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Abstract

Aim: Soil water is essential for the physiological processes of plant growth and fitness. Owing to the
difficulty of assessing wide variations in soil water reserves, plant distribution models usually
estimate available water for plants through such climatic proxies as precipitation data (P) or climatic
water balance (P minus potential evapotranspiration). We evaluated the ability of simple climatic
proxies and soil water balance indices to predict the ecological niches of forest tree species.

Location: France

Methods: Soil water content and deficits were computed and mapped at a resolution of 1 x 1 km
throughout France. The predictive abilities of these indices were compared to those of P and climatic
water balance to model the distributions of 37 of the most common European tree species. We
focused on two species with contrasting water tolerance, Quercus robur and Quercus pubescens, to
illustrate the differences between climatic proxies and soil water balance in species response curves
and distribution maps.

Results: Throughout France, soil water content was poorly correlated with P and climatic water
balance, because low P in the lowlands can be compensated for by water provided by deeper soils,
which is not the case in most mountainous areas. Soil water balance performed better than simple
climatic water variables for explaining tree species distribution, improving 82% of the models for
hygrophilous, meso-hygrophilous, meso-xerophilous, and meso-xerophilous species.

Main conclusions: Our results showed that simple climatic values do not accurately represent
available water for trees and that soil water balance indices perform better than do climatic proxies
for most species. This point is crucial in avoiding underestimating the importance of water in studies
aiming to determine the ecological niches of plant species and their responses to climate change.

Key words: water balance; water availability; digital soil mapping; species distribution model; tree
ecology; ecological niche; spatial biogeography; climate change; geographic information system



INTRODUCTION

Plant distribution models are used worldwide for a variety of applications in ecology and
biogeography. Studies of this nature are increasing as research on the impacts of global change on
vegetation continues to expand (Guisan and Thuiller, 2005). Such applications include identification
of priority conservation areas, invasive species control and planning, and identification of native
assemblages for restoration (Platts et al., 2010; Siles et al., 2010). Despite the recent development of
remote sensing and geographic information system (GIS) techniques to obtain spatially distributed
explanatory variables, the availability over large areas of ecological descriptors influencing plant
physiology is limited (Synes and Osborne, 2011).

Soil water availability is recognized as one of the most important ecological factors for plant
growth and development, influencing both gross primary production and CO, uptake (Davi et al.,
2005). The ecophysiological effects of water stress have been fully documented for plants, and
include decreased transpiration and inhibited photosynthesis, resulting in plant death if droughts are
severe or repeated (Breda et al., 2006; Reichstein et al., 2007). The water available to plants is
commonly evaluated using soil water balance, the change in water resources stored in the rooted soil
taking into account incoming and outgoing fluxes over a given time (Zhang et al., 2002).

Although the relationship between available water and vegetation distribution was identified
decades ago (Stephenson, 1990), soil water balance is rarely used in plant distribution studies. In
recent years, only a few studies have characterized the responses of species to soil water content
(SWC) to analyse their sensitivity to recorded or expected climate change (Engelbrecht et al., 2007;
Lutz et al., 2010). Individual species response to soil water availability has been identified as a direct
determinant of niche differentiation. The importance of available water in plant vulnerability to
climate change has been illustrated by several researchers. In a study in California, Crimmins et al.
(2011) attributed an observed shift in species distribution to changes in climatic water balance rather
than to changes in temperature. Moreover, increased drought conditions have been shown to play a
key role in tree mortality rates in the western United States (Van Mantgem et al., 2009). Because
ongoing climate change may strongly affect the water cycle (Holsten et al., 2009), these studies
emphasize the need for ecologists and land managers to evaluate water budgets more thoroughly to
accurately determine the ecological niches of plants and their responses to climate warming.

Since the advent of GIS techniques in the early 1990s, a number of spatially distributed water
balance models have been described. Most of these were developed for hydrological purposes and
are unsuitable for regional scale simulations (Beven, 2001). They are generally not convenient for
modelling species distribution, which require large ecological gradients for determining ecological
niches. Digital spatially distributed soil data have only recently become available for large areas that
can describe the maximum amount of water that can be stored by the soil, defined as the soil water-
holding capacity (SWHC) (Dyer, 2009). However, plant ecologists commonly predict hydrological
processes using easily available climatic proxies such as precipitation (P) or climatic water balance
(CWB), computed as the difference between P and potential evapotranspiration (PET) (Kerkhoff et
al., 2004). The consequences of using climatic proxies instead of soil water balance have been poorly
studied; therefore, the performance differences between these predictors of plant distribution
remain unknown. Despite the consequences of drought on plant fitness, the role of available water in
determining ecological niche and the effects of expected changes in water availability on species
range shifts are poorly understood.

