate depths; 2) identify the impact of substrate thickness on shrubs water status, survival, and growth in a sub-Mediterranean climate; 3) verify implications of two different substrate depths in terms of evapotranspiration rates; 4) quantify eventual differences in drainage and water accumulation capacity of green roof systems characterized by different substrate depths. 

2. MATERIALS AND METHODS
2.1 The study area
The study was carried out between early April and late October 2013, over the flat rooftop of a building of the University of Trieste (45°39’40” N, 13°47’40” E; altitude 125 m a.s.l.). The area is characterized by a sub-Mediterranean climate with a relatively hot and dry summer. Mean annual temperature in the period 1994-2013 (http://www.osmer.fvg.it) averaged 15.7 °C, with maxima and minima monthly averages of 25 °C and 6.8 °C recorded in July and January, respectively. Mean annual rainfall is 869 mm, with a peak of precipitation in November (106 mm) and monthly minima of 55 mm (July) and 51 mm (January). The dry and cold Bora (ENE) is the predominant wind that blows in the study area for approximately 3000 h/year (Martini 2009).
2.2 Experimental modules and plant material
In April 2012 wooden beams were used to construct six experimental modules with an overall surface of 2.5 m2 each. The modules were laying on a 30 cm high polystyrene panel platform to allow drainage of rainwater from each module. A 6-layered green roof was installed using the SEIC extensive system (Harpo Spa, Trieste, Italy) which includes a waterproof and root resistant PVC membrane (Harpoplan ZDUV 1.5), a moisture retention layer with water holding capacity up to 14 L/m2 (Idromant 4), a drainage layer of plastic profiled elements (MediDrain MD 40, water retention 4 L/m2), a filter membrane (MediFilter MF1) and SEIC substrate for extensive green roof installations (dry bulk density = 848 kg/m3). The cavities of the Medidrain MD40 were modified with holes of 4 mm diameter (340 holes/m2) to promote the coupling between retention layer and substrate (Savi et al. 2013). The substrate was a blend of lapillus, pomix (light highly porous rock of volcanic origin) and zeolite enriched with 2.9% organic matter (peat), with grain size ranging between 0.05 mm and 20 mm. The substrate had pH = 6.8, total porosity = 67.35%, drainage rate = 67.36 mm min-1, water content at saturation = 0.44 g g-1, cation exchange capacity = 23.8 meq 100 g-1, electrical conductivity = 9 mS m-1. 

The experimental modules were divided into two categories on the basis of substrate depth: 10 cm (D-10, 3 modules) and 13 cm (D-13, 3 modules). Each experimental module was equipped with a soil moisture content sensor (WC, EC-5, Decagon Devices Inc., USA) installed in the middle of the soil profile. The WC data were recorded at 60 min intervals. At the beginning of the experiments, the relationships between water content and water potential (moisture release curve) of the substrate was measured according to Savi et al. (2013) and the regression curve function was used to convert values of WC recorded by the soil moisture content sensors in values of substrate water potential (Ψsub, MPa).

In mid April 2012, 15 individuals of Cotinus coggygria Scop. and 15 individuals of Prunus mahaleb L. were randomly planted in each experimental module, for a total of 30 plants per module (distance between plants = 27 cm). Shrubs were selected because woody plants show generally an isohydric response (Nardini et al. 2003) and have, hence, higher probability to survive in the harsh environmental conditions of green roofs. Two-year old potted plants were provided by the Pascul Regional Forest Service Nursery (Tarcento, Udine, Italy). After planting, each individual was irrigated with 2 L of water. During the 2012 and 2013 vegetative seasons, modules received natural precipitation. In order to avoid severe water deficit stress to plant material, additional irrigation (3-12 mm) was supplied during severe drought (for a total of 7 events between May and August 2013), i.e. when the substrate water potential of D-10 modules dropped below -3 MPa. The pre-set value was based on the water potential at the turgor loss point (Ψtlp) data of C. coggygria and P. mahaleb (around -3 MPa) as recorded in July-August in the natural habitat of the species (Nardini et al. 2003). All modules were watered at the same time. The supplied water did not fully saturate the substrate profile, but allowed the Ψsub to increase by about 0.5 MPa.
C. coggygria is a deciduous shrub native to southern Europe and central Asia (Pignatti 2002). P. mahaleb is a large shrub or small tree native to SE Europe and NE Turkey (Pignatti 2002). The two species were selected on the basis of their high resistance to drought stress (Nardini et al. 2003; Nardini et al. 2012) and relative abundance in the surrounding local vegetation growing on shallow limestone soils with low water storage capacity (Poldini 1989), and their previously reported capability to survive green roof conditions (Nardini et al. 2012).

