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Summary

1. Climate change and extreme events, such as drought, threaten ecosystems world-wide and
in particular mountain ecosystems, where species often live at their environmental tolerance
limits. In the European Alps, plant communities are also influenced by land-use abandonment
leading to woody encroachment of subalpine and alpine grasslands.

2. In this study, we explored how the forest—grassland ecotone of Alpine tree lines will
respond to gradual climate warming, drought events and land-use change in terms of forest
expansion rates, taxonomic diversity and functional composition. We used a previously vali-
dated dynamic vegetation model, FATE-HD, parameterized for plant communities in the
Ecrins National Park in the French Alps.

3. Our results showed that intense drought counteracted the forest expansion at higher eleva-
tions driven by land-use abandonment and climate change, especially when combined with
high drought frequency (occurring every 2 or less than 2 years).

4. Furthermore, intense and frequent drought accelerated the rates of taxonomic change and
resulted in overall higher taxonomic spatial heterogeneity of the ecotone than would be
expected under gradual climate and land-use changes only.

5. Synthesis and applications. The results from our model show that intense and frequent
drought counteracts forest expansion driven by climate and land-use changes in the forest—
grassland ecotone of Alpine tree lines. We argue that land-use planning must consider the
effects of extreme events, such as drought, as well as climate and land-use changes, since
extreme events might interfere with trends predicted under gradual climate warming and agri-
cultural abandonment.

Key-words: agricultural abandonment, climate change, drought, dynamic vegetation model,
forest—grassland ecotone, global change, land-use changes, mountain ecosystems, synergistic
effects of disturbances, woody encroachment

as they harbour many species that are near their environ-

Introduction o o . .
mental tolerance limits. Changes in climate drive species

Many ecosystems around the globe are threatened by range shifts and impact physiological processes, and might
changes in climate and land use, which impact biodiver- also impact the provisioning of ecosystem services (Bel-
sity at different levels. Mountain ecosystems, in particular, lard et al. 2012). Land-use changes, be it by conversion of
are especially vulnerable to the effects of climate change, natural habitats into agricultural or urban lands, or by

abandonment of managed areas, could aggravate the
*Correspondence author. effects of climate change, as well as contribute to large
E-mail: ceres.barros@univ-grenoble-alpes.fr and sudden changes of available habitats and ecosystem
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services (Asner et al. 2004). Climate, however, is not only
predicted to change in its long-term average, but also with
regard to extreme events (e.g. drought), expected to inten-
sify in many regions (IPCC 2012).

Drought affects plant reproduction, growth and survival
and can ultimately lead to changes in forest (Park Wil-
liams ez al. 2013) and grassland (Gu et al. 2007) produc-
tivity, to changes in vegetation composition of landscapes
(Clark et al. 2016), and result in significant forest dieback
at the global scale (Allen ez al. 2010). Forest dieback can
have cascading effects on biodiversity, carbon, water and
nutrient cycling, and ultimately on the provisioning of
ecosystem services, such as carbon uptake and storage
(Anderegg, Kane & Anderegg 2013). Such effects are likely
very important in forest—grassland ecotones of mountain
environments, where many tree species live close to their
lower temperature limits and may reach their soil moisture
limits in dry valleys (Goldblum & Rigg 2010). This is the
case even in regions like the European Alps, where tree
lines are further constrained by land use for farmlands,
grazing and mowing (Carlson ez al. 2014). In recent years,
drought events have caused Swiss forests to suffer signifi-
cant diebacks of Scots pine (Pinus sylvestris L.), favouring
replacement colonization by pubescent oak (Quercus pub-
escens L.) and a turnover of forest composition (Rigling
et al. 2013). Moreover, plant communities in mountainous
areas are threatened by changes in land use that affect
plant community structure and composition (Tasser &
Tappeiner 2002). For example, simulations of vegetation
dynamics in the European Alps predict that land-use aban-
donment and climate warming will interact and increase
forest expansion towards higher elevations (Dirnbock,
Dullinger & Grabherr 2003; Boulangeat ez al. 2014).

Although forest—grassland ecotones in the European
Alps are facing environmental changes originating from
three fronts (i.e. gradual and extreme climate change, and
land-use abandonment), so far no study has investigated
their joint effects, especially from a forecasting perspective
(Seidl et al. 2011). While climate change and land aban-
donment should lead to forest expansion and woody
encroachment of subalpine and alpine pastures (Asner
et al. 2004), drought stress increases tree mortality, causing
forest dieback. Consequently, we can expect that drought
might counter the effects of gradual climate change and
land-use abandonment, but this is likely to depend on
drought frequency and intensity, as well as on the identity
of species within communities. Milder droughts may con-
tribute to faster woody encroachment of subalpine and
alpine pastures by favouring species adapted to drier envi-
ronments. On the other hand, very severe and/or frequent
droughts are likely to slow forest progression. Such effects
may not be homogeneous in space, especially if certain
areas are prone to more intense or more frequent drought
(Dobbertin et al. 2005; Worrall et al. 2013).