The aim of this study was to map soil water balance over a broad area and to compare its
ability to describe the ecological niches of forest tree species with those of simple climatic proxies.
Considering the annual sum of growing degree days >5°C (GDDs), minimum winter temperature



(minWT), and various water availability indices, we ran distribution models for 37 tree species,
including 20 of the 25 most common European tree species. To evaluate water availability, we
compared 3 climatic proxies with 2 indices of soil water balance. For the climatic proxies, we used P
and 2 CWB indices, one considering the entire range of differences between P and PET (CWB,,) and
the other only negative values (CWB.y). The soil water balance indices used were the Thornthwaite
SWC and soil water deficit (SWD). To illustrate the differences in the effects of these indices on
species niche assessment and distribution maps, we focused on 2 species of the same genus that
display contrasting drought tolerances, Quercus robur (a meso-hygrophilous species) and Quercus
pubescens (a xerophilous species).

MATERIALS AND METHODS

Species dataset

We selected 37 species of the most common trees growing in Europe with various drought
tolerances, excluding the most frequently planted species (Table 1) (Rameau et al., 1989; Timbal and
Aussenac, 1996). Presence and absence were extracted from 32,828 400-m? georeferenced plots
from a phytoecological database collected by the French National Forest Inventory (NFI) between
2005 and 2008, without minimum tree size (Drapier and Cluzeau, 2001). The data were recorded on
a systematic sampling grid covering all of France that shifted every year, and were georeferenced
with a precision of 500 m. This database has the advantage of having homogeneous sample
intensity within the forest area (about 1 plot per 5 km?2), while avoiding spatial autocorrelation
problems due to small distances between plots. The mean prevalence for all species was
approximately 10% (range, 0.10-40%). With elevations ranging from 0 to 2500 m and 5
biogeographical regions represented, a wide range of European ecological conditions were included.

Climatic data

Monthly values for mean temperature, total P, and cloudiness were used for the 1961-1990 period
in climate models based on GIS techniques developed by Ninyerola et al. (2000). These values were
modelled and mapped over the entire French territory using hybrid methods that combined
modelling with spatially distributed variables characterising the topography or distance to the sea
and interpolation of model residuals. Data gathered from 237, 432, and 87 meteorological stations
(source: Météo-France) throughout France were used to model mean temperature, P, and
cloudiness, respectively. Cloudiness was then combined with clear sky solar radiation from the Helios
model to produce solar radiation maps (Piedallu and Gegout, 2007). These models were validated
using 493 independent meteorological stations for temperature, 471 for P, and 86 for solar radiation.
The models explained 93%, 82%, and 78% of the variance in temperature, solar radiation, and P of
the measured annual values (Table 2). Minimum temperatures were extracted from 1-km?
resolution-gridded datasets provided by Météo-France and processed using a similar approach
(Benichou and Le Breton, 1987).

This climatological dataset was used to derive various indices characterising the physiological
constraints on plant development used in plant distribution studies (Marmion et al., 2009). The
effects of temperature on vegetation were defined by GDDs, representing the yearly sum of
temperatures above 5°C, and minWT, representing frost (Prentice et al., 1992). For the water-related
climatic parameters, CWB was used to complement P, calculated as the difference between P and
PET. PET is the amount of water that can be evaporated and transpired by a standard crop when
available water is unlimited. PET was estimated monthly using a combination of mean temperature
and solar radiation using the Turc formula (Turc, 1961), which is recognized as one of the best



compromises between data availability and performance (Lu et al., 2005). We used both the CWB,,,
considering the entire gradient, and CWB.,, the difference between P and PET when outgoing water
is greater than incoming water. For CWB.,, a null value was assigned when no deficit existed. These
indices were mapped at a 1-km? resolution for the 1961-1990 period and monthly values were
averaged for CWB,, and summed for P and CWB., to determine spring, summer, autumn, and annual
values.

