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Abstract

Aims

Habitat fragmentation impacts the spatial extent and isolation
of local populations and communities. Although the biological
consequences of these impacts have been well studied at the site
level, effects directly related to changes in the spatial configura-
tion of populations in the landscape remain less clear. The objec-
tive of this study is to examine how changes in the spatial-scale
configuration of populations are associated with variability in
morph rations in the floral polymorphic Mediterranean geophyte
Narcissus assoanus.

Methods

We performed a nested analysis of morph ratio variation at three
spatial scales: a 50 x50 km regional scale in SE France, in fourteen
1x 1 km landscapes located in the same region, and within 12 spa-
tially extensive population patches. We also quantified variation in
the behaviour of pollinators in population patches of contrasting
spatial configuration.

INTRODUCTION

The fragmentation of natural habitats by increasing human
land use and development has become a major driver of
changes in biodiversity (Sala et al. 2000). Habitat fragmen-
tation can cause both a spatial reduction of natural habitats
with a decline in numbers of individuals or species and isola-
tion among patches of habitat that disrupts gene flow (Fahrig
2003; Thomas et al. 2001; Wilcove et al. 1986). Although the

Important Findings

At a regional scale, morph ratios show a geographic pattern of increas-
ing isoplethy (1:1 morph ratio) away from centres of human population
development and in upland pastures. At the landscape scale, isoplethy
of local population patches is more correlated with decreased isola-
tion among patches than with patch size. Finally, within local isop-
lethic populations, small patches can show significantly biased morph
ratios. In small isolated patches, pollinators perform shorter flight
distances among consecutive flower visits than in spatially extensive
patches. This study of variation in a genetic polymorphism at multiple
spatial scales provides new insights into the scale-dependent effects of
habitat fragmentation and the potential occurrence of metapopulation
dynamics in natural plant populations.

Keywords: flower polymorphism, habitat fragmentation,
Mediterranean, Narcissus, stigma-height polymorphism

major effect of fragmentation on biodiversity may stem from
the loss of available habitat (Fahrig 2003), effects due to the
spatial configuration of habitats (i.e. the pattern and connec-
tivity of different elements in a landscape), although less stud-
ied, can also affect community composition and population
dynamics (Chetkiewicz et al. 2006; Hilty et al. 2006; Ockinger
etal. 2011; Taylor et al. 1993).

In plants, fragmentation causes changes in species compo-
sition (Arroyo-Rodriguez et al. 2009; Damschen et al. 2008;
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Lindborg and Eriksson 2004) and the spatial organization
of genetic diversity (Young et al. 1996), and affects sexual
reproduction (Aizen et al. 2002; Ashworth et al. 2004; Aguilar
et al. 2006; Ward and Johnson 2005; Wagenius 2006; Winter
et al. 2008). Also, as a result of impacts on insect communi-
ties, insect pollinators may decline (Cozzi et al. 2008; Goverde
et al. 2002; Krauss ef al. 2003a; Ockinger and Smith 2006;
Sowig 1989; Steffan-Dewenter and Tscharntke 1999, 2000,
2002) and show changes in behaviour (Bernhardt et al. 2008;
Goverde et al. 2002). In particular, interplant flight distances
of pollinators may depend on the spatial organization of
plants and their flowers (Cartar and Real 1997; Cresswell
2000; Dauber et al. 2010).

Habitat fragmentation can also affect floral polymorphisms
(populations with two or more floral morphs) in species with
floral morphs that are differentially affected by habitat frag-
mentation and its impact on pollination (Barrett ef al. 1989;
Husband and Barrett 1992b; Matsumura and Whashitani
2000; Van Rossum et al. 2006). In addition, morph ratio
variation may be linked to the dynamics of colonization if
the genetic assemblage of colonizing populations randomly
causes a decline in the abundance or loss of particular morphs
(Barrett et al. 1989; Eckert and Barrett 1992; Endels et al.
2002; Husband and Barrett 1992a; Hodgins and Barrett 2008;
Kéry et al. 2003). Such changes in morph frequency illustrates
how fragmentation may induce changes in evolutionary tra-
jectories (Lindenmayer and Fisher 2007).

In the Mediterranean geophyte Narcissus assoanus, popu-
lations contain two floral morphs and show either isop-
lethic (i.e. statistically similar to 1:1) or long-styled morph
(L-morph) biased ratios (Baker et al. 2000b; Thompson 2005;
Thompson et al. 2012). The precise causes of this variation
are unclear. Baker et al. (2000b) reported that morph ratios
become L-morph biased as a result of reduced population size
(based on an estimate of plant numbers). However they did
not examine the contribution of the spatial configuration of
populations in the landscape or variation in pollinator com-
position. In other Narcissus species with a stigma-height poly-
morphism, morph ratio variation has indeed been found to
be associated with changes in pollinators in different parts
of their range (Arroyo et al. 2002; Pérez-Barrales and Arroyo
2010; Santos-Gally et al. 2013).

The overall aim of this study is to assess the relative con-
tribution of the different elements of spatial configuration
of populations in the landscape to variation in morph ratio
among populations of N. assoanus. To do so, we analysed
morph ratio variation at three spatial scales. First, to confirm
the overall pattern of morph ratio variation at the scale studied
in previous work, populations were extensively sampled on a
‘regional scale’ of 50 x50 km, which encompasses an ecologi-
cal and climatic transition from lowland garrigues to upland
rocky pastures. Second, to test whether the spatial configura-
tion of populations impacts morph ratio variation over and
above any effect of population size (detected by Baker et al.
2000b), morph ratio variation was quantified in a replicated

‘landscape scale’” study of all populations patches present
within zones of 1 km?. Third, morph ratios were quantified
at a ‘within-population-scale” in order to assess whether the
fragmentation of an existing population could produce biased
morph ratios by chance. Finally, to assess a potential contri-
bution of pollinator behaviour to morph ratio variation we
performed observations of pollinator visitation, and to remain
comparative with previous studies we quantified female
reproductive success in different population contexts.