Here, we study, in a spatially explicit manner, how
drought frequency and intensity interact with climate and
land-use practices and affect forest—grassland ecotones in

the European Alps using the landscape dynamic vegetation
model FATE-HD (Boulangeat, Georges & Thuiller 2014).
Although FATE-HD does not simulate drought effects at
the individual and physiological level, it can capture
drought at the community level providing useful insights for
management and conservation planning of complex ecosys-
tems. For example, ecosystem management and conserva-
tion in the European Alps focuses on maintaining a bundle
of ecosystem services (Grét-Regamey, Walz & Bebi 2008;
EC 2015), managing for a high diversity of habitats and on
protecting biodiversity per se. Although this includes main-
taining forest cover, there is also an important focus on
avoiding woody encroachment of open habitats. FATE-HD
provides information on these different conservation goals.

Specifically, we explored (i) under which conditions
drought reversed the trend of forest expansion that is
observed under climate change and land-use abandon-
ment; (ii)) whether forest—grassland ecotones suffered
important changes in taxonomic and functional diversity
when exposed to extreme events; and (iii) the possible spa-
tio-temporal dynamics of these changes. Finally, (iv) we
evaluated the consequences of drought regimes in the con-
text of current land-use management and the provisioning
of ecosystem services in the European Alps.

Materials and methods

STUDY AREA

We focused our study on the forest—grassland ecotone habitats of
the Ecrins National Park (ENP), situated in south-east France in
the French Alps. The park covers an area of 178 400 ha (elevation
ranging from 669 to 4102 m a.s.l.), with a rich diversity of plant
species (ca. 2000) and ecosystems, from mountainous to alpine
habitats — the majority being open habitats (60% of the park sur-
face). Land use consists mainly of agricultural activities (grazing,
48%:; crop fields and mown grasslands, 9-8%; and forest manage-
ment, 14%), which are accurately mapped (Esterni et al. 2006).

THE BASE MODEL: FATE-HD

FATE-HD has already been parameterized to explore the syner-
gistic effects of land-use (LU) and climate changes (CC) on the
vegetation of the ENP (Boulangeat et al. 2014), and we have now
extended it to incorporate drought effects. We first give a brief
description of the base model (further details in Appendix SI in
Supporting Information and in Boulangeat, Georges & Thuiller
2014) and then follow with a more detailed description of the
new drought module.

FATE-HD models the spatio-temporal dynamics of plant func-
tional groups (PFGs) by explicitly simulating their population
dynamics and dispersal, interactions for light resources, and their
responses to climate and different LU regimes. FATE-HD has been
parameterized for 24 PFGs representative of both the taxonomic
and functional diversity of the rich flora in the ENP (Boulangeat
et al. 2012b). They consist of six chamaephyte groups (C1-6), 10
herbaceous groups (H1-10) and eight phanerophyte groups (P1-8),
each occupying up to five height strata and passing through four
ages (1-4) that have different responses to disturbances (see
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Table S1 in Appendix S1). The abundance of a given stratum in a
pixel determines the amount of light that reaches lower strata.
Interactions for light resources are simulated by accounting for the
amount of light reaching each PFG cohort in a stand and the
PFG’s light preferences. Responses to climate are simulated
through habitat suitability (HS) maps (constructed a priori based
on observed occurrences) for each PFG, and climate change is sim-
ulated by changing HS maps at regular intervals (Appendix S1).
Land-use disturbances are modelled in a spatially explicit manner,
by assigning mowing, grazing (with intensities low, medium or
high) or no disturbance to each pixel (Appendix S1). Model output
consists of yearly strata and PFG abundances per pixel.

SIMULATING DROUGHT EVENTS

Whether or not a PFG was affected by drought depended on the
comparison of the PFG’s past drought exposure to simulated
yearly drought intensity values. To calculate each PFG’s past
drought exposure, we combined PFG occurrences (from the vege-
tation data base of the Conservatoire Botanique National Alpin;
see Boulangeat et al. 2012a; and CBNA 2015) with monthly val-
ues of a moisture index (MI, Thornthwaite 1948) across the entire
French Alps for 1961-1990 (Appendix S2). MI was calculated as
the difference between precipitation and potential evapotranspira-
tion (negative MI indicating drought; Appendix S2). For each
PFG, we extracted the distribution of monthly MI values from
each plot where it occurred (hereafter Ml g6;_1990). We then
defined drought intensity (Din) as the lowest MI value in a year
for each occurrence plot. Finally, a PFG’s past drought exposure
was defined as the distribution of these experienced Din values
(hereafter Dinygg1_1990)-

At each year, the PFGs’ past drought exposure calculated
above was compared with values of Din within each pixel (Din
maps; Fig. 1). The comparison triggered, or not, consequences of
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drought events through two sequential modelling steps: (i) ‘identi-

fying drought effects’ and (ii) ‘modelling drought response’.

1. Identifying drought effects under past and future conditions. In
the simulations, yearly Din values per pixel were obtained from
past observations of MI values in the French Alps (validation
runs) or from calculations of MI values using future climate
predictions (future drought scenario runs). Drought was
detected for a PFG in a given pixel, for a given simulation year,
when the pixel Din was ‘abnormally’ low relative to the PFGs
past drought exposure (Dinjgg; 1999 distribution, Fig. S1 in
Appendix S2). The drought status was classified as ‘no
drought’, ‘moderate drought’ or ‘severe drought’, depending on
two ‘drought detection thresholds’, which were defined as devi-
ations from mean values of PFGs’ past drought exposure
(Dinyge1-1990 distribution). No drought was detected if the pixel
Din value was greater than X — 1 - 5 x SD of Dinjgg1_1990 (X
and SD being the mean and standard deviation, respectively; step
2.1 in Fig. 1). Moderate and severe drought occurred if the pixel
Din was less than X — 1 - 5 x SD of Dinjog;_1990 (step 2.2) and
less than X — 2 - 0 x SD of Dinjggi_1990, respectively (step 2.3;
see PFG drought detection thresholds in Table S3).

