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Abstract
Root activities in terms of respiration and non-structural carbohydrates storage and mobilization have been suggested as major physiological roles in fine root lifespan. As more frequent heat waves and drought periods within the next decades are expected, to what extent do thermal acclimation in fine roots represent a mechanism to cope with such upcoming climatic conditions? 

In this study, the possible changes in very fine (diameter < 0.5 mm) and fine (0.5-1 mm) root morphology and physiology in terms of respiration rate and non-structural carbohydrate (soluble sugars and starch) concentrations, were investigated on two-year-old Fagus sylvatica saplings subjected to a simulated long-lasting heat wave event and to co-occurring soil drying. 

For both very fine and fine roots, soil temperature resulted inversely correlated with specific root length, respiration rates, and soluble sugars concentration, but directly correlated with root mass, root tissue density and starch concentration. In particular, starch concentration increased under 28° C for successively decreasing under 21 °C soil temperature. 
These findings showed that thermal acclimation in very fine and fine roots due to 24 days exposure to high soil temperature (~28 °C), induced starch accumulation. Such “carbon-savings strategy” should bear the maintenance costs associated to the recovery process in case of restored favourable environmental conditions, like those occurring at the end of a heat wave event. Drought condition seems to affect the fine root vitality much more under moderate than high temperature condition, making the temporary exposure to high soil temperature less threatening to root vitality than expected. 
Keywords: Fagus sylvatica, fine root respiration, heat wave, specific root length, root tissue density, soluble sugars, starch, thermal acclimation.

Abbreviations

AvD, average diameter 

FR, fine roots fine roots (0.5 < Ø ≤ 1 mm)

GFG, glucose, fructose and galactose mixture

HW, Heat Wave

NSC, nonstructural carbohydrates

PPFD, photosynthetic photon flux density

RL, root Length

RM, root mass

RTD, root tissue density

SMP, soil matric potential 

SRL, specific root length

SS, soluble sugars

ST, soil temperature 

SWC, volumetric soil water content 

Introduction

Biogeochemical processes are significantly influenced by belowground biomass (Nadelhoffer and Raich 1992; Hendrick and Pregitzer 1993; Jackson et al. 1997; Roderstein et al. 2005). Fine-roots, typically defined as roots < 2 mm in diameter, rarely represent more than 5 % of the total tree biomass but their production represents a large proportion (33 to 67 %) of the total annual net primary production in most ecosystems (McClaugherty et al. 1982; Joslin and Henderson 1987; Jackson et al. 1997; Matamala et al. 2003). Therefore, knowledge of fine root structure and function is essential for a detailed understanding of their role as carbon (C) sources and stores of soil litter input. 
Fine root system is a complex network of individual roots with heterogeneous physiological, morphological and anatomical traits (Pregitzer et al. 2002; Hishi 2007; Gaudinski et al. 2010). Research in the past decade has begun to question the validity of the simple division in diameter classes, and the view that all roots of a given class function in the same way (Guo et al. 2008a, b; Matamala and Stover 2014). For example, there is consistent linkage between order and anatomy across species, so that diameter was an inferior predictor of root anatomical change than branch order. In most species, the distal three orders seem to have the primary function of resource uptake and mycorrhizal colonization (Guo et al. 2008b and references therein), as well as an elevated metabolic activity (Pregitzer et al. 1998, 2002; Guo et al. 2004, 2008a; Makita et al. 2009). Moreover, Pregitzer et al. (2002) and Guo et al. (2008b) clearly highlighted that for 89% and 82%, respectively, of the examined species, all the first three root orders were <0.5 mm in diameter. In light of these findings, in the present study, we maintained the size class approach by considering the <0.5 mm diameter class, usually and hereafter termed “very-fine roots”, the most reasonable functional root module for the rapidly cycling portion within the fine root system, limiting the 0.5–2 mm diameter class to the more stable and woody portion (Bohm 1979; Zobel and Waisel 2010).

Models of future climate predict a higher probability of extreme climatic events, leading to more frequent heat waves and drought periods within the next decades, especially over Europe (Luterbacher et al. 2004, Schär et al. 2004). High temperatures and water shortage are major abiotic stressors that most affect the plant adaptation and productivity in natural ecosystems. They often occur simultaneously and with changeable pattern. Consequently, adaptation and tolerance to the combined action of heat waves and extended drought periods, as well as the capability to recover afterwards, may become important issues for plant species, particularly in temperate zones. 

However, at fine root system scale, responses of temperate woody species (Hendrick and Pregitzer 1997) to change of soil environmental variables appear to be primarily endogenously controlled, i.e. root diameter and N:C ratio dependent (McCormack et al. 2012). Bryla et al. (1997) and Joslin et al. (2001) were among the first to question the primary control of environmental factors, particularly soil temperature and soil water potential, over the timing of root growth. For example, studies of the effects of soil warming and drought on fine root turnover rate of seedlings/saplings and mature beech trees have provided inconsistent results; turnover rate may either increase (Leuschner et al., 2001; Meier and Leuschner, 2008) or show a rather conservative behaviour at mature stage both in the temporal and in the depth-related spatial patterns (Mainiero and Kazda 2006). On the other hand, for temperate forests, considerable evidence suggests that soil temperature stimulates the root elongation rate and the number of growing roots, except the phenology-controlled spring flush when soils are still cool (Teskey et Hinckley 1981; Pregitzer et al. 2000).
Root growth is strongly associated with respiration costs, usually partitioned in construction, ion-uptake and maintenance (Bouma et al. 1997). Soil temperature is widely considered the most important environmental factors directly affecting root respiration rates. In fact, soil water content and root nitrogen (N) concentration being equal, root respiration rate follow an exponentially increasing trend, at least with temperature ranging from 5 °C to 20-25 °C (Bouma et al. 1997, Pregitzer et al. 1998, Burton and Pregitzer 2003, Rodeghiero and Cescatti 2006). At higher temperatures (30-35 °C), root respiration may still follow an increasing trend in case of short-term exposure (few hours), while remaining stable or declining (i.e. acclimating) in response to long-term exposure (some days) (Tjoelker et al. 1999, Bryla et al. 2001, Huang et al. 2005, Jarvi and Burton 2013). In response to soil drying, respiration rate does not markedly change at low soil temperatures (10 °C), but it rapid declines at moderate to high temperatures (20 - 30 °C) (Huang et al. 2005 and references therein). In correlation, at ecosystem scale, Hopkins et al. (2013) suggested that despite the widely used temperature dependence of root respiration, it was the equally temperature dependent gross primary productivity (GPP) that rather explains most patterns of ecosystem root respiration (and to some extent heterotrophic respiration) at within-season time-scales. 

