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Abstract

Background: In contrast with historical knowledge, a recent view
posits that a non-negligible proportion of populations thrive in a
fragmented landscape. One underlying mechanism is the
maintenance of functional connectivity, i.e., the net flow of individuals
or their genes moving among suitable habitat patches. Alternatively,
functional connectivity might be typically limited but enhanced by a
higher reproductive success of migrants.

Methods: We tested for this hypothesis in wild snapdragon plants
inhabiting six patches separated by seawater in a fragmented
Mediterranean scrubland landscape. We reconstructed their pedigree
by using a parentage assignment method based on microsatellite
genetic markers. We then estimated functional connectivity and the
reproductive success of plants resulting from between-patch dispersal
events.

Results: We found that wild snapdragon plants thrived in this
fragmented landscape, although functional connectivity between
habitat patches was low (i.e. 2.9%). The progeny resulting from
between-patch dispersal events had a higher reproductive success
than residents.

Conclusion: Our findings imply that low functional connectivity in a
fragmented landscapes may have been enhanced by higher
reproductive success after migration. This original mechanisms might
be partly compensating the negative impact of fragmentation.

Keywords
Functional connectivity, dispersal, wild population pedigree,
fragmented landscape
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:117£9)) Amendments from Version 1

This revision was the opportunity to clarify that we do not

think snapdragon plant populations are benefiting directly

from habitat fragmentation. Our aim was, and still is, to point

at a remarkable mechanism whereby in the presence of

limited connectivity the high reproductive success of migrants
makes this limited connectivity more likely to be effective.

As suggested by the reviewers, we also discuss the potential
scenarii underlying the current status of genetic differentiation
between patches, which may result from an evolutionary
equilibrium or might be currently in the process of being
resolved. As mentioned in the text, our interest for identifying
connectivity mechanisms in these plants comes from their ability
to perform well in the fragmented landscape, as illustrated by
their demographic expansion. As suggested by the reviewers,
we added more information in a new table in the results about
the percentage of ghost (unsampled) parents per patch. We also
clarified the legend of Table 1, changed the resolution of Figure 4
and added in the materials and methods how we obtained the
p-values for Hs. In addition, we nuanced our discussion about
the extent to which connectivity was weak. In fact, our aim always
was to point out that this amount of connectivity, which is low

in comparison to examples from the literature, was rendered
more effective by the higher reproductive success of between-
patch mating events. Finally, following the reviewers' suggestion,
we discuss a little more the mechanisms underlying this high
reproductive success of migrants but took care not to enter into
much details as to avoid speculation.

Any further responses from the reviewers can be found at
the end of the article

Introduction

Human-induced or natural habitat fragmentation has long been
known to adversely affect population persistence and distri-
bution (Fahrig & Merriam, 1994). In a fragmented habitat,
theory predicts that the limited movement of individuals or lim-
ited gene exchanges among habitats enhances reproductive iso-
lation and opens the way to genetic drift and loss of genetic
diversity in small populations (Aguilar et al., 2008; Gittleman
et al., 2000; Vranckx et al., 2012). As a consequence, the
long-term survival and adaptive potential of populations is
expected to decline in a fragmented habitat (Frankham, 1995;
Wade et al., 2017). However, a recent meta-analysis dem-
onstrated that a non-negligible part of populations thrived in
fragmented habitats (Fahrig, 2017). For example, a higher
abundance of sawtooth grain beetle and a higher species rich-
ness in ant communities were found in fragmented rather than
continuous habitats (Bancroft & Turchin, 2003; Dauber et al.,
2006). The mechanisms underlying the resilience of populations
in fragmented landscapes remain poorly understood. (Fahrig,
2017; Fahrig et al., 2019).

Maintenance of high functional connectivity (i.e., the net flow
of organisms and their genes moving among suitable habitat
patches, Tischendorf & Fahrig, 2000) counteracting reproductive
isolation might explain why some populations thrive in a
fragmented habitat (Dick et al., 2003; Nason & Hamrick, 1997).
To date, functional connectivity has been widely evaluated by
using estimates of dispersal rates and genetic differentiation
(Auftret et al., 2017). The flow of individuals or genes can only
counteract reproductive isolation in the long term if migrant
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individuals successfully reproduce and migrant genes are suc-
cessfully transmitted to the next generations (a mechanism
known as effective connectivity; Cayuela et al., 2018; Robertson
et al., 2018). For example, in snail kite populations charac-
terised by a high dispersal rate, and therefore high functional
connectivity, effective connectivity was limited because migrants
had a low reproductive success (Robertson er al, 2018).
Conversely, populations characterised by limited dispersal
rates but thriving in a fragmented habitat might have main-
tained effective connectivity through high migrant reproductive
success (Lowe & Allendorf, 2010). This latter hypothesis
remains poorly tested, as few studies jointly assessed con-
nectivity and migrant reproductive success in the wild (but
see Robertson et al., 2018; Robertson et al., 2019; Vasudev &
Fletcher, 2016).

In plants, functional connectivity involves the dispersal of seed
and pollen, resulting in the establishment of a new adult plant
(i.e., effective dispersal, Auffret er al., 2017; Schupp et al.,
2010). Despite the use of parentage assignment in plant func-
tional connectivity studies (Kamm ez al., 2010; Moran & Clark,
2011; Sork et al., 1999), which offers the opportunity to assess
the reproductive success of these new plants, their reproduc-
tive success has received little attention (Aguilar er al., 2019;
Auffret et al., 2017). One reason for this is the need for a pedi-
gree based on a long-term study. Here, we reconstructed a
ten-year multigenerational pedigree of wild snapdragon plants
(Antirrhinum majus L.) thriving in a fragmented land-
scape in southern France. These snapdragon plants inhabit
patches of suitable Mediterranean scrubland isolated for a few
hundred meters by seawater, which corresponds to the remains
of a site where salt was manufactured by exploiting semi-
natural crystallisation ponds. Here we assessed jointly func-
tional connectivity between patches and the reproductive
success of plants.

Seed dispersal by small animals and insects can generally
reach ca. hundred meters (Uroy er al., 2019) and up to sev-
eral kilometres when large or migratory animals are involved
(Mueller et al., 2014; Vittoz & Engler, 2007). In snapdragon
plants, seed dispersal occurs by gravity and should therefore be
geographically-limited. We therefore did not expect seed dis-
persal to connect patches of land separated by seawater. Pollen
dispersal might enable connectivity because snapdragon plants
are pollinated by bumblebees, carpenter bees and other large-
sized pollinators known to fly distances larger than the dis-
tance separating patches in this fragmented landscape (Chapman
et al., 2003). However, the distance covered by these pollina-
tors is potentially limited in a fragmented landscape, even at an
extremely small spatial scale, e.g., across distances of ca. 40m
(Goverde et al., 2002). Although landscape fragmentation
may affect forests at the scale of kilometres, it might affect
insect pollinated plants at the scale of a few hundred meters.
We therefore expect to find typically limited functional con-
nectivity and possibly genetic differentiation between these
patches of snapdragon plants thriving in a fragmented landscape.
We tested for the rarely explored hypothesis that connectiv-
ity would be effective on the long term; in other words, that
the progeny resulting from migration between patches would
successfully reproduce.
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Results

Demographic expansion of snapdragon plants in a
fragmented landscape

Over ten years (2010-2019), we sampled ca. twelve thou-
sand flowering plants (N=12594) on six patches (from 2508
to 12547m 2 area) isolated from each other by a few hundred
meters of seawater (from 158 to 1627m, Table 1). Our long-
term survey data showed that these snapdragons are ongoing a
demographic expansion. The population size has increased ten-
fold in ten years, with an average annual population growth
rate () ranging from 1.25 for the easternmost patch (Patch 6)
to 1.75 for the patch3 and 5 (Table 2).
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High genetic diversity and low genetic differentiation

Genetic diversity (estimated by Nei’s expected heterozygos-
ity and associated standard error; Hs+SE) was high in every
patch of snapdragon plants in this fragmented landscape rang-
ing from 0.678 for patch 4 to 0.707 for patch 5 (average
Hs=0.69 + 0.004). These diversity values are similar to those
previously found in populations distributed across the species
geographic range (average Hs=0.65+0,02; Pujol et al., 2017).
Other genetic parameters (e.g., allelic richness) corroborat-
ing this high diversity can be found in Table 3). We also found
low but significantly different from zero genetic differentia-
tion amongst patches (Fst=0.04, p=0.001). Fst between pairs

Table 1. Mean distance between and within patches in meters. On
the diagonal is the mean distance between individuals within a patch,
in meters. Off-diagonal is the mean distance between individuals of the

different patches, in meters.