Species Pr Water tolerance
Acer pseudoplatanus 13.8
Alnus glutinosa 49
Betula pubescens 0.3
Fraxinus excelsior 31.0 Hygrophilous
Prunus padus 0.8
Salix alba 0.6
Salix cinerea 3.0
Acer platanoides 2.6
Alnus incana 0.3
Fraxinus angustifolia 0.8
Populus tremula 13.1 Meso-
Quercus robur 37.4 hygrophilous
Salix caprea 14.0
Salix fragilis 0.1
Abies alba 15.8
Acer campestre 19.0
Carpinus betulus 30.4
Fagus sylvatica 39.6
Larix decidua 1.7
Pinus cembra 0.3
Pinus sylvestris 18.6 Mesophilous
Quercus petraea 28.1
Sorbus aucuparia 10.8
Sorbus torminalis 14.6
Tilia cordata 3.8
Tilia platyphyllos 3.9
Acer opalus 4.0
Fraxinus ornus 0.9
Pinus pinaster 0.3 Meso-
Quercus pubescens 19.5 xerophilous
Quercus pyrenaica 2.3
Quercus suber 11
Sorbus aria 16.9
Acer monspessulanum 3.2
Pinus halepensis 2.7 Xerophilous
Prunus mahaleb 3.6
Quercus ilex 9.6

Table 1: Prevalence (Pr, in %) of the 37 studied species organised into ecological groups by drought tolerance (Julve, 1998).



Soil water balance mapping

Soil water balance was calculated using climatic data and an SWHC map (cell size, 1 km?) (Piedallu et
al.,, 2011). The SWHC map was obtained through interpolation using kriging of SWHC values
estimated for 100,307 plots over the 1985-2004 period, surveyed by the French NFI in quasi-
systematic sampling over all forests in France, with a mean distance apart of approximately 1 km
(Drapier and Cluzeau, 2001). SWHC was estimated for each plot by taking into account both the
stone content at the soil pit scale and rock outcrops at the plot scale for a maximum soil depth of 1 m
(Piedallu et al., 2011). For each horizon, the difference in potential water content between -100 hPa
and -15,000 hPa was evaluated using class pedotransfer functions. A comparison of the SWHC values
provided by the map and that estimated for independent plots collected on a regular grid by the NFI
over the 2005—-2008 period resulted in a Pearson's r = 0.59 and a root mean square error of 33.9 mm
for values ranging between 0 and 148 mm (n = 20,595, Table 2). This degree of correlation is likely
underestimated, as the validation was affected by inconsistency of scale. SWHC map predictions
represent a mean value over a 1-km? cell, while the validation dataset provided an estimate at the
plot scale that was unrepresentative because of the substantial spatial heterogeneity. The map
predicted the growth of three species (Picea abies, Fagus sylvatica, and Quercus petraea) with a
precision close to that of the SWHC values estimated directly from the plots (Piedallu et al., 2011).
Smoothing during the interpolation procedure probably minimized the effects of field survey errors
and unrepresentative conditions at the plot scale. These results illustrate the value of using SWHC
extracted from GIS maps to study tree species ecology.

n Spring Summer Autumn Annual
Temperature (°C) 493 0.96(0.52) 0.96(0.57) 0.97(0.51) 0.96(0.54)
Precipitation (mm) 471 0.89(10.9) 0.93(8.42) 0.89(13.4) 0.88(11.4)
Solar radiation (MJ/m?) 86 0.86(24.4) 0.81(42.1) 0.89(20.0) 0.91(227)
SWHC (mm) 20595 0.59 (33.9)

Table 2: Performance of the models used to calculate the elementary variables required to the estimate water balance
expressed by Pearson’s coefficient of correlation (r) and root mean square error (in parentheses) between predicted values
and measurements at meteorological stations. n, number of meteorological stations used for validation; SWHC, soil water-
holding capacity. For each period, the average of the monthly values was used for temperature and the sum of the monthly
values for precipitation and solar radiation.