Recent investigation of high temperature and extreme drought effects in Pinus edulis showed that elevated temperature during drought increases respiration rates and accelerates tree death (Adams et al. 2009). At higher resolution, drought only-induced changes in carbon allocation, use and transport differ between above- and below-ground tissues for Norway spruce (Hartmann et al. 2013). Moreover, while root death may be caused by carbon depletion, this is definitely not the case in above-ground tissues (Hartmann et al. 2013). Marshall & Waring (1985) suggested that starch deposition in a fine root occurs only when root is first formed and the carbon balance is positive. Starch is subsequently respired to meet maintenance requirements exclusively, so that it is solely the rate of starch depletion to determine root longevity. In contrast to this hypothesis, for poplar Nguyen et al. (1990) showed a considerable starch and SS replenishment in the ‘highly probable’ identical very-fine root population during the late season. Additionally, Kosola et al. (2002) found that the root starch concentration of Eugenei hybrid poplars did not decline with root age in tracked individual roots. As a result, they concluded that the starch reserves in poplar fine roots were not determined at root birth and that these reserves were “labile and dynamic”. 
In an attempt to gain a better understand of the role of moderate to high soil temperatures (20 – 30 °C) and of co-occurring soil drying on fine root growth or mortality, two-year-old (second growing seasons) Fagus sylvatica (European beech) saplings grown under controlled conditions were subjected to a simulated long-lasting heat wave event, how it may naturally occur in dry summers. The possible changes in fine root morphology, anatomy, respiration rate and total non-structural carbohydrates (NSC) concentrations, were investigated. Specific objectives were to determine 1) the extent to which the combined action of high temperature and progressive soil drying affects the vitality of fine roots; 2) how starch concentration might relate to root lifespan; and 3) the occurrence and extent of dying roots. The hypothesis tested was that the high temperature acclimation-derived decrease of fine root respiration reduced the depletion of carbon stores, maintaining in this way the proper degree of root vitality or, differently stated, avoiding or postponing the root death. Drought was expected to amplify this response.
Materials and methods
Plant material and growing conditions
One-year-old uniformly sized (top bud 25-30 cm high) dormant F. sylvatica saplings from a northern Italy seed source (provided by the ERSAF nursery in Curno, Bergamo, Italy) were transplanted into 9.5 L (24 x 24 cm) plastic pots. Pots were filled with peat soil (C/N 50; 25% organic C and 0.5% organic N on dry mass; 30% (v/v) water holding capacity), after placing at the bottom a 3-4 cm thick layer of light expanded clay aggregates to improve water drainage. Before potting, since our study primarily focused on roots of new emission, all roots with diameter below 1 mm were excised from the root system. The resulting pruned root system was positioned within an as high as the pot height 1.50 mm mesh cylinder approximately 11 cm diameter, and successively located within each pot. The mesh cylinder had two main functions: 1) discerning the new (crossing-outside) from the old (inside) roots; and 2) helping detection of new dead roots, if any, as it was assumed they should remain imbed in the mesh. In March, 48 saplings were grown in two growth chambers programmed with a 14 h photoperiod under a photosynthetic photon flux density (PPFD) of 280 and 360 µmol m-2 s-1 at the pot surface and at the top of the foliage, respectively, 19/16 °C day/night air temperature, and 35/60% air relative humidity. During the establishment period (2 months), all saplings were watered on an as-needed basis to field capacity and fertilized two times with a commercial 18:18:18 (N:P:K) water-soluble fertilizer. Recovery from dormancy and complete leaf expansion occurred 30 days before the start of the experiment. 
Experimental design

The experiment lasted 70 days. Twenty-four days before the start of the experiment, preliminary measurements of root respiration were performed on four plants. Soil temperature was 17.5 °C, i.e. approximately 2 °C lower than air temperature. Immediately after these preliminary measurements, air temperature in both chambers was set at 21/18 °C day/night (19 °C soil temperature) until the first sampling day. We chose 19 °C as the common reference temperature as it approximates the soil temperature during the warmest period of the growing season (A. Di Iorio, personal communication). There were four samplings at experimental day 0, 23, 47 and 70, respectively. After the first sampling day, 12 saplings were placed in chamber 1 named “19 °C control chamber”, and 28 were placed in chamber 2 named “heat wave chamber”. The heat-wave consisted of two temperature increase steps, each lasting 23 days: 26/23 °C day/night after the first sampling and 30/27 °C day/night after the second sampling day. Heat waves of similar length may naturally occur during warm summers within the distribution range of European beech, particularly in Southern Europe. After the third sampling day until the end of the experiment, air temperature was lowered to 23/20 °C day/night. The choice to set a different ending temperature condition from the starting one allowed the collection of root respiration rates in response to a broader range of soil temperatures. The mean values of soil temperature, as measured just before the root respiration measurements, were the following: 19, 24, 28 and 21 °C in the first, second, third and fourth sampling day, respectively, and always approximately 2 °C lower than maximal air temperature. 
Three of four soil temperature + watering regime treatment combinations were applied and four plants per treatment combinations were collected: no heat wave (19 °C) – watering (control): plants were grown at constant air temperature (21/18 °C day/night; soil temperature 19 °C) and were watered to field capacity as-needed throughout the experiment; heat wave + watering (HW): plants were watered to field capacity as needed throughout the experiment and subjected to heat wave stress; heat wave + no watering (HW+drought): watering ceased at experiment day 0 and plants were subjected to heat wave stress. Treatment combination “no heat wave - no watering” was missing; the occurrence of two watering controls for the 19 °C and the heat wave soil temperature treatments respectively, made it redundant. A heat wave + drought stress interruption (HW+S.I.) treatment was applied in order to test the recover ability of beech saplings. It consisted of drought stress interruption at the third sampling day. For detection of physiological stress in drought treated plants, leaf water potential (Ψ) was measured on day 27 with a pressure chamber (Skye Instruments Ltd.) on one fully expanded leaf from the upper portion of the crown of every HW well watered and drought treated plant one hour before the beginning of the light period (simulating "predawn" conditions). 
Measurements
Soil Matric Potential and volumetric Soil Water Content
Soil matric potential (SMP), volumetric soil water content (SWC) and soil temperature (ST) were regularly measured throughout the experiment. SMP (MPa) was monitored by gypsum blocks placed in each pot at half depth (near the active root zone) outside the mesh cylinder. SWC (m3 m-3) was determined by Time Domain Reflectometry (TDR). Measurements were performed in the morning, before watering, with a ThetaProbe soil moisture sensor (model ML2x, ΔT Devices, Cambridge, UK). The ThetaProbe sensor was inserted into the soil after removing the uppermost drier layer, if present. Soil temperature (°C) was monitored by Checktemp®1 thermometer (Hanna Instruments) with an NTC thermistor sensor (±0.3 °C) at 10 cm pot depth.
Morphometric and Biomass measurements of new live roots