Patch1 Patch2 Patch3 Patch4 Patch5 Patché6
Patch1 94.8
Patch2 5799 47.6
Patch3 9479 407.5 235
Patch4 1177.7  630.8 229.9 40.5
Patch5 1570 10149 6221 392.6 46.2
Patch6  1627.9 1057 690.1 472 158.7 204

Table 2. Growth rates per patch and year. Population
growth rates >1 (reflecting expansion) are in bold. If

there was no individual sampled or only one individual
sampled in a patch on a given year, the growth rate of the
subsequent year could not be calculated. In this case, we
reported the number of plants, in italics between brackets.
Caution should be taken when interpreting patch 1 growth
rates (see methods). Patch 1 growth rates are indicated for

information only.

patch

growth rate 1 2
Median NA 1.32
2011 [11]  [43]
2012 [0 1.4
2013 [167] 6.72
2014 0.04 022
2015 78 4.69
2016 092 212
2017 204 06
2018 018 0.64
2019 3.02 1.23

3 4 5 6
175 141 175 1.25
[1] [28] 3.17 1.4
8 136 008 0.57
7.5 253 145 5.5
013 058 111 022
14.88 1.46 3.46 5.05
216 426 1.86 233
032 021 07 049
098 073 175 1.12
133 204 091 1.25
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of patches ranged from 0.014 to 0.079 (p<0.001 for all pairwise
Fst estimates; Table 4). We did not observe any identifiable
trend in time or space shaping Fst (Figure 1).

Table 3. Descriptive statistics for microsatellites
markers. It includes the name of the locus (Locus), allelic
richness (A), number of plants genotyped at a given marker
(N), observed heterozygosity (Hobs), expected heterozygosity
(Hexp), polymorphic information content (PIC), Parent-pair
exclusion probability (PPexp). Estimates were calculated on
data pooled among years and patches.

Locus A N Hobs Hexp PIC PPexp
Antibg36 17 12486 0.848 0.880 0.868 0.910
Antibg38 6 12541 0.594 0.608 0.533 0.488
Antibg23 7 12539 0.546 0.579 0.545 0.558
Antibg40 3 12546 0.642 0.658 0.584 0.513
Antibg11 19 12526 0.831 0.829 0.811 0.853
Antibg18 6 12542 0.587 0.604 0.559 0.552
Antibg03 17 12512 0.633 0.659 0.627 0.656
Antibg02 10 12516 0.773 0.809 0.785 0.815
Antibg10 29 12317 0.642 0.842 0824 0.864
Antibg12 10 12550 0.653 0.65 0597 0.564
Antibg20 9 12494 0.691 0.723 0.80  0.687
Antibg30 29 12470 0.875 0925 0920 0.961
Antibg29 7 12545 0564 0576 0494 0.436
Antibg33 24 12511 0.827 0.888 0.878 0.926
Antibg39 9 12536 0.576 0.598 0.569 0.591
Antibg22 6 12517 0.691 0.742 0.699 0.692
Antibg14 17 12503 0.855 0.893 0.884 0.928
Antibg27 6 12557 0457 0.461 0385 0.326

Table 4. Pairwise Fst values between patches
estimated in 2019. All p-values are <0.0001.

Patch 1 2 3 4 5

2 0.042 -

3 0.079 0.049 -

4 0.067 0.043 0.015 -

5 0.048 0.035 0.035 0.022 -

6 0.064 0.048 0.034 0.029 0.014
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Conservative parentage assignment and missing
parentage links

The long-term survey of snapdragon plants allowed us to build
a multigenerational pedigree including ca. 40% of the geno-
typed plants (N=5053; Figure 2). For 23% of the genotyped
plants, both parents were assigned (n=2818 parent-offspring
triads). We used greatly effective markers to reconstruct the
pedigree (cumulated markers probability to exclude a ‘ran-
dom’ individual from parentage, Wang, 2007, PPexp>0.999, see
Table 3 for more details). Our assignment approach was
highly selective. We only included parents with high assign-
ment probability (above 95%) in the pedigree. Although this
final pedigree is highly conservative, it comprises a large
number of plants and family links; 5053 individuals with 2235
founders, 2818 offspring with two identified parents (for
which 2815 have spatial coordinates), 805 offspring with only
one identified parent, 2571 parents, 420 full-sibling links,
17170 half-sibling links (see Table 5 and Figure 2), which we
except to be a representative sample at the scale of the six
patches. These plants are grouped in 234 families spanning
across one to five generations (Figure 2B) and composed on aver-
age by 21.5 individuals. The non-negligible part of plants with
only one or no assigned parents was likely mothered or fathered
by plants that we did not sample (Table 6). Plants meas-
ured at the beginning of the survey probably had parents from
before the sampling campaign (e.g., 94 % of unassigned par-
ents in 2012 against 52% in 2019). In addition, some par-
ents were likely missed in the surveyed area during fieldwork
even if we conducted a thorough search of sexually mature
plants in the area. ww might also likely be located out-
side the surveyed area. The presence of plants with at
least one unidentified parent suggests migration from outside
the studied area (Bacles er al, 2006; Sebbenn et al.,
2011).

Low functional connectivity between the six patches
Functional connectivity was estimated by the rate of between-
patch effective dispersal events (Auffret et al., 2017). The use
of the multigenerational pedigree in combination with the spa-
tial coordinates of the plants revealed that only 2.9% of off-
spring had one parent on a different patch (n=81 out of a
total of 2818 offspring with two known parents, details per
patch in Figure 3 and Table 7). This small proportion likely
indicates low functional connectivity through effective pol-
len dispersal events among patches. On average, the pollen dis-
persal distance between patches was 345m (ranging from 99 to
1656m). In addition, we assumed that dispersal events between
patches allowed us to identify the maternal parent located on
the same site as the offspring. We estimated an average seed
dispersal distance of 3.86m (ranging from 0.22 to 31.28m,
Figure 4). Dispersal distance within patches ranged from 0.02
to 256.17m, including seed and pollen. Dispersal distances
between patches were not necessarily higher than within patches
(e.g., larger distances are found within patch 5 than between
patch 5 and 6 or 3 and 4, Table 1). Yet only 37 dispersal events
within patches out of 5359 (0.7%) occurred at a similar
spatial scale than between-patch dispersal events (Figure 4).
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sample size @ 1000 @ 2000 . 3000

0.06 A

0.04 1

Overall Fst (Cl 95%)

0.02 A

0.00 1

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
years

Figure 1. Genetic differentiation (multilocus Fst) amongst patches over 10 years. Dots and bars around the dots correspond
respectively to global Fst estimates measured amongst patches and their associated 95% confidence intervals. Dot size is proportional to
the sample size used to estimate Fst.

A 2010

2011
2012
2013
2014
2015

2016

Figure 2. Pedigree represented per year (A) and by generations (B). Each line represents a parent-offspring link. Red and blue lines
represent the closest and the farthest parents, respectively.
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Table 5. Pedigree description. The final pedigree is
only composed of parent-offspring triads.

