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Belowground responses are critical in understanding how plants cope with the predicted increase in drought intensity and frequency in the Mediterranean region, because plant root systems compete with each other and interact with soil microbial communities under limiting water availability. However, the combined responses of plant roots and soil microorganisms to drought are not well understood. Using an experimental approach, we addressed the question of how recurrent drought and different combinations of two individuals from three common Mediterranean plant species (Quercus coccifera, Cistus albidus, and Brachypodium retusum) affect root characteristics and soil microbial activity. We hypothesized that drought effects on root characteristics and associated soil microbial communities are stronger when plant individuals of the same species compete for limiting water compared to inter-specific competition. Root morphological traits were more affected by the species identity of the neighbor individual than by recurrent severe drought, particularly in B. retusum, which may in part explain the higher survival previously observed for this species. On the other hand, drought and plant composition had little effect on root-associated soil microbes’ ability to use a wide range of different carbon substrates. Overall, our results did not confirm stronger effects of intra- compared to interspecific competition on the root and microbial responses, but showed strong species identity effects.
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Introduction

Global climate models predict changes in precipitation regimes – an increase in the frequency and severity of drought in the Mediterranean region (Field et al., 2014; Forster et al., 2018) that will likely affect the plant and the soil microbial communities simultaneously and interactively (Wardle et al., 2004; Bardgett et al., 2014). To date, most of research on understanding drought effects has focused on aboveground plant traits, especially those related to leaf physiology and phenology (Garnier et al., 2001; Reich et al., 2003; Wright et al., 2005; Díaz et al., 2016). Roots have a major role in water acquisition and direct implications for growth and survival in water-limited environments, but the response of root traits to changes in soil water availability received less attention in Mediterranean species (but see Hernández et al., 2010; Larson and Funk, 2016), in part because roots are more difficult to study. A number of recent reviews, synthesis and conceptual developments, however, highlighted the importance of root traits and root trait economic spectrum in understanding plant responses to environmental changes and competition (McCormack et al., 2015; Freschet et al., 2017; Ma et al., 2018; Bergmann et al., 2020).

The plants respond by showing physiological and phenological adjustments of aboveground parts (Ferrio et al., 2003; Volaire et al., 2009). The belowground adjustments involve increasing biomass allocation to the root system (Markesteijn and Poorter, 2009), root length density (Padilla et al., 2015), and overall length of fine roots (Hertel et al., 2013). A plastic and rapidly growing root system (i.e., with high elongation rate) allowing rapid exploration of deep soil layers with higher moisture levels (Lloret et al., 1999; Paula and Pausas, 2011) is a particularly efficient way to face drought. Drought influences as well the structure and growth of plant roots, with species adapted to dry climates generally having higher root-to-shoot ratios, deeper root systems and investing more biomass into long-lasting root biomass (see Brunner et al., 2015 for review). Root functional traits such as rooting depth, root mass fraction (that is the ratio between root dry biomass and whole plant dry biomass), root diameter, specific root length (SRL; the root length achieved per unit of root biomass invested), and root tissue density (RTD, i.e., the ratio of root biomass/root volume) are expected to respond particularly strongly to drought, because they play a critical role in water acquisition (Hernández et al., 2010; Pérez-Ramos et al., 2013). The SRL, which is generally negatively correlated to root diameter and/or tissue density, is particularly relevant in characterizing a plant species’ potential for soil exploration and resource uptake (Wright and Westoby, 1999; Nicotra et al., 2002; McCormack et al., 2015). A high SRL implies a high surface:volume ratio maximizing the root-soil interface and hence the root absorption potential (Larcher, 2003). Moreover, thin roots with high SRL offer less resistance to the radial flow of water, thus increasing radial conductivity (Huang and Eissenstat, 2000). Plants with high SRL also tend to show higher root hydraulic conductance per unit leaf surface area (Peman et al., 2006) or per stem cross sectional area (Hernández et al., 2010). Consequently, plants with high SRL show high uptake rates of water and nutrients (Comas et al., 2002; Valverde-Barrantes et al., 2020).

Root growth patterns and traits may differ among different soil layers for a given plant species (Schenk, 2008; Prieto et al., 2015). In surface soil layers, comparatively higher nutrient concentrations (Jobbágy and Jackson, 2001; Arndt et al., 2004) and higher water availability during short precipitation events may favor the proliferation of roots with higher SRL, and thus a higher capacity of resource uptake. In contrast, roots in deeper soil layers ensure plant anchorage and provide often a safety investment for water uptake during dry spells because of a generally higher and longer term water availability in deeper layers (Laclau et al., 2013). Differences in abiotic conditions, such as soil moisture, temperature, and pH, between shallow and deep soil layers may lead to contrasting suites of traits with depth since root traits are highly plastic and respond to heterogeneous resource distributions (Hodge, 2004; Ostonen et al., 2007; Wang et al., 2020).

Plant species vary strongly in their root traits (e.g., Bergmann et al., 2020) leading to temporarily and spatially complementary resource use across the soil profile that may result in less competition for a given amount of water resource between individuals of different species than between individuals of the same species (Turnbull et al., 2013). Drought effects may therefore be more accentuated when individuals of the same species grow together compared to species rich plant communities (Isbell et al., 2015; Wagg et al., 2017).

