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Many species cannot either migrate or adapt at the rate of temperature increases due to
climate warming. Therefore, they need active conservation strategies to avoid extinction.
Facilitated adaptation actions, such assisted gene flow, aim at the increase of the
evolutionary resilience of species affected by global change. In elevational gradients,
marginal populations at the lower elevation edges are experiencing earlier snowmelt
and higher temperatures, which force them to adapt to the new conditions by modifying
their phenology. In this context, advancing the onset of flowering and seed germination
times are crucial to ensure reproductive success and increase seedling survival prior to
summer drought. Assisted gene flow may bring adaptive alleles and increase genetic
diversity that can help throughout ontogeny. The main aim of this work is to assess
the effects that different gene flow treatments could have on the desired trait changes
in marginal populations. Accordingly, we established a common garden experiment
in which we assayed four different gene flow treatments between Silene ciliata Pourr.
(Caryophyllaceae) populations located in similar and different elevation edges, belonging
to the same and different mountains. As a control treatment, within-population crosses
of low elevation edge populations were performed. The resulting seeds were sown and
the germination and flowering onset dates of the resulting plants recorded, as well as
the seedling survival. Gene flow between populations falling on the same mountain and
same elevation and gene flow from high-elevation populations from a different mountain
to low-elevation populations advanced seed germination time with respect to control
crosses. No significant effects of gene flow on seedling survival were found. All the gene
flow treatments delayed the onset of flowering with respect to control crosses and this
effect was more pronounced in among-mountain gene flows. The results of this study
highlight two important issues that should be thoroughly studied before attempting to
apply assisted gene flow in practical conservation situations. Firstly, among-populations
gene flow can trigger different responses in crucial traits throughout the ontogeny of
plant species. Secondly, the population provenance of gene flow is determinant and
plays a significant role on the effects of gene flow.

Keywords: Silene, facilitated adaptation, gene flow, marginal populations, outbreeding, climate change, flowering
phenology
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INTRODUCTION

Global warming is changing environmental conditions of
habitats where species used to live. This climate change is
forcing species to move to higher latitudes or elevations
looking for adequate environments to survive (Hughes, 2000;
Parmesan and Yohe, 2002; Walther et al, 2002). Another
response implemented by species to deal with climate change
is the adaptation to the new environmental conditions through
phenotypic plasticity or evolutionary adaptation (Hoffmann and
Sgrd, 2011). However, some species cannot either migrate or
adapt at the needed rate to cope with the effects of increasing
temperatures (Hoffmann and Sgro, 2011). This situation is
especially striking in alpine plant species which are particularly
threatened due to limitations of dispersal, habitat availability and
requirements of microclimate conditions. In this context, the
rise of temperatures is a real threat to mountain species, which
cannot migrate higher than the mountain summits (Nogués-
Bravo et al., 2007; Colwell et al., 2008). Moreover, populations
of high mountain species are frequently isolated from other
populations, due to natural geographic barriers. This natural
fragmentation may reduce the ability of species to adapt to
stressing conditions, among other things, due to the lower
populations’ sizes, greater inbreeding loads and genetic drift, and
reduced gene flow between populations (Ouborg et al., 2006;
Anderson et al., 2011). Thus, species that cannot migrate or adapt
to the new conditions may need active conservation strategies to
escape from the extinction vortex (Aitken and Whitlock, 2013;
Hallfors et al., 2014).

Multiple conservation strategies have been suggested in
the last decade to mitigate the effects of global warming.
Among them, facilitated adaptation actions aim to increase the
evolutionary resilience of the species affected by global change
(e.g., Jones and Monaco, 2009; Shoo et al., 2013; van Oppen
etal., 2015). Two approaches proposed for developing facilitated
adaptation actions are the traditional Assisted Migration and the
novel Assisted Gene Flow. Assisted Migration, the translocation
of populations to a new suitable habitat, is nowadays the most
frequently used approach but still under debate (Ricciardi and
Simberloff, 2009; Hillfors et al., 2014). This action may entail
some ecological risks (e.g., disease transmission, competitive
exclusion, pollination and dispersal failure, etc.) for the assisted
population and the new hosting habitat (Loss et al, 2011;
Weeks et al,, 2011; Williams and Dumroese, 2013). Assisted
Gene Flow, the movement of gametes from populations adapted
to the changed environment to populations threatened by
new conditions, has recently emerged as a less hazardous
alternative to manage plant populations or species in the
verge of extinction (Aitken and Whitlock, 2013; Whiteley
et al, 2015). In this context, gene flow has been proposed
to overcome the maladaptation to climate warming in trees
(Aitken and Bemmels, 2016) and proved to be a valuable tool
for the genetic rescue of small populations suffering inbreeding
depression (Frankham, 2015). However, gene flow effects on the
adaptive potential of recipient populations are closely related
to the specific environmental conditions of the original and
recipient populations. In this sense, Morente-Lopez et al. (2020a)

