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Abstract

Ongoing rapid climate change is predicted to cause local extinction of plant species in mountain regions. However,

some plant species could have persisted during Quaternary climate oscillations without shifting their range, despite

the limited evidence from fossils. Here, we tested two candidate mechanisms of persistence by comparing the macro-

refugia and microrefugia (MR) hypotheses. We used the rare and endemic Saxifraga florulenta as a model taxon and

combined ensembles of species distribution models (SDMs) with a high-resolution paleoclimatic and topographic

dataset to reconstruct its potential current and past distribution since the last glacial maximum. To test the macrorefu-

gia hypothesis, we verified whether the species could have persisted in or shifted to geographic areas defined by its

realized niche. We then identified potential MR based on climatic and topographic properties of the landscape and

applied refined scenarios of MR dynamics and functions over time. Last, we quantified the number of known occur-

rences that could be explained by either the macrorefugia or MR model. A consensus of two or three SDM techniques

predicted absence between 14–10, 3–4 and 1 ka BP, which did not support the macrorefugia model. In contrast, we

showed that S. florulenta could have contracted into MR during periods of absence predicted by the SDMs and later

re-colonized suitable areas according to the macrorefugia model. Assuming a limited and realistic seed dispersal dis-

tance for our species, we explained a large number of the current occurrences (61–96%). Additionally, we showed that

MR could have facilitated range expansions or shifts of S. florulenta. Finally, we found that the most recent and the

most stable MR were the ones closest to current occurrences. Hence, we propose a novel paradigm to explain plant

persistence by highlighting the importance of supporting functions of MR when forecasting the fate of plant species

under climate change.
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Introduction

Climate is one of the main drivers of plant species dis-

tributions (Woodward, 1987; Millennium Ecosystem

Assessment (MEA) Report, 2005). As a response to

ongoing climate change, many plant species have

started to shift their ranges northward and toward

higher elevations (Walther et al., 2005a,b; Tape et al.,

2006; Lenoir et al., 2008; Lenoir et al., 2010; but see

Dobrowski et al., 2011). Moreover, range contraction

has been observed among cold-adapted, alpine plant

species in European mountain regions (Pauli et al.,

2007; Gottfried et al., 2012). Mountain habitats are pre-

dicted to experience a two to three times higher temper-

ature by the middle of the century compared to the last

100 years (Nogu�es-Bravo et al., 2007). Modeling studies

have consistently predicted a greater risk of habitat loss

and local absences for alpine species than for species

from lower vegetation zones (Guisan & Theurillat,

2000; Dirnb€ock et al., 2003b; Engler et al., 2011). The

sensitivity of the alpine flora to rapid climate change

may be modulated by factors such as the land area

reduction that occurs at higher elevations in a mountain

range and species’ intrinsic properties (e.g., their

growth form, reproductive strategy or dispersal capac-

ity; Engler et al., 2009; Vittoz et al., 2009). The combina-

tion of these two factors plays a key role in whether

mountain summits will act as a hostile environment for

a given species pool (resulting in local extinction on
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mountain top) or as a high-elevation refuge (Peters &

Darling, 1985; Svenning & Skov, 2006; Svenning &

Condit, 2008; Randin et al., 2009).

Microtopography can cause large temperature differ-

ences within a short distance that would otherwise

appear only over large altitudinal or latitudinal gradi-

ents. This suggests that alpine plant species, which are

often limited by dispersal, are not necessarily required

to migrate several hundred meters upslope to avoid

warmer conditions (Scherrer & K€orner, 2010). Such

habitats encapsulate a different climate from their sur-

rounding area (i.e., the surrounding landscape matrix)

due to microtopographic characteristics (Dobrowski,

2011), forming potential microrefugia (MR) for some

species (or cryptic refugia; Birks & Willis, 2008) during

periods of regionally unfavorable climatic conditions.

Recent studies (Stewart et al., 2010; Mosblech et al.,

2011) have suggested that during Quaternary climate

oscillations, MR (including ‘nunataks’; Birks, 1993)

have played a major role in the persistence of plant spe-

cies and could have facilitated postglacial recoloniza-

tion and range expansion in the past. Such mechanisms

of postglacial colonization would not have required fre-

quent long-distance seed dispersal events or reduced

interspecific competition (Petit et al., 2003; McLachan

et al., 2005 and references therein; Pearson et al., 2006;

Birks & Willis, 2008). For instance, Mosblech et al.

(2011) have proposed the macrorefugia and the MR

hypotheses as two contrasting mechanisms of popula-

tion persistence among mountain species during cli-

mate oscillations. The macrorefugia model is based on

species’ intrinsic properties, such that a given species

occupies a macrorefugium defined by its environmen-

tal niche that is contracting, expanding or shifting

during climatic oscillations. The opportunities for

recolonization are limited to expansion and long-

distance dispersal from macrorefugia to emerging suit-

able areas. In contrast, the MR model suggests that

under unfavorable conditions, populations of a species

can persist in locations with climatic conditions that

contrast with the average climatic envelope of the

region (i.e., MR). Consequently, a species could expand

from MR as soon as favorable conditions arise (Mosb-

lech et al., 2011), thus often starting off far ahead of

expansions from macrorefugia. The locations of MR

exhibit particular topographic features and correspond

to convergent environments, such as bottoms of valleys

or basins (i.e., topographic depressions) that can be

consistently decoupled from the regional climate

(Dobrowski, 2011). Thus, the occupation of MR can be

considered a candidate mechanism for species persis-

tence during periods with unfavorable regional

climates in the past, potentially contributing to the

persistence of plant species in a future warming

climate. Better accounting for such mechanisms of

persistence within projections of species distributions

for the future could therefore challenge the dramatic

extinction predicted by studies based only on projections

from species distribution models (SDMs) with a coarse

or medium spatial resolution (Randin et al., 2009;

Scherrer & K€orner, 2010; Dobrowski, 2011; Mosblech

et al., 2011).

