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Highlights

e Hardwoods with a presence of beech have developed faster soil water potential regulation
strategies.

e Beech trees act to conserve soil water by maintaining cooler soils and limiting water loss through
evapotranspiration during flash droughts.

Abstract

In the context of a changing climate and the increasing occurrences of extreme events, including
droughts, field evidence, and models suggest that cases of forest decline and migration of tree species
to more suitable climates will augment in the 21 century. In northeastern North America, an
expansion of American beech at the expense of maples has been observed since the 1970s and has
been associated to several causes. Through an analysis of time series leveraging thousands of data
collected in a temperate forest in southern Quebec, Canada, dynamics of soil water potential were
analyzed in interaction with soil temperature, meteorological variables and forest types, including
hardwoods (mostly maple) with a large presence of beech trees (hardwood-beech stands), hardwoods
(maple and birch) and mixedwoods (maple and fir). During flash drought events with a net precipitation
deficit and water stress, the presence of beech led to a decrease in soil temperature and favored the
maintenance of low soil water potential and faster restoration of water reserves compared to
mixedwoods. Using machine learning-based approaches, distinct critical soil temperature thresholds
in regard to water potential were identified for the various forest types, and the temporality in soil
water regime changes was more favorable under hardwood-beech stands. The presence of beech
appears to render greater resilience in regard to water stress in this forest. A greater capacity of beech
to preserve and restore soil water not only offers an additional explanation for its establishment in
hardwoods in the last decades, but greater water conservation in the presence of beech, assuming it
remains in the landscape, could also help local plant species adapt to climate change and to the
predicted increased water deficits, as well as species migrating northward to find more suitable
environmental envelopes.
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Introduction

Global warming is expected to be coupled with increased drought events and a shift towards
a new baseline of megadroughts and pluvial conditions (Stevenson et al., 2022). In many regions, it is
predicted that droughts will establish more rapidly, be more frequent and severe and last longer
(Trenberth et al., 2014; Samaniego et al.,, 2018). Warmer air temperatures and in turn increased
evaporative demand will lead to very large soil water deficits in already sensitive semi-arid regions
(e.g., Bonsal et al., 2013; Williams et al., 2020). For areas with intrinsically higher moisture such as
temperate regions, models to predict water stress over the next decades are associated with greater
uncertainties (Houle et al., 2012; Cholet et al., 2022), but global predictions nevertheless lead toward



a loss of soil water availability. In northeastern North America, for example, Houle et al. (2012)
predicted that forest soil water availability could be decreased by as much as 40% towards the end of
the 215 century. Similarly, Cholet et al. (2022) modeled soil water potential in forests of eastern North
America using the Canadian Land Surface Scheme (CLASS) under RCP8.5 and predicted that in Wal
water stress will increase in severity by 33 % and in duration by 158% compared to current levels. They
also found that soil depth and texture were the main variables controlling water stress and that large
increases in duration are expected in areas with already prolonged droughts.

Excess forest mortality is now being observed all over the world and is often linked to the
increase in drought episodes, especially in more arid environments (Breshears et al., 2005; Allen et al.,
2010; 2015; Greenwood et al.,, 2017; Hammond et al., 2022). Following a series of droughts in the
1980s and thereafter, massive episodes of dieback of trembling aspen forests in the semi-arid Prairie
provinces are the most compelling evidence of tree mortality due to water stress in Canada (Hogg et
al., 2002; Michaelian et al., 2011). Some of these dieback episodes were closely linked and exacerbated
by defoliators. For the Canadian boreal forest, Peng et al. (2011) reported that tree mortality increased
by an average of 4.7 % per year between 1963 and 2008, with a higher rate in the west compared to
the east. Regional droughts were suggested as the main factor controlling the mortality increase. In
the boreal forest, the impact of sequential years under low-intensity dry conditions appears to be a
better predictor of tree mortality than the intensity of the most severe droughts (Sanchez-Pinillos et
al., 2022). Temperate forests are also negatively affected by water stress, although recent studies more
often report growth declines due to drought than mortality, but the mortality risk is associated with
low resilience to drought (Brzostek et al. 2014; D’Orangeville et al. 2018; Senf et al. 2020; Hammond
et al. 2022; Lloret et al. 2022; Martinez del Castillo et al., 2022; DeSoto et al., 2020).

Conversely, repeated exposure to droughts promotes ecological memory that can make trees
more resilient to water stress (Ogle et al., 2015; Yao et al., 2022). The ecological memory of an
ecosystem regarding past climatic events can largely shape its resilience to upcoming climatic events
(Johnstone et al., 2016). Drought legacy is modulated by tree species and ecosystems and could impact
tree growth and survival (Anderegg et al.,, 2015 ; Kannenberg et al., 2020). Moreover, transient
droughts could have a lesser impact on trees with a longer memory when their growth depends on
longer periods of precipitation (Peltier et al., 2022). Pre-drought stand characteristics, including forest
structure, diversity and past management, are also important to take into consideration when
predicting the impacts of water stress on tree growth and mortality (Lloret et al., 2022). In this respect,
some adaptative management schemes could be implemented (e.g., thinning and selecting drought-
tolerant species) to better manage water and protect forest landscapes in the context of climate
change (Grant et al., 2013). Yet, the challenge of adapting forests to climate change, and thus increased
droughts, also lies in the identification of forest parameters that buffer the effects of the expected
increase in evaporative demand. Although many studies have focused on the sensitivity of forests and
trees to drought events, there are very few studies looking at key parameters that render the ability
of a forest to preserve soil water per se under increasing evaporative demand. Some soil moisture
indices such as the Standardized Precipitation Evapotranspiration Index (SPEI) yield fine-scale
variations in soil moisture and can be useful for water management and decision-support purposes
(Begueria et al., 2014). However, these indices are criticized because their parameterization is based
on climate data alone, so they mainly calculate the difference between precipitation and
evapotranspiration (Berg and Sheffield, 2018; Cholet et al., 2022). These indices likely overestimate
evaporative demand because they fail to account for the buffering effect that some key ecosystem
characteristics can exert, including soil features (i.e., texture, organic matter content and depth) as
well as forest features (i.e., structure, composition and litters). Are there forest types that more
efficiently preserve soil water reserves during droughts? If so, do these forest types delay the transition
from one soil water state, considered as normal, to a new one, such as a soil water deficit for plant
growth and survival? A tree species or forest type that can withstand a change of state in available
water will likely be more ecologically resilient to climate change (Holling, 1996; Hesse et al., 2023).