showed that gene flow between marginal populations that share
similar environmental conditions increase genetic diversity and
provide adaptive alleles. Other studies point to a reduction of
fitness in marginal populations due to the incorporation of
maladapted alleles from optimal populations (Dawson et al.,
2010; Fedorka et al, 2012). On the contrary, Bontrager and
Angert (2019) reported that gene flow from a warmer optimal
population provided better adaptive response in a cooler
marginal population in a temperature increase scenario.

In essence, the potential pros and cons of assisted gene flow
have yet to be ground-proved in natural populations under
contrasting situations to gain insight on the applicability of this
approach. Also, it is important to measure the effects of gene flow
on different traits throughout the ontogeny and assess whether
the same gene flow can produce contrasting fitness effects on
different life stages (Angert et al., 2008; Morente-Lopez et al.,
2020a). This is crucial because the outcome of a conservation
action would depend on the overall response of the different
fitness components measured.

Adjusting plant phenology through assisted gene flow actions
can be an alternative conservation strategy for alpine plant
populations that face the consequences of climate warming.
The long snow cover duration results in a short period for
alpine plants to grow and reproduce before the early frosts
of autumn (Stinson, 2004; Molau et al., 2005; Sedlacek et al.,
2015). This period is even shorter in the Mediterranean Alpine
ecosystems where the soil moisture availability is lower due
to high temperatures and reduced rainfall in spring and
summer (Giménez-Benavides et al., 2007a, 2018). Under seasonal
variation, the germination timing is crucial for the subsequent
seedling survival (Baskin and Baskin, 1998; Shimono and Kudo,
2003). Moreover, germination and seedling survival are highly
affected by summer drought conditions in the Mediterranean
mountain species (Cochrane et al., 2014; Giménez-Benavides
et al,, 2018). An early germination makes possible a growth of
seedling roots deep enough to extract soil water and survive
the summer drought. Alpine plants are expected to reduce the
prefloration interval (number of days from emergence date to
full flowering) to take advantage of the moist soil duration in
an increasing temperatures scenario (Stinson, 2004; Hiilber et al.,
2010). However, earlier flowering may cause flower damages in a
context of snow cover reduction due to higher temperatures and
the subsequent higher risk of late spring frosts.

Silene ciliata Pourr. (Caryophyllaceae) is an alpine plant whose
southernmost locations in Europe are in central Spain. Within
each mountain, populations are spread along local altitudinal
ranges (from ~1,800 to 2,500 m). Lower elevation populations
are experimenting earlier snowmelt and higher temperatures
than the upper populations, and are better adapted to drought
stress than populations of the summit (Giménez-Benavides
et al, 2007a, 2018; Garcia-Fernandez et al., 2013; Morente-
Lépez et al, 2020b). However, even if plants are adapted to
survive under warmer conditions, they need to adjust their
reproductive phenology to new conditions through phenotypic
plasticity or local adaptation (Giménez-Benavides et al., 2011b,
2018). In fact, low elevation populations of S. ciliata have
showed a declining trend in the number of large reproductive
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individuals and smaller plants have lower flowering probability
due to summer drought (Giménez-Benavides et al, 2011a).
S. ciliata high-elevation populations bloom earlier than low-
elevation populations in ex situ common garden experiments
because of their lower requirement of flowering cumulative
temperature (°C days) (Morente-Lopez et al., 2020b). Based on
this result, gene flow from high elevation populations could
be expected to advance the flowering time in low elevation
populations. If so, early bloom may entail in situ an increase
of the flowering period and hence reproductive performance
(Giménez-Benavides et al., 2011b).

On the other hand, previous works have reported high
mortality rates during early life stages of the plant (Giménez-
Benavides et al., 2007a; Garcfa-Fernandez et al.,, 2012a; Lara-
Romero et al., 2014, 2016). These findings highlight that not only
adaptations on the flowering onset are necessary, but also on
the timing of germination and on seedling survival rates. Gene
flow from high elevation population to low elevation population
may have undesirable effects on germination and survival of the
seedlings. The increase of genetic diversity due to the gene flow
among populations may rise plant fitness or, on the contrary, the
gene flow between isolated populations can produce a decrease
in fitness due to maladaptation and outbreeding depression
(Frankham et al., 2011; Aitken and Whitlock, 2013).