We chose the Thornthwaite formulas to compute soil water balance for the 1961-1990 period
(Thornthwaite and Mather, 1955) because they are among the most commonly used methods and
require a limited number of parameters for the studied area (Lutz et al., 2010). The formulas allow
estimation of monthly water content fluctuations driven by P and PET. When evapotranspirative
water loss exceeds P, part of the water demand is supplied by soil moisture, which decreases SWC
following an negative exponential curve. The actual evapotranspiration (AET) is the amount of water
that can be evaporated and transpired given the level of soil water availability. AET becomes lower
than PET when the amount of water remaining in the soil decreases. A SWD appears when the
evaporative demand is not met by the available water. SWC is calculated based on the difference
between P and PET for a given month (t):

b If P(t) > PET(t), then SWC(t)
AET(t) = PET(t)

minimum value between SWC.) + Py — PETy) and SWHC, and

o If P(t) < PET(t), then SWC(t)

SWC(t_l) X EXp{(P[t] - PET[t])/SWHC}, and AET(t) = SWC(t_l) + (P[t] -

® SWD(t) = PET(t) - AET(t)



We calculated classically used indices in vegetation studies to determine the spring, summer,
autumn, and annual values for the 1961-1990 period by averaging monthly values for SWC, AET,
AET/PET ratio, and SWC/SWHC ratio and by summing the SWD values (Granier et al., 1999; Schwarzel
et al., 2009). Herein, we present only the results for SWC and SWD because they performed better
than the other variables in explaining plant distribution.

Plant distribution models

We modelled species distributions with seasonal predictors using a generalised additive model, a
non-parametric method with a logistic link function and a binomial error distribution that fit a
smoothing spline, allowing for consideration of complex response shapes (Hastie and Tibshirani,
1990). We allowed up to 4 degrees of freedom for the smoothing functions. To evaluate the
importance of water on plant distribution and compare the efficiency of various moisture indices, we
modelled species occurrence coded as the presence or absence of the 37 species with the various
indices. For each species and water variable, a model was fitted using the spring, summer, and
autumn mean values. The best model for each variable was used. Initially, we compared the ability of
the best climatic proxy (P, CWB,, or CWB,,) and the best soil water balance index (SWC or SWD) to
improve the models for each species based on temperature (GDD5; and minWT). The performances of
the different predictors were then averaged for various ecological groups classified by drought
tolerance (Julve, 1998). The predictive ability of the water-related variables was compared between
ecological groups and with temperature (GDDs or minWT). The area under the receiver operating
characteristic curve (AUC) was the primary measure used to evaluate the models (Fielding and Bell,
1997), and the results were compared with those obtained using true skill statistics (TSS; Allouche et
al.,, 2006). For each predictor, we also determined the percentage of models for which they
performed best.

Effects of soil water reserve on response curves for water and distribution
maps: an illustration for Q. robur and Q. pubescens

We focused on the differences elicited by the choice between climatic proxies and soil water indices
for two important European tree species with different water tolerances, Q. robur, a temperate oak,
and Q. pubescens, a Mediterranean oak. Quercus robur is the most common meso-hygrophilous
species in the studied area (Table 1). This species is distributed over a large range of soil nutritional
conditions and is sensitive to summer drought (Timbal and Aussenac, 1996). It can be found over
large areas of France other than the Mediterranean basin, and in forests up to 1300 m. Quercus
pubescens is the most common meso-xerophilous species in France (Table 1). Because it tolerates a
warm climate, it occupies a large portion of the southern territory, up to 1400 m in mountainous
areas (Timbal and Aussenac, 1996). For each species, we selected the best climatic proxy—P, CWB,,,
or CWB_—and the best soil water balance index—SWC or SWD—to improve the model based on
GDDs and minWT. The performances of the models, water response curve shapes, and distribution
maps were examined. To compare the predictions of the models with the observed distributions, we
divided the continuous probability variable for presence in the presence-absence maps using a
threshold defined by the point on the receiver operating characteristic curve (ROC curve) that had
the shortest distance to the top left corner (Fielding and Bell, 1997).

RESULTS

Mapping and comparison of water availability indices
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Fig. 1: Maps of the studied water availability indices. Top: spatial distribution of altitude; left: 1961-1990 mean annual
values for precipitation (P), and climatic water balance calculated using all values (CWB,,) and only negative values (CWB._y);
right: soil water-holding capacity (SWHC), and 1961-1990 mean annual values for soil water content (SWC) and deficit
(SWD) derived from the soil water balance.