In this respect, soil water potential was monitored for four years at high spatial and temporal
resolutions at a forest site in southern Quebec, Canada, where forest species composition varies from
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mixed stands (hardwoods and conifers) to maple-birch and maple-beech stands. Periods of water
stress were captured, including flash droughts induced by an absence of precipitation (some during
heatwaves) and during which a dry-down was recorded based on a constant decrease in soil water
potential (McColl et al.,, 2017) followed by a rapid recovery rate (Pendergrass et al., 2020). By
combining modeling and statistics, a large time series database of soil water potential was analyzed to
test the two following research questions: (1) Can the different states in soil water potential be defined
and can the frequencies and probabilities associated with the changes in states over time and across
the three forest types be determined? (2) Focusing on extreme climatic events such as flash droughts,
do forest types respond differently to water stress?

Materials and Methods

Study location and experimental design

The study was conducted at the Station de Biologie des Laurentides of Université de Montréal,
located in St. Hippolyte (Quebec, Canada), 80 km north of Montreal (45°59'N;74°0'W). The site is
located at the northern limit of the sugar maple and yellow birch (Betula alleghaniensis) bioclimatic
domain (Saucier et al., 2009). The dominant tree species at the site include sugar maple, American
beech, yellow birch, red maple (Acer rubrum), white birch (Betula papyrifera), largetooth aspen
(Populus grandidentata), eastern white cedar (Thuja occidentalis), red spruce (Picea rubens) and white
pine (Pinus strobus), as well as species commonly found in the boreal forest such as balsam fir (Abies
balsamea) and white spruce (Picea glauca). According to output from the BioSIM model (Régniére and
Saint-Amand, 2017), the average annual temperature at the site between 2003 and 2013 was 4.9 °C,
and the average precipitation over the same period was 1270 mm, including 30% falling as snow. Soils
are classified as Orthic Humo-Ferric and Ferro-Humic Podzols with a sandy loam texture and the forest
floor is characterized by a moder humus form (Soil Classification Working Group, 1998; Bélanger et al.,
2012, 2021).

The experimental design covers an area of 18 hectares, with height blocks of four plots (3 x 3
m) distributed in three areas, for a total of thirty-two plots. Each block, with a minimum area of 0.5
hectares, is characterized by a homogeneous forest stand type (Bélanger et al., 2021). The blocks
include three main forest types: (1) mixedwoods (MW), composed mainly of balsam fir and deciduous
trees, (2) hardwoods (HW), composed mainly of sugar maple, red maple and birch spp., and (3)
hardwood-beech (HB) stands, composed mainly of sugar maple and American beech. Block
classification was based on various criteria. For instance, a station was classified as mixedwoods when
its total basal area was at least 20 % of balsam fir (blocks 1, 4 and 7). To differentiate between
hardwoods and hardwood-beech stands, litter composition was used, i.e., when 20 % of the total litter
mass originated from beech, the block was classified as hardwood-beech stands (blocks 3, 5, and 8),
whereas hardwoods presented less than 20 % (blocks 2 and 6). Full details of the experimental design
and classification criteria are provided in Bélanger et al. (2021). Each plot was equipped in spring 2017
with two probes (A and B) measuring soil temperature (Spectrum Technologies, United States) and
two probes (C and D) measuring soil water potential (200SS Watermark, Irrometer). They were
positioned at a depth of 10-12 cm and connected to the same data logger (WatchDog 1650 Micro
Station, Spectrum Technologies). This depth corresponds to the transition between the forest floor
and mineral soil, where 80% of the root biomass is found, as well as to the depth of heating cables
which were also installed during spring 2017 but only turned on in November 2020. Therefore, the
probes monitor the effect of heating cables, but in this study, data were analyzed before the cables
were turned on. Data were monitored every 15 minutes. Soil water potential with these probes ranges
from 0 to 200 kPa, characterizing soil as either very wet or very dry, respectively (the negative sign is
omitted considering implicitly the potential as a tension). Data from loggers were retrieved several
times between May and October and then formatted for Matlab R2022a, which was used for
subsequent analyses. For the four years of interest, from May 2017 to October 2020, a total of
1,696,473 observations (i.e., soil temperature and water potential) were measured and collected.