METHODS

Study species

Narcissus assoanus (Amaryllidaceae) is a small geophyte,
10-15cm tall, widespread on limestone in Mediterranean
France and Spain. In Mediterranean France, it typically occurs
in open garrigues and stony pastures from sea level to 900 m
elevation. Individual bulbs produce a single-stemmed inflo-
rescence with most often one, occasionally two or very rarely
three deep-yellow flowers, which flower from March to early
May depending on elevation. Flowers possess two stamen
levels each with three anthers and a marked stigma-height
dimorphism (Baker et al. 2000b; Thompson et al. 2012). Long-
styled flowers (L-morph) have a stigma that occurs close to or
above the anthers, and short-styled flowers (S-morph) have
a stigma positioned well below the anthers in the floral tube
(Fig. 1). N. assoanus is partially self-sterile but does not exhibit
heteromorphic incompatibility (Baker et al. 2000c¢).

Regional scale

We quantified morph ratios on a ‘regional scale’ in a total of
144 populations (see online supplementary Appendix S1) in a
50x50 km area located to the north and west of Montpellier
in southern France (Fig. 2). In this area, previous samples of
populations at this scale have shown that morph ratio var-
ies from isoplethy in large continuous populations in upland
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Figure 1: schematic representation of the two floral morphs in
N. assoanus.
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Figure 2: location of the study area (squared) and spatial distribution of morph ratios (proportion of the L-morph in black, S-morph in white)
in 144 populations of Narcissus assoanus in southern France. The number in the black squares refers to the fourteen zones used for the landscape-

scale study.

sites to strongly L-morph biased ratios in lowland sites (Baker
et al. 2000b; Thompson 2005). Populations in lowland sites
occur in garrigues and rocky pastures at < 500 m elevation,
and are often highly fragmented by human activities (agri-
culture, roads, urban development), while populations to the
north-west occur on upland limestone plateaux at 500-900 m
elevation in more continuous, open extensively grazed rocky
pastures. Georeferences for all populations were obtained with
a Global Positioning System (GPS) navigation device (Garmin®
XTRAIL; error < 10 m). To quantify morph ratios, flowers were
sampled randomly by walking through a population and sam-
pling flowers at least 0.5 m apart to avoid resampling the same
individual (bulbs can fragment, so an individual genotype can
have several flowering stems). In order to check for any short-
term variability, the morph ratio of 14 populations assessed in
1998 was repeated in the period between 2001 and 2006.

Landscape scale

Across the regional study area, we selected 14 zones of pres-
ence of N. assoanus each one in an area of 1 km? to provide the
basis for an analysis of morph ratio variation at the ‘landscape
scale’” (Fig. 3). For most of these zones, we were able to study
a 1x1 km square, but in some of them it was not possible to
have a square due to marked natural discontinuities (dense
forest, steep outcrops or inaccessible areas). Each 1 km? zone

was visited on several occasions to map the occurrence of the
species.

Populations were frequently delimited by natural and arti-
ficial discontinuities of the habitat occupied by the study spe-
cies in the fourteen zones. These discontinuities were both
natural, due to watercourses (mostly temporal), rocky escarp-
ments and screes, woodland and dense scrubland typical of
the study region, and the result of human activities—vine-
yards and other cultivation, large farms, gardens and small
hamlets, roads and pipelines. However, very short distances
separated some population patches as a result of the presence
of fairly narrow discontinuities in the open garrigues habitat
of the study species. Hence, in the study of spatial configura-
tion of populations we use the term ‘patch” or ‘population
patch’ instead of population. Several patches of suitable habi-
tat were explored and mapped to the limits of occurrence of
plants but contained only very low densities of plants and not
enough flowers to do a correct morph ratio (<50 flowers).
These areas are included in the total occupied surface area
and used as nearest neighbours in the analysis of distance for
patches with a morph ratio. Hence, in each zone there can
be population patches with no morph ratio. We also mapped
patches beyond the boundaries of the zone to be sure that we
correctly assess the distance to the closest patch for all patches
within the 1 km? zone.
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Figure 3: spatial distribution of population patches of Narcissus assoanus in 14 selected zones in the study area (locations of zones shown in
Fig. 2). Polygons (population patches) outside the 1 km? study zone were only used to calculate the isolation index for population patches

within study zone.

The spatial configuration of patches in each of the 1 km?
zones was performed by integrating their GPS coordinates
(accuracy < 10 m) into ArcView 10.0. With the aid of top-
ographical maps and orthorectified digital photographs for
interpretation, each patch was delimited and its surface area
quantified. Once the population patches were delimited, they
were recorded in a PostGIS database, a geospatial extension
of PostgreSQL and the minimum distances to the neighbour-
ing patches were calculated by means of a Spatial SQL script,
using the ST Distance function (http://www.postgis.org/
docs/ST_Distance.html). Finally, we selected the three short-
est distances for each population patch to other patches using
the Delaunay triangulation method.

In the 14 zones, morph ratios were sampled in 1-14 patches
with a mean of 105 plants (range 33-336) per patch. As above,
the different zones were visited in 2-3 different years (during

the period 2001-2006) to check that all patches were included
in our analysis of a given zone and also to verify that morph
ratios do not vary with differences in flowering abundance
in different years. Based on their morph ratio, patches were
classified as biased or isoplethic, depending on whether or not
the morph ratio showed a significant departure from a 1:1
ratio. For some patches, it was impossible to precisely define
their spatial limits and be sure that they are not continuous
with other patches. Hence, in a small number of the 14 zones,
a single morph ratio in a single spatially extensive patch was
obtained. In spatially extensive patches, we sampled morph
ratios in an area equivalent to less extensive patches.