Number of individuals in the pedigree

Parent-offspring links

Full sibling links
Half-sibling links

Grand-parent offspring links

Full avuncular links

Full first cousin links

Half avuncular links

Number of founders

Maximum pedigree depth (in generations)

Quantity

5053
5636
420

17170

1362

86
56

4596
2235

5

Table 6. Proportion of plants with one or two-

unidentified parents per patches and year. Due
to A majus biology and the beginning of the study, we
identified parents only from 2012.

Patches

1

2

3

4

2 unidentified parents

2012
2013
2014
2015
2016
2017
2018
2019
Median

Patches

2012
2013
2014
2015
2016
2017
2018
2019

Median

NA
0.92
0.88
0.81
0.72
0.75
0.76
0.61
0.77

1

0.96
0.88
0.89
0.75
0.62
0.64
0.58
0.52
0.67
2

1
0.91
1
0.65
0.69
0.45
0.51
0.38
0.65
B

0.86
0.77
0.8
0.65
0.72
0.68
0.43
0.47
0.67
4

1 unidentified parent

NA
0.08
0.13
0.11
0.14
0.11
0.03
0.06
0.11

0.04

0

0.1

0.07 0.07 0.16

0.08
0.07
0.07
0.07
0.03
0.03
0.07

0
0.15
0.04
0.18
0.04
0.01
0.04

0.09
0.15
0.1
0.21
0.03
0.08
0.10

0.92
0.83
0.76
0.7
0.74
0.69
0.68
0.6
0.71

0.08
0.12
0.12
0.11
0.03
0.06
0.03
0.03
0.06

0.87
0.56
0.75
0.66
0.63
0.54
0.54
0.64

0.09

0.1
0.09
0.04
0.03

0.04
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Little spatial and temporal variation in connectivity
Functional connectivity varied both spatially and temporally,
but to a low extent. It increased from 2.8% in 2014 to 4.5%
in 2016 and finally decreased to 1.4% in 2019.

At the spatial level, it decreased with the between-patch
geographical distance (rho=-0.75, p=0.001), ranging from 0%
between several pairs of patches separated by distance ranging
from 472m to 1627.9m; to 1.9% between patches 5 and 6
separated by 158.7m (Figure 3).

Effective connectivity

Functional connectivity between patches was effective.
We found that 64% of plants resulting from between-patch
dispersal events successfully reproduced over the duration of
the survey. Plants resulting from between-patch dispersal events
had on average 0.79 offspring per plant. These plants had around
twice as many offspring as plants with two resident parents that
had on average 0.43 offspring (regression model parameter
back-transformed estimate: 2.151, CI95%: 1.05-4.41, p=0.036).

Discussion

Our survey revealed that thousands of snapdragon plants were
thriving on patches of Mediterranean scrubland interrupted
by seawater ponds formerly exploited for salt production. We
found that these plants were undergoing demographic growth
and characterized by high levels of genetic diversity that were
similar to those of continuous populations at similar spatial
scales (Pujol er al., 2017; Ringbauer et al., 2018). The good
condition of these snapdragon plants makes it an interesting
system for investigating the mechanisms by which popula-
tions are not adversely affected in a fragmented landscape. The
low but statistically significant genetic differentiation between
patches, which illustrates the balance of evolutionary forces
that are migration and genetic drift, provided an ambiguous
message about the potential actual reproductive isolation
of patches. This result could be explained by genetic drift
being at equilibrium with migration, with genetic drift caused
by a low effective population size resulting from a small
number of founders and migration being limited as a result of
weak connectivity. Genetic differentiation would then reflect
a history of patches drifting apart. An alternative scenario
is that of evolutionary change, where this same divergence
reflected by genetic differentiation would be in the process of
being resolved by recent migration resulting from effective
connectivity. We used a connectivity approach based on the
reconstruction of a multigenerational pedigree to clarify
whether these snapdragon plants were reproductively isolated
in this fragmented landscape.

Low functional connectivity across the fragmented
landscape

Our results showed that 2.9% of offspring resulted from
dispersal events between patches of snapdragon plants, which
is coherent with our genetic differentiation results (e.g. one
migrant per generation rule, Whitlock & McCauley, 1999;
Mills & Allendorf, 1996). Similar low percentages have
previously been found in other species inhabiting fragmented
landscapes and were considered to indicate limited functional
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Number of
between-patch dispersal
P12 <2810
=34 e 11-22
=517 2
9

1 )6
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.,
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~ \o 100~ 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 m

Figure 3. Connectivity map between patches. Each patch is delimited by dashed line and its corresponding number going from 1 to 6.
Arrows indicate the presence of effective pollen dispersal from a given patch to another. The number of between-patch dispersal events
ranges from 1 to 22 events and the colour of arrows represents this number (from blue to red, see legend on the figure). Circular arrows on
each patch represent self-recruitment and are accompanied by the corresponding percentage. Background map is provided freely by IGN
at https://www.geoportail.gouv.fr/donnees/plan-ign-v2.

Table 7. Functional connectivity per patch all years combined. Outbound
connectivity is the percentage of offspring on a different patch with the farthest parent
on a given focal patch. Inbound connectivity is the percentage of offspring on the
given focal patch with the farthest parent on a different patch. Total connectivity is the
sum of inbound and outbound connectivity.

Patch 1 2 3 4 5 6
Outbound connectivity 1.7% 23%  8.6% 8.1% 1% 16%
Inbound connectivity 1.3% 1.4% 6.9% 13% 2% 7.2%

Total functional connectivity 2.95% 3.69% 14.45% 19.29% 2.98% 20.86%

500

400

300

count

200

100

0.08 1 12 148 1808
Effective dispersal distance (meters)

Figure 4. Distributions of the effective dispersal distances. Yellow bars represent dispersal distance between parent-offspring triads
inhabiting the same patch. Bars with brown borders represents distance between parent-offspring triads, with one parent inhabiting on
a different patch. Brown-bordered bars filled in red represent the distance between the closest parents and the offspring, which is more
likely representing seed dispersal, while brown-bordered bars filled in brown represent the distance between the farthest parents and the
offspring.
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connectivity (Mueller et al., 2014; Sebbenn et al., 2011). Higher
connectivity — up to an order of magnitude greater — has also
been found in other species inhabiting fragmented landscapes
(Bacles & Ennos, 2008; Hebel et al., 2007; Wang et al., 2010).
It is therefore legitimate to consider that our results show
functional connectivity between snapdragon plant patches.
However, our results also outlined that connectivity is limited
in this fragmented Mediterranean scrubland landscape where
ecological barriers such as the seawater ponds separating the patches
might have limited the movement of pollinators. Bumblebees
and carpenter bees are the main pollinators of snapdragon
plants (Tastard et al., 2012). They are known to cover long
distances (Chapman et al., 2003). For instance, we detected
pollen dispersal events between patches over distances up to 1656
meters. However, pollinators able to cover long distances rarely
do so frequently (Walther-Hellwig & Frankl, 2000; Zurbuchen
et al., 2010). Pollination might have typically been favoured
between neighbouring plants 2 (Kunin, 1997; Tastard er al.,
2012). Our findings therefore did not support one of the
possible explanations put forward for populations thriving in
fragmented landscapes, namely the presence of high functional
connectivity (Fahrig, 2017; Fahrig et al., 2019).