Air temperature and humidity (EE06-FT1A1-K300, E+E Elektronik, USA), precipitation (ARG 100 Raingauge, Environmental Measurements Limited, UK), wind speed and direction (WindSonic 1, Gill Instruments, UK), and irradiance (MS-602, EKO Instruments, Japan) on the rooftop were recorded, at 5 min time intervals, during the entire study period by a weather station installed a few meters from the experimental modules.

2.3 Monitoring plant water status and membrane integrity 
Leaf water potential isotherms (P-V curves) of C. coggygria and P. mahaleb were measured at the end of May and at the end of August 2013, i.e. one year after planting. The water potential at the turgor loss point (Ψtlp) and osmotic potential at full turgor (π0) were derived from PV curves, according to Tyree and Hammel (1972).

Leaves for P-V curves were collected before 0900 h (solar time) from both D-10 and D-13 modules. Mature leaves were wrapped in cling film and left rehydrating with the petiole dipped in distilled water for approximately 1 hour. Measurements of water potential (Ψleaf) were made with a pressure chamber (mod. 1505D, PMS Instruments, USA, Scholander et al., 1965), and the experiment continued only for fully hydrated leaves (Ψleaf > -0.2 MPa). After Ψleaf measurement, the turgid weight (TW) of leaves was immediately measured. Leaves where then left dehydrating on the bench and sequential measurements of Ψleaf and fresh weight (FW) were performed. The cumulative water loss of leaves (Wl = TW - FW) was plotted versus 1/Ψleaf, and experiments were concluded when this relationship became linear (r > 0.98). The π0 was calculated by extrapolating the linear part of the P-V curve to Wl = 0, while Ψtlp was estimated as the flex point transition between the curvilinear and linear parts of the relationship (Bartlett et al. 2012; Tyree and Hammel 1972).

In order to assess possible differences in terms of plant water status among species and experimental modules, pre-dawn (Ψpd) and minimum (Ψmin) leaf water potential, and leaf conductance to water vapor (gL) were monitored on a monthly basis. Measurements were performed on the following selected sunny days: 21 May, 18 June, and 1 August 2013. 

Ψpd and Ψmin were measured on leaves sampled before 0500 h and between 1200 and 1300 h (solar time), respectively. At least 3 leaves per species and per module were randomly collected and immediately wrapped in cling film, inserted in plastic bags, and transported to the laboratory using a refrigerated bag. The water potential was measured with a pressure chamber as described above. The gL was measured on at least one leaf of three different individuals per experimental module (for a total of 9 measurement per species per substrate depth), between 1200 and 1300 h (solar time), using a steady-state porometer (SC1, Decagon Devices, WA, USA). Before each measurement session, the porometer was left equilibrating for 30 min nearby the experimental modules and then calibrated, according to manual specifications. In each sampling day, different individuals randomly selected among 15 plants of C. coggygria and P. mahaleb were measured in each experimental module. Climatic data (air temperature and humidity) were provided by the weather station (see above), while photosynthetic photon flux density was measured with a portable quantum sensor (HD 9021, Delta Ohm, Italy).
On 1 August, after gL and Ψmin measurements, leaves were collected for an electrolyte leakage test in order to assess eventual differences in cell membrane integrity (Bajji et al. 2001; Vasquez-Tello et al. 1990) among species and modules. For each experimental module, ten leaf disks (area = 0.2 cm2) were punched from at least 4 leaves per species and immediately inserted in a test bottle containing 7 ml of deionized water. The bottles were left on a stirrer at room temperature. After about three hours, the initial electrical conductivity (Ci) of the solution was measured, using a conductivity meter (Twin Cond B-173, Horiba, Japan). Samples were then subjected to three freezing (1 h at -20 °C) and thawing (1 h at lab temperature) cycles in order to cause complete membrane disruption and electrolyte release from leaf tissue, and the final electrical conductivity (Cf) was measured. The relative electrolyte leakage (REL) was calculated as: REL = (Ci / Cf) × 100.