The main aim of this paper is to evaluate the effect of
assisted gene flow coming from different origins on the adaptive
potential of S. ciliata populations inhabiting the lower elevation
edges, in response to changing environmental conditions. The
distribution of the species in the study area is fragmented in
three mountain ranges and comprises a steep environmental
gradient. This implies that the genetic differentiation between
mountains is higher than the genetic differentiation within
mountains, even though populations inside the same mountain
at different elevations experienced contrasted environmental
conditions (Morente-Lopez et al., 2018). This scenario allows
testing the potential contrasting effects of gene flow between
populations that are subject to more frequent natural gene flow
between them (within mountains) versus gene flow between
populations that have been isolated from each other for a longer
period (among mountains). We hypothesize that the effect of
the assisted gene flow will depend on the origin, and thus,
on the particular environmental and historical conditions that
populations experienced. We predict that gene flow from high
elevation populations will induce an earlier flowering onset in
lower elevation populations. However, this gene flow from high
to low elevation population may bring poorly adapted genes to
the more severe temperature conditions for the germination and
survival stages. On the other hand, we also predict that gene
flow within mountains will generate higher seedling survival
rate and shorter time until germination and flowering onset
in the progeny than gene flow between mountains, due to the
shared evolutionary history in the former. For this purpose, we
studied in a common garden the effects of the different gene
flow treatments on the flowering onset, germination time and
seedling survival in S. ciliata plants. Specifically, we aim to answer
the following questions: (i) Can gene flow between populations
advance flowering onset? (ii) What are the consequences of

between population gene flow on germination and seedling
survival? (iii) Do the pros overtake the cons in any of the gene
flow treatments? To our knowledge, this is the first study to
test whether assisted gene flow can be used to improve the
viability of the marginal (low elevation) populations of an alpine
plant species in response to global warming, considering different
critical life stages in the same study such as seed germination,
seedling survival and flowering phenology.

MATERIALS AND METHODS
Study Species and Populations

Silene ciliata is a long perennial cushion plant which inhabits
a marked environmental gradient in Mediterranean alpine
habitats. This species occurs in grasslands above the tree line
in the Mediterranean mountain ranges of Southern Europe,
from the Sistema Central in the center of the Iberian Peninsula
to the Massif Central in France, the Apennines in Italy and
the Balkan Peninsula (Sanz-Elorza et al., 2003; Escudero et al.,
2004; Kyrkou et al., 2015) and has a late flowering period from
the end of June until mid-September. Germination of S. ciliata
seeds requires a previous exposure to cold temperatures, that
normally takes place right after snowmelt to make the best
use of soil moisture (Giménez-Benavides et al., 2005, 2007b).
Summer drought is the most lethal factor for seedling survival
(Giménez-Benavides et al., 2007b). Flowering onset initiates after
snowmelt, with lower elevation populations flowering earlier in
the field but later under ex situ common garden conditions than
higher elevation populations (Giménez-Benavides et al., 2011b;
Morente-Lopez et al., 2020b). Thus, higher elevation populations
may have the capacity to advance flowering onset. Similar
genetic differentiation patterns concerning other functional traits
associated, not to elevation but, to latitudinal gradients have been
observed in other Silene species (e.g., Abeli et al., 2015; Mondoni
etal,, 2018). S. ciliata is a self-compatible species. Xenogamic and
geitonogamic hand pollination treatments induce both fruit and
seed set. However, the presence of a pronounced protandry limits
passive autogamy (Giménez-Benavides et al., 2007b).

Study populations were chosen from the three main mountain
ranges, Guadarrama, Béjar and Gredos of the Sistema Central
mountain region, located in the center of the Iberian Peninsula
(Figure 1A). These populations are considered to be relict
because of their isolation from the rest of the populations of the
species located in other mountain systems such as the Pyrenees,
the Massif Central, the Apennines and the Balkan Peninsula
(Tutin et al., 1964). The shortest distance between mountain
ranges is approximately 52 km between Béjar and Gredos,
whereas the greatest distance is 150 km between Guadarrama
and Béjar. Within each mountain, plants from three populations
were selected: two from the lowest edge and one from the highest
edge of the altitudinal range. Low elevation populations are
located between 1,850 and 2,000 m a.s.l., while high elevation
populations are near to the mountain summits (2,350-2,400 m
a.s.l.) (Table 1).