Higher reproductive success associated with
connectivity

Reconstructing the multigenerational pedigree of wild popula-
tions is challenging but rewarding because it also provides infor-
mation about the reproductive success of plants. Our results
showed that plants resulting from between-patch disper-
sal events had higher reproductive success than plants with
resident parents. While this might be the result of random
processes (e.g. colinisation waves, Excoffier et al., 2009),
organisms colonising new habitats (e.g., geographic range
expansion, biological invasion) are expected to have a higher
fitness than the average fitness of resident organisms (Bonte
et al., 2014; Ronce, 2007). Organisms inhabiting fragmented
landscapes can also be selected for their potential to invade other
patches (e.g, plant height, seed mass Williams et al., 2019).
Our findings highlight the knowledge gained by evaluating
offspring quality beyond the count of their number (Aguilar ez al.,
2019). Although functional connectivity was low, migrant genes
from other patches were therefore successfully integrated into
the resident gene pool. Our findings contrast with a study in
endangered birds where functional connectivity remained high
in the fragmented landscape but the reproductive success was
low, which was detrimental to the species (Robertson et al.,
2018; Robertson et al., 2019). Our approach in the wild
cannot identify the mechanisms underlying the higher
reproductive success of snapdragon plants resulting from
between-patch dispersal events nor the causal relationship
between this reproductive success and population demographic
expansion. However, it exposed a remarkable aspect whereby
low functional connectivity in fragmented landscapes is at least
partly effective because of a high migrant reproductive success.
The high reproductive success of migrants likely participates
to compensate the negative impact of reproductive isolation.
The links between this mechanism and population growth
remains to be explored.
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Conclusion

Our study in snapdragon plants adds up to the recent awareness
that some species have the potential to thrive in a fragmented
landscape. Our findings support an often-neglected hypoth-
esis whereby typical low connectivity in a fragmented landscape
might be rendered more effective by a higher reproductive
success of migrants. The extent to which migrants successfully
transmit their genes to the next generations is rarely evaluated
(Aguilar er al., 2019; Robertson et al., 2018). Our findings
highlight the benefit of integrating the reproductive success
of migrants in studies evaluating connectivity in a fragmented
landscape.

Methods

Study population and data collection

Snapdragon plants (Antirrhinum majus L., Plantaginaceae)
are short-lived, herbaceous perennials. Their geographic

distribution is restricted to southern Europe, over the eastern half
of Pyrenees Mountains, and extending south and north along
the Mediterranean coast from Barcelona to Montpellier
(Khimoun et al., 2011). They grow in a variety of environments,
including Mediterranean scrubland, scree, understorey vegetation,
grassland meadows and sparse shrubland (Khimoun et al.,
2013). They are hermaphroditic, self-incompatible, and produce
annual inflorescences with zygomorphic flowers pollinated
mainly by bumblebees (Bombus spp) and carpenter bees
(Xylocopa violacea) and small seeds dispersed by gravity a few
meters apart from the plant (Andalo et al., 2010)

Here we focus on snapdragon plants located in a Mediterranean
scrubland ecosystem in southern France; between Bages
(Latitude: 43.1167; Longitude: 2.9833) and Peyriac de Mer
(Latitude: 43.0833; Longitude: 2.9667). Those plants persist
on six small isolated rocky hills separated by salt lakes that
used to be “Saline d’Estarac”; a site where salt was
manufactured  from  crystalisation ponds  using  solar
evaporation between the years 1007 and 1940 (Dupont, 1958;
Larguier, 2014). As a consequence, this fragmented landscape
constrains plants to a patchy distribution.

Between 2010 and 2019, we monitored wild snapdragon plants
in the six patches isolated by a few hundred meters of seawater.
All patches (numbered 1 to 6 from southwest to northeast)
were surveyed between June and early July when plants
are sexually mature and the reproductive season ends. All
sexually mature snapdragon plants were identified after a
thorough search of the area of the six patches (n=12594). Four
leaves per plant were sampled for DNA extractions. The
geographic location of most plants (12495 out of 12594)
was recorded using a GNSS receiver (GNSS device Geo7X,
Trimble, Westminster, USA) that provided us with high pre-
cision coordinates (sub-meter precision) after the data were
post-processed by comparison with data from an independent
monitoring  station. Based on the barycenter of plant
coordinates within a given patch, we calculated the mean
distance between patches in meters. We also calculated the mean
distances separating plants within patches. All plants, including
those without geographical location (n=99), have a patch
number corresponding to their location.
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To assess the demography of snapdragon plants, we estimated
the annual growth rate in every patch as A = N,/ N, , where
N, is the number of individuals in the current year and N,
the number of individuals in the previous year. If A>1 the popu-
lation is increasing, if A<l the population is decreasing, if
A=1 the population is stable (Pradel, 1996). Caution should be
taken with patch 1 growth rates. We reported these values for
information only. They are not interpretable per se because as
the sampling strategy area might have varied form one year
to the next (notably in 2015) due to the spatial heterogene-
ity of the patch. We do not expect this issue with patch 1 growth
rates to interfere with genetic analyses.

DNA extraction and genotyping

DNA was extracted from leaf tissue using the Nucleospin 96
Plant II (Macherey Nagel, Hoerdt, France). After DNA extrac-
tion, samples were amplified at 20 polymorphic microsatel-
lite loci (Debout et al., 2012) using 3 multiplexes (A, B, C,
Table 7). Each PCR was performed on a 10 uL total volume:
2 uL of a DNA extract; 3.5 uL QIAGEN Multiplex PCR Kit
(Qiagen, Venlo, Limburg, The Netherlands); 0.4 to 0.6 pL of primer
mix solution (Eurofins Genomics, Luxembourg, Luxembourg,
depending on the multiplex see Table 7) and the remaining
volume was completed with DNA-free water. PCRs were
performed using a Mastercycler pro Thermal Cyclers (Eppendorf,
Hamburg, Germany) with the following protocol for each
multiplex: an initial denaturation step at 94°C for 15 minutes,
followed by 35 cycles of 94°C for 30 seconds; 56°C (primer-
specific annealing temperature) for 135 seconds; 72°C for
30 seconds; and a final extension at 60°C for 30 minutes. PCR
products were sent to the Genoscreen DNA sequencing platform
(Lille, France) where samples were analysed on an Automated
Capillary DNA Sequencer (ABI 3730, Applied Biosys-
tems, Foster City, CA, USA) using 2 pL of multiplexed PCR
products, which were added to 7.75 puL of Hi-Di Formamide and
0.25 pL of the GeneScan-500 LIZ size standard (Applied
Biosystems). Allele sizes were scored using GENEIOUS
version 9.1 software (Biomatters, Auckland, New Zealand) and
double cross-checked. We ensured that there were no genotype
duplicates with the R package Allelematch (Galpern et al.,
2012). Finally, we ensured marker quality by keeping loci
with less than 5% missing data (n=18 microsatellites), and
kept individuals with less than 10% missing data (n=12428)
for further analysis.

Population genetic differentiation

We estimated the genetic diversity of snapdragon plants in
the six patches by using estimates of expected heterozygosity
(Hexp), observed heterozygosity (Hobs), polymorphic information
content (PIC), and allelic richness (A) for each markers.
We also used Nei’s multilocus estimates of expected
heterozygosity with its standard error , within patch (Hs+SE).
Analyses were conducted with the FRANz software (Riester
et al., 2009; Riester et al., 2010).

We estimated genetic differentiation between pairs of patches
by calculating Wright’s fixation indices (Fst) using Weir and
Cockerham’s OST estimates (1984) in GENODIVE v2.0
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Table 8. Primer sequences for 20 microsatellites loci in
the A.majus population. For more details on the markers see
Debout et al, 2012.

