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Climate Change Increases the Severity and Duration of Soil Water Stress in the Temperate Forest of Eastern North America
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Under climate change, drought conditions are projected to intensify and soil water stress is identified as one of the primary drivers of the decline of forests. While there is strong evidence of such megadisturbance in semi-arid regions, large uncertainties remain in North American temperate forests and fine-scale assessments of future soil water stress are needed to guide adaptation decisions. The objectives of this study were to (i) assess the impact of climate change on the severity and duration of soil water stress in a temperate forest of eastern North America and (ii) identify environmental factors driving the spatial variability of soil water stress levels. We modeled current and future soil moisture at a 1 km resolution with the Canadian Land Surface Scheme (CLASS). Despite a slight increase in precipitation during the growing season, the severity (95th percentile of absolute soil water potential) and duration (number of days where absolute soil water potential is greater than or equal to 9,000 hPa) of soil water stress were projected to increase on average by 1,680 hPa and 6.7 days in 80 years under RCP8.5, which correspond to a 33 and 158% increase compared to current levels. The largest increase in severity was projected to occur in areas currently experiencing short periods of soil water stress, while the largest increase in duration is rather likely to occur in areas already experiencing prolonged periods of soil water stress. Soil depth and, to a lesser extent, soil texture, were identified as the main controls of the spatial variability of projected changes in the severity and duration of soil water stress. Overall, these results highlight the need to disentangle impacts associated with an increase in the severity vs. in the duration of soil water stress to guide the management of temperate forests under climate change.
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1. INTRODUCTION

Drought conditions are expected to intensify with climate change and projections point toward an increase in the severity, duration and extent of these events (Stocker, 2014; Trenberth et al., 2014; Cook et al., 2015; Samaniego et al., 2018). Widespread drying of the land surface is projected, which can be traced back to an increase in the evaporative demand with warmer air temperatures (Zhao and Dai, 2015). There is strong evidence for the increase of megadisturbance intensifying drought conditions in regional hot spots (Millar and Stephenson, 2015) characterized by a semi-arid climate such as southwestern North America (Williams et al., 2020), the Mediterranean region (Gudmundsson and Seneviratne, 2016), and southeastern Australia (Cai et al., 2012). In temperate regions, higher uncertainty remains regarding the trajectory of drought conditions but reduced soil moisture is projected over large portions of North America (Cook et al., 2018), with eastern Canadian forests facing a 20–40% reduction in soil moisture by the 2080s (Houle et al., 2012).

These projections suggest a bleak future for forests as water stress has been identified as one of the primary drivers of the global decline of these ecosystems (Allen et al., 2015). In North America, the observed increase in tree mortality has been linked to increasing levels of water stress (Hember et al., 2017; Chaste et al., 2019). Large-scale tree mortality has been documented following drought events in arid regions (Breshears et al., 2005). Forests in humid climates have also not been spared, with water stress leading to reduced growth and increased mortality in these regions (Brzostek et al., 2014; D'Orangeville et al., 2018). As such, the large carbon sinks provided by temperate forests over the past decades (Pan et al., 2011) may be compromised in the future by mild but chronic water stress (Brzostek et al., 2014).

Temperate forests face many challenges that may impact forest net primary productivity (Millar and Stephenson, 2015) and better understanding of water availability is needed to guide future management actions. Various adaptative measures can be implemented to face increasing levels of soil water stress. For example, the reduction of tree density through sylvicultural thinning can increase soil water availability for the remaining trees and has been largely promoted to mitigate soil water stress (D'Amato et al., 2013). However, a better understanding of exposure to soil water stress is still needed to identify priority areas where these measures should be implemented. While large efforts have helped better understand the sensitivity of tree species to drought (Anderegg et al., 2016; Aubin et al., 2016), information on exposure is rarely available at a resolution sufficiently fine for sylvicultural prescription and treatments. For example, global climate models only provide soil moisture projections at a coarse scale (horizontal resolution of ~300 km). Soil moisture proxies such as the Palmer Drought Severity Index (PDSI) or the Standardized Precipitation Evapotranspiration Index (SPEI) are often used to perform fine-scale assessments of future water stress (Cook et al., 2015). These empirical indices typically assess soil water availability by comparing moisture supply (precipitation) to demand (potential evapotranspiration). Although suitable proxies for past soil moisture trends (Dai et al., 2004; D'Orangeville et al., 2016), these empirical indices have been questioned in climate change assessments given their overestimation of future evaporative demand (Trenberth et al., 2014; Berg and Sheffield, 2018). Moreover, climate data are the sole input of these empirical indices thus ignoring the influence of site conditions (topography, surface deposit thickness, soil texture) and its standing vegetation (composition and structure) on soil moisture.

