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Species distribution models are key to evaluate how climate change threatens European 
forests and tree species distributions. However, current models struggle to integrate 
ecophysiological processes. Mechanistic models are complex and have high param-
eter requirements. Some correlative species distribution models have tried to include 
traits but so far have struggled to directly connect to ecophysiological processes. Here, 
we propose a new strategy in which species distributions are based on safety margins 
which represent species’ proximity to their physiological thresholds. We derived frost 
and drought safety margins for 38 European tree species as the difference between 
physiological tolerance traits and local maximum stress. We used LT50 and Ψ50 as toler-
ance traits for frost and drought, respectively, and local minimum temperature and 
minimum soil water potential as maximum stress. We integrated these safety margins 
into a species distribution model, which tests if the probability of species presence 
declines rapidly when the safety margin reaches zero, when physiological stress exceeds 
the species’ tolerance traits. Our results showed thaet 35 of the 38 studied species had 
their distribution explained by one or both safety margins. We demonstrated that 
safety-margins-based model can be efficiently transferred to species for which occur-
rence data are not available. The probability of presence dropped dramatically when 
the frost safety margin reached zero, whereas it was less sensitive to the drought safety 
margin. This differential sensitivity may be due to the more complex regulation of 
drought stress, especially as water is a shared resource, whereas frost is not. Our analysis 
provides a new approach to link species distributions to their physiological limits and 
shows that, in Europe, frost and drought safety margins are important determinants 
of species distributions.

Keywords: LT50, minimum soil water potential, minimum temperature, P50, 
physiological limits, safety margins, species distribution, tolerance traits
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Introduction

Climate change is a major threat to European forests and 
has already led to significant changes in species ranges, forest 
structure and consequently ecosystem services (Lindner et al. 
2014). A common way to assess this vulnerability is through 
correlative species distribution models (SDMs), which cor-
relate species occurrence data with climate drivers to esti-
mate shifts in species distributions (Elith and Leathwick 
2009). However, the advent of new climatic conditions, 
particularly at the hot edge of species distributions, leads to 
extrapolation of SDM outside their calibration range, often 
resulting in low predictive performance (Nguyen and Leung 
2022). To overcome extrapolation issues, mechanistic mod-
els attempt to explicitly represent key physiological processes 
that control species persistence (Chuine and Beaubien 2001, 
Venturas et al. 2021, Ruffault et al. 2022). Despite increasing 
transferability in time and space, mechanistic models require 
extensive parameter estimation for each species, which lim-
its their application to a few species (Dormann et al. 2012). 
This is why recent research has sought to integrate plant 
functional traits into correlative SDMs in order to include 
external information on species ecological strategies and con-
nect SDMs with mechanistic models (Pollock  et  al. 2012, 
Vesk  et  al. 2021). In this approach (referred hereafter as 
traits-SDM) functional traits modulate species’ response to 
the environment, which facilitates the transfer of models to 
species for which only the traits are known (Vesk et al. 2021). 
Yet the processes determining the trait–environment relation-
ship are usually not explicit and are inferred only in post hoc 
analyses. This is mostly because the traits that are commonly 
measured and classically used in traits-SDM, such as specific 
leaf area, maximum height or wood density (Pollock  et  al. 
2012), are integrative traits that have complex drivers and 
are not directly linked to environmental constraints. Because 
of this, connecting traits-SDM models with the mechanistic 
ecophysiological processes controlling species distribution 
remains difficult.

In recent years, there has been an increased availability in 
physiological tolerance traits that directly quantify the toler-
ance thresholds of plants. These new traits offer a path to a 
tighter connection with ecophysiological processes, but this 
requires moving SDMs from classical climate space to the 
space of the physiological stress experienced by the species 
(Choat et al. 2018, Dormann et al. 2012). To do this, one 
way is to convert the environmental drivers into physiologi-
cal stresses: the distance between the local maximum physi-
ological stress and the physiological tolerance trait of the 
species defines a safety margin, i.e. a quantification of the 
local risk of crossing an ecophysiological limit (Martínez-
Vilalta  et  al. 2021). Fitting correlative SDMs in this safety 
margins space would enable to link directly traits to physi-
ological processes without modelling the full complexity 
of ecophysiological processes. More specifically, this would 
allow us to test if species’ probability of presence decreases 
as they approach their physiological limits in safety margin 
space. In this approach, model parameters would be directly 

linked to traits, in particular, quantify whether excessive stress 
(i.e. negative safety margin) induces a drop in probability of 
presence. Such a safety margin-based model would provide 
a foundation for a generic species distribution model, which 
would enable to predict species’s distributions solely based on 
their traits.

In Europe, frost and drought are primary physiologi-
cal stresses shaping tree species distributions (Lindner et al. 
2014). These stresses act through multiple physiological pro-
cesses (Anderegg et al. 2015, Körner et al. 2016), thus species’ 
tolerance to frost and drought can be tricky to capture.