The studied water availability indices were calculated for the 1961-1990 period and mapped across
France (Fig. 1). For annual values extracted from the map, SWD was better correlated than SWC with
estimates from the plots (Table 3A). The various map-estimated water availability indices were not
highly correlated with GDDs or minWT (Table 3B), the higher Pearson’s r reaching —0.74 between
CWB, and GDDs. P and CWB,, had a similar pattern overall (r = 0.96), with higher water content
found in mountainous areas and lower content in the Mediterranean area and Parisian basin. CWB,
is logically more strongly linked to CWB,, (r = 0.82) than to P (r = 0.67) owing to higher PET values in
the southern and western parts of the country, indicating increased water deficits in these regions
compared to those in mountainous areas and northern regions.

Map-estimated variables

A Prew CWBy o CWBg s, SWHC  SWC ., SWD .
SWHC gior 0.19 0.16 0.07 0.61 0.56 0.07
SWC year piot 0.03 0.01 0.14 0.57 0.60 0.30
SWD yecr pior 0.35 0.51 0.57 0.30 0.47 0.91

Climatic water balance Soil water balance

B GDDs MinWT P,  CWB,,... CWB.u SWC o SWD
SWHC 012 022 -0.28 -0.23 -0.02 0.78  -0.19
GDD, 0.77 -0.41 -0.61 -0.74 -0.08 061
MinWT -0.45 -0.57 -0.66 0.01 052
P ear 0.96 0.67 0.01 -047
CWB,, yeer 0.82 0.06 -0.70
CWB g year 0.23  -0.96
SWC year -0.47

Table 3: Pearson’s coefficients of correlation (r) between the various indices used in the plant distribution models (n =
32,828). A: Correlations between plot-based and map-estimated water variables. B: Correlations between the various map-
estimated indices used in the plant distribution models. SWHC, soil water-holding capacity; GDDs, growing degree days
above 5°C; minWT, minimum winter temperature; P, precipitation; CWB,, and CWB,,, climatic water balance using all values
and only negative values, respectively; SWC and SWD, Thornthwaite soil water content and deficit, respectively.

The annual SWC map was, as expected, correlated with SWHC (r = 0.78), but surprisingly not
with the annual mean climatic proxies (r = 0.01-0.23 with P, CWB,, and CWB.,; Table 3B). The
greatest amount of water available to plants is located in the sedimentary plains, with less available
in mountainous areas, in calcareous plateaus, and in southern France (Fig. 1). We observed different
spatial distributions for water inputs and SWHC. High SWHC values were found in areas with
relatively dry and warm climates in which the water stored during winter provides a reserve for
plants over much of the year. In contrast, the wettest areas are mainly located in the mountains
where the SWHC is generally lower, with moderate SWC. Thus, the lower P in the lowlands compared
with that in the mountains can be compensated for by deeper soils. On a more local scale, the spatial
variability of SWC is greater than that of the climatic water indices because SWHC is strongly
influenced by geology. The annual water deficits calculated using soil (SWD) and climate (CWB.)
show similar patterns for France overall (r = -0.96; Table 3) despite water deficits being estimated as
lower in sedimentary plains using SWD than those estimated using CWB., (Fig. 1).



Available water estimated using the mapped indices differs with the season (Fig. 2). The
mean P in France is roughly constant throughout the year despite small summertime decreases,
whereas the CWB indices show substantial losses during this period because the PET is elevated.
When the SWHC is high, the water stored in the soil provides an important complementary reserve,
limiting SWD even in dry climates. In contrast, the interaction between low SWHC and low P
decreases water availability for both the climatic and the soil water balance indices.
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Fig. 2: Monthly values of precipitation, climatic indices, and soil water balance indices for contrasting conditions of soil
water-holding capacity (SWHC) and annual precipitation (P). Climatic water balance was characterised by indices based on
all values (CWB,,) and only the negative values (CWB.y), whereas soil water balance was estimated through soil water
content (SWC) or deficit (SWD). Values of SWHC and P correspond to the first and ninth decile of the observed values (n =
32,828), and mean monthly potential evapotranspiration values for France were used in the water balance calculations.