Cold-adapted plant species belonging to the alpine

vegetation zone in European mountains are predicted

to be at high risk of local extinction in the future (Engler

et al., 2011). Hence, it is of primary importance to

understand the role of MR in the possible persistence of

alpine species under changing climate conditions, espe-

cially for species limited by short-distance dispersal.

Saxifraga florulenta Moretti is a rare endemic alpine

plant found in the Maritime Alps. Several lines of

fevidence suggest that S. florulenta is a paleoendemic

species with a Paleogene or Neogene origin (Martini,

1982; Grey-Wilson, 1985; Webb & Gornall, 1989; Conti

& Rutschmann, 2004). These include (i) its position on

an isolated branch of the phylogenetic tree of the Saxi-

frages, (ii) its low morphological variation and distinc-

tive life history (long-lived, monocarpic), (iii) its strict

adaptation to siliceous substrates, and (iv) its adapta-

tion to a narrow temperature range as well as its con-

fined distribution (Conti et al., 1999 and references

therein). A pre-Quaternary origin has been proposed

for this species and it is thought that its ecological pref-

erences might have remained relatively constant during

the Pleistocene (Conti & Rutschmann, 2004; Sz€ov�enyi

et al., 2009 and references therein; Soltis et al., 2013).

Cold-adapted species have undergone range contrac-

tions during warm climatic phases of the Quaternary

and, more recently, during late Pleistocene and Holo-

cene (Tinner & Kaltenrieder, 2005; Stewart et al., 2010),

which makes S. florulenta a perfect model species for

assessing candidate mechanisms of persistence.

Here, we test two contrasting hypotheses (macrorefu-

gia vs. microrefugia) to explain the current distribution

and persistence of a cold-adapted, alpine plant species,

S. florulenta. We evaluate whether expansion and range

shifts from macrorefugia are sufficient to explain the

current distribution pattern of S. florulenta, or if persis-

tence in MR under temporarily hostile climates and

migration from these areas are better predictors. Using

SDMs (Guisan & Thuiller, 2005; McInerny & Etienne,

2013) combined with a high-resolution paleoclimatic

dataset, we reconstructed the potential distribution of

S. florulenta over the last 21 millennia. We first verified

whether our model species could have persisted

through time by occupying one or more main macro-

refugia defined by SDM projections of its environmen-

tal requirements, as proposed by the macrorefugia
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mechanism of persistence alone (sensu Mosblech et al.,

2011). Next, we evaluated the MR model as an alterna-

tive mechanism to explain the persistence of S. florulen-

ta. We first identified topo-climatic MR (as defined by

Ashcroft et al., 2012) and further refined the MR model

proposed by Mosblech et al. (2011). For this purpose,

we assessed different types of MR dynamics and func-

tions supporting the species’ persistence, especially

during projected contractions and phases of local

absence as well as the following recolonization phases.

Here, we hypothesized that the known species occur-

rences may have derived from, and were therefore clo-

ser to MR that either (i) had a function in supporting

persistence and recolonization within suitable areas or

that (ii) were the most stable over time. We additionally

hypothesized that MR with supporting functions and

that formed during the most recent climatic periods

and/or shared similar climatic attributes with the cur-

rent climate (i.e., warming periods) were also closer to

known species occurrences than other MR. We then

quantified the proportion of the current known occur-

rences of S. florulenta that could be explained by the

macrorefugia and MR models. Finally, we compared

our results with the main conclusions of the genetic

analysis of S. florulenta conducted by Sz€ov�enyi et al.

(2009). The aforementioned study identified two main

groups with low genetic diversity between and within

groups. It further suggested that persistence of the spe-

cies during the Pleistocene was likely possible in one

main refugium and that the separation of the two

groups happened more recently.

Materials and methods

Study area and species occurrence datasets

The study area is located in the Maritime Alps, at the borders

between France and Italy and between the cities of Nice and

Cuneo (43°53′16″ to 44°24′20″N and 7°39′1″ to 6°47′0″E (Fig. 1).

Its elevation ranges from 320 to 3297 m.a.s.l. The Maritime

Fig. 1 Study area in the Maritime Alps with the main locations and valleys in the region. The surface of the study area covers

1923 km2.
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Alps are characterized by a Mediterranean climate in the

south and a mountain or highland climate in the north (details

in Data S1 in Supporting Information).

Saxifraga florulenta is mainly found within the boundaries of

the two national parks that encompass the divide of the Mari-

time Alps (i.e., Parc National du Mercantour in France and

Parco Naturale delle Alpi Marittime in Italy). Outside the core

area of the two parks, the species is found in the rest of Valley

Gesso and in Valley Stura in Italy as well as around Isola in

France (Fig. 1). S. florulenta resides at high elevation (alpine

vegetation zone of the Maritime Alps; i.e., from 2000 to

2800 m.a.s.l. on southern slopes and from 2000 to 2600 m.a.s.l.

on northern slopes; Ozenda, 1985), while its distribution is

restricted to siliceous substrates (Webb & Gornall, 1989; Conti

et al., 1999, see also Data S1 in Supporting Information).