For each of the 1 km? zones, we recorded the follow-
ing variables: patch surface area and mean distance to the
closest neighbouring patch (either within or outside the
perimeter of the zone), the total number of patches, the
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total occupied surface area and the number of biased and
isoplethic morph ratios. We used patch surface area as an
estimator of population size, based on a significant correla-
tion found between patch area and the estimated number
of individuals in the patch (Spearman correlation, p =0.85,
P < 0.01, n = 9). In addition, three categories were estab-
lished: (i) ‘isoplethic zones’ in which all patches have isop-
lethic morph ratios; (ii) ‘biased zones” in which all patches
have biased morph ratios and (iii) ‘mixed zones’ contain-
ing both isoplethic and biased patches. In zone 12, two
patches were recorded for morph ratio, one isoplethic patch
that covers most of the zone and one very small S-morph
biased patch. Because of the prevalence of isoplethy for the
numerous morph ratio counts made across the large patch
(J. D. Thompson, unpublished data), we considered this an
isoplethic zone.

A patch isolation index (S) was calculated with modifica-
tions following Hanski and Thomas (1994) as:

S, =>e"a,

The sum is calculated over all population patches j =i where
the species is present, d;; is the distance between patches i and
jand A; is the surface area of the patch j. This index allows for
the combined analyses of distance and area effects: isolation
is a function of the matrix of pairwise distances between pop-
ulation patches and the surface area of neighbouring patches,
but not the surface area of the given patch itself. This is an
important point because it means that independent tests of
patch surface area (estimator of population patch size) and
distance can be made in addition to a test of the isolation
index that is not directly based on the two variables. The
smaller the S; values the greater the isolation of a given pop-
ulation patch. Among the different possibilities of assessing
landscape connectivity (Wagner and Fortin 2005), we chose
this index because it has been used to test the effects of land-
scape fragmentation in different organisms (Hokit et al. 1999;
Winfree et al. 2005), including Lepidoptera (Briickmann et al.
2010; Krauss et al. 2003b; Steffan-Dewenter and Tscharntke
2000), which are the main pollinators of N. assoanus (Baker
etal. 2000a).

Within-population scale

To quantify any very localized spatial heterogeneity in morph
ratios, we sampled morph ratios in five randomly placed
quadrats (each of 2x2 m) in each of 19 population patches.
In each quadrat, we recorded the floral morph of all flower-
ing stems (mean number of flowers per quadrat = 107, range
14-510). These data were also used to provide an estimate of
flower density within population patches of different spatial
extent and to examine pollinator behaviour (see below).

Pollinator observations and maternal fecundity

We selected eight patches for pollinator observations, two in
each of four different zones that cover the range of patch
sizes, morph ratios and geographic location in the study area

(zones 1, 3, 12 and 14). In each patch, pollinator activity was
recorded by observing pollinator visits to flowers in 5x5 m
plots with abundant flowers during individual 30-min sur-
veys. All surveys (or records) were done between 10 and 16 h
on warm sunny days. A total of 41h of observations were
performed in 2012. We recorded pollinator identity and three
components of their behaviour when visiting flowers: the
number of visited flowers per observed insect, the distance
travelled by each insect between two successive flowers and
the total foraging area of an insect during the 30-min period.
These data provide an indication of possible influence of dif-
ferences in pollinator behaviour that may eventually contrib-
ute to observed spatial patterns of morph ratio variation.

For analyses of pollinator observations, each patch was
classified as either a small (<1000 m?), medium-sized
(1000-10 000 m?) or spatially extensive (>10 000 m?) pop-
ulation. We used these classes because pollinator observa-
tions take a lot of time and could not be done in a large
number of populations of different sizes. The eight patches
are part of the 19 patches in which we quantified morph
ratios in five 2x2 m quadrats. We used the floral counts
in these 19 patches to estimate flower density in the three
types of population patches.

To quantify maternal reproductive success in the two
morphs (in 2012), fruit and seed set were recorded in 10
patches occurring in seven different zones (numbers 1, 2, 3,
6, 12, 13, 14) that cover the range of patch sizes, morph ratios
and geographic location and include patches used for pollina-
tor observations.

Statistical analysis

We tested for differences between observed morph ratio
and an expected 1:1 morph ratio using likelihood ratio tests
(G-tests) following Sokal and Rohlf (2012). At the regional
scale, Spearman correlations were performed between morph
ratio (proportion of the L-morph in the morph ratio count)
and both latitude and longitude. To check for a non-ran-
dom distribution of populations in relation to morph ratio, a
Moran’s test for spatial autocorrelation was performed (Cliff
and Ord 1981), using the ‘spdep’ package in R. These spa-
tial autocorrelations were performed for the whole data set
(n = 144 populations) and with the subset of populations that
occur in lowland garrigues (n = 114 populations).

At the landscape scale, multiple logistic regression analyses
were carried out to identify the relative contribution of the
potential explanatory variables such as elevation zone (low-
land garrigues vs. upland plateaux), distance to the nearest
patch, patch size (its surface area) and the isolation index on
the deviation of morph ratios from 1:1. Differences in total
occupied surface area in the 1 km? study zones, mean patch
surface area, mean distance to the nearest population patch
and mean isolation index between isoplethic and biased
morph ratio landscapes were tested with one-way ANOVA
and post hoc Tukey Honestly-significant-difference (HSD)
comparisons when a significant ANOVA effect was detected.