Performance of climatic proxies versus soil water balance indices in predicting
plant distribution

We compared the performances of the most efficient climatic proxies (among P, CWB,,, and CWB_,)
and the most efficient soil water balance indices (between SWC and SWD) in improving distribution
models based on GDDs and minWT for the 37 studied species (Fig. 3). Models employing the soil
water reserve were statistically more accurate than those using water-related climatic variables
(mean difference in AUC, +0.019; n = 37, Student’s paired t-test, t = 3.68, degrees of freedom = 36; P
= 0.0008). The mean AUC was 0.76 when only the GDDs and minWT values were taken into account,
increasing to 0.80 when the best water-related climatic proxy was added or to 0.82 when the best
soil water balance index was added. SWC or SWD performed better than climatic proxies for 14 of
the 16 species whose AUC increased by a value of >0.05 (Fig. 3). For the species whose distributions
were best predicted by soil water balance, SWC and SWD performed similarly. For the remaining
species, P performed better than CWB or CWB.,. Despite a strong correlation between CWB_, and



SWD for the annual values, seasonal CWB_, values were always less efficient than SWD values in the
tree species distribution models. These results can probably be attributed to stronger correlations
between CWB_ and GDDs and minWT than SWD had (Table 3B), and the greater predictive ability of
spring and autumn SWD values compared to CWB, (see Appendix S1 in Supporting Information).
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Fig. 3: Area under the curve (AUC) increases for species distribution models determined using the most efficient index
among either climatic proxies or soil water balance, when added to growing degree days above 5°C and minimum winter
temperature (n = 37 species). Climatic proxies were represented by precipitation and climatic water balance based on all
values or only the negative values (CWB,, and CWB,,), whereas soil water balance was characterised by soil water content
or deficit (SWC and SWD). Spring, summer, and autumn values were used for all of the indices. The mean AUC increase for
models including climatic proxies was 0.041, whereas that for models including soil water balance was 0.060.

We examined the predictive capabilities of the various water availability indices for species
classified into indicator groups according to drought tolerance. Soil water balance produced better
models than those using climatic proxy values for most hygrophilous, meso-hygrophilous, meso-
xerophilous, and xerophilous species (Fig. 3, Table 4), both when the predictors were considered
alone and when they were used in addition to GDDs and minWT (Table 4). Modelling using TSS
produced similar results (see Appendix S2 in Supporting Information). Models using only
temperature information performed less robustly than did those based on soil water balance indices
(SWC or SWD) for hygrophilous, meso-hygrophilous, and xerophilous species (Table 4A). In contrast,
temperature-related variables explained much of the distributions of mesophilous and meso-
xerophilous species, and simple climatic proxies and soil water indices performed nearly equally in
characterizing available water for plants.
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A Climatic Soil % Species improved

n SWHC GDD; MinwT P water balance water balance by soil water balance
Hygrophilous T 0.63 0.63 0.64 0.66 0.66 0.74 71
Meso-hygrophilous 7 0.63 0.65 0.68 0.68 0.67 0.76 71
Mesophilous 12 0.61 0.73 0.74 0.71 0.70 0.70 33
Meso-xerophilous 7 073 0.80 0.82 0.80 0.81 0.83 57
Xerophilous 4 0.76 0.74 0.68 0.80 0.77 0.83 75
B T + climatic T + soil % Species improved

n T T+P water balance water balance by soil water balance

Hygrophilous 7 0.68 0.73 0.72 0.78 71
Meso-hygrophilous 7 0.72 0.74 0.74 0.79 100
Mesophilous 12 0.77 0.80 0.79 0.80 25
Meso-xerophilous 7 0.86 0.89 0.89 0.90 71
Xerophilous 4 0.77 0.85 0.82 0.86 75

Table 4: Performance of water availability indices in predicting plant distributions of species grouped by drought tolerance
(n=37). A: Average areas under the curve (AUCs) for models using soil water-holding capacity (SWHC), growing degree days
above 5°C (GDDs), minimum winter temperature (minWT), precipitation (P), climatic water balance estimated using all
values (CWB,,) or only the negative values (CWB,,), and soil water balance represented by soil water content (SWC) or
deficit (SWD). B: AUCs for models using temperature alone (T, GDDs, and minWT used together), and with the addition of P,
climatic variables, or soil water balance. The most efficient index for spring, summer, and autumn values was used for all
the water availability indices. The percentage (%) of species improved by soil water balance is the percentage of the models
for which soil water balance indices are more efficient than P or climatic water balance indices in improving the AUCs of the
models, when these indices are used alone (A) or combined with T (B). n, number of species.