We selected 410 species occurrences with a horizontal preci-

sion and accuracy corresponding to an error of less than

�10 m. These occurrences were obtained from the following

sources:

1. Conservatoire Botanique Mediterranean, SILENE database

(146 locations)

2. Occurrences recorded in the previous study by Sz€ov�enyi

et al. (2009) (75 locations)

3. A complementary field survey covering the study area per-

formed by the authors between June and September 2011

and August and September 2012 (189 locations)

Environmental predictors of current and past climate
periods

We generated a set of geographic climatic and topographic

environmental predictors. To derive climatic variables, we

first used climate records from 130 weather stations in the

wider region around the Maritime Alps (M�et�eo France http://

france.meteofrance.com/; ARPA, http://www.arpa.piemonte.

it/, see Data S2 in Supporting Information). Proximal and

physiologically meaningful variables (sensu Austin & Heyli-

gers, 1989) were then derived from the interpolated tempera-

ture and precipitation geographic layers. Degree-days of the

growing season (i.e., June to September) were calculated with

a 0 °C threshold (considered the most suitable for alpine spe-

cies; K€orner, 2003). Monthly averages of the daily potential

evapotranspiration were estimated based on the interpolated

precipitation. A moisture index for the growing season was

then derived as the difference between the monthly sum of

precipitation and the potential daily evapotranspiration (Zim-

mermann & Kienast, 1999). We also derived slopes, curva-

tures, and solar radiation for the growing season from a 25-m

digital elevation model (see Data S2 in Supporting Informa-

tion).

Although they are often classified as indirect variables,

topographic variables (e.g., solar radiation and curvature) can

be important parameters determining species distributions.

Such variables are good proxies for (i) the microclimate of a

mountain terrain at a high spatial resolution, which cannot be

captured by climate-specific variables derived from weather

stations (Guisan & Zimmermann, 2000; Austin & Van Niel,

2011a,b; Dobrowski, 2011) or for (ii) geomorphic processes

(Randin et al., 2009). The relationships between topo-climatic

variables were assessed by means of a biplot, showing the cor-

relation between the variables on the first two axes of a princi-

pal component analysis (library ade4 in R; R Development

Core Team, 2012). In addition, only predictors with a Pearson

correlation <0.85 (Elith et al., 2006) were used for the model

calibration to reduce the risk of multicolinearity. The final set

of selected environmental prediction variables was composed

of the growing degree-days and the moisture index for the

growing season, together with slopes, curvatures, and solar

radiation (ESRI, 2009; Table S2.1 and S2.2 in Supporting Infor-

mation). To reconstruct the potential past distribution of our

study species and phases of its expansion and contraction

through time, we used a paleoclimate geographic dataset of

temperature and precipitation data from Maiorano et al.

(2012) at a 10° resolution (see Data S3 for downscaling of the

paleoclimate dataset). The topographic variables were the

same across all projections.

Calibration of species distribution models

We used a suite of three distinct modeling techniques com-

bined into an ensemble approach (as recommended in Guisan

& Thuiller, 2005; Ara�ujo & New, 2007). Generalized linear

models (GLM; McCullagh & Nelder, 1989) and boosted

regression trees (GBM; Friedman, 2001) have been shown to

display good transferability in space and time (Randin et al.,

2006; Pearman et al., 2008). Maximum entropy models (Max-

ent; Phillips et al., 2006) have been demonstrated to be among

the best-performing techniques for predictive modeling (Elith

et al., 2006). Each technique belongs to one of three categories

of models (i.e., regressions, regression trees, and machine

learning algorithms, respectively; Peterson et al., 2011). The

number of pseudoabsences was selected based on the recom-

mendations of Barbet-Massin et al. (2012), and the calibration

was replicated 10 times for each modeling technique. Details

regarding model calibration are provided in Data S4 (in

Supporting Information).

Spatial projections within an ensemble framework

The predictive performance of the models was evaluated

based on their TSS value (True Statistics Skills or Hanssen–

Kuipers discriminant), which is considered a robust preva-

lence-independent metric accounting for omission and com-

mission errors (Allouche et al., 2006; Landis & Koch, 2012). A

first ensemble of spatial projections from the 10 replications of

each model technique was created summing the models’ bin-

ary predictions, which were previously optimized based on

their predictive performance. The species was considered

present when at least five of ten replications of a technique

predicted its presence. For the final ensemble projections com-

bining the three techniques, we considered all three possible

combinations (i.e., at least one technique predicting suitable

areas, hereafter defined as ‘minority’; two techniques predict-

ing suitable areas, hereafter ‘majority’ and; three techniques

predicting suitable areas, hereafter ‘consensus’) to produce

binomial maps of presence and absence (Marmion et al., 2009).

© 2013 John Wiley & Sons Ltd, Global Change Biology, 20, 2286–2300
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Filtering SDM projections

Saxifraga florulenta occurs exclusively at high elevation on

siliceous cliffs and rocks (Webb & Gornall, 1989). Thus, the

ensemble projections over the entire study area were

refined restricting them to suitable geological and land

cover classes (i.e., siliceous rocks and areas with sparse or

no vegetation). The geological classes considered as suitable

were gneiss and granite from the spatial dataset of OneGe-

ology-Europe (shapefile downloaded on October 16th 2011,

available at http://www.onegeology-europe.org). Suitable

land cover categories (e.g., bare rocks) were built using the

CORINE Land Cover dataset (v.13 2006, available at

http://www.eea.europa.eu; see Table S1 in Supporting

Information).

Climate since the last glacial maximum

The last glacial maximum (LGM) in the study area is esti-

mated to have occurred at around 21.5 ka BP, whereas the last

deglaciation is estimated to have started at around 17 600 �
200 yr cal. BP, with a rapid deglaciation taking place around

15–14 ka BP. The main glacial phase ended at 11 300 yr cal. BP,

developing to a gradually warmer period (Darnault et al.,

2011 and references therein). Reconstructed ice margins

obtained from the digital maps of Ehlers et al. (2011) were

therefore used as a filter from 21 to 14 ka BP to exclude poten-

tial suitable areas intersecting with glacial extents. Climatic

periods specific to the Maritime Alps are described in Darna-

ult et al. (2011), and we adjusted their duration to match the

1000-year resolution of our paleoclimate dataset (see Fig. 2).