Locus Primer sequences (5-3’) Multiplex
markers sets

Antibg11  ATCAACCTGCATCACACCTG A
TGAATTACGTGAGCGTCGTC

Antibg23  TCATCACATTTCAATTCATCACA A
TTGCTTGCTCCAAGTGTTTG

Antibg32  GATCCGTGAGGAGTGTGGTT A
CGGCAATCTAATCTCCGAAA

Antibg36  TGCGTTAGATGATTGCCAAA A
AAGCTTCCGCTACGTCAGTT

Antibg38  CCAAGGAGAAGAAAATGTGAGG A
ATTAGGGAACCTCCAACGCT

Antibg40  CTCCTCTTCTCACCCGACAT A
CCCCTCCCTTTCCTAGTTCTT

Antibg02  TCTGGCAGCAAAAGGTAGAAA B
CGTGGGAGTTGAAGGAATGA

Antibg03  TTCTTCAAAGGCAAGCAGGT B
CATGCTCCTCGTGTGGAAT

Antibg10  AAACGCATATCCAAAGCAGG B
CGAAGACCTGCATGACAAAC

Antibg12  GCATGAAGCCCTGGAAATAA B
CTCAATGTGACAACTGCATCA

Antibg18  TTTGCTTTATGTCTTGGTCACCT B
GACGTGGTGATCAGCTAGGA

Antibg20  AACCAACAAAGCGAACAACC B
ATTCGTGACCGTAGAGACCG

Antibg21  AACTGGGTTTCCTTTCCCAG B
TTGAGAAATTACCATCATTGTTGTC

Antibg14 ~ GAGGAAGCGATATCAAGGTATGA C
TGCTGCCTCCATACAGAAGA

Antibg22  TTCATCGAATTCTTCGTTCG C
AAACAACGCAATCCGATCTC

Antibg27  CGTCGCTAGTTTTCAGCCTC C
AAATGGTTGCATCCTCCAAG

Antibg29  TTTGAAAGCATTTTCGGGAC C
CTGTACACTCTGCCGGTCAA

Antibg30  TCCTTTCATTCCTCTCCATCA C
TTTGGAGCCACCTTCATTTC

Antibg33  CAAATGACATCCAAAAGATAATACAA  C
AGAGATTTAGGCGATACAAGCA

Antibg39  ATACTGGGACCCACAAGCTG C
CTTCACCAAACCGCAAGATT

(Meirmans & Van Tienderen, 2004). For genetic differentiation
analyses, we removed markers that deviated significantly
from Hardy-Weinberg equilibrium (all years confounded, n=7
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removed markers) as implemented in GENODIVE v2.0. We also
estimated global Fst amongst patches. Genetic differentiation
was also measured per year to investigate temporal variation
in Fst. Significance of probabilities for Fst values were esti-
mated using permutations of alleles, either overall or between
pairs of populations.

Parentage analysis and pedigree reconstruction

We ensured that the set of microsatellite markers that we
used was highly reliable for parentage analysis by estimating
Parent-Pair exclusion probability (PPexp, Wang, 2007). PPexp
for each marker and cumulative PPexp were estimated with
the FRANz software (Riester et al., 2009; Riester et al., 2010).
Individuals were assigned to parental genotypes using a
Bayesian pedigree reconstruction approach that takes into
account uncertainty about age; with age being estimated by
the software on the basis the first year of sampling of each
plant. We performed the parentage analysis in FRANz with the
default parameter settings, except for: maximum number of
candidate fathers (Nmax=14000), age range in which females
and males can reproduce (femrepro=0:20; malerepro=0:20)
to largely cover their lifespan, minimum number of typed
loci (mintyped=16), convergence tolerance (saepsilon=0.1) and
increment in the steady states distribution variation (sadelta=0.01)
(see Almudevar, 2003 for more details on parameterisation).

We only included in the final pedigree the parentage assign-
ments with a posterior probability higher than 0.95, which
indicates that this parentage link was found in at least 95 of the
100 potential pedigrees reconstructed by using the assignment
approach presented above. We only kept individuals with two
reliably assigned parents (triads) to avoid false assignments
arising from overlapping generations when using dyads.
Each triad (offspring, parentl & parent2) is also characterised by
location information (patches from 1 to 6), GNSS coordinates,
and their first year of sampling. We produced descriptive
pedigree statistics (e.g. number of parent-offspring relationships,
number of full sibling links, etc.) by using the Sequoia
(v2.1.3, updates for hermaphrodites, Huisman, 2017) and
Pedantics (Morrissey & Wilson, 2010) R packages. The type
of family relationship between individuals were identified
with the function GetRelCat of the Sequoia package. Individuals
were then assigned to families to identify the different
types of families, the number of family members, and their
spread across generations with the package kinship2 (Sinnwell
et al., 2014) (makefamid function).

Functional connectivity and geographical distance
among patches

Based on the parentage assignment and the location of plants,
we estimated the number of within-patch dispersal events
(i.e., when parents and offspring are found in the same patch),
and between-patch dispersal events (i.e., when at least one
parent is found on a different patch than the offspring). Dispersal
distance was estimated by the geographical Euclidean distance
in meters between parents and offspring using the R package
Raster (Hijmans et al., 2021). The closest parent (P1) was
consistently located in the same patch than the offspring,
which was expected because seeds are dispersed by gravity.
Functional connectivity was estimated as the ratio of the total
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number of between-patch dispersal events and the total number
of effective dispersal events overall patches. We also estimated
per patch, outbound connectivity as the percentage of offspring
on a different patch with the farthest parent on a given focal
patch, inbound connectivity as the percentage of offspring on
the given focal patch with the farthest parent on a different
patch and total connectivity per patch as the sum of
inbound and outbound connectivity. Finally, we tested whether
patch-pairwise functional connectivity — estimated as the sum
of effective dispersal events between two patches divided by the
sum of effective dispersal events of these patches multiplied
by 100 - was correlated with between-patch geographical
distance by using a Spearman correlation test.

Reproductive success

To assess if functional connectivity was effective, we used
the multigenerational pedigree to calculate the reproductive
success estimated by the number of offspring of each plant
resulting from a between-patch dispersal event, and each plant
with resident parents. We removed plants sampled during the
last two years of the survey (2018 and 2019) to avoid a tempo-
ral bias because the probability of finding their offspring in
the field was weak. We assessed if the reproductive success
was different between plants resulting from between-patch
dispersal events, and plants with resident parents. To this aim,
we built a negative binomial linear mixed model with a logit
function to linearize the reproductive success count data,
which accounts for count data overdispersion. We included the
“dispersal status” of parents as a fixed effect (0 for resident
parents and 1 for parents from different patches). We also
included in the model the random effects on the intercept of the
identity of patches and the closest and farthest parent to account
for the non-independence of observations due to their location
and genotype. This model was computed with the glmmTMB
package (Magnusson et al., 2021). We checked that the necessary
assumptions of the model were respected (e.g., uniformity,
overdispersion, outliers) with the DHARMA package
(Hartig & Lohse, 2021). All analyses have been conducted with
R version 3.6.3 (R Core Team, 2020).

Data availability

Underlying data

Zenodo: Code and data for “Wild snapdragon plant pedigree
sheds light on limited connectivity enhanced by higher migrant
reproductive success in a fragmented landscape”,

https://doi.org/10.5281/zenodo.5682659 (Gervais et al., 2021)

This project contains the following underlying data:
o freq_ MCMC_1

. locisummary_ MCMC_1.txt
. mcme_MCMC_1.log

o mismatch. MCMC_1.txt

. output.txt

. parentage. MCMC_1.csv
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. pedigree_ MCMC_1.dat

. pedigree. MCMC_1.txt

. simulation_ MCMC_1.txt

. summary_MCMC_1.txt

. geno_20102019.dat

. pedigree&location_metadata.txt

. pedigree_tryads_P095.Rdata
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In this work, the authors contrast functional and effective connectivity at a small spatial scale in a
population of wild snapdragons divided into six distinct patches. They conducted a demographic
survey over several years and estimated migration rates between isolated patches to test whether
higher reproductive success of migrants may counterbalance genetic isolation. They show that
despite barriers to dispersal between patches, the higher fitness of individuals with parents from
different patches may compensate for their relative rarity and rescue populations. The analyses
are sound and the amount of fieldwork this study represents is impressive. The manuscript is well
written.

After reading the Abstract and Introduction, and references therein, I was left with the impression
that the authors think that populations may benefit from a fragmented habitat here. While it is
clear that populations do not go extinct, they may still be growing at a lower rate than more
connected populations. Instead of benefitting populations, fragmentation increases inbreeding
within patches, lowering genetic diversity, while migration rescues local patches, which can keep
growing. Without a proper comparison of this population with another large, non-fragmented
one, it remains difficult to draw any clear conclusion about the meaning of positive growth rates. I
feel like this should be more clearly stated.