Comparison of distribution models using climatic proxies or soil water for Q.
robur and Q. pubescens

Summer CWB,, and SWC were the most efficient climatic proxy and soil water balance index,
respectively, for improving the Q. robur and Q. pubescens distribution models based on GDDs and
minWT. The AUC improved by 0.05 and 0.06 using CWB,,and by 0.08 and 0.09 using SWC for Q. robur
and Q. pubescens, respectively. The use of soil water balance indices rather than climatic proxies
improved the performances of the models and produced important differences in the water
response curve shape (Fig. 4). The choice between CWB,, and SWC also strongly modified the spatial
distribution predictions for the species, as illustrated for a region of contrasting geomorphological
units in southwestern France (Fig. 5). Q. robur was observed in field surveys over most of this area,
except on a calcareous plateau extending from the southeast to the northwest (Fig. 5A); Q.
pubescens showed the opposite pattern, being absent over most of the area other than on the
calcareous plateau. The models using CWB,, predicted the presence of Q. robur and the absence of Q.
pubescens over the entire studied area (Fig. 5B). After substituting summer SWC for CWB,, the
models highlighted the absence of Q. robur and the presence of Q. pubescens on the calcareous
plateau (Fig. 5C). The observed distributions of both species were clearly better linked to soil water
availability than to climatic indices, available soil water being a key factor in discriminating the
distributions of these species in this area.
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Fig. 4: Probability of the presence of Quercus robur and Quercus pubescens and areas under the curve (AUCs) for summer
climatic water balance calculated using all values (CWB,, summer, mm) or soil water content (SWC summer, mm) to
complement growing degree days above 5°C and minimum winter temperature.

DISCUSSION

Soil water balance is a physiologically meaningful predictor, but its calculation requires information
that can be difficult to obtain. As a result, plant ecologists mainly use simple climatic water indices
and variables that are more readily available. Here, we showed that these simpler variables can be
inadequate for representing the soil water available for plants. We also demonstrated that they
perform less robustly than do soil water balance values in explaining the distribution of most
European tree species. Our results clearly show that simple climatic proxies can lead to
underestimates of the importance of water in plant distribution studies, a conclusion that agrees
with numerous studies demonstrating the key role of soil water balance in tree physiology and
growth (Lebourgeois et al., 2005; Granier et al., 2007). Thus, our study provides new insights into the
importance of soil water balance modelling for accurate estimation of plant distribution. These
results complement temperate forest research identifying the importance of soil moisture in shaping
plant functional types on a continent scale and individual species on a local scale in tropical forests
(Stephenson, 1990; Engelbrecht et al., 2007).
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Fig. 5: Observed distributions (A) and maps predicting the distributions of Quercus robur and Quercus pubescens in
southwestern France. Predictions were made using summer climatic water balance calculated using all values (CWB,,; B) or
summer soil water content (SWC; C) combined with growing degree days above 5°C and minimum winter temperature.
Presence-absence maps were created from continuous probabilities of presence using the most efficient thresholds for
each model (0.39 and 0.41 for summer CWB,, or summer SWC, respectively, for Q. robur, and 0.26 and 0.20 for summer
CWB,, or summer SWC, respectively, for Q. pubescens).
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Although poor relationships between climatic water variables and SWC are expected, to our
knowledge, no comparison of these two approaches has been conducted over broad areas. Water
modelling based on climatic predictors shows important differences in geographical patterns and
drought intensity compared with results based on SWC. Water stored in soil acts as a reserve that
limits losses related to summer PET, highlighting fine-scale variations due to geomorphological
attributes, as has been observed in local-scale studies based on field data (Lookingbill and Urban,
2004; Dyer, 2009). In most temperate countries, lowlands are warmer than highlands, because
evaporative demand is higher and P is generally lower. Most lowlands are also sedimentary plains
with substantial SWHC, however, and use of climatic water indices in these areas can greatly
overestimate water stress. Conversely, P does not always translate to significant water reserves for
plants if the soil is too shallow to store water. This relationship has been demonstrated for both a
wide range of soils (from podzols in siliceous substrates to calcareous soils) and climates (with mean
annual P of 550-2500 mm and mean annual temperatures of 5-15°C); thus, our findings are relevant
for most ecological conditions in temperate latitudes.