Several probe models offer more range and precision than the 200SS Watermark probes
(Payero et al. 2017), but the former probes have a much greater cost than the latter. Furthermore, the
200SS Watermark probe is designed to be permanently installed and is not harmed by freezing which
is a concern in soils at the study site. It is composed of two corrosion-resistant electrodes that require
a minimal power requirement (2.5V), a ceramic disk, and a granular matrix in a stainless-steel
enclosure. As water enters the granular matrix, the probe measures the change in electrical resistance
which is proportional to the change in soil water potential. These data are converted into kPa based
on a calibrated equation (Shock et al. 1998). Furthermore, significant variability in soil water potential
can arise naturally because of heterogenous soils, and it can also come from technical problems with
measurement devices and human or logistical errors (e.g., poor probe installation), which can all lead
to different responses between two identical probes located nearby in the same plot. Our analytical
strategy thus relied on two experimental specificities: (1) the deployment of a large number of probes
to capture spatial variability as much as possible and to increase the scale of analysis from the plots to
the stands (which means a possible combination of two or three blocks of four plots), and (2) a very
high sampling frequency corresponding to a 15-minute period. The compromise of deploying a large
and permanent network of 200SS Watermark probes to capture spatial variability in soil water
potential at the cost of some precision and range is also reasonable considering that the depletion in
available soil water holding capacity of a sandy soil, such as the one at the study site, is reflected by
lower soil water potential than a heavier soil. For example, Irmak et al. (2016) suggested ranges of
irrigation trigger points between 30 and 33 kPa for a sandy loam soil and between 75 and 80 kPa for a
silty clay loam soil.

Climatic data between 2017 and 2019 were modeled with BioSIM, and starting in 2020, a
complete meteorological station (Campbell Scientific) was installed at the study site. Using site
elevation, latitude and longitude, BioSIM uses multivariate regressions to extrapolate data from the
closest weather stations specifically in eastern North America (Régniéere and Bolstad, 1994). The daily
meteorological variables generated using BioSIM were considered exogenous variables, i.e.,
independent variables for which measurements are not conducted within the soil water potential
model that is developed. They included air temperature (Tair) in °C, precipitation (Prcp) in mm, relative
humidity (RelH) in %, and solar irradiance (SRad) in W m2. Vapor pressure deficit (VPD) expressed in
kPa was used as an integrative variable. It was calculated using the Tetens’ equation (Tetens, 1930),
which was reformulated by Monteith and Unsworth (2007) for air temperatures above 0 °C. The only
independent variable for the model that was measured within the soil is temperature (Tsoil), expressed
in °C, which was collected from the probes in the plots, as indicated above.

Data cleaning and the data processing pipeline consisted of eight main steps that allowed time
series analysis and forecasting: (1) outlier removal, which aimed at removing aberrant data from soil
temperature probes. The criteria for removal were temperatures below -20 °C and above 46 °C during
the periods of interest (May to November for each year); (2) adjustment of soil water potential based
on soil temperature measurements according to the equation in Irmak et al. (2016); (3) data sampling
to reduce signal-to-noise ratio and variability for temperature (probes A and B) and soil water potential
(probes C and D). Two default sampling frequencies were used, i.e., averaging across one hour and
across one day. Sampling was conducted for each plot, each block and each forest type, resulting in
average soil water potential and temperature for each case, along with calculated uncertainties; (4)
data regularization using cubic BSpline interpolation to obtain measurements at each time point and
to regularize time series with no missing data points; (5) data smoothing using a Savitzky-Golay filter
(6th-degree polynomial) with a 3-day centered moving average. Smoothing was performed after data
averaging to reduce noise by a factor equal to the square root of the number of measurements
(Savitzky and Golay, 1964). This selected low-pass filter ensured that extreme values in the database
were not sacrificed; (6) meteorological data processing and synchronization, based on a one-hour and
one-day sampling of meteorological data from BioSIM, as well as regularization of time series for data
synchronization with soil water potential and temperature data; (7) temporal interval selection for
each studied year based on the plot with the smallest observation interval. Time intervals, aligned with
snow-free period on the soil, were standardized for each year as follows: May 11 to October 29 for
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2017, May 24 to November 7 for 2018, May 8 to November 10 for 2019, and May 1 to October 23 for
2020; and (8) analysis of flash droughts, which consisted of identifying flash drought periods (8 days or
more without precipitation) where soil water potential increased to near-maximum values (i.e., 200
kPa). The choice of an 8-day threshold for flash drought periods aligns with the study by Fu et al. (2022),
considering that consecutive days without precipitation lead to soil moisture declines. In the
biogeographic and climatic contexts of this study, this shorter period included more drying periods for
analysis.

Time series analysis

A categorical variable representing the states of soil moisture (StateSM) was introduced to
describe soil water potential. Three main tension levels were defined, i.e., low, medium and high. Soil
water potential thresholds (kPa) were set for each level. To do so, soil water potential density curves
were first calculated for each stand and the four monitoring years, which allowed to identify
preliminary thresholds. In the absence of irrigation thresholds in the scientific literature for forestry
that are based on measurements made with 200SS Watermark probes, irrigation thresholds reported
for crops using similar resistance soil water potential measurement techniques were also used to
validate threshold selection (Shock and Wang, 2011). Some useful scenarios were for sandy soils and
included potato (irrigation trigger points between 20 and 60 kPa), cauliflower (trigger points between
20 and 40 kPa) and celery (trigger point around 10 kPa). The three following thresholds were
established as follows: (1) low state, corresponding to a soil water potential in the range [0 kPa, 40
kPa[ (2) medium state, corresponding to a soil water in the range [40 kPa, 100 kPa[ and (3) high state,
corresponding to a soil water potential equal or greater than 100 kPa. For some analyses, a fourth state
was considered, i.e., very high state. In this case, the high state corresponded to a soil water potential
between in the range [80 kPa, 120 kPa[ and the very high state corresponded to a soil water potential
equal or greater than 120 kPa. Increasing the number of levels allows for a better description of high
potential values, but it also decreases the predictive capacity of models because high and very high
states have fewer observations than the low and medium states, thus leading to imbalanced
conditions.
Because soil water potential is described by its value at each time point and by its states, the evolution
of these states was depicted by determining the transition probabilities from one state to another and
the expected number of days to reach them. To do this, time series were expressed using discrete-
time Markov chains. Discrete-time Markov chains are used to elucidate dynamic systems governed by
stochastic processes. By exploiting the temporality of soil water potential data and relying on the
postulate of the Markov property, transitions that occurred during each year of interest could be
analyzed in detail. This analysis involved calculating the probabilities associated with each observed
state change and evaluating the expected time to attain these states.
Cross-correlations at lag-k between two discrete time series x(n) and y(n) were calculated to evaluate
their similarity considering the following:

Ryy(k) = Xnzix().y(n — k) (1)

where x(n) represents the value of x at time index n, y(n-k) the value of y at time index (n-k), i.e., with
a k-lag, and N is the number of time steps considered. The xcorr() function implemented in Matlab was
used.