Effects of severe drought depended on the accumulation of
past drought events (‘cumulative effect of drought’; steps 2.3.1
it and 2.3.2). This cumulative effect of drought was meant to
simulate the fact that after long periods of water stress, less
intense droughts may also have severe effects on tree mortality
(McDowell et al. 2008; Allen et al. 2010). Cumulative effects of
drought were twofold and are regulated by two PFG-specific
parameters: the PFG’s sensitivity to a severe drought (‘drought
sensitivity’; Table S3 in Appendix S2) and the PFG’s response
to successive droughts (‘cumulative drought

Table S3). Drought sensitivity expressed the number of

droughts a PFG must experience before suffering severe effects

due to a severe drought (step 2.3; see ‘Modelling drought
responses’ below). For herbaceous groups, severe drought

o,
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Habitat Suitability
1. IfHS, < HS,,

Drought

2.1. No drought:
If Dinij > X - 1-55D Din1961-1990

2.2. Moderate drought:
It - 2-08D Din81. 1990 < Diny < % - 1-550 Difl o118

2.3 Severe drought:
2.3.1 If Din, < %~ 2:0S0 Difoa1 1000
i.  If precedent years did not have drought
ii.  If precedent years had drought

2.3.2 If cumulative drought years counter full

HS effects
—| Fecundity and recruitment set to 0 I

Immediate drought effects
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Fig. 1. Drought simulation scheme. For each year i, a PFG’s habitat suitability (HS; step 1) and drought effects (step 2) are evaluated
within a pixel j. If HS;; or Din;; are below reference values (HS,.r and X — 1-5 SD of Diny61_1990, respectively), PFG fecundity and recruit-
ment are set to 0 (medium grey arrows and boxes). Additionally, if Din;j crosses the reference value, one drought year is added to the PFG’s
cumulative drought effects counter (thin dashed arrows and light grey box). Severe drought effects occur if conditions 2.3.1 ii or 2.3.2 are
met (dark grey arrows and boxes), consisting in immediate and post-drought effects (full and dash-dot arrows, respectively). Otherwise, only
moderate drought effects are caused (2.1 and 2.3.1 i; medium grey full arrows). Drought recovery is simulated by subtracting one (phanero-
phytes and shrub chamaephytes, C4) or two drought events from the cumulative drought effects counter (thin, dark grey and dashed
arrow). Small light grey squares indicate the ‘drought sensitivity’ parameter, and the total number of squares indicates the size of the coun-
ter (‘cumulative drought response’ parameter). See Table S3 in Appendix S2 for full parameter list and refer to main text for further details.
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effects occurred during the first severe drought they experi-
enced (drought sensitivity = 1). In contrast, chamaephytes and
phanerophytes were less sensitive: chamaephytes only suffered
severe effects during the second drought they experienced,
while phanerophytes and shrubs (C4) were only affected
severely during the third drought event (step 2.3.1 ii; years rep-
resented as light grey squares in Fig. 1). After a certain number
of droughts experienced, the PFG’s tolerance is weakened and
all drought events (moderate or severe) have severe conse-
quences. The cumulative drought response parameter expressed
how many successive drought events were tolerated by a PFG
before any subsequent drought events started having severe
effects (step 2.3.2). Again, chamaephytes and phanerophytes

(together with group C4) were more tolerant and only suffered

severe effects from subsequent droughts after three and five

drought events, respectively (total number of squares in Fig. 1).

Herbaceous groups only needed two drought years to be

severely affected by any subsequent drought.

Finally, to simulate drought recovery (and avoid accumu-
lating drought years indefinitely), we removed one drought
year (phanerophytes and shrub chamaephytes) or 2 years
(herbaceous groups and most chamaephytes) from the PFGs’
cumulative effect counters during each non-drought year (dark
grey dashed arrow in Fig. 1).

2. Modelling drought responses. Drought effects were twofold,
immediate and/or post-drought (occurring the year after
drought), in order to simulate demographic responses during
and after drought occurs (Allen et a/. 2010). Drought immedi-
ately affected a PFG’s recruitment and fecundity, which were
set to 0 during the present drought year (moderate and severe
droughts). A severe drought also increased PFGs mortality (0—
60% depending on the PFG type, soil moisture preference and
age) and caused PFGs to resprout (0-80% depending on PFG
type, soil moisture preference and age). Post-drought effects
were only modelled after a severe drought. To this end, PFG
recruitment and fecundity were set to 0, PFG mortality was
increased, and resprouting of PFGs was activated (although less
than for immediate drought effects: 0-20% for mortality and 0—
50% for resprouting). We calculated each PFG’s soil moisture
preference class (0 = drought tolerant to 3 = drought intoler-
ant; see details in Appendix S2) considering both PFGs’ past
drought exposure (via their M1I96;_1990 distributions) and expert
knowledge on the soil moisture requirements of the PFGs.
Drought-intolerant PFGs responded with higher mortality
rates, and, across PFGs, younger and older PFG (extremes of
the size gradient) also suffered higher mortality rates (McDow-
ell et al. 2008). Herbaceous and most chamaephyte PFGs never
resprouted during drought, did not suffer post-drought mortal-
ity, but always resprouted after a severe drought. Younger indi-
viduals (age 1) were never capable of resprouting (see
Appendix S2 for further details on parameterization and
Table S3 for the full list of drought-related parameters).