Concerning frost, it can reduce fitness because freeze–
thaw cycles lead to hydraulic failure or because low temper-
atures provoke extracellular ice causing cell lysis and tissue 
death both in spring and in winter (Sakai and Larcher 1987, 
Körner et al. 2016). There are currently no standardised traits 
for comparing resistance to freeze–thaw-induced embolism 
across a large number of species (Charrier et al. 2017). Cell 
tolerance to cold-induced lysis can be measured as the tem-
perature at which 50% of cells are lysed, so-called LT50. It 
is a dynamic trait that decreases during cold acclimation, 
reaches a minimum value in deep winter and then rises dur-
ing cold deacclimation in spring (Sakai and Larcher 1987, 
Charrier et al. 2013, 2017). This temporal dynamics makes 
it more difficult to measure LT50 in a standardised way dur-
ing spring for a large number of species, as it largely depends 
on local temperature dynamics, whereas standardisation is 
easier for winter LT50. We propose here to focus on winter 
maximum frost hardiness, considering this trait as static in 
contrast with tolerance to spring frost events and freeze–thaw 
induced embolism.

Concerning drought, it can cause stomata closure and 
limit growth (Martin-StPaul et al. 2017), or inflict excessive 
tension on the plant’s water column, causing embolism of the 
conduits and leading to hydraulic failure. The latter is often 
recognised as a major cause of forest mortality during severe 
drought (Anderegg et al. 2015, but see Mantova et al. 2022 
for a debate about the exact mechanisms at play). Ψ50 is a trait 
that assesses plants’ resistance to hydraulic failure by measur-
ing the water potential that causes a 50% loss in hydraulic 
conductivity due to drought-induced embolism. We now have 
large databases on Ψ50 allowing the classification of species 
resistance to droughtinduced hydraulic failure (Choat et al. 
2012, Martin-StPaul et al. 2017, Hammond et al. 2021).

To our knowledge, no studies have explored direct 
links between LT50 and Ψ50 and species distribution. Yet, 
several studies have shown correlations of LT50 and Ψ50 
with stress-induced mortality (Charra-Vaskou  et  al. 2012, 
Anderegg  et  al. 2015, Trugman  et  al. 2021), although this 
has been done only for a few species for LT50 (Scots pine, 
Lindström  et  al. 2014, Douglas-fir, Timmis  et  al. 1994). 
Some studies have also reported correlations between Ψ50 or 
LT50 and species mean climate or rough indicators of species 
climatic range limits (Charrier et al. 2013, Larter et al. 2017, 
Sanchez-Martinez et al. 2020, Skelton et al. 2021). Most of 
these studies were not based on explicit estimation of safety 
margin but just on classical climatic variables. More recently, 
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some studies have modelled the risk of drought hydraulic 
damage at the tree level in the US (Venturas  et  al. 2021, 
with a mechanistic model) or in France and Spain (Benito 
Garzón et al. 2018, with drought safety margins) and found 
it to explain, respectively, 2% and 27% of the variance in 
mortality. Sanchez-Martinez  et  al. (2023) assessed drought 
hydraulic risk at the community level (based on phyloge-
netically imputed species average safety margins) and found 
a significant relationship with drought-induced mortality. 
Some studies have explored the relationship between the 
spring frost safety margin and species’ upper elevation limits 
for a few tree species in the Alps (Lenz et al. 2013). But to 
our knowledge, no studies have used both frost and drought 
tolerance traits to build SDMs in a multidimensional safety 
margin space at the continental scale.

Here we propose to build on recent advances in the 
measurement of Ψ50 and LT50, together with the availabil-
ity of large-scale climate data (Muñoz-Sabater et  al. 2021), 
to derive continent-wide frost and drought safety margins 
across Europe for 38 European tree species. When included 
in a SDM, this allows us to test whether there is a sudden 
drop in the probability of presence when a species crosses its 
threshold of zero safety margin, i.e. when the physiological 
stress exceeds its tolerance (Fig. 1), and therefore whether Ψ50 
and LT50 are relevant to delineate species distributions. More 
specifically, our analysis tests the following hypotheses: 1) 
species’ maximum experienced frost or drought stress better 
explains the interspecific variation in LT50 and Ψ50 than clas-
sical climatic variables; 2) parameters of the fitted SDM indi-
cate a drastic and non-linear drop in the probability of species 
presence as the safety margins decrease, and the drop occurs 
at the zero safety margins of the species; 3) models based on 
safety margins can be transferred to species with only traits 
and no occurrence to predict their distribution.

Material and methods

We compiled published data on drought and frost physi-
ological tolerance traits for the main European tree species 

and complemented missing species with new measurements. 
Using climate reanalysis and soil hydraulic parameter maps, 
we computed proxies of longterm maximum frost or drought 
stress for all cells of a European tree species occurrence data-
base. These allowed us to estimate both species’ maximum 
experienced drought and frost stress throughout their distri-
bution and how species-specific safety margins vary within 
the species distribution. These safety margins were used to 
build bivariate logistic species distribution models (Fig. 1).

Study area and species presence data

The study was carried out on 38 tree species naturally occur-
ring in Europe (Supporting information) for which physi-
ological traits and more than 400 occurrence points were 
available. These species are distributed in forest biomes rang-
ing from the Mediterranean to the boreal forest.

Physiological tolerance thresholds for frost and 
drought

Species-specific stress tolerance traits are estimated as the level 
of stress at which irreversible damage is reached (generally 
50% of damage). They are extracted from sigmoid vulner-
ability curves fitted to experimental data of damage measure-
ments at different stress levels. For each species, we took the 
average of all measurements from our compilation of pub-
lished data and additional measurements (details per traits 
below).