To refine the analysis of the evolution of soil water potential states, classification methods based on
supervised learning such as decision trees were considered. Classification and Regression Tree (CART)
algorithm was used (Breiman et al., 1984).

Finally, when focusing on flash drought periods, data 8 days before and 8 days after the dry-down were
extracted for a better understanding of how soil temperature and soil water potential evolve
concomitantly.



Results

Large variations in soil water potential were observed based on year and forest types (Figure
1). In particular, in 2020 and for the three forest types, soil water potential reached very high values
(i.e., low soil water availability) in the late spring to early summer period (mostly in June), which
distinguished them from the three other years of interest. Precipitation amounts in June 2020 were
particularly low, especially in May and June, which impacted soil water potential during that period
(Figure S1, supplementary data). Conversely, the year 2017 exhibited the lowest soil water potential
values, which likely reflects a period needed for the probes to stabilize in the soil after their installation
in spring 2017, although it was also one of the wettest years. Based on forest types, peaks in soil water
potential between 2018 and 2020 were classified in the following increasing order: hardwood-beech
stands < hardwoods < mixedwoods (Figure 1).
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Figure 1: Mean daily soil water potential (SWP) in kPa for (a) mixedwoods, (b) hardwoods and (c)
hardwood-beech stands from 2017 to 2020.

As discussed in the methods, three main soil water potential states [0; 40[ kPa (low), [40; 100[
kPa (medium) and [100; 200] kPa (high) were defined by setting arbitrary thresholds comparable to
studies using the same soil water potential probes. Using discrete-time Markov chains, it was possible



toisolate differences in state transitions within the same stand and for a specific year. For mixedwoods
in 2019, it took 81 days to reach a high state of soil water potential from a medium state (Figure 2). In
2020, the expected time for this transition in soil water potential states to occur was established at
63.5 days, and this transition was more likely in 2020 than in 2019, with a transition state probability
of 0.06 compared to 0.04.

This approach also emphasizes differences in response between mixedwoods and hardwood-
beech stands in the medium to high and high to medium transitions. In 2020, mixedwoods required
much fewer days (63.5 days)) compared to hardwood-beech stands (117 days) to transition from a soil
water potential considered as a medium state to a soil water potential considered as a high potential
state (Figure 3). Furthermore, for the same year, mixedwoods remained in a high soil water potential
state longer (14 days) compared to hardwood-beech stands (6 days) (Figure 3).
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Figure 2: Transition state probabilities (denoted as P) and expected time in days to reach a high state
of soil water potential starting from a medium state for mixedwoods stands in 2019 (left panel) and
2020 (right panel). The color scale indicates the number of days and the target states are indicated in
red. The soil water potential states are as follows: [0; 40[ kPa is low, [40; 100[ kPa is medium) and [100;
200] kPa is high.
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Figure 3: Expected times in days to reach medium (right panels) and high (left panels) states of soil
water potential for mixedwoods (upper panels) and hardwood-beech stands (bottom panels) in 2020.
The color scale indicates the number of days and the target states are indicated in red.

Cross-correlation analysis reveals that each forest type exhibits different correlations with soil
water potential over time (see Figure 4 for qualitative results and Tables S3, S4 and S5 for coefficients).
Although the maxima represented by darker colors often occur at similar time lags for most variables
(except for relative humidity), the correlations weaken at different time steps expressed in days. This
is the case for vapor pressure deficit which influences soil water potential in mixedwoods for up to six
days after the highest soil water potential value is reached (see Figure S2 for dynamics of vapor
pressure deficit in 2020).

For hardwoods and hardwood-beech stands, the same effect of vapor pressure deficit is
sustained for up to five and four days, respectively. The influence of soil temperature over soil water
potential is maintained for up to three (hardwood-beech stands) and two (mixedwoods and
hardwoods) days (Figure 6). At (t-4 days), the coefficient only slightly decreases compared to the
coefficient at day (t). The influence of relative humidity reaches a maximum two days before the soil
water potential maximum value in hardwood-beech stands, whereas this effect is the largest five and
six days before maximum values in mixedwoods and hardwoods, respectively (Figure 4). Mixedwoods
and hardwoods show very comparable cross-correlations, whereas cross-correlations for hardwood-
beech stands between some exogenous variables and soil water potential seem to stand out, notably
with relative humidity and vapor pressure deficit (Figure 4).

For all three forest types, soil water potential and air temperature show a maximum cross-
correlation without any lag, which means that no previous or subsequent influence of air temperature
on soil water potential has been detected.
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Figure 4: Diagram summarizing cross-correlations coefficients between soil water potential and
exogenous variables and soil temperature (2020). Tsoil is soil temperature, Tair is air temperature,
Prcp is precipitation, RelH is relative humidity, VPD is vapor pressure deficit, SRad is solar radiation.
Calculations were performed on the 2020 data for each forest type (MW is mixedwoods, HW is
hardwoods and HB is hardwood-beech stands). The maximum cross-correlation coefficient is
represented by a darker color rectangle. For Tair, SRad and Prcp, the same results are obtained for the
three stands, thus only one series of rectangles are shown. Coefficient values are available as
supplementary data.