Finally, we also simulated the protective effect of canopy cover
as a buffer against drought effects. Canopy cover has been shown
to increase seedling survival, by an amelioration of local microcli-
mate conditions in terms of air and soil temperature, radiation
and humidity (Gdémez-Aparicio ef al. 2005; Kane et al. 2011).
Hence, in simulations, pixel Din values were increased by 25% in
pixels where tree cover (strata > 1-5 m) was at least 40% (defini-
tion of semiclosed habitats according to the ENP park data base;
Esterni et al. 2006) — recall that less negative Din values corre-
spond to less severe drought.

SIMULATION EXPERIMENTS

Simulations started with an initialization phase of 850 years dur-
ing which current climate and land-use regimes were modelled
(Fig. 2). This phase allowed a stabilization of PFGs and achiev-
ing the current vegetation state before any future scenarios of cli-
mate, land-use or drought regime changes were applied
(Boulangeat, Georges & Thuiller 2014). All scenario simulations
started from the last year of the initialization phase, which will
be referred to as year 0 hereafter.

We simulated one scenario of gradual CC, five scenarios of
increasing drought frequency that were combined with three sce-
narios of increasing drought intensity (see below) and with two
scenarios of LU change, totalling to 30 scenarios runs (Fig. 2).
Since changes in drought regimes are thought to be a conse-
quence of CC, we always changed background climate through
its impact on habitat suitability for PFGs. Additionally, we ran
two baseline simulations with only gradual CC (i.e. no drought),
each with a scenario of LU.

Drought was implemented similarly to CC, by feeding maps of
drought intensity (Din) values. Like maps of ‘current’” HS, ‘cur-
rent’ Din maps were calculated by averaging past MI values
across years 1961-1990. Since drought events are caused by
extreme values of temperature and/or precipitation (IPCC 2012),
we used the predicted temperature and precipitation maps for
2080 (following the A1B scenario described in Appendix S1) to
calculate future maps of Din values. Current IPCC predictions
indicate that drought frequency and intensity are to increase in
the future (IPCC 2012); hence, we simulated three different
drought intensities with linearly increasing drought frequencies
and fixed periods without drought events to test our hypotheses.
This allowed the vegetation to recover by avoiding long periods
of continuous drought if frequency was high. Drought was then
set to occur either every year or every 2, 4, 8 or 16 years (five
drought frequency scenarios), with a 10-year no-drought period
after each sequence of five drought events. Future and current
Din maps were alternated to create drought and no-drought
years, respectively. As for drought intensity, we calculated three
levels of intensity (‘low’, ‘medium’ and ‘high’) that would not
greatly deviate from climate predictions. Medium intensity corre-
sponded to forecasted Din values for the year 2080, and low/high
intensity corresponded to an increase/decrease of these values by
20%, respectively, (three intensity scenarios; see Fig. Sl in
Appendix S2).

Land-use scenarios consisted of removing all grazing and mowing
activities to simulate LU abandonment, or to continue current LU
practices to simulate a ‘business-as-usual’ scenario (two LU scenar-
i0s). Land-use abandonment was applied at year 4 until the end of
the simulation, whereas gradual CC was applied by changing PFG
habitat suitability at regular 15-year intervals, starting at year 15
until year 90 (Appendix SI and Boulangeat et a/. 2014). The dura-
tion of drought regimes depended on the scenario of drought fre-
quency, but covered at least the period of gradual CC (years 15-90)
and finished before year 105. For all scenarios, simulations were run
for a total of 200 years and replicated three times (Fig. 1).

We validated the drought module by running a simulation
using observed data of drought events that occurred between
1961 and 1990 (Fig. 1). Model output was compared to vegeta-
tion plots from the ENP data base and the previous validation of
FATE-HD (Boulangeat, Georges & Thuiller 2014). We found
that the simulated vegetation represented the observed vegetation
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Fig. 2. Simulation experiment workflow.
An initialization phase (0-850 years)
allowed reproducing the current vegetation
state of the Ecrins National Park. The last
50 years of the initialization phase (800—
850 years) were used to validate the
drought module, while the last year (year
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Gradual CC

LU abandonment/business-as-
usual

Scenario 1
Gradual CC
LU abandonment/business-as-usual
Drought regimes
= Every year, every 2/4/8/16 years
+ Low/medium/high intensity

Scenario 2

v

Scenario 3

850) was the starting point of scenario
simulations, which lasted 200 years. Cli-

Initialization phase

mate change was implemented from years
15 to 90. Land-use changes were imple-
mented at year 4, remaining unchanged

Validation :

until the end of the simulations. Drought
regimes were initiated at year 15, lasting at
least as long as climate change, up to year
105.

of the park well and concluded that the inclusion of drought
effects led to good model performance (Appendix S3).