On each sampling day, in the mid-morning the selected saplings were recovered from the growth chambers. For each plant, new roots outside the mesh cylinder were carefully freed from soil by brushing. During operation, exposed roots were kept moist by a nozzle sprayer. After detection and removal of dead roots, if any, depending on their dark brown colour, texture and shrunk shape, all new live fine roots were excised and placed in water-filled basins. Then, the mesh-cylinder was removed and all remaining live roots were excised and pooled with previous ones in the same water-filled basins; remaining soil particles were carefully removed using soft paint-brushes.

All roots were scanned (remaining underwater) at a resolution of 400 dpi with a calibrated flatbed scanner coupled to a lighting system (Expression 10000 XL, Epson America Inc., USA) for image acquisition. The resulting images were analysed with WinRHIZO Pro 2007d software (Regent Instruments Canada Inc.) in order to group with high accuracy the root mat/fragments in three diameter classes, namely very-fine (Ø ≤ 0.5 mm), fine (0.5 < Ø ≤ 1 mm) and 1 < Ø ≤ 2 mm roots, this latter designated only for the dry mass, starch and soluble sugars concentration measurements. No root fragments larger than 2 mm in diameter were considered in the present study. The pertinent root length (RL, m), volume (cm3) and average diameter (AvD; mm) measurements were performed. After image analysis, very-fine and fine roots were separately weighed and for each class 250–300 mg fresh weight and isolated root-mat samples were selected for respiration measurements and anatomical observations, respectively. Successively, respiration and remaining samples were pooled always by diameter class and oven-dried at 70 °C for 3-5 days for dry mass measurements (RM). The RM estimation of anatomical samples was based on the mean water content (%) measured in the pooled samples. Then, dried very-fine, fine and 1-2 mm roots samples were separately ground in a Wiley mill and stored at -20°C for soluble sugar and starch analyses.

WinRHIZO data, together with dry weight data, were used to calculate also the relative morphological traits specific root length (SRL, m g-1) and root tissue density (RTD, g cm-3). 

Sectioning

Selected root-mats were fixed in FAA solution (40% formaldehyde : glacial acetic acid : 50% ethanol (5 : 5: 90 by volume) for several days. Then, 20-25 m thick cross sections were cut with smooth stokes by standard freehand sectioning. In case of thinner roots, which cannot be held by hand, the Frohlich method of hand sectioning with Parafilm was used (Frohlich, 1984). Only sections with a defined primary structure were stained with a 2% (w/v) water solution of Safranin O. Sections were mounted with a drop of water, and observed under the optical microscope (BX63, Olympus, Hamburg, Germany) coupled to the digital camera (DP72, Olympus). Root diameters were measured with the software cellSens Dimension 1.6 (Olympus).
Root respiration