2.4 Estimation of plant growth and evapotranspiration rates
In April 2012, the diameter at the root collar (Sdi) of all planted individuals of C. coggygria and P. mahaleb was measured using a digital caliper (Absolute Coolant-Proof, Mitutoyo, USA). In order to estimate eventual differences in growth of plants growing on D-10 or D-13 modules, the diameter was measured again at the beginning of June 2013 (Sdf). The relative diameter increment (G) was expressed as follows: (Sdf – Sdi) / Sdi × 100.

The soil moisture content sensors (see above) allowed a regular monitoring of substrate water content (WC) in D-10 and D-13 modules. The dry mass of the substrate (Ms) contained in D-10 and D-13 modules was calculated multiplying the substrate volume with substrate dry bulk density. The WC data (g of water per g of substrate) recorded by soil moisture content sensors every day at midnight, were used to calculate the total amount of water contained in the substrate of each module as follows: WCl = WC × Ms. WCl were used to estimate daily evapotranspiration rates with the following equation: ET = (WCl – WCl+24h) / A, where WCl+24h is the substrate water content measured 24 hours after the previous WCl measurement, and A is the area of the experimental modules (2.5 m2). For evaluation of ET only data recorded on days without rain events or supplied irrigation were used.
2.5 Testing water content recovery of green roof layers
On the basis of collected data, highlighting significant differences in water status of plants growing in green roof modules, supplementary laboratory experiments were carried out in September-October 2013 to evaluate eventual differences in terms of water drainage and substrate water content/potential recovery after rainfall in 10 and 13 cm deep modules. Small-scale models of D-10 and D-13 modules were reconstructed using plastic tube segments (diameter 12 cm; height 14 cm). The segments’ bottom was covered with filter membrane fixed with a plastic band. The small module was placed on a square plastic profiled element and moisture retention layer (30×30 cm) previously weighed (DW). Modules were filled with 10 or 13 cm deep dry substrate. The substrate was gently air-dried at laboratory temperature for at least 5 days and then placed in an oven for 8 hours at 30 °C. A spray bottle was used to simulate small (5 and 10 mm) or large (30 and 40 mm) rain events in 15 min time intervals. Modules were then covered with cling film for at least 15 min in order to allow water drainage, favored by the drainage rate of the substrate used (= 67.36 mm min-1). Finally, modules were disassembled and plastic profiled element and moisture retention layer were re-weighed (FW). The amount of water drained and accumulated by the two layering elements (AW) was calculated as FW – DW. Simulation of small rain events did not result in any water drainage. Hence, the substrate from modules subjected to 5 and 10 mm rain events simulation was carefully mixed and small samples were collected to measure substrate water potential (Ψsub) with a dewpoint hygrometer (WP4, Decagon Devices, USA, Whalley et al., 2013). After Ψsub measurement, fresh weight (FW) of samples was immediately recorded. Samples were oven-dried for 24 h in order to obtain their dry weight (DW). Water content (WC) was calculated as (FW – DW) / DW. 
2.6 Statistics
Data were analyzed with Sigma Stat v. 2.03 (SPSS Inc.). Statistically significant differences between experimental groups were assessed with unpaired Student’s t-test and Two-way-ANOVA (factors: substrate depth and plant species). Pairwise differences were tested using Tukey’s post hoc test. All results were considered statistically significant at P ≤ 0.05.