Frost tolerance
We collected estimates of LT50 (the temperature causing 50% 
of cell lysis) from various published and unpublished data 
(Supporting information). As we focused on winter frost 
tolerance to control for seasonal variation in frost tolerance 
(LT50), we used measurements taken in winter, when all 
species exhibit maximum frost tolerance. We selected only 
measurements that were performed using either the electro-
lyte leakage or visual scoring method, on adult trees, and on 
branches or buds. For 23 species for which LT50 data were 

Figure 1. Logistic model for the probability of species presence. (A) The probability of presence is represented as a bivariate function of FSM 
and HSM. If one of the two safety margins is limiting, the probability of presence drops. (B) The red transects in (A) are plotted in one 
dimension with key parameters of the model. The inflection index I and its calculation are also shown.
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not available in the literature or of low quality, additional 
measurements were made to complete the database (see the 
Supporting information for details).

Drought tolerance
We extracted from global databases estimates of the xylem 
pressure (i.e. water potential) at which the percentage of 
embolized conduits exceeds the critical threshold of hydrau-
lic failure (Choat  et  al. 2012, Martin-StPaul  et  al. 2017, 
Hammond et al. 2021, Supporting information) (Ψcrit). We 
filtered out Ψcrit measurements with non-sigmoid vulnerabil-
ity curves. We chose measurements from adult tree stems to 
avoid the ontogenic effects observed with saplings grown in 
pots. Previous studies have suggested that the threshold of 
embolism leading to hydraulic failure differs between gymno-
sperms and angiosperms (Urli et al. 2013). Based on this, we 
used a critical threshold of 50% for gymnosperms (Ψ50) and 
88% for angiosperms (Ψ88) as the point of no return.

Estimation of long-term maximum stresses and 
safety margins

The frost and drought hydraulic safety margin (FSM, HSM) 
are the difference between the physiological tolerance thresh-
old and the long-term maximum experienced stress at a given 
location.

There are several approaches to estimating frost and 
drought maximum stress. For frost, the maximum stress is 
related to the extreme minimum temperature (even dur-
ing a short period and with a long return interval). Thus, 
we used long-term hourly temperature reanalysis time series 
to extract extreme low-temperature events. We acknowledge 
that the temperature experienced by a tree can deviate from 
air temperature by several degrees, but no data allows us to 
go into such detail for the moment. For drought, the mini-
mum tree water potential at midday – measured in the field 
– is most commonly used as a proxy for maximum stress and 
compared to Ψcrit (Choat et al. 2012, Sanchez-Martinez et al. 
2023). However, this approach cannot be used at the scale 
of a species’ distribution because minimum water poten-
tials are only available for a few locations. Instead, we deter-
mined the maximum drought stress based on the minimum 
soil water potential (Ψmin) from long-term reanalysis of soil 
water content (θ). Assuming that tree and soil water poten-
tials are in equilibrium when stomata are closed to control 
water loss, Ψmin is a proxy for the maximum experienced stress 
(Martínez-Vilalta et al. 2021).

Long-term climatic minimum
We used hourly time series of temperature and soil water con-
tent (θ) between 1984 and 2021 taken from the ERA5 Land 
dataset at 9 × 9 km resolution (Muñoz-Sabater et al. 2021). 
For each variable, location and year, we computed the annual 
maximum stress as the minimum of the annual time series. 
Then to estimate the long-term maximum stress of frost and 
drought (Tmin and θmin) while limiting the effect of outliers, 
we computed the 5th percentile of the time series of annual 

minimum temperature and θ. The 5th percentile is equiva-
lent to a 20-years return rate.

Derivation of minimum soil water potential from soil water 
content
Ψmin depends on the minimum soil water content (θmin), soil 
hydraulic properties (mainly driven by texture) at each loca-
tion, and root distribution. For each of the four soil horizons 
(ranging from 0 to 2.8 m) and cell of the ERA5 Land data-
set (Muñoz-Sabater et al. 2021) we computed θmin with the 
method presented above. Then, we used the Van Genuchten 
pedotransfer functions to calculate Ψmin for each horizon h 
(Van Genuchten 1980, Supporting information) using the 
following equation:

� � �
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Where θmin,h is the minimum soil water content, θmin,h  is the 
reduced water content, θr, θs, α, n and m are hydraulic param-
eters. We extracted hydraulic parameters from Tóth  et  al. 
(2017) 1 × 1 km soil hydraulic parameter maps, which pro-
vide parameters for seven horizons from 0 to 2.8 metres deep 
based on soil information data. We matched each of the latter 
seven horizons to one of the four horizons from ERA5 land 
(Supporting information).