At each sampling day (and at the exp. day -24), very-fine and fine root respiration was measured for each sapling, respectively. Each root sample (250–300 mg fresh weight) coming from image analysis was quickly wiped from excessive free surface water on blotting paper, and then immediately inserted in a specifically designed root respiration cuvette (16 cm3 volume) connected by a tube to an infrared gas analyser (IRGA, EGM-3, PP Systems, MA, USA). Cuvette was maintained vertically, temporary sealed at both ends, and placed in water bath to maintain root samples at the experimental soil temperature. The IRGA and cuvette were configured in an open system, with an air flow of 300 ml min-1. Root respiration rate was determined as the difference between the amounts of CO2 entering and leaving the cuvette. Measurements accounted also for CO2 produced by rhizosphere microbial respiration, as it was assumed to be plant-derived C sources (Wiant 1967). For roots coming from drought treated plants, previous works (Vartanian and Chauveau 1986, Palta and Nobel 1989, Burton et al. 1998) highlight how rinsed roots return to normal respiration rates only several hours (24 – 36 h) after rewetting. Thus, no bias occurs in respiration measurements within few hours of laboratory procedure, as that performed in this study (2 h from sample collection). After 1-minute incubation, both ends were opened with the bottom one connected to the EGM-3 and [CO2] recorded every 10 seconds for 60 seconds. The basis laboratory [CO2] in the cuvette ranged from 360 to 380 μL L-1. Root respiration rate was determined by the maximum difference between the concentrations of CO2 leaving (after incubation) and entering (before incubation) the cuvette on a 60 second basis. The choice of 1-minute incubation was after previous tests with 1-minute multiple sampling-time showed multiple of 1-minute related values for CO2 concentration. After the measurement, root sample was removed from the cuvette and oven-dried. Before each measurement, the cuvette [CO2] was allowed to adjust to laboratory basis value, which usually occurred within 2 minutes. Root respiration rate (Rr) was expressed on a dry mass basis (nmol CO2 g-1 dw s-1):
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where CCO2 is CO2 concentration (μL L-1) at time t, ti is start time, Δt is time interval (60 s) and max is maximum [CO2] produced within Δt, Vs is volume of respiration cuvette (0.016 L), Vair is standard gas volume (22.414 L mol-1), T is soil temperature (°C) and DW is dry mass of the root sample (g).
Soluble Sugars and Starch content in new fine roots
Soluble sugar (SS, % dw) and starch concentration (Starch, % dw) measurements were performed on very-fine and fine roots by 80% hot ethanol- and enzyme digestion-coupled colorimetric assay, respectively (adapted from Chow and Landhäusser, 2004). Root samples stored at -20°C were ground in a Wiley mill to pass 40-mesh screen. Powdered tissue samples (50 mg) were extracted three times with 5 ml of 80% boiling ethanol in a 93 °C water bath for 10 min each. The extracts were centrifuged at 2500 rpm (700 xg) for 3 min, and the supernatants combined in a 15 ml graduated vial for sugar analysis. Because of the ethanol evaporation, all vials were brought to the same volume (14 ml) with 80% ethanol. The residues remaining in the tubes were oven-dried a 70°C overnight and stored at –20 °C for starch analysis. Successively, 0.5 ml ethanol extract was mixed with 1 ml of 2% phenol solution followed by the rapid addition of 2.5 ml of concentrated H2SO4. After 10 min of colour development in the dark and an additional 30 min of cooling at room temperature (20-25 °C), absorbance was measured at 490 nm. A Glucose, Fructose and Galactose (GFG) mixture was used as reference standard (1:1:1 Glucose, Fructose and Galactose) as GFG mixture can properly approximate the glucose equivalent of the tested sugars (see Chow and Landhäusser, 2004). Interference was corrected by running a parallel sugar assay without phenol.
Starch was extracted from the stored powdered sample by enzyme digestion by adding 2 ml of 0.1 N NaOH solution and heating in a 50 °C water bath for 30 min with intermittent mixing (every 10 minutes). Then, the solution was neutralized with 2.5 ml of 0.1 N acetic acid. Finally, 0.5 ml of a digestive enzyme mixture containing 2000 U ml-1 of α-amylase (from Bacillus licheniformis, A-3403, Sigma Chemicals, USA) and 10 U ml-1 of amyloglucosidase (from Aspergillus niger, Sigma A-1602, Sigma Chemicals, USA) in 0.05 M sodium acetate buffer (pH 5.1) was added to each sample. Enzyme digestion occurred in 20 h in a 50 °C water bath. To determine the amount of glucose hydrolysate, the digest was centrifuged at 2500 rpm (700 xg) for 10 min and the supernatant diluted 1:10 in 0.05 M sodium acetate buffer. To 0.2 ml of the diluted sample solution, 2 ml of a peroxidise–glucose oxidase / o-dianisidine reagent (named “PGO colour solution”, prepared by dissolving one capsule of PGO enzymes (Sigma P-7119) in 100 ml of dH2O and mixed with 1.6 ml of o-dianisidine solution (50 mg of o-dianisidine dihydrochloride (Sigma D-3252) in 20 ml of dH2O) was added and mixed by vortex. After 45 min of colour development in the dark at room temperature, 0.4 ml of 75% H2SO4 was added to the samples. After mixing by vortex and an additional 20 min of cooling at room temperature, the absorbance was read at 525 nm. The amount of glucose hydrolysate was calculated against a glucose standard prepared in the sodium acetate buffer solution. 
Statistical analysis
The present experiment was arranged in a complete randomized block design with three of four soil temperature + watering regime treatment combinations investigated. For each morphometric (RM, SRL, RTD and AvD) and physiological (respiration, Starch and SS concentrations) trait, one-way ANOVA and the Least Significant Difference (LSD) pairwise multiple comparison test were performed among treatment combinations within each sampling day, and among sampling days (temperature changes) within each treatment combination. Differences at P < 0.05 were considered significant. Linear or non-linear and simple or multiple regression analysis were performed to model the effects of soil temperature, soil water content and soil matric potential on very-fine and fine root specific respiration rates. Data from the stress interruption treatment (HW+S.I.) were excluded from the models (software SPSS Inc, Chicago, IL, USA). 
Principal Component Analysis (PCA) was performed on all standardized data in order to detect for both diameter classes the pattern of association between the root morphological (RM, SRL, RTD, AvD) and physiological (specific root respiration, [starch] and [SS]) variables (software SYN-TAX 2000, Podani, Budapest, Hungary). 
Results
Soil matric potential and soil water content

Soil matric potential (SMP) and volumetric soil water content (SWC) did not differ between control and HW-only treated plants (Fig. 1a, b). Under HW only,, soil maintained almost constant SMP (~ -0.026 MPa) and SWC (~ 0.27 m3 m-3) values, mildly decreasing during the warmest period. In HW+drought treatment, SMP values decreased only after the second sampling day, from -0.025 to approximately -0.065 MPa. SWC followed the same pattern decreasing from 0.27 to 0.08 m3 m-3 at the end of the experiment, which may be considered an important soil water deficit value. In the drought stress interruption (HW+S.I.) treatment, the water status descriptors recovered very close to the original, pre-drought values. 

Time-course response to heat-wave and soil drying

As general comment, heat wave significantly affected most of the morphological and physiological investigated traits. Surprisingly, no dead root fragments were found. Image analyses revealed the partial loss of biomass only in the finest portion ranging from 0.1 to 0.15 mm in diameter (Fig. 2). Leaf water potential (Ψ) was -1.1 ± 0.1 and -2.2 ± 0.2 MPa for well-watered and drought treated plants, respectively (data not shown). The latter value was below the xylem embolism threshold for European beech (-1.9 MPa, according to Hacke and Sauter 1995), revealing a drought stress induced behaviour already under moderate soil water deficit (SWC was 0.19 m3 m-3) (Fig. 1b). 
Moderately warm soil temperature (23 °C) significantly (P<0.05) stimulated the very-fine (≤ 0.5 mm) root growth in terms of RM more than RL (Table 1). Successive both higher (28 °C) and more moderate (21 °C) soil temperatures did neither stimulated nor reduced growth. Indeed, at the end of the experiment (70 day), all HW treatments and control showed values significantly (P<0.05) higher than those at the beginning of the experiment, but no differences occurred among them. Similar growth patterns were observed also in fine (0.5-1 mm) roots, although significantly (P<0.05) higher than starting mean values only in the HW+drought treated plants for RM on day 47 and for RL on day 70. In general, drought condition had never significantly reduced root growth (Table 1).