We also tested for different patterns among and within the
lowland garrigues area and the upland plateaux.

The relationships between patch surface area and number
of visited flowers and distance travelled by pollinators during
two consecutive flower visits were tested with Spearman rank
correlations for each of the main types of pollinators. To test
for differences in population densities in the different classes
of patch size that could influence pollinator behaviour we
performed a linear mixed model analysis with patch size as
a categorical factor, and population as a random factor, using
the ‘Imer” function in the ‘lme4’ package in R. We also per-
formed a Spearman correlation between the subset of popula-
tions included in the landscape analysis, whose surface area
was known, and mean flower density in a patch.

To test for differences in fruit and seed set, we performed a
generalized mixed model with a binomial distribution using
the ‘glmer’ function in the ‘Ilme4’ package in R. In this analy-
sis floral morph, morph ratio (isoplethic or biased), and their
interaction were treated as fixed factors. Population patch
was included in the analyses as a random factor.

For linear models, assumptions were checked by perform-
ing a Shapiro-Wilk tests for normality of the residuals, a
Harrison—-McCabe test for the independence of residuals and a
Durbin—-Watson test for the homoscedasticity of the residuals.
When necessary, log or arcsine transformations were made to
fit linear model assumptions. All analyses were performed in
R 3.2.0 (R Core Team 2013).

RESULTS

Regional scale

Morph ratios were either isoplethic (# = 86 populations),
significantly L-morph biased (n = 54 populations always in
lowland garrigues) or significantly S-morph biased (nz = 4). In
the populations where morph ratio was assessed in different
years, we did not observe any significant variation in morph
ratios between the two recordings: all populations with a sig-
nificantly biased morph ratio remained biased and all popu-
lations initially sampled with a morph ratio not significantly
different from 1/1 maintained an isoplethic morph ratio. We
used the most recent morph ratio estimates in all analyses
and figures.

The spatial autocorrelation analysis showed that the spatial
pattern of populations in relation to morph ratio (measured
as % L-morph) is statistically significant (Moran’s I = 0.434,
P<0.0001). Thus, populations of L-biased morph ratios tended
to be spatially aggregated. In fact, there were significant corre-
lations between morph ratio and latitude (p = —0.34, n = 144,
P < 0.0001), longitude (p = 0.56, n = 144, P < 0.0001) and
elevation (p = -0.56, n = 144, P < 0.0001). As found in previ-
ous work at this spatial scale (Baker e al. 2000b), populations
located towards the north and west of the study area occur
on upland limestone plateaux (> 500 m elevation) and tend
to have isoplethic morph ratios, whereas populations to the
south and east of the study area occur in lowland garrigues

(< 500 m elevation) and have either isoplethic or L-morph
biased morph ratios (Fig. 2). In lowland garrigues at < 500
elevation 50% of the 114 sampled populations had L-morph
biased ratios, while on upland plateaux at > 500m only 10%
of the 30 morph ratios were biased. In an analysis limited to
populations in lowland garrigues, the spatial autocorrelation
of the populations in relation to morph ratio remained sig-
nificant (Moran’s I = 0.433, P < 0.0001), as did correlations
with latitude (p = 0.26, n = 114, P < 0.005), longitude (p =
0.43, n =114, P < 0.0001) and elevation (p = 0.41, n = 114,
P < 0.0001). Hence, in the subset of lowland garrigues popu-
lations, morph ratios tend to be more often L-morph biased
towards the south-east, i.e. closer to the major sites of human
population development around Montpellier (Fig. 2).

Landscape scale

Population patches of N. assoanus occupied a surface area in the
studied 1 km? zones which ranged from less than 1.8 ha in zone
7 to more than 50 ha in zones 8 and 12 (Table 1). The mean dis-
tance between patches ranged from 38 m in zone 13 to 462 m in
zone 7 (Table 1; see also online Fig. S1). Seven zones contained
patches with isoplethic morph ratios, three had only L-morph
biased patches, and four had both types of patches (‘mixed zones’;
Fig. 3). Zones with isoplethic morph ratios were mostly located
on the upland plateaux (zones 8-13, Fig. 3), except for zone 3
that occurs in lowland garrigues. On the upland plateaux, occu-
pied surface area by N. assoanus in 1 km? was significantly higher
than in lowland garrigues (F=20.09, df=1, P< 0.001; Fig. 3). As
a result, the total spatial area occupied by N. assoanus in a given
landscape is significantly higher where isoplethic morph ratios
occur. Most of the biased morph ratios concern an L-morph bias
(n = 21), except for two small patches in zone 14 and one small
patch in each of zones 4 and 12 that had S-morph biased morph
ratios. There were significant differences among L-morph biased,
mixed and isoplethic zones for the total occupied surface area (F
=5.39, df=2, P<0.05), the mean distance to the nearest patch (F
=6.03, df= 2, P< 0.05) and the mean isolation index (F=5.11,
df =2, P< 0.05). Tukey HSD post hoc comparisons revealed that,
when compared with L-morph biased zones, in isoplethic zones
populations showed significantly (P < 0.05) lower distances to the
nearest population (mean + SE: 324+78 and 108+29 m, respec-
tively), significantly higher occupied surface area (5.9+2.2 and
35.8+7.5 ha, respectively) and significantly higher mean values
of the isolation index (16.9+4.6 and 358.2+52.2, respectively).
Mixed morph ratio landscapes showed values that were interme-
diate between and not significantly different from isoplethic or
L-morph biased zones (Tukey HSD, P > 0.05).