We used the root module of the SurEau-ECOS model 
(Ruffault et al. 2022) to weight the contribution of the water 
potential of each horizon based on their hydraulic conduc-
tivity and fine roots density distribution to compute a value 
close to the soil water potential experienced by the tree root 
system. First, using the Van Genuchten hydraulic conductiv-
ity curve, we calculated the unsaturated hydraulic conductiv-
ity of each horizon h, where :

K Kh h
L m

h

m

min, min,
/

min,� � � � � � �� �� �0
11 1� � 	  (3)

With K0, m and L hydraulic parameters extracted from 
(Tóth et al. 2017). Then, Kmin was scaled to the width of the 
layer using the Gardener-Cowan coefficient, BGC (Supporting 
information). BGC modulates the conductance of the soil 
layer according to the density of fine roots in the layer; it 
depends on the root radius, the root distribution profile 
(depending on a root distribution index β, details in the 
Supporting information), the root-to-leaf ratio, the leaf area 
index (LAI) and the maximum root depth at each location. 
Root radius, root-to-leaf ratio and LAI were set to 0.004 m, 1 
and 5 m2 m-2 respectively, according to the parameterization 
of SUREAU-ECOS (Ruffault  et  al. 2022). The maximum 
root depth at 1 × 1 km was extracted from Hiederer (2013). 
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Detailed calculation and sensitivity analysis of Ψmin to BGC 
parameters (LAI and β) are presented in the Supporting 
information. For each horizon h the rescaled potential was :

� �root, min, min, ,h h h GC hK B� � � �  (4)

Finally, Ψroot,h was computed for each horizon and then scaled 
to the total conductivity. The weighted Ψmin experienced by 
the roots over the entire soil profile was:

�
�

min

min, min,

min,

�
� �� �

� �
�

�

�
�

h h h
h

h
h

K

K

BCG
1

7

1

7 	  (5)

Species distribution analysis

Presence/absence and climate data
We extracted presence/absence data from the EuForest data-
base (Mauri et al. 2017), which is a 1 × 1 km grid, based on 
aggregated datasets. For each EuForest occurrence point, in 
addition to Tmin and Ψmin, we extracted from the CHELSA 
data (Karger  et  al. 2017) the annual sum of precipitation 
map, annual potential evapotranspiration pet and mean 
annual temperature mat. In order to ensure that differences in 
the resolution of the climatic data did not bias our compari-
son of the effect of climate niche extreme on tolerance traits, 
we aggregated CHELSA at the resolution of ERA5-land.

For each species, we determined whether the presence/
absence EuForest dataset captured its distribution limit at the 
dry or cold margin. For instance, EuForest captures the dry 
margin of a species if it includes absence observations in dryer 
locations than the margin of the species. If this is not the case, 
it is not possible to tell whether the dry margin in EuForest 
data is an environmental margin or the limit of the dataset. 
We tested the coverage of each margin by comparing the 
95th percentile of pet and the 5th percentile of mat between 
the presence and absence of each species (Supporting infor-
mation). We tested the drop in the probability of presence 
only for the margins covered by the EuForest data.

Interspecific variation in species climatic niche extremes and 
their physiological tolerance traits
For each of the five climatic variables (map, mat, pet, Tmin and 
Ψmin) and each species, we computed its respective extreme 
(hereafter called climatic niche extremes) as the 5th percentile 
for map, mat, Tmin and Ψmin or the 95th percentile for pet over 
its distribution.

To test our first hypothesis that maximum experienced 
frost and drought stress explain interspecific variation in LT50 
and Ψ50 better than classical climatic variables, we performed 
univariate linear regression of LT50 with climatic niche 
extremes of mat or Tmin and of Ψcrit with the climatic niche 
extremes of map, pet or Ψmin. We used t-tests to test whether 
the regression coefficients were significantly non-null. R2 of 
the regression and effect-size (computed as standardised coef-
ficients, Schielzeth 2010) were used to quantify the strength 

of the relation between climatic niche extremes and species 
physiological tolerance traits.

Distribution models and safety margins

Species-specific distribution models
Species j presence/absence in each 1 × 1 km grid cell i was 
modelled assuming a Bernoulli distribution with a probabil-
ity of presence pi,j.

We modelled pi,j as being limited by both safety margins 
with logistic functions to allow for a drastic drop in probabil-
ity of presence at low safety margins. The shape of the model 
itself tests the relevance of the zero safety margin threshold. 
To represent that a high probability of presence occurs only 
in areas where neither frost nor drought is limiting, we for-
mulated the model as a multiplicative function of the two 
logistic functions as:

p
K

r i j t

r

i j
j

j j

j

,

,

,

exp ,

exp

�
� � � � ��� �� ��

�
�
� �

� � �

1

1
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FSM
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�
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�

	  (6)

with tFSM,j, rFSM,j and Kj being model estimated parameters, j 
the species and i a grid cell. The t parameters correspond to 
an offset on the safety margins and its value is key to testing 
the relevance of physiological tolerance trait. If negative, the 
species can tolerate physiological stress and is present even 
with negative safety margins (Fig. 1). If positive, the species 
probability of presence starts to decrease even when safety 
margins are positive. The t parameters were constrained to the 
observed interval of the corresponding safety margins, and 
we assumed a normal prior centred around 0 with a standard 
deviation of 1. The r parameters correspond to the slope at 
the inflection point at the threshold t. The larger r, the more 
sensitive the species is to its margin of safety. The r parameters 
were restricted to positive values to force safety margins to 
have a positive link with higher presence rates or no effect. 
Kj is the maximum probability of presence when both safety 
margins are favourable to the species. The Kj parameters are 
inherently between 0 and 1, and a normal distribution prior 
was set. We used an informative prior for the mean based 
on the mean probability of presence of the species in its 
EuForgen distribution and a standard deviation of 1.