ANALYSIS OF RESULTS

To answer our first question regarding the effects of drought and
LU on forest expansion, we analysed how different combinations
of drought intensity, drought frequency and LU regimes influ-
enced the speed at which forest and shrubland migrated towards
higher elevations. Forest and shrubland pixels were identified
based on the percentage of tree cover (strata > 1-5 m), which
was larger than 60% for forest and between 10% and 60% for
shrubland (Esterni ez al. 2006). Rates of forest and shrubland
expansion (RFE and RSE, respectively) were estimated indepen-
dently for three different time frames. The first reflected the ini-
tial impacts of gradual CC, LU and drought disturbances (years
0-49). The second reflected responses to ongoing CC and
drought events and medium-term responses after they ended
(years 50-149). The last time frame reflected long-term responses
to gradual climate and LU changes, as well as recovery from
drought events and the eventual establishment of new equilibria
(years 150-200). Hence, for each time frame (and each scenario),
we regressed yearly maximum elevation obtained for forest and
for shrubland pixels against time to obtain the rates of expansion
(regression slopes). Responses of RFE and of RSE to drought
and LU regimes, and their interactions, were analysed separately
for each time frame using analyses of variance (ANovas). Four
levels of drought intensity (‘no drought’, ‘low’, ‘medium’ and
‘high’) and six of drought frequency (‘no drought’, every year
and every 2, 4, 8 and 16 years) were used as independent factors.
Land use was used as a factor with two levels (‘abandonment’
and ‘business-as-usual’). Model selection was based on Akaike
Information Criterion (AIC) values, model parsimony and analy-
ses of residuals.

Taxonomic response of the forest-grassland ecotone to simu-
lated drought, CC and LU, was assessed by quantifying PFG turn-
over both spatially and temporally, using a measure of pB-diversity.
The ecotone was spatially delimited for each scenario at year 0,
using a buffer distance around the upper tree line (1000 m above
and 500 m below), tree line being defined at the third quartile of
elevation values of forest pixels. Mean B-diversity was calculated
using a multiplicative decomposition of y- and a-diversity, calcu-
lated as the inverse Simpson concentration (Whittaker 1972):

........................... ]
!
800 850/0 200
Time
(years)
v/o= ! eqn 1
>
B=vyx Z 1 X l eqn 2
=Y nw q

where p is the relative abundance of each PFG across pixels
(for y-diversity), or in each pixel i (for a-diversity), and n the
total number of communities. Alpha and vy-diversity are
bounded between unity and the maximum number of PFGs; f3-
diversity is bounded between unity and the maximum number
of communities (Tuomisto 2010). For temporal turnover, f-
diversity was calculated per pixel (i.e. communities) with refer-
ence to year 0 at subsequent S-year intervals (year five against
year zero, year 10 against year zero, etc.), then averaged across
all ecotone pixels to obtain a value per pair of years. Spatial
turnover was calculated across all ecotone pixels (for a given
year) every S5 years.

We also explored how community-averaged soil moisture pref-
erence changed spatially under different drought regimes and dif-
ferent LU practices.
calculated community-weighted mean values of soil moisture
preference classes (CWMgy) every S years, by weighing PFG soil
moisture preference values (SM;) by PFG relative abundances
(abund;, j being a PFG) for each pixel (Garnier et al. 2004; Violle
et al. 2007):

Focusing again on the ecotone, we

CWMsy = Y SM; x abund; eqn 3

Since we were interested in mapping increases or decreases of
CWDMgpy, rather than following its temporal evolution, we calcu-
lated changes in CWMgy per pixel, as the difference between
CMWygy values of a given year and year 0. Negative values indi-
cated shifts towards communities with preference for drier soils,
while positive values indicated shifts to communities with higher
moisture requirements. Resulting CWMgy, changes were mapped
for different scenarios of drought intensity/frequency and LU
management to obtain a spatial image of functional community
shifts. In addition, we assessed whether changes towards commu-
nities with higher or lower soil moisture preference were linked to
elevation, by calculating Pearson product-moment correlation
coefficients between values of change and elevation across eco-
tone pixels.

© 2016 The Authors. Journal of Applied Ecology © 2016 British Ecological Society, Journal of Applied Ecology



6 C. Barros et al.

Results

When considering all scenarios of drought and land-use
regimes, rates of forest expansion (RFE) towards higher
elevations were not significantly different from the rates
of shrubland expansion (RSE; Fig. S4). While RSE was
always significantly affected by drought intensity and fre-
quency, RFE only responded significantly to these fac-
tors during the early phases of the simulations (years
0-49 and 50-149 in Fig. 3a and Tables S5 and S6).
Both RSE and RFE were more affected by different
drought intensities, rather than frequencies (Table S6).
Also, RSE and RFE responded differently to the inter-
action between drought intensity and frequency, which
significantly affected RFE between years 0 and 149, but
only had a significant effect on RSE during the last
50 years.

Between years 0 and 49, high drought intensity gener-
ally increased RSE and RFE, especially when associated
with higher drought frequencies (RSE ~ —2-5 m year™'

and RFE between approximately —2-5 and —2 m year ';