3. RESULTS
3.1 Microclimatic data
Minimum and maximum daily temperatures and precipitation events recorded during the study period are reported in Fig. 1. The mean daily temperature averaged 20.7 ± 5.4 °C, with an absolute minimum of 4.1 °C and an absolute maximum of 36.3 °C recorded on 2 April (spring) and 5 August (summer), respectively. The daily average relative humidity of air ranged between 37% and 89%. The total rainfall was 551 mm, mainly occurring in May (189 mm) and September (162 mm), and nearly absent in July (27 mm). According to the Regional Meteorological Observatory (http://www.osmer.fvg.it) the precipitation anomaly (referred to the 1994-2013 standard period) in the study area was +97% in May and -68% in July, respectively. Despite relatively frequent and abundant spring rainfalls, during the dry period, a total of 35 mm of water was supplied to the experimental modules with irrigation to avoid severe water stress (Fig. 1).

3.2 Monitoring plant water status and membrane integrity 
At the end of May (spring), the water potential at the turgor loss point and the osmotic potential at full turgor were -1.73 ± 0.05 MPa and -1.21 ± 0.02 MPa for C. coggygria, and -2.06 ± 0.05 MPa and -1.61 ± 0.09 MPa for P. mahaleb, respectively. During the summer season, P. mahaleb apparently adjusted Ψtlp to values of -2.59 ± 0.14 MPa at the end of August. It was not possible to measure PV curves of C. coggygria at the end of August because of lack of leaf rehydration, probably due to extensive drought-induced leaf xylem cavitation and embolism.

The water status of plants growing in the experimental modules was assessed on three sunny days characterized by different substrate moisture conditions, as revealed by volumetric soil moisture content sensors and by Ψpd measurements (Fig. 2-3). On 21 May, C. coggygria and P. mahaleb showed values of Ψpd higher than -0.8 MPa (Fig. 2a). A significant effect of substrate depth, plant species, and interaction between the two factors was observed on Ψpd values (P <0.05). In particular, P. mahaleb plants growing in 13 cm modules showed a significantly more favorable water status (-0.52 ± 0.04 MPa) compared to those growing in 10 cm deep modules (-0.78 ± 0.04 MPa ). On the same date, the observed Ψmin was relatively high for all plants (about -1.10 MPa, Fig. 2b), while gL reached values of about 580 mmol m-2 s-1 (Fig. 2c). For Ψmin and gL no significant effects of substrate depth and plant species were observed (P > 0.05).

On 18 June (spring), at the onset of the summer dry period, Ψpd of both shrub species was still relatively high (between -1.09 and -1.61 MPa), while Ψmin exceeded the turgor loss point by about 0.35 MPa in C. coggygria and 0.02 MPa in P. mahaleb, respectively (data not shown). A sharp (but not significant) decrease of gL was recorded under this moderate water deficit condition. However, gL showed high intra- and inter-specific variability, with values ranging from a minimum of 32.0 ± 10.0 mmol m-2 s-1 to a maximum of 89.5 ± 27.5 mmol m-2 s-1 as recorded for P. mahaleb growing in D-13 and C coggygria in D-10 modules. Despite the large difference in terms of Ψsub in D-10 (-2.23 ± 0.90 MPa) and D-13 modules (-1.01 ± 0.24 MPa), no statistically significant differences were recorded between experimental groups in terms of plant water status (P > 0.05).

On 1 August (summer), a significant effect of substrate depth on Ψpd, Ψmin, and gL was observed (P ≤ 0.05). Significantly higher (less negative) values of Ψpd were observed in P. mahaleb plants grown on 10 cm deep substrate (-0.92 ± 0.12 MPa) with respect to those growing on 13 cm ones (-1.30 ± 0.16 MPa, Fig. 3a). Similar but not significant differences were recorded in the case of C. coggygria (P = 0.13). Ψmin dropped below -2.4 MPa in both species, although the water status of plants grown on the shallowest substrate depth was overall more favorable (P < 0.05, Fig. 3b). The differences recorded among plants of the same species growing in substrates of different thickness were statistically significant only for P. mahaleb (C. coggygria P = 0.06). On the same date, gL ranged between 130 and 300 mmol m-2 s-1 for the different species, with a significantly higher value (by about 58%, P < 0.05) in plants growing in D-10 modules (257.9 ± 38.8 mmol m-2 s-1) with respect to D-13 (161.6 ± 26.7 mmol m-2 s-1, Fig. 3c). No significant differences between plant species were observed (P > 0.05). Moreover, the electrolyte leakage test (Fig. 3d) revealed slightly lower values (indicating maintenance of cell membrane integrity) for P. mahaleb plants growing in D-10 modules (18.1 ± 0.8%) when compared to values recorded for plants growing in D-13 ones (24.0 ± 2.6%). No statistically significant influence of substrate depth or plant species was observed (P > 0.05). 