An adequate understanding of the spatial variability of soil water stress is primordial to improve the prediction of drought-induced tree mortality (Schwantes et al., 2018). Indeed, hydrologic refugia can play a determinant role in buffering water stress (McLaughlin et al., 2017; Costa et al., 2022) while areas exposed to high levels of soil water stress require adaptation measures the most (Grant et al., 2013). Fine-scale assessments of future soil moisture that consider site conditions and standing vegetation are thus crucial to better understand the spatial variability of soil water stress and guide forest management (sylvicultural prescription and treatments) under climate change (Field et al., 2020). This study aims to better understand the trajectory of water stress levels at the northern edge of the North American temperate forest. The objectives of this study were to (i) assess the impact of climate change on the duration and severity of soil water stress and (ii) identify environmental factors driving the spatial variability at the landscape scale of current soil water stress levels and their projected changes.



2. MATERIALS AND METHODS


2.1. Study Area

The study region is located in eastern North America and encompasses the temperate-boreal forest ecotone. It corresponds to the extent of the Outaouais administrative region (34,012 km2, between latitude 45.37 and 47.85° N and longitude 74.70 and 77.93° W) in the southwestern portion of the province of Quebec, Canada. This region represents one of the driest portions of the Northeast American temperate forest, with average annual precipitation (1981–2010) varying between 847 and 1,088 mm, thus making it a region of particular interest to study soil water stress. The climate is classified as Dfb according to Köppen-Geiger classification, characterizing a fully humid continental climate with warm summer and coldest months averaging below 0°C. Average annual temperatures (1981–2010) in this region vary between 6.3°C in the south to 1.7°C in the north, while average annual total precipitation varies from 900 mm in the west to 1,100 mm in the east (McKenney et al., 2011).

The southern portion is largely dominated by shaded tolerant hardwood tree species (Acer saccharum, Betula alleghaniensis, Tilia americana, Fagus grandifolia), unshaded tolerant (Betula alleghaniensis, Betula papyrifera, Populus sp.), and with some conifers (Tsuga canadensis, Abies balsamea, Pinus strobus, and Picea glauca). Conifer and unshaded tolerant tree species gain in importance as we move north. Dominant forest types are sugar maple-hickory (6% of the region area), sugar maple-basswood (16%), and sugar maple-yellow birch (42%) in the south, whereas the northern portion is dominated by balsam fir-yellow birch (34%) and balsam fir-white birch (2%) (MFFP, 2018). Soils are mostly podzolic soils, common in cool and humid climate (Sanborn et al., 2011). Soils are generally shallow, often <1 m thick, particularly the ones on the Canadian Shield. Most of these have developed on glacial till deposits and exhibit a large dominance of sandy loam and loamy sand soils throughout the study area.



2.2. Model Description

To assess levels of soil water stress, we performed offline simulations of soil moisture across the study area with the Canadian Land Surface Scheme (CLASS; version 3.6; Verseghy, 2000) within the hydrologic land surface modeling platform MEC—Surface and Hydrology (MESH; version r1552 Pietroniro et al., 2007) developed by Environment and Climate Change Canada (ECCC). CLASS is a physically based land surface model (Verseghy, 2000) that simulates heat and moisture exchanges between the surface and the atmosphere. Forcing data consist of seven input variables at a 30-min time step: downwelling shortwave radiation, downwelling longwave radiation, surface air pressure, air temperature, specific humidity, wind speed, and total precipitation.

For each grid cell, CLASS computes the energy and water budgets separately for four sub-compartments (canopy over snow, canopy over bare ground, bare ground, and snow) and then averages it. Vegetation is described according to four plant functional types (PFT)—needleleaf trees, broadleaf trees, crops, and grass—for which the fractional coverage of each grid cell is defined. Physiological and structural characteristics are assigned representative values for each PFT and these remain constant over the year except for the leaf area index (LAI), which varies seasonally between set minimum and maximum values (Verseghy et al., 1993).

In CLASS, several soil layers can be defined with specific thickness, texture and organic matter content. Vertical movement in the soil layers is governed by a finite difference solution of Richards equation for unsaturated flow in porous media, which balance gravity and capillary forces (Verseghy, 1991). No horizontal flow is allowed and excess water above the soil column is removed depending of the defined allowable depth of ponding. Soulis et al. (2000) noted issues with this approach, leading to the first soil layer remaining too wet between rainfall events. In the present study, we thus used the CLASS model within the MESH platform which allows the activation of the WATROF module that takes into account topography and horizontal flow and computes overland flow and interflow based on approximations of Richards' equation (Soulis et al., 2000; Pietroniro et al., 2007; Mekonnen et al., 2012). Thus, water fluxes were modeled independently as a 1D cell with horizontal flow removed water from grid cells according to the WATROF module. Horizontal flow was then getting out of the system as runoff into surface water and no routing (i.e., transfer between grid cells) was performed.