left panels in Fig. 3a,b). This pattern was then reversed
between years 50-149, where medium and high drought
intensities caused RSE to decrease (RSE almost always
<l m year™'; middle panel in Fig. 3a), a pattern that
could also be seen for forest expansion under land-use
abandonment (middle panel in Fig. 3b) and for shrubland
expansion during the last time frame (right panel in
Fig. 3a). The effect of drought frequency on RSE was
more evident during the first two time frames, where
increasing frequencies led to larger departures from base-
line expansion rates (left and middle panels in Fig. 3a).
On the other hand, the effect of drought frequency on
RFE (and on RSE during the last 50 years) was largely
dependent on drought intensity. While increasing the fre-
quency of low intensity drought events did not seem to
impact forest expansion more than climate and land-use
changes alone, it clearly aggravated the effects of high
intensity drought events (left and middle panels in
Fig. 3b, but see also right panel in Fig. 3a for a similar
pattern). The effect of LU gained importance during the
two last time frames, where land-use abandonment
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Fig. 3. Effects of drought intensity, drought frequency and land-use practices on (a) rates of shrubland expansion (RES) and on (b) rates
of forest expansion (RFE) for the three simulation time frames. Plots show the rates of expansion of all forest and shrubland pixels aver-
aged across the three simulation repetitions. Dashed lines show baseline levels. Vertical arrows indicate increasing drought intensities
(colour-coded from low to high), while horizontal arrows along the x-axis indicate increasing frequency (from every 16 years, ‘16’, to
every year, ‘1’). Climate change and drought were implemented between years 15 and 90 (drought regimes up to year 105) and land-use
abandonment started at year 4 onward.
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generally increased RSE and RFE across the different
drought intensity and frequency levels (middle and right
panels in Fig. 3a,b). In fact, during the last 50 years, the
response of RFE was only significantly affected by LU,
despite that there seems to be a negative effect of high
drought intensity when current land-use practices were
kept (see right panel in Fig. 3b).

Given that higher drought frequencies generally
increased the effects of high intensity drought events,
enhancing the differences between drought intensity levels,
we analysed ecotone community responses by contrasting
the two most extreme drought frequency scenarios (in
terms of RSE and RFE) across LUs: (i) infrequent
droughts (occurring every 16 years) and (ii) frequent
droughts (occurring every 2 years). Drought regimes only
seemed to affect PFG turnover (measured by B-diversity)
when drought was frequent and their impact differed
between LU scenarios (Fig. 4). In general, the ecotone
became increasingly different from its initial state during
the period of gradual CC, especially under a LU aban-
donment scenario (Fig. 4; see also Fig. S5). However, fre-
quent drought events affected the rates at which these
changes occurred. Temporal taxonomic turnover acceler-
ated during periods of drought, but stabilized at lower
levels towards the end of the simulations, especially if
drought intensity was high (Fig. 4b). Similarly, more fre-
quent drought events increased spatial taxonomic hetero-
geneity, especially in combination with high drought
intensity (Fig. S5).

Since drought effects on forest and shrubland expan-
sion were stronger during the first two simulation phases
(years 0-149), we analysed functional changes in forest—
grassland ecotone communities during this period. In gen-
eral, soil moisture preference showed important changes
across this time period (differences between years 145 and
year 0 ranged from —2-17 to 1-55 CWMgy units; Fig. 5).
These changes were significantly correlated with elevation,
although correlation values were relatively low due to
higher variance at lower elevations (Fig. S6). Mapping the
difference in soil moisture preference values between year
145 and year 0 revealed a tendency for communities to
become more drought tolerant across the landscape, espe-
cially at higher elevations (see sign of correlations with
elevation in Fig. 5). Although visual patterns are very
similar with or without drought effects, the correlation
between CWMgy; and elevation is weaker under highly
intense and frequent drought. Land-use abandonment
contributed to larger changes towards lower values of
CWMgn than did current LU activities and also
decreased the strength of the correlation between
CWMgy and elevation (compare upper and lower panels
in Fig. Sa—c).

Discussion

Despite the likelihood that drought frequency and inten-
sity will increase in European mountainous areas (Calanca
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(a) Low drought frequency
Intensity
-+ No drought * Low -+ Medium -+ High
Abandonment
15
14
1-3 1
12
2 11
‘q
=
3 Business-as-usual
215
14
13 L4
12 |
11
20 40 60 80 100 120 140 160 180 200
Year
(b) High drought frequency
Intensity
= No drought ~ Low -+ Medium - High
Abandonment |
15 4
14 <
13
12 -
Z M
‘?
]
2 Business-as-usual
3
2 151
14 4
13 -
1-2 4
11 4

20 40 60 80 100 120 140 160 180 200
Year

Fig. 4. Effects of drought intensity (colour-coded) and land-use
practices on temporal B-diversity are shown for scenarios of (a)
low drought frequency (every 16 years) and (b) high frequency
(every 2 years). Temporal B-diversity was calculated every 5 years
with respect to year 0, within forest—grassland ecotone boundaries
defined at year 0 in each scenario, and averaged across simulation
repetitions. Vertical lines indicate climate changes (full line) and
drought events (dashed lines); land-use abandonment started at
year 4 onward. Standard error bars are shown in grey for each
point.

2007), their impact has been largely understudied. Our
simulations revealed that drought can have significant
impacts on the dynamics of forest—grassland ecotones in
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Fig. 5. Functional responses of the forest-grassland ecotone across land-use scenarios for (a) baseline simulations and for two extreme
scenarios of drought: (b) low intensity drought events occurring every 16 years and (c) high intensity drought events occurring every
2 years. Maps show differences in community-weighted mean (CWM) soil moisture preference values calculated between year 145 and
year 0 of the scenario simulations, averaged across simulation repetitions. Negative values indicate communities that became more
drought tolerant. Pearson moment correlation values between CWM differences and elevation are shown in the top right corners. Also,

see Fig. S6 for temporal evolution of CWM values.

the European Alps and that these impacts can partially
change under different land-use scenarios.