SRL and RTD showed a reverse pattern compared to each other throughout the experiment (Figs. 3a, b, c, d). For very-fine roots, the significant (P<0.05) RTD increase with increasing temperature was particularly evident in the HW+drought treatment whose mean values were significantly higher than control already after 23 days from the start of the experiment, and significantly higher than both control and HW-only on day 47. Under HW only, RTD values were significantly (P<0.05) higher than control only on day 47. For fine roots, after 47 days RTD resulted significantly (P<0.05) higher than control only in the HW+drought treatment (Figs. 3d). Very-fine AvD significantly (P<0.05) decreased in time with increasing temperature, slightly in control, whereas no significant variations occurred for fine roots (Figs. 3e, f). Notably, at the end of the experiment (70 day), no differences occurred between all HW treatments and control for all the investigated morphometric traits, and among all treatments and the starting mean values, except for the very-fine AvD of control and HW+S.I. treatments. 
Anatomical investigations revealed the occurrence of terminal root axes with a prolonged extension of the condensed tannin zone (Peterson et al. 1999), as usually occur in peat medium-grown rather than field-grown roots. Along this zone, scars have been frequently observed (Fig. 2). Subsequent cross-sectioning of these points highlighted the transition from primary to secondary growth with the consequent sloughing off of the primary cortex, reduction of the diameter and production of denser secondary wood (Figs. 4b, c), at least to very-fine root scale (<0.5 mm).
Specific respiration rates ranged from 2 to 10 nmol CO2 g-1dw s-1 for very-fine roots, and at lower rates from 0.5 to 4 nmol CO2 g-1dw s-1 for fine roots. Specific respiration rates did not show significant changes after 23-day exposure to 24°C, but decreased in all HW treatments after 24-day exposure to 28°C, although significantly (P<0.05) only in HW+drought very-fine roots (<0.5 mm), this latter from the starting mean value, and HW fine roots (0.5-1 mm) (Figs. 5a, b). As temperature was adjusted back to 21 °C, after 23 days all HW treatments’ respiration rates increased to mean values higher than control for both diameter classes, although significantly (P<0.05) only for very-fine roots of re-watered plants (drought stress interruption (HW+S.I.) treatment). 

Starch concentration increased on average from 0.1, 1.2 to 4% dw with increasing diameter (<0.5, 0.5-1.0, and 1.0-2.0 mm, respectively). In control treatment, starch and SS concentrations remained almost constant during the first 23 experimental days, except for an initial significant (P<0.05) [starch] decrease and [SS] increase in HW very-fine and fine roots, respectively (Figs. 5c, d, e, f). In particular, SS concentration remained always lower than all HW treatments for both diameter classes, with the only exception of HW+drought very-fine roots on day 23. Similar to SRL and RTD, starch and SS concentrations showed a reverse pattern compared to each other throughout the heat wave event (Figs. 5c, d, e, f). After 24-day exposure to 28°C, in HW+drought treated plants [starch] was significantly (P<0.01) higher than both control and HW for very-fine roots, and only HW for fine roots (Figs. 5c, d). Conversely, the SS concentration decrease was evident but still higher than control. As temperature was adjusted back to 21 °C for 23 days, starch concentration significantly (P<0.05) decreased to values slightly lower than those pre-heat-wave event, whereas SS markedly increased again in all HW treatments to values significantly (P<0.05) higher than control.  
In old fine roots (1-2 mm), starch concentration constantly decreased independently from soil temperature (pooled data), whereas the reverse pattern occurred for SS concentration (Table 2).
During recovery from drought condition at 21° C, beech saplings did not show responses different from those observed in the other HW treatments, with the only exception for very-fine roots of the significantly (P<0.05) higher than control respiration rate coupled with the highest SS concentration (Figs. 5a, e).
Relationship between specific respiration rates and ST, SWC and SMP
Within the investigated soil temperature range (17.5 - 28 °C), very-fine (<0.5 mm) and fine (0.5-1 mm) root respiration rates for two-year-old F. sylvatica saplings were best predicted by non-linear (second order polynomial) multiple and simple regression relationships, respectively (Figs. 6a, b): 

RVFR
=  - 0.043T2 + 1.443T +156.74W2 – 101.89W + 1.575TW     (R2 = 0.757,  P < 0.05,  N = 40)

RFR
=  - 0.069T2 + 3.094T - 31.032     (R2 = 0.539,  P < 0.05,  N = 40)

where R is specific respiration rate (nmol CO2 g-1dw s-1), T is soil temperature (°C), and W is SWC (m3 m-3). 

For fine roots, the soil water status in terms of both SWC and SMP were excluded from the model because their inclusion decreased the predictive ability by about 6 and 8%, respectively.

For very-fine roots, SWC was selected instead of SMP because the former better improved the predictive ability by about 33%. The ST x SWC interaction (TW) alone explained about 10% of the variation, thereby highlighting the respiration increment observed at the end of the experiment independently from the soil water content. Therefore, for very-fine and fine roots soil temperature explained most of the observed variance, 43 and 54% respectively. 

Multivariate Analysis

The most striking difference among the investigated traits reflected by the first component of PCA (27.85 % of total variance) could be attributed to the different response to soil temperature changes (Fig. 7) of the immobile (RM, RTD and starch (partially-immobile)) and mobile (respiration) carbon fractions. Indeed, HW-only and HW+drought treated plants sampled after 24-day exposure to 28°C were grouped toward large negative loadings for the first component, associated with high RTD, RM (immobile carbon) and starch concentration (partially-immobile carbon). Conversely, all HW treatments after 23-day exposure to 21°C were grouped towards high positive loadings, associated with high respiration rate (mobile carbon) and SRL. 

The second component explained 19.81 % of total variance, and appears to be related to the different proportion of very-fine and fine roots in secondary structure. In particular, control plants grouped towards large average diameters (AvD), whereas all HW treatments grouped towards high RM and RTD, which according to the anatomical investigations (Figs. 2 and 4b, c) could be attributed to the transition to the secondary structure. The SS concentration correlate with RM as well, suggesting the occurrence of higher physiological activity under a heat-wave event. 
Discussion