Through their roots, but also through the modification of microclimatic conditions and the production of organic matter deposited on and in the soil through rhizodeposition and litter input, plants affect soil microorganisms and the processes they drive (Grayston et al., 1998; Eviner and Chapin, 2003; Bardgett et al., 2014). Altered plant physiology and carbon allocation in response to drought may affect soil microorganisms (Schimel, 2018). Changes in root traits also should influence soil microbial community composition and functioning (Bardgett et al., 2014; Legay et al., 2014; Gillespie et al., 2021, but see De Long et al., 2019). In turn, soil microorganisms may affect plant responses to drought by different mechanisms, including alteration of C allocation to the roots (Song et al., 2012; Brunner et al., 2015; Hasibeder et al., 2015; Kannenberg and Phillips, 2017), production of exopolysaccharides that protect plant roots from desiccation and improve water use efficiency (e.g., Naseem et al., 2018; Chai and Schachtman, 2022), changes in stomatal behavior, photosynthetic rates, leaf water potential, and xylem tension (Friesen et al., 2011; Rapparini and Peñuelas, 2014; Fan et al., 2015). The multiple mechanisms involved in these complex interactions are currently not well identified (Williams and de Vries, 2019; Aslam et al., 2022), and they may vary as a function of the identity and diversity of involved plant species.

In this study, we compared three typical co-existing perennial plant species that dominate in many shrublands of the northern part of the Mediterranean basin. Two of them are woody shrub species (Quercus coccifera and Cistus albidus), both with the strategy of dehydration avoidance during drought. The third species is the perennial grass Brachypodium retusum with a dehydration tolerance strategy. We aimed to quantify the effect of recurrent drought events on plant root traits and associated soil microbial communities in shallow and deep soil, and for plants either competing intra- or inter-specifically. Based on model predictions of more frequent and more severe drought events in the Mediterranean (Hertig and Tramblay, 2017), we simulated three repetitive drought events compared to a single drought event typical for the Mediterranean summer. Two plant individuals, either of the same species or of two different species in all three possible combinations, were grown in custom-made rhizotrons. We evaluated root traits and their responses to recurrent drought events and the identity of the neighbor individual. We previously showed that recurrent drought increased the mortality of woody species, but not that of B. retusum, and decreased the root and shoot relative growth rates of B. retusum, but not that of woody species, and that these responses were strongly dependent on the identity of the neighbor plant species (Shihan et al., 2020). Based on these previous results, we expected that recurrent drought affects root morphological traits of the grass species more than those of the woody species, and that this effect further depends on the identity of the neighbor individual. Because different plant species with contrasted root traits should use limiting water in a more complementary way than individuals of the same species (niche complementarity, Leibold, 1995), we hypothesized that drought effects on root traits would be stronger under intra- compared to interspecific competition for water. We further hypothesized that changes in root traits would be tracked by the soil microbial community showing different catabolic capabilities, with again stronger effects in the grass species and under interspecific competition.



Materials and methods


Plant material and rhizotron experiment

The rhizotron experiment was previously described in Shihan et al. (2020). Briefly, we used three Mediterranean plant species that are abundant and locally often dominant in garrigue-type Mediterranean shrublands in the west of southern Europe: the evergreen woody shrub Q. coccifera, the semi-deciduous woody shrub C. albidus, and the rhizomatous perennial grass B. retusum. The woody shrub species are dehydration avoiders (Damesin et al., 1998; Galmés et al., 2007), while B. retusum, as most native perennial grasses in Mediterranean areas, is regarded as dehydration tolerant (Pérez-Ramos et al., 2013). C. albidus and Q. coccifera individuals were grown from seeds and acorns, respectively, and B. retusum were obtained from ramets (collected from different patches in a garrigue near Marseille), all in 1 L-pots using a soil-sand mix (see below) with regular watering. At time of planting into the rhizotrons, C. albidus seedlings were 1-year-old with a mean total seedling biomass of 1.6 ± 0.1 g (dry matter, n = 10), and Q. coccifera seedlings were 5 months old with an average total seedling biomass of 1.2 ± 0.08 g (dry matter, n = 10). For B. retusum, individual ramets consisted of a 3–5 cm long rhizome with roots and one single shoot with a total average biomass of 0.12 ± 0.02 g (dry matter, n = 10). The custom-made 85 × 34 × 2.3 cm rhizotrons (described in Shihan et al., 2020) contained a calcareous soil-sand mix (in a 50:50 volume ratio), with field capacity at 23 ± 0.1% and the permanent wilting point at 5.1 ± 0.12% of gravimetric soil water content (determined at soil water potential = −0.063 and −15 MPa, respectively, Supplementary Figure 1). This substrate was sterilized at 120°C for 48 h in order to suppress the seed bank and the soil microbial community inherited from previous vegetation. Physico-chemical properties of the soil-sand mix are shown in Supplementary Table 1.



Plant growth condition and drought treatment

Two seedlings or ramets were planted in rhizotrons, with either two individuals of the same species (referred as BB, CC, and QQ) or of two different species in all possible combinations (BC, BQ, and CQ), yielding a total of six different plant combinations that were replicated 12 times for a total of 72 rhizotrons installed in six blocks (Supplementary Figure 2). After installation, the plants were allowed to establish over 12 months while keeping the substrate at field capacity, until the drought experiment started. At the end of this establishment phase, B. retusum, C. albidus, and Q. coccifera roots reached a soil depth of 81.6 ± 0.6, 80.3 ± 2.5, and 77 ± 5.8 cm, respectively, i.e., they all basically reached the bottom of the rhizotrons.