2.3. Model Implementation

The model was set up with a grid cell resolution of 1 × 1 km representing a total of 34,854 grid cells for the study region. However, for the modeling, we retained only grid cells covered by at least 75% of forest (n = 24,473), as described by the forest cover type (Deciduous, Mixed, Coniferous) from the fifth provincial forest inventory (MFFP, 2018). Because of such filtered selection, we solely used the broadleaf trees and evergreen trees PFT to characterize land cover and computed the proportion of these two PFT in each grid cell based on the weighted average of the forest cover type from the fifth provincial forest inventory. For the mixed forest cover type, we assign 0.5 of the area to each of the two PFT. Structural and physiological characteristics of each PFT were set based on values provided in the CLASS documentation (Verseghy, 2012), except for the maximum LAI and roughness length (Supplementary Table 1). The roughness length was calculated from the stand height from the fifth provincial forest inventory (MFFP, 2018). The maximum LAI of each PFT was characterized using the 8-day composite MODIS-LAI data with a 500 m resolution for years 2002–2018 (Myneni et al., 2015). We extracted the annual maximum LAI for each grid cell and then computed the average annual maximum LAI. Given CLASS was little sensitive to the LAI over the study area (Maheu et al., 2021), we set the annual maximum LAI at the PFT level (as opposed to the grid cell level) which we calculated as the median value of all grid cells occupied by more than 75% of the corresponding PFT.

We set the number of soil layers and their corresponding thickness uniformly across the study area, with a progressive increase of the thickness of the layers with depth in order to avoid numerical instability. Nine soil layers were defined for each grid cell with the following depth (m): 0–0.10, 0.10–0.25, 0.25–0.45, 0.45–0.7, 0.7–1.0, 1.0–1.5, 1.5–2.0, 2.0–3.0, and 3.0–5.0 below the surface. The first soil layer was defined as an organic layer in order to represent the superficial layer of humus. Houle et al. (2014) showed that adding a surface organic layer improved the simulation of soil temperature in the deeper soil layers during the summer. This layer could not be set thinner than 0.10 m because of numerical instability. For mineral horizon, we extracted soil properties from the SIIGSOL database (Sylvain et al., 2021) at a 1 km resolution. SIIGSOL database allows to describe the proportion of sand, clay, silt, and organic carbon content along the soil profile. Organic carbon content is converted into organic matter using the Van Bemmelen factor of 1.724. According to the SIIGSOL database, the study area is mainly characterized by sandy loam and loamy sand soils representing 96.2 and 3.7% of the modeled grid cells, respectively. The total soil depth was defined based on superficial deposits of the fifth provincial forest inventory (MFFP, 2018) in which superficial deposits are categorized according to depths according to the following categories: 0–0.5, 0.5–1.0, and > 1 m. Correspondingly, soil depth in CLASS was classified into three categories(0.5, 1, and 2 m), representing 6, 18, and 76% of the modeled grid cells respectively. We defined the slope of each grid cell based on a slope map at a 2 m resolution derived from LiDAR data (MFFP, 2015). The slope value assigned to each grid cell was obtained by first performing a bilinear resampling from a 2 m resolution to a 50 m resolution and then aggregating by average to the 1 km resolution. Last, we defined drainage density for each cell as the total length of all streams and rivers from the Quebec provincial environment ministry (MELCC, 2018) in a cell divided by the total area of the cell.

The performance of the model had been assessed by comparing soil moisture simulations (with the same model implementation) with field measurements at the Duchesnay Forest (Maheu et al., 2021). Results show a good performance of the model during the growing season (between May and October) and demonstrate the ability of CLASS to simulate periods of low soil moisture and thus its efficiency to characterize soil water stress levels in the study region.



2.4. Climate Data

Using CLASS, we simulated soil moisture for current and future climate conditions. To describe current climate conditions (1981–2010), we used the ERA5 reanalysis dataset (Hersbach et al., 2020), which is the fifth generation atmospheric reanalysis of the global climate released by the European Center for Medium-Range Weather Forecasts (ECMWF). The dataset is produced at a 1-hourly time step on regular latitude-longitude grid at 0.25° resolution. Tarek et al. (2020) showed similar hydrological modeling performance when using the ERA5 reanalysis data and meteorological observations as forcing data in North America. As such, the ERA5 dataset appeared like a good alternative to meteorological observations given the sparse network of weather stations over the study area.