Simple climatic water variables remain better indices than soil water balance variables for
predicting the distributions of 35% of the studied tree species. These species were mainly
mesophilous, and their distributions are less influenced by water availability than are those of the
other studied trees. Their range appeared to be influenced mainly by temperature, whereas the
other studied variables had little influence on their distributions, allowing soil or climatic water
proxies to be equally used in the models. Conversely, we showed that water availability is probably a
more important determinant than temperature in determining the distributions of continental tree
species living at the extremes of the water balance gradient. For more water-dependent species, soil
water balance performs better than climatic proxies, as illustrated by Q. robur and Q. pubescens
distributions in southwestern France. For plants located in the warmest areas, the greater effect of
available water compared to other climatic predictors has previously been reported for plant
richness (Hawkins et al., 2003).

Soil water balance improves the performance of the models by refining the prediction of the
spatial distributions of species compared to the predictions made using simple climatic water
proxies. Soil water balance allows differentiation of the probabilities of the presence of a species in
areas with similar climatic conditions—predicting, for example, the absence of a drought-sensitive
species when the soil water reserve is low. Conversely, drought-resistant species can be excluded
from areas with deeper soils despite dry climatic conditions, probably owing to increased
competition from species that require more water. The observed differences in sensitivities between
species provide new insights into plant distribution responses to water resources. The resulting
response curves allow determination of thresholds for the presence of a species relative to available
water, refining empirical plant functional classifications (Ellenberg et al., 1992) and complementing
ecophysiological studies of the drought tolerance of forest tree species (Bréda et al., 2006). Further
investigations are nevertheless necessary to compare species responses to water stress using plant
distribution modelling and an ecophysiological approach.

In this study, we used the AUC to measure the performance of the various models. Several
authors have pointed out limitations on the accuracy of such measures when applied to distribution
modelling. For the AUC, these limitations are, mainly, dependence on the geographical extent and
number of predictors used; problems increase when pseudo-absences are generated (Lobo et al.,
2008). These drawbacks are important when the AUC is used to compare the performance of models
with different species, particularly when the ratio of the extent of occurrence to the size of the
studied territory differs between species. In this study, the AUC was used to compare the predictive
abilities of the studied water indices for the same species, without variations in extent or number of
predictors and using phytoecological surveys with recorded presence and absence. Thus, the
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differences observed between the various predictors cannot be attributed to the reported limitations
of the AUC. Moreover, the results obtained using the AUC were corroborated by similar results using
TSS.

Data from the soil water balance maps were processed using simple formulas at a monthly
scale. SWHC introduces an important source of uncertainty compared to climatic information owing
to the difficulty of surveying soil parameters and the substantial spatial variability of SWHC on a local
scale (Piedallu et al., 2011). To estimate SHWC, we included soil depths of up to 1 m based on studies
showing that 95% of the roots are present within the top meter (Jackson et al., 1996) and because
the site index prediction was not improved by using SWHC estimated for soil profiles exceeding 1 m
(Berges and Balandier, 2010). The importance of water uptake by the small fraction of fine roots
located deeper in the soil is well known and influences tree resistance to drought (Breda et al., 1995).
The use of 1 m soil depth probably led to consistent underestimates of SWC owing to the difficulty of
determining the volume of soil available to store water for trees, particularly in fragmented bedrock
or areas with rock outcroppings. Moreover, snow, lateral runoff, and percolation effects were
excluded from the water balance calculation, despite the likelihood that taking them into account
would improve the quality of the estimates (Redding and Devito, 2008; Viviroli et al., 2009).
Improvements in soil water balance mapping may provide greater insights into the importance of soil
water variables in future distribution models.

The development of efficient approaches to estimating available water over broad areas is a
major step in evaluating the effects of water stress on plants. The use of soil water maps improves
our understanding of the mechanisms related to plant distribution patterns and allows better
determination of the ecological niches of species. Soil water balance indices can be averaged over
long periods to characterize mean conditions for a site, or estimated over shorter periods to
determine the effects of extreme conditions. In the current context of climate change, use of
relevant predictors is crucial for evaluating changes in available water for plants and consequences in
terms of vegetation shifts. These predictors can also contribute to identification of potential refugia
or opportunities for local expansion in the context of species migration (Keppel et al., 2012), aid in
the selection of alternative tree species in forestry, and identify areas that are potentially more
sensitive to changes in tree productivity or mortality.
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