Most previous experimental studies applied drought treatments on the basis of a fixed time span, which means that individual plants may experience vastly different soil water conditions because of differences in the size and growth rate of root systems and different response dynamics to changing soil water content. Here we chose to simulate an increased frequency of drought events and to control the drought intensity at the level of individual rhizotrons in order to expose each individual plant to the same drought intensity. With this approach we were able to compare the root biomasses and traits of different species and individual plants of different sizes at the same drought exposure, while we had to accept a rhizotron-specific duration of the experiment. At the start of the drought experiment (3 December 2014), half of the rhizotrons were randomly assigned to the recurrent drought treatment, while the other half were used for the one drought treatment. Rhizotrons were kept under a transparent plastic rain shelter. Air temperature, relative humidity under the rain shelter and the daily air vapor pressure deficit VPD (kPa) are shown Supplementary Figures 3A,B (for more details see Shihan et al., 2020). In order to avoid the unnatural situation of constantly high soil water availability, the plants subjected to one drought treatment were allowed, to dry moderately down to 75 ± 3% of field capacity before they were re-watered to reach field capacity (Supplementary Figure 4A). For the soil-sand mix, this value corresponds to the gravimetric water content of 17.5 ± 0.5 g of water per 100 g of dry soil (i.e., 17.5 ± 0.5%, soil water potential = −0.141 MPa, Supplementary Figure 1). For the recurrent drought treatment, two drying cycles were applied during which the gravimetric soil water content reached 11 ± 0.4% (Supplementary Figure 4B). This threshold was defined as the soil water content at which all leaves of B. retusum entirely senesced and the gravimetric soil water content did not further decrease during two additional weeks. Each individual rhizotron was weighed once every week to determine gravimetric soil water content and the exact date of re-watering. Watering was resumed as soon as a particular individual rhizotron reached 17.5% (one drought) or 11% (recurrent drought treatment) of gravimetric soil water content (Supplementary Figure 4). Each watering event was adjusted to reach field capacity. After that, we applied a final drying cycle (reaching 11% of soil water content) to rhizotrons of both one drought and recurrent drought treatments (Supplementary Figure 4), i.e., three drying cycles for the recurrent drought treatment compared to one drying cycle for the one drought treatment. We did this because in our study system, summer drought is naturally occurring every year, and we wanted to explicitly test the impact of repetitive drought. After this final drying cycle when all rhizotrons reached the threshold of 11% of soil water content, they were again watered to reach field capacity. The rhizotrons were kept at soil water contents higher than 17.5% for 3 weeks, so that microbial and root parameters could stabilize following re-watering and be measured under similar soil water content conditions; all plants were then harvested.

One rhizotron for each plant composition and drought treatment was equipped with a soil humidity sensor (WATERSCOUT SM 100, SDEC, France) installed horizontally at two depths (10 and 50 cm from the soil surface) to measure volumetric soil moisture once per hour (Supplementary Table 2).

At the beginning of the drought treatment and at the end of every drying cycle, root systems were recorded by successive drawings through the glass pane at two different soil depths (17.5 and 57.5 cm, corresponding to the soil depths of final root harvest) in 15 × 15 cm within the center zone of the rhizotron (Supplementary Figure 5). Root elongation rate (RE), was calculated as follows:

[image: image], where RE is the daily root elongation rate (mm d–1), L1 and L2 are the recorded root lengths at t1 and t2, respectively.

Additionally, five individuals of C. albidus and of B. retusum and three of Q. coccifera were cultivated following the same protocol as for the other plants for the establishment period, but with one single individual per rhizotron, i.e., without intra- or interspecific competition. These individuals were harvested at the end of establishment period and before the start of drought treatment and used to determine the root morphological traits.



Plant and soil harvest

By the end of the experimentation and at final harvest, a total of 14 C. albidus individuals, 27 Q. coccifera individuals and 40 B. retusum individuals survived, corresponding to average survival rates of 30, 58, and 80% across all treatments, respectively (see Shihan et al., 2020). All rhizotrons were harvested 3 weeks exactly after the end of the last drought cycle that was common for all recurrent drought and one drought rhizotrons (see above). The rhizotrons were placed horizontally, and the glass pane was removed. Three adjacent soil cores (4.4 cm in diameter for 34.97 cm3 of volume) were yielded in the thickness of the soil at 17.5 and at 57.5 cm depth below the soil surface within the center zone of the rhizotron (Supplementary Figure 5). Roots were immediately recovered from these three soil cores, washed to remove adhering soil particles, and, for the two-species rhizotrons, sorted by species since they are visually distinctive. For two of the cores (not the centered one), fine roots (<0.55 mm in diameter; i.e., corresponding to absorptive roots for the woody species) were selected and put in water for morphological analysis. The remaining roots (>0.55 mm in diameter and roots from the third centered core) were kept for total biomass determination (see below).

The soil recovered from all three soil cores was pooled for each depth and homogenized to yield representative samples for microbial analyses. The soil samples were air-dried in the dark at 25°C, sieved at 2 mm and stored in a dry and dark room until analysis.



Root morphological traits

Before root morphology could be assessed, B. retusum fine roots were stained with methylene blue (1 g L–1) for 5 min to increase the contrast during the scanning. The darker roots of C. albidus and Q. coccifera did not require staining. The fine roots were rinsed in distilled water, spread out on a fine mesh while immerged in water to avoid overlapping roots, and transferred to a transparent acetate sheet (Roumet et al., 2008; Birouste et al., 2012). Samples were scanned as grayscale images at a resolution of 600 dpi using a scanner equipped with a transmitting light source that avoids shadows (EPSON Expression 1680). All roots were then recovered from the acetate sheet, oven-dried at 65°C for 48 h and weighed to determine fine root dry biomass (RB, g). A digital image analyzing software (Winrhizo, version 2003b, Regent Instrument, Québec, Canada) was used to determine root length (L, cm), root mean diameter (Diam, mm), and root volume (V, cm3) from the sum of all volumes calculated on the basis of 11 diameter classes (from 0 to 0.55 mm, with a class width of 0.05 mm). From these measurements we calculated SRL, (m g–1, as the ratio L/RB), RTD (g cm–3, as the ratio of RB/V), root thickness (RTh, cm3 m–1, as the ratio V/L), and finally, root density (RD, root cm. soil cm–3, as the ratio L/soil volume) (Roumet et al., 2008; Birouste et al., 2012).