Fine root growth
The present work highlighted that warmer soil affected the SRL and RTD of fine roots smaller than 1 mm in diameter more than their absolute morphological traits dry mass (RM) and length (RL). Under moderately warm soil temperature (24 °C), beech saplings seem to anticipate the growth and the maximum dry mass production achievable in the controlled condition adopted in this study, since both higher (28 °C) and more moderate (21 °C) soil temperatures did not stimulate further growth. In support to this consideration, despite the drought condition marginally reduced root growth already after 23 days form water withholding (on day 27, leaf Ψ was -2.2 MPa), evidence showed that differences between all HW treatments and control vanished 70 days after the start of the experiment, 100 days after recovery from dormancy and complete leaf expansion. Therefore, for F. sylvatica saplings these findings emphasized that a) root growth rate was high under moderate soil temperatures (19-21 °C), but was reduced or even halted at warmer temperature (24-28 °C); b) soil drying did not affect the growth rate under moderate soil temperature condition, but it did at high temperatures by decreasing the rate. These findings are in good agreement with those of Teskey and Hinckley (1981) for white oak. 
Responsiveness of fine roots was more evident in terms of RTD and SRL, particularly for HW+drought treated plants after 24-day exposure to 28 °C (third sampling day). Many studies show similar RTD increase and SRL decrease in F. sylvatica in response to high temperature and drought conditions (e.g. Ostonen et al. 2007; Meier and Leuschner 2008), as well as in other plant species ranging from Pinus sylvestris (Brunner et al. 2009) to Brassica oleracea (Kage et al. 2004), but one-time sampling referred, generally the middle-end of the growing season. Few time course investigations performed under controlled conditions on Quercus pubescens (Di Iorio et al. 2011) and in field condition on Quercus cerris (Montagnoli et al. 2012) and Fagus sylvatica (Montagnoli et al. 2014) highlighted RTD and SRL variations in response to soil drying during the warmer period. In general, an initial phase of SRL increase due to the production of narrower roots was followed by a decrease due to the loss always of the narrower portion. As revealed by image analyses (Fig. 2), a similar mechanism involving the turnover of the finest and lightest portion ranging from 0.1 to 0.15 mm in diameter justifies the lack of significant differences between subsequent sampling days for RM, but partially explains the RTD and SRL reverse patterns compared to each other observed throughout the present experiment. The temporary increase (3 – 6 % dw) of NSC (starch plus SS) solves an additional percentage of the observed RTD variation. According to the anatomical investigations, it was the frequent transition from primary to secondary growth with the consequent sloughing off of the primary cortex (Figs. 4a, b, c) along with the related reduction of the diameter to largely explain the observed RTD-SRL pattern. Moreover, this mechanism was highlighted also by the inverse relationship between the dry mass (RM) and the average diameter (AvD) indicated by the second PCA component. According to previous studies (Pregitzer et al. 2002; Guo et al. 2008b), observed very-fine roots represented the first two-three root orders (Fig. 2). Within this root population, the transition to secondary growth differently extended along the axis and it mainly concerned the second order segments. Therefore, as secondary growth is an ongoing process, high soil temperature appears to affect this process by altering the timing of cambium formation and, consequently, the proportion between primary and secondary structured root segments within the <0.5 and 0.5 – 1 mm root populations.  
Root respiration, Starch and Soluble Sugars concentrations in new fine roots

Very-fine roots (< 0.5 mm) confirmed to be the most active portion of the root system in terms of metabolic activity (Pregitzer et al. 1998). The parabolic pattern of respiration rates for both diameter classes (Figure 5a, b) in response to soil temperature changes over the 17.5 – 28 °C investigated temperature range, peaking at 22-23 °C, was consistent with literature data (Atkin et al. 2005, Huang et al. 2005). The respiration decrease in response to soil warming also in well-watered plants, made soil temperature the most important environmental factor affecting root respiration. According to the second hypothesis, drought seems to amplify the effect but at very-fine root scale only. The inter-samplings exposure period (23-24 days) adopted in this experiment was reasonably long to allow a complete acclimation process. Acclimation of root respiration, defined as the subsequent adjustment in respiration rate to compensate for the initial change in temperature (Atkin et al. 2000), may take place within a couple of days for 2-year-old sour orange trees (Bryla et al. 2001), or more than 4 - 5 days for both the mesic Concord grape (Huang et al. 2005) and the xeric Volkamer lemon (Bryla et al. 1997). Moreover, the sequential order of the different temperature treatments adopted in this study was not expected to affect the degree of acclimation and/or the root respiration-soil temperature relationship. Huang et al. (2005) clearly showed that rapid 5 or 10°C increases of soil temperature from 20 to 25 and 30°C respectively, induced acclimation (reduction) of root respiration independently from the degree of temperature increment. Long-term exposure to elevated temperature may reduce respiration for several reasons. It may be consequence of reduced growth, ion-uptake (Espeleta and Eissenstat 1998; Eissenstat et al. 1999), substrate availability and/or adenylate turnover (Atkin and Tjoelker 2003), but also damages occurring at the tissue level cannot be ruled out (Huang et al. 2005). Such damages are associated with protein degradation, lower membrane potentials and, eventually, root death with consequent reduced maintenance costs (Bryla et al. 1997). Anyhow, substrate limitation and adenylate control (in particular the ratio of ATP to ADP and the concentration of ADP per se) are considered the more likely causes for acclimation at higher temperatures (Atkin and Tjoelker 2003). In particular, adenylate control could result from the decrease of ATP requirement for growth and nutrient uptake at warmer temperature. In this study, since root growth was absent at both high (28 °C) and more moderate (21 °C) soil temperatures, its respiratory energy demand was negligible. At the same extent, because nutrients were not added after the onset of the heat wave treatment, the energy demand of ion uptake was minimized, particularly under moderate drier condition. In such a case, incomplete use of available ATP would result in reduced regeneration of ADP, leading to low ADP concentrations and reduced respiration (Atkin and Tjoelker 2003). 
Evidence provided here showed that substrate limitation was not involved during acclimation to high temperatures. In fact, SS concentration at 28°C was still higher than that at 19°C (control), despite the overall reduction from values observed in 24°C-acclimated roots. Moreover, this marginal reduced availability was offset by the significant increase of starch reserves, particularly under drought condition. The subsequent decrease of the starch concentration coupled to the SS concentration increase as temperature was adjusted back to 21 °C clearly indicates that a “new” substrate flush was available for fuelling the root activity under restored soil moderate temperature and, in particular, water availability (HW+S.I. treatment), as demonstrated by the significant re-increase of respiration rates. This shift from the partially-immobile to the mobile carbon fraction and the lack of a corresponding biomass (immobile carbon fraction) increment, as revealed by the first PCA component, highlighted a marked increase particularly in the maintenance costs associated to protein turnover, membrane repair, and maintenance of gradients of ions and metabolites, likely implied in damage recovery. These findings represent further evidences that starch reserves as partially-immobile carbon fraction were “labile and dynamic” (Kosola et al. 2002), and that acclimation process at high temperature appeared to be coupled with a reduced sink strength of the fine (< 1 mm) absorptive root portion which in turn converted carbon in starch reserve. This “carbon-savings strategy” would bear the maintenance costs associated to the recovery process in case of restored favourable environmental conditions. 
This temporary warm-induced and drought-amplified starch deposition is scarcely reported in literature. For instance, Marshall and Waring (1985) reported that in douglas-fir fine roots the average starch concentration at 30°C was higher than that at 20°C, but the explanation of the underlying mechanisms was missing. In the present work, starch concentration constantly decreased in old fine roots (1-2 mm) (Table 2) independently from soil temperature. Moreover, the excision of all <1 mm in diameter roots before transplanting made starch reserve of old fine roots (1-2 mm) an important carbon source for new root formation. Nevertheless, recent studies with carbon isotope tracers (13C and 14C) and pulse-chase experiments (Sah et al. 2011; Lynch et al. 2013; Hopkins et al. 2013; Adams and Eissenstat 2014) clearly demonstrated that current photosynthate contribute to new root growth, respiration and non-structural carbon pools (Adams and Eissenstat 2014). Although the distinction between current photosynthate- and reserve-origin carbon in the new fine roots was not within the aims of the present study, the low leaf Ψ (-2.2 MPa) measured in drought stressed plants after 27 day of progressive soil drying suggests the occurrence of marked decrease of net photosynthesis and stomatal conductance (Tognetti et al. 1995), progressively limiting the flow of new carbon towards the relative sinks. Therefore, starch deposition at warmer soil temperature seems to take place independently from the current photosynthate supply. This behaviour could be somehow expected in perennial woody species like F. sylvatica that construct more expensive roots (g glucose per unit root length) (Bryla et al. 1997). Moreover, these findings support both the hypothesis of Guo et al. (2004) who considered fine roots able to export stored non-structural carbohydrates to meet the C demand of lower order very-fine roots (<0.5 mm), and the hypothesis of Hartmann et al. (2013) who indicated that mortality mechanisms under extreme drought events are defined within singular compartment (needles/branches vs. roots) rather than at the organism level.
In spite of general respiration reduction, our results clearly showed that a respiratory expenditure for the synthesis of new starch took place. Although processes involved in physiological adaptation to a changing or harsh environment account for maintenance costs, starch synthesis is generally included in construction cost (Penning de Vries 1975, Vertregt and Penning de Vries 1987, Ryan 1991). This latter was usually estimated to be 0.25 g CO2-C g-1 constructed-C (Penning de Vries 1975, Ryan 1991) equal to 11.25 mmol CO2 g-1 dw assuming 54% of root [C] (Terzaghi et al. 2013). Given a starch content increase for very-fine roots of drought stressed plants between day 23 and 47 of 1 mg (inferable from Fig. 4c), its cost synthesis should amount to 0.011 mmol CO2. Considering for very-fine roots an average specific respiration rate of 2.84 nmol CO2 g-1dw s-1 as representative for this time interval (Fig. 4a), it summed to 5.90 mmol CO2 g-1dw, i.e 1.27 mmol CO2 for a mean dry mass of 0.22 g. This value undoubtedly demonstrated that starch synthesis might safely take place also under stress conditions. 