Multiple logistic regression analysis revealed that while
population patch surface area is not a good predictor of pop-
ulation patch morph ratio, elevation zone, isolation index
and to a lesser extent distance to the nearest patch make a
significant contribution to the occurrence of L-morph fre-
quency in population patches (Table 2). When analysing
each of the two elevation zones separately, distance to the
nearest patch and isolation also contributed significantly
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Table 1: characteristics of the fourteen 1 km? zones in which morph ratio was analysed at the ‘landscape scale’

Mean distance

Number of biased

Area occupied to closest Number of  Number of morph  and isoplethic Landscape
Code  Name Habitat by patches (m?)  neighbour (m) patches ratios patches type
1 St. Clement Garrigues 90 967 192 14 6 6:0 Biased
2 Restincliers Garrigues 71 242 320 7 6 6:0 Biased
3 Rouet Garrigues 63 477 192 14 4 0:4 Isoplethic
4 Aerodrome Garrigues 117 016 181 27 14 5:9 Mixed
5 Cabanne Garrigues 100 523 162 17 12 1:11 Mixed
6 Ceyrac Garrigues 120 787 331 12 4 1:3 Mixed
7 Corconne Garrigues 17 396 462 6 2 2:0 Biased
8 La Trivale Plateaux 531 004 145 5 1 0:1 Isoplethic
9 Lavagne Plateaux 276 093 102 5 1 0:1 Isoplethic
10 Ferrusac Plateaux 326 668 90 5 2 0:2 Isoplethic
11 St. Pierre de la Fage  Plateaux 205111 107 6 1 0:1 Isoplethic
12 Rogues Plateaux 631 742 46 2 2 1:1 Isoplethic
13 Rigalderie Plateaux 472 594 38 2 1 0:1 Isoplethic
14 Perrarines Plateaux 195138 103 33 12 4:8 Mixed

Table 2: multiple logistic regression analysis of morph ratio
variation (number of plants of each morph in each patch) in
relation to potential predictor variables

Data Source Estimate SE t P

Total data set Intercept 0.221 0.0493 4.482 <0.0001
Elevation zone -0.332 0.0639 -5.203 <0.001
Distance 0.002 4.54 4 4.66 <0.0001
Area 298¢’  262e” 1.138  0.255
Isolation -1.07e° 2.65e¢”7 -4.045 <0.001

Garrigues
Intercept 0.383 0.081 4.748 <0.001
Distance 0.003 5.08 e 5.394 <0.001
Area -3.45e7  2.82e*® -0.122 0.903
Isolation -7.99¢® 1.87e¢* -4.278 <0.001

Upland plateaux
Intercept -0.104 0.096 1.084 0.278
Distance 0.002 0.001 -1.553  0.120-
Area 1.10e7 2.70e”’ 0.407  0.684
Isolation -1.131 e 2.739e”7 -4.129 <0.001

Distance: distance to nearest population patch. Area: patch sur-
face area. Isolation: population isolation index (S, see Material and
Methods for further details). Elevation zone: lowland garrigues ver-
sus highland plateaux. Analyses were performed in the total set of
studied populations as well as in the subset corresponding to the two
elevation zones: lowland garrigues and highland plateaux.

to explain morph ratio variation in garrigues. However, in
highland plateaux, the only significant explanatory variable
was the isolation index.

Within-population scale

Twelve of the 19 studied populations showed a significant G
heterogeneity value in the G-test (see Table 3) due to the fact

that some quadrats were isoplethic and some quadrats had
a biased morph ratio or because all quadrats were L-morph
biased but to a different degree. Six of the nine globally iso-
plethic populations had quadrats with both isoplethic and
biased morph ratios and only three isoplethic populations had
quadrats with consistently isoplethic morph ratios.

Flower density

There was significant variation in flower density among
populations (F = 107.5, df = 19, P < 0.001) with significant
variation in flower densities in the three classes (F = 5.37,
df =2, P < 0.05). Means tests revealed no significant ditfer-
ences (Tukey test, P > 0.05) between intermediate and large
populations (mean + SE: 34.4+5.1 and 32.2+3.8 flowers/
m?, respectively) and a significant difference (Tukey test,
P < 0.05) between each of these classes and small populations
(11.9+1.3 flowers/m?). Flower density was more variable in
intermediate and large populations (range 7-72 and 15-60
flowers/m?, respectively) than in small populations (range
6-21 flowers/m?). In the subset of populations whose surface
area was known, there was a significant correlation between
mean flower density and patch surface area (p =0.82, n =9,
P<0.01).

Pollinator visitation

A total of 170 insects belonging to Lepidoptera, Hymenoptera
and Diptera were observed visiting flowers of N. assoanus.
The most abundant flower visitor was Goenopteryx cleopatra
(Lepidoptera, Pieridae), which accounted for 58% of observed
insect visits (hereafter ‘records’; n = 98; Table 4), followed by
Anthophora plumipes (Hymenoptera, Apidae), that accounted
for 14% of records (n = 24; Table 4) and Macroglossum stella-
tarum (Lepidoptera, Sphingidae) (9 records, 5% of insect visi-
tors Table 4). However, the extremely high number of visited



Table 3: morph ratios (proportion of the L-morph) in five 2 x 2 m quadrats and overall population morph ratio for 19 populations of
N. assoanus (see Fig. 2) in the different zones (number in parentheses) and parts of the study region (G: garrigues or P: upland plateaux)