The rhizotron-weighted mean traits RWM (SRLRWM, RTDRWM, RThRWM, RDRWM, and DiamRWM) and the functional dissimilarity FD for fine roots (SRLFD, RTDFD, RThFD, RDFD, DiamFD, and the global trait dissimilarity AllFD) were calculated in rhizotrons where both individuals were still alive by the end of treatments (n = 26). RWM were calculated as the average trait values of morphological traits following (Garnier et al., 2004): traitRWM = RBi. traiti + RBj.traitj, where RBi and RBj are the percentage of root mass and traiti and traitj are the trait value for species i and j, respectively. The functional dissimilarity of traits in rhizotrons with two species was calculated according to Rao’s quadratic entropy (Botta-Dukát, 2005) for each rhizotron using dbFD function of FD package (Laliberte and Legendre, 2010) as: TraitFD = RBi.RBj. dij, where dij is the Euclidian distance between species i and j for the trait considered (TraitFD values are 0 in mono-specific rhizotrons). Because the measured traits differ in their numerical value ranges, standard normal deviates (so as to get an expected value of zero and a variance of one for traits values) were used to calculate functional dissimilarity.



Community level physiological profiles of the soil microbial community

We used the MicroResp™ profiling (Macaulay Scientific Consulting, Aberdeen, UK) to characterize the catabolic capabilities of the soil microbial community as previously described (Shihan et al., 2017). Community level physiological profiles (CLPP) were characterized at the rhizotron level because the distinction between the influence of the two plant individuals was not possible within a common soil volume. Briefly, about 0.49 g of soil were incubated in triplicate with 1.5 mg C g–1 soil (except for the low-solubility phenolic acids and cellulose for which 0.75 mg C g–1 soil were added) of 15 different carbon substrates (D-glucose, xylan, cellulose, N-acetyl-glucosamine, L-asparagine, L-glutamine, L-lysine, L-serine, L-glycine, malic acid, oxalic acid, uric acid, caffeic acid, syringic acid, and vanillic acid), plus one control with deionized water, so as to reach 80% of the field capacity in 96-deepwell microplates. After an initial 2-h pre-incubation at 25°C in the dark, each deepwell microplate was covered with a Cresol red detection plate using a silicone gasket (MicroResp™, Aberdeen, UK), and the assembly was secured with a clamp, and incubated for four additional hours. Optical Density at 590 nm (OD590) was measured for each detection well before and after incubation using a Victor 1420 Multilabel Counter (Perkin Elmer, Massachusetts, USA). Final OD590 were normalized using pre-incubation OD590, and converted as substrate induced respiration rates expressed in μg C-CO2 respired per g of soil per hour. The respiration rates for the different C substrates were summed across all 15 substrates (sum15) as a proxy of the global catabolic activity, and standardized rate for each substrate was computed as the rate measured for this substrate divided by sum15, as proposed by Leff et al. (2012). For each plot, a Shannon catabolic diversity index was computed as: H′ [image: image], and a Simpson catabolic dominance index was computed as: D[image: image]2, where (pi) is the standardized respiration rate for substrate (i).



Data analysis

Plant parameters were analyzed for each species separately for the effects of drought (one drought vs. recurrent drought event), neighbor plant identity, soil depth sampling (top vs. deep soil layer) and their interactions. Soil microbial parameters were analyzed at the rhizotron level because they could not be associated to a particular plant species or individual. We used mixed linear models [lme function of R package “nlme” (Bates and Pinheiro, 1998) and r.squaredGLMM function of R package “MuMIn” (Kamil, 2016) to calculate R square values] to assess whether RB, RE, root morphological traits (SRL, RTD, Rth, RD, and Diam) and soil microbial parameters (sum15, H′, and D) differed according to the drought treatment (one drought vs. recurrent drought) and neighbor plant identity (or plant species composition for soil microbial parameters) and their interactions. We also included soil depth (top, 17.5 cm and deep, 57.5 cm) as an additional factor in the model: soil depth was nested within rhizotron identity and fitted as random variable. As a result of mortality during the experiment (see Shihan et al., 2020) the period of presence of individuals that died during the experiment was integrated as the percentage of total presence period of living individual, and used in model fits as a co-variable. Likewise, the time during which each rhizotron was kept in the experiment (from plantation to harvest, depending on the duration of the drying cycles) was also fitted as a co-variable in the models. Differences between drought treatments, identity of the neighbor or composition and soil depth were tested using Tukey HSD post hoc comparison tests [lsmeans function of the eponymous R package (Lenth, 2016)]. In the rhizotrons where both individuals were alive by the end of the experiment (n = 26 rhizotrons), the relationship between soil microbial catabolic parameters (sum15, H′, D, and standardized respiration rates for individual substrate) and root traits [either community rhizotron-weighed mean traits (TraitRWM) or functional dissimilarity (TraitFD)] were explored using Pearson’s correlations. Heteroscedastic variables were transformed to meet the assumption of normal distribution of residuals. Statistical analyses were performed with the R software (version 3.6.3, R Core Team, 2020) with significance levels indicated as ′P < 0.10, *P < 0.05, **P < 0.01, and ***P < 0.001. Data are presented as means ± SEM.