Climatic
Chronozones

Duration
(Cal ka BP)

Climatic divisions 
(ka BP)

Present 0 0

Mid-Subatlantic 2.7 to 2.2-1.2

5-1

Subboreal 5-5.6 to 2

Atlantic
climatic optimum 9 to 5.5 9-5

Late Preboreal–Boreal 11.6 to 9 11-9

Younger Dryas 12.65 to 11

14-11

Boiling Alleroid 14.7 to 12.6

Oldest Dryas 18-17 to 14.7 18-14

Late Pre-Glacial 21.5 to 18 21-18

T
im

e 
Fr

am
es

 (k
a)

Temperature (°C)

Fig. 2 Averaged annual temperatures for the study area and each time interval of 1 ka and the correspondence between the climatic

chronozones (see Darnault et al., 2011) and the climatic divisions used in the analysis. Some of the climatic chronozones were merged

to match with the 1 ka time step of the paleoclimatic dataset and to calculate temperature stability for at least two continuous 1 ka time

frames.
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Testing the macrorefugia and MR models under dispersal
constraints

For the macrorefugia and the MR models, we evaluated pro-

jections from the consensus, majority and minority ensembles

to assess their consistency. We assumed that the consensus

was the most robust projection (Ara�ujo & New, 2007). We first

assessed the macrorefugia model by testing whether S. florul-

enta could have persisted in one or several macrorefugia, as

proposed by Mosblech et al. (2011). Here, we defined MR as

persisting suitable sites under unfavorable climate periods,

which were provided by past projections of the realized niche.

The MR could have allowed further expansion and recoloniza-

tion after contraction events. Therefore, we sequentially super-

imposed all maps of binomial SDM projections from the LGM

to the current conditions and identified (i) the most stable

suitable areas where S. florulenta potentially persisted during

all 21 millennia and (ii) suitable areas which S. florulenta

could have contracted or shifted into until a period of further

expansion. The latter type of macrorefugium could be located

either higher or lower in elevation compared to the mean dis-

tribution in the previous favorable climate period, depending

on the direction of climate change. As such, our macrorefugia

model relies on the hypothesis that a species can migrate

within and to suitable areas without any dispersal constraints,

which is hereafter designated the unlimited dispersal (UD)

scenario and is unlikely to be the case for S. florulenta. We esti-

mated the species dispersal capacity to be approximately

1 m � year�1 (for 99% of the seeds of a population) based on

the seed typology presented by Vittoz & Engler (2007). Thus,

we further constrained the sequential SDM projections based

on a maximum migration rate of 1 km � ka�1 from 21 ka BP

onwards, hereafter designated the limited dispersal (LD)

scenario (Fig. 3).

The MR model was tested as an alternative to the macroref-

ugia model. The abrupt climate oscillations since the LGM

and the short dispersal distance of our model species might

have exposed it to severe range contractions, which could

(a)

(b)

(c)

(d)

(e)

Fig. 3 Dynamics of expansion, contraction, and persistence across time intervals, including diffusion and microrefugia (MR); (a) poten-

tial distribution at time Tx and formation of MR; (b) persistence in MR during extinction periods [predicted by species distribution

models (SDMs)]; (c) expansion / recolonization from active MR to suitable areas (predicted by SDMs). (d) Areas colonized at Tx+2 with

previous active and newly forming potential MR as well as suitable areas to be colonized at Tx+3 are displayed to allow better visualiza-

tion at an intermediate stage as Tx+2*; (e) expansion/recolonization from both predicted suitable areas (macrorefugia) and MR.
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translate into predictions of complete absence in SDMs. In

contrast, populations of plant species within MR appear to be

able to persist for longer than 10 ka (Dachnowski, 1910;

D�epraz et al., 2008). In this study, we assumed that all of the

MR formed during a given climatic period could have been

active until current conditions arose. In addition, the MR

could have hosted S. florulenta populations during absences

predicted by the SDMs or could have supported further range

expansion and recolonization of suitable areas (Fig. 3a–c), as

proposed by Mosblech et al. (2011). We defined an active

microrefugium as a site with particular topo-climatic proper-

ties (see methodology below) that has been occupied during at

least a 1-ka time frame by S. florulenta populations (here pre-

dicted as potentially suitable based on SDMs), and we accord-

ingly located potential active MR for a given 1 ka time frame.

We then quantified the effect of MR to explain the current

pattern of the species’ distribution.

Similar to the macrorefugia, we considered an UD scenario

for the MR model and an alternative scenario with LD in SDM

projections for phases of expansion and colonization (e.g.,

Fig. 3). The colonized surfaces were restricted by a dispersal

kernel of 1 km � ka�1 under the LD scenario (see Fig. 3b–d).

We also allowed new suitable areas predicted by SDMs for a

given 1 ka time frame following a predicted absence to be col-

onized if they contained active MR formed and colonized dur-

ing the previous ka (see Fig. 3a–e). We also allowed suitable

isolated patches to be colonized if they were located within a

1 km radius from MR and colonized suitable areas (Fig. 3e).

Identification of MR

Recently, Ashcroft et al. (2012) proposed a framework for the

localization and quantification of topo-climatic MR based on

three main criteria. MR should (i) be located at the cold or

warm end of the temperature gradient of a study region,

depending on whether the species considered is cold- or

warm-adapted; (ii) exhibit relatively stable temperature con-

ditions over time; and (iii) be environmentally isolated in

terms of temperature from the surrounding landscape matrix.

Hereafter, when using the term ‘MR’, we refer to potential

topo-climatic MR defined by the aforementioned criteria. We

applied a modified version of Ashcroft’s framework to locate

potential topo-climatic MR and quantify their surfaces for the

different climatic periods (see Data S5 in Supporting Informa-

tion).