To describe future climate conditions and assess projected changes in water stress levels, we used eight simulations performed by the fifth-generation Canadian Regional Climate Model (CRCM5 Martynov et al., 2013; Šeparović et al., 2013). The regional climate model (RCM) was driven by four global climate models (GCMs) from the fifth Coupled Model Inter-comparison Project (CMIP5) ensemble (CRCM5-CANESM2, CRMC5-CNRM-CM5, CRCM5-GFDL-ESM2M, and CRCM5-MPI-ESM-LR) for two different representative concentration pathways (RCP4.5 and RCP8.5). The RCM dataset covers the 1951–2100 period and is produced at a 3-hourly time step (except for precipitation at a 1-hourly time step) on a curvilinear grid at approximately 0.22° resolution. We regridded the dataset to the ERA5 reanalysis grid using bilinear interpolation.

Using CLASS, we simulated soil moisture for each forested grid cell for current (ERA5 reanalysis and historical CRCM5 simulations) and future (CRCM5 simulations) climate conditions. Each variable of forcing data was interpolated at a 30-min time step, as required by CLASS. We used a spin-up period of 30 years (1951–1980 period) to ensure stable initial condition of soil water content. Simulations under future climate conditions were performed with fixed vegetation conditions, which correspond to current conditions (see Section 2.3). We described current climate conditions (1981–2010) during the growing season (May–October, MJJASO) as well as changes in climate conditions between future (2050s and 2080s, characterizing 2041–2070 and 2071–2100 periods, respectively) and reference periods (1981–2010) from historical CRCM5 simulations, using five climate indices: PSUM is the total precipitation (mm), P1 is the number of dry days (precipitation ≤ 1 mm) (days), TX is the mean of daily maximum temperature (°C), WSDX is the maximum duration of warm spells defined as the largest number of consecutive days daily max temperature ≥ 25°C (days) and VPDX is the mean of daily maximum vapor pressure deficit (kPa).



2.5. Characterizing Soil Water Stress Levels

To assess soil water stress levels, we first converted the volumetric soil water content (m3.m−3) simulated by CLASS into daily maximum absolute soil water potential (hPa) by applying the (Clapp and Hornberger, 1978) water retention curve implemented in CLASS (Verseghy, 2012). Soil water potential, rather than volumetric water content, is more representative of water availability because it takes into account soil properties and reflects the amount of energy that vegetation must provide to extract water from the soil. We computed two indices based on soil water potential to characterize the severity (S) and the duration (D) of the water stress. The severity index S was defined as the 95th percentile of the absolute soil water potential (hPa) and the duration index D was defined as the mean number of days per year where absolute soil water potential ≥ 9,000 hPa. This threshold was chosen to characterize intermediate water stress conditions and corresponds approximately to the 85th percentile of the S index of all modeled cells under current climate conditions. Both indices, S and D, were computed on the second soil layer defined at a depth of 0.10–0.25 m, where most tree roots are concentrated (Jackson et al., 1996; Tauc et al., 2020). Soil water stress indices were computed for the growing season (MJJASO) over 30-year periods to characterize, on the one hand, the current levels of water stress (forcing data = ERA5 reanalyses) and on the other hand, the mean projected changes (forcing data = CRCM5 simulations associated with RCP4.5 and RCP8.5). We used the anomaly method (Déqué, 2007) to assess projected changes in water stress indices (ΔS and ΔD) calculated for 30-year periods. Accordingly, we assessed changes in water stress levels between a future period (2041–2070 and 2071–2100) and a reference period (1981–2010) of the CRMC5 simulations. We calculated projected changes in water stress levels for each of the eight RCM simulations, which we then averaged for each RCP in order to obtain the average projected changes and associated standard deviation for each modeled grid cell. Results shown in this study mainly focus on RCP8.5, representing a worst-case scenario where air temperatures increase by 4.9°C by the end of the century compared to preindustrial levels.



2.6. Environmental Controls of Water Stress Duration and Severity

Random forest regressions (Breiman, 2001; Cutler et al., 2012) were used to identify environmental factors that are controls of soil water stress levels. Inputs of CLASS were used as predictor variables (soil depth, soil texture, organic content, slope, drainage density). We fitted independent random forest regressions for current water stress levels S and D and each projected changes in water stress levels (ΔS and ΔD for both RCP4.5 and RCP8.5) using the Python package scikit-learn (1.4.1). Each dataset was randomly split into training (67%) and testing (33%) sets. The hyperparameters of random forest regressions (number of trees in the forest, maximum depth, minimum number of samples required to split an internal node and minimum number of samples required to be at a leaf node) were optimized by using an exhaustive search with a 10-fold cross-validation grid-search over a parameter grid. Selected parameters from optimization searches for each random forest can be found in Supplementary Table 2. The mean squared error (MSE) was used as the minimization criteria at each split whereas the coefficient of determination (R2) was used for the selection of hyperparameters and the assessment of the performance of predictions on the testing set. In addition, we computed the root mean square error (RMSE) and the mean absolute error (MAE) of the testing set. To characterize the relative importance of each predictor variable on the soil water stress levels, we computed the normalized total reduction of the mean squared root criterion brought by that variable. For a given predictor variable, a large value of relative importance indicates the substantial role of this variable to predict soil water stress.