We also explored alternative simpler models where the 
probability of presence pi is related only to HSM, or to FSM, 
or none (Supporting information).

For each species, we only fitted models that included the 
safety margins for which the EuForest data covered their 
respective climatic margins (FSM for cold margin and HSM 
for dry margin). In other words, for a species for which no 
absence data could cover the cold limit, we did not fit a 
model that included the FSM. Models were inferred using 
the Bayesian statistical paradigm with the ‘Rstan’ package 
(Carpenter  et  al. 2017). All other statistical analyses were 
performed using R software (www.r-project.org).
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Model selection and index
We first discarded models with poor convergence based on 
two criteria: more than 1% of divergent transitions during 
sampling of the four chains and potential scale reduction 
factor – RHat > 1.1 (Gelman et  al. 2013). Then, for each 
species, we selected the model with the lowest Bayesian infor-
mation criterion – BIC (Schwarz 1978) among the converg-
ing models. The difference in BIC with the next best model 
was always greater than 2 indicating strong support for the 
selected model (Supporting information).

We computed AUC (Fielding and Bell 1997) for each 
model using the model predictions over the data used in the 
fit. AUC measures the fit quality, 0.5 being the AUC of a 
random model and 1 of a perfect fit.

We calculated an inflection index I to assess the strength 
of the drop of the species probability of presence along FSM 
or HSM, based on the ratio between the slope at the 95th 
percentile of the safety margin and the slope at the inflec-
tion point (r). The inflection index was one minus the ratio 
and ranged between 0 and 100%. The higher I, the more 
non-linear the model (Fig. 1). To facilitate the comparison 
of thsm and tfsm, we derived rescaled thresholds. We scaled the 
t parameters to the range of safety margins covered by each 
species.

Transferability of generic safety margins-based to ‘unobserved 
species’
Because safety-margin-based distribution models incor-
porate species-specific physiological tolerance traits, they 
should have a good ability to predict species for which no 
occurrence observations were used in the fit (’unobserved 
species’). To assess transferability, we repeatedly calibrated 
a generic model on all species except one and predicted 
the distribution of this ‘unobserved’ species with the cor-
responding model (in total we fitted 38 generic models). For 
the generic models we use the same structure as Eq. 6 but 
with a random species effect on the asymptote Kj (assuming 
a beta distribution), to account for differences between spe-
cies, as:

p
K

r i j t

r i j

i j
j

,
exp ,

exp ,

�
� � � � � �� �� ��

�
�
� �

� � � �

1

1

FSM FSM

HSM

FSM

HSM �� �� �� ��
�

�
�tHSM

�  (7)

K K Kj � B � �� � �� �� �, 1 �  (8)

with tFSM, rFSM, Kj, K and λ being model estimated param-
eters, j being the species and i the grid cell. K being the 
mean random asymptote of all species, λ a shape parameter, 
and r and t are common to all species (see the Supporting 
information for model details). We assessed the ability of a 
generic model to predict the distribution of an unobserved 
species using the true skill statistic (TSS) (Allouche  et  al. 
2006) and the average AUC over all unobserved species 

(Fielding and Bell 1997). Higher TSS and AUC closer to 
1 indicates a better prediction quality. We used only 31 
generic models because the other 7 models led to conver-
gence issues.

Results

Frost and drought tolerance traits are strongly 
correlated with maximum experienced stresses

We found that frost and drought tolerance traits (Ψcrit and 
LT50) were correlated with climatic niche extremes based on 
physiological stress, the effects being equal or slightly stronger 
than for climatic niche extremes based on classical climatic 
variables. For Ψcrit, we observed that the minimum soil poten-
tial extreme (i.e. 5th percentile of Ψmin) has the strongest effect 
(standardised regression coefficient and its 95% confidence 
interval: 0.77 [0.29, 1.24]; p < 0.01; Fig. 2). This suggests 
that trees have lower Ψcrit, thus higher resistance to xylem 
embolism, when their niches extend into extremely low soil 
moisture. Potential evapotranspiration extremes pet also cor-
related with Ψcrit, with higher pet correlated with more resis-
tant species. Finally, we found that low precipitation extremes 
had no correlation with Ψcrit. We also tested the effect of map 
− pet, which is a classical aridity index, but found no effect.

Figure 2. Standardised coefficients of the regression of physiological 
tolerance traits against climatic niche extremes. The climatic niche 
extreme is estimated using climatic variables (5th percentile of mean 
annual precipitation map and mean annual temperature mat, 95th 
percentile of annual potential evapotranspiration pet) or maximum 
experienced stress (5th percentile of minimum temperature Tmin 
and minimum soil potential Ψmin). Ψcrit refers to Ψ50 (gymnosperms) 
or Ψ88 (angiosperms). The analysis includes all species for which the 
occurrence data cover the corresponding margin of the distribution. 
*, ** and *** indicate a significant relationship with p-values less 
than 0.05, 0.01 and 0.001, respectively. Bars indicate 95% confi-
dence intervals.
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For LT50, we observed an equivalent effect of extreme low 
temperature (i.e. 5th percentile of Tmin; 0.51 [0.31, 0.71]; 
Fig. 2) and extreme mean annual temperature (i.e. 5th per-
centile of mat; 0.56 [0.33, 0.80]; Fig. 2). This led to lower 
LT50 with decreasing Tmin and mat. These effects were both 
significant and positive (p < 0.001 for both Tmin and mat).