To locate and quantify potential topo-climatic MR for the

different climatic periods (Fig. 2), we calculated standardized

residuals (Z-scores), as in Ashcroft et al. (2012), for the three

following criteria (details in Data S5 in Supporting Informa-

tion):

1. Isolation from the matrix: Potential MR are located at the

colder end of the temperature distribution for warm cli-

matic periods (e.g., Atlantic climatic optimum, Subboreal-

Mid-Subatlantic) and at the warmer and colder ends for

cold climatic periods (Late Pre-Glacial, Oldest Dryas;

details in Data S5 in the Supporting Information). Here, we

used the average temperature of the growing season rather

than growing degree-days (which was one of the predicting

variables in the SDMs) because using a 0 °C threshold used

to calculate growing degree-days would arbitrarily exclude

areas of the landscape matrix with negative temperatures.

2. Extreme temperature values: Potential MR are isolated

from the landscape matrix within moving windows of two

different sizes (3 9 3 pixels of 25 and 1 km). The 3-pixel

isolation zone was chosen as the minimum size possible

given the resolution of the 25 m DEM, whereas the 1 km

moving window was based on the maximum dispersal dis-

tance per 1 ka time frame, the extent of the study area and

its topographic complexity. The selected potential MR

should be isolated from the surrounding matrix for both

sizes of isolation zone.

3. Stability of temperature conditions over time: Potential MR

exhibit stable temperature conditions within a climatic

period, showing little difference compared to the current

conditions.

We summed the Z-scores of the three above criteria (see

Eqn 1a and 1b) to calculate the Refugia Index (RI) as a metric

for selecting the most suitable MR (see also Data S5 in Sup-

porting Information). For warm climatic periods, we addition-

ally applied the criterion for detecting the potential for cold

air pooling (CAP; Dobrowski, 2011), which occurs in areas

that favor the accumulation of cold air masses for at least a

few hours per day and are characterized by depressions. We

therefore considered areas those with slope of <30° and a cur-

vature (i.e., the slope of the slope) of less than 0 (i.e., concave)

as CAP-prone, as suggested by Lundquist et al. (2008).

RI ¼ ðZtemp þ signðZmatrix 3pixelsÞ�ððZ var interperiod

þ Zvar from currentÞ=2Þ þ ZmatrixÞ=3 ð1aÞ

RI ¼ ðZtemp þ signðZmatrix 1kmÞ�ððZvar interperiod

þ Zvar fromcurrentÞ=2Þ þ ZmatrixÞ=3 ð1bÞ

Refined scenarios of MR functions and dynamics

We additionally quantified the contributions of MR for differ-

ent supporting functions and proposed refined MR dynamics

(Fig. 4). Once formed, MR could have continuously contrib-

uted to a meta-population system that assisted colonization

and expansion phases, especially under the UD scenario. MR

might have had other specific functions, apart from support-

ing population persistence during phases with an unfavorable

climate (i.e., predicted absences in SDMs; Fig. 4c). In particu-

lar, MR could have accelerated colonization and expansion by

acting as source populations (stepping-stone MR Fig. 4b and

c), some of which have contributed more recently to the pat-

tern of the current potential distribution (recolonizing MR;

Fig. 4c low panel). The most stable MR over time (stable MR;

Fig. 4d) could have favored the establishment and reestablish-

ment of populations in the surrounding area. We defined sta-

ble MR sites as those identified as MR for a minimum of two

climatic periods. To test the hypothesis that the currently

known populations are closer to stable MR compared to other

types of supporting MR, we calculated the Euclidean geo-

graphical distances between the points of known occurrences

and the closest MR. We also calculated the Euclidean distance
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by taking into account the elevational differences between

points (hereafter referred to as ‘Euclidean elevational’). We

compared distances from occurrences to stable MR with dis-

tances to recolonizing and stepping-stone MR using Wilcoxon

signed-rank tests (Wilcoxon, 1945).

We further tested the hypothesis that MR formed during

the most recent periods (i.e., the Subboreal & Mid-Subatlantic

or the Atlantic) could have contributed the most to shaping

the current observed geographic distribution of S. florulenta.

For this, we calculated the Euclidean geographical distances

between known occurrences and all the MR within a 1 km

radius around each occurrence (with the two methods

explained before). We additionally verified whether occur-

rences that were not correctly predicted as presences by SDMs

(i.e., omission errors) could have arisen from MR on the

periphery of the main distribution and acting as a source–sink

system.

Results

Model performance and predictive power

The three SDM techniques evaluated based on TSS

showed good overall performances (all models exhibited

a TSS > 0.6). GBM presented an excellent performance

(mean TSS = 0.832 with SD = 0.010) for the 10 replica-

tions, followed by GLM (mean TSS = 0.661 with SD =
0.011) andMaxent (mean TSS = 0.627with SD = 0.019).

In total, 25 m pixels (329 of 387) with known occur-

rences were predicted correctly under the current

climate (omission error = 15%). Interestingly, 10% of

known occurrences fell within the reconstructed

glaciated surface of the LGM), suggesting a relatively

small expansion within deglaciated areas after the LGM.

T0

T0 ->T1

T1 ->T2

(b)

T2 ->T3

*

(a) (d)

*

T3 -> Tcurrent

(c)

Potential suitable area predicted by SDMs for a 
climatic period 

Suitable area of a previous 
climatic period

Potential MR formed at a given climatic period 

Established potential MR of a previous period with a function 
(stepping stone, stable or most recent re-colonisation) at a given 
time period.