3. RESULTS


3.1. Current Climate Conditions and Soil Water Stress Levels

Under current climate conditions, the study region averaged 585 mm of total precipitation for the growing season (Table 1). During this period, average air temperature was 18.8°C with the maximum duration of warm spells averaging 14 consecutive days. The mean of daily maximum vapor pressure deficit was 1.11 kPa. Simulations with CLASS showed that the severity of soil water stress S (95th percentile of the absolute soil water potential) was on average 5,680 hPa under current climate conditions, with a maximum value close to 13,500 hPa and 16% of cells showing a S value higher than 9,000 hPa (Figure 1A). Maximum S values were found in central and southwestern areas of the study region. The duration of soil water stress D (number of days where absolute soil water potential ≥ 9,000 hPa) was on average 4.5 days, with a maximum value of 35 days and 15% of cells with a D higher than 10 days (Figure 1B). Areas where D is >10 days were mainly located in central and southwestern parts of the study region, which also correspond to areas with high values of S.


Table 1. Climate indices for the MJJASO period over the study region for current (1981–2010) climate conditions as computed from ERA5 reanalysis data and future climate conditions computed from CRCM5 simulations for the 2050s (2041–2070) and the 2080s (2071–2100).

[image: Table 1]


[image: Figure 1]
FIGURE 1. Spatial distribution of the severity S and duration D of soil water stress under current climate conditions (A,B) and projected changes ΔS and ΔD for RCP4.5 (C,D) and RCP8.5 (E,F) for the 2080s. Ivory colored cells correspond to non-forested areas, i.e., grid cells with <75% of forest cover.




3.2. Projected Changes in Climate Conditions and Soil Water Stress Levels

Mean projected changes of climate indices for the growing season in the study region are summarized in Table 1. Mean total precipitation was projected to increase for both RCP, with an average increase of 6% in the 2050s and 11% in the 2080s for RCP8.5. The number of precipitation events was projected to remain relatively stable, with a 2.5% increase in the number of dry days in the 2080s for RCP8.5. These changes would thus translate into a number of precipitation events similar to actual conditions, but of greater intensity. A strong warming trend is projected for the growing season, with a 2.9 and 4.9°C increase in maximum daily temperature in the 2050s and 2080s for RCP8.5. This translates into almost a threefold increase in the maximum duration of warm spells and a 38% increase in the maximum daily vapor pressure deficit in the 2080s. The largest projected increases of the evaporative demand, as described by the VPDX, are located in the southwestern part of the study area (Supplementary Figure 3).

Overall, simulations with CLASS showed that projected changes in climate lead to an increase in the severity and duration of soil water stress levels over the study region, although with considerable spatial variability in the magnitude of changes (Figures 1C–F). Projected changes in the severity of soil water stress (ΔS) indicated a 25 and 33% increase compared to current conditions in the 2080s for RCP4.5 and RCP8.5, respectively. Large ΔS were projected to occur in the central and northern parts of the study region, with maximum increases of ~3,220 and 3,470 hPa for RCP4.5 and RCP8.5, respectively. Projected changes in the duration of soil water stress ΔD indicated an average increase of 108% for RCP4.5 and 158% for RCP8.5 in the 2080s. The largest projected increases of ΔD, 12 days for RCP4.5 and 16 days for RCP8.5, were located in the southwestern part of the study region.

The largest projected changes in ΔS and ΔD occurred in different areas of the study region (Figures 1C–F). Figure 2A illustrates the frequency distribution of D for the current climate. Accordingly, the current duration of soil water stress was less than 3.5 days for 58% of modeled cells, varied between 3.5 and 10.5 days for 29% of cells, varied between 10 and 21 days for 12% of modeled cells and finally, for only 1% of cells exceeded 21.5 days. For each of the 20 categories (bins) shown for the histogram of D (Figure 2A), the respective mean and standard deviation of ΔD (Figure 2B) and ΔS (Figure 2C) were computed for the 2080s period for both RCPs. Grid cells with current prolonged periods of soil water stress (large D values) showed the largest projected increases in the duration of water stress ΔD while there was no to little projected changes in severity (S) for these cells. For example, grid cells with the lowest values of D (D ≤ 1 day) had a projected increase ΔD of 3–4 days while cells with the largest values of D (D > 10.5 days) had a projected increase ΔD of 6–15 days. At the opposite, the largest projected increase in severity (ΔS = 1,600 hPa for RCP4.5 and 2,000 hPa for RCP8.5) occurred for cells where current soil water stress was of short duration (D ≤ 1 day).