In spite of the short distance existing between high and low
elevation populations within each mountain, plants inhabiting
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25 50 75 100

FIGURE 1 | Location and conditions experienced by Silene ciliata populations at the Sistema Central mountain region in the Central Spain. (A) Guadarrama, Béjar
and Gredos constitute the three main mountain ranges. Each red triangle denotes the three sample sites (two low elevation populations and one high elevation
population) within each mountain range. Black shades denote the areas above 1,500 m a.s.l. (B) Populations occur along an elevation gradient from the low edge at
the timberline to the high edge at the mountain peaks. Environmental conditions are warmer, drier and less windy at the low elevation populations.

B High elevation
populations

elevation
populations
i |

TABLE 1 | Location and elevation classification of the populations.

Mountain range Population Pop. ID m a.s.l. Elevation class Latitude Longitude
Guadarrama Najarra baja NAJ 1,850 Low 40°49'23.46"N 3°49'52.53"W
Morrena Pefialara MOR 1,980 Low 40°50'11.82"N 3°57'0.91"W
Pico Pefalara PEN 2,400 High 40°51'2.11”"N 3°57'24.02"W
Gredos El Sestil SES 1,900 Low 40°16/'24.45"N 5°14'54.93"W
Los Campanarios CAM 2,000 Low 40°15'42.63"N 5°12'55.74"W
Altos del Morezdn ZON 2,380 High 40°14'57.5"N 5°16'8.3"W
Béjar Las Cimeras RUI 2,000 Low 40°21'7.03"N 5°40'59.71"W
Pico El Aguila AGI 1,950 Low 40°21/12.36”"N 5°41'46.52"W
Canchal Negro NEG 2,360 High 40°20'19.97"N 5°41'22.27"W

these two sites experience contrasting biotic and abiotic
conditions (Figure 1B). Low elevation populations are located
next to the timberline (Pinus sylvestris) in an interspersed shurb-
pasture matrix (Cytisus oromediterraneus, Juniperus communis,
and Festuca curvifolia). High elevation populations share the
habitat only with pastures of F. curvifolia and Nardus stricta.
Low elevation sites are 2.9°C warmer during the reproductive
season than high elevation populations, have higher minimum
temperatures, less wind and the snow cover remains for a
significantly shorter period of time (Giménez-Benavides et al,
2007a,b; Morente-Lopez et al., 2020b). These environmental
differences have been documented to create selective pressures
acting on genetically based phenotypic differentiation and
adaptive patterns in populations at different elevations (Morente-
Lépez et al., 2020a,b).

Plant Collection

At the end of the summer of 2013 we collected a minimum of
29 randomly selected plants from each of the nine populations
(Figure 2A and Table 2). Collected plants were divided in a
variable number of cuttings (depending on the size of the plant)

to obtain a greater number of clonal individuals and potted in
0.5 L plastic pots with commercial potting substrate (Table 2).
They were then kept in a common garden at the Universidad
Rey Juan Carlos CULTIVE facility laboratory greenhouse (690
m asl; 40°20°02” N/3° 5259”7 W) to let them root and
grow. The plants resulting from the cuttings conformed the
parental generation.

Gene Flow Treatments

In the flowering season of 2014 we performed crosses within
and between populations, and within and between mountains
to generate five different gene flow treatments as follows
(Figure 2A):

I. Control, within-population crosses in the low elevation
populations (AGI, CAM, and MOR). We considered this
gene flow treatment as the reference to compare the rest of
the treatments, since it represents no change in the genetic
composition of the populations.