Potential MR of previous time periods not considered as having a 
function at a given specific time period* Climatic periods when SDMs indicate potential 

extinction

Overlapping potential MR of different climatic periods (most   
stable MR)

Fig. 4 Refined functions and dynamics of microrefugia (MR): (a) all of the MR ever formed contribute to a meta-population system; (b)

stepping-stone MR are MR that contribute to range shifts and expansions; (c) recolonization MR potentially made the most recent con-

tribution to shaping the pattern of the current potential distribution; (d) stable MR are MR identified in the same location for at least

two climatic periods.
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Reconstruction of the potential distribution of
S. florulenta since the LGM

Projections of the potential distribution of S. florulenta

into the past showed that its range was continuously

shifting, expanding, and/or contracting in response to

climate oscillations in the six climatic periods (Fig. 5

and Table S2 in Supporting Information). Most impor-

tantly, the predicted phases of persistence and absence

were highly variable among the ensemble projections.

For example, the consensus of the three modeling tech-

niques showed a complete absence of the species from

14 to 10 ka BP, from 4 to 3 ka BP and at ca. 1 ka BP. In

contrast, the ensemble based on the majority of model

projections predicted extreme range contraction from

14 to 10 ka BP (with only 3–14 remaining suitable pixels)

and severe range contraction for 4 and 1 ka BP (<100
nonevenly distributed pixels in the study area). How-

ever, the ensemble based on the minority of model pro-

jections (one of three techniques) predicted potential

persistence of S. florulenta across all 1 ka time intervals,

mostly originating from GLM projections (ranging

approximately from 7 9 105 to 15 9 105 pixels).

Testing the macrorefugia and MR models under dispersal
constraints

Ensembles based on projections of SDMs alone (only on

a macrorefugia model) were unable to consistently pre-

dict the continuous persistence or absence of S. florulen-

ta as well as to consistently explain the current

distribution pattern of the species. The ensemble based

on the consensus projections did not support the

macrorefugia models under either the unlimited (UD)

or the limited (LD) dispersal scenarios (Table 1).

However, the macrorefugia model based on the major-

ity of projections explained 94% of the current species

occurrences under the UD scenario (but 0% under the

LD scenario) when assuming that S. florulenta was able

to persist in a very limited number of suitable areas

(i.e., 3–14 remaining suitable pixels). Finally, macroref-

ugia based on the minority of model projections

explained 96% of the current occurrences under both

UD and LD scenarios (Table 1).

In contrast, the MR model supported the persistence

of S. florulenta during predicted periods of absence in

the SDMs and explained a large amount of the current

occurrences for all three ensembles of SDMs and under

the two dispersal scenarios (Table 1). Even the most

robust ensemble (the consensus of all SDM techniques)

with the most conservative dispersal scenario (LD)

explained 61% of the known occurrences within the

current potential distribution, while 85% were

explained under the UD scenario (but 100% when

excluding the omission error from SDMs).
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Majority
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MR Unlimited
MR Limited

Fig. 5 Suitable surfaces (expressed in number of pixels 9105) predicted by the three species distribution model (SDM) ensembles raw

projections. Suitable surfaces predicted by the microrefugia model under the unlimited and limited dispersal scenarios based on the

consensus ensemble of SDMs across the 1 ka time intervals are added for comparison.

Table 1 Percentage of current and known occurrences

explained by each of the three ensembles 927 of species distri-

bution model techniques under the two dispersal scenarios of

the two models of persistence

Model of

persistence

Dispersal

scenario

Percentage of explained

occurrences by ensemble

Minority Majority Consensus

Diffusion Unlimited 96 94 0

Limited 0 0

Microrefugia Unlimited 96 94 85

Limited 75 61
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Functions of and distance between MR and current
occurrences

Stepping-stone and recolonization MR were distributed

across all of the current potential range of S. florulenta

(Fig. 6). However, most of the stable MR (73%) were

distributed in the SE of the species’ range (i.e., V�esubie

and Roya valleys; see Fig. 1) and in the center of its cur-

rent potential range (25%). Only a few of them (2%)

were located in the NE of the range (i.e., the Tin�ee val-

ley; Fig. 6). Stable MR were significantly closer to

known species occurrences than other types of MR

under the LD (Wilcoxon test: all P < 0.01) and UD (Wil-

coxon test: all P < 0.05) scenarios when the Euclidean

distance was used. The inclusion of elevational distance

led to nonsignificant differences.

Microrefugia formed during the Late Pre-Glacial and

Atlantic were significantly closer to current occurrences

compared to MR formed during other climatic periods

(all P < 0.01 for both Euclidean and elevational dis-

tances; no significant difference between the distances

from the Late Pre-Glacial and Atlantic, P = 0.67). The

results obtained under the UD scenario were consistent

with those under the LD scenario for the Euclidean dis-

tance. On the contrary, when considering the Euclidean

elevational distance, MR formed during the Late Pre-

Glacial and Oldest Dryas were significantly closer to

the current species occurrences (but no significant

differences were found between the distances from MR

of the Late Pre-Glacial and Oldest Dryas; P = 0.613),

followed by MR formed during the Atlantic.

Size of MR

Under the LD scenario and based on the consensus of

the SDM projections, the continuous surface area occu-

pied by MR ranged from approximately 625 m2 (i.e.,

one pixel) to a maximum of 38 125 m2, with a mean of

2049 m2 being observed. The largest patches and the

greatest number of patches were formed during the

Atlantic, followed by the Subboreal and Mid-Subatlan-

tic. Patches of MR were formed mostly in the SE and

the NW of the distribution during the transition from

the LGM to the Oldest Dryas, while for the transition to

the Atlantic they were more evenly distributed. During

the Subboreal & Mid-Subatlantic, a high concentration

of patches of MR was predicted in the center of the

study area (Fig. S1). The total available surface covered

by MR (LD) during the predicted main absence in the

Younger Dryas cold and Boiling Alleroid was 525 km2,

with many isolated patches of one pixel and larger

patches of approximately 1000 m2 being observed

(Figs S1 and S2 in Supporting Information). The total

surface covered by MR during the two other predicted

absence phases of the Subboreal & Mid-Subatlantic (4–3
and 1 ka BP) was larger (996 km2) due to the addition of

a greater number of MR that formed in more recent cli-

matic periods, reaching 990 km2 at 4 ka BP and 996 km2

at 1 ka BP).