Replicates
Population Location 1 2 3 4 5 Population Heterogeneity
Aerodrome (4) G 0.63* 0.52 0.40* 0.64* 0.63* 0.55 o
Aguzan G 0.45 0.45 0.56 0.43 0.47 0.47 ns
Arboras G 0.55 0.50 0.69%* 0.69%** 0.64* 0.63%** *
Argeliers G 0.42 0.57 0.42 0.81#%** 0.73%%* 0.60 ok
Ceyrac (7) G 0.37%%* 0.46 0.52 0.52 0.55 0.47 *
Col de I'Hortus G 0.92%%* 0.78%** 0.76%** 0.82%%** 0.76%** 0.80%** ns
Colline Pompignan G 0.69%** 0.747+** 0.46 0.52 0.63%** 0.63%** wHk
Gardiol G 0.58 0.61 0.39 0.51 0.50 0.53 ns
Pompignan G 0.47 0.51 0.79%%* 0.45 0.52 0.54 i
Pont de Bonniole G 0.58%** 0.69%** 0.85%** 0.75%** 0.69%** 0.68%** Fkk
Restinclieres (2) G 0.97%%* 0.70* 0.86%** 0.87%*** 0.90%** 0.85%** *
St Bauzille de Montmel G 0.86%** 0.82%* 0.86** 0.83%* 0.71%* 0.80%** ns
St Clément (1) G 0.65 0.59 0.80%** 0.47 0.60 0.62%%* *
Le Grand Patus G 0.83%** 0.76%** 0.82%* 0.82%* 0.90%** 0.82%** ns
La Trivalle (8) P 0.58 0.50 0.47 0.34* 0.54 0.49 ns
Ferrusac (10) P 0.72%%* 0.36 0.52 0.40 0.47 0.50 kx
Perrarines (14) P 0.44 0.51 0.60 0.52 0.47 0.49 ns
Rigalderie (13) P 0.45 0.41%* 0.55 0.37%* 0.40%** 0.44%** wx
Rogues (12) P 0.29%** 0.53 0.41* 0.45* 0.41* 0.42%** i

G tests were used to assess a significant deviation from a 1:1 ratio within and among (heterogeneity) replicates.

*P<0.05; *P<0.01; *P<0.001.

flowers per record for the latter species (up to 520 flowers
in one single record during a 30-min period and a mean +
SE of 151 +48 flowers), that was statistically higher than any
other visitor (F = 18.65, df = 5, P < 0.001), indicates that this
hawk-moth could be a main pollinator of N. assoanus in the
study region. The other main pollinators (G. cleopatra and
A. plumipes) visited a mean + SE of 32+4 and 27+6 flow-
ers, respectively. If we group all studied populations, the
mean number of visited flowers per hour (mean number of
visits*mean number of visited flowers), was 75 for G. cleopatra,
32 for M. stellatarum and 14 A. plumipes. Other observed insect
visitors belonged to the genus Bombylius (Diptera), Xylocopa,
Lasioglossum and Apis (Himenoptera) and Vanessa and Zygaena
(Lepidoptera; Table 4), all of them visiting on average < 8
flowers per visit for the Hymenoptera and < 4 flowers per
visit for the Diptera and Lepidoptera.

No variation in pollinator composition was detected
among studied patches. The three main pollinators were
present in most patches, except for M. stellatarum, that was
not observed in three small populations (one isoplethic and
two L-morph biased) and one large isoplethic population
(Table 4). Pollinator abundance oscillated between zero and
2-3 individuals per hour, except for G. cleopatra in spatially
extensive populations where we observed a mean value of
up to 5.6 (zone 12) and 6.3 (zone 14) individuals per hour
(Table 4).

G. cleopatra butterflies visited fewer flowers per plot in
smaller patches than in larger patches (p = 0.34, n =56, P <
0.01, Table 4) and they travelled greater distances between
consecutive flowers in larger populations (p = 0.31, n = 1848,
P <0.001). The other main pollinators (A. plumipes and M. stel-
latarum) travelled similar distances between consecutive flow-
ers independently of patch size (o =0.03, n =678, p=0.441 and
p =0.001, n=1504, P=0.970, respectively). A. plumipes (but
not M. stellatarum) showed a significant correlation between
number of visited flowers and patch size (p = 0.54, n =26,
P <0.05).

Maternal reproductive success

In general, fruit set was similar (x*> =1.30, df= 1, P> 0.2) in
L- and S-morph plants (0.79+0.02 and 0.82+0.02, respec-
tively). Fruit set was lower in isopletic than in biased popu-
lations although this effect was only marginally significant
(x> =2.98 df = 1, P = 0.084) and no doubt due to a generally
lower fruit set un upland populations because no variation
was detected in the subset of garrigues (x*> = 0.09, df=1, P=
0.767). There was no overall significant interaction between
flower morph and morph ratio (y* = 2.67, df=1, P = 0.102).
In isoplethic populations, there were no significant differ-
ences in fruit set between morphs (y* = 0.08, df= 1, P> 0.5),
whereas in L-morph biased populations, there was a signif-
icantly higher fruit set (y* = 3.87, df = 1, P < 0.05) of the



Table 4: number of overall visits of each pollinator (a) and number of visits per hour (b) in isoplethic (I) and L-morph biased ratio (B)
populations of Narcissus assoanus that are one of three sizes: small (1), intermediate (2) or large (3)

Population Stcle 10 Stcle 02 Rouet 04 Stcle 01 Rouet 05 Rouet 17 Rogues 01 Perrarines 01 Total
Zone 1 1 3 1 3 3 12 14
Population size 1 1 1 2 2 2 3 3
Morph ratio B B B 1 1 1
Hours of survey 2 4.5 4.5 8 6.5 5 4.5 6 41
(a) Pollinator visits
Goenopteryx cleopatra 1 15 4 10 2 3 25 38 98
A. plumipes 1 1 16 6 1 24
Macroglossum stellatarum 3 2 4 1 9
Xylocopa sp. 2 1 3
Bombyiliidae spp. 1 4 7 13
Other bees 1 4 2 1 2 10
Other butterflies 2 1 7 11
Total visits 5 18 4 35 19 22 25 42 170
(b) Visits per hour
Goenopteryx cleopatra 0.5 3.3 0.9 1.3 0.3 0.6 5.6 6.3
Anthophora plumipes 0.5 0.2 0.0 2.0 0.0 1.2 0.0 0.2
M. stellatarum 0.0 0.0 0.0 0.4 0.3 0.8 0.0 0.2
Total visits 2.5 4.0 0.9 4.4 2.9 4.4 5.6 7.0

S-morph (0.96 +0.02 compared to 0.88+0.03). There were no
significant differences in seed set between morphs (x> = 0.02,
df =1, P> 0.5), between isoplethic and biased morph ratio
populations (x*> = 0.31, df = 1, P > 0.5) and their interaction
(x> =0.26, df=1, P> 0.5).