3.3 Plant growth and evapotranspiration rates
Fig. 4 reports plant growth rates (G) as assessed one year after planting. The annual growth ranged between +35 and +88% in terms of increase of the diameter at the root collar. A significant effect of plants species was observed (P < 0.05). For C. coggygria the average growth was 84.6 ± 4.7%, with slightly lower values recorded for plants growing in D-10 modules (81.4 ± 2.5%) with respect to those growing in D-13 ones (87.9 ± 9.7%). The P. mahaleb annual growth was lower (41.7 ± 3.7%) if compared to C. coggygria. Markedly higher G (by about 41%) was measured for P. mahaleb plants growing in thicker substrate (48.8 ± 1.4%) if compared to plants established on shallower substrate (34.6 ± 4.1%). 

The mean evapotranspiration rates (ET) from experimental modules estimated for the growing season 2013 are reported in Fig. 5. The ET reached a maximum value of 5 mm d-1 recorded on a hot summer day following a rain event. The mean value was found to be 1.78 ± 0.11 mm d-1 and 2.17 ± 0.12 mm d-1 for D-10 and D-13 modules, respectively.

3.4 Testing water content recovery of green roof layers
Fig. 6 summarizes the results of experiments designed to estimate the effects of small and large rain events on the substrate water potential (Ψsub), as well as on the water content of the drainage element and water retention layer (AW). After a large rain event, AW was significantly higher in modules with 10 cm deep substrate than in 13 cm deep ones (t-test P < 0.05, Fig. 6a). In particular, after a simulated rainfall of 40 mm the AW was about 585% higher in D-10 modules than in D-13, suggesting that a larger water volume was accumulated by the substrate in the modules with thicker substrate depth. Dry substrate subjected to a simulated 5 mm rain event reached Ψsub values of -0.62 ± 0.24 and -1.08 ± 0.22 MPa in D-10 and D-13 modules, respectively. Because of high data variability, this difference was not statistically significant. By contrast, significantly higher (less negative, t-test P < 0.05) values of Ψsub were found in D-10 (-0.04 ± 0.02 MPa) modules after 10 mm rain event simulations if compared to data recorded for D-13 ones (-0.32 ± 0.06 MPa, Fig 6b), indicating larger amounts of water theoretically available to plants. It has to be noted that the mixing of the substrate after the simulation of small rain events (see Material and Methods), could have resulted in the loss of information about different water distribution through the D-10 and D-13 soil profiles.

4. DISCUSSION

A monitoring of the physiological status of C. coggygria and P. mahaleb growing on a green roof revealed that both species are characterized by high resistance to drought and heat stress, and are thus fully suitable for green roof installation in seasonally warm and dry climates. Quite surprisingly, our results revealed that, during hot periods, the water status was more favorable for plants (in particular P. mahaleb) established on shallower substrate than in those grown on deeper substrate, probably due to a coordinated effect of reduced plant biomass and faster recharge of water content (and rise of substrate water potential) in modules filled with shallow substrate.

During the first growing season, both C. coggygria and P. mahaleb showed water deficit symptoms like wilting, leaf chlorosis, and/or partial desiccation. However, the desiccated foliage was quickly replaced in both species by newly sprouted leaves. Plant mortality rate as recorded one year after planting was less than 20% for both species, considering both D-10 and D-13 modules (data not shown). These results are in accordance with data reported by Nardini et al. (2012), where the same species were grown on a 20 cm deep substrate. The resistance of these shrubs to the harsh conditions of a green roof is likely related to their drought resistance strategy, based on an efficient stomatal control of transpiration during dry periods (Nardini et al. 2003). Moreover, the natural habitat of the two species is characterized by environmental conditions that are similar to those commonly found over green roofs, i.e. poorly developed soils with low water storage (Poldini 2009).