All of the above considerations acquire greater consistency if they refer to the same fine root population. The use in the present study of 1.5 mm mesh cylinder was to indirectly detect this process, assuming that dead roots, detached or not, remained embedded in the mesh. No root fragments were found and very few root apices appeared presumable dead because shrunk shaped and dark brown coloured. Moreover, image analyses revealed the partial loss of the only finest portion ranging from 0.1 to 0.15 mm in diameter (Figure 2). Therefore, it is reasonable to ascribe the respiration and the starch concentration patterns observed during the experiment to the same roots > 0.15 mm, although operatively measured on different root samples. This assumption, supported by sufficient evidences, confirmed the tested hypothesis that observed very-fine (portion 0.15 - 0.5 mm in diameter) and fine (0.5-1 mm) roots did not die and were able to recover their activity in case of restored favourable environmental condition, even under moderate drought condition. 
In conclusion, starch deposition under elevated soil temperatures as well as giving further support to the hypothesis of acclimation (Huang et al. 2005) as a prevention mechanism from excessive carbon cost, highlighted the adoption of a “carbon-savings strategy” which bear the maintenance costs associated to the recovery process in case of restored favourable environmental conditions, like those occurring at the end of a heat wave event. Root shedding does not result the primary mode of coping with stress condition, but it is delayed by reducing growth and ion-uptake costs through respiratory acclimation processes. In this work, the temporary but sufficiently long high temperature event and the encountered moderate drought condition did not induce a severe root mortality, and it is not possible to infer the extent to which acclimation offset the risk of death. According to the second hypothesis, drought condition seems to substantially affect the fine root vitality but, surprisingly, much more under moderate than high soil temperature condition. Therefore, for applicative purpose, high soil temperature does not seem to worsen the root vitality in case of temporary luck of water supply. Anyhow, roots should be shed less readily in species that are adapted to more mesic conditions and construct more expensive roots (g glucose per unit root length) (Bryla et al. 1997). All of the aforementioned findings clearly suggest that mechanistic algorithms for factors such as temperature acclimation and moisture effects are needed to adequately parameterize mechanistic responses to multiple global change factors.
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Figure 1  Temporal pattern over the experimental period of Soil volumetric Water Content (SWC) (a) and Soil Matric Potential (SMP) (b) for two-year-old Fagus sylvatica saplings under four heat wave/watering treatment combinations (see M&M). Continuous (—) and dashed (- - -) lines indicate watering and no-watering conditions, respectively; filled circles indicate 19°C soil temperature, open circles and filled triangles warmed soil conditions. Data are means ± 1S.E. (S.E. not shown if smaller than symbol) of 4 – 14 measurements. Coloured strips indicate soil temperature between two consecutive samplings: grey 19°C; yellow 24°C; red 28°C; light blue 21°C.
Figure 2 Scanned images of representative examples of the branching fine root systems of potted Fagus sylvatica saplings. Values show root diameter measured under the optical microscope (BX63, Olympus, Hamburg, Germany) with the software cellSens Dimension 1.6 (Olympus). The scar in the primary cortex indicates incipient sloughing-off of the primary cortex and transition to secondary growth.
Figure 3 Specific root length (SRL), root tissue density (RTD) and average diameter (AvD) for very fine (left column) and fine (right column) roots in two-year old Fagus sylvatica saplings at days 0, 23, 47 and 70 under four heat wave/watering treatment combinations (see M&M). Continuous (—) and dashed (- - -) lines indicate watering and no-watering conditions, respectively; filled circles indicate 19°C soil temperature, open circles and filled triangles warmed soil conditions. Values are the mean of 4 replicates ± 1SE. If written, a, b, c indicate significant differences between different treatment combinations within each sampling day; x, y, z between different sampling days within each treatment combination (LSD at P < 0.05). Coloured strips indicate soil temperature between two consecutive samplings: grey 19°C; yellow 24°C; red 28°C; light blue 21°C.
Figure 4 Cross sections of representative samples of very fine (≤ 0.5 mm) and fine (0.5 – 1 mm) roots of two-year old Fagus sylvatica saplings viewed with bright field. (a), (b) and (c) show the transition to a complete secondary structure (c) along the same root axis. (d) and (e) refer to roots in primary structure. Notably, in (a) and (e) protoxylem is tetrarch, in (d) pentarch. b, bark; co, primary cortex; e, endodermis; ep, epidermis with root hairs; p, pericycle; pc, passage cells; pp, protoxylem poles; s, central stele; sx, secondary xylem. 
Figure 5 Specific respiration rate, Starch and soluble sugars (SS) concentrations for very fine (left column) and fine (right column) roots in two-year old Fagus sylvatica saplings at days 0, 23, 47 and 70 under four heat wave/watering treatment combinations (see M&M). Continuous (—) and dashed (- - -) lines indicate watering and no-watering conditions, respectively; filled circles indicate 19°C soil temperature, open circles and filled triangles warmed soil conditions. Values are the mean of 4 replicates ± 1SE. If written, a, b, c indicate significant differences between different treatment combinations within each sampling day; x, y, z between different sampling days within each treatment combination (LSD at P < 0.05). Coloured strips indicate soil temperature between two consecutive samplings: grey 19°C; yellow 24°C; red 28°C; light blue 21°C.
Figure 6 Relationship between specific root respiration rates of very fine (a) and fine (b) roots and soil temperature for two-year-old Fagus sylvatica saplings under well-watered (filled circles) and drying (empty circles) heat-wave stress conditions, and 19 °C well-watered (filled triangles) soil conditions (equations reported in the text). For VFR only, the regression line indicates the temperature response when soil water content was 0.25 m3 m-3.
Figure 7 Principal Component Analysis (PCA) ordination of the first (27.85 % of explained variance) and second (19.81 % of explained variance) axes showing the relationships between the morphological and physiological investigated traits (arrows) in relation to heat-wave and drought stress condition for very fine (≤ 0.5 mm) and fine (0.5 – 1 mm) roots in two-year old Fagus sylvatica saplings. Treatment colours: control, blue circles; brown, heat-wave (HW); red, heat-wave plus drought (HW+drought); green, drought stress interruption (HW+S.I.). Soil temperature symbols: circle, 19°C; triangles, 24°C; rhomb, 28°C; square, 21°C. Abbreviations for dependent variables: AvD, root average diameter (mm); SRL, specific root length; Starch; SS, soluble sugars; Respir., specific respiration rate; RM, root dry mass; RTD, root tissue density.
	Table 1 Very fine and fine root dry mass and total length for two-year old F. sylvatica saplings at four sampling days under three soil temperature - watering regime treatment combinations (definition in experimental design section) plus one recovery from drought stress treatment. control mean value at day 0 was reported for the other treatments for illustrative purpose only. Values are the mean of 4 replicates (SE). If written, a, b, c indicate significant differences between different treatment combinations within each sampling day; x, y, z between different sampling days within each treatment combination (LSD at P < 0.05).