[image: Figure 2]
FIGURE 2. Frequency distribution of duration D of soil water stress for the current climate (1981–2010) for the growing season (MJJASO) (A), associated projected changes in the duration ΔD (B), and in the severity ΔS (C) in 2080s (2071–2100) calculated for RCP4.5 and RCP8.5 for categories (bins) defined in (A). In (B,C), points represent the mean of the projected changes for each category of the histogram (A) and the band represents the mean value plus and minus one standard deviation.




3.3. Environmental Controls of Current and Projected Changes in Soil Water Stress Levels

Random forest regressions performed on S, D, ΔS, and ΔD showed satisfactory performance with R2 values >0.72 for current climate conditions and between 0.40 and 0.68 for projected changes (Figure 3) after random forest parameters were optimized. As shown by the relative importance of predictor variables (i.e., normalized total reduction of the mean squared root criterion brought by that variable), soil depth was a determinant factor controlling the severity and duration of soil water stress in the current climate (relative importance = 66% for S and 61% for D). Soil depth also played a key role in the projected changes in the severity and duration of soil water stress levels (relative importance = 32–51% for ΔS and 27–35% for ΔD under RCP4.5 and RCP8.5), although to a lesser extent than under the current climate conditions. Soil texture played an increasingly important role with projected changes in climate. For example, the relative importance of clay proportion to explain soil water stress reached 15% for ΔS and 19% for ΔD under RCP8.5.


[image: Figure 3]
FIGURE 3. Relative importance of predictor variables for (A,B) the severity S and duration D of soil water stress levels for the growing season (MJJASO) under current (1981–2010) climate conditions as well as for the projected changes in (C,D) the severity (ΔS) and (E,F) the duration (ΔD) of soil water stress levels under future climate conditions for the 2080s (2071–2100). Also shown is the root mean square error (RMSE) and the mean average error (MAE) of the random forest regressions.


Under current climate conditions, shallow soils (soil depth = 0.5 m) had the largest levels of soil water stress both in terms of severity (average S = 9,810 hPa, Figure 4A) and duration (average D = 13.1 days, Figure 4C). In deep soils (soil depth = 2 m), water stress levels were much smaller in terms of severity (average S = 4,140 hPa) and duration (average D = 1.6 days). Projected changes in S were greater in deep soils than in shallow soils, with the largest increase in ΔS for soil depths of 1 m (average ΔS = 1,780 hPa) and 2 m (average ΔS = 2,050 hPa, Figure 4B). Important increases in ΔD was projected for all soil depths, with the greatest changes in shallow soils (soil depth = 0.5 m) with an average ΔD of 9.9 vs. 5.2 days for deep soils (soil depth = 2 m, Figure 4D). Although current exposure to water stress is greater in shallow soils in terms of severity and duration, projected changes indicate that all soil depths are to see an increase in soil water stress by the 2080s. Overall, shallow soils (0.5 m) are projected to mainly experience an increase in the duration of water stress while deeper soils (1 and 2 m) are projected to mainly see an increase in the severity of water stress. In addition to soil depth, soil texture was also an important control of soil water stress under climate change (Figure 3). Under the current climate, areas with the largest S corresponded to soils with a high percentage of sand and low percentages of clay and silt and these were the same areas that experienced the largest ΔS (Supplementary Figures 1, 2).


[image: Figure 4]
FIGURE 4. Frequency distribution for the growing season (MJJASO) of (A) the severity S for current climate conditions (1981–2010), (B) the projected changes in the severity ΔS for 2080s (2071–2100) with RCP8.5, (C) the duration D for current climate conditions (1981–2010) and (D) the projected changes in the duration ΔD for 2080s (2071–2100) with RCP8.5 computed for the three soil depth categories.