During the spring season, characterized by regular and abundant rainfalls, Ψsub was constantly close to 0 MPa indicating high water availability to plants in all modules. Under these favorable conditions, the substrate likely represented the main source of water for plants and assured high gas exchange rates (Fig. 2). Lower Ψpd (by about 40%) and slightly higher (but not significantly) gL (by about 10%) were recorded for plants grown in D-13 modules with respect to D-10 ones, as a likely effect of the higher amount of water stored in the substrate. At the onset of summer drought, the water content of the substrate sharply decreased by evapotranspiration processes (Wolf and Lundholm 2008), as revealed by Ψpd dropping below -1 MPa and -2.2 MPa in D-13 and D-10 modules, respectively (data not shown). No appreciable differences between plants of the same species grown on the two substrate depths were highlighted. Under these conditions, partial stomatal closure was observed. The high variability of gL recorded in different species/individuals suggested the occurrence of intra- and inter- specific root competition for water (Manoli et al. 2014; Rajcan and Swanton 2001), as well as a likely partitioning in terms of exploitation of different water sources of the green roof system, i.e. substrate, water retention layer, and drainage layer. 

In July, high air temperatures accompanied by absence of rainfall (Fig. 1) led to an intense water deficit, causing partial foliage desiccation. Physiological measurements carried out on a hot summer day when substrate water availability was partially restored (Fig. 3) confirmed previously observed trends in terms of higher (less negative) Ψpd and Ψmin in plants grown on D-10 modules than in those grown on D-13 ones (Fig. 3). A significant effect of the substrate depth on Ψpd, Ψmin, and gL was observed (P<0.05). The gL recorded for both C. coggygria and P. mahaleb was markedly higher (by about 58%) in D-10 than in D-13 modules. The less intense water stress suffered by plants grown on shallower substrate depth was further suggested by electrolyte leakage test, where markedly higher, but not significant, membrane integrity was measured for P. mahaleb grown on D-10 than on D-13 modules. 

The finding that plants established on 10 cm deep substrate suffered less water stress than those growing on 13 cm substrate is surprising, at first sight, especially considering the seasonal average water potential of the substrate that was lower by about 25% in the former than in the latter group (data not shown). These results might suggest that the main source for root water uptake over long term is not represented by the substrate, but more likely by the water accumulated in the drainage/water retention layers located below the substrate. Savi et al. (2013) have recently showed that within only a few months after establishment of sage plant over a green roof, the root system colonizes the cavities of the drainage panel. In fact, it was shown that diurnal substrate temperature fluctuations favored the evaporation of water from the retention layer, the diffusion of water vapor along pressure gradients, and final re-condensation on the surfaces of the drainage panel (Savi et al. 2013). Therefore, we can hypothesize that within 15 months after establishment, the roots of C. coggygria and P. mahaleb were likely able to extend to the water retention layer as well. Hence, the more favorable water status of D-10 plants with respect to D-13 ones was a possible consequence of thinner substrate depth favoring faster colonization of the water retention tissue by the roots. The first two years after establishment are very critical for plant survival on green roof installations. In this light, ensuring the largest possible amount of available water to plants is fundamental and the use of reduced substrate depth might be a possible, albeit counter-intuitive solution.
Experiments focused on the analysis of water content/potential recovery of green roof layers upon irrigation provide additional insights into recorded difference in terms of plant water status between the two substrate depths tested. When rain events of 30 and 40 mm were simulated, significantly larger water volumes were accumulated in drainage/water retention layer of D-10 than of D-13 modules (Fig. 6a). This is because a higher amount of water was stored by the substrate in the latter than in the former modules. In a green roof installation, water stored in the substrate is more prone to rapid evaporation, while the water accumulated in the drainage element/water retention tissue is protected from fast evaporation by the substrate layer and is thus potentially available to plants for a longer time. The simulation of 10 mm rainfalls highlighted significantly higher (less negative) substrate water potential in 10 cm deep modules than in 13 cm deep ones. Clearly, the small amounts of water supplied to the two substrates led to higher RWC measured in D-10 modules than in D-13 ones (data not shown), because an equal amount of water was retained by a different substrate volume. As a consequence of the exponential shape of the moisture retention curve of the substrate (relation between RWC and Ψsub, Savi et al. 2014), a small difference in terms of WC translated in the significant difference in terms of water potential observed for D-10 or D-13 substrate (Fig. 6b). Hence, it can be hypothesized that the better water status of D-10 plants with respect to D-13 ones was probably due to the fact that during a dry period small rainfalls improved substrate water potential to a larger extent in the former group than in the latter enabling the plants to recover earlier a positive water status.
Our data also suggest that shallow substrate improves plant water status by indirectly reducing water consumption by vegetation. Indeed, significantly lower evapotranspiration rates were recorded for D-10 modules (1.78 ± 0.11 mm d-1) than for the D-13 ones (2.17 ± 0.12 mm d-1, Fig. 5). The ET values recorded in our study are in accordance with Berretta et al. (2014), who reported maximum ET rates of 1.83 mm d-1 for an extensive green roof vegetated with Sedum, while Schweitzer and Erell (2014) reported water requirements for different species (woody creeping shrubs included) growing on irrigated green roofs to be 2.6 – 9.0 mm d-1 in a water-limited Mediterranean climate. 