The dynamics of soil water potential were investigated concomitantly with precipitations and
soil temperature during flash drought periods for each forest type in May, June and September 2020
(Figure 5, 6 and 7, respectively). The flash droughts in May and June behaved similarly, i.e., soil water
potential increased throughout the periods, whereas the daily average soil temperature of hardwood-
beech stands remained lower than that in mixedwoods and hardwoods. For mixedwoods, soil water
potential reached values above 100 kPa in May (Figure 7a) and close to 200 kPa in June (Figure 8a).
Soil water potential values in hardwoods were slightly below those in mixedwoods. For hardwood-
beech stands, soil water potential also increased but maximum values were lower than the two other
forest types at 40 kPa in May and 140 kPa in June.

On May 26, 2020, there was trace precipitation (< 1 mm) which did not decrease soil water
potential (Figure 5a). Soil water potential decreased only on May 28 and 29 when precipitations were
more abundant (~3 and 8 mm, respectively). Before, during and after the first two droughts in May
and June, soil temperature in hardwoods was higher than in the two other forest types (Figure 5b, 6b).
In May 2020, soil temperature in mixedwoods was slightly above that in hardwood-beech stands only
during some days. However, in June 2020, a larger and more sustained divergence in soil temperature
between mixedwoods and hardwood-beech stands was observed, with mixedwoods having warmer
soils. The colder soil in hardwood-beech stands was especially apparent during the dry-down between
June 12 and 22 (Figure 6b).
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Figure 5: Mean daily soil water potential along with precipitation in mm (upper panel) and soil
temperature in °C (lower panel) for mixedwoods (MW), hardwoods (HW) and hardwood-beech stands
(HB) during the first flash drought in May 2020 (same scales as Figures 8 and 9 for comparison).

In September 2020, differences in soil temperature between forest types were less apparent
compared to May and June (Figure 7b). On September 18, i.e., at the onset of the dry-down, soil water
potential was 32 kPa in mixedwoods compared to about 20 kPa in hardwoods and hardwood-beech
stands (Figure 7a). At that time, soil water potential in mixedwoods exhibited a more pronounced dry-
down than that in hardwoods and hardwood-beech stands, thus reaching a medium state faster. At
the end of the dry-down, soil temperature of hardwood-beech stands was also lower than that of
mixedwoods and hardwoods, but to a lower extent compared to the previous flash droughts in May
and June. The pattern of a lower soil temperature in hardwood-beech stands at the end of a dry-down
compared to mixedwoods and hardwoods was also observed in 2018 and 2019 (Figure S3,
supplementary data).
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Figure 6: Mean daily soil water potential along with precipitation in mm (upper panel) and soil
temperature in °C (lower panel) for mixedwoods (MW), hardwoods (HW) and hardwood-beech stands
(HB) during the second flash drought in June 2020 (same scales as Figures 7 and 9 for comparison).

The distinct behavior of hardwood-beech stands regarding soil water potential and
temperature during flash droughts is also described using decision trees and considering the three
main soil water potential states (low, medium, high) as well as a fourth state (very high, > 120 kPa).
Figure 8 compares the decision tree trained with data from mixedwoods to the decision tree trained
with data from hardwood-beech stands during the most severe flash drought registered during the
year of interest, i.e., June 2020. For mixedwoods, the transition to a very high state of soil water
potential occurs for a soil temperature greater than or equal to 12.9 °C. For hardwood-beech stands,
soil water potential reaches this same state for a soil temperature greater than or equal to 15.9 °C.
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Figure 7: Mean daily soil water potential along with precipitation in mm (upper panel) and soil
temperature in °C (lower panel) for mixedwoods (MW), hardwoods (HW) and hardwood-beech stands
(HB) during the third flash drought in September 2020 (same scales as Figures 7 and 8 for comparison).
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Figure 8: Decision tree obtained for (a) mixedwoods and (b) hardwood-beech stands during the second
flash drought of June 2020, i.e., the most severe recorded during the four years of record. The soil
water potential states are as follows: [40; 100[ kPa is medium, [80; 120[ kPa is high and [120; 200] is

very high. Temperatures are in °C.
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Discussion

Changes in soil water states and lagged effects

Using a discrete-time Markov chain approach, it was possible to calculate frequencies and
probabilities associated with transitions between soil water potential states, addressing the first
research question. Results from this analysis suggest a higher resistance of hardwood-beech stands to
changes in soil water potential states compared to hardwoods and mixedwoods. Such resistance to
change is often indicative of greater ecological resilience (Holling, 1996; Hesse et al. 2022). The use of
Markov chains appears relevant for describing the dynamics of soil water potential and results indicate
a trend toward greater resilience of hardwood-beech stands to water stress. The next challenge is to
define the transition thresholds with more detail. This could be done experimentally using more
accurate sensors and simulating various level of drought stress (Walthert et al., 2021). One of the
limitations of this analysis lies in the Markov property, which assumes that the prediction of the future
is entirely contained in the present state of the process. Therefore, the correlations between variables
over time help to fully describe the physical phenomena.