Comments about functional connectivity estimates:
o Pedigrees are useful, but relying solely on them leaves the door open to ascertainment
biases due to missing parents/offsprings or unassigned individuals. This means that the
“2.9% of offspring [that] had one parent on a different patch” is probably an underestimate
of the actual connectivity. Ghost (unsampled) populations may also contribute to the
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homogenization of gene pools, and it would be worth presenting more clearly how many
individuals had one or two unidentified parents in each patch. I would not be surprised if
that number was higher in the patches bordering the study area (i.e. 1 and 6).

» 1do not agree that functional connectivity is “weak”. FST are significant but low (ranging
from 0.01 to 0.08 at most). Using the Wright's equation as a rule of thumb (FST = 1/(4Nem +
1)), this suggests a number of migrant alleles between patches that is at the very least
around 3 per generation. This is higher than the classical "One migrant per generation" rule
used to determine whether populations are drifting apart. This warrants a more nuanced
discussion throughout the paper.

> Other methods may also be used to estimate relatedness for all pairs of geolocated
individuals, between and within patches. The authors could then assess whether there is
any significant barrier to gene flow. One example of spatially-explicit method that can
handle microsatellites is EEMS (Petkova, Novembre, & Stephens, 2015"). It might be worth
applying it here to examine whether the diffusion of alleles is significantly higher between
patches than within them. Such analyses could include the vast majority of individuals not
included in the pedigree.

Comments on effective connectivity (migrant reproductive success):

o There are many well documented examples showing an advantage for migration that
restores genetic diversity and, e.g., limits the exposure of deleterious alleles at the
homozygous state. One of the most interesting aspects of the study in my opinion is the
guantitative estimate of migrant reproductive success. It may be worth providing an
estimate of individual inbreeding to test for a correlation between reproductive success and
heterozygosity for example. One could also compare populations growth rates with the
number of migrants detected every year, or with average FST.

Miscellaneous:

> Table 3: T assume these statistics are produced by pooling all individuals. I would
recommend an analysis per year and per population. Deviations from Hardy-Weinberg
equilibrium may reveal strong local inbreeding for example. In addition, the lack of
deviation from Hardy-Weinberg equilibrium suggests that Wahlund effects due to
underlying population structure are not pronounced. Some authors would even consider
this as a lack of evidence for any significant population structure (cf comment above about
the “weak” connectivity).

I hope you find these comments constructive.
References

1. Petkova D, Novembre |, Stephens M: Visualizing spatial population structure with estimated
effective migration surfaces.Nat Genet. 2016; 48 (1): 94-100 PubMed Abstract | Publisher Full Text

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
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Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly
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Reviewer Expertise: I am an evoutionary biologist interested in population genetics and genomics,
with a focus on fast adaptation and transposable elements.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Laura Gervais

We thank you for your comments that helped improving this paper and gave us perspective
for future research questions on this study system. You will find our point by point response
preceded by “>>Authors response". All line numbers refer to the updated manuscript file
containing changes highlighted in yellow. Please note that the track-changed manuscript is
available on zenodo here https://doi.org/10.5281/zenodo.7438502.

Yann X. C. Bourgeois, School of Biological Sciences, University of Portsmouth, Portsmouth,
UK

In this work, the authors contrast functional and effective connectivity at a small spatial
scale in a population of wild snapdragons divided into six distinct patches. They conducted a
demographic survey over several years and estimated migration rates between isolated
patches to test whether higher reproductive success of migrants may counterbalance
genetic isolation. They show that despite barriers to dispersal between patches, the higher
fitness of individuals with parents from different patches may compensate for their relative
rarity and rescue populations. The analyses are sound and the amount of fieldwork this
study represents is impressive. The manuscript is well written. After reading the Abstract
and Introduction, and references therein, I was left with the impression that the authors
think that populations may benefit from a fragmented habitat here. While it is clear that
populations do not go extinct, they may still be growing at a lower rate than more
connected populations. Instead of benefitting populations, fragmentation increases
inbreeding within patches, lowering genetic diversity, while migration rescues local patches,
which can keep growing. Without a proper comparison of this population with another
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large, non-fragmented one, it remains difficult to draw any clear conclusion about the
meaning of positive growth rates. I feel like this should be more clearly stated.

>> Author response: We thank the reviewer for pointing this issue which was not our
intention. We clarified the text throughout the paper, and in particular in the introduction,
to outline that we are aware of the negative impact of fragmentation, and that we do not
think snapdragon plant populations benefit directly from fragmentation. We agree with
you. Our aim is to outline that based on the literature, mechanisms at play in populations
that are surviving and expanding in fragmented landscapes are unclear. We do not intend
to interpret positive growth rates as a property of fragmented versus non-fragmented large
populations. We simply present here an example of limited functional connectivity, which
role played against reproductive isolation may have been underestimated if we had not
found out that the few propagule exchanges were efficient as they were associated with
higher reproductive success.

Comments about functional connectivity estimates:
o Pedigrees are useful, but relying solely on them leaves the door open to
ascertainment biases due to missing parents/offsprings or unassigned individuals.
This means that the “2.9% of offspring [that] had one parent on a different patch” is
probably an underestimate of the actual connectivity. Ghost (unsampled) populations
may also contribute to the homogenization of gene pools, and it would be worth
presenting more clearly how many individuals had one or two unidentified parents in
each patch. I would not be surprised if that number was higher in the patches
bordering the study area (i.e. 1 and 6).
>> Author response: We agree that true estimates of connectivity can only be higher than
estimates obtained from pedigrees because of the presence of ghost parents. This is a
widely acknowledged limitation of all pedigree-based connectivity studies. There are two
ways to overcome at least partly this issue: 1. focus on robust “family triangles” (two parents
+ offspring) across patches that were exhaustively surveyed (with of course a few missing
samples). 2. use geographic sites which natural setting is similar to an optimal experimental
design (eg. when 6 patches of plants are located on islands, or 3 lagoons around an island
are far from the main coast). As a result, estimated connectivity can be used to infer
migration processes between surveyed patches because a large sample of plants is used
but these connectivity estimates cannot be used to infer what is ongoing beyond this
geographic scale. Here, the pedigree analysis allowed us to identify directional trends in
connectivity, which allowed us to identify the plants directly involved in effective
connectivity events between the 6 sites that are surveyed. We had already mentioned in the
text that the presence of ghost parents "suggests migration from outside the studied area”
the text. We accommodated your comment in the revised text by presenting numbers for
unidentified parents L111, L125-128.
o Ido not agree that functional connectivity is “weak”. FST are significant but low
(ranging from 0.01 to 0.08 at most). Using the Wright's equation as a rule of thumb
(FST = 1/(4Nem + 1)), this suggests a number of migrant alleles between patches that
is at the very least around 3 per generation. This is higher than the classical "One
migrant per generation" rule used to determine whether populations are drifting
apart. This warrants a more nuanced discussion throughout the paper.
>> Author response: We agree with the reviewer that with a few migrants per generation
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(not far from the “one migrant per generation rule”), connectivity plays an important role.
This is empirically supported by our estimates of connectivity, and this is our take home
message. We now mention more clearly this aspect in the text and present scenarii of
migration counterbalancing drift rooted in our coherent FST and connectivity results L185-
190; L195-196. We also removed “weak connectivity” from the text and nuanced the
discussion of this aspect throughout the paper.

o Other methods may also be used to estimate relatedness for all pairs of geolocated
individuals, between and within patches. The authors could then assess whether
there is any significant barrier to gene flow. One example of spatially-explicit method
that can handle microsatellites is EEMS (Petkova, Novembre, & Stephens, 20151). It
might be worth applying it here to examine whether the diffusion of alleles is
significantly higher between patches than within them. Such analyses could include
the vast majority of individuals not included in the pedigree.