We also investigated correlations between all the climatic 
niche extremes and found correlations greater than 0.9 
between Ψmin and pet, and between Tmin and mat (Supporting 
information)

Species probability of presence are related to their 
safety margins

Our results show that for species for which occurrence data 
covered their frost or drought margin, the corresponding safety 
margin was generally selected in models over the null model.

In particular, among the 30 species that had absence/
presence distribution data that allowed us to test the effect 
of FSM, 26 had FSM selected in the final model. Similarly, 
among the 28 species that had absence/presence distribu-
tion data that allowed us to test the effect of HSM, all of 
them had HSM selected in the final model. Within these two 
groups of species, we tested both safety margins for 23 spe-
cies and found that 19 of them were indeed explained by 
both FSM and HSM. Out of the 38 species, the distribution 
of only three species could not be explained by their safety 
margins (Juniperus communis, Populus alba and Quercus pube-
scens). The mean AUC of all models was 0.69, with 25 species 
having AUC over 0.65 indicating acceptable fits, and six of 
which had particularly good fits with AUC over 0.8. The ten 
other species had low AUC (< 0.65) which may be caused by 
their very low prevalence (median prevalence and quartiles of 
these 10 species: 0.017 [0.013, 0.04]; of the 25 other species: 
0.11 [0.04, 0.22]).

Species probability of presence respond non-linearly 
to their safety margin

We observed that crossing the LT50 thresholds resulted in a 
drastic drop in the probability of presence, while the decrease 
was more progressive for Ψ50. The rescaled thresholds of FSM 
(mean estimate of rescaled t with its 95% confidence interval: 
0.04 [−0.01, 0.10]) were on average closer to zero than those 
of HSM (mean estimate of rescaled t with its 95% confi-
dence interval 0.14 [0.01, 0.27], Fig. 3B). This means that 
the probability of species presence drops close to the point 
where the species frost tolerance LT50 is exceeded, while the 
thresholds for HSM are higher with wide confidence inter-
vals. This large variability is mainly due to the angiosperm 
species. Moreover, the HSM thresholds of angiosperms are 
three times lower than those of gymnosperms, indicating a 
drop in the probability of presence closer to the point where 
the species’ drought tolerance is crossed.

The inflection index I for FSM (Fig. 3B) was 10 times 
higher than for HSM, showing a stronger non-linearity com-
pared to HSM (Fig. 3A).

Transferability of safety margin model for species 
without occurrence data

With a generic model based on safety margins, we found 
moderate predictive ability for a species not included in 
the model fit, i.e. ‘unobserved species’. The mean AUC of 
predictions for each species was 0.67, with an inter-quartile 
range of 0.63–0.72. Only five species had an AUC below 
0.6. This was close to AUC found for traits-SDM models 
(AUC median and inter-quartile of Vesk et al. (2021): 0.65 
[0.57, 0.77]). The TSS also indicated good fit quality, with a 
mean TSS of 0.30 and an inter-quartile range of 0.23–0.40 
(Supporting information). In addition, the sensitivity of the 
models was on average higher than their specificity (mean 
sensitivity and inter-quartile: 0.83 [0.79, 0.90], specificity: 
0.47 [0.39, 0.58]), indicating a pattern of over-predicting 
presence over absence.

Discussion

Our attempt to combine frost and drought safety margins 
in correlative species distribution models showed that for 35 
European tree species the probability of presence dropped 
when their tolerance thresholds were exceeded. In particular, 
the cold limit was close to a zero safety margin and corre-
sponded to a strongly non-linear decrease in the probability 
of presence, whereas the probability of presence started to 
decrease more progressively at positive drought safety mar-
gins. Our model represents a new approach to including 
traits in SDMs, and demonstrates the relevance of physiolog-
ical tolerance traits and safety margins to model species dis-
tribution. Interestingly, our correlative model based on safety 
margins performed well at predicting ‘unobserved species’, 
with prediction metrics being of the same order as previous 
traits-SDM.

Maximum experienced stresses explain inter-specific 
variability in physiological tolerance traits

Interspecific variations in frost and drought tolerance traits 
were explained by niche climatic extremes, and in particular 
by maximum experienced stress (Fig. 2). We found higher or 
equivalent effect-size between LT50 and Ψ50 and the extremes 
of their respective maximum experienced stress Tmin and Ψmin 
than with the more classical climatic variables map, pet and 
mat. Our results support our initial hypothesis that the max-
imum experienced stresses are closely related to the physi-
ological limits of the species, despite the uncertainty in the 
calculation of maximum drought stress. This is consistent 
with recent studies that have emphasised the importance of 
using climatic extremes rather than averages to explain eco-
logical patterns, despite being well correlated (Stewart et al. 
2021). Moreover, this agrees with Blackman  et  al. (2012) 
and Brodribb  et  al. (2014) who also showed this pattern 
when looking at correlation of Ψ50 with the 5th percentile 
of map or the driest quarter rainfall. Larter et al. (2017) and 
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Skelton et al. (2021) reported that species with lower mean 
map were found to have greater resistance to embolism, 
whereas we found no significant relationship between Ψ50 
and map percentiles. This could be because, unlike the above 
studies, we did not cover very arid environments. Other 
more complex variables (such as the precipitation in the dri-
est months) could also have been tested to explain variations 
in Ψ50, but here we focused on the most classical variables.