Cross-correlations results also show the specificity of each forest type and bring attention to
the concept of memory or lagged effect as designated by Zhao et al. (2018). Drought memory (or
drought legacies) alters tree physiological processes such as growth and its effects are largely
demonstrated as a function of species and different spatial (e.g., communities and ecosystems) and
temporal scales (Miller and Bach, 2022). Plant resilience depends on the memory of an ecosystem
which is shaped by past events, and as the frequency of droughts increases, ecosystems can build
ecological resilience (Johnstone et al.,, 2016; Yao et al., 2022). On the other hand, the legacy of
hydraulic failure could reduce resilience, especially regarding tree’s xylem experiencing embolism
(Hammond, 2020). Hence, incorporating the concept of lagged effects into models can improve
predictions of tree recovery or death following droughts (Peltier et al., 2022). Several physiological
mechanisms come into play at cellular levels (Daszkowska-Golec and Szarejko, 2013). For example,
phytohormones control the closure of stomata in isohydric species (which decreases photosynthetic
and transpiration rates) to maintain a lower water tension (i.e., a higher water level) during water
stress under high vapor pressure deficit (McDowell et al., 2008; Grossiord et al., 2020a; Chen et al.,
2022). In contrast, anisohydric species keep their stomata open to continue drawing water from the
soil, thus allowing their water tension to rise (McDowell et al., 2008). In the short term, stomatal
closure is the main mechanism for plants to limit transpiration losses and to control water tension
levels (Martinez-Vilalta et al., 2014), and adjustments to higher air temperatures can occur within a
few hours (Grossiord et al., 2020a). The concept of isohydric and anisohydric species to group plant
species as either vulnerable or well adapted to climate change and increased droughts is under debate,
however (Martinez-Vilalta et al., 2017; Ratzmann et al., 2019). Notably, beech trees are mostly
considered to behave as anisohydric species (Rukh et al., 2023). Nevertheless, in this study, results
suggest a closer behavior to isohydric species with less drought sensitivity (Pretzsch et al., 2020; Motte
et al., 2023). This relates to the idea that trees can switch between iso- and anisohydric behavior due
to environmental conditions and growth developmental stages (Meinzer et al., 2016).

The concept of soil moisture memory has also been studied but to a much lesser extent. Soil
moisture is controlled by evapotranspiration and evaporative demand (Koster et Suarez, 2001;
Seneviratne et al., 2010), but also by the storage capacity of the soil (Walthert et al., 2021) and the
stomatal control of the trees, as well as soil microbial communities that use and affect the availability
of carbon and nitrogen (Jacques et al., 2021). Periodic droughts contribute to the ecological memory
of soils by increasing their multifunctionality (expressed as enzymatic and microbial activities,
nutrients, root growth), making them more resilient to water stress (Canarini et al., 2021). Orth and
Seneviratne (2012) determined that the effect of soil moisture memory could last up to 40 days and
depends on the season, with larger effects during dry periods on the wettest sites. The existence of a
positive stress zone as introduced by Koégler and Soffker (2020) hence aligns with both trees and soils.
However, monitoring of soil water potential in this study is limited in the sense that, although most
root biomass is in the first 25 cm of soil at the study site (Lajeunesse, 1990), many trees will have
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developed deep roots that can fulfill water requirements, notably during droughts (Nelson and Oliver,
2017; Chen et al., 2022). Thus, placing some probes at greater depths (e.g. 50 cm) would have given a
fuller portrayal of soil water availability for trees at the site.

Yet, there is limited literature on how various forest types can preserve soil water during
drought periods. Results in this study from discrete-time Markov chains and decision trees suggest that
soil water potential in mixedwoods is more easily and rapidly shifted toward high values during dry
periods and that hardwood-beech stands resist this shift for longer during droughts, with a faster
return to lower water potential as well. During droughts in 2020, classification and regression trees
suggest that the transitioyn to very high soil water potential, i.e., exceeding 140 kPa, occurred for
hardwood-beech stands at a soil temperature of 15.9 °C compared to a transition at 12.9 °C in
mixedwoods. It is suggested that this 3 °C divergence could be quite meaningful in regard to forest
management and adaptation to climate change. According to Forzieri et al. (2022), 23% of the world’s
pristine forests have already reached a critical threshold that leads to decline and loss of resilience,
likely because of water limitations and climate variability. Therefore, managing and adapting forests
as a means to preserve soil moisture reserves under climate change is a priority (Grant et al., 2013).
The case of American beech

The persistence of American beech in the landscape is debated (Stephanson and Ribarik Coe,
2017). Although results in this study illustrate that it is perhaps more robust to climate variation and
water limitations, the literature suggests that American beech is more sensitive to both droughts and
flooding compared to other deciduous tree species. This idea is reinforced when considering European
beech (Fagus sylvatica) (GeRler at al., 2007). However, Hesse et al. (2023) underlined that for a longer
time scale (i.e., after 5 years of recurrent summer droughts), the recovery of Norway spruce (Picea
abies, an isohydric species) is significantly slower than European beech (an anisohydric species) for
many physiological variables tested, although both species recovered well. Therefore, beech trees
seem more drought resilient than initially believed and this places doubt in regard to strictly
categorizing beech spp. in the anisohydric group per se.

Two main reasons can be put forward to explain the strategy of hardwood-beech stands to
more easily and rapidly shift toward a lower state of soil water potential compared to other forest
types, especially mixedwoods. First, American beech is recognized for its dense canopy, which limits
light from reaching the soil surface, and for its acidic and recalcitrant litter which creates a thick and
protective leaf mat, all of which protect soils from direct radiation and lead to cooler soils with less
evaporation and in turn, more moisture (Collin et al., 2017b; Bélanger et al. 2021). Second, like
isohydric species, adult American beech trees could have a more effective stomatal regulation under
drought stress (Leuschner, 2020), and similar to European beech trees, can save water during short
period of stress, thus being more conservative in their water use strategies (Walthert et al., 2021 ;
Puchi et al., 2024). A combination of both strategies is possible. However, during flash droughts, the
capacity of hardwood-beech stands to preserve soil moisture diminished as the soil temperature
increased. The buffering ability of hardwood-beech stands reached a limit when soil water was low as
observed by the small difference in soil water potential between mixedwoods and hardwood-beech
stands. This is an expected behavior because as the soil dries, water, with its specific latent heat,
retains energy more effectively than the soil, which means that dry soil is more prone to overheating
than moist soil (Fu et al., 2022). Finally, from a physiological standpoint, American beech distinguishes
itself from other tree species by presenting adjustments characterized as a "fast ecological strategy"
(Nikolova et al., 2020).