Results


Root traits and biomass

After the 1-year establishment phase of the plants and before the drought treatment started, B. retusum and Q. coccifera had the highest and lowest SRL, and the lowest and highest RTD, RTh, and root diameter (Diam), respectively. The root traits in C. albidus were not significantly different from the other two species (Supplementary Table 3A). At the end of the drought experiment, and irrespective of the drought treatment, the species-specific differences remained mostly the same (Supplementary Table 3B). Compared to the root traits measured before the drought treatment started, the RTD was higher, and Diam and RTh were lower in all three species (Supplementary Table 3). We were not able to measure the hydric behavior of all the rhizotrons, but measurements in only one rhizotron per plant combination and per drought treatment showed that the soil water content varied across plant composition, drought treatment and soil depth (Supplementary Table 2). Because some plant combinations did not survive to the first (BC) or to the third drought event (BB and BQ), it was difficult to conclude about the role of plant combination on the hydric behavior in the rhizotrons. Root parameters measured on B. retusum, C. albidus, and Q. coccifera in the two drought treatments and soil depth and according to the identity of the neighbor species are shown in Supplementary Table 4.

Root biomass differed in the two soil layers in C. albidus and Q. coccifera, with a lower biomass in the deep compared to top soil layer. RE was higher in B. retusum only in the deep compared to top soil layer. Overall, soil depth influenced several root traits, especially in B. retusum. In B. retusum, SRL, RD, and Diam were higher and RTD was lower in the subsoil compared to the topsoil layer (Table 1). The differences between the two soil layers were modified by drought and the identity of the neighbor individuals (see below).


TABLE 1    Output of multiple linear mixed models testing for the effects of drought treatment (Drought), community composition (Id), horizon sampling (Depth) and their interactions (Drought:Id and Drought:Id:Depth) on root dry mass in soil cores (RB) specific root length (SRL), root tissue density (RTD), root thickness (RTh), root length per soil volume (RD) and average root diameter (Diam).

[image: Table 1]

Root biomass and traits differed in response to recurrent drought cycles compared to the one drought treatment (Table 1 and Figures 1A–F). In B. retusum, RB and RE were lower in response to recurrent compared to one single drought (Table 1), with stronger effects on RB in deep compared to top soil (Table 1 and Figure 1A). B. retusum also showed a lower RD in response to recurrent drought, especially in the deep soil (Figure 1E). Root diameter responded differently to recurrent drought depending on soil depth, with larger and smaller diameters in the top and the deep soil layer, respectively, compared to one drought (Table 1 and Figure 1F). SRL and RTD in B. retusum were lower and higher, respectively, under recurrent drought in the deep soil layer (Table 1 and Figures 1B,C), but not significantly different between the two drought treatments in the top soil layer (significant Drought × Depth interactions, Table 1).The diameter of Q. coccifera roots was distinctly affected by recurrent drought depending on the soil layer, with smaller diameters only in the top, but not in the deep, soil layer (significant Drought × Depth interaction, Table 1). C. albidus showed only lower RE rates with recurrent drought compared to the one drought treatment, but there were no other drought effects on other root traits or biomass (Table 1).
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FIGURE 1
Root biomass (RB) and morphological traits [specific root length (SRL), root tissue density (RTD), root thickness (RTh), root length per soil volume (RD) and mean root diameter (Diam)] of B. retusum (A–F, respectively) as a function of soil depth (top soil = 17.5 cm and deeper soil = 57.5 cm), in one drought (white bars) and recurrent drought (gray bars) conditions (across all neighbor species identity treatments). Mean values (±SE) are shown. Asterisks indicate significant statistical differences among treatments (NSnot significant, ′P < 0.10, *P < 0.05, **P < 0.01, and ***P < 0.001, Tukey HSD test).


Overall, the identity of the neighbor plant species impacted a larger number of root parameters than drought (Table 1 and Figures 2A–F). Root biomass of B. retusum was higher when it grew with a conspecific as neighbor compared to when it grew with C. albidus or Q. coccifera, regardless of the drought treatment (Table 1 and Figure 2A). SRL tended to be higher when B. retusum grew together with an individual of C. albidus or of Q. coccifera than when it grew with a conspecific (Figure 2B). Conversely, RTh and Diam were lower when B. retusum grew with an individual of C. albidus than with a conspecific (Table 1 and Figures 2D,F). For C. albidus individuals (Table 1) (which did not survive until the end of the experiment when growing with B. retusum), RB was higher when it grew together with a conspecific individual than when it grew together with Q. coccifera, especially in the top soil layer. RD was also higher when it grew with a conspecific individual than when it grew together with an individual of Q. coccifera. Similarly, RE was higher in C. albidus when growing with a conspecific compared to when growing with a Q. coccifera individual, but only under recurrent drought (Table 1). In contrast to B. retusum, RB of Q. coccifera in the top soil was lower in individuals growing with a conspecific compared to those growing with C. albidus (Table 1). RE and RD in Q. coccifera plants were lower when they grew with a conspecific compared to when they grew with C. albidus, but there were no differences when it grew with B. retusum. RD in Q. coccifera when growing together with C. albidus decreased strongly under recurrent drought (significant Id × Drought interaction, Table 1).
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FIGURE 2
Root biomass (RB) and morphological traits [root dry mass (RB), specific root length (SRL), root tissue density (RTD), root thickness (RTh), root length per soil volume (RD), and mean root diameter (Diam)] of B. retusum (A–F, respectively) as a function of neighbor species identity (B for B. retusum, C for C. albidus, and Q for Q. coccifera) in one drought (white bars) and recurrent drought (gray bars) conditions. Mean values (±SE) are shown. Different small letters indicate significant differences among treatments (Tukey HSD test, P-values < 0.05).