Discussion

The aim of this study was to assess whether S. florulenta

has persisted within macrorefugia or MR and whether it

was able to recolonize suitable areas from these two

types of refugia during climate oscillations since the

LGM. Our SDM projections predicted marked phases of

climate-induced range shifts, resulting in expansion and

contraction events during the last 21 millennia. Most

importantly, ensemble projections based on statistical

models consistently predicted three phases of complete

absence or extreme range contraction for this species

(during Boiling Alleroid, Younger Dryas, Late Preboreal

and Boreal and Subboreal, and Mid-Subatlantic) into a

very small number of pixels, irrespective of dispersal

constraints. In contrast, model ensembles based on a sin-

gle statistical method (mostly Late Pre-Glacial) predicted

a large amount of suitable habitat throughout all 1 ka

time intervals. Such high variability when using differ-

ent SDM techniques for the prediction of either persis-

tence or absence is not surprising and has been reported

previously in the literature (e.g., Thuiller et al., 2004;

Randin et al., 2006). Predicted absences based on SDMs

are certainly not proof of an actual absence and could be

interpreted either as periods of extreme range contrac-

tion or as supporting the MR model instead. However,

this first interpretation would implicitly dismiss the pro-

jections from the two best performing model algorithms

used in our study (i.e., Maxent and GBM). Thus, we fur-

ther discuss the results of the MR models.

Based on the consensus of the SDM projections, the

LD scenario and the assumption that of MR could sup-

port the persistence of a species for thousands of years

(Dachnowski, 1910; D�epraz et al., 2008), we were able

to explain 61% of the currently known distribution of

S. florulenta. The percentage increased to 72% when

occurrences that were predicted as false negatives (i.e.,

omission errors by the SDMs) were excluded. We con-

sider this scenario to be the most likely to mechanisti-

cally explain the persistence of our model species with

respect to the characteristics of its seed dispersal. How-

ever, although persistence during phases of extreme

contractions or absence most likely would not have

been possible without MR, these areas may have func-

tioned in combination with diffusive spreading via

migration depending on the prevailing climatic condi-

tions. For instance, MR have most likely accelerated the

rate of recolonization during expansion phases (e.g.,
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(a)

(b)

(c)

Fig. 6 Microrefugia (MR) with the three types of supporting functions superimposed on the current potential distribution. (a) MR that

have potentially contributed to range expansions and shifts across the 1 ka time intervals (stepping-stones MR), (b) MR that have con-

tributed most recently to forming the current potential distribution (recolonization MR) and (c) MR that have remained in the same

location for at least two climatic periods (stable MR).
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suitable habitats emerging after absence), and we

estimate the contribution of MR to have been 52% at

8 ka BP, 67% at 2 ka BP, and 58% at 0 ka BP (see also

Supporting Information Data S6).

Conversely, reconstruction of the past distribution of

S. florulenta based solely on the macrorefugia model

provided inconsistent results. The results based on this

model were unable to explain the current pattern of

occurrence and were strongly dependent on both

model algorithms and assumptions about dispersal sce-

narios, as shown in previous studies (Engler et al., 2009;

Dullinger et al., 2012). At present, realistic estimates of

the effective dispersal capacities of plant species (i.e.,

the kernel of long-distance and stochastic dispersal) are

difficult to obtain and calibrate (Clark et al., 2003),

although many plant species might be dispersal limited

when tracking their climatic niches under rapidly

changing conditions (Thompson & Ceriani, 2003;

Nathan, 2006). This situation is well reflected in our

results, at the MR model under the UD scenario, based

on the consensus projections, was able to explain all

current occurrences when all of the omission error was

excluded from the SDMs. Despite the errors and uncer-

tainty due to using time steps with a 1 ka resolution,

our results strongly suggest that stochastic and long-

distance dispersal events were required to generate

current distribution patterns.

MR functions and dynamics and future conservation

We showed that MR could have supported dispersion

leading to the current distribution in various ways. MR

might not only have been necessary to ensure the per-

sistence of species such as S. florulenta under adverse

macroclimatic conditions, but could have also greatly

contributed to an accelerated expansion and limited

contraction by acting as stepping stones for migration.

Moreover, we suggest that those regions encompassing

a large number of MR that have supported the past sur-

vival and expansions of S. florulenta can be considered

elements of the most likely migration corridors of the

past as well as potential future migration pathways for

this species. Indeed, connectivity to cold MR is neces-

sary to support the persistence of the species in a war-

mer climate. Furthermore, we showed that stable MR

were closer to current species occurrences compared to

other types of MR. Therefore, the current known popu-

lations close to the most stable MR are expected to be

older, have likely persisted longer in these neighbor-

hoods, which can therefore be considered hotspots or

important sites for this species’ conservation. It is also

likely that these areas represent sources within a

source–sink system (Ohlem€uller et al., 2012). Finally,

occurrences associated with areas that remained

suitable for two or more 1 ka time intervals (e.g., 30% of

our known occurrences are located in suitable habitats

of the Atlantic) could also be considered as putative

MR under warming climate conditions (Hugall et al.,

2002; Fløjgaard et al., 2009; Keppel et al., 2012).