II. HLWM, crosses using pollen from high elevation
populations on plants from low elevation populations
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FIGURE 2 | Experimental methodology followed in the study. (A) Gene flow within and between populations from the three mountain ranges considered in this study
(Béjar, Gredos, and Guadarrama). The arrow marks the direction of the pollen flow between populations. Green arrows denote the within population treatment
(Control). Purple and orange arrows denote flow from low to low elevation population, within (LLWM) and among mountains (LLAM), respectively. Blue and red
arrows denote flow from high to low elevation population, within (HLWM) and among mountains (HLAM), respectively. Blue, red and orange gene flows were
implemented in the two low elevation populations of each mountain. Gene flow from NEG to low elevation populations of Gredos mountain range could not be
performed. (B) Workflow from seed germination to flowering onset data collection. Seeds from the five gene flow treatments were deposited in multiwell plates, kept
under cold stratification and then incubated in the germination chamber. Germinated seeds were first transferred to small pots where seedling survival was recorded.
Four months later, plants were transferred to larger pots and flowering onset was recorded in due time.
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within the same mountain. We expected that this gene
flow treatment would induce earlier flowering. Moreover,
it would increase genetic diversity without outbreeding
depression due to gene flow from a geographically
close but environmentally differentiated population from
the same mountain. Seedling survival might vary
depending on the outcome of potential maladaptive allele
combinations vs. reduction of inbreeding depression.
LLWM, crosses within mountain using pollen from
a low elevation population on plants from another
low elevation population. We expected that this gene
flow treatment would not change flowering date (gene
flow from low population). Nevertheless, it would
increase genetic diversity without outbreeding depression
from a naturally connected and environmentally
similar population from the same mountain, reducing
inbreeding depression and, thereby, increasing seedling
survival.

LLAM, crosses using pollen from a low elevation
population on plants from another low elevation

population from a different mountain. We considered
that this gene flow treatment would not change flowering
date (gene flow from low population). Nevertheless,
this gene flow would increase genetic diversity from
naturally isolated (different mountain range) but
environmentally similar populations. Seedling survival
might vary depending on the outcome of potential
outbreeding depression vs. reduction of inbreeding
depression.

. HLAM, crosses using pollen from high -elevation

populations on plants from low elevation populations
from a different mountain range. We considered
that this gene flow treatment would induce -earlier
flowering (gene flow from high population). Moreover, it
would increase genetic diversity from naturally isolated
(different mountain) and environmentally differentiated
populations. In spite of a reduction of inbreeding
depression, seedling survival could decrease as a result
of potential outbreeding depression and the arrival of
maladaptive allele combinations.
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TABLE 2 | Number of mother plants (collected in the field) and number of clonal plants (generated from cuttings) of each low elevation population. Number of seeds,
seedlings and flowered plants used to measure the germination time, seedling survival and flowering onset time, respectively. The low elevation population is the plant

population that received the pollen of the gene flow treatments.

Low elevation population No. of mother plants No. of clonal plants Treatment No. of seeds No. of seedlings No. of flowering plants
AGI 46 79 Control 103 68 3
HLWM 119 87 27
LLWM 149 88 NA
LLAM 149 101 14
HLAM 197 142 31
RUI 31 125 Control 105 72 NA
HLWM 125 95 NA
LLWM 149 100 NA
LLAM 86 64 NA
HLAM 137 99 NA
MOR 29 80 Control 271 175 36
HLWM 167 104 29
LLWM 269 161 NA
LLAM 227 153 41
HLAM 223 139 42
NAJ 43 74 Control 215 143 NA
HLWM 272 183 NA
LLWM 287 181 NA
LLAM 205 126 NA
HLAM 188 145 NA
CAM 46 83 Control 211 137 6
HLWM 236 157 26
LLWM 244 180 NA
LLAM 257 170 35
HLAM 202 161 39
SES 33 103 Control 241 134 NA
HLWM 243 174 NA
LLWM 253 170 NA
LLAM 176 124 NA
HLAM 315 196 NA
Total 6,021 4,029 329

Treatments were: Control, low elevation within-population crosses; HLWM, High low elevation within mountain crosses; LLWM, Low low elevation within mountain crosses;
LLAM, Low low elevation among mountain crosses; HLAM, High low elevation among mountain crosses. NA denotes populations and treatments where flowering onset

was not measured.

The experimental gene flow design was not reciprocal as it
was focused on studying the effects of assisted gene flow on the
marginal populations occurring at the low elevation distribution
edge. Thus, the recipients of gene flow treatment were always
the marginal populations as in previous study assessing similar
questions (see Morente-Lopez et al., 2020a).