DISCUSSION

This study provides a novel analysis of variation in a genetic
polymorphism in relation to the spatial configuration and size
of populations at nested spatial scales. The results illustrate
how population fragmentation—in terms of a combination
of increasing distance and small population size—may affect
morph-ratio variation. This study thus provides an illustra-
tion of how landscape structure may affect metapopulation
dynamics in natural plant populations.

Habitat fragmentation and morph ratio variation
at different spatial scales

On a regional scale, our results confirm and complement pre-
vious work done at this scale (Baker et al. 2000b); the majority
of upland plateaux populations have isoplethic morph ratios
and populations with significant L-morph biased ratios tend
to occur in lowland garrigues, particularly towards the south
and east, closer to areas of urban development.

The landscape study of 14 zones in these two areas showed
that spatially extensive populations have mostly isoplethic
morph ratios whereas local populations in discrete patches of
the landscape have either biased or isoplethic morph ratios.
Previous studies by Arroyo and Dafni (1995) on N. fazzeta,
Baker et al. (2000b) on N. assoanus and Arroyo et al. (2002)

on N. papyraceus, found a positive relation between popula-
tion size and the frequency of the S-morph. However, in our
landscape-scale study, we found that morph ratio variation
is more closely related to the spatial isolation of populations
in the landscape than to an effect of population patch size.
In the more fragmented landscapes of lowland garrigues,
the effect of distance to the nearest path also contributed to
explain morph ratio variation. The total spatial area occupied
by N. assoanus in a given landscape is also significantly higher
where isoplethic morph ratios occur.

On a third-spatial scale, within individual populations, we
found that small patches can have biased morph ratios, even
when they occur in spatially extensive populations with an
overall isoplethic morph ratio. Hence, if populations become
fragmented it is possible that by chance they will have biased
ratios even if the original more spatially extensive population
had an isoplethic morph ratio. Stehlik ef al. (2006) reported
spatial clustering of morphs in N. assoanus at distances less
than 5 m (as in our study). Although vegetative propagation
(by the division of the underground bulbs in our study species)
can contribute to such patterns (e.g. Stehlik and Holderegger
2000), there is no reason why L-morph bulbs should divide
more than those of the S-morph.

Plant species with a sexual polymorphism frequently show
morph ratio variation across their distribution. Such varia-
tion has often been reported when stochasticity associated
with colonization by a small number of founder individuals
causes the loss or decline in abundance of morphs (Barrett
et al. 1989; Couvet et al. 1986, 1998). Our finding that the
evolution of biased frequencies occurs in fragmented popu-
lations suggests that stochasticity associated with founder



events during population colonization or fragmentation of
existing populations may play important roles in the evolu-
tionary dynamics of morph ratio variation in the study spe-
cies. In stigma-height dimorphic N. papyraceus, dimorphic
populations are concentrated in the Strait of Gibraltar, while
L-monomorphic populations occur on the northern edge of
the range (Arroyo et al. 2002), where pollinators that assure
the pollination of the S-morph are scarcer (Pérez-Barrales
and Arroyo 2010). Populations of N. tazetta in Israel in low-
land marshes are dominated by the S-morph and in upland
areas by the L-morph, a pattern interpreted in the context
of pollinator-mediated selection (Arroyo and Dafni 1995). In
our study-system, long-tongued pollinators are consistently
present, regardless of the population morph ratio (also: J.D.
Thompson unpublished observations). We thus have no evi-
dence that the S-morph declines in frequency due to absence
of a pollinator that assures its reproduction. Indeed fruit set is
not lower in the S-morph (see also Baker et al. 2000a, 2000c¢).

The joint finding that biased morph ratios occur in more
isolated populations and in small patches within populations
with an overall isoplethic morph ratio suggest that fragmenta-
tion and limited seed dispersal may play a major role in the
occurrence of such morph ratios. Biased morph ratios may
be facilitated by two other factors. First, N. assoanus does not
have a heteromorphic incompatibility system (Baker et al.
2000c¢; Cesaro et al. 2004), hence, while complete dissassor-
tative mating (among morph pollination) will maintain the
two morphs at equal frequencies, assortative pollination (i.e.
selfing and crosses between plants of the same morph) can
lead to rapid evolution of morph ratios (Barrett et al. 1996;
Baker et al. 2000c¢). Such assortative pollination is likely to be
higher in the L-morph because the anthers are closer to the
stigma than in the S-morph (Baker et al. 2000b; Thompson
et al. 2012). In addition the latter shows much lower rates of
self-pollen deposition than the L-morph (Cesaro et al. 2004).
This difference may favour pollen transport among plants of
the L-morph (Cesaro and Thompson 2004; Thompson et al.
2003). Second, the style-morph inheritance of N. assoanus is
assumed to be determined by single locus, as in stigma-height
dimorphic N. tazetta (Dulberger 1964), with the L-morph
determined by recessive alleles (ss) and the S morph by a
dominant allele (Ss). This genetic control by a dominant allele
may further contribute to reduced frequency of the S-morph
(Baker et al. 2000c); when a stochastic loss of the ‘S-allele’
occurs this would facilitate evolution of morph ratios and a
more frequent bias in morph ratios towards higher frequen-
cies of the L-morph (whose genetic control does not allow
such stochastic loss).