Relationship between MR and the current species
distribution

We hypothesized that MR formed during the most

recent climatic periods are closer to known occurrences

of S. florulenta than MR formed farther in the past. We

indeed found that current occurrences were closer to

cold MR formed during the warm climatic period of

the climatic optimum. Surprisingly, the observed occur-

rences were also close to warm MR from the Late

Pre-Glacial. This suggests that very old MR at the

climate extremes (Zimmermann et al., 2009) could have

contributed to shaping the current distribution as well.

Finally, the existence of MR from warm periods close to

current occurrences may assist in buffering future

absences due to ongoing climate warming.

Effect of past expansions and contractions on genetic
structure

When we compared the findings of Sz€ov�enyi et al.

(2009) with our results, we observed that S. florulenta

could have persisted during the last glaciations of the

Pleistocene in small patches, evenly distributed across

the study area toward the end of the LGM until �18 ka

BP. Therefore, the hypothesis of one main refugium sup-

ported by Sz€ov�enyi et al. (2009) might be valid if we

consider all widespread suitable patches in the study

area as one main refugium, with genetic flows occur-

ring between populations in these patches, and not the

Tin�ee valley alone (Fig. 1) as proposed in their study.

However, we only modeled the most recent portion of

the Pleistocene and did not account for the distribution

of the species prior to that point in time. In addition,

the populations tested by Sz€ov�enyi et al. (2009) did not

cover the full range of this species, in particular missing

the center of the species’ current distribution, making it

difficult to draw conclusions about population struc-

ture and connectivity. Nevertheless, potential MR that

could have allowed the persistence of S. florulenta dur-

ing predicted (quasi) absences from 14 to 10 ka BP and

from 4 to 3 ka BP are mostly located in the east and dis-

connected from the remaining refugia in the west (Fig-

ure S1 in Supporting Information). This finding partly

supports the hypothesis put forth by Sz€ovenyi and fur-

ther suggests that contractions that were more recent

than the glacial oscillations could also have shaped the

observed genetic pattern.
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Limitations and future directions

In this study, the smallest size of a microrefugium was

a single pixel of 625 m2. Although this resolution is

among the finest used thus far in SDM studies and

despite the fact that the MR model explained a large

fraction of the currently known occurrences, the predic-

tion of plant species distributions in complex alpine

landscapes might require an even finer spatial resolu-

tion. A thermal camera (as in Scherrer & K€orner, 2010)

and temperature data coming from proximal measure-

ments (e.g., loggers, as in Scherrer et al., 2011; Praderv-

and et al., 2013) may represent appropriate alternatives

for accurately defining the microclimatic niche of alpine

plants in MR.

Another limitation arises from the sizes of macroref-

ugia and MR. In this study, we only assessed the colo-

nization and loss of suitable patches (i.e., pixels) and

only the topo-climatic aspect of MR. We did not

consider demographic parameters such as minimum

viable population size and critical patch size per

simulated projection. In addition, metapopulation and

population genetic analysis of maternally inherited

DNA (our field observations showed that S. florulenta

can self-pollinate) could cast light on the migration

paths, exact time of contraction events, potential

genetic bottlenecks, or purge of deleterious mutations,

to give insights to the species dynamics of persistence

in combination with the MR model. For future predic-

tions under changing climate, we would suggest a spa-

tially explicit population viability analysis to forecast

the fate and risk of extinction of S. florulenta or species

with similar traits (Beissinger & Westphal, 1998; Hoban

et al., 2011). Interspecific competition potentially

related to light or space availability is another factor

we were not able to include, as well as the likelihood

that the species may have shifted its ecological

tolerance.

Although it remains an unexplored avenue, the cor-

relation structure among the predicting variables could

have potentially affected the past projections based on

GBM and Maxent because the relationships between

variables might have been different in the past. We

therefore calibrated and projected all SDMs without the

moisture index (Pearson correlation coefficient with

growing degree-days = 0.8) and with growing degree-

days as the only climatic variable. All three models pre-

dicted more suitable pixels compared to models with

the two climatic variables, while the pattern of pre-

dicted absences was similar across the 1 ka time inter-

vals for the model consensus, still showing a small

number of suitable pixels.

Land cover may have changed to some extent after

the LGM (e.g., oscillations of the tree-line position), but

given that spatially comprehensive observations of land

surface properties are only available since satellite

observations have become possible, we cannot address

this effect. A fine-resolution reconstruction of the evolu-

tion of land use and the extent of glaciation would

potentially allow SDMs to be refined (e.g., Dirnb€ock

et al., 2003a; Jouvet et al., 2011; Carlson et al., 2013),

although this approach may also add uncertainty (Bon-

temps et al., 2011; Kempeneers et al., 2012; Boisier et al.,

2013).

Although SDMs are highly variable, these models

provide informative projections that generally show the

direction of change in species’ ranges and should be

interpreted in this manner. Using SDM projections as a

baseline for the macrorefugia model generated uncer-

tain predictions of the past persistence of the examined

alpine plant species. In contrast, the MR model consis-

tently better explained the persistence of S. florulenta in

the past and, as a validation, its current distribution

pattern. These findings provide strong support for the

recently developed frameworks and concepts presented

by Dobrowski (2011), Mosblech et al. (2011), and Ash-

croft et al. (2012) and could potentially be applied to

reconstruct and predict the past and future distribu-

tions of other species. Therefore, the MR model has

proved to be a useful tool for understanding species

persistence under unfavorable climatic conditions and

could also provide new insights into species conserva-

tion. The MR model should also be used to complement

projections derived from SDMs. Such correlative mod-

els alone are not sufficient for the prediction of species

distributions under climate change, and additional

mechanisms of species persistence should therefore be

considered: they should not only be based on the envi-

ronmental niche of the species studied but also on the

properties of the corresponding landscape.
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