In temperate forests of northeastern North America, the expansion of American beech has
occurred at the expense of other species, including sugar maple (Cale et al., 2017; Collin et al., 20173;
2017b; Nolet and Kneeshaw, 2018; St Jean et al., 2021). Several hypotheses for this phenomenon were
proposed, including roots sprunt and effective regeneration, low leaf palatability, high tolerance to
low light availability and positive feedback switches that modify soils to its advantage (e.g., acidity,
allelopathic compounds). However, beech bark disease, a scale insect-fungus complex, is already
widespread, especially in beech-dominate forests, and will likely more easily endure due to milder
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winters and decreased snow cover under climate change, thus potentially leading to a major decline
in American beech in future decades (Cale et al. 2017; Stephanson and Ribarik Coe, 2017). Under
RCP8.5, regional models for the study region predict that the current average temperature will
increase from 2-3 °C to 6 °C over the 2041-2070 horizon relative to the 1981-2010 reference period
(fifth-generation Canadian Regional Climate Model, CRCM5, Martynov et al., 2013; Separovi¢ et al.,
2013). On the one hand, the study site is at the very northern limit of the distribution of American
beech and as such, it could become more favorable to beech and other southern tree species under
climate change. The ability of hardwood-beech stands to regulate their soil water potential could also
specifically favor beech recruitment (re: positive feedback switch). On the other hand, if beech bark
disease stimulated by droughts also leads to a dieback at these latitudes, this could offer a short
window of opportunities for the recruitment of other tree species that perform better in cooler soils
with more available moisture while tolerating the forest floor conditions left by beech litter (e.g.,
greater acidity and allelopathic compounds, thick leaf litter mat).

Conclusion

The field of data science, which goes beyond static statistical approaches, allows for a thorough
analysis of time series and thus provides new opportunities to study the complexity of tree-soil water
dynamics and to elucidate interactions occurring at different timescales (Konings et al., 2021). In this
study at a forest site in southern Quebec, Canada, mixedwoods, composed mostly of fir and maple,
are exhibiting more signs of vulnerability in regard to water deficit in the context of a changing climate.
Stands composed of fir and maple trees seem to have a lesser capacity to conserve soil water during a
drought and to return to normal soil water states after a dry down compared to stands composed of
maple and beech, which have developed regulation strategies that do both well. Because the third
forest type studied, i.e., stands composed of maple and birch, have a behavior falling between the two
other stands, it is believed that the soil water regulation strategies are largely attributed to beech,
whereas the poor adaptation to drought is attributed to fir and other companion conifers (e.g.,
hemlock). Notably, forests with beech trees appear to bring (hydraulic) diversity that enhances the
regulation of their soil temperature and water potential and can prove beneficial during droughts
(Anderegg et al., 2018; Grossiord, 2020b). This could partly contribute to explaining the expansion of
beech trees in northeastern North America, among many other causes, as observed since the 1970s.
In Europe, Norway spruce benefits from the presence of European beech under drought conditions
(Motte et al., 2023) as the latter allows the former to set up a faster process of acclimation (Pretzsch
et al., 2020), but at the expense of beech (Thurm et al., 2016). Similarly in North America, beech could
have a role to play as a companion species to maple, fir, and other plant species under climate change
because of its greater capacity to maintain and restore soil water availability. This means that beech
could favor soil hydroclimatic conditions that are conducive to its own maintenance and the
maintenance of local plant species under climate change as well as to the migration of other plant
species that are not adapting well to warmer and drier conditions in the south.
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Figure S1: Growing season precipitation (May to October) in mm at the Station de Biologie des
Laurentides between 2017 and 2020. Data are from the BioSIM model.
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Figure S2: Dynamics of soil water potential in kPa (blue) and vapor pressure deficit in kPa (orange)
from May to October 2020 (expressed as Julian calendar days) for mixedwoods (MW), hardwoods
(HW) and hardwood-beech stands (HB). Data are daily averages.

25



a)
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Harwood-beech = =Harwoods ——Mixedwoods

[\
9]

[AS]
[=)
1

1

—_
)]

—_
o

Mean soil temperature [°C]
w
]
1

0 [ 1 1 [ [ 1 1 [ 1 1 [ 1 1 1 1 1 1 [ 1 1 1 1
R I I S S U R NN R S I S ) ) S I AN\
@@Q cf"q @?9 @@Q @@Q @?9 cf"Q @@Q c;"? @?9 @@Q @@Q @?9 c}"Q @@Q @@Q cf"Q @@Q @@Q cf"Q c}"Q @@Q @@Q c}"Q

2018

[\
9]

[AS]
[=)
1

1

Mean soil temperature [°C]
o
( ]
>

—_
o
1

1

[9)]
1
1

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

R I B T U G T T S B St N N SN BN N N R SR, R
@@Q c}"Q @@Q c}"Q cf"Q c}"Q @?9 c}"Q @?9 cﬁQ @?9 cﬁQ @@Q cﬁQ @@Q @@Q @@Q @@Q @@Q cf’Q c}"Q cf’Q c}"Q

2019

Figure S3: Dynamics of soil temperature in °C during a flash drought period in (a) September 2018
and (b) September 2019 for mixedwoods, hardwoods and hardwood-beech stands. Dry-down in
2018 is from September 13t to September 20™, and from September 15t to September 21t in 2019.
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Table S1: Pearson correlations between meteorological variables (p < 0.05).