Cultivation and Data Collection

In 2014, the fruits obtained from the above-mentioned crosses
were collected and the seeds were counted and cleaned. 11201
seeds were subjected to a cold and wet stratification treatment
to ensure a high percentage of germination (Giménez-Benavides
et al.,, 2007a; Figure 2B). The number of obtained seeds per cross
varied from 8 to 24, with the 89.5% of the crosses having at
least 24 seeds. Seeds were placed separately in multiwell plates
with Whatman filter paper wetted with distilled water. Dishes
were stored in a refrigerator in the dark at 1°C for 3 months
(following Giménez-Benavides et al., 2005; Figure 2B). After

the stratification process, multiwell plates with the seeds were
placed in a growth chamber under a 16-h light/8 h-dark regime at
20°C (Selecta Hotcold GL, Barcelona, Spain) (Figure 2B). From
April 2015, germination was checked every 2 days. Seeds were
considered to be germinated when they had developed a 2 mm
radicle. Germination time was obtained counting the days from
the start of the incubation to the germination day. Seedlings
were transferred to 4 x 4 cm pots with a commercial potting
substrate enriched with NPK fertilizer and kept, for 4 months,
in an ex situ common garden at the greenhouse (Figure 2B). The
pots with the seedlings were randomly placed on the greenhouse
bench. The survival of the obtained seedlings was recorded in
2015 just before they were transferred to 5 L pots with the
same type of substrate to maximize the plant growth and obtain
reproductive individuals (Figure 2B). Plants remained in this
common garden when flowering onset was recorded. From 1
January to 30 August 2017, the date of flowering onset of the
surviving plants was registered and flowering time calculated by
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counting the days between the first of January and the first flower
bloom. After the first flower appeared, the maximum diameter of
all individuals was measured.

Growth conditions in the greenhouse were warmer than
those found in the natural populations. In the greenhouse
mean temperature from May to September (the growth
season) was 23.8°C whereas in nature it is about 15°C
(Giménez-Benavides et al., 2007a). As a consequence of this
difference, plants flowered earlier in the greenhouse compared
to natural sites (Morente-Lopez et al., 2020b). Furthermore,
plants grown in the greenhouse were watered daily, whereas
natural populations experience a significant summer drought
(Giménez-Benavides et al., 2007a).

Statistical Analysis

In each mountain range, the flowering onset date was recorded
on one of the low elevation populations. The results of the
LLWM gene flow treatment were not used in the flowering
onset analysis due to the low number of plants available for
this treatment when the experiment was performed (Figure 2).
To test possible differences on the days until first bloom
(onset) among gene flow treatments, Kaplan-Meier survival
curve comparisons based on Cox proportional hazards regression
models were used. GLMMs were applied to assess differences
among treatments in germination time and seedling survival.
A Poisson error distribution and a binomial distribution were
used for germination time and seedling survival, respectively.
In the three models, gene flow treatment was included as a
fixed factor and the maternal plant population as a random
factor. Plant size was included as a co-variable in the flowering
onset survival curves models. All statistical analyses were
performed in R. For the Kaplan-Meier survival curve analysis,
we used the function coxme from package coxme (version 2.2-
7, Therneau, 2018) which allows the analysis of mixed effects
Cox models. For the GLMMs, the function glmer from the Ime4
package (Bates et al., 2015) was applied, and, for the post hoc
analysis, the function glht from multcomp package (version 1.4-8,
Hothorn et al., 2008).

RESULTS

Germination and Seedling Survival

The time until germination was recorded for 6021 germinated
seeds. Survival rate was noted for 4029 seedlings (Table 2).
Significant differences on germination time were found among
gene flow treatments (X2, = 127.39, P < 0.001). LLWM and
HLAM had shorter germination time than Control, HLWM and
LLAM (Figure 3). LLAM seeds were the latest to germinate
(Figure 3). The R? of this model was 13.4% and the differences
among treatments were, on average, approximately 1 day. There
were no differences among treatments on seedling survival
(X2,=3.57,P < 0.47, R* =0.003). HLAM had the highest seedling
survival and LLWM the lowest, with just a 2.4% difference
between them (84.5, 84, 82.73, 83.47, and 85.83% in Control,
HLWM, LLWM, LLAM, and HLAM, respectively).

Flowering Onset

The flowering onset was different between gene flow treatments
in the survival curve comparison (X233 = 39.04, P < 0.001).
Plants from within population crosses (Control) flowered earlier
than plants from between population crosses regardless of the
pollen provenance (HLWM, LLAM, and HLAM) (Figure 4).
Plants from crosses between mountains (LLAM and HLAM)
flowered later than plants from crosses within the same mountain
(Control and HLWM).

DISCUSSION

The results of this study highlight that gene flow affects differently
several crucial life history traits on S. ciliata, and that these effects
depend on gene flow origin. Therefore, when considering the
use of assisted gene flow, it is crucial to evaluate the various
effects of gene flow treatments on the different traits along the
ontogeny. Then, the pros and cons of different types of gene
flow should be pondered to determine which type of gene flow
will provide the greatest benefits, if any, for the survival of the
endangered population.