	
	
	
	RM (g)
	
	
	
	RL (m)
	

	Diameter class
	Treatment
	
	Time (dd)
	
	
	
	Time (dd)
	

	
	 
	0
	23
	47
	70
	
	0
	23
	47
	70

	
	control
	0.03 (0.02)x
	0.09 (0.04)xy
	0.16 (0.03)y
	0.17 (0.05)y
	
	4.06 (2.29)x
	9.12 (3.6)xy
	16.1 (4.64)xy
	19.75 (4.31)y

	≤0.5 mm
	HW 
	0.03 (0.02)x
	0.22 (0.06)y
	0.27 (0.06)y
	0.2 (0.07)y
	
	4.06 (2.29)x
	26.26 (8.11)y
	23.21 (4.4)xy
	23.5 (8.07)y

	
	HW+drought
	0.03 (0.02)x
	0.17 (0.06)y
	0.26 (0.05)y
	0.18 (0.04)y
	
	4.06 (2.29)x
	19.69 (7.82)xy
	21.77 (4.48)xy
	24.63 (6.68)y

	
	HW+S.I.
	
	
	
	0.17 (0.05)
	
	
	
	
	22.97 (6.55)

	
	
	
	
	
	
	
	
	
	
	

	
	control
	0.05 (0.02)
	0.06 (0.02)
	0.07 (0.02)
	0.1 (0.02)
	
	0.51 (0.19)
	0.58 (0.16)
	0.74 (0.25)
	1.01 (0.14)

	0.5-1 mm
	HW 
	0.05 (0.02)
	0.1 (0.02)
	0.11 (0.02)
	0.1 (0.02)
	
	0.51 (0.19)
	0.99 (0.17)
	0.99 (0.21)
	1.02 (0.19)

	
	HW+drought
	0.05 (0.02)x
	0.07 (0.02)xy
	0.11 (0.02)y
	0.09 (0.01)xy
	
	0.51 (0.19)x
	0.71 (0.21)xy
	0.75 (0.12)xy
	1.55 (0.39)y

	
	HW+S.I.
	
	
	
	0.07 (0.01)
	
	
	
	
	1.05 (0.34)

	RM, Root dry Mass; RL, Root Length; HW, Heat Wave; S.I. Stress Interruption. 


	Table 2  Pooled Starch and Soluble Sugars concentrations in 1-2 mm diameter fine roots at different sampling dates 

	Time (day)
	Starch (% dw)
	
	SS (% dw)

	0
	8.53 (0.75)
	
	2.09 (0.46)

	23
	6.53 (0.57)
	
	2.57 (0.38)

	47
	3.94 (1.05)
	
	3.18 (0.44)

	70
	1.74 (0.41)
	
	4.60 (0.69)
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