Finally, because we respected the exact same intensity of drought within each of the two drought treatments across all plant species combinations, individual rhizotrons were harvested at different times as soon as they completed the full cycle of drought events (Supplementary Figure 4). Consequently, individual plants remained for different periods of time in the experiment and thus, varied somewhat in age at harvest. In addition, individual plants were experiencing competition from the neighbor plant for different durations depending on mortality. We accounted for these differences in our statistical models (see section “Data analysis” and Table 1). Age of seedling and presence of the neighbor had some effects on response variables of roots. The age of individual plants (due to differences in harvest dates) did not influence RB but had significant effects on all root traits in B. retusum (SRL and RD were lower, and RTD, RTh, and Diam higher in older compared to younger B. retusum plants). The age of seedling was positively related to RB in C. albidus, and was negatively related to RD in Q. coccifera (with lower RD in older compared to younger plants). The duration of the presence of neighbor individual plants within the rhizotrons had generally few effects on root traits, except of a small number of traits in either B. retusum or C. albidus. B. retusum had a somewhat lower RB and a higher RD with increasing duration of the presence of a neighbor individual, irrespective of its species identity. C. albidus showed a higher RTD with increasing duration of the presence of a neighbor individual, again irrespective of its species identity.



Community level physiological profiles of soil microbial communities

The global catabolic activity (sum15), the Shannon catabolic diversity index (H′) and the Simpson catabolic dominance index (D) were characterized at the rhizotron level because the distinction between two plant individuals was not possible within a common soil volume. The average values for these parameters for the six plant species combinations, in top and deep soil layers are shown in (Table 2). Soil depth had the largest influence on the soil microbial metabolic properties, with higher global metabolic activity (sum15) and microbial metabolic dominance (D) and lower microbial metabolic diversity (H′) in deep compared to top soil layers across all plant species composition and drought treatments (Table 3). Notably, relative substrate induced respiration rates rSIR were higher for cellulose, but lower for asparagine, lysine, glutamic, and caffeic acids in deep compared to top soil (Table 3). rSIR rates for xylan and caffeic acid were lower in deep compared to top soil when Q. coccifera grew with B. retusum or with C. albidus (for xylan), and when B. retusum grew with Q. coccifera or with a conspecific species (significant Composition × Depth interaction, Table 3).


TABLE 2    Means ± SE (pooled across one and recurrent drought treatments) of global metabolic activity (sum15) expressed in μg C-CO2 g–1 soil h–1, Shannon microbial metabolic diversity index (H′) and Simpson microbial metabolic dominance index (D) at two soil depths (top = 17.5 cm and bottom = 52.5 cm) for each of the six different species combinations (B for B. retusum, C for C. albidus, and Q for Q. coccifera).
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TABLE 3    Output of multiple linear mixed models testing for the effects of drought (Drought), plant species composition (Comp), soil depth (Depth) and their interactions on soil microbial parameters [global metabolic activity (sum15), microbial metabolic diversity (H′), and microbial metabolic dominance (D)] and on the community level respiration rates of 15 carbon substrates.
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Recurrent drought had a few effects on CLPP parameters in interaction with other experimental factors. For instance, rSIR of xylan was higher in the treatment with recurrent drought compared to the one drought treatment when B. retusum grew with a conspecific species but lower when it grew with C. albidus (significant Drought × Composition interaction, Table 3).

Finally, unlike the overall strong effect of plant composition on root traits reported above, CLPP were only weakly affected by plant composition (Table 3). The sole exception was observed for syringic acid rSIR that was higher in soil when C. albidus was the only plant species compared to soil from rhizotrons in which C. albidus grew together with Q. coccifera or when Q. coccifera grew together with B. retusum.



Relationship between root traits and soil microbial community level physiological profiles

We evaluated correlations between soil microbial properties and mean root traits (TraitRWM) or functional dissimilarity (TraitFD). There were no significant correlations between sum15 and mean root traits, but H′ increased and D decreased with increasing DiamRWM (Table 4). Sum15, but not H′ nor D, correlated negatively with functional dissimilarity of root traits (except for DiamFD). On the other hand, there were some significant correlations between rSIR of individual substrates and TraitRWM, but not for TraitFD (Table 4). The ability of the soil microbial community to respire on lysine increased with increasing RTDRWM and RThRWM and with decreasing SRLRWM and RDRWM. The relative use of cellulose and syringic acid increased and that of oxalic acid decreased with increasing DiamRWM, and the relative use of oxalic acid decreased with increasing RThRWM.


TABLE 4    Pearson’s correlation matrix between mean fine root traits (SRLRWM, RTDRWM, RThRWM, RDRWM, and DRWM) or trait dissimilarity (SRLFD, RTDFD, RThFD, RDFD, DiamFD, and AllFD) and soil microbial parameters [total metabolic activity (sum15), microbial metabolic diversity (H′), and microbial metabolic dominance (D)], and the community level respiration rates of 15 carbon substrates (only those that correlated significantly with at least one trait are mentioned).
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Discussion

In a previous study using the same experiment, we showed that recurrent drought treatment reduced the relative growth rates for shoot and root in B. retusum but not in the two woody species C. albidus and Q. coccifera. Conversely, recurrent drought increased the mortality of the woody species, but not that of B. retusum, as compared to the plants in the control treatment with only one drought cycle (Shihan et al., 2020). Here, we report how these three Mediterranean plant species responded to recurrent drought in terms of root biomass (RB), RE, and various root morphological traits and associated soil microbial community in two different soil depths as a function of the identity of the neighbor plant species.