One of the main effects of gene flow regardless of its
origin is its capacity to reduce inbreeding depression. The
mixed mating system of the species allows the build-up of
inbreeding depression in small-sized marginal populations.
Previous studies suggest that inbreeding depression plays an
important role in the fitness of early life stages of S. ciliata
(Garcia-Ferndndez et al., 2012a).

Assisted Gene Flow Effects on

Germination and Seedling Survival

LLWM (within mountain low-low elevation population crosses)
and HLAM (between high and low elevation localities among
mountains) significantly decreased seed germination time with
respect to within-population crosses. In the natural populations
of S. ciliata, germination occurs right after snowmelt; thus,
plants that germinate earlier have more time to grow before
the arrival of the summer drought (Giménez-Benavides et al.,
2007b). LLWM and HLAM decreased the seed germination
time in almost six percent with respect to within-population
crosses. On the contrary, LLAM (gene flow among low elevation
populations among mountains) increased the seed germination
time. These results seemingly reflect an interaction between
elevation and mountain origin of the pollen donor population
(Figure 3). At short distances (within mountain), the gene
flow that causes an advance of germination comes from
the low population. However, when pollen comes from far
distances (among mountains) it was high elevation gene flow
that shortened the germination time. This interaction could
be explained by two different mechanisms playing a role at
once: genetic diversity increase and acquisition of adaptive
alleles. As the HLAM gene flow came from a contrasting
environment from the target low elevation population, the
reduction on germination time may be related with the gain in
genetic diversity and the decrease of inbreeding depression in
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the target populations (Bontrager and Angert, 2019; Morente-
Lopez et al., 2020a). Even individuals with maladapted alleles
may have a better performance in the first life stages if they
benefit from an inbreeding reduction, which involves less genetic
load and more vigorous seeds (Stanton and Galen, 1997;
Sexton et al., 2009). The reduction in germination time by
LLWM gene flow may be explained by the combined effect of
genetic variation increase (gene flow from other population)
and by the acquisition of adaptive alleles developed under

similar environmental conditions in low elevation areas, that
promotes faster germination (Sexton et al., 2011; Morente-Lopez
et al.,, 2020a). However, in HLWM gene flow, the net effect is
null because the effect of genetic variation increase would be
compensated by the effect of the incoming of maladapted alleles
developed under contrasted environmental conditions.

The effects of LLAM on germination time cannot be
interpreted on simple additive terms under the previous
premises, and show an interaction pattern (Figure 3). A possible
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explanation is that the small size of low elevation populations
may have originated significant genetic drift. This fact together
with the absence of natural gene flow between mountains may
have generated very different genotype complexes involved in
germination that, when put together, cause a delay in germination
(Frankham et al., 2017). The lack of effect of the different gene
flow treatments on seedling survival could be explained by the
growing conditions of the ex situ common garden. In nature,
selective pressures such as summer drought negatively affect
seedling survival (Giménez-Benavides et al., 2007a). In this way,
in a parallel experiment performed in the natural populations,
seedlings from LLWM gene flow treatment had greater survival
rates than Control and HLWM (Morente-Lépez et al., 2020a).
In the common garden used in this study, seedlings did not
experience the stressors that occur in natural populations (e.g.,
lack of soil moisture) and thus did not show differences in
survival rate between treatments.

Assisted Gene Flow Effects on Flowering
Phenology

Flowering time is a crucial step in the reproduction of
S. ciliata (Giménez-Benavides et al., 2007b). A common garden
experiment carried out with this species showed that high
elevation populations bloom earlier (at lower temperatures) than
low elevation populations and that this difference is genetically
based (Morente-Lopez et al., 2020b). Therefore, we expected
that gene flow from high elevation populations would induce
an advance in the onset of flowering time of the low elevation
populations. For instance, genetic modification of the flowering
time owed to natural gene flow in the context of climate change
has been suggested in populations of Beta vulgaris (van Dijk
and Hautekeete, 2014). Against expectations, gene flow from
high elevation populations delayed flowering onset with regard
to the control treatment, regardless of whether the gene flow
originated from the same mountain or a different mountain
(HLWM and HLAM, respectively). Furthermore, flowering
onset delay was higher when gene flow originated from other
mountains (LLAM and HLAM), than when it came from the
same mountain (HLWM).