Foraging by insect pollinators can also depend on the patch
size and spatial clustering of flowering plants, as found in studies
of bumblebee pollinator visits in small fragmented populations
which are less frequent but longer than in larger populations
(Goverde et al. 2002; Sowig 1989). This pattern can be explained
as a compensation of energy lost during flights among patches
(Goverde et al. 2002) or as a response based on the capacity

to respond to local reward levels by making shorter flights in
relation to the spatial organization of flowers (Cartar and Real
1997; Cresswell 1990, 2000; Sowig 1989). In our study we
observed differential patterns of foraging behaviour of the main
floral visitor of N. assoanus (the butterfly G. cleopatra) in differ-
ent population contexts. In spatially extensive populations, this
species is observed to fly several metres during consecutive vis-
its even across dense patches of flowers. In contrast, in smaller
and more isolated populations, this species tends to consecu-
tively visit nearby flowers and to repeatedly move back into the
population from the edge. In small populations, floral density
is on average less than that in intermediate and large popula-
tions in our study populations. Hence, despite a high local den-
sity of flowers, in large populations pollinators tend to fly larger
distances among consecutive flowers (see also Rasmussen and
Brodsgaard 1992). These observations were made in a single
year in a small number of populations (due to unfavourable
meteorological conditions), hence we are very cautious in inter-
preting their significance. They do however follow the idea that
pollen dispersal will tend to be more localized in small local pop-
ulations, creating the conditions for assortative mating and the
development of biased morph ratios.

Towards isoplethy: frequency dependent
selection

Although L-monomorphic populations exist in other Narcissus
species (Arroyo et al. 2002; Baker et al. 2000b; Thompson
2005), no monomorphic populations have been observed
for N. assoanus in our study region, elsewhere in southern
France (J. Thompson unpublished observations) or in Spain
(Thompson et al. 2012). Thus, in N. assoanus, the mechanisms
leading to L-morph biased populations do not lead to com-
plete loss of the S-morph from natural populations, despite
their rarity in some populations and despite computer models
that indicate loss of the S-morph as the proportion of assorta-
tive mating increases (Baker et al. 2000c).

In experimental arrays with variable morph ratios in a nat-
ural population with an isoplethic morph ratio (Thompson
et al. 2003), we have reported that S-morph plants showed a
significantly higher fruit set than L-morph plants in L-morph
biased populations, while in isoplethic arrays, both morphs
exhibited similar fruit set. This result has been observed in the
present study of natural populations, but not in other stud-
ies of natural populations (Baker et al. 2000a, 2000c¢). Using
neighbourhood models, Stehlik ef al. (2006) also found evi-
dence of frequency-dependent variation of female fertility
in the S-morph in natural populations of N. assoanus. Thus,
in some years and population contexts the S-morph may be
subject to negative frequency dependent selection when rare
(Fisher 1930).

Negative frequency-dependent selection may be facilitated
in N. assoanus by efficient between-morph pollination transfer
from L-morph donors to S-morph receivers, which set more
seed in the presence of L-morph pollen donors than in the pres-
ence of S-morph pollen donors (Cesaro and Thompson 2004;



Thompson et al. 2012). The floral morphs in Narcissus are thus
not functionally equivalent as mating partners, most probably
due to enhanced reciprocity between the height of the S-morph
stigma and the lower anthers of the L-morph (Thompson et al.
2012). Stochastic deviation of morph ratios towards L-morph
biased ratios may thus be brought back towards isoplethy by
frequency-dependent selection in association with subtle dif-
ferences among morphs in their floral morphology. This could
explain the absence of monomorphic L-morph populations and
the maintenance of the polymorphism in all populations of the
study species that we have encountered in 20 years of observa-
tions in Mediterranean France and Spain.

Concluding remarks

In plants there has been considerable debate around the idea that
spatial population structure causes a dissociation of processes
operating at the different spatial scales that characterize metap-
opulation dynamics (Ehrlén and Eriksson 2003; Freckleton and
Watkinson 2002; Pannell and Obbard 2003). Our study illus-
trates that the discrete local populations in lowland garrigues
show several criteria for their definition as a regional metap-
opulation (Freckleton and Watkinson 2002): local populations
are not too isolated to show recolonization events (our land-
scape scale study), occur in discrete patches among which gene
flow is limited (distance among populations contributes to pat-
terns of morph ratio variation) with high levels of pollination
among neighbouring plants (pollinator observations), and show
asynchronous dynamics (morph ratios vary considerably in a
landscape setting indicative that populations may differ in age
or time since fragmentation/colonization). This interpretation
bears a striking similarity to hypotheses for sex ratio variation in
gynodioecious Thymus vulgaris which co-occurs with N. assoanus,
very often in the same sites (Couvet et al. 1986, 1998).

In contrast, in a landscape context of largely uninterrupted
habitat of extensively grazed rocky limestone pastures, N. ass-
soanus does not appear to function as a metapopulation (see
Murphy and Lovett-Doust 2004). Here, ‘spatially extended’
(sensu Freckleton and Watkinson 2002) and almost continu-
ous populations occur across large areas of suitable habitat
where, as the latter authors have argued (page 419), ‘regional
dynamics ... (may be) ... essentially a simple extension of
local dynamics’. The fact that populations of N. assoanus are to
a large majority isoplethic in this area indicates that the local
dynamics associated with natural selection on morph ratio
frequencies are indeed extended across the landscape.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Plant Ecology
online.
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