We used a dynamic vegetation model to simulate
drought effects on vegetation. Unlike physiological
approaches that provide prediction of drought effects at
the individual level, FATE-HD provides an overview at
the landscape level bypassing the issues associated with
simulating physiological processes. The validation of
FATE-HD suggests that the model gives a realistic picture
of the mechanisms driving vegetation dynamics in the
park. Using a particular period (here 1961-1990) for
parameterization may have biased our estimates of
drought sensitivity and severity, since two important
drought events have affected the ENP in the early 2000s
(Bonet et al. 2016). Yet, this bias is equal among scenar-
ios and should not affect their relative differences. Our
approach might also suffer from the fact that it does not

include other important factors that may interact with
drought, such as pests, insect outbreaks or atmospheric
CO,, which may influence vegetative growth. However,
this would require a complex physiological model difficult
to parameterize for such a rich and diverse region. There-
fore, our aim was not to provide quantitative estimates of
vegetation changes, but, instead provide a qualitative
comparison of the possible effects of different drought
regimes on landscape succession.

DROUGHT EFFECTS ON WOODY ENCROACHMENT

Drought events showed opposing effects compared to
land-use abandonment and gradual climate change, by
accelerating forest and shrubland expansion during the
first years of drought and decelerating it in subsequent
years, especially when drought frequency and intensity
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were high. While effects of infrequent drought (occurring
every 16 years) or of low intensity drought were not easily
distinguishable from simply ignoring extreme events, an
increase of drought frequency to every 1-2 years, or of
drought intensity, changed forest and shrubland expan-
sion rates (Fig. 3). Indeed, high drought frequencies have
been shown to aggravate the effects of short drought
events, causing similar levels of tree mortality as those
observed during prolonged droughts (Adams et al. 2009).
Similarly, our results showed that, when drought was fre-
quent, low and medium drought intensities resulted in
rates of shrubland expansion almost as low as those of
high drought intensities (years 50-149 in Fig. 3a). On the
other hand, mild drought events may increase forest
expansion if they remain below species-specific tolerance
thresholds (Bachelet ez al. 2001), which could explain the
higher forest and shrubland expansion rates during the
first 50 years (Fig. 3a,b). In fact, in our simulations,
herbaceous and most chamaephyte PFGs were more sen-
sitive to drought than phanerophytes, meaning that these
groups were more negatively affected by successive mod-
erate droughts and competed less for light resources,
eventually reducing forest retraction.

Obviously, quantitative expansion rates are related to
the way drought effects were parameterized. We used a
conservative approach when simulating drought-related
mortality, which only occurred in response to severe
drought. In addition, severe drought effects were only
triggered if a minimum number of drought events were
accumulated, with phanerophyte groups being the least
affected by drought. Although this led to smaller effects
of drought at low frequencies, our parameterization
reflects the observed resistance of these groups to drought
in the study area, relatively to the climate period of refer-
ence. Furthermore, decisions on cumulative effects for dif-
ferent PFG life forms were based on expert knowledge
from botanists working within the ENP, which we believe
is highly valuable. While our parameterization of drought
effects might not reflect true quantitative estimates, it
allows exploring how different drought frequencies affect
the progression of tree line towards higher elevations in
the Alps and how these effects are modulated by land
uses.

DROUGHT EFFECTS ON ECOTONE BIODIVERSITY

Unlike woody encroachment, changes in tree line biodi-
versity were mainly impacted by gradual climate change
and land-use regimes. Climate-induced changes in com-
munity composition invariably increased with time
(Fig. 4). Land-use abandonment led to more homoge-
neous landscapes due to grassland conversion to forest,
while current land-use practices led to higher heterogene-
ity, as grasslands were artificially kept open and forests
colonized unmanaged areas (Fig. S5). However, drought
regimes had important effects on the rate at which these
changes occurred. Turnover rates increased during
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periods of frequent drought (Fig. 4b) and the ecotone
became spatially more heterogeneous than under the
effect of gradual climate change (Fig. S5). Under land-
use abandonment, this was due to the fact that despite
the conversion of large open areas to forest, which
increased overall spatial homogeneity (upper panels in
Figs 4b and 5b), higher PFG mortality caused by
drought negatively affected the colonization of certain
warm-adapted and/or drought-adapted PFGs, reducing
the effects of gradual climate change (such as C1, C4, C5
and P7; see Tables S2 and S3 in Appendix S2). Oppo-
sitely, the business-as-usual scenario prevented forest col-
onization in managed areas but allowed it in other areas,
maintaining a higher spatial B-diversity (as in Boulangeat
et al. 2014); however, frequent drought selected against
PFGs with lower drought resistance (such as H6, H7 and
P2; Tables S2 and S3 in Appendix S2) and in favour of
less sensitive herbaceous and chamaephyte groups (such
as C5 and HS5; Tables S2 and S3 in Appendix S2) increas-
ing the speed at which the ecotone changed (see lower
panel in Fig. 4b) and the heterogeneity between managed
areas and those that became invaded (lower panel in
Fig. S5b).

As with taxonomic turnover, changes in community soil
moisture preference were also mainly driven by gradual
climate change and land-use practices (Fig. 5). Commu-
nity soil moisture preference generally decreased during,
and sometime after, the period of simulated drought and
climate change (years 0-145); yet, this varied not only
between scenarios of land-use change, but also with eleva-
tion (see steeper curves at lower elevations in Fig. S6).
This functional homogenization following gradual climate
change, especially in combination with land-use abandon-
ment, was due to the replacement of drought-intolerant
ecotone communities by more drought-tolerant ones
across the entire landscape. Furthermore, our results sug-
gest that frequent and intense drought may cause func-
tional shifts in communities that are not necessarily
similar to those observed under gradual climate warming
(Figs 5 and S6).