It is important trying to understand why the flowering
onset did not change as expected following the gene flow
treatments. The delays obtained in flowering onset as a result
of the different gene flow treatments could be considered an
expression of outbreeding depression. Outbreeding depression
is a fitness reduction originated after crossing populations
with somewhat distant phylogenetic lineages and/or occurring
in different environments (Edmands, 2007; Frankham et al,
2011). One of the main causes of outbreeding depression is
the breakup of the gene networks involved in the target trait
after recombination (Aitken and Whitlock, 2013). Coadapted
gene complexes may provide a phenotype than confers fitness
in specific environments but interpopulation hybridization may
reduce the fitness due to a disruption of coadapted genes on
the gene pathways (Templeton et al, 1986; Edmands, 1999;
Rawson and Burton, 2002; Ellison and Burton, 2008). Taking
into account that the timing of flowering is polygenic and

controlled by several gene networks (Liu et al., 2009; Amasino,
2010; Wellmer and Riechmann, 2010), the fact that the early
flowering onset trait from high elevation populations was not
transferred through the pollen treatment to the recipient low
elevation populations suggests that the polygenic genetic control
of flowering onset is not additive and that epistatic interactions
may be controlling the outcome in S. ciliata (Fenster and
Galloway, 2000; Montalvo and Ellstrand, 2001). In a similar
way, the flowering onset delay caused by gene flow from other
mountains may also derive from the interactions generated from
the mixing of genetic complexes with different evolutionary
histories. Intensification of the epistatic modification has been
observed with increasing distance (Fenster and Galloway, 2000).
Genetic differences between S. ciliata populations are higher
between than within mountains, suggesting a more probable
natural gene flow within mountains and gene isolation between
mountain (Garcia-Fernandez et al., 2012b; Morente-Loépez et al.,
2018). Hence, the effects of epistatic interactions would be more
pronounced between the populations that are more isolated
and thus more genetically differentiated (i.e, LLAM) than
between the populations that are naturally connected by gene
flow (i.e., LLWM) (Frankham et al., 2011). Nevertheless, in
most scenarios, the outbreeding depression owed to epistatic
interactions is expected to be temporary and could recover in
a few generations (Aitken and Whitlock, 2013). Other potential
causes of outbreeding, such as, chromosomal incompatibilities
and introduction of locally maladapted alleles, are discarded
by the fact that our studied populations of S. ciliata have
the same karyotype and that gene flow from low elevation
populations LLAM (i.e., same environment as the recipient
populations) originated the plants that were the latest to
flower (Frankham et al., 2011; Garcia-Fernandez et al., 2012b;
unpublished data for Gredos and Béjar mountains; Aitken and
Whitlock, 2013).

One limitation of this study regarding the evaluation
of gene flow effects on flowering phenology, but also on
germination time and seedling survival, is the fact that the
environmental conditions of the common garden experiment
were different from those occurring in the low elevation edge
marginal populations. Specifically, the absence of water stress
in the common garden experiment does not allow to evaluate
the effects of the possible rise of outbreeding depression
and maladaptation that might take place under the natural
environmental conditions.

CONCLUDING REMARKS

This is the first study in an alpine plant that tests the importance
of gene flow provenance for implementing effective facilitated
adaptation conservation strategies considering different life
history traits. The effects of gene flow on the offspring should
be assessed in a sufficient number of traits to ensure a positive
balance of pros and cons throughout the ontogeny of the species,
as it is important to evaluate the effects along the different
stages of the life cycle (Aronne, 2017). In this way, it should
cover not only the survival rates of the individuals but also
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their reproductive success. The results of the present work
support the idea that the effects of assisted gene flow are not
easily predictable and that it can cause unexpected responses in
the traits aimed to be modified and also in others. Since the
main functional traits of a plant are under polygenic control
(e.g., Holdsworth et al., 2008; O’Maoiléidigh et al., 2014), the
phenotypic modification of a population to improve its fitness
after a change in the environmental conditions appears to be
not as straightforward as we initially thought. Thus, the use
of conservation strategies based on assisted gene flow should
be considered with caution. Consequently, the importance of
evaluating these effects prior to any conservation action in nature
should be highlighted. Plants of threatened alpine populations
facing a climate warming scenario will need seed germination in
shorter times after snowmelt assuring in this way more time to the
seedling for growing before summer drought and autumn frosts
arrive. This will also help the following year to advance the onset
of flowering in the next spring, right after snowmelt, to maximize
seed production. Further ongoing studies on this species, which
are currently testing the effects of distinct gene flow treatments on
different traits in in situ common gardens near to the endangered
populations should provide additional insight on the pros and
cons of this potential conservation approach.
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