Drought stress generally develops from the top down as the soil surface dries, while adequate soil moisture can remain deep in the soil profile after surface soils have dried (Skinner and Comas, 2010). Here, soil water content was generally (two- to threefold) higher in the deep compared to top soil layer for every drought period (except for the BQ combination at the end of the drought event for the one drought treatment) (Supplementary Table 2). Indeed, several root and microbial parameters differed between top and deep soil layer, and with frequent interactive effects between soil depth and the drought treatment. Under severe water deficit, limited root growth may occur because of low soil water availability and high soil resistance (Cornish et al., 1984; Comas et al., 2005). Accordingly, root proliferation in deep soil, where moisture remains favorable over a longer period of time, would result in a higher proportion of deep to shallow roots, as shown by Skinner et al. (1998) and Skinner (2008). However, we found here effects of recurrent drought on root parameters in B. retusum in the deep soil layer (Figure 1A,B). Also, biomass allocation to the root faction was decreased under recurrent compared to one drought treatment in Q. coccifera only (Shihan et al., 2020). These data suggest that parameters other than root biomass and morphological traits, such as higher soil water content in the deep soil layer, or altered root exudation following recurrent drought (Williams and de Vries, 2019) may be important to explain soil microbial catabolic capabilities.

Because of distinct water use, mortality rates, and plant sizes, the dry-out dynamics, and thus, the total duration of the dry periods, varied among plant combinations and drought treatments. These differences may have influenced root and microbial responses to drought to some degree. However, our previous results about plant survival during the same rhizotron experiment suggest that soil water availability was the key driver for plant survival regardless of the conditions or the duration of drying phases (Shihan et al., 2020). Indeed, like most Mediterranean species, the studied species are adapted to long periods of atmospheric drought.

In line with our initial hypothesis of a stronger drought effect on the drought-tolerant grass species compared to drought-avoiding woody species, we found that B. retusum generally showed strong responses, while the two woody species showed very few adjustments in root trait expression in response to recurrent drought. Under moderate drought, Mediterranean grass species may delay dehydration by increasing water uptake (Volaire et al., 2009), which may in part be achieved by physiological and morphological adjustments of roots. The observed higher SRL, RD and Diam, and lower RTD in the deep soil in B. retusum under recurrent drought is in line with such improved soil water acquisition with fine roots of high SRL or RD, as previously documented in herbaceous species (Freschet et al., 2015; Prieto et al., 2015).

By varying SRL, plants can adjust their capacity to explore the soil and acquire resources (Eissenstat, 1992; Larcher, 2003; Chapman et al., 2012), and thus, can have an important role in how plants respond to drought (Comas et al., 2013). Indeed, a high SRL is correlated with a high surface:volume ratio for the same carbon investment, which is maximizing the root–soil interface and hence the root absorption potential (Larcher, 2003). The high SRL in B. retusum compared to that in the woody species, and the response of SRL to recurrent drought may contribute to the persistence of this species during severe and/or recurrent drought in addition to maintaining only the leaf meristems as an important above-ground drought survival strategy of B. retusum. By increasing SRL when grown together with C. albidus compared to a conspecific neighbor, B. retusum may have increased belowground interspecific competition for limiting water, which may further improve the survival of B. retusum at the expense of a competing neighbor of another species (see Shihan et al., 2020). Increasing SRL may be particularly effective in deeper soil layers, where soil water content diminishes more slowly than in top soil with proceeding drought. Indeed, SRL was higher in B. retusum and C. albidus in deep soil compared to the top soil layer (Table 1 and Figure 2B), however, this soil depth effect was more pronounced in the control treatment opposite to the expected stronger impact with increasing drought frequency. Perhaps greater physical resistance of soils with repetitive drought even in deep soil layers may have led to somewhat denser root tissues as suggested elsewhere (Whitmore and Whalley, 2009; Bengough et al., 2011). In addition to its importance for the penetration of dense or dry (and hard) soils, RTD also reflects anatomical differences among species (Ryser, 1998; Wahl and Ryser, 2000). High RTD implies high biomass investment per unit length of roots, which is opposite to the strategy of high spatial spread of roots. From allometric relationships, RTD is expected to be negatively correlated with SRL (Ryser and Lambers, 1995), as shown in our experiment with a negative relationship between RTD and SRL (Supplementary Figure 6). Other studies did not always observe this expected relationships in either woody (Comas et al., 2002; Comas and Eissenstat, 2004, 2009) or grass species (Picon-Cochard et al., 2012).

Both, smaller root diameters or lower root tissue densities can lead to higher SRL. Accordingly, we observed negative correlations between SRL and root diameter in the two woody species, but not in B. retusum. Although the variability in root diameter did not correlate with that in SRL and was not affected by recurrent drought in B. retusum, roots got thinner when B. retusum grew together with C. albidus, indicating some plasticity in B. retusum root diameter in response to interspecific competition, but not to recurrent drought.

Also, small root diameters together with high SRL, i.e., high surface area in contact with soil water, would translate into an increased hydraulic conductance by decreasing the apoplastic barrier of water entering the xylem (Eissenstat and Achor, 1999; Hernández et al., 2010; Comas et al., 2012). Indeed, a decrease in root diameter has been proposed as an efficient strategy to improve plant acquisition of water and productivity under drought condition (Wasson et al., 2012). Both woody and herbaceous plants adapted to dry conditions were found to have smaller fine root diameter and greater SRL as compared to plants that were not drought-adapted (Hernández et al., 2010; Henry et al., 2012). Our study confirms these responses for Q. coccifera in the top (drier) soil layer, suggesting that the Q. coccifera is more competitive for soil water resources under recurrent drought than C. albidus. This later result is in line with (Rodriguez-Ramirez et al., 2018) showing that Q. coccifera was more tolerant to aggravated drought than C. albidus in a Mediterranean garrigue. Finally, we could not conclude about more pronounced effects of recurrent drought under intra- compared to inter-specific competition (our second hypothesis), probably in part because of the small numbers of individuals that survived (especially in C. albidus). Our data rather suggest that the identity of both the target individual and the neighbor individual, and their strategy facing drought, are important to understand the species-specific response to drought.