4. DISCUSSION


4.1. Temperate Forests Currently Experience Soil Water Stress

As shown by simulations under the current climate (Figure 1), mild soil water stress presently occurs over the study region, with mean S close to 5,600 hPa. The study region experiences only a few days of intermediate water stress, with about 5 days per year with absolute soil water potential above 9,000 hPa. These values of soil water potential are typically associated with the onset of soil water stress in temperate forests. For example, in mid-latitude temperate forests dominated by red maple, stomatal resistance began when absolute soil water potential reached 6,000–9,000 hPa (Pettijohn et al., 2009). In European temperate forests, median critical thresholds of absolute soil water potential of plant water stress were estimated to 6,000 hPa with large variability (from 1,000 to 11,000 hPa) between sites (Fu et al., 2021). While mild soil water stress is pervasive across the study region, considerable spatial variability exists and severe water stress currently occurs over the study area, with S approaching the wilting point (15,000 hPa) and exceeding 12,000 hPa in certain locations (Figure 1). Certain areas also currently experience prolonged periods of soil water stress during the growing season, with absolute soil water potential above 9,000 hPa for more than 30 days (Figure 2A). Both the mild and severe water stress levels found in this study can affect the functioning of temperate forests. On the one hand, mild but chronic water stress can affect the phenology of wood production and thus reduce the carbon sink in deciduous forests (Brzostek et al., 2014), while also reducing soil carbon sequestration (Schindlbacher et al., 2012). On the other hand, severe water stress can lead to widespread dieback (Hoffmann et al., 2011) and eventually the conversion of forests to new ecosystems with the associated loss of ecosystem services (Millar and Stephenson, 2015).

Setting soil water stress thresholds to guide the interpretation of modeling studies such as this one can be challenging. Temperate deciduous tree species denote large differences in water use (Sperry et al., 2002), physiological responses to drought (Ranney et al., 1990), and resilience to drought (Gazol et al., 2018). While thresholds indicative of water stress are typically identified for a given species (Ruffault et al., 2013; Eckes-Shephard et al., 2021), this study modeled soil moisture at a resolution of 1 km which is not necessary representative of soil water stress levels at the tree scale. Soil moisture can exhibit considerable fine-scale heterogeneity (He et al., 2014) thus leading to a mismatch between modeled values and soil moisture experienced by trees. Overall, a better understanding of soil water stress thresholds at the stand or landscape scales is needed to better assess the response of forests to climate change.



4.2. Projected Increase in Soil Water Stress Severity and Duration, but Not Concomitantly

During the growing season, the largest ΔS at the 2080 horizon are projected to occur at different locations than the largest ΔD (Figures 1, 2). Indeed, the largest ΔS are projected in areas where soil moisture is currently available, i.e., absolute soil water potential rises above 9,000 hPa <5 days per year on average. As such, large increases in severity will affect areas which until now have been little impacted and are thus probably poorly adapted to soil water stress. At the opposite, the largest ΔD are projected in areas currently experiencing prolonged periods (>25 days) of soil water stress during the growing season. It remains difficult to predict the response of temperate forests to prolonged water limitations (Gerten et al., 2008) as most drought impact studies have focused on extreme and severe events.

The observed pattern, large D values coinciding with large ΔD but small ΔS values, can be explained by the fact that severity can more easily increase in areas experiencing low levels of soil water stress. Indeed, as a soil dries up, more work is required to remove the remaining water molecules tightly bound to soil particles. As such, it becomes increasingly difficult for absolute soil water potential to continue rising thus in turn favoring an increase in the duration of soil water stress. Overall, these results suggest the need to disentangle impacts associated with an increase in the severity vs. in the duration of soil water stress, rarely addressed by experimental studies. Further work is needed to understand in situ response of mature trees to soil water stress with differing combinations of severity and duration, similar to what can be studied using controlled experiments for potted plants (Marchin et al., 2020). Among the limitations of this modeling exercise, some are raising complex issues. First, projected increases in the severity and the duration of soil water stress were computed for the growing season considered as the period between May and October (MJJASO). However, the growing season is projected to lengthen (Christiansen et al., 2011) which could amplify our results given a potential increase in water use by vegetation as a result of a longer growing season. Second, vegetation characteristics remained fixed to current conditions and as such, projected changes in soil moisture do not consider potential changes in vegetation. This assumption appears reasonable in the medium term but could influence projected changes in the severity and duration of soil water stress in the long term.



4.3. Projected Increase in Soil Water Stress Despite Slight Increase in Precipitation

Along with increasing air temperatures, temperate regions are projected to face changes in their precipitation regime, with an increase in total precipitation combined with an increase in the number of dry days (Sushama et al., 2010; Stocker, 2014). In the present study, projected climate change was in agreement with previous studies, with a large increase in maximum daily temperatures and a small increase in total precipitation during the growing season (Table 1). Due to the physics of global climate models, various studies have described a positive bias on simulated precipitation (May, 2008; Sushama et al., 2010). Thus, the number of dry days may have been underestimated in the present study, with potential impact on the modeled severity and duration of soil water stress.