Prcp RelH SRad Tair VPD
Prcp
RelH 0,42
SRad -0,50 -0,80
Tair 0,05 0,07 0,18
VPD -0,38 -0,81 0,77 0,46

Table S2: Pearson correlations between soil water potential (SWP) and meteorological variables and
soil temperature for mixedwoods (MW), hardwoods (HW) and hardwood-beech stands (HB)

individually (p < 0.05).

Prcp RelH SRad Tair VPD Tsoil
SWPmw -0,04 -0,28 0,32 0,53 0,57 0,42
SWP w -0,02 -0,23 0,25 0,45 0,49 0,33
SWP s 0,00 -0,27 0,25 0,39 0,49 0,25

Prcp is precipitation, RelH is relative humidity, SRad is solar radiation, Tair is air temperature, VPD is
vapor pressure deficit and Tsoil is soil temperature.
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Table S3: Cross-correlation coefficients obtained for mixedwoods in 2020. Red indicates high values,
blue indicates value at lag-0 and bold values are the highest value for each variable/column.

Tsoil VPD RelH SRad Prcp Tair
t— 6 days 0.7780 0.7414 0.7176 0.6880 0.3156 0.7866
t—5 0.7790 0.7468 0.7182 0.6919 0.3295 0.7884
t—4 0.7805 0.7572 0.7169 0.7001 0.3359 0.7916
t-3 0.7820 0.7689 0.7150 0.7106 0.3423 0.7961
t-2 0.7831 0.7822 0.7122 0.7221 0.3465 0.8011
t—1 0.7834 0.7981 0.7085 0.7368 0.3440 0.8050
t=0 0.7825 0.8172 0.7042 0.7557 0.3146 0.8078
t+1 0.7772 0.8313 0.6943 0.7714 0.2784 0.8051
t+2 0.7701 0.8380 0.6867 0.7828 0.2534 0.7991
t+3 0.7621 0.8372 0.6817 0.7893 0.2483 0.7901
t+4 0.7542 0.8334 0.6784 0.7921 0.2432 0.7812
t+5 0.7462 0.8302 0.6749 0.7959 0.2313 0.7727
t+6 0.7376 0.8259 0.6716 0.7986 0.2180 0.7631

Tsoil is soil temperature, VPD is vapor pressure deficit, RelH is relative humidity, SRad is solar
irradiance, Prcp is precipitation and Tair is air temperature.

Table S4: Cross-correlation coefficients obtained for hardwoods in 2020. Red indicates high values,
blue indicates value at lag-0 and bold values are the highest value for each variable/column.

Tsoil VPD RelH SRad Prcp Tair
t — 6 days 0.7829 0.7389 0.7108 0.6902 0.3054 0.7928
t-5 0.7837 0.7453 0.7095 0.6929 0.3165 0.7941
t-4 0.7850 0.7572 0.7061 0.7001 0.3262 0.7970
t-3 0.7868 0.7720 0.7017 0.7112 0.3359 0.8025
t-2 0.7885 0.7881 0.6968 0.7247 0.3416 0.8099
t-1 0.7889 0.8076 0.6899 0.7423 0.3330 0.8157
t=0 0.7870 0.8291 0.6815 0.7630 0.2934 0.8182
t+1 0.7812 0.8441 0.6709 0.7806 0.2518 0.8150
t+2 0.7731 0.8492 0.6635 0.7920 0.2240 0.8076
t+3 0.7636 0.8454 0.6590 0.7973 0.2243 0.7966
t+4 0.7534 0.8402 0.6549 0.8005 0.2263 0.7844
t+5 0.7430 0.8345 0.6510 0.8033 0.2218 0.7719
t+6 0.7327 0.8264 0.6482 0.8035 0.2131 0.7595

Tsoil is soil temperature, VPD is vapor pressure deficit, RelH is relative humidity, SRad is solar
irradiance, Prcp is precipitation and Tair is air temperature.
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Table S5: Cross-correlation coefficients obtained for hardwood-beech (2020. Red indicates high
values, blue indicates value at lag-0 and bold values are the highest value for each variable/column.

Tsoil VPD RelH SRad Prcp Tair
t— 6 days 0.8294 0.8013 0.7700 0.7503 0.3417 0.8307
t—5 0.8304 0.8070 0.7730 0.7569 0.3546 0.8326
t—4 0.8313 0.8154 0.7752 0.7653 0.3630 0.8340
t-3 0.8323 0.8246 0.7771 0.7722 0.3732 0.8367
t—2 0.8329 0.8342 0.7785 0.7824 0.3816 0.8416
t—1 0.8329 0.8492 0.7776 0.7977 0.3808 0.8447
t=0 0.8319 0.8657 0.7777 0.8151 0.3594 0.8479
t+1 0.8247 0.8762 0.7639 0.8234 0.3274 0.8438
t+2 0.8171 0.8787 0.7542 0.8282 0.3074 0.8388
t+3 0.8090 0.8739 0.7482 0.8307 0.3017 0.8316
t+4 0.8005 0.8661 0.7443 0.8307 0.2963 0.8228
t+5 0.7916 0.8607 0.7393 0.8323 0.2827 0.8129
t+6j 0.7826 0.8561 0.7337 0.8334 0.2647 0.8023

Tsoil is soil temperature, VPD is vapor pressure deficit, RelH is relative humidity, SRad is solar
irradiance, Prcp is precipitation and Tair is air temperature.
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