The observed differences in terms of ET between experimental groups might be in part driven by differences in plant biomass. It has to be noted that biomass was not directly measured in this study, but only estimated in terms of plant annual growth (G). G was found to be slightly (but not significantly) higher in D-13 than in D-10 plants. Limited soil depth/volume affects plant growth through mechanical limitations and chemical inhibition of root growth (Semchenko et al. 2007). Plants can sense the available substrate volume and consequently, the developed root/shoot biomass is a function of available rooting volume. Positive correlations between above-ground biomass and evapotranspiration rates have been reported by several authors and for several growth forms (Schweitzer and Erell 2014; Wolf and Lundholm 2008). Furthermore, in green roof literature and in agricultural studies it is often reported that substrate depth significantly affects plant development, with final root and shoot biomass being correlated to the available rooting volume (Kotsiris et al. 2012; Razzaghmanesh et al. 2014; Savi et al. 2014; Semchenko et al. 2007). 

5. CONCLUSION

In green roof design, the substrate depth should represent a compromise between the ecological needs of plants and the engineering limits of the building. Substrate depths of at least 15-20 cm are generally recommended for extensive green roofs in a warm arid climate (Benvenuti and Bacci 2010; UNI 11235 2007). Our results provide experimental evidence for the possibility to install efficient and fully functional green roofs vegetated with stress-tolerant shrubs in warm sub-Mediterranean areas using only 10 cm deep substrate. Indeed, shallower substrate depths paradoxically translated into less severe water stress experienced by plants, as associated with lower biomass. Moreover, both heavy rainfalls and small precipitations induced better and fastest recovery of favorable water content of both substrate and tissue retention layer when shallow substrate was used. Extensive green roofs based on a combination of reduced substrate depth and drought-tolerant plants may be an optimal, albeit counter-intuitive solution for areas characterized with a climate similar to that of the city of Trieste. Moreover, we highly recommend the installation of a deficit irrigation systems in order to avoid severe drought stress to plants and reconcile vegetation survival over long drought periods with the need to assure water saving in towns located in sub-Mediterranean areas.
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FIGURE CAPTIONS
Table 1 Summary of the Two-way-ANOVA testing the effects of substrate depth (D-10 and D-13, Factor I), plant species (C. coggygria = CC and P. mahaleb = PM, Factor II), and their interaction on pre-dawn water potential (Ψpd, a-b), minimum water potential (Ψmin, c), leaf conductance to water vapor (gL, d), and relative growth (G) as estimated on 21 May 2013 (a), 1 August 2014 (b-d) 2013, and one year after planting (e) in experimental green roof modules.
Fig. 1 Precipitation events (black columns), supplied irrigation (white columns), and maximum and minimum daily temperatures (black and white circles, respectively) recorded between 1 April and 30 September 2013 on the rooftop near the experimental modules. The tree sampling days (21 May, 18 June, and 1 August) are marked.
Fig. 2 Pre-dawn (Ψpd, a) and minimum (Ψmin, b) leaf water potential, and leaf conductance to water vapor (gL, c) as measured for C. coggygria and P. mahaleb in 10 cm thick (D-10, black columns) and 13 cm thick (D-13, grey columns) experimental modules on 21 May 2013. Means are reported ± SEM. Lettering indicates significant differences among experimental groups (see Tabel 1), while n.s. indicates the lack of significant differences.