Changes in understorey communities may be the direct
result of drought-related mortality, but also the indirect
result of change in forest cover. Not only did we simulate
changes in light interception at the canopy level, but also
its buffering effect against drought stress, two factors that
are at the origin of negative feedbacks of forest cover
reduction on understorey communities (McDowell et al.
2008; Allen et al. 2010; Anderegg, Kane & Anderegg
2013). Therefore, the simulated loss of tree cover exposed
understorey communities to stronger drought effects and
changed their exposure to light, most likely leading to
changes in community composition and structure that
may be similar to what has been reported in previous
studies (Anderegg et al. 2012). Future studies will be
needed to evaluate these changes, whether community
composition can revert back to pre-drought conditions
and how long this takes to happen.
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CONSEQUENCES FOR LAND-USE MANAGEMENT AND
ECOSYSTEM SERVICES

Land-use abandonment did not significantly reduce the
effects of high drought intensity and frequency on forest
expansion, suggesting that it affected forest expansion less
than drought or gradual climate change, at least at the
analysed time scale (Fig. 3b and Table S6). Land-use
abandonment increased forest expansion for high drought
frequencies and intensities mostly during the first 50 years
of simulations (Fig. 3b) and baseline rates of forest expan-
sion were always similar between the two land-use scenar-
ios. The effect of land-use practices seemed to gain
importance in later years, with land-use practices being the
only factor significantly affecting forest expansion during
the last 50 years of the simulation (years 150-200 in
Fig. 3b and Table S6). Although land use had impacts on
the short term, changes to PFG colonization that greatly
impact vegetation structure were more visible on the long
term, since in FATE-HD there is a lagged response of
PFG demography, dispersal and biotic conditions neces-
sary to establish canopy cover (Boulangeat ef al. 2014).
On the other hand, the effects of land-use abandonment
on the spatial and temporal turnover of taxonomic and
functional composition were evident on the short term,
but partially affected under frequent and intense drought.
These results have important implications for the way
land-use planning should consider drought effects on vege-
tation. Current ecosystem management in the European
Alps responds to recent trends of land-use abandonment
and climate change, as both promote the loss of open habi-
tats by woody encroachment (MacDonald et al. 2000; Geh-
rig-Fasel, Guisan & Zimmermann 2007). In the ENP,
management focuses on maintaining biodiversity at differ-
ent levels, from protecting diversity and ecosystems per se,
to preserving multiple ecosystem services (Parc National
des Ecrins 2015). Sustainable grazing and mowing practices
prevent forest expansion, help protect subalpine and alpine
grasslands and species of conservation concern (Andrello
et al. 2012) and ensure the provision of fodder for cattle
and the maintenance of open habitats for cultural and lei-
sure activities (Parc National des Ecrins 2015). Our predic-
tions indicate that frequent and intense drought will
counteract the effects of gradual climate change, leading to
lower forest expansion rates even under land-use abandon-
ment (see also Lenoir er al. 2010). Projections under the
IPCC SRES A2 scenario by Calanca (2007) predicted a
50% probability of drought occurrence between 2071 and
2100 in the European Alps, in comparison with 18% calcu-
lated for the period 1901-2004. Recent drought events have
been reported to cause important forest dieback in the
Swiss Alps (Rebetez & Dobbertin 2004; Rigling et al.
2013), and drought sensitivity has increased in the last cen-
tury even for forest stands on mesic sites (Weber et al.
2013). If drought frequency and intensity increase and for-
ests retract, we may not only expect losses of forest cover
and biodiversity, but also habitat shifts and important

changes in ecosystem service provisioning. Forests in the
European Alps are important carbon sinks, but also exert
control on avalanches, rock fall (Berger & Chauvin 1996;
Weber et al. 2013) and flood regimes at lower elevations
(Descroix & Gautier 2002; Marston, Bravard & Green
2003). If ecosystem management continues to prioritize the
conservation of multiple ecosystems services and, thus, a
mosaic of habitats (as is current practice in the ENP), land-
use planning in the Alps needs to prevent woody encroach-
ment (and the loss of open habitats), as well as to incorpo-
rate accurate and spatially explicit drought predictions to
avoid loss of forest cover in areas where drought effects are
expected to be very severe. This is not only valid in the
European Alps, but also in other mountain ecosystems
where tree line is actively managed and where land-use and
climate changes will likely interact with changes in drought
regimes. Besides delaying forest progression, drought might
also compromise grassland communities by driving pheno-
logical, taxonomic and functional shifts (De Boeck et al.
2016), which could be different from those observed under
gradual climate changes (Figs 4, 5, S5 and S6). These shifts
can alter the ratios between more and less productive spe-
cies, having repercussions on nutrient cycling and other
ecosystem services, such as fodder production (Nandintset-
seg & Shinoda 2013). Hence, conserving the taxonomic and
functional biodiversity of forest—grassland ecotones in
mountain areas is of great importance to ensure the provi-
sioning of multiple ecosystem services. In a European con-
text, management of these ecosystems must not only focus
on tree line advancement driven by land-use abandonment
and facilitated by warming, but also on eventual forest
retraction and changes to grassland diversity caused by
drought, which might impact the provisioning of ecosystem
services.
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