Fewer studies have investigated the environmental vari-
ability of species’ frost tolerance traits. In particular, they 

have shown associations between cold stress resistance and 
niche minimum temperature (Zanne et al. 2018), potential 
elevation limits (Charrier et al. 2013), niche mean tempera-
ture and precipitation (Kreyling  et  al. 2015). In addition, 
Lancaster and Humphreys (2020) found a latitudinal cline 
for frost tolerance in different plant groups. A key advance 
of our study is to show that winter maximum frost hardi-
ness is useful to standardise LT50 extracted from the literature 
for numerous species and capture species’ distribution low-
temperature limit.

Figure 3. Predicted probability of presence as a function of FSM and HSM (A) and parameters of the function describing the shift in prob-
ability of presence – the rescaled threshold t and the inflection index I. (B). (A) Predictions are made from the mean model outputs, with 
the other safety margins fixed at their 95th percentiles. Colours highlight differences between angiosperms (orange) and gymnosperms 
(green). Dashed lines represent species with a model including only one safety margin. (B) Metrics of the model: thresholds t rescaled by 
the range of safety margin for the species, and the inflection index I calculated as the ratio between the slope r at the inflection point t and 
at 95th percentiles of the safety margin range. The number of species in each distribution is shown in the box plots. Differences between 
groups, i.e. HSM vs. FSM, were tested by t-test and, if significant, are indicated by *, ** or ***, corresponding to p-values less than 0.05, 
0.01 and 0.001, respectively.
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Safety margins are relevant for explaining drop in 
species probability of presence

Differential sensitivity to frost and drought
Our analysis showed that species’ probability of presence 
dropped before they reached their stress tolerance. In addi-
tion, crossing the frost tolerance threshold, LT50, resulted in 
a steeper decrease in the probability of presence than for the 
drought threshold (Fig. 3).

Trees’ responses to their frost safety margins indicate that 
they often operate close to their limits in terms of frost-
induced cell damage during winter. This observation chal-
lenges previous studies that suggest trees have broad safety 
margins in winter (Körner et al. 2016). However, since our 
model is correlative, it does not demonstrate that winter 
frost-induced damage is the driving mechanism behind the 
cold range limits of species. Many other mechanisms could 
explain the cold range limits of species, such as embolisms 
caused by freeze–thaw cycles, late frosts that damage repro-
ductive tissues or shorten growing season. (Morin  et  al. 
2007, Charrier et al. 2017, Zanne et al. 2018). Winter LT50 
could be indirectly correlated with these other frost-related 
limiting factors. Nevertheless, winter LT50 seems a relevant 
trait to capture interspecific variability in frost tolerance in 
a standardised way and is valuable for understanding species 
distributions.

The response to drought safety margins was less clear: 
thresholds were on average higher than zero, and non-linear-
ity indices indicated a more progressive effect than for frost.

Moreover, the drop in the probability of presence was 
closer to the point where the species’ drought tolerance is 
crossed for angiosperms than for gymnosperms. This pattern 
arises even though we used different Ψcrit for angiosperms and 
gymnosperms to account for the anatomical and physiologi-
cal differences between the two groups (Ψ88 for angiosperms 
and Ψ50 for gymnosperms). Previous studies have already 
shown that gymnosperms operate at greater hydraulic safety 
margins than angiosperms, highlighting the need for sepa-
rate analyses of their drought resistance (Choat et al. 2012, 
Urli et al. 2013). This may explain the observed taxonomic 
differences.

The positive threshold and low non-linearity suggest 
that it is challenging to capture drought vulnerability in a 
single dimension. In fact, there are many different drought 
resistance strategies (Martin-StPaul et al. 2017, Choat et al. 
2018). For example, in addition to embolism resistance, 
stomatal regulation is critical in controlling tree drought 
survival. Stomatal closure significantly reduces water loss, 
and the timing of this closure varies greatly between spe-
cies, typically preceding extensive xylem embolism (Martin-
StPaul et al. 2017). Residual water loss through leaf cuticle, 
bark and ’leaky’ closed stomata also plays a key role in deter-
mining the timing of plant death during drought (Martin-
StPaul et al. 2017). Leaf shedding could mitigate water loss 
during drought and allow angiosperms to reduce investment 
in xylem embolism resistance. Root function and its ability to 
disconnect from the soil may also play a critical role in some 

species. Furthermore, increased pathogen susceptibility dur-
ing drought adds another layer of complexity to the situation 
(Trugman et al. 2021). In addition, unlike frost, drought is 
associated with water, a shared resource for which multiple 
species compete directly. The weaker effect of drought in 
our distribution models could also result from higher uncer-
tainties in our metric of maximum drought stress compared 
to our metric of maximum frost stress. Indeed, soil water 
content is notoriously more difficult to estimate in climate 
reanalysis than temperature (Muñoz-Sabater  et  al. 2021, 
Velikou et al. 2022).