While several root traits (essentially in B. retusum) were affected by drought and by the identity of the neighbor species, and sometimes depended on soil depth, the CLPP parameters (sum15, H′, and D) responded neither to plant species composition nor to recurrent drought. Among the 15 different substrates provided to soil microbial communities, only xylan and serine showed drought effects on microbial respiration rates in interaction with plant species composition and soil depth, respectively. Because plant resource acquisition strategies generally influence the soil microbial communities and their functioning (Orwin et al., 2010; de Vries et al., 2012; Legay et al., 2014), the discrepancy between the responses of root traits and those of microbial communities was rather surprising. One possible explanation could be related to the fact that we could not neatly distinguish between plant-species specific soil influence zones in the rhizotrons with two plant species and intermingled root systems, from which we took the soil cores for microbial analyses. In a previous field study with shrub species in different combinations, the experimentally applied moderate rain-exclusion did slightly impact soil CLPP while the shrub species composition overall had a stronger impact (Fromin et al., 2020). Under drought condition, soil microbial respiration generally decreases (Schimel et al., 2007; Talmon et al., 2011; Bérard et al., 2015 for review). Such a drought effect was not observed here, although the global soil microbial activity was higher in the deep, wetter soil layer. This could be explained by the overall wetter deep soil layer, but may be explained by root parameters that change in the deep compared to top soil layer. Also, the weak effect of recurrent drought could be explained by the 3 week-period under non-stressing soil humidity after the last drought event, during which soil microbial communities could have recovered from drought more rapidly than root systems.

Regardless of the drought treatment and plant species combinations, we observed clear differences between the two soil layers. Total microbial activity was higher (although root biomass decreased in the woody species), but the diversity of substrates used was lower in the deep soil layer. Because several parameters changed concomitantly in the two soil layers, such as higher soil humidity in deep compared to top soil (Supplementary Table 2) or differences in root traits (Table 2 and Supplementary Table 4), it is difficult to decipher causality for these differences between soil layers. The lower microbial metabolic diversity in deep soil may be rather a consequence of changes in the impact of roots and their traits than that of moister soil conditions. Indeed, previous studies reported changes in the microbial community structure, such as lower microbial diversity and abundance or increased dominance of drought-resistant taxa in response to drier conditions (Wilkinson et al., 2002; Schimel et al., 2007; Bérard et al., 2011). On the other hand, microbial metabolic parameters were poorly correlated to root functional identity (TraitRWM) and dissimilarity (TraitFD). Four of the five TraitRWM were weakly but significantly correlated with rSIR for lysine as the sole substrate, although we miss arguments to explain the ecological relevance of this substrate. Only a few studies addressed the issue of how resource acquisition/conservation strategies of plants are related to soil microbial functioning (Grigulis et al., 2013, Legay et al., 2014; De Long et al., 2019), but this was rarely addressed in a context of water shortage and for root traits. For example, Lõhmus et al., 2006a,b showed that the specific root area of short roots was positively correlated with the functional diversity and activity of microbial communities in the soil. In our study, we found that the global microbial activity, but not the functional diversity, was nicely explained by the dissimilarity in several root traits. In a previous field study (Shihan et al., 2017), we reported significant effects of functional dissimilarity in traits of litter mixture decomposing at the soil surface on soil microbial parameters. Here, RTD and root diameter [that control the length and surface area of root systems for a given biomass allocated to the roots (Fitter, 2002)] reflect the amount of surface directly interacting with soil, such as the root surface colonized by mycorrhizal fungi (Smith and Read, 2002). Also, roots with higher mean root traits (in our study DiamRWM) promote higher soil metabolic diversity and roots with contrasting functional traits may produce exudates of contrasted chemical composition, favoring different microbial groups that differ in their metabolic capabilities.

Collectively, our results showed that both drought treatment and plant species composition affected the response of root morphological traits in the studied three plant species. In line with our first hypothesis, we measured stronger responses in the dehydration tolerant grass species to drought and to changing species identity of the neighbor plant compared to the two woody species. Accordingly, with the three species studies here, there was no clear stronger effect of intraspecific competition on the root and microbial responses than that of interspecific competition. Rather, species identity effects driven mostly by the contrast between grass and woody species were the main driver of the observed responses to recurrent drought and neighbor plant identity. This may point towards shifts in the dominance of growth forms as the primary consequences in these drought-prone Mediterranean ecosystems. However, an extended pool of studied species may yield different results for root responses in future studies, but not necessarily for soil microbial substrate utilization patterns that differed mostly between deep and top soil layers, but were not directly affected by drought or species composition.
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The period of presence of died seedling (Presence) and the age of seedling (from plantation to harvest date) (Age) was fitted as co-variables in the models. Marginal and conditional R-squared (R?) of the mixed model are reported. F-values and the
corresponding P-values (superscripts) are reported (in bold when P-values < 0.05). Arrows indicate the direction of the effect. *Root elongation rates (RE) were obtained from the tracking of living individuals in three rhizotrons for each treatment and

plant composition (some Q. coccifera individuals died off and could not be tracked). ns refers to non-significant effects (P-value > 0.10).
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