Despite an increase in precipitation during the growing season, the present study projected a considerable increase in levels of soil water stress in the future. These results emphasize the importance of modeling the soil water balance to adequately characterize future soil water availability (Hember et al., 2017). Indeed, changes in the atmospheric water demand, as shown by the 38% increase in growing-season VPDX in the 2080s with RCP8.5 (Table 1), promote an increase in terrestrial evaporation which can be linked back to increasing levels of soil water stress projected over the study region. Ficklin and Novick (2017) have reported a similar drying atmospheric trend in the United States with a 51% increase in summer VPD between the recent past (1979–2013) and the future (2065–2099). Past increases in the atmospheric water demand have been associated with a reduction in vegetation growth in temperate regions (Babst et al., 2019; Yuan et al., 2019) and modeling studies such as this one can help understand the local response of soil humidity to a future rise in VPD.



4.4. Soil Properties Largely Explain Spatial Variability in Soil Water Stress

Soil depth was the main environmental control of the spatial variability of both current and projected changes in soil water stress (Figure 3). Soil texture also becomes an important control of soil water stress under future climate change. Various studies have highlighted the important role of soil properties to explain soil water stress (Schwantes et al., 2018), spatial variability of soil moisture threshold of plant water stress (Fu et al., 2021) and tree mortality (Crouchet et al., 2019). The importance of soil properties toward soil water stress is in part influenced by the choice of the model used to simulate soil moisture and its sensitivity to input variables. As highlighted by Haghnegahdar et al. (2015) in a global sensitivity analysis, soil depth appears as one of the most influential parameters when using CLASS to simulate streamflow. Large uncertainty can be associated with land-surface model structure when simulating the response of hydrological drought to climate change (Prudhomme et al., 2014). Ensemble predictions using several land-surface models may help alleviate this issue, but would require a large computational demand given the fine resolution of the simulations in the present study. Moreover, the importance of soil depth as a control of soil water stress may also stem from the parameterization of soil and root depths in the model as well as the focus given to the soil layer at a 0.10–0.25 m depth when characterizing the severity and duration of soil water stress. When total soil depth is small, roots can only access water from a relatively small volume of superficial soil layers and will mainly extract water in superficial soil layers (i.e., 0.10–0.25 m) thus promoting soil water stress. When total soil depth is large, roots can potentially tap water in deep soil layers thus reducing extraction and the ensuing soil water stress in superficial soil layers. Accordingly, vertical root distribution plays a key role toward soil water in a given layer, as shown by empirical (Yu et al., 2007) and modeling (Stevens et al., 2020) studies. This highlights the need to pursue efforts toward a more realistic representation of root water uptake in land surface models (Vanderborght et al., 2021). Indeed, while climate data are becoming increasingly available at fine spatial resolutions, the challenge lies in reaching a similar level of details when describing land surface conditions such as soil and vegetation characteristics (Fisher and Koven, 2020). The use of the SIIGSOL database in the present study, which described soil properties at a 250 m resolution, was a step in this direction but further efforts are needed to improve the availability of model inputs quality describing soil and vegetation characteristics and this, at finer scale.



4.5. Implication for the Management of Temperate Forests

Refining the spatial grain for modeling soil moisture offers a promising tool to guide strategies to reduce current and future water stress in forests (Grant et al., 2013). Indeed, locally assessed vulnerability is a crucial requirement for selecting the best approach to promote the adaptation of forests to climate among a portfolio of management options (Royer-Tardif et al., 2021). Using the CLASS land surface model, we simulated soil moisture to identify areas most exposed to soil water stress in temperate forests at the grain size of 1 km2. When combined with sensitivity information (like in Boisvert-Marsh et al., 2020), the exposure maps this research has generated offer useful tools for ranking vulnerability of the stands to drought and allow the set priorities when planning adaptation strategies in a forest management unit. Forest management practices, such as selective thinning (D'Amato et al., 2013) or facilitating for drought-tolerant species (Grant et al., 2013) can then be implemented at the most appropriate sites. In targeted areas where conservation is critical, novel intensive measures such as irrigation, small-scale impoundments to capture overland flow, soil amendments as well as enhanced root development in nursery-grown tree seedlings can also be implemented (Field et al., 2020). Last, the fine-scale hydrological modeling performed in this study can also help locate and protect hydrologic refugia that support the persistence of local species in the face of climate change (McLaughlin et al., 2017). We highly recommend mainstreaming actual and projected soil moisture information with ecological classification tools in order to facilitate its applicability and rapid use by practitioners (Saucier et al., 2009; Grondin et al., 2018).
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PSUM is the total precipitation (mm), P is the number of dry days (precipitation <1 mm) (days), TXis the mean of daily maximum temperature (°C), WSDX is the maximum duration of
warm spels defined as the lergest number of consecutive days daily max temperature >25°C (days) and VPDX is the mean of daily maximun vapor pressure deficit (kPe). AMean and
Astd correspond to absolute difference of mean and standard-deviation of projected changes respectively, when r.c. coresponds to mean relative changes in percentage.
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