Yet, this differential response of probability of presence to 
frost and drought echoes studies comparing the role of frost 
versus heat tolerance. Araújo et al. (2013) and Lancaster and 
Humphreys (2020) highlighted greater variability in frost tol-
erance between lineages and a better link to species’ latitudi-
nal limits than for heat tolerance.

Distribution modelling at the interface between correlative 
and mechanistic models
We found that the distribution of most of our 38 species was 
related to their safety margins. Only the distribution of three 
species, Juniperus communis, Populus alba and Quercus pube-
scens, could not be explained by any of the safety margins.

Our model allowed us to introduce information from 
physiological traits into a correlative distribution model 
while maintaining a simplistic approach. As advocated in the 
review by Dormann  et  al. (2012), there is an urgent need 
to incorporate more physiology into correlative models. This 
is because mechanistic models perform better in novel cli-
matic regimes and for species with limited occurrence data, 
whereas correlative models are more easily transferable across 
space and time (Dormann et al. 2012, Higgins et al. 2020). 
To bridge this gap, one strategy consist in calibrating physi-
ological mechanistic models for numerous species (Chuine 
and Beaubien 2001, Martin-StPaul  et  al. 2017) to project 
species distributions forward. Mechanistic models can also be 
inversely calibrated from species occurrence data (Hartig et al. 
2012) to more easily estimate the large number of param-
eters. Another strategy rooted in the correlative philosophy 
is to fit correlative SDMs with trait-dependant parameters 
(Pollock  et  al. 2012, Vesk  et  al. 2021). These traits-SDMs 
mostly rely on traits capturing leaf economics, establishment 
or competitive strategies, but do not enable interpretation 
of model parameters in terms of physiological processes. In 
animal ecology, the ‘biophysical ecology’ paradigm proposes 
to directly incorporate the link between functional traits and 
environments into SDMs, for example using as a predictor 
the difference between body temperature and maximum 
temperature (Kearney and Porter 2009).

Our safety margins are the equivalent of these predictors 
for tree species and our model uses a similar approach as ‘bio-
physical ecology’, to fit a correlational distribution model in 
a physiological stress space and account directly for the lim-
its set by species physiological tolerance traits. This results in 
a simpler model than physiological mechanistic models, but 
still allows a good connection with physiological processes 
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and good transferability to species not included in the fit 
and for which only physiological traits information are 
available. Indeed, we found that when trying to predict the 
distribution of a species without presence/absence calibra-
tion data, our generic models based on safety margins gave 
AUC ranges similar to trait-SDMs (AUC median and inter-
quartile of Vesk et al. 2021: 0.65 [0.57, 0.77]). It would be 
interesting to also test the predictive ability of our model in 
new continents or regions with a distinct species pool as in 
Vesk et al. (2021). We noted an average higher sensitivity of 
the model than specificity, highlighting the overpredicting 
trend of our models. This might be caused by constraints 
that safety margins could not catch, such as higher competi-
tion in species hot margins (Sexton et al. 2009).

The challenge of our safety margin approach is to find a 
good compromise in the simplification of physiological pro-
cesses. Too much detail would lead to the complexity pitfalls 
of mechanistic models, while too much simplicity would pro-
duce indicators that are too coarse. For instance, it would be 
interesting to account for the duration and frequency of neg-
ative safety margins. The duration of drought stress is indeed 
important (Martin-StPaul et al. 2017), but remains difficult 
to include in safety margins.

Limitations of our study

Due to limited data availability, we did not consider intra-
specific variability in physiological tolerance traits. Existing 
studies suggest modest intraspecific variability in LT50, with 
populations at the cold extremes of the distribution exhibit-
ing higher resistance (Morin et al. 2007). Studies of plasticity 
drivers of Ψ50 are very scarce and often focus on a few spe-
cies (Anderegg 2015, González-Muñoz  et  al. 2018). When 
accounting for the high measurement errors, most studies 
concluded that this trait is strongly conserved (Lamy et  al. 
2014, Skelton  et  al. 2019) (but see Anderegg 2015). In 
addition, our analysis did not show a positive probability 
of occurrence for negative safety margins, which would be 
expected if plasticity allows species to be more tolerant in 
extreme environments.

Second, by choosing tolerance thresholds related to spe-
cies survival, we assumed that species distribution is limited 
by this demographic process. However, numerous studies 
(Sexton et al. 2009, Hargreaves et al. 2014) have shown that 
distribution also depends on growth and reproduction. These 
complex mechanisms remain difficult to capture with physi-
ological stress tolerance traits. Finally, our soil potentials map 
depends on the 9 × 9 km soil water content map, which is 
very crude to capture such a highly heterogeneous variable.

Conclusion

Our study is an important step towards building cor-
relative models that are better constrained by physiological 
traits. The originality lies in modeling species distribution 
using physiological safety margins, derived from European 

climate reanalysis and frost and drought tolerance traits. It is 
a complementary approach to trait-SDMs, bridging the gap 
between correlative and mechanistic models. Our frost and 
drought safety margins pave the way for delimiting areas of 
tree species’ ranges that are vulnerable to climate change.
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