Fig. 3 Pre-dawn (Ψpd, a) and minimum (Ψmin, b) leaf water potential, leaf conductance to water vapor (gL, c), and relative electrolyte leakage (REL, d) as measured for C. coggygria and P. mahaleb in 10 cm thick (D-10, black columns) and 13 cm thick (D-13, grey columns) experimental modules on 1 August 2013 when substrate water availability was partially restored. For statistical analysis see Table 1. Means are reported ± SEM. 

Fig. 4 Relative diameter increment (G) of C. coggygria and P. mahaleb as estimated one year after planting in 10 cm thick (D-10; black columns) and 13 cm thick (D-13; grey columns) experimental modules. For statistical analysis see Table 1. Means are reported ± SEM.

Fig. 5 Mean evapotranspiration rates (ET) from 10 cm thick (D-10; black column) and 13 cm thick (D-13; grey column) experimental modules estimated for the growing season 2013. Means are reported ± SEM. * indicates statistically significant difference between experimental categories as tested using unpaired Student’s t-test (P<0.05).

Fig. 6 Estimations of water accumulated in the drainage element/water retention layer (AW, a) and the substrate water potential (Ψsub, b) recorded for 10 cm thick (D-10; black columns) and 13 cm thick (D-13; grey columns) experimental modules after a large (30 and 40 mm, a) or a small (5 and 10 mm, b) rain event simulation. Means are reported ± SEM. * indicates statistically significant difference between experimental categories as tested using unpaired Student’s t-test (P<0.05).
	(a) Ψpd, 21st May
	SS
	df
	MS
	F
	P

	 Substrate depth
	0.075
	1
	0.075
	20.465
	0.002

	 Species
	0.508
	1
	0.508
	138.342
	<0.001

	Factor I*Factor II
	0.029
	1
	0.029
	7.893
	0.023

	Residual
	0.029
	8
	0.004
	
	


	(b) Ψpd, 1st August
	SS
	df
	MS
	F
	P

	 Substrate depth
	0.306
	1
	0.306
	9.191
	0.016

	 Species
	0.758
	1
	0.759
	22.765
	0.001

	 Factor I*Factor II
	0.012
	1
	0.012
	0.367
	0.562

	Residual
	0.267
	8
	0.033
	
	


	(c) Ψmin, 1st August
	SS
	df
	MS
	F
	P

	 Substrate depth
	1.211
	1
	1.211
	11.695
	0.003

	 Species
	0.065
	1
	0.065
	0.624
	0.439

	 Factor I*Factor II
	0.031
	1
	0.031
	0.294
	0.594

	Residual
	1.967
	19
	0.104
	
	


	(d) gL, 1st August
	SS
	df
	MS
	F
	P

	 Substrate depth
	55670.1
	1
	55670.1
	4.356
	0.050

	 Species
	32907.1
	1
	32907.1
	2.575
	0.124

	 Factor I*Factor II
	5054.4
	1
	12778.9
	0.396
	0.537

	Residual
	255578.7
	20
	12778.9
	
	


	    (e) G, 1 year after planting
	SS
	df
	MS
	F
	P

	 Substrate depth
	322.7
	1
	322.7
	3.601
	0.094

	 Species
	5522.5
	1
	5522.5
	61.617
	<0.001

	 Factor I*Factor II
	45.0
	1
	45.0
	0.502
	0.499

	Residual
	6607.2
	11
	600.7
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