>> Author response: We agree that other relatedness methods using all pairs of individuals
can also be used to infer spatial patterns of effective migration. Here, the pedigree analysis
allowed us to identify directional trends in connectivity, notably based on robust “family
triangles” (two parents + offspring), which allowed us to identify the plants directly involved
in effective connectivity events between the 6 sites that are surveyed. This pedigree
approach has the advantage of estimating both migration events and reproductive success.
As outlined in the text, we want to encourage studies estimating connectivity to also infer
reproductive success which is for now, to our knowledge, only possible with a pedigree
approach. We thank you for outlining the interest of using the EEMS approach and are
enthusiastic about using it in another study more specifically aiming at evaluating the role
of ecological barriers.

Comments on effective connectivity (migrant reproductive success):

o There are many well documented examples showing an advantage for migration that
restores genetic diversity and, e.g., limits the exposure of deleterious alleles at the
homozygous state. One of the most interesting aspects of the study in my opinion is
the quantitative estimate of migrant reproductive success. It may be worth providing
an estimate of individual inbreeding to test for a correlation between reproductive
success and heterozygosity for example.

>> Author response: We agree that the link between migration and a higher reproductive
success is a key finding of our study and that research aiming at understanding the
underlying mechanisms is very promising. We also agree that HFC (heterozygote-fitness
correlations) could be used to investigate the link between inbreeding and reproductive
success, which may be itself linked to migration. However, many ecological or genetic
mechanisms may be at play here. An investigation of the inbreeding-fitness correlation
would be in itself a demanding study requiring to explore many evolutionary scenarii. As
such, it would be difficult to include this aspect in this paper without carrying the reader
away from the take home message of this study. We thank the reviewer for outlining this
research track that we will hope to follow in the near future.

o One could also compare populations growth rates with the number of migrants
detected every year, or with average FST.

>> Author response: We agree that behind the test proposed by the reviewer lies a very
interesting research question. However, we do not think that our dataset allows to reliably
test for this hypothesis. There is likely a time lag between the current arrival of migrants

Page 19 of 26



O pen Research Euro pe Open Research Europe 2023, 1:145 Last updated: 06 MAR 2023

and their participation to the population growth, and a temporal disconnection with genetic
differentiation. We also think that average FST estimates may not be very well fitted for this
type of statistical analysis. We took this comment into account by outlining in the revised
text that it would be interesting to investigate the link between the growth rate and
differentiation (or in fact connectivity) but did not go further in the details to avoid
speculation L227-228; L230-232.

Miscellaneous:

o Table 3: I assume these statistics are produced by pooling all individuals. I would
recommend an analysis per year and per population.Deviations from Hardy-
Weinberg equilibrium may reveal strong local inbreeding for example. In addition,
the lack of deviation from Hardy-Weinberg equilibrium suggests that Wahlund effects
due to underlying population structure are not pronounced. Some authors would
even consider this as a lack of evidence for any significant population structure (cf
comment above about the “weak” connectivity).

>> Author response: Indeed, the statistics of table 3 are made by pooling individuals
among years and patches. We added this information in the legend of table 3 L86-87. In the
genetic differentiation analysis, we only used markers that were at HW equilibrium as
required to respect statistical assumptions. We added this information in the methods
section L306-308. Since FST was very low, there is little opportunity for Wahlund effects.
Using deviation from HW equilibrium to reveal the lack of between-population
differentiation in these snapdragon patches would be unreliable. I hope you find these
comments constructive.

Competing Interests: No competing interests were disclosed.
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?

Josselin Clo
Charles University, Prague, Czech Republic

I had the pleasure to read and review the manuscript “Wild snapdragon plant pedigree shed lights
on limited connectivity enhanced by higher migrant reproductive success in a fragmented
landscape”, from Gervais et al. The aim of the manuscript is to investigate the Snapdragon
demographic dynamic during several years, in a population fragmented in several isolated
patches. They associated the demographic survey with an analysis of the effective connectivity
between patches in order to understand the demographic results. The main results of the study
are that all the patches within the populations are increasing their demographic sizes, despite very
low gene flows among patches. Nevertheless, if the genetic exchanges are rare, the fitness of
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migrant plants is higher than the one of local plants, potentially explaining the demographic
patterns.

Overall, the manuscript is well-written. The dataset used is impressive, with a sampling of more
than 12.000 plants over ten years. The introduction prepares the reader for what will be presented
and discussed later in the manuscript. It offers a quick but comprehensive summary of the effect
of habitat fragmentation on the evolutionary potential of the (sub-)populations, and how the
(effective) connectivity between fragmented habitats can help the populations in overcoming the
above-mentioned negative effects. The other sections are also overall well written, in a concise
style which is nice to read. The results answered the questions presented in the introduction. The
results are not overstated. In addition, the data and Rcode used are already available in public
repositories.

I have only one major comment that I would like to discuss with the authors, and several
“cosmetic” minor comments, that I hope will help the authors in increasing a little bit more the
quality and clarity of the manuscript.

Major comment:

The authors stated that the observed population expansion is due to the higher reproductive
success after migration, which compensates for the other deleterious effects of habitat
fragmentation. It could be true, but as presented, it is not the only possible explanation. The high
number of sampling plants suggests that the population of Snapdragon was already well
established in this former industrial location, it is possible that the population is just well adapted
to its environment, and that even without the help of the fittest migrants the sub-populations
would be in a demographic expansion?

I think that you could try to correlate the growth rates of patches with your measures of
connectivity (the functional and effective connectivity), to see if higher growth rates are associated
with more fittest migrants arriving in the patches?

Minor comments:

The formatting of the manuscript avoids giving the line numbers. I tried to be as clear as possible
for you to find the location of the comment, by advance sorry if it is not clear.

Introduction:

First paragraph: the authors can also mention the Wood et al. (2016") meta-analysis showing that
smaller demographic population sizes are not associated with a decrease in adaptive potential.

Results:

Demographic expansion:

Table 2: The legend indicates that a growth rate higher than 1 should be in bold, but this is not the
case. Either modify the legend or the table. Some growth rates are incredibly high (for example

patch 1in 2015), is it a real growth rate, or did you forget the brackets?

Genetic diversity:
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The material and method section being after the result section, some parameters and their
abbreviations are not described. Please indicate what is Hs the first time you mention it, and what
represents the variation around the mean value (95% confidence interval, standard deviation?),
and indicate it also in the M&M section.

Low functional connectivity between the six patches:
Figure 4: The visual quality of figure 4 is low compared to the three others, is it possible to
improve it?

Discussion:
First paragraph: Please propose alternative scenarios.

Higher reproductive success associated with connectivity:
Please give more details of why migrant plants can have higher fitness than the local ones.

Material and methods:

GPS coordinates: Most of the points were recorded with the GNSS receiver, but how were the few
hundred remaining points recorded?

Statistical tests: Several p-values are reported in the “Results section” (for Fst estimations for
example), but the statistical tests are not described in the material and method section. Please
indicate the test you performed through the whole M&M section.

Parentage analysis: Please indicate the default values of other parameters, if there are not too
many.

References

1. Wood JL, Yates MC, Fraser DJ: Are heritability and selection related to population size in nature?
Meta-analysis and conservation implications.Evol Appl. 9 (5): 640-57 PubMed Abstract | Publisher
Full Text

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Partly

If applicable, is the statistical analysis and its interpretation appropriate?
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Are all the source data underlying the results available to ensure full reproducibility?
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Are the conclusions drawn adequately supported by the results?
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Yes
Competing Interests: No competing interests were disclosed.

Reviewer Expertise: ] am an evolutionary biologist exploring how key life-history traits (inbreeding
and polyploidy) affect the evolutionary potential of populations.

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

Laura Gervais

We would like to thank the reviewer for his positive feedbacks and constructive comments.
You will find our point by point response preceded by “>>Authors response". All line
numbers refer to the updated manuscript file containing changes highlighted in yellow.
Please note that the track-changed manuscript is available on zenodo here
https://doi.org/10.5281/zenodo0.7438502.

I had the pleasure to read and review the manuscript “Wild snapdragon plant pedigree shed
lights on limited connectivity enhanced by higher migrant reproductive success in a
fragmented landscape”, from Gervais et al. The aim of the manuscript is to investigate the
Snapdragon demographic dynamic during several years, in a population fragmented in
several isolated patches. They associated the demographic survey with an analysis of the
effective connectivity between patches in order to understand the demographic results. The
main results of the study are that all the patches within the populations are increasing their
demographic sizes, despite very low gene flows among patches. Nevertheless, if the genetic
exchanges are rare, the fitness of migrant plants is higher than the one of local plants,
potentially explaining the demographic patterns. Overall, the manuscript is well-written.
The dataset used is impressive, with a sampling of more than 12.000 plants over ten years.
The introduction prepares the reader for what will be presented and discussed later in the
manuscript. It offers a quick but comprehensive summary of the effect of habitat
fragmentation on the evolutionary potential of the (sub-)populations, and how the
(effective) connectivity between fragmented habitats can help the populations in
overcoming the above-mentioned negative effects. The other sections are also overall well
written, in a concise style which is nice to read. The results answered the questions
presented in the introduction. The results are not overstated. In addition, the data and
Rcode used are already available in public repositories. I have only one major comment that
I would like to discuss with the authors, and several “cosmetic” minor comments, that I
hope will help the authors in increasing a little bit more the quality and clarity of the
manuscript. The authors stated that the observed population expansion is due to the higher
reproductive success after migration, which compensates for the other deleterious effects
of habitat fragmentation. It could be true, but as presented, it is not the only possible
explanation. The high number of sampling plants suggests that the population of
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Snapdragon was already well established in this former industrial location, it is possible that
the population is just well adapted to its environment, and that even without the help of the
fittest migrants the sub-populations would be in a demographic expansion?

>> Author response: We fully agree that one reason behind the expansion of these plants
is likely that they are well adapted to their current environment. We did not wish to imply
that expansion was caused by the higher reproductive success of migrants, and we did not
wish to exclude other mechanisms. We only meant to imply that in a context of limited
propagule exchanges (functional connectivity was low), a higher reproductive success after
migration increases the chances that migrants participate to population dynamics and
counteracts reproductive isolation between patches. We thank the reviewer for pointing this
out. We have clarified this aspect throughout the text. I think that you could try to correlate
the growth rates of patches with your measures of connectivity (the functional and effective
connectivity), to see if higher growth rates are associated with more fittest migrants arriving
in the patches?

>> Author response: Thank you for pointing out this interesting hypothesis. We included
some text to mention that it would be interesting to investigate the link between the growth
rate of patches and their connectivity L228-229. However, we do not think it is possible to
test this hypothesis using our dataset L222-225. There is likely a time lag between the arrival
of migrants and their participation to a given patch growth rate in wild snapdragon
populations. We also think that it would be difficult to interpret a correlation between
higher growth rates and the arrival of fitter migrants because this correlation would not
imply causality in the wild because of multiple other drivers might be involved.

The formatting of the manuscript avoids giving the line numbers. I tried to be as clear as
possible for you to find the location of the comment, by advance sorry if it is not clear.

>> Author response: Likewise. We had included line numbers but ORE removed them,
which we think is deleterious to the review process for both authors and reviewers. We
uploaded a revised version of the paper that includes line numbers to which we refer to in
this response letter. If these numbers were again to be removed from the main document,
know that we uploaded on the zenodo server a version named “track changes” that includes
line numbers and where text modifications are outlined.

Introduction:

First paragraph: the authors can also mention the Wood et al. (20161) meta-analysis
showing that smaller demographic population sizes are not associated with a decrease in
adaptive potential.

>> Author response: We thank the reviewer for this reference. Yet we think this reference is
not adequate for our paper. Wood et al showed no reduction of narrow-sense heritability
with decreasing population size. Beyond the fact that choosing h? to compare the adaptive
potential of populations from different contexts raises several issues, this study is not
directly related to connectivity and fragmentation.
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Results:

Demographic expansion:

Table 2: The legend indicates that a growth rate higher than 1 should be in bold, but this is
not the case. Either modify the legend or the table. Some growth rates are incredibly high
(for example patch 1 in 2015), is it a real growth rate, or did you forget the brackets?

>> Author response: Thanks for pointing this out. We clarified the legend and the contents
of the table to outline numbers that are not growth rates but represent population sample
sizes L65-69 . We did put population sample sizes between brackets to indicate when their
short time fluctuations in patches characterized by small population sample sizes would
result in abnormally high growth rates (e.g., from 1 to 50 plants over a year would lead to a
growth rate value of 50). After discussing and revisiting the sampling data, we decided that
patch 1 growth rates should be considered with extreme caution and specified this aspect in
the text (Legend of Table 2 and methods, L67-69; L268-272). This is because the spatial
heterogeneity of patch 1 might have compromised the possibility to replicate the exact
same sampling area from one year to the next (notably in 2015). These short-term
fluctuations do not challenge our conclusion about the global increase in population size.
Nevertheless, we consider that these fluctuations limit our perspective on growth rates and
exclude the possibility of using a correlative approach to analyse their variation beyond
evaluating global trends. Genetic diversity:

The material and method section being after the result section, some parameters and their
abbreviations are not described. Please indicate what is Hs the first time you mention it, and
what represents the variation around the mean value (95% confidence interval, standard
deviation?), and indicate it also in the M&M section.

>> Author response: Done L72, L299-300.

Low functional connectivity between the six patches:

Figure 4: The visual quality of figure 4 is low compared to the three others, is it possible to
improve it?

>> Author response: Done.

Discussion:
First paragraph: Please propose alternative scenarios.

>> Author response: We followed the reviewer's suggestion and clarified the two scenarios
that both rely on the balance between drift and migration. One scenario relies on the
equilibrium of these forces, with a history of drift and likely low migration resulting in
genetic differentiation and the other scenario involves a past history of divergence (linked
to the same drifting mechanisms) but in the process of being resolved by connectivity.
Connectivity might be recent and results at least partly from the demographic expansion
that would have increased pollen flow. We did not enter into that much details in the text
because we do not want to speculate too much. These two scenarii are now presented in
the revised text L182-187. Higher reproductive success associated with connectivity:
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Please give more details of why migrant plants can have higher fitness than the local ones.

>> Author response: We followed the reviewer's comment by adding more details L217. In
terms of phenotypic performance, we now mention in the text the example from Williams et
al 2016 who said “Plant height and dispersal ability evolved more rapidly in patchier
experimental landscapes, suggesting that fragmentation can select for more rapid invasion
velocity”. We also added text about an alternative hypothesis, which is that the higher
reproductive success of migrants can be explained by random processes (e.g. colonisation
waves)L213-214. Obviously, we did not enter in too many details in the text of the paper
because we do not want to speculate too much. In order to correctly investigate these
mechanisms, it would be necessary to conduct a different type of study to test for these
hypotheses. Material and methods:

GPS coordinates: Most of the points were recorded with the GNSS receiver, but how were
the few hundred remaining points recorded?

>> Author response: Indeed 99 individuals did not have geographic coordinates, but have a
sampling location noted as patch 1,2,3,4,5,6, which is sufficient for the connectivity
measures. We add this information L263-264.

Statistical tests: Several p-values are reported in the “Results section” (for Fst estimations for
example), but the statistical tests are not described in the material and method section.
Please indicate the test you performed through the whole M&M section.

>> Author response: Done L307-308. Parentage analysis: Please indicate the default values
of other parameters, if there are not too many.

>> Author response: There are over 40 different arguments in the FRANz function that are
set to the default value. We think it is better to specify only those not set to default values in
the text and invite readers to refer to the Franz manual on the Franz github repository to
access all the default values https://github.com/lima1/franzpedigree.

Competing Interests: No competing interests were disclosed.
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